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FOREWORD

The r e le a se  of rad ioactive m a ter ia ls  in the n uclear industry and their  
behaviour in the environm ent have been the subject of two in ternational 
sym p osia  held r e sp e c tiv e ly  in New York in August 1970, on the E nviron
m ental A sp ects of N u clear P ow er S tations, and in S eattle , in July 1972, on 
the Interaction  of R adioactive Contam inants with C onstituents of the M arine 
Environm ent. Both th ese  sym p osia  w ere organ ized , and the p roceed in gs  
published , by the International A tom ic E n ergy A gency. A wide variety  of 
top ics w ere included, but re la tiv e ly  litt le  attention was given  to the en viron 
m en tal tra n sfer  p r o c e s se s  other than those occurring  in the s e a s .

The understanding of the behaviour and fate of rad ionuclides re le a sed  
in the nuclear industry is  an e s se n tia l step  in a sy stem a tic  a sse ssm e n t of 
the public health and environm ental im pacts of the growing u se of nuclear  
en ergy  for the production of e le c tr ic ity . It is  expected  that the num ber of 
n u clear fa c il it ie s  w ill in cr ea se  m arkedly in the next few d ecad es and that 
they w ill becom e w id espread  geograp h ica lly . In sp ite of the fact that routine 
r e le a s e s  of rad ioactiv ity  from  various nuclear fa c il it ie s  are  controlled  to 
v ery  low le v e ls ,  it is  appropriate that environm ental behaviour of the rad io 
nu clid es which a re , or which potentia lly  can b e, re le a sed  be understood  
w ell enough to perm it a p re lim in ary  a s se ssm e n t of the im pacts and d evelop 
m ent of adequate environm ental m onitoring sy s te m s .

To fu lfil th is need the International A tom ic E nergy A gency (IAEA), the 
OECD N uclear E nergy A gency (NEA) and the World Health O rganization  
(WHO) convened a sym posium  in A ix -en -P r o v en ce  from  14 to 18 May 1973. 
The Sym posium  attracted  210 participants rep resen tin g  30 cou n tries and 
8 organ ization s. There w ere 49 papers p resen ted  from  12 countries and 
two in tern ational organ izations and a panel d iscu ss io n  w as held on the aim s  
of and n eeds for environm ental p rogram s re la ted  to the n uclear industry.

The papers p resen ted  at the Sym posium  and the subsequent d iscu ss io n s  
em phasized  the attention being given  to the environm ental a sp ec ts  of nuclear  
p rogram s. Although som e participants w ere of the opinion that the degree  
of attention given  to p rojection s of potential radiation dose could be so m e 
what reduced owing to the sm a ll m agnitude of the potential d o se s , there was 
w id esp read  agreem en t that the sy stem a tic  stu d ies carried  out with resp ec t  
to r e le a s e s  of rad ioactive m a ter ia ls  in the n uclear industry should be e x 
tended to r e le a s e s  of other pollutants so that m eaningful com p arison s of 
th e ir  im pacts can be m ade. In such stud ies the s izea b le  in terd isc ip lin ary  
team s assem b led  at atom ic en ergy  resea rch  in stitu tions in various countries  
could play a m ajor role..

The p resen t book contains the papers and the d isc u ss io n s . The joint 
org a n izers  of the Sym posium  w ish  to acknowledge the co -op era tion  of the 
F ren ch  au th orities, in p articu lar the contribution m ade by the sta ff of the 
C om m issaria t à l 1 E n erg ie  A tom ique.



EDITORIAL NOTE

T h e  p a p e r s  a n d  d i s c u s s io n s  i n c o r p o r a t e d  i n  th e  p r o c e e d in g s  p u b l is h e d  

b y  th e  I n t e r n a t io n a l  A t o m i c  E n e r g y  A g e n c y  a r e  e d ite d  b y  th e  A g e n c y 's  e d i 

t o r i a l  s t a f f  to  th e  e x te n t  c o n s id e r e d  n e c e s s a r y  f o r  th e  r e a d e r ' s  a s s i s t a n c e . 

T h e  v ie w s  e x p r e s s e d  a n d  th e  g e n e r a l  s t y l e  a d o p te d  r e m a i n ,  h o w e v e r , th e  

r e s p o n s i b i l i t y  o f  th e  n a m e d  a u t h o r s  o r  p a r t i c i p a n t s .

F o r  th e  s a k e  o f  s p e e d  o f  p u b l ic a t io n  th e  p r e s e n t  P r o c e e d in g s  h a v e  b e e n  

p r in t e d  b y  c o m p o s i t io n  t y p in g  a n d  p h o t o - o f f s e t  l i t h o g r a p h y . W ith in  th e  l i m i 

t a t io n s  im p o s e d  b y  t h i s  m e t h o d , e v e r y  e f f o r t  h a s  b e e n  m a d e  to  m a in t a i n  a 

h ig h  e d i t o r i a l  s t a n d a r d ;  i n  p a r t i c u l a r ,  th e  u n i t s  a n d  s y m b o ls  e m p lo y e d  a r e  

to  th e  f u l l e s t  p r a c t i c a b l e  e x te n t  th o s e  s t a n d a r d iz e d  o r  r e c o m m e n d e d  b y  th e  

c o m p e te n t  i n t e r n a t i o n a l  s c i e n t i f i c  b o d ie s .

T h e  a f f i l i a t i o n s  o f  a u t h o r s  a r e  th o s e  g iv e n  a t  th e  t i m e  o f  n o m i n a t i o n .

T h e  u s e  i n  th e s e  P r o c e e d in g s  o f  p a r t i c u l a r  d e s ig n a t io n s  o f  c o u n t r ie s  o r  

t e r r i t o r i e s  d o e s  n o t  i m p l y  a n y  ju d g e m e n t  b y  th e  A g e n c y  a s  to  th e  l e g a l  s ta t u s  

o f  s u c h  c o u n t r i e s  o r  t e r r i t o r i e s , o f  t h e i r  a u t h o r i t i e s  a n d  i n s t i t u t i o n s  o r  o f  

th e  d e l i m i t a t i o n  o f  t h e i r  b o u n d a r ie s .

T h e  m e n t io n  o f  s p e c i f i c  c o m p a n ie s  o r  o f  t h e i r  p r o d u c t s  o r  b r a n d - n a m e s  

d o e s  n o t  i m p l y  a n y  e n d o r s e m e n t  o r  r e c o m m e n d a t io n  o n  th e  p a r t  o f  th e  

I n t e r n a t i o n a l  A t o m i c  E n e r g y  A g e n c y .
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Abstract

ENERGY, THE ENVIRONMENT AND NUCLEAR ENERGY LABORATORIES.
Three issues that derive from the apparent conflict between the demand for more energy by the earth's 

people and the simultaneous requirem ent to m aintain a healthy environment are a t the core of the-discussion 
here . The nature of the public concern for the environment and how it arose, the demand for energy, both 
in the United States of America and in the rest of the world, and the nature of the institutions seemingly 
best suited to understand and resolve these concerns are discussed.

INTRODUCTION
That we are on a planet is not new, but the full realization that 

we are riding on a truly isolated Spaceship Earth on an unaided voyage 
through the solar system came really only to the great mass of humanity 
with the look provided us by Spaceship Apollo on its way to the moon. 
Suddenly many of the earth's people realized that our resources are 
finite, that our environment is fragile, and that we must conserve the 
first and restore and enhance the quality of the latter if we are to 
survive. In the words of a current television advertisement in my 
country, "if you cross swords with Mother Nature, you will be punished."

Barbara Ward and Rene Dubos in their recent book "Only One Earth"! 
which was formulated for the United Nations Conference on the Human 
Environment^ held in Stockholm last sunmer made an astute observation 
linking the environmental concern with the energy issue. We, here at 
this symposium, will do well to keep this thought continuously before 
us as we proceed through the week. I quote:

"There exists a single unified systen from one end of 
the coaros to the other; in the last analysis, everything 
is energy. Its larger spirals are the galaxies, its snaller 
eddies suns and planets, its softest movement the atom and 
the gene. Under all forms of matter and manifestations of 
life there beats the unity of energy operating according to 
Einstein's law."
That conference threw together in even the most literal sense 

people fron over the face of the globe - people frcm highly developed 
countries, people from countries only beginning to take their first 
steps toward becoming members of the тогId comnunity, and people frcm 
all stages along the road between these two extremes. We, frcm the 
more developed countries, came to realize, often to our discomfort,

1
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that the human environment involves the total interplay and interaction 
of the technological, biological, social, and psychological factors 
around us. We found that two-thirds of the world's people consume 
nearly eight times less energy per capita than do citizens of more 
technologically developed countries. Such a discovery confronted us 
with sane issues difficult to rationalize, and even painful to 
contonplate. On the one hand we must give extremely serious consideration 
to ways in which the deprived two-thirds would have open the option of a 
standard of living achieved by many and desired by most of the regaining one- 
third of the world population without at the same time degrading even 
further the already over polluted human environment. This is a 
particularly difficult problan because it is precisely all of those 
factors needed to improve the living standard that are the major 
polluters and the vrorld population is rapidly increasing, particularly 
among the deprived two-thirds. Energy, already in short supply, is at 
the basis of economic growth; the world’s store of non-renewable 
resources are rapidly being depleted, and the world's food supply is 
becoming less adequate. Thus when we view the world situation as it 
is and not as we would like it to be, it makes the nature of our task 
of reconciling an adequate energy, the physical environment and the 
quality of life one of challenge and urgency. The challenge is because 
of the innate difficulty of the task; the urgency because of the demands 
of unfulfilled expectations.

We are here this week to discuss these three matters- energy, the 
physical environment and the quality of life - as related to nuclear 
energy. We must however remember at least four things:

a) our less fortunate fellow earthpeople must use fossil fuel
for sane time yet because nuclear energy will still be
uneconomically viable to than for many years;

b) sources of energy other than nuclear will constitute a 
major source of supply from now to year 2000 even in the 
most advanced countries;

, c) there is an almost crisis demand for more energy;
d) at the level of the human environment the problens with

developing a friendly nuclear energy are identical in a 
great many respects with those of fossil fuel. Thus by 
suitably conceptualizing the problons we can effectively 
contribute to a broader understanding of the total energy 
issue.

I want then to discuss with you three basic matters:
1. The development of public concern for protecting environmental 

quality and human health and what we in the United States are doing 
about it;

2. The nature of the energy problem and what we are doing about
that;

3. Finally - as Ward and Dubos have said "Nature has so many 
unstable, unpredictable, and violent facets that man needs all his 
probing intelligence and enormous potential for understanding to 
enhance and stabilize its capricious bounties" the kind of institutional 
framework that might best get on with the job.

PUBLIC CONCERN ABOUT THE ENVIRONMENT AND ENERGY
In measuring progress, in the United States of America, we often 

refer to particularly significant achievements, as milestones or highlights.
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I will discuss three major environmental-energy categories indicating 
pertinent highlights and milestones of progress: 1970— a vintage
environmental year, the rise of public concern for a quality environment, 
and the energy-environment crisis.
1970 - Beginning of an Environmental Decade

1970 was a vintage environmental year. An impressive series of 
highlights make it worthy of initiating an environmental decade. It 
was ushered in on 1 January when President Nixon signed into law the 
National Environmental Policy Act of 1969 (NEPA). On 22 January,
President Nixon followed by posing an environmental question which 
could become watchwords for the 70's:^ "Shall we surrender to our 
surroundings or shall we make peace with nature and begin to make 
reparations for the damage we have done to our air, to our land, and 
to our water?" Probiens of the human environment had now received 
official recognition at the highest governmental level. Then sequentially 
the following environmental highlights occurred:

Lengthy hearings on Environmental Effects of Producing Electric 
Power were conducted before the Joint Ccnraittee on Atcmic Energy,
Congress of the. United States during January and February. April 22,
Earth Day, was observed with most major magazines devoting a large 
percentage of space or entire issues to environmental considerations.
In June the President's newly appointed Council on Environmental Quality, 
which was authorized by NEPA, issued its first report.® The International 
Atcmic Energy Agency conference on Environmental Aspects of Nuclear 
Power Stations was held in August in New York City .7 This occurred 
during a tenperature inversion period on the East Coast and hot, humid, 
anoggy weather added urgency to the meeting. The fall issue of the 
journal of the US National Wildlife Federation carried the results of 
their first full year of developing a nationwide Environmental Quality (EQ) 
index.8 In October the Environmental Protection Agency (EPA) vas formed 
and given responsibility for overall protection of the US environment.
The first National Biological C o n g r e s s ,^ held in November, emphasized 
areas of environmental concern by hearing agencies outline their procedures 
for preparing environmental impact statements. The year which had begun 
on a strong note from the President of the USA ended on a strong note 
with Congressional Hearings10 with many heated exchanges concerning 
Federal Agency compliance with NEPA. Thus 1970 marked the point where 
public arousal had resulted in the formulation of legal mechanisns and 
vehicles by which the costs of environmental impact would become a part 
of the decision-making process. Let us review briefly how this came about.

Rise of public concern
Just over ten years ago Rachel Carson's book, an environmental- 

concern milestone, Silent Spring^  appeared. The thene was that 
pesticide use had decimated bird populations - thus stopped their 
singing - and the mental Image of the book's title jarred people into 
closer inspection of their immediate environment.

From this inspection came some who stoked the fires of environmental 
concern with environmental horror stories verified by "qualified experts 
and scientists." A few examples will illustrate: "In a decade, urban
dwellers will have to wear gas masks to survive air pollution", "Rising 
noise levels will cause more heart disease and hearing loss", "Major 
ecological systems (water, soil or air) will soon break down", and
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many much worse. These stories carried by every imaginable type of 
news media and in comic strips were told so convincingly that soon most 
were accepting them as truths and repeated than accordingly and with 
euphoric enthusiasm. Nearly every carmunity formed a citizens protest 
group to "fight" for saving marshes, trees, birds, and nature in general. 
Folk singers and ballad writers soon joined the scene with colorful anti
pollution songs. Radical ecology brochures were handed out at major 
science meeting places and environmental protesters interrupted proceed
ings. A lengthy environmental article by a Supreme Court judge 
successfully competed for space in Playboy— the country's leading male 
magazine, and in one case, a young lady campaigning by distributing 
litter bags with the slogan that "Dorothy was for the birds— and bees, 
and wildlife and for Montana" was elected to the state legislature.

Did we have concern? Yes, we had concern! So much in fact, that 
industry became quite defensive. We soon "learned" via public relations 
offices that many companies accused of polluting had officials who were 
avid bird watchers, gardeners, country boys, fishermen, or sportanen.
Also, many companies "confessed" they had been conservationists or 
environmentalists, "long before others were environmentally aware” or 
advertised "long before Earth Day we ordered: 'electrostatic precipitators', 
'afterburners', 'protected the ducks', or 'cared for the birds around 
the plant'".

The crucial issue in this public concern is whether it will last. 
Despite an "underwhelming" Earth Day last year, the level of public 
interest still seems high: citizens environmental groups are still
active (though the radical youth element is much lower). Environmental 
issues still compete effectively for the limited space in newspapers, 
journals, magazines of all types, and for time on radio and TV.
Ecological cartoons and comic strip sequences are still plentiful. The 
League of Conservation Voters claimed major victories for candidates 
they backed in the 1972 election (43 out of 57). Bond issues for cleaner 
air and water were generally approved. A number of states passed measures 
recognizing environmental protection as a state duty. And in true 
"Western" style a children's toy set, the Johnny Horizon Environmental 
Test Kit, complete with air and water detection equipment to "trap 
polluters and hand than over to the law" was successfully marketed. 
Environmental consultation firms and pollution clean-up groups are 
still increasing.

At the same time the environmental ethic has been evolving in the USA 
there has been a growing international concern with world environmental 
problans culminating last year in the United Nations Conference On The 
Human Environmentß  In addition, a number of substantial books and 
studies were published and a number of international conservations 
agreements including the joint USA and USSR environmental studies venture,were consumated.12

Let me elaborate on only two of these. From the meeting of 100 
nations at the UN Conference came approval for a number of declarations 
to guide an international campaign against pollution as well as for 
creation of a permanent UN organization to work on world environmental 
questions. Plans were made for a $100 million environmental action fund 
and for creation of a global network of monitoring stations to be known 
as "Earth Watch" that would provide early warning of emerging threats 
to the environment.
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Qf the various published studies demonstrating international concern 
it probably was the controversial "Club of Piome" report, The Limits to. 
Growth^ which produced the most attention in the USA. This report based 
on systans analyses concluded that continuation of existing trends would 
lead to catastrophic scarcities and severe pollution by the year 2100. 
However, the report suggested that by implementing a policy which carefully 
balanced capital investment and population size, global equilibrium can 
be achieved. The present indications are encouraging that the global 
housekeeping concept is here to stay.

Energy-Environment Crisis (a Collision Course)
Though we appear to have one major crisis after the other the energy 

situation in the United States of America may now be truly approaching 
a crisis condition. In accordance with prediction, fuel shortage plagued 
much of the nation last winter: Many homeowners and schools ran short of
heating oil, there were occasional factory shut downs, grain shipments 
were stranded on barges on the Mississippi and Ohio River, airplanes and 
railroads had to make changes in schedules, and currently many gasoline 
stations have closed and others have reduced operating hours due to 
gasoline shortages. Coal and electricity have also been in short supply 
fran time to time with more shortages predicted for this surrmer. Whatever 
the general picture for the affected regions, our nation has an energy 
crisis.

It is true that only a part of environmental degradation is 
associated with energy development. Yet the clash between the nation's 
desire for additional power and its need to save the environment has 
become so intense that energy development, particularly for electricity 
in the eyes of many, is nearly synonymous with pollution.

Powerplants do pollute air and water that has already suffered 
extensive damage. Not only are large black clouds often visible to 
people in rrost parts of the country but the power lines intrude upon 
the dwindling land, especially in regard to beauty of the countryside.
It is estimated that by the year 2000 almost ten million acres of land 
will be used in power line rights of w a y .14 jn addition, several hundred 
powerplants that also require large amounts of land are being planned 
or are under c o n s t r u c t i o n . ^  Hence each r e g i o n  of the country has a 
"symbol of pollution" near them. In the USA another stark reminder, 
the unreclaimed coal strip mines and uranium mine tailings, haunt wide 
expanses in many states.

This duality - desire for a clean environment and desire for more 
power - is ironic since the same environmental concerns that have 
decreased the availability of energy have also greatly increased our 
need for it. Power is needed in large quantities to recycle sewage and 
solid wastes, to gasify coal and to free it frcm sulfur. It has also 
been estimated that the elimination of lead from gasoline will cause a 
15 percent increase in consumption. Electricity has a dual appearance 
also— to many homeowners it is a clean source of heat and is so advertised, 
yet to generate the electricity with low efficiency of conversion frcm 
coal to electric current much additional air and water pollution is 
generated.

Though nuclear powerplant siting has been vigorously protested, 
environmentalists have delayed only 1 or 2 plants fran caning on line 
as planned. Delays have been due to equipment procurement and delivery,
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to slow downs in construction, and perhaps to other causes, yet this is 
not true for other potential energy sources. For instance, through 
court injunctions environmental groups continue to hold up the develop
ment of the Alaskan pipeline. While only three of the 16,000 existing 
off-shore oil wells have caused major pollution damage, drilling in 
California's Santa Barbara Channel has been stopped. Though at least 
50 more petroleum refineries are needed, opposition has been so strong 
that not a single new installation is now under construction. Ports 
have not beerï developed to handle the giant supertankers even though 
such action could not only reduce oil transportation costs but would 
allow fuel delivery at a rate much nearer that needed to prevent severe 
shortages.

Environmental problem lists have been prepared by many and are of 
all lengths including sane extremely long. Nearly everyone agrees that 
one of the most important energy-related environmental p r o b l e m s  is air 
pollution fron fossil fuel burning. Specific substances of concern are 
sulfur dioxide, nitrogen oxides and oxidants, carbon monoxide, particulates 
and unburned hydrocarbons and trace toxic substances.

There are, however, many other aspects of energy activities that may 
have serious environmental consequences, such as the insults that arise 
frcm each of the energy processes— fron discovery of the raw fuel to 
ultimate disposal of the waste including waste heat (see Table I).
Because of the sheer magnitude and complexity of the problan, especially 
when one examines all sources and options (see Figure 1), the impacts 
will not be fully known until much into the future.

The solutions to the problems of this energy-environmental 
confrontation may well alter the life-style in most of the developed 
world. Costs for electricity, heating, and gasoline will increase. 
Increased numbers of blackouts and brownouts will occur. The confronta
tion between environment and energy will intensify. Internationally 
the crisis could force a new order of priorities in diplomacy as attanpts 
are made to improve relations with the mideastern countries that control 
so much of the world's oil reserves.

TABLE I. THE INTERACTING ELEM ENTS IN STUDIES 
OF THE ENERGY ISSUE

SCIENCES SOURCES PROCESSES

PHYSICAL NATURAL THERMAL GRADIENTS RESERVES
BIOLOGICAL OCEAN AND STREAM CURRENTS LOCATION
ECOLOGICAL ATMOSPHERIC CURRENTS CONVERSION
ENGINEERING TIDAL STORAGE
SOCIAL GEOTHERMAL DISTRIBUTION
POLITICAL SOLAR USES
PSYCHOLOGICAL NUCLEAR DEMANDS
LAW / REGULATORY HYDRO WASTES
ECONOMICS FOSSIL
MEDICAL GREEN PLANTS
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F IG .l. Complexities of the energy issue. The foremost intersecting point shows the engineering aspects 
of tidal energy conversion. For each source there could be as many as 80 different sources of im pact.

ENERGY SUPPLY/DEMAND RELATIONSHIPS IN THE USA, PAST, PRESENT, AND FUTURE
Clearly then as stated by Senator Henry Jackson, co-author of the 

NEPA of 1969, the energy-environmental crunch is '-'the most critical problen 
facing the US today." How did this situation cone about? What can be 
done?

It is relatively easy to trace many of the causes of the energy 
shortage particularly in the USA since we have become a prodigious 
energy guzzling machine. Much of the increasing demand is due to the 
increased per capita use as opposed to an increase due to population 
growth.

The present energy crisis has been brought about primarily by 
institutional weaknesses and not by a lack of potentially available 
resources or energy options. First, in the USA we do not have a 
comprehensive energy policy. For instance, fuel policy emanates from 
everywhere— the Bureau of Mines, the Atonic Energy Ccnmission, the 
Environmental Protection Agency, in fact, from 64 different agencies 
in all. Secondly, we have had a long-standing policy that we had 
energy aplenty, that it was inexpensive and that we really did not need 
to do much to keep it that way. Oil, gas, and electric companies have
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until very recently advertised relentlessly to sell more and more of 
their product— "your best buy in modern living is electricity." Now 
information that the pilot light on a gas range consumes 1/3 of the 
fuel the appliance burns becomes hard to believe but does lend 
substance to the charge that we waste fully 50 percent of all energy we 
bum. In addition there is a lack of valid data on our resources and 
on danand with misdirected incentives and pricing policies on fuels and 
electric power.

These institutional weaknesses have been augmented by a real 
shortage of natural gas, by failure of the nuclear energy sector to 
meet its projection, somewhat due to the economics of the situation, 
to construction costs and delays and to a lesser degree due to the 
environmental standards that need to be met— for example, the Calvert 
Cliffs' decision^ stopped the building of new nuclear plants until 
environmental needs are satisfied.

Until this point, we have dwelt essentially with generalities of 
the energy problans. Let us briefly explore sane facts and sane 
projections.

On 4 May of this year the US Congressional Joint Ccmnittee on 
Atomic Energy (JCAE) held a hearing and released a Conmittee Print 
entitled, "Certain Background Information for Consideration When 
Evaluating the 'National Energy Dilefma'".^  The information is not new 
but is all in one place, is displayed for ease of comprehension, and 
is indeed most instructive.

The Print shows short-range projections of USA future energy 
supplies and requirements and also the consequences of possible alter
native policy options for the longer range future. The document is 
sobering for us as I think it will be for you to. Let me summarize 
sane of the main points.

The United States of America with about 6% of the world's population 
now consumes over 35% of the world's energy and minerals production.
The average American uses in a few days as much energy as half of the 
world's people individually use in a year. The first series of slides 
represent US national energy flow patterns for 1960, 1970, 1980 (as
projected in. 1971), and 1985 (projected). The units are corrmon for
all supplies, uses, and time periods and I shall therefore simply 
speak in terms of energy flow units. Look at Figure 2 in seme detail
to learn how to read it, and because it represents a past year, 1960,
for which data exist.

Note that about 80% of the USA oil supply came from domestic sources, 
20% frcm imports. Note that about 3% of the supply was used to generate 
electricity, about 20% for residential and comercial end use (heating, 
mostly), about 13% in industrial use, but 50% in transportation, which 
includes autos and airplanes.

In 1960 domestic coal production was less, in energy flow units, 
than oil or gas. About 40% of the coal supply was used for electricity 
generation, but s o m e w h a t  over 40% was used in industry, iron and steel 
production, for instance.

The gas supply was, as you might expect, nearly all domestic. About 
12% was used to generate electricity, about 30% for heating, and about
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40% for industrial uses. In fact in 1960 the industrial sector of the 
USA economy already received more energy from gas than from coal.

Note that the hydroelectric contribution to the total, national 
energy supply was snail, though of course the contribution to the 
electricity supply in sane regions was not small. The USA had no 
significant production of energy fran nuclear, geothermal or other 
sources in 1960.

Figure 2 shows plainly a familiar fact - that in the production of 
thermal electricity only about one-third of the fuel energy is recovered. 
Note also that the transportation sector of the economy rejected as 
waste energy over 75% of the heat energy supplied to it, the industrial 
sector rejected about 30%, as did the residential and comercial sector; 
overall, about 51% of the fuel energy was rejected.

For 1980 we anticipate that nearly 50% of our oil needs will be 
imported and that nuclear energy will be important. Coal gasification 
first appears. But overall conversion efficiency drops and at least 
some part of this drop is clearly associated with efforts to protect 
or improve the quality of the environment.

Figure 3 carried us out to 1985, a time far enough off to give the 
USA seme flexibility now to change the supply or the use pattern that 
might occur then. But it should not be concluded that changes in policy 
could be made easily. Note that rejected energy is now 57% as conpared 
to 51% in 1960. Note that imported oil has been projected to exceed 
that fron domestic sources. Note also the growth of coal gasification, 
the first appearance of oil from shale, the anticipated significant 
dependence on imported natural gas, the continued increase in electricity 
generation, and increasing proportionate conversion losses up to nearly 
50% rejection.

A comparison of the overall sizes of flow can be made, and 
comparisons for other years (not shown) can be made. Some interesting 
estimates emerge:

- the energy flow for 1919-192Ö would be about 45% of that for 
1960, that for 1940 about 53%, that for 1950 about 75%

- from 1960 to 1985 the electricity supply undergoes a five-fold 
increase

- fran 1970 to 1985 the USA would use as much oil and gas as it 
had used throughout its history until 1970...but note as shown in 
Figure 4^7 that in general energy flows are increasing at a greater 
rate in much of the rest of the world than in the USA.

From the various materials in the JCAE print other kinds of time 
comparisons can be made such as the relative growth of useful versus 
rejected energy, the growth of energy demand according to a partial 
classification of end use, the growth of energy usage according to 
a classification of the physical form of the energy source and a supply/ 
demand growth picture, for the different types of fuels and other energy 
sources.

Another type of analysis was made in the JCAE Print. It is 
possible that a US Atomic Energy Conmission estímatela of 150,000 
megawatts of nuclear power capacity by 1980 will not be made and that



12 LI YERMAN

*  CRUDE OIL EQUIVALENT

FIG. 4. World energy consumption [ 17].

the shortage will be about 18,000 megawatts. This turns out to correspond 
to an additional requirement for oil of over one-half million barrels per 
day in 1980; at the present import price of $4/bbl, the foreign exchange 
amounts to about $1 billion for that year. Total dollar outlays for 
imported fuel, starting with about $7.5 billion in 1972, rise to $20 
billion in 1980 and at least $30 billion by 1985 at present prices.

To provide for a consideration of energy policy options, the Committee 
Print also presents seme estimates of energy supply and demand, carried 
out to the year 2000.

Figure 5 displays several of the more recent estimates of the USA's 
energy demand through the year 2000. Also shown is a USA population 
estimate. Figure 6 shows the results of one illustrative policy-option 
study/exercise, which I shall take a few moments to describe:

- Demand is assumed to be depressed about 25% below the denand 
that would occur if present growth rates in energy use were to continue.

- A certain magnitude of imports or shortages is assumed to be 
acceptable; in this example, the assumed magnitude exceeds that which 
sane economists have considered acceptable for the financial security 
and stability of the USA.

- Production of oil fron the 48 contiguous states is estimated 
based upon the assumption of a major, but not necessarily a maximum
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YEAR

FIG. 5. Forecast of energy demand to 2000 [ 16].

effort to increase domestic oil production: at least a 50% increase
in the price of domestic crude, imnediate development of known off
shore oil deposits (e.g. Santa Barbara channel)...in short this is a. 
optimistic forecast with possible environmental impacts.

- Coal production is assumed to triple, accomplished perhaps by 
a tripling of strip mining plus a 50% increase in underground mining 
above present rates...there is clearly an environmental impact here 
and the forecast is nonetheless possibly somewhat optimistic.

- Domestic gas is estimated quite uncertainly, but the assumption 
is that natural gas prices would be deregulated to try to sustain or 
increase production somewhat; if any major new sources of natural gas 
are discovered, these sources can be used soon afterwards.
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FIG. 6. 'Supply/dem and' (JCAE "Option Exercise 7 -A" 3-73): B/D o il equivalent plotted against years [16].

- Geothermal power of 100,000 megawatts by the year 2000 is assumed 
in this example, the electric equivalent of over 100 Hoover dams, with 
possible environmental impacts.

- Hydroelectric is projected for a 50% increase in present capacity, 
implying use of such sites as the Grand Canyon, with obvious environmental 
impacts.

- Alaska oil...the Valdez, Alaska pipeline is assumed to be in 
operation in late 1977 and another line through Canada by 1984, with 
obvious environmental impacts.
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- Oil shale production is regarded as highly dependent on technology, 
availability of water, and legal factors.

- Solar technology is assumed to permit us to take over sane of the
heating and cooling loads in the Southwestern USA; in this example, the 
amount assumed would take care of more than all of the houses that would
exist in New Mexico, Arizona, and Nevada by the year 2000, but technology
is uncertain.

- Nuclear is shown to buildup to over 1 million megawatts by the 
year 2000, about in line with various estimates that have been made. A 
massive industrial effort is implied.

It seems to me that the material on energy supply/demand that I
have just gone through portrays, highlights, dramatizes, and makes very 
specific the way in which policy on (i) energy development, (ii) quality 
of the environment, (iii) research and development and technology, (iv) 
capital investment, (v) land use, (vi) the economy and related financial 
matters is a tightly interwoven web.

AN APPROACH TO THE ENERGY/ENVIRONMENT DILEMMA: THE USA
NATIONAL (NUCLEAR ENERGY) LABORATORIES

. Fran the previous discussion the complexity of the problems 
associated with trying to develop a friendly energy and the urgency 
of resolving than now should be obvious. The focus has been largely on 
the bianedical-environmental problems concerned with the discovery, 
processing, development and use of nuclear and fossil fuel for central 
station power generation and disposal of the wastes. Since, however, 
the use of fossil fuel for residential, comercial, industrial, and 
transportation activities present the same general types of probiens, 
solutions to problems in any one area have been generally applicable 
across the spectrum. Additionally the techniques and approaches useful 
for studying the energy-environment issue with fossil and nuclear fuels 
are proving equally applicable for evaluating the impacts of solar, 
hydroelectric, and geothermal sources, as well as for determining the 
biomedical-environmental impacts of other of man's activities—  
industrial and agricultural chemicals, drugs, and other physical insults 
to the environment.

Clearly the expertise needed to solve these problans where each 
partial problem is woven in a finite and often intricate way into the 
web of life must be quite varied with specialists drawn from almost 
every area of science and engineering. The issues are so complex, 
however, that there is an overriding requirement for the formation of 
teams of specialists who are willing to work with specialists frcm 
other fields to solve a cannon problem. Failure to view the problem as 
it is - whole and integrated - and not as the disciplinarians would 
like it to be - in discrete parts - can lead to disaster fran the 
unexpected. There must, however, be more than the initial overall view, 
for unless the follow-on research continues to reflect integration of the 
various disciplinary views it in no sense can be considered inter
disciplinary and will in all likelihood contribute to only a partial 
solution of the problan.

Teams alone, however, are not the total answer for there must be 
a fairly large component in the total effort wherein an individual 
scientist working alone but in constant contact with the team can explore 
many basic aspects of parts of the problem.
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To build and mobilize teams around problems that change only slowly 
is difficult. To keep them functional on constantly changing problems 
is a major challenge for their leaders.

There are three major stumbling blocks to the development and 
maintenance of these interdisciplinary teams - individual, institutional, 
and funding agency concerns.

The individual concerns are a consequence of the narrow disciplinary 
training of our scientists in the United States of America which equips 
them for attacking problems of narrow scope. Additionally it instills in 
than the view that one must understand each of the minute processes in 
detail before any attanpt can be made to comprehend even in barest 
outline the whole problem. The disciplines each have their own dogmas, 
their own reward systems, their own yardsticks for performance measure
ment, and their own methods of punishing the unfaithful who strays too 
far toward becoming a manber of an interdisciplinary team. The resulting 
problem is that the major issues facing mankind - energy, the environment, 
health, housing, welfare, transportation, education and other problems - 
are so broad and comprehensive that no single discipline can encompass 
its intricacies let alone solve the problans associated with it. What 
is clearly necessary are team members who maintain their professional 
links so as to stay proficient in their specialities but who can be 
motivated by various incentives to change their conventional behavior 
patterns so as to become effective team members.

Institutional problems are just as difficult to overcome and in 
general the older and less flexible the institution the more difficult the 
problan becomes. Universities by the very nature of their primary 
responsibility are disciplinary oriented and by departments which usually 
have high walls in between. These facts coupled with the involvement of 
graduate students as a major portion of the research effort, their short 
stay and the resulting lack of significant institutional memory all work 
in the direction of discouraging deep involvement of universities in 
problem focused research. Many universities however, in response to 
the pressure of the times and the shortage of funds for unstructured 
research have recently created special projects for more mission oriented 
research. Even here however with rare exception the projects are narrow 
in scope, mainly short in duration and often do not involve principal 
professional academic staff.

The more classical research institute can preate teams fairly diverse 
in nature and of considerable breadth but generally unless they were 
created in the first place with a broad mission, and unless they have a 
very large budget they will lack the depth and breadth of professional 
strength to launch comprehensive programs in the energy-environment 
area. They too therefore are in general not in a position to consider 
the total problem.

This then leaves us with the major federal government laboratories 
in the individual countries. Again the activities of most of these 
laboratories are rather narrow in scope. In the United States of America 
the Environmental Protection Agency has laboratories both narrow and 
broad in scope in the environmental area but they have little involvement 
in the many facets of the energy problem. The labs of the National 
Institutes of Health are primarily concerned- with disease and only 
occasionally get involved in energy effluents research. The NASA labs 
are heavy in the engineering areas with little involvement in the more
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important energy areas except in special instances. The labs of the 
Department of Defense work largely on defense problems. Those of 
Interior, and other agencies in general are rather snail and are narrowly 
focused on snail parts of the energy problem.

A view of the competence of the above energy laboratories was 
recently stated by Monte Canfield, Jr., Deputy Director, Energy Policy 
Project, The Ford Foundation, Washington, D.C., in his recent 29 April 
1973 keynote address to the American Medical Association's Congress of 
Environmental Health,19 concerning a national comnitment to an urgent 
effort for abundant clean energy: "Outside the Atomic Energy Corrmission,
which deals with a limited area, there exists nowhere in government 
today that critical mass of technical talent we need to 'make it happen'". 
Furthermore, Anthony Roisnan, who represents the Environmental Defense 
Fund, one of the intervenes in the Indian Point-2 Operating License 
Hearing, recently said: "The AEC has taken on responsibility (under
the National Environmental Policy Act) and has acted responsibly.
There is no doubt that the A E C  is now doing the best job of any Federal 
agency in implementing N E P A . " 20 it is of these laboratories then that 
I will talk for the next few minutes. Since until last November I was 
the Associate Laboratory Director for Biomedical and Environmental Sciences 
of the Oak Ridge National Laboratory (QRNL), I will take it for a more 
detailed discussion of the kinds of problems that can develop as well 
as some of the features which encourage the development of interdiscip
linary teams so sorely needed to get on with resolving many of the 
energy issues...

Major programs of broad scientific scope and depth are conducted in 
the biomedical, environmental and physical sciences and in a broad 
spectrum of engineering sciences (see Figure 7). The engineering programs 
are heavily oriented toward reactor development and radioactive waste 
management. The bicmedical and environmental sciences span the spectrum 
from the atan to gross regional environmental systems .programs including 
at this stage of development demography, economics/ regional planning 
and related activities. These programs have interests both in radiation 
areas and on the effects of other physical insults to the biosphere.
The chenistry programs have a strong emphasis in the areas of inorganic 
chemistry and materials sciences. But in addition, they provide strong 
support to the engineering and bioenvironmental areas. Physics has a 
heavy carmitment to nuclear fusion and to the use of accelerators and 
reactors for basic nuclear physics studies. Much of the work is done 
within one of the several disciplinary divisions of the laboratory. For 
tasks that are fairly complex, however, ORNL has historically mobilized 
teams of people fran a few closely related disciplines under a project 
leader who gives both scientific guidance and exerts administrative 
control. Recently, however, as the problems needing attack have 
demanded input frcm many different disciplinary scientists a need for 
change has become apparent. Let me describe only a single example to 
illustrate the kinds of problems that can arise.

Two years ago the ORNL began, under National Science Foundation 
s p o n s o r s h i p , 2 1  a program on toxic materials which drew people frcm some ten 
laboratory groups— ecologists, chemists, biologists, analytical chemists, 
metallurgists, mathanaticians, economists, regional planners, information 
specialists, reactor engineers, sociologists, demographers, and others.
I n  order for the people to stay professionally expert, we felt they 
should remain physically in their disciplinary divisions (listed in 
TableII) and yet be members of the integrated team. While we found
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TABLE II. DISCIPLINARY SCIENCE AND 
ENGINEERING DIVISIONS -  ORNL

Analytical Chemistry 
Chanistry
Chemical Technology 
Reactor Chenistry 
Physics 
Solid State 
Neutron Physics 
Thermonuclear 
Mathanatics 
Reactor
Metals and Ceramics 
Instrumentation and Controls 
General Engineering 
Biology 
Health Physics 
Ecological Sciences 
Molecular Anatomy 
Civil Defense
Environmental Program-NSF 
Environmental Information Systems Office

the people willing to be on the team, we found the division directors 
were resistant because they felt they were losing "control" of parts 
of their program— their territorial imperative was being violated.

We moved to solve the matter, as illustrated in Figure 8, by 
developing a series of task leaders, two subprogram coordinators and 
an overall program coordinator. These coordinators work closely with 
the division directors to insure excellence of the work, with the task 
leader to insure relevance to the broad objectives, and with the EP 
program leader whose responsibility it is to see that the technology 
is transferred as rapidly and effectively as possible.

Just in case there were perturbations in the systen, the authority 
to insure compliance with the program objectives was placed in an ORNL 
associate director's office to insure an effective program irrespective 
of the bore division. At times there is a bit of what I call "creative 
tension" between the program coordinators and the division directors 
about the use of people and facilities. This concern for territorial 
imperatives has insured a continued attention to the scientific problem 
and program by all concerned— each must stay alert or risk sane loss of 
prerogative.

A problen still in the resolution stage concerns whether we can 
successfully build into the structure of a major R&D organization the 
needed social scientists and the professions of law planning and policy 
research because these latter types pose questions of a kind and in a 
way which scientists and technologists generally either resent or are 
unable to ansvrer— resent because a "non-scientist," at least in their 
view, has the audacity to challenge the sacred dogma, and are unable 
to answer because the language is different.
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FIG. 8. Program team  for ecology and analysis of trace contam inants.

The effort is beginning to work but I feel there will be much 
travail before any problem focused Institution can really adjust to 
the mix. Yet, the mix must cane either within the institutional 
framework or in the public forum.

Earlier I mentioned a third problem in trying to build an 
interdisciplinary team of any size and that is securing funding. The 
fact that there are very few "truly interdisciplinary" scientists makes 
the lot particularly hard. Because the number of such scientists is 
so snail specialists in particular subject matter areas or disciplines 
are asked to pass judgment on interdisciplinary programs. But because 
of their disciplinary dogma concerns, they seldom take the trouble, 
or what is even worse, recognize the need to view the team or the 
problem as a whole. Another problem in the system is that often the 
Washington-based money tender feels that he must see to the "integration" 
of diverse pieces. I am one of a very few Washington bureaucrats who 
does not believe that is the way the system works best and, in fact, I 
think that if the science is.not integrated at the bench, it will not 
really ever get integrated at all. Yet, it is the integration by the 
interdisciplinary team that is needed to solve society's problems. The 
R&D administrator then in search of funds for his problem focused team
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gets caught in the "cannons" where the tyranny of arall decisions by 
well-meaning bureaucrats erodes the very fabric of the interdisciplinary 
team. The total product of the team is seldom viewed or even looked for. 
This situation is much like that of the medical profession today wherein 
there is a specialist for everything. No one seems to take the health 
of the total patient into account. The garage situation where there are 
generator specialists, tire specialists, this and that specialists, with 
no one really checking into the general health of the car is equivalent. 
These matters we understand because vte are the victims. Yet, as 
scientists, we are prone to the same fault of judging performance on 
only a part of the problem.

I feel that unless a way is devised to view and support these 
teams as a whole and to measure their total team output, we will never 
be able to get on with a solution of the major problems in the energy 
environment area. It goes without saying, 'however, that the team must 
be productive and earn the right to the broad gauge look.

Let me now conclude by saying that:
1. We have seen how public concern over degrading environmental 

quality arose and about sane of the underlying causes.
2. We have discussed how while providing the energy we need we 

pollute the environment quite extensively. Yet the answer does not lie 
so much in slowing energy production and use as in making its use more 
efficient and by better control of its wastes. It then is left to those 
of us in the more developed countries to see that the lessons we learn 
are made available as economically .as possible to those countries yet 
needing the energy to improve their standard of living.

3. We have explored briefly the complexities of the energy/ 
environmental conflicts and hopefully recognize that to be effective in 
resolving them we must conceptually look at the whole problem as it is. 
Clearly large broad technological-based laboratories are needed to do 
this most effectively (Figure 9).

This alone, however, is not enough particularly for nuclear energy.
The ultimate success or failure of nuclear energy in my view will 

depend more upon the willingness of the public to accept it than upon 
its inherent safety, but I reach this conclusion only because I have 
spent the past 15 years being concerned with the health and safety 
aspects. There is the absolute necessity for candor and realian in 
discussions concerning nuclear energy especially in the area of being 
acutely aware of and sensitive to the varied aspects,of public concern. 
This awareness alone is not enough. We must, in fact, be responsive 
to the needs and corrmunicate with the public— cormunicate in a way that 
they understand, comprehend and believe. As scientists and perhaps also 
as research administrators many of us have come to place ourselves in the 
attitude of "we are scientists expert in the area and \ve know and 
understand.' You who are not knowledgeable should believe us if we tell 
you you are safe. We are the protectors of the faith. We speak only 
truth!" That attitude is just plain nonsense.' It is not an acceptable 
answer and unless scientists and technologists, in general, change frcm 
this view, we will be in difficulty.

Unfortunately, as I mentioned much earlier in my talk, most agencies 
are in trouble because of a crisis of confidence— scientists are in that
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position also. To try to reverse this "I am more holy than thou" attitude, 
I remind my staff almost every day— talk to a new neighbor in his language 
about nuclear energy so that he can see it in perspective. It is a 
matter of history that in America we demand to be informed so that we can 
reach our own conclusions. Thus, if the American public is to accept 
nuclear energy, I feel it is incumbent upon those of us involved in 
getting answers to be candid, to be factual, and to be helpful in 
informing the public in language and terms they can understand. To do 
less is to court failure.

I suspect, whether or not you choose to believe it, that you soon 
will be facing these issues too. The virus of unrest is spreading and
I do not believe national boundaries will prove to be able to stop it.
Only the intensity in the separate countries will be different.

It behooves us then as. we proceed through this week to keep the 
public interface constantly before us.
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Abstract

ASSESSMENT OF POPULATION EXPOSURES.
The conventional method of relating assessments of radiation doses in the environment to  dose lim its 

applicable to the most highly exposed individuals (i. e. the 'c ritica l group') will not be sufficient when the 
number of nuclear power reactors is rapidly increasing. Additional methods of assessment, designed to 
fac ilita te  the control o f the future situation, include concepts such as 'co llective  dose', 'population dose' 
and 'dose com m itm ent' per unit practice  (e. g. m an-rem s per MW - year). These concepts ате discussed in 
re lation to risk-benefit and cost-benefit evaluations in source-related assessments.

INTRODUCTION

U ntil recen tly  the r e le a se  of rad ioactive m a ter ia l into the environm ent 
from  a nuclear rea cto r  h as been  a s s e s s e d  m ain ly  in re la tion  to standards 
that apply to the m o st h ighly exp osed  individuals. T h is has been  a quite 
sa tis fa c to ry  approach as long as the num ber of re a cto rs  has been  sm all 
and the overlap  of d o ses  has been  n eg lig ib le . In future, how ever, th is  
m ay not be su ffic ien t. If we en v isage a future, yet d istant, w here radiation  
so u rc es  are num erous, we would s t i l l  w ish  to se e  it safe and w ell within  
the dose lim its  we have a lread y found to be prudent. No authority can  
e a s ily  control a situation  w here individual dose contributions are not read ily  
id en tifiab le but the total is  found to be too high. We have a lread y had th is  
exp er ien ce  with n on -rad ioactive pollutants such as DDT, m ercu ry  and 
m any other harm ful su b stan ces. We would not w ish  to se e  it repeated  with 
rad ion uclid es and, indeed, there is  no reason  why we should with the good 
knowledge we have a lread y  acquired.

T h ere is  only one way in which the au th orities can continuously control 
the developm ent and shape the future situation  to m eet d esired  standards. 
The only way is  by con tro lling  each individual sou rce so that the total 
future radiation le v e l w ill be accep tab le . If d o ses are expected  to overlap , 
the dose lim its  m ust apply to the total and each sou rce w ill have to be 
subject to m ore r e s tr ic tiv e  lim ita tion s than n e c e ssa r y  had the p articu lar  
sou rce been  the only one. Such extra  caution is  not n e c e ssa r y  for radiation  
so u rc es  that are  not expected  to la s t  until th is future situation  has 
developed, but it w ill be n e c e ssa r y  for those so u rc es , e. g. nuclear power 
sta tion s, that m ay s t i l l  be operating in the next century.

T h is ca u tio u sn ess , a im ed at the future, m ay often seem  overscru pu lous  
at the beginning when the so u rces are s t i l l  few . H ow ever, gradually we 
have to adopt it and it m ay be w ise  to look for a p o licy  and a protection  
sy stem  that is  adapted to the future req u irem en ts.

In th is paper I sh a ll d isc u ss  a s se s sm e n ts  of population exp osu res not 
only in re la tion  to individual dose lim its  in the sim p le situation  w here
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th ere is  one sin g le sou rce of r e le a se  of rad ioactive m a ter ia l and one 
e a s ily  identifiab le c r it ic a l group to which the dose lim its  apply, but a lso  
in re la tion  to other req u irem en ts which b ecom e grow ingly im portant b e 
cau se of our concern  of the future.

HISTORICAL DEVELOPMENT

Only few  y ea r s  ago it w as s t i l l  the p ractice  in m any n uclear in sta lla tion s  
to lim it the" r e le a se  of rad ioactive m a te r ia l to the environm ent by lim itin g  
the concentrations of the variou s n uclid es in a ir  and w ater efflu en ts, the 
lim it  u su a lly  being a fraction  of the MPC value recom m ended by ICRP 
for application  in rad io log ica l work. O bviously th is lim it did not prevent 
su bstantia l am ounts of rad ioactive m a te r ia l reach ing the environm ent 
w here the effluent ra tes  w ere high, nor did it guarantee that ec o lo g ic a l 
concentration  p r o c e s se s  m ight not cau se high con centrations in certa in  
food -ch a in s.

It w as th erefore an obvious next step  to a s s e s s  the individual exp osu res  
by environm ental m onitoring to m ake certa in  that no individual would 
r e c e iv e  radiation  d o ses  in e x c e s s  of the dose lim its  recom m ended  by ICRP 
for individual m em b ers of the public. In its  P ublication  7 (1965) ICRP 
recom m ended a procedure for th is a sse ssm e n t, introducing the concepts  
of 'c r it ic a l n u c lid es', 'c r it ic a l pathways' and 'c r it ic a l groups'.

The com m on p ractice  has been  to r e fer  to the ICRP dose lim it of 
0. 5 rem  per year for w hole-body exp osu re of individual m em b ers of the 
public and to le t  the average dose to a rep resen ta tive  sam ple of the c r it ic a l  
group rep resen t the h ighest dose to an individual. The maximum' p e r 
m is s ib le  r e le a se  of rad ioactive m a ter ia l could then be calcu lated  as the 
r e le a se  that would m ake the annual dose to the c r it ic a l group equal to the 
ICRP dose lim it. T h is r e le a se  lim it has been  re ferred  to a s  the 'capacity' 
of the environm ent to accep t rad ioactive m a ter ia l. The actual r e le a s e s  
have u su a lly  been  much below  the lim it and th is 'm argin  of safety' has 
been  con sid ered  reassu rin g .

With th is p o licy , h ow ever, the 'm argin  of safety' could be m islead in g  
s in ce  an in creased  num ber of in sta lla tio n s m ight w ell resu lt  in m any  
so u rc es  exposing one and the sam e c r it ic a l group. In fact, the true c r it ic a l  
group in a large region  m ay not even  be any one of the groups that w ere  
found c r it ic a l in relation  to a s in g le  in sta lla tion , but a group that r e c e iv e s  
som e exp osu re from  m any of the in sta lla tion s.

A nother problem  has been  caused  by the understandable tendency to 
reduce the lo c a l exp osu res by m aking the r e le a s e s  through high stack s or  
long p ipe-L ines, or by retention  of the m o st sh o rt-liv ed  rad ion uclid es. If 
th ese  tech n ica l arrangem en ts are not actu a lly  used  to reduce the lo ca l 
exp osu re but instead  to keep it at the sam e le v e l, thus p erm itting m ore  
of the lo n g -liv ed  m a ter ia l to be r e le a se d , the ratio  between the population  
average dose and the lo ca l individual dose w ill in crea se  and the average  
dose w ill b ecom e re la tiv e ly  m ore im portant.

The average dose in a large reg ion  or in a whole country m ay be of 
in te re st  for at le a s t  three rea so n s. F ir s t ,  it m ust not reach  such le v e ls  
that the expected  detrim ent b eco m es a sign ifican t burden to the so c iety . 
Since each individual is  protected  by the requ irem ent on an individual dose 
lim it , h ow ever, it is  not lik e ly  that any dose d istribution  subject to that 
lim ita tion  could p o ssib ly  cau se a sign ifican t so c ia l burden.
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S e c o n d ly /th e  average dose to the whole population m ust not be so  high 
that the gen etic  r isk  to the population b eco m es unacceptable. T h ere is  
no indication  that there is  any thresh old  le v e l of dose for a sudden change 
from  accep tab le to unacceptable gen etic  harm  in a population, but the 
b a sic  ICRP recom m en dation s of 1965 (ICRP P ub lication  9) include a lim it  
for the 'genetic  dose' and it is  u su a lly  the am bition of the com petent 
au th orities to lim it the average dose in the whole population at a le v e l 
m uch low er than th is gen etic dose lim it.

The third reason  is  that the product of the num ber of exp osed  individuals 
and their average dose is  a m ea su re  of the total detrim ent from  the ra d ia 
tion exposure. An a sse s sm e n t  of the total detrim ent is  n e c e ssa r y  for r isk -  
benefit evaluations.

T h ese con sid era tion s have m ade it c le a r  that not only the h ighest 
individual d o ses but a lso  the average d o ses  in the population m ust be a s s e s s e d .

During the la s t  few  y e a r s , gradually m ore em p hasis has b een  put 
on the recom m endation  given  in paragraph 52 of the b a sic  ICRP recom m en 
dations (Publication  9, 1965):

" . . .  the C om m ission  recom m en ds that any u n n ecessa ry  
exp osu res be avoided, and that a ll d o ses  be kept as low  
as is  read ily  ach ievab le , econom ic and so c ia l con sid eration s  
being taken into account"

The avoidance of u n n ecessa ry  ex p o su res im p lies  r isk -b en efit  evaluations.
The ex p re ss io n  " read ily  achievable" im p lies  co st-b en e fit  evaluation  of 
further dose reductions.

Any r isk -b en efit  evaluation  m ust re la te  to the operation  or p ractice  
that ca u ses  the radiation  exp osu re. F o r  that purpose it is  n e c e ssa r y  to 
a s s e s s  the sum of a ll individual exp osu res b ecau se only that sum w ill 
rep resen t the sum of a ll individual r isk s  and hence be a m ea su re  of the 
tota l d etrim en t. F or the sam e purpose it is  a lso  n e c e ssa r y  to add up not only  
the presen t but a lso  the expected  future exp osu res due to the given  operation.

The sum m ation of individual d o ses  lead s up to the concept of co llec tiv e  
d ose and the con sid eration  of future d o ses  lead s up to the concept of dose  
com m itm ent. Both th ese  con cepts w ill be defined and d iscu sse d  in the 
follow ing sec tio n s .

PRESENT OBJECTIVES OF DOSE ASSESSMENTS

The p rim ary  ob jective of the a s se ssm e n t of radiation exp osu res from  
rad ioactive m a te r ia l that has been re le a se d  into the environm ent is  to 
evaluate the radiation  d o ses  in re la tion  to the relevant national or loca l 
req u irem en ts on radiation  safety .

The conventional m ethod has been to check that n either individual nor 
average d o ses  in a given  population exceed  certa in  stipulated  m axim um  
v a lu es. The population m ay be the c r it ic a l group, a lo c a l com m unity or 
the population of the whole country. A sse s sm e n ts  that are re la ted  to a 
sp ec ified  group of people m ay be re ferred  to a s  popu lation-related  a s s e s s  - 
m en ts and th eir  m ain  ob jectives are to v er ify  that:

(a) No individual in the given  population is  subject to a r isk  which is  
not accep tab le and that

(b) The tota l deterim ent within the population does not exceed  acceptable  
le v e ls .
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The disadvantage with the p opu lation-related  a sse s sm e n ts  is-that they are  
only su ited  to check the accep tab ility  of the current exp osu re situation  and 
do not e a s ily  lend th e m se lv e s  to e ith er r isk -b en efit  evaluations or to 
p red ic tion s of future situ ation s. F o r  such p urposes a so u rc e -re la te d  
a sse s sm e n t  is  needed, its  m ain  ob jectives being to check that:

(c) The total detrim ent from  the given  sou rce is  not unjustifiab le in 
re la tion  to the exp ected  b en efit, and that

(d) The future situation  w ill continue to be accep tab le , even if the 
num ber of so u rces  in c r e a se s .

To obtain the n e c e ssa r y  background for r isk -b en efit  evaluations the 
total detrim ent from  the sou rce m ust be estim ated . On the b a s is  of a 
lin ea r , non-threshold  d o se -e ffe c t  re la tion sh ip , the total detrim ent from  
a sou rce is  proportional to tota l population dose (the co llec tiv e  dose to the 
w orld population) from  that sou rce. To m ake the estim ate  u sefu l a lso  in 
the a s se ssm e n t  of future situation , it m ay be related  to a unit of p ra ctice , 
e. g. one year of operation  or one MW • year of e le c tr ic  energy.

POPULATION-RELATED ASSESSMENTS

The m ost com m on popu lation-related  a sse ssm e n t is  the a sse s sm e n t  of the 
d ose to the m ost h ighly exposed  individual in the given  population. The 
id en tification  of a c r it ic a l group in the ICRP se n se  is  straightforw ard only  
if there is  only one dom inating sou rce of exp osu re. In that ca se  the 
popu lation-related  a sse ssm e n t of the h ighest dose b ecom es id en tica l to the 
so u r c e -r e la te d  a sse s sm e n t  of the c r it ic a l group exposure.

If there are m any so u rc es  and, p articu lar ly , if the num ber of so u rces  
is  expected  to in cr ea se  with tim e , it b eco m es im p ossib le  to draw any 
con clu sion s on the accep tab ility  of the situation  from  dose a s se s sm e n ts  based  
on environm ental m easu rem en ts a lone. One reason  is  that it w ill be in 
c r ea s in g ly  d ifficu lt to identify the true c r it ic a l group, another reason  is  
that it w ill a lso  be d ifficu lt to extrapolate the current ob servation s in tim e.

The detrim ent to the given  population m ay be a s s e s s e d  by m ultip lying  
its  co llec tiv e  dose (M = PD) by a r isk  coeffic ien t (д) derived  on the assum ption  
that there is  a lin ear relation sh ip  betw een individual r isk  (Rj), and individual 
dose (Dj ) and thus a lso  betw een detrim ent (N) and co llec tiv e  dose:

A R t = juADj

AN = juAM

the co llec tiv e  dose of the population being

p s

M =Y Y  Dik = Pf) 
i=l k=l

in the ca se  of S so u rc es  (k) exposing P individuals (i). The co lle c tiv e  dose  
is  ex p re sse d  in m an -rad s or, when u sed  in re la tion  to dose lim its ,  in  
m a n -re m s, i. e. d erived  from  individual dase eq u ivalents.

It is  reason able to assu m e that the average dose d istribution  from  the 
kth so u rce , i. e. Mk/P ,  w ill be m uch sm a lle r  than the m axim um  individual
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dose Dimax.k from  the sam e sou rce. The o v era ll average dose in the popu
lation , i. e. M/ P ,  h ow ever, w ill be approxim ately  S t im e s  h igher than the 
average contribution from  each so u rce , if a ll so u rc es  are approxim ately  
equal:

M/P s  SMk/P

E ven if the average dose from  each sou rce (Mk/P ) is  very  m uch sm a lle r  
than the corresponding m axim um  dose (Dimax.k)5 it is  n°t n e c e s sa r ily  true 
that M /P is  sm a ll in com p arison  with the h ighest individual dose (Dimax) 
from  the com bined so u rc es  if the num ber of so u rc es  is  high.

SOURCE-RELATED ASSESSMENTS

The total detrim ent from  any given  sou rce m ay be estim ated  as

N k = »  M °ok •

w here ц is  the r isk  coeffic ien t and MM is  the co llec tiv e  dose to the world  
population, so m etim es re ferr ed  to as the total population d o se .

M« can be a s s e s s e d  as the sum  of the products I* Dj for a number (G) 
of population groups (j), each ch aracterized  by a constant value of the 
individual d o ses  (Djj = Dj ) to the Pj individuals in the group. If the total 
population P can be divided into G such groups of equal s iz e , the ca lcu lation  
b ecom es s im p ler , the ex trem e case  being the sum m ation over each  
individual (i), in which case  G = P:

G

М м = P D  Ц  D j -> P / G ^ T  D j -» ^  D i

j= l j= l i= l

If Px = d P /d x  is  the population d en sity  function v e r su s  any m easu rab le  
quantity x related  to the radiation  dose (e. g. d istance from  the sou rce), 
the gen eral ex p re ss io n  for the tota l population dose w ill be

a sim p le  ca se  being

MM = PD = J Px D(x) dx
x=0

Мте = J Pd D dD 
D=0

In p rin cip le the in tegration  m ust be carried  out in fu ll, i. e. the in d i
vidual d oses m ust be added up even  if they are a s s e s s e d  to be very  low , 
sin ce  even  v ery  sm a ll d o ses  to a large num ber of individuals m ay s t il l  
contribute sign ifican tly  to the to ta l population d ose. In p ra ctice , how ever, 
it is  often accep table to stop the in tegration  when it is  certa in  that the 
rem aining contribution to the in tegra l w ill not be needed for an estim ate  
of the total with an accu racy  w ithin a factor of 2 or 3.
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The co llec tiv e  dose to a lo c a l population or even to the whole population  
of a country m ust not be m isu sed  for the tota l population d ose, b ecau se  
it is  only the la tter  that, m ultip lied  by the r isk  coeffic ien t, g iv es a relevant 
m ea su re  of the total detrim ent from  the given  sou rce.

C onceptually, a detrim ent is  equally  regrettab le  w h erever it occu rs  
and the actual geograph ical d istribution  of the com ponents of the population  
dose m ay th erefore be con sid ered  to be of secondary im portance. T h is  
would not be true if a large population dose w ere lim ited  to a sm a ll 
population, in which ca se  the corresponding detrim ent m ight not be as  
accep tab le as if it had b een  d istributed  over a la r g er  population. H ow ever, 
it is  ex trem ely  u n likely  that any d etrim ent from  a sin g le sou rce would 
cau se any sign ifican t burden to the population as long as the individual dose  
lim its  are  not exceeded.

If the r isk  coeffic ien t is/u rad"1 and the total population dose from  a 
g iven  p ractice  is  a s s e s s e d  to be m«, m an -rad s per unit p ra ctice , then the 
d etrim ent would be expected  to be ц m M c a s e s  of death p er  unit p ractice  
(if the r isk  coeffic ien t is  re lated  to c a s e s  of death and not to som e other 
m ea su re  of detrim ent).

It is  lik e ly  that n uclear power w ill be produced at a population dose  
(in addition to occupational exp osu res) o f 'le s s  than 1 m an-rad  per MW • year  
of in sta lled  e le c tr ic  pow er. T h is is  the population dose from  the fu ll fuel 
c y c le , with perhaps 0. 3 m an -rad s per MW • year  expected  from  rep ro cess in g . 
T h is would m ean, for exam p le, that a 1000-MW power station  m ight be 
expected  to cau se a detrim ent of up to one death in every  ten y ea r s  if the 
r isk  coeffic ien t is  assu m ed  to be ц = 10’4 rad"1. It should be noticed that 
the occupational co llec tiv e  dose in n uclear pow er stations has been  found 
to range over two ord ers of m agnitude, from  0. 1 to 10 m an -rad s per  
MW • year .

When the population dose is  a s s e s s e d  in re la tion  to the e le c tr ic  power 
production it is  ea sy  to m ake a s se s sm e n ts  of future situ ation s, once the 
p lans for the future pow er production are known. If the tota l n uclear e le c tr ic  
pow er production in a country with a population of P individuals is  expected  
to be w MW (i. e. w MW ■ y ea rs  p er year  if the MW • y ea rs  are based  upon the 
in sta lled  power) at a future tim e, and the e le c tr ic  power is  expected  to be 
produced at a population dose of m m an -rad s p er MW • year , the total 
annual population dose at that future tim e would be expected  to be Мто = m^ w 
m a n -ra d s. The average annual individual dose in that population would be 
D = m Mw /P , but only if the population dose w ere lim ited  to the P individuals  
within the given  population.

In p ra ctice , part of the population dose would fa ll in other populations 
and contributions from  n uclear pow er sta tion s in these other populations 
would add to the population dose in the f ir s t  population. Only if (1) the 
population power d en sity  w /P  is  approxim ately  the sam e in a ll populations;
(2) the geographical population d en sity  is  the sam e w h erever the ra d io 
a ctive  m a ter ia l m ay m ove; and (3) the activ ity  tran sport fo llow s a s im ila r  
pattern  ir re sp e c tiv e  of the location  of the sou rce , w ill the added co n tr i
bution just com pensate the lo s s e s .

T h ese  conditions are only approxim ately  valid  in the 30°-60° northern  
la titu d es w here m ost of the w orld 's n uclear power stations are b eing built. 
T hey m ay s t i l l  be assu m ed  to apply for the global contam ination with 
tritium  and 85Kr, but the third assu m p tion  is  le s s  valid  for the re la tiv e ly  
sh o r t-liv ed  133Xe and doubtful for the even  m ore sh o rt-liv ed  n u clid es, e. g.
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those of e lem en ts  such as iod ine, krypton and xenon, which dom inate the 
airborne pollution. It is  a lso  u n likely  to apply in the c a se  of contam ination  
of r iv e r s  and e s tu a r ie s , for which it is  not ea sy  to m ake gen era lized  
assu m p tions on the a ctiv ity  m ovem ent.

F ortun ately , how ever, the population dose is  m o st lik e ly  to be lim ited  
within the p rim ary population for just those nuclid es for which the a s 
sum ption on global equilibrium  is  dubious. In the f ir s t  approxim ation, 
th e re fo r e , it is  not u n likely  that the population dose m ay be approxim ated  
by the national com m unity dose in each country w here n uclear power is  
produced. T h is approxim ation m u st obviously  be u sed  with great caution  
b ecau se  there m ay con ceivab ly  be cou n tries with litt le  pow er production  
that re ce iv e  a sign ifican t com m unity dose from  th eir neighbours, and 
cou n tries with a large pow er production but a substantial leakage of rad io 
active  m a ter ia l to other cou n tr ies. To the extent that the approxim ation  
is  valid , how ever, the p er caput dose in the p rim ary country m ay be 
a s s e s s e d  at D = т м w /P .

The future total average annual individual dose from  n uclear power in 
the 30°-60° northern la titu d es m ay th erefore be estim ated  at

D = w /P

w here w /P  is  the average in sta lled  e le c tr ic  power in MW p er caput. F o r  
exam ple, m«, = 1 m an -rad  per MW • year  and a p er caput power consum ption  
of 0. 001 MW in year 2000 would y ie ld  an annual average dose of

D2000 = 0. 001 rad

F o r  com p arison , a high estim ate  (Sweden) with w /P = 0. 005 MW p er caput 
in year 2000 would give D 2ooo = 0- 005 rad.

It should be recogn ized  that th ere is  a m ath em atica l expectation  of 
population dose a lso  from  accid en ta l r e le a s e s  of rad ioactive m a ter ia l. 
U n less  the exp ectation  of population dose from  accid en ts is  an order of 
m agnitude l e s s  than the population dose from  regu lar op eration s, the 
sp ec ifica tio n  of the la tter  alone as re flec tin g  the total detrim ent from  the 
sou rce  w ill be m islead in g .

"AS LOW AS READILY ACHIEVABLE"

Once the total detrim ent from  a sou rce has been estim ated  by a so u rc e -  
re la ted  a sse s sm e n t  of the tota l population d ose, it is  p o ss ib le  to attem pt 
a r isk -b en efit  evaluation. T h is is  a p o litica l evaluation, p articu lar ly  
s in ce  the r isk  and the benefit are not a lw ays shared by the sam e group of 
individuals. T h is is  not an unusual situation  as long a s  both the r isk  and 
the benefit are  lim ited  within the population of the p rim ary country, which  
has fu ll control of the sou rce. It b ecom es in crea sin g ly  d ifficu lt when som e  
of the r isk  but lit t le , if any, of the benefit occu rs in other cou n tr ies. What 
i s  then 'acceptable' or 'ju stifiab le ' on a r isk -b en efit  b a s is  m ust be subject 
to in ternational agreem en ts and u n iv ersa lly  accepted  p rin cip le s . A b asic  
ru le would seem  to be that a population dose that would not have been  judged 
accep table on a r isk -b en efit  b a s is  had it fa llen  within the p rim ary  country, 
should neither be accep tab le in any other country.
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The fact that the population at r isk  is  u su a lly  not id en tica l with the 
population at benefit would m ake r isk -b en efit  evaluations im p ossib le  on 
e th ica l grounds if the individual r isk s  w ere not in sign ifican t. It is  only  
b ecau se each individual has the extra  p rotection  afforded by the individual 
dose lim its  that it is  p o ssib le  to u se  any actual d istribution  of b en efits  to 
ju stify  the corresponding d istribution  of r isk s , even  though d ifferent 
individuals are involved.

H ow ever, it is  not su ffic ien t to decide that a certa in  sou rce is  accep table  
on the b a s is  of a r isk -b en efit  evaluation. To com ply with the ICRP r e 
com m endation that a ll d o ses  sh a ll be kept 'as low as is  read ily  ach ievab le , 
econom ic and so c ia l con sid eration s being taken into account", an additional 
co st-b en e fit  an a ly sis  of further dose reductions needs to be m ade.

V arious authors have published es tim a tes  of the amount of m oney that 
is  e ith er  cu rren tly  paid p er m an -rem  in reduction of radiation  exp osu res  
or is  judged to be a ju stified  exp en se. The es tim a tes  u su a lly  fa ll betw een  
US $25 and US $250 per m an -rem . The introduction of a m onetary  eq u iva
lent of one m an -rem , say  US $100, does not im ply that a s im ila r ly  sim p le  
evaluation  can be m ade in r isk -b en efit  evaluations. Both the d etrim ent  
and the b enefit from  a certa in  p ractice  or operation include intangible  
com ponents that are very  d ifficu lt to w eigh. Even if so c ie ty  so m etim es  
takes d ec is io n s on the b a s is  of an actu aria l value of human l iv e s , it would  
often seem  to be an u n n ecessa ry  ab straction  to m ake such ca lcu la tion s.

In co st-b en efit  eva luation s, how ever, gen era liza tion s m ay be ju stified . 
Once the r isk -b en efit  evaluation  has estab lish ed  that a certa in  sou rce is  
accep tab le , it m ay be helpful to have a standardized approach to the 
d ec is io n  on w hether further dose reductions are appropriate. F o r  th is  
purpose a re feren ce  value of US $100 per m an -rem  m ay be used , but 
should be used  with caution.

The sequence r isk -b en efit  evaluation (i. e. to check w hether the sou rce  
is  justified ) — cost-b en efit  evaluation  (i. e. to check if it m ight not be 
u sed  with even le s s e r  exp osu res) is  often not a tw o-step  procedure but a 
s e r ie s  of step s, which are not alw ays c le a r ly  separated  from  each other.

THE DOSE COMMITMENT ( Fi g . l )

'D ose com m itm ent' is  a concept that has found u se in the UNSCEAR  
a sse s sm e n t  of global radiation  le v e ls .  In m ath em atica l te r m s, the dose  
com m itm ent of a certa in  operation  (e. g. 1 MW • year of e le c tr ic  power 
production) is  the infinite tim e in tegra l of the average dose rate (£)) from  
th is unit of operation in a given  population:

The term  'com m itm ent' im p lies  that the to ta l in tegral is  re la ted  to a 
sp ec ified  p ractice  or operation at a certa in  tim e. The product of the dose  
com m itm ent from  that p ractice  or operation , the num ber of population  
and the r isk  coeffic ien t is  a m ea su re  of the total expected  detrim ent.

t=o

N = ju P De
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ANNUAL DOSE

DOSE COMMITMENT OF 
FIRST YEAR'S PRACTICE

O t t *
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(a)
YEARS
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ANNUAL DOSE

ЛЛЛЛЛМЛМЛЛЛЛЛЛЛЛЛЛЛЛЛЛЛЛМЛЛ? YEARS
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FIG. 1. Illustration of the re lation between the annual dose com m itm ent and the annual dose in an equilibrium  
situation: (a) decrease in annual dose from one year's practice, the sum o f the annual doses being the dose 
com m itm ent; (b) decrease in annual dose from two years' practice; (c) the annual dose is shown to be 
num erically equal to the dose com m itm ent from one year of release.

Since it is  irre lev a n t in th is estim a te  w hether the population P c o n s is ts  
of the sam e individuals or d ifferent individuals over the in tegration  period, 
the product P Ц*, is  the co lle c tiv e  dose of the given  population as a group 
rath er than a s individuals. F o r  exam p le, the dose com m itm ent to a c r it ic a l  
group of infants near a n uclear pow er station , from  the r e le a se  of a certa in  
quantity of rad ioactive m a te r ia l, is  the sum of the resu ltin g  annual dose  
a v era g es for that group over a ll future y e a r s , w hile the infants w ill be 
d ifferen t each year.

The dose com m itm ent m ak es it p o ss ib le  to give a m ea su re  of the total 
detrim ent per unit p ractice  (e. g. 1 MW >year), including a lso  the detrim ent
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from  future exposure from  lo n g -liv ed  rad ionuclides rem ain ing in the en v iron 
m ent. F o r  each group (j) for  which the dose com m itm ent is  a s s e s s e d , the 
exp ected  detrim ent w ill be м D ĵ and the total detrim ent p er unit p ractice  
w ill be ¡л mM, w here

If a sou rce r e le a s e s  the sam e amount of rad ioactive m a te r ia l year a fter  
year , the follow ing 'law' w ill apply:

The annual dose at the tim e when equilibrium  has been reached  betw een  
annual r e le a se  and annual decay w ill be n u m erica lly  equal to the dose  
com m itm ent for one year of r e le a se .

T h is m ean s that the sa fe s t  m ethod to prevent high annual d o ses in the future 
from  rad ioactive m a te r ia l of long h a lf- liv e s  is  to le t the annual dose lim it  
apply not to the annual d o ses  but to the annual dose com m itm ents.
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Abstract

PRE-OPERATIONAL ASSESSMENT OF THE DISCHARGE LIMITS AND RELATIVE IMPORTANCE OF RADIOACTIVE 
AND OTHER WASTES FROM URANIUM PRODUCTION IN AUSTRALIA'S NORTHERN TERRITORY.

The paper exam ines the sources and nature of the wastes likely to arise from the uranium extractive 
industry now being developed in the Northern Territory of Australia. The area in question is tropical and 
has a season of monsoonal rain with heavy run-off, which alternates with a long dry season. In the dry 
season river flow is m inim al and parts of the river systems becom e isolated and subject to heavy loss from 
evaporation. In consequence, the environm ental problems associated with the uranium mines and mills 
are unusual. Ecological mapping to define sensitive habitats and toxicity studies undertaken on sensitive 
species indicate tha t the levels that can be allowed for heavy m etals w ill d ic ta te  criteria for treatm ent and 
containm ent of wastes from extraction plants. On the other hand, radiological considerations will govern 
disposal of p it w ater and run-off from storage and overburden dumps.

The naturally occurring levels and transfer mechanisms have been exam ined for uranium, radium and 
lead . These characteristics can be used to assess the environments of particular mines. For each of four 
probable mine locations four possible exposure routes for z26Ra and 210Pb can be identified and have been 
evaluated separately. Although their local environments are very sim ilar, the c ritica l exposure routes differ 
for a t least three of the possible m ine sites. This is because transfer and dispersion mechanisms, and land 
use, differ between the sites.

1 . INTRODUCTION

O ver th e  p a s t  two y e a rs  s u b s t a n t ia l  am oun ts  o f  u ra n iu m  m i n e r a l is a t io n  
h a ve  be en  a n n o u n ce d  f o r  th e  A l l i g a t o r  R iv e r s  a re a  o f  th e  N o r th e r n  
T e r r i t o r y  o f  A u s t r a l i a .  T h is  r e g io n ,  a b o u t  1 0 ,0 0 0  km ^, i s  bounde d  by  
13 1 ° 3 0 ' E to  13 3 ° 3 0 ' E and 1 2 ° S to  1 3 ° 3 0 ' S. I t  in c lu d e s  th e  c a tc h 
m e n ts  o f  C o o p e r 's  C re e k , E a s t A l l i g a t o r  R iv e r ,  M a ge la  C re e k  and th e  
e a s te r n  c a tc h m e n t o f  th e  S o u th  A l l i g a t o r  R iv e r  (s e e  f i g u r e  1 ) .

The r a i n f a l l  o f  th e  a re a  i s  s t r o n g ly  s e a s o n a l.  I t  i s  n e g l i g i b l e  
b e tw e e n  A p r i l  an d  O c to b e r ,  th e n  b u i l d s  up s te e p ly  to  h ig h  m o n th ly  a v e ra g e s  
i n  J a n u a ry  and F e b ru a ry ,  an d  d ro p s  a f t e r  M a rch  e ve n  m ore  s t e e p ly  th a n  i t  
r i s e s .  I n  c o n t r a s t  to  th e  s e a s o n a l f l u c t u a t i o n s  o f  th e  r a i n f a l l ,  te m p e r
a tu r e s  a r e  r e l a t i v e l y  e ve n  an d  h ig h .  E v a p o ra t io n  i s  s u b s t a n t ia l  and a 
f r e e  w a te r  s u r fa c e  w o u ld ,  a v e ra g e d  o v e r  a y e a r ,  show a n e t  lo s s  o f  some 
8 0  cm a f t e r  a r a i n f a l l  o f  1 .3 3  m.

T h re e  m a jo r  p h y s io g r a p h ic  u n i t s  a r e  p r e s e n t ;  a l l u v i a l  v a l l e y s  and 
p l a i n s ,  lo w  h i l l s  and r id g e s  and th e  e s c a rp m e n t b a c k e d  by  th e  A rnhem  
la n d  p la te a u .

37
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The a l l u v i a l  m a t e r ia l  v a r ie s  f ro m  e x te n s iv e  sand d e p o s i ts  i n  th e  
v a l l e y s  o f  th e  r i v e r s  d r a in in g  th e  s a n d s to n e  p la te a u  to  s u b c o a s ta l  b la c k  
s o i l  p la in s  i n  th e  lo w e r  re a c h e s . The p l a i n s ,  o f  g r a d ie n t  1 i n  20 00, 
a r e  s u b je c t  to  a n n u a l f l o o d in g  w h ic h  i n  p la c e s ,  i s  to  a d e p th  o f  a b o u t 
2 m f o r  a p e r io d  o f  up to  6 m o n th s .

On th e  s te e p e r  s lo p e s  and  n a r ro w  a l l u v i a l  f l a t s ,  s tre a m s  a r e
m a rk e d ly  s e a s o n a l and d u r in g  th e  7 m o n th s  d r y  se a so n  fe w  c o n t in u e  to  f l o w .  
D e s p ite  t h i s ,  w a te r  t a b le s  re m a in  h ig h .

The d is s e c te d  e s c a rp m e n t r i s e s  v e r t i c a l l y  up to  200 m fo r m in g  s te e p  
s id e d  g o rg e s  w i t h  nu m e ro u s  w a t e r f a l l s  d u r in g  th e  w e t s e a s o n . On th e  
p la te a u ,  th e  h ig h  and f l u c t u a t i n g  w a te r  ta b le  c a u s e s  m a rke d  s u b - s u r fa c e  
w e a th e r in g  o f  th e  r o c k .  The la n d  s y s te m s  o f  th e  r e g io n  h a ve  be en  
d e s c r ib e d  b y  S to r y  e t  a l , [ l j .

The d r a s t i c  ch a n g e  i n  c l im a t e  i s  a la r g e  f a c t o r  i n  th e  e c o lo g y  o f
th e  a r e a .  P la n t  s p e c ie s  m u s t be a b le  to  t o l e r a t e  w a te r lo g g e d  c o n d i t io n s
d u r in g  th e  m onsoons as w e l l  as th e  d r y  c o n d i t io n s  w h ic h  f o l l o w .  On th e  
p l a i n  re e d s  f l o u r i s h  d u r in g  th e  w e t s e a s o n , b u t  th e  g ro u n d  s u b s e q u e n t ly  
becom es b a re  w i t h  s e v e re  c r a c k in g  to  p o ly g o n s  a b o u t  2 5 -3 0  cm a c r o s s ,  
th e  c ra c k s  b e in g  up to  15 cm w id e .  The p la in s  a r e  o f  immense im p o r ta n c e  
to  m a g p ie  ge ese  ( A n s ira n a s  s e m ip a lm a t a ) : th e  re e d s  g ro w in g  th r o u g h  th e
f lo o d w a te r s  p r o v id e  t h e i r  b r e e d in g  g ro u n d s  and th e  w i l d  r i c e  t h a t  g ro w s  
as  th e  w a te r  re c e d e s  p r o v id e s  fo o d  f o r  t h e i r  y o u n g . C o n s e rv a t io n  o f  
th e  b la c k  s o i l  p la in s  i s  a p r e - r e q u i s i t e  to  th e  s u r v iv a l  o f  t h i s  s p e c ie s  
[ 2 3 .  L a rg e  h e rd s  o f  w a te r  b u f f a l o  a ls o  g ra z e  th e  p la i n s  w h ic h  a r e  h e ld  
a s  p a s t o r a l  le a s e s  and s u p p o r t  two a b a t t o i r s  -  M u d g in b a r r i  and O e n p e l l i  
(s e e  f i g u r e  1 ) .  M u d g in b a r r i  d ra w s  p ro c e s s  w a te r  f ro m  M a g e lla  C re e k .

C lo s e ly  a s s o c ia te d  w i t h  th e  f l o o d  p l a i n s ,  b u t  t o p o g r a p h ic a l ly  
s e p a ra te d  fro m  the m , a r e  lo n g  s h a l lo w  d e p re s s io n s  w i t h  u n c o o r d in a te d  
d r a in a g e  t h a t  a r e  p e rm a n e n t ly  w a te r lo g g e d  and u n d e r w a te r  weed and  p a p e r 
b a r k  ( M e la le u c a  le u c a d e n d ro n ) . These swamp a re a s  p r o v id e  v a lu a b le  d r y  
se a so n  r e fu g e  f o r  w a t e r f o w l .  The W oolw onga r e s e r v e  (s e e  f i g u r e  1 ) 
c o n ta in s  a la r g e  a re a  o f  su ch  swamps.

F u r th e r  u p s tre a m  d i s c r e t e  zon es o f  v e g e t a t io n  ca n  be see n c l e a r l y  
when th e  f lo o d w a te r s  re c e d e .  Away fro m  th e  s tre a m  th e r e  i s  f i r s t  a sedge 
meadow th e n  a s t r i p  o f  p a p e rb a rk s  fo l lo w e d  b y  a zone w h ic h  in c lu d e s  
Pandanus and E u g e n ia  s p . ( n a t i v e  a p p le s ) .  Beyond t h i s  i s  a s m a ll g r a s s y  
p la i n  w h ic h  g iv e s  w ay to  a E u c a ly p tu s  w o o d la n d  as  th e  g ro u n d  r i s e s .

2
Two m a in  ty p e s  o f  b i l la b o n g  ( w a te r h o le s  o f  a b o u t  0 .1 5  km a r e a )  a r e  

s e e n . Type 1 w h ic h  h a s  a s u b s t r a te  o f  f i n e  p a r t i c l e  b la c k  c la y  and 
g r a d u a l l y  s lo p in g  s id e s  e x i s t s  m o s t f r e q u e n t l y  when a c o n d i t io n  o f  b a c k  
f l o w  o f  f l o o d  w a te rs  p r e v a i l s .  Type 2 has a sa n d y  b o t to m , s te e p  s id e s  
and i s  u s u a l ly  l a r g e r .  I t  i s  g e n e r a l l y  p a r a l l e l  to  th e  m a in  r i v e r  c o u rs e  
and c o u ld  be re m n a n ts  o f  fo r m e r  r i v e r  s y s te m s .

Type 1 b i l la b o n g s  d e v e lo p  m ore e x te n s iv e  sedge meadows on  th e  
m a rg in s  d u r in g  th e  d r y  se a so n  and  th e  w a te r  becom es t u r b i d  and w a rm e r. 
Commonly th e  b o tto m  muds become a n a e ro b ic  and a de nse  la y e r  o f  m ic r o 
a lg a e  fo rm s  on  th e  to p  i n  th e  w a rm e r a re a s  a t  te m p e ra tu re s  fro m  3 2 -3 7  C.

A t  th e  end o f  th e  d r y  se a so n  b i l la b o n g s  o f  ty p e  2 a r e  c le a r e r  and 
c o o le r  and p r e s e n t  a m ore  m o d e ra te  e n v ir o n m e n t.  B a rra m u n d i,  a p o p u la r  
s p o r t in g  and c o m m e rc ia l f i s h ,  spawn i n  th e  e s t u a r ie s  and m ig r a te  to  th e  
f r e s h  w a te r  r i v e r / b i l l a b o n g  s y s te m  a s  j u v e n i l e s  d u r in g  th e  n e x t  w e t .
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They may re m a in  in  th e  b i l la b o n g s  f o r  many y e a rs  p r e y in g  on  a g r e a t  
v a r i e t y  o f  s m a lle r  f i s h  and c r u s tá c e a .

The u p p e r re a c h e s  o f  th e  c r e e k  sy s te m s  w e re  o n ce  th e  h u n t in g  g ro u n d s  
o f  a b o r ig in e s  and f a m i l y  g ro u p s  s t i l l  l i v e  o f f  th e  la n d  d u r in g  t h e i r  
f r e q u e n t  w a lk a b o u ts .  The e a r l y  t r i b e s  ha d  a r i c h  c u l t u r e  and th e  g o rg e s  
and o v e rh a n g s  o f  th e  e s c a rp m e n t a b ound  w i t h  s a c re d  s i t e s  and g a l l e r i e s  
o f  c a v e  p a in t in g s  o f  g r e a t  a n t h r o p o lo g ic a l  and a r c h a e o lo g ic a l  s i g n i f i 
c a n c e . To p r e s e rv e  th e s e  s i t e s  and th e  w i ld e r n e s s  c h a r a c te r  o f  th e  a r e a ,

TABLE 1. ANALYTICAL RESULTS FOR SIGNIFICANT POLLUTANTS 
IN EACH WASTE STREAM (RADIOACTIVITY IS EXPRESSED IN UNITS 
OF p C i/l, ALL OTHER RESULTS ARE IN ppm)

P o l lu t a n t
S o u rce  o f  P o l lu t a n t

O v e rb u rd e n - 
o r e  dump

P i t  w a te r R a f f in a t e

pH 2 pH 7 .8

T o ta l  h a rd n e s s 170 70 -  170 - -

Ca 1 -  2 2 260 450

Mg 3 -  à 16 -  40 3400 2270

HC03 75 -  200 - -

Fe 1 1900 < 0 . 1

Zn 0 .0 6  -  0 .0 9 0 . 1  -  1 . 0 и ,и 0 .0 8

Cu < 0 .0 3 < 0 .0 5 6 . 2 0 .0 5

Pb 0 .5  -  0 .8 < 0 . 0 1 4 .5 0 . 6

U 0 .2  -  0 .5 0 . 2 о .д з 0 . 0 2

Co 0 .0 0 5 < 0 .0 0 6 2 Л

226Ra 200 -  860 100 218 5 .3

2 2 2 „
Rn “ 2 x  10 ”

As < 0 .0 4 < 0 .0 5 10 3 .3

Mo < 0 . 2

Mn < 0 .0 8 0 . 1 1170 26

N i < 0 . 1 < 0 . 1 1 8 .2 < 0 . 1

P04
700 8 .7

A m ine - - 1 3 .6 1 .9
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TABLE 2. PIT WATER CHARACTERISTICS AT TWO POTENTIAL  
MINE LOCATIONS (UNITS ARE ppm AND p C i/l)

L o c a t io n

W a te r Q u a l i t y

H a rd n e ss Zn Pb Cu 226Ra

N a b a r le k

R ang er

~ 1 2 0  

~ 100

0 . 1

0 .4

< 0 .0 1  

< 0 .0 1

< 0 .0 5

< 0 .0 5

56

100

a N a t io n a l  P a rk  c o v e r in g  37 40  km^ has be e n  p ro p o s e d  Q33* The s u g g e s te d  
b o r d e r  i s  shown i n  f i g u r e  1 .

E cono m ic  q u a n t i t i e s  o f  u ra n iu m  o r e  h a ve  be en  a n n o u n ce d  f o r  f o u r  
l o c a t i o n s .  The r e s p e c t iv e  g e o lo g y  ha s be e n  d e s c r ib e d  b y  S o u th  Q43. F o r 
R a n g e r I ,  a n o m a lie s  1 and 3 , th e  s ta t e d  r e s e rv e s  a r e  8 2 ,5 0 0  to n n e s  o f  
c o n ta in e d  UßOg. The o r e  b o d ie s  a r e  o f  th e  la r g e  d is s e m in a te d  ty p e  w i t h  
f i n e  g r a in e d  p i t c h b le n d e  th r o u g h o u t  th e  h o s t  r o c k .  These v e in s  a ls o  
c o n t a in  m in o r  g a le n a ,  p y r i t e ,  c o p p e r  s u lp h id e  and h a e m a t i t e .

A t  th e  N a b a r le k  d e p o s i t ,  some 60 km N .E . o f  R ang er I ,  th e  u ra n iu m  
o c c u rs  i n  two h ig h  g ra d e  m a s s iv e  p i t c h b le n d e  c o r e s .  S ta te d  re s e r v e s  a re  
9 ,5 0 0  to n n e s  a t  an  a v e ra g e  g ra d e  o f  24 k g / t o n n e .  The p i t c h b le n d e  c o re s  
a r e  c o a te d  by  g u m m ite  and o t h e r  s e c o n d a ry  m in e r a ls ,  i n c lu d in g  c u r i t e  
and  k a s o l i t e ,  t h a t  a r e  le a d - u r a n iu m  c o m p le x e s  С У .

L im i te d  i n f o r m a t io n  i s  a v a i l a b le  on th e  K o o n g a rra  u ra n iu m  d e p o s i t ,  
s i t u a t e d  20 km S-SW o f  R a n g e r l .  R e s e rv e s  h a ve  been s ta t e d  a s  b e in g  
in te r m e d ia t e  i n  s iz e  an d  c h a r a c te r  b e tw e e n  th o s e  o f  th e  N a b a r le k  and 
R a n g e r I  d e p o s i t s .  Some o f  th e  s e c o n d a ry  m in e r a l i s a t io n  c o n ta in s  le a d .

E x p lo r a t io n  o f  th e  J a b i lu k a  o r e  b o d y , 10 km N o f  R a n g e r I ,  i s  a t  
an  e a r l y  s ta g e  and c u r r e n t l y  s ta t e d  re s e r v e s  a r e  3000 to n n e s  o f  
c o n ta in e d  UßOg. T h is  d e p o s i t ,  as  i s  th e  K o o n g a rra  o n e , i s  o v e r l a in  w i t h  
3 -1 0  m o f  s a n d . The o v e r la y  a t  R a n g e r I  and N a b a r le k  i s  s c h i s t .

I t  i s  a n t ic i p a t e d  t h a t  th e  m i l l i n g  o f  o r e  f ro m  a l l  d e p o s i ts  w i l l  
in v o lv e  s u lp h u r ic  a c id  le a c h in g  f o l lo w e d  by  s o lv e n t  e x t r a c t i o n  w i t h  
a la m in e  3 3 6 . P ro p o s e d  p r o d u c t io n  r a t e s  h a ve  been a n n o u n ce d  f o r  o n ly  
two o f ^ t h e  d e p o s i ts  -  2 .7  x  1 0 ^ kg  o f  u ra n iu m  o x id e  a y e a r  f o r  R ang er I  
and 10 kg a y e a r  f ro m  N a b a r le k .

W ith in  A u s t r a l i a  o v e r  th e  l a s t  2 -3  y e a rs  th e r e  h a s  be en  a g e n e ra l  
a w a k e n in g  o f  th e  c o m m u n ity 's  c o n c e rn  f o r  th e  e n v ir o n m e n ta l  a s p e c t  o f  
c o n t in u e d  i n d u s t r i a l  g r o w th .  T h is  i s  now r e f le c t e d  b y  l e g i s l a t i o n  and 
G o ve rn m e n t im p o se d  g u id e - l in e s  t h a t  p a r a l l e l  th e  e n v ir o n m e n ta l  im p a c t 
s ta te m e n t  a p p ro a c h  d e v e lo p e d  b y  th e  U .S .A . E n v iro n m e n ta l P r o t e c t io n  
A g e n c y .

T h is  p a p e r d e s c r ib e s  w o rk  u n d e r ta k e n  b y  th e  A .A .E .C .  to  a s s i s t  
G o ve rn m e n t i n  th e  s p e c i f i c a t i o n  o f  s ta n d a r d s  to  be m e t b y  th e  m in in g  
c o m p a n ie s . O ur p rogram m e i s  a p a r t  o f  a much l a r g e r  j o i n t  I n d u s t r y -  
G o ve rn m e n t f a c t  f i n d i n g  s tu d y  d i r e c t e d  to w a rd s  th e  w id e r  is s u e s  o f  la n d  
use  and in c lu d e s  p rogram m es on  w i l d l i f e ,  e n to m o lo g y , a n th r o p o lo g y  and 
a r c h a e o lo g y .
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B e a r in g  i n  m in d  th e  ty p e s  o f  s e c o n d a ry  m i n e r a l i s a t io n  and t h a t  
e a ch  d e v e lo p m e n t w o u ld  be a n  o p e n c u t o p e r a t io n ,  th e  s o u rc e  and n a tu r e  
o f  p o t e n t i a l  p o l l u t a n t s  r e s u l t i n g  fro m  a u ra n iu m  e x t r a c t i v e  i n d u s t r y  a r e :

S ource  

Top s o i l  dump 

O v e rb u rd e n  dump

P i t  w a te r

R a f f in a t e  (s e e p a g e  and 
r u n - o f f  f ro m  t a i l i n g s  dam)

W h ile  m e t a l lu r g i c a l  a s s e s s m e n t o f  e a ch  o f  th e  d e p o s i ts  i s  a t  an  e a r l y  
s ta g e ,  th e  p r e l im in a r y  r e s u l t s  fro m  one o f  them  (R a n g e r)  i s  ta k e n  as  b e in g  
r e p r e s e n t a t iv e .  R e s u l ts  o f  a n a ly s e s  f o r  th e  ra n g e  o f  p o t e n t i a l  p o l l u t a n t s  
i s  g iv e n  i n  T a b le  1 .

As d is c u s s e d  l a t e r ,  th e  p o t e n t i a l  e n v ir o n m e n ta l  co n s e q u e n c e s  o f-  
d is c h a r g in g  u n t r e a te d  p i t  w a te r  a r e  im p o r t a n t . .  A c o m p a r is o n  o f  i t s  m a jo r  
c h a r a c t e r i s t i c s  a t  two o f  th e  o r e  b o d y  lo c a t io n s  i s  g iv e n  i n  T a b le  2 .

3 . L IM IT IN G  CRITERIA

In  a s s e s s in g  th e  e x p e r im e n ta l  w o rk  on  a q u a t ic  o rg a n is m s  and p la n t  
s p e c ie s  a im e d  a t  f i n d i n g  th e  a l lo w a b le  l i m i t  f o r  each  p o t e n t i a l  p o l l u t a n t ,  
th e  in f lu e n c e  o f  th e  lo c a l  h y d r o lo g y  has f i r s t  to  be a p p r e c ia t e d .  T h is  
i s  i l l u s t r a t e d  b e lo w , b a se  l i n e  le v e l s  o f  w a te r  q u a l i t y  an d  o f  
s ta b le  and r a d io a c t i v e  e le m e n ts  b e in g  u se d  to  h i g h l i g h t  th e  s a l i e n t  
f e a t u r e s .

3 .1  L o c a l H y d ro lo g y

3 .1 .1  B la c k  s o i l  p la in s

The ge ese  and th e  b u f f a l o  e n s u re  t h a t  th e  f lo o d  w a te rs  o v e r  th e  
p la i n s  a r e  t u r b i d  (s u s p e n d e d  s o l id s  > 1 ,0 0 0  p p m ). C o n d it io n s  a r e  id e a l  
f o r  a d s o r p t io n  on  to  th e  c la y  p a r t i c l e s  o f  an y  d is s o lv e d  u ra n iu m  [ 6 ] ,  
ra d iu m  j j j  and o th e r  h e a v y  m e ta ls .  We t h i n k  t h a t  t h i s  a d s o rb e d  m a t e r ia l  
w i l l  re m a in  on  th e  s u r fa c e  d u r in g  th e  s u b s e q u e n t d r y  se a so n  b u t  t h a t  th e  
e a r l y  sh o w e rs  o f  th e  n e x t  w e t se a so n  w i l l  t r a n s p o r t  i t  i n t o  th e  la r g e  
c r a c k s  t h a t  h a ve  d e v e lo p e d  i n  th e  s o i l  p r o f i l e  b y  t h i s  t im e .  I n  su ch  a 
s i t u a t i o n ,  p o l l u t a n t s  in t r o d u c e d  to  th e  p la in s  a re a  do n o t  a c c u m u la te  
n e a r  th e  s u r fa c e  b u t  in s te a d  a r e  f a i r l y  u n i f o r m ly  m ix e d  th ro u g h  1 -3  m o f  
b la c k  c l a y .

2^ q  T a b le  3 p r e s e n ts  some r e s u l t s  o n  th e  v e r t i c a l  d i s t r i b u t i o n  o f  U,
P b, 226Ra an(j  137Cs in  s o i l  sam p les  f ro m  th e  M a ge la  P la in s .  The 

r e s u l t s  a r e  f a i r l y  c o n s is t e n t  w i t h  th e  h y p o th e s is  t h a t  a m ix in g  m e chan ism  
i s  o p e r a t iv e  and t h a t  th e  m ix in g  m e chan ism  h a s a t im e  p e r io d  t h a t  i s  
s h o r t  i n  c o m p a r is o n  w i t h  th e  t im e  v a r i a t i o n  i n  f a l l o u t  13 7 cs  d e p o s i t i o n .

P o t e n t ia l  P o l lu t a n t s

S uspended s o l i d s  in  c r e e k  s y s te m s .
2 26

Suspended s o l i d s ,  d is s o lv e d  Ra,
U, Zn, P b, Cu and o t h e r  h e a v y  m e ta ls .

D is s o lv e d  “̂ R n ,  ' ^ R a  and h e a v y  
m e ta ls .
226

R a, u ra n iu m  and o t h e r  h e a v y  
m e ta ls ,  a m in e s , a c i d i t y  s o lu b le  
s u lp h a te s  and c a r b o n a te s .
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TABLE 3. VERTICAL DISTRIBUTION OF RADIOACTIVE AND STABLE  
ELEM ENTS IN SOIL SAMPLES FROM MAGELA PLAINS

L o c a t io n  
( 1 :5 0 ,0 0 0  

a c r e s )
D e p th

C o n c e n tra  t i o n

p C i/ . / ppm

U 226Ra 2 l0 Pb 1 37Cs Cu Pb Zm

670240 “ S u r fa c e 0 . 2 0 .7 0 . 1 0 . 6 8 . 0 4 .4

(W e s t b a n k ) 0 .5  m 0 .3 0 . 8 0 . 8 0 .1 4 0 . 8 9 .0 3 .5

1 . 0  m 0 . 6 0 .7 0 . 8 o . i 0 . 6 9 .0 4 .0

1 . 5 m 0 .3 1 . 1 0 . 1 0 .5 6 . 0 4 .0

670240 S u r fa c e 0 .4 2 . 0 0 .2 7 0 .9 6 . 0 3 .5

( E a s t  b a n k ) 0 .5  m 0 .3 0 .5 1 .3 0 .1 7 0 . 6 7 .0 3 .5

677256 S u r fa c e 0 .5 1 . 0 0 .3 1 0 .5 6 . 0 2 .7

(E a s t  b a n k ) 0 . 8  m 0 .4 0 .9 0 .9 0 .2 6 0 . 6 7 .0 3 .6

644273 S u r fa c e 0 .5 1 .7 0 .2 7 1 . 1 7 .0 4 .9

(W e s t b a n k ) 0 . 8  m 0 .4 0 .3 0 .9 0 . 2 2 0 .5 6 . 0 2 .5

Levee b a n k

2
Some 4 0  l o c a t io n s  on  th e  M a g e la  P la in s  ( a re a  66  km ) w e re  sam p led  

f o r  s u r fa c e  s o i l  an d  f o r  a c o m p o s ite  sa m p le  o v e r  a d e p th  o f  1 m. The 
a v e ra g e  r e s u l t  and s ta n d a r d  d e v ia t io n  o f  th e  y s p e c tro s c o p y  a n a ly s e s  
w e re :

— .Gam m a E n e rg y  
(M eV) 0 .0 5 0 .2 5 0 .3 5 1 . 1

R a d io a c t i v i t y  
( a r b i t r a r y  u n i t )

34 3 .3 1 7 .5 7 .3

S ta n d a rd
d e v ia t io n

4 .6 0 .5 2 .7 0 . 8

The r e a s o n a b ly  c o n s ta n t  p e rc e n ta g e  s ta n d a r d  d e v ia t io n  and i t s  
r e l a t i v e l y  lo w  v a lu e  in d i c a t e  t h a t  th e  n a t u r a l  r a d i o a c t i v i t y  e n t e r in g  
th e  s y s te m  i s  d i s t r i b u t e d  f a i r l y  u n i f o r m ly  th ro u g h  th e  f l o o d  p l a i n  s o i l  
and t h a t  no p r e f e r e n t i a l  m ovem ent o f  a n y  ra d o n  d a u g h te r  o c c u r s .
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3 . 1 . 2  Swamp a re a s

F o r swamp a re a s  t h a t  a re  d e e p e s t a t  th e  end n e a r e s t  to  th e  b la c k  

s o i l  p la in s  i t  i s  .p o s s ib le  to  s e p a ra te  th e  e le m e n ta l  u p ta k e  fro m  th e  
f l o o d  w a te r  (b y  p a p e rb a rk s )  f ro m  th e  e le m e n ta l c y c l in g  fro m  w a te r  to  
s e d im e n ts  and w a te r  w eeds f o l l o w in g  p h y s ic a l  c o n c e n t r a t io n  by  e v a p o r 
a t i o n  and r e la t e d  c h e m ic a l p r e c i p i t a t i o n .  T h is  i s  i l l u s t r a t e d  i n  
T a b le  4 .

3 .1 .3  B i l la b o n g  sys te m s

Some l im n o lo g ic a l  a s p e c ts  o f  th e  d i f f e r i n g  ty p e s  o f  b i l la b o n g  a r e  
i l l u s t r a t e d  i n  T a b le  5 . Boggy C re e k  has a b la c k  c la y  s u b s t r a t e ,  L i t t l e  
N o u r la n g ie  a sandy o n e . G e o rg e to w n  i s  in t e r m e d ia t e .

Q u ite  m a rke d  ch a n g e s  i n  s o lu t e  c o n c e n t r a t io n  r e s u l t  f ro m  m o re  th a n  
s o la r  e v a p o r a t io n .  Boggy C re e k  w a te r h o le  i s  n a t u r a l l y  e u t r o p h ic  w i t h  
v e r y  e x te n s iv e  w a t e r - l i l y  g r o w th  by  th e  end o f  th e  w e t s e a s o n . By 
A u g u s t o n ly  m a c ro a lg a e  a r e  e v id e n t  and th e s e  to o  d im in is h  i n  mass b y  th e  
end o f  th e  d r y  se a so n  as  a r e s u l t  o f  h ig h  te m p e r a tu r e s  and r e c e d in g  w a te r  
l i n e .  B i l la b o n g s  o f  t h i s  ty p e  a r e  h y d r o g r a p h ic a l ly  i s o l a t e d  d u r in g  th e  
d r y  and lo s e  w a te r  by  e v a p o r a t io n  a t  a r a t e  o f  5 .5  -  6 .5  cm /w e ek fro m  
J u n e  to  N ovem ber.

L i t t l e  N o u r la n g ie  a p p e a rs  to  be d i r e c t l y  c o n n e c te d  to  th e  g ro u n d  
w a te r  t a b le  b u t  th e  r e g io n s  o f  i n t e r - c o n n e c t io n  c o u ld  n o t  be i d e n t i f i e d  
th r o u g h  seepage m e a su re m e n ts  ( l i m i t  o f  d e t e c t io n  was 0 .2  c m /w e e k ). The 
d ro p  i n  w a te r  l e v e l  o f  t h i s  ty p e  o f  b i l la b o n g  i s  g r e a t e r  th a n  t h a t  f o r  
ty p e  1 (a b o u t  8 cm /w eek fro m  A u g u s t-N o v e m b e r) b u t  th e  r e l a t i v e  c o n s is t 
e n cy  o f  s o lu te  c o n c e n t r a t io n  i n d ic a t e s  a f l o w in g  u n d e rg ro u n d  s y s te m .

The in te r m e d ia t e  ty p e  o f  b i l la b o n g  e x h ib i t s  b a c k  f l o w  d u r in g  th e  
e a r l y  p a r t  o f  th e  w e t se a so n  and h a ve  r e g io n s  o f  san dy s u b s t r a t e .
H ow ever th e  m a in  d i f f e r e n c e  to  ty p e  1 s y s te m  a p p e a rs  to  be t h a t  th e y  
r e c e iv e  a s u b - s u r fa c e  i n f l u x  o f  w a te r  d u r in g  th e  e a r l y  m o n th s  o f  th e  
d r y  s e a s o n . F o r  e x a m p le , G e o rg e to w n  b i l la b o n g  has an  i n f l u x  e q u iv a le n t

TABLE 4. THE VARIATION IN ELEM ENTAL URANIUM CONCENTRATION 
Oug/g ash) ALONG A SWAMP DEPRESSION

Shallow end



TABLE 5. ELEM ENTAL COMPOSITION OF WATERS FROM D IFFER EN T BILLABONGS AND THEIR SEASONAL  
VARIATION (1971 /72)

BOGGY CREEK GEORGETOWN LITTLE NOURLANGIE

H a r d n e s s  
(ррш СаСО^)

4 /1 1 8/6 6 /7 25/8 2/Ю 6 / 1 1 4/11 5 /6 6 /7 23/8 6 / 1 0 6/ U 13/11 16/6 7 / H 13/4 4 /6 8/8 20/9 Ю /Ю 1 0 / 1 1

- 8 11 29 5 18 - - 7 11 10 12 38 7 - 4 9 8 7 7 14

pH - 4 .9 6 . 2 6 . 6 5.6 5 .4 - - 6 .7 5.7 5.7 5 .8 5 .4 6 . 0 - 6 .5 6 .4 6 .4 6 . 2 6 . 2 5 .8

T o t a l  I r o n  
(p p m ) - < .1 6.7 1.7 18 29 - - 0 . 2 17 23 42 42 0 .5 - 1 .4 0 . 1 0 . 1 0 .3 0 .7 0 .5

U ra n iu m  
( p p b  i n  
w a t e r * ) 1 . 6 0 . 6 0 .3 3 .4 68 49 6 . 6 - 0 .4 0 .9 1 . 1 12 - 1 . 8 0 . 2 0 . 6 0 . 1 0 .5 21

U ra n iu m  
(p p m  i n  
s a n d ) 4 .6 0 .9 1 . 6 2 . 2 3.8 0 . 2 0 .7 0 .9 - 3.6 - 0 . 1 1.7 9 .5 0 . 1

R a d iu m  
( p C i  / J .) 2 .3 0 .4 0 .4 0 . 8 0 .4 0 .7 8 .5 - 1.3 3 .5 0 .< 3 .2 4 .5 - 3 .8 - 0 . 2 2.7 0 .3 1 . 1 .7

p a r t s  p e r  Ю
9

сл
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to  a b o u t  3 cm /w e ek th ro u g h  to  S e p te m b e r w h ic h  th e n  s lo w ly  d ro p s  to  a b o u t
1 cm /w e ek in  N ovem ber. Much o f  t h i s  s u b - s u r fa c e  d r a in a g e  has i t s  o r i g i n  
i n  th e  Ranger I  d e p o s i t  and a l l  sa m p le s  fro m  t h i s  r e g io n  h a ve  U and Ra 
c o n te n ts  w e l l  ab ove  th e  a v e ra g e  le v e l s  f o r  th e  r e g io n .

The q u i t e  m a rke d  ch a n g e s  in  t o t a l  i r o n ,  t h a t  o c c u r  a t  G e o rg e to w n  
and Boggy C re e k  w a te r  h o le s  to w a rd s  th e  end o f  th e  d r y  s e a s o n , a r e  
a t t r i b u t e d  to  t h e i r  t u r b id i t y . D e c a y in g  o r g a n ic  m a t te r  can  t r a n s p o r t  
s u b s t a n t ia l  q u a n t i t i e s  o f  i r o n  a t  th e s e  a c i d i t i e s  p a r t i c u l a r l y  when th e  
re d o x  p o t e n t i a l  i s  lo w  £ 8 3 -

W h ile  th e s e ,  and a l l  o t h e r  s y s te m s  e x a m in e d , showed in c r e a s in g  
ra d iu m  an d  u ra n iu m  le v e l s  as th e  d r y  se a so n  p r o g re s s e d ,  th e  in c r e a s e s  
a r e  n o t  c l e a r l y  r e la t e d  to  c h a n g in g  h a rd n e s s  o r  d e c re a s in g  re d o x  
p o t e n t i a l  (a s  i n f e r r e d  fro m  F e , Co an d  Mn d e t e r m in a t io n s ) .  The ch a n g e s  
w e re  h o w e v e r in d e p e n d e n t o f  pH.

3 .1 .4  P e rm a n e n t s tre a m s

Many p e rm a n e n t s m a ll s tre a m s  an d  s p r in g s  e x i s t  a t  th e  fa c e  o f  th e  
e s c a rp m e n t. The s i l i c e o u s  s a n d s to n e  t h a t  th e y  d r a in  w e a th e rs  o n ly  
s lo w ly  and th e  r e la t e d  s o i l s  a r e  w e l l  le a c h e d .  C o n s e q u e n tly  th e  w a te r  
c o n ta in s  v e r y  l i t t l e  d is s o lv e d  in o r g a n ic  s a l t s  (h a rd n e s s  i s  a b o u t 5 ppm 
CaCO^ e q ) • H ow ever th e  w a te r  does c o n ta in  la r g e  q u a n t i t i e s  o f  d is s o lv e d  
and susp e n d e d  o r g a n ic  m a t e r ia l  w h ic h  le a d s  to  a b row n  ta n n in  c o l o u r i s a t i o n  
and re n d e r s  i t  v e r y  a c i d i c .  The w a te r  i s  p o o r ly  b u f f e r e d  so th e  pH can  
f l u c t u a t e  r a p i d l y .  T h is  i s  i l l u s t r a t e d  i n  T a b le  6 .

When s p r in g s  f lo w  th r o u g h  t h i c k l y  c a r p e te d  u n d e r s t o r y ,  s e le c t i v e  
p r e c i p i t a t i o n  o f  th e  u ra n iu m  s e r ie s  o c c u rs  on th e  o r g a n ic  d e b r is  ( p e a t  
a n o m a lie s )  w h ic h  show u n s u p p o r te d  226r 3 ( p r o b a b ly  th r o u g h  2 3 0 ^  
d e p o s i t io n )  to  a d e p th  o f  a b o u t 30 cm.

3 .2  E x p e r im e n ta l  w o rk  on c h e m ic a l p o l l u t a n t s

L i t t l e  in f o r m a t io n  was a v a i l a b l e  on th e  re s p o n s e s  o f  t r o p i c a l  s p e c ie s
p l a n t  o r  a n im a l,  to  c h e m ic a l p o l l u t a n t s .  Hence i t  was n e c e s s a ry  to  u n d e r 
ta k e  e x p e r im e n ta l  w o rk  on th e  re s p o n s e s  o f  l o c a l  s p e c ie s  to  l i k e l y  
p o l l u t a n t s ,  b e fo r e  m e a n in g fu l  s ta n d a r d s  f o r  them  c o u ld  be f i x e d .  L o c a l 
s p e c ie s  w e re  t e s t e d  a t  a f i e l d  s t a t i o n  u n d e r c o n d i t io n s  as n a t u r a l  as 
p o s s ib le .

3 .2 .1  A q u a t ic

U s in g  s ta n d a r d  te c h n iq u e s ,  th e  96 h o u r  m e d ia n  to le r a n c e  le v e l  
(9 6  h r  TLm) o f  th e  h a rd ih e a d  ( C r a te ro c e p h a lu s  m a r io r i c a ) was d e te rm in e d  
f o r  U, C u, Zn and P b. H a rd ih e a d s  a r e  a s c h o o l in g  s p e c ie s  w h ic h  g ro w  to  
a b o u t 7 cm i n  le n g t h .  B o th  th e  a d u l t  f i s h  and 3 -7  day o ld  f r y  w e re  
te s t e d .  Each e x p e r im e n t was done i n  40 Л  o f  l o c a l  c re e k  w a te r  h e ld  a t  
25 С and a f r e s h  p o ly th e n e  l i n e r  was used- on ea ch  o c c a s io n .

S t r ip e d  g r u n te r s  ( A m n ia ta b a  p e r c o id e s ) , s p a n g le d  g r u n te r s  ( M a d ig a n ia  
u n i c o l o r ) and c a t f i s h  ( N e o s i l u r i s  s p . )  w e re  a ls o  te s t e d  b u t  f o r  some m e ta l 
t e s t in g  was c o n f in e d  to  tw o c o n c e n t r a t io n s  o f  t o x ic a n t  to  d e te rm in e  t h e i r
s e n s i t i v i t y  r e l a t i v e  to  t h a t  o f  h a r d ih e a d s .

One c ru s ta c e a n  (M a c ro b ra c h iu m  s p . )  was t e s t e d  c o m p le te ly . .  The 
r e s u l t s  o f  th e s e  e x p e r im e n ts  a re  shown i n  T a b le  7 .
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D a te pH D a te pH

3 0 .1 .7 2 5 .6 2 0 .6 .7 2 4 .0  .

2 .3 .7 2 5 .9 2 0 .8 .7 2 6 .4

2 2 .3 .7 2 6 . 2

Ю .4 .7 2 5 .8

3 .6 .7 2 4 .1

TABLE 7. 96 hr T L m 's FOR MAGELA CREEK ORGANISMS

O rg a n ism

9.6 h r  T im  (ppm )

U Cu Pb Zn Co

H a rd ih e a d s  ( a d u l t ) 3 .8 0 .0 4 0 .1 7 0 .1 6 < 5

H a rd ih e a d s  ( f r y ) з . б ,; 0 .0 8  " 1 о . з ”

S t r ip e d  g r u n t e r 2 .4 >0 . 1 > 0 .3 0 . 2

S p a n g le d  g r u n t e r 3 .6 >0 . 1 > 0 .3 >0 . 2

C a t f i s h 7 2+

M a c ro b ra c h iu m > 5 0 . 1 2 0 .5 0 .3 4

48 h r  T l/n .

+  C a t f i s h  ta k e n  fro m  G e o rg e to w n  b i l la b o n g .

TABLE 8. HEAVY METALS IN PIT WATER AND MAGELA WATER

W a te r
Type

C u(ppm ) Zn(ppm ) U(ppm ) P b(ppm ) pH
H a rd n e s s  as 

(ppm  CaCO^eq)

M a ge la  C re e k < 0 .0 4 0 .0 3 5 0 .0 0 0 4 0 .0 2 5 7 .2 13

O re  Body

B o re h o le < 0 .0 5 0 .5 <0 . 0 2 0 .4 7 9 9 .2
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TABLE 9. CHLAMYDOMONAS CELLS SURVIVING (AS A PERCENTAGE OF CONTROL) IN MIXTURES OF 
A LAM INE-336 (al), KERSENE AND 5% ALAM INE-336 IN KEROSENE (k+al) (ALL SOLUTIONS SHAKEN WITH 
CULTURE MEDIUM FOR 2 HOURS PRIOR TO USE)

E la p s e d  Tim e 
— ( h o u r s )  

С on  c en  t  r  a t  i o î t \ ^  
(üDm V:V) ^

22 46 70 94 166

a l k+ k+ a l-n - a l k k + a l a l k k + a l a l k k + a l a l k k + a l

* * * *
45 41 11 9 8 8

* * * * * * * *
40 43 68 49 11 39 13 9 53 9 8 52 9 8 60 9

* * * ic *
35 39 59 41 13 31 U 11 32 8 29 42 8 98 46 8

* * * *
30 59 63 36 83 35 10 81 36 7 92 38 7. 45 7

28 40 29 78 78 90

25 69 70 65 97 59 51 92 69 37 106 71 39 68

20 75 65 70 101 75 62 105 68 33 100 63 55

15 74 66 99 74 75 47 88 64

12 79 113 91 112

10 68 65 94 66 81 46 88 60

K e ro s e n e  vo lu m e  e q u i v a l e n t  to  57„ A lam ine -3 3 6  i n  K e ro s e n e .

57. A la m in e  i n  K e ro s e n e  (V :V) to  g iv e  q u o te d  c o n c e n t r a t i o n  o f  A lam in e  -3 3 6  a lo n e .  

D ead c e l l s  o n ly  r e m a in in g  in  c u l t u r e .
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S t r ip e d  g r u n t e r s  w e re  a ls o  e xp o se d  to  g ro u n d  w a te r  pumped fro m  th e  
o r e  b o d y . T h ese  f i s h  s u r v iv e d ,  u n a f f e c t e d ,  f o r  204 h o u rs  b e fo r e  th e  
e x p e r im e n t  was te r m in a te d .  T a b le  8 g iv e s  a c o m p a r is o n  o f  M a g e la  C re e k  
w a te r  and th e  p i t  w a te r  u s e d .

I t  i s  m o s t p r o b a b le  t h a t  th e  in c r e a s e  i n  h a r d in e s s  i n  th e  p i t  w a te r  
re d u c e d  th e  e f f e c t i v e n e s s  o f  th e  h e a vy  m e ta ls  i n  t h i s  e x p e r im e n t .

I n  la b o r a t o r y  e x p e r im e n ts  a t  AAEC R e s e a rc h  E s ta b l is h m e n t ,  th e  
m o s q u ito  f i s h  ( G am busia  s p . )  was e xp o se d  to  'm o c k ' r a f f i n a t e  b o th  
u n t r e a te d  and n e u t r a l i s e d .  The 96 h r  TLm v a lu e s  o c c u r re d  a t  d i l u t i o n s  
o f  1 :5 ,0 0 0  .and 1 :8  r e s p e c t i v e l y .  On th e  same s p e c ie s ,  th e  TLm v a lu e  
f o r  a la m in e -3 3 6  was 3 .5  ppm.

P a p e rs  c o n t a in in g  th e  f u l l  e x p e r im e n ta l  d e t a i l  o f  t h i s  and f u r t h e r  
w o rk  p lu s  an in v e n t o r y  o f  th e  f i s h  s p e c ie s  i n  th e  a re a  w i l l  be p u b l is h e d  
l a t e r  t h i s  y e a r .

3 .2 .2  V e g e ta t io n

As m e n tio n e d  e a r l i e r ,  sedge meadows s u r ro u n d  many o f  th e  b i l la b o n g s  
and th e s e  may become e xp o se d  to  t o x ic a n t s  as th e  f lo o d w a te r s  re c e d e .
The m a in  p la n t  c o v e r  c o n s is t s  o f  17» w a te r  sno w d rop  ( N ym ph o ides m in im a ) ,
207, sedge ( F i m b r i s t y l i s  d e n u d a ta ) and th e  re m a in d e r  i s  th e  d o m in a n t g ra s s  
(P s e u d o ra p h is  s p in e s c e n s ) .

2
P lo t s  w i t h  an a re a  o f  1 m w e re  l a i d  o u t  on a t y p i c a l  f l o o d  p l a i n  

and s u b je c te d  to  f i n e  s e d im e n t lo a d s  o f  10 k g /m 2 , 20 k g /m 2 , 30 k g /m 2 ,
40 k g /m ^ , 50 k g /m 2 and 60 k g /m 2 by g r o u t in g .

P la n t  g ro w th  was n o t  im pe ded on 10 k g /m 2 and 20 k g /m 2 b u t  was 
re d u c e d  on 30 k g /m 2 and 40 k g /m 2 . 50 k g /m 2 and 60 k g /m 2 s to p p e d  g ro w th  
c o m p le te ly .

S im i la r  p l o t s  w e re  e xp o se d  to  U ---------  (5 0 g , 10g and lg /m 2 ) , Cu -----
(1 0 g ,  l g ,  O . lg  p e r  m2 ) ,  Zn -----  (1 0 g , l g  and O . lg  p e r  m2 ) and Pb ----------
(1 0 0 g , 1 0 g , l g  p e r  m2 ) .  None o f  th e s e  p lo t s  showed any a d v e rs e  r e a c t io n .

P lo t s  w e re  a ls o  w a te re d  w i t h  A la m in e  336 d is p e rs e d  i n  w a te r  so t h a t  
d o ses e q u iv a le n t  to  50 m l,  10 m l and 1 m l p e r  s q u a re  m e tre  w e re  d e l iv e r e d .  
A l l  th r e e  do se s  p ro d u c e d  c h lo r o s is  i n  th e  p l a n t s ,  fro m  w h ic h  th e  
50 m l/m 2 and 10 m l/m 2 p l o t s  d id  n o t  r e c o v e r .  F o l lo w in g  t h i s  m ore 
q u a n t i t a t i v e  e x p e r im e n ts  u s in g  A la m in e  336 w e re  done i n  th e  la b o r a t o r y .  
C h lam ydorm onas s p . c u l t u r e d  i n  open f la s k s  was use d  as th e  e x p e r im e n ta l  
m a t e r ia l  and th e  r e s u l t s  a re  g iv e n  i n  T a b le  9 . S y n e r g is t ic  e f f e c t s  f o r  
th e  c o m b in a t io n  o f  a la m in e -3 3 6  and k e ro s e n e  a r e  in d ic a t e d  and re m a in  
im p o r ta n t  a t  a la m in e  l e v e ls  a p p r o p r ia t e  to  w a s te  s tre a m s  w i t h i n  p r o c e s s in g  
p la n t s .

F u l l  d e t a i l s  o f  t h i s  and f u r t h e r  w o rk  w i l l  a ls o  be p u b l is h e d  l a t e r  
t h i s  y e a r .

4 .  RADIOLOGICAL ASPECTS

4 .1  D is e q u i l ib r i u m  i n  e n v ir o n m e n ta l  r a d i o a c t i v i t y

T h ro u g h o u t th e  r e g io n  d i s e q u i l i b r i u m  e x i s t s  b e tw e e n  th e  226r 3 ancj 
U -23 8  c o n te n t  f o r  th e  ra n g e  o f  e n v ir o n m e n ta l  s a m p le s . F o r  w a te r  
sam p les  fro m  s tre a m s  th e  R a/U  c u r ie  r a t i o  a v e ra g e s  a t  8 .0  w i t h  e x tre m e
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TABLE 10. DISEQUILIBRIUM RATIOS (Ra/U) FOR A RANGE OF 
ENVIRONMENTAL SAMPLES

D is e q u i l ib r iu m  r a t i o

Sam ple ty p e
Range A v e ra g e

M u s s e l f l e s h
2 3 

10 -  10 300

M u s s e l s h e l l 1 -  7 3 .6

B o tto m  s e d im e n ts 1 -  10 5 .5

E u c a ly p tu s  le a v e s 1 - 2 0 9 .0

v a lu e s  b e in g  tw o o r d e r s  o f  m a g n itu d e  on e i t h e r  s id e .  V a lu e s  on th e  h ig h  
s id e  a p p e a r to  be r e la t e d  to  s tre a m s  t h a t  d r a in  a re a s  c o n t a in in g  r a d io -  
m e t r i c  a n o m a lie s  and t h a t  a r e  r e l a t i v e l y  h a rd  (3 0 -5 0  ppm CaCO., e q . )  and 
h a ve  a h ig h  ( ' ' ' lO )  M g/Ca r a t i o .  The lo w e s t  v a lu e s  r e l a t e  to  s tre a m s  
t h a t  a r e  s o f t  ( 3 -5  ppm CaCO^ e q . ) ,  h a ve  a Ca/M g r a t i o  o f  a b o u t one and 
d r a in  s m a ll  a re a s  w i t h  re a s o n a b le  s lo p e s .  R e s u l ts  f o r  o th e r  ty p e s  o f  
sa m p le s  a r e  p r o v id e d  i n  T a b le  10.

I f  th e  d r a in a g e  s ys te m s  known to  be in f lu e n c e d  by  n e a rb y  u ra n iu m  
m i n e r a l i s a t io n  a r e  e x c lu d e d ,  th e  a v e ra g e  2 2 6 r3 le v e l  i n  w a te r  f o r  th e  
re m a in d e r  o f  th e  a re a  (6 0  s a m p lin g  s i t e s )  i s  0 .4 6  p C i /Z .  F o r th e  
in f lu e n c e d  sys te m s  th e  a v e ra g e  i s  4 .3  p C i /J_.

To e v a lu a te  w h a t r e s t r a i n t s  on th e  d is c h a r g e  o f  p i t  w a te r  w i l l  be 
d e te rm in e d  by  r a d i o l o g i c a l  c o n s id e r a t io n s ,  i t  i s  f i r s t  n e c e s s a ry  to  
d e te rm in e  th e  c o n c e n t r a t in g  m e chan ism s f o r  u ra n iu m  and ra d iu m  by th e  
v a r io u s  m a t e r ia l s  t h a t  a r e  c o l le c t e d  as fo o d  s t u f f s .

4 .2  C o n c e n t r a t io n  F a c to r s  f o r  U ra n iu m

4 . 2 . 1  M u s s e l

M e a su re d  c o n c e n t r a t io n  f a c t o r s  f o r  u ra n iu m  by m u s s e ls  a r e  p re s e n te d  
i n  f i g .  2 . The s lo p e  o f  -1  on a lo g  -  lo g  p l o t  in d ic a t e s  t h a t  th e  
c o n c e n t r a t in g  m e chan ism  i s  r e la t e d  to  th e  m u s s e l m a in ta in in g  a r e g u la te d  
p o o l o f  u ra n iu m  a t  a le v e l  o f  a b o u t 80 | ig / k g .  The r a d i o lo g i c a l  
i m p l i c a t i o n s  a re  t h e r e f o r e  t r i v i a l .

4 . 2 . 2  B u f f a lo

T y p ic a l l y  th e  u ra n iu m  c o n te n ts  o f  s o i l ,  g ra s s  and w a te r  i n  th e  
b u f f a l o  g r a z in g  a re a s  a r e  2 | ig /g ,  0 .0 1  | ig /g  and 0 .0 0 2  | !g /g .  The u ra n iu m  
c o n te n t  o f  b u f f a l o  f l e s h  i s  i n  th e  ra n g e  0 .0 0 5 - 0 .0 1  H g /g . T h e re  i s  th e n  
no  i n d i c a t i o n  o f  any s i g n i f i c a n t  c o n c e n t r a t in g  m echan ism  f o r  u ra n iu m  by 
b u f f a l o .  The maximum p e rm is s a b le  c o n c e n t r a t io n  o f  u ra n iu m  i n  b u f f a lo  
m e a t w o u ld ,  on s t r i c t l y  r a d i o lo g i c a l  c o n s id e r a t io n s ,  be some 70 M-g/g. I t  
i s  in c o n c e iv a b le  t h a t  th e  g e n e ra l  e n v ir o n m e n ta l  le v e ls  o f  u ra n iu m  c o u ld  
be r a is e d  by  a f a c t o r  o f  1 00 0  w i t h o u t  e n v ir o n m e n ta l  d e g r a d a t io n  r e s u l t i n g  
f ro m  a s s o c ia te d  c o n ta m in a n ts .  A s i m i la r  c o n c lu s io n  h o ld s  w i t h  r e s p e c t  to  
b u f f a l o  o f f a l .  The u ra n iu m  c o n te n ts  o f  k id n e y  and l i v e r  do n o t  d i f f e r  
m a rk e d ly  f ro m  t h a t  o f  th e  f l e s h .
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FIG. 2. The variation of the concentration factor for uranium by mussels as a function of environm ental 
levels of uranium.

4 . 2 . 3  G o o s e

Geese a r e  m ore  m ig r a t o r y  th a n  b u f f a lo  and t h e i r  e a t in g  h a b i t s  a re  
such  t h a t  t h e i r  u ra n iu m  in t a k e ,  v i a  s e d im e n ts ,  w o u ld  be g r e a t e r .  H o w e ve r, 
th e  u ra n iu m  c o n te n t  o f  g o o se  f l e s h  i s  o f  th e  same o r d e r  as t h a t  f o r  b u f f a l o .

4 . 2 . 4  F is h

B a rra m u n d i do c o n c e n t r a te  u ra n iu m . P re s e n t  d a ta  a r e  n o t  s u f f i c i e n t  
t o  d e f in e  a c c u r a t e ly  th e  v a r i a t i o n  i n  c o n c e n t r a t io n  f a c t o r  w i t h  th e  
u ra n iu m  c o n te n t  o f  th e  w a te r  b u t  i n d i c a t i o n s  a r e  t h a t  one i s  d e a l in g ,  w i t h  
a r e g u la te d  p o o l o f  a b o u t 0 .0 2  ppm. S h o u ld  s u b s e q u e n t w o rk  c o n f i r m  t h i s ,  
th e n  th e r e  w o u ld  be no  r a d i o l o g i c a l  im p l i c a t i o n s .

S c a v e n g e r f i s h  ( e . g .  c a t f i s h )  i f  a n y th in g  d is c r im in a t e  a g a in s t  
u ra n iu m .

4 . 2 . 5  N a t iv e  and E u ro p e a n  f r u i t s  and v e g e ta b le s

N a t iv e  a p p le s ,  p lu m s and mangoes show no s i g n i f i c a n t  c o n c e n t r a t io n s  
o f  u ra n iu m  (0 .0 1  -  0 .0 6  n g /g ) , .  The same i s  t r u e  f o r  w a t e r - l i l i e s  t h a t  
a r e  e a te n  by  a b o r ig in e  c h i l d r e n .  C ro p s  o f  p e a s , b e a n s , c a r r o t s ,  c u c u m b e rs ,
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c a b b a g e s , lo m b o k s , b e e t r o o t ,  to m a to e s  and sw e e t c o rn  w e re  g row n  i n  th e  a re a  
and w a te re d  r e g u l a r l y  f ro m  a s o u rc e  w i t h  known u ra n iu m  and ra d iu m  c o n te n t .  
No s i g n i f i c a n t  c o n c e n t r a t io n s  o f  u ra n iu m  w e re  fo u n d  i n  any o f  th e s e  
v e g e ta b le s ,  th e  ra n g e  b e in g  0 .0 0 3  -  0 .0 9  | ig /g ,  w i t h  b e e t r o o t  s h o w in g  th e  
h ig h e s t  c o n c e n t r a t io n .

4 .3  C o n c e n t r a t in g  F a c to r s  o f  R adium

4 . 3 . 1  M u s s e ls

The c o n c e n t r a t io n  f a c t o r s  f o r  ra d iu m  by m u s s e ls  a re  la r g e .  M e a su re d  
v a lu e s  ra n g e  fro m  102 to  1 0 ^ . An a n a ly s is  o f  th e  d a ta  r u le s  o u t  th e  
p o s s i b i l i t i e s  t h a t  one i s  d e a l in g  w i t h  e i t h e r  an e x c h a n g e a b le  o r  a 
r e g u la t e d  p o o l o f  ra d iu m  i n  m u s s e ls .  N o r does th e  d a ta  s u p p o r t  th e  
c o n c e p t t h a t  th e  ra d iu m  i s  d i s c r im in a t e d  a g a in s t  d u r in g  a m e ta b o l ic  
c o n c e n t r a t in g  p ro c e s s  f o r  i r o n ,  m a gnes ium  o r  c a lc iu m .  The l a s t  m e n t io n e d , 
th o u g h  n o t  a m a jo r  f a c t o r ,  i s  in v o lv e d  to  some e x t e n t .  The R a/C a r a t i o  
f o r  w a te r  i s  t y p i c a l l y  10” ^ ;  f o r  m u s s e l f l e s h ,  5 .6  x  1 0 " H  and f o r  
m u s s e l s h e l l ,  1 .3  x  1 0 “ 1 2 . H o w e ve r, th e  d a ta ,  r a t h e r  th a n  e x t r a p o la t in g  
to  a c o n c e n t r a t io n  f a c t o r  o f  1 a t  a w a te r  c a lc iu m  le v e l  o f  1800 ppm ( t h a t  
o f  c a lc iu m  i n  m u s s e l f l e s h ) ,  s im p ly  shows a g e n e ra l  t r e n d  to  h ig h e r  v a lu e s  
as th e  d r y  se a so n  p r o g r e s s e s .  I t  i s  m o s t l i k e l y  m ore r e la t e d  to  th e  Ra 
c o n te n t  o f  th e  b o tto m  s u b s t r a te  th a n  to  a n y th in g  e ls e .

The p r e f e r r e d  n a t iv e  p r o t e in  fo o d  o f  a b o r ig in e s  c o n s is t s  o f  k a n g a ro o , 
w a l la b y ,  possum , d u c k  and g o o s e . I t  w o u ld  be e x c e p t io n a l  in d e e d  i f  g ro u p s  
a b o r ig in e s  de pended p r i m a r i l y  on n a t iv e  a q u a t ic  fo o d s  f o r  any le n g th  o f  
t im e .  A d e r iv e d  le v e l  f o r  ra d iu m  i n  m u s s e ls  c a lc u la t e d  on an assum ed 
c o n s u m p tio n  o f  2 k g / у  i s  4 .5  p C i / g .  T h e re  w i l l  be th e n  some b i l la b o n g  
s y s te m s  f o r  w h ic h  th e  e x p o s u re  r o u te  a s s o c ia te d  w i t h  m u s s e ls  w i l l  be 
m o re  l i m i t i n g  th a n  t h a t  f o r  d r in k in g  w a te r  by  the  end o f  th e  d r y  s e a s o n .

4 . 3 . 2  F is h

N o t enough d a ta  ha s been o b ta in e d  f o r  d e f in in g  th e  n a tu r e  o f  th e  
c o n c e n t r a t in g  m e chan ism  o f  b a r ra m u n d i f o r  ra d iu m . I t  a p p e a rs  t h a t  th e  
ra d iu m  c o n te n t  o f  b a r ra m u n d i i s  g e n e r a l l y  a b o u t 0 . 0 1  t im e s  t h a t  i n  
m u s s e ls  sam p led  a t  th e  same t im e .  I f  f u r t h e r  w o rk  c o n f ir m s  t h i s  th e n  
th e  e x p o s u re  r o u te  a s s o c ia te d  w i t h  b a r ra m u n d i w o u ld  be no  m ore l i m i t i n g  
th a n  t h a t  r e la t e d  to  m u s s e ls .

4 . 3 . 3  Goose and B u f f a lo

The ra d iu m  le v e l  i n  b u f f a l o  and go ose  f l e s h  sam p led  fro m  th e  M a g e la  
p la in s  a re a  i s ,  on a v e ra g e , 0 .0 0 7  p C i / g .  F o r  an assum ed c o n s u m p tio n  o f  
130 k g /y ( 3 5 0  g /d )  th e  d e r iv e d  le v e l  f o r  2 2 6 r 3 i s 0 .0 8  p C i / g .  A ssu m in g  
f u r t h e r  t h a t  th e  e x p o s u re  r o u te s  a s s o c ia te d  w i t h  m e a t c o n s u m p t io n , 
d r in k in g  w a te r  and f is h /m u s s e l  c o n s u m p tio n  a re  g iv e n  e q u a l w e ig h t ,  th e  
maximum p e rm is s a b le  c o n c e n t r a t io n  o f  2 2 6 r s  i n meat  becom es 0 .0 2 7  p C i/g  
i . e .  a b o u t a f a c t o r  o f  f o u r  up on n a t u r a l l y  o c c u r r in g  l e v e l s .

To a f i r s t  a p p r o x im a t io n  th e  2 2 6 r3 in p u t  to  th e  M a g e la  p la i n s  i s  
s im p ly  th e  r u n - o f f  f ro m  th e  c a tc h m e n t (8 7 0  km ^) o f  th e  M a g e la  C re e k  
s y s te m  ( 1 0 ^  j j y )  by  th e  a v e ra g e  2 2 6 r3 c o n t e n t  o f  t h a t  w a te r .  T a b le  11 
p r e s e n ts  r e s u l t s  f o r  a s a m p lin g  s t a t i o n  on M a g e la  C re e k .

D u r in g  t h i s  p e r io d  th e  a v e ra g e  susp e n d e d  s o l id s  was 40 ppm and i t s
226r 3 c o n te n t  was e q u iv a le n t  to  0 .0 7  p C i /  . The n e t  a n n u a l i n p u t  o f
2 2 6 r 3 to  th e  M a g e la  p la i n s  i s  o f  th e  o r d e r  o f  0 .5  C i .
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TABLE 11. MEASURED 226Ra CONTENT OF MAGELA 
CREEK WATER DURING THE WET SEASON

D a te p C i/Y . D a te p C i / i

2 5 / 1 / 7 2 0 . 0 4 2 2 / 3 / 7 2 0 . 4 3

1 9 / 2 / 7 2 1 . 3 9 1 4 / 4 / 7 2 0 . 1 2

2 4 / 2 / 7 2 0 . 4 1 3 / 6 / 7 2 0 . 0 6

4 / 3 / 7 2 0 . 0 9 1 9 / 6 / 7 2 0 . 9

T a b le  11 i s  n o t  w e ig h te d  f o r  r i v e r  f l o w  a t  t im e  o f  s a m p lin g .  The ra n g e  
o f  v a lu e s  in d i c a t e  th e  ne e d  f o r  p r o p o r t i o n a l  s a m p lin g  d e v ic e s .

An e s t im a te ,  b e l ie v e d  to  be an u p p e r v a lu e ,  f o r  th e  v o lu m e  o f  p i t  
w a te r  fro m  th e  R a n g e r I  a n o m a ly  I  o p e n - c u t ,  i s  4 . 6  x  10^ X / y  a v e ra g e d  
o v e r  th e  e x p e c te d  l i f e  o f  th e  m in e  (20  y e a r s ) .  S h o u ld  t h i s  w a te r  
c o n t in u e  to  m a in ta in  a 2 2 6 r 3 c o n te n t  o f  a b o u t 100 pCi/Z,  th e  a n n u a l 
i n p u t  o f  2 2 6 r 3 t o  th e  M a g e la  p la in s  f ro m  t h i s  s o u rc e  i s  o f  th e  same 
o r d e r  as th e  n a t u r a l  i n p u t .  Thus w h i le  th e r e  s h o u ld  n o t  be an y  s e r io u s  
c o n se q u e n ce s  i n  th e  lo n g  te r m ,  c a re  w i l l  h a v e  to  be e x e r c is e d  w i t h  
r e s p e c t  to  d r in k in g  w a te r  to le r a n c e s  and m o re  lo c a l i s e d  b u i ld - u p s  o f  
2 2 6 r s i n  d r y in g  o u t  swamps. T h is  l a t t e r  p o in t  can  be e m p h a s ize d  by 
c o n s id e r in g  th e  f l o o d  p l a i n s  o f  J a - J a  la g o o n  n e a r  th e  J a b i lu k a  o r e  b o d y .
H e re  th e  n a t u r a l  l e v e l  o f  226r3 s u r fa c e  s o i l  i s  20 p C i /g .

4 . 3 . 4  N a t iv e  and E u ro p e a n  F r u i t s  and V e g e ta b le s

R e s u l ts  f o r  th e  226Ra c o n te n t  o f  th e  ra n g e  o f  f r u i t s  and v e g e ta b le s  
sam p le d  a re  i n  th e  ra n g e  0 .0 0 1  -  0 .0 7  p C i /g  w i t h  beans h a v in g  th e  h ig h e s t  
v a lu e .  W h ile  no s i g n i f i c a n t  c o n c e n t r a t in g  m e chan ism s á r e  i n d ic a t e d ,  th e r e  
i s  a g a in  a ne ed  to  c o n s id e r ,  p o s s ib le  b u i ld - u p s .  W hat h a s  be en  s ta t e d  ab ove  
f o r  b u f f a l o  a p p l ie s  e q u a l ly  w e l l  h e r e .

5 . DISCUSSION

The s e n s i t i v i t y  o f  th e  a q u a t ic  e n v iro n m e n t to  th e  h e a v y  m e ta l 
c o n ta m in a n ts  p ro d u c e d  d u r in g  u ra n iu m  m i l l i n g  w i l l  c o n t r o l  c e r t a in  a s p e c ts  
o f  th e  o p e r a t io n .  F i r s t l y ,  th e  r a f f i n a t e  s h o u ld  be d is c h a rg e d  to  a t a i l i n g s  
s to r a g e  dam. S e c o n d ly ,  to  ta k e  a d v a n ta g e  o f  lo w e r  i n i t i a l  c o n c e n t r a t io n s  
and th e  e xch a n g e  c a p a c i t y  o f  any a q u i f e r  in v o lv e d  i n  b e d ro c k  see page fro m  
th e  t a i l i n g s  s to r a g e  dam, th e  r a f f i n a t e  s h o u ld  be r a is e d  to  a pH o f  7 - 8 .
The c o m b in a t io n  o f  th e s e  r e q u ire m e n ts  s u g g e s t t h a t  th e  f i n a l  a r ra n g e m e n t 
w o u ld  in v o lv e  maximum r e c i r c u l a t i o n  o f  w a te r  w i t h i n  th e  p l a n t .  F o r  a 
s c a le  o f  o p e r a t io n  s i m i l a r  to  t h a t  e n v is a g e d  f o r  R a n g e r I ,  t h i s  means 
a l i q u i d  d is c h a r g e  o f  a b o u t 4 x  1 0 ^ X/y  to  th e  s to r a g e  dam.

T e m p o r a r i ly  f o r g e t t i n g  th e  th r e s h o ld  n a tu r e  o f  c h e m ic a l t o x i c i t y  
e f f e c t s ,  th e  c h e m ic a l p o l l u t i o n  p o t e n t i a l  o f  th e  t r e a t e d  r a f f i n a t e  i s  n o t  
much lo w e r  th a n  t h a t  c o n ta in e d  i n  th e  p i t  w a te r .  F o r  226r 3 th e  p o s i t i o n  
i s  q u i t e  d i f f e r e n t .  The a n n u a l o u tp u t  o f  2 2 6 r 3 i n  p i t  w a te r  i s  a b o u t 
200 t im e s  t h a t  i n  t r e a t e d  r a f f i n a t e  and a b o u t 4 t im e s  t h a t  o f  u n t r e a te d  
r a f f i n a t e .
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B ecause o f  v a r y in g  la n d  use  i n  th e  v i c i n i t y  o f  each  u ra n iu m  d e p o s i t  
th e r e  w i l l  be d i f f e r i n g  r e s t r a i n t s  on th e  d is p o s a l  o f  p i t  w a te r .  I n  
a l l  ca se s  th e  b a r ra m u n d i/m u s s e l e x p o s u re  r o u te  e x i s t s  b u t  i t  in v o lv e s  a 
s u b s t a n t ia l  d i l u t i o n  f a c t o r  f ro m  th e  p o in t  o f  d is c h a r g e  to  th e  p o in t  o f  
i n t e r e s t  f o r  th e  K o o n g a rra  and N a b a r le k  d e p o s i t s .  As th e  K o o n g a rra  
d e p o s i t  i s  i n  a p ro p o s e d  N a t io n a l  P a rk ,  t h e r e  i s  no e x p o s u re  r o u te  
a s s o c ia te d  w i t h  m a rk e t g a rd e n in g  o r  b u f f a l o  m e a t p r o d u c t io n  ( f e r a l  
b u f f a l o  i s  u se d  as p e t  fo o d ) .  The r e v e r s e  i s  t r u e  f o r  th e  R a n g e r l and 
J a b i lu k a  d e p o s i t s .

U n c e r t a in t y  e x i s t s  on th e  m echan ism  o f  u p ta k e  o f  226r s by  b a r ra m u n d i 
and m u s s e ls .  T h is  i s  one ca se  w h e re  c u l t i v a t i o n  u n d e r c o n t r o l l e d  c o n d i t io n s  
s h o u ld  y i e l d  m ore r e l i a b l e  in f o r m a t io n  th a n  t h a t  o b ta in e d  i n  th e  f i e l d .
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М о с к в а ,
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Abstract-Аннотация

EFFECTIVENESS OF W ASTE AIR C LEAN IN G  IN THE FABRICATIO N  OF FUEL ELEMENTS FROM 

ENRICHED URAN IUM .

T h e  d e v e lo p m e n t o f  n u clear pow er en g in e e rin g  and the in crea se  in  th e  num ber o f n u clear power 

stations h a v e  m ad e it  n ecessary  both to en larg e  fu e l e le m e n t fa b rica tio n  c a p a c ity  and to ensure the r a 

d ia tio n  sa fety  o f  op era tin g  personnel and o f  the p o p u latio n  liv in g  in  the v ic in ity  o f such p lan ts. From  an

e x a m in a tio n  o f d ifferen t m ethods o f w aste a ir  c le a n in g  it has b een  possib le to  d eterm in e  the best w a y
2 ^ 4  2 3 5  'b o g

o f rem o v in g  a lp h a -a c t iv e  aerosols producted b y  u .  U and U . L o cal c le a n in g  o f the air 

rem oved from  eq u ip m en t (by a f ilte r  in sta lled  w ith in  the sam e housing) to geth er w ith  subsequent gen era l 

c le a n in g  provides for a d eq u ate  r a d io lo g ic a l p ro tectio n  in  op eratin g the filte rs  w ith in  th e plant and reduces 

ra d io a c tiv e  co n ta m in atio n  ou tside to le v e ls  not e x c e e d in g  the a v e ra g e  perm issib le  co n cen tra tio n  for 

the atm osphere ( 4 , 4  x 10 C i/ litr e ) .

О Б  Э Ф Ф Е К Т И В Н О С Т И  И С П О Л Ь З О В А Н И Я  О Ч И С Т К И  В О З Д У Ш Н Ы Х  В Ы Б Р О С О В  В  П Р О И З 
В О Д С Т В Е  Т Е П Л О В Ы Д Е Л Я Ю Щ И Х  Э Л Е М Е Н Т О В  ИЗ О Б О Г А Щ Е Н Н О Г О  У Р А Н А .

Р а з в и т и е  я д е р н о й  э н е р г е т и к и  и р о с т  ч и с л а  а т о м н ы х  э л е к т р о с т а н ц и й  о б у с л о в л и в а е т  
н е о б х о д и м о с т ь  к а к  р а з в и т и я  п р е д п р и я т и й  по в ы п у с к у  т в э л о в , т а к  и н е о б х о д и м о с т ь  о б е с п е 
ч е н и я  р а д и а ц и о н н о й  б е з о п а с н о с т и  д л я  р а б о т а ю щ е г о  п е р с о н а л а  и н а с е л е н и я ,  п р о ж и в а ю щ е го  
в б л и з и  у к а з а н н ы х  п р е д п р и я т и й . О ц е н к а  р а з л и ч н ы х  с п о с о б о в  о ч и с т к и  в о з д у ш н ы х  в ы б р о с о в  
п о з в о л и л а  о б о с н о в а т ь  н а и б о л е е  о п т и м а л ь н ы й  в а р и а н т  о ч и с т к и  в о з д у х а  о т  а л ь ф а - а к т и в н ы х  
а э р о з о л е й , о б у с л о в л е н н ы х  и з о т о п а м и  у р а н а - 2 3 4 ,  у р а н а - 2 3 5  и у р а н а - 2 3 8 .  П р и м е н е н и е  
л о к а л ь н о й  о ч и с т к и  в о з д у х а ,  у д а л я е м о г о  о т  о б о р у д о в а н и я  (при у с т а н о в к е  ф и л ь т р а  в н у т р и  
у к р ы т и я )  с  п о с л е д у ю щ е й  о б щ е й  с т у п е н ь ю  о ч и с т к и  о б е с п е ч и в а е т  д о л ж н ы е  м е р ы  р а д и а ц и о н 
н о й  б е з о п а с н о с т и  к а к  при э к с п л у а т а ц и и  ф и л ь т р о в  в п р о и з в о д с т в е н н ы х  п о м е щ е н и я х , т а к  
и о ч и с т к у  в ы б р о с о в  д о  в ел и ч и н  , н е  п р ев ы ш а ю щ и х  С Д К  д л я  а т м о с ф е р н о г о  в о з д у х а  
(4 ,4  • 10 ‘ 15 К и /  л ) .

Р а з в и т и е  я д е р н о й  э н е р г е т и к и  и р о с т  ч и с л а  а т о м н ы х  э л е к т р о с т а н ц и й  

о б у с л а в л и в а е т  н е о б х о д и м о с т ь  к а к  р а з в и т и я  п р е д п р и я т и й  п о  в ы п у с к у  

т в э л о в ,  т а к  и  н е о б х о д и м о с т ь  о б е с п е ч е н и я  р а д и а ц и о н н о й  б е з о п а с н о с т и  д л я  

р а б о т а ю щ е г о  п е р с о н а л а  и  н а с е л е н и я ,  п р о ж и в а ю щ е г о  в б л и з и  у к а з а н н ы х  

п р е д п р и я т и й .

О д н и м  и з  в а ж н ы х  в о п р о с о в  в  э т о м  н а п р а в л е н и и  я в л я ю т с я  з а щ и т а  

в о з д у ш н о й  с р е д ы  о т  з а г р я з н е н и я  а л ь ф а - а к т и в н ы м и  а э р о з о л я м и  и  д о с т и 

ж е н и е  э ф ф е к т и в н о й  о ч и с т к и  в ы б р о с о в  д о  в е л и ч и н ,  н е  п р е в ы ш а ю щ и х  

с р е д н е - г о д о в о й  д о п у с т и м о й  к о н ц е н т р а ц и и  11 ] д л я  а т м о с ф е р н о г о  в о з д у х а .

П р о в е д е н н ы е  и с с л е д о в а н и я  п о з в о л и л и  в ы я в и т ь  и с т о ч н и к и  о б р а з о в а 

н и я  а л ь ф а - а к т и в н ы х  а э р о з о л е й ,  у р о в е н ь  к о н ц е н т р а ц и й  и х  в н у т р и  у к р ы т и й
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Т А Б Л И Ц А  I . С Р А В Н И Т Е Л Ь Н О Е  С О Д Е Р Ж А Н И Е  А Л Ь Ф А - А К Т И В Н Ы Х  

А Э Р О З О Л Е Й  В Н У Т Р И  Б О К С О В  П Р И  П Р О В Е Д Е Н И И  О Т Д Е Л Ь Н Ы Х  

Р А Б О Ч И Х  О П Е Р А Ц И Й  С  О Б О Г А Щ Е Н Н Ы М  У Р А Н О М

N N  Н а и м е н о в а н и е  о п е р а ц и й  
п п .

С о д е р ж а н и е  
а э р о з о л е й  
в б о к с е ,  

п* 1СГ15 Ки

Р а б о ч е е  
р а з р я ж е н и е  
в  б о к с е ,  м м  . в о д  . 
с т .

1 .  П е р е с ы п к а  п о р о ш к о о б р а з н ы х  
п р о д у к т о в

1600 1 2 - 1 5

2 . В з в е ш и в а н и е 12 0 0 1 0 - 1 2

3 .  П р о с е в 2000 7 - 9

4 . Д р о б л е н и е , п р о с е в 6000 1 0 - 1 5

5 .  О б р а б о т к а  к о м п а к т н ы х  
и з д е л и й

300 7 - 1 0

6 .  М е х а н и ч е с к а я  о б р а б о т к а 16 0 8 - 1 1

7 .  О ч и с т к а 68 5 - 9

8 .  О б р а б о т к а  ш и х ты 40 20

9 .  К о н т р о л ь . 30 10

т е х н о л о г и ч е с к о г о  о б о р у д о в а н и я ,  а  т а к ж е  с о п о с т а в и т ь  д а н н ы е  п о  с о д е р 

ж а н и ю  а э р о з о л е й  в  в о з д у ш н ы х  в ы б р о с а х  д о  и п о с л е  о ч и с т к и ,  т . е .  о ц е н и т ь  

с т е п е н ь  е е  э ф ф е к т и в н о с т и .

Б ы л о  у с т а н о в л е н о ,  ч т о  к о н ц е н т р а ц и и  а л ь ф а - а к т и в н ы х  а э р о з о л е й ,  

о б у с л о в л е н н ы е  и з о т о п а м и  у р а н а - 2 3 4 ,  у р а н а - 2 3 5  и  у р а н а - 2 3 8 ,  м о г у т  

з н а ч и т е л ь н о  к о л е б а т ь с я  в  з а в и с и м о с т и  о т  в и д а  в ы п о л н я е м ы х  о п е р а ц и й  

( т а б л . 1 ) .  М а к с и м а л ь н ы е  к о н ц е н т р а ц и и  н а б л ю д а л и с ь  в н у т р и  б о к с о в  п р и  

о б р а б о т к е  п о р о ш к о о б р а з н ы х  п р о д у к т о в ,  м и н и м а л ь н ы е  — п р и  о б р а б о т к е  

к о м п а к т н ы х  и з д е л и й .

В в и д у  д о с т а т о ч н о й  г е р м е т и ч н о с т и  п е р ч а т о ч н ы х  б о к с о в  п р и  р а з р е ж е 

н и и  7 - 1 5  м м  в о д . с т . ,  к о н ц е н т р а ц и и  а э р о з о л е й  в  в о з д у х е  в  р а б о ч и х  п о м е 

щ е н и я х  н е  п р е в ы ш а л и  с р е д н е г о д о в ы х  д о п у с т и м ы х  к о н ц е н т р а ц и й  

( С Д К - 1 ,  3 -1 С Г 13 К и / л )  и  в  б о л ь ш и н с т в е  с л у ч а е в  б ы л и  з н а ч и т е л ь н о  м е н ь 

ш и м и  .

В  ц е л я х  п р е д у п р е ж д е н и я  з а г р я з н е н и я  а т м о с ф е р н о г о  в о з д у х а  п р о и з 

в о д с т в е н н ы м и  в ы б р о с а м и ,  а  т а к ж е  и с к л ю ч е н и я  п о т е р ь  п р о д у к т а ,  в с е  

м е с т н ы е  в ы т я ж н ы е  с и с т е м ы  о б о р у д о в а н ы  ф и л ь т р а м и .

И с с л е д о в а н и я  п р о в о д и л и с ь  н а  2 - х  п р е д п р и я т и я х .  Н а  о д н о м  и з  н и х  

в о з д у х ,  у д а л я е м ы й  о т  б о к с о в ,  г д е  р а з м е щ е н о  р а з л и ч н о е  п р о и з в о д с т в е н 

н о е  о б о р у д о в а н и е ,  п о д в е р г а л с я  д в у х с т у п е н ч а т о й  о ч и с т к е :  1 - а я  с т у п е н ь  

п р е д с т а в л я л а  с о б о й  у л ь т р а т о н к и е  в о л о к н а  с т е к л о в о л о к н а  д и а м е т р о м  

1 - 1 , 5  м к м ;  2 - а я  с т у п е н ь  — ф и л ь т р  и з  т к а н и  м а р к и  Ф П П  и л и  Ф П А ,  т . е .  

с л о й  у л ь т р а т о н к и х  в о л о к о н  п е р х л о р в и н и л а  и л и  а ц е т и л ц е л л ю л о з ы ,  н а н е с е н 

н ы е  н а  м а р л е в у ю  п о д л о ж к у  [2 ] .  П р и  э т о м  п е р в а я  с т у п е н ь  о ч и с т к и  п р е д 

н а з н а ч а л а с ь  д л я  у л а в л и в а н и я  п р о д у к т о в  с г о р а н и я  м а с е л  й  д р у г и х  . з а г р я з 

н е н и й  с  ц е л ь ю  п р е д о т в р а щ ё н и я  " з а б и в а н и я "  п о с л е д у ю щ е й  с т у п е н и  о ч и с т к и .

В ы б р о с  о с у щ е с т в л я л с я  ч е р е з  т р у б ы  в ы с о т о й  2 0  и 1 5  м е т р о в .  П р и  

у к а з а н н о м  с п о с о б е  о ч и с т к и  э ф ф е к т и в н о с т ь  с о с т а в л я л а  9 5 - 9 9 , 4 % . .
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Н а  в т о р о м  п р е д п р и я т и и  и с п о л ь з о в а л а с ь  о д н о с т у п е н ч а т а я  о ч и с т к а  н а  

ф и л ь т р а х  Ф П П  ( н а  о т д е л ь н ы х  б о к с а х  и л и  г р у п п е  б о к с о в )  с  п о с л е д у ю щ и м  

ц е н т р а л и з о в а н н ы м  у д а л е н и е м  в ы б р о с о в  ч е р е з  т р у б у ,  в ы с о т о й  5 0  м е т р о в .  

Д а н н ы е  п о  э к с п л у а т а ц и и  р а з л и ч н ы х  о ч и с т н ы х  с о о р у ж е н и й  с в и д е т е л ь с т в у 

ю т  о  т о м ,  ч т о  в  с л у ч а е  к о м б и н и р о в а н н ы х  з а г р я з н е н и й ,  г д е  п о м и м о  а э р о 

з о л е й  о б о г а щ е н н о г о  у р а н а  в о з м о ж н о  п о с т у п л е н и е  в  в ы б р о с ы  р а з л и ч н ы х  

п р о д у к т о в  с г о р а н и я ,  м а с е л  и  п р о ч . ,  н е о б х о д и м  т щ а т е л ь н ы й  к о н т р о л ь  з а  

р а б о т о й  ф и л ь т р о в  и  с в о е в р е м е н н а я  и х  з а м е н а  в о  и з б е ж а н и е  п о в ы ш е н и я  

с о п р о т и в л е н и я  ф и л ь т р о в  и ,  с л е д о в а т е л ь н о ,  у м е н ь ш е н и я  п р о и з в о д и т е л ь н о с 

т и  р а б о т ы  в е н т и л я ц и о н н ы х  с и с т е м .  П о с л е д н е е  м о ж е т  с к а з ы в а т ь с я  н а  

н а  и з м е н е н и и  к р а т н о с т и  в о з д у х о о б м е н а  в  п о м е щ е н и я х .  Т а к ,  в  ч а с т н о с т и ,  

д о  з а м е н ы  ф и л ь т р о в  к р а т н о с т ь  в о з д у х о о б м е н а  в  о д н о м  и з  р а б о ч и х  п о м е 

щ е н и й  с о с т а в л я л а  1 2 , 7  о б м е н а  в  ч а с ,  п о с л е  з а м е н ы  ф и л ь т р а  п о в ы с и л а с ь  

д о  1 7 , 0  о б м / ч .  П р и ч и н а м и  с н и ж е н и я  р а з р е ж е н и я  в  б о к с а х  п о м и м о  п о в ы 

ш е н и я  с о п р о т и в л е н и я  ф и л ь т р о в  м о г у т  б ы т ь  и  д р у г и е  п р и ч и н ы ,  к а к - т о ,  

н е г е р м е т и ч н о с т ь  б о к с о в  п о с л е  р е м о н т а  о б о р у д о в а н и я ,  о т к р ы в а н и е  д в е 

р е й  ф о р к а м е р  и  д р .

А н а л и з  п о л у ч е н н ы х  д а н н ы х  п о  э к с п л у а т а ц и и  р а з л и ч н ы х  ф и л ь т р о в  

п о к а з а л ,  ч т о  н а и л у ч ш и м  в а р и а н т о м  я в л я е т с я  п р и м е н е н и е  л о к а л ь н о й  

о ч и с т к и  в о з д у х а ,  т . е .  у с т а н о в к а  ф и л ь т р а  в н у т р и  у к р ы т и я  и л и  б о к с а .  Э т о  

д а е т  в о з м о ж н о с т ь  с л е д и т ь  з а  р а з р е ж е н и е м  в  б о к с е  п о  м а н о м е т р у ,  у с т а 

н о в л е н н о м у  н а  к а ж д о м  б о к с е ,  и ,  в  с л у ч а е  н е о б х о д и м о с т и ,  с в о е в р е м е н н о  

п р о и з в о д и т ь  з а м е н у  ф и л ь т р а .  П р и  э т о м  ф и л ь т р  н е  в ы н и м а е т с я  и з  к о 

ж у х а ,  а  в м е с т е  с  п о с л е д н и м  п о м е щ а е т с я  в  к о н т е й н е р  и  у д а л я е т с я  и з  

б о к с а  в з а м е н  п о с т а в л е н н о г о  н о в о г о .  П р и  у с т а н о в к е  ф и л ь т р о в  з а  п р е д е 

л а м и  б о к с о в  н е  и с к л ю ч е н ы  с л у ч а и  з а г р я з н е н и я  в о з д у х а  р а б о ч и х  п о м е щ е 

н и й  п р и  о п е р а ц и я х  з а м е н ы  ф и л ь т р о в .  П р и  о д н о с т у п е н ч а т о й  о ч и с т к е  н а  

ф и л ь т р а х  т и п а  Ф П П  н а  д р у г о м  о б с л е д о в а н н о м  п р е д п р и я т и и  б ы л а  д о с т и г 

н у т а  э ф ф е к т и в н а я  о ч и с т к а  у д а л я е м о г о  в о з д у х а ,  к о т о р а я  с о с т а в л я л а  

9 6 , 6 % - 9 9 , 6 %  ( т а б л . П )  .

Н е с м о т р я  н а  в ы с о к у ю  ф и л ь т р а ц и ю  с п о с о б н о с т ь  т к а н е й  т и п а  Ф П П ,  

н а л и ч и е  п р о с к о к а  м о ж е т  о б у с л о в л и в а т ь с я  н е к о т о р о й  н е г е р м е т и ч н о с т ь ю  

м е ж д у  т к а н ь ю  и  к о н с т р у к т и в н ы м и  э л е м е н т а м и  ф и л ь т р а  .

В о з д у х ,  у д а л я е м ы й  о т  б о к с о в ,  п о д в е р г а е т с я  д а л ь н е й ш е м у  р а з б а в л е 

н и ю  з а  с ч е т  в ы б р о с о в ,  у д а л я е м ы х  с и с т е м а м и  о б щ е о б м е н н о й  в е н т и л я ц и и .

П р о в е д е н н ы е  и с с л е д о в а н и я  п о з в о л и л и  н е  т о л ь к о  о ц е н и т ь  э ф ф е к т и в 

н о с т ь  о ч и с т к и  в о з д у х а ,  к а к  б ы л о  п о к а з а н о  в ы ш е ,  н о  о п р е д е л и т ь  в е л и ч и н ы  

в а л о в о г о  в ы б р о с а  а л ь ф а - а к т и в н ы х  а э р о з о л е й  в  в о з д у х е ,  в ы б р а с ы в а е м о м  

в е н т и л я ц и о н н ы м и  с и с т е м а м и  п о с л е  о ч и с т к и  и  у р о в н и  з а г р я з н е н и я  а т м о с 

ф е р н о г о  в о з д у х а  в  т о ч к е  п р и з е м л е н и я  ф а к е л а .

П о л у ч е н н ы е  с р е д н е м е с я ч н ы е  в е л и ч и н ы  в а л о в о г о  в ы б р о с а  з а  г о д и ч н ы й  

п е р и о д  н а б л ю д е н и я  п р и  о д н о с т у п е н ч а т о й  о ч и с т к е  н а  ф и л ь т р а х  т и п а  Ф П П ,  

п р е д с т а в л е н ы  в  т а б л . I I I .

И з  т а б л и ц ы  в и д н о ,  ч т о  в е л и ч и н ы  в а л о в о г о  в ы б р о с а  н а х о д и л и с ь  в  п р е -
а  О * м О »

д е л а х  1 , 2 8 - 1 0  К и / м е с  — 3 , 9 6 - 1 0  К и / м е с ,  п р и  э т о м  с р е д н я я  в е л и ч и н а  
“2 /

с о с т а в л я л а  — 1 , 9 6 * 1 0  К и / м е с .

С  ц е л ь ю  с о п о с т а в л е н и я  ф а к т и ч е с к и х  к о н ц е н т р а ц и й  а л ь ф а - а к т и в н ы х  

а э р о з о л е й  в  т о ч к е  п р и з е м л е н и я  ф а к е л а  о т  ц е н т р а л и з о в а н н о г о  в ы б р о с а  

п р е д п р и я т и я  с  с р е д н е г о д о в о й  д о п у с т и м о й  к о н ц е н т р а ц и е й  ( С Д К ) ,  р е к о м е н 

д у е м о й  Н Р Б - 6 9  [1 ] б ы л и  п р о в е д е н ы  р а с ч е т ы  п о  м е т о д а м ,  п р е д л о ж е н н ы м  

о т е ч е с т в е н н ы м и  а в т о р а м и  С  . А . К л ю г и н ы м  [ 3 ] ,  П  . А  . А н д р е е в ы м  [4 ]  и  

В  . М  . К р у п ч а т н и к о в ы м  [ 5 ] .



АНДРЕЕВА и др.

Т А Б Л И Ц А  I I  . Н Е К О Т О Р Ы Е  Д А Н Н Ы Е  П О  Э Ф Ф Е К Т И В Н О С Т И  

О Ч И С Т К И  В О З Д У Х А ,  З А Г Р Я З Н Е Н Н О Г О  А Л Ь Ф А - А К Т И В Н Ы М И  

А Э Р О З О Л Я М И ,  У Д А Л Я Е М О Г О  О Т  Б О К С О В

У с л о в н ы е  
н а и м е н о в а н и я  

о ч и с т н о г о  у с т р о й с т в а  
у  б о к с а

К о н ц е н т р а ц и я  а э р о з о л е й  
n - 1 0 '16 К и / л

Э ф ф е к т и в н о с т ь  
о ч и с т к и ,  %

Д о  о ч и с т к и П о с л е  о ч и с т к и

Ф - 1 3 20 5 ,5 9 8 ,2

Ф - 2 38 1 ,0 9 7 ,3

Ф - 3 260 3 ,0 9 8 ,8

Ф -4 10 40 5 ,0 9 9 ,5

Ф - 5 9 1 3 ,0 9 6 ,6

Ф - 6 1 1 7 0 4 ,5 9 9 ,6

Ф - 7 3 90 8 ,0 9 7 ,9

Ф -8 10 4 0 6 ,0 9 9 ,4

Ф - 9 650 6 ,5 9 9 ,0

Ф - 1 0 390 4 ,5 9 8 ,8

Ф - 1 1 3 2 6 8 ,0 . 9 7 ,5

ф -  12 1 1 0 2 ,5 9 7 ,8

Т А Б Л И Ц А  I I I  . С Р Е Д Н Е М Е С Я Ч Н Ы Е  В А Л О В Ы Е  В Ы Б Р О С Ы  

А Л Ь Ф А - А К Т И В Н Ы Х  А Э Р О З О Л Е Й

П ер и о д
н аб л ю д ен и я

С у м м а р н ы й
в ы б р о с
а л ь ф а -
а к т и в н ы х
а э р о з о л е й ,

n - 10"2 К и / м е с

П ер и о д
н аб л ю д ен и я

С у м м а р н ы й
в ы б р о с

а л ь ф а -
а к т и в н ы х
а э р о з о л е й ,

n - 10"2 К и / м е с

Я н в а р ь 1 ,5 6 Июль 1 ,3 6

Ф е в р а л ь 1 ,8 6 А в г у с т 1 ,2 8

М а р т 1 ,9 С е н т я б р ь 2 ,4 8

А п р е л ь 2 ,3 2 О к т я б р ь 2 ,1 6

М а й 1 ,7 6 Н о я б р ь 3 ,9 6

Июнь 1 ,3 6 Д е к а б р ь 1 ,7 2
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Q
^ м а к с  -  g  5 ^  М г / м  ( м К и / м  ) ,

г д е  С м а к с  — м а к с и м а л ь н а я  к о н ц е н т р а ц и я  в ы б р а с ы в а е м о г о  в е щ е с т в а  в  

в о з д у х е  у  т о ч к и  п р и з е м л е н и я  в о з д у ш н о г о  ф а к е л а ,  

в  м г / м 3 ( м К и / м 3 ) ,

G  — р а с ч е т н о е  к о л и ч е с т в о  в е щ е с т в а ,  в ы б р а с ы в а е м о г о  и з  т р у б ы  

в  м г / с ,

W B -  с к о р о с т ь  в е т р а  н а  в ы с о т е  в ы б р о с а  в о з д у х а  и з  т р у б ы ,  в  м / с ,

Z  -  э ф ф е к т и в н а я  в ы с о т а  в ы б р о с а ,  и з м е р я е м а я  о т  у р о в н я  з е м л и

у  о с н о в а н и я  т р у б ы ,  в  м .

П о  П  . А  . А н д р е е в у :

л  2 8 5 ' G  / ч v -гг / ч \
С м а к е 3 ~ W q . ~ g r  м г / м '  ( m K h / m j ) ,

г д е  С м а к с -  м а к с и м а л ь н а я  к о н ц е н т р а ц и я  в ы б р а с ы в а е м о г о  в е щ е с т в а  в  

в о з д у х е  у  т о ч к и  п р и з е м л е н и я  в о з д у ш н о г о  ф а к е л а  в  

м г / м 3 ( м К и / м 3 ) ,

G  — к о л и ч е с т в о  в ы б р а с ы в а е м о г о  и з  т р у б ы  в е щ е с т в а ,  в  г / с ,

W o  — с к о р о с т ь  в е т р а  н а  в ы с о т е  1 0  м  о т  з е м л и ,  в  м / с .

Р а с ч е т  п р и з е м н ы х  к о н ц е н т р а ц и й  п р о в е д е н  п р и  3 - х  з н а ч е н и я х  с у м м а р 

н о г о  в ы б р о с а  а л ь ф а - а к т и в н ы х  а э р о з о л е й  и з  т р у б ы :  1 , 2 8 - 1 0 -2 К и / м е с ,

1 , 9 6 ’ 1 0 ‘ 2 К и / м е с  и  3 , 9 6 -1 0 ‘ 2 К и / м е с ,  п р и  у с л о в и и  д е й с т в и я  т о ч е ч н о г о  

н е п р е р ы в н о г о  и с т о ч н и к а ,  в ы с о т о й  5 0  м  и р а з л и ч н ы х  в е л и ч и н  с к о р о с т и  

в е т р а  н а  в ы с о т е  в ы б р о с а .

П о л у ч е н н ы е  д а н н ы е  о т р а ж е н ы  в  т а б л .  I V .

И з  а н а л и з а  п р е д с т а в л е н н ы х  д а н н ы х  в и д н о ,  ч т о  м а к с и м а л ь н а я  р а с 

ч е т н а я  к о н ц е н т р а ц и я  в  т о ч к е  п р и з е м л е н и я  ф а к е л а  м о ж е т  с о с т а в л я т ь  в  

у с л о в и я х  ш т и л е в о й  п о г о д ы  ( п р и  с к о р о с т и  в е т р а  — 1 м / с )  — 1 4 , 4 * 1 0  16 К и / л .

П р и  с к о р о с т и  в е т р а  п о р я д к а  3 - 5  м / с  м а к с и м а л ь н ы е  к о н ц е н т р а ц и и  

а л ь ф а - а к т и в н ы х а э р о з о л е й  в  а т м о с ф е р н о м  в о з д у х е  с о с т а в л я л и  

2 ,8  ■ 1 0 ” 16 -  4 , 8 - 1 0 ‘ 16 К и / л .

Р а с с т о я н и е  о т  и с т о ч н и к а  в ы б р о с а  н а  п р е д п р и я т и и  д о  м е с т а  п р и з е м 

л е н и я  в о з д у ш н о г о  ф а к е л а  в  у с л о в и я х  г о р и з о н т а л ь н о й  м е с т н о с т и  р а с с ч и 

т ы в а л о с ь  п о  ф о р м у л е :

с м а к с

г д е  Z  -  в ы с о т а  о т  з е м л и  д о  о с и  п о т о к а ,  м ;

m  — к о э ф ф и ц и е н т ,  о п р е д е л я ю щ и й  в л и я н и е  т е м п е р а т у р ы  а т м о с ф е р н о г о  

в о з д у х а  (го = 2 ,0 )  ;

S  -  к о э ф ф и ц и е н т  т у р б у л е н т н о с т и  а т м о с ф е р ы ,  з а в и с я щ и й  о т  х а р а к т е 

р а  м е с т н о с т и .

С  у ч е т о м  к о э ф ф и ц и е н т а  S ,  р а в н о г о  д л я  р а с с м а т р и в а е м о г о  с л у ч а я

0 , 0 8 3 2 ,  р а с с т о я н и е  о т  т о ч е ч н о г о  и с т о ч н и к а  д о  м е с т а  п р и з е м л е н и я  ф а к е л а  

н а х о д и т с я  в  п р е д е л а х  р а д и у с а  7 5 0 - 8 0 0  м .
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Т А Б Л И Ц А  I V .  С Р А В Н И Т Е Л Ь Н Ы Е  Д А Н Н Ы Е  П О  К О Н Ц Е Н Т Р А Ц И И  

А Л Ь Ф А  А К Т И В Н Ы Х  А Э Р О З О Л Е Й  В  А Т М О С Ф Е Р Н О М  В О З Д У Х Е  

В  Т О Ч К Е  П Р И З Е М Л Е Н И Я  Ф А К Е Л А

С к о р о с т ь  
в е т р а  
в  м / с

К о н ц е н т р а ц и я  а л ь ф а - а к г и в н ы х  а э р о з о л е й  в а т м о с ф е р 

н о м  в о з д у х е ,  п ’ Ю "16 К и / л

м и н и м . м а к с  . с р е д и .

1 ,0

I . По К л ю г и н у  С . А .  

2 ,4  7 ,2 3 ,6

3 ,0 0 ,8 2,4 1 ,2

5 ,0 0,4 1,4 0 ,7

10 ,0 0 ,2 0 ,7 0 ,3

1 ,0

I I  . По А н д р е е в у  П . А .  

4 ,8  14 ,4 7 ,2

3 ,0 1 ,6 4 ,8 2,4

5 ,0 0 ,9 2 ,8 1 ,4

10 ,0 0,4 1,4 0 ,7

З а м е р е н н ы е  в  н а т у р н ы х  у с л о в и я х  к о н ц е н т р а ц и и  в  у к а з а н н о м  р а д и у с е  

к о л е б а л и с ь  в  п р е д е л а х  0 , 8 •  1 0 ’ 16 — 2 ,1*  1 0 ‘ 16 К и / л ,  к о т о р ы е  б л и з к и  к  з н а 

ч е н и я м ,  п о л у ч е н н ы м  п о  т е о р е т и ч е с к и м  р а с ч е т а м .

Т а к и м  о б р а з о м ,  п р и м е н е н и е  э ф ф е к т и в н о й  о ч и с т к и  в е н т и л л я ц и о н н ы х  

в ы б р о с о в  в  п р о и з в о д с т в е  т е п л о в ы д е л я ю щ и х  э л е м е н т о в  и з  о б о г а щ е н н о г о  

у р а н а  п о з в о л я е т  о б е с п е ч и т ь  р а д и а ц и о н н у ю  б е з о п а с н о с т ь  д л я  н а с е л е н и я ,  

п р о ж и в а ю щ е г о  в б л и з и  у к а з а н н ы х  п р е д п р и я т и й .

В Ы В О Д Ы

1 .  П р и  и с п о л ь з о в а н и и  ф и л ь т р о в  и з  т к а н и  Ф П П  д л я  о д н о с т у п е н ч а т о й  

о ч и с т к и  в о з д у х а ,  з а г р я з н е н н о г о  а л ь ф а - а к т и в н ы м и  а э р о з о л я м и ,  б ы л а  

д о с т и г н у т а  э ф ф е к т и в н о с т ь  о ч и с т к и  9 6 , 6 - 9 9 , 6 % .

2 . П р и  н а л и ч и и  к о м б и н и р о в а н н ы х  з а г р я з н е н и й ,  г д е  п о м и м о  а л ь ф а -  

а к т и в н ы х  а э р о з о л е й  и м е ю т  м е с т о  п р о д у к т ы  с г о р а н и я  т е х н и ч е с к и х  м а с е л ,  

ц е л е с о о б р а з н о  н а  о т д е л ь н ы х  в е н т и л л я ц и о н н ы х  с и с т е м а х  и л и  б о к с а х  и с 

п о л ь з о в а н и е  д в у х с т у п е н ч а т о й  о ч и с т к и  в  в и д е  с т е к л о в о л о к н а  и  т к а н и  Ф П П ,  

ч т о  п о з в о л я е т  у д л и н и т ь  с р о к  э к с п л у а т а ц и и  ф и л ь т р о в  Ф П П  .

3 .  И с п о л ь з о в а н и е  л о к а л ь н о й  о ч и с т к и  в о з д у х а ,  у д а л я е м о г о  о т  о б о р у 

д о в а н и я  ( п р и  у с т а н о в к е  ф и л ь т р а  в н у т р и  у к р ы т и я ) ,  о б е с п е ч и в а е т  д о л ж н ы е  

м е р ы  р а д и а ц и о н н о й  б е з о п а с н о с т и  п р и  э к с п л у а т а ц и и  и  з а м е н е  ф и л ь т р о в ,  а 

т а к ж е  п о з в о л я е т  о р г а н и з о в а т ь  о п е р а т и в н ы й  к о н т р о л ь  з а  и х  р а б о т о й .

4  . Р а с ч е т н ы е  п р и з е м н ы е  к о н ц е н т р а ц и и  в  а т м о с ф е р н о м  в о з д у х е  с  

у ч е т о м  с р е д н е г о д о в о г о  в а л о в о г о  в ы б р о с а  а к т и в н о с т и  и з  в е н т и л я ц и о н н ы х  

с и с т е м  п р и  о д н о с т у п е н ч а т о й  о ч и с т к е  н а  ф и л ь т р а х  т и п а  Ф П П  с о с т а в л я л и
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1 , 4 - l C T 16 — 2 , 4 - 1 0  16 К и / л ,  ч т о  з н а ч и т е л ь н о  н и ж е  с р е д н е г о д о в о й  д о п у с т и 

м о й  к о н ц е н т р а ц и и  ( С Д К )  в  а т м о с ф е р н о м  в о з д у х е  -  4 , 4 , 1 0 " 15 К и / л ,  п р и 

н я т о й  в  Н Р Б - 6 9 .

5 .  Т е о р е т и ч е с к и  р а с с ч и т а н н ы е  п о  ф о р м у л а м  о т е ч е с т в е н н ы х  а в т о р о в  

к о н ц е н т р а ц и и  а л ь ф а - а к т и в н ы х  а э р о з о л е й  в  т о ч к е  п р и з е м л е н и я  ф а к е л а  

у д о в л е т в о р и т е л ь н о  с о г л а с у ю т с я  с  и з м е р е н и я м и ,  п р о в е д е н н ы м и  в  н а т у р н ы х  

у с л о в и я х .
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Abstract

GASEOUS R A D IO A C TIV E  EMISSIONS FROM REPROCESSING PLAN TS A N D  THEIR POSSIBLE REDU CTION.

T h e  m ost im p ortan t gaseous and v o la t i le  ra d io a c tiv e  isotopes e m itte d  from  reprocessing plants are 3H,

85K r, 129I and 131I. In ad d itio n , HTR plants also re le a s e  14C  resultin g  from  the burning o f  the gra ph ite  m atrix  

o f  the irrad iated  fu e l e lem en ts.

T o  conform  to the G erm an p o lic y  to l im it  the dose rate  to 30 m rem /у r in the v ic in ity  o f  n u clea r p lants, 

the d ifferen t gaseous and v o la t i le  rad ioisotopes m ust b e  reta in ed  to a g rea ter or lesser e x te n t. D econ tam in a tion  

factors o f  100 are  su ffic ie n t for the reten tion  o f  3H and 85K r. For io d in e , h o w e v er, d eco n tam in a tio n  factors 

grea ter than 2000 m ay  be n ecessary  for FBR fu e l. S in ce  the separation  o f 14C  from  in a c t iv e  carbon d io x id e  

or a q u a n tita tiv e  reten tion  o f  the burner o ff-g a s  is not e c o n o m ic a lly  fe a s ib le , 14C  w il l  be q u a n tita tiv e ly  e m itte d . 

M ethods for the d eco n tam in a tio n  o f  d ifferen t types o f  o ff-g a s e s  are d escrib ed . T he processes under d ev e lo p m en t 

w i l l  b e  a b le  to fu l f i l  the dem and for th e  reten tion  o f  3H and 85K r. H ow ever, further d e v e lo p m e n t is necessary 

to ob tain  ad eq u ate  io d in e  reten tion .

1. Introduction

In considering different types of power plants for the production 
of electricity, technical, environmental and economic arguments 
in favour of nuclear energy-have lead to the construction of an 
ever increasing number of nuclear power plants. As a consequence, 
increasing capacity for the reprocessing of spent fuel elements 
is required. This necessitates not only increasing the number of 
plants, but also their sizes, to obtain the lowest possible fuel 
cycle costs.

In general, the potential for the release of gaseous radioactive
materials from reprocessing plants is much higher than for

8 5nuclear power stations. All of the Kr present m  the irradiated 
fuel is released to the plant off-gas, and currently to the 
atmosphere. A fraction of the tritium is also released to the 
atmosphere at this time, although most of it is transformed to 
tritiated water, incorporated into the liquid waste stream of

1 7 1the plant and discharged as such. Other isotopes like ^ I and 
^ X e  have decayed m  LWR and HTR fuel due to sufficiently long

63



cooling times, or as in the case of long-lived I their r a d i o 
activity is very low. Therefore these isotopes require no extra 
consideration for LWR and HTR fuel; adequate protection is 
achieved by dilution of the radioactivity. In reprocessing 
PBR fuel however, adequate iodine retention is still a problem 
to be solved.

There are now plans for a commercial reprocessing plant designed 
for light water reactor (LWR) fuel elements having a plant 
capacity of approximately 42 000 MWe of installed nuclear power, 
corresponding to about 1 500 t of heavy metal throughput per 
year, to go into operation in the early 1980's in the Federal 
Republic of Germany. In addition, a second plant of somewhat 
smaller size designed especially for the reprocessing of high- 
temperature reactor (HTR) fuel elements is planned for the last 
decade of this century. For future optimization of fuel cycle 
costs, cooling times for spent fuel elements must be fixed at 
approximately 150 days for the cases of LWR and HTR fuels. „Fast 
breeder reactor (FBR) fuel elements require much shorter cooling 
times to guarantee a low inventory of stored fissile plutonium. 
The shortest practical time would be about 30 days, neglecting 
the tremendous technological problems of safety and heat removal 
encountered. A more realistic figure is based upon an upper 
limit of 90 days cooling. 1

Under both these conditions, a quantitative emission of the
gaseous and volatile radionuclides would lead to an unacceptable 
radiation burden to the population living around the reprocessing 
plant. Dilution of the radioactivity is no longer adequate for 
safety. Therefore new methods for the separation of the gaseous 
and radioactive isotopes must be developed. To optimize the 
efficiency of the off-gas cleaning, the entire plant, but 
particularely several units of the reprocessing equipment (e. g. 
fuel dissolver), must be designed to minimize dilution of the 
off-gas streams prior to the cleanup systems.

The calculations and considerations for nuclear fuel reprocessing 
plant off-gas treatment and emissions presented in this paper
are based upon an installed nuclear power of 50 000 MWe for the
three different reactor types. The corresponding throughputs of 
heavy metal are:
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1 750 t/yr for LWR 
375 t/yr for HTR 
500 t/yr for FBR.

The potential emission values and required decontamination 
factors for all important radioisotopes in reprocessing off- 
gases for the three reactor type fuel elements are summarized 
in table I. The dose rates at the most unfavourable point near
the plant caused by quantitative emission, assuming a dispersion

. . - 7 - 3  •coefficient x = 1 • 10 1 sec • m are also included m  table I.
Selecting the meteorological conditions at the area of the Ke r n 
forschungsanlage Jülich as a model, this dispersion can be 
realized by a 150 m stack [l] .

2. Estimation of required decontamination factors

The layout and location of a reprocessing plant will be strongly 
influenced by existing regulations with regard to gaseous and 
liquid effluents. In the Federal Republic of Germany, the 
discharge of radioactive liquid and gaseous effluents must comply 
with § 34 of the First Radiation Protection Ordinance [2] . In an 
appendix to this ordinance, maximum permissible concentrations 
for all important radioisotopes in water and air are listed.

These data provide a basis for radioactive discharges from 
nuclear plants. Dilution factors may be calculated and applied 
for waste streams, if higher concentrations arise in the primary 
streams. In any case, the possible exposure of persons outside 
the controlled area around the plant is not allowed to exceed 
0 .5  rem/yr. However, to avoid c o n t i n u e d 'surveillance of the 
neighbouring area according to § 22 No. 2 of the above mentioned 
ordinance, the possible exposure of persons outside the plant 
fence must be kept below 1 5 0  mrem/yr.

At present, a national recommendation is being considered to 
allocate to gaseous emissions from nuclear plants 1/5 of the 
m aximum permissible radiation dose of 5 rem/30 yr, recommended 
by the International Commission for' Radiation Protection (ICRP) 
for a genetic radiation exposure of the population from all 
sources; that means 1 rem/30 yr. This corresponds to a 
recommended maximum whole-body dose caused by radioactive gaseous
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T A B L E  I . G A S E O U S  A N D  V O L A T IL E  R A D IO IS O T O P E S  R E L E A S E D  IN R E P R O C E S S IN G  L W R , H T R  A N D  F B R  F U E L  
E L E M E N T S  A N D  T H E  M A X IM U M  D O SE  R A T E S  E X P E C T E D  A F T E R  Q U A N T IT A T IV E  R E L E A S E  F R O M  A
50  O O O -M W (e) P L A N T  к = 1 X  1 0 '7 s • m -3

Reactor Type L W R HTR P В R

Burn-up [MWd /t] 30 000 100 000 80 000

Throughput
[t /yr] 
[t /d]

1 750
5.8

375
1.25

500
1.7

Cooling Time M 150 150 90

Radionuclides 5H 85Kr 129j 131j Зн 85Kr 129j 131i 3H 85Kr 129j 131j 133Xe

Emission [ci /yr] 1.3-106 2.7- 107 73 S.i-lO3 1.6 IO6 5.0-103 1.6-107 40 4.3-io3 1.5-106 1.6-107 58 1.2-106 8.9*10̂
Inhalation Dose [mrem/yr] 12.8 - 0.95 i*l6 15.7 0.3 - 0.5 330 15 - 0.8 1)9.3-10 -
Submersion-ß-Dose [mrem/yr] 0.3 196 - o.lt 7.0-10"3 115 - - 0. Í* 120 - - 1.3
Submersion-Y“Dose [mrem/yr] - 132 - - - 78 - - - 79 - - 2.5
Ingestion Dose [mrem/yr] 6H - 1.9 -IO1* 8.5-104 79 20 - 1.0-1011 6.M011 75 - 1.5*10̂ 1.9-107 -
Total Exposure [mrem/yr] 77 328 1.9 -1014 в-б-Ю4 95 20 193 1.0-101* 6.i.io" 90 200 1.5-101* 2.0-107 3.8
Required Decontamination 
Factor 20 50 2 ООО 100 - 100 3 000 20 100 5 105 -
Experimental Decontamination 
Factor 100 500 1 ООО 100 - 500 1 000 100 500 1 000 -

BEAUJEAN 
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effluents in the vicinity of a fuel reprocessing plant.of 30 . 
mrem/yr. To meet these recommendations, the release of gaseous 
and volatile radioisotopes from a "50 000 MWe" reprocessing plant 
must be reduced considerably below the quantitative values.

The required decontamination factors are calculated assuming a 
dose rate

D = D ( 3H) + D ( 85Kr) + D ( l4C) + 1/3 D ( 129+131I) ~ 30 mrem/yr.

A further reduction is required, if the radiation burden caused 
by aerosols of nonvolatile isotopes like cesium, strontium and 
ruthenium must also be considered in the calculations of the 30 
mrem/yr limit. The calculated data are listed in table I.

We are aware that this calculation may be subject to criticism, 
since various other modes of calculations are applied elsewhere. 
Therefore our proposal should only be considered as another 
attempt to obtain a better understanding of the true problems 
and as a basis for the succeeding considerations. It should not 
serve as a foundation for national regulations.

As may be deduced from our calculations, decontamination factors
3 85of 100 are sufficient for H and ^Kr. Applying state-of-the-art

technology, they are realizable. Much higher decontamination
factors than the presently achievable ones are required for
iodine retainment in FBR fuel element reprocessing. No reason-

14able possibility exists for a separation of С from the burner
off-gas in HTR fuel reprocessing. Fortunately, the amounts of
14 .С emitted to the atmosphere can be tolerated, if appropriate
safety measures are applied.

14The С-data given m  table I agree very well with recent 
calculations of B0NKA, SCHWARZ, WIBBE and BÖHNERT [3] for its 
emission and resulting total exposure rate. As it can be seen 
from our calculations, only the ingestion dose is of importance. 
The value of 20 mrem/yr is based upon the most pessimistic 
assumptions; that means, the people exposed to this dose are 
permanently living in the critical place around the plant and 
feed themselves only with vegetables and water raised at the - 
same spot.



3. . Decontamination of process off-gases
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A variety of separation processes are under development in 
several laboratories for the separation and retainment of noble 
gases. Good results have been reported for the FREON process [4] , 
a cryogenic process [5] and the AKUT process [б] . Filtering, 
adsorbing and scrubbing techniques have been successfully applied 
for the cleanup of reprocessing off-gas streams from aerosols, 
iodine and tritium [7 , 8, 9] •

The choice of the appropriate process scheme depends on the type 
of fuel element, fuel composition, their chemical treatment, 
foreign matter in the system, process temperature, dilution of 
the off-gas, etc. Since our own R&D-work is mainly concentrated 
on the HTR fuel cycle, most experimental results given in this 
paper for an effective reduction of radioactive gaseous emissions 
from reprocessing plants are related to this particular fuel type. 
However, the procedures described may be applied with minor 
adaptations to fuel elements from LWR's and FBR's as well. 
Technical details are given in the following two chapters.

3.1 Decontamination of HTR reprocessing off-gases

In the course of reprocessing spent HTR fuel elements essentially
all of the gaseous radioactive nuclides are released during the
head-end treatment, which includes

crushing and burning the graphite matrix of the fuel 
elements with oxygen, and

dissolving the resulting oxide ash of uranium, thorium and
fission products in THOREX-reagent (12 M HNO^, 0.1 M HF,
0.3 M A l ( N O ^ ) j ) .

Only insignificant amounts of volatile radioisotopes are observed 
from the feed adjustment and solvent extraction steps. However, 
volatilization of ruthenium and iodine, mainly in the form of 
aerosols and tritiated water, occurs during the solidification or 
vitrification treatments of the aqueous fission product waste 
solutions originating from solvent extraction. Treatment of these 
off-gases does not require new technology and shall therefore not



IA EA -SM -1 7 2 /1 7 69

be further examined in this paper. Aqueous scrubbers and/or 
different types of solid adsorbers yield satisfactory d e contaminat
ion factors of about 1 000.

Burner off-gas

In burning the graphite HTR fuel elements, large amounts of 
carbon dioxide and carbon monoxide are formed with a ratio of 
about 6 : 1 .  This off-gas'is heavily contaminated with the rad i o 
nuclides already mentioned and therefore suitable procedures are 
needed for their effective cleanup. The AKUT-process presently 
under development in our laboratory is promising. A block 
diagram together with mass flow data are shown in figure 1. The 
process is characterized by the following steps:

coarse graphite particles and fines are removed by a 
cyclone and/or sintered metal filters

aerosols are deposited by an electrostatic separator

final decontamination from particulates is achieved with 
HEPA filters

the remaining gas stream, containing the radionuclides ^H,
^ C ,  ®^Kr and 129+131-j^ passe(j through a catalytic 
oxidizer to convert to carbon dioxide and then liquefied by 
compressing to approximately 70 atm at room temperature

the liquid is rectified and a krypton-rich fraction w i t h 
drawn from the top of the column for a final storage

a second rectification of the bottom fraction of the first 
column yields an enriched fraction of tritiated water and 
iodine, which are then separated and fixed on suitable 
adsorbers for final storage.

The pilot plant test facility presently in hot cell operation 
is designed to achieve a decontamination factor of approximately 
500 for krypton and iodine and 100 for tritium. Xenon is not 
separated from carbon dioxide under the selected conditions, 
since its thermodynamic behaviour is quite similar to that of 
carbon dioxide. However, 150 days of cooling time provides a 
nearly complete decay of its comparatively short-lived r a d i o 
isotopes .
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1,16t/h C 278t/h 02

J ________L
Burning of Graphite

2290 m3 STP /h 
C0*C02*Kr*Xe*T*l

Electrostatic Separator

2290 m3 STP/h

Absolute Filter

2290 m3 STP/h

2388 m3 STP/h

Cooling Water

Heat of Reaction

Liquefaction 
70 atm 20°C
Д.2 5 t /h C02 
81 kg / h O2

Heating

— 1,2 5-107 kcal/h

-363-10 kcal /h

Kr-Rectification 70 bar 
6 Columns

¿.3 3 t/h C02*02 Cooling

Krypton Filling Station T-Rectification

106g lb Kr 
I050g/h C02 * 02 4,33 t /h C02 * 02

Off-Gas 
-2060 rrPsTP/h

Evaporator

'438 kg/h C02 ♦ 02

Tritium Absorber

~220 n?STP/h CO,* 0,

Iodine Absorber

~220n?STP/h C02 * 02

Off - Gas 
~2 20 m3 STP/h

FIG. 1. S epara tion  o f krypton and tr i t iu m  from  burner o ff-gas  by liq u e fac tio n  and re c t if ic a tio n .



-1 Л . . .The С present in the fuel elements is discharged with the
carbon dioxide off-gas, since a separation is not feasible. 

Dissolver off-gas

Depending on the type of dissolver applied, e. g. continuous or 
batchwise operation [lo], distinct off-gases are produced, each 
requiring a specific treatment.

A continuously operated dissolver yields an off-gas highly 
enriched with noble fission gases krypton and xenon. In order to 
prevent an unnecessary dilution by air, a helium purge gas 
cycle is recommended. The schematic flowsheet shown in figure 2 
displays the required process steps:

separation of the nitrous oxides and drying the gas stream 
with molecular sieves before entering the cryogenic unit

deposition of xenon together with iodine in solid form at 
82 °K and 1.6 bar

purification of the contaminated xenon by rectification for 
possible further utilization

deposition of krypton at 66 °K after compression to 6 bars 

collection of the krypton in steel cylinders for storage.
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F IG .2 . S epara tion  o f krypton  and xenon from  He purge  gas c y c le .
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The purpose of the helium purge stream is to transport the noble 
gases, iodine and nitrous oxides from the dissolver to the gas 
treatment unit. The helium cycle is designed for a total through
put of 4 m^ STP/h. Two deposition steps are required for the 
achievement of a coarse xenon/krypton separation. The helium gas 
is recycled.

Batchwise dissolving gives rise to air diluted off-gas, requiring 
a somewhat different treatment. The IDAHO cryogenic process 
flowsheet, modified at KFA,is shown in figure 3 and consists of 
the following steps:

separation of nitrous oxides and the oxygen from air by 
reaction with hydrogen, thus forming elementary nitrogen 
and water, respectively

drying the off-gas stream with molecular sieves

low temperature deposition of xenon in a cryogenic unit, 
xenon rectification in a second unit for purification and 
possible utilization

liquefaction of the remaining gas

enrichment of krypton by rectification

withdrawal of krypton at the bottom of the still and 
storage in steel tanks.

■7
About 4 nr STP/h of air leaks into our batch dissolver.

3.2 Decontamination of LWR and FBR reprocessing off-gases

The favoured technology for reprocessing of LWR and FBR fuel 
elements is the "chop-leach" head-end followed by a separation 
of uranium, plutonium and fission products using solvent 
extraction. The fuel assembly is chopped or sheared mechanically. 
During this step only small amounts of krypton (approximately 
1 % of the krypton inventory) are liberated from LWR fuels. This 
relatively low radioactivity may be discharged directly to the 
a t m o s p h e r e .

From FBR fuel elements however, up to 90 % of the krypton is 
accumulated in the gas gap of the fuel pin. This gas should be 
withdrawn by suction in a suitable manner prior to chopping to 
avoid its dilution or loss.
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Krypton

Liquid Nit rogen

-4 .7  5 1 LN2 /h

Krypton F il l in g  Station

0.6 t/ y r P=100 bar 
32.6 5 0 1 S tee l Cylinders/yr

FIG.3. Separation of krypton and xenon from air-d ilu ted  dissolver off-gas.

To collect the gaseous and volatile fission products retained 
in the matrix of the oxidic fuel, the so-called VOLOXIDATION 
process is under development Ql 1j . The chopped or sheared fuel 
elements containing (U,Pu)C>2 are oxidized with oxygen at 
temperatures between 450 and 600 °C. If under these conditions, 
the crystal lattice is transformed from a M^O^ to a M-^Og phase, 
the confined gas atoms are released.

Experimental measurements with PBR fuels indicate a more than 
99.9 % release of tritium but only a 30 to 60 % release of 
krypton,applying this treatment. Similar results have been



T A B L E  II. P E R C E N T A G E  R E L E A S E  R A T E S  O F  G A S E O U S  R A D IO N U C L ID E S  IN V A R IO U S  S T E P S  O F  
R E P R O C E S S IN G  L W R , H T R  A N D  F B R  F U E L -E L E M E N T S

Reprocessing Process Radio Amounts released to the off- gas stream Amounts found in
of nuclides during aqueous phase

Chopping Grinding Burning Dissolving
w [*] M [*] [*]

iodine ~ 1 90 < 5
LWR-
fuel PUREX noble

gases
tritium

1 - 5

1 - 1 0

95 - 99 

1 - 2

0

88 - 98
iodine < 1 30 - 50 40 - 60 < 10

HTR-
carbide
type
fuel

THOREX noble
gases < 1 95 - 5 < 10 0

tritium < 1 > 97 < 1 < 2
iodine < 1 3 - 5 75 - 85 < 10

HTR-
oxide
type
fuel

THOREX noble
gases < 1 7 - 5 ~ 90 0

tritium < 5 10 - 20 < 2 70 - 85
iodine < 10 85 5

FBR-
fuel PUREX noble

gases
tritium3*

50 - 90 

~ 5

10 - 50 

~ 1

0

5 - 1 0
* about 90 % is released to the reactor through the stainless steel walls of the pins
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obtained for LWR fuels, where more than 99 % tritium and up to 
12 % krypton release have been measured. These results show that 
tritium volatilization is high ènough, krypton however is 
retained to a relatively high percentage. A separation of krypton 
from dissolver off-gas presumably cannot be avoided.

A very serious problem arises, if short cooled FBR fuel elements
131have to be reprocessed,due to the very high ^ I radioactivity.

Decontamination factors of 5 000 or higher are required. In the case
of only 30 days cooling time, decontamination factors as high as 

710' may even be necessary. No routine process is known today 
which can meet these high requirements. Much laboratory work in 
this field is done however, for instance at the Oak Ridge 
National Laboratory p-lj*

Table II represents a survey of percentage release rates for 
gaseous radionuclides in the various steps of reprocessing of 
fuel elements from LWR's, HTR's.and F B R 's . For completeness, 
also the amounts of radioactivity remaining in the aqueous 
processing streams are also included in the table. Particularly 
large amounts of tritium may be transformed to water and then 
be incorporated into the aqueous solutions. Since no post
separation of ordinary and tritiated water is economically 
feasible, it is most advantageous to have the tritium liberated 
in a gaseous state during the prime head-end treatment, in order 
to separate it in a concentrated form prior to an exchange or 
mixing with the aqueous phase.

4. Final storage of gaseous and volatile radioisotopes

Iodine and other volatile radioisotopes adsorbed on suitable 
solid adsorber materials are further treated for final storage 
as medium activity waste by incorporation in bitumen or concrete 
blocks, which then are safely deposited in salt caverns'.

Tritium,in the form of water adsorbed on molecular sieves, poses 
some problems in long-term storage due to the fact that a slow 
evaporation of tritiated water occurs as a consequence of the 
existing solid/gaseous equilibrium at a given temperature. Low 
temperature storage suppresses this effect. Therefore storage of 
gastight containers in glacier or polar ice may be beneficial.
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Radioactive noble gases are collected in steel tanks. Standard
50 litre cylinders can be filled up to pressures of 100 bars in the
case of krypton and 200 bars in the case of xenon. For example,
approximately 30 tanks for krypton and 90 for xenon per year are

85needed to serve a 50 000 MWe HTR reprocessing plant. The Kr
5radioactivity per 50 litres tank amounts to about 5 • Ю  Ci.

Engineered storage facilities may be used for about 150 years 
for long-term tank storage. A potential risk one is faced with, 
is a sudden accidental release.

85We have proposed another potential method for final Kr disposal, 
namely dumping the filled steel cylinders into the deep sea Гб].
If the steel tanks are equipped with special valves which open at 
a predetermined depth, for instance below 2 000 m, the cylinders 
are partially filled with sea water forming crystallized noble 
gas hydrates under the existing high pressure. The same effect is 
achieved, if one waits until corrosion destroys the steel 
cylinders. Choosing a driftless deep sea area, the spreading of 
radioactivity is controlled by-a comparatively slow diffusion 
process. Calculations have revealed that doses fall below d a n g e r 
ous concentrations at a distance of only 30 to 50m from the source 
Additional safety is granted due to the chemical inertness of
krypton. No assimilation or enrichment occurs in animals or plants
85 85-'Kr decays to stable ^Rb, a harmless nuclide.

R E F E R E N C E S

[1] VOGT, K.J.,
Rep. J Ü L - 6 3 7-ST (I9 7 O)

[2] Erste Strahlenschutzverordnung der BRD, Bundesgesetzblatt I,
1653-1684 (1 9 6 5 )

[3] BONKA, H., SCHWARZ, G., WIBBE, H.B., BÖHNERT, R.,
Kerntechnik 1_5 (in press)

[4] M E R R I M A N , J.R., STEPHENSON, M.J., DUNFHORN, D.I.,
PASHLEY, J . H . ,
NEA/IAEA Symposium on the Management of\ Radioactive Wastes 
from Fuel Reprocessing, Paris/France (1972)



IA EA -SM -1 7 2 /1 7 77

[5] OFFUT, G.F., BENDIXSEN , C.L.,
Rep. IN-1221 (I9 6I)

[6] LASER, M., BEAUJEAN, H., BOHNENSTINGL, J., FILSS, P., 
HEIDENDAEL, M., MASTERA, S., MERZ, E., VYGEN, H.,
NEA/IAEA Symposium on the Management of Radioactive Wastes 
from Fuel Reprocessing, Paris/France (1972)

[7] WILHELM, J.G., DILLMANN, H.G., GERLACH, K.,
1 2 th USAEC Air Cleaning Conference, Oak Ridge/Tennessee/USA
( 1 9 7 2 )

[8] PENCE, D.T., DUCE, F.A., MAECK, W.J.,
12th USAEC Air Cleaning Conference, Oak Ridge/Tennessee/USA 
(1972)

[9] BEAUJEAN, H., FILSS, P., GRAHMANN, U . , LASER, M., MERZ, E., 
TILLESSEN, ü.,
Rep. J Ü L - 9 2 5-CT (1973)

[10] BODEWIG, F.G., JOHANNISBAUER, W., KAISER, G., SCKUHR, P., 
Reaktortagung des DAtF 1973 Karlsruhe, ZAED-Karlsruhe/ 
Germany (1973)

[11] ORNL Chemical Technology Division Annual Progress Report 
for Period Ending March 31* 1971j Rep. ORNL-4682 (1972)

D I S C U S S I O N

W .O . S C H IK A R S K I: W hat d o s e  c a lc u la t io n s  did  y o u  a p p ly  in  r e s p e c t  
o f  85K r ?  If yo u  c a lc u la te d  the s u b m e r s io n  d o s e , w h ic h  r e p r e s e n t s  o n ly  a 
t h e o r e t ic a l  a p p ro a c h , y o u  w i l l  h a v e  g o t m u ch  m o r e  p e s s i m i s t i c  v a lu e s  than 
w ou ld  be y ie ld e d  by c o n s id e r a t io n  o f  th e  ( r e a l is t ic )  s k in  d o s e .

S e c o n d ly , d id  yo u  e s t im a t e  the r e l e a s e  o f tr a n s u r a n iu m  is o to p e s  d u r in g  
r e p r o c e s s in g  o f  th e  f u e ls  fo r  L W R s , H T R s and F B R s ?

J. B O H N E N S T IN G L : F o r  th e  c a lc u la t io n  o f  85K r  d o s e  r a t e s  the fo r m u la  
g iv e n  by V o g t (J U L - 6 3 7 - S T )  w e r e  u s e d , and D r . V o g t w i l l  c o n fir m , I 
b e lie v e ,  th at th e  d a ta  c o n c e r n e d  a r e  s k in  d o s e  v a lu e s .

K . -  J . V O G T : T h a t i s  s o .
J. B O H N E N S T IN G L : R e g a r d in g  r e l e a s e  o f  tr a n s u r a n iu m  e le m e n t s ,  w e 

a r e  at p r e s e n t  p e r fo r m in g  c a lc u la t io n s  on th e  b a s is  o f  s o m e  r e s u l t s  fr o m  
hot c e l l  e x p e r im e n t s .  H o w e v e r , s in c e  th e y  a r e  not y e t  c o m p le t e ,  th e se  
c a lc u la t io n s  do not f ig u r e  in  the p a p e r .

A . B A Y E R : In w h at c h e m ic a l  fo r m  is  io d in e  r e le a s e d  fr o m  r e p r o c e s s in g  
p la n ts  ?

M . L A S E R : T h is  i s  r a t h e r  a c o m p r e h e n s iv e  q u e s tio n ! In th e  c a s e  of 
H T R  fu e l e le m e n t s ,  th e  io d in e  r e le a s e d  a p p e a r s  to  be m o s t ly  in  e le m e n t a r y
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fo r m . In the c a s e  o f  L W R  fu e l  e le m e n t s ,  w o r k  h a s  been  done by o th e r  
a u th o rs  on the fo r m  o f the io d in e  l ib e r a t e d  d u r in g  r e p r o c e s s in g ,  and the 
s u b je c t  i s  not in  fa c t  c o v e r e d  in  o u r  p a p e r .

A . M E R K E L : W hat w a s  the s o u r c e  o f  th e  b a s ic  d a ta  you u s e d  to  c a l 
c u la te  F B R  tr it iu m  in v e n to r y ?

M. L A S E R : T h e  d ata  a r e  b a se d  on an O R N L  r e p o r t  on s it in g  o f 
r e p r o c e s s in g  p la n ts .

E . de R A D E M A E K E R : Do yo u  f e e l  e n t ir e ly  co n fid e n t abou t th e  s a fe ty  
o f s t o r in g  g a s e o u s  and v o la t i le  r a d io is o to p e s  (a f te r  s o l id if ic a t io n )  in  s a lt  
c a v e r n s ?  T h e r e  h a s  la t e ly  b een  a tre n d  in  the U n ited  S ta te s  o f A m e r ic a  
in  fa v o u r  o f  e n g in e e r e d  s t o r a g e  r a t h e r  than  s t o r a g e  in  s a lt  fo r m a t io n s .

M . L A S E R : Y e s ,  I am  q u ite  c o n fid e n t. I u n d e rsta n d  fr o m  o u r e x p e r t s  on 
the s u b je c t  th at G e r m a n y  is  in  a s o m e w h a t b e tte r  p o s itio n  than  the U SA  as 
f a r  a s  s a fe ty  o f s t o r a g e  in  s a l t  fo r m a t io n s  i s  c o n c e r n e d . A t L y o n s  M ine 
th e r e  a r e  s e v e r a l  unknow n b o r e h o le s ,  so  th a t w a te r  ca n  p e n e tr a te  in  an 
u n c o n tr o lle d  m a n n e r . A t the A s s e  s a l t  m in e , on the o th e r  h an d , a l l  the 
b o r e h o le s  a r e  know n and in s u la te d  a g a in s t  w a t e r .

K . K R E U Z E R : Y o u  r e c k o n  on a c o m p a r a t iv e ly  s lo w  d iffu s io n  p r o c e s s  in 
c o n n e c tio n  w ith  the d u m p in g  o f  85K r  in to  the d eep  s e a . H o w e v e r , th e r e  a r e  
p la n s  in  the o ffin g  fo r  s t i r r i n g  up s e a w a t e r  in  o r d e r  to  in te n s ify  n u tr it io n a l 
p ro te in  p ro d u c tio n  fr o m  th e  o c e a n . M igh t not th is  a f fe c t  the s p e e d  o f  the 
d if fu s io n  p r o c e s s ?

C . A . M A W SO N  (C h a ir m a n ): S y m p a th iz in g  w ith  the a u th o rs  o f  the p a p e r  
i f  th e y  a r e  n ot c e r t a in  how  to r e p ly  to th is  q u e s tio n , m a y  I o f fe r  a fe w  
r e m a r k s  m y s e l f  — w ith o u t o f c o u r s e  g e ttin g  in v o lv e d  in  a d e b a te  on d e e p - 
s e a  d is p o s a l  a s  su ch .

C a lc u la t io n  o f  the am o u n t o f r a d io n u c lid e s  th at co u ld  s a f e ly  be d i s 
c h a r g e d  in to  the d e ep  s e a  g iv e s  a f ig u r e  s o  a s t r o n o m ic a lly  la r g e  th a t the 
p r o ta g o n is ts  o f o c e a n  d is p o s a l  f e e l  th a t n obody w i l l  b e lie v e  th e m  — and 
h e n c e  r e c o m m e n d  no d is p o s a l  in  the d e ep  s e a l  In p r e s e n tin g  the p a p e r  
M r. B o h n e n s tin g l h a s  s a id  th a t the d is p o s a l  o f 85K r  in  c y l in d e r s  in  the d eep  
o c e a n  w ou ld  h a ve  no e f f e c t  on th e  s e a w a t e r  beyon d 30 to 50 m  fr o m  the 
p o in t o f  d is p o s a l .  He i s  fa c e d  w ith  the s a m e  p h ilo s o p h ic a l  d ile m m a . T h e 
o c e a n  is  so  b ig  th a t p e o p le  a r e  lo th  to  b e lie v e  i t s  c a p a c ity  fo r  w a s te  a b s o r p tio n .
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Abstract

RELATIVE RADIOLOGICAL IMPORTANCE OF ENVIRONMENTALLY RELEASED TRITIUM AND KRYPTON-85.
T ritiu m  (НТО) and 85Kr a re  expec ted  to c o n tin u e  as p rom inen t com ponen ts o f  th e  rad io a c tiv e  effluents 

from  n u c lea r fa c i l i t ie s . S im p le  com parison  o f a ir concen tra tio n s  o f НТО and 85Kr w ith th e ir  resp ec tiv e  
m a x im u m  p erm issib le  concen tra tions  does not p rov ide  a good in d ica tio n  o f  th e ir  re la tiv e  rad io lo g ic a l 
im p o rta n c e . D e ta iled  considerations for ea ch  rad io n u c lid e  em p h as ize  d iffe rences w hich  in flu en ce  ra d io 
to x ic ity . Dose es tim ates  a re  p resen ted , and th e  associá ted  risks a re  com pared  for eq u a l rad io n u c lid e  
co n c en tra tio n  in  air: so m a tic  risk (НТО ~10  x 85Kr) and g en e tic  risk (НТО ~  50 X 85K r). For popu la tions 
in  c lo se  p ro x im ity  to  th e  fa c i l i ty , 3H w ill probab ly  be  th e  m ost s ig n ifican t dose co n tribu to r i f  nea rly  equa l 
q u an titie s  o f th e  two rad ionuclides  a re  re lea sed . W hen p ro jec ted  rad io n u c lid e  p roduction  and re lease  figures 
a re  considered , th e  re la tiv e  ra d io lo g ic a l im p ac ts  ap p e ar to be  m ore  nea rly  eq u a l on a lo c a l basis for som e 
fa c i l i t ie s . H ow ever, in  th e  la tte r  ca se  i t  is p red ic ted  th a t 85Kr w ill c o n trib u te  th e  g rea te r dose to  the 
g lo b a l po p u la tio n .

1.0 INTRODUCTION

Tritium and. are prominent in the radioactive effluent from a nuclear
facility, because they are produced in large quantities and they have radio
active half-lives of moderate length (12.3 and 10.8 years, respectively).
Based on the projected nuclear power economy in the United States and the 
free world, it has been estimated that by the year 2000 the annual production 
rates for Зн and 85Kr will be lU.6 and 520 MCi, respectively [l]. Estimated 
accumulations Ъ у that date are 96 MCi of Зн and 3,150 MCi of 85Kr [1].
Although in principle it is possible to design a nuclear facility to attain 
any desired low emission rate, it has not been practical to concentrate 
and retain the radionuclides. Continued release of Зн and 85Кг by the 
nuclear industry is anticipated [2]. The relative radiological significance 
of these radionuclides should Ъе a consideration in decisions concerning 
capital outlays to construct new radwaste cleanup systems or to modify 
existing ones. Each nuclear facility has a responsibility to limit individual 
and population doses 1 resulting from its operation. Characteristics relevant 
to radiological assessment of environmental releases of 3H and 85Кг are 
discussed in detail in this paper, and estimated radiological insults 
to man are compared for equal concentrations of the two radionuclides.

T Research sponsored by th e  US A to m ic  Energy C om m ission  under c o n tra c t w ith  th e  
U nion C arb id e  C orpo ra tion .

1 The use o f "dose" throughout th i s  paper is  a c tu a lly  "dose e q u iv a le n t."
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2.0 TRITIUM

2.1 Radiotoxicity

Tritium released to the environment is in the form of tritiated water 
(НТО) primarily, or it is soon oxidized to that form. As НТО it behaves as 
ordinary water throughout the hydrosphere. This is the most hazardous 
form for environmental Зн, because it is metabolized like ordinary water 
and readily enters the body through the gastrointestinal tract, the lungs, 
and the skin. The International Commission on Radiological Protection (ICRP) 
has recommended for occupational workers exposed to НТО a maximum permissible 
body burden (MPBB) of 2000 yCi [3]. In other words, that quantity of НТО 
in a 70-kg reference man yields a dose rate to the whole body of 5 rems/year. 
The 2000-yCi MPBB, one of the largest MPBB values recommended for any 
radionuclide, is based on the fact that Зн is a pure emitter with a low 
effective absorbed energy (О.ООб MeV per disintegration) [4] and that as 
НТО it is distributed uniformly throughout the body water pool where 
it has a short effective half-time (10 days) [5]- A fraction of the Зн 
taken in as НТО is known to become organically bound. The extent of 
such binding and its effect on Зн retention will be discussed in the 
section giving dose estimates for >̂H.

2.2 Radionuclide Specific Characteristics

2.2.1 Transmutation and Quality Factor

Assuming that one can estimate the quantity of Зн deposited in the 
reference tissue, assessment of the toxicity is complicated by questions of 
possible transmutation effects and of intrinsic biological effectiveness of 
the weak beta emissions (0.0l8 MeV maximum). When а Зн atom undergoes 
radioactive decay, the molecular structure of which it is a part suddenly 
contains a helium atom where a hydrogen atom formerly existed. In his 
recent review of the radiobiology of Зн, Thompson [6] concluded on the 
basis of cellular level studies and animal studies that transmutation 
effects do not seem to add significantly to the ionizing radiation effects. 
To adjust for the varying biological effectiveness of different irradiation 
conditions the ICRP recommends that a Quality Factor (QF) be used to 
account for differences in linear energy transfer (LET) [7]» The LET 
for a low-energy Зн beta is higher than that for a more energetic beta, 
gamma, or x-irradiation. The ICRP at one time recommended a QF of 1.7 
for a beta radiation having a maximum energy <0.03 MeV [7 ]. Some experi
mental evidence appeared to support the QF of 1.7 for Зн, but questions 
of experimental endpoint and choice of reference radiation source tended 
to make interpretation difficult. Bond [8] evaluated the potential hazards 
from НТО and concluded from reviews of pertinent biological material 
that there appears to be little convincing evidence that the QF is signifi
cantly different from unity. The ICRP now recommends that a QF of 1.0 
be used for all beta, gamma, and x-irradiation [4].

2.2.2 Bioaccumulation

The possibility of environmental %  concentrating in a particular 
organism, in dietary items, or in a reference tissue of man is always a con
cern. Although most chemical reactions discriminate against the incorporation
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of Зн in favor of hydrogen [9] » "the possibility of some concentration 
of Зн cannot be ruled out completely. For example, Bond [8] has sug
gested that discrimination against Зн "leaving" a biochemical compound 
once it is incorporated might be greater than that for its "entering" the ̂ 
compound. That phenomenon would lead to concentration or "trapping" cf 
Зн in the compound in question. In reviewing ecological aspects of 
environmental Зн behavior, Elwood [10] found that the isotopic effects 
of 3H involved in most exchange reactions appear to be negligible.
He states that "data from field studies in both acutely and chronically ex
posed ecosystems seem to support the idea that there is no concentration 
above that of environmental concentrations in food or water at any level 
of a food chain, although complex aquatic food chains and food chains in 
temperate climates have yet to be studied in detail." In fact, according 
to Elwood, "in most ecosystems, tritium concentrations would tend to be
come diluted at various stages of a food chain or in compartments of a 
coupled system."

2.2.3 Organic Binding

The human body is approximately 60% water and 10% hydrogen [3], thus 
two-thirds of the hydrogen in the body is present as water and one-third 
is present as organic hydrogen. Following the entry of НТО into the body,
a. fraction of the Зн exchanges with hydrogen bound in organic molecules. 
One-third of the organically bound hydrogen in tissue is considered ex
changeable, with that fraction decreasing as the fat content of the tissue 
increases [11]. Tritium present as НТО also can be incorporated by metabolic 
processes into nonexchangeable positions in tissue constituents. The rate 
and extent of incorporation of Зн iYom НТО as tissue-bound Зн is dependent 
on the metabolic activity of the tissue. Timing and duration of the 
exposure relative to the metabolic activity is also important. If the 
НТО is available for incorporation during formation and growth of a tissue 
(high metabolic rate), the probability of extensive organic labeling 
is enhanced. On this basis, the highest concentrations of organically 
bound 3H are expected in those tissues and population segments which 
are in formative and growth stages at the time of an acute exposure.
As the exposure duration increases to the chronic case, Зн concentrations 
approach equilibrium values with a single tritium-to-hydrogen ratio common 
to all parts of the hydrogen pool. Organic binding would not be expected 
to cause significant bioaccumulation of Зн from НТО, because water is 
approximately as hydrogen rich {^11% by weight) as any compound ever becomes 
(recall that the human body is vL0% hydrogen). Another point is the in
fluence of exposure pathway on the extent of organic binding. Experiments 
with rats chronically exposed to tritiated drinking water at a constant 
concentration have shown that the organically-bound Зн in tissue solids 
did not exceed 35% of the concentration maintained in the intake water
[12]. The implication is that two-thirds of the organically bound hydrogen 
comes from organically bound hydrogen in food. Exposure pathway can 
be an important consideration in attempting to estimate the extent of 
organic binding.

Tritium loss from organic molecules, like its incorporation, is dependent 
on the metabolic activity. Thus mechanisms tending to retard Зн incorpora
tion also tend to retard its release. Tritium which becomes organically 
bound has a longer effective half-time, but it represents a small fraction 
of the total Зн intake [11]. The role which organic binding plays in 
determining the radiological significance of НТО exposure is discussed in 
the following section.



82 ROHWER

AGE (yr)

F IG . 1. Dose to  th e  w hole  body per m ic io c u rie  in ta k e  o f  НТО as a fun c tio n  o f  a g e .

2.3 Dose Estimation

Dose estimates for Зн exposures customarily consider only that 
Зн entering the body water pool. Tritium is not an external exposure 
hazard, because the only radiation emission is the low-energy beta particle 
(0.0l8 MeV maximum) with a maximum range in water or soft tissue of only
O.OO5 mm (О .55 mg/cm2) [1 3 ]. Recent skin measurements suggest b mg/cm2 
for average epidermal thickness [l4], with the radiosensitive layer being 
below that depth. The radiation dose received following exposure to 
Зн is therefore primarily internal, and the major portion of this dose is 
attributable to the Зн present as НТО in the body water pool. Figure 1 
presents an estimate of dose for a 1-yCi intake of НТО, with the dose 
presented as a function of the age of the individual exposed. Whenever 
a population is exposed it is desirable to be able to estimate the amount 
of variation in dose among subgroups, age groups in this example, and to 
identify the group receiving the highest dose (the critical group). The 
Зн dose model from ICRP Publ. 10 was used to prepare Fig. 1, with the 
additional assumptions that 'the QF for Зн betas is 1.0 and that the total 
body mass is the reference tissue. The estimated dose per microcurie of 
intake for an infant is approximately three times that for an adult.
The curve in Fig. 1 reflects a range of effective half-times for НТО 
in the body water pool from 3.3 days for an infant to 10 days for an adult, 
and a range in body weights from 8 to 71 kg [15]. It is important to 
recognize that other factors such as ambient temperature, personal habits, 
and diet may alter the picture shown in Fig. 1. For example, an estimate 
of daily water intake as a function of age is shown in Fig. 2. In this 
case there is approximately a factor of 3 operating in the reverse direction,
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AGE (years)

FIG. 2 . D aily  w ate r in ta k e  as a function  o f  ag e .

thus if the exposure pathway is via water ingestion, the dose differential 
among age groups would be negligible. A similar situation exists if 
the primary exposure pathway is inhalation of НТО vapor [15]. If other 
exposure pathways are of primary importance, only a situation-specific 
evaluation can verify the absence of a critical population age group 
for НТО exposure. However, the expected Зн release from nuclear facilities 
will be continuous. Since the Зн will be present in the environment 
as НТО, thereby available to be ingested or inhaled in that form, little 
variation in radiation dose among population age groups is anticipated. 
Accidental or short-term releases of НТО in greater than usual quantities 
will increase the probability of there being critical groups within the 
exposed population which may receive a greater radiation dose because 
of one or more unique exposure pathways connecting them with the radio
activity source.

Returning to organic binding and its possible importance, the data 
of Snyder et al. [l6], presented in Fig. 3, illustrate the excretion 
of Зн by man following an acute exposure. Two components are clearly 
evident in the excretion curve with the hint of a third longer term com
ponent. The initial component was assigned a half-time of 8.7 days and 
the second a value of 3^ days. Later data covering longer follow-up 
periods for other exposed individuals have verified the existence of 
the third component with a half-time in the range 300 to 600 days [17,18]. 
There is a tendency to ascribe the components of the excretion curve 
to various hydrogen pools in the body even though the compartments are 
chemical in nature rather than identifiable with specific organs or tissues.
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Typical suggestions are: 8.7 days— body water; 3*+ days— exchangeable Зн
in organic materials; and 300 to 600 days— nonexchangeable Зн in organic 
materials, eventually freed by catabolic processes. The existence of 
permanently fixed hydrogen pools has also been suggested [19]. The proba
bility of a very slowly replaced or a fixed hydrogen pool becoming heavily 
tritiated at the time of its formation due to a transient surge of environ
mental %  at a concentration significantly elevated above ambient levels 
is small. Thompson [6] has pointed out that exposures resulting as a 
consequence of such non-steady-state conditions might increase the dose 
to an individual, but would not increase the total population dose. Snyder 
et al. [l6] estimated that the second component of their retention function 
increased the whole-body dose estimated for the first component by 1.1%.
On the basis of their own data Sanders and Reinig [1 7 ] reported that 
bound Зн could augment the dose they estimated for body water Зн by up 
to 25%. Similar dose estimates by Bennett [20] for acute intake of Зн 
indicate that 8b% of the tissue dose is due to Зн in body water and 1 6% 
is due to organically bound ^H. A theoretical model for Зн behavior in 
man was recently described by Croach [21]; the model is based on the 
assumption that Зн enters the body in a manner typical for hydrogen and 
that once assimilated it behaves the same as ordinary hydrogen. Results 
obtained by Croach with that model suggest that very little Зц from an 
acute exposure can become permanently bound, and even if that which became 
bound stays there until it decays, not enough can enter to make a significant 
contribution to total dose. With regard to the chronic exposure situation,
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Bond [8] has noted that since two-thirds of the body hydrogen is in body 
water, then if one assumes equilibrium with uniform labeling of all organic 
materials at the level existing in the body water, the body burden of Зн, 
and hence the dose rate to the total body, can be increased no more than 
50$ over that which exists in the absence of organic binding. Based 
on his theoretical model, Croach states that "the energy deposition from 
permanently bound Зн cannot increase the energy deposition (or whole- 
body dose) in the steady-state system with no permanently bound Зн by 
more than ^10$" [21]. Since dose estimates in Fig. 1 include the body 
water Зн contribution only, it would be prudent to increase values taken 
from this figure by approximately 20$ to include the dose contribution 
due to organically bound Зн.

3.0 KRYPTON-85

3.1 Radiotoxicity

Krypton-85 is a noble gas and when it is released to the environment it 
tends to become distributed almost homogeneously over the surface of the globe 
and throughout the troposphere [l]. Environmental ^5кг will accumulate in the 
atmosphere with little depletion by the biosphere. Thus the inventory will be 
determined by the release rate and the radioactive half-life of the radio
nuclide. Depletion of the atmospheric inventory of 05Kr by washout, dry 
deposition, and deposition through adsorption on particles also will be 
negligible [22]. Krypton-85 generally is classified as a radionuclide of 
low radiotoxicity for a number of reasons: (l) it is primarily a beta
emitter, Зд_ - 0.672 MeV maximum with 0.996 abundance, 62 - 0.l6 MeV maximum 
with 0.004 abundance, and - 0.514 MeV with 0.004 abundance; (2) it is 
poorly absorbed in the body, the blood/gas partition coefficient is 0.05 
approximately, and the tissue/blood partition coefficient is 1 for all 
tissue except fat, for which it is 10 [23]; and (3) the principal radiation 
dose is delivered to the external body surface (skin), a tissue which is 
not particularly radiosensitive.

3.2 Dose Estimation

Unlike Зн5 85кг dosimetry is not complicated by uncertainties con
cerning bioaccumulation, organic binding, and the quality factor. Dose 
estimates calculated from the work of Kirk [24] are presented in Table I.
The data presented in Table I are for continuous exposure in an infinite 
cloud having a ^5Kr concentration of 1 pCi/cm39 and the external dose 
calculations are for 50$ of the point dose at the center of the cloud.
The values in Table I illustrate the relative contribution of each ^5кг 
emission to the total dose estimated for the respective reference tissues.
The dose estimates in this table are in good agreement with those found
in other detailed treatments of ^5кг dosimetry [25]. As one would expect,
the estimated dose is almost entirely due to external exposure; ^95$
of the whole body and gonad doses is due to external gamma and
bremsstrahlung, and over 99$ of the skin dose is due to external beta.
The beta skin dose value given in Table I is applicable to the skin surface, 
with the more important dose being that received at the depth of the 
shallowest layer of live skin. This depth generally has been assumed 
to be 0.07 mm, and it is estimated that the beta dose at that depth is approxi
mately 50$ of the surface dose [26]. Recent measurements using a new
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T A B L E  I. D O SE  E S T IM A T E S  F O R  85K r  A SSU M IN G  C O N T IN U O U S 
E X P O S U R E  IN A N  IN F IN IT E  C L O U D  (1 p C i/ c m 3)

_____ Dose (millirem/year)
Origin Skin Whole Body Gonads

Gamma and Bremsstrahlung 
External 16.4 13.4 16.4
Internal 0.002 0.0007

Beta
External
Internal

2076
0.76 0.28

2093 14.2 16.7

technique [l4] suggest that a more reasonable value for radiological 
protection purposes is 0.04 mm, in which case the depth dose is estimated 
to be 70$ of the surface dose [26].

4.0 RADIOLOGICAL COMPARISONS;

4.1 For Unit Concentrations

4.1.1 Dose

Some confusion over the relative dose contributions of these two radio
nuclides may arise from a consideration of the maximum permissible concen
trations in air (MPCa) for unrestricted areas appearing in 10CFR20 [27].
The respective MPCa's are: 0.2 pCi/cm3 for Зн and 0.3 pCi/cm3 for 85кг.
It is generally erroneously assumed that these concentrations produce 
equivalent radiation doses to the individual, or doses of equal biological 
significance. This is not true for these two radionuclides. It has 
been stated [28] that future recommendations of the ICRP are expected 
to include an increase of the MPCa for 85кг by a factor of approximately 
5. Although he does not suggest that such a revision of the MPCa is 
desirable, calculations by Kirk [24] illustrate that the MPCa for 85кг 
is conservative by at least a.factor of 4.8, i.e., exposure at the MPCa 
results, in doses which are less than one-fourth of the dose limit on 
which the MPCa is based. The preceding sections of this paper show 
that these two radionuclides are quite different in many characteristics 
which profoundly influence their respective radiological impacts. The 
effects of those differences -are evident in the dose estimates presented 
in Table II. All of the dose estimates are for exposure to a unit con
centration (l pCi/cm3 of air) of radioactivity. The Зн values for whole 
body and gonads include dose contributions for inhalation and skin absorp
tion, assuming.НТО vapor absorption through the skin to be 75% of that 
via inhalation [31]. The values in Table II demonstrate the good agreement 
among dose estimates from various literature sources. The table bears 
out the fact that Зн exposure results., in essentially uniform irradiation 
of the. whole body, while the skin dose is by far the largest one for 
°5'Kr. The whole-body dose for ^5кг is approximately l! of the skin dose.
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T A B L E  II. E S T IM A T E D  D O SE  F O R  85K r  A N D  Н Т О  IN A IR  A T  A  
C O N C E N T R A T IO N  O F  1 p C i/ c m 3

Dose
Exposure (millirems/year) Reference

85Kr at 1 pCi/cm3
Surface of skin

or clothing 2093 Kirk I24]
I69O Hendrickson I26]
2080 Dunster and Warner Il8]
1661+ Whitton 129]
I83O Diethorn and Stockho 125J

Shallowest layer of live skin
4 mm l450a
7 mm 1040ъ

Whole body 14.2 Kirk J24]
23.3 Hendrickson 126]
ib.i Dunster and Warner 128.3
1 5 .2 Diethorn and Stockho 125]

Gonads 1 6 .7 Kirk 124]
23.3 Hendrickson I26]
1 7 .3 Dunster and Warner I28]
1 5 .2 Diathom and Stockho 125]

3H (НТО) at 1 pCi/cm3 

Surface of skin
or clothing ^0 Turner, Kaye, and

Whole body 960е

Rohwer I30]

1070е ' ICRP 14,5]
io8oc»d Bennett I20]

Gonads 960е
1000е Osborne I3 1]

Calculation based on the works of Kirk^2^  H e n d r i c k s o n ^ , and 
Whitton(1^).
^Calculation based on the works of Kirk^nJ Hendricksonv 26) .
cIntake via skin absorption assumed to be 75% of that due to in
halation ( 31) .
^Calculated for acute intake only.
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Considering somatic risk first, compare the 1,0^0- to 1 ,1+50-millirem 
skin dose for 85Kr with the 96О- to l,080-millirem whole-hody dose for Зн. 
Although these dose estimates are of nearly equal magnitude, they are not of 
equal significance. The dose limit recommended for members of the public by 
the ICRP for skin (3 rems/year) is six times that recommended for the whole 
body (0 .5 rem/year) [T]* If one accepts cancer induction as the radiological 
response and death as the endpoint, the reduced significance attached to skin 
irradiation is born out since 9 out of 10 skin cancers are curable [32]. 
Another intangible reduction exists since clothing provides protection 
against the low energy of the 85кг beta particle. It would appear that 
the somatic risk from ^5кг is approximately one-tenth of the somatic 
risk from Зн at equal radionuclide concentrations, a larger fraction 
than is obtained when whole-body estimates for the two radionuclides 
are compared.

The genetic risk from ®5кг is estimated to be approximately one-fiftieth 
of that from Зн at equal concentrations. In this case, the respective gonad 
dose estimates for the two radionuclides are compared. The genetic dose 
limit recommended by the ICRP for members of the public is 5 rems in 
30 years [7].

b.2 For Local Populations

The comparisons in the preceding section (U.l) are useful in estimating 
the relative radiological impact of atmospheric releases on local populations 
when release rates for the two radionuclides are known. When a significant 
portion of the Зн is released in liquid effluents rather than in gaseous 
effluents with the ^5кг, exposure pathways other than inhalation and skin 
absorption may be the most important. In that case only site-specific 
evaluation is likely to provide an adequate estimate of the relative impacts 
of the released activities in terms of dose to the local population.

U. 3 For Global Population

Released Зн and each are freely dispersed in worldwide dilution
pools: 3H in the hydrosphere and 85кг in the atmosphere. Thus each
is a potential source of irradiation for the world population. The United' 
Nations Scientific Committee on the Effects of Atomic Radiation has provided 
information with which one can estimate doses to the world population for 
releases of various radionuclides, including Зн and ®5кг [33]. The estimated 
soft tissue dose (assumed to apply to whole body and gonads) to the world 
population for Зн is from 0.38 to 1.6 yyrads/Ci released. For 05кг the 
estimated values are O.O67 yyrad/Ci for gonads, 0.053 yyrads/Ci for whole 
body, and 8.2 yyrads/Ci for skin. From these values, it is evident that 
on a unit basis Зн dose to whole body and gonads is nearly an order of 
magnitude greater than the 85кг dose to those organs. Recalling the 
relative risks of whole-body and skin exposures as discussed in section 
it. 1.2, a unit release of 85Kr yields an estimated skin dose which is 
approximately radiologically equivalent to the estimated whole-body dose 
from a unit release of З н . If we accept the estimate that annual °5Kr 
production will be 35 times the Зн production rate by the ^ear 2000, 
and if equal fractions of each are released to the environment, it appears 
that of the two radionuclides 85Kr will be the predominant contributor 
to world population dose so long as the nuclear power industry is the primary 
source of radioactivity release.

h.1.2 ■Risk
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Tritium and ®5кг probably will continue to be released to the environ
ment from nuclear facilities. The two radionuclides each have unique 
environmental behavior and dosimetry characteristics which significantly 
influence radiological impact. The relative importance of the two radio
nuclides is dependent on the quantity of each released, the mode of release, 
the pathway of exposure, and the exposed population of interest. For 
populations located in close proximity to the nuclear facility and atmos
pheric releases of Зн and 85кг of equal magnitude, it is estimated that 
the somatic insult from Зн is 10 times that from 85Kr and the genetic 
risk due to Зн exceeds that of 85Kr by a factor of 50. When a major 
portion of the Зн is released directly to surface waters additional exposure 
pathways must be evaluated to determine the relative importance of Зн and 
°5кг releases. When interest is shifted to the global population, %  
and 85кг are of essentially equal radiological importance on a unit release 
basis. If one includes considerations for probable differences in production 
and release rates, 85Kr becomes the more important of the two radionuclides 
in terms of dose to the global population. Placement of emphasis in 
designing radwaste treatment systems to remove Зн or 85Kr, or both, is 
therefore dependent on the identity of the primary population at risk 
as well as on our quest to reduce all environmental releases of radioactivity 
to the lowest practicable level.

5.0 CONCLUSIONS
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Abstract

ESTIM ATION OF RADIATION EXPOSURE ASSOCIATED WITH INERT GAS RADIONUCLIDES DISCHARGED 
TO THE ENVIRONMENT BY THE NUCLEAR POWER INDUSTRY.

S ev era l fission product isotopes o f  krypton and xenon a re  form ed during th e  o p e ra tio n  o f n u c lea r power 
s ta tions , w h ile  o th e r ra d io a c tiv e  in e rt gases, no tab ly  isotopes o f  argon and n itrogen , a re  produced  as neutron  
a c tiv a t io n  p roducts. W ith th e  e x c ep tio n  o f  85Kr th e se  rad ionuclides  a re  sh o rt-liv ed , and  th e  co n ta in m en t 
and ho ld -u p  a rrangem en ts  in  d iffe ren t reac to r  system s in flu en ce  th e  com position  o f  th e  in e rt gas m ixtures 
d ischarged  to  th e  en v iro n m en t. C oo ling  o f  ir ra d ia te d  fuel befo re c h e m ic a l reprocessing  reduces very  sub 
s tan tia lly  th e  am ounts o f th e  sh o rt-liv ed  krypton  and xenon isotopes a v a ila b le  for d ischarge  a t reprocessing  
p la n ts , but a lm ost a l l th e  85Kr form ed in  th e  fuel is cu rren tly  d ischarged  to  a tm osphere  from  these  p lan ts .

E stim ates a re  m ad e  o f th e  ra d ia tio n  exposure o f  th e  p u b lic  associa ted  w ith  these  d ischarges to  atm osphere 
ta k in g  in to  acco u n t th e  type  o f  rad ia tio n  e m itte d , rad io a c tiv e  h a l f - l i f e  and th e  lo c a l,  reg io n a l and w orld 
w ide  popu la tions co n c ern ed . Such e s tim ates  a re  o fte n  based on s im p le  m odels in  w hich  a c tiv i ty  is assum ed 
to  be  d istribu ted  in  a s e m i- in f in i te  c lo u d . T he m o d e l used in  this assessm ent takes in to  ac co u n t th e  fin ite  
c loud nea r th e  p o in t o f  its  d ischa rge  and its b ehav iou r w hen dispersion  in  th e  a tm osphere  is a ffec ted  by th e  
p re sen ce  o f  bu ild ings. This is p a r tic u la r ly  im p o rtan t in  th e  case  o f  discharges from  those reac to rs  w hich  do 
n o t h av e  h igh  s tacks. T he m o d e l also provides in  d e ta il  for th e  con tinued  w orld -w ide  c irc u la tio n  o f  th e  
lo n g e r- liv e d  85Kr.

1 .  IN TRO D U CTIO N

During ir r a d ia t io n  o f  fu e l  a t  n u c le a r  power s t a t io n s ,  s e v e r a l f i s s io n  
product is o to p e s  o f  th e  in e r t  ga ses  krypton  ancj xenon a re  formed in  th e  
f u e l .  A la r g e  p ro p o rtio n  o f  each o f  th e se  r a d io n u c lid e s  i s  re ta in e d  
in  th e  fu e l  m a trix ; th e  sm all p ro p o rtio n  which escap es through d e fe c ts  
in  th e  fu e l  c la d d in g  in to  the c o o la n t co n ta in s  r e l a t i v e l y  sm all amounts 
o f  th e  lo n g - l iv e d  ®%r and much la r g e r  amounts o f  s h o r t - l iv e d  krypton  
and xenon is o to p e s . The com p osition  and amount o f  f is s io n - p r o d u c t  in e r t  
gas a c t i v i t y  d isch a rg ed  to  atm osphere from r e a c to r  c o o la n ts  can be 
c o n tr o lle d  by means o f  d e la y  system s. S to ra g e  o f  ir r a d ia t e d  fu e l  fo r  
s e v e r a l months b e fo r e  re p ro c e ss in g  g r e a t ly  red u ces th e  amounts o f  s h o rt
l iv e d  krypton  and xenon is o to p e s  a v a i la b le  fo r  d is c h a rg e  a t  re p ro c e ss in g  
p la n ts ;  amounts o f  ®%r in  fu e l  a re  n o t m a te r ia l ly  a f f e c t e d  by t h i s  
s to ra g e  p erio d  and a t  p re se n t v i r t u a l l y  a l l  th e  ^^Kr formed in  fu e l  i s  
d isch a rg ed  to atm osphere from re p ro c e ss in g  p la n ts . O ther s h o r t - l iv e d  
r a d io a c t iv e  in e r t  g a s e s , p r in c ip a l ly  and ^ A r ,  a re  produced
by neutron a c t iv a t io n  o f  s t a b le  is o to p e s  p resen t in  r e a c to r  co o la n t  gases 
and a i r  sp aces w ith in  th e  r e a c to r  s h ie ld in g . The com p osition  and amount 
o f  a c tiv a tio n -p r o d u c t  in e r t - g a s  a c t i v i t y  d isch a rg ed  depends upon r e a c to r  
ty p e  and d e sig n .
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To estimate radiation exposure of the public resulting from 
discharges of radioactive inert gases, it is necessary to consider three 
groups of people. These are local and regional groups, defined for 
present purposes as being, within 6 km and 1000 km respectively of the 
discharge site, and the world-wide population. In a previous paper r a  
the authors used this approach to estimate exposure of the public 
resulting from 85кг discharges from reprocessing plants. The model used 
to estimate exposure of the world-wide population is considered in 
greater detail in the present paper. Dose rates calculated using the 
revised model correspond, as before, to present United Kingdom and world
wide power programmes, and those predicted up to the end of the century. 
The model used previously to estimate exposure of local and regional 
groups is now applied to the other radioactive inert-gas nuclides 
discussed above. In view of the diversity in composition of discharges 
from reactors, emphasis is placed on the variation of dose rate with 
distance corresponding to unit discharge rate of individual nuclides. 
Examples are given of results for unit discharge rate of mixtures of 
krypton and xenon isotopes from water-cooled reactors and of 4^Ar from 
gas-cooled reactors.

Examination of decay schemes of the various nuclides concerned 
suggests that, in the majority of cases, irradiation of gonads by gamma 
rays is of greater importance from the public health point of view than 
irradiation of skin and surface tissues by beta rays. Beta exposure 
is important for local groups in the case of ®^Kr; the variation of 
skin dose rate with distance corresponding to unit discharge rate of 
85кг is given in reference r a -  All the dose rates calculated by means 
of the models described in this paper refer to irradiation of gonads by 
gamma rays.

2. MODEL TO CALCULATE GONAD DOSE RATES FROM A FINITE CLOUD OF RADIO
ACTIVE INERT GASES
The simplest model for calculating the external gamma dose rate from 

a cloud of radioactive material assumes that the cloud is semi-infinite 
and of uniform concentration. This model overestimates dose rates when 
cloud dimensions are small compared with the mean free path of the gamma 
rays. In this case,a more accurate method is to integrate the flux 
density from a finite cloud with a defined concentration distribution 
and then convert the flux density to dose rate.

2.1. The concentration distribution within 1000 km of the discharge point

In order to define the concentration distribution within the finite 
cloud of radioactive gases, use is made of the model proposed by 
Pasquill r a  for the cloud resulting from a discharge of short duration. 
In this model, radioactive gas concentration distribution is assumed to 
be Gaussian both vertically and in the cross-wind direction; cloud 
dimensions are given for distances up to 100 km downwind in different 
conditions of atmospheric stability. This model has been extended 
to a uniform wind-direction distribution and a continuous discharge rate 
by replacing the Gaussian cross-wind distribution by a uniform distribu
tion in a horizontal plane at a given distance. The concentration X. 
at the point of interest resulting from a continuous discharge rate in 
any given weather category is given by equation (1).

( 1 )



IAEA -S M -1 7 2 /5 93

where Q = discharge rate
s = distance from the point of discharge to the point of 

interest in the cloud
u = mean wind speed for a given weather category
h = vertical spread from the cloud axis to the height at which 

the concentration is 1/10 of that on the axis
O' = standard deviation of the vertical Gaussian distribution
Z (= h/2.15)
z = height above ground of the point for which the calculation 

is being made
H = effective height of the discharge point above ground.

The concentration at any point of interest in the cloud can be 
calculated from equation (1) for distances up to 100 km from the point of 
discharge. The model is extended to a distance of 1000 km by assuming 
that the upper edge of the cloud, defined by h, remains at a constant 
height above ground between 100 km and 1000 km, and that there is a steady 
transition from a Gaussian distribution to uniform distribution in the 
vertical plane over the same distance и .

Modifying factors must be applied to the discharge rate, Q, to take 
account of radioactive decay of parent nuclides and the growth of 
daughters. Radioactive decay is accounted for by replacing Q by 
Q exp £ - A  sAf], where Л is the decay constant of the nuclide concerned. 
Growth of any daughter product is accounted for by replacing Q by

QP
X D - * P

j  exp 0  Ap s/u - exp XD s/u j

where = discharge rate of parent nuclide

Ap and Ap = decay constants for daughter and parent nuclides.

The daughter nuclide will only give a dose comparable to that of the 
parent if the half-life of the daughter is similar to or less than that 
of the parent. The decay schemes Kr — ^ ®®Rb, ® Kr — > Rb,
133mxe — 133xe ancj 138^e — ^ 138cs are of this type.

The concentration distribution defined by equation (1) applies 
essentially to discharges made into an undisturbed air flow in open 
country. In practice discharges are made in complex circumstances.
One circumstance which deserves special consideration concerns stacks 
associated with reactor buildings; these stacks are rarely of sufficient 
height to prevent discharged radioactive gases from becoming entrained in 
the building wake and an estimate of the effect of this on subsequent 
dispersion is required. Examination of possible methods of accomplishing 
this suggests that a useful empirical method is that of defining a 
"virtual source" some distance upwind of the building. The distance 
from the building to the virtual source may be chosen such that the 
cross-sectional area of the virtual cloud at the building is equal to 
that of the building. The effective height of this virtual source is 
equal to half the building height r a .  Trial calculations show, however, 
that use of the virtual source method has little effect on results at 
distances greater than 1 km from the reactor. It is considered that 
entrainment in the building wake is adequately accounted for by assuming
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discharge from an effective height equal to half the actual height of 
the stack above ground. In contrast, reprocessing plants often have 
stacks which are sufficiently tall for discharges to be made into an 
undisturbed air flow; in this case the effective height is equal to the 
actual height.

2.2. Calculation of flux density and dose rate within 1000 km of the 
discharge point

Having defined the concentration at any point within the finite 
cloud, the gamma flux density at ground level resulting from this can now 
be calculated. The gamma flux density, F, at a distance r from a point 
source of q curies is given by equation (2).

F = 3.7 x lO^fq B Ê>/ur^exP 1 photons/second.unit area
4TTr2 oee. (2)

where A  = linear attenuation coefficient of the medium
B(E,ur) = multiple scattering build-up factor (Berger's formula; data

from Chilton D 0 >

f = branching ratio for the gamma decay

The flux density from a small volume ¿V of cloud having a concentration 
of radioactive material $  curies/unit volume is obtained by replacing 
q by XÍV in equation (2). The flux density, F , frcm the complete 
cloud is obtained by computer integration of equation (3) over all space.

3.7 x 1010f fß(E,>ir)exp C-V“r Л Х  „„ , ,F^ = -------------  j----c---jr*— -------  dV photons/second, unit area
J r .... (3)

The gamma flux density at ground level at distances up to 1000 km from
the point of discharge is calculated for each atmospheric stability
category defined by Pasquill г а *  These values are weighted by the 
average frequency of occurrence in the United Kingdom of each stability 
category, as given by Bryant D Ü  „to give annual average values for the 
gamma flux 'density.

The final step is to calculate the gonad dose rate corresponding to
the gamma flux density. For this purpose it is assumed that dose rate
to the body surface applies to the gonads, although it is strictly rele
vant only to male gonads r a .  The dose rate to the surface of the body 
may be calculated from the gamma flux density from the whole cloud if 
this is represented by four equal, horizontal, collimated beams incident 
on the front, back and both sides of the body r a  . This calculation 
has been carried out using Monte Carlo techniques for only a small number 
of gamma energies DO. Interpolation between these energies is made by 
comparison with detailed calculations of dose rate per unit flux density 
to a small element of tissue-like material (water), which are available 
for a large number of gamma energies r a .  This comparison is justified 
because the ratio between the dose rates to a small tissue element and 
the body surface is almost constant over the total energy range considered.
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”162 .3 . C a lc u la tio n  of dose r a te s  from a d ischarge  of N
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Since the half-life of N is only 7.2 s this nuclide is treated as 
a special case. The gas travels only 35 m during one half-life in the 
highest wind speed considered. For distances from the discharge point 
corresponding to several half-lives, the local concentration is very 
small, with most of the gamma flux density at these distances originating 
near the point of discharge. Thus, for distances greater than a few 
hundred metres from the discharge point, a cloud of can be treated 
as a point source and the dose rate calculated using equation (2).. A 
steady discharge rate of R curies/second produces an inventory R/X curies 
around the discharge point after a time long compared with the half-life. 
Thus, for a steady discharge rate of 1 Ci/s of ^ N, an inventory of
10.2 Ci would be maintained.

3. MODEL TO CALCULATE GONAD DOSE RATES RESULTING FROM CONTINUING
DISPERSION OF RADIOACTIVE INERT GASES IN THE TROPOSPHERE

The concentration distribution in the finite cloud described in 
section 2.1 is applicable for the first few days after discharge while 
the radioactive gases travel over the first 1000 km. Constituent 
nuclides with half-lives longer than a few days continue to disperse more 
generally throughout the troposphere.

3.1. Dispersion in the northern hemisphere

Since most industrial regions are in the northern temperate zone, 
it is assumed that all radioactive gas discharges from sites of the 
nuclear power industry are made within this zone. The subsequent 
dispersion pattern of these gases in the northern hemisphere is based on 
the simple model proposed by Lai and Rama from data on global dispersion 
of man-made tritium, ^ С and 9®Sr Qq], This nuclear weapons test 
activity was initially introduced into the stratosphere at 50-75°N during 
late 1962 and appeared in the northern high latitude troposphere during 
mid-1963. The model incorporates two cells in the northern hemispheric 
troposphere because the evidence shows that the region around 30°N 
provides resistance to meridional exchange for the greater part of the 
year. Taking into account the seasonal variation in the exchange 
constant between the 30-90°N and 0-30°N cells, Lai and Rama estimated 
a mean residence time (reciprocal of the exchange constant) in each 
cell of about 3 months. Although there is some evidence that air in 
the 30-90°N cell is internally well-mixed [loj, the model used in the 
present assessment assumes conservatively that the mean residence time 
of about 3 months applies to the latitude band where discharges are 
assumed to be made (35-60°N).

Measurements of the vertical distribution of radon in the atmosphere 
suggest that there is thorough and rapid mixing in the troposphere up to 
a height of about 10 km; there is very little radon at higher altitudes- 
0 0 -  The model, therefore, incorporates uniform distribution of radio
active gas from the nuclear power industry per unit mass of air up to a 
height of 10 km in the latitude band and subsequently in the northern 
hemisphere as a whole. The assumption of uniform concentration is not 
applicable to nuclides such as ^Imxe, mXe and ^^Xe which have short 
half-lives compared with the mean residence time in the latitude band.
The contribution to dose from these nuclides in this region has not been 
estimated.
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3.2. T ransfer to  the sou thern  hem isphere

Transfer of tropospheric air between the two hemispheres is inhibited 
by wind patterns in equatorial regions. Exchange constants based on 
measured concentrations of man-made 14c, ^®Sr, CO2 and tritiated methane 
in the two hemispheres are low compared with exchange constants within 
individual hemispheres (section 3.1). Values for the mean residence 
time vary from 0.9 to 4 years with a value of about 2 years for average 
conditions m  a shorter mean residence time of about 7 months applies 
to the mixing of air between the tropics of the two hanispheres [lQ]*

An exchange constant of 0.5 per year is used in the present model 
as a representative value. This behaviour is described mathematically 
in equations (4) and (5) for the case of transfer of radioactive inert 
gas from the northern hemisphere, where it is assumed to originate, to 
the southern.

d % ( t )  

d t

d IS(t) 
d t

= p ( t )  -  * ( . i N( t )  -  xs ( t ) )  -  A l N( t )  

= < * ( i N( t )  -  I s ( t ) )  -  X i s ( t )

(4)

(5)

where Ijj. Is = inventories in the northern and southern hemisphere 
P = discharge rate of a radionuclide 

o< = exchange constant across the equator 
X  = radioactive decay constant

These equations make allowance only for radioactive decay as a means 
of reduction of the total airborne activity; it is known that in the 
particular case of ®^Kr deposition on land_surfaces is negligible and

Equations (4) and (5)solubility in the oceans is extremely low [13,14].
are used to calculate ®^Kr inventories in the two hemispheres corres- 

Uprec
[_1_]. Dose rates from the corresponding uniform 
:e ca]

S^Kr/g air gives 2.1 x 10“ ̂ rad/yr to gonads D U -

ponding to present and predicted discharge rates associated with the 
world power programme J3U* Dose rates from the corresponding unifo. 

Kr concentrations are calculated from the relationship that 1 pCi

4. ESTIMATED GONAD DOSE RATES FOR INDIVIDUAL NUCLIDES

Gonad dose rates are calculated as a function of distance for unit 
activity discharge rate of the inert gases produced either as fission or 
activation products in the nuclear power industry. Dose rates for the
short-lived activation products and ^ A r  to a distance of
100 km are shown in figure 1. Dose rates for krypton isotopes and 
daughters, excluding the long-lived ®^Kr, to the same distance are given 
in figures 2a and 2b. Dose rates for xenon isotopes and daughters to 
a distance of 1000 km are shown in figures 3a and 3b. All relate to a 
30 m effective stack height which is taken as representative of typical 
reactor buildings. The finite cloud model described in sections 2.1 
and 2.2 is used for all nuclides except ^ N  and ®^mKr. The model for 
16n  is described in section 2.3. A semi-infinite cloud model is used
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D i s t a n c e  km

FIG. 1. G onad dose ra tes  for u n it d ischarge ra te  from  a 3 0 -m  e ffe c tiv e  stack  h e ig h t, 13N, 16N, 41Ar.

F IG. 2 a . Gonad dose rates for u n it d isch a rg e  ra te  
from  a 3 0 -m  e ffe c tiv e  s tack  h e ig h t, krypton iso topes.

FIG. 2 b . Gonad dose rates for un it d isch a rg e  ra te  
from  a 3 0 -m  e f fe c tiv e  stack  h e ig h t, 
krypton isotopes and d augh ters .
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D i s t a n c e  km

F IG .З а . G onad dose rates for u n it d ischarge  ra te  from a 3 0 -m  e f fe c tiv e  stack  h e ig h t, xenon isotopes 
and  daugh ters.

F IG .3 b . G onad dose ra tes for un it d ischarge  ra te  from  a 3 0 -m  e f fe c tiv e  s tack  h e ig h t, xenon iso topes.
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for V  because the mean free path of its low energy gamma ray is only 
about 2 m. Decay schemes for the nuclides considered are given in 
table I Q.5,1б]. Some of the decay schemes are very complex and gamma 
energies are grouped where appropriate. It is valid to use attenuation 
coefficients and relationships between photon flux density and dose rate 
for the average energy of each group because these parameters vary only 
slowly with photon energy.

The effect of varying stack height from 0-150 m is illustrated in 
figure 4 where gonad dose rates for unit discharge rate of ®^Kr are shown 
for distances up to 100 km. These values are calculated using the 
finite cloud model described in sections 2.1 and 2.2; this model is 
identical with that used previously И -

Average gonad dose rates to the UK population arising from discharges 
of ®^Kr produced in present and predicted UK and world-wide power 
programmes 0 0  are shown in figure 5. This figure is a revised version 
of figure 3 in reference Ы -  There is no change in the curve showing 
dose rates from the finite cloud ("first pass") arising from discharges 
•at an effective height of 100 m; changes in the other curves result 
from the revised world-wide dispersion model described in section 3.
Dose rates arising from circulation of ®^Kr in the latitude band are 
lower because the model now assumes uniform mixing to a height of 10 km 
instead of 3 k'm; dose rates arising from circulation of ®^Kr in the 
northern hemisphere are lower because the model now assumes slow transfer 
of ®^Kr to the southern hemisphere.

5. ESTIMATED GONAD DOSE RATES FROM MIXTURES OF RADIOACTIVE INERT GASES

Gonad dose rates as a function of distance for unit discharge rate 
of mixtures [jL7] of radioactive inert gases from three types of reactor 
are given in figure 6. Gas-cooled reactors (GCR), particularly those 
with steel pressure vessels, discharge mainly the activation product 4^Ar. 
The design of some boiling water reactors (BWR) includes a delay system 
whereby radioactive inert gases are held for a few tens of minutes before 
discharge to atmosphere; the discharges consist predominantly of very 
short-lived krypton and xenon isotopes. The design of pressurised water 
reactors (PWR) includes a delay system in which the gases are held for 
up to 120 days before discharge to atmosphere; m e a s u r e d  discharges
consist mainly of the longer-lived xenon isotopes, particularly ^^Xe.

6., DISCUSSION

The models used to calculate gonad dose rates arising from unit . 
discharge rate to atmosphere of a wide range of radioactive inert gases 
provide more accurate results than earlier and more simple models.
Present models take into account, inter alia, radioactive décay, the 
finite size of the cloud during the first stage of dispersion in the 
atmosphere, and subsequent circulation in a latitude band prior to more 
general circulation in the northern and southern hemispheres.

The results, displayed graphically, show that gonad dose rates for 
a large number of short-lived radionuclides considered decrease by at 
least four orders of magnitude between 1 km and 100 km from the discharge 
point. Unless amounts discharged were to be very large, only the longer-
lived xenons <1 M m Xe, 133mXe and ^^Xe) are likely to be of significance 
at distances greater than this. Gonad dose rates for these xenon 
isotopes are given to a distance of 1000 km.
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Nuclide Half life Mean beta energy 
MeV/disintegration

Representative 
gamma energy 

MeV
Representative 

branching ratio 
for gamma decay

13N 10«0 min 0.40 0.511 2.00

16N 7.2 s 1.87 6.18 0.73
41Ar 1.83 h 0.40 1.29 0.992
83*Kr 1.86 h 0.028 0.009 0.09

85mKr 4.4 h 0.28 0.238 0.77
85Kr 10.76 yr 0.234 0,514 0.0043

00 -o 76 min 1.05 0.405 0.92
0.85 0.08
2.26 0.22

88кг 2.8 h 0.34 0.19 0.38
0.85 0.15
2.16 0.68

88Rb 17.8 min 1.53 1.00 0.21
2.00 0.20

89Kr 3.2 min 1.33 0.215 0.31
0.50 0.99
1.00 0.55
2.00 0.70
3.00 0.26
4.00 0.16

89Rb 15.4 min 0.51 1.00 0.68
2.00 0.87
3.00 0.29

131»^ 11.8 d no beta 0.16 1.00
133mXe 2.26 d no beta 0.23 1.00
133Xe 5.27 d 0.115 0.081 1.00
135mXe 15.6 min no beta 0.53 1.00

135Xe 9.2 h 0.3 0.255 1.00
137Xe 3.9 min 1.31 0.45 0.33
138Xe 17 min 1.33 0.255 0.84

0.405 0.48
2.00 0.65

138Cs 32.2 min 2.7 0.255 0.045
0.50 0.34
1.00 1.02
2.20 0.18
3.00 0.005
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D i s t a n c e  km

F IG .4 . G onad dose ra tes  for u n it d ischarge  ra te  from  stacks o f  d iffe ren t h e ig h t, 85Kr.

Yea r

F IG .5. UK gonad dose ra te  due t o 85Kr from  th e  UK and w orld pow er program s (rev ised  version  o f  F ig .3

o f  Ref. [ 1 ] ) .
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FIG. 6. G onad dose ra tes for a u n it d ischarge ra te  o f  a ty p ic a l m ix tu re  from a BWR and a PWR and of 
41Ar from  a GCR.

Operational procedures, particularly the duration of delay before 
discharge, radically affect the composition of xenon and krypton isotope 
mixtures discharged from reactors. ' It is clear from examples of gonad 
dose rates for unit-discharge rate of mixtures from two water-cooled 
reactors that dose rates fall off very much more slowly with distance 
when the delay is up to 120 days (PWR) than when it is only a few tens 
of minutes (BWR). The implication is that, for a given dose rate at 
the boundary of a reactor site, population radiation exposure, expressed 
as man-rads, is greater when radioactive gases are held for longer 
periods before discharge.

The estimation of total gonad dose rates for the long-lived ®^Kr 
includes contributions from each stage of the dispersion process. Dose 
rates for Kr are expressed in terms of present and predicted UK and 
world-wide power programmes, on the assumption that all Kr produced is 
discharged. At.present most of the dosg^to the UK'population from 
discharges results from "first pass" UK Kr; the total dose rate 
arising from this source and from ®^Kr produced in the world-wide power 
programme is not affected by the model used for world-wide dispersion.
By the year 2000, the contribution to dose to the UK population from Kr 
produced world-wide is predicted to be much larger than that from "first 
pass" UK ?^Kr; the revised model predicts total dose-rates at the end 
of the century which are 50% of those calculated previously by the 
authors.
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The effect of varying effective stack height on dose rates from 
the finite cloud is demonstrated by considering unit discharge rate of 
®5кг. Over the range of height 0-150 m dose rates differ by an order 
of magnitude at 0.1 km, falling to a factor of two at 10 km from the 
discharge point. The similarity in the dose rate curves for ground 
level discharge and a 50 m stack suggests that the choice of an effective 
height of 30 m as representative of typical reactor buildings is not 
critical.
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D I S C U S S I O N

TO PA P E R S  IA EA -SM -1 72/76  AND IA EA -SM -1 72/5

A . B A Y E R :  M is s  B r y a n t ,  d o e s  F i g .  5 o f y o u r  p a p e r  in c lu d e  the gonad 
d o s e  due to 85K r  fr o m  w e a p o n s  t e s t s ?  I f  n o t, w h at in  y o u r  o p in io n  is  the 
s iz e  o f th is  d o s e ?

P a m e la  M . B R Y A N T : T h e  f ig u r e  d o e s  not in c lu d e  the gon ad  d o se  r a te  
due to  85K r  r e le a s e d  in  w ea p o n s t e s t s ,  but th is  co m p o n en t at p r e s e n t  c o n s t i
tu te s  o n ly  a s m a ll  f r a c t io n  o f  the gonad d o s e  r a te  due to  85K r  d is c h a r g e d  by 
th e  n u c le a r  p o w e r  in d u s tr y .

W .O . S C H IK A R S K I: T h e  v a lu e s  a s s u m e d  fo r  h o ld -u p  t im e s  f o r  r a r e  
g a s e s  in  L W R  p o w e r  p la n ts  a r e  o b v io u s ly  im p o rta n t, f o r  y o u r  m o d e l. Y o u  
m e n tio n e d  2 0 m in u te s ' h o ld -u p  t im e  fo r  B W R s. In G e r m a n y , h o w e v e r , 
h o ld -u p  t im e s  f o r  B W R s a r e  o f  th e  o r d e r  o f 40 to 60 d a y s . I ta k e  it  th at 
th is  w ou ld  h a v e  s o m e  e f f e c t  on y o u r  f i g u r e s .

H o ld -u p  t im e s ,  in c id e n t a l ly ,  v a r y  fr o m  one p o w e r  p la n t to  a n o th e r 
and fr o m  o n e c o u n try  to a n o th e r , and depen d  on s u c h  f a c t o r s  a s  th e  d ate  
o f  p la n t c o n s tr u c t io n , the ty p e  o f  o f f - g a s  s y s t e m  in s t a l le d ,  and so  on.

P a m e la  M . B R Y A N T : I a g r e e  th a t.th e  r e s u l t s  fo r  m ix t u r e s  o f  in e r t  
g a s e s  fr o m  p o w e r  p la n ts  d ep en d  upon a n u m b e r  o f f a c t o r s ,  in c lu d in g  h o ld -u p  
t im e . W e u s e d  p u b lis h e d  d a ta  w h ich  r e la t e d  to p la n ts  o f  e a r ly  d e s ig n . H ow 
e v e r ,  o u r  v a lu e s  fo r  the u n it d is c h a r g e  r a t e  o f in d iv id u a l n u c lid e s  can  be 
a p p lie d  to  any s p e c i f ie d  m ix tu r e  o f g a s e s .

H. W IJ K E R : I h a v e  tw o q u e s tio n s  and a c o m m e n t fo r  M is s  B r y a n t.
(1) D o e s  sh e  b e lie v e  th a t i t  w ou ld  be a d v is a b le  to in c r e a s e  h o ld -u p  t im e s  
o f  85K r  and o th e r  g a s e s ,  e s p e c ia l ly  w ith  a v ie w  to d e c r e a s in g  th e  d o s e  to 
the g e n e r a l  p u b lic ?  (2) W hat a s s u m p tio n s  w e r e  m a d e  in  th e  c a lc u la t io n a l  
m o d e l c o n c e r n in g : (a) h e ig h t  d is tr ib u t io n ;  (b) m e te o r o lo g ic a l  c o n d itio n s ; 
and (c) the t im e  d u r in g  w h ich  p e r s o n s  a r e  s h ie ld e d  in s id e  b u ild in g s ?

P a m e la  M . B R Y A N T : In r e p ly  to y o u r  f i r s t  q u e s tio n , i t  m u s t  be 
r e m e m b e r e d  th a t any b e n e fit  to  th e  p u b lic  fr o m  in c r e a s e d  h o ld -u p  t im e s  
o f  r a d io a c t iv e  g a s e s  m u s t  be w e ig h e d  a g a in s t  th e  p o s s ib i l i t y  o f  in c r e a s e d  
d o s e s  to p e r s o n s  o c c u p a tio n a lly  e x p o s e d .

T h e  a n s w e r s  to y o u r  s e c o n d  gro u p  o f  q u e s tio n s  a r e :
(a) W e u s e d  a G a u s s ia n  d is tr ib u t io n  w ith  h e ig h t fo r  the f in ite  c lo u d  

m o d e l;
(b) W e u s e d  w e ig h te d  m e a n  m e t e o r o lo g ic a l  c o n d itio n s  by m e a n s  of 

v a lu e s  f o r  the a n n u a l a v e r a g e  fr e q u e n c y  o f  o c c u r r e n c e  of P a s q u i l l 's 
s t a b i l i t y  c a t e g o r ie s  in  th e  U n ited  K in g d o m ;

(c) W e m a d e  no a llo w a n c e  f o r  s h ie ld in g  by b u ild in g s .
H. W IJ K E R : S ta r t in g  fr o m  a d ia b a t ic  c h a n g e s  w ith  h e ig h t ch a n g e s  

( i . e .  e q u ilib r iu m ) and u s in g , in s te a d  o f the a d ia b a t ic  e q u a tio n , th e  id e a l  
g a s  e q u a tio n  and th e  e q u atio n  th at th e  p r e s s u r e  g r a d ie n t  b a la n c e s  th e  w e ig h t 
o f  e a c h  v o lu m e  e le m e n t , one can  c a lc u la te  t e m p e r a tu r e  T ( z ) ,  p r e s s u r e  p(z) 
and d e n s ity  p (Z ) v e r s u s  h e ig h t  Z . C a r r y in g  out the c a lc u la t io n  fo r  a ir  one 
fin d s  a l in e a r  r e la t io n  o f  te m p e r a tu r e  w ith  h e ig h t , v i z .  d T / d z  = l/ 3 0 ° C / m . 
T h is  g iv e s  an a tm o s p h e r ic  h e ig h t o f  abou t 8 k m , w h e r e  T  b e c o m e s  0°K. 
I n v e r s io n s  and m ix in g  n e a r  the e a r t h 's  s u r f a c e ,  d is tu r b in g  th is  o v e r a l l  
t e m p e r a tu r e  d is tr ib u t io n  to  s o m e  e x te n t , h a v e  h e r e  b e e n  ig n o r e d .
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F o r  the c a lc u la t io n  o f  th e  85K r  d is tr ib u t io n  w ith  h e ig h t the a b o v e -  
m e n tio n e d  t e m p e r a tu r e  p r o f i le  w a s  u s e d  by u s  to  r e p la c e  th e  a d ia b a t ic  
e q u a tio n . F r o m  th e s e  e q u a tio n s , v i z .  d T / d z  = - 1 /3 0 °C / m , p = p R T  and 
d p / d z = - g  p,  w ith  g = 9. 8 m / s 2 , one ca n  d e r iv e  fo r  S5Kr p(0) = abou t З'р 
r e la t e d  to an e q u iv a le n t  h e ig h t o f  abou t 3 k m  ( i . e .  the d e n s ity  at the e a r t h 's  
s u r fa c e  i s  abou t th r e e  t im e s  the a v e r a g e  o v e r  the co lu m n ). T h is  i s  o n ly  
one o f th e  m o d e ls  th at co u ld  be c h o s e n , o f  c o u r s e .

J . B O G E N : W hat i s  th e  r e a s o n  fo r  the d if fe r e n t  85K r  r e s id e n c e  t im e s  
yo u  sh o w ed  in  a s lid e  d u r in g  y o u r  o r a l  p r e s e n ta t io n  ( i. e . 3 m o n th s  in  the 
la t itu d e  band 3 5-60 °N  and 2 y e a r s  in  th e  " n o r th e r n  h e m is p h e r e " ) ?

P a m e la  M ; B R Y A N T : T h e  r e s id e n c e  t im e  o f  3 m o n th s r e p r e s e n t s  
th e  r e s is t a n c e  to e x c h a n g e  b e tw ee n  t r o p o s p h e r ic  a ir  in the la titu d e  band 
35-6 0 °N  and th a t in  the band 0 -3 5°N . In o th e r  w o r d s  th e  e x c h a n g e  co n sta n t 
g o v e r n in g  h o r iz o n ta l  t r a n s f e r  o f a i r  a c r o s s  the a p p a re n t b a r r ie r  at abou t 
30°N i s  0. 33 p e r  m o n th . T h e  r e s id e n c e  t im e  o f 2 y e a r s  in  the n o r th e rn  
h e m is p h e r e  r e p r e s e n t s  th e  r e s is t a n c e  to  e x c h a n g e  o f a ir  b e tw ee n  th e  n o r th e rn  
h e m is p h e r e  a s  a w h o le  and th e  s o u th e rn  h e m is p h e r e . T h e  e x c h a n g e  co n sta n t 
g o v e r n in g  t r a n s f e r  o f a ir  a c r o s s  th e  e q u a to r  i s  t h e r e fo r e  0. 5 p e r  y e a r .

J . B O G E N : Is  th is  h y p o th e s is  b a se d  on any m e a s u r e m e n ts  o f  y o u r  o w n ?
P a m e la  M. B R Y A N T : W e h a v e  not m a d e  m e a s u r e m e n ts  o u r s e l v e s ,  

but h a v e  u s e d  m o d e ls  p ro p o s e d  by o th e r  w o r k e r s  on the b a s is  o f  d a ta  on 
g lo b a l d is p e r s io n  o f  m a n -m a d e  r a d io n u c lid e s .

J . B O G E N : B ut w i l l  t h e r e  n ot be a d i f fe r e n c e  in  r e s id e n c e  t im e  a s  
b e tw e e n  r a d io a c t iv i t y  r e le a s e d  by w ea p o n s t e s t s  and by n u c le a r  r e a c t o r s ?

P a m e la  M. B R Y A N T : T h e  r a te  o f m o v e m e n t o f  w ea p o n s t e s t  a c t iv i t y  
b e tw ee n  r e g io n s  o f the t r o p o s p h e r e  w a s  u s e d  to  q u a n tify  the r a t e  of t r a n s f e r  
o f a i r  th a t w ou ld  c a r r y  a ir b o r n e  a c t iv i t y  w ith  i t ,  i r r e s p e c t iv e  o f  i t s  o r ig in .

K . - J . V O G T : I a ls o  h a v e  s o m e  q u e s tio n s  fo r  M is s  B r y a n t. R e g a r d in g  
the g lo b a l d is tr ib u tio n  o f  85K r ,  d o e s  sh e  ta k e  in to  a cco u n t any r e m o v a l  
p r o c e s s e s ,  i .  e . d e p o s it io n  onto the gro u n d  o r  in to  the o c e a n , in  e s t im a t in g  
the r e s id e n c e  t im e  in  the t r o p o s p h e r e ?  S e c o n d ly , on the s u b je c t  o f  e x te n s io n  
o f  th e  P a s q u i l l  m o d e l up to 1000 k m , how  did  sh e  e x tr a p o la te  th e  s ta n d a rd  
d e v ia tio n s  s p e c if ie d  by P a s q u i l l  fo r  d is t a n c e s  up to 100 k m ?

P a m e la  M . B R Y A N T : W e d id  not ta k e  r e m o v a l  p r o c e s s e s  in to  a c c o u n t 
in  e s t im a t in g  gonad d o se  r a t e s  fr o m  85K r  in the t r o p o s p h e r e  b e c a u s e  th e y  
h a v e  a m in im a l e f f e c t  — the d r y  d e p o s it io n  r a te  and th e  s o lu b ili ty  o f  K r  
b e in g  v e r y  lo w . T h e  m e a n  r e s id e n c e  t im e  c o n c e r n e d  is  th a t g o v e r n in g  
in te r c h a n g e  o f  a i r ,  and h e n c e  85K r ,  b e tw ee n  n e ig h b o u rin g  r e g io n s  in  the 
tr o p o s p h e r e .

W e u s e d  P a s q u i l l 's v a lu e s  fo r  s ta n d a rd  d e v ia tio n s  in  the v e r t i c a l  d ir e c t io n  
fo r  d is t a n c e s  up to 100 km ; w e then  a s s u m e d , a f t e r  d is c u s s io n  w ith  P a s q u i l l  
h im s e lf ,  th a t th e  G a u s s ia n  d is tr ib u t io n  g r a d u a lly  b r e a k s  dow n u n til  th e r e  i s  
u n ifo r m  c o n c e n tra tio n  w ith  h e ig h t  at 1000 k m .

R . F .  F O S T E R : O w in g to th e  lo w  s o lu b il i ty  o f  k r y p to n , the 85K r  co n te n t 
o f  th e  o c e a n  m u s t  in d ee d  be v e r y  lo w , but a l l  th e  s a m e  i t  w ou ld  be in te r e s t in g  
to h e a r  o f any c a lc u la t io n s  th a t h a v e  b e en  m a d e  o f  the fr a c t io n  o f  th e  w o r ld  
in v e n to r y  o f  85K r  th a t i s  in  fa c t  co n ta in e d  in  th e  o c e a n  o r  o f  th e  t u r n o v e r  t im e .

R . F U K A I: S e v e r a l  a tte m p ts  h a v e  b een  m a d e  to e s t im a te  t h is .  P r e s t o n  
at L o w e s to ft , U K , V o lc h u k  at H A S L , U S A , and m y s e l f  h a v e  a l l  m a d e  in 
d e p e n d en t e s t im a t e s  on th e  b a s is  o f  s l ig h t ly  d if fe r e n t  a s s u m p tio n s , but h a ve  
a l l  co m e  up w ith  s i m i l a r  r e s u l t s ,  i .  e . a f ig u r e  o f 0. 1 - 0. 2% fo r  the f r a c t io n  
o f  th e  to ta l  in v e n to r y  o f  k r y p t o n - 85 p r e s e n t  in  the o c e a n s . In c id e n ta lly ,
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th e s e  r e s u l t s  a p p e a r  in  the p r o c e e d in g s  o f  a s e m in a r  on the p o llu tio n  o f  
the m a r in e  e n v iro n m e n t p u b lis h e d  by F A O  in  1 9 7 1 .

H ..F . M a cD O N A L D : A t th e  U K  C e n t r a l  E l e c t r ic i t y  G e n e r a t in g  B o a rd  
w e h a v e  u s e d  m o d e ls  s im i la r  to th a t d e s c r ib e d  by M is s  B r y a n t  to e v a lu a te  
d o s e s  due to a ir b o r n e  d is c h a r g e s  fr o m  n u c le a r  p o w e r  r e a c t o r s .  A t  p r e s e n t  
w e a r e  e n g a g e d  in  fo ld in g  in  d o s e  d is tr ib u t io n s  o b ta in ed  in  t h e s e  s tu d ie s  w ith  
p o p u la tio n  d is tr ib u t io n s  in  o r d e r  to c a lc u la te  th e  in te g r a te d  p o p u la tio n  d o s e s  
o f  th e  ty p e  d is c u s s e d  by M r. L in d e ll  th is  m o rn in g  in  h is  p a p e r  1 A E A - S M - 1 7 2 /В .
I w ou ld  l ik e  to kn ow  i f  M is s  B r y a n t 's  r e s u l t s  e n a b le  h e r  to s a y  w h e th e r , on 
th is  b a s is ,  n o b le  g a s  r e l e a s e s  a r e  l ik e ly  to  be l im it e d  by d o s e s  to in d iv id u a ls  
e x p o s e d  c lo s e  to th e  s o u r c e ,  o r  by th e  in te g r a te d  d o s e  to  th e  p o p u la tio n  o f  a 
r e g io n  up to 100 k m  fr o m  th e  s o u r c e .

P a m e la  M. B R Y A N T : O u r w o r k  on the c a lc u la t io n  o f  p o p u la tio n  d o s e s , 
e x p r e s s e d  in  m a n - r a d s ,  h a s  r e a l ly  o n ly  ju s t  s t a r t e d ,  but in  the c a s e  o f 85K r  
d is c h a r g e s  sk in  d o s e  to lo c a l  p o p u la tio n  g ro u p s  i s  the l im it in g  c r i t e r io n .

R . M . B A R K H U D A R O V : T h e  fo llo w in g  q u e s tio n s  r e la t e  to the p a p e r 
p r e s e n te d  by M r. K a y e . F i r s t ,  how  is  the t r it iu m  in ta k e  c a lc u la te d  — fr o m  
d r in k in g  w a te r  o n ly  o r  fr o m  fo od  a ls o ?  S e c o n d ly , w h at e x a c t ly  i s  show n 
in  F ig .  2 — the d e p e n d e n ce  of d r in k in g  w a te r  c o n su m p tio n  on a g e  o r  the 
d e p e n d en ce  o f  to ta l  w a t e r  co n su m p tio n  on a g e ?

S. V . K A Y E :  T h e p ath w a y  c o n s id e r e d  i s  in ta k e  o f t r i t ia t e d  w a t e r  (Н Т О ) 
f r o m  a l l  s o u r c e s ;  in ta k e  o f  t r i t ia t e d  o r g a n ic  m o le c u le s  in  fo od  w a s  not ta k en  
in to  a c c o u n t.

F ig u r e  2 sh o w s th e  a g e -d e p e n d e n t in ta k e  o f  to ta l  w a te r .
R . L E  QUINTO: R e g a r d in g  the b e h a v io u r  o f  k r y p to n , I th in k  th e r e  i s  

no doubt th a t th is  g a s  d if fu s e s  in  the s a m e  w ay  a s  th e  o th e r  co m p o n e n ts  
o f a ir ;  the r e la t iv e  h o m o g e n e ity  o f  the c o m p o s it io n  o f  a ir  up to an a ltitu d e  
o f 100 o r  e v e n  2 00 k m  i s  a p r o o f  o f  good m ix in g  o f  a l l  the c o m p o n e n ts .

On a n o th e r p o in t, it  sh o u ld  be r e m e m b e r e d  th at c a lc u la t io n  o f  m a n - r e m s , 
w ith o u t th e  c o n c e p t o f  a t h r e s h o ld , r e s u l t s  in  in fin ite  v a lu e s .  T h e  p o p u la tio n  
in c r e a s e s  a s  the s q u a r e  o f  x  (x  = d is ta n c e )  and the in d iv id u a l d o s e s  d e c r e a s e  
a s  x " a (a  b e in g  a lw a y s  l e s s  than  2), w h a te v e r  th e  a tm o s p h e r ic  d iffu s io n  
m o d e l ad o p ted .

R . F U K A I: M is s  B r y a n t , m a y  I r e v e r t  to  y o u r  s ta te m e n t  th a t the 
r e s id e n c e  t im e  o f  85K r  in  the t r o p o s p h e r e  i s  aro u n d  3 m o n th s  (b a se d  on 
th e  d a ta  fo r  14C  and 90 S r ) . N ow , a s  w e kn o w , 85K r  is  not e a s i ly  s o lu b le  
in  s e a w a t e r ,  w h ile  14С  and 90S r a r e  f a i r l y  s o lu b le  t h e r e in . U n d er th e s e  
c i r c u m s t a n c e s ,  do yo u  c o n s id e r  y o u r s e l f  ju s t i f ie d  in  u s in g  the r e s id e n c e  
t im e  fo r  14C  o r  90S r  in  e s t im a t in g  85K r  d is tr ib u t io n ?

P a m e la  M . B R Y A N T : T h e  m e a n  r e s id e n c e  t im e  c o n c e r n e d  r e f e r s  to 
e x c h a n g e  o f  a ir  in  a h o r iz o n ta l  d ir e c t io n  b e tw ee n  n e ig h b o u rin g  r e g io n s  o f 
th e  t r o p o s p h e r e , and n ot to t r a n s f e r  to  s e a w a t e r .  T h e  m o d e l i s  th e r e fo r e  
a p p r o p r ia te  to  t r a n s f e r  o f 85K r  b e tw ee n  n e ig h b o u rin g  r e g io n s .

J . B O G E N : M r . K a y e , in  th e  p a p e r  you  p r e s e n te d  the d o s e  r a t e  w a s  
d is c u s s e d  o n ly  on th e  b a s is  o f  Н Т О . H o w e v e r , in  the a tm o s p h e r e  t r it iu m  
a ls o  e x is t s  in  th e  fo r m  o f  H T . C a n  yo u  g iv e  any f ig u r e  fo r  th e  f r a c t io n s  o f  
t r i t iu m  in  Н Т О  and T  in  the fo r m  o f  H T , and th e ir  c o n tr ib u tio n  to th e  d o s e ?

S. V . K A Y E :  I do not r e c a l l  th e  e x a c t  f r a c t io n s  o f  e n v ir o n m e n ta l t r it iu m  
p r e s e n t  a s  T 2 o r  H T , but I b e lie v e  th a t th e y  a r e  s m a ll .  F o r m s  o f  t r it iu m  
s u c h  a s  T 2 and H T  a r e  q u ic k ly  o x id iz e d  to  t r i t ia t e d  w a t e r ,  Н Т О . S in ce  
Н Т О  is  the p r in c ip a l  fo r m  to  w h ich  m an  is  e x p o s e d , w e b a se d  a l l  o u r a s s e s s 
m e n ts  on t r i t ia t e d  w a t e r .
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Abstract-Résumé

PRINCIPLES OF ENVIRONMENTAL MONITORING A T  NUCLEAR POWER STA TIO NS.
T he authors review  the  d e v e lo p m en t o f rad ia tio n  p ro tec tio n  as an  ac c o m p a n im e n t to  th a t o f n u c lea r 

pow er g en e ra tio n , and co m p are  th e  efforts in  this f ie ld  w ith  those m ade  to c o m b a t co n v en tio n a l forms o f 
p o llu tio n . T he p rin c ip le s  o f en v iro n m en ta l m on ito rin g  a t  n u c le a r  pow er sta tions  th a t h av e  em erged  during 
th e  growth o f n u c le a r  pow er g en e ra tio n  a re  se t forth ; they  should serve as a m o d e l for th e  su rv e illan ce  of 
co n v en tio n a l form s o f p o llu tio n . T he results o f  cu rren t en v iro n m en ta l m on ito ring  a re  d iscussed, i t  being  
n o ted  th a t c o n tam in a tio n  o f th e  en v iro n m en t and o f m an  through th e  op era tio n  o f n u c le a r  pow er stations is 
a t  p resen t so s lig h t as to  be  v irtu a lly  u n d e te c ta b le . T he authors po in t to  th e  need  for a m ore  o b je c tiv e  
assessm ent o f th e  risks assoc ia ted  w ith  n u c le a r  pow er g en e ra tio n , w hich  h av e  been  reduced  to a m in im u m  
by — in p a r tic u la r  — the  con tro l and m o n ito ring  arrangem en ts  in s titu te d  by p u b lic  h e a lth  au th o ritie s .

PRINCIPES DE LA SURVEILLANCE DE L'ENVIRONNEMENT D ’UNE CENTRALE NUCLEAIRE.
Les auteurs en v isa g en t d 'un  p o in t de  vue h is to riq u e  le  d év e lo p p em e n t de la  rad io p ro tec tio n  p a ra l lè le m e n t 

à c e lu i de  l 'é n e rg ie  é le c tro -n u c lé a ire ,  en co m p aran t le s  efforts m is en  jeu  dans c e  do m a in e  à ceux qui on t 
é té  déve loppés dans la  lu t te  co n tre  les po llu tions co n v e n tio n n e lles . Les p rinc ipes  de  la  su rv e illan ce  des cen tres 
n u c lé a ire s , qu i se son t dégagés au cours de c e t te  év o lu tio n , sont exposés: ils d e v ra ien t serv ir de  m odè le  
dans le  d o m a in e  des po llu tio n s  co n v e n tio n n e lles . Les résu lta ts  ac tu e ls  de la  su rv e illan ce  de l'en v iro n n e m e n t 
sont passés en  revue: l 'in f lu e n c e  des cen tra le s  n u c léa ire s  sur la  c o n tam in a tio n  du m ilie u  e t  de l 'h o m m e  
dem eu re  a c tu e lle m e n t p ra tiq u e m e n t in d é c e la b le . En conc lu sion , i l  ap p a ra ft la  n éc ess ité  d 'u n e  ap p réc ia tio n  
désorm ais plus o b je c tiv e  d 'u n  risque rendu m in im e  g râ c e , en p a r t ic u l ie r , aux s tructu res de  co n trô le  e t  de 
su rv e illa n c e  m ises en p la c e  par les au to rité s  de  Santé p ub lique .

1. INTRODUCTION

Le comportement des radioéléments dans l'environnement et 
leur surveillance ont fait, depuis vingt ans, l'objet de publica
tions dont le moins qu'on puisse dire est qu'elles sont innombrables.
Il faut cependant bien reconnaître que beaucoup d'entre elles appor
tent peu d'éléments réellement nouveaux.

Ainsi, pour la seule année 1971, nous avons compté plus de 
cinquante congrès divers sur la radioprotection, ce qui correspond à 
plus de 2 500 communications. Vingt de ces réunions avaient pour thème 
spécifique la contamination radioactive de l'homme et de l'environnement.
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Parallèlement, les périodiques scientifiques publient en 
moyenne 5 000 articles par an sur la radioprotection. Pour la seule 
année 1970, on relève dans le Nuclear Science Abstracts plus de mille 
titres se rapportant spécifiquement à la contamination radioactive, 
dont 390 pour le seul Césium 137.

La bibliographie complète des travaux relatifs à la contamination 
radioactive nécessiterait à elle seule plusieurs volumes.

Le cheminement des radioéléments dans l'environnement n'est certes 
pas entièrement élucidé à l'heure actuelle. Mais on doit reconnaître qu'il 
a fait l'objet d'études, tant théoriques qu'expérimentales, dépassant large
ment en quantité comme en qualité tout ce qui a pu être fait au sujet des 
autres pollutions, dont plusieurs sont pourtant beaucoup plus graves.

Pendant ce temps-là, en effet, pour les nuisances traditionnelles, 
on ne note, par exemple pour le plomb, qu'un seul congrès à Amsterdam, en 1972 
avec quelques dizaines de communications....

Ce problème des pollutions graves est pourtant vieux comme l'huma
nité puisque, pour ne citer qu'un exemple, l'intoxication chronique par le 
plomb a pu être considérée par certains auteurs comme l'un des facteurs de 
la décadence de l'empire romain (31)! Or, de nos jours, la pollution par le 
plomb, à laquelle est venue s'ajouter la pollution par le mercure, reste tou
jours l'une des plus préoccupantes.

A notre époque, le taux de mortalité et de morbidité par cancer 
s'est accru dans des proportions alarmantes depuis le début du siècle (1)
(2). On commence seulement à dresser l'inventaire des causes probables, qui 
sont innombrables (3), parmi lesquelles se trouvent la consommation exces
sive du tabac, l'usage de plus en plus répandu du goudron, les additifs ali
mentaires, l'exposition inconsidérée au soleil, l'amiante, pour ne citer que 
les plus connues. Si l'on voulait consacrer ä ces nuisances indiscutables 
des efforts proportionnels à ceux qui ont été déployés pour les contamina
tions radioactives, on dépasserait certainement de très loin les possibili
tés technologiques et financières de la société dans laquelle nous vivons.

Il est donc grand temps de ramener l'activité dépensée dans les 
congrès et les publications sur la radioprotection à des proportions qui 
correspondent de façon plus objective à l'importance très relative du ris
que qu'elle a pour mission de contrôler.

Aussi, du point de vue de l'hygiène publique bien comprise, 
paraît-il plus utile de tirer les enseignements réalistes de l'expé
rience acquise dans ce domaine plutôt que de refaire, une fois de plus, 
1'énumération stérile d'éléments que tous les spécialistes n'ont déjà 
que trop entendue.

De toutes les sources de pollution, l'utilisation industrielle 
de l'énergie nucléaire est actuellement celle qui suscite les attaques
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les plus violentes, alors que les niveaux de pollution correspondants 
sont si bas qu'ils échappent dans de nombreux cas à la détection par les 
techniques les plus fines. Il est classique d'invoquer, comme causes de 
cette inquiétude du public, la confusion entre énergie nucléaire et 
explosifs nucléaires d'une part, et la crainte des effets génétiques 
d'autre part (pour lesquels il serait d'ailleurs erroné de prétendre 
qu'ils constituent une exclusivité de la pollution radioactive) .

Pour pouvoir mettre un terme à cette situation paradoxale, il 
faut d'abord en analyser les causes de manière beaucoup plus approfondie. 
C'est ce qui avait d'ailleurs été fait, dès 1958, dans le rapport n° 151 
de l'OMS (4 ), intitulé "Questions de santé mentale que pose l'utilisa
tion de l'énergie atomique à des fins pacifiques". Les conclusions de 
ce rapport traduisaient une grande sagesse et une grande clairvoyance 
de la part de ceux qui les avaient énoncées, mais aussi, il faut bien 
le dire, un certain courage, celui de confronter les moyens mis en oeuvre 
avec l'importance réelle du danger contre lequel on prétend les utiliser, 
surtout lorsqu'on le compare à celui des autres nuisances.

Lorsque l'énergie nucléaire a commencé à être utilisée à des 
fins pacifiques, études, exploitation et protection étaient généralement 
confiées à un organisme unique pour chaque pays. Cette situation, satis
faisante au départ, a cessé de l'être dès qu'a débuté la phase d'exploi
tation industrielle. En effet, il y a une vingtaine d'années, le schéma 
suivant s'offrait aux yeux d'un public qui commençait à se sentir concerné:

-d'une part, multiplication de services de radioprotection 
dépendant de l'exploitant: l'ampleur des études menées, 
l'attitude très circonspecte de ces services dont le 
public ne pouvait logiquement mettre le perfectionnisme 
que sur le compte d'un danger exceptionnel, ont contribué 
à susciter un climat de crainte amenant progressivement 
dans l'esprit du public, de façon totalement injustifiée, 
l'énergie nucléaire au premier rang des dangers créés par 
la civilisation. Il faut ajouter que la multiplication 
exagérée des congrès, symposiums, séminaires de radiopro
tection à tous les niveaux a encore aggravé cette situa
tion, et continue d'ailleurs malheureusement à le faire.

-d'autre part, des services de santé publique alors pres
que inexistants, laissant pratiquement l'initiative et 
l'entière responsabilité de la protection aux exploitants, 
d'où l'impression d'insécurité et d'angoisse ressentie par 
le public.

Si l'on veut que régressent ces inquiétudes mal fondées, il 
convient de donner définitivement à la radioprotection une structure 
efficace à la fois sur les plans technologique et psychologique. Dans 
des pays de plus en plus nombreux, cette structure est désormais en 
place; mais l'opinion publique est en retard sur la réalité des faits.
Une mise au point dans ce sens apparaît nécessaire, et les éléments 
essentiels à prendre en considération sont les suivants:

-responsabilité de l'exploitant qui doit prendre toutes 
mesures, tant au niveau de la prévision que du fonctionne
ment, pour ne porter atteinte à la santé de quiconque du
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fait de ses activités. Cette responsabilité implique qu’il 
soit parfaitement conscient de la situation qu'il crée et, 
par suite, qu'il vérifie lui-même constamment les consé
quences de son activité pour l’environnement.

-contrôle indépendant exercé par la santé publique, seul 
organisme pouvant se porter garant, aux yeux des populations 
concernées, de l’efficacité des mesures prises par l'exploi
tant .

-réalisme à l'égard du très faible niveau de pollution radio
active actuel et des prévisions pour les années futures. Sans 
pour autant abandonner les études qui sont indispensables 
pour permettre à l'exploitant et aux organismes de santé 
publique d'assumer leurs responsabilités, il faut désor
mais résolument distinguer entre l'évaluation réaliste des 
niveaux de contamination, et les considérations académiques 
dans lesquelles trop nombreux sont ceux qui se perdent 
encore, au détriment d'une politique efficace de santé.

2. LA SITUATION ACTUELLE DE L'ENERGIE NUCLEAIRE

La production d'électricité d'origine nucléaire date d'il 
y a 20 ans; aujourd'hui, nous assistons au début des réalisations de 
grande puissance qui, selon les estimations actuelles, pourront per
mettre à la planète en l'an 2 000 de faire face à 60% de ses besoins 
en énergie électrique (plusieurs milliers de gigawatts) (5 ) (6 ) (7 ).

A la fin de l'année 1972, par exemple, la France disposait 
de 5 centrales, produisant au total 2 500 mégawatts électriques. Si 
l'on exprime le chiffre en mégawatts x ans, le recul dont nous dispo
sons pour juger du retentissement de ces réalisations sur le milieu 
est, certes, encore modeste. A l'échelle mondiale, ce recul équivaut 
cependant au fonctionnement de cent centrales durant un an, et force 
est de reconnaître qu'elles n'ont suscité aucun souci majeur, compa
rable à ceux que donnent périodiquement, sans que l'on s'en alarme 
d'ailleurs, les autres sources d'énergie électrique.

Cependant, parallèlement au perfectionnement des moyens de 
production de l'énergie nucléaire, les techniques de radioprotection 
ont elles-mêmes évolué, et les bases théoriques et juridiques se sont 
clarifiées. Du point de vue du risque radioactif, on peut dire non 
seulement que la situation actuelle est très saine, mais encore que les 
dispositions prises constituent un modèle que la protection contre les 
autres nuisances adopterait avec profit.

Mais, nous l'avons dit, le grand public connaît mal cette 
remarquable évolution et ne retient malheureusement des échos qui lui 
parviennent que les hésitations de certains experts et les discussions 
byzantines qui contribuent à créer artificiellement un climat d’incer
titude. Enfin, certaines presses, pour lesquelles le sensationnel dra
matique représente un aliment de choix, les reprennent et les amplifient 
à 11envi.
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Or, par delà les querelles économiques ou pseudo-philosophi
ques, et la plupart du temps exploitées à des fins politiques, l'huma
nité est maintenant confrontée avec un choix inévitable: ou bien elle 
décide (et c'est son droit a priori) le retour aux techniques ances
trales et l'abandon total du progrès, en acceptant en contre-partie 
la résurgence de fléaux que l'on a tendance à considérer trop légè
rement comme définitivement abolis; ou bien la progression actuelle 
est maintenue et, dans ce cas, la contestation de l'énergie nucléaire 
est une imposture. En effet, l'on peut ergoter autant que l'on voudra 
sur l'exactitude des prévisions quant aux réserves de pétrole, une 
seule chose est certaine: seule l'énergie de fission permettra de 
passer le cap des quelques décennies nécessaires à l'acquisition 
d'autres sources d'énergie (6 ) (8 ).

3. LES PRINCIPES DE LA SURVEILLANCE

3.1. Définition des normes de sécurité

A l'inverse de ce qui s'est passé dans le cas de nombreuses 
autres nuisances beaucoup plus inquiétantes, des instances d'abord 
nationales, puis internationales ont, dès l'origine, étudié les effets 
des rayonnements ionisants et préconisé des règles.

Formée en 1928, la Commission Internationale de Protection 
Radiologique (CIPR) publiait dès cette époque des recommandations 
révisées tous les 3 ans. En 1956 apparaissait dans ces recommandations 
le concept de "niveau admissible" concrétisé par des limites chiffrées. 
Ces limites maximales admissibles étaient amenées à leur valeur actuel
le en 1958; les recommandations publiées à cette date constituent la 
base aujourd'hui encore pratiquement inchangée des règles de radiopro
tection ( 9 ) (10 ) .

A l'origine, les règles de sécurité ont été déduites de 
l'expérience fournie par l'observation clinique des patients et des 
médecins en contact avec les rayons X et le radium. Les limites maxi
males admissibles ont donc été fixées dès le départ comme des limites 
pratiques d'irradiation au-dessous desquelles l'expérience n'avait pu 
mettre en évidence aucun effet pathologique, ni à court ni à long 
terme.

C'est ainsi par exemple que la charge corporelle maximale 
admissible pour le Radium 226, qui a servi de base à la détermination 
des limites maximales admissibles dans le cas des contaminants ostéo- 
tropes, est fondée sur le fait qu'on n'a jamais observé de tumeurs 
chez des personnes dont l'organisme contenait une quantité de Radium 
de 0,1 jiCi (n).

Cette expérience clinique porte sur une population plus 
importante qu'il n'est courant de le penser. En effet, la contamina
tion à de faibles niveaux de masses importantes de population par les
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retombées radioactives ou par les centrales nucléaires est souvent 
considérée comme un phénomène nouveau. Il ne faut pourtant pas oublier 
que:

-aux premiers temps de leur utilisation, les rayonnements 
ionisants bénéficiaient de l'attrait de la nouveauté et 
passaient même pour un remède miracle (citons par exemple 
les "inhalateurs de radium", appareils contenant une source 
de radium de quelques millicuries qui avaient leur place 
dans les familles afin de permettre l'inhalation quotidienne 
d'une bouffée de radon auquel on prêtait de nombreuses ver
tus curatives et préventives!).

-l'irradiation à des fins médicales touche pratiquement
l'ensemble de la population, et ce à des niveaux en moyenne
cent fois supérieurs à ceux dont sont responsables les 
retombées radioactives et les centrales nucléaires réunies; 
ces irradiations atteignent d'ailleurs des valeurs encore 
beaucoup plus élevées lorsqu'elles sont appliquées à des 
fins thérapeutiques, sur un pourcentage non négligeable 
de la population (12).

A ces considérations pratiques fondées sur l'étude clinique 
s'ajoutent des travaux théoriques fondés d'une part sur le calcul et 
d'autre part sur les résultats de très nombreuses études statistiques
(13) (14). Leurs résultats conjoints sont indiscutables si l'on con
sidère les effets d'irradiations supérieures à 10 rems. Au-dessous de 
cette valeur, les résultats statistiques sont contradictoires. Mais la 
CIPR, devant ces incertitudes, a toujours retenu l'hypothèse la plus 
pessimiste: par exemple, le choix délibéré d'une relation linéaire 
entre les doses et les effets aux très faibles débits de dose. En fait, 
cette relation apparaît comme une limite très improbable. Elle recouvre 
eh effet des phénomènes très complexes dans lesquels les pouvoirs colos
saux de restauration cellulaire, qui commencent seulement à être soup
çonnés, jouent un rôle prépondérant (15). Elle conduit certainement à 
retenir des limites maximales admissibles comportant un facteur de 
sécurité très grand (16).

Compte tenu du fait que la surveillance individuelle régle
mentaire à laquelle sont soumis les travailleurs, pour qui ont été 
définies ces limites, ne peut être raisonnablement étendue à chaque 
individu, la CIPR recommande, pour les membres du public, des doses 
limites moyennes, dérivées des doses maximales admissibles définies 
pour les travailleurs par application d'un facteur 10 de réduction.
La CIPR confirme (publication 9, § 74) que "compte tenu du faible 
risque impliqué, les conséquences de dépassements même substantiels 
des doses limites seront vraisemblablement mineures" (10).

Enfin, l'irradiation des populations dans leur ensemble doit 
tenir compte à la fois des doses individuelles et du nombre de personnes 
impliquées, puisque le risque pris en considération est ici le risque 
génétique. La CIPR précise au § 86 de la publication 9: "La Commission 
recommande de maintenir la dose génétique de la population à un minimum 
compatible avec les nécessités et ne dépassant pas en tous cas 5 rems 
pour l'ensemble des sources s’ajoutant au fond naturel de rayonnement
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e t  au x  u t i l i s a t i o n s  m é d i c a l e s " .  I l  s ' a g i t  b i e n  entendu d 'u n e  dose  moyenne, 
l e s  l i m i t e s  i n d i v i d u e l l e s  demeurant c e l l e s  f i x é e s  pour l e s  "membres du 
p u b l i c "  ( 1 0 ) .

I l  e s t  donc c l a i r  q u e ,  ja m a is  pour aucune a u t r e  n u i s a n c e ,  des 
f a c t e u r s  de s é c u r i t é  a u s s i  im p o r ta n ts  n 'o n t  é t é  a d o p t é s .  On en ten d p a r 
f o i s  a v a n c e r  q u e ,  pour l a  p o l l u t i o n  c h im iq u e ,  l e s  e f f e t s  s e r a i e n t  mieux 
c o n n u s,  e t  que l e s  f a c t e u r s  de s é c u r i t é  s e r a i e n t  donc s u p e r f l u s .  O r,  i l  
n 'e n  e s t  r i e n ;  en p a r t i c u l i e r  l e s  e f f e t s  d e s  r e j e t s  des  c e n t r a l e s  à 
c harbo n  e t  à f u e l  so n t  beaucoup moins b i e n  connus que c e u x  d e s  ra y on n e 
ments i o n i s a n t s  ( 1 7 ) . I l  ne s a u r a i t  donc ê t r e  q u e s t i o n  de r e m e t t r e  en 
c a u se  c e s  normes; par  c o n t r e ,  l e u r  a p p l i c a t i o n  aux c a s  c o n c r e t s  p ro p re s  
à chaque pays ne p e u t  ê t r e  f a i t e  sans a d a p t a t i o n ,  sans i n t é g r a t i o n  dans 
une r é g l e m e n t a t i o n  te n a n t  compte d e s  d i f f é r e n t s  f a c t e u r s  l o c a u x  ( 1 8 )
( 1 9 ) .  Ces normes ne so n t  p a s ,  non p l u s ,  un totem  g a r a n t i s s a n t  à e l l e s  
s e u l e s  l ' e f f i c a c i t é  de l a  p r o t e c t i o n .  S e u l  l e  r e s p e c t  des  r è g l e s  élémen
t a i r e s  que nous e x p o s e ro n s  c i - d e s s o u s  p e u t  p e r m e t t r e  d ' a t t e i n d r e  c e s  
o b j e c t i f s  à t r a v e r s  l e  r e s p e c t  d e s  n o r m e s .

C ' e s t ,  p e u t - ê t r e ,  pour a v o i r  com pris  tr o p  t a r d  q u ' i l  é t a i t  
i n d i s p e n s a b l e  de se  p l i e r  à c e s  e x i g e n c e s ,  que l e s  p ro m o teurs  de l ' é n e r 
g i e  n u c l é a i r e  d o i v e n t  a u j o u r d 'h u i  f a i r e  f a c e  à une campagne d ' o p p o s i t i o n  
do n t  l e s  e f f e t s  se  s o n t  d é j à  r é v é l é s  d é s a s t r e u x  dans c e r t a i n s  p a y s .

3 . 2 . La r é p a r t i t i o n  d e s  r e s p o n s a b i l i t é s  ( 2 0 ) (2 1 )

Nul ne d o i t ,  v o l o n t a i r e m e n t  ou non, p o r t e r  a t t e i n t e  au p a t r i 
moine ou à l a  s a n t é  d ' a u t r u i  du f a i t  de s e s  a c t i v i t é s .  I l  s ' a g i t  l à  d 'u n  
p r i n c i p e  de d r o i t  t r è s  g é n é r a l , e t  i l  e s t  donc n a t u r e l  que l a  r e s p o n s a 
b i l i t é  de l ' e x p l o i t a n t  d 'u n e  c e n t r a l e  n u c l é a i r e  s o i t  e ng ag ée  au p re m ie r  
c h e f ,  dans l a  mesure où l ' i m p l a n t a t i o n  d 'u n e  c e n t r a l e  dans un m i l i e u  don
né r i s q u e r a i t ,  s i  l ' o n  n ' y  p r e n a i t  g a r d e ,  de p o r t e r  a t t e i n t e  à l ' i n t é g r i 
t é  de c e  m i l i e u  e t  à l a  s a n té  d e s  p o p u l a t i o n s  a v o i s i n a n t e s . A l a  phase 
d ' é t u d e s ,  c e t t e  r e s p o n s a b i l i t é  l u i  impose de f o u r n i r  aux a u t o r i t é s  des 
documents c o m p le ts  c o n c e rn a n t  l e s  c o n sé q u e n c e s  du fo n c t io n n e m e n t  de l a  
c e n t r a l e  en régim e n o r m a l , l a  p r é v i s i o n  d e s  i n c i d e n t s  e t  a c c i d e n t s  p o s s i 
b l e s ,  e t  l a  j u s t i f i c a t i o n  des moyens mis en o e u vre  pour en d im in u e r  l a  
p r o b a b i l i t é  e t  l e s  c o n s é q u e n c e s .  L o r s  du fo n c t io n n e m e n t  de l a  c e n t r a l e ,  
l ' e x p l o i t a n t  d e v r a  ê t r e  en mesure d ' e f f e c t u e r  t o u t e s  a n a l y s e s  l u i  p e r 
m e tt a n t  d ' ê t r e  p a r f a i t e m e n t  in fo rm é  de l a  q u a l i t é  e t  de l a  q u a n t i t é  des 
d i f f é r e n t s  r e j e t s  o p é r é s ,  a f i n  de v é r i f i e r  l e  r e s p e c t  d e s  l i m i t e s  f i x é e s  
p a r  l e s  a u t o r i t é s  de s a n t é  p u b l i q u e  e t  d ' ê t r e  en mesure de p re n d re  t o u t e s  
d i s p o s i t i o n s  (notamment en é t a l a n t  l e s  r e j e t s )  pour que c e s  l i m i t e s  
s o i e n t  r e s p e c t é e s .

La r e s p o n s a b i l i t é  de l ' e x p l o i t a n t  ne s ' a r r ê t e  p a s ,  c ' e s t  é v i 
d e n t ,  aux l i m i t e s  de l a  c e n t r a l e .  I l  d o i t  s ' a s s u r e r ,  p a r  to u s  c o n t r ô l e s  
q u i  s ' a v è r e n t  n é c e s s a i r e s ,  que l e s  l i m i t e s  d ' i r r a d i a t i o n  f i x é e s  ne so n t  
pas d é p a s s é e s  pour l e s  p o p u l a t i o n s  a v o i s i n a n t e s .  Q u e l l e s  que s o i e n t  l e s  
é tu d e s  p r é a l a b l e s  e t  l e s  p r é c a u t i o n s  p r i s e s ,  sa  r e s p o n s a b i l i t é  se  t r o u 
v e r a i t  en g ag ée  s i  t e l l e  é v e n t u a l i t é  se  p r o d u i s a i t  san s que l e s  a u t o r i t é s  
de s a n t é  p u b l i q u e  en s o i e n t  immédiatement a v e r t i e s .

S i  c e s  c o n t r ô l e s  so n t  o b l i g a t o i r e s  pour l ' e x p l o i t a n t ,  q u i  d o i t  
s ' a s s u r e r  de l ' i n n o c u i t é  de son i n d u s t r i e  e t  demeure de t o u t e s  fa ç o n s
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r e s p o n s a b l e  du dommage é v e n t u e l  c a u s é ,  i l  e s t  é v i d e n t  q u ' i l s  ne s a u r a i e n t  
c o n s t i t u e r  une g a r a n t i e  aux ye u x  des i n d i v i d u s  q u i  p o u r r a i e n t  se  s e n t i r  
m en acés.  L ' e x p l o i t a n t  ne p e u t  donc ê t r e  j u g e  e t  p a r t i e  aux r e g a r d s  de l a  
p o p u l a t i o n  i n t é r e s s é e  e t  c e l l e - c i ,  l o r s q u ' e l l e  e s t  amenée à p o s e r  des 
q u e s t i o n s ,  se  r e t o u r n e  v e r s  des a u t o r i t é s  à l a  f o i s  com p éten tes  e t  in d é 
p e n d an te s  v i s - à - v i s  de l ' i n d u s t r i e  en c a u s e .

C ' e s t  en e f f e t  aux  a u t o r i t é s  de s a n té  p u b l i q u e  q u ' i l  a p p a r t i e n t  
de v e i l l e r  à l a  sa u v e g a rd e  de l ' h y g i è n e  p u b l iq u e  e t  de l a  s a n t é  des i n d i 
v i d u s  e t  c ' e s t  p r é c is é m e n t  dans l e  c a s  de l ' é n e r g i e  n u c l é a i r e  que l e s  
r a p p o r t s  e t  l e s  l i m i t e s  de l a  r e s p o n s a b i l i t é  de l ' e x p l o i t a n t  e t  de c e l l e  
d e s  a u t o r i t é s  de s a n t é  p u b l iq u e  ont é t é ,  pour l a  p re m iè re  f o i s ,  c l a i r e 
ment d é g a g é e s  e t  a r t i c u l é e s  a v e c  p r é c i s i o n  (2 2  ) (2 3 ) (2 4 ) (2 5 ) .

Pour e x e r c e r  c e t t e  s u r v e i l l a n c e ,  l e s  a u t o r i t é s  de s a n t é  p u b l i 
que s o n t  c o n d u i t e s  à f a i r e  a p p e l  aux s p é c i a l i s t e s  com p éten ts  des d i f f é 
r e n t s  m a i l l o n s  de l a  c h a în e  q u i  c o n d u it  de l a  s o u r c e  de rayonnem ents à 
l'homme: s p é c i a l i s t e s  de t e c h n o l o g i e  n u c l é a i r e ,  de m é t é o r o l o g i e ,  de 
g é o l o g i e ,  d ' é c o l o g i e ,  e t  b i e n  entendu m édec ins  r a d i o b i o l o g i s t e s . S i  l a  
sa u v e g a rd e  de l a  s a n té  des i n d i v i d u s  p a s s e  i c i ,  comme c ' e s t  s o u v e n t  l e  
c a s ,  p a r  c e l l e  du m i l i e u ,  l ' o b j e c t i f  n 'e n  demeure pas moins l a  p r o t e c t i o n  
de l a  s a n t é  de l 'homme, e t  l a  r e s p o n s a b i l i t é  a p p a r t i e n t  donc évidemment 
en d e r n i e r  r e s s o r t  au m é d e c in ,  q u e ls  que s o i e n t  l e s  p r o c e s s u s  de d i s p e r 
s i o n  de l a  p o l l u t i o n  e t  l e s  v o i e s  d ' a g r e s s i o n .  C e t t e  n é c e s s i t é  a é t é  
r e s s e n t i e  p ar  t o u t e s  l e s  i n s t a n c e s  i n t e r n a t i o n a l e s :  O r g a n i s a t i o n  M ondiale  
de l a  S a n t é ,  Agence I n t e r n a t i o n a l e  de l ' E n e r g i e  A to m iqu e ,  Comité S c i e n t i 
f i q u e  d e s  N a t io n s  Unies pour l ' E t u d e  d e s  E f f e t s  des Rayonnements I o n i s a n t s .
I l  en r é s u l t e  q u e ,  dans l e s  p a ys  de t e c h n o l o g i e  a v a n c é e ,  c ' e s t  su r  l e s  
a u t o r i t é s  de s a n t é  p u b l iq u e  que re p o s e  l a  r e s p o n s a b i l i t é  d e r n i è r e  de l a  
s u r v e i l l a n c e  d e s  moyens de p r o d u c t i o n  de l ' é n e r g i e  n u c l é a i r e .

Ce p r i n c i p e  de l a  s é p a r a t i o n  d e s  r e s p o n s a b i l i t é s ,  q u i  p a r a î t  
p a r f o i s  nouveau en m i l i e u  i n d u s t r i e l ,  n ' e s t  p o u r t a n t  pas d 'u n e  n a t u r e  
d i f f é r e n t e  de c e l u i  q u i  e s t  admis de lo n g u e  d a t e  dans de nombreux do
m aines t r a d i t i o n n e l s .  Pour donner un exemple  b a n a l ,  i l  a p p a r t i e n t  à 
l ' a u t o m o b i l i s t e ,  e t  à l u i  s e u l ,  de v e i l l e r  au m a i n t ie n  en bon é t a t  de 
marche de son v é h i c u l e  e t ,  de même, c ' e s t  l u i  qu i  d o i t  s u r v e i l l e r  son 
compteur de v i t e s s e  e t  a j u s t e r  c e l l e - c i  s e l o n  l e s  o b l i g a t i o n s  e t  r è g l e s  
de l a  c i r c u l a t i o n  r o u t i è r e .  Par c o n t r e ,  l a  s u r v e i l l a n c e  de l a  c i r c u l a t i o n  
n ' a p p a r t i e n t  n i  à l ' a u t o m o b i l i s t e ,  n i  aux c o n s t r u c t e u r s ,  mais aux a u t o 
r i t é s  de s é c u r i t é  r o u t i è r e  san s l e s q u e l l e s  l e s  panneaux de l i m i t a t i o n  
r i s q u e r a i e n t  de r e s t e r  l e t t r e - m o r t e .

4 . LES RESULTATS DE LA SURVEILLANCE

La s u r v e i l l a n c e  de l a  c o n ta m in a t io n  du m i l i e u  p ar  l e s  c e n t r a 
l e s  n u c l é a i r e s ,  en fo n ct io n n e m e n t  n orm al,  d o i t  p o r t e r  su r  l ' e n s e m b l e  des 
o p é r a t i o n s  j u s q u ' à  l a  p r i s e  en c h a rg e  des d é c h e t s .

On p e u t ,  d 'u n  p o i n t  de vue p r a t i q u e ,  c o n s i d é r e r  q u a t r e  ty p e s  
de r a d i o é l é m e n t s  l i b é r é s ,  en f o n c t i o n  de l e u r  p é r i o d e  r a d i o a c t i v e :

- l e s  é lé m e n ts  à p é r i o d e s  c o u r t e s  so n t  e s s e n t i e l l e m e n t  des 
ga z  n o b l e s ,  dont l e  p r i n c i p a l  e s t  l ' A r g o n  4 1 ; ne pouvant
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s 'a c c u m u le r  du f a i t  de l a  b r i è v e t é  de l e u r  p é r i o d e ,  l e s  
s e u l s  problèm es q u ' i l s  p o s e n t  en p r a t i q u e  so n t  ceu x  de 
l ' i r r a d i a t i o n  e x t e r n e  des p o p u l a t i o n s  du v o i s i n a g e  immé
d i a t  (q u e lq u e s  k i l o m è t r e s  sous l e  v e n t ) . Les  q u e s t i o n s  
l i é e s  au cheminement dans l e  m i l i e u ,  a i n s i  q u 'a u  métabo
l i s m e ,  so n t  donc i c i  r é d u i t e s  au minimum, e t  l ' o n  c o n s i 
d è re  que l e  s e u l  problème é v e n t u e l  q u ' i l s  p o s e n t  pour c e s  
p o p u l a t i o n s  t r è s  r é d u i t e s  e s t  c e l u i  de l ' i r r a d i a t i o n  e x 
t e r n e  q u i  d o i t  ê t r e  m ain tenu e  i n f é r i e u r e  à l a  l i m i t e  maxi
male  a d m i s s i b l e .

- l e s  é lé m e n ts  à p é r i o d e s  moyennes qu i  so n t  r e j e t é s  dans l e  
m i l i e u  p r é s e n t e n t  une a s s e z  grande v a r i é t é  c a r ,  aux p r o d u i t s  
de f i s s i o n  s ' a j o u t e n t  l e s  p r o d u i t s  d ' a c t i v a t i o n  dépendant 
de l a  c o n s t i t u t i o n  du r é a c t e u r .  Parmi l e s  r a d i o é l é m e n t s  
h a b i t u e l l e m e n t  r e n c o n t r é s ,  c i t o n s :  l e  Manganèse 5 4 , ! l e  
C o b a l t  5 8 , l e  C o b a l t  6 0 , l e  Z irco n iu m  9 5 , l e  Ruthénium 1 03  
e t  l e  Ruthénium 1 0 6  ( 2 6 ) .

Le Ruthénium 1 0 6  a p p a r a î t  comme l ' u n  des r a d i o é l é m e n t s  p r é 
p o n d é r a n t s .  Sa p é r i o d e  é t a n t  d 'u n  an,  on p e u t  c o n s i d é r e r  
que l a  c o n ta m in a t io n  du m i l i e u  p ar  c e t  é lém en t e s t  u n iq u e 
ment f o n c t i o n  de l a  p u i s s a n c e  é l e c t r i q u e  p r o d u i t e ,  p u i s q u ' i l  
n ' y  a p as à c r a i n d r e  de phénomènes i m p o rta n ts  d 'a c c u m u l a t io n  
u l t é r i e u r e .  Quant au C o b a l t  6 0 , que sa  p é r i o d e  de 5  ans 
ra p p ro ch e  du groupe s u i v a n t ,  l e s  a c t i v i t é s  é m ises  en demeu
r e n t  t r è s  f a i b l e s .

- l e s  é lé m e n ts  à p é r i o d e s  lo n g u e s  so n t  ceux  q u i ,  à moyen 
term e,  so n t  s u s c e p t i b l e s  de p o s e r  q u e lq u e s  p ro b lè m e s:  ce 
so n t  e s s e n t i e l l e m e n t  l e  T r i t i u m ,  l e  K ryp ton  8 5 , l e  S tr o n 
tium 9 0  e t  l e  Césium 1 3 7 .

- c i t o n s  e n f i n ,  pour mémoire, un r a d io é l é m e n t  à v i e  t r è s  l o n 
g u e ,  l ' I o d e  1 2 9 ; l e s  a c t i v i t é s  en cau se  so n t  t r è s  f a i b l e s ,  
e t  l a  c o n ta m in a t io n  r é s u l t a n t e  du m i l i e u  ne p o u r r a i t  d e v e n i r  
s i g n i f i c a t i v e  que dans un a v e n i r  t r è s  l o i n t a i n ,  en adm ettan t  
que s a  r é t e n t i o n ,  d ' o r e s  e t  d é j à  p a r t i e l l e m e n t  e f f e c t i v e ,  ne 
p u i s s e  ê t r e  e n c o r e  a m é l i o r é e .

I l  c o n v i e n t ,pour t e r m i n e r ,  de ramener à s e s  j u s t e s  p r o p o r t i o n s  
l e  problèm e de l a  c o n ta m in a t io n  p a r  l e  P lu to n iu m  2 3 9 , dont l e  s e u l  nom 
évoque dans l e s  e s p r i t s  l e s  m é f a i t s  de l 'a r m e  n u c l é a i r e !  Le P lu toniu m  
p r é s e n t  dans l e  c o m b u s t ib le  r e t r a i t é  e s t  r é c u p é r é  dans sa  q u a s i - t o t a l i t é ,  
l e  r e s t e  é t a n t  p r a t iq u e m e n t  e n t i è r e m e n t  c o n f i n é  sous forme de d é c h e t s  de 
t r è s  f a i b l e  v o lu m e.  L e s  a c t i v i t é s  r e j e t é e s  dans l ' a t m o s p h è r e  so n t  v a r i a 
b l e s  d ' u n  c e n t r e  à l ' a u t r e ,  e t  e l l e s  so n t  gé n é r a le m e n t  t r è s  i n f é r i e u r e s  
à 1 c u r i e  p a r  an e t  p a r  c e n t r e  de r e t r a i t e m e n t ,  pour l a  t o t a l i t é  des 
a c t i n i d e s  ( 5 ) ( 2 7 ) .

S i  l ' o n  f a i t  l e  b i l a n  de l a  r a d io c o n t a m in a t i o n  r e t r o u v é e  a c t u e l 
lem ent dans l ' e n v i r o n n e m e n t  p ar  l e s  c o n t r ô l e s  s y s t é m a t i q u e s  e f f e c t u é s  par 
l e s  s e r v i c e s  de s a n t é  p u b l i q u e ,  une p re m iè re  c o n s t a t a t i o n  s ' i m p o s e :  dans 
l ' a t m o s p h è r e ,  l ' e a u  de p l u i e ,  l e s  v é g é t a u x  e t  dans une gran de  mesure é g a 
le m ent dans l ' e a u  de r i v i è r e ,  i l  r e s t e  t r è s  d i f f i c i l e . ,  dans l 'h é m is p h è r e  
nord au m o in s ,  de d i s t i n g u e r  l a  c o n ta m in a t io n  r e v e n a n t  aux c e n t r a l e s
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n u c l é a i r e s  de c e l l e  d e s  re to m b ées r a d i o a c t i v e s  rem ontant p o u r t a n t ,  pour 
l ' e s s e n t i e l ,  aux années 1 9 6 1 - 6 2 . (Dans l 'h é m i s p h è r e  su d ,  e l l e  e s t  en core  
a c t u e l l e m e n t  t r è s  i n f é r i e u r e  à c e l l e  de l 'h é m i s p h è r e  n o r d ) .

M a is ,  compte tenu  d 'u n e  p a r t  du f a i t  que l e s  r a d i o é l é m e n t s  
r e t r o u v é s  so n t  e s s e n t i e l l e m e n t  des p r o d u i t s  de f i s s i o n ,  d ' a u t r e  p a r t  
que l e  t a u x  de c o n ta m in a t io n  r a d i o a c t i v e  d é c r o î t  de m anière  c o n t i n u e  
a c t u e l l e m e n t ,  i l  y  a t o u t  l i e u  de p e n s e r  que l a  c o n ta m in a t io n  r e t r o u 
v é e ,  d ' a i l l e u r s  à l a  l i m i t e  d e s  s e u i l s  de mesure ave c  l e s  a p p a r e i l s  
l e s  p l u s  s e n s i b l e s ,  e s t  p r e s q u ' e n t i è r e m e n t  due aux re to m b ées  r a d i o a c 
t i v e s ,  s a u f ,  à un t r è s  f a i b l e  n i v e a u ,  dans l e  v o i s i n a g e  immédiat des 
c e n t r a l e s  n u c l é a i r e s .

A c t u e l l e m e n t ,  l ' a c t i v i t é  vo lu m iqu e  du S tro n t iu m  9 0  e s t  de 
l ' o r d r e  de q u e lq u e s  m i l l i è m e s  de p i c o c u r i e  p ar  mètre cube dans l ' a t 
m osphère;  l e  s e u l  r a d io c o n ta m in a n t  s p é c i f i q u e  de l ' a c t i v i t é  des r é a c 
t e u r s  n u c l é a i r e s  r e t r o u v é  a s s e z  r é g u l i è r e m e n t  à p r o x i m i t é  des  c e n t r a 
l e s  e s t  l e  C o b a l t  6 0 , mais  l e s  v a l e u r s  moyennes r e l e v é e s  a p r è s  d i l u t i o n  
ne d é p a s s e n t  h a b i t u e l l e m e n t  pas q u e lq u e s  c e n t iè m e s  de p i c o c u r i e  p ar  
m ètre  c u b e .

L ' a c t i v i t é  s u r f a c i q u e  du S tro n t iu m  9 0  dép osé  p a r  l e s  re to m b ée s  
en un m ois e s t  de l ' o r d r e  du c en tiè m e  de m i l l i c u r i e  p a r  k i l o m è t r e  c a r r é ;  
l ' a c t i v i t é  de c e  même é lém en t dans l e s  v é g é t a u x  e s t  de l ' o r d r e  de q u e l 
ques d i z a i n e s  de p i c o c u r i e s p a r  gramme de C alc iu m  e t ,  en moyenne, d 'u n e  
d i z a i n e  de p i c o c u r i e s  p a r  gramme de C alc iu m  dans l e  l a i t  ( 2 6 ) ( 2 8 ) .

La c o n ta m in a t io n  due aux c e n t r a l e s  e s t  b ie n  entendu r e t r o u 
v é e  dans l e s  a n a l y s e s  d ' e a u x  de r i v i è r e  en a v a l  immédiat d e s  p o i n t s  de 
r e j e t  a i n s i  que dans l e s  sé d im e n ts  de r i v i è r e ,  pour l e s q u e l s  d e s  a c t i 
v i t é s  en Ruthénium 1 0 6 , en Césium 1 3 4  ou en Césium 1 3 7 , de q u e lq u e s  
d i z a i n e s  de p i c o c u r i e s  par  gramme de boues c a l c i n é e s  r e p r é s e n t e n t  des  
v a l e u r s  non e x c e p t i o n n e l l e s .

En ce  q u i  c o n ce rn e  e n f i n  l e s  a l i m e n t s ,  s i  l ' o n  met à p a r t  l e s  
c o n ta m in a t io n s  du l a i t  e t  des  r a t i o n s  a l i m e n t a i r e s  p ar  l e s  re to m b é e s ,  
b i e n  connues e t  b i e n  s u r v e i l l é e s  su r  l e  p l a n  m ondial ( 2 6 ) ( 2 8 ) ( 2 9 ) ,  
s e u l s  l e s  p o i s s o n s  de mer p r é s e n t e n t  dans c e r t a i n s  c a s  une f a i b l e  
c o n ta m in a t io n  p ro v e n a n t  des c e n t r e s  n u c l é a i r e s  c ô t i e r s .  Ces a c t i v i t é s  
so n t  de l ' o r d r e  de l a  c e n t a i n e  de p i c o c u r i e s  de Césium 1 34  e t  du 
m i l l i e r  de p i c o c u r i e s  de Césium 1 37  p a r  kilogramme de p o i s s o n  f r a i s .

I l  e s t  c e r t a i n  de t o u t e s  f a ç o n s  que l ' i n d i c a t e u r  e s s e n t i e l  
e s t  l a  c o n ta m in a t io n  du c o rp s  humain: p ar  d e l à  t o u t e s  l e s  c o n s i d é r a 
t i o n s  t h é o r i q u e s ,  e l l e  a p p o r t e  une p re u ve  t a n g i b l e  de l ' e x a c t i t u d e  des 
m odèles  de t r a n s f e r t .  A l ' h e u r e  a c t u e l l e ,  on p e u t  a f f i r m e r  que l e s  s e u l s  
r a d io é l é m e n t s  a r t i f i c i e l s  r e t r o u v é s  (en d e h o rs  d e s  c o n ta m in a t io n s  p r o 
f e s s i o n n e l l e s )  , à d e s  n i v e a u x  s i g n i f i c a t i f s  mais  extrêmement f a i b l e s  
dans l e  c o r p s  humain so n t  l e  T r i t i u m ,  l e  S tro n t iu m  9 0  e t  l e  Césium 1 3 7 .

En ce  q u i  c o n ce rn e  l e  T r i t i u m ,  i l  e s t  i n t é r e s s a n t  de n o t e r  
que l e s  v a l e u r s  t r o u v é e s  dans l e s  é tu d e s  s y s t é m a t i q u e s  d ' é c h a n t i l l o n s  
u r i n a i r e s  se  s i t u e n t  à deux n i v e a u x :  m i l l e  p i c o c u r i e s  p a r  l i t r e  au
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maximum d 'u n e  p a r t ,  p l u s i e u r s  m i l l i e r s  de p i c o c u r i e s  p a r  l i t r e  d ' a u t r e  
p a r t ,  s e l o n  que l e s  p e rs o n n e s  so n t  ou non p o r t e u s e s  de m ontres  lu m i
n eu se s  au T r i t i u m  (3 0 ) . La cau se  e s s e n t i e l l e  de c o n ta m in a t io n  c o r p o 
r e l l e  semble  donc ê t r e ,  i c i ,  l e  p o r t  de m ontres  r a d i o l u m i n e s c e n t e s . I l  
s e r a i t  d ' a i l l e u r s  u t i l e  d ' é v a l u e r  l a  p a r t ,  c e r ta in e m e n t  non n é g l i g e a 
b l e  é t a n t  donné l a  l a b i l i t é  du T r i t i u m ,  de l a  c o n ta m in a t io n  des p e r 
sonnes de l ' e n t o u r a g e  des  p o r t e u r s  de c e s  m o n tr e s .  S i  l ' o n  t i e n t  compte 
de c e t t e  s o u r c e  de c o n t a m i n a t io n ,  l ' a p p o r t  de T r i t i u m  p ar l e s  c e n t r a l e s  
n u c l é a i r e s  d e v i e n t  n é g l i g e a b l e  d e v a n t  e l l e ,  e t  l ' i r r a d i a t i o n  a n n u e l l e  
c o r r e s p o n d a n te  e s t  c e r ta in e m e n t  i n f é r i e u r e  au d ix iè m e  de m i l l i r e m .

La c o n ta m in a t io n  c o r p o r e l l e  en Césium 13 7  n ' a  c e s s é  de 
d é c r o î t r e  d e p u is  l ' a r r ê t  d e s  gran d e s  s é r i e s  de t e s t s  n u c l é a i r e s .  En 
1 9 7 2 , e l l e  e s t  re v en u e  à des  a c t i v i t é s  de l ' o r d r e  de q u e lq u e s  m i l l i e r s  

de  p i c o c u r i e s  p a r  s u j e t .  Les  é tu d e s  s y s t é m a t i q u e s  ( 2 9 ) p e r m e t t e n t . d e  
comparer l a  c h a r g e  i n d i v i d u e l l e  mesurée c h e z  l e s  t r a v a i l l e u r s  des c en 
t r a l e s  n u c l é a i r e s  d ' u n e  p a r t  e t  ch e z  l e s  i n d i v i d u s  du p u b l i c ;  en 1 9 7 2 , 
l e s  v a l e u r s  t r o u v é e s  so n t  v o i s i n e s  de 4  0 0 0  p i c o c u r i e s  dans l e s  deux 
c a s ,  m ontrant b i e n  q u e ,  même pour c e t t e  c a t é g o r i e  de p o p u l a t i o n  p ou r
t a n t  r é p u t é e  p a r t i c u l i è r e m e n t  e xp o sé e  que c o n s t i t u e n t  l e s  t r a v a i l l e u r s  
de s  c e n t r a l e s  n u c l é a i r e s ,  l a  d i f f é r e n c e  n ' e s t  pas s i g n i f i c a t i v e .

E n f i n ,  en ce  q u i  c o n ce rn e  l e  S tro n t iu m  9 0 , a c t u e l l e m e n t  l a  
c o n ta m in a t io n  moyenne des os  humains e s t  de l ' o r d r e  de 2 p i c o c u r i e s  
p a r  gramme de C alc iu m  ( 5 ) .  (Dans l e s  os  de l a p i n s  u t i l i s é s  comme 
i n d i c a t e u r s  ( 2 6 ) ,  l e s  m esures e f f e c t u é e s  récemment en F ra n ce  p a r  exem
p l e  m on tren t un maximum ( 2 5  p C i/ g  Ca) dans une s t a t i o n  é l o i g n é e  de to u t  
c e n t r e  n u c l é a i r e  mais  où l ' o n  n o te  une abondance p a r t i c u l i è r e  des 
re to m b ées  r a d i o a c t i v e s ,  e t  un minimum ( 5  p C i / g  Ca) dans l a  s t a t i o n  
l a  p lu s  e x p o sé e  à l a  c o n ta m in a t io n  d ' o r i g i n e  i n d u s t r i e l l e ) .

5 . CONCLUSION

L ' i n f l u e n c e  des c e n t r a l e s  n u c l é a i r e s  e x i s t a n t e s  su r  l a  c o n t a 
m in a t io n  du m i l i e u  e t  de l'homme demeure a c t u e l l e m e n t  p ra t iq u e m e n t  
i n d é c e l a b l e .  I l  e s t  bon de l ' a f f i r m e r  lo r s q u e  l ' o n  entend l e s  c o n t r e 
v é r i t é s  d i f f u s é e s  p a r  c e r t a i n s  dans l e  p u b l i c ,  m ais a u s s i  l o r s q u e  l ' o n  
v o i t  p a r f o i s  c e r t a i n s  s p é c i a l i s t e s  de r a d i o p r o t e c t i o n  p re n d re  e u x -  
mêmes l e  p a r t i  d 'u n  p essim ism e s y s t é m a t i q u e  i n j u s t i f i é .

I l  e s t  néanmoins c e r t a i n  que l e  m i l i e u  a u ra  à f a i r e  f a c e  
à un a c c r o i s s e m e n t  n o t a b l e  des r e j e t s  r a d i o a c t i f s  dans l e s  ann ées à 
v e n i r .  F ace  à c e  r i s q u e  p o t e n t i e l  q u ' i l  ne s e r a i t  r a i s o n n a b l e  n i  de 
s o u s - e s t i m e r  n i  de c r a i n d r e  e x a g é ré m e n t ,  des  s t r u c t u r e s  de c o n t r ô l e  
e t  de s u r v e i l l a n c e  o n t  é t é  d é f i n i e s ,  e t ,  pour une l a r g e  p a r t ,  m ises  
en p l a c e  so us  l a  r e s p o n s a b i l i t é  d e s  a u t o r i t é s  de s a n t é  p u b l i q u e .
Compte ten u  de l a  g a r a n t i e  que r e p r é s e n t e  l e u r  c a u t i o n ,  on ne p eut  
que se  r é j o u i r  de l ' im m e n se  p r o g r è s  q u i  r é s u l t e r a  de l a  p r o d u c t i o n  
n u c l é a i r e  d ' é n e r g i e  é l e c t r i q u e  ( t o u t  comme on a p p r é c i e  l e s  p r o g r è s  
que l ' u t i l i s a t i o n  d e s  ra y o n s  X a f a i t  f a i r e  à l a  m é d e c in e ,  e t  ce mal
g r é  l ' i r r a d i a t i o n  moyenne de 100 m i l l i r e m s  p a r  an q u i  en r é s u l t e  pour 
l ' e n s e m b l e  de l a  p o p u l a t i o n ) .
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S i  l e s  s t r u c t u r e s  a c t u e l l e s  a v a i e n t  é t é  en p l a c e  d è s  l e  début 
du dévelo p p em en t de l ' u t i l i s a t i o n  m é d ic a le  des ra y o n s  X, i l  e s t  c e r t a i n  
que l ' i r r a d i a t i o n  moyenne d e s  p o p u l a t i o n s  s e r a i t  demeurée à un n i v e a u  
beaucoup p lu s  b a s ,  sans d i m in u t i o n  du b é n é f i c e  r e t i r é  de c e s  t e c h n i q u e s .

Compte ten u  d e s  p r é c a u t i o n s  p r i s e s  dans l e u r  dom aine,  l ' i r r a 
d i a t i o n  moyenne p ro v e n a n t  d e s  c e n t r a l e s  n u c l é a i r e s  demeurera p ar  c o n t r e  
à d e s  n i v e a u x  incom parablem ent p l u s  b a s ,  même s i  l ' o n  prend en c o n s i d é 
r a t i o n  l e  dévelop p em en t im p o rta n t  qu i  l e u r  e s t  promis dans un p ro ch e  a v e n i r .
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D I S C U S S I O N

J.M . M. A. STOLZ: You r e fer  to low  d o ses  and to the p o ss ib ility  of 
som atic  and gen etic rep a ir . What do you m ean by "low" d o ses  and dose  
ra te s  in th is context?  Do you have in mind va lu es of the ord er of one m rem , 
one rem  or 1 0 0  rem , for exam p le, and how do th ose va lu es stand in relation  
to the occupational exp osu res and exp osu res of the g en er a lp u b lic  lik ely  to 
accru e from  the operation  of n uclear power sta tion s?

P. PELLERIN: It is  certa in  that at exp osu res of under 10 rem  — 
d elivered  as a sin g le  acute d ose — no c lin ica l sig n s of dam age to the 
organ ism  have ev er  been d etected , even  using the m ost advanced m ethods 
of exam ination. F rom  2 5 rem  upwards it is  p o ss ib le  in som e c a s e s  to 
d em onstrate certa in  changes in the blood count — but in the ligh t of a ll 
the factors that can cau se changes in the blood p icture th is m ay not be very  
sign ifican t. A s for the dose beyond which gen etic  changes — I don't say  
gen etic  dam age — m ay occur in m an, th is has been put at 80 rem .
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When one co n sid ers that d o ses  of 10-20 rem  are unhesitatingly ad
m in istered  to patients on im portant fraction s of the body in the cou rse of 
a com p lete rad io log ica l exam ination of the g a stro -in te stin a l tra c t, then 
the 1 - 2  m rem  per year resu ltin g  from  the operation of nuclear power 
sta tion s can only be regarded  as n eg lig ib le  — and that figure of 1 - 2  m rem , 
le t  us rem em b er, is  based on the m ost p e s s im is t ic  assu m p tions regard ing  
the behaviour and habits of the population.

M. J .A . DELPLA: I had already read  with in terst the text of Mr. P e lle r in 1 
paper d istributed  before the m eetin g , and I m ust say that I have now lis ten ed  
to th is p resen tation  with even greater  attention.

He has re ferred  to the courage of the authors of Report No. 151 published  
in 1958 by the World H ealth O rganization. May I in my turn re fer  to the 
courage that he h im se lf has d isp layed  in taking a firm  stand, in th is forum , 
against the p resen t gen eral trend of opinion. To fa ll in line with that trend  
would have been a ll too easy .

Our problem  is  indeed p rim arily  a p sych o log ica l one. Everyone ta lks  
of "risks" and s tr iv e s  to reduce the m illir e m  fig u res . There is  of cou rse  
good reason  for this: in the population context, the ca lcu la tion s y ie ld  
m a n -r e m s, which are so easy  to convert into ca n cers and gen etic deaths. 
H ow ever, th is con version  i s  based on a certa in  assum ption , nam ely the 
assum ption  that the effect is  proportional to the d o se , the effect being ob
tained by a few tens of rem s — or m ore — ad m in istered  over a very short 
period  and ca lcu lated  in ter m s of a few -tens of m illir e m s  — or l e s s  — 
re ce iv e d  in the cou rse of a year .

Those of us who are op erators of nuclear power sta tion s are ready, if  
ca lled  upon to do so , to spend large  su m s on reducing s t i l l  further the 
rad ioactiv ity  of our plant efflu en ts. H ow ever, each  su c c e s s iv e  reduction  
is  m ore and m ore co stly . And it i s  la rg e ly  in vain: even then the public, 
with its  ingrained fear of can cer and gen etic  e ffe c ts , is  not re a ssu re d .
No r e a l m ed ica l expert w ill grant the valid ity  of the concept of proportionality  
in connection with the radiation le v e ls  em itted  by n uclear power sta tion s, 
or even le v e ls  m uch higher than that.

What we have to do then, is  to banish th is im p r ess io n  of in secu r ity  
and anxiety from  the public m ind.

I should lik e , in con clu sion , to ask  Mr. P e ller in  for elucidation  of a 
p articu lar point. The e s tim a tes  for m ed ica l irrad iation  dose in France  
are a good deal h igher than in variou s other co u n tr ies , at le a st  accord ing  
to the litera tu re  availab le on the su b ject, and it would be in terestin g  to hear 
w hether he has any com m ents to offer on th is situation .

P. PELLERIN: Mr. D elp la  is  quite right in ca llin g  attention to the 
u n certa in ties that at p resen t p reva il in th is sp h ere . Those u n certa in ties  
are due, among other th in gs, to the fact that in m ost cou n tr ies the e s tim a tes  
of m ed ica l exp osu re of the population are based on rather lim ited  en q uiries  
and even  depend to a con sid erab le extent on voluntary sta tem en ts by rad io 
lo g is ts .  The c iv iliz ed  world is  divided into two d ifferent a rea s or dom ains 
in th is  re sp ec t. In one area — the sm a lle r  on e, including notably Scandinavia  
p ra ctica lly  a ll m ed ica l irrad iation  is  conducted under tight su p erv ision  in 
h osp ita ls (which tend, in cid en ta lly , to be m odel public health in stitu tion s in 
other r e sp e c ts  as w ell). In the other area  (which, I may sa y , in clu d es the 
United S tates of A m erica) there is  a la rg e  and, le t us face the fact, v irtu ally  
uncontrollab le private ra d io lo g ica l p ractice . In the la tte r  area which, as  
I sa y , is  large and rad io log ica lly  im portant, e s tim a tes  of m ed ica l irrad iation
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tend to d isregard  the ex iste n c e  of th is substantia l uncontrolled  p ra ctice , 
and so , contrary to the situation  in re sp ec t of n u clear power sta tio n s, 
evaluations of m ed ica l exp osu re are liab le  to y ie ld  figu res that are on the 
o p tim istic  s id e . When we rem em b er that o v er a ll ra d io lo g ica l p ractice  is  
expanding at about 1 0 % per y ea r , then th eoretica lly  in 1 0  y ea rs' tim e the 
m ed ica l exp osu re dose could double — during a decade in which nuclear  
power station  op era tors m ay w ell have had to spend vast su m s on reducing  
the dose ra te s  due to th e ir  r e le a s e s  from  2 m rem  to 1 m rem  per yearl

I th erefore con sid er  it high tim e for the adoption of a r e a lis t ic  attitude 
to nuclear power station  r e le a s e s ,  a grea ter  effort at reduction  being  
applied, if  at a ll, in the field  of m ed ica l exp osu re w here, as I have just 
in dicated , it  would not so m uch com e a m iss .
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Abstract- А ннотация

90 90
BASIC  PATTERN OF w Sr U PTA K E  W ITH FOOD A N D  FEATURES OF Sr E X T R A C T IO N  FROM THE DIET

IN THE USSR DURING THE PERIOD 1 9 6 4 -7 1 .
90

T h e  up take w ith  th e d ie t  o f Sr from  a l l  sources b y  the urban p o p u latio n  o f  the S o v ie t U nion f e l l  from  

61 p C i/d  in  19 6 4  to 16 p C i/d  in  19 6 9 ; during the period 1 9 7 0 -7 1  there was no further d e c lin e  in  the 

d eg re e  o f  food stuff co n ta m in a tio n . This phenom enon is a ttrib u tab le  to the fa c t  th at the d eg re e  o f a tm o s

p h eric  co n ta m in atio n  d e c lin e d  w h ile  the co n cen tra tio n  o f  ^®Sr in  the so il rem ain ed  sta b le . By studying 

food stuff co n ta m in atio n  le v e ls  and d ie ta ry  patterns it  has been  possib le to d eterm in e  the ro le  o f  in d iv id u al 

foodstuffs as conveyors o f  ®®Sr. In p a rticu la r , it  has b een  established th at ®^Sr uptake b y  th e  S o v iet 

p o p u latio n  occurs m a in ly  through the consum ption  o f  bread and related  foodstuffs rather than m ilk  -  in  

contrast to th e U nited S tates o f A m e ric a  and other countries w ith  a •w estern ' d ie ta ry  p attern . T h e  paper 

contains co m p a ra tiv e  d ata  on ^ S r  uptake and a c c u m u la tio n  in  bone tissue for inhabitants o f  the USSR and 

a num ber o f  other cou ntries. T h e  d eg re e  o f  Sr e x tra ctio n  from  foodstuffs is e v a lu a te d  b y  m eans o f two 

in d ices: the rate  o f  a c c u m u la tio n  and the observed ratio . In the S o v ie t  U nion  th ese in d ices  are about 

1 . 5  tim es lo w er than in  countries w ith  a 'w estern* typ e  o f  d ie t ; for e x a m p le , th e rate  o f  a ccu m u la tio n  

in creased  from  23 to 78 ov er the period 1 9 6 4 -1 9 7 1  in  the S o v ie t U nion and from  50 to 83 over the sam e 

period in  the U nited  S tates o f  A m e r ic a ,  w h ile  the observed ratio  varied  from  0 .0 1 5  to 0 .0 58  in  the S o v ie t 

U nion and from  0 .0 5 4  to  0. 084 in  the U nited States df A m e ric a . It has b een  estab lished  that there is a 

ten d en cy  for the d iffe re n c e  in  ^®Sr e x tra ctio n  from  the d ie t  to d e cre a se  -  a te n d en cy  con n ected  w ith  the 
d e c lin e  in  th e  ro le  o f  bread and related  products as the m ain  con veyors o f 90Sr in the S o v ie t U nion and an 

in crea se  in  the ro le  o f m ilk  and v e g e ta b le s . T h e  authors consider possible reasons w hy and w ays in  w h ich  

ea tin g  hab its a f fe c t  the e x tra ctio n  o f ^®Sr from  the d ie t .

О С Н О В Н Ы Е  З А К О Н О М Е Р Н О С Т И  П О С Т У П Л Е Н И Я  С Т Р О Н Ц И Я - 9 0  С  Д И Е Т О Й  И О С О Б Е Н 
Н О С Т И  У С В О Е Н И Я  ИЗ Н Е Е  Д А Н Н О Г О  И З О Т О П А  В  С С С Р  В  1 9 6 4 - 1 9 7 1  г г .

П о с т у п л е н и е  с т р о н ц и я - 9 0  г л о б а л ь н о г о  п р о и с х о ж д е н и я  г о р о д с к о м у  н а с е л е н и ю  С о в е т 
с к о г о  С о ю з а  с  п и щ е в ы м  р а ц и о н о м  у п а л о  с  61 п К и / с у т  в 19 6 4  г .  д о  1 6 п К и / с у т  в 1 9 6 9  г .
В  т е ч е н и е  1 9 7 0 - 1 9 7 1  г о д о в  д а л ь н е й ш е г о  с н и ж е н и я  з а г р я з н е н н о с т и  р а ц и о н а  н е  п р о и с х о д и л о . 
У к а з а н н о е  я в л е н и е  о б ъ я с н я е т с я  п а д е н и е м  р о л и  в о з д у ш н о г о  з а г р я з н е н и я  при с т а б и л ь н о м  
с о д е р ж а н и и  с т р о н ц и я - 9 0  в  п о ч в е .  И з у ч е н и е  у р о в н е й  з а г р я з н е н и я  п и щ е в ы х  п р о д у к т о в ,  а 
т а к ж е  с т р у к т у р ы  п и т а н и я  н а с е л е н и я  п о з в о л и л о  в ы я в и т ь  р о л ь  о т д е л ь н ы х  п и щ е в ы х  к о м п о н е н 
т о в  к а к  п о с т а в щ и к о в  с т р о н ц и я - 9 0 .  У с т а н о в л е н о ,  в  ч а с т н о с т и ,  ч т о  о с н о в н о е  к о л и ч е с т в о  
и з о т о п а  п о с т у п а е т  н а с е л е н и ю  С С С Р  с  х л е б о п р о д у к т а м и ,  а  н е  м о л о к о м , к а к  э т о  и м е е т  м е с т о  
в С Ш А  и д р у г и х  с т р а н а х  с  " з а п а д н ы м "  т и п о м  п и т а н и я . П р и в о д я т с я  д а н н ы е  п о  с р а в н и т е л ь 
н о м у  п о с т у п л е н и ю  и н ак о п л е н и ю  с т р о н ц и я - 9 0  в к о с т н о й  т к а н и  у  ж и т е л е й  С С С Р  и р я д а  д р у г и х  
с т р а н .  С т е п е н ь  у с в о е н и я  с т р о н ц и я - 9 0  и з р а ц и о н а  о ц е н и в а е т с я  с  п о м о щ ь ю  д в у х  п о к а з а т е л е й  : 
к р а т н о с т и  н а к о п л е н и я  и н а б л ю д а е м о г о  о т н о ш е н и я . В  С С С Р  э т и  п о к а з а т е л и  п р и м е р н о  в 1 ,5  
р а з а  н и ж е , ч е м  в с т р а н а х  с  " з а п а д н ы м "  т и п о м  п и т а н и я . Т а к ,  в  С С С Р  к р а т н о с т ь  н а к о п л е н и я  
и з м е н я л а с ь  о т  2 3  в 19 6 4  г .  д о  78 в 1 9 7 1  г . ,  а  в  С Ш А  с о о т в е т с т в е н н о  — о т  50 д о  8 3 . Н аб л ю 
д а е м о е  о т н о ш е н и е  и з м е н я л о с ь  в  э т о т  п е р и о д  с о о т в е т с т в е н н о  п о  С С С Р  в п р е д е л а х
0 ,0 1 5 - 0 ,0 5 8 ,  а  в  С Ш А  — 0 ,0 5 4 - 0 ,0 8 4 .  У с т а н о в л е н о ,  ч т о  и м е е т с я  т е н д е н ц и я  к с г л а ж и в а н и ю
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о т м е ч е н н о й  р а з н и ц ы  в у с в о е н и и  с т р о н ц и я - 9 0 .  Э т о  с г л а ж и в а н и е  к о р р е л и р у е т  с  п а д е н и е м  
в С С С Р  р о л и  х л е б о п р о д у к т о в  к а к  о с н о в н ы х  п о с т а в щ и к о в  и з о т о п а  и в о з р а с т а н и е м  р о л и  м о л о 
к а  и о в о щ е й .  Р а с с м о т р е н ы  в о з м о ж н ы е  п ри чи н ы  и м е х а н и з м ы  в л и я н и я  о с о б е н н о с т е й  п и т а 
ния на у с в о е н и е  р а д и о и з о т о п а  .

Р ан ее сообщалось о результатах и м етодах изучения уровней и 
закономерностей поступления стронция-90 населению Советского  
Союза [1 ,2 ,3 ] . Отмечалось также, что из распространенного в СССР 
рациона стронций-90 усваивался в заметно меньших количествах, чем  
из рациона так назы ваемого "западного" типа, распространенного в 
США [4 ]. В настоящем сообщении на основании материалов собств ен 
ных многолетних наблюдений и анализа литературных данных по поступ
лению с пищей и накоплению в скелете стронция-90 "глобального" про
исхождения предпринята попытка вскрыть некоторые закономерности и 
механизмы, которые могут определять степень перехода стронция-90  
из диеты в организм . Вскрытие подобных закономерностей, очевидно, 
могло бы сделать более точным прогнозирование накопления стронция-90 
в костной ткани при загрязнении рациона данным изотопом как глобаль
ного, так и любого другого происхождения.

Фактические материалы собственных исследований, использованные 
в работе, относятся к данным по поступлению стронция-90 населению 
С оветского Союза, к роли отдельных компонентов рациона, как источни
ков поступления изотопа, к данным по уровню поступления кальция, а 
такж е, частично, к содержанию стронция-90 в скелете жителей С ССР.
В остальных случаях использования фактических данных, в том числе 
для получения производных и относительных величин, приведены ссылки 
на литературный источник, откуда взяты исходные значения.

Уровни поступления стронция-90 с пищевым рационом населению 
С оветского Союза, обусловленные стратосферными выпадениями, пред
ставлены в табл .1 . Данные табл.1 свидетельствуют о том, что в 1969 г о 
ду поступление стронция-90 по сравнению с 1964 годом, когда загрязнение 
диеты было максимальным, снизилось примерно в 4 р а за . С 1969 года  
дальнейшего снижения загрязненности диеты не происходило. Напротив, 
в 1970-71 г . г .  было отмечено некоторое увеличение уровня стр атосф ер 
ных выпадений [5 ] и загрязнения диеты . П оказательно, что за период 
1964-69 г . г .  выпадения стронция-90 из атмосферы упали в 10-20 р а з[6 , 7]. 
М енее выраженное снижение загрязненности диеты объясняется тем , 
что содержание стронция-90 в почве в последние годы стабилизировалось 
и "почвенный" стронций-90 стал играть все более заметную роль в з а 
грязнении продовольствия. Так, на основании данных по уровням 
стронция-90 в почве, атмосферном воздухе и пищевых продуктах [5,8,9 ] 
было определено, что в 1964 г .  хлебопродукты на 84% загрязнялись за 
счет стронция-90, непосредственно оседавш его на поверхность зерна 
из воздуха, в то время как к 1969 году доля "воздушного" стронция-90 
упала до 47% (несколько поднявшись снова в 1970-71 г . г .  до 58-52% ). 
Пищевые продукты на протяжении всего периода наблюдения являлись 
основным, решающим источником проникновения стронция-90 в организм  
жителей. Поступление "глобального" стронция-90 с питьевой водой не 
превышало 5%, а с воздухом — 1-2% от поступления изотопа с пищевым 
рационом [1 ,3 ] .
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ТАБЛИЦА I . ПОСТУПЛЕНИЕ СТРОНЦИЯ-90 С РАЦИОНОМ 
ГОРОДСКОМУ НАСЕЛЕНИЮ СОВЕТСКОГО СОЮЗА В 1964-1971 г .г .. 
(в среднем на человека)

Г о д ы 1 9 6 4 19 6 5 1 9 6 6 1 9 6 7 19 6 8 1 9 6 9 19 7 0 1 9 7 1

п К и / с у т 61 4 3 29 2 1 1 9 1 6 18 18

п К и / г  к а л ь ц и я 92 61 4 1 30 2 7 2 1 2 3 2 3

Некоторые собственные и литературные исходные данные, исполь
зованные в работе для вычисления показателей, характеризующих 
усвоение и накопление стронция-90 в организме человека, приведены 
в табл .11. Примечания к табл. II указывают источник и способ получения 
соответствующих показател ей . Дополнительно следует отметить, что 
для суждения о степени усвоения стронция-90 из рациона и его накопле
ния в организме (скелете) используются два показателя — наблюдаемое 
отношение (Н .О .) , которое представляет собой отношение концентрации 
стронция-90 в рационе к его концентрации в скелете (концентрации вы
ражены в пК и/г кальция), — а также кратность накопления (K .H .) , 
которая показы вает, сколько суточных "порций" изотопа содержится во 
всем ск ел ете . При этом для определения величины содержания 
стронция-90 в скелете жителей США показатель его средней концен
трации на 1 г кальция умножался на общее содержание кальция в ск е
лете, принятое равным, согласно данным по "стандартному" человеку, 
1000 г [15 ].

При определении соответствующ его показателя по С оветскому Союзу 
было принято, согласно данным Б .К .Борисова, полученным на 20 ск е
летах взрослы х людей, что содержание кальция в. скелете составляет  
870 г .

При анализе данных табл. II представляется целесообразным о т м е
тить сущ ественно более высокое загрязнение пищевого рациона в СССР 
по сравнению с США. Указанная разница не связана с различным 
уровнем выпадений, или разным загрязнением исходного пищевого сырья. 
Оно обусловлено разницей в структуре питания и, прежде в сего , тра
диционно более высоким в СССР потреблением хлебопродуктов, причем 
из более темных сортов муки, чем в США [1 ,3 ] . Поскольку основное 
количество стронция-90, особенно в период интенсивных выпадений, 
содержится в оболочечной части зерна, темные сорта муки всегда с о 
держат значительно больше стронция-90, чем высшие сорта, и зготов
ленные из зерна аналогичной загрязненности. Следует добавить также, 
что особенно большое распространение хлебопродукты из темной муки 
имели в 1964 году [3,4 ].

В табл. III приведены данные, которые иллюстрируют относительную  
величину поступления и накопления стронция-90 в СССР и США. М ате
риалы таблицы указывают на то, что поступление стронция-90 в СССР 
в течение ряда лет было в 1 ,5-2  раза выше, чем в США, а концентрация 
в костной ткани жителей была также выше, чем в США, однако не 
пропорционально превышению загрязненности рациона. Это н есоответ
ствие, наиболее резко выраженное в начальный период наблюдения



ТАБЛИЦА II . ИСПОЛЬЗОВАННЫЕ ДЛЯ РАСЧЕТОВ ДАННЫЕ ПО ПОСТУПЛЕНИЮ С РАЦИОНОМ 
СТРОНЦИЯ-90  И ЕГО СОДЕРЖАНИЮ В КОСТНОЙ ТКАНИ ВЗРОСЛОГО ГОРОДСКОГО НАСЕЛЕНИЯ 
СССР и США в 1964-71 годы

Г о д ы 19 6 4 19 6 5 1 9 6 6 1 9 6 7 19 6 8 1 9 6 9 1 9 7 0 1 9 7 1

С т р о н ц и й - 9 0  в  р а ц и о н е ; С С С Р 61 4 3 2 9 2 1 1 9 1 6 18 18
п К и / р а ц и о н

С Ш А 2 6 24 18 1 3 14 12 12 1 3

С т р о н ц и й - 9 0  в  р а ц и о н е ; С С С Р 92 61 4 1 30 2 7 2 1 2 3 2 3
п К и / г  С а

С Ш А 24 22 16 12 14 12 12 1 3

С т р о н ц и й - 9 0  в  к о с т н о й С С С Р 1 ,5 1 , 6 1 ,5 1 ,3 5 1 ,2 1 ,2 1 ,4 1 , 3
т к а н и ;  п К и / г  С а

С Ш А 1 , 3 1 , 1 1 ,0 5 0 ,9 1 , 1 1 , 1 1 ,0 -

С т р о н ц и й - 9 0  в о  в с е м С С С Р 12 0 0 13 0 0 12 0 0 1 1 0 0 960 960 1 1 0 0 10 0 0
с к е л е т е ;  п К и / с к е л е т

С Ш А 13 0 0 1 1 0 0 10 5 0 900 1 1 0 0 1 1 0 0 10 0 0 -

П р и м е ч а н и я : 1 . Д а н н ы е  п о  с о д е р ж а н и ю  с т р о н ц и я -9 0  в р а ц и о н е  и к о с т н о й  т к а н и  ж и т е л е й  С Ш А  ( г о р о д а  Н ь ю -Й о р к , Ч и к а г о ,  
С а н - Ф р а н ц и с к о )  р а с с ч и т а н ы  п о м а т е р и а л а м  р а б о т  [ 1 0 , 1 1 , 1 2  ] .
Д а н н ы е  п о С Ш А  з а  1 9 6 8 - 1 9 7 0  г . г .  о т н о с я т с я  т о л ь к о  к Н ь ю - Й о р к у .

2 .  П о к а з а т е л и  с о д е р ж а н и я  с т р о н ц и я - 9 0  в  к о с т н о й  т к а н и  н а с е л е н и я  С С С Р  п р е д с т а в л е н ы  п о  м а т е р и а л а м  
р а б о т  А . Н .  М а р е я  и д р .  [ 1 3 ,1 4  ] .  За 1 9 6 7  г о д  к о н ц е н т р а ц и я  и з о т о п а  в  с к е л е т е  о п р е д е л е н а  к а к  с р е д н я я  

в е л и ч и н а  м е ж д у  1 9 6 6  и 19 6 8  г . г .
3 .  Д а н н ы е  п о  с о д е р ж а н и ю  к а л ь ц и я  в  р а ц и о н е  ж и т е л е й  С С С Р  — и з  р а б о т  [ 1 - 4  ] .
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ТАБЛИЦА III . СООТНОШЕНИЕ УРОВНЕЙ ПОСТУПЛЕНИЯ 
СТРОНЦИЯ-90  С РАЦИОНОМ И КОНЦЕНТРАЦИЙ ИЗОТОПА 
В КОСТНОЙ ТКАНИ ЖИТЕЛЕЙ СССР И США

Г о д ы 19 6 4 19 6 5 1 9 6 6 1 9 6 7 19 6 8 19 6 9 19 7 0

р а ц и о н  С С С Р ;  п К и  
р а ц и о н  С Ш А ; п К и

2 ,3 4 1 , 7 9 1 ,6 1 1 ,6 1 1 , 3 6 1 ,3 4 1 ,5 0

к о с т н а я  т к а н ь  в

С С С Р ;  п К и / г  С а  
к о с т н а я  т к а н ь  в

1 , 1 5 1 ,4 5 1 ,4 3 1 ,5 0 1 ,0 9 1 ,0 9 1,4 0

С Ш А ; п К и / r  С а

к о с т н а я  т к а н ь ;

v  „  С С С Р  
п К и / r  С а  С Ш А

С С С Р
р а ц и о н ; п К и  с ш д

0 ,4 9 0 ,8 1 0 ,8 9 0 ,9 3 0 ,8 0 0 ,8 2 0 ,9 3

(1964 год), совпадающий с периодом максимальных выпадений, затем  
существенно сгладилось, хотя и продолжает закономерно прослеживаться  
в течение всего периода наблюдений.

В качестве причин несоответствия между поступлением стронция-90  
с рационом и его концентрацией в костной ткани могут выступать или 
факторы, связанные с особенностями диеты и формой нахождения в ней 
стронция-90 (влияние на усвоение изотопа) или же то обстоятельство, 
что различна средняя м асса скелета и, следовательно, количество каль
ция, которое участвует в "разбавлении" усвоенного стронция-90 и, тем  
самым, отражается на значениях его концентраций в скелете (влияние 
на показатели накопления). В свою очередь, к числу факторов, связан
ных с особенностями диеты, можно, очевидно, отнести следующее:

- уровень содержания в диете кальция;
- наличие вещ еств, прежде всего  фитиновых соединений, способных 

связывать стронций-90 (и кальций) в желудочно-кишечном тракте
и, тем самы м, снижать его усвоение;

- более затрудненное усвоение из диеты "воздушного" стронция-90, 
т .е .  попавшего на продовольствие непосредственно из воздуха, 
по сравнению с "невоздушным", т .е .  попавшим туда из почвы, или 
из воздуха, но опосредованно, пройдя предварительно в организм  
сельскохозяйственны х животных (например, стронций-90 в м олоке).

К "невоздушному" стронцию-90 мы условно относим здесь  все виды 
структурного, неповерхностного, загрязнения, включая сюда загрязнение 
изотопом, проникшим внутрь растений не из почвы, а с загрязненной по
верхности л и стьев .

Для того, чтобы подойти к характеристике возможной роли особён -  
ностей диеты и к оценке влияния указанных выше факторов на усвоение 
изотопа, в таблицах IV и V приведены материалы, позволяющие отм е
тить некоторые сущ ественные особенности пищевого рациона и его о т 
дельных компонентов, как "поставщиков" стронция-90, в СССР и США.
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ТАБЛИЦА IV. ВКЛАД ОТДЕЛЬНЫХ КОМПОНЕНТОВ РАЦИОНА В 
ОБЩЕЕ ПОСТУПЛЕНИЕ СТРОНЦИЯ-90 ГОРОДСКОМУ НАСЕЛЕНИЮ 
СОВЕТСКОГО СОЮЗА В 1964-71 г . г .  (в среднем по стране; в % от 
поступления со всем рационом)

Г о д ы Х л е б о п р о д у к т ы
М о л о к о  и м о л о ч н ы е  

п р о д у к т ы
К а р т о ф е л ь

М я с о  и м я с о 
п р о д у к т ы

П р о ч и е

19 6 4 6 0 ,4 1 5 , 7 6 ,7 4 ,0 1 3 ,2

19 6 5 5 9 ,0 1 5 ,6 7 ,1 4 ,0 1 4 ,3

1 9 6 6 4 8 ,8 1 7 ,4 8 ,5 5,0 2 0 ,3

1 9 6 7 4 0 ,4 1 7 , 1 1 0 ,6 6,2 2 5 ,7

19 6 8 3 3 ,7 1 7 ,5 1 1 , 7 5 ,9 3 1 ,2

19 6 9 3 5 ,9 2 0 ,5 1 2 ,2 7 ,1 2 4 ,3

19 7 0 3 4 ,3 1 9 ,4 1 3 ,1 7 ,4 2 5 ,8

1 9 7 1 3 5 ,6 2 0 ,1 1 2 ,6 7 ,5 2 4 ,2

ТАБЛИЦА V. ВКЛАД ОТДЕЛЬНЫХ КОМПОНЕНТОВ РАЦИОНА В ОБЩЕЕ 
ПОСТУПЛЕНИЕ СТРОНЦИЯ-90 НАСЕЛЕНИЮ США в 1964-1970 годы  
(в % от общ его поступления) [16] *

Г о д ы
М о л о ч н ы е
п р о д у к т ы

З е р н о в ы е О в о щ и Ф р у к т ы
М я с о ,  р ы б а , 

я й ц о

19 6 4 4 3 34 1 3 7 4 ,5

1 9 6 5 44 2 6 18 8 5 ,5

1 9 6 6 3 6 28 20 8 7

1 9 6 7 32 20 28 14 5 ,5

19 6 8 32 1 9 2 7 18 5

1 9 6 9 34 20 2 6 15 4 ,5

19 7 0 34 2 1 2 7 14 4 ,5

* В  с р е д н е м  н а с е л е н и ю  п о  г о р о д а м  Н ь ю -Й о р к  и С а н - Ф р а н ц и с к о .

В частности, материалы таблиц IV и V позволяют отметить, что в СССР 
основное количество стронция-90 поступает населению с хлебопродукта
ми, а в США — с молочными продуктами. В течение всего периода 
наблюдений хлеб в СССР имеет большее значение, чем в США, что объяс
няется его относительно большим потреблением и привычкой населения 
к включению в рацион ржаного и темных сортов пшеничного хлеба . М ате
риалы таблиц IV и V, а также приведенные выше данные по характеристи
ке загрязненности темных и светлых сортов хлеба и их распространен
ности в СССР и США позволяют считать, что в США основное количество
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или даже практически весь стронций-90 в диете был представлен струк
турным, "невоздушным" изотопом, в то время как в СССР, где значи
тельная часть стронция-9 0 , особенно в первые годы, поступала с темными 
сортами хлебопродуктов, заметная доля изотопа в рационе неизбежно бы
ла непосредственно воздуш ного происхождения. Эта доля изотопа в 
диете СССР была рассчитана и ниже будет приведена в целях определения 
возможной разницы в доступности для усвоения структурного и воздуш 
ного стронция-90.

В таблицах VI и VII представлены материалы, характеризующие у с 
воение и накопление стронция-90 в СССР и США, причем в табл.VII 
приведены данные, учитывающие содержание в диете лишь "невоздушного" 
стронция-90 (в целях проверки допущения, что "воздушный" стронций-90 
не усваивается или усваивается хуже) .

Материалы табл.VI указывают на возрастание со временем показа
телей К.Н. и Н.О., как в СССР, так и в США. Следует отм етить, что 
увеличение данных показателей объясняется не возрастанием содержания 
стронция-90 в ск елете, а падением загрязненности рациона. Со временем  
разница между показателями К.Н. и Н .О. в СССР и США сглаживалась, 
что свидетельствует о влиянии каких-то факторов, изменявшихся со вре
м ен ем . К числу таких факторов могут относиться какие-то элементы  
диеты и явно не относится влияние разбавления стронция в большей м а с
се костного кальция у жителей США, поскольку, хотя сам факт влияния 
данного фактора очевиден, м асса кальция в скелете является величиной 
весьма стабильной и не может объяснить отмеченной динамики в со о т 
ношении показателей К.Н. и Н.О. Величины, приведенные в последней, 
нижней строке табл .V I, указывают на то, что между показателями Н.О. в 
СССР и США сущ ествует большая разница, чем между показателями К. Н.  
Причина этого явления лишь отчасти может объясняться большим коли
чеством кальция в скелете американцев, поскольку эта разница не столь 
значительна (870 г и 1000), как разница показателей в 1964-1967 г . г .

ТАБЛИЦА VI . ПОКАЗАТЕЛИ, ХАРАКТЕРИЗУЮЩИЕ УСВОЕНИЕ И 
НАКОПЛЕНИЕ СТРОНЦИЯ-90 В СССР И США в 1964-1970 годы

Г о д ы 19 6 4 1 9 6 5 1 9 6 6 1 9 6 7 19 6 8 1 9 6 9 19 7 0

С С С Р 20 30 4 1 52 5 1 60 61
К р а т н о с т ь
н а к о п л е н и я

С Ш А 50 4 6 58 69 78 92 8 3

( К . Н . )
С С С Р
С Ш А

0 ,4 0 0 ,6 5 0 ,7 1 0 ,7 5 0 ,6 5 0 ,6 5 0 ,7 4

С С С Р 0 ,0 1 6 0 ,0 2 6 0 ,0 3 7 0 ,0 4 5 0 ,0 4 5 0 ,0 5 7 0 ,0 5 8

Н а б л ю д а е м о е С Ш А 0 ,0 5 4 0 ,0 5 0 0 ,0 6 6 0 ,0  75 0 ,0 7 8 0 ,0 9 2 0 ,0 8 8
о т н о ш е н и е

(Н . О . ) С С С Р
С Ш А

0 ,3 0 0 ,5 2 0 ,5 6 0 ,6 0 0 ,5 8 0 ,6 2 0 ,6 6

Н . О .  в  С С С Р К . Н .  в  С С С Р
0 ,7 5 0 ,8 0 0 ,7 9 0 ,8 0 0 ,8 9 0 ,9 6 0 ,8 9

Н . О .  в  С Ш А ‘ К . Н .  в  С Ш А



ТАБЛИЦА VII. ПОКАЗАТЕЛИ ПОСТУПЛЕНИЯ И НАКОПЛЕНИЯ У ЖИТЕЛЕЙ СССР СТРОНЦИЯ-90 
"НЕВОЗДУШНОГО" ПРОИСХОЖДЕНИЯ

Г о д ы 19 6 4 1 9 6 5 1 9 6 6 1 9 6 7 19 6 8 1 9 6 9 1 9 7 0 1 9 7 1

П о с т у п л е н и е  с  р а ц и о н о м ; 30 2 5 2 1 1 7 1 6 1 3 14 14
п К и /  с у т

К р а т н о с т ь  н а к о п л е н и я  ( К . Н . ) 40 52 5 7 65 60 74 79 72

в С С С Р

П о с т у п л е н и е  с  р а ц и о н о м ; 4 5 3 5 30 24 2 3 1 7 18 18
п К и / r  С а

Н а б л ю д а е м о е  о т н о ш е н и е  ( Н . О . ) 0 ,0 3 3 0 ,0 4  6 0 ,0 5 0 0 ,0 5 6 0 ,0 5 2 0 ,0  71 0 ,0  78 0 ,0  72

в  С С С Р

К . Н .  в  С С С Р  
К . Н .  в  С Ш А

0 ,8 0 0 ,1 3 0 ,9 8 0 ,9 4 0 ,7 7 0 ,8 1 0 ,9 5 -

Н . О .  в С С С Р  
Н . О .  в  С Ш А

0 ,6 1 0 ,9 2 0 ,7 6 0 ,7 5 0 ,6 7 0 ,7 7 0 ,8 9 -

Н . О .  С С С Р / С Ш А  
К . Н .  С С С Р / С Ш А 0 ,7 7 0 ,8 1 0 ,7 8 0 ,8 0 0 ,8  7 0 ,9 5 0 ,9 4 -



ТАБЛИЦА VIII. НЕКОТОРЫЕ ИТОГОВЫЕ ПОКАЗАТЕЛИ, ХАРАКТЕРИЗУЮЩИЕ УСВОЕНИЕ И 
НАКОПЛЕНИЕ СТРОНЦИЯ-90 В СССР И США

Г о д ы 19 6 4 1 9 6 5 1 9 6 6 1 9 6 7 1 9 6 8 1 9 6 9 1 9 7 0

К . Н .  в  С С С Р  " о б щ е г о "  
К . Н .  в  С Ш А  с т р о н ц и я -^ 0

0 ,4 0 0 ,6 5 0 ,7 1 0 ,7 5 0 ,6 5 0 ,6 5 0 ,7 4

- К . Н .  в С С С Р  " н е в о з д у ш н о г о "  
К . Н .  в  С Ш А  с т р о н ц и я - 9 0

0 ,8 0 1 , 1 3 0 ,9 8 0 ,9 4 0 ,7 7 0 ,8 1 0 ,9 5

П р о ц е н т  " н е в о з д у ш н о г о "  
с т р о н ц и я -9 0  в  р а ц и о н е

50 58 72 8 1 8 1 84 78

Н . О .  в  С С С Р
Н . О .  в  С Ш А 0 ,3 0 0 ,5 2 0 ,5 6 0 ,6 0 0 ,5 8 0 ,6 2 0 ,6 6

С С С Р
К а л ь ц и й  в  р а ц и о н е  С Ш А 0 ,6 1 0 ,6 5 0 ,6 3 0 ,6 5 0 ,7 0 0 ,7 6 0 ,7 8

. .  ,> ~ С С С Р  
К о с т н а я  т к а н ь ;  п К и / г С а  _ _  .

’ ' С Ш А
С С С Р

Р а ц и о н ;  п К и  с ш А
0 ,4 9 0 ,8 1 0 ,8 9 0 ,9 3 0 ,8 0 0 ,8 2 0 ,9 3

Н . О . в С С С Р  К . Н .  в  С С С Р  
Н . О . в С Ш А  ‘ К . Н .  в  С Ш А

0 ,7 5 0 ,8 0 0 ,7 9 0 ,8 0 0 ,8 9 0 ,9 6 0 ,8 9
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Очевидно, определенное значение здесь имеет факт более высокого 
поступления американцам кальция с рационом. Как известно, кальций 
способен снижать усвоение стронция-90 [4 ], однако, как видно из со о т 
ношения показателей К. Н.  и Н. О.  в последней строке табл .V I, не прямо 
пропорционально его количеству в рационе, а заметно сл абее .

Материалы таблиц VII и VIII позволяют заключить, что при допущении, 
согласно которому "воздушный" стронций-90 не усваивается, разница 
меж ду СССР и США оказывается менее выраженной. Сглаживание р а з 
ницы показателей К. Н.  со временем по "общему" стронцию-90, которое 
происходит одновременно с падением вклада "воздушной" компоненты в 
загрязненность рациона также указывает на связь последнего обстоятель
ства с усвоением стронция-90. В се это указывает на справедливость  
предположения о худшем усвоении из рациона "воздушного" стронция-90. 
Однако и этот фактор не объясняет полностью различий в усвоении 
стронция-90 между СССР и СШ А, прежде всего в 1964 году . Мы пола
гаем , что в этот период в СССР усвоение стронция-90 из рациона тор 
мозилось также вследствие повышенного потребления хлебопродуктов 
из темных сортов муки, которые богаты фитиновыми соединениями, сп о
собными связывать в желудочно-кишечном тракте кальций и стронций-90.

Таким образом , анализ материалов по поступлению и накоплению 
стронция-90 у жителей СССР и США позволяет отметить, что особенности  
диеты способны существенным образом влиять на показатели усвоения 
и накопления стронция-90 из рациона. На этих показателях сказывается  
также тот обычно неучитываемый факт, что среднее общее содержание 
кальция в скелете жителей разных стран существенным образом варьиру
ет .

В Ы В О Д Ы

1 . Поступление стронция-90 с диетой населению Советского Союза 
в 1969 году по сравнению с 1964 годом — периодом максимального по
ступления -  упало в 4 р а за . В 1970-71 г . г .  дальнейшего снижения з а 
грязненности рациона не происходило.'

2 . В период 1963-1971 г . г .  роль отдельных компонентов рациона, 
как "поставщиков" стронция-90, сущ ественно изменилась, причем зн а
чение хлебопродуктов упало, а молока, мяса — выросло.

3 . Изменения значимости отдельных компонентов рациона как по
ставщиков стронция-90 обусловлены, главным образом , снижением "воз
душной" компоненты загрязненности диеты и возрастанием роли "поч
венной" .

4 .  Показатели усвоения стронция-90 из распространенной в СССР 
диеты (кратность накопления в организме и наблюдаемое отношение 
"скелет-рацион") сущ ественно отличаются от таковых в странах с " за
падным" типом питания (США), причем имеется тенденция к сглаживанию 
отмеченной разницы.

5 . На показатели усвоения стронция-90 из диеты и его накопления 
в организме способны влиять такие факторы, как характер загрязнения  
продовольствия стронцием-90 (структурное, или поверхностное), коли
чество фитиновых соединений в диете (вклад темных сортов муки), ко
личество кальция. Определенное влияние на широко употребляемый 
показатель наблюдаемого отношения оказывает также общее содержание 
кальция в с к е л е т е .
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Abstract

THE US ATOMIC ENERGY COMMISSION PROGRAM FOR MONITORING THE BEHAVIOUR OF RADIONUCLIDES 
RELEASED TO THE ENVIRONMENT.

T he US A tom ic  Energy C om m ission  (AEC) conducts m a jo r n u c le a r  energy program s a t  abou t 30 s ites.
T he  en v iro n m en ta l m o n ito ring  program s a t  the se  sites a re  conduc ted  by AEC or its o p e ra tio n  con trac to rs  and are 
governed  by g en e ra l requ irem en ts  se t forth  in  AEC m a n ag em e n t d ire c tiv e s . T he o b je c tiv e  of these d irec tives  
is to ensure th a t en v iro n m en ta l m on ito ring  is a d e q u a te  to d e te rm in e  the  e x te n t to w hich  levels  of rad io a c tiv ity  
re leased  from  AEC fa c i li tie s  com p ly  w ith  a p p lic a b le  en v iro n m en ta l q ua lity  standards and to e v a lu a te  the 
effec ts , if  any , o f p lanned  and unp lanned  re leases  on th e  env iro n m en t. Em phasis has been  p la ced  on the 
m on ito ring  o f pathw ays o f hum an  exposure, a lthough  en v iro n m en ta l m ed ia  such as so il and sed im en t h av e  
b ee n  m onito red  to d e te c t  s ig n ifican t trends in ra d io a c tiv ity  le v e ls . In som e instances d ire c t gam m a body 
counts on m em bers o f  th e  p u b lic  and h y p o th e tic a l dose es tim ates  for s e le c ted  ind iv iduals  and p opu la tion  
groups h av e  been  m ad e  to  d efin e  m o re  ac cu ra te ly  th e  risks o f p u b lic  exposure in the  v ic in ity  o f AEC fa c i li t ie s .

E nv ironm enta l m o n ito ring  program s h av e  g en e ra lly  d em onstra ted  p u b lic  exposures in th e  v ic in ity  of 
AEC fa c i li t ie s  to be less than  one p e r ce n t o f the  ICRP reco m m en d ed  standards. Som e o pera tions , how ever, 
h av e  resu lted  in p o te n tia l p u b lic  exposures rep resen ting  som ew hat la rg er frac tions o f th e  ICRP recom m ended  
standards. T he levels  o f exposure th a t resu lted  from  th ese  and o th e r AEC opera tions  w ill be  d iscussed. W ith 
few ex cep tio n s , exposures to ind iv iduals  and groups in  th e  p opu la tion  h av e  no t ranged  above a few per cen t 
o f  th e  ICRP s tandards.

C om prehensive  so il and  sed im en t m o n ito ring  is b e ing  acco m p lish ed  in  the  v ic in ity  o f  a num ber o f AEC 
fa c i li t ie s  and sites to d e te rm in e  th e  deg ree  o f b u ild -u p  o f p lu ton ium  in th e  en v iro n m en t due to rou tine  and 
a c c id e n ta l  re leases . T h e re  is no ev id e n c e  th a t b u ild -u p  o f p lu to n iu m  in soil and o th e r m e d ia  p resen t a 
p u b lic  h e a lth  h a z a rd . T he  q u an titie s  o f  p lu to n iu m  re leased  and th e  levels  o f  p lu to n iu m  d e te c te d  in th e  
en v iro n m en t w ill  b e  d iscussed .

1. INTRODUCTION

Environmental monitoring programs of varying scope and complexity are 
conducted at approximately 30 U.S. Atomic Energy Commission (AEC) installa
tions located throughout the United States. These installations are operated 
for the AEC by universities and industrial firms commonly referred to as AEC 
contractors. There is great diversity in the activities conducted at these 
sites, in the site environs and in the types and quantities of radionuclides 
potentially available for release to the environment. Thus, environmental 
monitoring needs differ greatly from site to site.

Although the scope of this paper is limited to the monitoring practices 
at AEC sites, the AEC also regulates the radioactivity emission control and 
monitoring practices of privately owned and operated facilities such as AEC- 
licensed nuclear power reactors and nuclear fuel reprocessing plants. This
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licensing and regulatory authority encompasses effluent monitoring and pre- 
operational and routine environmental monitoring practices to assure compli
ance with applicable AEC regulations and requirements. In addition to the 
preoperational and routine environmental monitoring programs conducted by the 
AEC licensees, the AEC and U.S. Environmental Protection Agency (EPA) and the 
state within which an AEC-licensed facility is located, conduct special sur
veys, independently and cooperatively, to provide further assurance that the 
public and environment are adequately protected..

The environmental monitoring programs at AEC sites are conducted by AEC 
or its operating contractors and are governed by general requirements set 
forth in an AEC management directive. The purpose of the AEC directive is to 
assure that environmental monitoring is adequate to determine the degree of 
compliance with applicable environmental radiation, air and water quality stand
ards, and to evaluate the effects, if any, of planned and unplanned releases on 
the environment and the public. In some instances independent environmental 
radiation monitoring surveys are conducted in the vicinity of AEC sites by state 
and local agencies and by the EPA.

The concentrations of radionuclides in the environs of AEC s'ites and the 
associated exposures to the public have generally been a few percent or less 
of the appropriate population exposure standards expressed as annual dose 
limits or annual average concentrations in air and water. AEC standards for 
individuals in the public are one-tenth of the International Commission on 
Radiological Protection (ICRP) continuous exposure limits for radiation workers 
and, for the general public, are one-thirtieth of the ICRP continuous exposure 
limits for radiation workers.

2. AEC ENVIRONMENTAL MONITORING AND REPORTING REQUIREMENTS

The environmental monitoring requirements for AEC sites apply to both 
radioactive and nonradioactive pollutant materials although the latter mate
rials are not discussed in this paper. The requirements call for environmen
tal monitoring as appropriate to (a) verify the adequacy of effluent and 
operational controls, (b) determine compliance with applicable standards, 
and (c) detect environmental trends related to site operations. The basic 
objective of these requirements is to assure that AEC operations are so con
ducted that the public and environment are protected. The environmental 
monitoring program, along with other data systems such as stack monitoring, 
provides information feedback on the adequacy of operational practices and 
controls for minimizing, treating and disposing of radioactive wastes. A 
secondary objective is to provide a data and information base adequate for 
determining that radiation standards are met and for informing AEC management 
and the public of effects, if any, that AEC operations have on the public and 
environment. Environmental monitoring data have proved to be vital to the 
preparation of responsive replies to public inquiries and expressions of 
concern regarding possible environmental effects of AEC operations. Each 
contractor is expected to develop and conduct an environmental monitoring 
program consistent with these AEC objectives. The environmental monitoring 
program at each site is periodically evaluated by AEC health and safety per
sonnel to assure that objectives are met.

Each site required to have an environmental monitoring program also pre
pares and distributes an annual report describing the monitoring program, and 
summarizing and interpreting the results. General guidance is provided for 
report format and content (see Appendix). The reports are widely distributed
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to local, state and Federal health and environmental protection agencies and 
to the public. In addition, each report is summarized in an issue of the EPA 
monthly publication, ‘‘Radiation Data and Reports.’’ In 1971, environmental 
monitoring reports were prepared and distributed for 27 AEC sites.

3. MONITORING PRACTICES AT AEC SITES

3.1 General

In the first decade or more following the birth of the atomic energy 
program in the U.S., environmental monitoring was considered necessary, yet 
there was little experience in how to conduct an adequate program. Generally, 
most varieties of animals, plants, produce and other environmental media in 
the vicinity of the site were sampled or measured. As experience was gained 
in conducting and interpreting results of environmental monitoring programs, 
the emphasis shifted to the sampling of media that are sensitive indicators 
of human food chain contamination and accumulation of radionuclides in the 
environment. At the same time, greater reliance was being placed on effluent 
monitoring with environmental monitoring providing confirmatory evidence that 
standards were being met.

In the past few years, with the heightened interest in the quality of the 
environment, it has not been sufficient to simply demonstrate that radiation 
concentration and dose standards have been met; it has been necessary also to 
define the potential exposures to the public and impact on the environment in 
the vicinity of nuclear installations. This necessitates the measurement of 
environmental levels of specific radionuclides and potential public exposure 
down to background levels, including the levels of radioactivity in soil and 
other media not directly related to routes of human exposure. Even the pre
sence of detectable levels of man-made radionuclides in environmental media 
has become an area of major concern for some sectors of the public. For 
example, it has been necessary for AEC contractors to do extensive soil 
sampling to determine the cumulative deposition of persistent radionuclides 
in offsite areas. The emphasis that is being placed on soil sampling at AEC 
sites is evidenced in the establishment of soil sampling programs at 13 AEC 
sites in the past 4 years. The assessment, however, of the significance of 
soil contamination is difficult, since radionuclide levels in soil are not 
directly translatable to potential human exposure. Soil contamination data 
are considered only as indicators of long-term trends. Radionuclide levels 
in media (air, water, etc.) more directly related to human exposure are used 
to evaluate potential exposure to the public.

With the increased emphasis on the environment, the AEC’s policy on the 
control of radioactivity releases, from AEC sites has shifted from primarily 
an effort to restrict public exposure to some small fraction of applicable 
dose standards, to reducing releases still further to achieve the lowest 
levels feasible, considering cost, benefit and availability of control tech
nology. With the decreasing quantities of radioactivity in effluents, the 
task of monitoring environmental media and estimating public exposure has 
become increasingly more difficult. Monitoring techniques and equipment must 
be capable of collecting larger and more representative samples and analyti
cal procedures must be sufficiently sensitive to permit the identification 
and quantification of radionuclides at these diminishing levels in the 
vicinity of AEC sites. The normal fluctuations in background levels of 
radionuclides in the environment further compound the task of assessing the 
decreasing increments of such radionuclides released from AEC sites. For 
some radionuclides, particularly those that do not persist or concentrate in 
environmental media (i.e. , noble gases), environmental levels are generally 
so low they must be calculated using empirical models.
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Because of the varying operational and environmental conditions from site 
to site, it has not been practical for the AEC to adopt standard monitoring 
practices and procedures to be followed at each site, although consideration 
is being given to the development of guidelines for certain practices (e.g., 
soil sampling) that can be made more uniform. As a result of the good com
munications among the various AEC and contractor organizations, many monitor
ing practices and procedures have been widely and uniformly adopted. The 
offsite media most commonly sampled in the vicinity of AEC sites fall into 
two groups: one including air, water, foodstuffs and ambient gamma radiation 
which directly relate to human exposure and established radiation standards; 
and a group including soil, vegetation and sediment which are indicators of 
the accumulation of radionuclides in the environment and for which there are 
no radiation standards. Table I indicates the types of environmental media

3 . 2  U s u a l  M o n i t o r i n g  P r a c t i c e s

I I I. I I

A  Drinking water sampling

Four 100-mile-radius air and gamma 
m onitoring stations not shown.

F I G . l .  S am p le  c o lle c tio n  poin ts  a t  th e  AEC's Savannah River P lan t (SRP).



T A B L E  I I .  C H A R A C T E R I S T I C S  O F  T H E  A E R I A L  R A D I O L O G I C A L  M E A S U R I N G  S Y S T E M  ( A R M S )  

MEASUREMENT CHARACTERISTICS

GROUND POSITION ACCURACY

DETECTABLE DIFFERENCES IN REPEAT 
SURVEYS OVER LARGE AREAS (625 
Square miles)

MINIMUM DETECTABLE GROUND 
CONCENTRATION

EXPOSURE RATE CONVERSION 

GAMMA-RAY SPECTRAL RESOLUTION

DATA FOUNTS PLOTTED WITHIN ±0.001° 
(LONGITUDE AND LATITUDE)

0.75 /! R/h AT 3 f t  FOR A ONE SIGMA 
LEVEL OF CONFIDENCE

0.1 M Ci/m2 (60Co AS AN EXAMPLE)

392 counts/s AT 500 ft TERRAIN CLEARANCE 
REPRESENTS 1 ß R/h AT 3 ft

8.5% AT 1.00 MeV (FULL WIDTH AT HALF 
MAXIMUM)
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routinely monitored for radioactivity and the number of sampling locations 
per type of media at each of 11 major AEC sites. The radionuclides for which 
these various media are most commonly analyzed are strontium-90, cesium-137, 
iodine-131, tritium and plutonium-239. Although the radioactive noble gases 
(e.g., argon-41) generally cannot be detected in the ambient air, they are of 
considerable interest since they contribute the major portion of the offsite 
exposure in the vicinity of several AEC sites.

The environmental monitoring program at the AEC’s Savannah River Plant 
(SRP) is illustrated in Figure 1 as an example of environmental monitoring 
in the vicinity of AEC sites. Typical of most AEC sites, the SRP operates 
peripheral, intermediate and distant (background) air, water, and gamma 
monitoring stations and water monitoring stations upstream and downstream 
of the site.

The frequency with which various environmental media are sampled and 
analyzed is as dependent on the nature of the media as on the characteristics 
of the radionuclide(s) of interest. The dynamic systems, such as streams, 
ambient air, milk, aquatic biota and wildlife, are continuously or frequently 
monitored or sampled regardless of the physical decay rate of the radio
nuclides of interest. However, compositing of samples over a long period 
of time is often practiced when long-lived radionuclides are measured. The 
more static systems, such as lake water, soil and sediment, are less fre
quently sampled and analyzed unless the radionuclide of interest has a short 
half-life.

Normally, environmental monitoring at AEC sites begins at least 1 year 
prior to startup of nuclear activities and continues until the site has been 
fully decommissioned, including all necessary decontamination. Thus, in the 
active lifetime of a given site, the environmental monitoring program will 
proceed through three phases; preoperational, operational and postoperational. 
In addition, a complete radiation survey is required prior to release of any 
AEC facility for uncontrolled or public use.

3.3 Special Programs and Surveys

At times, it is necessary to augment the routine effluent and environmen
tal monitoring programs conducted in the vicinity of nuclear installations by 
special radiation surveys. Such surveys make use of AEC laboratories and 
aerial monitoring capabilities and the services of independent laboratories 
within state and local agencies and the EPA.

3.3.1 AEC Aerial Radiological Measuring Program

The AEC maintains an Aerial Radiological Measuring System (ARMS) as an 
around-the-clock accident response capability. In order to provide this con
tinuous response capability, it is necessary to maintain the airplane, spec
ialized instrumentation, pilots, technicians, navigators, and data processing 
specialists in a high state of readiness. Through the continued utilization 
of ARMS for large land area surveys and frequent special surveys, resource 
maps and documents are kept up to date and the overall proficiency of the 
system is maintained.

The ARMS capability includes highly sensitive instrumentation for gross 
gamma radiation measurement and spectral analysis, air sampling, meteorolog
ical conditions, airplane position data, general purpose and multispectral 
photography in black and white and color, infrared scanning, and scientific
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цС\/т2 AMERICIUM-241
CODE FROM TO

A >0 1
В >1 2.5
С > 2.5 5.0
D > 5.0 10.0
E > 10.0 17.5
F > 17.5 27.5
G > 27.5 37.5
H > 37.5 50.0
I > 50.0 62.5

. J > 62.5 75.0

S C A L E  IN F E E T

F I G .3 .  A e r ia l ra d io lo g ic a l survey by h e lic o p te r  f o r 241 A m  g am m a em issions.

backup in the application of this system to a wide variety of radiological 
measurements. Table II summarizes the characteristics of the standard ARMS 
instrumentation.

ARMS was designed, developed and is operated for the AEC by EG&G, Inc.,
Las Vegas, Nevada. In addition to background surveys that have documented 
more than 10 percent of the nation’s land area (see Figure 2), ARMS has been 
used for locating lost radiation sources and investigating special contamination 
situations. Á source search that led to the development of an expanded capa
bility was the location by ARMS of a test missile that malfunctioned and landed 
in Mexico. The missile payload included as part of the instrumentation two 
cobalt-57 sources of approximately 400 mCi each. The ARMS instrumentation was 
successfully adapted to respond to the low energy cobalt source which led to 
development of a capability for detection of americium-241 found in conjunc
tion with plutonium-239. Figure 3 shows 'the americium-241 fingerprint from 
a single nonnuclear plutonium dispersal test as detected in a helicopter survey 
at the Nevada Test Site.

In June 1972 the ARMS airplane was used in a typical mission, to perform 
an aerial radiological survey of the AEC’s Lake Ontario Ordnance Works to 
determine residual levels of radium-226 in onsite areas that had been used 
for storage of wastes from uranium processing. Figure 4 depicts the site and 
vicinity, the dose contours, and the waste storage areas. The raw.data from 
gross gamma count and gamma spectral measurements were recorded on paper tape 
to permit computer processing. From calibration measurements over a land 
area of uniformly dispersed natural radioactivity, the altitude dependence 
of the gross gamma count rate was determined and a conversion factor computed. 
Using this conversion factor and the survey altitude data, the raw gross count 
rate was converted to exposure rate in microroentgens per hour at 3 feet 
above ground, the “ terrestrial exposure rate.”
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SCALE IN MILES

0 1

L E VE L  ( I NCLUDE S  B A C K G R O U N D )

F I G .4 . A e r ia l ra d io lo g ic a l survey o f  A E C ’ s L ake O ntario ord nance w orks.

Recently, the ARMS airplane was used to survey1 radiation levels in the 
vicinity of the AEC’s Shippingport Atomic Power Station in Pennsylvania in 
response to allegations by members of the public that the Station had con
taminated the surrounding environment. The survey results demonstrated ambi
ent radiation levels in the vicinity of the Station to be no greater than 12 
yR per hour (105 mR/year), and within normal ranges of background for the 
area.

The ARMS has proved to be extremely useful in determining the levels and 
distribution of radioactivity at nuclear facilities and locating lost gamma 
radiation sources. Its capabilities also permit evaluation of geological 
and biological conditions and thermal effects in addition to radiological 
conditions.
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FIG . 5 . P lutoniu m  in so il and a ir  in v ic in ity  o f  the A E C  R ocky Flats P lan t.

3.3.2 AEC’s Health and Safety Laboratory

The AEC’s Health and Safety Laboratory (HASL) in New York City is 
uniquely staffed and equipped to collect and analyze environmental media and 
foods. The services of HASL are frequently used to evaluate environmental 
conditions in the vicinity of nuclear facilities. For example, HASL was 
called on to do extensive soil sampling in the vicinity of the AEC’s Rocky 
Flats Plant in Colorado after it was learned that plutonium from leaking 
drums of contaminated waste oil had been spread by strong gusty winds to adja
cent areas onsite and offsite. Over 50 soil samples were collected by HASL in 
the vicinity of the plant in areas undisturbed since the Plant started opera
tions in 1953. Each sample consisted of several 20 cm deep soil columns 
along a 5-meter long transect. The soil and associated vegetation in each 
sample were air dried, crushed and blended. Plutonium was leached from soil 
aliquots, isolated by anion exchange, electrodeposited on a platinum disc 
and counted by alpha spectrometry.

The HASL survey resulted in approximations of total plutonium-239 in 
offsite areas, and its general distribution and vertical movement in soil. 
Figure 5 is a recent refinement by the Rocky Flats Plant of the original HASL 
plutonium deposition contour lines. These contours were drawn by computer 
and are determined on the basis of the HASL soil sampling results plus more 
recent samples collected and analyzed by the Rocky Flats Plant. It is now 
estimated that a total of 3 to 5 curies of plutonium are in the soil in the 
general vicinity of the Plant, essentially all of which is attributed to 
wind-blown plutonium from the leaking oil drums.
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A number of state and local agencies have established radioactivity 
monitoring programs in the vicinity of AEC sites to develop independent 
environmental data. Results from these programs have compared well with AEC 
contractor results and provide confirmation of contractor data.

Although the AEC promulgates and enforces radioactivity emission stan
dards for all nuclear installations, EPA is responsible for establishing 
generally applicable, environmental radiation standards for the public and is 
therefore interested in the concentrations of radionuclides in the vicinity 
of nuclear installations. The EPA has, on.its own initiative, sampled environ
mental media in the vicinity of AEC sites to provide an independent assess
ment of radioactivity levels. On a number of occasions the AEC has requested 
that the EPA assist by conducting a special independent radiation survey in 
the vicinity of an AEC site. The most recent such survey was made at the 
Shippingport Nuclear Power Station to ascertain whether elevated strontium-90 
concentrations existed in soil and milk, and elevated iodine levels existed 
in milk as a result of Station operation. The EPA survey, conducted in 
February and March of this year, confirmed that the Station had not contri
buted detectable levels of radioactivity to the environment and substantiated 
Station effluent monitoring results and findings of the ARMS aerial survey 
mentioned above.

4. EXPERIENCE AT AEC SITES

4.1 General

All significant levels of radioactivity in effluents to the environment 
from AEC sites are routinely monitored, providing data on the types, concen
trations and quantities of radionuclides entering the environment. Currently, 
well over . 99 percent of the gross curies of radioactivity released to the 
environment from AEC sites consists of radioactive noble gases and tritium, 
most of which is released to the atmosphere. The current releases of noble 
gases and tritium from AEC sites consist of approximately 10 percent argon-41, 
25 percent tritium and 65 percent krypton and xenon. Since krypton is pre
dominantly a low energy beta emitter, it is not a significant contributor to 
public dose in the vicinity of AEC sites even though it may be the predominant 
radionuclide in terms of gross curies released. Tritium and argon-41 are the 
major contributors to radiation exposure at several AEC sites.

The other radionuclides of environmental interest released from AEC sites 
consist primarily of low curie quantities of various fission products, acti
vation products, uranium and iodine, and subcurie quantities of plutonium 
and transplutonium elements.

Since noble gases are not generally measured in ambient air, their off- 
site impact is usually calculated on the basis of quantities discharged, 
diffusion models and supplemental thermoluminescent dosimeter (TLD) measure
ments. Tritium and other radionuclides commonly released from AEC sites are 
much more susceptible to detection and measurement in environmental media, 
though, in some instances, offsite exposures are calculated to supplement 
environmental monitoring results.

4.2 Airborne Radioactivity

The airborne radionuclides collectively are responsible for the major 
portion of the potential exposure to the public near AEC sites. The noble 
gases released from nuclear reactors result in potential doses ranging to a

3 . 3 . 3  EPA a n d  S t a t e  a n d  L o c a l  A g e n c i e s
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few milliroentgens per year to individuals in the vicinity of AEC sites. 
Argon-41, a major contributor to this exposure, is being reduced by modifi
cations to displace the air in reactor voids. Ranking high with the noble 
gases as a major source of exposure near AEC sites is tritium released to 
the atmosphere from heavy water reactor and tritium processing operations. 
Though tritium does not concentrate in environmental media, it enters milk, 
other foods and water resulting in exposure to members of the public ranging 
below a milliroentgen per year near AEC sites. Most tritium, when released 
to the atmosphere, is in the gaseous form and has a minimal contribution to 
exposures in the vicinity of AEC sites. The AEC’s Mound Laboratory, Miamis- 
burg, Ohio, is developing instrumentation to simultaneously monitor for 
tritium gas and tritiated water vapor.

Perhaps the most difficult airborne radionuclides to monitor and evaluate 
are the plutonium isotopes. High-volume air samplin^equipment having a min
imum detection level in the vicinity of 10* to 10 microcuries of plutonium 
per cm of air is used at a number of AEC sites to detect plutonium concentra
tions in the region between background levels and the maximum permissible 
concentration applicable to the general public. At the Rocky Flats Plant, 
Golden, Colorado, wind entrained plutonium from areas of contaminated soil 
is believed to be the major contributor to offsite annual average air con
centrations which have ranged up to 1 to 2 percent of the maximum permissible 
concentration for the general public for airborne soluble plutonium. The soil 
became contaminated when drums containing plutonium contaminated waste oils 
leaked onto a dirt storage pad. The storage area has been stabilized with an 
asphalt covering to prevent further spread of contamination by wind gction. 
Offside soil contamination levels range from background (<0.01 yCi/m ) to 2 
yCi/m at the plant perimeter and offset air concentrations averaged over a 
year range from 1.7 to 3.6 X 10 yCi/cm of air (maximum permissible concen
tration = 2 X 10"-*-4 yCi/cm ).

Occasional airborne releases of iodine-131 from nuclear fuel dissolution 
activities are reflected in air and milk sampling programs, but do not result 
in calculated doses of more than a few milliroentgens per year to the thyroids 
of children. Milk is usually sampled from individual farms to avoid iodine 
dilution with the pooling of milk from more than one farm. Generally, iodine 
in milk contributed by nuclear weapons testing debris can be distinguished 
from AEC site-contributed radioiodine by the accompanying fission and activa
tion products. On occasion, radioiodine has been released from inadvertent 
dissolution of nuclear fuels not adequately decayed, resulting in elevated 
radioiodine levels in milk. Perhaps the largest single such release from an 
AEC facility occurred in May and June 1961. A total of 153 curies was released 
resulting in milk concentrations ranging up to 6000 pCi/liter. The empiri
cal relationships relating the transfer of radioiodine from air to grass to 
milk indicated that the ratio of the dose from milk intake to the dose from 
direct inhalation of the airborne iodine was approximately 700. This has 
been generally described as the ‘‘reconcentration factor’’ and has varied 
from 100 or 200 to over 1000 in various studies of accidental releases, con
trolled releases and fallout. There are many variables (e.g., chemical form 
of the radioiodine, weather and livestock feeding practices) involved in the 
process of reconcentration, which must be evaluated on a case-by-case basis.

Strontium-90 and cesium-137 are not released to the atmosphere at levels 
detectable beyond AEC site boundaries, nor are they routinely monitored in 
ambient air. They are monitored in other media, particularly in milk, since 
they are important constituents of fallout.

Most AEC sites monitor ambient air for gross beta and alpha activity to 
detect any major perturbations in atmospheric radioactivity. Such data have
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little value in the assessment of the environmental impact of radioactivity 
routinely released from AEC sites.

4.3 Waterborne Radioactivity

Activation products (e.g., phosphorus-32 and zinc-65) in once-through 
cooling water from the Hanford, Washington, production reactors constituted 
the greatest source of waterborne radioactivity released from AEC sites until 
the last of these reactors was shut down early in 1971. Calculated maximum 
potential doses to individuals in the public decreased with the gradual shut
down of these Hanford reactors from about 25 percent of radiation dose standards 
in 1967 to near zero dose in late 1971. Presently, the major source of water
borne radioactivity at AEC sites is the tritium released from various facilities. 
However, tritium discharges have not caused offsite surface water concentrations 
to exceed 1 percent of the maximum permissible concentration for the general 
population.

Plutonium-239 and plutonium-238 in liquid effluents are of concern because 
of their persistance in the environment and evidence that plutonium is concen
trated significantly by algae. All AEC sites, however, have been able to 
maintain plutonium releases at sufficiently low levels that concentrations, 
including background levels, in offsite waters are about 0.1 percent or less 
of the maximum permissible concentration for the general public. AEC sites 
are increasingly recycling plutonium-contaminated waste water to minimize 
plutonium releases to the environment. In addition, a project is currently 
underway at the Hanford site to remove plutonium-contaminated soil from a 
trench which received contaminated waste discharges during the period 1955 
to 1962.

Strontium-90 and cesium-137 are not currently released in significant 
quantities in liquid effluents from AEC operations. However, low levels of 
these radionuclides have been observed in some environmental media as the 
result of past waste disposal practices. Strontium-90 concentrations in 
stream water on one AEC site range around one maximum permissible concentra
tion due to leaching of strontium from old disposal ponds and burial areas. 
However, the strontium-90 is diluted to less than 1 percent of maximum per
missible concentration following mixing in river water beyond the site 
boundary.

Cesium-137 levels, distinguishable above fallout levels, have been ob
served in a stream area at one AEC site. Discharges of cesium into the 
stream over a long period of time were considered to be acceptable because 
the concentration of cesium in the water was within the maximum permissible 
concentration for discharges to offsite areas. However, after reactor cool
ant water ceased to be discharged to the creek, thus decreasing stream flow, 
cesium from creek sediments appeared in measurable levels in fish taken from 
the creek and deer that feed in the stream flood plain. Deer flesh was found 
to contain up to 48 picocuries per gram and fish flesh up to tens of pico
curies per gram.

4.4 Ambient Radiation Levels

In addition to the above-mentioned exposures from effluent plumes con
taining noble gases, offsite radiation fields due to accelerator operations 
and gamma irradiation sources are monitored using thermoluminescent dosi
meters (TLD), ionization chambers and sometimes special equipment to detect 
high energy radiation. Such offsite radiation fields have ranged up to about 
10 percent of the public dose standards at the site perimeter. Ambient radia
tion measurements are generally difficult to perform reliably and accurately



T A B L E  III. O BSERV ED  BEHAVIOR O F  SE L E C T E D  R A D IO N U C L ID ES A T  IN DIVID U AL AEC SITES

SITE ISOTOPE
SITE RELEASE R A T E -C i/Y R  

AIR WATER OBSERVED CONDITIONS IN V IC IN IT Y  OF SITE

A 41 Ar 20,000 - SITE BOUNDARY -  <5%  OF STANDARD 
RESIDENTIAL AREAS -  «  BACKGROUND

В 137Cs 15.3 A IR  -  NOT DETECTABLE 

(DETECTABLE IN A IR  AN D  SOIL ONSITE) 
(DETECTABLE IN W ILD  AN IM ALS ONSITE) 
M ILK  -  BACKGROUND

С 3H 545.800 124,600 A IR  -  LESS TH AN  0.2% OF STANDARD 
RIVER -  ~  0.2% OF STANDARD 
M ILK  -  ~  0.04% OF STANDARD 
FARM PRODUCE -  BACKGROUND

D 1311 3.5 0.2 A IR  -< 0 .0 1 %  OF IN H A LA TIO N  STANDARD 
M ILK  -  <10%  OF STANDARD

E 238 pu (0.4 mCi) (15 mCi) A IR  -  <0.05%  OF STANDARD 
RIVER -  BACKGROUND 
SOIL -  LIG H T CO NTAM INATIO N 
FARM PRODUCE -  BACKGROUND

F 9°Sr "" 3.4 DISCHARGE TO RIVER -  ~100% OF STANDARD 
RIVER -  <1% OF STANDARD 
FISH -  BACKGROUND

G URANIUM (2644 Ib) (2618 Ib) A IR  -  <1% OF STANDARD 
RIVER -< 0 .1 %  OF STANDARD 
SOIL -  LIG H T C O NTAM INATIO N
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due to the small increments of dose that must be distinguished from the 
highly fluctuating background levels.

5. SUMMARY

The two to three decades of operating experience at AEC-owned sites have 
clearly demonstrated the value of environmental monitoring programs. These 
programs have provided a feedback of valuable information concerning site 
operations, site environs, the behavior of radionuclides and compliance with 
radiation standards. This information has been particularly valuable to the 
AEC in keeping other Federal and state agencies and the public informed on 
the extent to which AEC installations affect the environment and the public.

The site environmental monitoring programs have generally provided reli
able data for assessment of potential environmental impact and confirmation 
and documentation of the absence of unacceptable radiological conditions.
Table III provides a summary of radiological conditions observed for selected 
radionuclides in the vicinity of a number of AEC sites from which quantities 
of the radionuclides have been released. Although the observations are not 
precise, they provide substantial documentation that radioactivity levels and 
potential public exposure do not exceed small fractions of the applicable 
radiation standards. They also substantiate that the policy and practice of 
controlling effluent radioactivity to the lowest practical levels is resulting 
in steadily diminishing levels of environmental radioactivity due to the 
operation of AEC installations.

APPENDIX

FORMAT FOR A T Y P IC A L  EN VIR O N M EN TAL M O NITO RING  REPORT

I. Title Page. Include the title, report period, site or 
facility, address, and operating contractor. A 
notice shall be provided which states that the site 
or facility is an AEC-owned facility.

II. Introduction. Provide a brief description of the 
site or facility and the nature of its primary 
operations or activities.

Ш. Summary. Provide a concise evaluation and 
interpretation of the monitoring data contained 
in the report in relation to applicable standards 
and requirements with explanation, as 
appropriate, of unusual incidents or releases. This 
section should include discussion of any 
abnormal natural occurrences such as flooding, 
forest fires, fish kills, altered land use, etc., which 
could have resulted from or have some impact 
upon the facility or its operation, and should be 
written in a manner understandable by the 
interested layman.

IV. Monitoring Data Collection, Analysis, and 
Evaluation. Include a brief description of the 
type and frequency and sampling, methods of 
analysis, and accompanying tables and graphs 
which clearly and accurately present the 
monitoring results. A map showing the location 
of monitoring stations and sampling points shall 
also be included.

As a general rule, data should only be presented 
for radioactivity and pollutants in media for 
which there are applicable standards or other 
meaningful bases for interpreting the results (e.g., 
background levels, upstream versus downstream 
concentration) and interpretations shall be made, 
as appropriate, of how the environmental levels 
resulting from plant operations compare to 
relevant parameters such as background, natural 
radioactivity, and environmental quality 
standards.

V. References. List and explain, as appropriate, the 
effluent, air and water quality, and other 
standards or documents cited in the body of the 
report.
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D I S C  U S S I O N

W .O . SCHIKARSKI: A ccording to your m ea su rem en ts, what are the 
m ost im portant rad ion uclid es contributing to the population dose and con
tained in ( 1 ) a irborne effluents and (2 ) w aterborne effluents?

C. G.  WELTY, Jr. : Of the rad ion uclid es re le a se d  to the atm osphere  
from  AEC in sta lla tio n s , 41Ar probably contributes the g rea test portion of 
population dose in the v ic in ity  of the in sta lla tion s; tr itiu m , we b elieve , 
contributes the g rea test portion of m an -rem  dose to the public at large.

Among those rad ion uclid es re le a sed  in liquid efflu en ts, tritium  is  con
sid ered  to be the g rea test contributor of exp osu re , both in the v ic in ity  of 
the s ite  and as regard s the gen era l public.

G. H.  PALMER: Can you give any idea of the co st of the A er ia l 
R adiolog ica l M easuring S ystem ? It is  presum ably ex p en siv e , and sin ce
it can only provide radiation  data and m ust be follow ed up by ground su rveys  
for sp ec ific  n u c lid es, is  it rea lly  ju stified  in term s of co st?

C. G.  WELTY, Jr. : It is  very  d ifficu lt to a ssig n  m onetary va lu es to 
the individual a er ia l su rv e y s , and th erefore I cannot provide m eaningful 
co st data for su rv ey s d escrib ed  in our paper. I w ish  to re -e m p h a siz e , 
how ever, that the A er ia l R adio log ica l M easuring System  is  an em ergen cy  
resp o n se  sy stem  and the planned land area su rveys d escrib ed  in the paper 
constitute a sid e benefit resu ltin g  from  the n ec e ss ity  frequently to use the 
sy stem  and to m aintain it in a high sta te of r e a d in e ss . It m ust be rem em bered  
that the sy stem  can be used  to in vestiga te  therm al e ffec ts  and other p hysica l 
p a ra m eters, apart from  gam m a radiation . I a g re e , of co u rse , that ground 
m easu rem en ts are needed as w ell.

H. WIJKER: In your m easu rem en ts of environm ental exp osu re r a te s ,  
what p ercen tage of background do you hope to attain, i . e .  what is  your ' 
target se n sitiv ity ?

C. G. W ELTY, Jr. : Our environm ental m onitoring program s indicate  
that, gen erally  speaking, AEC s ite s  are m aintaining rad ioactiv ity  and public 
exp osu re le v e ls  within one per cent of the applicable ICRP standards. We 
b eliev e  that it is  d esira b le  to develop  quantitative in form ation , when fea s ib le , 
on rad ioactiv ity  and exp osu res in th is region  below one per cent of the 
applicable standards. F or som e rad ion u clid es, con centration s in the v ic in ity  
of one per cent of the standard can be quantitatively m easu red , e . g. tritium  
in su rface w aters . The le v e ls  o f other rad ion uclid es in environm ental m ed ia , 
and their contribution to public exp osu re , cannot be d irectly  or in d irectly  
m easu red  within the low  ran ges of in te re st  and m ust be estim ated  by ca l-  
culational m ethod s, as is  the ca se  with 41 A r.

N. T. MITCHELL: My com m ents re la te  to the d esign  of your m onitoring  
program s and p articu larly  that e lem en t th ereof which h as no d irect re levan ce  
to public radiation exp osu re . Our p olicy  in the United Kingdom has been 
la rg ely  to confine o u r se lv e s  to c r it ic a l exposure pathways, or those which  
are potentially  c r it ic a l. Even w here m onitoring could be d escr ib ed  as 
being conducted for public re la tion s p urposes — w here exp osu re is  so  
in fin ites im a lly  low  that on sc ien tific  grounds one could d iscount any need  
for m onitoring — we aim  to link our su rveys to the pathways that would 
be c r it ic a l ,  so as to e s ta b lish  the p u b lic -exp osu re sign ifican ce  of any con
tam ination we m ight find. Could you com m ent on the extent to which you 
find y o u rse lf  ob liged  to perform  m onitoring which has no d ire ct bearing on 
exp osu re of the public?
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C. G.  WELTY, Jr. : In the United S tates of A m erica  we a lso  b elieve  
that it is  n e c e ssa r y  to concentrate m onitoring efforts on the le v e ls  of rad io
activ ity  in the im portant human exp osu re pathways. The public, how ever, 
is  ex p re ss in g  con sid erab le in te re st  in the extent to which nuclear fa c il it ie s  
contribute to the p resen ce  of rad ion uclid es in a ll environm ental m ed ia . We 
th erefore  find o u rse lv es  ca lled  upon to d eterm in e the le v e ls  of rad ion uclid es  
in a ll o f f-s ite  m edia of public in te r e st , such  as so il  and sed im en ts , and 
to publish  our findings.

W. K. G. KllHN: It i s ,  I b e liev e , estim ated  that the tritium  activ ity
in the atm osphere w ill reach  108 Ci by the year 2 000. Have you m easu red  
any gen era l in cr ea se  of 3H in the atm osp here?

C. G.  WELTY, Jr. : The AEC s ite  environm ental m onitoring program s  
are not su ffic ien tly  se n s itiv e  to indicate sh o rt-ter m  changes in tritiu m  back
ground le v e ls  in the atm osp here. U se of m o istu re condensing sa m p lers at 
AEC s it e s  p erm its the d etection  of tr itia ted  w ater vapour in the atm osphere  
at le v e ls  w ell below the applicable standard. Milk sam pling has a lso  proved  
to be a se n s itiv e  indicator of elevated  tr itia ted  w ater vapour in the atm osp here. 
Instrum entation capable of sim u ltan eou sly  m onitoring the oxid ized  and 
elem en ta l form s of tritium  in the atm osp here is  at p resen t being designed  
and developed.
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Abstract

A PRELIMINARY EXPERIMENT ON THE DEPOSITION OF G ASEOUS RADIOIODINE O N T O  ENVIRONM ENTAL 

M ATERIALS.

T h e  depositio n  rates o f  gaseous rad io io d in e onto som e en v iro n m en ta l m a te r ia ls  w ere m easured 

e x p e rim e n ta lly  w ith  the use o f an a ir -c ir c u la t in g  ch am b er o f dim ensions 1 . 0 m  x  1 .  5 m  x  2. 0 m .

T h e  c irc u la tin g  air speed and r e la t iv e  h u m id ity  are c o n tro lla b le  in the ranges o f 0 to 5 m /s and 50 to lOO'fo, 

re s p e c tiv e ly , and a w ater spray d e v ic e  was set in the c e il in g .  T o  s im u la te  the co m p o sitio n  o f  airborne 

rad io io d in e released  from  the sta ck  o f  a fu e l reprocessing p la n t or rad ioisoto pe p rodu ction  p la n t, carrier - 

free  Na I was o x id ize d  in ION H N 0 3 solution and the gas g en era ted  was introduced  into  the ch am b er after 

b ein g  scrubbed in NaOH solu tion  by con tin u ously b u bb lin g N2 carrier gas. T h e  co m p o sitio n  o f 1311 com pounds 

in  the ch am b er was an alysed  by ra d io -g a s-ch ro m a to g ra p h y . A t the start o f in je c tio n , d om inant com ponents 

wiere the in o rgan ic iodides, H I0 3 and H I04 , and then the fra c tio n  o f o rga n ic iodides in crea sed  and rem ain ed  

a t about 80% after about four hours had elap se d . A ve ra g ed  con cen tration s in the ch am b er w ere in the range 

1 0 -6 to 1 0 -7 / iC i/m l and exposure durations w ere 6 to  7 hours. T h e  en v iro n m en ta l m a teria ls  used w ere soil, 

sand, w ater, v e g e ta b le s  and p in e tree le a v e s . T h e  depositio n  v e lo c ity  was d eterm in ed  as the ratio  o f the 

deposit per unit area o f the su rface o f  the m a ter ia ls  to  the accu m u la te d  co n cen tra tio n  in air. T h e  v a lu es 

ob tain ed  w ere in the range 10 ~2 to 10 "3 cm /s  and th ey decreased  in the sequ en ce so il, sand, v e g e ta b le s, 

w a ter. C o n v ertin g  the v a lu es  for the v e g e ta b le s  to v a lu es  for v e g e ta tio n  per u n it area o f  the ground by using 

data on area density o f v e g e ta tio n , the deposition  v e lo c ity  to the v e g e ta tio n  was estim a ted  to be alm ost 

the sam e as that to soil.

1. INTRODUCTION

R adioiodine is  often a c r it ic a l nuclide in nuclear acc id en ts. The 
thryroid  dose resu ltin g  from  the in gestion  of vegetab les  contam inated  
with d ep osited  radioiodine is  con sid ered  to  be im portant as w e ll as that 
resu ltin g  from  the inhalation of a irborne radioiodine. The ch em ica l 
com position  of radioiodine re le a se d  into the atm osphere from  the stack s  
of n uclear fa c il it ie s  d iffers  accord in g  to its  orig in , the tim e elapsed  
from  generation, the su rfa ce -to -v o lu m e ra tio s  of the containm ents, and 
the type and e ffic ien cy  of the f ilte r s . The behaviour of a irborne radioiodine  
in rea cto r  containm ent sy stem s has been su m m arized  [ 1 , 2 ] and the reported  
fraction s of organ ic iod ide, which is  l it t le  rem oved a fter generation  of iodine 
g a se s ,a r e  d istributed  over the w ide range o f 0 . 0 0 2 t o  30%. A n a lysis  by rad io -  
gas-ch rom atograph y of a irborne radioiodine in the exhaust a ir  of an 131I 
production plant or a fuel re p r o c e ss in g  plant showed a d istin ct d ifferen ce in 
com position  betw een b efore and after p a ssin g  a filte r  sy stem , i. e. the 
fraction  of Н 131Ю з, which w as 80% before filter in g , d ecrea sed  to 17% 
after filter in g , w hile that of CH 131I, which w as 15%, re la tiv e ly  in creased
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to 69% [3]. T h ese r e su lts  su ggest that the ch em ica l form  of iodine re le a sed  
to the atm osphere depends on the type and effic ien cy  of the f ilte r , and that 
m o st of the airborne radioiodine would be in organic form .

D ep osition  in the fie ld  is  a very  com plicated  phenom enon, and the 
d eposition  ve lo c ity  introduced by C ham berlain is  u sed  as a p aram eter  
for giving an o vera ll e stim a te  of the tra n sfe r  of radioiodine from  air  
to vegetation . Many exp erim en ta l d eterm in ations of the deposition  
v e lo c ity  of radioiodine have been  m ade both in laboratory exp erim en ts and in 
fie ld  te s ts .  M ost of the exp erim en ts, how ever, concern  elem en ta l iodine 
and few deal with organic iodide. The deposition  ve lo c ity  of m ethyl iodide 
is  two ord ers of m agnitude (in fie ld  exp erim en ts) or th ree ord ers (in 
laboratory exp erim en ts) l e s s  than that of e lem en ta l iodine [4]. In gen eral, 
exp erim en ta l conditions involve m any p aram eters, m ost of which are  
not c lea r , p articu larly  for fie ld  exp erim en ts. In addition, data reported  
in the litera tu re  cannot alw ays be applied to  other c a s e s , even  under 
com parable conditions. It is  m ost d esirab le  to  do field  exp erim en ts u sing  
actual environm ental sa m p les, the radioiodine com p ositions of which are  
s im ila r  to th ose  in the actual r e le a s e , but it is  not easy  to carry  out a 
fie ld  te s t  with r e le a se  of rad ioactive m a te r ia ls  becau se of the d ifficu lty  in 
getting a te s t  area su ffic ien tly  large and rad io log ica lly  safe. H ence the 
authors constructed  a cham ber to sim u late the natural conditions to som e  
extent, and a p relim in ary  exp erim en t with 131I and environm ental sam p les  
w as m ade.

2. METHODS 

Apparatus

The exp erim en tal apparatus, shown in F ig . 1, co n sis ts  of a cham ber, 
an a ir -c ir c u la tin g  duct, a b low er with ven tila ting  rate up to 90 m 3 /m in , a 
h um idifier, and an 131I gas generating d ev ice . The cham ber, 2 m long,
1 m wide by 1. 5 m high, has 2 p a irs of g loves, 6 a ir -sa m p lin g  p ipes  
at the sid e w all and a set of w ater sp rays in the ce ilin g . The wind speed  
d istribution  in the cham ber w as m easu red  with a th e rm ister  anem om eter

chamber

FIG.l. Experimental apparatus.
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at variou s ven tila ting  ra te s , and wind flow w as v isu a lized  with p ie c e s  of 
w ool str in g  attached on a fram e. The flow s w ere rather irregu lar  and 
weak backflow s w ere ob served  at the ce ilin g  and bottom su rfa ces .  
T h erefore , the m ean wind speed  in the m iddle of the cham ber w as used  
only as a qualitative index in the p resen t experim ent.

Peparation  of a irborne radioiodine

C a r r ie r -fr e e  N a131I solu tion  of about 0. 5 m l w as added in ION HNO3 
(100 ml) kept at 100°C in a reaction  fla sk  and the iodine produced w as 
scrubbed with ION NaOH (20 ml) solution  by bubbling N2 ca r r ie r  gas 
continuously at a flow rate of 100 m l/m in . The gas w as subsequently  
introduced into the cham ber. Sam ples of airborne radioiodine w ere  
taken at various p eriod s after in jection  into the cham ber and analysed  
by rad io -gas-ch rom atograp h y; the separation  colum n kept at 120 С w as of 
s il ic o n -o il-c o a te d  ce lite  b ase  (60-80  m esh) packed in a g la ss  tube of 
4 m m  inner d iam eter by 3 m length, and ca r r ier  gas (He) w as m ade to  
flow  at 30 m l/m in . The r e su lts  of the th ree runs for determ in ing the 
com p osition  of 1311 in the cham ber, which w ere m ade under the sam e  
conditions p rior to the deposition  runs, are shown in F ig . 2. The 
d etected  iodine com pounds w ere Н131Ю з, Н 131Ю4 and CH3 131I and 
C2 H5 131I. The fraction  of HIO3 w as 2 5% at the in itia l stage and d ecreased  
rapidly owing to d eposition  on the w all. It w as not d etected  after 4 hours. 
HIO4 w as 40% at f ir s t  and d ecrea sed  to 20% after 4 hours, then rem aining  
constant. O rganic com ponent (CH3I 85%, C2 H5I 15%) in crea sed  up to 
80% and reached  equ ilibrium  in 4 hours. The fraction s obtained w ere  
assu m ed  to be the sam e in the deposition  runs.

Time after start of airborne iodine injection 

FIG. 2. V a ria tio n  in the fra ctio n  o f airborne iodine com ponents in  the ch am b er.
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A irborne 131I in the cham ber w as sam pled  with th ree cartr id ges of 
activated  charcoal (5 cm in d iam eter by 2 cm  thick  each) in s e r ie s  for 
a 30-m in u te or one-hour period  each, and m easu red  with a 5 in. 0 X 4 in. 
N al(Tl) sc in tilla tio n  detector and a 4 0 0 - channel pu lse height an a lyser .
The variation  of concentration  with tim e w as m onitored continuously with  
an activated  charcoal cartrid ge and a 2 in. 0  X 2 in. Nal(Tl) detector.

E nvironm ental sam p les

S oil (humus so il p assed  through a s if te r  of 2 -m m  m esh ), sand (m a ss  
m ean dia. 0. 5 mm) and w ater w ere put in tra y s  of 7 5 0 -cm 2 width and 
5 - cm depth. Potted lea fy  veg eta b les  w ere spinach (Spinica o le ra c ea  L. ), 
lea f b eet (B eta vu lgaris L. ) and a variety  of C hinese cabbage. F re sh  
pine tw igs w ere put in a pot. P ine n eed le s  have been chosen  as an index  
m a ter ia l in environm ental m onitoring b ecau se of their abundance in a ll 
se a so n s  in our country.

E xperim ent

The sam p les w ere arranged  on the floor of the cham ber. The rad io 
iod ine, which was generated  as d escrib ed  above, was then injected  
continuously and air w as c ircu la ted  for se v e r a l hours. A fter the in jection  
w as stopped, the air containing radioiodine w as exhausted for 30 m in and 
the sa m p les taken out. The pine n eed les  w ere separated  from  the tw igs  
and the vegetab les chopped up. Each sam ple was placed in a p la stic  case ,
13 cm  0 by 7 cm high, and the 7 - sp ectrum  w as m easu red  with a 5 in. 0  X 4 in. 
N al(T l) sc in tilla tion  d etector and pulse height an a lyser . The amount of 131I 
w as obtained from  the photopeak area  at 0. 36 MeV.

T hree runs w ere carr ied  out under s im ila r  conditions. The wind speed  
w as about 2 m / s and the re la tiv e  hum idity about 80%. The amount of 131I 
u sed  w as about 0 . 5 m Ci in each  run. The fraction  of the in jected  131I of 
the total amount was estim ated  to be a few  per cent, although no detailed  
estim ation  of balance of the iodine am ounts w as m ade. The concentration  
of a irborne 131I was 10 -7 to 10 "6 /aC i/m l and the duration of exp osu re about 
6 to 7 hours.

M e a su r e m e n t of 1311

3. RESULTS AND DISCUSSION 

A irborne iodine

F igu re 3 g ives an exam ple of the varia tion  in the concentration  of 
airborne 131I in the cham ber. The ch arcoal cartridge u sed  in the continuous 
m onitoring had a sam pling e ffic ien cy  of 60%, and the sam pling effic ien cy  
of the th r ee -c a r tr id g e  sam p ler w as n early  1 0 0 % for the sam pling  period  
of l e s s  than 2 hours. The tim e in tegrated  concentration  of a irborne 131I 
in each run was evaluated by the sam pling  m ethod.
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time ( hour)

F I G . 3 .  V a r i a t i o n  i n  t h e  c o n c e n t r a t i o n  o f  a i r b o r n e  r a d i o i o d i n e  i n  t h e  c h a m b e r  ( R u n  2 ) :  S o l i d  l i n e ,  t h e  

v a l u e  o f  c o n t i n u o u s  m o n i t o r i n g ;  b r o k e n  l i n e ,  t h e  v a l u e  o b t a i n e d  b y  s a m p l i n g .

D eposition  ve lo c ity

To get the deposition  amount per unit area  of the le a v e s  from  the 
m easu red  activ ity  of 131I per gram  of sam p le, surface a rea s of le a v es  
per unit weight of the p lants w ere obtained. They w ere 160, 60, 75 and 
40 cm 2 / g  for spinach, lea f beet, C hinese cabbage and pine n eed les , 
re sp ec tiv e ly . The d ep osition  v e lo c ity  w as determ ined  accord in g  to the 
definition  [ 5] :

^ n Amount deposited  per cm 2 of su rfaceD eposition  v e lo c ity  =— ------ — ------- -----------------------------——--------------- ô~T im e in tegra l of vo lu m etr ic  activ ity  per cm J

The r e su lts  are shown in Table I. The value for w ater is  the sm a lle s t  
and that for sand is  one order of m agnitude le s s  than that for so il. The 
d ifferen ce m ay be attributed to the d ifferen ce in su rface area  in contact 
with a ir .

V alues of deposition  v e lo c ity  reported  in the litera tu re  are usually  
for vegetation  per unit area  of the ground. To convert the deposition  
v e lo c ity  obtained for the su rface of a sam ple it s e lf  to that for vegetation , 
the area  density of vegetation  is  needed. T his depends on the m ethod of 
cultivation  and the state of growth of the plant. M ean va lu es based  on 
agricu ltu ra l s ta t is t ic s  in Japan are 1. 5 k g /m 2 for spinach and 3. 3 k g /m 2 
for C hinese cabbage, both in the h arvestin g  stage. The corresponding  
value for lea f b eet is  con sid ered  to be nearly  the sam e as that for spinach. 
T h ese va lu es are applied to the ca lcu lation . The converted  deposition  
v e lo c it ie s  are shown in Table II. The va lu es for vegetation  are around
0 . 0 2  c m /s  and are nearly  the sam e as that obtained for so il .

The va lu es obtained are one or two ord ers le s s  than th ose  of elem en ta l 
iodine and seem  to correspond  to  th ose for organic iod id es. A s seen  in
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TABLE I. DEPOSITION VELOCITIES OBTAINED FROM THE 
EXPERIM ENT

S a m p l e
N u m b e r  o f  A v e r a g e  

s a m p l e s  ( c m / s )

S t a n d a r d

d e v i a t i o n

( c m / s )

P i n e  n e e d l e 1 5  2 . 0  X l O ' 3 0 . 9 2  X 1 0 ' 3

S p i n a c h 4  l . l x l t T 3 0 . 3 2  X 1 0 ' 3

L e a f  b e e t 6 2 . 1 X 1 0 ' 3 0 . 4 0  X I O “ 3

C h i n e s e  c a b b a g e 6 0 . 6 9  X 1 0 ' 3 0 . 2 9  x  1 0 ' 3

S o i l 6  2 7  X I O -3 6 . 3  x  io- 3

S a n d 6 2 . 5 X 1 0 - 3 1 . 0  x  1 0 " 3

W a t e r 4  1.  0 X 1 0 ‘ 3 0 . 9 9  x  1 0 ~ 3

TABLE II. DEPOSITION VELOCITIES CONVERTED TO NATURAL
CONDITIONS OF THE GROUND SURFACE

S a m p l e s
A v e r a g e  ; 

( c m / s )

S t a n d a r d  d e v i a t i o n  

( c m / s )

S p i n a c h 0.  0 2 6 0 . 0 0 8

L e a f  b e e t 0 . 0 2 4 0 .  0 0 5

C h i n e s e  c a b b a g e 0 . 0 1 4 0 . 0 0 6

S o i l 0 .  0 2 7 0 . 0 0 6

S a n d 0.  0 0 2 5 0 . 0 0 1

W a t e r 0 .  0 0 1 0 0 .  0 0 0 8

F ig . 2, how ever, the fraction  of inorganic com ponent is  rath er large in
the ear ly  stage of a run. A s deposition  is  additive, the contributions of
the organ ic and inorganic com ponents to deposition  m ay be ex p ressed  as:

v gc.= V g0C 0 + Vgi-Ci

w here Vg and С denote d eposition  v e lo c ity  and tim e integrated  concentration  
of 1311 r e sp ec tiv e ly  and su b scrip ts о and i denote the organic and the inorganic  
r e sp ec tiv e ly . Fractions- C0 / C and Q  / С are obtained from  the data of 
10-m in  m ean concentration  u sing  the cu rves shown in F ig . .2. The fraction s  
of the organ ic com ponent in the tim e in tegra l of concentration  w ere 52,
52 and 60% in the th ree runs, i. e. the contribution of the inorganic component 
is  of the sam e order as the organ ic one in the p resen t experim ent, although 
the la ter  predom inates after 4 hours. The ob served  deposition  ve lo c ity  
va lu es are very  sm all. The d ep osition  v e lo c ity  of the inorganic compound, 
which has a sm a ll deposition  v e lo c ity , w as identified  as HIO4 by ra d io -g a s-  
chrom atography, as m entioned above.
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The thyroid  dose re ce iv e d  by a child continuously inhaling an iodine  
isotop e of C /uC i/cm 3 can be estim ated  as follow s;

D i n h = ^ aFi„hc (rem/h)

w here

к is  the con version  factor from  activ ity  unit to dose unit
e is  the e ffec tiv e  energy of the isotope for the thyroid
xe is  the effec tive  decay constant of the isotope in the thyroid
m , f and Finh are the thyroid m a ss , the fraction  of uptake defined

in the ICRP in ternal dose ca lcu lation  and breathing  
rate of an adult (standard man)

С is  the concentration  of the isotope above the ground.

The sam e concentration  of the iso top e, C, is  con sid ered , taking into 
account the d ifferen ce in thyroid m a ss  and breath ing rate , as giving about 
a fou r-fo ld  dose to a child as to an adult [ 6 , 7] so  that the factor of 4 is  
here u sed  in the equation. In the case  of in gestion  of leafy  v egetab les the 
adult is  con sid ered , though it is  not known yet w hether adults are m ore  
c r it ic a l than ch ildren, and the thyroid dose is  ca lcu lated  by:

n  = -p p-
8 m xe r ing^v

w here

f is  the fraction  of uptake a lso  defined by the ICRP
Fing , \ eff , S and Vg are the daily in gestion , the e ffec tiv e  decay constant
of the isotop e on the vegetab le , the rec ip ro ca l of the area  density  of 

■ vegetation  and the deposition  ve lo c ity , re sp ec tiv e ly .

The ratio  of D ing to D inh show s which pathway g iv es  m ore dose to thé 
thyroid:

_ Ding _ fw-Fjng SVg
^inh ^ a ^ i n h   ̂eff

A ccord ing to the ICRP, fw/ f a = 1 .3  and Finh = 2X  Г07 cm 3 /d . E xp erim en ta l 
data on the e ffec tiv e  h a lf- life  of 131I on vegetation  range from  5 to 7 days. 
T h erefore , x eff would be about 1. 3 X 10 ' 6 s*1 . A figure of 6 . 7 cm 2/ g for S 
the re c ip r o ca l of the area  density  m ay be con sid ered  as a fa ir ly  good figure  
on the b a s is  of national s ta tis t ic a l in vestigation s in Japan. The daily intake 
of leafy  veg eta b les  F¿ng is  on average 60- g /d . Though-the deviation  of th is  
average is  w ide, it is  not m ore than one order of m agnitudè. A ccord ingly , 
for 131I taken with spinach - • -

R « 5 V g
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C onsequently, the ratio  depends stron gly  on the deposition  v e lo c ity , which  
v a r ie s  very  w idely; taking a deposition  ve loc ity  of 1 0 '1 c m /s ,  which is  
overestim ated  on the b a s is  of the p resen t study, the im portance of vegetab le  
in gestion  is  the sam e as that of inhalation. When choosing a v e lo c ity  
availab le to e lem en ta l iod in es, the in gestion  pathway would b ecom e m ore  
im portant.

4. SUMMARY

The deposition  v e lo c it ie s  of 131I gas (organic com ponent 50% and 
inorgan ic component 50%) to se lec te d  environm ental sam p les w ere  
determ ined  under conditions of lit t le  wind and high hum idity in an a ir -  
circu la tion  cham ber. The va lu es for vegetab les w ere converted  to those  
for vegetation  and w ere around 0. 02 c m /s ,  which is  nearly  the sam e as  
th o se  obtained for so il. The va lu es are con sid ered  to be reason ab le  for  
gaseou s radioiodine and are one or two ord ers le s s  than th ose  reported  
for e lem en ta l iodine. They show that the dose from  the in gestion  of 
lea fy  v egetab les is  as im portant as that due to inhalation.
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D I S C U S S I O N

C. A. MAWSON: A s I understand it , you introduced elem en ta l iodine 
into the cham ber and after 4 hours 80% of the iodine was in the form  of 
m ethyl and ethyl iod ide. W here did the m ethyl and ethyl groups com e from ?

K. I MAI: As a m atter of fact we did not introduce e lem en ta l iodine into 
the cham ber. The N a131I w as oxid ized  in a reaction  fla sk , and the gas 
generated  was scrubbed with an NaOH solution and then in jected  into the 
cham ber.
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The m echan ism  of generation  of the m ethyl and ethyl groups is  not 
c lea r; they m ay be generated  in the oxidation stage or they m ay predom inate  
in the generated  gas i t s e l f  after 2 hours.

In the cham ber the in itia lly  predom inant inorganic com ponent is  r e 
m oved by deposition  onto the w all, and the organic com ponent attains 8 0% 
in the equilibrium  sta te after 4 h ours.

P . REINIGER: I have two q uestions on your paper. F ir s t ,  the deposition  
velo c ity  on p lants, at le a s t  over lon ger p er io d s, m ay be influenced  by their  
p h ysio log ica l sta tu s. In th is connection I should like to ask whether your 
exp erim en ta l cham ber was illum in ated . Secondly, iodine being very  
re a ctiv e , do you not think it p o ss ib le  that in teraction  with ozon e, light and 
H2S 0 4 (from  S 0 2) would have a con sid erab le effect on your r e su lts?

K. I MAI: I agree with you as regard s the im portance of the p h ysio log ica l 
sta tu s, though in th ese  p relim inary  exp erim en ts we did not bother about 
it  m uch. The cham ber was illum inated  by lam ps at the top. R egarding  
your second question, I doubt whether th ere is  any gen era l agreem en t on 
the su bject. I p erson a lly  fe e l that som e con sid erab le  part of the organic  
iodide (H I04 would be the sam e) would be decom posed  by the factors you 
m entioned and attached to the a er o so l in the atm osp here. H ow ever, our 
r e su lts  could not be extended to p rob lem s in the atm osphere without carefu l 
re-w ork in g .

K . - J.  VOGT: At the Jülich  N uclear R esea rch  E stab lish m ent we la s t  
year perform ed som e field  exp erim en ts to m easu re the deposition  velocity  
of e lem en ta l iodine on vegetation  (g r a s s , c lo v er ). The d ep osition  velocity  
w as found to be proportional to the vegetation  density and a lso  to be dependent 
on b io log ica l and m eteo ro lo g ica l p a ra m eters. I think it is  d ifficu lt to 
sim u late m eteo ro lo g ica l con d itions, such as fr ic tion  v e lo c ity , in sid e  
deposition  cham bers.

We intend to p resen t the r e su lts  of our deposition  exp erim en ts at the 
IAEA/WMO Sym posium  on the P h y sica l Behaviour of R adioactive Contam ina
tion in the A tm osphere to be held in Vienna in N ovem ber 1973.

J. BOGEN: What is  the volum e of your reaction  cham ber?
K. I MAI: The volum e is  3 m 3 (2 m x l  m x l .  5 m ).
J. BOGEN: A re you quite su re that deposition  takes p lace in the 

gaseou s phase, and that there i s  no p o ssib ility  of tra n sfer  from  the gaseous  
to the a er o so l phase?

K. IMAI: To sep arate the a e r o so l we placed a paper f ilte r  in front 
of the ch arcoal cartr id ge . We found no sign ifican t 131I activ ity  on the f ilter . 
T his m akes us confident that m ost o f the airborne iod ine is  in the gaseous  
phase, and that d eposition  takes p lace in th is phase in our exp er im en ts.
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Abstract

W IN D-DRIVEN REDISTRIBUTION OF SURFACE-D EPOSITED R A D IO A C T IV IT Y .

T h e  deposition  o f  rad io n u clid es  on a terrestria l su rface  can  result in the d e liv e ry  o f  dose to m an through 

e x te rn a l rad iation  exposu re, food ch ain  co n ta m in atio n  or in h a la tio n  o f suspended p a rtic le s . 239Pu is on e o f  the 

few  rad ion u clid es  g e n e ra lly  regarded  as con stitu tin g  an in h a la tio n  h azard  through w in d -d riv e n  resuspension.

No ad eq u ate  m odels o f  resuspension e x is t . T w o m a jo r prob lem  areas h a v e  b een  id e n tified : (1) the rate  a t 

w h ich  in it ia lly  deposited debris w eathers into a less e ro d ib le  s tate  as a fu n ction  o f  t im e , and (2) a source term  

fa cto r  in m a te r ia l rem ov ed  per unit tim e  per unit are a , a p p lic a b le  to a source o f  any co n fig u ra tio n . In 

exp erim en ts con d u cted  at th e  U S A to m ic  Energy C o m m iss io n 's  N eva d a T est S ite , con cen tration s in a ir  o f  

p a rtic le s  m o v in g  in suspension w e re  studied o v er a p erio d  o f  six w eeks fo llo w in g  the n u c le a r  crate rin g  e v en t 

P ro jec t S chooner and o v e r  a 10 -m o n th  period fo llo w in g  a c c id e n ta l v en tin g  o f an underground n u c le a r  ex p losion . 

Suspended a ir  a c t iv ity  w as o b served  to d ecre a se  in t im e  w ith  h a lf- t im e s  o f  35-80  days; this fa c to r  appears 

to b e  m uch m ore im portan t than v aria tio n s in m e te o ro lo g ic a l param eters o v er these r e la t iv e ly  short t im e  

p erio d s. M o v em en t o f  s m a ll p a rtic le s  in suspension acco u n ts for o n ly  a m inor fra ctio n  o f  the to ta l mass 

m o v e m e n t. As m uch as 50°]o o f  th e in it ia l ly  d eposited  debris was m oved by sa lta tio n  w ith in  a 2 4 -hour perio d . 

Such m o v em en t can  resu lt in e x te n siv e  m ic ro -in h o m o g e n e itie s  w ith  a ccu m u la tio n  o f  debris under bushes or 

other p la ce s  a fford in g sh elter from  ero siv e  fo rce s . M ore d e ta ile d  study o f  the resuspension process in an aged  

239Pu fie ld  is now in progress. P relim in a ry  data are  g iv e n  on the p a rtic le  s iz e  d istribution  o f the to ta l mass 

and the 239Pu m ov in g  in suspension.

INTRODUCTION

The deposition of radionuclides on a terrestrial surface can result in 
the delivery of radiation dose to man through several mechanisms including 
external radiation exposure, terrestrial food-chain contamination, and the 
inhalation of small particles- which have been resuspended from the original 
deposition area. The latter pathway can become relatively important if the 
radionuclide of concern is a long-lived alpha-emitter, is of low biological 
availability through food-chain pathways, and is retained in the lung (or 
pulmonary lymph nodes) over long time periods. ^39pu is one of the few 
radionuclides that are generally regarded as constituting an inhalation 
hazard through wind-driven resuspension.

* Work performed under the auspices of the US Atomic Energy Commission.
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Wo adequate models of the resuspension process presently exist. Early 
attempts to define the magnitude of the problem used a "resuspension factor" 
which was defined as [l]

g _ Air Concentration (in activity/m ) 
f - Surface Deposition (in activity/m¿ )

This factor, coupled with an "attenuation factor" to account for the decrease
with time of the fraction of the source apparently available for resuspension,
has been used to model the resuspension process with emphasis on deriving 
a permissible surface deposition level [1,2]. However, this approach suffers 
from several serious drawbacks. For example, it presumes that measured 
levels of air activity are directly relatable to the ground deposition at the 
point where air measurements are made. This presumption is frequently found 
to be unjustified; in large fallout fields, for example, resuspension 
factors are commonly much larger in areas of low deposition than they are in 
areas of relatively higher deposition [3 — 5]. A logical explanation is that 
resuspended air activity levels are more strongly related to surface 
deposition levels upwind of the point of measurement than they are to the 
deposition level at the actual point of measurement.

Other objections may be raised to the "resuspension factor" approach
primarily due to the lack of consideration of many variables which one
intuitively feels should be significant and/or which have been shown to be 
significant in the related problems of wind-driven sand and soil erosion 
[ 6 — 8]. Examples are wind velocity, surface roughness, physical and chemical 
characteristics of the soil surface, and vegetation cover.

The authors are currently engaged in an effort to develop a more 
generally applicable model which can be used to predict resuspended, air 
activity levels as a function of time and distance from a surface deposit of 
any geometrical configuration and of varying soil characteristics. This 
broad problem may be broken down into at least two major problem areas: 
l) the rate at which an initial surface deposit weathers down into the soil 
surface and becomes relatively nonerodible and 2) the rate at which a surface 
contaminant at a given point in time is resuspended in terms of the 
fractional activity removed per unit time per unit area. A complete under
standing of these two processes and the parameters upon which they depend 
should allow the construction of a completely general resuspension model.

A complete description of the redistribution process (as opposed to 
resuspension) must also include the movement of particles too large to be 
moved in suspension, but which move by the processes of saltation and 
surface creep [6]. Although such particles are too large to be respirable, 
they do account for the majority of the total mass movement of soil by the 
wind. It has also been shown that small particles are much more susceptible 
to movement in suspension if there is concomitant movement of larger 
particles in saltation [7 ].

This paper concerns our initial experiments to delineate the factors 
pertinent to the redistribution process. More elaborate experiments currently 
in progress are briefly discussed.

METHODS

Two experiments were carried out at the U.S. Atomic Energy Commission's 
Nevada Test Site. The first was performed following the nuclear cratering 
event, Project Schooner, which was detonated on 8 December 1968. Fourteen
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sequentially operated air sampling stations had been established prior to the 
event, and were automatically turned on by the presence of the elevated 
radiation field produced by the radioactive cloud. Sampling was continued 
for six weeks following the event. Additional details concerning this 
experiment have been published previously [5].

A second experiment was carried out following the accidental venting of 
an underground nuclear explosion on l8 December 1970. Six sequentially 
operated stations equipped to sample both air activity and ground surface 
deposition were established three months after the venting and were operated 
over a 9 to 10 month period. The locations of the sampling stations are 
shown in Fig. 1.

Descriptions and functional characteristics of the sampling stations have 
been reported previously [9 ,10], and will only be summarized briefly here.
Each air sampling station consisted of a bank of seven sampling heads, six of 
which were activated in sequence. The seventh sampling head served as a 
control; it was not actuated but its filter was changed and analyzed as though 
a regular sample to monitor the possibility of surface contamination of the 
filters. A convoluted fiberglass filter with a collection efficiency of 
99% for particles as small as 0.025 M-m was used for both experiments. Air 
flow rates were approximately 20 ft3/min for the Schooner experiment and 
10 ft3/min for the Baneberry experiment. Sampling periods were adjusted as 
necessary. At early times in the Schooner experiment, stations were 
programmed so that each succceeding sampler ran twice as long the immediately 
preceding sampler, with the first sampler running for one hour. During the 
Baneberry experiment, samplers at Station 1+ were on a 2k hour time period; 
other stations were generally on a 96 hour period. Filters were oriented 
upwards thereby prejudicing the collection of particles towards the smaller 
sizes particularly during periods of high wind speed.

Field calibration of air flow rates for each sample head was performed 
at the beginning and end of each run using a manometer to measure the pressure 
drop across the filter. A running-time meter for each sample head allowed 
precise determination of the actual time period that each sampler ran. In 
some cases due to equipment malfunction or power failures, this information 
could not be matched to field observations and the samples involved were not 
included in further data analysis.

In addition to the air samplers, three automatically opening and closing 
fallout trays Ü9,10] were deployed at each of the six stations established 
for the Baneberry experiment. Inserts were placed in each tray which, 
presented a collection surface of 2.35 ft2 of adhesive-coated paper. The 
opening and closing of the trays was synchronized with the air samplers such 
that each tray was open for the running time of two air samplers. The 
fallout trays were deployed primarily to catch larger particles moving in 
saltation.

Filters and adhesive-coated papers were hermetically sealed in thin- 
walled aluminum cans in a constant-geometry configuration [l0]. For the 
Schooner experiment, one of the most prominent radionuclides of fairly long 
half-life was 1°%. The Та К X-rays produced by its decay dominated the 
low energy spectra of these samples, and it was possible to reliably 
quantitate this radionuclide using a Nal(Tl) spectrometer. All results were 
decay corrected to detonation time.

Samples from the Baneberry experiment were of much lower total activity. 
These samples were set aside for several weeks after sealing to allow for 
the reestablishment of secular equilibrium in the natural radioactivity
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D AYS .

F I G .2 . T h e d ecre a se  o f  a c t iv ity  w ith  tim e  o f  two in d iv id u a l deposition  sam p les. T h e  lin e  is a least-sq uares 

f it  o f  the d a ta .

chain and then assayed for gross-gamma activity using a Nal(Tl) crystal. In 
order to correct for the influence of radioactive'decay on the gross gamma 
measurements over the extended period of this experiment, six of the earliest, 
more active samples were counted each day the counter was used. Results for 
two of these samples are shown in Fig. 2. Data from.all six samples were well 
fit by a two component exponential curve corresponding to half-lives of 42 ± 1 
and 38О ± 7 days. Analysis of these same samples by Ge(Li) spectrometry- 
indicated that the most prominent radionuclides were Î03ru and l^Ru/^-^Rh 
with half-lives of 39-6 and 369 days. All samples were therefore decay 
corrected to a common point in time using this derived relationship.

Only limited meteorological data were available in- conjunction with the 
Schooner experiment. Several 30 ft towers with wind speed-and direction 
sensors were located in the vicinity of the Schooner surface ground zero 
preceding the event for other purposes, but were inactivated two days after 
the event. One other wind sensor in the area was operating between the fifth 
and the twelfth day after the event. During the Baneberry experiment, wind 
sensors mounted on 2 m towers were deployed specifically to support this study. 
Wind speed and direction data were continuously recorded by strip chart 
recorders. Precipitation data were available from three previously established 
stations in the vicinity.

The gross effects of the redistribution processes were examined in the 
Schooner fallout field two years after the event (October, 1970). Areas 
affording shelter from the erosive forces of the wind were examined in 
comparison to locations affording -little•or no shelter. This was accomplished 
by the use of a FIDLER instrument, a portable scintillation counter designed 
for the detection of low-energy gamma- or X-rays [ll], with pulse height 
selection optimized for the detection of the Та К X-rays accompanying the 
decay of
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RESULTS AND DISCUSSION

Project Schooner

Results for two of the lb individual air sampling stations are shown 
in Figs. 3 and k. The length of the horizontal bars represents the time 
period that each sampler was operating; all data were corrected for 
radioactive decay to the time of detonation. Station 25 (Fig. 3) was 
located 6 miles north of surface ground zero and was downwind at detonation 
time. Of particular interest is the marked secondary peak of activity 
which was also recorded at several additional stations during the time period 
of 30 to 50 hours following the detonation. At Station 25, this secondary 
peak reached 30% of the maximum activity recorded during cloud passage, and 
also corresponds to the first period following the detonation of strong 
southerly winds.

HOURS POST SHOT

FIG . 3 . 181W a ir  a c t iv ity  as a fu n ction  o f t im e  a t  S tation  25 fo llo w in g  P ro ject Schooner, a n u c lea r crate rin g

e x p e rim e n t. Station  25 w as 6 m iles  north o f  su rface  ground z e ro , and was dow nwind a t deto n atio n  t im e .
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Station 8 (Fig. k) was located 7500 ft south of surface ground zero, 
was upwind at detonation time, and recorded relatively low activities at 
early times. However, during the first time period of strong northerly 
winds, air activity levels increased substantially and at 90 hours post 
detonation Station 8 recorded the highest air activity level of any of the
14 stations.

Both Stations 8 and 25 are fairly typical of the results for this 
experiment in that resuspended air activity levels were quite high within the 
first few days following the initial deposition of the fallout field, and 
exhibited an easily identified response to significant changes in wind 
direction or speed.

The variation of air activity with time is more readily identified in 
the semi-logarithmic plots of Figs. 5 and 6 . Both Figures are plots of 
composite normalized data from the five downwind stations within six miles

F I G .4 . 181W air a c t iv ity  as a fu n ction  o f  t im e  a t S tation  8 fo llo w in g  P ro jec t Schooner, a n u c lea r crate rin g

e x p e rim e n t. S tation  8 w as 7500 ft  south o f su rface  ground ze ro , and w as upwind a t  deto n atio n  t im e .
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F I G .5 . 181W a ir  a c t iv ity  as a fu n ction  o f  tim e  a t the f iv e  dow nwind stations w ith in  six  m iles  that w e re  c lo sest

to th e lin e  o f  m ax im u m  deposition  from  P ro jec t S choon er. D ata w ere  n o rm a lize d  to the first sam p le  taken  

a t  th e t im e  o f  c lo u d  passage.

HOURS POST SHOT

FIG . 6. 181W a ir  a c t iv ity  as a fun ction  o f  t im e  a t the f iv e  dow nwind stations w ith in  six  m iles  that w ere

c lo sest to the lin e  o f  m ax im u m  deposition  from  P ro ject S ch oon er. D ata w ere  n o rm a lize d  to the first sam p le  

taken  a fte r  70 hours had e lap sed  fo llo w in g  the d eto n atio n .
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TABLE I. DISTRIBUTION OF 181W ACTIVITY BETW EEN AREAS EXPOSED  
TO AND SHELTERED FROM WIND EROSION
A ctiv ity  w as m easu red  u sing  a FIDLER instrum ent [11] .  The m easu rem en ts  
w ere rep lica ted  51 t im e s .

Measurement point Mean Standard error

5 in. above grass clumps 45,800 counts/min 38О counts/min

5 in. above exposed soil,
2 ft from nearest grass 35,300 670

Difference 10,500 1 750 (p - < 0.0001)

of surface ground zero which were closest to the line of maximum deposition. 
Fig. 5 is normalized to the first sample; the initial three orders of 
magnitude decline is presumed to reflect the disappearance of the initial 
cloud produced by the explosion although the secondary peak between 30 and 
50 hours post detonation is a major perturbation. The second phase of the 
decline is better illustrated in Fig. 6 where the data have been renormalized 
to the first sample taken after 70 hours had elapsed following the detonation. 
A least-squares fit of these data indicates a "weathering-in" rate or 
"attenuation factor" with a half-time of 38 days. This value is in good 
agreement with the half-time of 5 weeks measured by Wilson, et al.. [4] during 
the period of 4 to 24 weeks following a plutonium release at the Nevada Test 
Site in 1957s although the data fit in both cases is poor.

Results of the survey with the FIDLER instrument to examine the extent 
of the gross movement of material within the Schooner fallout field 
approximately two years after the detonation are summarized in Table I, where 
the existence of major inhomogeneities is clearly established. The 30% 
excess/material found to be associated with the presence of grass clumps was 
not removed when the grass itself was cut away. Such inhomogeneities were 
not found in a nearby location where vegetation was larger, but where the 
soil surface was covered with rocks of about 4 cm diameter. This implies 
that there has in fact been a substantial net movement of deposited 
radioactive material to positions of shelter against erosive forces as 
opposed to the other possibility that the debris was originally deposited in 
such a manner.

Baneberry Venting

The fallout pattern from the Baneberry venting was primarily to north- 
northeast of surface ground zero (Fig. l). Station 4 was located as close 
as practical to-the area of maximum deposition; Station 6 was chosen as a 
background sampling location. A total of 467 air filter samples were 
analyzed with 150 exposed at Station 4. A Kruskal-Wallis one-way analysis 
of variance by ranks [1 2 ] was performed to determine if the samples from 
the six stations or all possible groupings of stations taken 3 5 4, or 5 at a 
time were drawn from the same or identical populations, of air activity values.
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FIG . 7 .  L o g -p ro b a b ility  p lo t o f  the air a c t iv ity  le v e ls  m easured three to tw e lv e  months after  the Baneberry 

v e n tin g .

The results are unequivocal that only the air activity values measured at 
Station were different from the others (p = < 0.001), or stated another way, 
air activity levels at Stations 1, 2, 3 5 and 5 could not be distinguished 
from those measured at the background location, Station 6.

The measured air activity values are shown in Fig. 7 where the natural 
logarithms of the activity values are plotted against the cumulative percent 
of the samples on a probability scale. The medians of the two distributions 
differ by a factor of U; the "background" distribution has a greater variance 
than does the distribution of samples from Station b.

A similar analysis was performed for the 2^3 deposition measurements made 
at the six stations. Results are that the samples collected at each station 
were not drawn from the same or identical populations (p = < O.O5). A similar 
plot of these data is shown in Fig. 8. For clarity, only three stations are 
plotted. Values for the remaining three stations would lie between those 
shown for Stations 5 and 6. There is a much greater station difference for 
deposition values than was observed for air activity levels. The median values 
for Stations 1 through 6 have the approximate ratios of 2:3:^:l60:8:1.

Several factors were investigated for their influence upon the measured 
air activity and deposition levels. Precipitation occurred while 30 of the air 
filter samples were running. These 30 values were classified into two 
categories according to whether they exceeded the median value of their respect- 
group. The 30 values were evenly divided into two groups of 15 by this method, 
so it was concluded that precipitation had no significant effect on the 
measured air activity levels. Precipitation did, however, have a substantial 
effect on measured deposition levels. Of the 27 cases during which precipitatii 
fell, 26 were above the median of their respective station. The one-tailed 
probability of observing this and even more extreme outcomes was calculated 
by use of the Fisher exact probability test [12]; the result is 5 X 10” . This 
effect, however, probably has negligible bearing on the question at hand,
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FIG . 8. L o g -p ro b a b ility  p lo t o f  th e deposition  le v e ls  (p rim a rily  due to saltation) m easured three to tw e lv e  

months a fter  the Baneberry v e n tin g . For c la r ity ,  le v e ls  m easured a t three o f  th e six  stations h a v e  been 

o m itte d  from  the p lo t.

F I G .9 . G ross-gam m a a ir  a c t iv ity  le v e ls  as a fu n ction  o f tim e  at Station  4 three to e le v e n  months after  

the Baneberry v e n tin g . T h e  so lid  lin e  is a least-squares f it  to the data points.

i.e., the movement of surface-deposited radioactivity in suspension or saltation, 
but reflects the well known cleansing effect of precipitation on tropospheric air 
masses. For this reason, those deposition samples so affected were not 
considered in further data analysis.

The air activity levels measured at Station ^ are plotted in Fig. 9 
as a function of time during the experiment. Fig. 10 is a similar plot of 
the deposition (saltation) measurements recorded at Station
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FIG . 10 . G ross-gam m a deposition  le v e ls  as a fu n ction  o f  tim e  a t S tation 4 three to e le v e n  months after  

the Baneberry v en tin g .

The wind measurements were processed in several ways for later 
correlation studies. Fig. 11 is a plot of the overall directional dependence 
of the wind during the period of the experiment. The angle plotted is the 
direction from which the wind blew. The scale, however, has been rotated 
l80° so that if one mentally places north in the usual position at the top 
of the plot, the result is the direction in which the winds were blowing.
The magnitude scale is in percent öf the time that the winds were in that 
direction. A large fraction of the time the winds were blowing towards 
the southeast; the strong winds, however, blew predominately towards the 
north.

Several correlation studies were performed in an effort to identify 
predictors of resuspended air activity and saltation movement.
Nonparametric statistical tests [12] were used throughout as none of the 
variables under study were distributed normally or lognormally.
Independent variables investigated were time and the following hourly 
summaries of wind measurements averaged over the appropriate sampling 
periods: wind speed (u), u3, peak gust (g), g^, g3, resultant vector
wind speed (vu), vu-, vu3, resultant vector peak gust (vg), vg^, and vg3.

Results of correlation calculations with time are given in Table II.
The significant correlations obtained for the air activity levels at Stations
1, 2, 3, 5, and 6, which represent background values of atmospheric 
radioactivity, are fortuitous due to the sampling period involved which
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F I G . l l .  Wind patterns observed in the Baneberry experim ental area during the months of March through 
.Decem ber, 1971.

coincided with the descending side of the annual cycle of tropospheric 
radioactivity levels. The result for Station 4, -0.56, indicates that time 
is a powerful indicator of resuspended air activity as was observed following 
Project Schooner and Operation Plumbbob [^]. A least-squares fit of the 
Station 4 air activity data to a single exponential function was made using 
Bevington's CUKFIT routine [13]* The result is the solid line shown in 
Fig. 9; a half-time of 76 days was calculated which is twice as long as the 
value derived from the Project Schooner data. As the median of the air 
activity values at Station Д was only a factor of four above the median of 
the background stations, a correction to the.above fit was calculated to 
account for the simultaneous decrease with time of the background. To 
accomplish this, the pooled data from Stations 1, 2, 3> 5> and 6 were fit 
to a single exponential function. A good fit to the data is provided by. 
the equation:

A(t) = 0.1^ exp (-О.69З t/llO days) counts/min m^



1 80 ANSPAUGH e t  a l .

TABLE II. SPEARMAN RANK CORRELATION COEFFICIENTS BETWEEN  
TIME AND THE VARIABLES INDICATED

Station Air Activity Deposition
rS-' P rs P

1 -O.58 < O.OOOO3 -0.76 < О.ООООЗ

2 -0.57 < О.ООООЗ a

. 3 -0.35 O.OOI9 -О.36 O.OI9

k -O.56 < О.ООООЗ -О .38 O.OOO8

5 -0.39 0.0021 a

6 -0.35 0.0021 a

1,2,3,5,6 -0.U6 < О.ООООЗ Ъ

a p = > 0.05

The Station ^ data were then refit to a two component exponential function 
with one component as above. The new result, thereby corrected for 
background variation, gives a half-time of 66 days which is still substantially 
higher than that derived from the Schooner data.

Although not shown in Table II, the twelve wind variables listed previously 
were also tested for correlation with time. None of them were significantly 
correlated even at the p = 0.10 level.

Spearman correlation coefficients were calculated for the air activity 
levels measured at each station versus the twelve wind parameters-. Only 
one coefficient was significant at the 0.05 level: the correlation with
vu at Station 5* However, since a total of 72 coefficients were calculated 
we expect three or four coefficients to be significant at the 0.05 level 
due to chance fluctuations alone. Although these correlations were 
unrevealing, there are some individual indications of the influence of 
wind parameters on the resuspended air activity measurements at Station k .
The highest value recorded during the study was on the 90th day of the year, 
and this value exceeded by an order of magnitude each of the seven previous 
measurements in the study. This was also the first period of strong winds
in the study; the average wind speed while this sample was collected was
20 miles/hour with an average hourly peak gust of 30 miles/hour. This type 
of volatile response was typical of the results during the Project Schooner 
measurements. However, the highest wind speed during all of the Baneberry 
measurements was recorded on day 289 when the average wind speed was 22 
miles/hour with an average hourly gust of 36 miles/hour. In contrast to 
the previously mentioned measurement, the air activity level during this 
time period was essentially the same as the measurement which preceded it
when the average wind speed was only 11 miles/hour.
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TABLE III. SPEARMAN RANK CORRELATION COEFFICIENTS  
BETW EEN THE AMOUNT OF MATERIAL MOVING IN SALTATION  
AT STATION 4 AND WIND PARAMETERS

Parameter rs P Parameter rs P

u 0.32 0.,004 g 0.22 о;оз
2u 0.39 0.

соooo 2 0.31 0.007

u3 o.44 0,.0002 g3 0.38 0.002

vu a vg a

vu2 0.23 0..03 2vg a

vu 3 0.35 0,.002 vg3 0.23 0.03

ap - > 0.05

TABLE IV. SPEARMAN RANK CORRELATION COEFFICIENTS 
BETWEEN THE AMOUNT OF MATERIAL MOVING IN SALTATION 
AT ALL SIX STATIONS AND THE MOST SIGNIFICANT WIND 
PARAMETERS

Station u 2u u3
rs P rs P rs P

1 0.38 0.03 0.4l 0.02 0.43 0.01

2 0.49 O.OO7 0.52 0.002 0.53 0.003

3 0.40 0.02 0.39 0.02 0.39 0.01

4 О .32 0.004 0.39 O.OOO8 0.44 0.0002

5 0.53 O.OO9 0.54 O.OO6 0.57 О.ОО3

6 0.40 O.O6 0.49 О.ОЗ 0.49 О.ОЗ

Correlation studies with the saltation (or deposition) measurements 
were more rewarding. At Station 4 a highly significant negative correlation 
with time was observed (Table II). As is shown in Fig. 10, however, the 
time dependence is quite different from that of the air activity measurements. 
The amount of material moving in saltation decreased much more rapidly and 
then leveled off for the remainder of the experiment. Significant correlations 
were obtained between the saltation measurements and wind parameters which are 
tabulated in Table III. The highest and most significant correlation is with
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the average of the cube of the wind speed. This is the functional relationship 
that had been previously established by investigators studying the erosion of 
sand and soil [6,7]. Similar results were obtained at all six sampling 
stations; the relevant data are given in Table IV.

Bagnold [6], in his studies on sand movement, showed that the flow of 
particles moving in suspension should also be related to u^. The flow of 
particles moving in suspension is not readily measured in an open field; 
measurements of concentration, however, are presumably equal to the flow 
divided by the wind speed. Therefore, under conditions of constant meteorology 
at least, the concentration of material moving in suspension should be related 
to u^. Healy and Fuquay [l^] have done an approximate theoretical analysis of 
this problem; for an area source infinite in extent crosswind but finite in 
extent downwind, the concentration of particles moving in suspension was 
derived to be a function of u^/Л where A is the deposition velocity. A, 
however, is also a function of u [15] . We would therefore expect, under the 
given assumptions concerning the source configuration, that the concentration 
of resuspended material should be a function of u.

Station 4 was located as close as possible to the center of the Baneberry 
fallout field in an attempt to approximate an infinite area source and to 
remove the dependence upon wind direction. The predicted relationship 
between и and resuspended air activity was not observed. It is not known, 
however, how well the location truly approximated an infinite source.

Although no meteorological variables were identified as predictors of 
resuspended air activity, it. was established that the time since deposition 
is a valid predictor over periods at least as long as a year following the 
deposition. For estimating average air concentrations, it is undoubtedly 
far more important than any meteorological variable. Although specific 
data are lacking, this is very likely not true several years post deposition.

We are presently starting a much more elaborate resuspension study in 
another area at the Nevada Test Site which was contaminated with ^39pu 
fifteen years ago. In the center of this area, the concentration in air 
of 239p u is 10^ to icß times higher than that due to world-wide fallout.
The current existence of such levels is presumptive evidence that the 
apparent exponential decrease of the concentration of material moving in

n--------1--------1------ 1— i— i— г
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FIG. 12. Log-probability plot of the aerodynam ic partic le  size distributions of the total mass and the 
23"Pu trapped by a 20 ft3/m in  five-stage cascade im pactor. Sampling was done in an open desert area a t 
the Nevada Test Site which was contam inated with plutonium  fifteen years ago.
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suspension does not operate indefinitely. (A half-time of 100 days over a 
fifteen year period would reduce initial concentrations by some sixteen 
orders of magnitude.)

An ultra-high-volume (2000 m3/h) air sampler has been developed for the 
239PU resuspension program to meet the objective that quantifiable air 
samples be obtained on the same time scale that major diurnal meteorological 
changes take place. This will greatly enhance the ability to investigate 
the influence of a variety of meteorological variables on the rate at which 
material is suspended from the soil surface.

Some initial data on the particle size distributions of the total mass 
and the 239pu moving in suspension in the plutonium study area are shown in 
Fig. 12. These data were obtained by operating a 20 ft3/min five-stage 
cascade impactor for a 35 ¿ay period. The median diameters for mass and 
239pu are 2.0 and 3-2 цт, well within the respirable range.
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D I S C U S S I O N

W. O.  SCHIKARSKI: Do you se e  any p o ssib ility  of extrapolating your 
resu sp en sio n  m easu rem en ts from  the d ese rt  pavem ent to the su rface  
conditions norm ally obtaining in the surroundings of nuclear in sta lla tio n s ?

P. L. PHELPS: We certa in ly  hope to develop a gen era lized  m odel, for 
which we sh a ll naturally have to con sid er  a variety  of s o il  typ es. At the 
Nevada T est Site we are carry in g  out, or planning to carry  out, exp erim en ts  
in five areas with d ifferin g  so il and plutonium  c h a r a c te r is t ic s . In addition, 
i f  our d ese r t  exp erim en ts are su c c e ss fu l, we sh a ll perform  stud ies on m ore  
typ ica l so ils  u sing  tra cer  techn iques.
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Abstract-Résumé

AN EMPIRICAL EQUATION FOR THE PURIFICATION OF SURFACE WATERS.
An em pirical equation describing the kinetics o f surface w ater purification on sediments is given. The 

equation is of the type С = Q  (1 + t /a ) n , where C0 and С are respectively the concentration o f the radioelem ent 
in water in itia lly  and after tim e t; a and n are param eters estim ated by the least squares m ethod and based on 
data from different model experim ents, suspended sedim ents, stagnant w ater tanks and large pools. Values of 
these param eters are given for 51Cr, MMn, 59Fe, 60Co, 85Sr, 106Ru, 137Cs, 141Ce and 203Hg. The advantages of 
this simple em pirical equation are discussed. Applications to other pollutants are foreseen.

EQUATION EMPIRIQUE TRADUISANT L'EPURATION DES EAUX DE SURFACE.
On rend com pte de la  c inétique d 'épuration des eaux de surface sur les sédiments par une équation 

em pirique de la forme C = Q  (1 + t /a ) n où C0 et C sont respectivem ent les concentrations in itia le  e t au temps 
t du radioélém ent dans l'eau ; a e t n sont des param étres ajustés par la méthode des moindres carrés et 
déterminés à partir de modèles expérim entaux divers: sédiments en suspension, bacs d 'eau  stagnante, bassins 
de grandes dimensions. On donne les valeurs de ces param ètres p o u r51 Cr, MMn, 59Fe, 60Co, 85Sr, 106Ru, 137Cs, 
141Ce, 203Hg. Les avantages de ce tte  équation em pirique simple sont discutés. Etant donné son vaste champ 
d 'application , son extension à d 'autres polluants est envisagée.

INTRODUCTION

Pour ch iffrer un phénom ène a u ssi com plexe que la  cinétique de 
l'é p u ra tio n  d'une eau de su rface com prenant toutes le s  e s p è c e s  d isso u te s ,  
le s  séd im en ts en su sp en sion , le s  m icrofaune et m icro flo re  habituels et 
toutes le s  pollu tions en solu tion  ou p a rticu la ires  d 'o r ig in e  in d u str ie lle , 
urbaine et a g r ico le , i l  e s t  illu so ir e  de se  rep orter  aux équations de Langm uir, 
de F reundlich  ou de B runauer, E m m et et T e lle r  ( B . E . T .  ), m êm e avec 1' aide  
d'un p u issant ord inateur, sou s peine de v o ir  le s  ré su lta ts  obtenus entachés  
de 1000% d1 er re u r . Une vo ie qui perm et d 'ab ord er g lobalem ent, dans 
toute leu r  com p lex ité , de te ls  phénom ènes e s t  la  rech erch e d'une form ulation  
purem ent em pirique qui, s ' a ffranchissant de toute lo i physique étab lie , devra  
offr ir  en com pensation  1' avantage d 1 un tr è s  v a ste  champ d 'app lication  
couvrant la  to ta lité  d es cas de figure que peut p résen ter  le  su jet étudié.
C ' e s t  une te lle  approche que nous avons ch o isie  pour étab lir  une équation  
em pirique de la  cinétique de fixation  de neuf rad ioé lém en ts à p artir  de nos 
e x p ér ien ces de lab ora to ire .

185
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D I S P O S I T I F S  E X P E R I M E N T A U X

D e s  e x p é r i e n c e s  r a d i o é c o l o g i q u e s  ont été  r é a l i s é e s  da n s  d e s  m o d è l e s  
r é d u i t s  de d im e n s i o n s  t r è s  d i v e r s e s  c o m p o r t a n t  dans t o u s  l e s  c a s  de 1 ' eau 
et d e s  s é d i m e n t s  de l ' I s è r e  ( c a r a c t é r i s t i q u e s  p h y s i c o - c h i m i q u e s  d é jà  
p u b l i é e s  [ 1 ]) et  d ans p r e s q u e  t o u s  l e s  c a s  d e s  p la n t e s  a q u a t iq u e s  ou s e m i -  
a q u a t iq u e s .  L e s  r a d i o é l é m e n t s  dont n o u s  a vo n s  vo u lu  s u i v r e  l e  c o m p o r t e m e n t  
s o n t  l e s  s u iv a n t s :  51C r ,  54Mn, 59F e ,  60C o , 85S r ,  106R u , 137C s ,  141C e ,  203Hg.
C e s  s y s t è m e s  e x p é r i m e n t a u x  sont f e r m é s ,  c e  qu i  m i n i m i s e  l ' i m p o r t a n c e  de s  
p r o b l è m e s  de d i s p e r s i o n  dans l a  p h a se  a q u e u s e .  N o us  a v o n s  pu v é r i f i e r  en 
e f f e t  que l 'h o m o g é n é i s a t i o n  du r a d i o é l é m e n t  d ans 1 ' eau  e s t  im m é d i a t e  en 
r e g a r d  de l a  c in é t iq u e  d 'é p u r a t i o n .

S é d i m e n t s  en  s u s p e n s i o n

L e  p lu s  petit  d i s p o s i t i f  e s t  a u s s i  l e  p lu s  p r é c i s :  i l  c o n s i s t e  en 
e r l e n m e y e r s  de 50 m l  co n ten an t 40 m l  d 'e a u  et d e s  s é d i m e n t s  m a in t e n u s  en 
s u s p e n s i o n  p a r  a g i t a t io n  v i g o u r e u s e  s u r  p la te a u  r o t a t i f  à  350 t o u r s / m i n  
d u r a n t  de s  t e m p s  c r o i s s a n t s  m e s u r é s  à p a r t i r  de l ' in sta n t  de l a  c o n t a m i n a 
t io n  p a r  1 m l  de s o lu t io n  r a d i o a c t i v e  [ 1 ] .  Un d i s p o s i t i f  de f i l t r a t i o n  r a p i d e  
s o u s  v id e  p e r m e t  de r e c u e i l l i r  l a  p h a se  a q u e u s e  d i r e c t e m e n t  d ans l e s  f l a c o n s  
de c o m p t a g e  p a r  s p e c t r o m é t r i e  y  en fin d 'a g i t a t i o n .  L a  d u r é e  de c e s  
e x p é r i e n c e s  v a r i e  de 0, 5 à 192 m in .  C e r t a i n e s  ont é té  m e n é e s  a v e c  d e s  ■ 
s é d i m e n t s  non t a m i s é s ,  d ' a u t r e s  a v e c  l e s  f r a c t i o n s  d e s  l i m o n s  ou d e s  s a b l e s  
f i n s .  N o u s  a vo n s  v o l o n t a i r e m e n t  d i v e r s i f i é  l e s  a n io n s  a s s o c i é s  p o u r  d i s p o s e r  
d 'u n  ch a m p  d 'a p p l i c a t i o n  de 1 ' é qu atio n  p r o p o s é e  le  p lu s  v a s t e  p o s s i b l e .

B a c s  d 1 e a u  s ta g n a n te

D e s  b a c s  en  m a t i è r e  p l a s t i q u e  de 30 l i t r e s  co n ten an t 6 c m  de s é d im e n t s  
s u r m o n t é s  de 10 c m  d 'e a u  ont été  u t i l i s é s  p o ur s u i v r e  l e  c o m p o r t e m e n t  de s  
r a d i o é l é m e n t s  en  p r é s e n c e  de d i v e r s e s  e s p è c e s  v é g é t a l e s  a q u a t iq u e s  ou 
s e m i - a q u a t i q u e s  ( M y r io p h y l l u m  v e r t i c i l l a t u m ,  E l o d e a  c a n a d e n s i s , M entha 
a q u a t i c a , P o t o m o g e t o n  d e n s u s , S iu m  e r e c t u m , A ru n d o  p h r a g m i t e s  c o m m u n i s ,  
L e m m a  m i n o r , U lo t h r ix  z o n a ta , C a l l i t r i c h e  p o ly m o r p h a , C h a r a  fo e t id a ,
I r i s  p s e u d a c o r u s )  et a n i m a l e s  (A s e l l u s  a q u a t i c u s , P l a n o r b i s , G a m m a r u s  
p u le x ,  L im n e a  s t a g n a l i s ) [ 2 ] .  L e s  s e d i m e n t s  ne so nt p as  en s u s p e n s i o n  et  
1' e a u  e s t  a é r é e  p a r  un l é g e r  b a r b o t a g e  d ' a i r .  L a  d u r é e  de c e s  e s s a i s  v a r i e  
de 30 à 40 j o u r s .

B a s s i n s  de g r a n d e s  d i m e n s i o n s

60 85 137 / / /
C o , S r ,  C s  ont e te  s u i v i s  d ans une « p i s c i n e  é c o lo g iq u e »  r e p r o 

d u is a n t  une b e r g e  de l ' I s è r e  ( f i g . l ) .  L e s  c a r a c t é r i s t i q u e s  de c e t  é c o s y s t è m e  
sont l e s  s u iv a n t e s :  d i a m è t r e  = 6 m , h a u t e u r  = 1 m ,  s é d i m e n t s  et t e r r e :  32 t ,  
e au:  3 m 3 . E n  un an, q u a t r e  r e j e t s  ont é té  e f f e c t u é s . d a n s  l a  p h a s e  a q u e u s e  
e t  s u i v i s  ju s q u e  d ans l e s  n o m b r e u s e s  e s p è c e s  a q u a t iq u e s  ou l i g n e u s e s  
i m p l a n t é e s  [ 2 ] .

D e m ê m e ,  un b a s s i n  de p lu s  p e t i te  t a i l l e  (3 m 3 a v e c  3 t de s é d im e n t s  
e t  t e r r e  e t  135 1 d 'e a u )  [3 ]  a  p e r m i s  1' é tu de  du c h e m in e m e n t  du n i t r a t o -  
n i t r o s y l - 106R u l e  lo n g  d 'u n  p r o f i l  de b e r g e .
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FIG. 1. Modèle de berge de l'Isère: piscine écologique.

E Q U A T I O N  E M P I R I Q U E  

A l l u r e  d e s  c o u r b e s  d 'é p u r a t i o n

D a n s  to u s  l e s  c a s  é t u d i é s ,  l a  c o u r b e  de l a  r a d i o a c t i v i t é  de 1' eau (ou de 
so n  l o g a r i t h m e )  en  fo n c t io n  du t e m p s  p r é s e n t e  une c o n c a v i t é  t o u r n é e  v e r s  
l e  h a u t .  D e s  c a s  t r è s  d i f f é r e n t s  so nt  r e p r é s e n t é s  s u r  la  f i g u r e  2: i l  s '  a g it  
d 'u n e  p a r t  de r a d i o é l é m e n t s  s ' a d s o r b a n t  f a ib l e m e n t  (60C o  et 85Sr)  et d ' a u t r e

/ / ч 1 Ofi 1 Я7p a r t  de  r a d i o e l e m e n t s  s '  a d s o r b a n t  b e a u c o u p  et t r è s  r a p id e m e n t  ( Ru, C s  
et  141C e ) .  S u r  d e s  c o u r b e s  t r è s  r é g u l i è r e s  p r é s e n t a n t  une c o n c a v i t é  i n t e r 
m é d i a i r e ,  n ou s  a v o n s  r e m a r q u é  une p r o p r i é t é  a t t r ib u a b l e  à une fo n ct io n  
h y p e r b o l i q u e  au s e n s  l a r g e ,  c e  qui n ou s a co n duits ,,  c o m p t e  tenu de l a  v a l e u r  
f in ie  de 1 ' o rd o n n é e  à 1 ' o r i g i n e ,  à une é q u a t io n  de l a  f o r m e

C = Cr + 1
a

où C e s t  l a  c o n c e n t r a t i o n  du r a d i o é l é m e n t  au t e m p s  t d ans 1' eau , Со e s t  la  
c o n c e n t r a t i o n  i n i t i a l e  du r a d i o é l é m e n t  s u p p o s é  i n s t a n t a n é m e n t  h o m o g é n é is é  
d ans 1 ' eau au t e m p s  t = 0, t e s t  l e  t e m p s  é c o u l é  d e p u is  l a  c o n ta m in a t io n ,  
a > 0 et  n < 0 sont d eux  p a r a m è t r e s  à a j u s t e r .

Un t r o i s i è m e  p a r a m è t r e  n ou s  a u r a i t  p e r m i s  de s a t i s f a i r e  l a  co n ditio n  
C -»■ C«, > 0 quand t -»• oo. E n  fa it ,  in  s i t u ,  l e s  m a t i è r e s  a d s o r b a n t e s  sont lo in  
d ' ê t r e  s a t u r é e s  [ 1 ] et n ou s p o u vo n s  t o u jo u r s  a d m e t t r e  s o i t  que l a  v a r ia b l e  t 
e s t  c o n v e n a b le m e n t  b o r n é e  s u p é r i e u r e m e n t ,  s o it  que  C » e s t  n é g l i g e a b l e .
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FIG. 2. Epuration de l'eau par des sédiments en suspension [ 1].
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L 1 é c r i t u r e  de 1' é q u a t io n  c i - d e s s u s  en d eux  p o in ts  (tj,  Ci) et (Í2, C 2) 
co n d u it  à un s y s t è m e  de d eux  é q u a t io n s  t r a n s c e n d a n t e s  à d e u x  in c o n n u e s  et 
ne p e r m e t  don c p a s  d ' é v a l u e r  l e s  p a r a m è t r e s  a et n. P a r  c o n t r e ,  c o n s id é r a n t  
que

t

a p o u r  d é r i v é e

ln  C = In C  0 + n ln

d(ln C) _ n 
dt a + t

1 +

l e s  t a n g e n te s  en deux  p o in ts  de  l a  c o u r b e  ln  C = f (t) que n o u s  p o uvo n s  t r a c e r  
ont p o u r  pente

Pi a + t-
et p 2

a + U

d 1 où l e s  e s t i m a t i o n s  g r a p h i q u e s  a s s e z  g r o s s i è r e s  d e s  p a r a m è t r e s :

a = P2*2 - Pltj 
Pi - P2

e t  n g P l P 2 ( t z - t i )
Pl - P2

P a r t a n t  de c e t t e  p r e m i è r e  a p p r o x im a t i o n ,  l e s  p a r a m è t r e s  non l i n é a i r e s  
a et  n v o ie n t  l e u r  v a l e u r  a f f in é e  p a r  la  m é th o d e  d e s  m o i n d r e s  c a r r é s .  C e t  
a ju s t e m e n t  s e  fa it  à  l ' o r d i n a t e u r  (IB M  360/50) p a r  le  s o u s - p r o g r a m m e  
A M A G T  ( é c r i t  en  F o r t r a n  IV , n iv e a u  G) [ 4 ]  qui r é a l i s e  un c o m p r o m i s  e n t r e  
l a  m é th o d e  de G a u s s  et l a  m é th o d e  du g r a d i e n t  [ 5 ]  en ten ant c o m p te  du p o id s  
s t a t i s t iq u e  ( i n v e r s e  de l a  v a r i a n c e )  de chaque  point e x p é r i m e n t a l .  A  chaque  
i t é r a t i o n ,  l e s  d é r i v é e s  p a r t i e l l e s  de l a  fo n ct io n  sont c a l c u l é e s :

ЭС
3n

Г 1 1 Г t 1

0
uH 1 + - ln 1 + -

a a
et

ЭС
Эа

n t C 0 
“ T 2 —

n-1

L e s  o r d o n n é e s  a j u s t é e s ,  l e s  t r a n s f o r m é e s  d e s  o r d o n n é e s  e x p é r i m e n t a l e s  s o u s  
l a  f o r m e  In C, l e s  t r a n s f o r m é e s  de l a  v a r i a b l e  s o u s  l a  f o r m e  ln  (1 + t/a ) ,  
l e s  p a r a m è t r e s  a j u s t é s  a et  n a in s i  que la  m a t r i c e  de c o v a r i a n c e  sont 
i m p r i m é s  a f in  de p e r m e t t r e  l e  c o n t r ô l e  de l a  v a l i d i t é  de 1 ' a ju s t e m e n t  o b ten u.

C o n t r ô le  de l a  v a l i d i t é  de 1' a ju s t e m e n t

A y a n t  o bten u  l e  m e i l l e u r  a ju s t e m e n t  p o s s i b l e ,  n ou s  d e v o n s  e n s u ite  
v é r i f i e r  s ' i l  e s t  s a t i s f a i s a n t .  L e s  p o id s  s t a t i s t iq u e s  a t t r i b u é s  à c h a cu n  de s  
p o in ts  e x p é r i m e n t a u x  p euven t p a r f o i s  a u g m e n t e r  ou d i m i n u e r  s y s t é m a t i q u e 
m e n t  en  fo n c t io n  du t e m p s ,  co n d u isan t  à de s  v a l e u r s  d e s  p a r a m è t r e s  a et n 
p a r f a i t e m e n t  c o r r e c t e s  m a i s  t e l l e s  que la  r é g r e s s i o n  l i n é a i r e  e n t r e  o r d o n n é e s  
e x p é r i m e n t a l e s  et o r d o n n é e s  a j u s t é e s  a it  une pente  non h o m o g è n e  à l ' u n i t é .

• N o u s  ne b a s e r o n s  don c p a s  f o r c é m e n t  n o t r e  c o n t r ô l e  s u r  c e t t e  r é g r e s s i o n  qui 
ne  p eu t  s '  a p p l iq u e r  qu' a ux  c a s  où 1 ' e x p é r i e n c e  a conduit  à  1 ' h o m o s c e d a s t i c i t é  
d e s  o r d o n n é e s .  P a r  c o n t r e ,  c o n s i d é r a n t  que ln  C = ln  C 0 + n ln  (1 + t / a ) ,  l a  
r é g r e s s i o n  e n t r e  l e s  t r a n s f o r m é e s  d e s  o r d o n n é e s  e x p é r i m e n t a l e s  s o u s  l a  
f o r m e  de l e u r s  l o g a r i t h m e s  n é p é r i e n s  et l a  t r a n s f o r m é e  de l a  v a r i a b l e  s o u s
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E lé m e n t Form e C h im iq u e T ype d 'e x p é r ie n c e V é g é ta u x  a q u a t iq u e s a n C o n t r ô le  a

51Cr EDTA S u s p e n s io n N é a n t 6 ,1 7 -  0 ,0 0 5 * * *

5 9Fe C i t r a t e S u s p e n s io n N é a n t 91 -  0 ,0 5 6 * *

6 °Co C h lo r u r e S u s p e n s io n N é a n t 1 5 ,8 -  0 ,0 8 5 * * *

85Sr N i t r a t e S u s p e n s io n N é a n t 92 -  0 ,0 7 6 * *

10 6Ru N i t r a t o  -  n i t r o s y l e S u s p e n s io n N é a n t 0 ,3 9 -  0 ,2 9 9 * * *

1 37Cs C h lo r u r e S u s p e n s io n N é a n t 0 ,3 4 -  0 ,2 4 5
^ C e C h lo r u r e S u s p e n s io n N é a n t 1 ,5 2 -  0 ,3 3 9 * * *

2 0 3Hg A c é ta te S u s p e n s io n N é a n t 1 6 ,8 -  8 ,0 6 0 * * *

5 4Mn C h lo r u r e Bacs U l o t h r i x 0 ,0 1 7 -  1 ,3 0 7 * *

5l*Mn C h lo r u r e Bacs P lu s ie u r s  [2 ] 0 ,0 5 8 -  1 ,1 9 6 * *

8 5Sr N i t r a t e Bacs N é a n t 1 ,78 -  0 ,3 0 6 * * *

8 5Sr N i t r a t e Bacs R osea ux 2 ,1 9 -  0 ,3 1 8 * * *

106Ru N i t r a t o  -  n i t r o s y l e Bacs P o ta m o ts 0 ,3 6 -  0 ,9 2 9 * * *

1 0 6 Ru N i t r a t o  -  n i t r o s y l e Bacs U l o t h r i x 0 , 1 2 -  1 ,2 8 5 * * *

“ -Ce C h lo r u r e Bacs N é a n t 3 ,0 3 -  1 ,5 8 6 * * *

■ ' " " C e C h lo r u r e Bacs R oseaux 0 ,9 4 -  1 ,9 5 9 * * *

2 0 3Hg C h lo r u r e Bacs M i l l e  -  f e u i l l e s 1 4 ,2 -  1 ,5 1 2 * * *

2 0 3Hg C h lo r u r e Bacs C a l l i t r i c h e s 1 4 ,6 -  1 ,4 5 3 * * *

2 0 3Hg H3C Hg C l Bacs C a l l i t r i c h e s 38 -  2 ,7 8 3 * * *

2 e o Hg
H3C Hg C l Bacs E lo d é e s 1 7 ,5 -  1 ,5 2 8 * * *

Со C h lo r u r e B a s s in s P lu s ie u r s  [2 ] 0 , 0 1 2 -  0 ,4 7 6 * *

8 5Sr N i t r a t e B a s s in s P lu s ie u r s  [2 ] 2 ,4 6 -  0 ,4 5 1 * *

13 7Cs C h lo r u r e B a s s in s P lu s ie u r s  [2 ] 0 ,1 5 7 -  0 ,7 0 2 * * *

106Ru N i t r a t o  -  n i t r o s y l e B a s s in s P lu s ie u r s  [3 ] 0 ,0 4 9 -  0 ,6 2 9 * * *

a * * *  . a ju s te m e n t  t r è s  h a u te m e n t s i g n i f i c a t i f ,  a  = 0 , 0 0 1  ; * *  : a ju s te m e n t  h a u te m e n t s i g n i f i c a t i f ,  a  = 0 , 0 1  ; 
*  : a ju s te m e n t  s i g n i f i c a t i f ,  ex = 0 ,0 5  (d e u x  ca s  de c o u rb « s  à 5 e t  6 p o in t s  s e u le m e n t ,  no n  p r é s e n té e s  d a n s  ce 
t a b le a u ) .
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l a  f o r m e  ln  (1 + t / a )  doit t o u j o u r s  ê t r e  l i n é a i r e  et de p en te  h o m o g è n e  au 
p a r a m è t r e  n . L e  p r e m i e r  point e s t  v é r i f i é  p a r  un t e s t  de F ,  r a p p o r t  du 
c a r r é  m o y e n  dû à l a  r é g r e s s i o n  au c a r r é  m o y e n  r é s i d u e l ,  e t  l e  s e c o n d  p a r  
l e  fa i t  que l e  p a r a m è t r e  n s e  t r o u v e  e f f e c t i v e m e n t  dans 1 ' i n t e r v a l l e  de 
c o n f ia n c e  du c o e f f i c i e n t  de c e t t e  r é g r e s s i o n .  D e p lu s ,  l e  c o e f f i c i e n t  de 
c o r r é l a t i o n  l i n é a i r e  n o u s  g a r a n t i t  une bo nn e  in t e n s i t é  de l a  l i a i s o n  e n t r e  
o r d o n n é e s  e x p é r i m e n t a l e s  et a j u s t é e s .

R E S U L T A T S  E T  D IS C U S S IO N  

T a b l e a u  r é c a p i t u l a t i f  ( ta b lea u  I)

Il  s e r a i t  s u r a b o n d a n t  de  p r é s e n t e r  i c i  l a  t o ta l i t é  de n o s  r é s u l t a t s  
( s o i x a n t e - c i n q  e x p é r i e n c e s  t r è s  v a r i é e s ) .  N o u s  en a v o n s  c h o i s i  v i n g t - q u a t r e  
p o u r  t é m o i g n e r  du v a s t e  c h a m p  d 'a p p l i c a t i o n  de 1' é q u a t io n  p r o p o s é e .  N ous 
s t i p u le r o n s  en  o u t r e  que l e  s e u l  c a s  où 1 ' a ju s t e m e n t  obtenu ne s '  e s t  p as  
a v é r é  s t a t i s t iq u e m e n t  s i g n i f i c a t i f  au s e u i l  de p r o b a b i l i t é  a = 0, 05 a é t é  c e l u i  
d 'u n e  c o u r b e  q u i  n ' é t a i t  c o n s t r u i t e  que s u r  q u a t r e  p o in ts  e x p é r im e n t a u x  
s e u l e m e n t .

C a r a c t è r e  g é n é r a l  et p r é v i s i o n n e l  de 1' é qu atio n

P a r m i  l e s  s o i x a n t e - c i n q  c a s  que n ou s  a v o n s  m i s  en é q u a tio n ,  i l  en e st  
qui c o r r e s p o n d e n t  à  d e s  s y s t è m e s  e x p é r i m e n t a u x  de t a i l l e s  t r è s  d i v e r s e s .  
A i n s i ,  le  r a p p o r t  de l a  m a s s e  a c t i v e  de  s é d im e n t s  ( p r e m i e r  c e n t i m è t r e  
s e u l e m e n t )  au v o l u m e  d ' e a u  s u r n a g e a n t e  e s t  de 100 g r a m m e s  s e c s  p a r  l i t r e  
p o u r  l e s  b a c s ,  de 60 g / l  p o ur l e  b a s s i n  et de 40 g / l  p o u r  l a  p i s c i n e .  IL e s t  
de 1 g / l  p o u r  l e s  s é d i m e n t s  en  s u s p e n s i o n .  Il n ou s fau t  é g a l e m e n t  r a p p e l e r  
que l e s  c h a r g e s  en  e n t r a î n e u r  s '  é t a g e a ie n t  de l a  m i c r o m o l e  à  l a  p ic o m o l e  p a r  
l i t r e  et  q ue  l e s  c o n d it io n s  c l i m a t i q u e s  d e s  e x p é r i e n c e s  é ta ie n t  s o it  c e l l e s  du 
l a b o r a t o i r e ,  s o i t  c e l l e  de l a  C l u s e  de G r e n o b l e  en é té  c o m m e  en h i v e r .

A i n s i ,  l a  d é m a r c h e  que nou s p r o p o s o n s  p o u r  p r é v o i r  1' é p u r a t io n  d 'u n e  
eau de s u r f a c e  p o l lu é e  c o m m e n c e  p a r  une étude h y d r o lo g iq u e  du s i t e  p o u r  
d é f i n i r  un m o d è l e  r e p r é s e n t a t i f ;  c '  e s t  dans c e  m o d è l e  q u e  l a  c in é t iq u e  
d 'é p u r a t i o n  s e r a  s u i v i e  a v e c  l a  p lu s  g r a n d e  p r é c i s i o n  p o s s i b l e  et c '  e s t  à 
p a r t i r  d e s  d o n n é e s  e x p é r i m e n t a l e s  r e c u e i l l i e s  que l ' a j u s t e m e n t  p a r  m o i n d r e s  
c a r r é s  s e r a  con duit ,  d é f i n is s a n t  l e s  deux  p a r a m è t r e s  de 1 ' é q u a t io n  e m p i r i q u e  
p r o p o s é e  q u i,  so n  v a s t e  c h a m p  d 'a p p l i c a t i o n  n ou s en  a p p o r t e  l a  c o n v ic t io n ,  
r e s t e r a  v a l a b l e  dans t o u s  l e s  c a s  p o s s i b l e s ,  a l o r s  q u e ,  c o m m e  l e  s ig n a le n t  
P i c a t  et c o l l .  [ 6 ] ,  l e  m o d è l e  d ' a d s o r p t i o n  m o n o c o u c h e  de  F r e u n d l i c h  v a l a b l e  
p o u r  137C s  ne 1' e s t  p lu s  p o u r  85S r .

S '  a g i s s a n t  de d é f i n i r  l a  c o n c e n t r a t i o n  du p o llu an t à l a  d is t a n c e  x  du 
poin t  de r e j e t ,  d eux  c a s  so nt  à c o n s i d é r e r  dans 1 ' u t i l i s a t io n  de n o tr e  i n f o r 
m a t io n  à d e s  f in s  p r é v i s i o n n e l l e s :

L ' h y p o t h è s e  d 'u n e  h o m o g é n é i s a t i o n  i m m é d i a t e  e s t  a c c e p t a b l e  et  Со 
r e p r é s e n t e  a l o r s  l a  c o n c e n t r a t i o n  du p o llu an t  a p r è s  d i lu t io n  in s t a n t a n é e  dans 
l e  c o u r s  d ' e a u ,  l a  c o r r e s p o n d a n c e  e n t r e  l e s  v a r i a b l e s  t e m p s  t et d is t a n c e  x  
é ta n t  d i r e c t e  m o y e n n a n t  l a  c o n n a i s s a n c e  du t e m p s  m o y e n  de s é j o u r  de l a r 
v e i n e  f lu id e .  N o to n s  l ' i n t é r ê t  q u ' i l  y  a u r a i t  à  c o n n a î t r e  et p r e n d r e  en 
c o m p t e  l a  d is t r i b u t io n  d e s  t e m p s  de s é j o u r  d e s  p a r t i c u l e s  p o u r  p o u v o ir
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u l t é r i e u r e m e n t  e s t i m e r  l e  t r a n s p o r t  de l a  f r a c t i o n  du p o llu an t f ix é  s u r  l e s  
s é d i m e n t s  a i n s i  que  so n  i n t e r v a l l e  de c o n f ia n c e .  G u i z e r i x  et c o l l .  [ 7] 
donnent d e s  e x e m p l e s  d 'é v a l u a t i o n  d 'u n e  t e l l e  d is t r ib u t io n .

L '  h y p o th è s e  c i - d e s s u s  e s t  à é c a r t e r  et, C 0 étant l a  c o n c e n t r a t i o n  en  
p o llu a n t  d a n s  l a  b o u c h e  de r e j e t ,  n ou s  d e v o n s  p o n d é r e r  l a  v a l e u r  de C  p a r  
un t e r m e  de d ilu t io n  d i r e c t e m e n t  fo n ct io n  de l a  d is t a n c e  x  p o u r  0 < x  á D, 
d i s t a n c e  d ite  de b o n  m é l a n g e .  C e  t e r m e  s '  é c r i t  q D / (q D  + Q d), où q et Q 
sont r e s p e c t i v e m e n t  l e s  d é b its  de 1 ' égout de r e j e t  et de l a  r i v i è r e  et où la  
d i s t a n c e  d s '  e x p r i m e  en fo n ct io n  de l a  v i t e s s e  d 'é c o u l e m e n t  de l a  r i v i è r e  V 
p a r  l a  r e l a t i o n  d = V t .  P o u r  é v a l u e r  D, p lutôt que l 1 é q u a t io n  de d i f f u s io n  
c l a s s i q u e  qui donne d e s  s o lu t io n s  p a r t i c u l i è r e s  f o r t  c o m p l e x e s  [ 8 , 9 ] ,  nous 
p r é f é r o n s  r e t e n i r ,  c o m m e  l e  font l e s  p r a t i c i e n s  de l a  S e c t io n  d 'a p p l i c a t i o n  
d e s  r a d i o é l é m e n t s  du C e n t r e  d ' é t u d e s  n u c l é a i r e s  de G r e n o b l e  [ 1 0 ] ,  l a  
f o r m u l e  e x p ir iq u e  p r o p o s é e  p a r  A n d r é ,  M a z e r a n  et  D u ti l le t  ( E l e c t r i c i t é  de 
F r a n c e )  : D = 10 b 3n/Q où D e s t  l a  d i s t a n c e  m i n i m a l e  de b o n  m é l a n g e  en m , 
b l a  l a r g e u r  m o y en n e  de la  r i v i è r e  en  m  et Q le  débit  de l a  r i v i è r e  en m 3/ s .  
C e t te  é qu at io n ,  m a l h e u r e u s e m e n t  non h o m o g è n e ,  a ce p e n d a n t  é té  é t a b l ie  s u r  
un t r è s  g r a n d  n o m b r e  de m e s u r e s  et c o n v ie n t  p a r f a i t e m e n t  p o u r  d e s  r i v i è r e s  
de  50 à 200 m  de l a r g e  à r é g i m e  non t o r r e n t i e l .  P o u r  x  > D, l e  t e r m e  de 
d i lu t io n  s e r a  s u p p r i m é  et n o t r e  é q u a t io n  s e r a  r e p r i s e  à  p a r t i r  du point de  bon  
m é l a n g e  p r i s  c o m m e  n o u v e l le  o r i g i n e  a v e c  Со c o n c e n t r a t i o n  du p o llu an t  en 
c e  p o in t.

C O N C L U S I O N

C h a q u e  f o is  q u 'u n e  étude du c o m p o r t e m e n t  d 'u n e  p o llu t io n  in  s itu  e s t  
s o i t  t r o p  i m p r é c i s e ,  s o it  t r o p  o n é r e u s e ,  s o it  le  p lus  s o u v e n t  i m p o s s i b l e  du 
fa i t  du d a n g e r  qu' e l l e  r e p r é s e n t e r a i t  en  e l l e - m ê m e ,  n ou s s u g g é r o n s  
d ' a c c o m p l i r  une t e l l e  d é m a r c h e .  N o u s  s o u l i g n e r o n s  enfin  l ' i n t é r ê t  qu' e l l e  
p r é s e n t e  p o u r  l 1 é tu de  de l a  c in é t iq u e  de f i x a t i o n  d ' a u t r e s  p o llu a n ts  t e l s  que 
l e s  t o x i q u e s ,  n o ta m m e n t  l e s  o r g a n o m é t a l l i q u e s  ( g r â c e  à  1 ' u t i l i s a t i o n  de 
m o l é c u l e s  m a r q u é e s ,  p a r  e x e m p l e ) .  L a  v a r i a b i l i t é  d e s  p a r a m è t r e s  a  et n 
e s t  e s s e n t i e l l e m e n t  dépe n d an te  du m o d è l e  c h o i s i  et non du r a d i o é l é m e n t  
c o n s i d é r é  s o u s  une f o r m e  c h im iq u e  d o n n é e .  L '  équ at io n  e m p ir i q u e  p r o p o s é e  
p o s e  de to u te  f a ç o n  l e  p r o b l è m e  du c h o ix  d 'u n  m o d è le  h y d r o lo g iq u e  adap té  
a u x  c o n d it io n s  p a r t i c u l i è r e s  q u e  l ' o n  v e u t  c o n s i d é r e r .
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Abstract

THE FATE OF RADIONUCLIDES DISCHARGED FROM A PWR NUCLEAR POWER STATION INTO A RIVER.
A detailed  radiological study of a river in the vicinity  of a large PWR nuclear station was conducted 

to determ ine the im pact of the station on the environm ent and surrounding population. The wastes from 
the reactor are discharged into a 1 .8 -k m  long canal that empties into a large river. During a 1-yr period 
samples of algae, plankton, aquatic grasses, fish, bottom sedim ent and w ater were collected  from the 
discharge canal and from the river below and above the canal. Because the tem perature of the canal w ater 
can be as much as 12.7°C higher than the river w ater, norm al habits and growth characteristics of fish and 
other biolological life  in the canal and surrounding river waters are altered . The influence of this atypical 
situation on the uptake and concentration of radionuclides in the fish and aquatic plants is discussed.

Radionuclides found in samples of algae, grasses, and plankton as a consequence of the discharges 
from the nuclear power station included 3H, 14C, MMn, 57Co, 60Co, 90Sr, 95Zr, 95Nb, 131I, 134Cs, 137Cs and 
144Ce. The fish were dissected for muscle, heart area, stom ach, gut, bones, and liver plus kidney. Special 
care was exercised to remove a ll bones from the m uscle. Radionuclides detected in the fish samples were 
3H, 14C, 58Co, 60Co, 131I, 134Cs and 137Cs. Concentration factors for w ater to organism were calculated  and 
their im plications are discussed. The radiation dose to people eating the fish was estim ated to be below 
10 m rem /yr.

I n t r o d u c t io n

R a d io n u c l id e s  d is c h a rg e d  f ro m  a n u c le a r  po w e r s t a t i o n  i n t o  th e  aq ueou s 
e n v ir o n m e n t  may r e s u l t  i n  some r a d i a t i o n  e x p o s u re  to  th e  s u r r o u n d in g  p o p u la 
t i o n .  As th e  num ber o f  la r g e  n u c le a r  po w e r s t a t io n s  in c r e a s e  a lo n g  r i v e r s ,  
la k e s ,  and o c e a n s , th e  need to  u n d e rs ta n d  b e t t e r  th e  f a t e  o f  th e s e  r a d i o 
n u c l id e s  i n  th e  e n v iro n m e n t and t o  d e te rm in e  th e  r e s u l t i n g  p o p u la t io n  
e x p o s u re s  becom es in c r e a s in g ly  im p o r ta n t .  H ence , a 1 - y e a r  r a d i o lo g i c a l  
s tu d y  was c o n d u c te d  on th e  aq ueou s e n v iro n m e n t o f  a la r g e  p r e s s u r iz e d  w a te r  
r e a c t o r  (PWR) d u r in g  1 9 7 0 -1 9 7 1  t o  d e te rm in e  th e  im p a c t o f  l i q u i d  e f f l u e n t s  
fro m  th e  s t a t i o n  on th e  e n v iro n m e n t and th e  s u r r o u n d in g  p o p u la t io n .

The n u c le a r  po w e r s t a t io n  ch o se n  has a g e n e r a t in g  c a p a c i t y  o f  590 
m e g a w a tts  e l e c t r i c a l  ( Ш е )  and had be en  o p e r a t in g  s in c e  A u g u s t 19 67 . The 
s t a t i o n  i s  lo c a te d  on th e  C o n n e c t ic u t  R iv e r  35 km s o u th  o f  H a r t f o r d  and 
26 km ab ove  th e  m o u th  o f  th e  r i v e r .  T id a l  e f f e c t s  on th e  r i v e r  a re  a p p r o x i 
m a te ly  1 m a t  th e  s t a t i o n ,  and s a l t  w a te r  a p p ro a c h e s  t o  w i t h i n  a b o u t 6 .5  km 
d o w n s tre a m  o f  th e  s t a t i o n  a t  h ig h  t i d e .  The l i q u i d  e f f l u e n t s  f ro m  th e  
s t a t i o n  a re  d is c h a rg e d  i n t o  a c a n a l i n  w h ic h  w a te r  f lo w s  a t  th e  r a t e  o f  
1 .4 1  x  10 l i t e r s / m i n .  T h is  c o o la n t  w a te r  e m p tie s  i n t o  th e  C o n n e c t ic u t  
R iv e r  1 .8  km b e lo w  th e  s t a t io n .

The c a n a l o f f e r s  an u n u s u a l h a b i t a t  f o r  s tu d y in g  r a d io n u c l id e  u p ta k e  
o f  f i s h .  F is h  a re  a t t r a c t e d  to  and re m a in  i n  th e  h e a te d  e f f l u e n t  c a n a l
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(Д T 1 2 .7 ° c )  d u r in g  th e  c o ld e r  m o n th s  o f  th e  y e a r .  O ccupancy o f  t h i s  "w a rm - 
w a t e r "  h a b i t a t  r e s u l t s  i n  an a b n o rm a l s e a s o n a l m e ta b o lis m  as w e l l  as fe e d in g  
and a c t i v i t y  b e h a v io r .  T h u s , i t  has been shown t h a t  b row n  b u llh e a d s  
( c a t f i s h )  i n  a c o n t r o l  a re a  (a  co ve  3 .2  km b e lo w  any d e te c ta b le  h e a te d  w a te r  
f ro m  th e  p l a n t )  a l l  had em pty s to m a ch s  i n  D ecem ber when th e  w a te r  te m p e ra 
t u r e  was 2 °C ; a c o m p a ra b le  sam ple  fro m  th e  c a n a l a t  t h i s  t im e  showed t h a t  
30% o f  th e  f i s h  had fe d  [ 1 ] .  I n  M a rch  w hen th e  c o n t r o l  a re a  was 4 °C , 237» 
o f  th e  b u llh e a d s  had fe d ,  w h i le  on th e  same d a te  51% o f  th o s e  i n  th e  c a n a l 
w e re  fe e d in g  a c t i v e l y .  D u r in g  th e  s p r in g  and e a r ly  summer m o n th s  w hen th e  
w a te r  te m p e r a tu r e s  in c r e a s e ,  f i s h  b e g in  t o  le a v e  th e  c a n a l and a t  te m p e ra 
tu r e s  ab ove  35°C  p r a c t i c a l l y  none re m a in .  Due to  t h e i r  a b n o rm a l h a b i t s  and 
th e  c ro w d in g  o f  th e  f i s h  i n  th e  c a n a l (a n  a v e ra g e  o f  3 0 ,0 0 0  has be en  
e s t im a te d  t o  be i n  r e s id e n c e  d u r in g  th e  w in t e r ) ,  t h e i r  p h y s ic a l  c o n d i t io n  i s  
som ewhat im p a ire d  and th e  u p ta k e  by them  o f  r a d io n u c l id e s  th r o u g h  th e  fo o d  
c h a in  may be a t y p ic a l  [ 1 ] .

M e th o d s

The f i s h  s p e c ie s  t h a t  w e re  c o l le c t e d  w e re  w h i te  c a t f i s h  ( I c t a lu r u s  
c a t u s ) , b ro w n  b u llh e a d  ( I c t a l u r u s  n e b u lo s u s ) , and c a r p  ( C y p r in u s  c a r p i ó ) .
These com posed m ore th a n  95% o f  th e  w in t e r  f i s h  s p e c ie s  p o p u la t io n  i n  th e  
c a n a l [ 2 ] .  B e tw een 4 and 10 f i s h  p e r  s p e c ie s  w e re  c o l le c t e d  tw ic e  d u r in g  
th e  w i n t e r ,  i n  Decem ber and M a rc h . The s iz e  o f  th e s e  c a t f i s h  and b u l lh e a d s  
ra n g e d  fro m  25 0  g to  1000 g ,  and th e  c a rp  fro m  300 g t o  4000 g . A d d i t i o n a l  
b i o l o g i c a l  sa m p le s  c o l le c t e d  fro m  th e  a q u a t ic  e n v iro n m e n t o f  th e  s t a t i o n  
in c lu d e d  a q u a t ic  p la n ts  ( V a l l i s n e r i a  a m e r ic a n a ) a lg a e ,  and p la n k to n .  The 
a lg a e  c o n s is te d  m o s t ly  o f  b lu e - g r e e n  a lg a e  (L y n g b y a , O s c i l l a t o r i a , P h o rm id iu m ) 
w i t h  some g re e n  a lg a e  (C o sm a riu m ) and d ia to m s  ( N i t z c h i a , M e lo s i r a ) . The 
p la n k to n  s a m p le s , in c lu d in g  some d e t r i t u s ,  w e re  n o t  i d e n t i f i e d .

The p ro c e d u re s  and m e th o d s  e m p lo ye d  f o r  th e  r a d io n u c l id e  a n a ly s is  o f  
b i o l o g i c a l  sam p les  ha ve  be en  d e s c r ib e d  in  d e t a i l  [ 3 ] .  B r i e f l y ,  f i s h  sam p les  
w e re  d is s e c te d  f o r  m u s c le ,  k id n e y  and l i v e r ,  t h y r o i d  (head k id n e y  and h e a r t  
a r e a ) ,  and b o n e , and th e  t i s s u e s  w e re  com b in e d  by  s p e c ie s  o f  f i s h  f o r  each 
s a m p lin g  p e r io d .  A l l  sa m p le s  w e re  a n a ly z e d  d i r e c t l y  f o r  p h o to n  e m i t t e r s  by 
s p e c t r o m e tr y  w i t h  a 10 x  10 -cm  N a l ( T l )  d e t e c t o r  o r  an l l - c n P  G e ( L i)  d e t e c t o r .  
Sam ples w e re  a ls o  a n a ly z e d  w i t h  a N a l ( T l )  gam m a-ray c o in c i d e n c e / a n t i c o i n c i 
de nce  s y s te m . R a d io c h e m ic a l a n a ly s e s  w e re  p e r fo rm e d  to  m e asure  9 0 s r  and 32j>;

and w e re  d e te rm in e d  by t r e a t i n g  sa m p le s  i n  a c o m b u s tio n  t r a i n ,
c o l l e c t i n g  w a te r  and CO2 , and m e a s u r in g  th e  r a d i o a c t i v i t y  w i t h  l i q u i d  
s c i n t i l l a t i o n  and gas c o u n t in g  te c h n iq u e s .

R e s u l ts

B ecause c o n c e n t r a t io n s  o f  r a d io n u c l id e s  d is c h a rg e d  by  th e  p la n t  w e re  
i n  many ca s e s  b e lo w  m in im um  d e te c ta b le  l e v e ls  in  c a n a l and r i v e r  w a te r ,  
c o n c e n t r a t io n s  w e re  d e te rm in e d  fro m  c o n c e n t r a t io n s  i n  w a s te  ta n k  sam p les  
b e fo r e  d is c h a r g e .  I n  T a b le  I  a re  l i s t e d  th e  a v e ra g e  r a d io n u c l id e  c o n c e n t r a 
t i o n s  c a lc u la t e d  to  be p r e s e n t  i n  th e  d is c h a r g e  c a n a l d u r in g  th e  p e r io d  o f  
s tu d y .  The a v e ra g e  c o n c e n t r a t io n s  l i s t e d  i n  th e  f i r s t  d a ta  c o lu m n  a re  ba sed 
on m o n th ly  d is c h a rg e  v o lu m e s  and a c t i v i t i e s  r e p o r t e d  by th e  s t a t i o n  [ 4 ] .
The a v e ra g e  c o n c e n t r a t io n s  l i s t e d  i n  th e  seco nd  d a ta  co lum n w e re  c a lc u la t e d  
f ro m  a n a ly s e s  o f  sa m p le s  fro m  th e  p r im a r y  s y s te m  ( t e s t  ta n k s )  and th e  
s e c o n d a ry  s y s te m  (s te a m  g e n e r a to r  b lo w d o w n  and le a k a g e ) ,  th e  v o lu m e

^We th a n k  E. J .  T r o i a n e l l o ,  U. S. E n v iro n m e n ta l  P r o t e c t io n  A g e n c y , 
W in c h e s te r ,  M a s s .,  f o r  th e  and a n a ly s e s .
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T A B L E  I. A V E R A G E  R A D I O N U C L I D E  C O N C E N T R A T I O N  IN D I S C H A R G E  
C A N A L  ( p C i / l i t e r )

C a lc u la te d  f ro m  S t a t io n C a lc u la te d  fro m  M e asure d
Is o to p e R e p o rte d  V a lu e s i n - p l a n t  Sam ples

1 2 .3  - y r 3H 1 0 ,4 0 0 1 9 ,4 0 0

5730 - y r 14c N R ^ 0 .0 7 4

15 - h 2 4 Na NR 0 .0 8 6

1 4 .3  -d 32P NR 0 .0 4 3

2 7 .8  -d 51C r Ж 0 .0 2 3

313 -d 54Mn 0 .4 8 0 .3 1

2 .7  - y r 55Fe NR 0 .8 0

270 -d 5?Co NR 0 .0 1 3

7 1 .3  -d
5 8 „

Co 4 .1 1 . 1

4 4 .6  -d
5 9 „

Fe 0 . 0 4 (e ) 0 . 0 2 1

5 . 2 6 - y r 6°Co 0 . 6 6 0 .4 9

2 8 .5  - y r 9° S r NR 0 .0 0 1 5

65 -d 95Z r NR 0 .0 0 4 6

3 5 .1  -d 95Nb NR 0 .0 0 6 5

6 6 . 2  - h
99

Mo NR 0 .1 3

253 -d
1 1 0 m

Ag NR 0 .0 0 7 5

8 .0 6 -d 13 1 I 2 .3 1 9 .4

2 0 .9  - h
13 3 I

1 .7 9 .6

2 . 0 7 - y r 134Cs NR 0 .4 0

6 .7  - h 13 5 I NR 4 .0

13 -d 136Cs NR 0 .0 9 4

3 0 .2  - y r 137Cs 0 .5 8 0 .4 2

N o te :  A p p r o x im a te ly  23 j iC i  o f  ^ ^ X e  and 0 .1 0  p C i o f  135xe a re  d is c h a rg e d
a n n u a l ly  i n  th e  w a t e r ,  b u t  a e r a t io n  w o u ld  be  e x p e c te d  to  e x p e l th e s e  
n u c l id e s ;  ^ S r  was n o t  d e te c te d  i n  th e  d is c h a r g e  c a n a l (<  0 .1  p C i /  
l i t e r ) .

( a )  A v e ra g e  f o r  1970 and 1 9 7 1 , ba sed  on d is c h a rg e s  r e p o r t e d  b y  th e  s t a t io n  
and a t o t a l  d i l u t i o n  o f  6 .3  x  lO ^ -  l i t e r s / y r .

( b )  A v e ra g e  o f  c o n c e n t r a t io n  in  tw o  sa m p le s  fro m  p r im a r y  s y s te m  d is c h a rg e  
( 7 . 2  x  1 0 ^ l i t e r s / y r )  and in  s i x  sa m p le s  fro m  s e c o n d a ry  s y s te m  d is c h a r g e  
( 1 .8  x  10 7 l i t e r s / y r ) ,  w i t h  a t o t a l  d i l u t i o n  v o lu m e  o f  6 .3  x  1 0 ^  
l i t e r s / y r .

( c )  To c a lc u la t e  a v e ra g e  c o n c e n t r a t io n  i n  C o n n e c t ic u t  R iv e r ,  d i v i d e  by  2 5 .
(d )  NR -  N o t r e p o r t e d .
(e )  R e p o rte d  f o r  o n ly  one 6 -m o n th  p e r io d .
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I s o t o p e

M u s c le

M e a su re d  P r e d ic te d G ut K id n e y  +  L i v e r

3H 2 6 0 0 -7 6 0 0

C a n a l F is h  

1 0 , 4 0 0 ( 0 . 9 0 ) (a ) N M ^ 7 0 0 -1 2 0 0

14c 3 2 0 - 4 4 0 ^ 6 3 0 (4 5 0 0 ) NM 4 0 0 -6 2 5 (b )

55Fe <  90 8 0 (1 0 0 ) NM 6 0 0 -3 6 0 0

58Co <  25 8 0 (2 0 ) <  2 0 -2 9 0 <  40

6 °Co <  15 1 3 (2 0 ) <  2 0 -1 4 0 <  25

1 3 1 I <  40 3 4 (1 5 ) <  6 0 -1 5 0 0 <  5 0 -1 8 0 0

13 4Cs <  2 0 -1 4 5 1 6 0 (4 0 0 ) <  2 0 - 2 0 0 ND

13 7Cs 1 1 0 -3 2 0 2 5 0 (4 0 0 ) 7 5 -3 8 0 1 5 0 -4 3 0

3H 570

C o n t r o l  F is h

NM NM

14c 300 NM 3 0 0 (b )

55Fe <  90 NM 3800

137Cs 80 70 130

(a )  C o n c e n t r a t io n  f a c t o r s :  see r e f .  [ 5 ] .
(b )  Assum es f i s h  t i s s u e  to  be 5% c a rb o n  [ 5 ] .
( c )  NM -  N o t m e a s u re d ; ND -  n o t  d e te c te d .

d is c h a rg e d  o f  e a ch  and th e  t o t a l  a v a i l a b l e  d i l u t i o n  v o lu m e . F iv e  o f  th e  
e i g h t  v a lu e s  o b ta in e d  by  th e  tw o  p ro c e d u re s  a g re e d  w i t h i n  a f a c t o r  o f  tw o , 
b u t  131-1, an<j 5 8 ç0 v a lu e s  d i f f e r e d  c o n s id e r a b ly .  Because th e  a v e ra g e
v a lu e s  ba sed on m o n i to r in g  a l l  d is c h a r g e s  s h o u ld  be s u p e r io r  t o  th o s e  ba sed  
on th e  o c c a s io n a l  p e r io d ic  s a m p le s , c o n c e n t r a t io n s  f o r  th e  r a d io n u c l id e s  
g iv e n  i n  d a ta  co lu m n  1 w e re  used in  th e  c a l c u l a t i o n s .  F o r  r a d io n u c l id e s  n o t  
r e p o r t e d  b y  th e  s t a t i o n ,  h o w e v e r, th e  c o n c e n t r a t io n s  g iv e n  i n  d a ta  c o lu m n  2 
w e re  u s e d . C o n c e n t r a t io n s  a t  any t im e  w o u ld  d i f f e r  c o n s id e r a b ly  f ro m  th e  
a v e ra g e s  i n  T a b le  1 b e ca u se  p r im a r y  s y s te m  w a s te s  a re  o n ly  d is c h a rg e d  
p e r i o d i c a l l y ,  and th e  r a d io n u c l id e  c o n te n ts  o f  b o th  w a s te s  change w i t h  t im e .

The c o n c e n t r a t io n  o f  r a d io n u c l id e s  m e asure d  in  f i s h  f ro m  th e  c a n a l and 
in  c o n t r o l  f i s h  ( c o l le c t e d  c o n c u r r e n t ly  and 9 km up r i v e r  f ro m  th e  d is c h a r g e  
c a n a l )  a r e  l i s t e d  in  T a b le  I I .  The c o n c e n t r a t io n s  g iv e n  f o r  th e  c a n a l f i s h  
r e s u l t  fro m  b o th  s t a t io n  d is c h a r g e  and f a l l o u t .  No s i g n i f i c a n t  d i f f e r e n c e s  
i n  c o n c e n t r a t io n s  o f  r a d io n u c l id e s  w e re  o b s e rv e d  i n  th e  th r e e  f i s h  s p e c ie s .  
No r a d i o a c t i v i t y  was o b s e rv e d  i n  th e  h e a r t  a re a  ( t h y r o i d ) ;  131 j  Was th e  o n ly  
s i g n i f i c a n t  r a d io n u c l id e  r e la t e d  t o  p la n t  d is c h a r g e  o b s e rv e d  i n  th e  k id n e y  
and l i v e r .  The g u t  g e n e r a l ly  c o n ta in e d  th e  h ig h e s t  a c t i v i t i e s  o f  a l l  
d is s e c te d  t i s s u e s .  T h is  m ig h t  be due in  some ca s e s  t o  th e  c o n te n ts  o f  th e  
g u t ,  a l t h o u g h ,  as m e n tio n e d  a b o v e , th e  g u t  was o f t e n  e m p ty . M u s c le ,  th e  
m o s t im p o r ta n t  t i s s u e  b e c a u s e  i t  i s  e a te n ,  c o n ta in e d  a m e a s u ra b le  e x c é s s  
ab ove  b a c k g ro u n d  o f  З н , 1 4 c , and 1 3 7 ç s i n a l l  f i s h .  The m u s c le  o f  some f i s h  
a ls o  c o n ta in e d  m e a s u ra b le  q u a n t i t i e s  o f  1 3 4 c s .
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To d e te rm in e  th e  f e a s i b i l i t y  o f  p r e d i c t i n g  th e  c o n c e n t r a t io n  o f  r a d io 
n u c l id e s  i n  f i s h  m u s c le  f ro m  th e  c o n c e n t r a t io n  i n  w a te r ,  th e  a v e ra g e  w a te r  
c o n c e n t r a t io n s  l i s t e d  i n  T a b le  I  f o r  th e s e  n u c l id e s  w e re  added t o  th e  b a c k 
g ro u n d  c o n c e n t r a t io n s  m e a su re d  i n  a c o n t r o l  w a te r  s a m p le , ( 2 )  and th e  sums 
w e re  m u l t i p l i e d  by th e  a p p r o p r ia t e  c o n c e n t r a t io n  f a c t o r s  (C F ) . The r e s u l t i n g  
p r e d ic t e d  r a d io n u c l id e  c o n c e n t r a t io n s  i n  f i s h  m u s c le  a re  g iv e n  i n  th e  second 
d a ta  co lu m n  i n  T a b le  I I .  The c o n c e n t r a t io n  f a c t o r s  a re  g iv e n  i n  p a re n th e s e s . 
The p r e d ic te d  v a lu e s  i n  a l l  ca se s  a r e  o f  th e  c o r r e c t  m a g n itu d e ,  a n d , e x c e p t 
f o r  ^ C o, w i t h i n  a f a c t o r  o f  tw o  o f  th e  m e asure d  ra n g e s .  Some d i s p a r i t y  may 
be a r e s u l t  o f  th e  r a d io n u c l id e  c o n c e n t r a t io n s  in  th e  f i s h  n o t  b e in g  i n  
e q u i l i b r i u m  w i t h  th o s e  i n  th e  w a te r ,  th e  u p ta k e  o f  r a d io n u c l id e s  fro m  fo o d s  
r a t h e r  th a n  w a te r ,  and th e  a t y p ic a l  a q u a t ic  e n v iro n m e n t o f  th e  c a n a l ,  w h ic h  
was d is c u s s e d  a b o v e . C o n s id e r in g  th e s e  f a c t o r s  and th e  u n c e r t a in t y  in .  th e  
c o n c e n t r a t io n  f a c t o r s ,  w h ic h  a re  ba sed  on num erous v a lu e s  o b ta in e d  u n d e r a 
v a r i e t y  o f  c o n d i t io n s ,  a g re e m e n t b e tw e e n  m e asure d  and p r e d ic te d  c o n c e n t r a 
t i o n  i s  re a s o n a b le  and i l l u s t r a t e s  th e  f e a s i b i l i t y  o f  p r e d i c t i n g  c o n c e n t r a 
t i o n s  i n  f i s h  m u s c le ,  w h ic h  i s  an im p o r ta n t  p a th w a y  f o r  r a d io n u c l id e s  to  
re a c h  man.

I n  T a b le  I I I  a r e  p r e s e n te d  th e  r a d io n u c l id e  c o n c e n t r a t io n s  m e asure d  in  
a lg a e ,  w a te r  g r a s s ,  p la n k t o n ,  and b o t to m  s e d im e n t.  The c o n c e n t r a t io n s  g iv e n  
f o r  th e  w a te r  g ra s s  and p la n k to n  a re  th e  r e s u l t s  o f  p la n t  d is c h a r g e ,  i n  t h a t  
th e  c o n c e n t r a t io n s  m e a su re d  i n  c o n t r o l  sa m p le s  (show n i n  p a re n th e s e s )  ha ve  
been s u b t r a c te d .  B ecause  a lg a e  g re w  o n ly  i n  th e  d is c h a rg e  c a n a l ,  no c o n t r o l  
sam ple  was a v a i la b le  f o r  a n a ly s is .  C o n s e q u e n t ly ,  th e  c o n c e n t r a t io n s  o f  55 F e , 
9 ® S r, 95£ r  ̂ 95эдэ} 137q S j an(j 1 4 4 ç e i n c i ud e th e  c o n t r i b u t i o n  fro m  f a l l o u t .

The p la n k to n  i s  exp o se d  to  p la n t  d is c h a r g e s  f o r  a r e l a t i v e l y  s h o r t  
t im e - - a b o u t  80 m in  d u r in g  t r a n s i t  down th e  1 .8 -k m  c a n a l .  H e n ce , eve n  th o u g h  
e q u i l i b r i u m  w o u ld  n o t  be r e a l iz e d  b e tw e e n  th e  r a d io n u c l id e  c o n te n t  o f  th e  
p la n k to n  and th e  w a te r  i n  th e  c a n a l ,  th e  r e s u l t s  do i l l u s t r a t e  th e  s t r o n g  
te n d e n c y  o f  p la n k to n ,  a p r i n c i p a l  fo o d  f o r  f i s h ,  t o  c o n c e n t r a te  c e r t a i n  
r a d io n u c l id e s  d is c h a rg e d  by  n u c le a r  pow er s t a t io n s .  The w a te r  g ra s s  
(V . a m e r ic a n a )  was c o l le c t e d  a s h o r t  d is ta n c e  u p - r i v e r  f ro m  th e  m o u th  o f  th e  
c a n a l and was exp o se d  t o  c a n a l d is c h a rg e s  o n ly  a t  h ig h  t i d e .  C o n s e q u e n t ly ,  
i t  i s  n o t  f e a s ib le  to  r e la t e  th e  r a d io n u c l id e  c o n te n t  o f  th e  c a n a l w a te r  to  
t h a t  m e asure d  i n  th e  g r a s s .  The w a te r  g ra s s  does c o n c e n t r a te  c e r t a i n  o f  th e  
d is c h a rg e d  r a d io n u c l id e s ,  p r i n c i p a l l y  54 м п} 5 8 c o , 6 0 c o , 9 0 g r ,  and 1 3 1 l ,  and 
th u s  a c ts  as a r e s e r v o i r  f o r  th e s e  r a d io n u c l id e s  in  th e  a q u a t ic  e n v ir o n m e n t.  
On th e  o th e r  h a n d , th e  a lg a e  had grow n  i n  th e  c a n a l w a te r  f o r  t h e i r  l i f e 
t im e  a n d , i f  i t  ca n  be assum ed t h a t  th e  c a lc u la t e d  w a te r  c o n c e n t r a t io n s  
l i s t e d  i n  T a b le  I  a re  a p p l ic a b le ,  c o n c e n t r a t io n  f a c t o r s  can  be c a lc u la te d  
f o r  t h i s  m ix tu r e  o f  g re e n  and b lu e - g r e e n  a lg a e .  The c o n c e n t r a t io n  f a c t o r s ,  
p C i / k g ( a lg a e )  p e r  p C i / k g ( w a t e r ) , a re  p re s e n te d  b e lo w . F o r  th o s e  r a d i o 
n u c l id e s  p r e s e n t  i n  f a l l o u t ,  th e  b a c k g ro u n d  w a te r  c o n c e n t r a t io n s  g iv e n  above 
h a ve  be en  added to  th e  c o n c e n t r a t io n s  l i s t e d  i n  T a b le  I .

3H = 0 . 9 60Co = 32 X 103
i ^ c  = 7 X 103 m i = 5 X 103
5>  =

23 X 103 13*C s = 3..5 x 103
Co = 28 X 103 137Cs = 3.,2 x 103

58Co = 10 X 103

( 2 )
C o n c e n t r a t io n s  m e asure d  i n  th e  c o n t r o l  w a te r  sam p le  w e re  0 .0 5  p C i 
1 3 7 C s / l  i t e r  and 1 ,2 0 0  p C i 3 H / l i t e r .  C a rb o n -1 4  was n o t  m e a s u re d , b u t  was 
e s t im a te d  by a s s u m in g  th e r e  a re  1 1  ppm c a rb o n  i n  f r e s h  w a te r  w i t h  a 
s p e c i f i c  a c t i v i t y  o f  6 .0 8  p C i 1 4 c /g  С [ 5 ] .
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T A B L E  III. R A D I O N U C L I D E  C O N T E N T  O F  S A M P L E S  C O L L E C T E D  A T  
M O U T H  O F  D I S C H A R G E  C A N A L  (p C i/ k g)

I s o to p e A lg a e W a te r G rass P la n k to n B o tto m  S e d im e n t

3H 9 ,1 0 0 NM NM

14c l , 2 0 0 (b ) NM 2 1 0

3 2 P <  50 31 <  50

54Mn 1 1 , 0 0 0 140 1 ,2 4 0 2 0 0 -1 ,4 0 0

55Fe 4 1 ,0 0 0 (a ) <  3 0 0 ( 6 0 0 ) ( c ^ NM

57Co 370 <  5 <  40

58Co 3 9 ,0 0 0 1 2 0 3 ,6 0 0 8 0 0 -1 1 ,9 0 0
6 0 „

Co 2 1 , 0 0 0 25 1 ,5 6 0 3 0 0 -2 ,6 0 0

9° S r 42 2 6 (<  1 0 ) <  30 (<  4 0 )

95Z r 1 , 8 0 0 ^ <  15 (<  2 0 ) <  9 0 (<  19 0)

95Nb l , 3 0 0 (a ) <  3 0 (8 5 ) 400 (<  12 5)

131I 1 1 , 0 0 0 2 50 8 ,8 0 0

134Cs 1 ,4 0 0 <  15 500 3 0 0 -1 ,5 0 0

13 7Cs 2 , 0 0 0 <  2 5 (3 0 ) < 1 5 0 (3 4 0 ) 4 0 0 -2 ,6 0 0

144Ce 7 ,6 0 0  (a ) < 8 0 (2 3 0 ) < 4 0 0 (1 1 0 0 )

(a )  B a ck g ro u n d  fro m  f a l l o u t  was s u b t r a c te d  fro m  a l l  v a lu e s  e x c e p t th e s e .
(b )  Assum es a lg a e  to  be 57« c a rb o n  [ 5 ]  .
( c )  B a ck g ro u n d  c o n c e n t r a t io n s  m e asure d  i n  c o n t r o l  sam p les  o f  w a te r  g ra s s  and 

p la n k to n  a re  g iv e n  i n  p a re n th e s e s .
(d )  S t r o n t iu m - 8 9  was n o t  o b s e rv e d  i n  any s a m p le s .

The .CF c a lc u la t e d  f o r  th e  c e s iu m  is o to p e s  and th e  c o b a l t  is o to p e s  a re  
i n  good a g re e m e n t, and th e  CF c a lc u la t e d  f o r  i s  n e a r  th e  e x p e c te d  v a lu e  
o f  o n e . The lo w e r  CF c a lc u la t e d  f o r  5 8 c 0 r e l a t i v e  to  t h a t  f o r  th e  o th e r ,  
c o b a l t  is o to p e s  may be th e  r e s u l t  o f  i t s  much s h o r t e r  h a l f  l i f e  and th e  t im e  
t h a t  had e la p s e d  b e tw e e n  p la n t  d is c h a r g e  and sa m p le  c o l l e c t i o n .  I n  a d d i t io n  
to  th e  r o l e  a lg a e  p la y  as a fo o d  f o r  f i s h  i n  th e  fo o d  c h a in  o f  m an, th e  
la r g e  c o n c e n t r a t io n  f a c t o r s  c a lc u la t e d  a b o v e , as w e l l  as th e  ea se  o f  sam ple  
c o l l e c t i o n  and a n a ly s is ,  make t h i s  ty p e  sa m p le  u s e f u l  as an i n d i c a t o r  o f  
r a d io n u c l id e s  in  th e  aq ueou s e n v ir o n m e n t .

R a d io n u c l id e s  t h a t  a re  d is c h a rg e d  by  th e  p la n t  a ls o  a c c u m u la te d  in  
b o tto m  s e d im e n ts  o f  th e  c a n a l ,  p a r t i c u l a r l y  a t  th e  m o u th  w h e re  th e  v e l o c i t y  
o f  th e  w a te r  i s  re d u c e d  and s m a ll  p a r t i c u l a t e  m a t te r  i s  d e p o s i te d .  The 
ra n g e s  i n  c o n c e n t r a t io n  m e asure d  a t  e ig h t  p o in t s  i n  th e  m o u th  o f  th e  c a n a l 
a re  g iv e n  i n  th e  l a s t  co lu m n  o f  T a b le  I I I .  The r a d i o a c t i v i t y  was fo u n d ,  i n  
g e n e r a l ,  t o  be a s s o c ia te d  w i t h  th e  f i n e  p a r t i c u l a t e  m a t te r  and o r g a n ic  
m a t e r i a l s .  The e x te n t  o f  le a c h in g  o r  d i s s o l u t i o n  u n d e r c o n d i t io n s  p r e s e n t  
i n  th e  r i v e r  a re  n o t  w e l l  u n d e r s to o d ,  and th e  s ig n i f i c a n c e  o f  th e s e  s e d im e n t 
d e p o s i ts  as to  t h e i r  c o n t r i b u t i o n  o f  r a d io n u c l id e s  to  man i s  n o t  kno w n . 
H o w e v e r, th e s e  d e p o s i ts  i n  th e  s e d im e n ts  o f  s tre a m s  and r i v e r s  a re  a 
p o t e n t i a l  s o u rc e  o f  r a d io n u c l id e s  t o  th e  a q u a t ic  e n v iro n m e n t and s h o u ld  n o t  
be ig n o r e d .
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A t  t h i s  n u c le a r  po w e r s t a t i o n ,  th e  o n ly  p a th w a y  by  w h ic h  r a d io n u c l id e s  
d is c h a rg e d  i n t o  th e  a q u a t ic  e n v iro n m e n t can re a c h  man i s  th r o u g h  th e  consum p
t i o n  o f  f i s h .  No o th e r  a q u a t ic  l i f e  i n  th e  im m e d ia te  a re a  i s  consum ed by  man 
n o r  i s  th e  w a te r  down r i v e r  f ro m  th e  s t a t io n  used f o r  d r in k in g  o r  p u b l ic  
sw im m in g . S h e l l f i s h  t h a t  e x i s t  i n  th e  e s tu a r y  and shad t h a t  b r i e f l y  sw im  
p a s t  th e  s t a t i o n  e a ch  A p r i l  t o  spawn up r i v e r  w e re  a n a ly z e d ,  b u t  no r a d i o 
n u c l id e s  d is c h a rg e d  by th e  s t a t i o n  w e re  d e te c te d .

F o r  9 0 s r  and ^ ^ - 1 ,  th e  d a i l y  i n t a k e  c o r r e s p o n d in g  t o  th e  p o p u la t io n  
e x p o s u re  o f  170 m re m /y r  f o r  bone and 500 m re m /y r  f o r  t h y r o i d  i s  g iv e n  
d i r e c t l y  by  th e  F e d e r a l  R a d ia t io n  C o u n c i l  (FRC) [ 6 ] .  F o r  a l l  o th e r  r a d i o 
n u c l id e s ,  doees w e re  com pute d  fro m  o c c u p a t io n a l  e x p o s u re  re c o m m e n d a tio n s  by 
th e  I n t e r n a t i o n a l  C o m m iss io n  on R a d ia t io n  P r o t e c t io n  (IC R P ) [ 7 ] .  I n  t h i s  
c o m p u ta t io n ,  th e  (MPC)w v a lu e  g iv e n  b y  th e  ICRP f o r  a 168 h o u r  w eek i s  
c o n v e r te d  to  a d a i l y  in t a k e  by a s s u m in g  an a v e ra g e  w a te r  c o n s u m p t io n  o f  
2 .2  l i t e r s / d  [ 7 ] .  These  d a i l y  i n t a k e s ,  so c a lc u la t e d ,  w o u ld  le a d  to  do ses o f  
5 r e m /y r  i f  th e  w h o le  bo dy i s  th e  c r i t i c a l  o r g a n ,  30 r e m /y r  i f  th e  bone i s  
th e  c r i t i c a l  o r g a n ,  and 15 r e m /y r  w hen any o th e r  o r g a n ,  e x c e p t g o n a d s , i s  th e  
c r i t i c a l  o rg a n  [ 7 ] .  When th e  d a i l y  i n t a k e  i s  d iv id e d  by th e s e  r e s p e c t iv e  
d o s e s , a d a i l y  in ta k e - d o s e  r a t e  r e la t i o n s h i p  o f  p C i/d  p e r  r e m /y r  i s  o b t a in e d - -  
th e  r e la t i o n s h i p  used i n  t h i s  p a p e r to  e s t im a te  d o s e . An e xa m p le  o f  c a lc u 
l a t i n g  t h i s  r e l a t i o n s h i p  i s  g iv e n  b e lo w  f o r  5 4 ^ .

The ICRP l i s t s  th e  G I ( L L I )  as th e  c r i t i c a l  o rg a n  f o r  54эдп and
10 “ 3 jiC i/ .c n P  as th e  (MPC)W v a lu e  [ 7 ] .  H ence , th e  r e la t io n s h i p .
w i l l  be

1q 3 p C i/c m 3 x  2200 cm ^ /d  qqq p C i /d  ц .
15 r e m /y r  ’ . r e m /y r

D iv id i n g  t h i s  v a lu e  i n t o  th e  d a i l y  i n t a k e  w i l l  g iv e  th e  d o se  to  th e  G I ( L L I )
f ro m  5^M n. Each n u c l id e  i s  t r e a t e d  s i m i l a r l y ,  and a l i s t  o f  th e s e  v a lu e s
has b e e n  p u b l is h e d  [ 8 ] .

I n  T a b le  IV  a r e  l i s t e d  th e  p r i n c i p a l  r a d io n u c l id e s ,  th e  c r i t i c a l  o rg a n  
f o r  e a c h , and th e  c o n c e n t r a t io n  f a c t o r  w h ic h ,  when m u l t i p l i e d  by th e  c o n c e n 
t r a t i o n  i n  c a n a l w a te r  (s e e  T a b le  I )  o r  r i v e r  w a t e r , (3 )  wi l l  g iv e  th e  
e s t im a te d  r a d io n u c l id e  c o n c e n t r a t io n  i n  c a n a l -  and r i v e r - c a u g h t  f i s h ,  
r e s p e c t i v e l y ,  due t o  p la n t  d is c h a r g e s .  These c o n c e n t r a t io n s  a re  l i s t e d  i n  
c o lu m n s  4 and 5 o f  T a b le  IV .  I n  th e  l a s t  co lu m n  o f  T a b le  IV  a r e  th e  dose 
r a t e s  c a lc u la t e d  u s in g  th e  ab ove  r e la t i o n s h i p  ( p C i /d  p e r  r e m / y r )  and a s s u m in g  
a p e r s o n . w i l l  e a t  50 g o f  f i s h  p e r  day [ 1 0 ] ,  w h ic h  a re  c a u g h t 6 m o n th s  p e r  
y e a r  f ro m  th e  c a n a l and 6 m o n th s  p e r  y e a r  f ro m  th e  r i v e r .  A r e c e n t  c r e e l
s u rv e y  o f  th e  c a n a l and r i v e r  r e a s o n a b ly  s u p p o r ts  t h i s  d a i l y  i n t a k e  [ 1 1 ] .

P h o s p h o ru s -3 2  and th e  r a d io is o t o p e s  o f  i o d i n e ,  p r i n c i p a l l y  1 3 1 j5 a re  
th e  c r i t i c a l  r a d io n u c l id e s  d is c h a rg e d  by  th e  s t a t io n  i n t o  th e  a q u a t ic  p a th 
way and c o n t r ib u t e  a b o u t 98% o f  th e  t o t a l  d o s e . A lth o u g h  th e  e s t im a te d  32p 
c o n c e n t r a t io n  o f  0 .0 4 3  p C i / l i t e r  i n  th e  w a te r  i s  lo w ,  th e  la r g e  c o n c e n t r a 
t i o n  f a c t o r  r e s u l t s  i n  a h ig h  e s t im a te d  c o n c e n t r a t io n  i n  th e  f i s h  m u s c le ,

( 3 )
v 'T h e  d i l u t i o n  f a c t o r  f o r  r i v e r  w a te r  i s  25 t im e s  t h a t  f o r  c a n a l w a te r ,  

h a se d  on an a v e ra g e  f r e s h  w a te r  f lo w  p a s t  th e  s t a t io n  o f  1 .5 7  x  
l i t e r s / y r  and a t o t a l  a v e ra g e  d is c h a r g e  i n  th e  c a n a l o f  6 .3  x  1 0 1 1  
l i t e r s / y r  [ 9 ] .
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T A B L E  IV .  E S T I M A T E D  D O S E  T O  C R I T I C A L  O R G A N S  F R O M  E A T I N G  
F l S H (a)

I s o t o p e
C r i t i c a l

O rgan CF Г 5 1 (b )

E s t .  C one, i n  
C a n a l F is h  

. ( p C i / k g )

E s t .  C one, in  
R iv e r  F is h  

( p C i /k g )

( c )
Dose R a te  

(m re m /y r )

3H T o t a l  Body 0 .9 0 9 ,3 6 0 374 0 . 0 2

32P Bone 1  x  1 0 5 4 ,3 0 0 172 7 .5

32P T o t a l  Body 1  x  1 0 5 4 ,3 0 0 172 0 .3

32P G I ( L L I ) 1  x  1 0 5 4 ,3 0 0 172 0 . 8
54

Mn G I ( L L I ) 1 00 48 2 0 . 0 1

58Co G I ( L L I ) 2 0 82 3 0 . 0 2

60Co G I ( L L I ) 2 0 13 0 .5 0 .0 0 5

95Nb G I ( L L I ) 3 x  104 195 8 0 .0 4

1 3 1 I T h y r o id 15 34 1 .4 5 .6
13 3 I

T h y ro id 15 25 1 . 0 1 . 2

1 3 5 I T h y ro id 15 60 2 .4 1 . 0

134Cs T o t a l  Body 400 160 6 0 . 1 1

137Cs T o t a l  Body 400 230 9 0 .0 7

(a )  The sum o f  th e  do se s  f ro m  a l l  o th e r  n u c l id e s  c o n s id e re d  (14-С, 2 4 и а> 5 1 c r  
55;ре, ^ % e ,  57¿0 , 90gr j  9 5 z r ,  99mo, H 0 m A g 5 1 3 6 c s )  was 0 .0 1 0  m re m /y r .

( b )  CF used w i t h  r a d io n u c l id e  c o n c e n t r a t io n s  i n  w a te r  (se e  T a b le  I )  to  
e s t im a te  c o n c e n t r a t io n  i n  f i s h  m u s c le  due to  p la n t  d is c h a r g e s .

( c )  A n n u a l d o se  r a t e  b a se d  on f i s h i n g  th e  c a n a l f o r  6 m o n th s  and th e  r i v e r  
f o r  6 m o n th s .

and h e n c e , a h ig h  dose r a t e .  R e g r e t t a b ly ,  a d e la y  i n  th e  a n a ly s is  o f  th e  
f i s h  m u s c le  p r e c lu d e d  th e  p o s s i b i l i t y  o f  m e a s u r in g  th e  32p p r e s e n t  i n  th e  
m u s c le .  A d d i t i o n a l  f i s h  sa m p le s  w i l l  be c o l le c t e d  to  e v a lu a te  th e  c a lc u 
la t e d  ^ 2 p v a lu e .

The t o t a l  dose  r a t e s  to  e a ch  c r i t i c a l  o r g a n ,  e s t im a te d  by  sum m ing th e  
do se  f ro m  e a ch  r a d io n u c l id e ,  a r e  l i s t e d  i n  T a b le  V . The h ig h e s t  do se  i s  to  
th e  bo ne  f ro m  32p an(j  th e  t h y r o id  f ro m  th e  r a d io is o to p e s  o f  io d in e .  Thes 
e s t im a te d  dose r a t e s  p r o b a b ly  r e p r e s e n t  maximum e x p o s u re s  t h a t  w i l l  be 
r e c e iv e d .  Few p e o p le  w i l l  c o n t in u o u s ly  consum e 50 g o f  c a n a l f i s h  p e r  d a y ,  
and consum e them  so p r o m p t ly  t h a t  l i t t l e  r a d io a c t i v e  de ca y  has o c c u r r e d .  
N e a r ly  96% o f  th e s e  c a lc u la t e d  do se  r a t e s  a re  due to  e a t in g  f i s h  c a u g h t f ro m  
th e  c a n a l ,  w h ic h  i s  lo c a te d  on s t a t i o n  p r o p e r t y .

I n  th e  l a s t  co lu m n  o f  T a b le  V i s  l i s t e d  f o r  ea ch  c r i t i c a l  o rg a n  th e  
f r a c t i o n  o f  th e  R a d ia t io n  P r o t e c t io n  G u id e  (RPG) f o r  a " s u i t a b le  s a m p le "  o f  
th e  e xp o se d  p o p u la t io n  as recom m ended by th e  FRC [ 6 ] .  F o r  no o rg a n  i s  th e  
e s t im a te d  dose n e a r th e  RPG. The m o s t c r i t i c a l  o rg a n  a p p e a rs  to  be th e  bone 
w h ic h  i s  a b o u t 5% o f  th e  RPG.
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T A B L E  V .  T H E  E S T I M A T E D  T O T A L  D O SE  R A T E  T O  T H E  C R I T I C A L  
O R G A N S

C r i t i c a l  O rgan
Dose R a te  
(m re m /y r )

F r a c t io n  
o f  R PG (a)

Bone 8 0 .0 5

T h y ro id 8 0 . 0 2

G l ( L L I ) 1 0 .0 0 6

I n t e r n a l  W ho le  Body 0 .5 0 .0 0 3

(a )  R a d ia t io n  P r o t e c t io n  G u id e s  recom m ended by th e  FRC [ 6 ] ;  th e  RPG a re  
500 m re m /y r  f o r  t h y r o id  and 170 m re m /y r f o r  a l l  o th e r  c r i t i c a l  o rg a n s .

C o n c lu s io n s

T h is  e n v ir o n m e n ta l  s u r v e i l l a n c e  s tu d y  a t  a la r g e  c o m m e rc ia l PWR n u c le a r  
pow er s t a t io n  d e m o n s tra te d  th e  f e a s i b i l i t y  o f  t r a c in g  e f f l u e n t  r a d io n u c l id e s  
th r o u g h  th e  n e a rb y  a q u a t ic  e n v iro n m e n t to  s e d im e n t and b i o t a ,  i n c lu d in g  fo o d  
f i s h .  S a m p lin g  and a n a ly s is  o f  f i s h  w e re  r e l a t i v e l y  c o n v e n ie n t  b e ca u se  
l i q u i d  e f f l u e n t s  a r e  d is c h a rg e d  i n t o  a c o o la n t - w a t e r  c a n a l t h a t  a t t r a c t s  and 
r e t a i n s  f i s h  d u r in g  th e  w in t e r  b e ca u se  o f  i t s  h ig h e r  w a te r  te m p e r a tu r e .  F o r  
th e  f o u r  r a d io n u c l id e s  t h a t  w e re  d e te c te d  in  f i s h  m u s c le ,  c o n c e n t r a t io n  
f a c t o r s  f ro m  w a te r  to  f i s h  com pute d  f ro m  a n n u a l r a d io n u c l id e  d is c h a r g e s  and 
a v e ra g e  d i l u t i o n  v o lu m e s  w e re  i n  re a s o n a b le  a g re e m e n t w i t h  r e c e n t l y  ta b u la te d  
v a lu e s .  The r a d io n u c l id e s  t h a t ,  a c c o r d in g  to  d is c h a r g e  d a ta  and ta b u la te d  
c o n c e n t r a t io n  f a c t o r s ,  ca u se  th e  h ig h e s t  r a d i a t i o n  e x p o s u re s  to  f i s h  e a t e r s ,  
c o u ld  n o t ,  h o w e v e r, be m e asure d  i n  th e  f i s h  m u s c le .

The com pute d  r a d i a t i o n  dose  r a t e s  to  man w e re  8 m re m /y r  to  th e  t h y r o id  
f ro m  and 1 3 5 is and 8 m re m /y r  to  th e  bone f ro m  32p i f  9 kg  Qf  th e
consum ed f i s h  had l i v e d  i n  th e  c o o la n t  c a n a l d u r in g  w in t e r  and th e  o th e r  9 kg  
i n  th e  r i v e r  d u r in g  sum m er. To o b ta in  a m ore p r e c is e  d o se  r a t e  v a lu e ,  th e  
c o n c e n t r a t io n s  o f  r a d io io d in e  and 32p i n f i s h  m u s c le ,  th e  a c t i i a l  f i s h  c a tc h  
i n  th e  c a n a l and r i v e r ,  and th e  maximum c o n s u m p tio n  o f  th e s e  f i s h  s h o u ld  be 
m e a s u re d .

I t  i s  recom m ended t h a t  th e  d e m o n s tra te d  c a l c u l a t i o n s  o f  c o n c e n t r a t io n s  
i n  f i s h  m u s c le  ba sed  on e f f l u e n t  d a ta  be u n d e r ta k e n  a t  n u c le a r  pow er s t a t io n s ,  
f o l lo w e d  by  d i r e c t  m e a su re m e n ts  o f  th e  c r i t i c a l  r a d io n u c l id e s  w h e n e v e r 
p o s s ib le .  The l a t t e r  w i l l  re d u c e  u n c e r t a in t y  ca u se d  b y  th e  e f f e c t  o f  
v a r ia b le  r a d io n u c l id e  d is c h a r g e s  th r o u g h o u t  th e  y e a r ,  as w e l l  as th e  e f f e c t s  
o f  l o c a l  a q u a t ic  e n v ir o n m e n ta l  c h a r a c t e r i s t i c s  on u p ta k e  by  f i s h .

A ckn o w le d g m e n t

We th a n k  R. R. M a s s e n g i l l ,  E sse x  M a r in e  L a b o r a to r y  f o r  t e c h n ic a l  a d v ic e  
and a s s is ta n c e  d u r in g  t h i s  s tu d y ,  and P r o fe s s o r  D a n ie l  M e r r im a n , S e a rs  
F o u n d a t io n  o f  M a r in e  R e s e a rc h , Y a le  U n i v e r s i t y ,  f o r  h is  g u id a n c e  o f  th e  b i o 
l o g i c a l  a s p e c ts  o f  t h i s  s tu d y  and r e v ie w  o f  th e  m a n u s c r ip t .
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D I S C U S S I O N

F .  O. H O F F M A N :  D id  yo u  c o n s i d e r  a g e - d e p e n d e n c e  in y o u r  e s t i m a t io n  
o f  t h y r o id  d o s e ?  It a p p e a r s  to m e  that  a ' c r i t i c a l  gr o u p '  m ig h t  be c o n s t i t u t e d  
by y o u n g  f i s h e r m e n  u n d e r  the a g e  of  16 y e a r s ,  w h o s e  t h y r o i d s  w ou ld  be 
s i g n i f i c a n t ly  s m a l l e r  than the 20 g t h y r o id  o f  the adult.

R .  L .  B L A N C H A R D :  N o , w e  did not c o n s i d e r  c h i l d r e n  in o u r  e s t i m a t e  
o f  t h y r o id  d o s e  — only  the a d u lt  t h y r o id  a s  d e f in e d  by the  I C R P .  Y o u r  point 
i s  v a l i d  a s  s o m e  c h i l d r e n  a r e  e x t r e m e l y  p a r t ia l  to f i s h  and m a y  c o n s u m e  
a s  m u c h  o f  i t  a s  an adult .

R .  F .  F O S T E R :  I h a v e  a q u e s t io n  in  c o n n e c t io n  w ith  T a b l e  V  o f  the 
p a p e r :  c o u ld  yo u  c o m m e n t  on the u s e  o f  R P G  v a l u e s  f o r  p o p u la t io n s  r a t h e r  
than f o r  i n d i v i d u a l s ?

R .  L .  B L A N C H A R D :  B e c a u s e  we a r e  s p e a k i n g  o f  an a v id  f i s h e r m a n ,  
the  R P G  v a lu e  f o r  an in d iv id u a l  m a y  in d e e d  be m o r e  a p p r o p r i a t e  than that 
f o r  p o p u la t io n s .  H o w e v e r ,  b e c a u s e  the  f i s h e r m a n  p o p u la t io n  in  th e  a r e a  
i s  s u b s t a n t i a l ,  w e  did not think it  i n c o r r e c t  to u s e  the l o w e r  v a l u e ,  w h ic h  
g i v e s  a m o r e  c o n s e r v a t i v e  e s t i m a t e  of  the  f r a c t i o n  o f  the R P G  — i .  e. 
a h i g h e r  f r a c t i o n .
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Abstract

TRANSFER MECHANISM AND CONCENTRATING PROCESSES OF CERTAIN RADIONUCLIDES IN THE 
AQUATIC ECOLOGY OF THE ISMAILIA CANAL.

The behaviour of certain  radionuclides in the aquatic ecology of the Ism ailia Canal is of great interest 
for the evaluation of the possible hazards that m ay occur to m an through the m ovem ent of such radionuclides 
via the food chain. Laboratory investigations have been carried out to understand the accum ulation and release 
of 134Cs, 60Co and 89Sr by some of the b iota, such as phytoplankton organisms, certa in  types of aquatic 
plants, snails and fish, the hydrological characteristics of the Ism ailia  C anal and the uptake by bottom 
sedim ents.

The physico-chem ical characteristics of Ism ailia  Canal w ater were performed periodically  for 18 months 
to determ ine the seasonal variations in the .conductivity , pH, to tal hardness, a lkalin ity , organic m atter 
content, anion and cation  content, e tc . Laboratory investigations of the hydrological characteristics of 
Ism ailia  C anal w ater with respect to the relative distribution of radionuclides between w ater and bottom 
sediments were carried out. The distribution of the radioactivity  in the bottom  sediments was measured 
and computed and the results presented in the form of histograms for both flowing and non-flowing 
ecosystem s. Possible applications of the experim ental laboratory data to the natural conditions prevailing 
in the Ism ailia Canal are also discussed.

I N T R O D U C T I O N

T h e  b e h a v io u r  o f  r a d i o n u c l i d e s  in  the a q u a t ic  e c o l o g y  o f  the  I s m a i l i a  
C a n a l  i s  o f  g r e a t  i n t e r e s t  f o r  the  e v a lu a t i o n  o f  the  p o s s i b l e  h a z a r d s  that 
m a y  o c c u r  to m a n  f r o m  the  m o v e m e n t  o f  s u c h  r a d i o n u c l i d e s  v ia  the food 
c h a in  [ 1 , 2 ].

T h e  r a d i o n u c l i d e s  s e l e c t e d  f o r  the d e ta i le d  s t u d i e s  p r e s e n t e d  h e r e  
w e r e ;  s t r o n t i u m ,  c o b a lt  and c a e s i u m  ( e . g .  89S r ,  60C o  and 134C s )  b e c a u s e  
o f  t h e i r  r e l a t i v e l y  lo n g  h a l f - l i v e s  and t h e i r  p r e s e n c e  in  r e l a t i v e l y  l a r g e  
a m o u n ts  in  the  r e a c t o r  w a t e r  c o o la n t  w a s t e s .  C e r t a i n  i n v e s t i g a t i o n s  that 
c o u ld  he lp  an  u n d e r s t a n d i n g  o f  the t r a n s f e r  m e c h a n i s m  and c o n c e n t r a t in g  
p r o c e s s e s  o f  t h e s e  r a d i o n u c l i d e s  in  the  a q u a t ic  e c o l o g y  o f  the c a n a l  w e r e  
n e c e s s a r y .  T h e s e  i n v e s t i g a t i o n s  in c lu d e d :

(1) T h e  p h y s i c o - c h e m i c a l  c h a r a c t e r i s t i c s  o f  I s m a i l i a  C a n a l  w a t e r ;
(2) T h e  h y d r o l o g i c a l  c h a r a c t e r i s t i c s  o f  I s m a i l i a  C a n a l  w a t e r ;

In s titu te  o f O ceanography  and F isheries, C a iro .
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(3) T h e  u p ta k e  o f  t h e s e  r a d i o n u c l i d e s  b y  b o tto m  s e d i m e n t s ;
(4) T h e  d is t r ib u t i o n  of  the  r a d i o a c t i v i t y  in  the  b o tto m  s e d i m e n t s ;  and
(5) T h e  a c c u m u la t io n  and r e l e a s e  o f  t h e s e  r a d i o n u c l i d e s  b y  s o m e  o f  

the b io ta .

P H Y S I C O - C H E M I C A L  C H A R A C T E R I S T I C S  O F  IS M A I L I A  C A N A L  W A T E R

T h e  p h y s i c o - c h e m i c a l  c h a r a c t e r i s t i c s  o f  I s m a i l i a  C a n a l  w a t e r  w e r e  
t e s t e d  p e r i o d i c a l l y  f o r  18 m o n th s  to d e t e r m in e  the  s e a s o n a l  v a r i a t i o n  in 
th e  s p e c i f i c  c o n d u c t iv i t y ,  pH, t o ta l  h a r d n e s s ,  a l k a l i n i t y ,  o r g a n i c  m a t t e r  
co n te n t,  Na+ , K +, C a ++, M g ++, F e 3+, Z n ++, P b ++, C l ' ,  S 0 4"~, P 0 4”  and 
SÍO2 co n te n t  [ 3 ] .  T h e s e  i n v e s t i g a t i o n s  in d ic a t e d  that I s m a i l i a  C a n a l  w a t e r  
i s  s l i g h t l y  b a s i c  w ith  a l i m i t e d  v a r i a t i o n  in  pH (8 - 8 . 6), m o d e r a t e l y  h a r d  
and w ith  an  a v e r a g e  t o t a l  s o l i d  co n ten t  o f  about 260 m g / l i t r e .  In g e n e r a l ,  
the  I s m a i l i a  C a n a l  co uld  be c o n s i d e r e d  a s  a b ic a r b o n a t e  s t r e a m  o f  l i m i t e d  
m i n e r a l  co n ten t  w ith  s l ig h t  s e a s o n a l  v a r i a t i o n .

H Y D R O L O G I C A L  C H A R A C T E R I S T I C S  O F  IS M A I L I A  C A N A L  W A T E R

L a b o r a t o r y  i n v e s t ig a t i o n s  o f  the  h y d r o l o g i c a l  c h a r a c t e r i s t i c s  of  
I s m a i l i a  C a n a l  w a t e r  w ith  r e g a r d  to the  r e l a t i v e  d i s t r i b u t io n  o f  r a d i o 
n u c l id e s  b e tw e e n  w a t e r  and b o t to m  s e d i m e n t s  w e r e  c a r r i e d  out b y  u s i n g  
a q u a r i a  c o n ta in in g  s a m p l e s  o f  the  b o tto m  s e d i m e n t s  and c a n a l  w a t e r .  F o r  
the  n o n - f lo w in g  e c o s y s t e m  the c a n a l  w a t e r  w a s  l e f t  w ith  the  b o tto m  
s e d i m e n t s  in s id e  the  a q u a r ia  f o r  two w e e k s  b e f o r e  the  s t a r t  o f  the e x p e r i 
m e n t .  F o r  the  f lo w in g  e c o s y s t e m  the  c a n a l  w a t e r  w a s  ch a n ge d  
c o n t in u o u s ly  at p r e d e t e r m i n e d  r a t e s  o f  d i s p l a c e m e n t  t o t a l l i n g  4 l i t r e / d .  
R a d i o n u c l i d e s  w e r e  added  to both e c o s y s t e m s  in  o r d e r  to m a in t a in  
c o n c e n t r a t io n  l e v e l s  o f  ab ou t 2 to 4 ¿ i C i / l i t r e  [ 4 ] .

T h e  r e s u l t s  in d ic a t e d  the  e x i s t e n c e  o f  v a r i o u s  d is t in c t  p h a s e s  in  the 
a q u e o u s  e n v ir o n m e n t ,  w h ic h  w e r e  found to f o l lo w  the  g e n e r a l i z e d  e qu atio n s
[ 5 ] :
F o r  the  n o n - f lo w in g  e c o s y s t e m

Y  = a T b

F o r  the  f lo w in g  e c o s y s t e m

Y  = a X b

i .  e .
L o g  Y  = L o g  a + b l o g  T

and

L o g  Y  = l o g  a + b lo g  X

w h e r e  Y  = С / С  - w a t e r  in  the  a q u a r iu m
0 A c t i v i t y  o f  w a t e r  in  the  in flu en t  tan k

T = C on tact t im e



X  = N u m b e r  o f  d i s p l a c e m e n t s  o f  a q u a r iu m  w a t e r

E f f lu e n t  v o l u m e  o f  w a t e r __________________
In it ia l  v o l u m e  o f  a q u a r iu m  w a t e r

and a and b a r e  c o n s t a n t s .
T h e  r e l a t i o n s h i p s  b e tw e e n  f r a c t i o n s  o f  89S r ,  60C o  and 134C s  a c t i v i t y  

in  the  c a n a l  w a t e r  ( C / C 0) w ith  r e s p e c t  to c o n ta c t  t i m e  and a q u a r i u m  v o l u m e s  
in  n o n - f lo w in g  and f lo w in g  e c o s y s t e m s  r e s p e c t i v e l y  a r e  g i v e n  in  T a b l e s  I 
and II.
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T A B L E  I. L I N E A R  R E L A T I O N S H I P  B E T W E E N  P E R C E N T A G E  
A C T I V I T Y  R E T A I N E D  IN A Q U E O U S  S O L U T I O N  A N D  C O N T A C T  T I M E  
IN A  N O N - F L O W I N G  E C O S Y S T E M

Phase Radioisotope
Linear relationship 

log Y = log a + b log T
Slope Correlation coefficient

89Sr 1 .82 - 0.065 log T -0 .0 6 5 0 .94

I 60Co 1.86 - 0 .063 lo g T -0 .0 6 3 0.83

134 Cs 1 .79  - 0 .12 lo g T -0 .1 2 0.81

89Sr 2 .00  - 0.27 l°g  T -0 .2 7 0 .94
II

60Co 2 .87  - 1.19 lo g T -1 .1 9 0.98

134 Cs 2 .65  - 1.13 lo g T -1 .1 3 0.98

T A B L E  II. L I N E A R  R E L A T I O N S H I P  B E T W E E N  F R A C T I O N  O F  
A C T I V I T Y  IN T H E  C A N A L  W A T E R  ( C / C 0) W ITH  R E S P E C T  T O  
A Q U A R I U M  V O L U M E S  IN A  F L O W I N G  E C O S Y S T E M

Phase Radioisotope
Linear relationship 

logY  = lo g a + b  log’X
Slope Correlation coefficient

89Sr -0 .2 3  + 0.59 logX 0.59 0.98

I 60Co -0 .1 3  + 1 .24 logX 1.24 0.81

134 Cs -0 .1 7  + 1.26 logX 1.26 0.98

89Sr +0.58 + 0 .05 logX 0.05 0.94

II 60Co -0 .4 7  + 0.160 logX 0.160 0.72

134Cs -0 .6 4  - 0.016 logX -0 .016 0.64

89 Sr -1 .1 1 +  1.13 logX 1.23 0.64

III 60Co -2 .4 4  + 4 .80 logX 4.80 0.75

134 Cs -1 .1 8  + 1.66 logX 1.66 0.71
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CONTACT TIME (d)

FIG. 1. Linear relationship of decrease in activ ity  with respect to tim e in a non-flowing ecosystem .

AQUARIUM VOLUMES

FIG .2. Increase of activ ity  in the aqueous phase with respect to continuous flowing radioactive influent 
in a flowing ecosystem .

T h e r e  w e r e  two p h a s e s  in  an  im p o u n d ed  e c o s y s t e m ,  w h i l e  in  a f lo w in g  
e c o s y s t e m  t h r e e  p h a s e s  o c c u r r e d ,  a s  s h o w n  in  F i g s  1 and 2. T h e s e  p h a s e s  
w e r e  found to be  in d ep en d e n t  o f  the  c o n ta c t  t i m e ,  the  r a t e  o f  d i s p l a c e m e n t  
o f  I s m a i l i a  C a n a l  w a t e r ,  the  s i z e  o f  the  a q u a r i a  and the  n a t u r e  o f  the 
b o tto m  s e d i m e n t s .  M o r e o v e r ,  f o r  the f lo w in g  e c o s y s t e m  it  w a s  n o t ic e d  
that  the  c l a y  co n ten t  o f  the  b o tto m  s e d i m e n t s  m a i n l y  a f f e c t e d  the  n u m b e r  
o f  d i s p l a c e m e n t s  n e c e s s a r y  to p r o d u c e  a p h a s e  t r a n s i t i o n .  T h i s  m e a n s
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th a t  the i n c r e a s e  in  th e  c l a y  co n ten t  w a s  a l w a y s  f o l lo w e d  b y  a n  i n c r e a s e  
in  the  n u m b e r  o f  d i s p l a c e m e n t s  n e c e s s a r y  f o r  p h a s e  t r a n s i t i o n .  T h i s  
p h e n o m e n o n  w a s  found to e x i s t  r e g a r d l e s s  o f  the  r a t e  o f  d i s p l a c e m e n t ,  s i z e  
o f  a q u a r iu m  and n a t u r e  o f  r a d io n u c l id e .

U P T A K E  O F  R A D I O N U C L I D E S  B Y  I S M A I L I A  C A N A L  B O T T O M  S E D I M E N T S

T h e  s o r p t i o n  c a p a c i t y  o f  the  b o tto m  s e d i m e n t s  o f  I s m a i l i a  C a n a l  t o w a r d s  
89S r ,  60C o  and 134 C s  w a s  m e a s u r e d  b y  b a tc h  and c o lu m n  t e c h n iq u e s  [ 6, 7 ].
T h e  r e s u l t s  s h o w ed  th a t  t h is  s o r p t io n  c a p a c i t y  w a s  l a r g e l y  i n f lu e n c e d  b y  
g r a i n  s i z e  f r a c t io n ,  c a r r i e r  c o n c e n t r a t io n  and c o n ta c t  t i m e .  In the  p r e s e n c e  
o f  I s m a i l i a  C a n a l  w a t e r  the  a p p a r e n t  c a p a c i t y  f o r  c a e s i u m  v a r i e d  f r o m
5. 4 X 10“ 3 to 4. 3 X 1 0 -3 m e q .  /100 g, f o r  s t r o n t iu m  f r o m  6 . 5 X 1 0 -3 to
6 . 7 X Д0-3 m e q .  / 100 g and fo r  c o b a lt  f r o m  3 . 2 X 1 0 - 3 t o 7 . 3 X 1 0  3 m e q .  / 100 g.

D I S T R I B U T I O N  O F  T H E  R A D I O A C T I V I T Y  IN IS M A I L I A  C A N A L  B O T T O M  
S E D I M E N T S

T h e  d i s t r ib u t i o n  o f  the  r a d i o a c t i v i t y  in  the  b o tto m  s e d i m e n t s  w a s  
m e a s u r e d  and c o m p u te d  and the  r e s u l t s  w e r e  p r e s e n t e d  in  the  f o r m  of  
h i s t o g r a m s  f o r  both f lo w in g  and n o n - f lo w in g  e c o s y s t e m s  [ 8 ], a s  sh o w n  in  
F i g .  3. T h e s e  r a d i o a c t i v i t y  m e a s u r e m e n t s  w e r e  c a r r i e d  out e i t h e r  b y  an  
e n d -w in d o w  G M  c o u n t e r  s e t  up fo r  8 - e m i t t e r s  o r  b y  a N a l(T l)  g a m m a - r a y  
s p e c t r o m e t e r  f o r  y - e m i t t e r s .  C o r r e c t i o n s  d u r in g  r a d i o a c t i v i t y  m e a s u r e m e n t s  
w e r e  a l w a y s  ta k e n  into  c o n s i d e r a t i o n  w h e n e v e r  n e c e s s a r y .

In both e c o s y s t e m s  the  c o b a lt  . i n c o r p o r a t e d  in  the  b o tto m  s e d im e n t s  w a s  
d e t e c t e d  m a i n l y  in  the  u p p e r  l a y e r ,  w h i le  c a e s i u m  and s t r o n t i u m  m i g r a t e d  
to d e e p e r  l a y e r s ,  r e g a r d l e s s  o f  the  s i z e  o f  a q u a r i u m .  It w a s  a l s o  n o t ice d  
that  the c o b a lt  w a s  a c i d  s o l u b l e  and o n ly  14%  w a s  r e m o v e d  b y  e x p o s u r e  to 
c a n a l  w a t e r .  On the  o t h e r  hand, the  c a e s i u m  w a s  t i g h t l y  f ix e d ,  w h i le  60% 
o f  s t r o n t i u m  w a s  e a s i l y  r e m o v e d  b y  c a n a l  w a t e r .  T h e s e ,  r e s u l t s  a r e  in  
a g r e e m e n t  w ith  p r e v i o u s  e x p e r i m e n t a l  f in d in g s  [ 9 ] .

A C C U M U L A T I O N  A N D  R E L E A S E  O F  R A D I O N U C L I D E S  B Y  S O M E  O F  T H E  
B I O T A

. V a r i o u s  l a b o r a t o r y  i n v e s t i g a t io n s  w e r e  c a r r i e d  out to s t u d y  the 
a c c u m u la t i o n  and r e l e a s e  o f  the  s e l e c t e d  r a d i o n u c l i d e s  b y  s o m e  of  the b io ta ,  
s u c h  a s  p h y to p la n k to n , a q u a t ic  p la n t s ,  s n a i l s  and f i s h .  T h e  e x p e r i m e n t a l  
p r o c e d u r e s  n e c e s s a r y  f o r  i n v e s t i g a t i n g  the  a c c u m u la t io n  and r e l e a s e  of  
t h e s e  b io ta  c a n  be  s u m m a r i z e d  a s  f o l lo w s .

T h e  s u r v e y  o f  the  p h y to p la n k to n  o r g a n i s m s  p r e s e n t  in  the  I s m a i l i a  
C a n a l  w a s  c a r r i e d  out w ith  the  S e d g w i c k - R a f t e r  m e th o d  [ 3 ] .  T h e  a q u a t ic  
p la n t s  u n d e r  i n v e s t i g a t i o n  w e r e  E l o d e a  d e n s a ,  C e r a t o p h y l l u m  d e m e r s u m , 
P o t a m o g e t o n  p ic t e n a t u s  and C h a r a  s p .  F o r  u p ta k e  s t u d ie s  t h e y  w e r e  
i m m e r s e d  in  a q u a r i a  c o n ta in in g  s o lu t io n s  o f  v a r i o u s  c o n c e n t r a t i o n s  ( f r o m  
0. 5 to 10 / jC i/ l i t r e )  o f  60C o ,  134C s  and 89S r  at pH 8 . 2. A t  p r e d e t e r m i n e d  
i n t e r v a l s  p o r t io n s  o f  t h e s e  p la n ts  w e r e  r e m o v e d  and t r e a t e d  f o r  r a d i o a s s a y .  
T h e  c o r r e l a t i o n  b e tw e e n  the  c o n c e n t r a t io n  o f  r a d i o n u c l i d e s  in  the c a n a l  
w a t e r  and i t s  u p t a k e  b y  t h e s e  p la n ts  a f t e r  v a r i o u s  c o n ta m in a t io n  p e r i o d s
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FIG. 3. Comparison of distribution of different radionuclides through bottom sediments for flowing and 
non-flowing ecosystems.
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w a s  t e s t e d  f o r  s i g n i f i c a n c e  u s in g  the 'T  t e s t  at  the  9 5% c o n f id e n c e  l e v e l ' .
F o r  r e l e a s e  s t u d i e s  o f  the  p la n t s  the  p r e v i o u s l y  i m m e r s e d  p la n ts  w e r e  
t r a n s f e r r e d  to a q u a r i a  c o n ta in in g  f r e s h  w a t e r  that w a s  c h a n g e d  fr e q u e n t l y .
A t  p r e d e t e r m i n e d  i n t e r v a l s  p la n t  s a m p l e s  w e r e  r e m o v e d  and t r e a t e d  fo r  
r a d i o a s s a y .  T h e  data  w e r e  p r e s e n t e d  in  t e r m s  o f  the  p e r c e n t a g e  r e l e a s e  
o f  the  i n i t ia l  u p t a k e .

T h e  s n a i l  B i o m p h a l a r i a  a l e x a n d r in a  and the f i s h  T i l a p i a  z i l l i i  w e r e  
s tu d ie d .  S p e c i m e n s  w e r e  p l a c e d  in  an a e r a t e d  a q u a r i u m  c o n ta in in g  an 
a q u e o u s  s o lu t io n  o f  t h e s e  r a d io n u c l id e s  at  c o n c e n t r a t i o n s  r a n g in g  f r o m
9 to 10 ^ C i / l i t r e .  F o r  u p ta k e  s t u d i e s  s a m p l e s  w e r e  r e m o v e d  at  v a r i o u s  
i n t e r v a l s  and m e a s u r e d  f o r  r a d i o a c t i v i t y .  F o r  r e l e a s e  s t u d i e s  t h e s e  
s a m p l e s  w e r e  t r a n s f e r r e d  to a q u a r i a  co n ta in in g  ru n n in g  f r e s h  tap w a t e r ,  
th e n  r e m o v e d  and t r e a t e d  f o r  r a d i o a s s a y .  T h e  u p ta k e  s t u d ie s  w e r e  u s e d  
to c a l c u l a t e  the  c o n c e n t r a t i o n  f a c t o r  o f  the  s n a i l s  and f i s h .

T h e  p h y to p la n k to n  p r e s e n t  in  I s m a i l i a  C a n a l  w a t e r  s h o w e d  a v a r i e t y  
o f  m i c r o o r g a n i s m s ,  r e p r e s e n t i n g  the  d ia to m s  and g r e e n  a l g a e  at a 
c o n c e n t r a t io n  o f  15 0 -3 0 0  o r g a n i s m s / m l  o f  c a n a l  w a t e r .

T h e  u p ta k e  o f  r a d i o n u c l i d e s  o f  s t r o n t i u m ,  c o b a lt  and c a e s i u m  b y  
c e r t a i n  t y p e s  o f  a q u a t i c  p la n ts  p r e s e n t  in  the I s m a i l i a  C a n a l  w a s  found to 
i n c r e a s e  on i n c r e a s i n g  the  in i t i a l  c o n c e n t r a t i o n  o f  t h e s e  r a d i o n u c l i d e s  in  
the  c a n a l  w a t e r .  T h e  m a x i m u m  u p t a k e  w a s  r e a c h e d  b y  t h e s e  p la n ts  a f t e r  
v a r i o u s  p e r i o d s  o f  c o n ta m in a t io n  r a n g in g  f r o m  1 to 4 d a y s .  A  m a j o r  
p o r t io n ,  r a n g in g  f r o m  45 to 85% o f  the  s o r b e d  r a d i o n u c l i d e s ,  w a s  r e l e a s e d  
a f t e r  2 to 4 d a y s .  E x a m p l e s  of  u p t a k e  and r e l e a s e  da ta  b y  t h e s e  a q u a t ic  
p la n t s  a r e  s h o w n  in  F i g s  4 and 5. S t a t i s t i c a l  e v a lu a t io n s  o f  the  s i g n i f i c a n c e  
o f  the c o r r e l a t i o n  c o e f f i c i e n t  b e tw e e n  the  u p ta k e  of  r a d i o n u c l i d e s  b y  t h e s e  
p la n ts  and t h e i r  c o n c e n t r a t i o n  in  c a n a l  w a t e r  m a d e  i t  p o s s i b l e  to s e l e c t  
the  f o l lo w in g  a q u a t ic  p la n t s  w h ic h  co u ld  s e r v e  a s  r e l i a b l e  i n d i c a t o r s .

( 1 ) C e r a t o p h y l l u m  w a s  found to be the  m o s t  f a v o u r a b l e  b i o l o g i c a l  
i n d i c a t o r  f o r  the  c o n c e n t r a t io n  o f  s t r o n t iu m  r a d i o i s o t o p e s  in  the I s m a i l i a  
C a n a l ,  w h ic h  r a n g e d  f r o m  0. 5 to 10 ¿ ¿ C i/ l i t r e ,  and f o r  c o n ta m in a t io n  
p e r i o d s  up to 15  d a y s .

(2) E l o d e a  w a s  found to s e r v e  a s  a b i o l o g i c a l  i n d i c a t o r  f o r  the  
s t r o n t iu m  r a d i o i s o t o p e s  f o r  c o n ta m in a t io n  p e r i o d s  o f  2 to 16 d a y s .

(3) P o t a m o g e t o n  w a s  a l s o  found to s e r v e  a s  a b i o l o g i c a l  in d i c a t o r  fo r  
s h o r t  p e r i o d s  o f  c o n ta m in a t io n  b y  s t r o n t i u m  and c a e s i u m  r a d i o i s o t o p e s  
(0 to 2 d a y s ) .

M o r e o v e r ,  the  s n a i l  B .  a l e x a n d r in a  c o n c e n t r a t e d  t h e s e  r a d io n u c l id e s  
f r o m  the  a q u e o u s  e n v ir o n m e n t  w ith  a c o n c e n t r a t io n  f a c t o r  o f  1600 f o r  c o b a lt  
and 15 f o r  c a e s i u m  o r  s t r o n t iu m  a f t e r  3 w e e k s  c o n ta c t  t i m e .  T h e  p e r c e n t a g e  
r e l e a s e  w a s  3 5% o f  the  s o r b e d  c a e s i u m  and c o b a lt  and 70% o f  the  s o r b e d  
s t r o n t iu m  a f t e r  one d a y .  T h i s  p e r c e n t a g e  r e l e a s e  r e a c h e d  9 5% f o r  c a e s i u m ,  
70% fo r  c o b a lt  and 80% f o r  s t r o n t i u m  a f t e r  tw o w e e k s .

T i l a p i a  z i l l i i  f i n g e r l i n g  f i s h  c o n c e n t r a t e d  t h e s e  r a d i o n u c l i d e s  w ith  a 
c o n c e n t r a t i o n  f a c t o r ,  a f t e r  3 w e e k s  c o n ta c t  t im e ,  o f  50 f o r  c o b a lt ,  29 fo r  
s t r o n t iu m  and 11 f o r  c a e s i u m .  A f t e r  one d a y  the  p e r c e n t a g e  r e l e a s e  w a s  
50% o f  the  s o r b e d  c a e s i u m ,  60% o f  the s o r b e d  c o b a lt  and none o f  the s o r b e d  
s t r o n t iu m .  T h i s  p e r c e n t a g e  r e l e a s e  r e a c h e d  96% f o r  c a e s i u m ,  80% fo r  
c o b a lt  and o n ly  10% f o r  s t r o n t iu m  a f t e r  3 w e e k s .  T h i s  m e a n s  that  the  
s t r o n t iu m  s o r b e d  b y  T i l a p i a  f i s h  w a s  f i r m l y  f ix e d .  T h e  v a r i a t i o n  of  
p e r c e n t a g e  r e l e a s e  f r o m  th is  T .  z i l l i i  f i s h  w ith  c o n ta c t  t i m e  i s  i l l u s t r a t e d  
in  F i g . 6 .
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F IG .5. Release of s trontium -89 from different aquatic plants present in Ism ailia C anal.

FIG. 6. A ctivity released from contam inated T ilap ia  z illii fish.

C O N C L U S I O N S

L a b o r a t o r y  e x p e r i m e n t s  c a r r i e d  out on a q u a t ic  p la n t s  i n d ic a t e d  t h e i r  
p o s s i b l e  a p p l ic a t i o n  a s  b i o l o g i c a l  i n d i c a t o r s  fo r  c e r t a i n  r a d i o n u c l i d e s  and 
f o r  c e r t a i n  c o n ta m in a t io n  p e r i o d s  (i . e . E l o d e a  d e n s a  and С e r a t o p h y l l u m  
d e m e r s u m  f o r  s t r o n t iu m  r a d i o i s o t o p e s  and P o t a m o g e t o n  p ic t e n a t u s  fo r  
s t r o n t i u m  and c a e s i u m  r a d i o i s o t o p e s ) .



2 1 4 MAHMOUD e t  a l .

T h e  in i t i a l  u p ta k e  o f  89S r  b y  s n a i l s  w a s  h i g h e r  than that  b y  the  f is h  
s tu d ie d .  H o w e v e r ,  the  s t r o n t iu m  s o r b e d  b y  the  f i s h  w a s  f i r m l y  f ix e d ,  
w h i l e  that  b y  the  s n a i l s  w a s  e a s i l y  r e l e a s e d  a f t e r  i m m e r s i o n  in  c l e a n  tap 
w a t e r .  T h e  60C o  u p ta k e  o f  the s n a i l s  w a s  s i g n i f i c a n t l y  h i g h e r  than  that o f  
the  f i s h ,  though the  c o b a lt  r e t a i n e d  w a s  in  the  s a m e  r a n g e .  T h e  b e h a v io u r  
o f  134C s  w a s  the  s a m e  f o r  both s n a i l s  and f i s h .

F r o m  the  l a b o r a t o r y  h y d r o l o g i c a l  s t u d i e s  c a r r i e d  out on I s m a i l i a  
C a n a l  w a t e r  and b o tto m  s e d i m e n t s  and c o n s i d e r i n g  that  the  a v e r a g e  s p e e d  of  
I s m a i l i a  C a n a l  w a t e r  is  about 2. 2 k m / h ,  s a m p l in g  at  s h o r t  i n t e r v a l s  w i l l  
d e f i n i t e l y  g i v e  an  i n d ic a t io n  of  the m a g n itu d e  o f  c o n ta m in a t io n  o f  the 
I s m a i l i a  C a n a l  w a t e r  u n d e r  co n d it io n s  of  co n tin u o u s  d i s p o s a l .

In g e n e r a l ,  i t  co u ld  be s t a t e d  that the m a g n itu d e  o f  c o n ta m in a t io n  of  
the  a q u a t ic  e n v ir o n m e n t  o f  the I s m a i l i a  C a n a l  b y  e i t h e r  s t r o n t i u m ,  c a e s i u m  
o r  c o b a lt  i s  d i f f ic u l t  to a s s e s s  u n l e s s  r a d i o a c t i v e  e q u i l i b r i u m  is  a c h i e v e d  
b e tw e e n  the  l e v e l  o f  r a d i o a c t i v e  c o n ta m in a t io n  o f  the  c a n a l  w a t e r  and the 
c o r r e s p o n d i n g  c o n c e n t r a t i o n  l e v e l s  in  the  e x i s t i n g  b io ta ,  s u s p e n d e d  m a t t e r  
and b o tto m  s e d i m e n t s .  B e c a u s e  o f  the h igh  r a t e  o f  f lo w  of  the  I s m a i l i a  
C a n a l ,  i t  is  p r e s u m e d  that  s u c h  e q u i l i b r i u m  ca n  be o n ly  a c h i e v e d  (a) fo r  
b o t to m  s e d i m e n t s ,  s u r f a c e  and b o tto m  b io ta  u n d e r  co n d it io n s  o f  co n tin uo us 
d i s p o s a l ,  and (b) f o r  s u r f a c e  b io ta  u n d e r  co n d it io n s  o f  a c c i d e n t a l  r e l e a s e .

H o w e v e r ,  th is  i s  o n ly  a p r e d i c t i v e  p i c t u r e  of  the  fa te  o f  t h e s e  
r a d i o n u c l i d e s  w h en  d is p o s e d  into the  I s m a i l i a  C a n a l .  T y p i c a l  f ie ld  
e x p e r i m e n t s  r e m a i n  a p r o b l e m  b e c a u s e  o f  the  d i f f i c u l t y  in  c o n v in c in g  the 
p u b l ic  o f  the a b s e n c e  o f  p o s s i b l e  r a d ia t i o n  h a z a r d s  f r o m  s u c h  e x p e r i m e n t s .  
In o t h e r  w o r d s ,  it  i s  p r o b a b l y  f e a s i b l e  to a p p ly  the  d e t a i l e d  l a b o r a t o r y  
e x p e r i m e n t s  p r e s e n t e d  in  th is  s t u d y  to the  n a t u r a l  co n d it io n s  p r e v a i l i n g  in  
the  I s m a i l i a  C a n a l  w a t e r  w ith o u t  e x a g g e r a t i o n .
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ENVIRONMENTAL BEHAVIOUR OF 
RADIOCOBALT AND RADIOSILVER 
RELEASED FROM NUCLEAR POWER 
STATIONS INTO AQUATIC SYSTEMS

R. F U K A I ,  C .  N .  M U R R A Y

I n t e r n a t i o n a l  L a b o r a t o r y  o f  M a r i n e  R a d i o a c t i v i t y ,  IA E A ,

P r i n c i p a l i t y  o f  M o n a c o

Abstract

ENVIRONMENTAL BEHAVIOUR OF RADIOCOBALT AND RADIOSILVER RELEASED FROM NUCLEAR POWER 
STATIONS INTO AQUATIC SYSTEMS.

To deduce the general characteristics of the behaviour of radiocobalt and radiosilver released from 
nuclear power stations into the aquatic environm ent, the release situations of several existing power stations 
together with field data obtained to date on these and other releases are system atically  assembled and 
reviewed. These data ind icate  that, although the major sink for radiocobalt is bottom sedim ents, some 
fractions tend to recycle into a soluble phase and go through com plicated processes such as hydrolysis, 
inorganic and organic com plex form ation, adsorption-desorption with suspended particles and bottom  sediments, 
etc. In the case of radiosilver the complex formation with chloride ions in the seawater medium  seems to 
be im portant in m aintaining this e lem ent in solution, while there are p ractically  no data availab le  for 
freshwater systems.

Since these reactions have pronounced effects on the availability  of the radionuclides to aquatic biota, 
possible spéciation equilibria and re la ted  geochem ical behaviour of cobalt and silver radionuclides in natural 
waters are discussed in de ta il on the basis of the data obtained by various workers as w ell as by the present 
authors from laboratory experiments and field measurements. An attem pt is made to evaluate and compare 
the im portance of various processes under natural conditions.

Finally, the accum ulation of radiocobalt by the aquatic biota is reexam ined from the view point of 
concentration factor. Revised concentration factors are presented for some groups of marine organisms.

I N T R O D U C T I O N

It i s  known that  c o b a l t - 58 and c o b a l t - 60 a r e  a m o n g  the m a j o r  r a d i o 
n u c l i d e s  in  w a s t e  e f f lu e n t s  r e l e a s e d  f r o m  m o s t  b o i l i n g - w a t e r  and p r e s s u r i z e d -  
w a t e r  n u c l e a r  p o w e r  s t a t io n s .  S i l v e r - 1 1 0 m  i s  a l s o  r e l e a s e d  f r o m  s o m e  
t y p e s  o f  r e a c t o r s .  Due to the c o o l i n g - w a t e r  r e q u i r e m e n t s ,  the s i t in g  of  
n u c l e a r  p o w e r  s t a t io n s  h a s  been  and w i l l  be c l o s e l y  c o n n e c t e d  w ith  the 
a v a i l a b i l i t y  o f  w a t e r  r e s o u r c e s ,  f r e s h w a t e r  and s e a w a t e r ,  w h ic h  in  tu r n  
b r i n g  r a d i o a c t i v e  s u b s t a n c e s  b a c k  to the  a q u a t ic  e n v i r o n m e n t .  C o b a l t - 60 
and s i l v e r - 1 1 0 m  h a v e  r e l a t i v e l y  lo n g  h a l f - l i v e s  o f  5. 3 y e a r s  and 253 d a y s  
r e s p e c t i v e l y  and, th r o u g h  the  a c c u m u la t i o n  by a q u a t ic  b io t a ,  t h e s e  r a d i o 
n u c l id e s  m ig h t  p o s s i b l y  b e c o m e  c r i t i c a l  in r a d i o a c t i v e  w a s t e  d i s p o s a l  
o p e r a t i o n s .  A lth o u g h  the i m p a c t  o f  r a d i o a c t i v e  w a s t e  e f f lu e n t s  on a q u a t ic  
e c o s y s t e m s  and hu m an  h e a l t h  h a s  been  c a r e f u l l y  a s s e s s e d  f o r  e a c h  n u c l e a r  
r e a c t o r  s i t e  and a p p r o p r i a t e  c o n t r o l  p r a c t i c e s  a r e  a p p l ie d  to v a r i o u s  in  s itu  
c o n d it io n s ,  the d e t a i l e d  b e h a v io u r  o f  the a b o v e - m e n t io n e d  r a d i o n u c l i d e s  
in the a q u a t ic  e n v ir o n m e n t  i s  s t i l l  not fu l ly  u n d e r s t o o d .

T h e  p r e s e n t  p a p e r  a t t e m p t s  to s y s t e m a t i z e  the i n f o r m a t i o n  o b ta in ed  
so  f a r  on the e n v i r o n m e n t a l  b e h a v io u r  of  r a d io c o b a l t  and r a d i o s i l v e r  in  o r d e r  
to a id  a b e t t e r  u n d e r s t a n d i n g  o f  the  g e o c h e m i s t r y  o f  t h e s e  e l e m e n t s  in  the

2 1 7



T A B L E  I. E X A M P L E S  O F  E S T I M A T E D  R E L E A S E S  O F  R A D I O C O B A L T  A N D  R A D I O S I L V E R  I N T O  T H E  A Q U A T I C  
E N V I R O N M E N T  F R O M  N U C L E A R  P O W E R  S T A T I O N S

Tarapur Garigliano Dresden Humboldt Trino Indian Latina Brad well
Power Unit I Bay Vercellese Point
station Unit I

(India) (Italy) (USA) (USA) (Italy) (USA) (Italy) (UK)

T y p e o f
reactor

Boiling water Pressurized water Gr aph ite - m oderated 
gas-cooled

Capacity (M W (e)) 400 150 210 65 252 265 200 300

Recipient area for Arabian Garigliano Illinois Humboldt Po Hudson M editerranean Blackwater
liquid waste Sea River River Bay River River coast Estuary
release Coast

Period
considered

1969 a 1969 1968- 1969 1971 - 1972 1967 1969 1969 1969 -1970

Estimated
release  ra te
(C i/y r)

3H 5 ~  10 5 12 600 1100 40 140

58 Co 0 .2 < 5 0.8 0.001 2 .2 6 - -

60Co 0.1 < 5 1.1 0 .1 1 .7 5 0. 0 5 b 0 .5

110mAg - - - 0.001 - - - 0 .02

137 Cs 0.3 ~  2 0.2 0 .1 1 .1 3 8 30

Source 
of data [1] [2] [3 ,4 ] [5] [2 ] [6 ] [2] [ 7 - 1 0 ]

a The period for p re-com m erc ia l operation, 
b Including iron-59.
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h y d r o s p h e r e  and to in d ic a t e  p r o b l e m  a r e a s  th a t  s h o u ld  a t t r a c t  a tte n t io n  in 
fu t u r e  s t u d i e s .  T h e  r e s u l t s  o f  l a b o r a t o r y  e x p e r i m e n t s  on the  c h e m i c a l  
s p é c ia t i o n  and s o r p t io n  c h a r a c t e r i s t i c s  o f  c o b a l t  and s i l v e r ,  t o g e t h e r  w ith  the 
d a ta  o b ta in e d  on the s t a b l e  i s o t o p e  c o n c e n t r a t io n s  o f  t h e s e  e l e m e n t s  in  n a t u r a l  
w a t e r s  a ro u n d  M o n aco  a r e  p r e s e n t e d  and u s e d  in  d i s c u s s i n g  the b e h a v io u r  
o f  t h e s e  e l e m e n t s  in the  a q u a t ic  e n v ir o n m e n t .

T h e  c o n c e n t r a t i o n  f a c t o r s  o f  c o b a l t  f o r  m a r i n e  o r g a n i s m s ,  w h ic h  h a ve  
b e en  c o m p u te d  on the b a s i s  o f  s t a b l e  e le m e n t  a n a l y s i s  o f  b io ta  and a m b ie n t  
w a t e r s ,  ca n  be in e r r o r  due to a n a l y t i c a l  u n c e r t a i n t y  in  the d e t e r m in a t i o n  o f  
c o b a l t .  T h e r e f o r e ,  r e v i s e d  c o n c e n t r a t i o n  f a c t o r s  a r e  p r e s e n t e d  in  th is  p a p e r  
f o r  s o m e  m a r i n e  o r g a n i s m s .

R E L E A S E  S I T U A T I O N S

T o  o b ta in  a g e n e r a l  id e a  o f  r e l e a s e  s i t u a t io n s  o f  r a d i o c o b a l t  and r a d i o 
s i l v e r  in  a c t u a l  o p e r a t io n s  o f  n u c l e a r  p o w e r  s t a t i o n s ,  e x a m p l e s  o f  r e l e a s e  
of  t h e s e  r a d i o n u c l i d e s  f r o m  e x i s t i n g  p o w e r  s t a t i o n s  in s e v e r a l  c o u n t r i e s  a r e  
s u m m a r i z e d  in  T a b l e  I. T h e  i n f o r m a t i o n  w a s  ta k e n  f r o m  the open  l i t e r a t u r e  
and in s o m e  c a s e s  r e l e a s e  f i g u r e s  w e r e  e s t i m a t e d  on the b a s i s  o f  r e l a t e d  
d a ta  g iv e n .  T h e  s o u r c e s  o f  d a ta  a r e  i n d ic a t e d  in  the  ta b le  [ 1 - 1 0 ] .  In a d 
dit io n  to r e l e a s e  f i g u r e s  o f  r a d i o c o b a l t  and r a d i o s i l v e r ,  th o s e  f o r  t r i t i u m  
and c a e s i u m - 13 7  a r e  a l s o  g iv e n  in  T a b l e  I to s h o w  r e l a t i v e  q u a n t i t ie s  o f  
r a d i o c o b a l t  and r a d i o s i l v e r  to o t h e r  c o m p o n e n t s  o f  the w a s t e  e f f l u e n t s .  A s  
show n  in  T a b l e  I, the  an n u a l  r e l e a s e  r a n g e s  f r o m  1 m C i  to 6 C i  f o r  c o b a l t - 58,
0. 05 - 5 C i  f o r  c o b a l t - 60 and 1 - 2 0  m C i  f o r  s i l v e r - 1 1 0 m .  A lth o u g h  the 
c a p a c i t i e s  o f  th o s e  p o w e r  s t a t io n s  l i s t e d  that had b e e n  o p e r a t i o n a l  d u r in g  
the  1960s a r e  r e l a t i v e l y  s m a l l  c o m p a r e d  to th o s e  o f  l a r g e r  r e a c t o r s  o f  r e c e n t  
and fu t u r e  c o n s t r u c t i o n ,  i t  i s  not e x p e c t e d  that the  r e l e a s e  o f  r a d io c o b a l t  
and r a d i o s i l v e r  f r o m  a s p e c i f i c  t y p e  o f  p o w e r  s ta t io n  w i l l  d i f f e r  d r a m a t i c a l l y  
f r o m  the f i g u r e s  c i t e d  in  T a b l e  I. T h e  i n c r e a s e  o f  r e l e a s e  by a f a c t o r  of  
up to 2 n o r m a l l y ,  3 at m a x i m u m  in v e r y  u n f a v o u r a b le  c o n d it io n s ,  m a y  be 
e x p e c t e d  f o r  l a r g e  c a p a c i t y  p o w e r  r e a c t o r s .  S in c e  the  r e l e a s e  r a t e s  at 
p r e s e n t  f r o m  a l l  o f  the s t a t io n s  l i s t e d  in  T a b l e  I h a v e  b e en  p r o v e d  to b e ,w e l l  
b e lo w  the  a u t h o r i z e d  l i m i t s ,  i t  i s  u n l ik e ly  that e v e n  l a r g e  c a p a c i t y  p o w e r  
r e a c t o r s  w i l l  c a u s e  a n y  s i g n i f i c a n t  r a d i o l o g i c a l  im p a c t  o n  the a q u a t ic  

e n v ir o n m e n t ,  e x c e p t  f o r  c a s e s  o f  m u l t i p l e  s i t in g  o f  n u c l e a r  r e a c t o r s  a lo n g  
a r i v e r  s y s t e m  o r  a l i m i t e d  s t r e t c h  o f  s e a  c o a s t .  G e n e r a l l y  s p e a k in g ,  
a m o n g  s e v e r a l  r a d i o n u c l i d e s  th a t  w i l l  be r e l e a s e d ,  the  o n ly  r a d i o l o g i c a l l y  
s i g n i f ic a n t  r a d i o n u c l i d e  w ou ld  be t r i t i u m ,  w h ic h  i s  due to the r e l a t i v e l y  
l a r g e  r e l e a s e  r a t e s ,  e v e n  though the r a d i o t o x i c i t y  o f  t r i t i u m  i s  lo w .  N e v e r 
t h e l e s s ,  a r e l a t i v e l y  s m a l l  i n tr o d u c t io n  o f  r a d i o c o b a l t  and r a d i o s i l v e r  into 
th e  a q u a t ic  e n v i r o n m e n t  s h o u ld  not be c o m p l e t e l y  n e g l e c t e d  s i n c e  the  r e c e n t  
e x a m p l e  of  s i l v e r - 1 1 0 m  in  the B l a c k w a t e r  E s t u a r y  [9] s h o w s  that th is  r a d i o 
n u c l id e  h a s  now  b e c o m e  that  w ith  the  h ig h e s t  r a d i o l o g i c a l  s i g n i f i c a n c e  
b e c a u s e  o f  i t s  a c c u m u la t i o n  by o y s t e r s .  T h i s  i s  due to o p e r a t i o n a l  c h a n g e s  
o f  the  p o w e r  s t a t io n  d u r in g  1970. A s  show n  by t h is  e x a m p l e ,  e n v i r o n m e n t a l  
m o n i t o r in g  i s  a l w a y s  d e s i r a b l e  to e n s u r e  s a f e  o p e r a t i o n  o f  n u c l e a r  i n s t a l l a 
t io n s  a s  w e l l  a s  to i n v e s t i g a t e  the  fa te  o f  r a d i o n u c l i d e s  in  the  e n v ir o n m e n t .

F I E L D  D A T A  A V A I L A B L E

T o  s y s t e m a t i z e  the in f o r m a t i o n  o b ta in e d  s o " f a r  on the e n v i r o n m e n t a l  
b e h a v io u r  o f  r a d i o c o b a l t  and r a d i o s i l v e r ,  f i e l d  d a ta  o b ta in e d  in  r e l e a s e
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a r e a s  o f  t h e s e  r a d i o n u c l i d e s  f r o m  v a r i o u s  n u c l e a r  i n s t a l l a t i o n s  w e r e  a s 
s e m b l e d .  Not o n ly  the da ta  o b ta in e d  f o r  r e l e a s e s  f r o m  n u c l e a r  p o w e r  
s t a t i o n s ,  but a l s o  th o s e  f o r  r e l e a s e s  f r o m  o t h e r  t y p e s  o f  n u c l e a r  f a c i l i t i e s  
a r e  c o n s i d e r e d  h e r e  s in c e  the c h e m i c a l  f o r m s  o f  t h e s e  r a d i o n u c l i d e s  in 
w a s t e  e f f lu e n t s  o f  t h e s e  l a t t e r  f a c i l i t i e s  do not d i f f e r  s u b s t a n t ia l l y  f r o m  
th o s e  in e f f lu e n t s  o f  p o w e r  r e a c t o r s .  In ad d it ion  to t h e s e  d a ta ,  m e a s u r e 
m e n t s  m a d e  so  f a r  on r a d i o c o b a l t  and r a d i o s i l v e r  o f  f a l l - o u t  o r i g i n  in 
e n v i r o n m e n t a l  s a m p l e s  a r e  a l s o  r e v i e w e d  b r i e f l y  in o r d e r  to i n d ic a t e  
a v a i l a b l e  s o u r c e s  of d a ta  f o r  t h e s e  r a d i o n u c l i d e s .  In c a s e s  o f  f a l l - o u t ,  
h o w e v e r ,  the  c h e m i c a l  f o r m s  o f  r a d i o c o b a l t  and r a d i o s i l v e r  in tr o d u c e d  
in to  a q u a t ic  s y s t e m s  m a y  be qu ite  d i f f e r e n t  f r o m  th o s e  in  w a s t e  e f f lu e n t s  
and, c o n s e q u e n t l y ,  the a v a i l a b i l i t y  o f  t h e s e  r a d i o n u c l i d e s  to a q u a t ic  
o r g a n i s m s  m a y  not be s i m i l a r .

1 .  F a l l - o u t  o r i g i n

In the e a r l y  p e r io d  o f  n u c l e a r  e x p l o s io n  t e s t s  in  the P a c i f i c  d u r in g  
the  19 5 0 s  L o w m a n  [ 1 1 , 1 2 ]  r e p o r t e d  the o c c u r r e n c e  o f  c o b a l t - 5 7 ,  -5 8  and -6 0  
in  w a t e r ,  p lan kto n  and f i s h  and S e y m o u r  [13] that  o f  c o b a l t - 5 7  and -6 0  in 
m a r i n e  i n v e r t e b r a t e s  ( c l a m ,  s n a i l  and l o b s t e r )  and f i s h 1. T h e  l a t t e r  a u th o r  
a l s o  m e a s u r e d  s i l v e r - 1 1 0 m  in a l o b s t e r .  T h e s e  s a m p l e s  w e r e  c o l l e c t e d  
f r o m  c l o s e - i n  f a l l - o u t  a r e a s  f r o m  the  e x p l o s io n  t e s t s .  In th is  c o n n e c t io n  
L o w m a n  [ 1 1]  s u g g e s t e d  that p r a c t i c a l l y  a l l  r a d i o n u c l i d e s ,  e x c e p t  f o r  the 
c a e s i u m ,  s t r o n t i u m  and io din e  i s o t o p e s ,  w ou ld  be p r e s e n t  in  the  p a r t i c u l a t e  
f o r m  w hen th e y  a r e  in tr o d u c e d  into  the  s e a  a s  f a l l - o u t .

F o l s o m  and Y o u n g  [14] m e a s u r e d  l o w - l e v e l  c o b a lt - 6 0  and s i l v e r - 1 1 0 m  
in l i v e r s  o f  s q u id s ,  m u s s e l s ,  b a r n a c l e s  and f i s h e s  c o l l e c t e d  in  1964 f r o m  
v a r i o u s  l o c a l i t i e s  o f  the P a c i f i c  O c e a n ,  p r o v i n g  w i d e - s p r e a d  d is t r ib u t io n  
o f  t h e s e  r a d i o n u c l i d e s  t h r o u g h  r a d i o a c t i v e  f a l l - o u t  and a d v e c t io n  o f  s u r f a c e  
c u r r e n t s .

In 1967 R o b e r t s o n  et a l .  [15]  c o l l e c t e d  s e a w a t e r  and m a r i n e  o r g a n i s m s  
f r o m  v a r i o u s  d e p th s  at a s ta t io n  350 m i l e s  o f f  N e w p o r t ,  O r e g o n ,  and d e t e r 
m in e d  both c o b a l t - 60 and s t a b l e  c o b a lt  in t h e s e  s a m p l e s .  T h e  c o n c e n t r a t i o n s  
o f  c o b a l t - 60 at th is  s ta t io n  w e r e  e s t i m a t e d  to be 0. 2 - 3 x 1  O' 3 p C i / l i t r e  at 
the  s u r f a c e ,  0. l x l O -3 p C i / l i t r e  at about 700 m  d e pth , and l e s s  than 
0. I x l 0 ‘ 3 p C i / l i t r e  b e lo w  700 m . T h e  p e r c e n t a g e  o f  p a r t i c u l a t e  f r a c t i o n  
( r e t a in e d  by 0. 3 /im p o r e - s i z e  m e m b r a n e  f i l t e r )  w a s  20 - 60% at the s u r f a c e  
and s l i g h t l y  l o w e r  at d e p th s ,  b e in g  1 0 -  30%. A t  a s ta t io n  10 m i l e s  o f f s h o r e  
f r o m  C o o s  B a y ,  O r e g o n ,  w h e r e  the e f f e c t  o f  the C o l u m b ia  R i v e r  d i s c h a r g e  
w a s  r e c o g n i z a b l e ,  c o b a lt - 6 0  w a s  p r e s e n t  at a c o n c e n t r a t io n  o f  4 x l 0 -3 p C i / l i t r e  
(35% p a r t ic u l a t e )  in the s u r f a c e  w a t e r ,  w h i le  at 30 m  depth  6 x l 0 "3 p C i / l i t r e  
(5% p a r t ic u l a t e )  w e r e  found. A t  th is  s ta t io n  0. 3 x l 0 ' 3 p C i / l i t r e  o f  s i l v e r - 1 1 0 m  
w a s  a l s o  found at the s u r f a c e  in  the  p a r t ic u l a t e  f r a c t i o n .  One im p o r t a n t  
f in d in g  m a d e  at the o f fs h o r e  N e w p o r t  s ta t io n  w a s  that the s p e c i f i c  a c t i v i t y  
o f  c o b a l t - 60 in f i s h  s p e c i e s  and a s h r i m p  w a s  m u c h  h i g h e r  than that  of  s e a 
w a t e r ,  the  r a t i o s  o f  w h ic h  r a n g e d  f r o m  4 0 -  100, w h i le  the s p e c i f i c  a c t i v i t y  
r a t i o  f o r  c a e s i u m - 13 7 w a s  e q u a l  to u n ity .  T h i s  in d ic a t e d  that  e i t h e r  c o b a l t - 60 
w a s  in  a f o r m  m o r e  r e a d i l y  a v a i l a b l e  f o r  b i o l o g i c a l  a s s i m i l a t i o n  than i t s

1 More recent data on 60Co and other radionuclides in various marine organisms in the Bikini area
have been published in Ref. [78].
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s t a b le  c o u n t e r p a r t  in s e a w a t e r ,  o r  th a t  t h e s e  o r g a n i s m s  had r e s i d e d  f o r  s o m e  
t i m e  in  w a t e r s  in f lu e n c e d  by the  C o lu m b ia  R i v e r  d i s c h a r g e ,  w h e r e  m u c h  
h i g h e r  c o b a l t - 60 c o n c e n t r a t i o n s  w e r e  p r e s e n t .

J e n k in s  [16]  a l s o  r e p o r t e d  l o w - l e v e l  o c c u r r e n c e  o f  c o b a l t - 60 and 
s i l v e r - 1 1 0 m  in P a c i f i c  s a l m o n  c o l l e c t e d  m a in l y  f r o m  the  A l a s k a n  c o a s t ,  
f in d in g  a s y s t e m a t i c  d e c r e a s e  of  c o b a l t - 60 in the m u s c l e  t i s s u e s  of  s a lm o n  
f r o m  n o r th  to so u th  a lo n g  the  A l a s k a - W a s h i n g t o n - O r e g o n  c o a s t .

In 1970 F o l s o m  et  a l .  [ 17  ] d e t e c t e d  and m e a s u r e d  a n o t h e r  s i l v e r  r a d i o 
n u c l i d e ,  s i l v e r - 1 0 8 m ,  in  the l i v e r s  o f  s q u i d s ,  t u n a s ,  a l b a c o r e s ,  l o b s t e r s  
and m u s s e l s ,  and s u g g e s t e d  u s i n g  the p a i r  o f  s i l v e r  i s o t o p e s ,  s i l v e r - 1 0 8 m  
and - 1 1 0 m  to d a te  the t i m e  of  the o r i g i n a l  a c t iv a t i o n  a s  h a v i n g  c o n s i d e r a b l y  
d i f f e r e n t  h a l f - l i v e s ,  12 7 y e a r s  and 2 53 d a y s .  In d e p e n d e n t ly ,  s i l v e r - 1 0 8 m  
w a s  a l s o  m e a s u r e d  by C o o p e r  et a l .  [18] in P a c i f i c  s a l m o n .

On the b a s i s  o f  m e a s u r e m e n t s  m a d e  in  tu n as  f o r  c o b a l t - 6 0 ,  s i l v e r - 1 0 8 m  
and - 1 1 0 m  a m o n g  o t h e r  r a d i o n u c l i d e s ,  F o l s o m  et  a l .  [19]  t r i e d  to u n d e r s t a n d  
the  v a r ia t i o n  in t h e s e  r a d i o n u c l i d e s  in  c o n n e c t io n  w ith  the t r a n s p o r t  by the 
C a l i f o r n i a n  c u r r e n t  a lo n g  the  O r e g o n - C a l i f o r n i a  c o a s t .  B a s e d  on c o b a l t - 60 
and s i l v e r - 1 0 8 m  da ta  f o r  a l b a c o r e s  d u r in g  the p e r i o d  of  1 9 6 4 - 1 9 7 1  Hodge 
et a l .  [20] d e m o n s t r a t e d  that t h e s e  f a l l - o u t  r a d i o n u c l i d e s  ten d e d  to be r e 
t a in e d  in  the u p p e r  l a y e r s  o f  the P a c i f i c  O c e a n ,  h a v in g  h a l f - t i m e s  of  d e c r e a s e  
o f  2. 6 and 7. 1 y e a r s ,  r e s p e c t i v e l y ,  w h ic h  a r e  c o n s i d e r a b l y  l o n g e r  than the 
h a l f - t i m e  o f  d e c r e a s e  o f  f a l l - o u t  i t s e l f .  Y o u n g  and F o l s o m  [21]  s u g g e s t e d  
the u s e  o f  m u s s e l s  and b a r n a c l e s  a s  i n d i c a t o r s  to f o l lo w  v a r ia t i o n  in 
m a n g a n e s e - 54, c o b a l t - 6 0  and z i n c - 6 5  in the m a r i n e  e n v ir o n m e n t .

T h e  a b o v e - m e n t i o n e d  i n f o r m a t i o n  o b ta in e d  to da te  f o r  r a d i o c o b a l t  and 
r a d i o s i l v e r  o f  f a l l - o u t  o r i g i n  d e m o n s t r a t e s  the u s e f u l n e s s  o f  t h e s e  da ta  a s  
t a g s  f o r  f o l lo w in g  p r o c e s s e s  t a k in g  p l a c e  in  w a t e r  m a s s e s  in c o n n e c t io n  
w ith  the v a r i a t i o n s  o f  t h e s e  r a d i o n u c l i d e s .  A s  h a s  b e en  p o in ted  out,  
s i t u a t io n s  in  w a s t e  d i s p o s a l  o p e r a t io n s  m a y  be quite  d i f f e r e n t  f r o m  th o s e  
in  f a l l - o u t .

2. C o l u m b ia  R i v e r

T h e  d i s c h a r g e  o f  r e a c t o r  e f f lu e n t s  f r o m  the H a n fo rd  r e a c t o r s  to the 
C o l u m b ia  R i v e r  b e g a n  w ith  the f i r s t  r e a c t o r  o p e r a t i o n  in  1944 and ended 
w ith  the c l o s u r e  o f  the  K E  r e a c t o r  in  1 9 7 1 ,  a l th o u g h  a d u a l - p u r p o s e  r e a c t o r  
f o r  p o w e r  and p lu to n iu m  p r o d u c tio n  s t i l l  o p e r a t e s  at p r e s e n t  and d i s c h a r g e s  
s m a l l  a m o u n ts  o f  i t s  p r i m a r y  and s e c o n d a r y  c o o la n t  w a t e r  t h r o u g h  a s e e p a g e  
t r e n c h .  D u r in g  t h i s  p e r i o d  an e n v i r o n m e n t a l  c o - o r d in a t e d  stu d y  p r o g r a m  
w a s  e s t a b l i s h e d  and in  the  f r a m e w o r k  of  t h is  p r o g r a m  c o m p r e h e n s i v e  s t u d ie s  
in v a r i o u s  f i e l d s ,  b i o lo g y ,  r a d i o e c o l o g y ,  r a d i o  g e o c h e m i s t r y , s e d im e n t o l o g y ,  
h y d r o lo g y ,  o c e a n o g r a p h y ,  e t c .  , o f  th e  C o l u m b ia  R i v e r ,  i t s  e s t u a r y  and 
a d ja c e n t  o c e a n  a r e a s  w e r e  c o m p l e t e d ,  the m a j o r  f in d in g s  o f  w h ic h  w e r e  
s u m m a r i z e d  in a b o o k  e d ite d  by P r u t e r  and A l v e r s o n  [22]. S in c e  the 
am o u n t  o f  in f o r m a t i o n  o b ta in e d  in t h is  study  p r o g r a m  th a t  i s  r e l e v a n t  to 
the  b e h a v io u r  o f  r a d i o n u c l i d e s  in  w a t e r ,  s e d i m e n t s  and b io ta  o f  t h is  c o m p l e x  
w a t e r  s y s t e m ,  i s  t r e m e n d o u s ,  o n ly  d i r e c t  i n f o r m a t io n  c o n c e r n i n g  the b e h a v io u r  
o f  r a d i o c o b a l t  in C o l u m b ia  R i v e r  w a t e r  and i t s  in t e r a c t i o n  and d is t r ib u t io n  
in  s u s p e n d e d  p a r t i c l e s  and s e d i m e n t s  w i l l  be c o n s i d e r e d  h e r e .

C o b a l t - 58 and -6 0  w e r e  m e a s u r a b l e  by m u l t i d i m e n s i o n a l  g a m m a -  
s p e c t r o m e t r y  in  C o l u m b ia  R i v e r  w a t e r  t h r o u g h o u t  the o p e r a t i o n a l  p e r io d  o f  
the H a n fo rd  r e a c t o r s ,  e v e n  though t h e i r  l e v e l s  w e r e  r e l a t i v e l y  lo w  c o m p a r e d
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to  th o s e  o f  'C o l u m b i a  R i v e r  r a d i o n u c l i d e s ' ,  s u c h  a s  p h o s p h o r u s - 32, 
s c a n d i u m - 4 6 ,  c h r o m i u m - 5 1 ,  z i n c - 6 5 ,  e t c .  [23]. T h e  b e h a v io u r  o f  s e v e r a l  
r a d i o n u c l i d e s  in the w a t e r s  o f  the  C o l u m b ia  R i v e r ,  i t s  e s t u a r y  and a d ja c e n t  
s e a  a r e a s  w a s  r e v i e w e d  by F o r s t e r  [24] and d i s t r i b u t io n s  of  r a d i o n u c l i d e s  
in  r i v e r  and s h e l f  s e d i m e n t s  w e r e  s u m m a r i z e d  by F o r s t e r  [25] and G r o s s  
[26]. D u r in g  the  p e r i o d  o f  1 9 6 4 - 6 5  P e r k i n s  et  a l .  [27] c o m p l e t e d  w e e k l y  
m e a s u r e m e n t s  of  1 1  r a d i o n u c l i d e s  i n c lu d in g  c o b a l t - 58 and -6 0  in  C o l u m b ia  
R i v e r  w a t e r  at P a s c o ,  W a s h in g to n  (50 k m  d o w n s t r e a m  f r o m  the  H a n fo rd  
r e a c t o r  a r e a )  and at V a n c o u v e r ,  W a s h in g to n  (350 k m  d o w n s t r e a m  f r o m  
P a s c o ) .  T h e  l e v e l s  o f  c o b a l t - 58 m e a s u r e d  w e r e  a p p r o x i m a t e l y  1 - 5 0  p C i / l i t r e  
( 1 0 -8 0 %  p a r t ic u l a t e )  and 0. 1 - 5 p C i / l i t r e  (8 0 -9 5%  p a r t ic u l a t e )  at P a s c o  and 
V a n c o u v e r ,  r e s p e c t i v e l y ,  and th o s e  f o r  c o b a lt - 6 0  w e r e  0. 5 - 5 p C i / l i t r e  
(20-8 0%  p a r t ic u l a t e )  and 0. 1 - 3 p C i / l i t r e  (80-95%  p a r t i c u l a t e )  at the r e s 
p e c t i v e  s t a t i o n s .  S in c e  the e f f lu e n t  w a t e r  co n ta in e d  o n ly  4 . 2 %  and 1 . 8 %  
p a r t i c u l a t e  f r a c t i o n s  f o r  c o b a l t - 58 and -6 0 ,  r e s p e c t i v e l y ,  the  a b o v e  data  
in d i c a t e  th a t  c o b a l t - 58 and -6 0  w e r e  r e a d i l y  s o r b e d  by p a r t ic u l a t e  m a t e r i a l s  
in  the  r i v e r .  N e v e r t h e l e s s ,  the  l a r g e  i n c r e a s e  in the t o ta l  co n te n t  o f  t h e s e  
r a d i o n u c l i d e s  in the  r i v e r ,  o b s e r v e d  a f t e r  the  s p r i n g  f r e s h e t ,  w a s  c o n 
s i d e r e d  to h a v e  r e s u l t e d  not o n ly  f r o m  the r e s u s p e n s i o n  o f  r a d i o a c t i v e  
s e d i m e n t s ,  but a l s o  f r o m  r e d i s s o l u t i o n  o f  r e s u s p e n d e d  r a d i o n u c l i d e s .
B a s e d  on t r a n s p o r t  data  of  r a d i o n u c l i d e s  by the  r i v e r  at P a s c o  and V a n c o u v e r ,  
th e  p e r c e n t a g e  d e p le t io n  o f  the  r a d i o n u c l i d e s  b e tw e e n  t h e s e  s t a t io n s  w a s  
c o m p u t e d .  T h e  v a l u e s  c o m p u te d  f o r  c o b a l t - 58 and -6 0  w e r e  n o r m a l l y  in  
the r a n g e  o f  50-80% , e x c e p t  f o r  the  p e r i o d  o f  s p r i n g  f r e s h e t ,  d u r i n g  w h ich  
n e g a t i v e  v a l u e s  w e r e  o b ta in e d .  T h e s e  n e g a t iv e  v a l u e s  in d ic a t e  that  the 
s c o u r in g  a c t io n  of  the r i v e r  e x c e e d e d  the d e p o s i t io n  r a t e  d u r in g  t h is  p e r i o d .  
A s s u m i n g  that  the d e p le t io n  and input r a t e s  o f  the r a d i o n u c l i d e s  into  the 
r i v e r  w e r e  r e a s o n a b l y  c o n s t a n t  f o r  s e v e r a l  y e a r s ,  the t o t a l  in v e n t o r y  of  
e a c h  r a d i o n u c l id e  c o n s i d e r e d  w a s  e s t i m a t e d .  T h e s e  e s t i m a t e s  f o r  c o b a l t - 58 
and -6 0  s h o w e d  that 140 C i  o f  c o b a l t - 58 and 450 C i  o f  c o b a l t - 60 w e r e  found 
in  the  bo tto m  o f  the C o l u m b ia  R i v e r  b e tw e e n  P a s c o  and V a n c o u v e r  at the 
b e g in n in g  o f  19 6 5 .  T h e  m a j o r  d e p o s i t io n  a r e a  w a s  i n d ic a t e d  to be M c N a r y  D a m .

B y a n a l y s i n g  s e d im e n t  c o r e s  ta k e n  f r o m  M c N a r y  D a m  f o r  c o b a l t - 6 0  and 
z i n c - 65 and a s s u m i n g  the d i f f e r e n c e  in  r a d i o a c t i v e  d e c a y  to be the  p r i n c i p a l  
c a u s e  f o r  c h a n g e s  o f  the r a t i o  o f  t h e s e  two i s o t o p e s  in the c o r e s .  N e ls o n  
et a l .  [28] e s t i m a t e d  an a v e r a g e  s e d im e n ta t i o n  r a t e  at a s p e c i f i c  s t a t io n  in 
M c N a r y  D a m  to be 12 .  5 c m / y r .  T h e y  a l s o  e s t i m a t e d ,  u s i n g  the r a t i o  o f  
z i n c - 65 to c h r o m i u m - 51 in c o r e  s a m p l e s ,  that about 30% o f  the ann ual 
d e p o s i t  w a s  s c o u r e d  d o w n s t r e a m  d u r in g  the s p r i n g  f r e s h e t .  T h e y  t r e a t e d  
s t r e a m b e d  s e d i m e n t s  w ith  v a r i o u s  c h e m i c a l  r e a c t a n t s ,  f in d in g  that  w h ile  
c o b a l t - 60 w a s  not r e l e a s e d  f r o m  the s e d i m e n t s  by t r e a t i n g  w ith  I N  a m m o n iu m  
a c e t a t e  s o lu t io n ,  a c e t i c  a c id  (pH 3) and b r o m o e t h a n o l  t r e a t m e n t s  r e m o v e d  
f r o m  the s e d i m e n t s  a p p r o x i m a t e l y  30 and 40% o f  c o b a lt - 6 0 ,  r e s p e c t i v e l y .  
So d iu m  h y p o su lp h ite  t r e a t m e n t s  a l s o  r e m o v e d  up to 70% o f  c o b a l t - 60, a lth ou gh  
the m e c h a n i s m  o f  the  r e m o v a l  w a s  not d e f i n i t e l y  e s t a b l i s h e d .  T h e  a u t h o r s  
c o n c lu d e d  that s i z a b l e  f r a c t i o n s  o f  the r a d i o n u c l i d e s  s o r b e d  on the C o l u m b ia  
R i v e r  s e d i m e n t s  w e r e  r e m o v e d  by the t r e a t m e n t s  w ith  o x i d i z i n g  a g e n t s ,  
r e d u c i n g  a g e n t s  and a c i d i c  s o l u t i o n s ,  a l th o u g h  the r a d i o n u c l i d e s  w e r e  t ig h t ly  
bound to the s e d i m e n t s  in  c o n d it io n s  in  s i tu  and w e r e  not r e a d i l y  r e p l a c e d  
by c o n ta c t  w ith  s a l t  s o lu t io n s .

B a s e d  on the  da ta  o b ta in e d  by J o h n so n  [29] on the  r e p l a c e m e n t  o f  z i n c - 6 5  
s o r b e d  on C o l u m b ia  R i v e r  s e d i m e n t s  by o t h e r  m e t a l  i o n s ,  O s t e r b e r g  et  a l .
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[30] p o in ted  out that o nly  a m i n o r  f r a c t i o n  o f  z i n c - 65 in  C o l u m b ia  R i v e r  
s e d i m e n t s  co u ld  be d i s p l a c e d  by i o n - e x c h a n g e ,  w h i le  a m u c h  l a r g e r  p o rt io n  
a p p e a r e d  to be bound in c o m p l e x e s ,  p e r h a p s  w ith  o r g a n i c  m a t t e r .  S in ce  
c o b a l t - 6 0  in  the s e d i m e n t s  w a s  e lu te d  to a s i m i l a r  e x te n t  a s  z i n c - 6 5  w ith  
E D T A  s o lu t io n s  [29], i t  i s  r e a s o n a b l e  to a s s u m e  that  a s i t u a t io n  s i m i l a r  
to that  o f  z i n c - 65 a p p l i e s  a l s o  to c o b a lt - 6 0  in the  s e d i m e n t s .

E lu t io n  s t u d i e s  on C o l u m b ia  R i v e r  s e d i m e n t s  w ith  s e a w a t e r  m a d e  by 
R o b e r t s o n  et a l .  [31] r e v e a l e d  that  a c o n s i d e r a b l e  p o r t io n  o f  m a n g a n e s e - 5 4  
(40%), c o b a l t - 6 0  (5%), e u r o p i u m - 1 5 2  (9%) and c a e s i u m - 1 3 7  (15% ) w a s  e lu te d  
w hen  30 g o f  the M c N a r y  D a m  s e d im e n t  w a s  t r e a t e d  w ith  8 l i t r e s  o f  s e a w a t e r .
On the  b a s i s  o f  t h e s e  d a t a ,  the  a u t h o r s  c o n c lu d e d  that  a s u b s t a n t ia l  f r a c t i o n  
o f  the s t a t e d  r a d i o n u c l i d e s  w i l l  be l e a c h e d  f r o m  the s e d i m e n t s  in a r e l a t i v e l y  
s h o r t  p e r io d  o f  t i m e  w hen  C o l u m b ia  R i v e r  s e d i m e n t s  a r e  in t r o d u c e d  into  the 
P a c i f i c  O c e a n ,  e v e n  though the r e m a i n i n g  r a d i o n u c l i d e s  in  the  C o lu m b ia  
R i v e r  d u r i n g  the p o s t - o p e r a t i o n a l  p e r i o d  o f  the H a n fo r d  r e a c t o r s  (July  1 97 1 )  
a r e  t ig h t ly  bound to the s e d i m e n t s  and e n t e r  the  r i v e r  m a in l y  by r e s u s p e n s i o n ,  
e s p e c i a l l y  d u r in g  the h ig h  r i v e r  f lo w  in s p r i n g  and e a r l y  s u m m e r .  T h e  p a r 
t i t io n in g  of  c o b a lt - 6 0  in  C o l u m b ia  R i v e r  w a t e r  in  J u ly  1 9 7 1  s h o w e d  that 98% 
w a s  in p a r t i c u l a t e  f o r m ,  w h ile  s o m e  1%  w a s  c a t i o n i c ,  l e s s  than 0. 3% w a s  
a n io n ic ,  and 0. 6 - 0. 7% in  a n o n - i o n i c  f o r m .  A n  i n c r e a s e  in the p a r t ic u l a t e  
f r a c t i o n  o f  c o b a l t - 60 i s  r e c o g n i z a b l e ,  c o m p a r e d  w ith  the v a l u e s  o f  7 0 -  90% o f  
c o b a l t - 60 in the  p a r t i c u l a t e  f o r m  w h en  the  H anfo rd  r e a c t o r s  had b e e n  o p e r a t i n g  [2 7].

T h e  fa t e  o f  c o b a l t - 60 in  C o l u m b ia  R i v e r  w a t e r  a f t e r  e n t e r i n g  the e s t u a r y  
and the P a c i f i c  O c e a n  h a s  not b e e n  c l e a r l y  d e m o n s t r a t e d  by the  f i e ld  d a ta ,  
e v e n  though the d i s t r i b u t io n  o f  t h is  n u c l id e  in  e s t u a r i n e  and c o n t in e n t a l -  
s h e l f  s e d i m e n t s  h a s  b e en  e x t e n s i v e l y  i n v e s t i g a t e d .  F o r s t e r  [25] found that 
the c o b a l t - 60 co n te n t  o f  bulk  s e d i m e n t  s a m p l e s  c o l l e c t e d  a lo n g  an e a s t - w e s t  
t r a n s e c t  b e tw e e n  40 k m  u p s t r e a m  o f  the  C o l u m b ia  R i v e r  and 100 k m  s e a w a r d  
s h o w e d  a m i n i m u m  a t  the  m o u th  of the  r i v e r ,  a m a x i m u m  at 2 5 k m  u p s t r e a m  
f r o m  the m o u th  and s e v e r a l  m a x i m a  b e tw e e n  8 and 40 k m  s e a w a r d s .  T h e  
s e a w a r d  m a x i m a  m a y  be e x p la in e d  by f l o c c u l a t i o n  and s u b s e q u e n t  d e p o s it io n  
o f  th is  r a d io n u c l id e  beyon d the  h e a v y  m i x i n g  a r e a .  A s  to the  d is t r ib u t io n  o f  
c o b a l t - 6 0  in  s h e l f  s e d i m e n t s ,  G r o s s  [26] and B a r n e s  and G r o s s  [32] found 
that  c o b a l t - 60 w a s  d i s t r i b u t e d  in  a band n e a r l y  p a r a l l e l  to the c o a s t - l i n e  at 
d e p th s  b e tw e e n  60 and 90 m  t h r o u g h o u t  the a d ja c e n t  p a r t  o f  c o n tin e n ta l  s h e l f  
to the  C o l u m b ia  R i v e r  m o u th ,  h a v in g  the  c e n t r e  f o r  d i s t r i b u t io n  a t  ab ou t
10 k m  w e s t  o f  the r i v e r  m o u th .

On the b a s i s  o f  the  da ta  r e v i e w e d  a b o v e ,  i t  ca n  be s a id  that  a m a j o r  
p o rt io n  o f  the  r a d i o n u c l i d e s  o f  c o b a l t  r e l e a s e d  f r o m  the H a n fo r d  r e a c t o r s  
to  the  C o l u m b ia  R i v e r  b e c o m e s  bound to  th e  r i v e r  s e d i m e n t s  r a t h e r  q u ic k ly  
and then b e h a v e s  w ith  the  s e d i m e n t  m o v e m e n t s .  T h e  m e c h a n i s m  o f  the 
s o r p t i o n  o f  r a d i o c o b a l t ,  h o w e v e r ,  h a s  not been c l e a r l y  u n d e r s t o o d ,  a lth o u gh  
s e v e r a l  s t u d ie s  on t h is  s u b j e c t  s u g g e s t e d  that  io n - e x c h a n g e  m a y  be a m i n o r  
m e c h a n i s m  and p e r h a p s  c o m p l e x  f o r m a t i o n  w ith  o r g a n i c  m a t t e r  m a y  be 
i n v o l v e d .  W hen  the C o l u m b ia  R i v e r  w a t e r  e n t e r s  into  the  e s t u a r y  and s e a  
s o m e  s i z a b l e  f r a c t i o n  of  r a d i o c o b a l t  i s  l i k e l y  to be r e l e a s e d  f r o m  the s u s 
p en ded  p a r t i c l e s  and to b e c o m e  in v o lv e d  in v a r i o u s  t y p e s  o f  p r o c e s s e s  
o p e r a t i o n a l  in  the  m a r i n e  e n v i r o n m e n t .  T h e  id e n t i ty  o f  t h e s e  p r o c e s s e s  
and t im e  f a c t o r  i n v o l v e d  a r e  not kn ow n . A lth o u g h  r a d i o c o b a l t  i s  l i k e l y  to 
d e p o s i t  e v e n t u a l l y  to the bo tto m  due to the d o w n w a r d  v e c t o r  o f  p r o c e s s e s  
i n v o l v e d ,  t h e r e  i s  a t e n d e n c y  f o r  r a d i o c o b a l t  to be r e t a i n e d  in  the  u p p e r  
l a y e r  o f  the  s e a  f o r  a c e r t a i n  t i m e .
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B e s i d e s  the C o l u m b ia  R i v e r ,  a n o t h e r  w e l l - s t u d i e d  f r e s h w a t e r  e n v ir o n m e n t  
f o r  l o w - l e v e l  r a d i o a c t i v e  w a s t e  d i s p o s a l  i s  the C l i n c h - T e n n e s s e e  R i v e r  s y s t e m .  
T h i s  s y s t e m  at p r e s e n t  s t i l l  r e c e i v e s  the w a s t e  e f f lu e n t s  of c o m p l e x  f a c i l i t i e s  
o f  the  O a k  R id g e  N a t io n a l  L a b o r a t o r y .  A s  w a s  done in  the c a s e  o f  the 
C o l u m b ia  R i v e r ,  a c o - o r d i n a t e d  s tu d y  p r o g r a m  w a s  e s t a b l i s h e d  and o p e r a t e d  
d u r in g  the  p e r i o d  1 9 5 7 - 1 9 6 4 .  D e t a i l e d  r e l e a s e  f i g u r e s  of  g r o s s  b eta  a c t i v i t y  
and 9 i n d iv id u a l  r a d i o n u c l i d e s  in c lu d in g  c o b a l t - 60 d u r in g  1944 and 1963 w e r e  
g iv e n  by P a r k e r  et  a l .  [33]. B a s e d  on the w e e k l y  m o n i t o r i n g  da ta  of  w a t e r  
f o r  r a d i o n u c l i d e s  o b ta in ed  a lo n g  a 2 50 k m  r e a c h  o f  the C l i n c h - T e n n e s s e e  
R i v e r  s y s t e m ,  the s a m e  a u t h o r s  m a d e  m a s s - b a l a n c e  a n a l y s i s  o f  m a j o r  
r a d i o n u c l i d e s  in tr o d u c e d  into  the  C l i n c h  R i v e r .  T h e y  c o n c lu d e d  th a t  the 
r a d i o n u c l i d e s  in c lu d in g  c ó b a l t - 6 0 ,  e x c e p t  f o r  c a e s i u m - 1 3 7 ,  w h ic h  e n t e r e d  
the  C l i n c h  R i v e r  in  the w a t e r  p h a s e ,  l e f t  the  C l i n c h  R i v e r  in the w a t e r  
p h a s e .  T h e  l e v e l s  o f  c o b a l t - 60 m e a s u r e d  at s e v e r a l  m o n i t o r in g  s t a t io n s  
d u r i n g  1 9 6 1 - 1 9 6 2  w e r e  2 0 -  50 p C i / l i t r e  in the  C l in c h  R i v e r  and 3-30  p C i / l i t r e  
in the T e n n e s s e e  R i v e r .  C o b a l t - 6 0  in s u s p e n d e d  s o l i d s  r e p r e s e n t e d  2 -3 0 %  
o f  t h e s e  c o n c e n t r a t i o n s .  T h e s e  p e r c e n t a g e s  a r e  c o n s i d e r a b l y  l e s s  than th o s e  
in the  C o l u m b ia  R i v e r ,  in s p it e  o f  the f a c t  that  the  m o n th ly  a v e r a g e  o f  s u s 
p en d ed  s o l i d s ,  a p p r o x i m a t e l y  200 p p m , in  the  C l i n c h - T e n n e s s e e  r i v e r s  i s  
m u c h  h ig h e r  than a s u s p e n d e d  lo a d  o f  8-40 ppm  ( l i th o g e n o u s  p a r t i c l e s :
8 5 -9 5% ) in  the  C o l u m b ia  R i v e r  [34].

T h e  r a d i o a c t i v i t y  in  the b o tto m  s e d i m e n t s  o f  the C l i n c h  and T e n n e s s e e  
r i v e r s  w a s  s tu d ie d  by P i c k e r i n g  et  a l .  [35] . B y  a n a l y s i n g  the s e d im e n t  
c o r e s  ta k e n  f r o m  33 k m  r e a c h  o f  the  C l i n c h  R i v e r ,  th e y  found that in  J u ly  
1962 150 C i  o f  c a e s i u m - 1 3 7  and 18 C i  o f  c o b a l t - 6 0 ,  w h ic h  r e s p e c t i v e l y  
r e p r e s e n t e d  2 1%  and 9% of the t o t a l  a m o u n ts  r e l e a s e d  d u r in g  n e a r l y  20 y e a r s  
o f  the  l a b o r a t o r y  o p e r a t io n ,  w e r e  p r e s e n t  in the  s e d i m e n t  o f  th is  p a r t  of  
the r i v e r .  T h e  v e r t i c a l  d is t r ib u t i o n  o f  c o b a l t - 60 in  the s e d im e n t  c o r e s  w a s  
s t r o n g l y  c o r r e l a t e d  w ith  th a t  o f  c a e s i u m - 1 3 7 ,  s u g g e s t i n g  that t h e s e  r a d i o 
n u c l id e s  had been  i n c o r p o r a t e d  into  the  s e d i m e n t s  b e fo r e  e n t e r i n g  the r iv e r .  
L e a c h i n g  s t u d i e s  o f  the  s e d i m e n t s  w ith  a c i d ,  b a s e  and s a l t  s o lu t io n s  r e v e a l e d  
th a t  s a l t  s o lu t io n s  in n a t u r a l  pH w e r e  not e f f e c t i v e  in r e m o v i n g  c o b a l t - 60 
f r o m  the s e d i m e n t s ,  thus  in d ic a t in g  that s im p l e  i o n - e x c h a n g e  w a s  p r o b a b ly  
not  the p r i m a r y  c a u s e  of  the  u p ta k e  of  c o b a l t - 60 by the s e d i m e n t s .  T h e y  
s u g g e s t e d  the a s s o c i a t io n  o f  c o b a l t - 60 w ith  m a n g a n e s e  o x id e  in  the d e p o s i t io n  
p r o c e s s .

N e ls o n  et a l .  [36] o b s e r v e d  that  c o b a l t - 60 in W h ite  O a k  L a k e  w a s  u s u a l l y  
found in a l g a e  and o r g a n i c  d e t r i t u s  r a t h e r  than in s e d im e n t s  o r  o t h e r  in o r g a n i c  
c o m p o n e n t s .  T h e  s p e c i f i c  m e c h a n i s m  i n v o l v e d  in the  a c c u m u la t i o n  w a s  not 
c l e a r .  G lo y n a  et  a l .  [37] a l s o  d e m o n s t r a t e d  by s i m u l a t e d  s t r e a m  e x p e r i m e n t s  
that  t r a n s p o r t  o f  r a d io n u c l id e s  in c lu d in g  c o b a l t - 58 by a s t r e a m  co u ld  be s u b 
s t a n t i a l l y  in f lu e n c e d  by p lan t  g r o w t h ,  both r o o t e d  and f lo a t in g .  A l th o u g h  the 
r e t e n t io n  o f  r a d io c o b a l t  by p la n t  g r o w th  m a y  be t e m p o r a r y ,  a s s o c i a t i o n  
o f  r a d i o c o b a l t  w ith  o r g a n ic  s u b s t a n c e s  m a y  a f f e c t  the fa te  o f  r a d i o c o b a l t  
c o n s i d e r a b l y  in  the s t r e a m  e n v i r o n m e n t .  Q u a n t i t a t iv e  e s t i m a t e s  o f  th is  
e f f e c t  a r e  not known.

B a s e d  on the da ta  r e v i e w e d  a b o v e ,  i t  c a n  be c o n c lu d e d  that the m a j o r  
p a r t  o f  the c o b a l t - 60 in  the C l i n c h  and T e n n e s s e e  r i v e r s  i s  in the w a t e r  
p h a s e  and i s  t r a n s p o r t e d  r a p i d l y  d o w n s t r e a m ,  w h e r e  d i lu t io n  by in f lo w in g  
w a t e r  and s e d im e n t s  f r o m  o t h e r  r i v e r s  o b s c u r e  the  fate  o f  t h is  r a d i o n u c l i d e .

3 .  C l i n c h  a n d  T e n n e s s e e  R i v e r
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4. B l a c k w a t e r  E s t u a r y

T h e  m o n i t o r i n g  d a ta  o f  the r e l e a s e  o f  c o b a l t - 60 and s i l v e r - 1 1 0 m  f r o m  
the  B r a d w e l l  n u c l e a r  p o w e r  s ta t io n  to the B l a c k w a t e r  E s t u a r y  w e r e  r e p o r t e d  
by M i t c h e l l  [8 , 9, 38, 39] w ith  th o s e  o f  p h o s p h o r u s - 32, i r o n - 5 5 ,  z i n c - 6 5 ,  
c a e s i u m - 1 3 4  and c a e s i u m - 1 3 7 .  T h e  l e v e l s  o f  c o b a lt - 6 0  and s i l v e r - 1 1 0 m  
m e a s u r e d  in  o y s t e r s  c o l l e c t e d  f r o m  the  B l a c k w a t e r  E s t u a r y  in 19 6 7 -6 8  
v a r i e d  in  the r a n g e s  o f  0. 007 to 1 .  9 p C i / g  (wet) and 0. 07 to 0. 38 p C i / g  
(wet) r e s p e c t i v e l y ,  d e p e n d in g  on d i s t a n c e s  f r o m  the  w a s t e  e f f lu e n t  o u t f a l l  
[38, 39]. In 1 9 6 9 - 1 9 7 0  the s i l v e r - 1 1 0 m  co n te n t  o f  o y s t e r s  i n c r e a s e d ,  r a n g in g  
f r o m  0. 06 to 2. 3 p C i / g  (w et) [8 , 9]. A s  a l r e a d y  m e n t io n e d ,  s i l v e r - 1 1 0 m  
in  the B l a c k w a t e r  E s t u a r y  r e c e n t l y  b e c a m e  the  r a d i o n u c l i d e  o f  the h ig h e s t  
r a d i o l o g i c a l  s i g n i f i c a n c e  due to o p e r a t i o n a l  c h a n g e s  o f  the  p o w e r  s ta t io n  
d u r i n g  1970 [9]. P r e s t o n  e t  a l .  [10] found th a t  the  r a t i o  o f  c o b a l t - 60 b e tw ee n  
o y s t e r s  ta k e n  f r o m  the  i m m e d i a t e  v i c i n i t y  o f  the e f f lu e n t  o u t f a l l  and a p p r o x i 
m a t e l y  500 m  f r o m  t h is  point w a s  1 2 ,  w h i le  the  r a t i o s  w e r e  5 . 4  f o r  s i l v e r - 1 1 0 m  
and 3. 6 f o r  c a e s i u m - 1 3 7 .  T h i s  in d i c a t e d  th a t  the g r a d i e n t  o f  the  d e c r e a s e  
in s i l v e r - 1 1 0 m  and c a e s i u m - 13 7  w ith  d i s t a n c e  f r o m  the e f f lu e n t  o u t f a l l  w a s  
m u c h  s m a l l e r  than th a t  o f  c o b a l t - 6 0 .  M i t c h e l l  [39], on the b a s i s  o f  s i m i l a r  
o b s e r v a t i o n s ,  c o n c lu d e d  that  s i l v e r - 1 1 0 m  and c a e s i u m - 13 7  w e r e  r e l a t i v e l y  
e v e n l y  d i s p e r s e d  in  the e s t u a r y  in  the a q u e o u s  p h a s e  and w e r e  not to any 
g r e a t  e x te n t  a s s o c i a t e d  w ith  p a r t ic u l a t e  m a t t e r .  T h i s  m a y  be due to a 
s t r o n g  te n d e n c y  o f  s i l v e r  to f o r m  c o m p l e x e s  w ith  c h l o r i d e  io n s  in b r a c k i s h  
w a t e r  o r  n o r m a l  s e a w a t e r .

S i l v e r - 1 1 0 m  w a s  a l s o  found in  o y s t e r s  c o l l e c t e d  f r o m  the v i c in i t y  o f  
the W i n d s c a le  d i s c h a r g e  [10],  a l th o u g h  t h is  r a d i o n u c l i d e  w a s  o n ly  a m in o r  
c o m p o n e n t  o f  r a d i o a c t i v e  w a s t e s  r e l e a s e d  f r o m  the W in d s c a le  f a c i l i t i e s .
C o b a l t - 60 w a s  a l s o  m e a s u r a b l e  in  v a r i o u s  m o n i t o r i n g  s a m p l e s  ta k en  f r o m  
e f f lu e n t  d i s c h a r g e  a r e a s  of  o t h e r  n u c l e a r  p o w e r  s t a t i o n s  o p e r a t i n g  in the 
U n ited  K in g d o m ,  s u c h  a s  in  s e a w e e d  f r o m  H in k le y  P o in t ,  in  f r e s h w a t e r  
m o s s  f r o m  T r a w s f y n y d d ,  in w i n k le s  f r o m  W in f r i t h ,  e t c .  [8, 9, 38, 39].

T h e  a b o v e  o b s e r v a t io n s  m a d e  in  the U nited  K in g d o m  in d ic a t e  the 
s e d i m e n t - s e e k i n g  te n d e n c y  o f  c o b a l t - 60 and the c o m p l e x - f o r m i n g  te n d e n c y  
o f  s i l v e r - 1 1 0 m ,  p o s s i b l y  w ith  c h lo rid e  io n s , in  the m a r i n e  e n v ir o n m e n t .

5. H u m bo ld t  B a y

A s  show n  in  T a b l e  I,  a m o n g  o t h e r  r a d io n u c l id e s  c o b a lt - 6 0  and s i l v e r - 1 1 0 m  
w e r e  r e l e a s e d  into  H u m b o ld t  B a y  f r o m  the n u c l e a r  p o w e r  s t a t io n .  T h e  
t r a n s p o r t  of  r a d i o n u c l i d e s  in  H u m b o ld t  B a y  w a s  s tu d ie d  by H eft  et  a l .  [5].
B a s e d  on m e a s u r e m e n t s  o f  c o b a l t - 60 in  w a t e r ,  s e d i m e n t s ,  a l g a e  and e e l  
g r a s s  in  v a r io u s  p a r t s  o f  the  b a y ,  th e y  c o m p u te d  the i n v e n t o r y  o f  c o b a l t - 60 
in  the ba y .  C o b a l t - 60 in the s e d i m e n t s  r e p r e s e n t e d  n o r m a l l y  m o r e  than 
95% o f  the i n v e n t o r y ,  e x c e p t  f o r  A u g u s t  1 97 1  w h en  it  w a s  o n ly  63%. N e v e r 
t h e l e s s ,  th e y  found that  no c o r r e l a t i o n  e x i s t e d  b e tw e e n  the s ta n d in g  c o n c e n 
t r a t i o n  o f  c o b a l t - 60 in  the bay and c u r r e n t  r e l e a s e  a m o u n t s ,  and that the  
a m o u n t  to be found in  the bay r e p r e s e n t e d  o n ly  about o n e - f o u r t h  o f  the ann ual 
r e l e a s e  a m o u n t.

A lth o u g h  the  f o r m s  o f  c o b a l t - 60 t r a n s p o r t e d  out o f  H u m b o ld t  B a y  a r e  
not kn o w n , the a b o v e  da ta  s h o w  th a t  the t u r n o v e r  r a t e  o f  c o b a l t - 60 in and 
out o f  the bay e n v i r o n m e n t  i s  r e a s o n a b l y  r a p id .
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W h ile  t h e r e  a r e  m a n y  o t h e r  n u c l e a r  p o w e r  s t a t i o n s  that a r e  s u p p o s e d  
to r e l e a s e  r a d i o c o b a l t ,  s o m e t i m e s  w ith  r a d i o s i l v e r ,  to the  e n v ir o n m e n t ,  
the  a v a i l a b l e  f i e l d  da ta  f o r  t h e s e  s t a t io n s  a r e  r a t h e r  s c a r c e  in  the open 
l i t e r a t u r e .  O n ly  a f e w  e x a m p l e s  a r e  g iv e n  b e lo w  in o r d e r  to o b ta in  s o m e  
i d e a  on the s i t u a t io n s  in d i f f e r e n t  g e o g r a p h i c a l  a r e a s  f r o m  th o s e  r e v i e w e d  
a b o v e .

O p h e l  and F r a s e r  [40] s tu d ie d  the fa t e  o f  c o b a l t - 60 in P e r c h  L a k e ,  a 
s m a l l  l a k e ,  w h e r e  l o w - l e v e l  r a d i o a c t i v e  l iq u id  w a s t e s  f r o m  the C h a l k  
R i v e r  n u c l e a r  f a c i l i t i e s  w e r e  r e l e a s e d .  B a s e d  on the m e a s u r e m e n t s  o f  
c o b a lt - 6 0  in  w a t e r ,  s e d i m e n t  and f o o d - c h a i n  c o m p o n e n t s ,  th e y  e s t i m a t e d  
a m a t e r i a l  b a la n c e  o f  c o b a l t - 60 in  t h is  la k e  a s  o f  S e p t e m b e r  1969: 140 m C i  
in  the b o tto m  m u d , 9 m C i  in the l a k e  w a t e r  and 0. 08 m C i  in a q u a t ic  p la n ts .  
T h e s e  f i g u r e s  in d ic a t e d  that m o r e  than 90% o f  c o b a l t - 60 in  P e r c h  L a k e  
w a s  to be found in the b o tto m  s e d im e n t  and that a p p r o x i m a t e l y  30% o f  
c o b a lt - 6 0  added  into the l a k e  p r i o r  to S e p t e m b e r  1969 was' r e t a i n e d  in  the 
l a k e  at that  d a te .  A s  o p p o s e d  to the o b s e r v a t i o n s  of  N e ls o n  et a l .  [36],
O p h e l  and F r a s e r  [40] did  not f ind any s i g n i f i c a n t  d i f f e r e n c e  in  c o b a l t - 60 
c o n c e n t r a t io n s  b e tw ee n  o r g a n i c a l l y  p o o r  s e d i m e n t  (2 % o r g a n i c  m a t t e r  on 
d r i e d  b a s i s )  and o r g a n i c a l l y  r i c h  s e d i m e n t  (55% o r g a n i c  m a t t e r  on d r i e d  
b a s i s ) .

T h e  m a r i n e  e n v i r o n m e n t  in the v i c in i t y  o f  the T a r a p u r  p o w e r  s t a t io n ,  
In d ia ,  w a s  s tu d ie d  by K a m a t h  et  a l .  [ 1] .  T h e y  p o in ted  out the e f f e c t i v e  
s c a v e n g in g  o f  a c t iv a t io n  p r o d u c t s  in c lu d in g  c o b a l t - 58 and -6 0  by s u s p e n d e d  
s i l t ,  w h ic h  c h a r a c t e r i z e s  the l o c a l  w a t e r  and a m o u n ts  to 100 ppm  in d i s c h a r g e  
w a t e r .  In the  s a m e  l o c a l i t y  P a t e l  e t  a l .  [41]  found that a s e a - h a r e  s p e c i e s  
(A p l y s i a  b e n e d ic t i )  s h o w s  a s p e c i f i c i t y  f o r  the a c c u m u la t i o n  o f  c o b a lt  
r a d i o n u c l i d e s  and s u g g e s t e d  the u s e  of  th is  s p e c i e s  a s  an i n d i c a t o r  o r g a n i s m  
f o r  the  e n v i r o n m e n t a l  m o n i t o r i n g .

U m e z u  et  a l .  [ 42, 43]  m e a s u r e d  c o b a l t - 58 and -6 0  in v a r i o u s  m a r i n e  
o r g a n i s m s  c o l l e c t e d  f r o m  the  v i c in i t y  o f  the M ih a m a  n u c l e a r  p o w e r  s t a t io n ,  
J a p a n . M a x i m u m  c o n c e n t r a t io n s  of  c o b a l t - 58 and -6 0  w e r e  o b s e r v e d  in 
m u s s e l  t i s s u e s ,  b e in g  4 p C i / g  (ash) f o r  c o b a lt - 5 8  and 34 p C i / g  (ash) fo r  
c o b a l t - 6 0 .

T h e  a c c e l e r a t i n g  d e v e l o p m e n t s  in the n u c l e a r  i n d u s t r y ,  e s p e c i a l l y  in 
e l e c t r i c a l  p o w e r  g e n e r a t i o n ,  r e q u i r e  a b r o a d e n in g  o f  e x i s t i n g  m o n i t o r in g  
n e t w o r k s  f o r  e n v i r o n m e n t a l  r a d i o a c t i v i t y ,  e s p e c i a l l y  at n ew  s i t e s  of  p o w e r  
s t a t i o n s .  T h i s  w i l l  le a d  to f u r t h e r  a c c u m u la t i o n  o f  f i e l d  data  on the  b e h a v io u r  
of  r a d i o n u c l i d e s  in c lu d in g  r a d i o c o b a l t  and r a d i o s i l v e r  in the e n v ir o n m e n t .
T h i s  m a y  be c o n s i d e r e d  to be an a d v a n ta g e  in the  s e n s e  of  p e r m i t t i n g  the 
stu d y  o f  the b e h a v io u r  o f  v a r i o u s  e le m e n t s  in r a d i o l o g i c a l l y  l a b e l l e d  e n 
v i r o n m e n t s ,  i f  a p p r o p r ia t e  a c t io n  i s  ta k e n  to s a f e g u a r d  the e n v i r o n m e n t  and 
h u m an  l i f e  f r o m  the r a d i o l o g i c a l  i m p a c t s  o f  s u c h  c o n ta m in a n t s .

C H E M I C A L  S P E C I A T I O N  IN T H E  A Q U A T I C  E N V I R O N M E N T

In the f o r e g o i n g  r e v i e w  the  f o l lo w in g  p o in ts  c o n c e r n i n g  the  b e h a v io u r  
o f  r a d i o c o b a l t  and r a d i o s i l v e r  b e c o m e  a p p a r e n t :

(1) T h e  m a j o r  s in k  of  r a d i o c o b a l t  in both f r e s h w a t e r  and s e a w a t e r  
s y s t e m s  i s  b o tto m  s e d i m e n t s .

6. O ther p ow er s ta tio n s
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(2) A l th o u g h  a m a j o r  p o rt io n  o f  r a d i o c o b a l t  in  a s t r e a m  e n v ir o n m e n t  
b e c o m e s  e v e n t u a l l y  i n c o r p o r a t e d  into  bottom  s e d i m e n t s ,  the r a t e  o f  i n 
c o r p o r a t i o n  m a y  v a r y  c o n s i d e r a b l y  d e p e n d in g  on the c o n d it io n s  o f  the s t r e a m ,  
s u c h  a s  pH, s e d i m e n t  lo a d ,  o r g a n i c  co n te n t  o f  w a t e r  and s e d i m e n t s ,  d i s 
c h a r g e  v o l u m e ,  s t r e a m  v e l o c i t y ,  d e g r e e  o f  p lan t  g r o w t h ,  e t c .  ( c f .  the 
C o l u m b ia  R i v e r  v e r s u s  the C l i n c h - T e n n e s s e e  r i v e r s ) .

(3) T h e  m e c h a n i s m  o f  the  s o r p t i o n  o f  r a d i o c o b a l t  onto s u s p e n d e d  
p a r t i c l e s  and b o tto m  s e d i m e n t s  h a s  not been w e l l  u n d e r s t o o d ;  c o p r e c ip i t a t i o n  
w ith  o r  a d s o r p t io n  on m a n g a n e s e  d io x id e  (in the c a s e  o f  the C l i n c h  R i v e r )
o r  s p e c i f i c  s o r p t io n  due to c o m p l e x  f o r m a t i o n  p r o b a b l y  w ith  o r g a n i c  m a t t e r  
(in the c a s e  o f  the  C o l u m b ia  R i v e r )  m a y  be in v o lv e d .

(4) T h e  r e t e n t i o n  o f  r a d i o c o b a l t  in the  a q u a t ic  e n v i r o n m e n t  by b io ta ,  
e s p e c i a l l y  by p l a n t s ,  m a y  a f f e c t ,  at l e a s t  t e m p o r a r i l y ,  the  t r a n s p o r t  and 
fa te  of  the r a d i o n u c l i d e .  T h e  q u a n t i t a t iv e  i m p o r t a n c e  o f  t h is  e f f e c t ,  h o w e v e r ,  
h a s  not been d e m o n s t r a t e d  in f ie l d  c o n d it io n s .

(5) W hen s t r e a m  w a t e r  lo a d e d  w ith  r a d i o c o b a l t  a d s o r b e d  on su s p e n d e d  
s o l i d s  e n t e r s  into  m a r i n e  c o n d it io n s ,  a s i z a b l e  f r a c t i o n  o f  r a d i o c o b a l t  i s  
r e l e a s e d  f r o m  the s u s p e n d e d  s o l i d s  and b e c o m e s  i n v o l v e d  in  v a r i o u s  ty p e s  
o f  p r o c e s s e s  o p e r a t i o n a l  in the m a r i n e  e n v ir o n m e n t .  T h e  id e n t i ty  o f  t h e s e  
p r o c e s s e s  and t i m e  f a c t o r  in v o lv e d  a r e  not known.

( 6 ) S i l v e r - l l O m  r e l e a s e d  into  the  m a r i n e  e n v i r o n m e n t  i s  not to any 
g r e a t  e x te n t  a s s o c i a t e d  w ith  p a r t ic u l a t e  m a t t e r  and te n d s  to d is t r ib u t e  e v e n ly  
in the  a q u e o u s  p h a s e  d u e ,  p e r h a p s ,  to a s t r o n g  te n d e n c y  o f  s i l v e r  to f o r m  
c o m p l e x e s  w ith  c h l o r i d e  io n s  p r e s e n t  in  v a s t  a m o u n ts  in  the  m a r i n e  m e d ia .

T h e s e  p o in ts  in d i c a t e  that  c h e m i c a l  f o r m s  of  r a d i o c o b a l t  and r a d i o 
s i l v e r  in  n a t u r a l  w a t e r s  and i n t e r a c t i o n s  o f  v a r i o u s  f o r m s  o f  t h e s e  r a d i o 
n u c l id e s  w ith  s u s p e n d e d  p a r t i c l e s  o f  i n o r g a n i c  and o r g a n i c  n a tu r e  p la y  
a d e c i s i v e  r o l e  in g o v e r n in g  the fa te  of  t h e s e  r a d i o n u c l i d e s  in the  a q u a t ic  
e n v i r o n m e n t .  T o  s u p p le m e n t  the  i n f o r m a t i o n  o b ta in ed  so f a r  on t h e s e  
s u b j e c t s ,  s e v e r a l  t y p e s  of  l a b o r a t o r y  e x p e r i m e n t s  w e r e  c a r r i e d  out by the 
p r e s e n t  a u t h o r s .  T h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  d i s c u s s e d  b e lo w  
in c o n n e c t io n  w ith  the  f in d in g s  a l r e a d y  m a d e  by o t h e r  w o r k e r s .

1. P recip itation

O ne o f  the m e c h a n i s m s  o f  b r in g in g  an e le m e n t  d i s s o l v e d  in  the  a q u eo u s  
p h a s e  into  the  s o l i d  p h a s e  i s  p r e c i p i t a t io n  o f  the e le m e n t  i t s e l f  a n d / o r  c o 
p r e c i p i t a t io n  o f  the  e le m e n t  w ith  o t h e r s .  T h e  p r e c i p i t a t e  f o r m a t io n  o f  s e v e r a l  
r a d i o n u c l i d e s  i n c lu d in g  c o b a l t - 60 in  d i s t i l l e d  w a t e r  and s e a w a t e r  m e d i a  o v e r  
a w id e  r a n g e  o f  pH v a l u e s  w a s  s tu d ie d  by F u k a i  and H u y n h -N g o c  [44];
F i g u r e  1 s h o w s  the r e s u l t s  o b ta in e d .  T h e  e x p e r i m e n t a l  c u r v e s  in  F i g .  1 
i n d ic a t e  that in the  pH r a n g e  o f  n a t u r a l  w a t e r s  (pH 5 -9 )  s l i g h t  p r e c i p i t a t e  
f o r m a t i o n  up to 15 %  w a s  o b s e r v e d  in the d i s t i l l e d  w a t e r  m e d i u m ,  w h ich  
w a s  not e x c l u s i v e l y  a t t r ib u t e d  to w a l l - e f f e c t  o f  the g l a s s  v e s s e l s  u s e d  in 
the e x p e r i m e n t s .  On the  o t h e r  han d, the p r e c i p i t a t e  f o r m a t io n  o f  c o b a lt o u s  
i o n s  a s  h y d r o x id e  s e e m s  n e g l i g i b l e  in the s e a w a t e r  m e d iu m  w ith  o r  w ith ou t 
the p r e s e n c e  o f  i r o n  h y d r o x i d e ,  in  a c c o r d a n c e  w ith  the t h e o r e t i c a l  c u r v e  
fo r  the f o r m a t i o n  o f  c o b a lt o u s  h y d r o x i d e ,  sho w n  in  F i g .  1 a s  a b ro k e n  l in e .
T h e  d a s h - d o t t e d  c u r v e  in F i g .  1 c o r r e s p o n d s  to the t h e o r e t i c a l  f o r m a t i o n  o f  
the s o l id  p h a s e  C o O O H  at a c o b a lt  c o n c e n t r a t i o n  o f  10 ¡¿g C o / l i t r e  in the 
s e a w a t e r  m e d i u m ,  w h e r e  e l e c t r o n  a c t i v i t y  c h a n g e  w ith  that  of  pH w a s  c o n 
s i d e r e d .  C o m p a r i s o n  o f  th is  t h e o r e t i c a l  c u r v e  w ith  the  e x p e r i m e n t a l  data
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pH value

FIG. 1. P recipitate formation of divalent cobalt, Co2+, in distilled-w ater and seawater m edia [44].

i n d i c a t e s  a c o n s i d e r a b l y  r e t a r d e d  f o r m a t i o n  of  the s o l id  p h a s e ,  i f  a n y ,  u n d e r  
a c t u a l  c o n d it io n s .  On the  b a s i s  o f  t h e s e  o b s e r v a t i o n s ,  the a u t h o r s  c o n 
c lu d e d  that  the p r e c i p i t a t io n  of  c o b a lt  u n d e r  n a t u r a l  c o n d it io n s  i s  a m i n o r  
f a c t o r  in  c o n t r o l l in g  c o b a lt  c o n c e n t r a t i o n s  in n a t u r a l  w a t e r s ,  u n l e s s  s i g n i f ic a n t  
a m o u n ts  of  m a n g a n e s e  o x id e  a r e  p r e s e n t ,  w h ic h  i s  a r a r e  c a s e  u n d e r  n o r m a l  
c o n d it io n s .  S in ce  the s o l u b i l i t y  p r o d u c t  o f  c o b a lt o u s  c a r b o n a t e  i s  at l e a s t
2 o r d e r s  o f  m a g n itu d e  h i g h e r  than c o b a lt o u s  h y d r o x i d e ,  the  p o s s i b i l i t y  o f  a 
f o r m a t i o n  o f  c a r b o n a t e  p r e c i p i t a t e  i s  u n l i k e l y ,  e v e n  in w a t e r s  h a v in g  a h igh 
b ic a r b o n a t e  co n ten t.

B y  m i x i n g  e q u a l  v o l u m e s  o f  f i l t e r e d  s e a w a t e r  w ith  f i l t e r e d  r i v e r  w a t e r  
in the l a b o r a t o r y ,  L o w m a n  et  a l .  [45] found that  100% o f  c o b a lt  w a s  p r e c i 
p i ta te d  in 2 h o u r s  a f t e r  the m ix i n g .  S in c e  the  p r e c i p i t a t io n  of c a l c i u m  w ith in
3 h o u r s  a f t e r  m i x in g  w a s  a l s o  o b s e r v e d  in the  e x p e r i m e n t s ,  e i t h e r  the  c o n 
dit io n  o f  the e x p e r i m e n t  r e p r e s e n t e d  v e r y  s p e c i a l  c i r c u m s t a n c e s  o r ,  m o r e  
l i k e l y ,  the 'p r e c ip i t a t i o n '  r e p r e s e n t e d  the  c o a g u la t io n  o f  f in e  p a r t i c l e s  in the 
f r e s h w a t e r  th a t  p a s s e d  th r o u g h  the  f i l t e r ,  u n d e r  the  c o n ta c t  w ith  the s a l t  
w a t e r .

T h e  p a r t ic u l a t e  f o r m a t i o n  of  s i l v e r  a s  w e l l  a s  c o b a lt  in the  f r e s h w a t e r  
and s e a w a t e r  m e d iu m  w a s  s t u d ie d  by M u r r a y  and M u r r a y  [46]. T h e y  found 
that  in  V a r  R i v e r  w a t e r  m e d iu m  at pH 8 s i l v e r  f o r m e d  50% p a r t ic u l a t e  at 
a c o n c e n t r a t io n  l e v e l  o f  10 д g A g / l i t r e ,  w h i le  only  5% p a r t i c u l a t e  w a s  f o r m e d  
in  the  s e a w a t e r  m e d i u m .  T h e y  c o n f i r m e d  the  r e s u l t s  o f  F u k a i  and 
H u y n h -N g o c  [44] f o r  c o b a lt .

On the b a s i s  o f  t h e s e  da ta  i t  i s  r e a s o n a b l e  to c o n c lu d e  that  p r e c i p i t a t io n  
i s  a m i n o r  m e c h a n i s m  to b r i n g  c o b a l t  in n a t u r a l  w a t e r s  into  the  s o l i d  p h a s e ,  
w h i le  the  p r e c ip i t a t io n  o f  s i l v e r  in s l i g h t l y  b a s i c  f r e s h w a t e r  m a y  a f f e c t  
c o n s i d e r a b l y  the fa t e  of th is  e l e m e n t  in n a t u r a l  w a t e r s ,  though c h e m i c a l  
r e a c t i o n s  i n v o l v e d  a r e  not c l e a r l y  d e m o n s t r a t e d .

2. C o m p l e x  f o r m a t i o n  w ith  i n o r g a n i c  l ig a n d s

In the s e a w a t e r  m e d iu m  i t  i s  known that  t r a c e  a m o u n ts  o f  m e t a l s  o c c u r  
f r e q u e n t l y  in  the  f o r m  of  c o m p l e x - i o n s  a n d / o r  u n c h a r g e d  i o n - p a i r s  w ith
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i n o r g a n i c  l i g a n d s  of  a n io n s ,  s u c h  a s  h y d r o x i d e ,  c h l o r i d e ,  s u lp h a te ,  c a r b o n a t e ,  
e t c .  [47]. In the f r e s h w a t e r  m e d i u m ,  h o w e v e r ,  the i n o r g a n i c  c o m p l e x  
f o r m a t i o n  i s  e x p e c t e d  to be m u c h  l e s s  p ro n o u n c e d  s i n c e  the r e a c t i o n  i s  
g o v e r n e d  by the l a w  o f  m a s s  a c t io n ,  w h e r e  the c o n c e n t r a t io n s  of  a n io n ic  
l i g a n d s  h a v e  to be s u f f i c i e n t ly  h ig h  to f o r m  any m e a s u r a b l e  q u a n t i t ie s  o f  the  
c o m p l e x e s .  E x c e p t  f o r  c a r b o n a t e  in  s o m e  s p e c i a l  c o n d it io n s ,  the c o n 
c e n t r a t i o n s  o f  a n io n s  in f r e s h w a t e r s  a r e  n o r m a l l y  m o r e  than 1000- f o l d  l e s s  
than th o s e  in s e a w a t e r  and not s u f f i c i e n t  to f o r m  any .s iz a b le  q u a n t i t ie s  of  
i n o r g a n i c  c o m p l e x e s  in  s o lu t io n .

M a r a z o v i c  and P u c a r  [48] s tu d ie d  the c o m p l e x  f o r m a t io n  of the m ix t u r e  
o f  c o b a l t - 5 6 ,  - 5 7  and -5 8  in  a s e a w a t e r  m e d i u m  by m e a n s  o f  e l e c t r o d i a l y s i s ,  
f in d in g  that  t r a c e  a m o u n ts  o f  c o b a lt  io n s  b e h a v e d  a s  t y p i c a l  d iv a le n t  c a t io n s  
c o n s i s t i n g  o f  o n ly  one c h e m i c a l  s p e c i e s .  T h e  r e s u l t s  of t h is  w o r k  in d ic a t e  
th a t  e v e n  in a s e a w a t e r  m e d i u m  c o b a lt  io n s  w e r e  not s i g n i f i c a n t l y  c o m p l e x e d  
w ith  any l ig a n d s ,  though the p o s s i b i l i t y  o f  the f o r m a t io n  o f  l a b i l e  c o m p l e x e s  
w a s  not c o m p l e t e l y  e x c lu d e d .  In an y  c a s e ,  the f o r m a t i o n  o f  l a b i l e  c o m p l e x e s  
d o e s  not a f f e c t  the  e q u i l i b r i a  o f  r e a c t i o n s  of  c o b a lt  io n s  w ith  o t h e r  r e a c t a n t s  
s i n c e  the d i s s o c i a t i o n  o f  t h e s e  c o m p l e x e s  i s  e a s y  and r a p i d .  H o w e v e r ,  as  
show n  by the  e x p e r i m e n t a l  r e s u l t s  o b ta in e d  by the p r e s e n t  a u t h o r s  on the 
c o m p l e x  f o r m a t i o n  o f  c o b a lt  w ith  E D T A ,  w h ic h  a r e  g iv e n  b e lo w ,  the a p p a r e n t  
a c t i v i t y  c o e f f i c i e n t  o f  c o b a lt  in  the s e a w a t e r  m e d i u m  s e e m s  to be m u c h  
s m a l l e r  than that  e x p e c t e d  f o r  d i v a l e n t  io n s  in the io n ic  s t r e n g t h  o f  s e a w a t e r .  
T h i s  m a y  be a t t r ib u t e d  to p o s s i b l e  h y d r o l y s i s  o f  c o b a lt o u s  io n s  in the s e a w a t e r  
m e d i u m .

In the  c a s e  o f  s i l v e r  the p r e v e n t i o n  o f  p r e c i p i t a t e  f o r m a t i o n  in a s e a 
w a t e r  m e d i u m ,  r e p o r t e d  by M u r r a y  and M u r r a y  [46], sh o u ld  be a tt r ib u t e d  
to the c o m p l e x  f o r m a t i o n  o f  s i l v e r  w ith  c h l o r i d e  i o n s .  A n o t h e r  s e t  o f  
r e s u l t s  o b ta in ed  by the  p r e s e n t  a u t h o r s  on the  p a r t i c u l a t e  f o r m a t i o n  o f  
s i l v e r  in  v a r y i n g  m i x t u r e s  o f  s e a w a t e r  and d i s t i l l e d  w a t e r  s h o w e d  that  the 
p r e c i p i t a t e  f o r m a t io n  of  s i l v e r  w a s  85% in a m i x t u r e  of 10% s e a w a t e r  and 
90% d i s t i l l e d  w a t e r  (by v o lu m e )  at pH 8 . 4, w h i le  in  a m i x t u r e  o f  30% s e a 
w a t e r  and 70% d i s t i l l e d  w a t e r  the p r e c i p i t a t e  f o r m a t io n  w a s  d e c r e a s e d  to 
a p p r o x i m a t e l y  2 5%. T h e s e  r e s u l t s  c o n f i r m  the p o s s i b l e  c o m p l e x  f o r m a t i o n  
o f  s i l v e r  w ith  c h l o r i d e  io n s  in the  s e a w a t e r  m e d i u m .

B a s e d  on t h e s e  d a ta  the i n o r g a n i c  c o m p l e x  f o r m a t i o n  o f  c o b a l t  and s i l v e r  
in  n a t u r a l  w a t e r s  i s  not e x p e c t e d  to be s i g n i f i c a n t ,  e x c e p t  f o r  the  c a s e  of  
s i l v e r  in  the s e a w a t e r  m e d iu m .  A s  h a s  b een  s h o w n , the  l a t t e r  c a s e  a f f e c t s  
c o n s i d e r a b l y  the fa te  o f  s i l v e r  in the m a r i n e  e n v ir o n m e n t .

3. C o m p l e x  f o r m a t i o n  w ith  o r g a n i c  l i g a n d s

T h e r e  i s  e v id e n c e  that  s o m e  f r a c t i o n s  o f  t r a c e  m e t a l s  in  s e a w a t e r  o c c u r  
in  the f o r m  o f  o r g a n i c  c o m p l e x e s  o f  v a r i o u s  k in d s .  R e v i e w i n g  c r i t i c a l l y  
the e v i d e n c e  o b ta in e d  up to 1 970,  F u k a i [ 4 9 ]  c o n c lu d e d  that  the  o c c u r r e n c e  of 
o r g a n i c a l l y  bound t r a c e  e l e m e n t s  in  s e a w a t e r  co u ld  be r e g a r d e d  a s  an e s t a b 
l i s h e d  f a c t ,  a lth o u g h  th e  c h e m i c a l  n a t u r e  of  o r g a n i c  c o m p o u n d s  in v o lv e d  
and the  m e c h a n i s m s  o f  the  f o r m a t i o n  o f  o r g a n i c - m e t a l  c o m p o u n d s  w e r e  not 
c l e a r l y  u n d e r s t o o d .  E s p e c i a l l y  f o r  c o b a lt  and s i l v e r  no e v i d e n c e  f r o m  f ie ld  
da ta  h a s  been  o b ta in e d .

P r o p o s i n g  a m e th o d  f o r  the e s t i m a t io n  o f  t o ta l  c o b a l t  in  s e a w a t e r ,  
K r i s h n a m o o r t h y  et  a l .  [50] i m p l i e d  the  p r e s e n c e  o f  o r g a n i c a l l y  bound c o b a lt  
in  s e a w a t e r ,  tho ug h th e y  did not g iv e  any p r o o f  o f  the in  s itu  o c c u r r e n c e  o f
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FIG. 2. C helate formation of cobalt with EDTA in the course of tim e a t two different concentrations of 
EDTA in the seawater m edium.

s u c h  c o m p o u n d s .  K o s h y  et  a l .  [51]  s tu d ie d  the a s s o c i a t io n  in  the  s e a w a t e r  
m e d i u m  o f  v a r i o u s  t r a c e  e l e m e n t s  in c lu d in g  c o b a lt  w ith  h u m ic  a c id  e x t r a c t e d  
f r o m  a m a r i n e  s e d i m e n t ,  o b s e r v i n g  s l o w  f o r m a t i o n  o f  n o n - io n ic  and a n io n ic  
c o m p l e x e s  o f  c o b a lt  in l a b o r a t o r y  c o n d it io n s .  B y  u s i n g  d i s s o l v e d  o r g a n i c  
m a t t e r  in a s e a w a t e r  m e d iu m  o b ta in e d  f r o m  phy.toplankton c u l t u r e  s o l u t i o n s ,  
P i l l a i  e t  a l .  [52] d e m o n s t r a t e d  th a t  72% o f  c a t io n i c  c o b a lt  added  to th is  o r g a n i c  
s o lu t io n  w a s  t r a n s f o r m e d  to n o n - i o n i c  f o r m s  d u r in g  4 w e e k s  and then r e 
m a i n e d  u n ch a n g e d  up to 55 d a y s .  T h e s e  r e s u l t s  s u g g e s t  that the in s itu  
a s s o c i a t i o n  o f  io n ic  c o b a lt  w ith  s o lu b le  o r g a n i c  m a t t e r  i s  p o s s i b l e  i f  s u f f i c ie n t  
c o n c e n t r a t i o n s  o f  s o lu b le  o r g a n i c  m a t t e r  a r e  m a in t a in e d  u n d e r  n a t u r a l  
c o n d it io n s .

On the  o t h e r  hand, on the  b a s i s  o f  t h e i r  r e s u l t s  o f  p r e c ip i t a t io n  e x p e r i m e n t s  
o f  m e t a l s  in  the p r e s e n c e  o f  E D T A  and o t h e r  o r g a n i c  c o m p o u n d s ,  D u u r s m a  
and S e v e n h u y s e n  [53] d e n ie d  the  p o s s i b i l i t y  o f  the c h e l a t e  f o r m a t io n  o f  m e t a l s  
i n c lu d in g  c o b a lt  in  n a t u r a l  s e a w a t e r .  B a s e d  on f u r t h e r  e x p e r i m e n t a l  r e s u l t s  
c o n c e r n i n g  the e f f e c t  o f  d i s s o l v e d  o r g a n i c  m a t t e r  on the  s o r p t i o n  o f  c o b a l t - 60 
and z i n c - 6 5  onto f r e s h w a t e r  and m a r i n e  s e d i m e n t s ,  D u u r s m a  [54] c o n c lu d e d  
th a t  no c h e la t io n  o f  d i v a le n t  c o b a l t  and z in c  i s  p o s s i b l e  at the c o n c e n t r a t i o n  
l e v e l  o f  1 ju g/ litre  o f  l e u c i n e ;  t h e s e  e l e m e n t s  c o u ld  be c h e la t e d  i f  c h e l a t in g  
a g e n t s  s t r o n g e r  than l e u c i n e  o c c u r  in  s e a w a t e r  at a c o n c e n t r a t i o n  o f  s o m e  
te n th s  o f  a m i l l i g r a m  p e r  l i t r e  a s  o r g a n i c  c a r b o n .

U s in g  d i a l y t i c  e q u i l i b r i a  b e tw e e n  r a d i o n u c l i d e - l a b e l l e d  and n o n - l a b e l l e d  
s a m p l e  w a t e r s ,  B a r s d a t e  [55] found that  w e l l  o v e r  50% o f  c o b a lt  t o g e t h e r  
w ith  m a n g a n e s e  and z in c  w e r e  in  c o m p l e x a t io n  o r  a s s o c i a t i o n  w ith  h ig h ly  
d i s p e r s e d  o r g a n i c  c o l l o id s  in  the w a t e r s  o f  d i s t r o p h i c  l a k e s  in A l a s k a ,  w h i le  
c o m p l e x a t i o n  o f  the  ty p e  d e t e c t e d  by t h is  s p e c i f i c  m e th o d  w a s  u n im p o r t a n t  
in  the  m a r i n e  e n v ir o n m e n t .

A  w e l l - k n o w n  o r g a n i c - c o b a l t  co m p o u n d  in  n a t u r a l  w a t e r s  i s  c o b a la m i n .  
L o w m a n  and T i n g  [56] s t a t e d  th a t  3 5-50 %  o f  the t o t a l  c o b a l t ,  w h ic h  o c c u r r e d  
at c o n c e n t r a t i o n  l e v e l s  o f  2 - 5  ju g / l i tr e  in  the e s t u a r i n e  w a t e r  o f  P u e r t o  R i c o ,
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EDTA CONCENTRATION, mol/|

FIG.3. C helate formation of cobalt with varying concentrations of EDTA. DW: In a distilled-w ater medium; 
SW: in a seawater medium; y: activ ity  coefficient of cobalt.

w a s  in a c o m p l e x e d  f o r m  w ith  o r g a n i c  m a t t e r ,  and u s e d  c o b a l t - 57 l a b e l l e d  
c o b a la m i n  and io n ic  c o b a l t - 58 in  the e x p e r i m e n t s  d e s i g n e d  f o r  d e m o n s t r a t in g  
d i f f e r e n t  u p ta k e  p a t t e r n s  b e tw e e n  t h e s e  c h e m i c a l  f o r m s  by m a r i n e  o r g a n i s m s .  
T h i s  g a v e  an i m p r e s s i o n  t h a t ' c o b a l a m i n  i s  a r e p r e s e n t a t i v e  o r g a n i c  co m p o un d 
in  the m a r i n e  e n v i r o n m e n t .  A s  h a s  a l r e a d y  b e en  p o in ted  out by F u k a i  [57] , 
the q u a n t i t a t iv e  c o n tr ib u t io n  o f  c y a n o c o b a l a m in  to the t o t a l  c o b a l t  in  s e a w a t e r  
ca n n o t  e x c e e d  a f e w  p e r  c e n t  at  m a x i m u m ,  s in c e  the  c o n c e n t r a t i o n  l e v e l  o f  
c y a n o c o b a l a m i n  and i t s  a n a lo g u e s  i s  in the  o r d e r  o f  m a g n itu d e  o f  10 n g / l i t r e  
and the c o b a l t  f r a c t i o n  o f  c y a n o c o b a l a m i n  a m o u n ts  o n ly  to 4% o f  th is  co m p o u n d .

T o  o b ta in  s o m e  id e a  on the k i n e t i c s  o f  the c h e l a t e  f o r m a t i o n  o f  c o b a lt  
in  n a t u r a l  w a t e r s ,  a s e r i e s  o f  m o d e l  e x p e r i m e n t s  w e r e  c a r r i e d  out by the 
p r e s e n t  a u t h o r s  u s i n g  E D T A  a s  an e x a m p l e  o f  o r g a n i c  l i g a n d s .  In t h e s e  
e x p e r i m e n t s  the  d e g r e e  o f  c h e la t i o n  w a s  e x a m i n e d  by the a d s o r p t i o n  o f  f r e e  
c o b a l t  io n s  onto s o l i d  m a n g a n e s e  d io x id e  p r e p a r e d  a c c o r d i n g  to F u k a i  [57].
In F i g .  2 the c h e l a t e  f o r m a t i o n  o f  an e x a g g e r a t e d  c o n c e n t r a t i o n  o f  d iv a le n t  
c o b a l t  i o n s ,  1 .  7 x l 0 -6 m o l e / l i t r e  (100 Mg C o / l i t r e )  w ith  2 c o n c e n t r a t i o n  l e v e l s  
o f  E D T A  i s  sh o w n . In s p it e  o f  the f a c t  that  the c h e l a t e  f o r m a t io n  o f  d iv a le n t  
m e t a l s  w ith  E D T A  i s  known to be a r a p id  r e a c t i o n  in  n o r m a l  l a b o r a t o r y  c o n 
d i t i o n s ,  the  r e s u l t s  g iv e n  in  F i g .  2 i n d i c a t e  th a t  2. 7 x 1  O' 6 m o l e / l i t r e  o f  E D T A  
c h e l a t e s  c o b a lt  io n s  o n ly  p a r t i a l l y  a f t e r  100 h o u r s  c o n t a c t ,  and a p p r o x i m a t e l y  
1 0 - fo ld  e q u iv a le n t  o f  E D T A  to c o b a l t ,  1 .  3 4 x l 0 "5 m o l e / l i t r e ,  t a k e s  m o r e  
than 5 h o u r s  to c h e l a t e  c o b a lt  i o n s .  T h e  c h e l a t e  f o r m a t i o n s  o f  v a r i o u s  c o n 
c e n t r a t i o n s  o f  c o b a l t  w ith  v a r y i n g  q u a n t i t ie s  o f  E D T A  a r e  show n  in F i g .  3.
In t h is  f i g u r e  s o l i d  c u r v e s  r e p r e s e n t  t h e o r e t i c a l  c o m p u t a t io n s  o f  the c h e la t e
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f o r m a t i o n s  w ith ou t t a k in g  the  a c t i v i t y  c o e f f i c i e n t  o f  c o b a lt  into  a c c o u n t ,  w h i le  
b r o k e n  c u r v e s  c o r r e s p o n d  to th o s e  b a s e d  on an a c t i v i t y  c o e f f i c i e n t  o f  0. 1 o r  
0. 0 1 ,  r e s p e c t i v e l y .  It i s  a p p a r e n t  f r o m  F i g .  3 that  in h i g h e r  c o b a lt  c o n 
c e n t r a t i o n s  ( 1 . 7 x l 0 ‘ 6 m o l e / l i t r e  = 100 ц g C o / l i t r e  <) the s o l id  c u r v e s  a g r e e  
w ith  o b s e r v e d  v a l u e s  in a d i s t i l l e d  w a t e r  m e d i u m  a f t e r  a fe w  h o u r s '  d u r a t io n  
o f  the e x p e r i m e n t s ,  w h i le  in a s e a w a t e r  m e d iu m  the o b s e r v e d  p o in ts  f o r  
100 h o u r s '  d u r a t io n  f a l l  b e tw e e n  the two b ro k e n  c u r v e s  that  c o r r e s p o n d  to 
the a s s u m e d  c o b a lt  a c t i v i t y  c o e f f i c i e n t s  0. 1 and 0. 01. F o r  m o r e  d i lu te d  
c o b a l t  c o n c e n t r a t i o n s  (1 .  7 x l 0 "7 m o l e / l i t r e  = 10 /ig C o / l i t r e > )  the  e x p e r i m e n t a l  
p o in ts  f o r  100 h o u r s '  d u r a t io n  d e v i a t e  w id e ly  f r o m  the t h e o r e t i c a l  c u r v e  e v e n  
in  a d i s t i l l e d  w a t e r  m e d iu m .  T h e s e  e x p e r i m e n t a l  r e s u l t s  in d i c a t e  that the 
r a t e  o f  the c h e l a t e  f o r m a t io n  r e a c t i o n  o f  c o b a lt  w ith  E D T A  s h o u ld  v e r y  m u c h  
depend on the c o n c e n t r a t io n s  o f  both c o b a lt  and E D T A ,  e s p e c i a l l y  in a m e d iu m  
o f  a s o lu t io n  o f  s t r o n g  e l e c t r o l y t e s  s u c h  a s  s e a w a t e r .  If  th is  ca n  be g e n e r a l i z e d  
to a c t u a l  c h e l a t in g  a g e n ts  o c c u r r i n g  in  s i t u ,  the  c h e l a t e  f o r m a t io n  o f  c o b a lt  
in  the e x t r e m e l y  d i lu te d  c o n c e n t r a t i o n  in  n a t u r a l  w a t e r s  sh o u ld  be a v e r y  
s l o w  p r o c e s s .

R e v ie w i n g  the a b o v e  d a t a ,  the  p i c t u r e  o f  the  c o m p l e x  f o r m a t i o n  o f  io n ic  
c o b a lt  w ith  s o lu b le  o r g a n i c  m a t t e r  in  n a t u r a l  w a t e r s  i s  not y e t  c o n c l u s i v e .  
T a k i n g  the k in e t ic  a s p e c t  o f  c o m p l e x  f o r m i n g  r e a c t i o n s  d i s c u s s e d  a b o v e  
in to  a c c o u n t ,  h o w e v e r ,  i t  i s  r e a s o n a b l e  to c o n c lu d e  that th is  kind o f  r e a c t i o n  
b e tw e e n  the r e a c t a n t s  in  e x t r e m e l y  d i lu te d  c o n c e n t r a t io n s  e n c o u n t e r e d  in 
n a t u r a l  w a t e r s  p r o c e e d s  at a s l o w  r a t e ,  u n l e s s  h e t e r o g e n e o u s  s u r f a c e s ,  s u c h  
a s  i n o r g a n i c  p a r t i c l e s  o r  d e t r i t u s  w h e r e  the r e a c t a n t s  a r e  h ig h ly  c o n c e n t r a t e d ,  
a r e  in v o lv e d .

P r a c t i c a l l y  n oth ing  i s  known about the  o r g a n i c  c o m p l e x  f o r m a t i o n  o f  
s i l v e r .  C o n s i d e r i n g  the f a c t  that  s t a b i l i t y  c o n s t a n t s  o f  v a r i o u s  c h e l a t e  c o m 
pounds o f  m o n o v a le n t  s i l v e r  a r e  m u c h  s m a l l e r  than th o s e  o f  d iv a le n t  c o b a l t ,  
the o r g a n i c  c o m p l e x  f o r m a t i o n  of s i l v e r  in  n a t u r a l  w a t e r s  i s  s u p p o s e d  to 
be m u c h  l e s s  e f f e c t i v e  than th a t  o f  c o b a lt .

4. M e ta b o l ic  and d e c o m p o s i t io n  p r o d u c t s

T h e  s u g g e s t e d  s l o w  r a t e  o f  o r g a n i c  c o m p l e x  f o r m a t i o n  o f  c o b a l t  d o e s  
not n e c e s s a r i l y  i m p l y  a l e s s  p r o b a b l e  o c c u r r e n c e  o f  o r g a n i c a l l y  bound c o b a lt  
in  n a t u r a l  w a t e r s .  M e ta b o l ic  p r o d u c t s  o f  l i v i n g  o r g a n i s m s  and d e c o m p o s i t io n  
p r o d u c t s  o f  d e a d  b o d ie s  m a y  be o t h e r  s o u r c e s  o f  o r g a n i c a l l y  bound c o b a lt  
o r  s i m i l a r  c o m p o u n d s  o f  o t h e r  t r a c e  e l e m e n t s .  A c t u a l l y ,  the  a b o v e - m e n t io n e d  
c o b a la m i n  i s  one o f  the  co m p o u n d s  that  b e lo n g  to t h is  c a t e g o r y .  F u k a i  et  a l .
[58] d e m o n s t r a t e d  the in  s i tu  t r a n s f o r m a t i o n  o f  z i n c  e x t r a c t a b l e  w ith  d i-  
t h iz o n e  into  an u n e x t r a c t a b l e  f o r m ,  w h ic h  m i g h t  be a t t r ib u t e d  to b i o l o g i c a l  
a c t i v i t y .

A  s e r i e s  o f  e x p e r i m e n t s  w e r e  c o n d u c te d  by the p r e s e n t  a u t h o r s  on the 
f o r m a t i o n  o f  o r g a n i c a l l y  bound c o b a l t  f r o m  the  d e c o m p o s i t i o n  o f  m a r i n e  o r g a 
n i s m s .  A f t e r  10 g (w et)  o f  l i v i n g  s e a w e e d  w a s  k ep t  f o r  10 d a y s  in  a c u l t u r e  
m e d iu m  s p ik e d  wi-th c o b a l t - 60, i t  w a s  k i l l e d  by i m m e r s i n g  i t  into  hot w a t e r  
and l e t t i n g  i t  d e c o m p o s e  in  a s e a w a t e r  m e d iu m  at r o o m  t e m p e r a t u r e  ( 1 5 - 1 8 ° C ) .  
A t  c e r t a i n  t i m e  i n t e r v a l s  a p o r t io n  o f  the  m e d iu m  w a t e r  w a s  ta k e n ,  m i l l i p o r e  
f i l t e r e d  and then d i a l y s e d  a g a i n s t  s e a w a t e r .  T h e  p r o c e s s  of  d i a l y s i s  w a s  
f o l lo w e d  by m e a s u r i n g  the c o b a l t - 60 a c t i v i t y  and o r g a n i c  m a t t e r  r e m a i n i n g  in 
the d i a l y s i s  b a g  r e s p e c t i v e l y  by 7 - s c i n t i l l a t i o n  co u n t in g  and p e r m a n g a n a t e  
t i t r a t i o n .  T h e  r e s u l t s  f o r  the i n t e r a c t i o n  o f  io n i c  c o b a l t  and E D T A  a r e  g iv e n
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FIG. 4. Dialysis of cobalt or EDTA in the seawater medium  as well as the mixture of these two components.
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FIG. 5. Dialysis of decomposition products of cobalt-labelled  seaweed.

in  F i g .  4 to i l l u s t r a t e  ho w  o r g a n i c a l l y  bound c o b a lt  c a n  be id e n t i f ie d  by the 
d i a l y s i s  e x p e r i m e n t s .  T h e  s o l id  c u r v e s  in F i g .  4 r e p r e s e n t  the  p r o c e s s  o f  
d i a l y s i s  w ith  t i m e  f o r  p u re  io n i c  c o b a lt  and E D T A  in a s e a w a t e r  m e d iu m ,  
w h ile  the d e c r e a s e  of  c o b a l t - 60 a c t i v i t y  in  the  d i a l y s i s  b a g  w ith  t im e  in  the 
p r e s e n c e  of  E D T A  i s  show n  a s  a b r o k e n  c u r v e .  T h e  r e t a r d a t i o n  o f  the  r a t e  
o f  d i a l y s i s  o f  c o b a l t - 60 in  the  p r e s e n c e  o f  E D T A  i s  a s e m i - q u a n t i t a t i v e  
m e a s u r e  o f  the  a s s o c i a t i o n  o f  c o b a l t - 60 w ith  E D T A .  In a s i m i l a r  w a y  the 
à s s o c i a t i o n  o f  c o b a l t - 60 w ith  o r g a n i c  m o l e c u l e s  in  a c t u a l  s a m p l e s  c a n  be 
e s t i m a t e d .  F i g u r e  5 g i v e s  an e x a m p l e  o f  the  d e c o m p o s i t i o n  e x p e r i m e n t  w ith  
g r e e n  a l g a e  (E n t e r o m o r p h a  s p .  ). F r o m  F i g .  5 i t  ca n  be s e e n  that  5 d a y s  
a f t e r  th e  s t a r t  o f  the d e c o m p o s i t i o n  c o n s i d e r a b l e  p a r t s  o f  c o b a l t - 60 w e r e  
bound w ith  o r g a n i c  m a t t e r ,  w h i le  a f t e r  2 5 d a y s  o n ly  a s m a l l  f r a c t i o n  o f  
c o b a lt - 6 0  w a s  in  a s s o c i a t i o n  w ith  o r g a n i c  m a t t e r  and, at  the  s a m e  t i m e ,  
the  a v e r a g e  s i z e  o f  the  o r g a n i c  m o l e c u l e s  w a s  c o n s i d e r a b l y  r e d u c e d .
A l th o u g h  the e x p e r i m e n t a l  c o n d it io n s ,  w h ich  a f f e c t  the r a t e  o f  d e c o m p o s i t i o n ,  
s u c h  a s  b a c t e r i a l  p o p u la t io n s ,  l i g h t ,  t e m p e r a t u r e ,  pH, e t c .  w e r e  not s t r i c t l y  
c o n t r o l l e d ,  the r e s u l t s  o b ta in e d  s u p p o r t  the p o s s i b i l i t y  o f  the  o c c u r r e n c e
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o f  o r g a n i c a l l y  bound c o b a lt  in  n a t u r a l  w a t e r s  f o r  a c e r t a i n  p e r i o d ,  due to 
the  d e c o m p o s i t i o n  o f  dead  o r g a n i s m s .  C o n s i d e r i n g  the f a v o u r a b l e  c o n d i
t io n s  f o r  b a c t e r i a l  g r o w t h  in  the e x p e r i m e n t s ,  the  r a t e  o f  d e c o m p o s i t i o n  
o b s e r v e d  i s  l i k e l y  to be m u c h  f a s t e r  than th a t  u n d e r  n a t u r a l  c o n d it io n s .  
E x p e r i m e n t a l  p r o o f  of  the  o c c u r r e n c e  of s u c h  c o m p o u n d s  in n a t u r a l  w a t e r s  
and the id e n t i f i c a t i o n  o f  o r g a n i c  c o m p o u n d s  i n v o l v e d  and t h e i r  k i n e t i c s  a r e  
open  f o r  fu t u r e  s t u d i e s .

5. S o rp t io n  on s u s p e n d e d  m a t t e r  and s e d i m e n t s

A s  a l r e a d y  d i s c u s s e d  in  the f o r e g o i n g ,  the m a j o r  s in k  o f  r a d i o c o b a l t  
in  the  f r e s h w a t e r  o r  m a r i n e  e n v ir o n m e n t  i s  b o tto m  s e d i m e n t s .  A lth o u g h  
r a d i o s i l v e r  m a y  s t a y  in s o lu t io n  f o r  s o m e  t im e  in  the  s e a w a t e r  m e d i u m ,  
it  s h o u ld  e v e n t u a l l y  be i n c o r p o r a t e d  into  s u s p e n d e d  m a t e r i a l s  and d e p o s i t e d  
on the s e d i m e n t s .  In th is  v i e w  the s o r p t io n  k i n e t i c s  and e q u i l i b r i a  o f  t h e s e  
r a d i o n u c l i d e s  w ith  s u s p e n d e d  m a t t e r  and s e d i m e n t s  p la y  a s u b s t a n t i a l  r o l e  
in  d e t e r m i n i n g  t h e i r  fa t e  in n a t u r a l  w a t e r s .

T h e  s o r p t i o n  o f  v a r i o u s  r a d i o n u c l i d e s  i n c lu d in g  c o b a l t - 60 on s u s p e n d e d  
p a r t i c l e s  and s e d i m e n t s  w a s  e x t e n s i v e l y  s tu d ie d  by D u u r s m a  and B o s c h
[59] u n d e r  l a b o r a t o r y  c o n d it io n s ,  a lth o u g h  m e c h a n i s m s  o f  the s o r p t io n  w e r e  
not c l e a r l y  d e fin e d .  T h e y  found that  the  d i s t r ib u t i o n  c o e f f i c i e n t  o f  c o b a l t - 60 
b e tw e e n  s e d i m e n t s  and a m b ie n t  w a t e r  w a s  6 x l 03 in  o x y g e n a te d  c o n d it io n s  and 
th a t ,  s p e c i f i c a l l y  f o r  c o b a l t - 60, the  u p ta k e  by s e d i m e n t s  w a s  v e r y  m u c h  
a f f e c t e d  by the e x p e r i m e n t a l  m e th o d s  u s e d .  T h e  p r o b l e m  r e m a i n e d  u n 
s o l v e d  a s  to w h e t h e r  t h is  o b s e r v e d  d i f f e r e n c e  in  c o b a lt  up tak e  by s e d im e n t s  
b e tw e e n  v a r i o u s  e x p e r i m e n t a l  c o n d it io n s  i s  m e r e l y  due to e x p e r i m e n t a l  
t e c h n i q u e s ,  w h ic h  m e a s u r e  d i f f e r e n t  p h e n o m e n a ,  o r  r e p r e s e n t s  q u a s i 
e q u i l i b r i a  w h e r e  d i f f e r e n t  c h e m i c a l  f o r m s  o f  c o b a l t  a r e  i n v o lv e d .

M u r r a y  and M u r r a y  [46] s tu d ie d  the  a d s o r p t i o n  o f  c o b a l t - 60 and s i l v e r - 1 1 0 m  
by s e d i m e n t s  in  a f r e s h w a t e r  m e d i u m  and s u c c e s s i v e  d e s o r p t io n  o f  t h e s e  
r a d i o n u c l i d e s  f r o m  the s e d i m e n t s  w hen  th e y  w e r e  b ro u g h t  in  c o n t a c t  w ith  
s e a w a t e r .  T h e y  found that m o r e  than 80% o f  both r a d i o n u c l i d e s  w e r e  a d 
s o r b e d  on the  s e d i m e n t s  w ith in  48 h o u r s  in  a f r e s h w a t e r  m e d i u m  at  pH 8. 0;  
the  a d s o r p t io n  o f  s i l v e r - 1 1 0 m  w a s  s p e c i a l l y  r a p id  and o c c u r r e d  w ith in  a 
f e w  h o u r s .  A s  a l r e a d y  d i s c u s s e d ,  the p a r t ic u l a t e  f o r m a t io n  o f  s i l v e r  in 
a f r e s h w a t e r  m e d iu m  s h o u ld  s u b s t a n t i a l l y  c o n tr ib u t e  to t h is  a p p a r e n t  a d 
s o r p t io n .  C o b a l t - 60 and s i l v e r - 1 1 0 m  b e h a v e d  d i f f e r e n t l y  w ith  r e g a r d  to 
d e s o r p t i o n .  W h ile  about 30% o f  a d s o r b e d  co ba lt-160 w a s  d e s o r b e d  f r o m  
s e d i m e n t s  in a s e a w a t e r  m e d i u m  at pH 8 . 0 w ith in  24 h o u r s ,  m o r e  than 70% 
o f  the a d s o r b e d  s i l v e r - 1 1 0 m  w a s  d e s o r b e d .  M o r e  t im e  w a s  r e q u i r e d  by 
s i l v e r  to a r r i v e  a t  d e s o r p t i o n  e q u i l i b r i u m ,  a ro u n d  48 h o u r s ,  w h ic h  i s  c o n 
s i d e r a b l y  l o n g e r  than the 24 h o u r s  r e q u i r e d  to e s t a b l i s h  e q u i l i b r i u m  in  the 
c a s e  o f  c o b a l t - 60. A g a i n ,  the  c o m p l e x  f o r m a t i o n  o f  s i l v e r  w ith  c h l o r i d e  
i o n s  in  s e a w a t e r  s e e m s  to p la y  a d e c i s i v e  r o l e  in  the d e s o r p t i o n  p r o c e s s .
One c h a r a c t e r i s t i c  f e a t u r e  o f  t h e s e  a d s o r p t i o n - d e s o r p t i o n  e q u i l i b r i a  f o r  
c o b a lt  i s  a s t r o n g  d e p e n d e n c e  on the pH o f  the a m b ie n t  w a t e r .  T h e  p e r 
c e n t a g e  a d s o r p t io n  o f  c o b a lt  w a s  a p p r o x i m a t e l y  20% at pH 7 and 80% at 
pH 8 , w h i le  75% and 30% w a s  o b ta in e d  at the s a m e  pH v a l u e s  u s in g  s e a 
w a t e r .  U n d e r  c e r t a i n  c i r c u m s t a n c e s ,  a s l ig h t  c h a n g e  in the  pH of  n a t u r a l  
w a t e r  m a y  s i g n i f i c a n t l y  a l t e r  the a d s o r p t i o n - d e s o r p t i o n  e q u i l i b r i a  o f  c o b a lt  
w ith  s e d i m e n t  p a r t i c l e s .  In the  c a s e  of  s i l v e r  the pH d e p e n d e n c y  o f  s o r p t io n  
e q u i l i b r i a  i s  m u c h  m o d e r a t e d .
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C o n c e r n i n g  the  e f f e c t s  o f  s o lu b le  o r g a n i c  m a t t e r  on the  a d s o r p t io n -  
d e s o r p t i o n  e q u i l i b r i a ,  d a ta  o f  M u r r a y  and M e in k e  [60] sh o w  that c o b a lt  
a d s o r p t i o n  f r o m  a f r e s h w a t e r  m e d iu m  on s e d im e n t  p a r t i c l e s  d e c r e a s e d  
w ith  i n c r e a s i n g  c o n c e n t r a t io n s  of  s o lu b le  o r g a n i c  m a t t e r ,  w h i le  the d e 
s o r p t i o n  in  s e a w a t e r  o f  the a d s o r b e d  f r a c t i o n  o f  c o b a lt  w a s  not a f f e c t e d ,  
i r r e s p e c t i v e  o f  the c o n c e n t r a t i o n  o f  s o lu b le  o r g a n i c  m a t t e r  in the a d s o r p t io n  
m e d i u m .  T h e  o b s e r v a t i o n s  s u g g e s t  that s o m e  f r a c t i o n  of  c o b a l t  w a s  bound 
to n o n - a d s o r b a b l e  o r g a n i c  m a t t e r  in  the f r e s h w a t e r  and the c h e m i c a l  f o r m  
o f  a d s o r b e d  c o b a lt  w a s  not a f f e c t e d  b y  the a d d it io n  o f  s o lu b le  o r g a n i c  m a t t e r  
in the a d s o r p t i o n  m e d i a .  On the o t h e r  hand, the r e v e r s e  e f f e c t  w a s  o b 
s e r v e d  f o r  s i l v e r ;  the  a d s o r p t io n  o f  s i l v e r  w a s  not a f f e c t e d  b y  the addit ion  
o f  o r g a n i c  m a t t e r ,  w h i le  the d e s o r p t i o n  w a s  d e c r e a s e d  f r o m  80 to 20% of 
a d s o r b e d  s i l v e r  b y  the  a d d it io n  o f  a h ig h  c o n c e n t r a t i o n  o f  o r g a n i c  m a t t e r  
in the  a d s o r p t i o n  m e d i a .  It s e e m s  that the o r g a n i c  m a t t e r  s e r v e d  a s  a 
b r i d g e  to bind s i l v e r  m o r e  t ig h t l y  to the s e d i m e n t s .

R e v i e w i n g  both the  f ie ld  da ta  and the r e s u l t s  o f  l a b o r a t o r y  e x p e r i m e n t s  
o b ta in e d  to d a te ,  it  i s  n oted  that  the  i m p o r t a n c e  o f  the s o r p t i o n  o f  r a d i o 
c o b a lt  and r a d i o s i l v e r  b y  s u s p e n d e d  p a r t i c l e s  and s e d i m e n t s  h a s  b e e n  w e l l  
d e m o n s t r a t e d ,  w h i le  the m e c h a n i s m s  in v o lv e d  in the s o r p t i o n  p r o c e s s e s  a r e  
not y e t  c l e a r l y  u n d e r s t o o d .  S in c e  the co n d it io n s  e n c o u n t e r e d  in  s itu  r e p r e 
sen t  a c o m p l i c a t e d  c o m b i n a t i o n .o f  v a r i o u s  m e c h a n i s m s ,  a r e a s o n a b l e  u n d e r 
s ta n d in g  of  the m e c h a n i s m s  is  e s s e n t i a l  to a p p ly  t h e s e  da ta  to new  s tu d y  
s i t e s .  F u r t h e r  s t u d ie s  on the s o r p t i o n  e q u i l i b r i a  of  r a d i o n u c l i d e s  b y  s u s p e n d e d  
m a t t e r  and s e d im e n t s  a r e  r e q u i r e d  to m a k e  the data  o b ta in ed  u s e fu l ,  f o r  
p r e d i c t i n g  the fa te  o f  t h e s e  r a d i o n u c l i d e s  in the n a t u r a l  a q u a t ic  e n v ir o n m e n t .

G E O C H E M I C A L  B E H A V I O U R  IN T H E  H Y D R O S P H E R E

T h e  c h e m i c a l  s p é c i a t i o n  p a t t e r n s  o f  r a d i o c o b a l t  and r a d i o s i l v e r  d i s c u s s e d  
a b o v e  s h o u ld  a l s o  r e f l e c t  the b e h a v i o u r  o f  s t a b le  c o b a lt  and s i l v e r  in n a t u r a l  
w a t e r s .  T h e  b e h a v i o u r  o f  s t a b le  c o b a lt  and s i l v e r  in the N e u s e  R i v e r ,  N o rth  
C a r o l i n a ,  w a s  s tu d ie d  b y  T u r e k i a n  et a l . [ 6 1 ]  and that o f  L o n g  Is la n d  Sound 
b y  S c h u tz  and Turekian [62].  O n  the  b a s i s  o f  t h e s e  d a ta  and th o s e  ob ta in ed  
on C o n n e c t ic u t  s t r e a m s  T u r e k i a n  [63] d i s c u s s e d  the g e o c h e m i c a l  b e h a v i o u r  
o f  s t a b l e  c o b a lt  and s i l v e r  in  the h y d r o s p h e r e ,  e s p e c i a l l y  in s t r e a m  w a t e r s  
and e s t u a r i n e  c o n d it io n s .  He c o n c lu d e d  that a lth ou gh  c a t io n i c  s p e c i e s  of 
c o b a lt  and s i l v e r  a r e  e f f e c t i v e l y  a d s o r b e d  by s u s p e n d e d  m a t t e r  in  s t r e a m  w a t e r ,  
t h e y  a r e  p a r t i a l l y  r e l e a s e d  w h en  the  s u s p e n d e d  m a t t e r  c o m e s  into  c o n ta c t  
w ith  the e s t u a r i n e  w a t e r ;  a s h o r t  d is t a n c e  f r o m  the poin t  o f  i n je c t io n  t h e s e  
r e d i s s o l v e d  m e t a l s  a r e  r e m o v e d  f r o m  the d i s s o l v e d  s t a t e  b y  p la n k to n ic  
o r g a n i s m s ,  w h ic h  d i s i n t e g r a t e  a f t e r  d e a th ,  m o s t l y  on the b o tto m  in s h a l lo w  
a r e a s ;  t h e s e  m e t a l s  a r e  r e t a i n e d  in r e d u c in g  s e d i m e n t s ,  e s p e c i a l l y  in the 
f o r m  o f  in s o lu b le  s u lp h id e s  o r  r e d u c e d  o x id e s ;  thus l i t t l e  o r  none o f  the 
c o b a lt  o r  s i l v e r  lo a d  s u p p l ie d  b y  s t r e a m s  l e a v e s  the e s t u a r y  but is  t r a p p e d  
in  the b o tto m  s e d i m e n t s .  A lth o u g h  the b e h a v i o u r  o f  t h e s e  m e t a l s  in n a t u r a l  
w a t e r s ,  e s p e c i a l l y  in e s t u a r i n e  c o n d it io n s ,  is  h a r d  to g e n e r a l i z e  to v a r i o u s  
d i f f e r e n t  c o n d it io n s ,  the o v e r a l l  p i c t u r e  o f  the b e h a v i o u r  o f  c o b a lt  and s i l v e r  
in n a t u r a l  w a t e r s  d e d u c e d  b y  T u r e k i a n  [63] a g r e e s  in  g e n e r a l  w ith  the 
f o r e g o in g .

T h e  s e a s o n a l  v a r ia t i o n  in s t a b l e  c o b a lt  and s i l v e r  in n a t u r a l  w a t e r s  ha s  
not y e t  b e e n  t h o r o u g h l y  s t u d ie d .  F i g u r e s  6 and 7 p r e s e n t ,  a s  e x a m p l e s ,
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FIG. 6. Seasonal variation of cobalt in the seawater around Monaco and in the Var River.

FIG. 7. Seasonal variation of silver in the seawater around Monaco and in the Var River [64].

the s e a s o n a l  v a r i a t i o n s  o f  s t a b l e  c o b a lt  ( F i g . 6) and s i l v e r  ( F i g . 7) m e a s u r e d  
in  the V a r  r i v e r  and at  a c o a s t a l  s ta t io n  n e a r  M o n a co .  T h e  c o b a lt  da ta  a r e  
o r i g i n a l  v a l u e s  ob ta in ed  b y  the  p r e s e n t  a u t h o r s  and t h o s e  f o r  s i l v e r  w e r e  
ta k e n  f r o m  p u b lis h e d  d a ta  b y  F u k a i  and H u y n h -N g o c  [64]. S in c e  b i o l o g i c a l  
a c t i v i t i e s  in  the f r e s h w a t e r  and c o a s t a l  s e a w a t e r  in t h is  a r e a  a r e  not c o n 
s i d e r e d  a s  a m a j o r  f a c t o r  in r e g u l a t in g  the c o n c e n t r a t i o n  o f  t h e s e  e l e m e n t s ,  
the v a r i a t i o n s  sho uld  r e p r e s e n t  the  r e f l e c t i o n  o f  c o m b in a t io n  o f  the c h e m i c a l  
m e c h a n i s m s  d i s c u s s e d  in the f o r e g o i n g  s e c t i o n .  A t t e m p t s  w e r e  m a d e  to 
c o r r e l a t e  the v a r i a t i o n  in s i l v e r  in the c o a s t a l  a r e a  w ith  that  in the r i v e r ,  
t a k in g  the e x p e c t e d  d e s o r p t io n  e q u i l i b r i a  o f  s i l v e r  in the e s t u a r i n e  co n d it io n  
into  a c c o u n t  [ 4 6 , 6 5] .  A lth o u g h  the r e s u l t s  w e r e  not c o n c l u s i v e ,  t h e y  in d ic a te  
that the s i l v e r  d e s o r p t i o n  f r o m  the s u s p e n d e d  p a r t i c l e s  t r a n s p o r t e d  b y  the 
V a r  R i v e r  into  the s e a  m a y  a f f e c t  the v a r i a t i o n  in s i l v e r  in the e s t u a r y  and 
i t s  n e ig h b o u r h o o d .
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F o r  a b e t t e r  u n d e r s t a n d in g  of  the g e o c h e m i c a l  b e h a v i o u r  o f  c o b a lt  and 
s i l v e r  in  the  h y d r o s p h e r e  it  s e e m s  im p o r t a n t  in fu tu r e  s t u d ie s  to q u a n t i fy  
the  c o n tr ib u t io n  o f  v a r io u s  m e c h a n i s m s  to the o v e r a l l  fa te  o f  t h e s e  e l e m e n t s  
u n d e r  n a t u r a l  c o n d it io n s  . S tu d ie s  on the r a d i o l o g i c a l l y  l a b e l l e d  e n v i r o n m e n t  
m a y  g i v e  o c c a s i o n  to a c c u m u la t e  s u c h  in f o r m a t io n  u n d e r  v a r i o u s  n a t u r a l  
c o n d i t i o n s .

C O N C E N T R A T I O N  F A C T O R  O F  C O B A L T

It i s  not the p u r p o s e  o f  the p r e s e n t  p a p e r  to c o v e r  the i n t e r a c t i o n  of  
r a d i o c o b a l t  and r a d i o s i l v e r  w ith  a q u a t ic  o r g a n i s m s ,  though th is  is  a n o th e r  
s i g n i f i c a n t  f a c t o r  in  c o n t r o l l i n g  r a d io n u c l i d e  c o n c e n t r a t io n s  in  the a q u a t ic  
e n v i r o n m e n t  and is  e s p e c i a l l y  im p o r t a n t  f o r  h a z a r d  a s s e s s m e n t s  o f  r a d i o 
l o g i c a l l y  c o n ta m in a t e d  e n v ir o n m e n t s .  T h e  u p tak e  and l o s s  o f  r a d i o c o b a l t  
and the r e l a t e d  l i t e r a t u r e  h a v e  b e e n  w e l l  c o v e r e d  b y  r e c e n t  p a p e r s  b y  v a r i o u s  
w o r k e r s  [ 66- 69] .  H o w e v e r ,  s i n c e ,  a s  h a s  b e e n  p o in ted  out b y  R o b e r t s o n  
[70],  m o s t  o f  the c o b a lt  c o n c e n t r a t io n s  in s e a w a t e r  r e p o r t e d  p r i o r  to 1968 
a r e  m u c h  too h ig h ,  due p e r h a p s  to s a m p l e  c o n ta m in a t io n ,  c o b a l t  c o n c e n 
t r a t i o n  f a c t o r s  f o r  m a r i n e  o r g a n i s m s  c o m p u te d  on the  b a s e s  o f  the f o r m e r  
h ig h  d a ta  o f  s t a b l e  c o b a lt  f o r  s e a w a t e r  a r e  s e r i o u s l y  in e r r o r .  T h e  co b a lt  
da ta  p r e s e n t e d  a b o v e  b y  the p r e s e n t  a u t h o r s  f o r  f r e s h  w a t e r  and s e a w a te r ,  
a s  w e l l  a s  th o s e  of  M o r r i s  [ 7 1 ] ,  T o p p in g  [72] and R o b e r t s o n  [ 70] f o r  s e a 
w a t e r  and t h o s e  o f  M e r l i n i  et  a l .  [73] f o r  L a k e  M a g g i o r e  w a t e r ,  a r e  aroun d 
0.05 ¡лg C o / l i t r e  o r  l e s s ,  e x c e p t  u n d e r  s p e c i a l  c i r c u m s t a n c e s .  F r o m  th is  
point o f  v ie w  the c o n c e n t r a t io n  f a c t o r s  f o r  c o b a lt  p r e s e n t e d ,  f o r  e x a m p l e ,  
b y  I c h ik a w a  [74] o r  B r y a n  et a l . [ 7 5 ]  f o r  m a r i n e  o r g a n i s m s  sho uld  be 
r e c o n s i d e r e d .

B a s e d  on the r e s u l t s  o f  d e t e r m in a t i o n s  o f  c o b a l t  in v a r i o u s  m a r i n e  
o r g a n i s m s  g iv e n  b y  F u k a i  [76,  77] and the s e a w a t e r  c o n c e n t r a t io n  of  
0.05 n g  C o / l i t r e ,  a p p r o x i m a t e  c o n c e n t r a t io n  f a c t o r s  o f  c o b a lt  f o r  s e v e r a l  
g r o u p s  o f  m a r i n e  o r g a n i s m s  w e r e  c o m p u te d  and p r e s e n t e d  in T a b l e  II.
T h e  o r d e r  o f  m a g n itu d e  o f  the  c o n c e n t r a t i o n  f a c t o r  o f  c o b a lt  f o r  f i s h

T A B L E  II. C O N C E N T R A T I O N  F A C T O R S  O F  C O B A L T  F O R  V A R IO U S  
G R O U P S  O F  M A R IN E  O R G A N IS M S

Group of organism
Standard abundance of cobalt

C oncentration factor
(Mg/kg fresh)

Algae 100 2000

Crustacea

Copepoda (whole anim al) 

Decapoda (soft parts)

200

40

4000

800

Mollusca

Lam ellibranchia and 
Gastropoda (soft parts)

100 2000

Fish (flesh) 3 60
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p r e s e n t e d  in T a b l e  II a g r e e s  w e l l  w ith  t h o s e  r e p o r t e d  b y  O p h e l  and F r a s e r  
[40] f o r  yo u n g  f i s h ,  w h ic h  w e r e  b a s e d  on m e a s u r e m e n t s  o f  r a d i o c o b a l t  
in  w a t e r  and f i s h  c o l l e c t e d  f r o m  the r a d i o l o g i c a l l y  c o n ta m in a t e d  P e r c h  L a k e ,  
C a n a d a .  S in c e  a n u m b e r  o f  d e t e r m in a t io n s  o f  e x t r e m e l y  lo w  c o n c e n t r a t i o n s  
o f  s t a b l e  c o b a lt  and s i l v e r  in n a t u r a l  w a t e r s  a r e  not an e a s y  t a s k ,  the 
m e a s u r e m e n t s  o f  c o n c e n t r a t i o n  f a c t o r s  in the r a d i o l o g i c a l l y  l a b e l l e d  e n v i r o n 
m e n t  m a y  o f f e r  s i m p l e r  m e a n s  of  the s tu d y .
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D I S C U S S I O N

A.  ORTINS DE BETTENCOURT: In two s e r ie s  of s im ila r  exp erim en ts  
we have found 20-25%  d ifferen ces in the accum ulation factor and I should
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th erefore lik e  to ask you whether-, under exp erim en ta l conditions that can be 
regarded  as id en tica l, you find varia tion s in the ion ic form  of the cobalt 
p resen t in the w ater.

R. FUKAI: If the exp erim en ta l conditions rea lly  are id en tica l, the 
variation  should not, in my opinion, exceed  ±5%. H ow ever, it m ay be that 
the w ater u sed  in the exp erim en t is  not rea lly  id en tica l and in such  c a s e s  
the ion ic cobalt m ay vary by a s m uch as 50%, as shown by Lowman in 
R ef. [56] of the paper.

N. T. MITCHELL: Mr. F uk ai's paper is  of con sid erab le in te re st  to u s , 
not le a s t  because he has highlighted som e of the p rob lem s we have o u r se lv e s  
been in vestigatin g , p articu larly  the environm ental behaviour of s ilv e r . I 
would, in th is connection , be in terested  to hear h is evidence for assu m ing  
that s ilv e r  is  in the form  of the ch loride com plex; in p articu lar , has th is  
sp e c ie s  been identified  in estu arin e seaw ater?

What is  e sp e c ia lly  notable in the ca se  of s ilv e r  is  the ex trem e con trast  
betw een its  behaviour in the w ater m a s s , which can be d escr ib ed  as con
se r v a tiv e , and its  behaviour in biota (we have found that it recon cen tra tes  
in o y s te r s  to a very  high d egree indeed). In th is con trast between sed im ent 
and biota the behaviour of s ilv e r  is  not unique, and we have ob served  a 
s im ila r  situation  with tech n etiu m -99, though in the ca se  of th is nuclide  
the ex trem ely  high recon centration  o ccu rs with a lgae rather than sh e llfish .

R. FUKAI: The evidence for the form ation  of ch loride com p lexes of 
s ilv e r  in estu arin e w ater i s ,  s tr ic t ly  speak ing, only c ircu m stan tia l. How
ev e r , as is  d iscu sse d  in the paper, the fact that in crea sin g  concentration  of 
ch loride a ffects the sorption  c h a r a c te r is tic s  or p recip itation  of s ilv e r  in 
laboratory exp erim en ts can only be in terp reted  quantitatively assu m ing  
com plex form ation with the ch lor id e .

The con servative  behaviour of s ilv e r  in w ater m a sse s  and its  high 
concentration  factor in o y s te r s  are not, I think, m utually con trad ictory , 
provided one postu lates a sp ec ific  m echan ism  for the uptake of s ilv e r  by 
o y s te r s , while in the ca se  of 99Tc the uptake by algae m ay be con sid ered  
to be due to su rface adsorption.
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Abstract

FLOOD PLAIN TRANSFER A N D  A C C U M U L A T IO N  OF 137Cs FROM A  REACTOR EFFLUENT STREAM .

A n alysis o f  the flo o d  p la in  sw am p forest eco system  o f  a rea cto r e fflu e n t stream .in  South C a ro lin a  

re v e a le d  s ig n ific a n t la te ra l transport o f  137Cs from  the stream  ch an n el to the flo o d  p la in . Six flo o d  p la in  

transects, representing 13  m iles  o f  the stream , w e re  ex ten d ed  from  the stream  bank into the sw am p forests. 

S o il, root, li t te r , branch and le a f  sam ples w ere  c o lle c te d  a t  10 0 - f t  in tervals up to a d is ta n ce  o f  300 ft 

a lo n g  ea ch  tran sect. U pstream  burdens o f 137Cs rea ch ed  m ean  v alu es o f  225 p C i/ g - d  (g  dry w t .)  in s o il and 

100 p C i/ g -d  in v e g e ta tio n , w h ile  dow nstream  burdens w e re  found to b e  100 p C i/ g -d  in so il and 1 5  p C i/ g -d  in 

v e g e ta tio n . T h e  upstream -do w n stream  d ifferen ces  in d ic a te  that s ig n ific a n t b io lo g ic a l c y c l in g  o f  rad io ca esiu m  

occurs upstream , w h ile  dow nstream  th ere  is accu m u la tio n , through im m o b iliz a tio n  in the soil.- L evels o f  

137Cs in the flo o d  p la in  w ere  v a r ia b le  w ith  so ils, l i t te r  and v e g e ta tio n  ranging from  n ea r-b a ck gro u n d  to 

100 p C i/ g -d  and roots ranging u p .to  340 p C i/ g - d . F lood p la in  distribution o f rad io ca esiu m  co rre la te d  w ith  

top ograp h ic r e l ie f  resu ltin g  in n on -u n iform  le v e ls  o f  137Cs w h ere  flo o d  p la in  depressions a llo w e d  for p h ysica l 

a ccu m u la tio n  o f  ra d io a c tiv ity . . .

T h ese  results le a d  to a re je c tio n  o f  the co m m o n ly  assum ed hypothesis o f  stream  co n ta in m en t o f  . 

rad ion u clid es  for stream s in c o a sta l p la in  areas. A  new m o d e l o f  the fa te  o f rea cto r e fflu en ts  d ischarged  

to a co a sta l p la in  stream  m ust a cco u n t for d iscreet f lo o d in g  o v er low  banks, p h y sica l m o v em en t o f  suspended 

and so lu b le  form s o f rad io n u clid es  in terrestria l h a b ita ts , b io lo g ic a l c y c lin g  and a ccu m u la tio n  in the flood  

p la in , redistrib ution  o f  b io lo g ic a lly  in corpo rated  rad ion u clid es  b a ck  to the stream , and lo n g-term  ero sio n al 

m o v em en t o f  sed im en ta ry  ra d io n u c lea r m ateria ls  due to stream  bed m ovem en ts.

INTRODUCTION

The release of radioactive substances into a stream 
pre-supposes they will be diluted by.the stream water 
volume and dispersed downstream with ..the possibility of 
particulate and sediment sorption of the . radiо act ivity 
[1,2]. Such a model also'tacitly assumes total contain
ment of the radioactivity within the-stream channel.
Cesium-137 is one of the environmentally important radio
nuclides which has received considerable attention because 
of its occurrence in fallout and as a by-product of applied
nuclear t echnology ,. its long half-life, and its beta-gamma 
emissions. Large scale environmental surveys of radio
cesium have documented its overland sedimentary flow [3,^+]; 
its uptake, accumulation, and elimination i n ’aquatic eco
systems [5,6,7,8]; its localization in sediments [9]; and 
its behavior in various substrate systems [10,11,12].
Smaller scale studies have utilized aquatic microcosms to 
focus on the mechanisms of 137cs kinetics under various 
imposed conditions [ 1,13 ,li+,15 ,16 ] . The results of these 
and numerous other works [2,17)18] support thç model of 
downstream dispersion and dilution of aquatically released
W c b . ■ ■ ................................................
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This study reports on the subsequent fate of an acci
dental release of -^37cs to a black water creek of the A t 
lantic coastal plain, South Carolina, U.S.A.

RESEARCH AREA

Lower Three Runs Creek (LTRC) is located on the Savan
nah River Plant property, USAEC, near Aiken, South Carolina 
(Fig. l). This area is in the upper coastal plain, approxi
mately 6h kilometers due south of the fall line marking the 
inland extent of the Atlantic and Gulf coastal plain. The 
watershed of LTRC occupies k66 k m 2 and the creek, prior to 
1 9 5 8 , extended 40 km to the Savannah River. Par Pond Dam 
was constructed in 1958 blocking off the upper 8 km of the 
creek and an associated 70 k m 2 of watershed.

The stream bed slope of LTRC decreases continually 
from .00 09 m/m at the dam to .00035 m/m near its confluence 
with the Savannah River. Travel time between the dam and 
the Savannah River is estimated as 29 hours under the 
assumption of a uniform channel width. However, this assump
tion is not valid since the stream channel width is variable 
from 3 to 12 m in those areas of the creek having a defined 
channel. At certain points in the stream length, between 
Donora and Boiling Springs , the channel is not defined and 
the flow diffuses into extensive swampy flood plains.

The banks along LTRC are easily categorized into low and 
high banks, usually opposing, with the low banks just con
taining the flow under expected rainfall conditions in mid- 
April. High banks are 0.6-3 m above the water surface at this

FIG . 1. Lower T h ree  Runs C reek  w ate rshed  and sam p ling  s ta tions .
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period. The stream channel is open during the winter, but is 
much reduced in size during the spring and summer due to the 
growth of Polygonum s p ., the dominant species of the emergent 
vegetation zone. A narrow strip of stream bank forest along 
the banks is characterized by black willow (Salix n i g r a ) 
and associated tree species such as red maple (Acer 
r u b r u m ), sycamore (Platanus o c c i d e n t a l i s ), and river 
birch (Betula n i g r a ). The flood plains may extend to 
2kk m beyond the banks and swamp forests or oak-hickory 
forests commonly occur in the flood plains.

The low bank flood plain is characterized as a swamp 
forest. Red maple, ash ( Fraxinus sja. ) , black and water 
gum (Nyss a sylvatica and N. aquati c a ) , and bald cypress 
(Taxodium di sti c h u m ) are the principal tree species. D u r 
ing the winter much of the flood plain is under water.
The water table is level with, or slightly above, the 
forest floor during early spring.

The flood plains tend to be either flat or concave 
and in the latter case the water table remains near the 
forest floor surface for longer periods of time at the low 
point in the flood plain. Numerous intermittant streams 
and rivulets dissect the flood plain running both parallel 
and transverse to the stream channel.

METHODOLOGY

A 20 km segment of LTRC was sampled at six stations 
during April, 1 9 7 2  (Fig.l). A control station was selected 
on Upper Three Runs Creek (UTRC), a separate but nearby- 
tributary of the Savannah River which has not received re 
actor effluent. Flood plain transects, each consisting of 
four locations spaced 30 m apart, were established at the 
UTRC control and six LTRC stations. Substrate and v egeta
tion samples were collected in triplicate at each transect 
location. Red maple trees were selected at each location 
and leaves and five year old stems were sampled. A 20 x 20 
cm quadrat was placed near each selected tree for obtaining 
litter and humus samples. A 23 cm soil core was obtained 
from within each quadrat. Roots were then removed from the 
quadrat to a depth of 10 cm.

All samples were handled separately with attention to 
sample preservation and preparation in the laboratory.
■*"37cs levels were determined using a Nuclear Chicago A u t o 
gamma system with a 3 x 3 inch Na(Tl) crystal and a 100 kev 
window. Preliminary screening by Ge(Li) gamma spectros
copy indicated that other nuclides were not contributing 
to the -*-37q s count. The minimum detectable activity 
was about 7 pCi and the exact detectable levels were 
determined with each count set. Samples whose count did 
not exceed the 3 sigma error of the average background 
during the count were rejected. Samples were corrected 
for sample volume geometry before calculating activity 
density on a pCi/g dry weight (g -d) basis.



246 RAGSDALE and SHU RE

Statistical comparisons of means of similar magnitude 
were made with analysis of variance tests on untransformed 
data. For certain parameters the presence of non-homogene- 
ous variances necessitated the use of square root transfor
mations. Both transformed and untransformed d a t a •satisfied 
the statistical requirement of linearity.

RESULTS • ■

Mean burdens of the soil and vegetation of Upper
Three Runs. Creek (control area) ranged from 0.99 to 12.90 
pCi/g (Table I). The soil burdens were fairly similar to
60 m and then dropped by 50% .at the 90 m location. The
mean radiocesium burden for bank roots was 9-8^ pCi/g^ 
about twice.as great as. the 30-90 m stations. Litter values 
ranged from. 6 to 13 pCi/g over the 90 m transect.- Red
maple leaves averaged 7.6 pCi/g across the flood plain as
compared to 3.6 pCi/g for branches.

Significant differences (p<0.05) exist-ed among soil ■ 
and among root mean activity densities across the floodplain. 
However, the means calculated over all flood plain locations 
were used as the naturally occurring background levels for 
flood plain components.''

The 137 c!S burdens at Route В (Rt.B) varied from 1 to 
1+3 pCi/g (Fig.2). Leaves, roots, and soil burdens were 
similar at all flood plain intervals, with higher ^37cs 
activities along the stream bank. Radiocesium levels de
creased from 1+0 pCi/g at the bank to background levels along 
the flood plain. Litter and branch samples were near b a c k 
ground at all transect stations.

TABLE I. 137C s BURDEN OF U PPER THREE.RUNS CREEK FLOOD, 
PLAIN COMPONENTS

Bank 30 m 60 m 90 m Ave rage

0-7-5 cm Soil 2. 18 1.75 3.68 0.99 *2.13

Roots • 9-8U 1+. 6 3 1+. 10- •3.1+8 *5.51-

Litter- ' : -8'. 17 " 6.27" • 12.90 - 6.1+2 ' 5.69
Red Maple ■ ' ■ 
Leave s ' ' 7.01+' ■ ОЛ ' со

 
'

CO ’ 6 .8 0 9-66 7 . 6 0

Red Maple ' ■ 
Branches 2 .6 0  ■ 3 .0 6 6.20- 2'. 50 '3.59

*Indicates significant differences were present a t ’the
0.05 lev e l .
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FIG . 2 . 137Cs co n cen tra tio n  in m a jo r ¿ co sy stem  com ponents at four lo catio n s a lo n g  Low er T h ree Runs C reek

(1 9 7 2 ) . T h e  d ata are expressed as p C i/ g  dry w e ig h t.
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'At Donora Station (Fig. 2), the Cs levels ranged 
from 18 to 3^1 pCi/g Leaves varied from 77 to 1^3 pCi/g
with a maximum value at the 30 m location. Roots had the
highest -*-37cs burden with a minimum of 113 pCi/g at 90 m 
and a maximum of 3^1 pCi/g at 30 m. Litter values were 
highest (100 pCi/g ) at the 60 m location. The soil ^3?Cs
burden dropped from 225 pCi/gm at the bank to lU pCi/g
by the 90 m location.

The -*-3^Cs levels (U-176 pCi/g ) at Boiling Springs 
(Fig. 2), were lower than those of Donora Station. Root 
activity densities were bimodal with peaks at the bank and 
60 m locations. Branch activities were low and similar 
across the flood plain. Red maple leaves had a maximum of 
95 pCi/g at the stream bank and decreased to an average of 
36 pCi/g over the flood plain. Soil-'-37cs levels peaked at 
60 m (1 0 9 pSi/g ), with lower, similar values for the other 
locations. 137cs litter burdens were low at the bank and 
30 m stations and increased to UO pCi/g at more distant 
locations.

The maximum radiocesium level (102 pCi/g ) at Martin- 
Millet (Fig. 2 ), was lower than both Donora and Boiling 
Springs. Soil 137Cs levels remained well above the other 
ecosystem components up to the 90 m location. The root 
component was relatively constant up to 30 m, decreasing 
from kk to 25 pCi/g by 90 m. Leaf burdens were similar 
across the flood plain. Branches averaged 2.8 pCi/g over 
all locations. For litter, a maximum burden of 3^ pCi/g 
occurred at the bank and this decreased to 6 pCi/g at the 
90 m station.

The greatest contrast among these four stations is the 
lack of significant radiocesium levels in the R t . В flood 
plain. ^ T c s  burdens at the R t . В bank are comparable to 
those downstream. The lack of flood plain activity at Rt.B 
is explained by the presence of a high bank which is 1.8 to 
2.k m above the early spring water level. Since the R t . В 
bank is labeled with -*-37ç;s it must be concluded that the 
released radiocesium was contained by the channel in this 
region. Another high bank station was sampled at Patterson 
Mill and the radioactivity levels were lower than those on 
the corresponding low bank at Patterson Mill.

Donora, Boiling Springs, and Martin-Millet all had 
low banks and the flood plains of each station have accumu
lated 137cs levels significantly higher than control and 
high bank stations. Comparison of the maximum levels of 
laterally transported -*-37cs between Donora and Martin- 
Millet shows a 6 to 8 fold decrease in the radioactivity 
of most components and only a 2 fold decrease in the 137cs 
soil burden. Statistical comparison of these levels 
indicated a significant downstream decrease in -*-37q s levels 
( p< 0.0 5 ) •

137The patterns of Cs distribution across the flood 
plain are not uniform for ecosystem components. At Donora 
and Boiling Springs there is a peak activity in the soil

13 7
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component at 60 m. At Martin-Millet, the greatest soil 
burdens occurred in the first 30 m. The litter and soil 
patterns are well correlated at each of the three stations.

The highest litter burdens occurred 30 to 60 m away 
from the highest leaf burdens at Donora and Boiling Springs. 
Statistical analyses indicate mean differences (p<0.05) in 
-*-37cs levels for these components over the flood plain.

At Donora and Boiling Springs the lowest point in the 
flood plain occurred at 1+5 to 60 m from the bank while the 
low point at Martin-Millet was at 30 m. These topographical 
lows were correlated with the maximum substrate burdens of 
l^Tcs. The 30 to 60 m difference between litter and leaf 
activities suggests that the leaves are deposited or tra n s 
ported overland to the low point of the flood plain.

The vertical distribution of -*-37cs in soils (Table II) 
shows that 'in the upstream areas most of the 137Cs is in the 
upper 7-5 cm of soil. Downstream, the radiocesium burden is 
relatively constant down to 15 cm. The increased depth of 
the 137cs burden at Martin-Millet suggests either downward 
mobility of the 137cs or possible sedimentary deposition on 
the Martin-Millet flood plain.

13 7The question of Cs cycling in these flood plain 
habitats can be examined by comparing the vegetation to sub
strate radioactivity burdens (Table III). The highest 
leaf/substrate ratios occurred at Donora station and at 
Martin-Millet they had decreased to fractional values. A
similar pattern was present for root substrate ratios. The
small root ratios, representing young actively growing tissue,

TABLE II. VERTICAL DISTRIBUTION OF RADIOCESIUM BURDENS 
IN SOIL

St at i on
Soil
D e p t h [c m ] Bank 30 m 6 0 m 9 0 m

Donora 0-7-5 225 1+1 95 15
7.5-15 7 U 7 9* 1+
15-22.5 12 10 - 2

Boiling 0-7.5 1+8 55 109 57
Springs 7.5-15 51 11 11 9

15-22.5 9 3 1+ 3

Martin-Millet 0-7-5 102 102 79 25
7.5-15 7 b 6o 79 12
15-22.5 12 - 1+3* 8

*0ne  o b s e r v a t i o n
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TABLE III. VEGETATION TO SUBSTRATE RATIOS OF 137Cs

V eget ati on 
Component

Floodplain
Location Donora

Boiling
Springs

Martin-
Mi-llett

Roots 30 m . 8.3 -0 . 85 . 0.3
60 m 2.3 1.6 0.3
90 m 7.6 2.1 0-9

Leaves 30 m 3.1+7 0 . 73 0 . 1 6
.60 m 1. 20 0 . 20 0 .17
90 m 5.1+5 2 .1 0.57

Young roots 30 m 15-1+2 1.1+3 0 .61+
60 m 1+. 1+3 2. 29 0 . 6l
90 m 13 -12 1+.03 1.65

ranged even greater from 1+ to 15 at Donora and decreased to 
.6 at Mart i n - M i l l e t . These vegetation to substrate ratios 
indicate a consistant pattern of bio-accumulation in the 
upstream locations, near equilibrium values at intermediate 
locations, and apparent, downstream soil' immobilization of 
the ^ 3 7 c s .

' DISCUSSION

The question of stream channel containment of water is 
usually not raised in considering radiochemical releases to 
streams. The available data have not indicated a need for 
this consideration. In the case of LTRC and similar coastal 
plain streams, the containment of stream water within the 
channel is a significant problem. The exact mechanisms 
leading to the lateral displacement of radioactivity into 
the LTRC flood plain for this particular situation are u n 
known. If the accidental release of nuclides to the stream ■ 
occurred during a period of heavy rainfall or during the 
winter or early- spring when stream flow exceeded the low 
banks the adjacent areas would have been flooded at the time 
of nuclide release. However, if the release occurred during 
a period of relatively low water level the lateral displace
ment' would liavé been delayed until subsequent flooding. The 
significant point is that flood plain contamination did occur, 
thereby clearly establishing the potential for lateral tra n s 
fer of radioactivity from the stream channel.

A second consideration for coastal plain streams is the 
tendency for diffusion of the stream into wide swampy areas. 
For example, such diffusion occurs on LTRC mid-stream between 
Donora and Boiling Springs. Savannah River. Plant Health 
Physics personnel have collected substantial 137cs data in 
the mid-stream swamp of LTRC and the activity levels are com
parable to those at Donora station [19] • Even if the



IA EA -SM -1 7 2 /3 3 251

possibility of lateral dispersion over low banks was dis
regarded, the swampy sections of these creeks above the delta 
will almost certainly receive waterborne radionuclear m a t e r i 
als. Thus, the dispersion of radionuclear releases in • 
coastal plain streams will be both downstream and laterally 
into surrounding flood p l a i n s .

The fate of ^37cs laterally dispersed into the flood 
plains is a function of the downstream location of the flood 
plain. Cesium activity at Donora Station has been accumulated 
in the vegetative tissue above levels found in the sub
strate. Downstream, the ^-37cs hás accumulated in the soil 
and does not appear to be actively cycled. Recent work on 
137Cs cycling in the upper and lower coastal plains has 
documented increased cycling of ^37cs in sandy substrates 
such as occurs at Donora Station [20]. It may be h y p o t h e 
sized that downstream stations contain greater clay frac-, 
tions as a result of run-off from upland agricultural 
areas and consequently more ^-37cs is bound onto clay 
colloids at the downstream- stations. There also may be 
greater availability of potassium ions at the downstream 
stations. Another alternative is that significant amounts 
of the downstream 137cs burden in soil has resulted from 
erosional deposition onto the Martin-Millet flood plain.
Hence, particulate bound -*-37qs could have arrived at 
Martin-Millet. Any or all of these conditions would lead 
to the immobilization of the radiocesium b u r d e n •at Martin- 
Millet .

The contrast between upstream -*-37cs cycling and accu
mulation in the biota and apparent downstream immobilization 
in the substrate raises the question of the long-term fate 
of this 137Cs. The overland transport of particulate bound 
-*-37cs to the lower flood plains elevations will occur by 
annual leaf and branch fall and through uplifting .of p a rti
culates and other litter with flooding conditions. The 
litter burden at the creek bank will be.deposited in LTRC 
and move downstream subject to various physical, chemical, 
and biological transformations which determine its state as 
it moves downstream, into other flood plains, into the m i d 
stream swamps, or into the delta swamps. Thus, ecological 
reconcentration of the previously "diluted" .radiocesium may 
occur through biotic mechanisms such as vegetation uptake 
and subsequent trophic exchanges and through abiotic m e c h a n 
isms such as overland transport within flood plains and down
stream sediment depositions onto flood plains.

The results of this study document the need for a new 
model of the fate of radionuclides released to-’coastal plain 
streams similar to LTRC. This model must account for discrete 
flooding of the low banks , physical movement of suspended and 
soluble forms of radionuclides, biological cycling a n d ’accu
mulation in the swamp forest flood plain, redistribution of 
both biologically and physically- accumulated radionuclides 
back into the stream, and long term erosional movement of 
sedimentary radionuclear materials.
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D I S C U S S I O N

I. L. BRISBIN, Jr. : Y ou mentioned in your presentation that certain 
parameters in your study failed to show homogeneity of variance. W e  
have also encountered this phenomenon in our o w n  studies of radiocaesium 
in these s a m e  s w a m p  ecosystems.

What patterns have you found in your sampling variance as you m o v e  
to sampling stations located progressively further downstream? Also, 
what trend towards increasing or decreasing sampling variance is revealed 
as one m o v e s  laterally away from the stream o.’.ito the flood plain?

P. G. M A Y E R :  In general, the sampling variance diminished in the 
downstream direction but increased in the transverse direction. Active 
biocycling occurred predominantly in the flood plains of the upper regions, 
whereas soil immobilization was primarily a factor in the downstream 
regions of the L o w e r  Three Runs Creek.
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MECANISMES DE TRANSFERT DANS 
LES SOLS CULTIVES DES RADIONUCLEIDES 
REJETES PAR LES CENTRALES 
ELECTRO-NUCLEAIRES DANS LE 
SYSTEME FLEUVE-SOL IRRIGUE-NAPPE

A. SAAS, A. GRAU BY 
Commissariat à l ' énergie atomique,
Département de Protection,
CEA, Centre d’ études nucléaires 
de Cadarache,
St-Paul-lez-Durance, France 

Abstract-Résumé

MECHANISMS FOR THE TRANSFER TO CULTIVATED SOILS OF RADIONUCLIDES DISCHARGED BY 
NUCLEAR POWER STATIONS INTO THE SYSTEM: RIVER-IRRIGATED SOIL—GROUNDWATER.

The siting of nuclear power stations on the banks of rivers whose w ater is used for irrigation and 
industrial and domestic consumption must be preceded by a study in depth of the mechanism s of transfer 
in the system comprising the river, irrigated soil and groundwater. The m echanisms of transfer to cultivated 
soils are considered basically from three viewpoints: the influence of the quality of the river water, 
irrigation channel water and ground w ater on radionuclide m obility in soils; the influence of the type of 
soil (four types have been considered:, brown acid soil, brown calc ic  soil, brown calcareous soil and 
alluvial calcareous soil) and the developm ent and distribution of radionuclides in the soil (water-soluble 
forms liable to contam inate the groundwater and the more labile  forms available to plants). The study 
described relates to the following radionuclides: Z2Na, 137Cs, 85Sr, 54Mn, 59Fe, 60Co, 65Zn, 124Sb, 141Ce 
and 131I. Knowledge of the transfer mechanisms in cultivated soils perm its an evaluation of the risks of 
contam ination of the food chain and the groundwater. This study also demonstrates new aspects of the 
behaviour of radionuclides as a function of the organom ineral pollution by industrial and dom estic waste of 
the w ater into which they are discharged. This pollution has a considerable effect on the formation of 
stable com plexes transferred by the river to irrigated soils. The quality of the water determ ines the 
distribution of the radionuclides in the profile. The water-soluble complexes persist in the soil and m igrate 
towards the groundwater if they are not biodegradable or are only slightly so. The stability  of these 
complexes as a function of the pH of the soil and its physico-chem ical characteristics and the radionuclides 
concerned can be used as a basis for drawing up a new balance of the radiological capacity  of soils and for 
form ulating new proposals for regulating nuclear power station’siting.

MECANISMES DE TRANSFERT DANS LES SOLS CULTIVES DES RADIONUCLEIDES REJETES PAR LES 
CENTRALES ELECTRO-NUCLEAIRES DANS LE SYSTEME FLEUVE-SOL IRRIGUE-NAPPE.

L 'im plan tation  des centrales é lectro-nucléaires au bord des fleuves dont 1' eau est u tilisée pour 
l ' irrigation e t la consomm ation industrielle e t domestique nécessite une étude approfondie des m écanism es 
de transfert dans le système fleuve-sol irrigué-nappe. Ces mécanism es de transfert dans les sols cultivés 
sont envisagés sous trois aspects principaux: l 'in fluence  de la qualité des eaux du fleuve, des canaux 
d 'irrig a tio n  e t de la  nappe sur la  m obilité  des radionucléides dans les sols; l ' influence du type de sol 
(quatre types de sol ont été retenus: sol brun acide, sol brun calcique, sol brun calca ire , sol alluvial 
calcaire); 1' évolution e t la répartition des radionucléides dans le sol: formes hydrosolubles pouvant 
contam iner la nappe, formes plus labiles mises à  la  disposition des plantes. C ette étude porte sur les 
radionucléides suivants: 22Na, 137Cs, 85Sr, 54Mn, 59Fe, 60Co, 65Zn, 124Sb, 141 Ce, 131I. Les mécanism es 
de transfert dans les sols cultivés perm ettent d 'é v a lu e r les risques de contam ination de la chaîne 
alim entaire e t des eaux de la  nappe phréatique. C ette étude montre égalem ent de nouvelles perspectives 
de com portem ent des radionucléides en fonction de la pollution organo-m inérale d 'o rig ine  industrielle e t 
cbmestique des cours d 'e a u  dans lesquels ils sont re je tés. Cette pollution influe largem ent sur la formation 
de complexes stables véhiculés par le fleuve jusqu' aux sols irrigués. La qualité de l 'e a u  déterm ine la
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répartition des radionucléides dans le profil. Les com plexes hydrosolubles persistent dans le sol e t m igrent 
vers la nappe si ces produits sont peu ou pas biodégradables. La stabilité de ces formes en fonction du pH 
du sol, de ses caractéristiques physico-chim ique s e t des radionucléides considérés perm et de dresser un 
nouveau bilan de la  capacité  radiologique des sols e t de formuler de nouvelles propositions en m atière de 
contrôle de site nucléaire.

I N T R O D U C T I O N

Cette étude vise à déterminer les différents mécanismes de transfert 
des principaux radionucléides rejetés dans les cours d'eau, dans les sols 
irrigués et dans la nappe.

Nous avons envisagé, dans une première hypothèse de travail, le rejet 
des radionucléides dans les eaux brutes d'un fleuve puis l'utilisation de 
cette eau à des fins agricoles au niveau des diverses prises d'eaux. L a  
deuxième hypothèse de travail est fondée sur la contamination des sols par 
voie atmospnérique, suivie d'une dissémination par les eaux d'irrigation.
L a  troisième hypothèse de travail repose sur une contamination de la nappe 
à partir des eaux du fleuve et des eaux d'infiltration du sol et l'utilisation 
de cette eau à des fins agricoles, industrielles et c o m m e  eau de boisson.

C e  rapport résume le comportement des différents, radionucléides 
dans le milieu et les conséquences de ce rejet pour le milieu. L'étude 
des m é c a nismes est précédée d'un inventaire rapide des voies de transfert.

1. C H O I X  D E S  T Y P E S  D E  S O L  E T  P A R A M E T R E S  D ' E T U D E

Nous avons choisi pour présenter notre système quatre types de sols 
susceptibles de se rencontrer dans la plupart des sites: sol alluvial 
calcaire, sol brun calcaire, sol brun calcique, sol brun acide. L'hydro
graphie sera constituée, d ’une part, par un fleuve dans lequel sont 
effectués les rejets de radionucléides, d'autre part, par des rivières 
secondaires et des canaux d'irrigation avec prise sur le fleuve.

Nous estimons que la surface irriguée recouvre un périmètre de 5 à
10 000 ha et que l'irrigation est effectuée par moitié par les canaux et par 
moitié par la nappe phréatique alimentée partiellement par le fleuve et les 
rivières secondaires. Nous admettrons une hauteur d'eau hebdomadaire 
variable selon les sols et les cultures de 25 à 50 m m ,  soit 250 à 500 m 3/ha. 
L a  profondeur de la nappe fluctue dans notre système entre 1 et 2 m . Elle 
sert, outre l'irrigation, de réserve d'eau pour les activités industrielles 
et pour la consommation de la population.

D e  ce fait, les mé c a n i s m e s  de transfert dans les sols cultivés des 
radionucléides rejetés dans le fleuve et ceux apportés par voie atmosphérique 
permettront d'évaluer les risques de contamination du milieu et de la 
chaîne alimentaire.

2. L E S  V O I E S  D E  T R A N S F E R T

E n  fonction des hypothèses de travail retenues, l'utilisation de l'eau 
et les cultures irriguées constitueront les paramètres de base des voies de 
transfert critiques. Dans cet ordre d'idée nous retiendrons à la fois les 
utilisations d'eaux de surface et les utilisations d'eaux de la nappe phréatique.
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Les irrigations à l'aide des eaux de surface issues du fleuve sont 
susceptibles d'apporter les radionucléides sous forme colloïdale qui sont 
filtrés par le sol et sous forme dissoute (organique ou minérale). Dans 
notre s chéma de transfert le débit global des canaux sera de 20 m 3/s.
Selon la distance du point d'irrigation par rapport au point de rejet, les 
sols ne reçoivent que des formes dissoutes. D u  point de vue du transfert 
il s'agit de déterminer la part absorbée par le sol et la part susceptible de 
migrer vers la nappe. Dans la première fraction il convient également 
d'évaluer la partie disponible pour les plantes.

2. 2. Transfert par les eaux de nappe

L'origine des radionucléides des eaux de la nappe peut être soit le 
fleuve directement, soit les eaux d'infiltration du sol. Ces eaux ne 
renferment généralement que des formes dissoutes. Cependant, la charge 
saline de ces eaux est variable dans l'espace, et dans certains cas sa 
composition chimique est liée étroitement à des infiltrations de polluants 
divers: nitrate provenant de la fertilisation, composés organiques provenant 
des traitements agricoles, etc. P ar ailleurs les utilisations des eaux de 
nappe peuvent être qualifiées de «sauvages» car aucun contrôle, ni sur la 
qualité de l'eau, ni sur la quantité d'eau puisée, n'est possible. U n e  
infiltration accidentelle de radionucléides dans la nappe constitue de ce fait 
un des risques les plus importants de contamination du milieu en raison 
de la multiplicité d'utilisation de l'eau à des fins agricoles, industrielles 
ou domestiques.

2.3. Transfert par la chaîne alimentaire

L'utilisation des systèmes d'irrigation en bordure des fleuves fait 
évoluer dans une grande m e s u r e  le m o d e  de culture. Les cultures 
traditionnelles et de type extensif sont remplacées par des cultures indus
trielles: mais, céréales, etc., et à fort rendement. L'utilisation des 
engrais chimiques est de nature à faire évoluer le complexe absorbant du 
sol et les absorptions de radionucléides par voie racinaire. L'irrigation 
par aspersion représente pour de nombreux radionucléides une nouvelle 
voie de transfert non négligeable. L a  présence, dans les eaux d'irrigation 
et les solutions de sol, d'agents complexants organiques augmente la 
mobilité de ces éléments dans le sol et les possibilités d'assimilation par 
les végétaux. Les rejets accidentels, soit de radionucléides, soit de 
polluants organiques, constituent un risque sérieux de contamination de la 
chaîne alimentaire.

2.4. Paramètres de transfert liés à la physico-chimie des sols

Les paramètres de transfert des radionucléides au niveau des sols sont 
fonction de la surface occupée par chaque type de sol, de la perméabilité, 
de la rétention en eau, du complexe absorbant, de la teneur en matière 
organique et en argile.

2 . 1 .  T r a n s f e r t  par  l e s  eaux de s u r f a c e
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2.4.1. Surface occupée

L a  surface occupée par les différents groupes pédologiques de sol doit 
être calculée en fonction de la contamination soit par irrigation, soit par 
dépôts atmosphériques, soit par les deux simultanément. Pour les dépôts 
atmosphériques on tiendra compte de la rose des vents: fréquence direc
tionnelle et vitesse. Ces diverses considérations permettent de faire une 
classification par type de sol et m o d e  de contamination.

2.4.2. Perméabilité

P a r m i  les facteurs physiques du sol intervenant dans la contamination, 
la perméabilité constitue un paramètre important dans la répartition des 
radionucléides. A  l'exception de quelques sols argileux et limoneux, 
l'ensemble des sols alluviaux est assez perméable; la vitesse de circulation 
de l'eau fluctue généralement entre 2* 10"3 et 2, 5 • 10-2 cm/s. Cette 
excellente perméabilité favorise d'abord le transfert des radionucléides 
au niveau du système racinaire des plantes, ensuite la migration dans la ' 
roche-mère (cailloutis sableux) puis dans la nappe phréatique qui circule 
dans les bancs sableux.

2.4.3. Rétention en eau

A  côté de la perméabilité, la rétention en eau (ou réserve hydrique) 
représente un paramètre qui conditionne le transfert vers- les végétaux et 
la chaîne alimentaire ainsi que vers la nappe phréatique. Cette réserve 
hydrique est la quantité d'eau réellement disponible pour les plantes. Sa 
valeur fluctue pour les types de sols considérés entre 1 et 20%; les valeurs 
moyennes pour les sols alluviaux sont de 6 à 10% et pour les sols bruns 
de 8 à 16%. Pour de no m b r e u x  sols alluviaux sableux cette réserve d'eau 
est donc assez faible et les risques de lessivage sont certains, d'autant 
plus que l'irrigation à des doses de 10 à 50 m m  de hauteur d'eau est surtout 
pratiquée sur sols peu profonds et caillouteux.

2.4.4. Nature du complexe absorbant

Dans les sols considérés, le complexe absorbant est généralement 
saturé en bases à l'exception des sols bruns acides. L e  calcium et le 
m a g n é s i u m  sont les deux éléments prépondérants.. L a  capacité d'échange, 
de ces sols varie essentiellement en fonction de la teneur en argile car 
sur sols cultivés la teneur en matière organique oscille en général autour 
de 2, 5%. Les valeurs du complexe absorbant des sols utilisés fluctuent 
entre 8 et 25 méq/100 g. Il est à signaler que ces valeurs tombent à 2 ou 3 
méq/100 g dans les horizons sableux. L'efficacité de la rétention des 
radionucléides par le complexe absorbant est partiellement annihilée par 
la forte perméabilité et la faible capacité de rétention en eau.

2.4. 5. Teneur en matière organique et en argile

C o m m e  nous l'avons signalé précédemment, la teneur en matière 
organique des sols cultivés oscille autour de 2, 5%. P a r  contre, la teneur 
en argile varie dans de plus grandes proportions. Dans la catégorie des sols
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bruns calciques, par exemple, on peut distinguer trois classes en fonction 
du taux d'argile: inférieur à 15%; compris entre 15 et 25%; supérieur à 25%.

Dans le groupe des sols alluviaux, deux classes peuvent être distinguées: 
les sols dont le taux d'argile est inférieur à 10%, les sols dont le taux 
d'argile est supérieur à 10%.

L'abondance d'argile conditionne la capacité de rétention en eau et la 
capacité d'échange; de ce fait, la valeur de 20% d'argile peut être retenue 
sur le plan de la rétention radioactive pour classer les sols:
—  rétention bonne à m o y e n n e  si le taux est supérieur à 20%,
—  rétention moyenne à médiocre si le taux est inférieur à 20%.

3. L E S  M E C A N I S M E S  D E  T R A N S F E R T

Les m é c a nismes de transfert des radionucléides du point de rejet 
jusqu'à la nappe en passant par les sols sont multiples. Nous essaierons 
dans cette étude de cerner les plus importants.

L e  m é c a n i s m e  de base est constitué par la réaction de l'eau du fleuve 
sur l'effluent. L e  second est constitué par l'influence de la qualité de 
l'eau sur la migration des radionucléides dans les sols. Le  troisième 
englobe l'interaction des différents types de sols sur la répartition des 
radionucléides dans le sol. L e  quatrième enfin concerne l'ensemble des 
formes chimiques susceptibles de contaminer la nappe phréatique, donc 
l'évolution des radionucléides dans les sols.

3.1. Réaction de l'eau du fleuve et des eaux d'irrigation avec l'effluent

Les m é c a nismes de transfert dans les eaux ont été étudiés à l'aide de 
techniques originales qui consistent à voir sur des suppçrts variés la réaction 
des eaux et des radioéléments. Les supports utilisés sont de trois types: 
le papier, le gel de silice, le gel de silice imprégné de résines échangeuses 
d'ions. Les solvants employés sont constitués par les différentes eaux 
susceptibles de transporter les radionucléides dans les sols: eaux brutes 
des fleuves, eaux d'irrigation, nappe et canaux.

Sur papier, par exemple, nous pouvons constater que la teneur en sels 
minéraux et en composés organiques est responsable du déplacement plus 
ou moins accentué des radionucléides.

La  figure 1 montre l'effet obtenu sur un ensemble de cinq radionucléides: 
137Cs, 22Na, 65Zn, 59Fe, 141C e  et sept eaux de diverses origines: eaux 
brutes des fleuves, canaux d'irrigation, eau de la nappe phréatique.

L a  figure 2 montre l'effet obtenu sur gel de silice avec des eaux de 
composition organo-minérale variée.

Nous constatons sans équivoque que la qualité actuelle des eaux brutes 
des fleuves constitue un facteur primordial dans la réaction des radioéléments. 
Selon sa charge organo-minérale, cette eau est susceptible de mobiliser la 
presque totalité des radioéléments. Sur gel de silice la différence entre les 
diverses eaux est encore plus nette que sur papier. E n  présence d'une 
imprégnation de résine, par exemple, nous observons indubitablement la 
présence de complexes qui se retrouveront dans l'eau d'irrigation et 
joueront au niveau du sol un rôle important, pour la mise à la disposition 
des plantes des radionucléides rejetés dans un tel système c o m m e  pour la 
migration de ces m ê m e s  composés vers la nappe phréatique.
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F IG .l. Chromatographie sur papier des différents radionucléides avec les eaux com m e solvant,
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3. 2. Influence de la qualité de l'eau sur la migration des radionucléides.
dans les sols

A u  niveau des sols, l'interaction radionucléides-eau se retrouve et 
nous remarquons, sur la figure 3, que la pénétration de ceux-ci est guidée 
par la qualité de l'eau. L a  différence de migration entre l'eau distillée 
et l'eau brute du fleuve est importante pour les éléments qui peuvent 
former des complexes avec les composés organiques. A  cet égard, il faut 
faire remarquer que l'ensemble des produits d'activation est concerné 
par la présence d'une pollution organique dans l'eau brute des fleuves.
Il apparaît que les m é c a n i s m e s  de transfert des radionucléides dans les 
sols dépendent, pour une grande part, de la qualité et de la composition 
organo-minérale des eaux qui véhiculent les radionucléides.

3.3. Evolution des radionucléides dans les sols

Le transfert des radionucléides dans les sols est lié à la présence des 
formes hydrosolubles; apportés par les eaux d'irrigation, une forte 
proportion en reste hydrosoluble et est capable de migrer en profondeur.
A  cet égard, le type de sol, et en particulier le p H  de celui-ci, joue un 
rôle essentiel. Les complexes sont d'autant plus solubles et plus stables 
que le p H  du sol est plus acide et que celui-ci ne renferme pas de calcaire. 
Ces complexes stables sont mobiles m ê m e  sous l'action de l'eau de pluie. 
Les figures 4 et 5 illustrent les possibilités de migration en fonction du 
type de sol. Si nous examinons de plus près cette répartition de formes 
hydrosolubles dans le profil (fig. 6) nous remarquons qu'il subsiste plusieurs 
types de complexes stables. Ces composés peuvent atteindre rapidement 
la nappe phréatique et être repris lors de l'utilisation de l'eau de la nappe.

3.4. Conséquences pour le milieu

. Les conséquences du rejet de radionucléides dans les environs immédiats 
d'une centrale nucléaire seront les suivantes:

—  Risque de contamination de la surface du sol par irrigation et dépôts 
atmosphériques. L a  pärtie la plus touchée sera la zone où les deux m o des  
de contamination se superposent.

—  Contamination probable des eaux de la nappe phréatique par suite , . 
des interactions fleuve-nappe et des possibilités de migration rapide des 
radionucléides apportés par les diverses eaux d'irrigation sur les sols 
environnants.

—  Risque de contamination des végétaux par voie foliaire (aspersion), 
et par voie racinaire (irrigation du sol avec migration en profondeur). U n  
cycle biologique complet risque de s'établir entre le sol, la nappe et les 
résidus végétaux.

—  Contamination progressive et par vagues des eaux du fleuve sous 
l'influence des rejets industriéis situés en amont. Il s'ensuivra une 
dissémination importante et des incidences pour l'aval du fait de la mobilité 
exceptionnelle des radionucléides sous l'influence de ces m ê m e s  rejets 
industriels, et cela pose le problème du traitement de l'eau en amont pour 
éviter cette mobilité et en aval pour arrêter ces complexes au niveau des 
stations de traitement des eaux de boisson et des eaux industrielles.

IAEA-SM-172/57 2 6  3
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L 'étude des m éca n ism es de tra n sfert des rad ion u cléid es dans le  
sy stèm e  fleu ve—so l ir r ig u é—nappe p erm et de m ettre  en év idence le s  
p rin cip a les  in cid en ces des r e je ts  rad ioactifs sur le  m il ie u L 'é v o lu t io n ,  
de la  contam ination dans le  m ilieu  environnant est l ié e  à tr o is  cau ses  
p rin cip a les:
— la  pollu tion  im portante des eaux des fleu ves et en p a rticu lier  en com p osés  

organiques
— la p résen ce  non lo in  des cen tra les  n u c léa ires  de points de re je ts  

in d u str ie ls  où sont re je té s  des com p osés peu b iodégradables
— le s  p r is e s  d'eau pour l'irr ig a tio n  s itu ées  en aval du point de re jet.

Sous l'e ffe t de ces  d iv e r se s  ca u ses , le s  techniques exp érim en ta les  
u til is é e s  [ 1 , 2 ] font r e s s o r t ir  que la  contam ination des so ls  et de la  nappe 
es t  fonction de la  qualité des eaux car c e l le - c i  in tervien t pour une large part 
dans la  m obilité  des rad ion u cléid es.

L 'en sem b le des études de m éca n ism es de tran sfert fait égalem ent 
r e s s o r t ir  la  notion p rim ord ia le  de s ite  et m ontre que l'évo lu tion  des 
rad ion ucléides dans le  m ilieu  e s t  conditionnée par. le s  facteu rs sp éc ifiq u es:  
pollution or gano-m in éra le  du fleu ve, types de so ls  et types de cu ltu res.

Pour le s  r isq u es rad ioactifs , le  facteur critique d'un site-q u i doit 
conditionner le s  re je ts  d'une cen tra le , et p eu t-ê tre  lim iter a  son  extension , 
est constitué dans le  tem ps par la  charge polluante des eaux du fleuve dans 
leq u el sont effectu és le s  rejets.' C ette charge polluante fa v o r ise  la  m obilité  
des rad ion ucléides v e r s  le s  con som m ateu rs d'eau s itu és  en aval, a c c é lè r e  
le  tran sfert de la  contam ination dans le s  so ls  et, par vo ie  de; conséquence, 
augm ente la  d iffusion  v e r s  le s  cu ltures et la  nappe [ 3 ].

Le risq u e de pollution  therm ique, eri dehors de se s  e ffets p ropres sur  
le  m ilieu  aquatique, se  su p erp osera  au r isq u e rad ioactif en m odifiant 
l'am plitude, des phénom ènes de radiopollution, à savo ir  surtout la  m obilité  
et le  m étab o lism e des rad ion u cléid es.

CONCLUSIONS
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D I S C U S S I O N

К. B. MISTRY: W ere th ere any d ifferen ces  in the predom inant clay  
m in era l type between the s o ils  u sed  in your exp er im en ts?  I ask  th is question  
in re la tion  to your ob serva tion s on the behaviour of rad iocaesiu m .

A. SAAS: We have in our s o ils  s e v e r a l types of clay and various  
m ixing proportions. In the c a lc ic  brown s o il ,  for exam p le, we have an 
i l l it e -c h lo r ite  m ixtu re.

P. G. MAYER: W ere the s o ils  saturated  with w ater for p urposes of 
the exp er im en ts?

A. SAAS: In our exp erim en ta l procedure the s o ils  are m oisten ed  to 
capacity  in the field  for 24 hours and then allow ed to rev er t to the m oistu re  
content requ ired  for the exp erim en t. We worked with se v e r a l d ifferen t  
m o istu re  content v a lu es. T h is p aram eter a ffects in p articu lar the d is tr i
bution of the rad ionuclides but has lit t le  in fluence on the ch em ica l fo rm s.

R. FUKAI: With re fere n c e  to your u se  o f the term  "hydrosoluble", have 
you any idea as to what ch em ica l form s of e lem en ts are p resen t in "hydro
soluble" form ? A re they m ainly w a ter-so lu b le  organic com pounds or ions  
of the e lem en ts  concerned?

A. SAAS: By "hydrosoluble" we m ean the totality  of the organ ic and 
m in era l com ponents of a s o il  which are so lu b le in w ater. The w a te r /s o il  
ratio  is  2 / 1 , the com position  of the solu tion  varying from  one s o il  to another. 
The p rin cip a l m in era l com ponents are K+, N +, Ca++, Cl", SO| and HCOg.
The organ ic com pounds p resen t are  m o lec u les  of low  m olecu lar weight; 
the carbon con centrations vary from  5 to 10 m g /litr e .

H. WIJKER: Do the enhanced m etab olism  and m obility  as a consequence  
of h igher tem perature alw ays constitu te an extra  r isk , or  can they be 
b en efic ia l in som e c irc u m sta n c es?  If the la tte r  is  the c a s e , it m ight be 
p referab le  to speak of th erm al 'changes' in stead  of therm al 'pollution'.

A . SAAS: The action o f tem perature m ay be d escrib ed  as fo llow s:
(1) In creased  so lu b iliza tion  of certa in  m in era l and organ ic com pounds; 

th is has a tendency to in c r e a se  leach in g  into the ground water;
(2) An effect on the oxid ation-redu ction  sy stem  of the so il;  th is brings 

about a m ore active biodégradation of the com p lexes and som e d egree  
of im m ob ilization  of the m in e ra ls .
L. EDOUARD: You say in your con clusion  that the nature of the rece iv in g  

m edium  for the liquid effluents m ight be such as to requ ire the abandonment 
of p lans for expansion o f a n u clear pow er station . This prom pts m e to put 
two q u estion s, a lbeit s ligh tly  ou tside the fie ld  of our p resen t d iscu ss io n s:
(1) In v iew  of the regu lations governing r e le a s e s  from  n uclear power sta tio n s, 

i s  abandonment of such  plans for expansion  rea lly  con ceivab le ?
(2) L ik ew ise in v iew  of the r e le a se  reg u la tio n s, and in the public in te r e st , 

would it not be p referab le to devote availab le finan cial re so u r c e s  to 
purifying d om estic  and in d u stria l w a ste s , rather than try to chop off
a few  m ore m illi -  or m icr o cu r ie s  from  rad ioactive w a stes?
A. SAAS: The purpose of our study w as b asica lly  to define the tran sfer  

m ech an ism s of rad ion uclid es in s o ils .  We have no authority to take d ec is io n s  
regard in g  ex ten sion s — or lack  of ex ten sion s — to power sta tion s. H ow ever, 
in the context o f th is study the pollution load of r iv e r s  em e rg es  as a lim itin g  
factor as far as rad ioactive r e le a s e s  are concerned .

C onsequently, we m ake the point in our paper that purification  o f the 
w ater u pstream  can enhance the sa fety  o f rad ioactive d isp o sa ls . In the ca se
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of certa in  n u c lid es , such  as 22Na and 131I, the quality o f the w ater into which  
the r e le a s e s  are effected  and the purification  o f in d u stria l and d om estic  
w astes  should be taken into account on both the ec o lo g ic a l and the econom ic  
le v e ls .

R. J. ROUX: You have d escr ib ed  the sign ifican ce  of pollution load s  
deriv ing  from  so u rc es  outside the nuclear power station . H ow ever, there  
w ill be organic com ponents p resen t in the sta tion 's  own w a stes  (overa ll 
w a ste s , that i s ,  not just rad ioactive efflu en ts), and perhaps you could  
indicate to u s , on the b a sis  of your r e se a r c h e s , what the m o st im portant 
of th ese  are.

A . SAAS: Among the organ ic com ponents capable o f form ing com p lexes
I would say that carb oxy lic  com pounds are the m ost im portant, follow ed  
by phenolic com pounds and am in es.
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Abstract

AGRICU LTU RAL A S P E C T S  OF R A D IO A C TIV E  C O N T A M IN A T IO N  OF THE ENVIRONM ENT BY THE NUCLEAR 

POWER IN D U STR Y.

T h e  s ig n if ic a n c e  o f co n ta m in a tio n  of ag r icu ltu ra l produ ce by r a d io a c tiv ity  re leased  into  th e environ m en t 

by n u clear industry is con sid ered . H itherto, in d u stria l uses o f n u clear en ergy  h a v e  exposed th e  pop u latio n  to 

on ly  v e ry  sm a ll ad d itio n a l doses o f  rad iatio n  and the con tribu tion  from  a g r icu ltu ra l p rodu ce has b een  tr iv ia l.  

Under n orm al co n d ition s this situ ation  w il l  co n tin u e , provided that th e present stringent con tro ls are 

m a in ta in ed . H ow ever, d esp ite  a l l  p recau tion s the p o ssib ility  o f a c c id e n ta l re le a s e s  o f r a d io a c tiv ity  cannot 

b e  e n tire ly  e lim in a te d . Assessm ents o f th e ag r icu ltu ra l im p lica tio n s  o f such re le a se s  from  current in sta lla tio n s 

h a v e  id e n tified  Ш1 as the n u c lid e  l ia b le  to cau se  the h igh est ra d ia tio n  doses b ecau se  o f  its  ab undance and 

v o la t i l i ty ,  its  rapid transfer to m ilk , and a ccu m u la tio n  in  the sm a ll thyroid o f  in fan ts. №Cs, 90 Sr and 89Sr 

a lso  m e rit  co n sid era tio n  but would u sually  s ign ify  low er rad iatio n  doses. T h e  r e la t iv e  im p o rta n ce  o f these 

n u clid es  m ay vary  w ith  new  typ es of rea cto rs  but th ere  is  no e v id e n c e  th at other n u clid es  w il l  b e c o m e  of 

co m p a ra b le  s ig n if ic a n c e .

R elationships b etw een  th e d ep ositio n  o f these rad io n u clid es  on a g r ic u ltu ra l land and the co n ta m in atio n  

o f  d ie t are re v ie w e d . Particu lar atte n tio n  is g iv e n  to  th e  transfer o f ra d io a c tiv ity  to  m ilk  by c a tt le  g ra zin g  

co n ta m in ated  pastures as this path w ay c a n  le ad  to  the h igh est rad iatio n  doses. W here m ilk  is not produced 

or w hen c a t t le  are not at pasture th e  doses for a g iv e n  re le a s e  would b e  m uch lo w er. Most o f th e  to ta l 

d ie ta ry  co n ta m in a tio n  w il l  o ccu r r e la t iv e ly  soon a fter  d ep ositio n . T h e  short h a lf - l iv e s  o f  m I and 89Sr p reclu d e  

lo n g -te rm  co n ta m in a tio n , but e v e n  w ith  90Sr and ^ C s  a n a lysis  o f  survey d a ta  shows that m ost o f the dose 

co m m itm e n t w il l  b e  incurred w ith in  the first 2 y ea rs. M oreover, it is m ost u n lik e ly  that the am ount o f 90Sr 

in  the so il would ev er be such that ag r icu ltu ra l produ ce w as se v e re ly  a ffe c te d .

In plan n in g safeguards for th e  p o p u latio n  after a rea cto r a c c id e n t, on ly  ^ I  w arrants con sid era tion  as a 
d ie ta ry  co n ta m in a n t. Even for this n u c lid e , in h a la tio n  is l ik e ly  to b e  th e  dom in an t m od e o f exposure for 

p e o p le  liv in g  c lo se  to the source and th is w il l  b e c o m e  r e la t iv e ly  m ore im portant i f  rea cto rs  are sited c lo se  

to towns. R e m e d ia l m easures m ust ta k e  both m odes o f exposu re into acco u n t.

INTRODUCTION

In the early years of the nuclear industry it was general policy to 
locate nuclear reactors and other installations remote from centres of 
population, and hence, usually in agricultural areas. It was natural, 
therefore, that considerable attention should be given to the possible 
contamination of foodstuffs produced near these sites, especially in a period 
when the contamination of diet with world-wide fallout from nuclear tests was 
a matter of general concern. The significance of environmental contamination 
with radioactivity from the nuclear power industry, however, lies in the 
total additional doses of radiation which the population receives both from 
the consumption of contaminated foods and from external sources. These doses 
have been reviewed recently [l, 2] in relation to natural background 
radiation and other sources of ionizing radiation to which man is exposed and

273
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TABLE I. AVERAGE ANNUAL DOSES FROM NATURAL BACKGROUND 
AND WORLD-WIDE AVERAGE DOSE COMMITMENTS FROM MAN-MADE 
ENVIRONMENTAL RADIATION ESTIMATED BY UNSCEAR [ 1]

Annual doses from 
natural background 

(mrad-y )

Dose
Atmospheric 
tests before

1971

commitments (mrad)
Per year of electrical 

power production
1970 2000

Gonads
External 72 84 0.00045 0.05
Internal 21 35 O.OOO47 0.16
Total 93 120 O.OOO9 0.2

Bone marrow
External 72 84 0.00045 O.O5
Internal 17 76 0.00047 0.16
Total 59 TEÖ O.OOO9 0.2

it is clear that, under normal operating conditions, the nuclear industry is 
responsible for only a very small increment in the dose received by the world 
population (Table I). In the United States it was estimated [2] that in 1970 
the average whole-body dose to the population from the nuclear power 
programme represented less than 0.002$ of the total from all sources, 
natural background and medical exposure being responsible for about 96%; in 
the future, the developing nuclear power industry was expected to contribute 
a population dose of less than 1% of natural background.

In assessing the possible effects on agriculture of the nuclear power 
industry, two situations require consideration.

1. Normal operating conditions when discharges of radioactivity 
are subject to control.

2. Emergency conditions after an accident in which large 
quantities of radioactivity may be released.

For either situation, widespread contamination will occur only after 
discharges to atmosphere. Iodine-131, caesium-137> strontium-89 and 
strontium-90 have long been recognized as the nuclides potentially able to 
cause the highest radiation doses to man through contamination of diet and, 
although new information on the biological behaviour and radiation dosimetry 
of these nuclides has modified views on their relative importance as environ
mental contaminants [l], there is no evidence that other nuclides are likely 
to become of comparable significance.

THE SITUATION UNDER NORMAL CONDITIONS

Reference has already been made to the small contribution which the 
normal operations of the nuclear power industry make to the total radiation 
doses received by the world population. It should be emphasized, moreover, 
that this exposure to radiation is due almost entirely to external sources
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or to internal doses attributable to discharges into the aqueous environment; 
no instance was cited of significant doses to the population arising from 
the consumption of agricultural produce.

This is illustrated by the situation in the United Kingdom where 
analysis of critical pathways has shown that the radiation exposure of the 
population from discharges of radioactivity by nuclear establishments is due 
primarily either to external sources or to consumption of aquatic foods [3]. 
It has been the general experience that the concentrations of strontium-90 
and caesium-1 3 7 in milk produced in the neighbourhood of nuclear installa
tions lie within the range to be expected from world-wide fallout [4, 5]. 
Under normal conditions no iodine-131 is detected in milk produced near 
nuclear reactors. Even at sites where fuel is reprocessed and the nuclide 
is known to be released, iodine-1 3 1 is only occasionally detected in milk 
and the average concentrations are low. At Windscale the concentration was 
less than 15 pCi litre- * in all samples analysed in 1970 [6], while at the 
Dounreay Experimental Reactor Establishment iodine-131 was present above the 
detectable level of 20 pCi litre-* in only 6 out of 200 samples analysed in 
1971 and the average concentration during the year was less than 20.5 pCi 
litre-1 [5 ] .

Provided that the present stringent controls are maintained it would 
seem unlikely that normal operations would lead to increased contamination 
of agricultural land in the future. In a review of the significance of 
releases of caesium-137 and iodine-131 from the Advanced Gas Cooled Reactors, 
Beattie [7] concludes that under normal conditions, the quantities of 
either nuclide discharged would be most unlikely to be of serious concern 
as gaseous effluent. He also points out that the external gamma dose from 
deposited caesium- 1 3 7 places a more restrictive limit on the continuous 
discharge of caesium- 1 3 7 than does the contamination of cows1 milk.

Expansion of the nuclear industry will lead to the production of 
increased amounts of the long-lived iodine-129 (half-life = 1.7 x 107 years) 
which, in contrast to iodine-13 1, is not reduced in quantity by radioactive 
decay when irradiated fuel is Icooledt before processing. However, with 
present purification plant, the proportion discharged to atmosphere can be 
reduced to 0.1$ and an assessment [8] based on specific activity in the 
environment indicates that iodine-12 9 will not be a serious problem for a 
chemical plant serving a power programme up to 100,000 MW(e). Indeed, ‘ 
Bryant [9] has recently estimated that the dose rate to the thyroid glands 
of the critical group living near Windscale was only about 10~6 rad year-1  
in I972 and might rise to about 4 x 10“5 rad year“1 in the year 2000 as a 
result of discharges of iodine-129 to atmosphere. If fuel from fast- 
reactors were reprocessed after shorter periods of cooling than is now 
customary it would be necessary to improve the decontamination factor for 
short-lived nuclides of iodine and the proportion of iodine-12 9 released 
would also be lowered [Ю].

ACCIDENTAL RELEASES OF RADIOACTIVITY TO ATMOSPHERE

Although the design and construction of reactors provide a high degree 
of intrinsic safety, the possibility of accidents occurring cannot be 
entirely eliminated. Only major accidents in which there was a substantial 
release of radioactivity to atmosphere would be of agricultural significance. 
In minor accidents radioactivity would often be contained and there would be 
no contamination of farmland. Operational errors or malfunctions causing 
releases to waterways would seldom seriously affect agricultural produce and 
any contamination of drinking water for animals or of crops by irrigation 
could readily be controlled.
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T A B L E  I I .  R E L A T I V E  Q U A N T I T I E S  O F  V O L A T I L E  O R  

S L I G H T L Y  V O L A T I L E  F I S S I O N  P R O D U C T S  I N  A  

P O T E N T I A L  R E L E A S E  F R O M  A  N U C L E A R  P O W E R  

R E A C T O R

Riel rating, 20 MW-tonne ^; irradiation time 1000 days.

Nuclide Ci-MW“1 Nuclide Ci-MW“1

1 3 1 J 3.0 x 104 137Cs 3 . 3  X 1 0 3
1 3 2 J

3 . 8  X 104 90 Sr* 2.4 X 10
1 3 3 j 5 . 6  X 104 89 Sr* 2 . 4  x  102
134-j- 6.7 x 104 106 Ru 1.6 x  104

I 3 5 j 5 . 2  X 104 103Ru 4 - 1  X  1 0 4

132Te 3 . 8  X 104

1% of inventory. (From Beattie and Bryant, [ll])

Critical Nuclides

The fission products likely to be released from current types of 
reactors in an accident have been discussed by Beattie and Bryant [ll] and 
the composition of a possible release is illustrated in Table II. Of the 
radioisotopes of iodine, only iodine- 1 3 1 is likely to require consideration 
as a contaminant of diet. Other isotopes of iodine, though they could make 
a major contribution to the radiation dose due to inhalation, are not of 
importance in agriculture owing to their short half-lives. Caesium-137 is 
also relatively volatile and substantial quantities may be released. The 
isotopes of strontium, however, are of low volatility under most conditions 
and would tend to be retained. Other fission products with appreciable 
half-lives, such as the isotopes of ruthenium and the rare earths, do not 
readily pass through food chains and are of minor interest as dietary 
contaminants [12].

The relative amounts of fission products released may vary according 
to the nature of the accident and the type of reactor. For instance, it is 
possible that rapid depressurization of a High Temperature Reactor could 
lead to caesium-137 being released but no iodine-131 [7]> and in sodium- 
cooled reactors iodine- 1 3 1 would be efficiently retained by the liquid 
sodium [13]. The nature of the accident may also influence the physical or 
chemical form of the radionuclides released; discussion in the following 
sections relates to finely divided, soluble material but if it were in large 
particles or of low solubility its transfer to diet would be greatly reduced.

Contamination of Agricultural Produce Soon After an Accident

In discussing the agricultural effects of an accidental release of 
radioactivity from a nuclear reactor both the short- and long-tem 
contamination of produce will be considered. In the acute situation soon 
after the accident, direct deposition on pastures and crops will lead to



I A E A - S M - 1 7 2 / 4 7 277

the highest levels of contamination, but for relatively short periods. At 
this stage uptake from the soil is of little importance but subsequently it 
is possible that the longer-lived nuclides may be absorbed by plants and 
cause lower levels of contamination over prolonged periods.

The potential radiation dose to the population from the consumption of 
contaminated produce soon after an accident will depend greatly on the 
predominant type of production in the area and the season of year. In 
countries where milk is an important item of diet, the pathway from pasture 
to cow to milk is most likely to be the critical one. Iodine, strontium and 
caesium are all rapidly transferred to milk which is usually consumed within 
a few days of production. Milk is also an important component of the diet 
of infants who are the critical group in the population and may depend 
entirely on local supplies. The contamination of milk would be greatest in 
summer when cattle are grazing or receiving fresh forage. If cattle were 
kept indoors and being provided with stored foodstuffs, the potential 
radiation doses to the population would be much reduced.

In areas where no milk is produced, green vegetables would probably be 
the main source of dietary contamination but the daily intake of radio
activity would be much smaller than that from milk produced on pastures 
receiving the same deposit per unit area. For example, the daily intake of 
radioactivity on leafy vegetables in the United Kingdom has been estimated 
to be equivalent to the deposition on only 10 cm^ of ground [ll]. Moreover, 
delay between deposition and harvest, and the normal processes of domestic 
preparation, would lead to considerable reductions in the level of 
contamination.

Information on the time-course of contamination of milk after an 
accidental release assists in predicting the potential exposure to radiation 
from dietary sources and provides a basis for deciding whether any counter-
measures are needed. Calculations using data on retention of radioactivity 
by pastures and on the metabolism of the nuclides by cattle make it possible 
to predict the pattern of contamination in the early period after an 
accidental release [14]. Typical assumptions are that:

1. The deposit is in a freely available form
2. 2$% is retained initially on the edible tissue of plants
3. In addition to radioactive decay, field loss causes the 

level of contamination to decrease by one-half every 14 days
4. The cows obtain all their diet by grazing.

These assumptions are likely to lead to a pessimistic estimate of the levels 
of contamination in milk since, for instance, even in the summer months, 
productive herds are given supplementary feeding stuffs which would be 
uncontaminated.

Iodine-131

A typical curve showing the variation in the contamination of milk with 
time after a single deposition of iodine-131 on pasture is given in Figure 1. 
Iodine-131 will be present in milk within a few hours of the pastures being 
contaminated but maximum concentrations will not be reached for 2-3 days. 
Thereafter the concentration decreases with ал effective half-time of about
5 days owing to the combined effects of radioactive decay and field loss.
The area beneath the curve provides an estimate of the total contamination
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DAYS AFTER DEPOSITION

FIG . 1 .  T y p ic a l  re latio n sh ip  b etw een  th e co n ta m in a tio n  o f m ilk  w ith  1311 and tim e  after  the dep ositio n  o f  

1  f i d  1311 • m "2 on pasture (from  R ef. [14 ]) : ( a )  under co n d ition s o f continuous g ra zin g ; (b ) i f  cow s are 

ta k e n  o ff  pasture after 4 d ays and g iv e n  unco n tam in ated  food .

of milk with iodine-131 and for planning purposes a value of 1„4 M-Ci days 
litre“1 per n.Ci m“^ deposit (Table III) is taken as representative for 
conditions in the United Kingdom. If cattle were moved to uncontaminated 
pasture or provided with stored food the concentration in milk would fall 
rapidly and the total contamination would be reduced.

The exact relationship between the quantity of radioactivity per unit 
area and the concentration in milk may vary widely depending on the quality 
of the pasture and the fraction of iodine transferred to milk [ 15, 16]. 
However, the shape of the curve tends to be more uniform and in an accident 
situation when the initial intake of iodine- 1 3 1 by cattle may not be known 
at all precisely, the projected total contamination can be related to the 
peak level [17]о Lengemann [l8-20] has extended this approach to allow 
predictions to be made from a measurement of the concentration at any 
interval after the contamination of pasture. Such relationships also make 
it possible to estimate the extent to which the radiation dose to the 
population might be reduced either by removing cattle from contaminated 
pastures and giving them uncontaminated food, or by controlling the use of 
milk from the contaminated area. For example, if cattle are taken off 
¡pastures 4 days after contamination has occurred, the total intake of 
iodine- 1 3 1 with continued use of fresh milk would be about 30$ of that if 
no protective action were taken compared with about 20$ if the use of fresh 
milk were discontinued. It is evident that if the first alternative is 
practicable, a considerable reduction in the radiation dose to the population 
can be achieved with much less disruption of normal supplies.
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TABLE III. THE INTEGRATED CONTAMINATION OF MILK FROM COWS 
GRAZING PASTURES CONTAMINATED IN THE SECOND HALF OF THE 
YEAR
Initia l d ep osit 1 /u C im ’2. F o r  other assu m p tions s e e  text.

Iodine-131
|j.Gi-days-litre-1 per (jCi-m- 
Caesium-137 Strontium-89

-2
Strontium-90

Year of accident 1.4 10 0.4 0.5

Year after accident - 2 0.6

Long-term from soil - - 0.4

Total 1.4 12 0.4 1.5

DAYS AFTER DEPOSITION

F I G .2 . T h e  co n ta m in atio n  o f m ilk  w ith  r a d io a c tiv e  strontium  and ca e siu m  at vario u s in terv a ls  after the 

d ep ositio n  o f  1 /iCi • m "2 on pastures. A  co m p ariso n  o f results from  an e x p erim en t in  w h ich  85Sr and ^ C s  
w ere  sprayed onto pastures at tw o tim es o f  yea r [ 2 1 ]  w ith  c a lc u la te d  cu rves  [ 1 4 ] .

Strontium-89, strontium-90 and caesium-137

The contamination of milk with the isotopes of strontium and caesium-137 
in the early period after an accident can be calculated in a manner comparable 
to that for iodine-131. The maximum concentrations after a single deposition 
on pasture would be reached in about 5-8 days and thereafter the rate of 
decrease would be determined largely by field-loss and the rate of biological 
turnover. In Figure 2 calculated curves showing the variation in concentra
tion of strontium-90 and caesium- 1 3 7 with time are compared with experimental

\
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results obtained by Van den Hoek et al [21] who allowed cattle to graze on 
pasture which had been contaminated by spraying with solutions containing 
radioactive strontium and caesium. The general forms of the observed and 
calculated curves agree quite well. However, while the experimental curves 
for caesium were similar in shape to the calculated curve, marked seasonal 
differences were observed, the concentration in milk; in early summer for unit 
deposition on pasture being only about one-half that later in the year.
For both strontium and caesium the observed levels were below those suggested 
by calculation which, as has been pointed out earlier, is based on 
assumptions likely to lead to conservative estimates. A recent analysis of 
American and British data [22] has shown that, despite considerable 
variations in the transfer coefficients of caesium- 1 3 7 to milk in different 
animals, the form of the curves relating the concentration of caesium-1 3 7 in 
milk to time differed very little. Consequently the total acute contamination 
can be predicted with some confidence from measurements on milk in the early 
stages.

Estimates of the integrated contamination in milk in the early period 
after deposition of 1 (iCi m-^ of the different nuclides, calculated on the 
basis of the assumptions listed earlier, are summarized in Table III.

Long-term Contamination of Diet

The short half-lives of iodine-131 and strontium-89 preclude any 
prolonged contamination of diet due to uptake by plants from the soil or to 
the use of stored animal feeding stuffs which were exposed to radioactivity 
before harvest. However, the contribution from these sources must be taken 
into account in assessing the total radiation dose commitments from 
strontium-90 or caesium-13 7. In the absence of direct experience of the 
consequences of a single heavy contamination of farmland, analysis of data 
from surveys of world-wide fallout provides the best basis for estimating 
the long-term consequences for these nuclides.

Strontium-90 in milk

The development of relationships between the deposition of strontium-90 
and the contamination of milk in the United Kingdom has been reviewed 
recently by Bartlett, Russell and Jenkins [23]. It was recognized at an 
early stage [24] that direct contamination of pastures by recently deposited 
strontium-90 made an important contribution to the concentration in milk, 
especially when the rate of fallout was high, and that only part was 
attributable to indirect contamination due to entry of the nuclide into 
plants from the soil. Later it was found that, under United Kingdom 
conditions, the deposit in the latter half of the previous year also had a 
major influence on the contamination of milk, the estimated contribution 
from the cumulative deposit in soil being reduced still further [25].
However, up to 1966 the dominant effect of the recent fallout made it 
impossible to assess quantitatively the extent to which the availability to 
plants of the cumulative deposit in the soil changed with time. The 
subsequent relatively low annual deposition enabled an estimate of this to 
be made on the assumption that the availability decreases exponentially 
with time [26]. The equation used was of the form:

°n = рА  + p2Fn -l,b  + p3[Fn -l,a  « P Í - 1-2» )

+ Fn_2 exp(-2k) + Fn_3 exp(-3k) +  ...]
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F IG .3 . A  com pariso n  o f observed and c a lc u la te d  a v e ra g e  ratios o f  °Sr to c a lc iu m  in  m ilk  in  th e  U nited 

K in gd o m , 1 9 5 8 -1 9 7 1 .  T h e  results o f  fa l l-o u t  m easurem ents used in  th e c a lc u la t io n  are  also  shown. From 

R ef. [ 2 3 ] .

where is the annual ratio *^Sr/Ca in milk (pCi ^ S r  (g Ca)~*) in year n,
F , Fn j, Fn 2* ••• are deposits of strontium-90 in year n and 

” ~ each previous year, corrected for decay to
mid-point of year n (mCi km~2), 

subscripts a and b denote the first and second halves of year n-1,
P l ,  P 2  and P 3 are proportionality factors,
exp(-k) gives the annual decrease in the availability to plants of 
strontium-90 in the soil, after allowance for radioactive decay.

Analysis of average survey results for the whole of the United Kingdom up 
to I969 gave the following values for the constants in the equation:
Pj = O.7O, P 2  - I.4I, P 3 = 0.20 and exp(-k) = 0.86. Figure 3 shows that 
there is close agreement between the observed and calculated ratios of 
strontium-90 to calcium in milk, not only over the period for which results 
were used in the calculation, but also in 1970 and 1971. Between 1958 and 
I97I the maximum discrepancy was 7%. Values of the proportionality factors 
will vary for different localities but it is unlikely that even in poor 
agricultural conditions they will exceed the average by a factor of more than 
about 4-5 [27* 28]. The value for exp(-k) indicates an annual decrease of 
14$ in the availability of the strontium-90, in addition to the loss by 
radioactive decay (about 2%). This differs little from the estimate by 
van der Stricht et al [29] of 13% decrease annually in the environs of Ispra
and an estimate of 11% in New York State [30].

From the equation it can be calculated that the total contamination of 
milk after fallout deposition of 1 mCi 90$r km“^ is 2.3 pCi 90sr y (g Ca)™1
which is less than one-half that estimated from the original two— term
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equation. The reduction is due mainly to the lower estimate of the contribu
tion from the cumulative deposit in the soil which has decreased from 84% 
of the total to only 47$.

The equation makes it possible to estimate the contamination of milk 
with strontium-90 in the years following an accidental release from a 
nuclear reactor. If it is assumed that deposition of 1 ^Ci 90gr m-2 occurs 
in the second half of the year, the average concentration in milk in the 
following year would be about 1.4 nCi 90gr (g Ca)-1. This is equivalent to 
about 0.6 nCi days litre”1 during the year, a value comparable to the 
estimate of 0.5 jJ-Ci days litre“ 1 in the period soon after deposition occurred 
(Table III). In the second year after deposition the average contamination, 
due to uptake from the soil, would be only about one-tenth of this and 
decline subsequently by 16$ each year, the integrated total from the soil 
amounting to about 0.4 (J-Ci days litre”1.

The overall total of 1.5 nCi days litre  ̂ (Table III) is likely to be 
an over-estimate of the actual contamination incurred since it was assumed 
that in the early phase the cattle obtained all their diet by grazing, and 
the use of the ilag-rate1 tern in the equation implies that deposition over 
a limited area from an accidental release would have the same effect as 
widespread contamination from world-wide fallout. In fact, the use of 
uncontaminated feeding-stuffs from unaffected areas would lead to lower 
concentrations of strontium-90 in milk. Nevertheless it may be concluded 
that the highest doses from strontium-90 would be incurred within the first 
two years, and that subsequent contamination would be at much lower levels 
decreasing with a relatively short half-time of about four years.

Caesium-137 in milk

A calculation comparable to that in the previous section but based on 
the equation of Bartlett and Russell [25] for caesium-137 indicates that if
1 nCi 137cs m”^ were deposited in the second half of the year, the average 
concentration of caesium- 1 3 7 in milk in the following year would not exceed
6 nCi litre“1. This is equivalent to a total during the year of about
2 (j.Ci days litre“1 compared to 10 (iCi days litre”1 in the period immediately 
following the accident (Table III). Owing to the dominant influence of 
recent fallout on the contamination of milk with caesium-137j estimates of 
the small soil proportionality factor have failed to reach significance. 
However an average value of less than 0.1 appears probable [25, 28], so that 
the average concentration due to uptake from the soil would be less than 
0.1 nCi litre”1. In some areas, usually of low productivity, where the soil 
has a high content of organic matter and little clay, the contribution from 
the soil may be greater. However, even after heavy deposition on pastures, 
the period for which milk would be seriously contaminated is limited in most 
situations.

Other foodstuffs

Although there is less information on relationships between the 
deposition of fallout and the contamination of other foods than for milk, 
present estimates of uptake from the soil by different crops [28, 31] are 
adequate to establish that, even if the entire diet were produced locally, 
the overall ratio of strontium-90 to calcium in it would differ little from 
that in milk. If, as is much more probable, a high proportion of the diet 
were obtained from unaffected areas the ratio in the mixed diet would be 
considerably lower. For example, if locally produced vegetables were
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consumed but all other foods were uncontaminated, the ratio of strontium-90 
to calcium in the diet (assumed to be the average for the United Kingdom) 
would be less than one-fifth of that in locally produced milk.

The small uptake of caesium-137 by plants from most soils precludes 
any prolonged contamination of diet. Meat from animals grazing contaminated 
pasture would be a possible source of caesium-1 3 7 in the first year after 
deposition, when the concentration in milk from the same area would provide 
a good guide to that in meat as the two are related [32, 33]. The 
concentration in meat could, however, be considerably reduced by feeding 
concentrates to the animals or by transferring them to uncontaminated 
pasture for a few weeks before slaughter.

Significance of Accidental Releases

The limited period for which deposition of radioactivity on farmland 
would cause dietary contamination is illustrated in Table III which 
summarizes the estimates of the total contamination of milk which could 
result from the deposition of 1 (oCi m-2 of each of the nuclides. The entire 
intake of iodine-131 and strontium-89, and about 80$ of that of caesium-137, 
would occur in the early period after an accident. About three-quarters of 
the total contamination of milk with strontium-90 would occur during the 
first two years and the remainder at much lower concentrations in subsequent 
years. No estimate is included for the contamination of milk with caesium-137 
after the second year because, as explained earlier, there is as yet 
insufficient information to evaluate the long-term behaviour of the nuclide 
in the soil. However, the total contamination from this source would be 
small relative to that in the first two years and, moreover, external 
radiation from caesium-1 3 7 in the soil could expose the local population to 
higher radiation doses.

The figures in Table III can be used to estimate the radiation doses 
which might be received after the consumption of contaminated milk. As an 
example, doses which could arise from the deposition of 1 (iCi m“2 have been 
calculated for an infant, six months old at the 'time of the accident, who is 
given milk from the contaminated area (Table IV). It has been assumed that

TABLE IV. DOSE COMMITMENTS TO AN INFANT CONSUMING MILK 
FROM COWS GRAZING CONTAMINATED PASTURE  
F or assu m p tions used  in the ca lcu lation , se e  text.

Nuclide

Dose commitment (rads)

Critical
organ

Initial deposit 
on pasture
1 (iCi • m“2

Nuclides deposited 
in same proportion 
as in assumed 
release (Table II) 
and dose from 
I3I1 = 25 rads

Iodine-1 3 1 Thyroid 16 25
Caesium-137 Whole body 0.53 0.09
Strontium-89 Bone marrow О.О5З O.OOO7

Strontium- 90 Bone marrow 1.5 O.OOI9
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F IG .4 . E stim ated dose co m m itm en ts  from  90Sr to  th e  bone m arrow o f an in fan t, 6 months old at th e  tim e  

o f  an  a c c id e n t, who is  g iv e n  m ilk  from  an area w here 1 (iC i 90Sr • m "2 is deposited on pasture. ( S e e  te x t for 

assum ptions used in  th e  c a lc u la t io n .)

the consumption of milk is 0.7 litre day~l in the first year of life [34] 
and 0.5 litre day“ -*- thereafter [35]. The doses per ¡aCi ingested have been 
taken as:- Iodine-131, 16 rad to the thyroid gland [34]; caesium-137,
0.066 rad to the whole body [34]; strontium-89, 0 .19 rad to bone marrow [36]; 
strontium-90, 2.5 rad to bone marrow at age 6 months decreasing to about
0.5 rad in the adult [36]. The estimated dose commitments from strontium-90 
to bone marrow in the years following an accident are shown in Figure 4 .
The high initial concentrations of strontium-90 in milk together with the 
greater radiation dose per (iCi ingested in the first year of life lead to 
at least 60% of the total commitment being incurred in the first year. For 
reasons given earlier, the estimated dose commitment for the year following 
the accident is probably too high and it is more likely to lie between that 
shown by the shaded column and that due to the soil alone. The contribution 
attributable to uptake from the soil in subsequent years is relatively 
small.

Comparison of these estimates of dose per unit deposition with the 
relative quantities of the nuclides which may be deposited after an accident 
enables the relative significance of the nuclides as dietary contaminants 
to be assessed. Table IV shows the doses which could be caused by consumption 
of milk if the nuclides were deposited in the same ratio as that postulated 
by Beattie and Bryant from a long-irradiated fuel (Table II), the deposition 
of iodine- 1 3 1 being such that it would result in a dose to the thyroid gland 
of 25 rad (the Emergency Reference Level currently in use in the 
United Kingdom [34]). It is evident that, compared with the dose from 
iodine-1 3 1, the doses from caesium-137 and the isotopes of strontium to the 
appropriate critical organs would be very small. The relative significance 
of the long-lived nuclides would be even lower for releases from a fuel 
which had been irradiated for a shorter period.
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Thus, after a release of mixed fission products, iodine-131 is the 
nuclide which is most likely to require attention as a contaminant of diet. 
For other nuclides to reach levels in diet which would cause significant 
doses of radiation to the population, there would have to be a major accident 
involving large quantities of fuel and in these circumstances exposure of the 
population in other ways, particularly by inhalation, would be of dominant 
concern.

CONCLUSION

Provided that the present standards are maintained in the nuclear 
power industry the contamination of agricultural produce, under normal 
operating conditions, will make a negligible contribution to the radiation 
exposure of the population. Accidents to nuclear reactors are unlikely to 
cause major agricultural problems, and it is difficult to envisage a 
situation in which production would be severely affected for prolonged 
periods.

In planning safeguards for the population after an accident iodine-131 
is the nuclide of principal concern as a dietary contaminant. Shiall 
accidents could give rise to local contamination of milk with iodine-1 3 1 for 
a relatively short period but widespread contamination of milk would occur 
only after a major release. Inhalation of radioactivity by the population 
living near the source would then be a more urgent problem and this will 
be of greater importance if reactors are sited close to towns. As the doses 
to the thyroid gland from inhaled and ingested iodine- 1 3 1 are additive, any 
remedial measures to mitigate the effects of an accidental release must take 
both modes of exposure into account.
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D I S C U S S I O N

F . O'. HOFFMAN: In addition to caesiu m , which you have shown u s, 
can you give us any idea about the v a ria b ility  of 131I in m ilk  under acc id en ta l 
r e le a se  conditions?

R. S .  BRUCE: A fter an accid en ta l r e le a se  of 131I, quite wide varia tion s  
are to be expected in the concentration  in m ilk  re la tiv e  to the contam ination  
p er unit area of p astu re, depending both on the type of p astu re and the 
proportion  of the in gested  iodine which is  tran sferred  to m ilk . Som e w ork ers  
(but not all) have ob served  se a so n a l varia tion  in the tra n sfer  fa cto rs, and 
the average factors found in  exp erim en ts in the United States of A m erica  
fa ir ly  co n sisten tly  reached  tw ice the le v e l of th ose  recorded  in the United  
Kingdom, w here G arner reported  up to a tenfold  variation  betw een an im als.
I would not lik e  to g ive a v e r y  defin ite estim a te  of the v a r ia b ility  which  
m ight occur after an accident, but a d ifferen ce of an order of m agnitude 
m ay w ell be involved. M oreover, for a g iven  a ir  concentration , the 
d eposition  on p astu re could vary  ap preciably  according to the ch em ica l 
form  of the iodine, m ethyl iodide for in stance having a much low er  
dep osition  v e lo c ity  than elem en ta l iod ine.

K. B. MISTRY: Could you elaborate on the agronom ic and s o il  factors  
that contribute to the estim ated  14% annual d ecr ea se  in the ava ilab ility  
of 90Sr as computed from  the re la tion sh ip s betw een 90S r/C a  le v e ls  in the 
d ep osit and in  milk?

R. S .  BRUCE: F ir s t  I would lik e  to point out that the equation, which  
has been  developed by B artlett, rep resen ts  an em p ir ica l approach and that 
the assum ption  of a s in g le  exponential change in ava ilab ility  is  a lm ost  
certa in ly  an o v er -s im p lific a tio n  of the actual situation . Further m od ifica 
tions to the equation w ill probably becom e n e c e ssa r y  when we have 
in form ation  for a lon ger period  in which the rate of d ep osition  is  low . The 
p rin cip a l changes contributing to the reduction  in ava ilab ility  are probably  
m ovem ent of the stron tium -90 down the s o il  p rofile  away from  the m ain  
rooting zone of the p astu re p lants, and m ixing of the upper s o il  la y ers  
when p astu res are ploughed and r e -se e d e d . R em oval of strontium  by crops  
and p o ss ib ly  slow  changes in  p h y sic o -ch em ica l ava ilab ility  m ay a lso  p lay  
som e part. It is  in terestin g  that e s tim a tes  of the rate of change in  
ava ilab ility  in d ifferent p arts of the w orld  have not d iffered  v er y  greatly , 
d esp ite quite w id ely  varying agricu ltu ra l conditions.

K. -J . VOGT: With re fere n c e  to F ig . 2 of the paper, have you an 
explanation for the fact that the ratio  betw een  the contam ination of m ilk  
by 134Cs and the contam ination of the g ra ss  per unit area  was d ifferent in 
May and August? Could th is variation  be caused by the d ifferen ce in the 
g ra ss  d en sity  in the m onths concerned?

R . S .  BRUCE: The exp erim en ta l data that I p resen ted  w ere drawn 
from  the work of D r. Van den Hoek and h is co lleagu es (Ref.  [ 21 ] of the 
paper) as an illu stra tion  of the type of varia tion  to be expected  between
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d ep osition  per unit area  and contam ination of m ilk . The authors attributed  
the se a so n a l changes p artly  to d ifferen ces in the p astu re quality and 
p artly  to variation  in the tra n sfer  coeffic ien t of caesiu m  from  diet to m ilk . 
The fraction  tra n sferred  has been found by som e w ork ers to be related  
to the volum e of m ilk  produced and m ay a lso  be affected  by the nature of the 
fodder which the cow s consum e.
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Abstract-Résumé

EFFECT OF PH Y S IC O -C H E M IC A L  PARAMETERS ON TH E R A D IO A C T IV E  C O N T A M IN A T IO N  OF IRRIGATED 

E CO SY ST EM S.

T h e  paper is intend ed to  assist in the s e le c tio n  o f  th e  v a lu es  to  b e  adopted in  ea ch  p articu la r situation  

for the param eters o f  ra d io n u clid e  transfer from  w a ter to irrigated  plants and th e  e v a lu a tio n  o f  the ra d io lo g ic a l 

c a p a c ity  o f  irrigatio n  w ater. T h e  basis o f  th e work is the e x p e rim e n ta l data re ce n tly  d erived  by various 

lab orato ries  in c o lla b o ra tio n  w ith  the E U R ATO M -C E A  A sso cia tio n . T h e  rad ion u clid es  con sidered  are the 

radioisotopes o f  ruthenium , c o b a lt , z in c  and ch rom iu m . T h e  beh aviou r o f  th e pollutants in  the various 

com ponents o f  th e eco system  (w a ter, so il, plants) has b een  studied . It depends p rin c ip a lly  on th e  p h y sico 

c h e m ic a l form  o f  the rad io n u clid es  d isch arged , the n atu re and co n cen tra tio n  o f  th e  ions and com pounds 

alread y present, and th e  k in e tics  o f  th e  c o m p le x  e q u ilib r ia  ex istin g  in th e  en viron m en t.

INCIDENCE DES PARAMETRES PH YSIC O -CH IM IQ U ES SUR LA C O N T A M IN A T IO N  R A D IO A C TIV E  DES 

ECOSYSTEM ES IRRIGUES.

L 'o b je t de c e t te  co m m u n ica tio n  est d 'ap p o rter une con tribu tion  au c h o ix  des valeurs à  ad opter, dans 

ch aq u e situ ation , pour les p aram ètres de transfert des rad io n u clé id e s de l 'e a u  aux v é g é ta u x  irrigués et à  

l 'é v a lu a t io n  de la  c a p a c ité  ra d io lo g iq u e  des eaux u tilisées  pour l 'ir r ig a tio n . On se b ase sur des données 

e x p érim en tales  récen tes obtenues dans d ifféren ts  lab orato ires  en c o lla b o ra tio n  a v e c  l'A ss o c ia tio n  EU RATO M -C E A . 

Les ra d ion u cléid es  en visagés sont des rad ioisotopes du ruthénium , du c o b a lt , du z in c  e t du ch rom e. Le 

co m p ortem en t des polluants dans le s  d ifféren tes  parties des écosystèm es (e a u , so l, v é g é ta u x ) est é tu d ié .

Il dépend n ota m m en t d e  la  fo rm e p h y s ic o -c h im iq u e  des rad io n u cléid e s  re je tés, de la  natu re e t d e  la 

co n cen tra tio n  des ions et com posés d é jà  présents, en fin , des c in étiq u e s des éq u ilib res  co m p le x es  existan t 

dans le  m ilie u .

I A E A - S M “ 1 7 2 / 6 3

INTRODUCTION

P a rm i le s  p r o c e ssu s  l ié s  à la  m ise  en va leur du m ilie u , le s  pratiques  
de l'irr ig a tio n  sem b len t avo ir  une in cid en ce p articu lièrem en t im portante  
sur la contam ination interne de cer ta in s groupes de population. L 'irr iga tion  
peut être  r é a lis é e  par d es m éthod es tr è s  d ifféren tes; et, suivant qu'on 
u tilise  l'irr ig a tio n  sou terra in e , l'ir r ig a tio n  au so l, l'irr ig a tio n  par su b 
m er sio n , l'irr ig a tio n  par a sp ers io n , suivant le s  cu ltu res et leu r beso in  
en eau, i l  peut en r é su lte r , dans le  ca s  oû le s  eaux sont con tam in ées, des  
apports polluants p lus ou m oin s im portants aux végétaux et, par su ite, 
une pollution p lus ou m oin s grave des ch aîn es a lim en ta ires  de l'hom m e.

D es études a n tér ieu res [1-3]  ont m ontré qu'outre le s  rad ion ucléides  
c la ss iq u e s  à v ie  longue, 90Sr e t 137C s, il éta it u tile  d 'en v isager  le  cas des  
radio ruthénium  s et de produits m éta lliq u es d 'activation  à v ie  m oyenne, 
en p a rticu lier  ce lu i d es rad iocobalts ( 58Co et 60Co), du z in c -6 5 , du 
ch ro m e-51 , qu'on peut ren con trer dans de nom breux effluents liq u ides.
Il s 'ag it d 'iso top es d 'é lém en ts dont la  phys ic o -ch im ie  es t com p lexe et
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dont le  com portem ent dans le m ilieu  dépend de nom breux facteu rs. L'objet 
de la  p résen te  com m unication es t p réc isém en t de d iscu ter  et d 'évalu er  
l'in c id en ce  de quelques fa c teu rs p h ysico -ch im iq u es su r la  contam ination  
d 'é c o sy stè m e s  irr ig u és .

1. R A PPE L DE DONNEES PHYSICO-CHIMIQUES D'ORDRE GENERAL 

Ruthénium

C 'est un élém en t de la  deuxièm e triad e de la  colonne VIII du tableau  
périodique. Il ex is te  dans tous le s  éta ts de va lence. L es d ér iv és  le s  plus 
im portan ts, du point de vue n u c léa ire , sont ceux du n itrosylruthénium , 
groupem ent qui se com porte com m e un ion triva len t Ru N 0 3+ su scep tib le  
de fo rm er de tr è s  nom breux com p lexes m inéraux et organiques.

Cobalt

C 'est un élém en t de la  p rem ière  triad e de la  colonne VIII du tableau  
périodique. Il ex iste  sou s deux va len ces fondam entales: 2 et 3. Le 
potentiel d'oxydoréduction du couple Co2+- Co3+ es t p articu lièrem en t é lev é . 
Sous le s  deux v a len ces , m a is  surtout sou s la  valence 3, le  cobalt donne 
des com p lexes tr è s  s ta b les .

Zinc

La p h y sico -ch im ie  du zinc e s t  beaucoup plus sim p le. Il e s t  e s s e n t ie l le 
m ent b ivalent et donne des com p lexes m oyennem ent stab les.

C hrom e

C 'est un élém en t de tran sition  du sou s-grou p e VI-а . L es va len ces  
n orm ales vont de 2 à 6 . L es s e ls  chrom iques ( C r ^ )  sont trè s  
h y d ro ly sa b les , le s  com p lexes correspondants sont stab les. Le chrom e VI 
ex is te  sou s form e anionique de chrom âtes et de b ich rom ates.

Il e s t  actu ellem en t d iffic ile  de p r é c is e r  la  form e p hysico-ch im iqu e  
exacte de c e s  é lém en ts dans le s  effluents liq u ides. Il e s t  vra isem b lab le  
que le  ruthénium s 'y  trouve à l'é ta t de n itrosylruthénium  a sso c ié  surtout 
à des groupem ents n itr ites  (n itron itrosy lru th én iu m s), n itrates  
n itraton itrosy lru th én iu m s, m oin s sta b les  que le s  p récéd en ts), de ch lorure  
et d'hydroxyde de n itrosylruthénium . Le zinc et le  cobalt, et év e n tu e lle 
m ent le  chrom e III s 'y  trouvent en partie  à l'é ta t ionique sim p le , en partie  
à l'é ta t com p lexé, notam m ent par le s  co m p o sés u til isé s  lo r s  de la  
décontam ination des su rfa ces m éta lliq u es ir ra d iée s  (EDTA, d étergen ts).
Une partie du chrom e doit se  trou ver à l'é ta t de chrom âtes. Enfin, une 
fraction  plus ou m oins grande de c e s  é lém en ts e x is te , dans le s  efflu en ts, 
à l'é ta t d 'ions p o ly m ères, de form es co llo ïd a les  et de fo rm es p a r ticu la ires .

D ès leu r d isp ers io n  dans le  sy stèm e aquifère récep teu r, le s  d ivers  
rad ion u cléid es, sou s leu rs d ifféren tes form es p h ysico -ch im iq u es, su b issen t  
l'a c tio n  des facteu rs in tr in sèq u es du m ilieu : pH, anions p réc ip itan ts, 
oxydoréduction, com plexation , sorption  su r des co llo ïd es arg ileu x  ou 
hum iques, adsorption  et absorption  par le s  organ ism es ir r ig u é s , et cette  
action  se poursuit évidem m ent dans le s  é c o sy s tè m e s  ir r ig u és .
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2. INCIDENCE DES FACTEURS PHYSICO-CHIMIQUES SUR LA
CONTAMINATION DES ECOSYSTEMES IRRIGUES -  EXEM PLES  
EXPERIMENTAUX

2. 1 .  E c o sy stè m e s  ir r ig u és  par su bm ersion  (études r é a lis é e s  en co llaboration  
avec la  D iv is ion  de b io log ie d'EURATOM à Isp ra  [ 1-3]

On a su iv i la  contam ination des r iz iè r e s  et du r iz  ir r ig u és  par su b 
m ersion . Le r iz  était cu ltivé so it en pots de M itsch erlich , so it dans des 
m o d è les  de r iz iè r e s  exp ér im en ta les  con stitu ées par des s é r ie s  de b acs  
rem p lis  d'un so l p rélevé dans la rég ion  r iz ic o le  de la  P la in e du Pô (Italie) 
et ir r ig u ée s  avec de l'eau  du Lac M ajeur (Ca: 20 ppm; Со: 10'4 ppm;
Zn: 0 , 04  ppm; tr a c e s  de C r). L es rad ion ucléides en v isa g é s  étaient le s  
rad iocob alts, le s  radioruthénium s, le  ch rom e-51 , apportés par l'eau  
d 'irrigation .

Cobalt

On a étudié l'in c id en ce  de l'é ta t p h ysico-ch im iq u e du radionucléide  
introduit dans l'eau: cobalt ionique et com plexe cobalt-E D T A . Le cobalt 
ionique e s t  capté par l'h orizon  le  p lus su p e r fic ie l du so l et l'eau  d 'irrigation  
circu lan t sur le  so l tend à s'appauvrir en cobalt; le  cobalt com plexé  
m igre  davantage en profondeur dans le  so l et v e r s  l'a v a l avec l'eau  
d 'irrigation . Le cobalt e s t peu tra n sféré  de l'eau  aux p lantes et m igre peu 
v e r s  le  grain , ce tra n sfer t et cette  m igration  étant m oind res dans le  cas  
du cobalt com plexé par l'EDTA  que dans ce lu i du cobalt introduit à l'é ta t  
ionique. Le facteu r de tran sfert

_ Со dans le  grain  
Со dans l'eau

e s t  v o is in  de 0, 6 pour Co2+ et de 0, 1 pour Co-EDTA.

Ruthénium

On a te s té  l'in c id en ce  de l'é ta t p h ysico -ch im iq u e du rad ionucléide  
introduit dans l'eau . L es e s s a is  ont été r é a lis é s  en v a se s  de M itsch erlich  
en u tilisan t d iv e r se s  form es synthétiques du n itrosylruthénium  p rép arées  
à cette occasion  par U gine Kuhlmann [3]: ch lorure de n itrosylruthénium , 
tétran itron itrosy lruthén ium  et hydroxyde de n itrosylruthénium . D ans le s  
tr o is  ca s , l'h orizon  su p e r fic ie l du so l retien t une grande p artie du ruthénium , 
le  facteu r de tran sfert

p  _ Ru dans le  grain  
Ru dans l'eau

e s t  faible; cependant, il  e s t  cent fo is  p lus grand dans le  ca s de l'hydroxyde  
de n itrosylruthénium  que dans le  cas des com p lexes n itr ites  et n itrates  
(resp ectiv em en t, F = 0 , 0 3  et 0, 0003) .
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C h r o m e

O n  a étudié l'influence de la teneur de l'eau d'irrigation en chromâtes 
stables sur la contamination du riz en chrome-51 introduit à l'e'tat de 
chromate [4]. Les divers isotopes sont retenus avec la m ê m e  intensité 
par le sol des rizières et l'eau d'irrigation s'épure au cours de sa cir
culation, parallèlement, en chrome stable et en radiochrome. Seule la 
surface du sol est contaminée. La  contamination du grain en chrome-51 
est extrêmement faible. Celle du chaume est d'autant plus forte que la 
concentration du chrome stable dans l'eau d'irrigation est plus grande:

_  51'Cr dans le chaumeF  = -- -------------------0iC r  dans l'eau

est respectivement égal à 7, 10 et 20 pour des concentrations en c hrome 
stable respectivement égales à 0, 005 ppm, 0,05 p p m  et 0, 5 ppm, alors 
qu'au contraire les facteurs de transfert du chrome stable de l'eau vers 
les chaumes diminue quand la concentration de l'eau en chr o m e  stable 
augmente. D u  reste, le c hrome stable s'accumule, en valeur relative par 
rapport à l'eau, beaucoup plus que le chrome-51, bien que, en principe, 
les isotopes soient introduits sous une m ê m e  forme physico-chimique 
(facteurs de transfert eau -» grain pour le chrome stable respectivement 
égaux à 90, 5 et 0, 5 pour des concentrations dans l'eau de 0, 005 p p m  et 
0, 5 ppm).

2.2. Ecosystèmes irrigués par aspersion

Les études expérimentales, réalisées en collaboration avec la 
Division de biologie d ' E Ü R A T O M  à Ispra et le Laboratoire de radio-écologie 
continentale du Département de protection du C E A  à Cadarache portent 
surtout sur l'incidence de la forme physico-chimique du radionucléide 
introduit dans l'eau d'irrigation.

Ruthénium

O n  constate que seuls les organes directement exposés à l'eau 
contaminée sont pollués par le radioruthénium [5]. Les organes, c o m m e  
les fruits, qui se sont développés après la fin des irrigations ne sont que 
très faiblement contaminés, et ceci, quelle que soit la forme physico
chimique du ruthénium. E n  ce qui concerne les organes directement 
exposés, c o m m e  les feuilles (salades par exemple), les facteurs de trans
fert eau -» plantes sont de l'ordre de quelques dixièmes pour tous les 
composés du nitrosylruthénium envisagés. P ar contre, l'élimination, 
par l'eau non contaminée, du ruthénium déposé sur des organes dépend 
de la forme physico-chimique: elle est plus intense pour le tétranitronitro- 
sylruthénium, complexe non hydrolysable et très soluble, que pour le 
chlorure de ruthénium, le chlorure de nitrosylruthénium et l'hydroxyde 
de nitrosylruthénium, formes moins solubles ou plus instables en présence 
d'eau.
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TABLEAU I. INCIDENCE DE L'ETAT PHYSICO-CHIMIQUE DU 
RADIOCOBALT ET DE LA QUALITE DE L'EAU D'IRRIGATION 
V aleu rs des facteu rs de tran sfert eau -» organ es con som m ab les par 
l'hom m e

Eau d é m in é ra lisé e  

С о  salin  C o -E D T A

Eau du Rhône 

С о  sa lin  C o -E D T A

H aricots (gousses) 2, 75 ± 0, 25 1 , 5 7  ± 0 ,2 5 0. 77 ± 0, 25 0 ,3 1  ± 0, 25

S alades (fe u ille s) 4 . 93 ± 0 ,1 3 1, 65 ± 0 ,1 3 1 , 5 7  ± 0 ,1 3 0 ,8 1  ± 0 ,1 3

Cobalt [6 ]

On a r é a lis é  à C adarache, su r des sa lad es et des h a rico ts  p la cés  
en ca isso n  phytotron, tr o is  a sp er s io n s  contam inantes (une a sp ers io n  chaque 
sem ain e à ra ison  de cinquante lit r e s  d'eau par m ètre  carré  en cinq heu res). 
L es p aram ètres étu d iés ont été , d'une part, l'é ta t p h ysico -ch im iq u e du 
cobalt, le  cobalt étant introduit so it  à l'é ta t ionique, so it à l'é ta t de 
com plexe avec l'E D TA , d'autre p art, la  nature de l'eau  d 'irr igation , l'eau  
u til isé e  étant so it de l'eau  d ém in é ra lisée , so it une eau du Rhône (Ca:
70 ppm; F e  total: 550 ppb; F e  soluble: 20 ppb; Mn soluble: 54 ppb;
Pb soluble: 8 ppb; Cu soluble: 8  ppb; Zn soluble: 22 ppb; Со soluble: 
in férieu r à 2 ppb). On a d éterm in é le s  facteu rs de tra n sfert du cobalt de 
l'ea u  aux organes con som m és par l'hom m e (tableau I). On a constaté que, 
toutes ch o ses  é g a le s  par a ille u r s , le s  facteu rs de tran sfert étaient plus  
fa ib les  pour le  cobalt introduit à l'é ta t de com plexe que pour le  cobalt 
introduit à l'é ta t sa lin , q u 'ils éta ient p lus fa ib les  lorsqu 'on  u tilisa it  une 
eau fortem ent m in é r a lisé e  (Rhône) que lorsqu 'on  em ployait l'eau  d ém in é
r a lis é e  (tableau I).

Zinc

D es études exp ér im en ta les r e la t iv e s  au z in c -6 5  sont actu ellem en t  
e n tre p r ise s . En l'a b sen ce  de ré su lta ts  expérim entaux obtenus par nos 
so in s , on s 'e s t  p rov iso irem en t r é fé r é  à un certa in  nom bre de données  
obtenues a ille u r s . Il s 'a v è re  que de nom breux com p osés organiques  
p résen ts  dans le s  effluents et le s  sy s tè m e s  hydrobiologiques sont 
su sce p tib les  de com p lexer le  zinc et de m od ifier  son com portem ent v is - à - v is  
des séd im en ts et des so ls ,  d'une part, des végétaux, d 'autre part, le s  
com p lexes an ioniques ou n eu tres étant, b ien  entendu, m oins p ré lev é s  
à p artir  de l'eau  que le  zinc ionique et le s  com p lexes cation iques [7-11] .

Chrom e

L 'exp érien ce r é a lis é e  par la  D iv is ion  de. b io log ie  d'EURATOM à Ispra  
m ontre que le  chrom e III e s t  p lus retenu par le s  fe u ille s  de salade (laitue  
rom ain e, non pom m ée) que le  chrom e VI des ch rom âtes, et que le  lavage
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u ltér ieu r  par une eau non contam inée é lim in e le  chrom e plus intensém ent 
sou s sa  form e soluble que s(ous sa  form e III tr è s  h ydrolysable. D es  
exp érim en tation s p ré lim in a ires  e ffec tu ées jusqu'à p résen t, on peut, en 
adm ettant une additivité des dépôts de chrom e lo r s  de chaque a sp ersio n , 
p rop oser le s  va leu rs su ivantes pour le s  fa cteu rs de tran sfert eau -» sa lad es  
dans le s  cas où le s  p lantes recevra ien t p lu sieu rs a rrosages:

C r(in4ou C r 31 F : 2 à 5

Cr<VI)(ou C rO f) F : 1

C ette d ern ière va leur se ra it  à dim inuer d'un facteu r 2 environ pour 
le s  fe u ille s  de sa lad es la v é es  à l'eau  (F : 0, 5).

- 3. DISCUSSION

L es résu lta ts  p récéd en ts seront d iscu tés  suivant d ifféren ts a sp ects:
— incidence de l'irr ig a tio n  sur certa in s p aram ètres p h ysico -ch im iq u es  

du m ilieu ,
— in cid en ce des éq u ilib res fondam entaux ex istan t dans le  m ilieu , en 

p a rticu lier  dans le s  eaux d 'irrigation ,
— in cidence des conceptions p récéd en tes pour la  p rév is io n  et l'évalu ation  

des con séqu en ces d'une contam ination rad ioactive des eaux d 'irrigation .

3. 1. Incidence de l'irr ig a tio n  sur certa in s p aram ètres p h ysico -ch im iq u es  
du m ilieu

L 'irr iga tion  a toujours pour résu lta t d 'a ccro ître  l'hum idité du so l, 
ce  qui peut avo ir  pour effet de m od ifier  un certa in  nom bre des caractér istiq u e  
d es é c o sy s tè m e s  ir r ig u és . En co llaboration  avec la  D iv ision  de b io log ie  
d'EURATOM à Ispra, on a su iv i, grâce à des m e su r e s  in situ et en ly s im è tr e s ,  
l'in c id en ce  de l'im m er sio n  su r quelques p aram ètres im portants de la  
contam ination du r iz  [1 2 ].

On a constaté que la  su bm ersion  du so l s'accom pagnait d'une brusque 
dim inution du potentiel d'oxydoréduction, d'une augm entation du pH de 
l'h orizon  su p e rfic ie l du so l. On a noté, sim ultaném ent, une augm entation  
du m anganèse échangeable du so l, du cobalt échangeable, et une aug
m entation  plus tard ive du fer  m obile du so l. L 'assèch em en t du so l, avant 
la  ré c o lte , conduit aux varia tion s in v e r se s . En ce qui concerne le  m anganèse  
l'iso to p e  54Mn et l'é lém en t stab le à l'é ta t échangeable se  com portent de la  
m êm e façon.

On a constaté enfin que, dans le  ca s d e .r iz iè r e s  ir r ig u ée s  m a is  
m ainten u es à la  « ca p a c ité  au cham p», le  p rélèvem ent des rad ion ucléides  
es t  in férieu r à ce qu'il e s t  dans le s  r iz iè r e s  su b m ergées. En m odifiant 
c e r ta in es  ca ra ctér istiq u es  fondam entales du so l, l'irr ig a tio n  a donc, dans 
ce ca s , c r é é  des conditions favorab les à une pollution plus grande des  
végétaux. C es résu lta ts  pouvaient, dans le u r s  grandes lig n es , être prévus  
d 'ap rès le s  va leu rs des p o ten tie ls  d'oxydoréduction [13] (tableau II).

D 'autre part, en augmentant la m obilité  chim ique des iso to p es stab les  
d es rad ion ucléides apportés par l'eau , l'irr ig a tio n  peut m od ifier , en 
gén éra l d im inuer, l'a c tiv ité  sp écifiqu e de l'é lém en t dans l'é c o s y s tè m e , ce  
qui devrait d im inuer l'a c tiv ité  sp écifiqu e de l'é lém en t dans la  plante.



TABLEAU II. POTENTIELS D'OXYDOREDUCTION (E§) (en vo lts)

IA EA -SM -1 7 2 /6 3  2 9 7

0 2 + 4H + + 4e & 2H20 + 0 ,8 3

NO3 + H20  + 2e NOz" + 20 H * + 0 ,4 3

M n0 2 + 4H + + 2e" M n2++ 2HzO + 0 ,4 1

Fe(OH ) 3 + e" F e2+ + ЗОН" - 0, 13

2H + + 2e ï* H2 - 0 ,4 2
3+Со + e & „  2+ Со + 1, 84 (NO 3H 3N)

C o(O H )3 + e ” & Co(OH ) 2 + OH" + 0 , 6

3.2. Incidence des éq u ilib res ex istan t dans le  m ilieu

Il e s t c la ir  qu'en ra ison  de leu r  m a sse  n ég ligeab le le s  rad ion ucléides  
apportés su b issen t le s  éq u ilib res ex istan t norm alem ent dans le s  é c o 
s y s tè m e s  ir r ig u és . Il doit en ré su lte r  des com p ortem en ts identiques pour 
tous le s  iso to p es d'un m êm e élém en t à condition, b ien  entendu, q u 'ils  se  
trouvent sous le  m êm e état p h ysico-ch im iq u e. Or, i l  e s t  peu fréquent que 
le s  rad ion ucléides p résen ts  dans le s  effluents se  trouvent dans le m êm e  
état p h ysico -ch im iq u e que le u r s  iso to p es p résen ts  dans le  m ilieu . Dans 
ce  ca s , la  r é a lisa tio n  d'un éq u ilib re dem ande un certa in  tem p s. L es  
d éla is  sont tr è s  cou rts lorsq u e le s  réaction s n'im pliquent p as de rem a n ie 
m ents m o léc u la ire s  (par exem p le , dans le  ca s  de tra n sfe r ts  d 'é lectro n s), 
m a is  i l s  sont p lus longs dans le s  au tres éven tu a lités (éq uilibre entre C r3+ 
et СЮ 4 par exem ple). C es conception s expliquent p eu t-ê tre  pourquoi 
iso to p es in stab les  et iso top es sta b les  d'un m êm e élém en t n'ont pas, m êm e  
ap rès un tem ps re la tivem en t long, un com portem ent identique.

Quoi qu'il en so it , le s  éq u ilib res sont ré g is  par des lo is  du type lo i  
d'action  de m a sse :  c 'e s t  d ire qu'il faut prendre en con sid ération , et le s  
concentrations de tous le s  é lém en ts et com p osés su sce p tib le s  de réa g ir  
le s  uns su r le s  a u tres , et le s  con stan tes therm odynam iques d éfin issant  
le s  c inétiqu es de chacun des éq u ilib res p o ss ib le s  [10]. C ette conception  
explique en p a rticu lier  l'in c id en ce  de la  com p osition  ionique de l'eau  
d 'irr igation  sur la  contam ination des e s p è c e s  ir r ig u é e s . A in si, la  
contam ination en radiocobalt des végétaux ir r ig u és  par a sp er s io n  es t  
m oindre s i  le  v ecteu r  de la  contam ination es t une eau tr è s  m inérali'sée  
que s i l'eau d 'irr iga tion  e s t  peu m in é r a lisé e . Tout se  p a sse  com m e s i des  
cation s sta b les  p résen ts  dans l'eau  con cu rren çaien t le  cobalt.

D es exp érim en tation s e ffec tu ées  à Isp ra conduisent à des con clu sion s  
de m êm e sign ification : on a irrigu é par a sp ers io n  des p lants de tom ates  
en u tilisan t deux typ es d'eaux: une eau d ém in éra lisée  et une eau du Lac 
M ajeur au xquelles on a ajouté des quantités v a r ié e s  d'EDTA de façon  à 
obtenir d es con centration s éch elon n ées de 0  à 1 0  ppm, puis une quantité 
constante de radiocobalt sans extra îneur. Dans tous le s  ca s , on a apporté 
dix lit r e s  d'eau d 'irr iga tion  par m ètre  carré  en dix m in u tes. On a 
con staté (tableau III) que l'apport d'EDTA à l'eau  du Lac M ajeur fa vorisa it  
la  rétention  du radiocobalt sur le s  p a rties  a ér ien n es de la  p lante, a lo rs  
qu'un apport identique à l'eau  d ém in éra lisée  éta it presque san s effet



298 BITTEL

TABLEAU III. FACTEURS DE TRANSFERT EAU -» TOMATE (FEUILLES) 
EN FONCTION DE LA NATURE DE L'EAU D'IRRIGATION ET DE 
L'APPORT D'EDTA

C on cen tration s 

en  ED TA (ppm )
Eau du Lac M ajeur Eau d é m in é ra lisé e

0 1 4 a' 5

1 2 a' 3 4

10 2 à  3 3 a '4

TABLEAU IV. STABILITE DES COMPLEXES DE L'EDTA

V aleu rs de log  kj pour des so lu tions d ilu ées (kj = '"(дргрд)

Elém ents lo g  kj E lém ents lo g  k x

C a 2+ 10, 7 C o 3+ - 3 6

F e2+ 1 4 ,3 Z n 2+ 1 6 ,3

Fe3+ 2 5 ,1 C u 2 + 18 ,8

C o 2 + 16 , 2 Mn2 + 1 3 ,6

(effet légèrem en t d ép ress if). P our le s  fa ib les  additions d'EDTA la  
contam ination e s t  plus forte avec l'eau  d ém in éra lisée  qu'avec l'eau  du 
lac . Pour le s  p lus fo r te s  additions d'EDTA, le s  éc a r ts  con sta tés entre  
le s  ré su lta ts  obtenus avec le s  deux types d'eau s'am en u isen t.

La m êm e exp érim en tation  rép étée  sur d es h arico ts n'indique aucune 
action  de l'EDTA. Il e s t à rem arq uer que, tous au tres facteu rs étant 
égaux, la  contam ination de la  feu ille  de h aricot est m oindre que c e lle  de 
la  tom ate. Il e x is te  donc, en ce qui con cern e cet asp ect, des d ifféren ces  
sp éc ifiq u es a s s e z  n ettes, en rapport p eu t-ê tre  avec des m in éra lisa tio n s  
d ifféren tes  des t is s u s  fo lia ir e s .

Il e s t  c la ir  que, dans l'ex p ér ien ce  p récéd en te, l'EDTA introduit avant 
le  radiocobalt dans l'eau  du lac  rép artit son action  com plexante su r le s  
d iv ers  ions p résen ts  dans l'eau  en fonction de le u r s  con centrations  
re sp e c tiv e s  et des constantes de stab ilité  des com p lexes [14] (tableau IV): 
le s  tr a c e s  de radiocobalt ont peu de chance d 'être  co m p lex ées, l'EDTA  
étant accaparé par le s  é lém en ts  s ta b les . Suivant ce  concept, il  e s t  logique 
de p en ser que l'addition  d'EDTA peut inhiber par com plexation  l'action  
co n cu rren tie lle  du ou des é lém en ts an tagon istes du cobalt. P ar contre, 
on s'exp liqu e m al jusqu'à p résen t pourquoi l'EDTA introduit dans l'eau  
d ém in é ra lisée  ne m od ifie  que tr è s  peu la  rétention  du radiocobalt.

Quoi qu'il en so it , on com prend 1'incidence p o ssib le  d'une pollution  
des eaux par des produits ch im iq ues com plexants en amont des s ite s  de 
r e je ts  d 'effluents rad ioactifs.
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TABLEAU V. FACTEURS DE TRANSFERT F EAU -» VEGETAUX  
IRRIGUES

V ég éta u x C on dition s d 'irr ig a tio n R ad ion u cléid es V aleu rs de F

R iz (grain) Subm ersion, eau  du C o 2 + 0,6
Lac M ajeur C o 2+ -  ED TA 0 ,1

(C a: 20 ppm) H ydroxyde de n itrosylruthéniu m  

A utres form es d e  ruthénium

0, 03 

0, 0003

S alad es non pom m ées Aspersion, eau C o 2 + 5

d é m in é ra lisé e С о  -  ED TA 1 ,5

Aspersion, eau du C o 2+ 1 , 5

Rhône (C a: 70 ppm) С о  -  ED TA 0, 8

Aspersion, eau du Lac H ydroxyde de n itrosylruthéniu m 0 ,5

M ajeu r (C a; 20 ppm) Autres form es de ruthénium  

C r3+

Cr<VI)

0, 15 

5 

1

T o m a tes  (fruits) Aspersion, eau du Lac T ou tes form es p h y s ic o 
0, 05

M ajeu r (C a: 20 ppm) ch im iq u es du ruthénium

H aricots (gousses) A spersion, eau C o 2+ 3

d é m in é ra lisé e С о  -  ED TA 1 , 5

Aspersion, eau du C o 2+ 0,8
Rhône (C a : 70 ppm) С о  -  ED TA 0 ,3

T ou tes productions irrigu ées A spersion Z in c -65 dans la  C o lu m b ia  

R iver
5

3 . 3 .  Incidence des conceptions p récéd en tes su r la  p rév is io n  et
l'éva lu ation  des con séqu en ces d’une contam ination rad ioactive des  
eaux d 'irr igation

Il ré su lte  des études p récéd en tes que la  p rév is io n  des con séqu en ces  
de p ollu tions rad ioactives des eaux d estin ées  à l'irr ig a tio n  n é c e ss ite  
l'exam en  de chacune des situ ation s p o ss ib le s . Chaque ca s  con cret doit 
être  tra ité  séparém en t. Dans la pratique, s i  on doit p révo ir  le s  con séqu en ces  
d'un rejet d 'effluents rad ioactifs  dans un sy stèm e hydrologique déterm in é, 
on devra se rep orter  aux ca s con crets déjà étudiés qui p a ra issen t se  
rapprocher le  p lus du ca s  à tra iter . A titre  indicatif, le  tableau V donne 
une idée de la  variab ilité  exp érim en ta le des facteu rs de tran sfert F eau -» 
végétaux ir r ig u és  en fonction de la  form e p h ysico -ch im iq u e. E ntre le s  
va leu rs ex tr êm es r e la t iv e s  à un m êm e rad ionucléide, une variab ilité  d'un 
facteu r de l'ord re de 10 e s t  souvent con statée. Dans le  cas où on con sid ère  
d es organ es végétaux con som m és par l'hom m e, la  dose d é liv r ée  à l'organe  
critique de l'hom m e du fait de l'in g estio n  de t e ls  a lim en ts es t sou m ise à 
la  m êm e variab ilité . D'une m an ière gén éra le , le s  facteu rs de tran sfert  
eau -> végétaux ir r ig u és  sont pour un m êm e nucléide m oin d res pour le s  
fo rm es co m p lex ées que pour le s  fo rm es ioniques s im p le s . M ais le s  zones  
in té r e s s é e s  par le s  pollu tions par le s  fo rm es com p lexes sont gén éralem ent
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plus étendues. Si les risques sont moins aigus, les surfaces concernées 
sont plus grandes et les problèmes de protection perdent, de ce fait, leur 
intérêt local, pour prendre parfois leur acuité maximale plus en aval.
D'autre part, l'apport, parfois énorme, d'eau peut entraîner une contamination 
relativement grande des sols irrigués, facteur dont il faut tenir compte pour 
la protection du personnel chargé des travaux culturaux, d'une part, et 
pour l'évaluation des arrière-effets de la contamination des sols sur les 
cultures ultérieures dans le p r o g r a m m e  d ’assolement utilisé.

C O N C L U S I O N

E n  se basant sur des données expérimentales, on a étudié les variabilités 
des conditions de contamination d'écosystèmes irrigués, notamment en ce 
qui concerne le ruthénium et divers produits d'activation. Les paramètres 
envisagés ont été surtout la forme phys ico-chimique du radionucléide lors 
de sa dispersion dans l'eau et la nature physico-chimique de cette eau. 
L'accent doit être mis sur plusieurs aspects:

—  Les formes physico-chimiques introduites à l'état de complexes sont 
chimiquement plus mobiles que les formes cationiques simples et moins 
prélevées que ces dernières par les organismes irrigués.

—  Les différents ions et composés présents dans les écosystèmes 
agissent par leurs concentrations relatives et leurs affinités réciproques 
sur les équilibres cinétiques; il en résulte une modification plus ou moins 
rapide des conditions initiales réalisées au voisinage du point de rejet.

—  Il peut exister une interdépendance nette entre les pollutions radio
actives, d'une part, les pollutions chimiques, d'autre part, c o m m e  le 
montrent par exemple l'incidence d'une pollution des eaux par l' E D T A 
préalablement à une pollution par le radiocobalt, ou l'incidence du niveau 
du chrome stable dans les eaux sur la contamination des végétaux irrigués 
par le c h r o m e - 51.

—  E n  ce qui concerne la protection du consommateur des végétaux 
irrigués, l'attention doit être attirée sur les cas où les facteurs de transferts 
eau -» végétaux sont nettement supérieurs à l'unité, c'est-à-dire, pour le 
cobalt ionique simple sur le cas de certains légumes c o m m e  les salades et 
les haricots verts irrigués avec de l'eau peu minéralisée, pour le chrome III, 
.sur celui de légumes dont les parties consommables sont celles qui 
interceptent directement l'eau d'arrosage (salade); le cas du zinc doit être 
étudié expérimentalement d'une façon approfondie.

—  Ces études fournissent en principe des bases de départ pour des 
études systématiques relatives aux pollutions des écosystèmes irrigués par 
les métaux lourds. Mais l'expérience a-montré que les isotopes d'un m ê m e  
élément peuvent se comporter d'une façon assez différente, du fait des 
ordres de grandeur très différents de leurs concentrations dans le milieu
et de la réalisation incomplète d'équilibres physico-chimiques.
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D I S C U S S I O N

R. FUKAI: R egarding the Co-EDTA u sed  in the exp erim en ts, how did 
you prove that the cobalt added is  in com plex form ? Is th ere any e x c e s s  
of EDTA p resen t in the solu tion  added?

R. BITTEL: The Co-EDTA com plex solu tion  was prepared  before the 
experim ent by adding e x c e s s  EDTA to the cobalt; T his so lu tion  was then  
introduced into the irr ig a tio n  w ater. Som e of the cobalt m ay subsequently  
be d e-com p lexed  through the effect of the cations p resen t in high con cen 
tration  in the w ater.

R . FUKAI: I understand that you oxid ized  ch ro m iu m -51 with a ca r r ier  
b efore u se . Our exp er ien ce  has shown that co m m ercia l chrom ium -51 is  
alw ays a m ixture of C r3+ and C r6+, and w henever we have wanted to be 
sp e c if ic  about the ch em ica l form  of the chrom ium  we have had to ox id ize  
or reduce to obtain a uniform  ch em ica l form .

R. BITTEL: The 51Cr u sed  is  obtained from  co m m erc ia l chrom ate  
so lu tions cla im ed  to be c a r r ie r - fr e e . H ow ever, in th ese  so lu tions the 
stab le C r /51Cr ratio  is  v ery  high, and it is  th erefore  p o ss ib le  that the 51Cr 
is  in a p h y sic o -ch em ica l form  which is  d ifferent from  the chrom ate form  
of the stab le chrom ium , and that it evo lves d ifferen tly . At a ll events this 
is  a working hypothesis which one m ight try  to v er ify .

I quite agree with your re fere n c e  to the im portance of ensuring that the 
51Cr and the stab le Cr are in  a uniform  p h y sic o -ch em ica l sta te .
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P . REINIGER: May I add a com m ent on the p h y sic o -ch em ica l form  of 
Na251CrC>4 . The hexavalent 51CrC>4 undergoes a reduction p ro ce ss  depending 
on the storage tim e . On d elivery , about 96% of the chrom ium  is  in  
h exavalent form , but th is p ercen tage drops to about 80 after s ix  w ee k s1 
storage .

R. BITTEL: Your ob servation  con firm s the la b ility  of oxidation- 
reduction equilibrium  sta te s  with re sp ec t to chrom ium  and is  of p articu lar  
in te re st  in connection with M r. F ukai's rem a rk s.

R . J .  ROUX: Over what so r t of period  did you m easu re the tran sfer  
factor?

R. BITTEL: Over a com p lete growth cy c le  of the plant.
R . J .  ROUX: What are the concentrations of pollutants in your so lu tions  

in re la tion  to the concentrations of Co, Ru or other su b stan ces norm ally  
p resen t in  the plant, and in re la tion  to the MPC in water? A lso , do th ese  
concentrations in your so lu tions m odify the concentrations in the plant?

R . BITTEL: The rad io iso top es are of cou rse used  in tra c er  am ounts. 
The concentrations of stab le e lem en ts in  the irriga tion  w ater w ill be found 
in  the text of the p aper. The stab le nuclides (except chrom ium ) have not 
been determ ined  in  the p lants.
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Abstract

INFLUENCE OF AGRONOMIC PRACTICES ON UPTAKE OF FISSION PRODUCTS BY CROPS FROM SOILS 
OF REGIONS ADJOINING NUCLEAR INSTALLATIONS IN INDIA.

The influence of a variety of agronomic practices on the transfer of 90Sr, 137Cs, 106Ru and 144 Ce to 
two m ajor crops, m aize and rice , from black soils was exam ined. These soils are typical of the regions 
where river and ground or well waters, to which low -level effluent discharges and accidental releases from 
nuclear installations, nam ely the Rajasthan and Tarapur Atomic Power Stations and Fuel Reprocessing Plant 
a t Trombay, could have access, are used for irrigation . Paralle l data on radionuclide uptake by plants from 
a typical la te rite  were also obtained.

Studies on radiostrontium indicated that the addition of compost results in reduced uptake from both 
b lack and la terite  soils. Complexing action of the polysaccharide fraction of compost on radiostrontium 
m arkedly lowers its availab ility  to plants. Beneficial effects of lim ing accrue in soils with low exchangeable 
calcium  status. A reduction in the radiostrontium content of plants was obtained with nitrogen and potassium 
fertilizers; phosphate fertiliza tion  had no consistent effects. No significant differences were observed 
between various nitrogen or potassium carriers. Greater downward m ovem ent of radiostrontium in soil 
profiles was observed with m oderately high calcium  irrigation w ater than with either m oderately high sodium 
irrigation w ater or simulated rain w ater. Radiostrontium was less m obile in black soil than in la te rite .
A flooded regim e did not significantly influence the radiostrontium content of rice grown on both soils.

Studies on gam m a em itters indicated that, over com parable durations, 137Cs uptake was m arkedly greater 
than that of 106Ru and 144 Ce in both soil types. While 106Ru uptake was higher than that of 144Ce in the black 
soil, in the la te rite  144Ce uptake far exceeded tha t of 106Ru. Compost application reduced 137Cs uptake in 
both soils, 106Ru uptake was not affected, while variable effects were observed on 144Ce uptake. Flooding 
resulted in m arked increase in  137Cs, 106Ru and 144Ce accum ulated by rice in the la te rite . In the black 
soil, however, a sim ilar effect was obtained only on 137Cs uptake.

IN T R O D U C T IO N

A s p a r t  o f  o u r  c o n t in u in g  p r o g r a m  o f  i n v e s t i g a t i o n s  in to  th e  b e h a v io u r  
o f l o n g - l i v e d  f i s s i o n  p r o d u c t s  an d  n a t u r a l l y  o c c u r r i n g  r a d i o n u c l i d e s  in  th e  
s o i l - p l a n t  c o n t in u u m  [ 1 - 9 ]  w e h a v e  u n d e r t a k e n  s t u d i e s  o n  th e  i n f lu e n c e  o f  
a  v a r i e t y  of a g r o n o m i c  p r a c t i c e s  on  th e  t r a n s f e r  of s t r o n t i u m -9 0 ,  
c a e s i u m - 1 3 7 ,  r u t h e n i u m - 1 0 6  an d  c e r i u m - 1 4 4  to  c r o p  p l a n t s  f r o m  ty p i c a l  
b la c k  s o i l s  ( p e l l u s t e r t s ,  c h r o m u s t e r t s  a n d  p e l l u d e r t s )  a nd  l a t e r i t e  s o i l s  
( p l in th u d u l t s  a n d  o x i s o l s ) ,  w h ic h  r e p r e s e n t  tw o of th e  p r i n c i p a l  s o i l  g ro u p s  
o f  In d ia  [ 1 0 ] .  T h e  b l a c k - s o i l  z o n e  in c l u d e s  r e g i o n s  a d jo in in g  th e  m a j o r  
n u c l e a r  i n s t a l l a t i o n s ,  n a m e l y  th e  T a r a p u r  A to m i c  P o w e r  S ta t io n ,  th e  CIRUS 
R e a c t o r  an d  th e  T r o m b a y  F u e l  R e p r o c e s s i n g  P l a n t  i n  M a h a r a s h t r a  S ta te  
a n d  th e  R a j a s t h a n  A to m i c  P o w e r  S ta t io n  in  R a j a s t h a n  S ta t e  (T a b le  I).
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Nuclear
installation

Location Power output Reactor
type

Fuel M oderator/C oolant Soil type of 
adjoining 

regions

Year of 
commissioning

CIRUS Reactor T rom bay, 
M aharashtra

40 MW NRX Natural
uranium

Heavy w a ter/ 
Light water

Black 1961

Tarapur Atomic 
Power Station

Tarapur,
M aharashtra

2 X 210 MW(e) BWR Enriched
uranium

Light water Black 1969

Rajasthan Atom ic 
Power Station

Ranapratapsagar,
Rajasthan

2 X 215 MW(e) CANDU Natural
uranium

Heavy w ater M edium
black

1972

Fuël Repro
cessing P lan ta

Trom bay,
M aharashtra

Black 1964

a Separation of plutonium  and fission products from irradiated uranium from CIRUS reacto r.
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O u r  p r o g r a m  on  l o n g - l i v e d  f i s s i o n  p r o d u c t s  h a s  b e e n  p la n n e d  p r i m a r i l y  
to  i n v e s t i g a t e  th e  fa te  of t h e s e  r a d i o n u c l i d e s ,  w h ich  a r e  d e p o s i t e d  on  s o i l s  
f r o m  g lo b a l  f a l l - o u t ,  in  c o n t r a s t i n g  s o i l - p l a n t  r e g i m e s  of In d ia  t y p i c a l  of 
th e  t r o p i c s  and  s u b - t r o p i c s  fo r  w h ic h ,  u n l ik e  th e  s i t u a t i o n  fo r  n o r t h e r n  
t e m p e r a t e  r e g i o n s ,  h a r d l y  a n y  q u a n t i t a t i v e  d a ta  e x i s t  [ 1 1 ] .  In  ad d i t io n ,  
th e  s tu d y  a i m s  a t  o b ta in in g  in f o r m a t i o n  on  f a c t o r s  g o v e r n i n g  th e  t r a n s f e r  
to  c r o p s  o f  t h e s e  n u c l i d e s ,  w h ich  co u ld  be  p r e s e n t  in  a c c i d e n t a l  r e l e a s e s  
o r  c o n t r o l l e d  l o w - l e v e l  d i s c h a r g e s  in to  g ro u n d  a nd  w e l l  w a t e r s  f r o m  th e  
n u c l e a r  i n s t a l l a t i o n s  a t  T r o m b a y  an d  T a r a p u r  [1 2 ,  13] and  in to  th e  C h a m b a l  
r i v e r  w a t e r s  f r o m  th e  R a j a s t h a n  A to m i c  P o w e r  S ta t io n  [ 1 4 ] ,  a l l  of w h ich  
a r e  u s e d  fo r  i r r i g a t i o n .

T h e  p r e s e n t  p a p e r  r e p o r t s  o u r  f in d in g s  on  th e  e f f e c t s  o f s o i l  a m e n d m e n t s ,  
n a m e l y ,  l i m e  an d  o r g a n i c  m a t t e r ,  a nd  n i t r o g e n ,  p h o s p h o r u s  an d  p o t a s s i u m  
f e r t i l i z e r s  on  r a d i o n u c l i d e  u p ta k e  b y  m a i z e ,  a  w id e ly  c u l t i v a t e d  c e r e a l  c r o p  
of  th e  b la c k  an d  l a t e r i t e  z o n e s .  T h e  i n f lu e n c e  o f  a  f lo o d ed  w a t e r  r e g i m e ,  
n o r m a l  f o r  r i c e  c u l t iv a t io n  in  th e  b la c k  an d  l a t e r i t e  s o i l s ,  on  th e  u p ta k e  
o f  r a d i o n u c l i d e s  by  r i c e  w a s  e x a m i n e d .  T h e  e f f e c t s  o f l e a c h in g  w ith  
s i m u l a t e d  r a i n ,  i r r i g a t i o n  w a t e r s  o f  v a r i o u s  q u a l i t i e s  a n d  a  c h e la t in g  a g e n t ,  
E D T A ,  on  th e  d o w n w a rd  m o v e m e n t  o f  r a d i o s t r o n t i u m  in  th e  tw o s o i l  ty p e s  
a r e  a l s o  r e p o r t e d .  T h e  a g r o n o m i c  t r e a t m e n t s  in c lu d e d  in  th e  p r e s e n t  
i n v e s t i g a t i o n  r e p r e s e n t  th e  f e r t i l i t y  a n d  i r r i g a t i o n  p r a c t i c e s  n o r m a l l y  
a d o p te d  fo r  c e r e a l  c r o p  c u l t iv a t io n  in  th e  b l a c k  an d  l a t e r i t e  s o i l  z o n e s .

M A T E R IA L S  AND M E T H O D S

T h e  p h y s i c o - c h e m i c a l  c h a r a c t e r i s t i c s  o f b la c k  and  m e d i u m  b la c k  c la y  
l o a m s  f r o m  M a h a r a s h t r a  and  R a j a s t h a n  S ta t e s  an d  l a t e r i t e s  f r o m  
M a h a r a s h t r a  S ta te  a r e  r e p o r t e d  in  T a b le  II . T h e s e  s o i l s  a r e  r e p r e s e n t a t i v e  
o f  t h e i r  r e s p e c t i v e  s o i l  t y p e s .  In  v iew  o f  th e  s i m i l a r  c h a r a c t e r i s t i c s  of 
s o i l s  o f  each ,  s o i l  ty p e ,  o ne  b la c k  s o i l  an d  one  l a t e r i t e  w e r e  u s e d  fo r  e a c h  
e x p e r i m e n t .

F o r  th e  p l a n t  g ro w th  e x p e r i m e n t s  5 -1 0  kg lo t s  of s u r f a c e  s o i l s  
(0 -2 0  c m  depth) p a s s e d  th r o u g h  a  2 m m  s i e v e  w e r e  f i l l e d  in  p o r c e l a i n  o r  
P o l y t h e n e  p o t s .  T h e  s p e c i f i c  a g r o n o m i c  t r e a t m e n t s  in c lu d in g  th e  d o s e  
r a t e s  e m p lo y e d  fo r  th e  e x p e r i m e n t s  o n  e f f e c t s  o f l im in g ,  o r g a n i c  m a t t e r  
a d d i t io n  an d  N P K  f e r t i l i z e r  a p p l i c a t i o n  a r e  d e s c r i b e d  in  th e  t a b l e s  r e p o r t i n g  
d a ta  f r o m  t h e s e  e x p e r i m e n t s  u n d e r  R e s u l t s  an d  D i s c u s s i o n .  A f t e r  
t r e a t m e n t ,  th e  s o i l s  w e r e  b r o u g h t  to  f i e ld  c a p a c i ty  m o i s t u r e  s t a t u s  fo r  a 
p e r i o d  of 8 d a y s  a n d  5 ¿uCi of r a d i o n u c l i d e s  in  a s u i t a b l e  v o lu m e  of d i s t i l l e d  
w a t e r  w e r e  t h e n  a p p l i e d  to  th e  s u r f a c e  of s o i l s  to  s i m u l a t e  c o n d i t io n s  
o f  c o n ta m in a t io n  th r o u g h  i r r i g a t i o n  w a t e r s  a n d / o r  d e p o s i t i o n  of s o lu b le  
g lo b a l  f a l l - o u t .  89S r  w a s  u s e d  a s  a t r a c e r  f o r  90S r .  E a c h  t r e a t m e n t  w as  
r e p l i c a t e d  f iv e  t im e s . .  O ne w e e k  a f t e r  c o n ta m in a t io n  12 s e e d s  of m a i z e  
(Z e a  m a y s  L .  v a r .  N P  65 K) o r  r i c e  (O r y z a  s a t i v a  L .  v a r .  D 622) w e r e  
sh o w n .  T h e  p l a n t s  w e r e  th in n e d  to  tw o p e r  p o t  one  w e e k  a f t e r  g e r m i n a t i o n .  
F o r  m a i z e  th e  p o t s  w e r e  m a i n t a i n e d  a t  f ie ld  c a p a c i ty  m o i s t u r e  th r o u g h o u t  
th e  d u r a t i o n  of g ro w th ,  w h i le  5 c m  of s t a n d in g  w a t e r  w a s  m a i n t a i n e d  in  
p o t s  a f t e r  15 d a y s  g ro w th  in  th e  f lo o d in g  t r e a t m e n t  f o r  r i c e .  T h e  
e x p e r i m e n t s  w e r e  c a r r i e d  ou t  in  a  g r e e n h o u s e  o r  in  a g ro w th  r o o m  w h e r e  
t h e  t e m p e r a t u r e  w a s  m a i n t a i n e d  a t  23 ± 2 ° C ,  r e l a t i v e  h u m i d i t y  65 ± 5% and  
a 1 2 -h  p h o to p e r io d  w i th  l i g h t  i n t e n s i t y  of 800 f o o t - c a n d l e s .  T h e  p l a n t s  w e r e  
h a r v e s t e d  a t  f l o w e r in g ,  d r i e d  a t  90°C, w e ig h e d  an d  t a k e n  up  fo r  r a d i o a s s a y .



T A B L E  II. S O IL  C H A R A C T E R IS T IC S

Soil type and 
location

Clay
m ineral

type

pH
(1 :2 .5 )

Total 
soluble 

salts 
(mm ho/cm)

Cation
exchange
capacity
(mecfÿo)

Ex.
Ca

(meq'fr)

Ex.
К

(meq°}ó)

Org.
carbon
(°l°)

A vailable nutrient rating

N P20 6 K20

Black clay loam , 
M aharashtra

2: I a 8 .0 0 .52 40 .5 22 .1 0 .09 0 .78 High High Low

Black clay loam , 
M aharashtra

2: 1 8 .1 0.45 40 .5 27.7 0 .67 Medium M edium Medium

M edium b lack  c la y , 
loam , Rajasthan

2 :1 7 .4 27.0 0.-28 Low

M edium black clay 
loam , Rajasthan

2: 1 8 .5 29.7 0 .9 0 .68 M edium

L áterite , 
M aharashtra

1: l b 6 .4 1.11 19.0 9 .1 0 .15 1 .62 High High High

Late rite , 
Maharashtra

1:1 5 .5 0.10 19.0 3.0 0.90 High Low Low

^ M on tm orillon ite /illite . 
K aolin ite.
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F o r  S r  a s s a y  th e  d r y  p l a n t  m a t e r i a l  w a s  w e t - a s h e d  w i th  c o n c e n t r a t e d  
n i t r i c  a c id  an d  a l i q u o t s  o f  c l e a r  e x t r a c t s  w e r e  p ip e t t e d  o n  to  2 .5  c m  
s t a i n l e s s  s t e e l  d i s c s ,  d r i e d  an d  co u n te d  in  a  low  b a c k g r o u n d  G M  c o u n te r .
T h e  g a m m a  e m i t t e r s  w e r e  a s s a y e d  th r o u g h  g a m m a - s p e c t r o m e t r y  o f  d r y  
p l a n t  m a t e r i a l  p a c k e d  in  1 5 - m m  d i a m e t e r  t e s t  t u b e s  u s i n g  a  3 X 3 - i n .  Nal(-Tl) 
c r y s t a l  i n t e g r a l  l i n e  a s s e m b l y  an d  a 5 1 2 - c h a n n e l  p u l s e - h e i g h t  a n a l y s e r  
a t t a c h e d  to  a n  o s c i l l o s c o p e  an d  c o m p u t e r  r e a d - o u t  t y p e w r i t e r .  T h e  
d e t e r m i n a t i o n  of i n d iv id u a l  r a d i o n u c l i d e s  w a s  c a r r i e d  ou t  u s i n g  th e  
p h o to p e a k s  o f  513 keV  f o r  106R u , 81 keV fo r  144C e  an d  662 keV  fo r  137C s .
S in c e  e a c h  p la n t  t i s s u e  s a m p l e  c o n ta in e d  o n ly  o ne  r a d i o n u c l i d e ,  no i n t e r 
f e r e n c e  f r o m  o t h e r  n u c l i d e s  o c c u r r e d  d u r i n g  r a d i o a s s a y .  T h e  r a d i o a s s a y  
d a ta  w e r e  c o r r e c t e d  f o r  b a c k g ro u n d .

F o r  th e  i n c u b a t io n  s t u d i e s  c a r r i e d  ou t  c o n c u r r e n t l y  w i th  th e  p la n t  
g ro w th  e x p e r i m e n t s  o n  th e  e f f e c t s  of l i m e  á p p l i c a t i o n ,  100 g l o t s  of 
u n c o n ta m in a t e d  s o i l s  in  g l a s s  j a r s  w e r e  m ix e d  w ith  С аС О з a t  th e  r a t e s  
e m p lo y e d  in  th e  p l a n t  g ro w th  e x p e r i m e n t s .  F o u r  r e p l i c a t e s  w e r e  m a i n t a i n e d  
fo r  e a c h  t r e a t m e n t  an d  th e  s o i l s  w e r e  in c u b a te d  a t  f i e ld  c a p a c i t y  m o i s t u r e  
l e v e l  a n d  r o o m  t e m p e r a t u r e  fo r  th e  d u r a t i o n  of th e  p l a n t  g ro w th  e x p e r i m e n t s ,  
a f t e r  w h ic h  th e  s o i l s  w e r e  a i r  d r i e d  an d  pH and  e x c h a n g e a b le  c a l c iu m  
w e r e  d e t e r m i n e d .

F o r  th e  w a t e r  c u l t u r e  e x p e r i m e n t  u n d e r t a k e n  to  e x a m i n e  th e  e f f e c ts  
o f  p o l y s a c c h a r i d e  f r a c t i o n  o f  o r g a n i c  m a t t e r  o n  p la n t  u p ta k e  of r a d i o 
s t r o n t i u m ,  th e  p o l y s a c c h a r i d e  f r a c t i o n ,  e x t r a c t e d  f r o m  c o m p o s t  u s e d  in  
th e  s o i l  e x p e r i m e n t s  b y  th e  m e th o d  o f  D e  D a t t a  e t  a l .  [ 1 5 ] ,  w a s  d i s s o lv e d  
in  900 m l  of d i s t i l l e d  w a t e r  an d  0. 5 ¡лСг c a r r i e r - f r e e  89S r  w a s  a d d e d  to 
th e  s o lu t i o n .  T h r e e - w e e k  o ld  m a i z e  p l a n t s  g ro w n  f o r  10 d a y s  o n  a  fu l l -  
s t r e n g t h  H ew i t t  c u l t u r e  s o l u t i o n  w e r e  t r a n s f e r r e d  to  P o l y t h e n e  j a r s  
c o n ta in in g  a 89S r - l a b e l l e d  p o l y s a c c h a r i d e  s o lu t io n .  P a r a l l e l  j a r s  c o n ta in in g  
89S r  a d d e d  to  d i s t i l l e d  w a t e r  s e r v e d  a s  c o n t r o l s .  T w o p l a n t s  w e r e  kep t  
in  e a c h  j a r  an d  5 r e p l i c a t e  j a r s  w e r e  m a i n t a i n e d  p e r  t r e a t m e n t .  T h e  
d u r a t i o n  of r a d i o n u c l i d e  t r e a t m e n t  w a s  12 d a y s ,  a f t e r  w h ic h  th e  p l a n t s  w e r e  
s a c r i f i c e d  a n d  s e p a r a t e d  in to  s h o o t s  an d  r o o t s .  T h e  r o o t s  w e r e  t r e a t e d  
f o r  1 h o u r  in  0. 0 1 M СаС1г to  r e m o v e  n o n - s p e c i f i c a l l y  a b s o r b e d  89S r .
M e th o d s  o f  s u b s e q u e n t  p r o c e s s i n g  a n d  a s s a y  of th e  p l a n t  t i s s u e s  w e r e  s i m i l a r  
to  t h o s e  e m p lo y e d  in  t h e  s o i l  e x p e r i m e n t s .

F o r  th e  l e a c h in g  e x p e r i m e n t  a  s u f f i c i e n t  q u a n t i ty  of e a c h  s o i l  w a s  
w e ig h e d  and  t r a n s f e r r e d  to  a  g l a s s  l e a c h in g  c o n t a i n e r  so  t h a t  a f t e r  
c o m p a c t i o n  i t  p r o v i d e d  a  d e p th  of 15 c m .  T h e  s o i l s  w e r e  p a c k e d  w i th  a 
p a c k in g  b lo c k  s i m i l a r  to  t h a t  d e s c r i b e d  fo r  m e a s u r e m e n t  o f h y d r a u l i c  
c o n d u c t iv i ty  [ 1 6 ] .  T h e  1 5 - c m  l a y e r  of u n t r e a t e d  s o i l  in  t h e  c o n t a i n e r  w a s  
c o v e r e d  w i th  1. 2 5 - c m  l a y e r  of s o i l  l a b e l l e d  w i th  1. 0 ^ C i  89S r .  T h e  l a b e l l e d  
l a y e r  w a s  c o v e r e d  w i th  a 1. 2 5 - c m  l a y e r  o f  u n t r e a t e d  s o i l  a n d  p a c k e d  w ith  
a  w o o d e n  b lo c k  to  th e  s a m e  b u lk  d e n s i t y  a s  th e  1 5 - c m  l a y e r .  T h e  l e a c h in g  
t r e a t m e n t s  c o n s i s t e d  of v a r i o u s  a m o u n t s  of d e io n i z e d  w a t e r  ( r e p r e s e n t i n g  
r a i n  w a t e r ) ,  0. 005N  C a C l 2 s o l u t i o n  ( r e p r e s e n t i n g  m o d e r a t e l y  h ig h  c a l c iu m  
i r r i g a t i o n  w a te r ) ,  0 . 0 0 5 N  N a C l  ( r e p r e s e n t i n g  m o d e r a t e l y  h ig h  s o d iu m  
i r r i g a t i o n  w a te r )  an d  0. 01M  E D T A . O ne c o lu m n  of e a c h  s o i l  ty p e  w a s  a l s o  
m a i n t a i n e d  a t  f i e ld  c a p a c i t y  m o i s t u r e  l e v e l  to  s e r v e  a s  c o n t r o l .  No 
b r e a k t h r o u g h  of th e  n u c l id e  o c c u r r e d  d u r i n g  th e  l e a c h in g  t r e a t m e n t s ,  w h ich  
e x te n d e d  up  to  5 m o n t h s  in  s o m e  c a s e s .  T h e  s o i l  c o lu m n s  w e r e  s e p a r a t e d ,  
u p o n  c o m p l e t i o n  o f  th e  l e a c h in g  t r e a t m e n t  in to  l a y e r s  o f  2. 5 - c m  t h i c k n e s s ,  
th e  i n d iv id u a l  s e g m e n t s  w e r e  a i r  d r i e d ,  w e ig h e d  a nd  a s s a y e d  for. 89S r .

89
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R E S U L T S  AND DISCUSSION

1. S tu d ie s  on r a d i o s t r o n t i u m

1 . 1 .  E f f e c t s  of l i m e

D a ta  on  th e  u p ta k e  of 89S r  by  m a i z e  u n d e r  d i f f e r e n t  l e v e l s  o f l im in g ,  
p e r  c e n t  r e d u c t i o n  in  r a d i o n u c l i d e  u p ta k e  an d  in c u b a t io n  d a t a  on  c h a n g e s  in  
e x c h a n g e a b l e  c a l c iu m  l e v e l s  an d  pH fo r  th e  b la c k  an d  l a t e r i t e  s o i l s  a r e  
p r e s e n t e d  in  T a b l e s  III and  IV r e s p e c t i v e l y .

T A B L E  III.  E F F E C T  O F C A L C IU M  A P P L I C A T IO N  ON U P T A K E  O F  
89S r  BY M A IZ E  P L A N T S  G RO W N  ON B L A C K  SO IL

Calcium 
trea tm en ta 

(meq/100 g soil)

89Sr 
uptake 

(nC i/g dry w t.)

Reduction in 
89Sr
eh)

Incubation data

pH Exchangeable
calcium
(meq'ÿo)

Control, no Ca 0.75 8.0 23.50

4 .48 0.69 8.1 8 .0 24.88

11.20 0.68 9.0 8.0 27.46

22.40 0.68 9.2 8.0 28.16

Least sig. deviation (P = 0.05) N. S .b 1.21

a C aC 03
Basal dressing — N: P2 0 5: K20  = 60: 40: 60 k g /ha . 

k N .S . not significant.

T A B L E  IV. E F F E C T  O F  C A L C IU M  A P P L I C A T I O N  ON U P T A K E  O F 89S r  
BY M A IZ E  P L A N T S  GRO W N  ON L A T E R I T E  SOIL

Calcium  
treatm ent4 

(meq/100 g soil)

89Sr 
uptake 

(nC i/g dry w t.)

Reduction in 
89 Sr uptake 

(%)

Incubation data

pH Exchangeable 
calcium  
(meq%)

Control, no Ca 1.51 6 .4 9.40

4 .48 1.17 22 .5 7 .1 10.22

11.20 1.10 27.2 7 .2 11.60

22.40 1.02 32.5 7 .3 13.62

Least sig. deviation (P = 0.05) 0.25 0.33

a C aC 03

Basal dressing — N:P20 5:K20  = 60:40:60  kg /ha .
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O u r  r e s u l t s  i n d i c a t e  a h ig h ly  s i g n i f i c a n t  r e d u c t i o n  in  th e  u p t a k e  of 
r a d i o s t r o n t i u m  b y  p l a n t s  w i th  a p p l i c a t i o n  of С аС О з in  th e  l a t e r i t e ,  w h ich  
h a s  low  n a t u r a l  e x c h a n g e a b l e  c a l c i u m  s t a t u s .  D a ta  f r o m  in c u b a t io n  
s t u d i e s  r e v e a l  t h a t  in  t h i s  s o i l  l i m e  a d d i t io n  r e s u l t e d  in  m a r k e d  e n h a n c e 
m e n t  in  e x c h a n g e a b l e  c a l c iu m ,  w h ic h  w a s  a c c o m p a n ie d  b y  a s u b s t a n t i a l  
i n c r e a s e  in  s o i l  pH , in d i c a t i n g  p r o g r e s s i v e  r e p l a c e m e n t  o f  e x c h a n g e a b le  
H + by  C a ++ . On th e  o t h e r  h a n d ,  l i m i n g  t r e a t m e n t s  h a d  no in f lu e n c e  o n  th e  
89S r  u p ta k e  f r o m  th e  b l a c k  s o i l ;  pH  an d  e x c h a n g e a b le  c a l c i u m  l e v e l s  w e r e  
a l s o  u n a f f e c te d  b y  l i m e  a p p l i c a t i o n .

It i s  w e l l  e s t a b l i s h e d  f r o m  n u t r i e n t  c u l t u r e  e x p e r i m e n t s  t h a t  th e  e x te n t  
o f  u p ta k e  and  u p w a r d  t r a n s p o r t  of  s t r o n t i u m  i s  c o n t r o l l e d  p r i m a r i l y  by  th e  
c a l c i u m  l e v e l  in  th e  e x t e r n a l  m e d i u m  [ 1 7 ] .  F u r t h e r ,  th e  a b s o r p t i o n  of 
s t r o n t i u m  an d  c a l c i u m  b y  p l a n t s  g r o w n  in  s o i l  i s  r e p o r t e d  to  b e  l a r g e l y  
d e p e n d e n t  on  th e  r e l a t i v e  c o n c e n t r a t i o n s  of th e  tw o io n s  in  th e  s o i l  s o lu t i o n  
[ 1 7 ] .  T h e s e  r e p o r t s  a r e  c o m p a t ib l e  w i th  o u r  o b s e r v a t i o n s  t h a t  p la n t  
u p t a k e  of 89S r  i s  s i g n i f i c a n t l y  r e d u c e d  o n ly  in  s o i l s  w h e r e  С аС О з a p p l i c a t i o n  
r e s u l t e d  in  a  c o n c o m m i t a n t  i n c r e a s e  in  th e  e x c h a n g e a b l e  c a l c i u m  le v e l ,  
w h ic h  i s  a  f a i r  in d e x  of th e  c o n c e n t r a t i o n  o f  c a l c i u m  io n s  in  th e  s o i l  
s o l u t i o n  [ 1 8 ] .

1 . 2 .  E f f e c t s  o f  o r g a n i c  m a t t e r

D a ta  on  th e  e f f e c t s  o f  o r g a n i c  m a t t e r  a d d i t io n  on p l a n t  u p ta k e  of 89S r  
in  th e  b la c k  an d  l a t e r i t e  s o i l s  a r e  r e p o r t e d  in  T a b le  V .

A d d i t io n  o f  o r g a n i c  m a t t e r  r e s u l t e d  in  s ig n i f i c a n t  r e d u c t i o n  in  th e  u p ta k e  
o f 89S r  by  m a i z e  on  b o th  s o i l  t y p e s .  E a r l i e r  s t u d i e s  [1 5 ]  h a v e  sh o w n  th a t  
r a d i o  s t r o n t i u m  a d d e d  to  s o i l  an d  s o i l  e x t r a c t s  i s  r a p i d l y  c o m p l e x e d  by  th e  
p o l y s a c c h a r i d e  f r a c t i o n  o f  s o i l  o r g a n i c  m a t t e r .  T h e  c o m p le x in g  a c t i o n  
o f  f r e e  f u n c t io n a l  g r o u p s ,  n a m e l y  c a r b o x y l i c  a n d  p h e n o l i c ,  o f  s o i l  o r g a n i c  
m a t t e r  o n  a  n u m b e r  o f  f i s s i o n  p r o d u c t s  in c lu d in g  r a d i o s t r o n t i u m  h a s  b e e n

T A B L E  V . E F F E C T  O F  ORGANIC M A T T E R  A P P L I C A T I O N  ON U P T A K E  
O F  89S r  BY M A IZ E  P L A N T S  G RO W N  ON B L A C K  AND L A T E R I T E  SOILS

Organic m atter 
t re a tm e n t 
(g/kg soil)

Black soil

89Sr Reduction in 
uptake 89 Sr uptake 

(nC i/g dry w t.) (7o)

Laterite soil

89Sr Reduction in 
uptake 89 Sr uptake 

(nC i/g dry w t.) (%)

Control, no o .m . 2.01 4 .57

11.2 1.28 36.6 3.96 13.3

22 .4 1.08 46 .3 3.67 19.5

Least significant deviation 
(P = 0.05)

0.79 0.69

a V egetable compost — C /N  -  9 .7
Basal dressing— N:P20 5:K20  = 60:40: 60 k g /ha .
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T A B L E  V I. E F F E C T  O F  P O L Y S A C C H A R ID E  F R A C T IO N  O F ORGANIC 
M A T T E R  ON U P T A K E  O F  89S r  BY M A IZ E  P L A N T S  GROW N IN W A TE R  
C U L T U R E

Shoots Roots

Treatm ent 89Sr 
uptake 

(nC i/g dry wt

Reduction in 
89 Sr uptake 

) №>

89 ~Sr 
uptake 

(nC i/g dry w t.)

Reduction in 
89 Sr uptake 

б«)

D istilled w ater (Control) 30.89 - 40.84 -

Distilled w ater + 
polysaccharide fraction

Ч б .И 47 .9 27.31 33.6

Least significant deviation 
(P = 0.05)

8.99 9.86

a l s o  d e m o n s t r a t e d  [1 9 ,  2 0 ] .  T h e s e  r e p o r t s ,  t o g e t h e r  w i th  th e  d a t a  f r o m  
o u r  w a t e r  c u l t u r e  e x p e r i m e n t s  (T a b le  VI), s u g g e s t  t h a t  c o m p le x in g  e f f e c t s  
of th e  p o l y s a c c h a r i d e  f r a c t i o n  of o r g a n i c  m a t t e r  on  r a d i o s t r o n t i u m  r e s u l t s  
in  a  m a r k e d l y  r e d u c e d  a v a i l a b i l i t y  o f th e  r a d i o n u c l i d e  f o r  a b s o r p t i o n  by 
p l a n t s .  W h ile  th e  c o m p o s t  u s e d  in  o u r  e x p e r i m e n t s  c o n ta in e d  s m a l l  a m o u n t s  
o f  e x c h a n g e a b le  c a l c iu m ,  th e  q u a n t i t i e s  o f  c a l c iu m  i n t r o d u c e d  in to  th e  
s o i l . ( 0 .  0 4 5 -0 .  09 meq%) a r e  n o t  l i k e l y  to  c o n t r ib u t e  s i g n i f i c a n t l y  to  th e  
r e d u c t i o n  in  89S r  u p ta k e .

1 . 3 .  E f f e c t s  o f  N P K  f e r t i l i z e r s

D a ta  on  th e  e f f e c t s  of n i t r o g e n ,  p h o s p h o r u s  and  p o t a s s i u m  f e r t i l i z a t i o n  
o n  th e  u p ta k e  o f  89S r  b y  m a i z e  f r o m  b la c k  an d  l a t e r i t e  s o i l s  a r e  s h o w n  in  
T a b l e  V II.

It  i s  e v id e n t  f r o m  T a b l e  V II t h a t  th e  r a d i o s t r o n t i u m  c o n te n t  in  p l a n t s  
g r o w n  in  b o th  s o i l  ty p e s  i s  s i g n i f i c a n t l y  r e d u c e d  by  th e  a p p l i c a t i o n  of 
n i t r o g e n  an d  p o t a s s i u m  f e r t i l i z e r s  a t  th e  r a t e s  n o r / n a l l y  r e c o m m e n d e d  fo r  
a  v a r i e t y  o f c r o p  p l a n t s .  P h o s p h a t e  a d d i t io n  d id  no t,  h o w e v e r ,  p r o d u c e  
c o n s i s t e n t  e f f e c t s  on  r a d i o n u c l i d e  u p ta k e .

S in c e  no s i g n i f i c a n t  y ie ld  r e s p o n s e  w a s  o b ta in e d  w ith  e i t h e r  N o r  К  
f e r t i l i z a t i o n  on  th e  tw o s o i l s ,  w h ich  h a v e  a  h ig h  f e r t i l i y  r a t i n g  (T a b le  II), 
th e  o b s e r v e d  r e d u c t i o n  in  89S r  c o n c e n t r a t i o n  i n  p l a n t s  c a n n o t  be  a t t r i b u t e d  
to  d i l u t i o n  w i th  i n c r e a s e d  p r o d u c t i o n  of d r y  m a t t e r .  F u r t h e r ,  d a ta  in  
T a b l e  VIII  i n d i c a t e  t h a t  s i m i l a r  e f f e c t s  w e r e  o b ta in e d  w i th  fo u r  d i f f e r e n t  
n i t r o g e n  c a r r i e r s ,  n a m e l y  (NH4) 2S04 , NH4C1, NaNOa an d  C O (N H 2) 2, ' o r  
w i th  th e  tw o p o t a s s i u m  c a r r i e r s ,  n a m e l y  K 2SO4 an d  KC1. . O u r  p r e s e n t  
f in d in g s  do no t s u p p o r t  th e  v ie w  [ 21 ] t h a t  r e d u c t i o n  in  89S r  u p t a k e  w i th  
(NH4) 2S 0 4 o r  K 2SO4 a d d i t io n  co u ld  be d u e  to  f o r m a t i o n  o f  S r S 04 p r e c i p i t a t e  
in  s o i l ,  r e s u l t i n g  in  a  l o w e r i n g  o f  th e  a v a i l a b l e  S r ++io n s  fo r  a b s o r p t i o n  by  p l a n t s .  
It i s  l i k e l y  t h a t  th e  e f f e c t s  o b s e r v e d  a r e ,  in  th e  m a in ,  d ue  to  a n t a g o n i s t i c
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T A B L E  VII.  E F F E C T  O F  N IT R O G E N , P H O S P H A T IC  AND PO T A S SIU M  
F E R T I L I Z A T I O N  ON Y IE L D  AND U P T A K E  O F  89S r  BY M A IZ E  P L A N T S  
G RO W N  ON B L A C K  AND L A T E R I T E  SOILS

T reatm ent (kg/ha)
Black soil

Dry m atte r 89Sr uptake 
(g/pot) (nC i/g dry w t.)

Laterite soil

Dry m atte r 89Sr uptake 
(g/pot) (nC i/g dry w t.)

Na 0 6 . 4 0.86 1 4 . 2 2 . 4 7

60 7 . 1 0 .7 2 1 2 . 4 2.00

150 4 . 3 0.40 1 3 . 1 1 . 8 2

Least sig. deviation (P = 0.05) N .S . 0 . 1 4 N .S . 0.0 9

О о 7 . 2 0.86 1 3 . 3 2 . 2 3

40 6 . 9 0 .6 9 1 2 . 2 2.0 7

100 7 . 5 0 .7 6 1 2 . 6 2 . 3 9

Least sig. deviation (P = 0.05) N .S . N .S . N .S . N .S .

ООО

6 . 4 0.86 1 4 . 2 2 . 4 7

60 6 . 9 0 .5 4 1 2 . 3 2 . 2 2

150 7 . 6 0 .4 7 1 2 . 8 2 . 0 7

Least sig. deviation (P = 0.05) N. S .d 0.09 N .S . 0 .26

a (NH4)2S04 . 
b KH2P04 . 
c K2S04 .
^ N. S. not significant.

T A B L E  V IE .  E F F E C T  O F  D I F F E R E N T  N IT R O G E N  AND P O T A S S IU M  
C A R R IE R S  ON T H E  U P T A K E  O F 89S r  BY M A IZ E  P L A N T S  GRO W N  ON 
B L A C K  AND L A T E R I T E  SOILS

Black soil Laterite soil

T reatm ent3 89 Sr uptake 
(nC i/g dry w t.)

89Sr uptake 
(nC i/g dry w t.)

Ammonium sulphate 0 .2 4 2 . 1 9

Ammonium chloride 0 .2 4 2 . 3 3

Sodium nitrate 0 . 1 6

Urea 0 .2 2

Least significant deviation (P = 0.05) N .S. N .S .

Potassium sulphate 0 .2 3 2 . 4 9

Potassium chloride 0 .26 3.00

Least significant deviation (P = 0.05) N .S .b N .S .

 ̂ N at 150 kg/ha; K20  at 150 kg/ha. 
N .S . not significant.



T A B L E  IX. M O V E M E N T  O F  89S r  T H R O U G H  B L A C K  S O IL  BY S IM U L A T E D  R A IN , IR R IG A T IO N  W A T E R S  AND 
E D T A  T R E A T M E N T

Depth of 
soil column

(cm)
Field

capacity
H20

50 cm
h 2o

50 cm 
0.Ó05N CaCl2

Distribution of 89Sr in soil colum 
(% of total)

250 cm  250 cm 
H20  0 . 005N CaCl2

250 cm 
0.005N NaCl

50 cm 
0 .0 1M EDTA

0 - 2 .5 a .72 .6 70.5 73.9 64.0 35.3 62.4 54.2

2 .5  - 5 .0 26 .6 28.9 26.1 35.6 50.0 37.1 4 4 .8

5 .0  - 7 .5 0 .8 0 .4 12.8 0 .6 1 .1

7 .5  - 10.0 1 .8

10.0 - 12 .5 0 .1

12.5  - 15.0

a
C ontam inated layer.

312 
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e f f e c t s  of i n c r e a s e d  c o n c e n t r a t i o n s  o f  NH4+ o r  K + io n s  in  th e  s o i l  s o l u t i o n  
on  th e  a b s o r p t i o n  of 89S r  b y  p l a n t  r o o t s  and  i t s  s u b s e q u e n t  t r a n s p o r t  to  
a e r i a l  t i s s u e s  [ 22, 2 3 ] .

1 . 4 .  E f f e c t s  o f  r a i n ,  i r r i g a t i o n  w a t e r  an d  E D T A  o n  l e a c h in g  of 
r a d i o s t r o n t i u m

T a b l e s  IX  an d  X r e p o r t  th e  d a t a  on  th e  l e a c h in g  o f  89S r  t h r o u g h  b la c k  and  
l a t e r i t e  s o i l s ,  r e s p e c t i v e l y ,  b y  s i m u l a t e d  r a i n  an d  v a r i a b l e  a m o u n t s  of 
m o d e r a t e l y  h ig h  c a l c i u m  a nd  s o d iu m  i r r i g a t i o n  w a t e r s  an d  E D T A  t r e a t m e n t .

C o n s i d e r a b l y  g r e a t e r  d o w n w a rd  m o v e m e n t  o f  th e  r a d i o n u c l i d e  w a s  
o b s e r v e d  w ith  m o d e r a t e l y  h ig h  c a l c i u m  i r r i g a t i o n  w a t e r  a s  c o m p a r e d  to  
t h a t  w i th  e i t h e r  m o d e r a t e l y  h ig h  s o d i u m  i r r i g a t i o n  w a t e r  o r  s i m u l a t e d  
r a i n .  T h e s e  f in d in g s  a r e  in  c lo s e  a g r e e m e n t  w i th  t h o s e  o f  M i l l e r  an d  
R e i t e m e i e r  [2 4 ]  an d  K o lo s k o v  e t  a l .  [ 2 5 ] ,  w h o s e  s t u d i e s  h a v e  d e m o n s t r a t e d  
th a t  o f a n u m b e r  o f  c a t i o n s  e x a m i n e d  c a l c iu m  w a s  th e  m o s t  e f f e c t iv e  fo r  
r e p l a c i n g  s t r o n t i u m  f r o m  s o i l s .  W ith  th e  p o s s i b l e  e x c e p t io n  o f  L i +, Na + 
h a s  b e e n  r e p o r t e d  to  b e  p o o r e s t  o f  th e  c a t i o n s  f o r  d i s p l a c i n g  a d s o r b e d  
S r ++.

T h e  g r e a t e r  m o v e m e n t  o f  89S r  w i th  E D T A  c a n  p o s s i b l y  b e  a s c r i b e d  
to  th e  f o r m a t i o n  o f  s t a b l e  c h e l a t e s  w i th  s t r o n t i u m .  N i s h i t a  an d  E s s i n g t o n  [2 6 ]  
h a v e  a l s o  o b s e r v e d  t h a t  l e a c h i n g  w i th  N a -E D T A  i n c r e a s e d  th e  m o v e m e n t  
o f 89S r  a s  c o m p a r e d  w i th  l e a c h in g  w i th  d e io n iz e d  w a t e r  in  c o n t r a s t i n g  s o i l s .

T h e  g r e a t e r  m o b i l i t y  o f  r a d i o s t r o n t i u m  in  th e  l a t e r i t e  p r o f i l e s  a s  
c o m p a r e d  w i th  t h a t  in  th e  b la c k  s o i l  p r o f i l e s  co u ld  p o s s i b l y  be e x p la in e d  in  
t e r m s  o f  d i f f e r e n c e s  i n  th e  p h y s i c o - c h e m i c a l  p r o p e r t i e s ,  s u c h  a s  c a t i o n  
e x c h a n g e  c a p a c i ty ,  o r g a n i c  m a t t e r  c o n te n t , ,  c o m p o s i t i o n  o f  e x c h a n g e a b le  
c a t i o n s ,  th e  c l a y  c o n te n t  a nd  th e  p r e d o m i n a n t  ty p e  of c l a y  m i n e r a l s  
b e tw e e n  th e  tw o s o i l  t y p e s .

1. 5. E f f e c t s  o f  f lo o d in g

T h e  d a t a  p r e s e n t e d  in  T a b le  XI in d i c a te  no s ig n i f i c a n t  e f f e c t s  o f f loo d ing  
t r e a t m e n t  on  9S r  c o n c e n t r a t i o n  in  a e r i a l  t i s s u e s  of r i c e  p l a n t s  g ro w n  in  
b la c k  an d  l a t e r i t e  s o i l s .  D a ta  a r e  a v a i l a b l e  in  th e  l i t e r a t u r e  [2 7 ]  to  sh ow  
th a t  f lo o d in g  c a u s e s  i n c r e a s e s  in  th e  c o n c e n t r a t i o n  of th e  l i g h t e r  a lk a l in e  
e a r t h  io n s  C a ++ an d  M g ++ in  th e  s o i l  s o l u t io n  a s  a  r e s u l t  of  th e  s o lv e n t  
a c t i o n  o f  C O 2 an d  c a t i o n  e x c h a n g e  r e a c t i o n s .  W h ile  s i m i l a r  q u a l i t a t i v e  
e f f e c t s  on  th e  s o l u b i l i t y  o f S r ++ io n s  m a y  o c c u r ,  o u r  p r e s e n t  d a ta ,  a s  a l s o  
t h o s e  of V e r f a i l l i e  e t  a l .  [2 8 ]  o n  r i c e  g ro w n  on  th e  s a n d y  a l l u v iu m  of  th e  P o  
v a l l e y  in  I t a ly ,  sh o w  no e v id e n c e  of e n h a n c e d  u p ta k e  of s t r o n t i u m  by  r i c e  
p l a n t s  u n d e r  s u b m e r g e d  c o n d i t io n s .  It i s  a l s o  e v id e n t  t h a t  d i r e c t  e n t r y  
in to  th e  s h o o t  b a s e ,  w h ic h  h a s  b e e n  sh o w n  to  be  l a r g e l y  r e s p o n s i b l e  fo r  
e n h a n c e d  u p t a k e  o f  137C s  in  a e r i a l  t i s s u e s  of r i c e  u n d e r  th e  f lo o d ed  r e g i m e  
[ 2 9 ] ,  d o e s  no t c o n t r i b u t e  s i g n i f i c a n t l y  to  r a d i o s t r o n t i u m  u p ta k e .

2. S tu d ie s  on  g a m m a  e m i t t e r s

2 . 1 .  U p ta k e  f r o m  c o n t r a s t i n g  s o i l s

D a ta  on  th e  a c c u m u l a t i o n  of g a m m a - e m i t t i n g  f i s s i o n  p r o d u c t s  by  m a i z e  
an d  r i c e  p l a n t s  f r o m  th e  tw o c o n t r a s t i n g  s o i l  t y p e s  a r e  p r e s e n t e d  in  T a b le  XII.



T A B L E  X. M O V E M E N T  O F  89S r  T H R O U G H  A L A T E R I T E  SO IL  BY S IM U L A T E D  RAIN, IR R IG A T IO N  W A T E R S  
AND E D T A  T R E A T M E N T

Depth of 
soil column

(cm)
Field

capacity
H20

50 cm 
H20

Distribution of 89Sr in soil column 
(% of total)

50 cm 100 cm 100 cm 
0 . 005N CaCl2 H20  0 .005N C aC l2

100 cm 
0 .005N'NaCl

100 cm 
0.01M  EDTA

0 - 2 .5 a 51.9 53.8 52.3 50.5 15.7 41.7 2 1 .3

2 .5  - 5 .0 34.6 43.1 47 .2 34.4 40.7 50.2 2 0 .4

5 .0  - 7 .5 11.8 3 .1 0 .5 12.9 37.6 7 .7 27.1

7 .5  - 10.0 1.7 2 .2 5.7 0 .46 2 2 .6

10.0 - 12 .5 0 .3 7 .2

12.5  - 15.0 1 .4

15.0  - 17.5

a Contam inated layer.
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T A B L E  XI. E F F E C T  O F  F L O O D IN G  ON T H E  U P T A K E  O F  89S r  BY R IC E  
P L A N T S  G RO W N  ON B L A C K  AND L A T E R I T E  SOILS

Black soil Laterite soil

T reatm ent 89Sr uptake 
(nCi/g dry w t.)

w9Sr uptake 
(nC i/g dry w t.)

Control3 0.17 1.72

Flooding (5 cm) 0.15 1.58

Least significant deviation (P = 0.05) N. S .b N .S .

^ Field capacity  moisture status. 
N .S . not significant.

T A B L E  XII. U P T A K E  O F  106R u, 144C e  AND 137C s  BY M A IZ E  AND R IC E  
P L A N T S  G RO W N  ON B L A C K  AND L A T E R I T E  SOILS 
V a lu e s  a r e  c o n c e n t r a t i o n  f a c t o r s  X 1 0 -3

Radionuclide
Black

M aize

Laterite Black

Rice

Laterite

106Ru 73 .4 29.7 24.9 26.1

144Ce 3 .4 74.5 5 .1  • 45.0

137Cs 231.0 2274.0 241.9 626.0

Least sig. deviation (P = 0.05) 76.6 688.0 51.2 128.4

Least sig. deviation (P = 0.05) 
excluding 137Cs

6 .5 27.3 19.4 7 .2

Radionuclide content /  g plant shoot
Concentration fa c to r------ --------— --------------- , 1 -----------Radionuclide content /  g soil

D a ta  sho w  th a t  137C s  a c c u m u l a t i o n  by  bo th  p la n t  s p e c i e s  w a s  s e v e r a l - f o l d  
g r e a t e r  th a n  th a t  o f  th e  o t h e r  g a m m a  e m i t t e r s  in  b o th  th e  b la c k  s o i l  an d  
th e  l a t é r i t e .  ' F u r t h e r m o r e ,  th e  u p ta k e  of 137C s  by  p l a n t s  g ro w in g  i n  th e  
l a t e r i t é  s o i l  w a s  c o n s i d e r a b l y  g r e a t e r  th a n  in  th e  b la c k  s o i l .

C o n s i d e r a b l e  e v id e n c e  e x i s t s  to  s u g g e s t  t h a t  th e  a v a i l a b i l i t y  of c a e s i u m  
to  p l a n t s  i s  m a r k e d l y  in f lu e n c e d  by  th e  ty p e  a nd  c o n te n t  o f  c la y  m i n e r a l  
p r e s e n t  in  th e  s o i l  [ 3 0 - 3 2 ] .  M ic a c e o u s  m i n e r a l s  o f th e  2:1 l a y e r  ty p e  su c h  
a s  i l l i t e ,  v e r m i c u l i t e  a n d  m o n t m o r i l l o n i t e  h a v e  b e e n  s h o w n  to  f ix  c a e s i u m  
p a r t i c u l a r l y  e f f e c t i v e ly ;  b y  c o m p a r i s o n ,  th e  1:1 l a y e r  ty p e  m i n e r a l s ,  
n a m e l y ,  k a o l i n i t e  a n d  h a l l o y s i t e  do s o  to  a  m u c h  s m a l l e r  e x te n t  [ 30, 3 2 ] .
It i s  w e l l  e s t a b l i s h e d  th a t  m o n t m o r i l l o n i t e  an d  i l l i t e  a r e  th e  p r e d o m i n a n t  
c la y  m i n e r a l s  in  th e  b la c k  s o i l s  of In d ia ,  w h i le  k a o l i n i t e  i s  th e  p r i n c i p a l  
a l u m i n o - s i l i c a t e  f o r m  in  th e  l a t e r i t e  s o i l s  [ 1 0 ] .  T h e  d i f f e r e n c e s  in  137C s
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u p ta k e  f r o m  th e  b l a c k  and  l a t e r i t e  s o i l s  o b s e r v e d  in  th e  p r e s e n t  s tu d y  co u ld ,  
t h e r e f o r e ,  be  a t t r i b u t e d  l a r g e l y  to  g r e a t e r  f ix a t io n  of th e  n u c l id e  in  the  
b la c k  s o i l ,  t h e r e b y  r e n d e r i n g  i t  r e l a t i v e l y  u n a v a i l a b l e  to  th e  p la n t .

T h e  d a ta  on r e l a t i v e  u p t a k e  o f  th e  o t h e r  g a m m a  e m i t t e r s  (T a b le  XII) 
sh ow  th a t  in  th e  l a t e r i t e  144 C e  a c c u m u l a t i o n  b y  m a i z e  and  r i c e  f a r  e x c e e d e d  
t h a t  o f 106R u .  In  th e  b la c k  s o i l ,  h o w e v e r ,  th e  u p ta k e  of 106R u w a s  s i g n i f i 
c a n t l y  h i g h e r  t h a n  th a t  o f 144C e .  T h e  p r e s e n t  f in d in g s  on  th e  e n h a n c e d  144C e 
u p ta k e  in  th e  l a t e r i t e  a r e  c o m p a t ib l e  w i th  th e  r e p o r t  o f  N is h i t a  e t  a l .  [3 3 ]  
t h a t  p l a n t  a b s o r p t i o n  of t h i s  r a d i o n u c l i d e  f r o m  a c id i c  s o i l s  i s  g r e a t e r  th a n  
f r o m  s o i l s  w ith  a  h ig h  pH . F u r t h e r m o r e ,  i t  h a s  b e e n  d e m o n s t r a t e d  in  
l a b o r a t o r y  e x p e r i m e n t s  t h a t  144C e  r e t e n t i o n  on 2:1 l a y e r  ty p e  m i n e r a l s  s u c h  
a s  b e n to n i t e  i s  c o n s i d e r a b l y  m o r e  th a n  on  k a o l i n i t e ,  w h ic h  i s  a  1:1 l a y e r  
ty p e  m i n e r a l  [ 3 4 ] .

O u r  f in d in g s  i n d i c a t e  a g r e a t e r  a v a i l a b i l i t y  of r u t h e n i u m  to  p l a n t s  in  
th e  b la c k  s o i l  th a n  in  th e  l a t e r i t e .  W hile  p r e v i o u s  w o r k  h a s  i n d i c a t e d  th a t  
106Ru a b s o r p t i o n  by  p l a n t s  v a r i e s  w id e ly  b e tw e e n  s o i l  t y p e s ,  i t s  u p ta k e  h a s  
b e e n  sh o w n  to  b e  r e l a t i v e l y  g r e a t e r  f r o m  s o i l s  of h ig h  pH a nd  e x c h a n g e a b le  
c a l c i u m  [3 4 ,  35]'.  H o w e v e r ,  u n l ik e  o t h e r  r a d i o n u c l i d e s  e x a m i n e d  in  th e  
p r e s e n t  s tu d y ,  106Ru c a n  b e  p r e s e n t  in  th e  a n io n i c  f o r m s  [3 6 ]  an d  h a r d l y  
a n y  in f o r m a t i o n  i s  a v a i l a b l e  on  i t s  c h e m i c a l  s t a t e  in  s o i l s  [3 4 ,  3 7 ] .

2. 2. E f f e c t s  o f o r g a n i c  m a t t e r

D a ta  on th e  e f f e c t s  o f  o r g a n i c  m a t t e r  a d d i t io n  on  p l a n t  u p ta k e  of 106Ru, 
144C e  an d  137C s  in  th e  b la c k  an d  l a t e r i t e  s o i l  a r e  r e p o r t e d  in  T a b le  XIII. 
A d d i t i o n s  of o r g a n i c  m a t t e r  d id  not s i g n i f i c a n t l y  a f f e c t  th e  p la n t  u p ta k e  of 
106R u  an d  144C e  in  th e  tw o s o i l s .  H o w e v e r ,  in  th e  c a s e  of 137C s  t h e r e  w a s  a 
r e d u c t i o n  in  th e  u p ta k e  in  b o th  s o i l s ,  b e in g  h ig h ly  s ig n i f i c a n t  in  th e  l a t e r i t e  
s o i l .

It  i s  w e l l  d o c u m e n te d  th a t  th e  e x c h a n g e a b le  p o t a s s i u m  l e v e l  i n  s o i l  
m a r k e d l y  a f f e c t s  p la n t  u p ta k e  of 137C s  [ 3 8 - 4 0 ]  a s  a r e s u l t  o f c o m p e t i t i o n  
b e tw e e n  th e  tw o io n s  in  th e  a b s o r p t i o n  an d  t r a n s p o r t  p r o c e s s e s .  It is  
s u g g e s t e d ,  t h e r e f o r e ,  th a t  th e  o b s e r v e d  r e d u c t i o n  in  137C s  u p ta k e  w ith  
a p p l i c a t i o n  o f  o r g a n i c  m a t t e r  m a y  b e ,  a t  l e a s t  in  p a r t ,  due  to  th e  a d d i t io n a l  
a m o u n t s  o f e x c h a n g e a b le  p o t a s s i u m  i n t r o d u c e d  w i th  th e  a d d e d  o r g a n i c  
m a t t e r ,  w h ich  c o n ta in e d  6. 41 m e q  K /1 0 0  g. R e c e n t  w o r k  of E v a n s  and  
D e k k e r  [4 1 ]  in d i c a t e s  t h a t  in  s o m e  m i n e r a l  s o i l s  of C a n a d a  th e  a d d i t io n  of 
o r g a n i c  m a t t e r  r e s u l t e d  in  a  l o w e r  137C s  u p ta k e  by  o a t s  an d  l e t t u c e .  T h e  
c o m p le x in g  a c t i o n  of o r g a n i c  m a t t e r  c o n s t i t u e n t s  on r a d i o c a e s i u m  [2 0 ]  
m e y  be  y e t  a n o t h e r  f a c t o r  c o n t r ib u t in g  to  th e  r e d u c e d  a v a i l a b i l i t y  of t h i s  
r a d i o n u c l i d e  fo r  a b s o r p t i o n  by  p l a n t s ;  s i m i l a r  e f f e c ts  on  p la n t  u p ta k e  of 
r a d i o s t r o n t i u m  h a v e  b e e n  d e s c r i b e d  in  s e c t i o n  1. 2. O u r  o b s e r v a t i o n s  
p e r t a i n  to  th e  e f f e c t s  of a g r o n o m i c  d o s e s  o f  o r g a n i c  m a t t e r  a p p l i e d  to  s o i l s  
an d  a r e  no t d i r e c t l y  c o m p a r a b l e  w ith  t h o s e  r e p o r t e d  fo r  s o i l s  i n  S w ed e n  
[ 42] a n d  th e  U n i te d  K in g d o m  [ 4 3 ] ,  w h ic h  sho w  th a t  th e  137C s  u p ta k e  by  
p l a n t s  i n c r e a s e d  w ith  i n c r e a s i n g  s o i l  o r g a n i c  m a t t e r  c o n te n t .

2 . 3 .  E f f e c t s  o f f lood ing

D a ta  on  th e  e f f e c t  of f lo o d in g  t r e a t m e n t  on  th e  p la n t  u p ta k e  o f  106R u, 
144C e  an d  137C s  by  r i c e  g r o w n  in  b la c k  and  l a t e r i t e  s o i l s  a r e  r e p o r t e d  in  
T a b l e  XIV. O u r  d a ta  i n d i c a t e  t h a t  f lo o d in g  t r e a t m e n t  r e s u l t e d  in  a
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T A B L E  XIII. E F F E C T  O F  ORGANIC M A T T E R  A P P L I C A T I O N  ON T H E  
U P T A K E  O F 106R u, 144C e  AND 137C s  BY M A IZ E  P L A N T S  G RO W N  ON 
B L A C K  AND L A T E R I T E  SOILS 
V a lu e s  a r e  c o n c e n t r a t i o n  f a c t o r s  X 1 0 " 3

Organic m atter 
t re a tm e n t  
(g/kg soil) 106Ru

Black 

144 Ce 137Cs 106nRu

Laterite 

144 Ce 137Cs

0 73.4 3 .4 231 29.7 74.5 2274

11.2 59; 9 5 .4 173 30.5 51.3 1112

22.4 69.6 5 .1 174 21.9 44.1 637

Least sig. deviation (P = 0.05) N .S . N .S . N .S . N .S . N .S . 748

a .
V egetable compost — C /N  -  9 .7
Basal dressing — N:P205:K20  = 60:40: 60 k g /ha .

T A B L E  XIV. E F F E C T  O F  F L O O D IN G  ON T H E  U P T A K E  O F  106R u, 144C e  
AND 137C s  BY R IC E  P L A N T S  G RO W N  ON B L A C K  AND L A T E R I T E  SOILS 
V a lu e s  a r e  c o n c e n t r a t i o n  f a c t o r s  X 1 0 “3

Treatm ent
106Ru

Black 

144 Ce 137Cs 106Ru

Laterite 

144 Ce 137Cs

Control3 26.9 7 .2 95.8 8 .8 27 .3 321.3

Flooding (5 cm) 24.9 5 .1 241.9 26.1 45 .0 626.0

Least sig. deviation (P = 0.05) N .S .b N .S . 62 .2 7 .7 5 .4 149.1

a
b Field capacity  moisture status. 

N .S . not significant.

c o n s i d e r a b l e  i n c r e a s e  in  137C s  c o n c e n t r a t i o n  in  a e r i a l  t i s s u e s  o f th e  r i c e  
p la n t ,  a m o u n t in g  to  9 5 a nd  152% of  th e  c o n t r o l  in  th e  l a t e r i t e  a nd  b la c k  
s o i l s ,  r e s p e c t i v e l y .  T h e s e  r e s u l t s  c o n f i r m  th e  f in d in g s  o f  M y t t e n a e r e  e t  a l .  
[ 28, 29, 4 4 ] ,  w ho h a v e  s u g g e s t e d  th a t  e n t r y  t h r o u g h  th e  s h o o t  b a s e  of 137C s  
p r e s e n t  in  th e  c o lu m n  of s t a n d in g  w a t e r  i s ,  in  th e  m a i n ,  r e s p o n s i b l e  fo r  
th e  e n h a n c e d  a c c u m u l a t i o n  of t h i s  n u c l id e  in  r i c e  s h o o t s  u n d e r  th e  f lo od ed  
r e g i m e .

W h ile  a n  i n c r e a s e d  144C e  c o n te n t  i n  s h o o t s  of r i c e  g r o w n  u n d e r  f loo ded  
r e g i m e  in  a n  a l l u v i a l  s a n d y  lo a m  of th e  P o  V a l l e y  in  I t a ly  h a s  b e e n  r e p o r t e d  
[ 4 5 ] ,  o u r  d a ta  ( T a b le  XIV) on  144C e  an d  106R u, w h ic h  sh o w  v a r i a b l e  e f f e c t s  
of f lo o d in g  in  th e  t r o p i c a l  b la c k  an d  l a t e r i t e  s o i l s ,  s u g g e s t  t h a t  a l t e r e d  
r e d o x  p o t e n t i a l s  an d  o t h e r  c h a n g e s  in  th e  s o i l  c h e m i c a l  r e g i m e  b ro u g h t  
ab o u t  u n d e r  s u b m e r g e d  c o n d i t io n s  [2 7 ]  co u ld  d i f f e r e n t i a l l y  in f lu e n c e  th e  
s o l u b i l i t y  o f  t h e s e  n u c l i d e s  an d  t h e i r  u p ta k e  b y  th e  r i c e  p l a n t  in  c o n t r a s t i n g  
s o i l  t y p e s .
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In c o n c lu s io n ,  i t  i s  e v id e n t  t h a t  s o m e  of th e  s o i l  a m e n d m e n t ,  f e r t i l i z e r  
an d  i r r i g a t i o n  t r e a t m e n t s  n o r m a l  to  a g r i c u l t u r a l  p r a c t i c e s  in  th e  b la c k  and  
l a t e r i t e  s o i l  z o n e s  c a n  h a v e  v e r y  m a r k e d  e f f e c t s  on  th e  q u a n t i t a t iv e  t r a n s f e r  
o f  l o n g - l i v e d  f i s s i o n  p r o d u c t s  e x a m in e d  h e r e  to  c ro p  p l a n t s  g ro w n  on  th e s e  
s o i l  t y p e s .  T h e  f in d in g s  r e p o r t e d  in  th e  p r e s e n t  p a p e r ,  a s  a r e  t h o s e  f r o m  
r e l a t e d  s t u d i e s ,  a r e  m a d e  a v a i l a b l e  to  th e  a u t h o r i t i e s  r e s p o n s i b l e  f o r  r e l e a s e  
an d  s u r v e i l l a n c e  of r a d i o a c t i v i t y  l e v e l s  in  th e  e n v i r o n s  of n u c l e a r  i n s t a l l a t i o n s  
in  th e  c o u n t r y .  Such  i n f o r m a t i o n  co u ld  h e lp  to  p r o v i d e  a r e a l i s t i c  b a s i s  fo r  
d e t e r m i n i n g  p e r m i s s i b l e  d i s c h a r g e  l i m i t s  fo r  c o n t r o l l e d  r e l e a s e s  o f r a d i o 
a c t i v e  e f f lu e n t s  in to  s o u r c e s  of w a t e r s  u s e d  fo r  a g r i c u l t u r a l  o p e r a t i o n s .
T h e s e  d a ta  cou ld  a l s o  be  of v a lu e  in  f o r m u l a t i n g  p la n s  fo r  a c t i o n  in  an  
e m e r g e n c y  s i t u a t i o n  fo l lo w in g  a c c i d e n t a l  r e l e a s e s ,  a s  w e l l  a s  in  m o r e  
n o r m a l  s i t u a t io n s  w h e r e  c o n t r o l l e d  r e l e a s e s  o f e f f lu e n t s  o v e r  a p e r i o d  of 
y e a r s  cou ld  r e s u l t  in  a  b u i ld - u p  th a t  a p p r o a c h e s  u n a c c e p t a b le  l e v e l s  of 
c o n ta m in a t io n .  O u r  f u t u r e  w o r k  w i l l  in c lu d e  s i m i l a r  s t u d i e s  on  o t h e r  
r a d i o n u c l i d e s ,  n a m e l y  3H, 129I an d  85K r ,  w h ic h  a r e  of s i g n i f i c a n c e  in  th e  
c o n te x t  of th e  q u a n t i t i e s  r e l e a s e d  f r o m  n u c l e a r  p o w e r  s t a t i o n s  o r  f u e l -  
r e p r o c e s s i n g  p l a n t s .
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D I S C U  S S I O N

R . M .  B A R K H U D A R O V : You r e f e r r e d ,  I u n d e r s t a n d ,  to  th e  p e n e t r a t i o n  
o f  a c t i v i t y  in to  w e l l  w a t e r .  On w h a t  b a s i s  do you p o s t u l a t e  th e  p o s s i b i l i t y  
o f  s u c h  c o n ta m in a t io n  o c c u r r i n g ?

K . B. M IS T R Y : T h e  p o s s i b i l i t y  i s  c o n s i d e r e d  o n ly  in  th e  c o n te x t  of 
a n  a c c i d e n t a l  l a r g e - s c a l e  r e l e a s e  f r o m  th e  n u c l e a r  i n s t a l l a t i o n .

P .  R E IN IG E R :  In  th e  p a p e r  you c i t e  w o r k  do n e  b y  M y t t e n a e r e  on  th e  
u p ta k e  of 137C s  by  r i c e .  Now, h i s  f i g u r e s  e x c e e d  y o u r s  by  a f a c t o r  up  to  
100, i f  I r e m e m b e r  c o r r e c t l y ,  an d  I s h o u ld  be  i n t e r e s t e d  to  h e a r  y o u r  
c o m m e n t s  on  th i s  d i f f e r e n c e .

K. B. M IS T R Y : We r e f e r r e d  to  th e  w o r k  o f  M y t t e n a e r e  in  th e  co n te x t  
o f  s i g n i f i c a n t l y  e n h a n c e d  a c c u m u l a t i o n  o f  137C s  in  r i c e  s h o o t s  u n d e r  f lo o d e d  
c o n d i t io n s ,  a s  c o m p a r e d  to  a c c u m u l a t i o n  u n d e r  f i e ld  c a p a c i t y  m o i s t u r e  
s t a t u s .  I b e l i e v e  th e  h ig h  c o n c e n t r a t i o n  f a c t o r s  t h a t  you m e n t i o n  p e r t a i n  to  
p l a n t s  g ro w n  in  n u t r i e n t  s o lu t i o n .  In  a n y  ev e n t ,  th e  s h o o t  c o n c e n t r a t i o n  
f a c t o r s  of 137C s  fo r  p l a n t s  g ro w n  in  s o i l  w ou ld  d e p e n d  on  th e  ty p e  o f  s o i l  
an d  on  i t s  p h y s i c o - c h e m i c a l  c h a r a c t e r i s t i c s ,  s u c h  a s  f o r m  an d  c o n te n t  o f 
c l a y  m i n e r a l ,  o r g a n i c  m a t t e r  c o n te n t  an d  e x c h a n g e a b le  p o t a s s i u m  le v e l .  
T h e s e  a r e  f a c t o r s  w h ic h  a r e  know n p ro f o u n d ly  to  in f lu e n c e  th e  u p ta k e  of 
137C s  b y  p l a n t s .

R . G .  G U E N N E L O N : I h a v e  tw o q u e s t io n s  on  t h i s  p a p e r .  F i r s t ,  do 
you c o n s i d e r  t h a t  th e  o r g a n i c  m a t t e r  f i g u r e s  u s e d  an d  m e n t io n e d  in  T a b le  V 
r e p r e s e n t  th e  a m o u n t s  n o r m a l l y  e m p lo y e d  a s  a m e n d m e n t s ,  o r  do you th in k
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t h a t  m u c h  l a r g e r  q u a n t i t i e s  (of th e  o r d e r  of 100 t / h a )  w o u ld  be  n e c e s s a r y  
in  o r d e r ,  f o r  e x a m p le ,  to  r e d u c e  th e  a m o u n t  of S r  a b s o r b e d  f r o m  10 to  1?

S e c o n d ly ,  do th e  r a d i o m e t r i c  a n a l y s e s  o f  c u l t iv a t e d  p l a n t s  r e l a t e  to  
t h e  w h o le  p la n t  o r  to  th e  e d ib l e  p a r t s  t h e r e o f  (a s  r e g a r d s  th e  e f f e c t  of 
v a r i o u s  f o r m s  o f  f e r t i l i z e r ) .  I a m  r e f e r r i n g  in  p a r t i c u l a r  to  T a b l e  VIII.

K . B. M IS TR Y : T h e  d o s e s  of o r g a n i c  m a t t e r  i n d i c a t e d  in  T a b le  V a r e  
t h o s e  n o r m a l l y  e m p lo y e d  in  a g r o n o m i c  p r a c t i c e  in  th e  r e g i o n s  to  w h ic h  th e  
s t u d y  r e l a t e s .  T h e  q u e s t io n  of u s i n g  m u c h  h i g h e r  d o s e s  o f o r g a n i c  m a t t e r  
in  o r d e r  f u r t h e r  to  r e d u c e  r a d i o s t r o n t i u m  u p ta k e  by  c r o p  p l a n t s  w o u ld  h a v e  
to  b e  c a r e f u l l y  c o n s i d e r e d  in  th e  l ig h t  of th e  e c o n o m i c s  of th e  m a t t e r  an d  of 
t h e  p o s s i b l e  e f f e c t s  o f th e  p r o c e s s  on  s o i l  f e r t i l i t y .  We h a v e  h e r e  co n f in e d  
o u r  a t t e n t i o n  to  th e  a g r i c u l t u r a l  p r a c t i c e s  c u r r e n t l y  a d o p te d  in  th e  r e g i o n s  
c o n c e r n e d .

In  r e p l y  to  y o u r  s e c o n d  q u e s t io n ,  th e  d a ta  p r e s e n t e d  in  th e  p a p e r  r e l a t e  
to  th e  a s s a y  of th e  e n t i r e  a b o v e - g r o u n d  p o r t i o n  of th e  p l a n t s  a t  th e  f l o w e r in g  
s t a g e .  H o w e v e r ,  w e  h a v e  in  o t h e r  s t u d i e s  d e t e r m i n e d  th e  d i s t r i b u t i o n  of 
th e  r a d i o n u c l i d e s  in  d i f f e r e n t  p l a n t  o r g a n s ,  a n d  one  co u ld  e x t r a p o l a t e  th e  
p r e s e n t  r e s u l t s  to  a n y  s p e c i f i c  a e r i a l  t i s s u e .

C . A .  MAWSON: W ith  r e f e r e n c e  to  th e  m a t t e r  of c o n c e n t r a t i o n  f a c t o r s ,
I s u g g e s t  t h a t  you d e t e r m i n e  t h e s e  in  th e  f ie ld ,  w h e r e  c r o p s  h a v e  fo r  m a n y  
y e a r s  p a s t  b e e n  i r r i g a t e d  w i th  w a t e r  c o n ta in in g  f i s s i o n  p r o d u c t s ,  in  th e  
f o r m  of f a l l - o u t .

K . B . M IS TR Y : T h a n k  you fo r  y o u r  s u g g e s t io n .  We s h a l l  c e r t a i n l y  
b e a r  i t  in  m in d  in  o u r  f u t u r e  w o r k .

R . S .  B R U C E : In  y o u r  e x p e r i m e n t s  on  th e  e f f e c t s  of f e r t i l i z e r s  on  
th e  u p t a k e  of r a d i o n u c l i d e s ,  w e r e  th e  f e r t i l i z e r s  m i x e d  in to  th e  s o i l  o r  
a p p l i e d  to  th e  s u r f a c e ?  If t h e y  a r e  a p p l i e d  to  th e  s u r f a c e  i t  i s  p o s s i b l e  to  
e n v i s a g e  a s i t u a t i o n  in  w h ic h  p la n t  r o o t s  p r o l i f e r a t e  in  th e  s u r f a c e  z o n e ,  
an d  th i s  m ig h t  l e a d  to  a n  i n c r e a s e  in  u p ta k e  o f  s u p e r f i c i a l  c o n ta m in a t io n .

K. B. M IS T R Y : T h e  f e r t i l i z e r s  w e r e  i n c o r p o r a t e d  in  th e  s o i l  i n  a 
m a n n e r  t h a t  s i m u l a t e d  th e  f e r t i l i z e r  p l a c e m e n t  p r o c e d u r e  r e c o m m e n d e d  
fo r  m a i z e  in  b la c k  and  l a t e r i t e  s o i l  z o n e s  by  th e  a g r i c u l t u r a l  a d v i s o r y  
s e r v i c e s .  In  th e  c a s e  of b o th  n i t r o g e n  an d  p h o s p h o r u s  t h i s  in v o lv e s  p l a c e 
m e n t  a t  a  c e r t a i n  d ep th ,  an d  no t a p p l i c a t i o n  on  th e  s u r f a c e .

W . K . G .  KÜHN: You m e n t io n  b r i e f l y  a t  th e  end of th e  p a p e r  t h a t  you 
in t e n d  to  u n d e r t a k e  s i m i l a r  s t u d i e s  on  3H . C a n  you g iv e  a n y  d e t a i l s  of 
t h e s e  p la n s ?

K . B .  M ISTR Y : No, I a m  a f r a i d  n o t .  A l l  I c a n  do i s  r e p e a t  th a t ,  s i n c e  
3H is  i m p o r t a n t  in  t e r m s  of th e  q u a n t i t i e s  r e l e a s e d  by  n u c l e a r  p o w e r  s t a t i o n s  
an d  fu e l  r e p r o c e s s i n g  p l a n t s ,  w e m a y  h a v e  to  e x a m in e  i t s  b e h a v io u r  in  
s o i l - p l a n t  r e g i m e s  t y p i c a l  f o r  In d ia .
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Abstract

EXPERIMENTAL STUDIES ON THE TRANSFER TO CROPS OF CERTAIN RADIONUCLIDES PRESENT IN NUCLEAR 
POWER STATION EFFLUENTS.

The use in  crop irrigation of water contam inated by radioactive residues contained in  nuclear power 
stations effluents entails a risk of the transfer of various radionuclides to m an. In connection with such transfer 
of rad ioactive pollutants by water and plants to the human diet, the authors have attem pted to define the 
relationship between the contam ination ra te  of the water concerned and that of the crops harvested. To arrive 
at estim ates that can be used by health  experts, experim ental models closely approximating actual conditions 
were utilized . A variety of fruit trees and various vegetables were contam inated by radionuclides (Cs, Co, Mn, 
Zn, Na) during genuine irrigation of the soil or of aeria l parts of the plants. C ultivation was effected in large 
vats, in which the yields are com parable to those obtained in fields. An air-conditioned com partm ent was 
used for spraying. A distinction was m aintained between direct and indirect contam ination so that the 
respective hazards of the two pathways could be evaluated . Taking into account the various param eters of 
the environment, notably the quality of the water and. the type of soil, it is intended on the  basis of this work 
to assess the quantities of rad ioactive pollutants transferred through the w ater-so il-p lan t-d ie t chain in order 
to evaluate the consequences of any discharges into rivers.

ETUDES EXPERIMENTALES SUR LE TRANSFERT DANS LES CULTURES DE QUELQUES RADIONUCLEIDES 
PRESENTS DANS LES EFFLUENTS DES CENTRALES ELECTRO-NUCLEAIRES.

L 'u tilisa tion , pour l ’ irrigation des cultures, d ’eau radiopolluée par les résidus d ’effluents de centrales 
é lectro-nucléaires crée un risque de transfert de divers radionucléides jusqu’à l ’hom m e. Dans le  cadre de 
ces transferts de radiopolluants par l 'e a u  et les plantes jusqu 'à  la  ration alim entaire , les auteurs ont tenté 
de préciser les relations entre le  taux de contam ination des eaux et celu i des denrées agricoles. Afin 
d ’obtenir des estim ations utilisables par les hygiénistes des modèles expérim entaux proches de la  pratique 
ont é té  m is en œ uvre. Une espèce fruitière e t différents légumes ont é té  contam inés par des radionucléides 
(Cs, Со, Mn, Zn, Na) au cours de véritables irrigations appliquées au sol ou sur les organes aériens. Les 
cultures ont é té  conduites en bacs de grandes dimensions ou les productions sont com parables à  celles de plein 
cham p. Un caisson clim atisé  a é té  u tilisé pour distribuer les aspersions. Les contam inations, d irecte  et 
indirecte, ont é té  dissociées afin d ’évaluer les risques respectifs de ces deux modes d ’apport. A partir de 
ces travaux, en tenant com pte de divers paramètres du m ilieu, qualité  des eaux e t type de sol notam m ent, 
une estim ation des quantités de radiopolluants transférés à  travers le  système eau -so l-p lan te-ra tion  alim entaire 
est proposée pour l ’évaluation des conséquences de rejets éventuels en riv ière.

* Les auteurs ont rédigé c e  m ém oire en collaboration avec H. KERNISAN, S. MARCHAND, C. TEMPIER 
e tR . ESCARIOT (CEN C adarache).
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IN T R O D U C T IO N

L ' a c c r o i s s e m e n t  du n o m b r e  de  r é a c t e u r s  de p u i s s a n c e  p r o d u i s a n t  de 
l ' é l e c t r i c i t é  a u g m e n te  l e s  r i s q u e s  de  p o l lu t io n  d e s  e a u x  de  r i v i è r e  u t i l i s é e s  
p o u r  l ' i r r i g a t i o n  d e s  c u l t u r e s .

L 'é v a l u a t i o n  d e s  n iv e a u x  de l a  c o n ta m in a t io n  a l i m e n t a i r e  qu i p e u t  
en  r é s u l t e r  e s t  un d e s  o b je c t i f s  fo n d a m e n ta u x  de l a  r a d i o é c o lo g i e .

N o t r e  o b je c t i f  e s t  d ' e f f e c t u e r  c e t t e  é v a lu a t io n  a v e c  l a  d o u b le  p r é o c 
c u p a t io n  de
— s i m u l e r  au  m i e u x  l e s  c o n d i t io n s  de l a  p r a t i q u e  p o u r  o b t e n i r  d e s  v a l e u r s  

r e p r é s e n t a t i v e s  d e s  ta u x  de t r a n s f e r t  d e s  p o l lu a n t s  d a n s  l e  m i l i e u
— p r é v o i r  l ' é v o l u t i o n  de l a  c o n ta m in a t io n  á  lo n g  t e r m e  d a n s  l ' h y p o t h è s e  d 'u n  

a p p o r t  c o n t in u  de p o l lu a n t .
N os p r é c é d e n t e s  e x p é r i m e n t a t i o n s  on t m i s  en  é v id e n c e  l ' i m p o r t a n c e  de 

l ' i r r i g a t i o n  p a r  a s p e r s i o n  d a n s  le  t r a n s f e r t  d e s  r a d i o p o l l u a n t s  [ 1, 2] . C e s  
e s s a i s ,  au  c o u r s  d e s q u e l s  ont é té  u t i l i s é s  d e s  e f f lu e n t s  de  r é a c t e u r s  
( ty p es  â  e au  s o u s  p r e s s i o n  e t  â  n e u t r o n s  r a p i d e s )  e t  d 'u n e  u s i n e  de  t r a i t e m e n t ,  
on t  m o n t r é  l ' e x i s t e n c e  d 'u n  r i s q u e  à  c o u r t  t e r m e  en  ce  qui c o n c e r n e  60Co, 
^ M n ,  144C e, 131I, 22N a e t  137C s  p a r  c o n ta c t  d i r e c t  de c e s  r a d i o n u c l é i d e s  a v e c  
l e s  d e n r é e s  r é c o l t é e s ,  e t  d 'u n  r i s q u e  â  lo n g  t e r m e  à  l a  s u i t e  d 'u n e  a c c u m u l a 
t io n  c o n t in u e  d a n s  l e s  s o l s ;  c e s  r i s q u e s  o n t  é t é  p r é c i s é s  en  ce  qu i c o n c e r n e  
90S r  e t  137Cs [ 1 , 2 ] .

D a n s  le  p r o l o n g e m e n t  de c e s  t r a v a u x  l e s  n o u v e a u x  e s s a i s  p r é s e n t é s  d a n s  
c e t t e  c o m m u n ic a t io n  on t p o u r  o b je c t i f  de c h i f f r e r ,  d a n s  d e s  c o n d i t io n s  p r o c h e s  
de l a  p r a t i q u e ,  l e s  ta u x  de t r a n s f e r t  de 137 C s ,  54 Mn, 60 Со, 65Z n  e t  22Na, de 
l ' e a u  d ' i r r i g a t i o n  aux  p a r t i e s  c o n s o m m a b l e s  de t r o i s  l é g u m e s :  l a  s a l a d e ,  le  
h a r i c o t  v e r t  e t  l a  c a r o t t e ,  a i n s i  que  d 'u n  a r b r e  f r u i t i e r :  l e  p o m m i e r .

D eu x  a s p e c t s  s o n t  e n v i s a g é s  s é p a r é m e n t :  l a  c o n ta m in a t io n  d i r e c t e  e t  
l a  c o n ta m in a t io n  i n d i r e c t e .

T A B L E A U  I. C A R A C T E R IS T IQ U E S  D ES A RR O SA G ES E T  D E  L 'E A U

Eau

Arrosages
Caractéristiques A ctivité spécifique
physico-chim iques OiCi/1)

Dose: 50 mm pH: 7 ,7 60C oC l2 0,297 ± 0,041

Densité: 10 m m /h
Résidu sec: 0,320 g / l  
Résistivité: 2200

Nombre: Ca: 70 mg/1 60Co EDTA 0,260 i  0,002
— légumes, 3 Mg: 6 mg/1

54Mn 0,154 ± 0,04— pommiers, 8 Na: 11 mg/1
K: 2 ,3  mg/1

65Zn 0,405 ± 0 ,0 9 6Espacement entre aspersions: 15 j Bicarbonate: 16,8 mg/1 
Chlorure: 25 ,1  mg/1
Sulfate: 59 ,4  mg/1 2zNa 0,342 ± 0 ,0 3 1
N itrate: 4, 9 rag/1

137Cs 0 ,29  ± 0,033
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1 . 1 .  M é th o d e s

L 'o b j e c t i f  de  c e s  e s s a i s  e s t  de  p r é c i s e r  l e s  ta u x  de t r a n s f e r t  d e s  r a d i o -  
p o l l u a n t s  c i t é s  p lu s  h a u t ,  de  l ' e a u  a u x  d e n r é e s  c o n s o m m a b l e s ,  qui r é s u l t e n t  
du  c o n ta c t  d i r e c t  d e s  e a u x  p o l l u é e s  a v e c  l e s  o r g a n e s  a é r i e n s  d e s  p l a n t e s .

O n a  c h e r c h é  à  d é t e r m i n e r  l e  n iv e a u  p o s s i b l e  de c e t t e  c o n ta m in a t io n  
a i n s i  q ue  s e s  v a r i a t i o n s  s o u s  l ' e f f e t  de q u e l q u e s - u n s  d e s  p a r a m è t r e s  
p r i n c ip a u x .

P o u r  c e t t e  é v a lu a t io n ,  d e s  a s p e r s i o n s  qu i  s i m u l e n t  l ' e s s e n t i e l  d e s  
c o n d i t io n s  de  l a  p r a t i q u e  o n t  é té  a p p l i q u é e s  en  c a i s s o n - p h y t o t r o n  s u r  d e s  
p o m m i e r s ,  d e s  s a l a d e s ,  d e s  h a r i c o t s  v e r t s  e t  d e s  c a r o t t e s  s e  d é v e lo p p a n t  
e n  b a c s  d 'u n  m è t r e  c a r r é .

C e s  d i s p o s i t i f s  ont é té  d é c r i t s  d a n s  d ' a u t r e s  c o m m u n ic a t io n s  [ 1, 2] .
A  l a  p r a t i q u e  on t  é té  e m p r u n t é e s  l a  q u a l i t é  de  l ' e a u  e t  l a  d o s e ,  l a  d u r é e ,  
l a  d e n s i t é  d ' a r r o s a g e ;  u n e  f e u i l l e  de p o ly v in y le  i s o l a i t  le  s o l  de  l ' a s p e r s i o n  
( s a u f  d a n s  l e  c a s  d e s  c a r o t t e s )  ( t a b le a u  I).

1 . 2 .  T a u x  d e  t r a n s f e r t

L e  t a b l e a u  II p r é s e n t e  l e s  ta u x  de t r a n s f e r t  a  p o u r  l e s  d e n r é e s  â  la  
r é c o l t e ,  a p r è s  l e s  a r r o s a g e s :  a  = ( p C i /k g  f r a i s ) / ( p C i / l i t r e  d 'e a u ) .  Un 
kg  de  p r o d u i t  f r a i s  f ix e  u ne  q u a n t i té  de r a d i o é l é m e n t  é q u iv a l e n t e  à  c e l l e  
co n te n u e  d a n s  a  l i t r e  d 'e a u .

L e s  m o y e n n e s  d e s  t a u x  de t r a n s f e r t  v a r i e n t  de 0, 2 â  0, 7 p o u r  l e s  
d i f f é r e n t s  r a d i o n u c l é i d e s  u t i l i s é s .  Un kg de d e n r é e  s e r a i t  c o n ta m in é  
a p p r o x i m a t i v e m e n t  c o m m e  0, 6 l i t r e  d ' e a u  d ' a r r o s a g e .

1. C O N T A M I N A T I O N  D I R E C T E

T A B L E A U  II. T A U X  D E  T R A N S F E R T  D E  137C s,  54Mn, 65Z n ,  22Na, 60Co 
D E  L 'E A U  DANS L E S  P A R T IE S  C O M E S T IB L E S  D E T R O IS  L E G U M E S  E T  
UN F R U I T
(C o n ta m in a t io n  d i r e c t e )
( p C i /k g  f r a i s ) / ( p C i / l i t r e  d 'e a u )

Volume 
d ’ eau dis

tribué 
(li tre /m 2)

ШС8 54 Mn 65 -7 „ Zn zzNa 60Co

Haricot
0,07 0,72150 0,73 0 ,04 0,12

(gousses)

Salade 150 1,5 0,75 1.6 0 ,9 1,57

Carotte 150 0,4 0 ,0 0 ,5 i ,  7 0 ,4

Pomme 400 0,15 0 ,05 0,15 0, 07 0,08

Moyenne approchée 0.7 0 .2 0 ,6 0 .7 0 .7
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T A B L E A U  III.  TA U X  D E  T R A N S F E R T  DU 60С о C O M P L E X E  A V E C  E D T A  
E T  SOUS F O R M E  D E  C 0C I2 D E  L 'E A U  DANS L E  H A R IC O T  E T  L A  S A L A D E  
(C o n ta m in a t io n  d i r e c t e )
( p C i /k g  f r a i s ) /  ( p C i / l i t r e  d 'e a u )

Eau dém inéralisée Eau de rivière

60CoCl2 60Co EDTA 60CoCl2 60Co EDTA

Salade 4 ,9 1,65 .1 ,57  0 ,8

Haricot
(feuilles)

10,0 5 ,4 3 ,5  0 ,6

C e s  ta u x  d i f f è r e n t  a v e c  l e s  e s p è c e s ;  l a  s a l a d e ,  l é g u m e - f e u i l l e ,  e s t  l a  
p lu s  c o n ta m in é e .  C ' e s t  l e  c a s  d e s  f e u i l l e s  d e s  q u a t r e  e s p è c e s  é t u d i é e s .
L e s  c a r o t t e s ,  p o u r  l e s q u e l l e s  a u c u n e  p r o t e c t i o n  du s o l  n ' a v a i t  é té  
r é a l i s é e ,  s o n t  é g a l e m e n t  a s s e z  c o n t a m i n é e s .

L e s  ta u x  de t r a n s f e r t  s o n t  s e n s i b l e m e n t  é q u iv a l e n t s  p o u r  137C s ,  65Z n,
22N a  e t  60Co (C0C I2). 54 M n e s t  l e  m o i n s  b ie n  f i x é  p a r  l e s  p l a n t e s .

C e s  ta u x  de t r a n s f e r t  s o n t  c o n d i t io n n é s  e n t r e  a u t r e s  p a r  l a  n a t u r e  e t  l a  
q u a l i t é  de  l ' e a u  a i n s i  que p a r  l a  f o r m e  p h y s i c o - c h i m i q u e  du r a d i o n u c l é i d e  [ 3] . 
U ne f r a c t i o n  im p o r t a n t e  d e s  r a d i o n u c l é i d e s  d a n s  le  m i l i e u  p e u t  en  e f f e t  s e  
t r o u v e r  â  l ' é t a t  c o m p l e x é  â  l a  s u i t e  de l ' u t i l i s a t i o n  d ' a g e n t s  de d é c o n ta m in a t io n  
d a n s  l e s  i n s t a l l a t i o n s  n u c l é a i r e s  e t  d e  p r o d u i t s  c o m p l e x a n t s  p r é s e n t s  d a n s  
l ' e a u .  L e s  ta u x  de  f ix a t io n  p a r  d e s  s a l a d e s  de  60Co, s o u s  l e s  d e u x  f o r m e s  
p h y s i c o - c h i m i q u e  (C0C I2 ) e t  c o m p le x e  (à l 'E D T A ) ,  d a n s  l ' e a u  d é m i n é r a l i s é e  
e t  l ' e a u  de  r i v i è r e ,  on t  é té  r e c h e r c h é s  ( ta b le a u  III).

L e  c o b a l t  c o m p le x é  a v a n t  so n  i n t r o d u c t io n  d a n s  l ' e a u  e s t  p lu s  m o b i le  
e t  m o i n s  b ie n  f ix é  p a r  l e s  v é g é t a u x  que le  c h l o r u r e  de c o b a l t .  C e t t e  
te c h n i q u e  de d é c o n ta m in a t io n  d e s  i n s t a l l a t i o n s  jo u e  p a r  c o n s é q u e n t  un  r ô l e  
f a v o r a b l e  d a n s  ce  m o d e  de t r a n s f e r t .  L e s  é l é m e n t s  d i s s o u s  d a n s  l ' e a u  
c o n c u r r e n c e n t  l e s  deu x  f o r m e s  de c o b a l t ;  i l s  c o n t r i b u e n t  é g a l e m e n t  à  f a i r e

fiO /b a i s s e r  l e s  ta u x  de f i x a t i o n  du Со s u r  l e s  v é g é ta u x .
C e s  v a l e u r s  d e v r a i e n t  ê t r e  a u g m e n t é e s  d a n s  l e s  c a s  d ' a r r o s a g e s  p lu s  

f r é q u e n t s .  P a r  e x e m p l e ,  d e s  c u l t u r e s  de t o m a t e  e t  de  p o m m e  de t e r r e  en  
r é g i o n  m é d i t e r r a n é e n n e  n é c e s s i t e n t  r e s p e c t i v e m e n t  d e s  q u a n t i t é s  d 'e a u  
d 'a p p o in t  de 8500 e t  7000 m 3/ h a .  E n  e f f e t  n o u s  a v o n s  c o n s t a t é  que  l e s  
a c t i v i t é s  s p é c i f iq u e s  d e s  f e u i l l e s  de p o m m i e r  a u g m e n t e n t  p r o p o r t i o n n e l l e m e n t  
a u  n o m b r e  d ' a r r o s a g e s ;  on p e u t  donc s ' a t t e n d r e  a  p r i o r i ,  a v e c  d e s  a s p e r s i o n s  
3 à  4 fo i s  p lu s  a b o n d a n te s  (500 l / m 2 ), â  d e s  ta u x  de  f i x a t i o n  3 à  4 fo is  p lu s  
é l e v é s .

P a r  c o n t r e ,  u ne  fo i s  l a v é e s  l e s  f e u i l l e s  de p o m m i e r  p e r d e n t  à  p e u  p r è s  
40% de  l e u r  a c t i v i t é .

A u s s i ,  e n  t e n a n t  c o m p te  d 'u n e  q u a n t i t é  d ' e a u  d ' a p p o in t  m o y e n n e  de 
500 m m ,  on p e u t  a d m e t t r e  un ta u x  de t r a n s f e r t  m o y e n  d e s  r a d i o n u c l é i d e s  de 
l ' e a u  au x  d e n r é e s  de 1 c o m m e  p l a u s ib l e  p o u r  le  ty p e  d ' e a u  c o n s i d é r é .
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2 . 1 .  M é th o d e  de  t r a v a i l

L ' a r r o s a g e  r é p é t é  d e s  c u l t u r e s  a v e c  u ne  e a u  r a d i o p o l l u é e  c r é e  un  
r i s q u e  d ' a c c u m u l a t i o n  d e s  p o l lu a n t s  d a n s  l e s  s o l s .  P o u r  l a  p r é v i s i o n  d e s  
t a u x  de  c o n ta m in a t io n  d e s  d e n r é e s  à  l a  l i m i t e  de c e t t e  a c c u m u la t i o n ,
B a r b i e r  e t  c o l l .  [ 4] ont p r é c o n i s é  u n  m o d è l e  m a t h é m a t i q u e  que  n o u s  
u t i l i s e r o n s  p o u r  l a  s u i t e  de n o t r e  e x p o sé :

_ c d 
Г " X + (p

r  s i g n i f i e  que  1 kg  de l a  d e n r é e  c o n s i d é r é e  c o n t i e n t  a u ta n t  de r a d i o é l é m e n t  
que  r  l i t r e  d ' e a u

o
d e s t  l a  h a u t e u r  d ' e a u  a n n u e l l e  d ' i r r i g a t i o n  en  l i t r e s  p a r  m  e t  p a r  an

X e s t  l e  c o e f f i c i e n t  de d é c r o i s s a n c e  r a d i o a c t i v e ,  en  a n " 1

cp e s t  l a  f r a c t i o n  de  r a d i o n u c l é i d e  p e r d u e  a n n u e l l e m e n t  p a r  i n f i l t r a t i o n

c c o e f f i c i e n t  de p r é l è v e m e n t  d e s  p l a n t e s ,  e s t  l e  r a p p o r t  e n t r e  l a  q u a n t i t é  
de  r a d i o é l é m e n t  p a r  kg  de  p r o d u i t  r é c o l t é  e t  l a  q u a n t i t é  de r a d i o é l é m e n t  
p a r  m 2 .

D a n s  c e s  n o u v e l l e s  é tu d e s  n o u s  n o u s  s o m m e s  p r é o c c u p é s  d ' é v a l u e r  le  ta u x  
de  c o n ta m in a t io n  p o s s i b l e  à  lo n g  t e r m e  p o u r  l a  s a l a d e ,  l e  h a r i c o t ,  l a  c a r o t t e ,  
l a  p o m m e  p a r  137C s ,  60Co, и Мп, 65Zn, 22Na. C e t t e  é v a lu a t io n  a  é té  
r e c h e r c h é e  en  d eu x  t e m p s :  d ' a b o r d  s u r  un  s o l  p r i s  c o m m e  r é f é r e n c e ,  p u is  
un  e s s a i  de g é n é r a l i s a t i o n  a  é té  t e n t é  â  p a r t i r  d 'o b s e r v a t i o n s  s u r  s i x  ty p e s  
de  s o l s .  L a  n é c e s s i t é ,  p o u r  une  bon ne  s im u l a t i o n ,  de  t r a v a i l l e r  s u r  un 
m o d è l e  e x p é r i m e n t a l  t r è s  v o i s in  de l a  r é a l i t é  p o u r  l a  d é t e r m i n a t i o n  d e s  
v a r i a b l e s  c e t  <p n o u s  a  c o n d u i t s  à  l ' e m p l o i  de  b a c s  de v é g é ta t i o n  de  1 m 2 
d e  s u r f a c e  c o n te n a n t  une  c o u c h e  de  s o l  de 50 c m  p e r m e t t a n t  l a  m i s e  en  
oe u v re  de t e c h n i q u e s  p r o c h e s  de  l a  p r a t i q u e .

L e s  c h l o r u r e s  de  137C s ,  22Na, 65Z n , 54Mn, 60Co o n t  é té  a p p l i q u é s  au  so l ,  
e n  u ne  s e u l e  fo i s ,  d a n s  d e s  b a c s  c o n te n a n t  un  s o l  l im o n e u x ;  i l s  on t  é té  
m é l a n g é s  au  s o l ,  a v a n t  l e s  e s s a i s ,  s u r  u ne  é p a i s s e u r  de 20 c m ,  a v e c  un 
i n s t r u m e n t  a r a t o i r e .

L e s  a r r o s a g e s  on t é té  d é c l e n c h é s  p o u r  u ne  h u m i d i t é  du s o l  à  70% de  l a  
c a p a c i t é  a u  c h a m p .  A p r è s  l a  r é c o l t e  d e s  p l a n t e s ,  400 l i t r e s  d ' e a u  
d é m i n é r a l i s é e  on t é té  a p p l i q u é s  a f in  de s i m u l e r  l e s  c h u te s  de p lu i e s  d 'h i v e r ;  
l e s  c o n ta m in a t io n s  au  c o b a l t  on t é té  f a i t e s  s é p a r é m e n t .  L e s  r e c h e r c h e s  s u r  
l e  f a c t e u r  « s o l »  on t é t é  e f f e c tu é e s  s u r  d e s  p l a n t s  de  s a l a d e  c u l t i v é s  en  p o ts  
de  1 kg  ( q u a t r e  r é p é t i t i o n s ) .  L e s  c a r a c t é r i s t i q u e s  d e s  s o l s  f i g u r e n t  au  
t a b l e a u  IV.

2 . 2 .  E s s a i s  s u r  s o l  de r é f é r e n c e

2 . 2 . 1 .  C o n ta m in a t io n  d e s  p a r t i e s  c o m e s t i b l e s

S u r  le  t a b l e a u  V s o n t  p r é s e n t é s  d e s  ta u x  de c o n ta m in a t io n  d e s  p a r t i e s  
c o m e s t i b l e s  p r é l e v é e s  s u r  l e s  v é g é t a u x  c u l t i v é s  s u r  l e  s o l  de  r é f é r e n c e

2. C O N T A M I N A T I O N  IN D IR E C T E



T A B L E A U  IV. C A R A C T E R IS T IQ U E S  D ES SOLS

3 2 6  DELMAS e t al.
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A rgile (%) 17 9 8 4 12. 20

pH eau 8 ,1 8,7 7 ,9 8 ,2 7 ,6 8 ,2

Calcaire to tal (%) 23 43 trace 15 7 50

C alcaire actif (%) 1,8 17 - 3 0 19

P (ppm) 16 26 125 198 690 125

Ca (m eq/100 g) 59,6 53,8 24,6 45 ,1 36,3 63,6

K (m eq/100 g) 0,52 0,24 0,69 0,27 0,76 0,70

Na (m eq/100 g) 0,18 0,17 0,15 0,15 0,20 0,17

N nitrique (ppm) 99 19,5 38,5 21,5 100 76 ,5

C(% ) 0,78 0,91 0,95 1,28 3, 01 3 ,54

N(% ) 0,09 0,09 0,09 0,15 0,26 0,31

Mn BITTEL (ppm) 99 23 64 19 70 17.

Со ex tra it acide
0,79 0,25 0,67 0, 03 0,471,74

acétique 0, 5N (ppm)

Zn ex tra it HC1 0 ,1N (ppm) 0,36 0,96 18 16 84 3 ,6

(so l  1) au  c o u r s  de  l a  p r e m i è r e  a n n é e  d ' o b s e r v a t i o n .  C e s  ta u x  s o n t  t r è s  
d i f f é r e n t s  s e l o n  l e s  d e n r é e s  c o n s i d é r é e s  e t  l e s  r a d i o n u c l é i d e s .

A u c u n e  a c t i v i t é  i m p o r t a n t e  n ' a  é té  d é c e l é e  d a n s  l e s  p o m m e s  a u  c o u r s  
de  c e t t e  p r e m i è r e  a n n é e .  P a r  c o n t r e  on c o n s t a t e  d a n s  l e s  t r o i s  l é g u m e s  
d e s  t a u x  de c o n ta m in a t io n  r e l a t i v e m e n t  é l e v é s  p o u r  22Na, a s s e z  é l e v é s  
p o u r  65Z n, f a i b l e s  p o u r  60Co e t  137C s ,  no n  d é c e l a b l e s  p o u r  54Mn. L e  65Z n  
s ' a c c u m u l e  d a v a n ta g e  d a n s  l e s  p a r t i e s  s u p é r i e u r e s .  L ' é c a r t  e s t  t r è s  g r a n d  
e n t r e  l e s  ta u x  de c o n ta m in a t io n  p o u r  Na: m i n i m a l  p o u r  l e s  g o u s s e s  de 
h a r i c o t  e t  m a x i m a l  p o u r  l e s  s a l a d e s .  C e s  d i f f é r e n c e s  s e m b l e n t  p o u v o i r  
ê t r e  r e l i é e s  au x  t e n e u r s  en Na e t  K d e s  d i v e r s e s  p a r t i e s  d e s  v é g é t a u x  
( t a b le a u  VI).
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2 . 2 . 2 .  P e r t e s  p a r  i n f i l t r a t i o n

L e s  a r r o s a g e s  on t  é té  d i s t r i b u é s  de f a ç o n  â  h u m i d i f i e r  j u s q u ' à  l a  
c a p a c i t é  a u  c h a m p  l a  c o u c h e  de  s o l  u t i l i s é e .  C e t t e  te c h n i q u e  d ' a r r o s a g e ,  
c o u r a n t e  d a n s  l a  p r a t i q u e ,  a  p e u  f a i t  m i g r e r  137C s,  54Mn, 65Z n, 60Co.
P a r  c o n t r e  22N a a  m i g r é  de f a ç o n  p lu s  i m p o r t a n t e .

S ous  l ' a c t i o n  d e s  a r r o s a g e s  à  l ' e a u  d é m i n é r a l i s é e ,  s i m u l a n t  l e s  p lu i e s  
d 'a u t o m n e  e t  d ' h i v e r ,  a u c u n e  q u a n t i t é  s i g n i f i c a t i v e  s u p p l é m e n t a i r e  de 137C s ,  
м Мп, 65Zn, 60Co n ' a  é té  e n t r a î n é e  en  d e h o r s  de l a  z o n e  d ' i n c o r p o r a t i o n .

L e s  p e r t e s  p a r  i n f i l t r a t i o n  de 22Na so n t  t r è s  é l e v é e s .  I l  e s t  i n t é r e s s a n t  
de  r e l e v e r  c e p e n d a n t  que  400 m m  d 'e a u  n e  s o n t  p a s  t o t a l e m e n t  é l i m i n é s  de 
l a  z o n e  d ' a p p o r t :  17% y s o n t  r e s t é s  f i x é s .

2 . 2 .  3. T a u x  de c o n ta m in a t io n  d e s  p a r t i e s  c o m e s t i b l e s  s u r  l e  s o l  de
r é f é r e n c e

C e s  r é s u l t a t s  a p p l iq u é s  au  m o d è l e  m a t h é m a t i q u e  p e r m e t t e n t  de f a i r e  
u ne  p r e m i è r e  e s t i m a t i o n  du ta u x  de c o n ta m in a t io n  m o y e n  d e s  t r o i s  l é g u m e s  
â  l a  l i m i t e  d ' a c c u m u l a t i o n  d e s  r a d i o n u c l é i d e s  d a n s  le  s o l  de r é f é r e n c e  
( t a b le a u  VII). Un kg  de l é g u m e  f r a i s  c o n t i e n d r a i t  a u ta n t  de r a d i o n u c l é i d e  
que  r  l i t r e  d ' e a u .

On p e u t  c o n s i d é r e r  c e s  v a l e u r s  c o m m e  p l a u s i b l e s  b ie n  q u ' e l l e s  a i e n t  
é té  o b te n u e s  a p r è s  u n e  p r e m i è r e  a n n é e  d ' e s s a i s .

E n  p a r t i c u l i e r ,  l a  r é p a r t i t i o n  d a n s  le  s o l  e s t  s u f f i s a n t e  p o u r  n e  p a s  
p r o v o q u e r  un e  s o u s - e s t i m a t i o n  d e s  n iv e a u x  de c o n ta m in a t io n ;  d 'u n e  p a r t ,  
d a n s  l a  c o u c h e  de s o l  où l e s  r a d i o n u c l é i d e s  on t é té  a p p o r t é s ,  l e s  b o n n e s  
c o n d i t io n s  d ' a é r a t i o n ,  d ' a l i m e n t a t i o n  en  e a u  e t  en  é l é m e n t s  n u t r i t i f s  a t t i r e n t  
l e  m a x i m u m  de r a c i n e s ;  d ' a u t r e  p a r t ,  l e s  r a d i o n u c l é i d e s  r é c e m m e n t  
i n c o r p o r é s  s o n t  r e s t é s  à  l a  s u r f a c e  d e s  m o t t e s  e t  de  c e  f a i t  s o n t  p lu s  
a b s o r b é s  q u ' a p r è s  d i s s é m i n a t i o n  d a n s  to u te  l a  m a s s e  du s o l  e t  d i f fu s io n  
d a n s  l e s  p a r t i c u l e s .

E n  ce  qu i  c o n c e r n e  cp, l ' h y p o t h è s e  d 'u n e  p e r t e  n u l l e  p a r  i n f i l t r a t i o n  
c o n d u i r a i t  à  m a j o r e r  r  p o u r  Со, C s ,  Mn, Z n , r e s p e c t i v e m e n t  de 16%,
20%, 9%, 5%, l e s  v a l e u r s  m o y e n n e s  o b te n u e s .  C e s  m a j o r a t i o n s  s o n t  
p e t i t e s  p a r  r a p p o r t  a u x  v a r i a t i o n s  d e s  c o e f f i c i e n t s  de p r é l è v e m e n t  d e s  
p l a n t e s  en  fo n c t io n  d e s  e s p è c e s .  ' A u s s i ,  p o u r  u ne  p r e m i è r e  e s t i m a t i o n  
m o y e n n e ,  p e u t - o n  l e s  n é g l i g e r .  L a  f r a c t i o n  de 22N a non  é l i m i n é e  p e u t  
s e m b l e r  é le v é e ;  N a e s t  co nn u  c o m m e  t r è s  l i x iv i a b l e  e t ,  s i  l ' o n  a d m e t  q u ' i l  
p e u t  ê t r e  t o t a l e m e n t  é l i m i n é ,  n o u s  c o m m e t t o n s  une  e r r e u r  p a r  e x c è s  de 
16%. N ous n é g l ig e o n s  é g a l e m e n t  c e t t e  v a l e u r  p o u r  l a  m ê m e  r a i s o n  que
p o u r  Со, C s ,  Mn, N a, d ' a u t a n t  q u 'u n e  é l i m i n a t i o n  to t a l e  du 22N a p a r  l e s
p lu i e s  n ' e s t  p a s  a s s u r é e .

2 . 3 .  I n f lu e n c e  du ty p e  de s o l

P o u r  t e s t e r  l a  r e p r é s e n t a t i v i t é  de c e s  v a l e u r s ,  n o u s  a v o n s  r e c h e r c h é  
l ' a m p l i t u d e  de  v a r i a t i o n  du ta u x  de  c o n ta m in a t io n  de l a  s a l a d e  s u r  s i x  
t y p e s  d e^ so ls  d i f f é r e n t s  ( t a b le a u  VIII) .

L e  ty p e  de s o l  a p p a r a î t  c o m m e  un f a c t e u r  i m p o r t a n t  de v a r i a t i o n  du 
t a u x  de  t r a n s f e r t  d e s  r a d i o n u c l é i d e s  à  l a  p l a n t e .  L e s  a m p l i t u d e s  de 
v a r i a t i o n  du t a u x  de  t r a n s f e r t  s o n t  c o m p r i s e s  e n t r e

1 e t  6 p o u r  Cs
1 e t  2 p o u r  Со, Z n  e t  N a
e, 1 e t  3 p o u r  Mn.



T A B L E A U  V. C O N T A M IN A T IO N  IN D I R E C T E  E T  C A R A C T E R IS T IQ U E S  D E S  P A R T I E S  C O M E S T IB L E S  D E  T R O IS  
L E G U M E S  E T  U N  F R U I T

Taux de contam ination C aractéristiques
chim iques

10з _ PCi/kg frais 
pC i/m 2 de sol

103
de la  m atière  sèche des

C1 parties com estibles

“ Cs 54 Mn 65-y „ Zn 22 Na Со
Ca
(%)

K
(%)

Na
(%)

Со
(ppm )

Zn
(ppm )

Mn
(ppm )

Haricot vert 0 ,06 ND 8,9 0,3 0 ,9 0,77 2 ,5 0, 01 46 46 24

Salade 0 .10 ND 14 170 1 .2 2 ,34 6 ,11 0 ,82 0,79 21 71

Carotte 0 ,02 ND 2 130 1.6 0, 54 3 ,51 0 ,60 12,2 20 20

M oyenne 0 ,06 - 8 ,3 100 1.3

Pomme 0 ,01 ND ND 0,1 0, 02 0, 05 1.18 0 ,01 0,34 3 6

ND = non déce lab le .

328 
D

E
L

M
A

Setal.
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Haricot 

gousses feuilles

Salade

feuilles

Carotte 

racines feuilles

Pommier 

fruits feuilles

“ N . , « ’ 'Il p C i/m z de sol /
0,3 2 170 130 84 0 ,1 ND

Na (% m atière sèche) 0,01 0,03 0,82 0,6 0,49 0,01 0,02

K (% m atière sèche) 2 ,50 2 ,28 6,11 3,51 3 , 85 1,18 1,34

T A B L E A U  VII. C O N T A M IN A T IO N  D ES P A R T IE S  C O M E S T IB L E S  A  LA  
L I M I T E  D 'A C C U M U L A T IO N  DES R A D IO N U C L E ID E S  DANS L E  SO L D E 
R E F E R E N C E

^ C s 54 Mn 65 Zn 22Na Со

Pertes par 
infiltration.

Après irrigation, 
230 mm

Après pluies

0,005 0,05 0,03 0,21 0,02

simulées, 
400 mm

0,005 0, 05 0, 03 0,83 0,02

H aricot vert 1 ,1 - 6 ,2 0 ,2 3 ,2

Taux de transfert 

pC i/kg frais
Salade 2 - ■ 10,5 80 4 ,3

p C i/litre  d ’eau Carotte 0 ,4 “ 1,51 61 5 ,7

Moyenne 1 .1 - 6 47 4 ,4

C e r t a i n e s  de  c e s  v a r i a t i o n s  p e u v e n t  ê t r e  r e l i é e s  à  d e s  f a c t e u r s  
p a r t i c u l i e r s .  C ' e s t  a i n s i  q ue  l a  c o n ta m in a t io n  e n  c é s i u m  b a i s s e  q u a n d  
l a  t e n e u r  en  a r g i l e  c r o î t .  S u r  s o l  p a u v r e  en  C a  to ta l ,  a c t i f  e t  é c h a n g e a b l e ,  
l a  c o n ta m in a t io n  en  22N a a u g m e n t e .

L ' a b s e n c e  de c o n ta m in a t io n  en  54M n s u r  le  s o l  l i m o n e u x  1 e s t  une  
e x c e p t io n  qui p e u t  ê t r e  e x p l iq u é e  p a r  un  p a s s a g e  de  M n s o u s  f o r m e  
d 'h y d r o x y d e  de m a n g a n è s e .  E n  f a i t  l a  c o n ta m in a t io n  de  l a  s a l a d e  p a r  Mn 
e s t  du m ê m e  o r d r e  de  g r a n d e u r  que  l a  c o n ta m in a t io n  p a r  Z n  p o u r  
l ' e n s e m b l e  d e s  s o l s .

. E n  c e  qu i  c o n c e r n e  cp, d a n s  l e  c a s  d 'u n e  é v a lu a t io n  m o y e n n e  du ta u x  
d e  p r é l è v e m e n t  d e s  p l a n t e s  i l  n ' e s t  p a s  a b s o l u m e n t  n é c e s s a i r e  de r e c h e r c h e r  
s a  v a r i a t i o n  en  fo n c t io n  d e s  d i f f é r e n t s  t y p e s  de s o l s .  E n  e f f e t  c e t  ^ v a r i e n t  
d a n s  l e  m ê m e  s e n s  en  fo n c t io n  de l e u r  p r i n c i p a l e  c a u s e  de  v a r i a t i o n ,  l a  
c a p a c i t é  d ' é c h a n g e  d e s  s o l s .  L a  c o n n a i s s a n c e  de  (p p e u t  ê t r e ,  p a r  c o n t r e ,  
t r è s  i n t é r e s s a n t e  d a n s  c e r t a i n s  c a s  p a r t i c u l i e r s ,  n o t a m m e n t  d a n s  c e lu i  
d 'u n e  p o l lu t io n  p o s s i b l e  d e s  n a p p e s .  A u s s i ,  p o u r  u ne  m e i l l e u r e  r e p r é 
s e n t a t i v i t é  de  r  v i s - à - v i s  de  c e t  é c h a n t i l l o n n a g e  de s o l ,  c e r t a i n e s  c o r r e c t i o n s  
p e u v e n t  ê t r e  a p p o r t é e s  au x  v a l e u r s  p r é c é d e n t e s .
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T A B L E A U  VIII. C O N T A M IN A T IO N  DES SA LA D E S P A R  137C s ,  54Mn, 65Z n ,  
22Na, 60 Со SUR SIX SOLS D I F F E R E N T S

c2 =
(pC i/kg frais) 
(pC i/kg de sol)

137Cs 54 Mn 65 -7 „Zn 22Na
60Co

( 60CoCl2 )

Limon 1 0,00024 0 0, 038 0,53 0,0026

Limon 2 0,00018 0, 052 0,031 0 ,4 0,0022

Brun de Lehm 0,00090 0,018 0,026 0,63 0,0031

Brut de sable dunaire 0,00110 0,026 0,017 0 ,5 0, 0036

Brun 0,0007 0,030 0,025 0,66 0, 0047

Hydromorphe
calcim orphe

0,00020 0,037 0,030 0,36 0,0034

Cz moyen 0,00055 0,027 0, 028 0,51 0,0032

c2 moyen 2 ,3 0,27 0,73 1 1,23
c2 sol de référence 1 e 1 1 1

Amplitude 1 -6 ,1 £ -1 -2 ,9 1 -2 ,2 1 -1 ,8 1 -1 ,8

T A B L E A U  IX . TA U X  D E  T R A N S F E R T  A L ON G  T E R M E  D ES R A D IO - 
NU C L E ID E S  D E  L 'E A U  DANS L E S  P A R T IE S  C O M E S T IB L E S  D ES L E G U M E S  
o b te n u s  à  p a r t i r  de s i x  s o l s  d i f f é r e n t s  e t  de t r o i s  e s p è c e s  ( h a r i c o t  v e r t ,  
s a l a d e  e t  c a r o t t e )  p o u r  137 C s ,  65 Z n , 60 Со, 22 Na, e t  une  e s p è c e  (la s a l a d e )  
p o u r  54Mn
(h a u t e u r  d ' e a u  a n n u e l l e  d ' i r r i g a t i o n  = 500 m m )
( p C i /k g  f r a i s ) / ( p C i / l i t r e  d 'e a u )

ШС8 (MMn) 65 Zn 60Со 22», „ Na

Contam ination indirecte 2 ,5 5 ,3 5 ,4 47

Contam ination directe 1

Total 3 ,5 6 ,3 6 ,4 48

C O N C LU SIO N

L e  ta u x  de t r a n s f e r t  m o y e n  d e s  r a d i o n u c l é i d e s  é tu d i é s  d e  l ' e a u  d a n s  l e s  
d e n r é e s  c o m e s t i b l e s  v é g é t a l e s ,  é v a lu é  s u r  t r o i s  l é g u m e s  e t  s i x  s o l s  
d i f f é r e n t s ,  e s t  c o m p r i s  e n t r e  3, 5 e t  6, 4 p o u r  137C s ,  54Mn, 65Z n , 60Co; i l  
e s t  de 48 p o u r  22N a ( t a b le a u  IX).

C e s  ta u x ,  n o u s  l ' a v o n s  vu, p e u v e n t  ê t r e  l a r g e m e n t  d é p a s s é s  d a n s  
c e r t a i n s  c a s ,  en  fo n c t io n  de  l a  n a t u r e  du v é g é t a l  e t  d e s  p a r a m è t r e s  du m i l i e u .

P a r  e x e m p l e  s u r  le  l i m o n  de r é f é r e n c e  1 kg  de s a l a d e  p e u t  c o n te n i r ,  
â  p lu s  ou m o i n s  lo n g  t e r m e ,  a u ta n t  de  r a d i o n u c l é i d e s  q ue  80 l i t r e s  d ' e a u  
ou a u ta n t  de Z n  que 10 l i t r e s  d 'è a u .  L o r s q u e  l e  pH du s o l  b a i s s e ,  l e s
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p l a n t e s  p e u v e n t  a c c u m u l e r  d e s  q u a n t i t é s  de  54Mn p lu s  i m p o r t a n t e s  [ 5, 6] .
S u r  d e s  s o l s  a c i d e s ,  Z n  p e u t  é v o l u e r  v e r s  d e s  f o r m e s  p lu s  d i s p o n ib l e s  [ 7] .

P a r  a i l l e u r s  l a  f o r m e  du r a d i o n u c lê i d e ,  a v a n t  s o n  r e j e t  d a n s  le  
m i l i e u ,  e t  l a  q u a l i t é  de  l ' e a u  p e u v e n t  m o d i f i e r  l e  ta u x  de t r a n s f e r t .  L a  
c o m p l e x a t i o n  du c o b a l t  e t  du  z in c  à  l 'E D T A  d im in u e  l e u r  f i x a t io n  s u r  l e s  
s o l s  e t  f a c i l i t e  l e u r  a b s o r p t i o n  s u r  l e s  v é g é t a u x  [ 8] . C e p e n d a n t  c e s  
p r o d u i t s  c o m p l e x é s  s o n t  é g a l e m e n t  p lu s  m o b i l e s .  L e s  p e r t e s  p a r  i n f i l t r a t i o n  
s o n t  a l o r s  p lu s  i m p o r t a n t e s  e t  m o d è r e n t  l ' é l é v a t i o n  du ta u x  de t r a n s f e r t  à  
lo n g  t e r m e .  S a a s  a  m i s  en  é v id e n c e  l a  m o b i l i t é  de c e s  r a d i o n u c l é i d e s  
v é h i c u l é s  p a r  l e s  e a u x  de r i v i è r e  c h a r g é e s  en  m a t i è r e  c o m p l e x a n te .  P o u r  
l ' i n s t a n t  c e s  ta u x  de  t r a n s f e r t  p e u v e n t  ê t r e  c o n s i d é r é s  c o m m e  p l a u s i b l e s .

I l  r e s s o r t  de c e s  o b s e r v a t i o n s  que  l e s  p l a n t e s  c o n c e n t r e n t  d a n s  l e u r s  
t i s s u s ,  en  p a r t i c u l i e r  d a n s  l e s  p a r t i e s  c o n s o m m a b l e s ,  l e s  r a d i o p o l l u a n t s  
qui l e u r  s o n t  a p p o r t é s  p a r  l e s  e a u x  d ' a r r o s a g e .  A u  c o u r s  d e s  a s p e r s i o n s ,  
d eu x  m o d e s  de c o n ta m in a t io n  s e  s u p e r p o s e n t :  l a  c o n ta m in a t io n  d i r e c t e ,  
l a  c o n ta m in a t io n  i n d i r e c t e .

L e s  ta u x  de c o n ta m in a t io n  d e s  d e n r é e s ,  qu i r é s u l t e n t  de  l e u r  c o n ta c t  
d i r e c t  a v e c  l ' e a u  d ' a r r o s a g e ,  ne  s o n t  p a s  en  m o y e n n e  t r è s  s e n s i b l e m e n t  
s u p é r i e u r s  au x  ta u x  de  c o n ta m in a t io n  d e s  eau x .

L e  r i s q u e  p r i n c i p a l  p r o v i e n t  de l ' a c c u m u l a t i o n  d a n s  l e s  s o l s  d e s  
r a d i o n u c l é i d e s ,  à  l a  s u i t e  d ' a r r o s a g e s  r é p é t é s  p e n d a n t  p l u s i e u r s  a n n é e s .
L e s  c in q  r a d i o n u c l é i d e s  é tu d i é s  p e u v e n t  ê t r e  g r o u p é s  d a n s  d eu x  c l a s s e s  
s e l o n  le  n iv e a u  d e s  t a u x  de t r a n s f e r t :
— ta u x  de t r a n s f e r t  m o y e n  c o m p r i s  e n t r e  3, 5 e t  6, 5: 137C s ,  65Z n, 60 Со e t  

54 Mn
— ta u x  de t r a n s f e r t  m o y e n  de 48 : 22Na.

L e  r i s q u e  m a x i m a l  p o u r  l a  p r o d u c t io n  m a r a î c h è r e ,  e t  s a n s  d o u te  p o u r  
l ' e n s e m b l e  d e s  c u l t u r e s  i r r i g u é e s ,  p e u t  don c  r é s u l t e r  de l a  d i s p e r s i o n  de 
22N a d a n s  l e  m i l i e u .  U ne s u r v e i l l a n c e  s é v è r e  d o i t  ê t r e  e x e r c é e  s u r  l e s  
v é g é t a u x  d e s  s i t e s  n u c l é a i r e s  où l ' i r r i g a t i o n  d e s  c u l t u r e s  e s t  p r a t i q u é e .
C e t t e  s u r v e i l l a n c e  s ' a v è r e  p a r t i c u l i è r e m e n t  n é c e s s a i r e  en  c e  qu i c o n c e r n e  
22Na, d a n s  l ' é v e n t u a l i t é  où l e s  r é a c t e u r s  r a p i d e s  p o u r r a i e n t  ê t r e  à  
l ' o r i g i n e  d 'u n e  d i s p e r s i o n  de  ce  r a d i o n u c l ê i d e  d a n s  l e  m i l i e u .
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D I S C U S S I O N

R .  K IR C H M A N N : On th e  s u b j e c t  o f  d i r e c t  c o n ta m in a t io n ,  h a v e  you an y  
e x p e r i m e n t a l  d a ta  on  th e  p e r c e n t a g e  of t h e  r a d i o n u c l i d e s  s t u d i e d  t h a t  i s  
r e t a i n e d  by  v e g e t a b l e s  s u c h  a s  l e t t u c e s  a n d  F r e n c h  b e a n s  a f t e r  w a s h in g  fo r  
p u r p o s e s  of c u l i n a r y  p r e p a r a t i o n ?

J .  D E L M A S : S p e a k in g  of th e  r a d i o n u c l i d e s  c o v e r e d  b y  th i s  s tu d y ,  
a b o u t  40% of th e  a m o u n t  r e t a i n e d  o n  l e t t u c e s  an d  b e a n s  i r r i g a t e d  by  s p r in k l i n g  
a r e  r e m o v e d  b y  w a s h in g .  O u r  l a b o r a t o r y  i s  a t  p r e s e n t  r u n n in g  a p r o g r a m  
of  t e s t s  to  d e t e r m i n e  th e  e f f e c t s  of t h e s e  o p e r a t i o n s  and  a l s o  th e  e f f e c t s  o f 
food p r o c e s s i n g  on th e  c o n ta m in a t io n  l e v e l s  o f t h e s e  c o m m o d i t i e s .  I t  
a p p e a r s  t h a t  p r o c e s s e s  s u c h  a s  b le a c h in g  an d  s t e r i l i z a t i o n  b r i n g  a b o u t  a 
r e d u c t i o n  in  c o n ta m in a t io n  l e v e l s .  T e s t  p r o g r a m s  of t h i s  ty p e  r e p r e s e n t  
e s s e n t i a l  s u p p l e m e n t a r y  d a t a  fo r  e s t i m a t i n g  th e  q u a n t i t i e s  o f  r a d i o p o l l u t a n t s  
t h a t  r e a c h  th e  c o n s u m e r .

R .  M. BAR K H U D A RO V : H a v e  you d e v o te d  a n y  a t t e n t i o n  to  th e  a c c u m u 
l a t i o n  o f  i s o t o p e s  in  m i lk ,  w h ic h ,  th a n k s  to  i t s  c a p a c i ty  f o r  i s o to p e  
c o n c e n t r a t i o n ,  c a n  c o n s t i t u t e  a  ' c r i t i c a l  p r o d u c t ' ?

J .  D E L M A S : O u r  l a b o r a t o r y  i s  s i t u a t e d  in  a  p r e d o m i n a n t l y  v e g e t a b l e  
an d  f r u i t - g r o w i n g  a r e a ,  an d  h e n c e  w e  w e r e  c o n c e r n e d  p r i m a r i l y  w i th  t h e s e  
p r o d u c t s .  I a g r e e  t h a t  th e  c h a in  w a t e r - f o d d e r - m i l k  c a n  c o n s t i t u t e  a  c r i t i c a l  
p a th w a y ,  an d  s i m i l a r l y ,  f o r  e x a m p l e ,  t h e  l a r g e  v o lu m e  of w a t e r  r e q u i r e d  
in  m a i z e  g ro w in g  m a y  b e  th e  c a u s e  of h ig h  t r a n s f e r  c o e f f i c i e n t s .  A t  a l l  
e v e n t s  w e  h a v e  o b s e r v e d  th i s  w ith  m a i z e  in  th e  c a s e  of 90S r  an d  137C s ,  but 
f o r  m o r e  d e t a i l s  on  th e  s u b j e c t  I th in k  w e  s h o u ld  t u r n  to  M r .  K i r c h m a n n .

R .  K IR C H M A N N : T h e  e x p e r i m e n t s  s i m u l a t i n g  d i r e c t  ( r a i n - w a t e r )  
c o n ta m in a t io n  of p a s t u r e l a n d  c a r r i e d  ou t  a t  th e  B e lg i a n  C E N 's  e x p e r i m e n t a l  
f a r m  d id  no t in  f a c t  c o v e r  i r r i g a t i o n  by  s p r in k l i n g ,  w h ic h  i s  o n ly  now 
b e g in n in g  to  e s t a b l i s h  i t s e l f  a s  a te c h n iq u e  in  th e  n o r t h e r n  c o u n t r i e s .
H o w e v e r ,  c o e f f i c i e n t s  f o r  g r a s s - m i l k  t r a n s f e r ,  a f t e r  d e p o s i t i o n  of r a d i o 
n u c l i d e s  in  s o lu t io n ,  h a v e  b e e n  o b ta in e d  in  r e s p e c t  of 131I, 134C s ,  85S r ,
103R u  an d  3H (T H O ). T h e  r e s u l t s  h a v e  b e e n  p u b l i s h e d  in  th e  l i t e r a t u r e .

A .  S P A N G : Y o u r  r e s u l t s  r e v e a l  a s p e c i f i c  a c t i v i t y  o f  a b o u t  10~4 / j C i / m l  
in  th e  i r r i g a t i o n  w a t e r .  T h i s  i s  m u c h  m o r e  t h a n  c o m m e r c i a l  n u c l e a r  p o w e r  
r e a c t o r s  r e l e a s e  w i th  t h e i r  l i q u id  w a s t e  d i s c h a r g e s  in to  a r i v e r  s y s t e m .  Do 
you no t  f e a r  t h a t  e x t r a p o l a t i o n  to  l o w e r  o r  h i g h e r  s p e c i f i c  a c t i v i t i e s  m a y  be 
a t t e n d e d  by  g r o s s  e r r o r s ?

J .  D E L M A S : L ik e  a l l  m o d e l s ,  th e  e x p e r i m e n t a l  m o d e l s  u s e d  h e r e  a r e  
o n ly  a n  a p p r o x i m a t i o n  of th e  r e a l  s i t u a t i o n .  It is  t h e r e f o r e  n e c e s s a r y  to  
c o m p a r e  th e  e x p e r i m e n t a l  r e s u l t s  w ith  f i e ld  o b s e r v a t i o n s .  In  t h i s  c o n n e c t io n  
o u r  l a b o r a t o r y  i s  p e r f o r m i n g  r a d i o a c t i v i t y  m e a s u r e m e n t s  o n  s a m p l e s  of 
w a t e r ,  s o i l ,  an d  p l a n t s  o b ta in e d  in  th e  R h o n e  b a s i n  w h e r e  a n u m b e r  o f  
n u c l e a r  f a c i l i t i e s  a r e  s i t u a t e d .  A c o m p a r i s o n  of th e  tw o s e t s  o f  r e s u l t s  is  
no  e a s y  m a t t e r  b e c a u s e  th e  a c t i v i t i e s  of th e  f i e ld  s a m p l e s  a r e  v e r y  low , 
bu t  t h e r e  i s  n e v e r t h e l e s s  e v id e n c e  th a t ,  on  a v e r a g e ,  th e  m e t h o d s  of 
s i m u l a t i o n  w e  a r e  d i s c u s s i n g  do g iv e  a good  a p p r o x i m a t i o n  o f  t r a n s f e r  
c o e f f i c i e n t s .
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Abstract-Résumé

THE BEHAVIOUR IN UNDERGROUND ENVIRONMENTS OF URANIUM AND THORIUM DISCHARGED BY 
THE NUCLEAR INDUSTRY.

Following various studies on the radioactive contam ination of soil by fission products from a variety 
of effluents, it  has been found necessary also to establish in what way long-lived heavy radionuclides could 
be diffused in underground environm ents. A proposal is made for the study of the behaviour in the soil 
of uranium and thorium originating from outside, as compared with the uranium and thorium existing as 
natural constituents of the soil. Use was m ade of various types of soil (acid and alkaline) and of various 
m inerals (argillaceous m inerals, c alc ite  and quartz). Uranium in solution, or uranyl ion to be more precise, 
has a certa in  degree of m obility in  soils. The coeffic ient for the distribution of uranyl ion between the 
solution and the m ineral was measured a t various concentrations. The influence of the pH of the soil-w ater 
solution is very considerable; the retention of uranium by the soil shows a marked increase within certain 
narrow pH ranges. Thorium is subject to high retention by argillaceous and calcareous soils, some of the 
la tte r strongly fixing the whole am ount. The influence of various param eters (pH, concentration, soil 
composition) is also substantial, as retention can be very much reduced under certa in  extrem e conditions.
The risk of thè spread of thorium in dilute solution over long distances is negligible in most soils. On the 
other hand, a certain  degree of uranium diffusion under the influence of ground-water m ovem ents is to be 
anticipated; diffusion evaluations are presented.

COMPORTEMENT DANS LES MILIEUX SOUTERRAINS DE L' URANIUM ET DU THORIUM REJETES PAR 
L'INDUSTRIE NUCLEAIRE.

Après des études variées sur la contam ination radioactive du sol par les produits de fission provenant 
d 'e ffluen ts  divers, i l  est apparu nécessaire de savoir aussi com m ent pourraient se propager dans les m ilieux 
souterrains les radioélém ents lourds à vie longue. On propose une étude du com portem ent dans le sol de 
1' uranium et du thorium provenant d 'u n  apport extérieur, par opposition au com portem ent de 1' uranium 
e t du thorium considérés en tan t que constituants naturels du sol. Divers types de sols (acides, alcalins) ainsi 
que divers m inéraux (minéraux argileux, ca lc ite , quartz) ont été utilisés. L 'uranium  en solution, ou plus 
exactem ent l 'io n  uranyle, présente une certaine m obilité  dans les sols. Le coefficient de distribution de 
l 'io n  uranyle entre la  solution e t le m inéral a été mesuré à diverses concentrations. L 'influence du pH de 
la solution sol-eau est très im portante, la rétention de 1' uranium par le sol augm ente fortem ent dans 
certaines bandes étroites de pH. Le thorium est très fortem ent retenu par les sols argileux e t calcaires, 
certains sols pouvant le fixer en to ta lité  de façon très énergique. L 'influence de divers param ètres (pH, 
concentration, composition du sol) est aussi très im portante car la rétention peut devenir très réduite dans 
certaines conditions extrêm es. Le risque de propagation du thorium en solution diluée sur une longue 
distance est négligeable dans la plupart des terrains, par contre on peut prévoir une certaine diffusion de 
1' uranium sous l ' influence des mouvem ents d 'eaux souterraines; des évaluations de cette  diffusion sont 
données.

1. INTRODUCTION

L 'u r a n iu m  e t  l e  th o r iu m  s o n t  d i s s é m i n é s  à l ' é t a t  de t r a c e s  dans 
d i v e r s e s  r o c h e s  é r u p t i v e s  e t  s é d i m e n t a i r e s  avec  d es  t e n e u r s  de q u e lq u e s  
ppm; l e  r a p p o r t  Th/U e s t  v a r i a b l e  m a i s ,  en  moyenne, l ' u r a n i u m  e s t  moins 
a b o n d a n t  [ 1 ] [ 2 ] .
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L ' i m p o r t a n c e  de c e s  deux é lé m e n ts  a  j u s t i f i é  d ' a b o n d a n t e s  é tu d e s  
g é o c h im iq u e s  q u i  on t '  f a i t  r e s s o r t i r  l e u r s  co m p or tem en ts  d i f f é r e n t s  dans 
l e s  s o l s  so u s  l ' e f f e t  du l e s s i v a g e  p a r  l e s  eaux  s o u t e r r a i n e s  : [ 3 ] [ ^ ]
[5 ]  [ 6 ] .

Le b u t  de c e t t e  é tu d e  e s t  d i f f é r e n t .  On a v o u lu  é t u d i e r ,  non p a s  
l e  com po r tem en t  de c e s  é lé m e n ts  e n  é q u i l i b r e  s é c u l a i r e  dans  l e u r s  é t a t s  
n a t u r e l s ,  m a is  l e  com por tem en t  de l ' u r a n i u m  e t  du th o r iu m  r e j e t é s  p a r  
l ' i n d u s t r i e  n u c l é a i r e  à  des  c o n c e n t r a t i o n s  e t  so u s  des  é t a t s  d i f f é r e n t s  
de l e u r s  fo rm es  g é o c h im iq u e s  h a b i t u e l l e s .

La c o n t a m i n a t i o n  du s o l  p a r  l ' u r a n i u m  e t  p a r  l e  th o r iu m  p e u t  a v o i r  
p l u s i e u r s  o r i g i n e s  : l e s  m in e s ,  l e s  u s i n e s  de t r a i t e m e n t  ou de t r a n s f o r 
m a t io n  des m i n e r a i s ,  l e s  i n s t a l l a t i o n s  d ' é l a b o r a t i o n  d es  m étaux  ou de 
f a b r i c a t i o n  des  c o m b u s t i b l e s .

E n f i n ,  d ans  b i e n  des  c a s ,  l e s  d é c h e t s  c o n t i e n n e n t  e n c o re  d es  p r o 
p o r t i o n s  non n é g l i g e a b l e s  de c e s  r a d i o é l é m e n t s  e t  l e u r  s t o c k a g e  p e u t  e n 
t r a î n e r  une c o n t a m i n a t i o n  du s o l .

I l  a  p a r u  i n t é r e s s a n t  d ' é t u d i e r  l e s  m écanism es de r é t e n t i o n  de c e s  
r a d i o é l é m e n t s  s u r  l e s  s o l s  e t  l e s  m in é ra u x  a f i n  d ' é v a l u e r  l e s  r i s q u e s  
d ' e x t e n s i o n  de c e t t e  p o l l u t i o n  aux n a p p e s  a q u i f è r e s .  P l u s i e u r s  f a c t e u r s  
( n a t u r e  du s o l ,  n a t u r e  de l ' e f f l u e n t  . . . )  i n t e r v i e n n e n t  év idem m ent dans 
l a  m i g r a t i o n  de c e s  i o n s  dans l e s  m i l i e u x  p o re u x  s o u t e r r a i n s .

2 .  LES SOLS ETUDIES

Les s o l s  s é d i m e n t a i r e s  m eub les  communs s o n t  e s s e n t i e l l e m e n t  c o n s 
t i t u é s  de s i l i c e ,  de c a l c i t e ,  de m in é ra u x  a r g i l e u x  e t  de m a t i è r e  o r g a 
n iq u e  en  p r o p o r t i o n s  v a r i a b l e s ,  l e s  a u t r e s  c o n s t i t u a n t s  (o x y d e s ,  s i l i 
c a t e s ,  d i v e r s )  é t a n t  a c c e s s o i r e s .

On a  c h o i s i  q u a t r e  t y p e s  de s o l s  :

en sem b le  s i l i c e - a r g i l e - c a l c a i r e - m a t i è r e  o r g a n iq u e  : a l l u v i o n  de 
1 'E sso n n e  ( B a s s i n  p a r i s i e n ) ;

t o u r b e  ( t r è s  r i c h e  e n  m a t i è r e  o r g a n i q u e )  : E sso n n e ;

ensem ble  s i l i c e - a r g i l e - c a l c a i r e  ( s a n s  m a t i è r e  o r g a n i q u e )  : s é d i 
ment v in d o b o n i e n  de C a d arach e  ( P r o v e n c e ) ;

en sem ble  s i l i c e - a r g i l e  ( s a n s  c a l c a i r e  n i  m a t i è r e  o r g a n i q u e )  : 
s c h i s t e  a l t é r é  de La Hague (Cap de La H agu e) .

Les p r o p o r t i o n s  r e l a t i v e s  de c e s  d i f f é r e n t s  c o n s t i t u a n t s  s o n t  i n 
d iq u é e s  dans l e  t a b l e a u  I .

3- LE COEFFICIENT DE DISTRIBUTION DES RADIOELEMENTS ENTRE L'EAU ET 
LA PHASE SOLIDE

P o u r  é v a l u e r  l a  r é t e n t i o n  p l u s  ou .moins f o r t e  des r a d i o é l é m e n t s  
p a r  l e s  d i v e r s  m a t é r i a u x ,  on m esure  l e  c o e f f i c i e n t  de d i s t r i b u t i o n  (kd)  
du r a d i o é l é m e n t  e n t r e  l a  s o l u t i o n  e t  l a  p h a s e  s o l i d e  [ 7 ] .

s o l  1

s o l  2 

s o l  3

s o l  k
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SOL ORIGINE S i , 0 2 A rg i le ' C alc ium M.O.

1 A l l u v i o n  de l 'E s s o n n e 23 20 12

2 Tourbe 5 12 .. 23 60

3 S é d im e n t  de C adarach e 30 25 < 1

k S c h i s t e  a l t é r é  de La Hague ho 60 0 0

Des m e s u re s  o n t  a u s s i  é t é  f a i t e s  s u r  d es  m a t é r i a u x  p u r s  :

S a b le  de F o n t a i n e b l e a u  : s i l i c e  p u re  

C a l c a i r e  b l a n c  de Meudon : CaC03 p u r  

e t  s u r  une a r g i l e  p u r e  : l ' i l l i t e .

L o r s q u 'u n e  s o l u t i o n  c o n t e n a n t  un  c o r p s  d i s s o u s  à  l a  c o n c e n t r a t i o n  
Со e s t  m ise  en  c o n t a c t  avec  un  m a t é r i a u ,  un é q u i l i b r e  s ' é t a b l i t  e t  l a  
c o n c e n t r a t i o n  d e v i e n t  a l o r s  С ^  Со dans l a  s o l u t i o n  e t  q dans  l a  p h a s e  
s o l i d e ;  p a r  d é f i n i t i o n  Kd =

La q u a n t i t é  d ' é l é m e n t  q u i  a  q u i t t é  l e  volume V de s o l u t i o n  e s t  
p a s s é e  dans  l a  m asse  m s o l i d e ,  donc V (Co-C) = mq

ou Kd = ^  = Gtt- -  1) — fo rm u le  u t i l i s é e  p o u r  m e s u r e r  l e  Kd.С C m ^

Le Kd ne f a i t  p a s  i n t e r v e n i r  l e  mode de r é t e n t i o n  q u i  p e u t  ê t r e  dû 
à un  phénomène d 'é c h a n g e  d ' i o n ,  à  une a d s o r p t i o n  é l e c t r o s t a t i q u e  ou a u s s i  
au p a s s a g e  de l ' é l é m e n t  en  p h a s e  s o l i d e  p a r  p r é c i p i t a t i o n .

Comme l e  Kd v a r i e  avec  l a  n a t u r e  de l a  s o l u t i o n ,  on a ,  dans  l e  c a s  
d es  s o l s  n a t u r e l s ,  o p é ré  avec  l ' e a u  n a t u r e l l e  du s i t e  s u r  l e q u e l  i l s  o n t  
é t é  p r é l e v é s  (e a u  de l a  r i v i è r e  E ssonne  p o u r  l e s  s o l s  1 e t  2, e a u  de 
nappe p o u r  l e s  s o l s  3 e t  M .

La d im e n s io n  du Kd e s t  exprimée en cm3/g.

k .  COMPORTEMENT DE L'URANIUM

1. Q u e lq ues  r a p p e l s  de l a  c h im ie  de 1 'u ra n iu m

L 'u r a n iu m  s e  r e n c o n t r e  l e  p l u s  s o u v e n t  à s a  v a l e n c e  6+ . Les c a 

t i o n s  u r a n e u x  U4 "1" s o n t  r a r e s ,  en  s o l u t i o n  i l s  s o n t  i n s t a b l e s  ou i n s o l u 

b l e s .  U6+ n ' e x i s t e  p a s  en  s o l u t i o n  m ais  forme l ' i o n  u r a n y l e  t r è s  s t a b l e

U®+ + 2 EgO —  U0| + k  H+ .
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T A B L E A U  II. Kd D E  L 'U R A N IU M  E N T R E  L 'E A U  E T  D IV E R S M A T E R IA U X  
S O L ID E S

SOL 

OU MINERAL

Kd encm-^/g Kd

moyen1 ° e s s a i _e
2 e s s a i -,e

3 e s s a i

A l l u v i o n  de 1  'E sso n n e ko 39 37 39

T ourbe 29 35 3^ 33

S o l  de C adarache 13 19 16

S c h i s t e  a l t é r é  de La Hague 269 267 (3 88 ) 270

S i l i c e  p u r e a 0 n 0 0 0 n 0 0 0 n a 0

C a l c a i r e  p u r 7 7 8 7

I l l i t e 137 ЛЬЧ ^36 139

L es s o l u t i o n s  d i l u é e s  de s e l s  d 'U  s o n t  a c i d e s  e t  l e  pH augmente 
avec  l a  d i l u t i o n  [ 8 ] .

La c h im ie  des  s e l s  d ' u r a n y l e  en  s o l u t i o n  e s t  a s s e z  com plexe ,  c a r  
i l s  e x i s t e n t  s o u s  d i f f é r e n t e s  fo rm es  h y d r a t é e s  ou c o n d e n s é e s  s e l o n  l a  
d i l u t i o n  ou l e  pH de l a  s o l u t i o n  [9 ]  [ ^ 0 ] .

E n f i n  l e s  s e l s  d 'U  se  c o m p lex en t  f a c i l e m e n t  e t  en  p a r t i c u l i e r  en  
p r é s e n c e  d ' i o n s  c a r b o n a t e s .

P o u r  l e s  e x p é r i e n c e s  on a  u t i l i s é  l e  n i t r a t e  d ' u r a n y l e  (N03 ) 3U0a 
b i e n  s o l u b l e  aux pH < 7 5 une p r é c i p i t a t i o n  p a r t i e l l e  ( h y d ro x y d e s )  se  
p r o d u i t  aux pH b a s i q u e s .

k . 2 .  Le dosage  de l ' u r a n i u m

Les d o s a g e s  o n t  é t é  e f f e c t u é s  p a r  f l u o r i m é t r i e , chaque f o i s  3 me
s u r e s  s o n t  r é a l i s é e s ;  l e s  v a l e u r s  t r o u v é e s  s o n t  en  g é n é r a l  a s s e z  v o i s i 
n e s  à ± 10 % ( v o i r  t a b l e a u  II), quand l e s  r é s u l t a t s  s o n t  t r o p  d i s p e r s é s ,  
l a  m esure  e s t  recom mencée.

La s e n s i b i l i t é  de l a  m éthode p e rm e t  de d o s e r  des t e n e u r s  de l ' o r 
d re  de 10-6 g / l i t r e  en  U.

^•3» La r é t e n t i o n  de l ' u r a n i u m  p a r  l e s  d i f f é r e n t s  s o l s  e t  m in é ra u x  
é t u d i é s

P o u r  une t e n e u r  i n i t i a l e  en  u ran iu m  de l ' e a u  de 10 m g / l i t r e ,  on a  
o b te n u  l e s  v a l e u r s  du Kd de l ' U  e n t r e  l ' e a u  e t  l a  p h a s e  s o l i d e  i n d i q u é e s  
d ans  l e  t a b l e a u  I I .
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F IG .l. V ariation du Kd de l'u ran ium  en fonction de sa concentration in itia le .

Un p r e m i e r  examen m o n tre  donc que l a  r é t e n t i o n  de 1 'u ra n iu m  p a r  
l e s  d i f f é r e n t s  s o l s  é t u d i é s  e s t  a s s e z  i m p o r t a n t e .

C e t t e  r é t e n t i o n  e s t  du même o r d r e  de g r a n d e u r  que c e l l e  du s t r o n 
t ium  90 (exem ple  Kd S r  e n t r e  s o l  e t  e au  de C ad arache  = 2 0 ) .

k . k .  I n f l u e n c e  de l a  c o n c e n t r a t i o n  i n i t i a l e  en  U de l ' e a u

C e t t e  i n f l u e n c e  im p o r t a n t e  e s t  m o n t ré e  s u r  l a  f i g u r e  1.

Les c o u r b e s  Kd = f  (Со) m o n t r e n t  que l e  Kd e s t  à  p eu  p r è s  c o n s t a n t  
aux c o n c e n t r a t i o n s  i n f é r i e u r e s  à  10“ 3 g / l i t r e .  P a r  c o n t r e ,  l e  Kd d im inue  
quand l a  c o n c e n t r a t i o n  augmente e t  i l  t e n d  v e r s  z é ro  quand  l a  c o n c e n t r a 
t i o n  i n i t i a l e  d é p a s s e  10 g / l i t r e .

Cet e f f e t  e s t  commun à t o u s  l e s  phénom ènes de r é t e n t i o n ,  en  e f f e t ,  
à  p a r t i r  d 'u n e  c e r t a i n e  c o n c e n t r a t i o n ,  t o u s  l e s  s i t e s  a d s o r b a n t s  des  mi
n é ra u x  s o n t  o c c u p é s  p a r  l ' é l é m e n t  a d s o r b é .  Dans l e  c a s  p r é s e n t ,  p o u r  des 
t e n e u r s  s u p é r i e u r e s  à 10 g / l ,  i l  y a  s a t u r a t i o n  en  U d es  m in é ra u x  du s o l  
q u i  ne p e u v e n t  p l u s  l e  f i x e r ,  l e s  i o n s  r e s t e n t  donc en  s o l u t i o n .

A i n s i  une c o n t a m i n a t i o n  du s o l  p a r  un e f f l u e n t  c o n c e n t r é  en  s e l s  
d 'u r a n i u m  e n t r a î n e r a i t  un  r i s q u e  de s a t u r a t i o n  d 'u n e  c e r t a i n e  é p a i s s e u r  
de s o l  e t ,  p a r  c o n s é q u e n t ,  une d i s p e r s i o n  de l a  c o n t a m i n a t i o n .

I n f l u e n c e  du pH de l a  s o l u t i o n  s u r  l a  r é t e n t i o n  de 1 'u ra n iu m

P o u r  une c o n c e n t r a t i o n  i n i t i a l e  don née ,  l e  pH de l a  s o l u t i o n  a  une 
i n f l u e n c e  t r è s  i m p o r t a n t e  s u r  l e  Kd comme l e  m o n tre  l a  f i g u r e  2 . Cet e f 
f e t  a  é t é  é t u d i é  avec  2 s o l s  d i f f é r e n t s  :

—  avec  l e  s o l  1 t r è s  c a l c a i r e ,  on ne p e u t  p a s  f a i r e  v a r i e r  l e  pH 
v e r s  s e s  v a l e u r s  a c i d e s ;
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—  avec l e  s o l  4 , on a  pu e x p l o r e r  t o u t e  l a  gamme des pH.

Les c o u r b e s  Kd = f  (pH) ne s o n t  p a s  m o n o ton es ,  on y v o i t  3 p i c s  : 
un  p i c  aux a l e n t o u r s  de pH 3 ) 5 ,  un p i c  t r è s  p ro n o n c é  à pH 10 e t  un  p i c  
aux a l e n t o u r s  de pH 12.

P a rm i l e s  e x p l i c a t i o n s  de ce phénom ène , on p e u t  r e t e n i r  c e l l e  don
née p a r  ROJKOVA e t  C o l l .  [1 1 ]  : l e  p o t e n t i e l  é l e c t  r o c i n é t i q u e  de c e r t a i 
n e s  s u b s t a n c e s  s o r b a n t e s  v a r i e  avec  l e  pH de l a  s o l u t i o n  e t  p o u r  c e r t a i n s  
m a t é r i a u x  ( l i g n i t e ,  oxyde de f e r ,  k a o l i n i t e ,  m o n t m o r i l l o n i t e  . . . )  p a s s e  
p a r  un maximum v a r i a b l e  s e l o n  l e s  c o r p s .  Dans n o t r e  c a s ,  l a  p r é s e n c e  de 
d i v e r s  m a t é r i a u x  dans  l e s  s o l s  é t u d i é s  e x p l i q u e  l a  p r é s e n c e  de p l u s i e u r s  
p i c s .  C ec i  p e rm e t  de s u p p o s e r  une a d s o r p t i o n  é l e c t r o s t a t i q u e  de l ' i o n  
u r a n y l e .

D 'a u t r e s  phénomènes p e u v e n t  s e  s u p e r p o s e r  à c e l u i - c i  : a u - d e s s u s  
de pH 7) i l  p e u t  se  p r o d u i r e  une p r é c i p i t a t i o n  p a r t i e l l e  d 'h y d ro x y d e  
d ' u r a n y l e  q u i  e x p l i q u e r a i t  l a  r a p i d e  a u g m e n t a t i o n  du Kd j u s q u ' à  pH 10.

La r e m is e  en  s o l u t i o n  de 1 'U03 p e u t  ê t r e  due à des  c o m p l e x a t i o n s ;  
e n  e f f e t ,  aux pH b a s i q u e s ,  l e s  a c i d e s  hum iques  p a s s e n t  en  s o l u t i o n  e t  
p e u v e n t  c o m p le x e r  U0^+ ; d ' a u t r e  p a r t ,  e n t r e  pH 7 e t  12 en  s o l u t i o n  avec

. des  i o n s  c a r b o n a t e s  U 0 |+ donne l e s  co m plex es  U02 (C03 )2 -  e t  U0s (C03 ) 3 - ;

c e t t e  e x p l i c a t i o n  n ' e s t  p a s  v a l a b l e  p o u r  l e  s c h i s t e  a l t é r é  de La Hague 
exem pt de c a l c a i r e  e t  de m a t i è r e  o rg a n iq u e  [ 1 0 ] [ 1 2 ] .

FIG.2. Variation du Kd de 1' uranium en fonction du pH de la solution.
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E n f i n ,  on a  vu que l ' i o n  u r a n y l e  donne en  s o l u t i o n  de nombreux 
p r o d u i t s  d ' h y d r o l y s e  [ 10] .

• ex em p le s  : 2 U02 + 0 — ►UgOg + 2 H+

U0S + U3 05 + Bg 0 — ► U3 03B + + 2 H+

u3o8 + Нг 0 --*U3 08 ( 0H)+ + H+

U3 08 ( 0H+ ) + H^O------------ -UgOg (OH)* + H+

Ces r é a c t i o n s  s o n t  f o n c t i o n  du pH e t  l e s  p r o d u i t s  d ' h y d r o l y s e  p e u 
v e n t  a v o i r  un  com p or tem en t  d i f f é r e n t  avec  l e s  m a t é r i a u x  s o r b a n t s .  Des 
é t u d e s  p h y s i c o - c h i m i q u e s  p l u s  a p p r o f o n d i e s  s e r a i e n t  n é c e s s a i r e s  p o u r  e x 
p l i q u e r  ou p r o u v e r  l ' i n f l u e n c e  de c e s  phénomène s u r  l e  Kd..

k . 6 . R ô le  des  p r i n c i p a u x  m in é ra u x  dans  l a  r é t e n t i o n  de l ' u r a n i u m

On a  v é r i f i é  ( t a b l e a u  I I )  que l a  s i l i c e  é t a i t  i n e r t e  e t  on a  vu 
que l e  c a l c a i r e  r e t e n a i t  a s s e z  f a i b l e m e n t  l ' u r a n i u m  en  s o l u t i o n . .

La r é t e n t i o n  e s t  donc s u r t o u t  due aux m in é ra u x  a r g i l e u x  e t  a u s s i  à 
l a  m a t i è r e  o r g a n i q u e .

En ce q u i  c o n c e rn e  l a  t o u r b e ,  i l  f a u t  p r é c i s e r  que nous avo ns  é t u 
d i é  une to u r b e  c a l c i q u e  d o n t  l e  pH se  s i t u e  e n t r e  7 e t  8 ; l e s  t o u r b e s  
a c i d e s  é t u d i é e s  p a r  SZALAY [1 2 ]  r e t i e n n e n t  beau cou p  p l u s  f o r t e m e n t  l ' u 
ra n ium  en  s o l u t i o n  d i l u é e .

b . 7 .  Les r i s q u e s  de d i f f u s i o n  de 1 ' u ra n iu m  dans  l e  s o l

Les r i s q u e s  de m i g r a t i o n s  de 1 'u ra n iu m  dans l e  s o l  s e r o n t  im p o r
t a n t s  e n  c a s  de r e j e t s  d ' e f f l u e n t s  c o n c e n t r é s  ou dans des  c o n d i t i o n s  e x 
t r ê m e s  de pH, m a i s ,  comme de t e l l e s  c o n d i t i o n s  ne p o u r r a i e n t  ê t r e  q u ' e x 
c e p t i o n n e l l e s ,  i l  f a u t  s u r t o u t  c o n s i d é r e r  l e  r i s q u e  p l u s  p l a u s i b l e  de 
c o n t a m i n a t i o n  du s o l  p a r  d es  s o l u t i o n s  d i l u é e s  d ans  d es  c o n d i t i o n s  de pH 
v o i s i n e s  de c e l u i  du s o l .  Dans ce c a s ,  l a  r é t e n t i o n  de l ' u r a n i u m  e s t  im
p o r t a n t e  m a is  non t o t a l e ;  i l  s e  c o n s t i t u e  un é q u i l i b r e  e t  l ' a c t i v i t é  r e 
p r i s e  p a r  l ' e a u  e s t  d ' a u t a n t  p l u s  im p o r t a n t e  que l e  Kd e s t  p l u s  f a i b l e .

Dans une c o lo n n e  de s o l  de d im e n s io n s  f i n i e s ,  on p e u t  é v a l u e r  l e s  
v i t e s s e s  r e l a t i v e s  de l ' e a u  e t  de l ' i o n  p a r  l a  fo rm u le  :■

V  £ ^
-------- = 1 + Kd — (d  p o i d s  s p é c i f i q u e  e t  f  p o r o s i t é  e f f i c a c e  du s o l ) .
v  i o n  1

C e t t e  fo rm u le  a p p l i q u é e  aux s o l s  s a t u r é s  e s t  a p p r o x i m a t iv e  c a r ,  
e n t r e  a u t r e ,  e l l e  ne t i e n t  p a s  compte de l a  d i s p e r s i o n ,  m ais  e l l e  p e r 
met de d o n n e r  une é v a l u a t i o n  du r i s q u e  de m i g r a t i o n . d u  r a d i o é l é m e n t  é t u 
d i é  e t  a u s s i  de c o m p a re r  l e s  r i s q u e s  r e l a t i f s  des  d i v e r s  r a d i o é l é m e n t s .

5 .  COMPORTEMENT DU THORIUM

5 -1 •  Q u e lqu es  r a p p e l s  de l a  c h im ie  du th o r iu m  en  s o l u t i o n

Le th o r iu m  ne forme q u 'u n e  s é r i e  de s e l s  c o r r e s p o n d a n t  à  l a  v a 
l e n c e  k+. Les s e l s  de t h o r iu m  s o l u b l e s  ( n i t r a t e ,  h a l o g é n u r e s ,  s u l f a t e ,
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FIG.3. Variation du pH de l 'e a u  en fonction de la concentration en Th.

a c é t a t e )  s o n t  a c i d e s  en  s o l u t i o n ,  l e  pH d es  s o l u t i o n s  d im in u a n t  avec  l a  
c o n c e n t r a t i o n  en  t h o r iu m ,  comme l e  m o n tre  l a  f i g u r e  3 5 é t a b l i e  avec  du 
(N03 )4Th.

L ' é t a t  des  i o n s  en  s o l u t i o n  e s t  v a r i a b l e  s e l o n  l e  pH :

p o u r  pH 1, l ' e x i s t e n c e  de Th4+ e s t  b i e n  é t a b l i e ;

e n t r e  pH 1 e t  *f, i l  s e  forme d i v e r s  i o n s  h y d r o l y s é s  [ 1 3 ] ;

e n t r e  pH k e t  6 , i l  commence à  se  fo r m e r  1 'hy d ro x y d e  i n s o l u b l e
Th(0H )4 ;

l a  p r é c i p i t a t i o n  de Th.(0H)4 e s t  c o m p lè te  e t  i l  ne 
r e s t e  p l u s  que des  t r a c e s  de Th en  s o l u t i o n .

p o u r  pH 6 ,

Ces d i v e r s  e f f e t s  s o n t  e x p o sé s  s u r  l a  f i g u r e  3

A u -d e s so u s  d 'u n e  c e r t a i n e  c o n c e n t r a t i o n  v a r i a b l e  s e l o n  l a  co m p o s i
t i o n  i n i t i a l e  de l ' e a u ,  on ne p e u t  p a s  c o n s e r v e r  l e  Th en  s o l u t i o n  c a r  
Th(OH) 4 p r é c i p i t e .  Dans l ' e a u  de l 'E s s o n n e  (pH i n i t i a l  8 ) l e  Th r e s t e  en  
s o l u t i o n  s e u l e m e n t  p o u r  l e s  c o n c e n t r a t i o n s  s u p é r i e u r e s  à  1 g / l i t r e  
( 0 ,0 1  g / l  p o u r  l ' e a u  de La Hague i n i t i a l e m e n t  p l u s  a c i d e ) .

P a r  c o n s é q u e n t ,  l e  r i s q u e  de d i f f u s i o n  du th o r iu m  dans l e  s o l  
n ' e x i s t e r a i t  que p o u r  d es  s o l u t i o n s  s u f f i s a m m e n t  c o n c e n t r é e s  p o u r  c o n s e r 
v e r  l e  pH a c i d e ;  e n c o re  f a u t - i l  que l e  s o l  ne c o n t i e n n e  p a s  de CaC03 q u i  
r é a g i t  avec  l e s  i o n s  H e t  t e n d  à n e u t r a l i s e r  l a  s o l u t i o n .

A i n s i  une s o l u t i o n  c o n c e n t r é e  de Th m élang ée  aux a l l u v i o n s  de 
l 'E s s o n n e  r é a g i t  avec l e  CaC03 : i l  y a  dégagem ent de C0a , l e  pH se  s t a 
b i l i s e  a u t o u r  de 7 e t  Th(0H )4 p r é c i p i t e .

5 . 2 .  Dosage du th o r iu m  en  s o l u t i o n

I l  e x i s t e  un c e r t a i n  nombre de m é th o d es  p o u r  d o s e r  l e  th o r iu m  [ 6] .  
On a  c h o i s i  l ' a n a l y s e  p a r  a c t i v a t i o n  n e u t r o n i q u e  q u i  a  donné e n t i è r e  s a 
t i s f a c t i o n  [ 1 ^]»
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FIG .4. V ariation du Kd du thorium en fonction du pH de la solution.

Le schém a d ' a c t i v a t i o n  e s t  l e  s u i v a n t  :

23 ç T h ------n , y  ». 39 pTh (2 2 ,1  min)
^ V 2  3 3 P a  (27  -j)

Les co m p ta g e s  s o n t  e f f e c t u é s  s u r  l e  p r o t a c t i n i u m  233 do n t  l a  p é 
r i o d e  de 27 j o u r s  e s t  s u f f i s a m m e n t  lo n g u e  p o u r  d o n n e r  a s s e z  de s o u p l e s s  
à  l ' e x p é r i m e n t a t i o n .

Les m e s u re s  o n t  é t é  f a i t e s  p a r  s p e c t r o m é t r i e  gamma s u r  j o n c t i o n  
G e -L i ;  l a  d i s c r i m i n a t i o n  des  p i c s  du 2 3 3 P a  e t  des  p i c s  d es  a u t r e s  p r o 
d u i t s  d ' a c t i v a t i o n  e s t  e x c e l l e n t e ,  a u s s i  aucune  s é p a r a t i o n  ch im iq u e  p r é  
a l a b l e  n ' a  é t é  n é c e s s a i r e .

La s e n s i b i l i t é  e s t  de 10-7 g en  233 Th.

5 . 3 . V a r i a t i o n s  de l a  r é t e n t i o n  du Th en  f o n c t i o n  du pH

L ' i n f l u e n c e  du pH e s t  e s s e n t i e l l e  : f i g u r e  k .

Dans l e  c a s  des  s o l s  a r g i l e u x  exem pts  de c a l c a i r e  e t  de m a t i è r e  
o r g a n i q u e ,  on a  m esuré  l e s  Kd ( s c h i s t e s  a l t é r é s ,  s o l  4) ( i l l i t e ,  a r g i l e  
p u r e )  en  f a i s a n t  v a r i e r  l e  pH de 1 à  í k .  Le Kd augmente t r è s  r a p id e m e n t  
avec  l e  pH.

A u -d e s s u s  de pH 6 , l a  d é c o n t a m i n a t i o n  de l ' e a u  e s t  q u a s i  t o t a l e .  
I l  f a u t  a u s s i  n o t e r  q u ' e n  s o l u t i o n  t r è s  a c id e  (pH 2) l a  r é t e n t i o n  du 
Th p a r  l e  s c h i s t e  a l t é r é  e s t  t r è s  f a i b l e .
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Dans l e  c a s  des  s o l s  r i c h e s  en  m a t i è r e  o rg a n iq u e  ( a l l u v i o n  de 
l 'E s s o n n e  s o l  1) en  r a i s o n  de l a  t e n e u r  e n  CaC03 , on n ' a  pu  f a i r e  v a 
r i e r  l e  pH q u ' a u - d e s s u s  de 7* On c o n s t a t e  l ' i n v e r s e  du c a s  p r é c é d e n t ;  l e  
Kd d im inue  quand l e  pH augmente..  A pH 7 , 6 ,  l e  Kd e s t  i n f i n i  ( C ^  dans 
l ' e a u  = 0 ) ;  quand l e  pH aug m en te ,  C ^ ^ )  dans  l a  s o l u t i o n ,  augmente 
(Kd = 28 p o u r  pH 1 3 , 6 ) .

Les a c i d e s  hum iques  s o n t  s o l u b l e s  en  m i l i e u  b a s i q u e  ( l a  s o l u t i o n  
de s o l  d e v i e n t  de p l u s  en  p l u s  fo n c é e  quand  l e  pH a u g m e n te ) .  Le th o r iu m  
e s t  com plexé p a r  l e s  a c i d e s  hum iques  e t  p a r  c o n s é q u e n t ,  i l  r e p a s s e  en  s o 
l u t i o n ,  l a  c o n c e n t r a t i o n  en  p h a s e  s o l i d e  d im in u a n t .

Cet e f f e t  a  a u s s i  é t é  o b s e r v é  dans  l e s  m i l i e u x  n a t u r e l s  [ 4 ] ;  on 
n o te  une d i m i n u t i o n  de l a  t e n e u r  moyenne en  Th des  s o l s  d ans  l e s  h o r i 
zons  s u p e r f i c i e l s  r i c h e s  en  m a t i è r e  • o r g a n i q u e .

Dans l a  p r a t i q u e ,  l e  r e j e t  d ' u n  e f f l u e n t  b a s i q u e  s u r  un  s o l  r i c h e  
en  m a t i è r e  o rg a n i q u e  a u g m e n te ra  l e  r i s q u e  de m i g r a t i o n  du Th.

5 . k .  I n f l u e n c e  de l a  c o n c e n t r a t i o n  i n i t i a l e  en  Th

Dans l e  c a s  des  s o l s  c a l c a i r e s  é v e n t u e l l e m e n t  r i c h e s  en  m a t i è r e s  
o r g a n i q u e s  ( a l l u v i o n s  de l 'E s s o n n e  s o l  1) .mis en  c o n t a c t  avec  l e s  s o 
l u t i o n s  c o n c e n t r é e s  -  ( a u - d e s s u s  de 0 , 1  g / l )  a c i d e s ,  i l  y a dégagem ent 
de C02 e t  l e  th o r iu m  p r é c i p i t e  s o u s  forme de Th(0H)4 . Les m e s u re s  e f f e c 
t u é e s  s o n t  e x p o s é e s  s u r  l e  t a b l e a u  I I I .

T A B L E A U  III.  V A R IA T IO N  DU Kd E N T R E  L 'E A U  E T  U N  SO L C A L C A IR E  
(SOL 1) E N  F O N C T IO N  D E  LA  C O N C E N T R A T IO N  IN IT IA L E  E N  T h

C o n c e n t r a t i o n  
en  Th ( g / l )

■ pH 
de l a  s o l u t i o n

pH a p r è s  c o n t a c t  
avec  l e  s o l

Kd 
c m 3  / g

0,01 7 ,5 7 ,6 V o 0)

0 ,1 6 , 7 7 ,6

ШOA

0 , 5 3 , 9 7 ,1 ~  105

1 3 ,3 7,1 I? V
J1 o СЛ

5 3 , 2 6 , 7 12 IV
) o Ü
1

10 2 , 6 5 ,9 ~  2 . 104

On p e u t  donc c o n s i d é r e r  que , dans  l e s  s o l s  c a l c a i r e s ,  l e  r i s q u e  de 
m i g r a t i o n  du Th e s t  t r è s  f a i b l e ,  même s ' i l s  s o n t  r i c h e s  en  m a t i è r e  o r g a 
n iq u e  p o u rv u  que l e  pH ne s o l u b i l i s e  p a s  l e s  a c i d e s  h um iq u es .

Dans l e  c a s  des  s o l s  s a n s  c a l c a i r e ,  é t u d i é s  s u r  l e  s c h i s t e  a l t é r é  
( s o l  k)  , l a .  c o n c e n t r a t i o n  Со e n  Th a y a n t  une a c t i o n  d i r e c t e  s u r  l e  pH du 
m élange  s o l - e a u ,  l a  r é t e n t i o n  e s t  i n f l u e n c é e  à  l a  f o i s  p a r  l e  pH e t  p a r  
c e t t e  c o n c e n t r a t i o n  ( e f f e t  de s a t u r a t i o n  vu e n  k . k ) .
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A i n s i ,  p a r  e x e m p le ,  avec  l e  s c h i s t e  a l t é r é  :

p o u r  Co (Th) = 1 g» l" on a  l e  pH 3 ) 2  e t  on m esure  Kd =

p o u r  Co (Th) = 0 , 1  g . l  1 , a c i d i f i é  à pH 3 , 2 ,  on a  m esuré  Kd = 60
( f i g .  ¿t)

A u tre  exem ple  avec  l ' i l l i t e  : 

p o u r  Со (Th) = 1 g . l - 1 , 

p o u r  Со (Th) = 0 ,1  g . l - '

on a  l e  pH 3 , 2 ,  on m esure  Kd = 120

a c i d i f i é  à pH 3 , 2 ,  on a  m esuré  Kd = 1000 
( f i g .  k ) .

Donc, à pH é g a l ,  l a  r é t e n t i o n  du th o r iu m  d im inue  avec  l a  c o n c e n t r a 
t i o n  en  r a i s o n  de l a  s a t u r a t i o n  des  p o s i t i o n s  a d s o r b a n t e s  des  m in é ra u x .

La f i g u r e  5 m o n t re  l ' é v o l u t i o n  du Kd (Th) e n t r e  l e  s c h i s t e  a l t é r é  
e t  l ' e a u  de La Hague en  f o n c t i o n  de l a  c o n c e n t r a t i o n  Со ( T h ) .

En s o l u t i o n  d i l u é e  (< 0 ,1  g / l ) ,  l e  r i s q u e  de m i g r a t i o n  e t  de d i s 
p e r s i o n  du th o r iu m  dans  l e s  eau x  s o u t e r r a i n e s  e s t  n é g l i g e a b l e .

3 .5«  Le co m po r tem en t  du th o r iu m  r e j e t é  dans l e  s o l

I l  e s t  a s s e z  d i f f i c i l e  de co m p a re r  l a  r é t e n t i o n  du th o r iu m  p a r  l e s  
d i v e r s  m a t é r i a u x  é t a n t  donné l a  g ra n d e  a m p l i t u d e  des  v a r i a t i o n s  du Kd 
so u s  l ' e f f e t  de d i v e r s  f a c t e u r s  e t  en  p a r t i c u l i e r  s o u s  l ' e f f e t  combiné 
de l a  d i l u t i o n  e t  du pH.

K d (cm3/g)
\ f  K d : 10 6 

= 10*3

Со ( Th ) avant rétention

g 1 - 1
10

FIG .5. V ariation du Kd du thorium entre eau e t schiste a ltéré en fonction de la teneur en thorium.
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T A B L E A U  IV. Kd  (Thj E N T R E  L A  S O L U T IO N  E T  D IV E R S  M A T E R I A U X

N a tu re  du s o l  
ou m i n é r a l

1—1 ЕЮIIOO

Со = 0, 1  g / l
O b s e r v a t io n s

Kd pH Kd pH

S o l  1 A l l u v i o n  de 
1 'E s son ne 5 105 7 ,0 104 7 ,3

I l  ne r e s t e  p r a t i 
quement p l u s  de Th 
en  s o l u t i o n

Dans 2 , l a  d im in u 
t i o n  du Kd e s t  due à 
l ' a u g m e n t a t i o n  du pH

S o l  2 T ourbe 8 104 6 ,7 1 , 5  1 04 7 Л

S o l  3 S éd im en t  de 
C ad arache 1 , 5  105 7 ,0 > 106 7 Л

C a l c a i r e  de 
Meudon 
(CaC03 p u r )

5 104 6 , 8 105 7 ,3

S a b le  de 
F o n t a i n e b l e a u  
(SiOs ) p u re

0 3 ,3 0 3 , 8 R é t e n t i o n  n u l l e  
С = Со

S o l  > S c h i s t e  a l t é r é  
de La Hague 8 3 , 2 ~  105 M

Grande im p o r t a n c e  de 
l a  d i l u t i o n  q u i  i n 
f l u e  s u r  l e  pH.

I l l i t e 120 3 , 7 105 7 ,0

K a o l i n i t e 600 3 , 0 ^ 2  1 05 6 , 2

M o n t m o r i l l o n i t e 2 000 5 ,5 ^ 2  105 7 ,9

Les v a l e u r s  com parées  du Kd (Th) e n t r e  l ' e a u  e t  l e s  s o l i d e s  é t u 
d i é s  e s t  donnée d ans  l e  t a b l e a u  IV p o u r  deux v a l e u r s  de l a  c o n c e n t r a t i o n  
i n i t i a l e  en  th o r iu m .

On p e u t  a i n s i  d é f i n i r  3 g r a n d e s  c a t é g o r i e s  de s o l s  :

—  Dans l e s  s o l s  c a l c a i r e s  s a n s  m a t i è r e  o rg a n iq u e  : l e  r i s q u e  de m i g r a 
t i o n  du th o r iu m  e s t  t r è s  f a i b l e ,  q u e l l e s  que s o i e n t  l e s  c o n d i t i o n s  
i n i t i a l e s  de pH ou de c o n c e n t r a t i o n .

—  Dans l e s  s o l s  a c i d e s  s a n s  m a t i è r e  o rg a n i q u e  : en  s o l u t i o n s  d i l u é e s ,  
n e u t r e s  ou b a s i q u e s ,  l e s  Kd s o n t  t r è s  g r a n d s  e t  l e  r i s q u e  de m i g r a 
t i o n  t r è s  f a i b l e .  Mais en  c a s  de r e j e t  de Th dans un  e f f l u e n t  c o n c e n 
t r é  ou t r è s  a c i d e ,  l e  r i s q u e  de m i g r a t i o n  d e v i e n t  i m p o r t a n t ;  au-dessus 
de q u e lq u e s  g / l  ou en  d e s s o u s  de pH2 l a  r é t e n t i o n  d e v i e n d r a i t  n é g l i 
g e a b le  e t  l e  th o r iu m  s e r a i t  e n t r a î n é  p a r  l ' e a u .

—  Dans l e s  s o l s  c o n t e n a n t  de l a  m a t i è r e  o r g a n iq u e  : l e  th o r iu m  s e  com
p o r t e r a  comme d ans  l e s  s o l s  p r é c é d e n t s ,  s a u f  en c a s  de r e j e t  d ' u n  e f 
f l u e n t  b a s i q u e  q u i  d i s s o u t  l e s  a c i d e s  h u m iq ues ;  une p a r t i e  du th o r iu m  
e s t  a l o r s  com plexée  p a r  l e s  a c i d e s  hum iques  e t  l e  r i s q u e  de m i g r a t i o n
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aug m en té .  La to u r b e  c a l c i q u e  r e t i e n t  t r è s  f o r t e m e n t  l e  th o r iu m  quand 
l e  pH ne d é p a s s e  p a s  7 -  SZALAY [1 2 ]  a  m o n t ré  q u ' i l  en  é t a i t  de même 
p o u r  l e s  t o u r b e s  a c i d e s .

Remarque :

I l  c o n v i e n d r a i t  a u s s i  d ' é t u d i e r  l e s  i n t e r f é r e n c e s  p o s s i b l e s  de l ' u 
ran iu m  ou du th o r iu m  s u r  l a  r é t e n t i o n  de l ' u n  ou de l ' a u t r e ,  ou 
l ' i n f l u e n c e  de d i v e r s  a u t r e s  é l é m e n ts  ou composés q u i  p o u r r a i e n t  
a u s s i  i n d u i r e  des  phénom ènes de c o m p l e x a t i o n ,  c o - p r é c i p i t a t i o n  ou 
s a t u r a t i o n  d es  s i t e s  a d s o r b a n t s .

6 .  CONCLUSION

Le com p or tem en t  de 1 'u ra n iu m  e t  du th o r iu m  dans  l e s  s o l s  e s t  d i f 
f é r e n t  : i l  f a u t  n o t e r  en  p a r t i c u l i e r ,  dans  l e  c a s  du th o r iu m ,  l e  r ô l e  
e s s e n t i e l  du pH e t  de l a  c o n c e n t r a t i o n  e t ,  dans  l e  c a s  de l ' u r a n i u m ,  l e s  
v a r i a t i o n s  i r r é g u l i è r e s  de l a  r é t e n t i o n  en  f o n c t i o n  du pH.

D 'u ne  f a ç o n  g é n é r a l e ,  en  c a s  de r e j e t  de s o l u t i o n s  d i l u é e s ,  l ' u r a 
nium p r é s e n t e r a i t  une f a i b l e  m o b i l i t é  dans  l e  s o l  a l o r s  que l e  r i s q u e  de 
m i g r a t i o n  du th o r iu m  s e r a i t  n é g l i g e a b l e ,  s a u f  dans  c e r t a i n s  c a s  p a r t i c u 
l i e r s  comme l a  c o m p l e x a t i o n  du th o r iu m  p a r  l e s  a c i d e s  hum iques  en m i l i e u x  
b a s i q u e s .

I l  c o n v i e n t  de n o t e r  que l e  r i s q u e  p l u s  i m p o r t a n t  de m i g r a t i o n ,  
a p r è s  r e j e t s  de s o l u t i o n s  c o n c e n t r é e s  ou dans  des  c o n d i t i o n s  e x t r ê m e s  de 
pH, ne p o u r r a i t  p r o v e n i r  que de c i r c o n s t a n c e s  e x c e p t i o n n e l l e s  e t  s e r a i t ,  
de ce f a i t ,  l i m i t é  en  im p o r t a n c e  e t  en  d u r é e .

Une p o l l u t i o n  c o n t i n u e  du s o l  p e u t ,  p a r  c o n t r e ,  p r o v e n i r  du l e s s i 
vage  p a r  l e s  eaux  de p l u i e s  ou d ' i n f i l t r a t i o n s  de d é c h e t s  s t o c k é s ;  dans 
ce c a s ,  l e s  c o n c e n t r a t i o n s  en  u ra n iu m  ou th o r iu m  s e r a i e n t  a s s e z  f a i b l e s  
p o u r  que l e s  r i s q u e s  de m i g r a t i o n  s u r  de lo n g u e s  d i s t a n c e s  r e s t e n t  peu  
i m p o r t a n t s .
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Abstract

TRANSPORT OF 131i, 137Cs, 106Ru, 144Ce AND MMn IN AN UNDISTURBED SOIL UNDER NATURAL 
ENVIRONMENT CONDITIONS.

An unusually large, undisturbed and overgrown soil sam ple with a d iam eter of 1 .9  m and a height of 
1 .5  m was taken from a site assigned for a reactor. Over a long period of tim e the translocation of a mixture 
of fission products, containing 131I, 137Cs, 106Ru, 144Ce and MMn was investigated in the soil sample under 
natural atmospheric conditions. The surface activ ity  corresponded to an accident situation that might occur 
when activity  is released through the chim ney. The penetration of the radionuclides into the soil was 
determ ined by у -spectroscopy and autoradiography.

For 10 months after the contam ination the fission products, mainly cationic, could only be found in 
the  superficial soil layers. Additional investigations with 131I and inactive iodine, determ ined by activation 
analysis, showed that anionic iodine penetrates deeper into the soil within a shorter period of tim e than do 
cations. This offers the possibility of determ ining in advance the extent of a casual iodine contam ination 
by investigations with inactive iodine in a specific soil.

1. IN T R O D U C T IO N

In  th e  c o m in g  d e c a d e s  n u c l e a r  p o w e r  p l a n t s  w i l l  m e e t  a  c o n s i d e r a b l e  
p o r t i o n  o f  th e  i n c r e a s i n g  d e m a n d  fo r  e n e r g y .  B y  th e  y e a r  2000 a b o u t  50% 
o f  th e  w o r l d ' s  e n e r g y  w i l l  b e  s u p p l i e d  i n  th e  f o r m  o f  e l e c t r i c i t y .  A bo u t  85% 
o f  t h a t  i s  l i k e ly  to  b e  s u p p l ie d  by  n u c l e a r  e n e r g y  [ 1 ] .  In  a d d i t io n ,  th e  
d e v e lo p m e n t  o f  n u c l e a r  t e c h n i q u e s  h a s  i n s p i r e d  a  r e m a r k a b l e  i n c r e a s e  in  
th e  i n d u s t r i a l ,  m e d i c a l  and  s c i e n t i f i c  u s e  o f  r a d i o n u c l i d e s .

In  v ie w  o f  t h i s  d e v e lo p m e n t  a n  u r g e n t  d e m a n d  h a s  a r i s e n  to  k e e p  th e  
s u r r o u n d i n g s  o f  a  n u c l e a r  p o w e r  p l a n t  o r  o f  an y  i n s t i t u t i o n  h a n d l in g  r a d i o 
n u c l i d e s  f r e e  f r o m  r a d i o a c t i v i t y  a b o v e  th e  p e r m i s s i b l e  l i m i t s .  T h e  c o n 
s t r u c t i o n  an d  o p e r a t i o n  o f  a  n u c l e a r  p o w e r  p l a n t  a r e  c e r t a i n l y  p la n n e d  w i th  
th i s  a s p e c t  i n  m i n d .  O t h e r  n u c l e a r  t e c h n i c a l  i n s t i t u t i o n s ,  to o ,  h a v e  to  m e e t  
th e  r e c o m m e n d a t i o n s  o f  th e  I C R P .  M a x i m u m  c r e d i b l e  a c c i d e n t s  (MCA) 
w i l l  n o t  b e  c o n s i d e r e d  h e r e  a s  th e y  a r e  t e c h n i c a l l y  h a r d l y  p o s s i b l e  [ 2 ] .

R e g a r d l e s s  o f  th e  c a r e  t a k e n  i n  fo l lo w ing  th e  s a f e t y  r u l e s ,  one  h a s  to 
c o n s i d e r  th e  p o s s i b i l i t y  o f  f i s s i o n  p r o d u c t s  o r  o t h e r  r a d i o n u c l i d e s  e s c a p i n g  
in to  th e  s u r r o u n d i n g  s o i l .  I n f i l t r a t i o n  and  t r a n s p o r t  o f  r a d i o a c t i v e  s u b s t a n c e s  
by r a i n  m a y  c a u s e  c o n ta m in a t io n  o f  th e  g r o u n d w a t e r  a n d  p o s s i b l y  d r in k in g  
w a t e r  to o .

In  th e  s p e c i a l  c a s e  o f  a  n u c l e a r  p o w e r  p l a n t  th e  d e c i s i o n  o n  th e  p r o p e r  
l o c a t io n  i s  t h e r e f o r e  a l s o  d e p e n d e n t  upon  th e  q u e s t io n  o f  w h e t h e r  s u c h  
e x p e c t e d  o r  u n e x p e c t e d  s o u r c e s  o f  d a n g e r ,  c a n  b e  l i m i t e d  by th e  s o r p t i o n  
p r o p e r t i e s  o f  th e  s p e c i f i c  s o i l .  I f  th e  p r o p o s e d  lo c a t io n  o f  a  n u c l e a r  p o w e r

347



348 KÜHN e t a l.

p l a n t  i s  i n s i d e  o r  a t  th e  e d g e  o f  a  d r i n k i n g - w a t e r  s o u r c e  a r e a ,  th e  q u e s t i o n  
m a y  b e  i m p o r t a n t  f o r  th e  o p e r a t i o n  p e r m i s s i o n  of i f  a n d  to  w h a t  e x te n t  any  
c o n ta m in a t io n  o f  th e  d e e p e r  s o i l  l a y e r s  dow n to  th e  g r o u n d w a t e r  t a b l e  i s  
p o s s i b l e  in  t h i s  a r e a .  In o t h e r  w o r d s ,  c a n  c o n ta m in a t io n  by  r a d i o n u c l i d e s  
b e  r e d u c e d  e x t e n s i v e l y  i n  th e  s o i l  i t s e l f  by  s o r p t i o n  and  io n  e x c h a n g e .  If 
th e  r e t e n t i o n  o f  th e  s o i l  i s  h ig h  and  th e  g r o u n d w a t e r  t a b l e  i s  d e e p  enough , 
t h e r e  i s  no o b je c t io n ,  u n d e r  th e  p r e m i s e s  o f  a  low  p o p u la t io n  d e n s i ty ,  to 
w e a k  an d  s e m i - s t r o n g  r a d i o a c t i v e  w a s t e  w a t e r s  f r o m  n u c l e a r  p l a n t s  b e in g  
r e l e a s e d  to th e  s u b s o i l .  T h i s  i s  p o s s i b l e  m a i n ly  b e c a u s e  o f  th e  io n  e x c h a n g e  
w i th in  th e  s o i l ,  w h ic h  c a n  s lo w  dow n th e  m o v e m e n t  o f  a  r a d i o a c t i v e  s o l u t io n  
and  c o n s e q u e n t ly  r e s t r i c t  th e  r e s u l t i n g  c o n ta m in a t io n .

T h e  f i r s t  i n v e s t i g a t i o n s  o n  m i n e r a l  e x c h a n g e s  i n  s o i l s  w e r e  d e s c r i b e d  
m o r e  t h a n  a  c e n t u r y  ago [ 3 , 4 ]  . T h e y  r e f e r r e d  to c a t i o n s  (w ithou t  d e f in in g  
t h e m  a s  su c h )  a p p l i e d  to  th e  s o i l  w i th  f e r t i l i z e r s .  T h e s e  a r e  r e t a i n e d  by 
th e  s o i l  and  r e m a i n  a v a i l a b l e  f o r  p l a n t s  o v e r  lo n g  p e r i o d s  o f  t i m e .  T o d a y  
th e  io n - e x c h a n g in g  p r o p e r t i e s  o f  n a t u r a l  s o i l s  a r e  a t t r i b u t e d  m a i n ly  to  c l a y  
f r a c t i o n s  [ 5] . I m p o r t a n t  i n f o r m a t i o n  o n  th i s  p h e n o m e n o n  h a s  b e e n  o b ta in e d  
f r o m  l a b o r a t o r y  e x p e r i m e n t s  in to  th e  c o m p o s i t i o n  o f  th e  a d s o r b e d  e l e m e n t s ,  
t h e i r  c h e m i c a l  c o m p o u n d s  and  c o n c e n t r a t i o n s ,  t i m e s  o f  c o n ta c t  and  pH  v a l u e s .  
A n u m b e r  o f  b a s i c  r e p o r t s  on  th i s  h a v e  b e e n  p u b l i s h e d  [6 ,  7] .

In  a  n a t u r a l  s o i l ,  o f  c o u r s e ,  s e v e r a l  c a t i o n s  h a v e  to  be  c o n s i d e r e d  in  
th e  c a s e  o f  a  r e a l  s o i l  c o n ta m in a t io n .  T h e  s p e e d  o f  p e n e t r a t i o n  o f  e a c h  
ty p e  o f  io n  and  i t s  s o r p t i o n  i s  d e p e n d e n t  no t  o n ly  upon  th e  a f f in i ty  o f  th e  
e x c h a n g e  c e n t r e s  f o r  th e  s p e c i f i c  c a t i o n s  b u t  a l s o  upon  t h e i r  c o m p o s i t i o n  
and  th e  s o i l  c o m p o n e n t s .  C o n s e q u e n t l y ,  p r e d i c t i o n s  on  th e  r e t a i n i n g  f a c t o r s  
and  d e c o n ta m in a t io n  o f  r a d i o n u c l i d e s  a r e  h a r d l y  p o s s i b l e  w i th o u t  e x p e r i m e n 
t a l  i n v e s t i g a t i o n s .  T h e r e f o r e ,  q u i t e  a  n u m b e r  o f  i n s t i t u t i o n s  a r e  e n g a g e d  
in  s t u d i e s  on  th e  s o r p t i o n  p r o p e r t i e s  o f  s o i l s . T o d a y ,  t h i s  i s  m a i n ly  a  
q u e s t i o n  o f  r o u t in e  i n v e s t i g a t i o n s ,  th e  m e t h o d s  o f  w h ic h  h a v e  b e e n  d e s c r i b e d  
r e p e a t e d l y  [ 8 -1 8 ]  .

M o d e l  t e s t s  o f  t h i s  k in d  a nd  e x p e r i m e n t s  w i th  m o r e  o r  l e s s  d i s t u r b e d  
s o i l s  h a v e  s h o w n  t h a t  a l l  c a t i o n i c  r a d i o a c t i v e  c o m p o n e n t s  a r e  r e t a i n e d  w i th in  
th e  f i r s t  c e n t i m e t r e s  o f th e  s o i l .  A n io n s ,  l i k e  n i t r a t e  io n s ,  io d in e  and  th e  
a m m o n ic  c o m p l e x e s ,  o u t s t r i p  th e  c a t i o n s  and  c a n  be  d e t e c t e d  a t  g r e a t e r  
d e p th s  a f t e r  a  r e l a t i v e l y  s h o r t  t i m e .  T h i s  i s  w hy th e y  c a n  g e n e r a l l y  be u s e d  
a s  i n d i c a t o r s  o f  s p r e a d i n g  c o n ta m in a t io n ,  by f i s s i o n  p r o d u c t s ,  f o r  e x a m p l e .  
T h e  a d v a n c e  o f  th e  a c tu a l ,  lo ng  h a l f - l i f e  a c t i v i t y  f r o n t i e r  c a n  n o r m a l l y  be 
e x p e c t e d  o ne  o r  tw o y e a r s  l a t e r .  T h i s  m a i n l y  d e p e n d s  o n  th e  q u e s t io n s  of 
how f a s t  th e  a n io n s  p e n e t r a t e  in to  th e  s o i l  and  to  w h a t  e x te n t  a r e  th e  c a t i o n s  
r e a l l y  r e t a i n e d  in  th e  u p p e r  s o i l  l a y e r .  T h e s e  a r e  i m p o n d e r a b l e s ,  w h ic h  
c a n n o t  be  d e t e r m i n e d  by  m o d e l  e x p e r i m e n t s  a s  th e  l a t t e r  p r o v i d e  on ly  an  
a p p r o x i m a t e  s i m u l a t i o n  o f  a  n a t u r a l  s o i l .  T h e r e f o r e ,  r e c e n t  p a p e r s  on 
i n f i l t r a t i o n  and  e x c h a n g e  p r o c e s s e s  e m p h a s i z e  th e  d i f f e r e n c e  b e tw e e n  
d i s t u r b e d  an d  u n d i s tu r b e d  s o i l  s a m p l e s .

E x p e r i m e n t s  c o n c e r n i n g  th e  d e c o n ta m in a t io n  o f  d r a i n  w a t e r  a s  w e l l  as  
t h o s e  d e a l in g  w i th  the  m o v e m e n t  o f  w a t e r  and  c e r t a i n  s u b s t a n c e s  in  s o i l s  
a r e  o c c a s i o n a l l y  c a r r i e d  o u t  w i th  u n d i s tu r b e d  s o i l  s a m p l e s  [ 1 9 - 2 1 ] ,  i . e .  
s o i l  c o lu m n s  e x t r a c t e d  w i th  s p e c i a l  e q u ip m e n t  and  k e p t  u n d i s tu r b e d  d u r in g  
th e  e x p e r i m e n t .  In  t h i s  w ay  g r e a t e r  a t t e n t i o n  i s  p a id  to  th e  m e c h a n i c a l  
s t r u c t u r e  and  to  th e  a c c i d e n t a l l y  o c c u r r i n g  p r o p e r t i e s  o f  th e  n a t u r a l  s o i l  
t h a n  c a n  b e  th e  c a s e  w i th  a n  a r t i f i c i a l l y ,  h o m o g e n e o u s ly  f i l l e d  s o i l  c o lu m n .  
H o w e v e r ,  th e  n a t u r a l  p r e c i p i t a t i o n  ( r a in ,  sn ow , m e l t e d  sn o w  and  ic e )  and
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i t s  c o n n e c t io n  w i th  th e  g r o u n d w a t e r  m u s t  a l s o  b e  c o n s i d e r e d  w i th  r e g a r d  
to  t h e i r  i n f lu e n c e  on  d e c o n ta m in a t io n  in  u n d i s tu r b e d  s o i l s .  C o n s e q u e n t ly ,  
th e  r e s u l t s  f r o m  m o d e l  e x p e r i m e n t s  c a n  o n ly  g iv e  a n  i d e a  o f  th e  p r o p e r t i e s  
b e in g  e x a m i n e d .  N e v e r t h e l e s s ,  th e y  a r e  e x t r e m e l y  i m p o r t a n t  a s  th e y  a r e  
th e  only_w ay to  g e t  a  g e n e r a l  p i c t u r e  o f  th e  r e l a t i v e  d e c o n ta m in a t io n  
p r o p e r t i e s  o f  s o i l s .

T h e  e x p e r i m e n t s  d e s c r i b e d  b e lo w  d e a l  w i th  t r a n s l o c a t i o n s  in  an  u n d i s 
t u r b e d  l a r g e  s o i l  p r o f i l e  u n d e r  n a t u r a l  c l i m a t i c  c o n d i t io n s  to  g e t  a  t r u e  and  
d e t a i l e d  p i c t u r e  o f  th e  r e a l  s i t u a t i o n  in  th e  s o i l .  A n o th e r  s p e c i f i c  p u r p o s e  
i s  to  f ind  ou t  w h e t h e r  o r  n o t  th e  t r a n s l o c a t i o n  and  th e  r e t e n t i o n  o f  a n io n ic  
f i s s i o n  p r o d u c t s  ( e s p .  131I) in  th e  p r e s e n c e  o f  c a t i o n i c  c o m p o n e n t s  c a n  be 
c o n s i d e r e d  c h a r a c t e r i s t i c  f o r  th e  d e c o n ta m in a t io n  p r o p e r t i e s  o f  a  s o i l  
u n d e r  n a t u r a l  c o n d i t i o n s .

2. T R A N S L O C A T IO N  O F  137C s ,  106R u ; 144C e  AND 54M n

A n u n d i s tu r b e d  s o i l  c o lu m n ,  1. 9 m  in  d i a m e t e r  and  1 .5  m  in  h e ig h t ,  
w a s  t a k e n  f r o m  a  s i t e  a t  th e  R i v e r  D a n u b e ,  o f f i c i a l l y  s e l e c t e d  a s  th e  lo c a t io n  
f o r  a  n u c l e a r  p o w e r  p l a n t .  A s t e e l  c y c l i n d e r  w a s  p l a c e d  on  th e  c o m p l e t e l y  
f l a t  g ro u n d  and  d r i v e n  in to  th e  g r o u n d  by  a  2 - t o n  d r o p  h a m m e r .  D u r in g  
th e  l o w e r i n g  p r o c e s s  th e  s o i l  a ro u n d  th e  c y l i n d e r  w a s  t a k e n  aw a y  to r e d u c e  
th e  f r i c t i o n  on  th e  c y l i n d e r  w a l l s .  A f t e r w a r d s  a  s m a l l  d r e d g i n g  m a c h i n e  
e x c a v a t e d  a l a r g e  q u a r r y  a r o u n d  the  c y l i n d e r  to  e n a b le  a  b o t to m  p l a t e  to 
be  a t t a c h e d  to  th e  c o n t a i n e r .  A f t e r  r e m o v in g  th e  c o n t a i n e r  th e  s o i l  s u r f a c e  
( s w a rd )  w a s  c o v e r e d  w i th  tw o l a y e r s  o f  p l a s t i c  fo i l  to  p r e v e n t  th e  u p p e r  s o i l  
l a y e r s  d r y i n g  o u t .  B e f o r e  d e p o s i t i n g  th e  c y l i n d e r  on  f o u r  c o n c r e t e  b lo c k s  
i n s id e  a  s t e e l  t a n k  a t  th e  T e c h n i c a l  U n i v e r s i t y  o f  H a n o v e r ,  s e v e r a l  h o le s

FIG. 1. Driving the steel cylinder into the ground.
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FIG .2. Soil column after installation.

w e r e  d r i l l e d  in to  th e  b o t t o m  p la t e  to  e n a b le  a n  a r t i f i c a l  g r o u n d w a t e r  t a b l e  
to  b e  a p p l i e d .  C o n t r o l  o f  th e  h e ig h t  o f  th e  s o i l  c o lu m n  sh o w e d  th a t  no 
m e a s u r a b l e  c o m p r e s s i o n  o f  th e  u n d i s tu r b e d  s o i l  h ad  o c c u r r e d  d u r in g  t r a n s 
p o r t .  F i g u r e s  1 an d  2 sh ow  s t a g e s  o f  th e  e x t r a c t i o n  o f  th e  s o i l  c o lu m n .

A f i r s t  c o a r s e  i n s p e c t i o n  o f  th e  s o i l  sh o w e d  th e  fo l lo w in g  s t r a t i f i c a t i o n :
(1) H u m u s  l a y e r  w i th  d e n s e  s w a r d  dow n to  0 . 2 5  m
(2) N a t iv e  s o i l ,  v e r y  f ine  s a n d  and  f in e  s a n d  dow n to 0 . 6  m
(3) F i n e  s a n d  dow n to  1 .0  m
(4) B e lo w  th a t :  g r a v e l  w i th  s o m e  c o a r s e  s a n d .

T h e  a n a l y s i s  o f  th e  s o i l  y i e l d e d  th e  r e s u l t s  g iv e n  in  T a b le  I.
A n  a r e a  o f  50 X 50 c m 2 o f  th e  g r a s s - c o v e r e d  s o i l  s u r f a c e  w a s  c o n t a 

m i n a t e d  w i th  th e  c a r r i e r - f r e e  f i s s i o n  p r o d u c t s  144C e ,  137C s ,  131I, 106R u  
and  54M n . T h e  w a t e r  a p p l i e d  c o r r e s p o n d e d  to  a n  a m o u n t  o f  p r e c i p i t a t i o n  
o f  4 m m .  54M n i s  p r o d u c e d  in  th e  n e u t r o n  f i e ld  o f th e  r e a c t o r  by  th e  r e a c t i o n  
55M n(n ,  2n) 54M n an d  o c c u r s  m a i n ly  in  th e  c o o l in g  w a t e r  o f  p r e s s u r i z e d  
w a t e r  r e a c t o r s .

T h e  c o n ta m in a t io n  w a s  c a r r i e d  o u t  in  th e  f a l l  by  a p p ly in g  200 /uCi o f 
e a c h  o f  th e  e l e m e n t s  m e n t io n e d .  T h e  w h o le  s p e c i f i c  s u r f a c e  a c t i v i t y  w a s  
4 X  l O ^ / u C i / c m 2 . T h e  e l e m e n t s  C e ,  R u ,  C s  and  M n w e r e  a p p l i e d  a s  
c h l o r i d e s  and  io d in e  a s  N a l  in  th e  fo l lo w in g  m o l a r  c o n c e n t r a t i o n s :

C sC l : i o ' 8 M

C e C l 3: 10‘9 . M

M n C l3: h-1 О M о M

R uC lg  : 1 0 '10 M

N al: 1 0 '11 M



IAEA-SM-172/19 3 51

T A B L E  I. C O M P O S I T I O N  O F  T H E  S O IL  C O L U M N

Analysis

Upper soil layers (%)

(down to 20 cm below surface) S i02 53. 6

A 1A 11.0

Organic substances 2.3% Fe20 3 2.75

Clay fraction 22.6% MnO 0.077

CaO 4.93

Sand

grain size 2 - 63 д т  39 . 1*70 MgO 5.64

63- 200 д т  32.3% Na20 0.54

200- 630 д т  5.5% K20 1.20

630-2000 д т  0.5% p2o 5 0.12

S04 0.05

Cl 0. 06

Lower soil layers

SiOz 53.8

(20 to 100 cm deep) a i2o 3 9 .9

Slightly sandy loam F e ^ 2 .18

Organic substances 0.9% MnO 0.068

Clay fraction 12.4% CaO 6.43

MgO 5.64

grain size 2 - 63 д т  31.5% Na20 0.52

63- 200 д т  40.4% k 2o 1.06

200- 630 д т  15.3% P2Os 0. 09

630-2000 д т  0.4% s o 4 0.05

Cl 0 .04

T h e  t r a n s l o c a t i o n  o f  t h e s e  r a d i o n u c l i d e s  c o u ld  b e  s t u d i e d  w i th  r e s p e c t  
to  l o c a t io n ,  - t i m e  and  d e p th  u n d e r  n a t u r a l  w e a t h e r  c o n d i t io n s  in  t h i s  n a t u r a l  
s o i l .  T h e r e  w e r e  no w a l l  e f f e c t s  w h a t s o e v e r ,  w h ic h  u s u a l ly  f a l s i f y  th e  
r e s u l t s  f r o m  c o m m o n  m o d e l  e x p e r i m e n t s  and  f r o m  s e t - u p s  w i th  s m a l l e r  
u n d i s tu r b e d  c o lu m n s  o f  s o i l .  F u r t h e r m o r e ,  th e  e x i s t e n c e  o f  v e g e t a t i o n  i s  
v e r y  i m p o r t a n t  a s  th e  r e t e n t i o n  i n  th e  r o o t in g  z o n e  o f  p l a n t s  m a y  be  d i f f e r e n t  
f r o m  t h a t  in  b a r e  s o i l s .  M o r e o v e r ,  p l a n t s  a l lo w  th e  s tu d y  o f  th e  u p tak e  
o f  c e r t a i n  f i s s i o n  p r o d u c t s  f r o m  th e  s o i l .
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A t c e r t a i n  t i m e  i n t e r v a l s  s a m p l e s  w e r e  t a k e n  f r o m  th e  s o i l  c o lu m n  
by  a  c u t t in g  tu b e ,  1 m  in  le n g t h  a n d  2 c m  in  d i a m e t e r .  A s a m p l e  c a n  o n ly  
be  t a k e n  o n c e  a t  a  s p e c i f i c  sp o t ,  a s  th e  s o i l  m u s t  b e  c o n s i d e r e d  a s  d i s t u r b e d  
a t  t h i s  p o in t ,  a l th o u g h  th e  h o le  w a s  a lw a y s  r e f i l l e d  w i th  th e  p r o p e r  s o i l .
S o i l  s a m p l e s  w e r e  t a k e n  o v e r  a  p e r i o d  o f  10 m o n th s :

(a) a t  t i m e s  o f  p o o r  p r e c i p i t a t i o n ,  u s u a l ly  o n c e  a  w e e k
(b) a d d i t io n a l ly  a f t e r  h e a v y  r a i n  an d  sn ow
(c) a f t e r  th e  sn o w  h ad  m e l t e d  and  th e  s o i l  h a d  th a w e d .

T h i s  w a s  done  to f ind  o u t  an y  c h a n g e  in  r e t e n t i o n  a f t e r  h e a v y  p r e c i p i t a t i o n  
o r  a f t e r  sn o w  b r e a k .  E a c h  s a m p l e  w a s  d iv id e d  in to  5 - c m  p i e c e s ,  w h ic h  
w e r e  p u t  in to  p o ly e th y le n e  c a p s u l e s .

E x c e p t  f o r  131I, th e  f i s s i o n  p r o d u c t s  a p p l i e d  w e r e  c a t i o n i c ,  l o n g - l i v e d  
g a m m a  s o u r c e s ,  w h ic h  w e r e  m e a s u r e d  in  th e  u s u a l  w ay  in  a  b o r e h o l e  c r y s t a l  
and  a n a ly s e d  by g a m m a - s p e c t r o s c o p y . A s  in  a l l  c a s e s  o f  a  m i x t u r e  o f
f i s s i o n  p r o d u c t s ,  q u a n t i t a t i v e  a n a l y s i s  i s  o n ly  p o s s i b l e  by  d ep lo y in g  th e
c o m p l e x  s p e c t r u m .  T h i s  w a s  don e  by th e  c o m p u t e r  p r o g r a m  " a l p h a "
( F o r t r a n  63), w h ic h  w a s  d e v e lo p e d  a t  O a k  R id g e  to  d e t e r m i n e  r a d i o n u c l i d e s  
o f  low  c o n c e n t r a t i o n s  f r o m  g a m m a  s p e c t r a .  I t  a l s o  c o n s i d e r s  s e v e r a l  
p o s s i b l e  w a y s  o f  c o r r e c t i n g  t y p i c a l  e r r o r s  a r i s i n g  in  th e  p u l s e - h e i g h t  
a n a l y s i s  [ 2 2 -2 4 ]  .

T h e  t r a n s l o c a t i o n  o f  r a d i o n u c l i d e s  co u ld  a l s o  be  d e t e r m i n e d  by  a u to 
r a d i o g r a p h y  o f  th e  s o i l  s a m p l e s .  A l th o u g h  th i s  m e t h o d  y i e l d s  o n ly  q u a l i t a t i v e  
r e s u l t s ,  i t  g iv e s  a  good  i d e a  o f  th e  r e t e n t i o n  in  th e  u p p e r  s o i l  l a y e r s ,  w h ic h  
c a n  v a r y  e x t r a o r d i n a r i l y  in  u n d i s tu r b e d  s o i l s ,  a s  w a s  a p p a r e n t  in  t h i s  c a s e .  
S p e c t r o s c o p y  an d  a u t o r a d i o g r a p h y  o f  th e  s o i l  5 - c m  s a m p l e s  a s  fu n c t io n s  
o f  v e r t i c a l  and  h o r i z o n t a l  p o s i t i o n  g iv e  a  p i c t u r e  o f  th e  d i s t r i b u t i o n  o f  th e  
f i s s i o n  p r o d u c t s  in  th e  s o i l  p r o f i l e .

F i g u r e  3 sh o w s  th e  t r a n s l o c a t i o n  o f  th e  e n t i r e  a c t i v i t y  o f  th e  f i s s i o n  
p r o d u c t s  a f t e r  10 m o n t h s .  T h e  a c t i v i t i e s  a t  36 d r i l l i n g  p o s i t i o n s  w i th
12 s a m p l e s  e a c h  h a v e  b e e n  r e l a t e d  to  th e  a c t i v i t y  o f  th e  f i r s t  5 - c m  s a m p l e .  
A c t i v i t i e s  f r o m  th e  s a m e  d e p th  h a v e  b e e n  a v e r a g e d  so  t h a t  th e  d i a g r a m  
sh o w s  th e  m e a n  d i s t r i b u t i o n  o f  th e  w h o le  a c t i v i t y  b e lo w  th e  c o n ta m in a t e d  
s u r f a c e  a r e a  dow n to  100 c m .

F i g u r e  3 g iv e s  a  s u f f i c i e n t l y  r e p r e s e n t a t i v e  p i c t u r e  o f  th e  i n f i l t r a t i o n  
p r o c e s s .  I t  sh o w s  b o th  th e  e x t r e m e l y  s lo w  m o t io n  of th e  f i s s i o n  p r o d u c t s  
and  th e  t r a n s l o c a t i o n .  A f t e r  10 m o n t h s  and  e v e n  m u c h  lo n g e r  a b o u t  99% 
of  th e  t o t a l  a c t i v i t y  a p p l i e d  i s  r e t a i n e d  in  th e  f i r s t  35 c m  o f  s o i l .  B e tw e e n  
a  d e p th  o f  20 and  3 0 c m  a  s l i g h t  c o n c e n t r a t i o n  o f  r a d i o n u c l i d e s  i s  n o t i c e a b le .

T h e  s o i l  s a m p l e s  t a k e n  7 d a y s  a f t e r  c o n ta m in a t io n  sh o w e d  th e  s a m e  
a c t i v i t y  d i s t r i b u t i o n  a s  foun d  a f t e r  o n e  y e a r .  T h e r e f o r e ,  i t  i s  p o s s i b l e  to 
d e s c r i b e  th e  p e r c o l a t i o n  a s  th e  m e a n  v a lu e  o f  q u a n t i t i e s  m e a s u r e d  a t  
d i f f e r e n t  t i m e s .  T h e  p e r i o d  o f  o ne  y e a r  o b v io u s ly  d o e s  n o t  p la y  any  r o l e  a s  
f a r  a s  th e  p e n e t r a t i o n  p r o c e s s  o f  c a t i o n ic  f i s s i o n  p r o d u c t s  i s  c o n c e r n e d .  
T h e r e f o r e ,  d i f f e r e n t  t i m e s  o f  s a m p l i n g  h a v e  no in f lu e n c e  o n  th e  r e s u l t .
T h e  a m o u n t  o f  p r e c i p i t a t i o n  by  m o n t h s  f o r  th e  e n t i r e  m e a s u r i n g  p e r i o d  i s  
sh o w n  in  F ig .  4 .  T h e  t o t a l  p r e c i p i t a t i o n  a m o u n te d  to  a b o u t  700 m m .  A 
d e p th  o f  3 5 c m ,  j u s t  b a r e l y  p e n e t r a t e d  by an  a c t i v i t y  o f  o ne  th o u s a n d th  o f  
th e  s u r f a c e  a c t i v i t y ,  c o r r e s p o n d s  a p p r o x i m a t e l y  to  th e  r a n g e  o f  p r e c i p i t a t i o n .  
T h e  t r a n s l o c a t i o n  o f  f i s s i o n  p r o d u c t s  in  t h i s  3 5 - c m  r a n g e  b e lo w  th e  s u r f a c e  
i s  t h e r e f o r e  c a u s e d  by  th e  e n t i r e  p r e c i p i t a t i o n  d u r i n g  th e  m e a s u r i n g  t i m e ,  
m i n u s  th e  p o r t i o n  t h a t  e v a p o r a t e d  o r  w a s  t a k e n  up by  th e  v e g e ta t i o n .  A s  
th e  i n f i l t r a t i o n  d e p th  o f  th e  p r e c i p i t a t i o n  an d  th e  a c t i v i t y  i s  a b o u t  th e  s a m e ,
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FIG.3. Distribution of the whole activity  after 10 months.

i t  c a n  b e  a s s u m e d  t h a t  th e  t r a n s l o c a t i o n  w o u ld  b e  n e g l ig ib ly  s m a l l  in  th e  
c a s e  o f  no p r e c i p i t a t i o n .  O b v io u s ly  th e  io n s  a r e  t r a n s p o r t e d  by  m a s s  flux  
in  w a t e r ,  a s  f a r  a s  th e y  a r e  n o t  r e t a i n e d  by  s u r f a c e  o r  i n t e r s p a c e  a d s o r p t i o n  
a t  m i n e r a l s .  E x p e r i m e n t s  w i th  s a n d y  lo a m  o f  v a r i o u s  s o i l s  c a r r i e d  o u t  
by  S q u i r e  a nd  M id d le to n  [ 2 5 ] ,  T h o r n th w a i t e  e t  a l .  [ 26]  a n d  S c h u f f e le n  [ 27]  
y i e l d e d  s i m i l a r  r e s u l t s .

F r e d e r i k s o n  e t  a l .  [ 28 ]  sh o w e d  th a t  12 m o n t h s  a f t e r  c o n t a m i n a t i o n  w i th  
106R u ,  137C s  and  144C e  a t  l e a s t  80% o f  th e  c o n ta m in a t io n  w a s  fou nd  in  a  l a y e r
2. 5 c m  b e lo w  th e  s u r f a c e .  P e i r s o n  and  S a lm o n  [ 29]  p o in t e d  o u t  t h a t  80% 
o f  th e  t o t a l  w o r l d - w i d e  f a l l - o u t  c a n  be  found  in  a  l a y e r  o f  7 c m  b e lo w  th e  
s u r f a c e .

T h i s  a p p e a r s  to  be  t r u e  a l s o  fo r  th e  s o i l  c o lu m n  u n d e r  c o n s i d e r a t i o n ,  
w h ic h  c o n ta i n s  2 .3 %  o f  o r g a n i c  s u b s t a n c e s  and  22. 6% o f  c l a y  in  th e  u p p e r  
s o i l  l a y e r  s u p p o r t i n g  th e  a d s o r p t i o n .
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FIG .4. Precipitation during period of measurem ent.

In c o n n e c t io n  w i th  f a l l - o u t  i n v e s t i g a t i o n s  R .  S c o t t  R u s s e l l  [ 30]  an d  
K le c h k o v s k y  and  G u ly v a k in  [ 31 ]  h av e  d i s c u s s e d  th e  i n c o r p o r a t i o n  o f  f i s s i o n  
p r o d u c t s  by p l a n t s  a b o v e  th e  g ro u n d .  T h e r e f o r e ,  i t  w a s  a s s u m e d  t h a t  
r e t e n t i o n  by th e  s w a r d  w o u ld  p la y  a  r o l e ,  w h ic h  w ou ld  be  i n d i c a t e d  by  a  
c o n c e n t r a t i o n  of r a d i o n u c l i d e s  in  th e  g r a s s .  S u r p r i s i n g l y  eno ug h , w e  found  
t h a t  o f  th e  a p p l i e d  f i s s i o n  p r o d u c t s  54M n h ad  b e e n  f a v o u r e d ly  i n c o r p o r a t e d  
in to  th e  g r a s s .  F o u r  w e e k s  a f t e r  c o n ta m in a t io n  th e  a c t i v i t y  o f  th e  g r a s s  
w a s  a l r e a d y  ab o u t  200 p C i / g  f r e s h  w e ig h t  w i th  a n  o r i g i n a l  a r e a  a c t i v i t y  of 
8X  10‘2 /u C i /c m 2 o f  t h a t  r a d i o n u c l i d e .  T h e  o t h e r  r a d i o n u c l i d e s  w e r e  d e t e c t a b l e  
o n ly  a s  t r a c e  a m o u n t s  o r  n o t  a t  a l l .

A s  a  r e s u l t  o f  a t o m - b o m b  t e s t s  54M n w a s  found  to be  o ne  o f  th e  m o s t  
f r e q u e n t  r a d i o n u c l i d e s  in  p l a n t s ,  and  i t s  g a m m a  a c t i v i t y  in  f a l l - o u t  i s  c o m p a 
r a b l e  to t h a t  o f  137C s  [ 32, 33] . T h e  c o n c e n t r a t i o n  o f  54M n by  g r a s s - g r o w n  
s o i l s  sh o u ld  t h e r e f o r e  be  e m p h a s i z e d .  In th e  c a s e  o f  s u r f a c e  c o n ta m in a t io n  
i t  s h o u ld  r e c e i v e  th e  s a m e  s p e c i a l  a t t e n t i o n  a s  th e  o t h e r  r a d i o n u c l i d e s  w i th in  
th e  food c h a in .  A s  a  r e s u l t  o f  i t s  h a l f - l i f e  o f  303 d a y s  an d  i t s  f a v o u r e d  i n 
c o r p o r a t i o n  in to  g r a s s ,  i t  c a n  be o f  in f lu e n c e  e v e n  a t  low  a c t i v i t i e s .  If 
54M n e n t e r s  th e  food c h a in  v ia  g r a s s  a s  a n im a l  food, i t  c a n  add  to  th e  r a d i 
a t i o n  b u r d e n  f r o m  th e  K a r a d i a t i o n  o f  th e  d e c a y  p r o d u c t  54C r .  T h e  b io l o g ic a l  
e f f e c t s  o f s o f t  an d  u l t r a - s o f t  X - r a y s  a r e  d i s c u s s e d  m o r e  f r e q u e n t l y  in  th e  
l i t e r a t u r e  n o w a d a y s  [ 3 4 ] .  T h i s  e n e r g y  t r a n s f e r  m u s t  be  e s t i m a t e d  a s  
b e in g  h ig h e r  th a n  t h a t  o f  g a m m a  r a d i a t i o n  (0. 84 M eV ).

D u r in g  th i s  i n v e s t i g a t i o n  w e a l s o  e x a m i n e d  w h e th e r  o r  no t  th e  v a r i o u s  
f i s s i o n  p r o d u c t s  a c t  a c c o r d i n g  to th e  c a t i o n ic  a f f in i ty  s e q u e n c e :

+ c* t 3 +  4 +  -*7-3+ -л«- 2 / 4 +  -y-, 4+C s  B a  S r  L a  C e  Y M n R u

1 . 6 9  1 . 3 5  1 .1 3  1 .1 5  1 .0 1  0 . 9 3  0 . 9  0 . 6 5  a n g s t r o m s

In g e n e r a l ,  d e c r e a s i n g  io n  r a d i u s  and  i n c r e a s i n g  v a l e n c e  m e a n s  i n c r e a s i n g  
a f f in i ty ,  a  r u l e  w i th  n u m e r o u s  e x c e p t io n s .  T h is  m e a n s  t h a t  i t  m i g h t  be
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FIG .5. M ean values of the activ ity  distribution of 137Cs, 144Ce, 106Ru and “ Mn from 18 soil core positions.

p o s s i b l e  to f ind  o ne  o r  o t h e r  f i s s i o n  p r o d u c t  o u t s id e  th e  a c t i v i t y  f r o n t .  To 
c h e c k  t h i s /  th e  a c t i v i t y  o f  e a c h  f i s s i o n  p r o d u c t  m e a s u r e d  a t  a  c e r t a i n  d e p th  
( 5 - c m  s t e p s  a s  b e f o r e )  w a s  a v e r a g e d  o v e r  18 s o i l  p o s i t i o n s .  T h e  e v a lu a t io n  
y i e l d e d  th e  a c t i v i t y  d i s t r i b u t i o n s  o f  e a c h  e l e m e n t ,  sh o w in g  t h a t  a b o u t  99% 
o f  th e  a c t i v i ty  c a n  be  found w i th in  t h e  f i r s t  30 c m  b e lo w  th e  s u r f a c e .
F i g u r e  5 s h o w s  t h a t  n o n e  o f  th e  c a t i o n i c  e l e m e n t s  o v e r t o o k  th e  o t h e r s  
s u b s e q u e n t ly .  T h i s  a g a i n  i n d i c a t e s  a  c o n n e c t io n  b e tw e e n  t r a n s l o c a t i o n  of 
a c t i v i t i e s  and  p r e c i p i t a t i o n .  T h e  c a t i o n i c  a f f in i ty  s e e m s  to  b e  a  s e c o n d a r y  
e f f e c t  in  th e  c a s e  o f  a n  u n d i s tu r b e d  s o i l .

3. T R A N S L O C A T IO N  O F  FISSION  IODINE

T h e  d a n g e r o u s n e s s  o f  f i s s i o n  io d in e  i n  th e  food c h a in  an d  i n  d r in k in g  
w a t e r  i s  w e l l  kn ow n [ 35] . I t s  t r a n s l o c a t i o n  in  r e l a t i o n  to  th e  pH  v a lu e  and 
to  th e  c la y  f r a c t i o n s  h a s  b e e n  i n v e s t i g a t e d  [ 1.0, 36] . . .
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O c c a s i o n a l l y  th e  q u e s t io n  h a s  a r i s e n  o f  w h e t h e r  o r  n o t  t h e r e  i s  a 
m u t u a l  i n f lu e n c e  on  f i s s i o n  p r o d u c t s  by  th e  f o r m a t i o n  o f  c o m p l e x e s ,  f o r  
e x a m p l e ,  w h ic h  m a y  r e s u l t  in  an  u n r e a s o n a b l e  t r a n s l o c a t i o n  o f  io d in e .
I t  s h o u ld  b e  t a k e n  in to  c o n s i d e r a t i o n  t h a t  io d in e  c a n  f o r m  c o m p o u n d s  w i th  
a l l  o t h e r  e l e m e n t s  e x c e p t  th e  i n e r t  g a s e s  [ 3 6 ] .  F o r  t h i s  r e a s o n ,  e x p e r i 
m e n t s  w e r e  c a r r i e d  o u t  to i n v e s t i g a t e  th e  t r a n s l o c a t i o n  o f  io d in e ,  e s p e c i a l l y  
lo c a l ly  l i m i t e d  i n f i l t r a t i o n  d i f f e r e n c e s  and  e f f e c t s  f r o m  p r e c i p i t a t i o n  s h o r t l y  
a f t e r  th e  c o n ta m in a t io n .

B e c a u s e  o n ly  th e  c e n t r e  p a r t  o f  th e  s o i l  s u r f a c e  h ad  b e e n  c o n t a m i n a t e d ,  
i t  w a s  p o s s i b l e  to s tu d y  th e  p e r c o l a t i o n  o f  io d in e  t o g e t h e r  w i th  th e  o t h e r  
f i s s i o n  p r o d u c t s  and  s i m u l t a n e o u s l y  w i th o u t  t h e m  o u t s id e  th e  c e n t r e  p a r t  
u n d e r  the  s a m e  c o n d i t io n s  o f  s o i l ,  v e g e t a t i o n  and  c l i m a t e .

3 . 1 .  L ow  io d in e  c o n c e n t r a t i o n s

F i g u r e  6 s h o w s  th e  r e s u l t s  o f  t h r e e  e x p e r i m e n t a l  s e r i e s  (a, b, c) o f  
t h r e e  s a m p l e  p o s i t i o n s  e a c h .  T h e  s a m p l e s  w e r e  t a k e n  a t  d i f f e r e n t  t i m e s  
w i th in  1 to  14 d a y s  a f t e r  c o n ta m in a t io n .  T h e  m o l a r  c o n c e n t r a t i o n  o f  1311 
a m o u n t e d  to  1 0 '11 w i th  a n  a r e a  a c t i v i t y  o f  3. 3X  10 1 / i C i / c m 2, s i m i l a r l y  
to  t h a t  o f  th e  m i x t u r e  o f  f i s s i o n  p r o d u c t s .

o i 2 3 < í  i  7 в 9 io n a  a  m oo,. o i 2 з * s о*,, 0 1 2 з * s s

а) ь.) C.)
FIG. 6. Translocation of 131I (1СГ11 molar) in the soil column and its distribution in re lation to position, 
depth and tim e after contam ination and the amount of precipitation; three series of experiments (a -c ).
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S e r i e s  a: a m o u n t  o f  p r e c i p i t a t i o n  1 4 . 7  m m

In th e  c a s e  o f  r e l a t i v e l y  l i t t l e  a m o u n t s  o f  p r e c i p i t a t i o n  d u r in g  th e  
e x p e r i m e n t s  io d in e  c o u ld  b e  d e t e c t e d  dow n to  40 c m  b e lo w  th e  s u r f a c e .
T h e  c h a n g e  in  a c t i v i t y  w e n t  o v e r  s e v e r a l  p o w e r s  o f  t e n  a t  d i f f e r e n t  t i m e s  
and  p o s i t i o n s .  F o r  e x a m p l e ,  th e  c o n c e n t r a t i o n  9 d a y s  a f t e r  c o n ta m in a t io n  
15 to  20 c m  b e lo w  th e  s u r f a c e  i s  20 t i m e s  h i g h e r  th a n  7 d a y s  a f t e r  c o n t a m i 
n a t io n  w i th o u t  an y  c o n s i d e r a b l e  r a i n  in  b e tw e e n .  S i m i l a r  r e s u l t s  w e r e  
found  a t  o t h e r  d e p th s .

T h e  io d in e  d i s t r i b u t i o n  i s  p r o b a b l y  s t r o n g l y  d e p e n d e n t  upon  th e  l o c a l ly  
v a r y i n g  s o i l  s t r u c t u r e .  O b v io u s ly  s m a l l  d i s t a n c e s  s t r o n g l y  a f f e c t  th e  
p e r c o l a t i o n  due to  s t r u c t u r a l  d i f f e r e n c e s .  T h i s  e x p la i n s  w hy  th e  c o n c e n 
t r a t i o n  14 d a y s  a f t e r  c o n ta m in a t io n  w a s  p a r t l y  m u c h  l o w e r  th a n  in  s a m p l e s  
t a k e n  e a r l i e r  a t  o t h e r  p o s i t i o n s .

S e r i e s  b: a m o u n t  o f  p r e c i p i t a t i o n  2 2 . 7  m m

D u r in g  th i s  e x p e r i m e n t  m o r e  r a i n  t r a n s p o r t e d  th e  io d in e  to  d e e p e r  
s o i l  l a y e r s  w i th in  a  s h o r t  p e r i o d  o f  t i m e .  T h e  a c t i v i t i e s  m e a s u r e d  a t  th e  
s a m e  d e p th  v a r y  c l e a r l y  f r o m  o ne  d ay  to  th e  n e x t .  T h e  q u a n t i t i e s  o f  io d in e  
found on th e  f o u r th  d ay  a f t e r  c o n ta m i n a t i o n  w e r e  2 to  3 o r d e r s  o f  m a g n i tu d e  
l a r g e r  th a n  the  p r e c e d i n g  s a m p l e s .  T h e  f a c t  t h a t  th e  a c t i v i t y  o f  th e  t h i r d  
s a m p l e  b e tw e e n  10 an d  15 c m  b e lo w  th e  s u r f a c e  w a s  h i g h e r  th a n  th a t  a t  th e  
s u r f a c e  i s  i n d e e d  r e m a r k a b l e .  T w o  d a y s  a f t e r  c o n ta m in a t io n  th e  a c t iv i t y  
ha d  a l r e a d y  r e a c h e d  a  d e p th  o f  40 c m .  T h i s  s e e m s  to  e x p r e s s  th e  in f lu e n c e  
of  a  h ig h e r  p r e c i p i t a t i o n  r a t e  and  a  l a r g e r  t o t a l  a m o u n t  o n  th e  t r a n s l o c a t i o n  
of  io d in e .

A g a in ,  th e  s o i l  s t r u c t u r e  p l a y s  a  p a r t :  on  th e  s e c o n d  d a y  a f t e r  c o n t a m i 
n a t io n  th e  io d in e  c o n te n t  a t  a  d e p th  o f  40 c m  w a s  a l r e a d y  h i g h e r  t h a n  on  th e  
fo u r th  day ,  and  t h r e e  d a y s  a f t e r  c o n ta m in a t io n  in  th e  s e c o n d  s a m p l e  t h e r e  
w a s  no io d in e  b e lo w  2 0 c m .  T h i s  a g a in  sh o w s  th e  g r e a t  d i f f e r e n c e s  o f  th e  
r e t e n t i o n  p r o p e r t i e s  o f  th e  s o i l  a t  d i f f e r e n t  s a m p l e  p o s i t i o n s .

S e r i e s  c: a m o u n t  o f  p r e c i p i t a t i o n  1 6 . 6  m m

T h e  s o i l  s a m p l e s  w e r e  t a k e n  on  th e  f i r s t ,  s e c o n d  a nd  s i x t h  d a y  a f t e r  
c o n ta m in a t io n .  O n  th e  s e c o n d  d ay  a c t i v i t y  w a s  d e t e c t e d  a t  d e p th s  o f  b e tw e e n  
40 and  45 c m .  H ig h  c o n c e n t r a t i o n s  w e r e  found in  th e  t h i r d  s a m p l e  t a k e n  
o n  th e  s i x t h  d ay  a f t e r  th e  r e l a t i v e l y  h e a v i e s t  r a i n f a l l .  T h i s  and  th e  s e c o n d  
s a m p l e  sh o w  t h a t  io d in e  i s  r e t a i n e d  p r e f e r e n t i a l l y  a t  c e r t a i n  d e p th s .  T h e  
f i r s t  tw o s a m p l e s  i n d i c a t e  a  r e l a t e d  i n f i l t r a t i o n  t e n d e n c y .  T h e  p r e c i p i t a t i o n  
d u r i n g  th i s  t i m e  i n t e r v a l  w a s  lo w .  So a g a in  th e  s o i l  s t r u c t u r e  m u s t  b e  h e ld  
r e s p o n s i b l e  f o r  t h i s  b e h a v i o u r .

S u m m in g  up, th e  t h r e e  e x p e r i m e n t a l  s e r i e s  y i e l d  th e  fo l lo w in g  r e s u l t s :
1 to  2 d a y s  a f t e r  th e  c o n ta m in a t io n  io d in e  c a n  a l r e a d y  be  found  dow n to  40 c m .  
A s  th e  f i r s t  s a m p l e  w a s  t a k e n  24 h o u r s  a f t e r  th e  c o n ta m in a t io n ,  a n  e a r l i e r  
r e a c h i n g  o f  t h i s  d e p th  i s  p r o b a b l e .  T h e  d e p le t io n  c a n  r a n g e  o v e r  s e v e r a l  
o r d e r s  o f  m a g n i tu d e .  T h e  v a r y i n g  c o n c e n t r a t i o n  i s  a  r e s u l t  o f  b o th  th e  s o i l  
s t r u c t u r e  and  th e  p r e c i p i t a t i o n .  T h e  r e a s o n  f o r  t h i s  i s  th e  f in e  s t r u c t u r e  
o f  th e  s o i l ,  c a u s i n g  a  v e r y  d i f f e r e n t  i n f i l t r a t i o n  p r o c e s s  f r o m  p o s i t i o n  to  
p o s i t i o n .  I t  c a n  b e  c a l l e d  f ine  s t r u c t u r e  a s  th e  d i s t a n c e  b e tw e e n  th e  s a m p l e s  
w a s  o n ly  15 to  20 c m .



358 KÜHN et a l.

70-

10*

ю3

102

ю ]

Л\

". J

\IV

I IIД-- 
• I/
J Ï
 ̂' ' ' 

V-' ' if\

* J. Sample a fte r I Day 
о П. Sample "  3 Days
а Ш. Sample " 6 Days

@ IV. Sample " 16 Days

I p - * — -

ÎOi
V— ■*'

V

''A 
\ '

v

J  10 2 0  30 t o  50 60 70  80 90 100 Depth (c m l

FIG. 7. Translocation of iodine in a 1 .2  m olar solution and its distribution in re lation to position, depth 
and tim e after the contam ination. D etection of the iodine by activation analysis with the reaction ^ ( n . y ) 1 
(Amount of precipitation 18 m m .)

P r e c i p i t a t i o n  u n d o u b ted ly  i n c r e a s e s  th e  a c t i v i ty  a t  th e  d e p th  a l r e a d y  
r e a c h e d .  H o w e v e r ,  t h e r e  i s  no i n c r e a s e  in  d e p th  o f  i n f i l t r a t i o n  a f t e r  h e a v y  
r a i n .  T h e  d e p le t io n  r a n g e s  in  a l l  c a s e s  o v e r  s e v e r a l  o r d e r s  o f  m a g n i tu d e  
dow n to  3 5 c m  be lo w  th e  s u r f a c e .

3 . 2 .  H igh  c o n c e n t r a t i o n s

B e s i d e s  t h e s e  i n v e s t i g a t i o n s  w i th  low  s u r f a c e  c o n c e n t r a t i o n s  t r a n s l o c a t i o n  
e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i th  h ig h  c o n c e n t r a t i o n s  to f ind  o u t  w h e t h e r  
in  t h i s  c a s e  io d in e  p e n e t r a t e s  to  g r e a t e r  d e p th s .  W e u s e d  1 .2  m o l a r  i n a c t iv e  
io d in e  s o l u t i o n s .  T h e  d e t e c t i o n  o f  t h e  io d in e  w a s  done  by  i n d i c a t o r  a c t i v a t i o n  
a n a l y s i s  [ 3 7 -3 9 ]  w i th  th e  r e a c t i o n  127I(n, 7 ) 128I . T h e  to t a l  a m o u n t  o f  io d in e  
c o r r e s p o n d e d  to  an  a c t i v i t y  o f  a b o u t  Ю 7 C i .  T h e  r e s u l t s  a r e  sh o w n  in  F i g .  7.
T h e  a m o u n t  o f  p r e c i p i t a t i o n  w a s  ab o u t  18 m m .  T h e  c o n ta m in a t io n  s o l u t i o n  
a d d e d  a n o t h e r  3 m m .

T h e  f i g u r e  c l e a r l y  s h o w s  th a t  th e  p e r c o l a t i o n  i s  n o t  o n ly  d e p e n d e n t  
upon  t i m e ,  b u t  a l s o  v e r y  m u c h  upon p o s i t i o n .  A ls o ,  i t  c a n  be  d e t e c t e d  a t  
g r e a t e r  d e p th s .

A t  v e r y  h ig h  c o n c e n t r a t i o n s ,  too ,  a s  in  t h i s  c a s e ,  th e  f ine  s t r u c t u r e  
o f  n a t u r a l  s o i l  a g a in  p l a y s  a n  i m p o r t a n t  p a r t .  B u t  in  a l l  c a s e s  th e  d e p le t i o n  
r a n g e s  o v e r  s e v e r a l  d e c a d e s  do w n  to  30 c m  b e lo w  th e  s u r f a c e .
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F in a l ly ,  i t  i s  i m p o r t a n t  to know  th e  p r o c e s s  o f  p e r c o l a t i o n  o f  f i s s i o n  
io d in e  in  t h e  p r e s e n c e  o f  l o n g - l i v e d  f i s s i o n  p r o d u c t s  in  t h i s  s o i l .  A s  a g a in s t  
th e  l o n g - l i v e d  r a d i o n u c l i d e s  to  w h ic h  131I had  b e e n  a d d e d  in  low  c o n c e n t r a t i o n  
f r o m  th e  b eg in n in g ,  th e  io d in e  i s  p r e s e n t  f o r  o n ly  a  r e l a t i v e l y  s h o r t  p e r i o d  
o f  t i m e  b e c a u s e  o f  i t s  s h o r t  h a l f - l i f e .

I t s  p e r c o l a t i o n  in  c o m p a n y  w i th  th e  o t h e r  f i s s i o n  p r o d u c t s  i s  d e m o n 
s t r a t e d  in  Fig..  8. T h e  d e c a y  o f  io d in e  h a s  b e e n  c o r r e c t e d  to i n d i c a t e  th e  
r e a l  t r a n s l o c a t i o n .  F o u r  s o i l  s a m p l e s  w e r e  t a k e n  w i th in  26 d a y s ,  on  th e  
5 t h , 12 th, 19 th and  26th d a y s  a f t e r  c o n ta m in a t io n .  T h e  f i g u r e  s h o w s  a l s o  
th e  p r e c i p i t a t i o n  d u r i n g  t h a t  t i m e .  T h e  to t a l  a m o u n t  w a s  98 m m ,  w h ic h  
i s  a  lo t  m o r e  t h a n  d u r in g  th e  p r e c e d i n g  io d in e  e x p e r i m e n t s .

T h e  f i g u r e  a l s o  s h o w s  th e  s u m  of  a l l  th e  o t h e r  f i s s i o n  p r o d u c t s  110 d a y s  
a f t e r  th e  c o n ta m i n a t i o n  w h e n  t h e r e  w a s  no io d in e  l e f t .  O n e  c a n  s e e  th a t  
th e  io d in e  h a s  p e n e t r a t e d  dow n to  55 to 60 c m  in  th e  f i r s t  a nd  l a s t  s a m p l e s .  
T h i s  a g a in  d e m o n s t r a t e s  th e  e f f e c t  o f  t h e  p o s i t i o n  o f  th e  s a m p l e ,  a s  the  
t i m e  i n t e r v a l  b e tw e e n  t h e s e  s a m p l e s  w a s  r a t h e r  long  and  t h e r e  w a s  v a r y i n g  
p r e c i p i t a t i o n  d u r i n g  th a t  t i m e .  B e lo w  30 c m  th e  io d in e  c o n c e n t r a t i o n  i s  
m u c h  h i g h e r  th a n  t h a t  o f  th e  m i x t u r e  o f  f i s s i o n  p r o d u c t s ,  p ro v in g  c l e a r l y  
a  d e e p e r  t r a n s l o c a t i o n  o f  th e  io d in e .  A b ov e  30 c m  th e  b e h a v io u r  o f  io d in e  
and  th e  o t h e r  f i s s i o n  p r o d u c t s  i s  v e r y  s i m i l a r ,  a l th o u g h  p o s i t i o n  h a s  an  
e f f e c t .

1311 xS Days after Contaminât ion 
.. o12
■■ д19 
.. . 26

FIG. 8. Translocation of 131I in the mixture of fission products consisting of 144Ce, 137Cs, 107Ru and 54Mn 
and the amount of precipitation.
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T h e  m a x i m u m  b e tw e e n  20 and  3 0 c m  i s  c a u s e d  by th e  s t r u c t u r e  o f  the  
s o i l  c o lu m n .  T h is  l a y e r  d e l a y s  th e  io d in e  p e n e t r a t i o n .  H o w e v e r ,  th e  
t e n d e n c y  to  p e n e t r a t e  f u r t h e r  t h a n  th e  o t h e r  f i s s i o n  p r o d u c t s  r e m a i n s ,  
a s  th e  m a x i m u m  r e a c h e s  d e e p e r  l a y e r s .

A c c o r d in g  to  t h e s e  r e s u l t s  io d in e  i s  u n d o u b te d ly  s u i t e d  in  a  s p e c i f i c  
w ay  to  d e t e r m i n e  th e  d e c o n ta m in a t io n  p r o p e r t i e s  o f  a s o i l  in  t r a n s l o c a t i o n  
e x p e r i m e n t s .  A s  an  a n io n ic  f i s s i o n  p r o d u c t  i t  o b v io u s ly  p e n e t r a t e s  d e e p e r  
in to  th e  n a t u r a l  s o i l  t h a n  th e  o t h e r  f i s s i o n  p r o d u c t s . As th e  i n v e s t i g a t i o n s  
w i th  a n  u n d i s tu r b e d  s o i l  u n d e r  n a t u r a l  c l i m a t i c  c o n d i t io n s  sho w , w h e t h e r  
i n  low  o r  h ig h  c o n c e n t r a t i o n s  i t  p e n e t r a t e s  b e y o n d  th e  m a i n  a c t i v i t y  f r o n t .

T h e  o t h e r  f i s s i o n  p r o d u c t s  sh o w  h a r d l y  an y  in f lu e n c e .  T h i s  m a k e s  
i t  p o s s i b l e  to  e s t i m a t e  th e  e x te n t  o f a  p o s s i b l e  h a z a r d  s i t u a t i o n  w h e n  u s ing  
r a d i o io d i n e  a s  a  c o n t r o l  s u b s t a n c e  f o r  th e  m a x i m u m  a d v a n c e  o f  r a d i o a c t i v e  
c o n ta m i n a t i o n  o f  a  s o i l ,  e s p e c i a l l y ,  a s  r a d i o io d i n e  p r e s e n t s  o ne  o f  th e  
g r e a t e s t  h a z a r d s .
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D I S C U S S I O N

О.  J . A .  T IA IN E N : In  th e  I n t r o d u c t i o n  to  th e  p a p e r  you s t a t e  t h a t  th e  
s o r p t i o n  p r o p e r t i e s  o f  th e  s o i l  m a y  a f f e c t  th e  s e l e c t i o n  of n u c l e a r  p la n t  
s i t e s .  Is  t h e r e  a n y  c a s e  in  th e  F e d e r a l  R e p u b l i c  of G e r m a n y  in  w h ic h  th e  
s o i l  p r o p e r t i e s  an d  th e  a s s o c i a t e d  d a n g e r  of g r o u n d w a te r  c o n ta m in a t io n  
h a v e  in d e e d  in f lu e n c e d  th e  c h o ic e  of s i t e ?

W . K . G .  K UH N: No, t h e r e  h a v e  b e e n  no s p e c i f i c  e x a m p l e s  of t h i s ,  bu t  
in  th e  s p e c i a l  f i e ld  I m e n t io n e d  th e  G o v e r n m e n t  a u t h o r i t i e s  a n d  th e  o p e r a t i n g  
c o m p a n y  w e r e  i n t e r e s t e d  in  o b ta in in g  th e  r e l e v a n t  d a t a  f r o m  a n  u n d i s t u r b e d  
s o i l  s a m p l e .

C .  A . MAWSON: P e r h a p s  I m a y  m e n t i o n  a n  e x p e r i m e n t  on  u n d i s t u r b e d  
s o i l  t h a t  w e  h a v e  b e e n  co n d u c t in g  o v e r  th e  p a s t  20 y e a r s  a t  C h a lk  R i v e r .
We h a v e  p u t  m i l l i o n s  o f  g a l l o n s  o f  w a t e r  c o n ta in in g  a  t o t a l  o f  o v e r  30 000 C i 
o f  m i x e d  f i s s i o n  p r o d u c t s  d i r e c t l y  in to  th e  g ro u n d  in  o u r  w a s t e  m a n a g e m e n t  
a r e a .  T h e  s o i l  i s  s a n d y  an d  th e  w a t e r  t a b l e  i s  a b o u t  3 m e t r e s  b e lo w  th e  
s u r f a c e .  T h e  g ro u n d  w a t e r  d i s c h a r g e s  in to  a l a k e  a b o u t  0. 5 k m  a w a y .  O v e r  
th e  20 y e a r s  d u r i n g  w h ic h  th e  30 000 C i  w e r e  d i s c h a r g e d ,  a  t o t a l  o f  1 3 . 3  Ci  
p a s s e d  in to  th e  l a k e ,  n e a r l y  a l l  in  th e  f o r m  o f  90S r .
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О. L .  v a n  d e r  B O R G H T  : If I u n d e r s t a n d  c o r r e c t l y ,  you c o n s i d e r  
r u t h e n i u m  to  be a c a t io n ic  f i s s i o n  p r o d u c t .  H o w e v e r ,  th e  r e s u l t s  o f th e  
e x p e r i m e n t s  w e h a v e  p e r f o r m e d  in  o u r  l a b o r a t o r y  in d i c a t e  t h a t  m o s t  of 
th e  R u i s  in  a n io n ic  f o r m .  Is  t h i s  y o u r  e x p e r i e n c e  a l s o ?

W . K . G .  KÜHN: Y e s ,  r u t h e n i u m  f o r m s  a n io n i c  c o m p l e x e s  and  t h e s e  
m a y  be  t r a n s p o r t e d  l i k e  io d id e s  o r  o t h e r  a n io n s .  H o w e v e r ,  w e  d id  no t find 
th i s  in  th e  u n d i s t u r b e d  s o i l s  s t u d ie d .
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ФАКТОРЫ, ОПРЕДЕЛЯЮЩИЕ ПОВЫШЕННУЮ 
МИГРАЦИЮ ЦЕЗИЯ-137 ИЗ ОКРУЖАЮЩЕЙ 
СРЕДЫ В ОРГАНИЗМ ЧЕЛОВЕКА

P . M . Б А Р Х У Д А Р О В , А  . Н . М А Р Е Й ,
И .Я .Н О В И К О В А

И н ст и т у т  би оф и зи ки
М и н и с т е р с т в а  зд р а в о о х р а н е н и я  С С С Р ,
М о с к в а ,
С ою з С о в е т с к и х  С о ц и а л и ст и ч е с к и х  Р е с п у б л и к  

Abstract- А ннотация

FACTORS DETERMINING THE INCREASED MIGRATION OF CAESIUM-137 FROM THE ENVIRONMENT INTO 
THE HUMAN BODY.

The authors present results of observations carried out in various regions of the Soviet Union over a 
period of five years. In these regions the uptake by the rural population of ■'•̂ Cs from all sources with the 
diet- and consequently its concentration in the body -  is comparatively high. Investigations have shown that 
the high internal radiation doses received by the population are due to the characteristics of ^^Cs migra
tion within the soil-plant chain. Increased "^Cs uptake from the soil by plants wàs observed in alluvial 
lowlands with various kinds of marshy ground and turfy-podsolic sandstone. It has been established that the 
main reason for the high migration of ®̂ Cs from such soils into plants is the absence (or low concentra
tion) of argillaceous minerals, particularly illites, in them. The low concentration of mobile potassium in 
the soil and the high water content also favour migration. The coefficients of 3̂7Cs migration into plants 
from such soils are several factors of 10 higher than the average values for the country as a whole, with the 
result that the concentration of ^ C s  in locally produced foodstuffs -  especially milk -  is 10-100 times 
higher. Determinations of the concentration of ^^Cs щ the bodies of a large number of local inhabitants

I 0 7revealed differences by age and sex. Distribution curves for the probability of different Cs concentra
tions in the body were obtained and exhibit a log-normal character. The maximum concentration

I 0 7  . 7  _Qof Cs in the body is 6 x 10 Ci, with average values of (5-10) x 10 Ci. A risk assessment based on 
calculated population doses shows that the risk of leukaemia with the existing radioactive contamination 
levels is low (1.7 x 10"3|Уо). On the basis of the results, the authors have formulated prophylactic measures 
for regions of the kind investigated. However, such measures would need to be taken only if there were a 
further substantial increase in environmental contamination.

ФАКТОРЫ, ОПРЕДЕЛЯЮЩИЕ ПОВЫШЕННУЮ МИГРАЦИЮ ЦЕЗИЯ-137 ИЗ ОКРУЖАЮЩЕЙ 
СРЕДЫ В ОРГАНИЗМ ЧЕЛОВЕКА.

В докладе представлены результаты пятилетних наблюдений, проведенных в некоторых 
районах Советского Союза . Эти районы характеризуются сравнительно высокими 
поступлениями цезия-137 глобального происхождения с рационом и повышенным содержа
нием его в организме сельских жителей. Исследования показали, что повышенные дозы 
внутреннего облучения населения обусловлены особенностями миграции цезия-137 по цепи: 
почва-растение. Повышенное поступление цезия-137 из почвы в растения наблюдается в 
районах полесских низин, где почвенный покров представлен некоторыми разновидностями 
болотных и дерново-подзолистых песчаных почв. Установлено, что основной причиной 
повышенной миграции цезия-137 в растения из данных почв является отсутствие (или малое 
содержание) в них глинистых минералов, в частности, гидрослюд. Факторами, способствую
щими миграции, являются ограниченное содержание подвижного калия и высокая 
обводненность почв. Коэффициент перехода цезия-137 из почвы в растения на этих почвах 
в десятки раз выше средних показателей по стране. Результатом является повышенное 
в 10-100 раз содержание этого изотопа в пищевых продуктах местного производства, из 
которых критическим является молоко. Определение содержания цезия-137 в организме 
большого числа местных жителей позволило показать возрастные и половые отличия в 
накоплении изотопа. Получены кривые распределения вероятности различных уровней 
содержания изотопа в организме. Это распределение носит логарифмически нормальный 
характер. Максимальное содержание цезия-137 в организме достигает 6■ 10-7 Ки

3 6 5
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при средних показателях 5-10-10-8 Ки. Оценка степени риска, проведенная на основе 
рассчитанных популяционных доз, показывает, что величина риска заболевания лейкемией 
при существующих уровнях радиоактивного загрязнения низка и составляет 1,710 ‘3%. 
Материалы исследований позволили разработать для подобных районов ряд профилактичес
ких мероприятий, необходимость применения которых, однако, может возникнуть лишь 
при существенном увеличении загрязненности внешней среды.

В  п р о ц е с с е  т е к у щ е г о  к он тр ол я  за радиационной  о б с т а н о в к о й , о б у с 
л овл ен н ой  гл об а л ь н ы м и  в ы п а д ен и я м и , начиная с  1 9 6 5 -6 6  г .  г . ,  на т е р р и 
тор и и  н е к о т о р ы х  р а й он ов  С о в е т с к о г о  С ою за  ста л и  о б н а р у ж и в а т ь с я  
п овы ш ен н ы е кон ц ен тр ац ии  ц е з и я -1 3 7  в п и щ евы х п р о д у к т а х : м о л о к е , м я с е ,  
о в о щ а х . П ри чем  кон ц ен тр ац и и  ц е з и я -1 3 7  в п о ч в е  у к а за н н ы х  р а й он ов  
были ти пи чн ы м и  для ср е д н е й  п о л о сы  С о в е т с к о г о  С о ю з а . Э т о  о б с т о я т е л ь 
с т в о ,  а та к ж е  с в о е б р а з и е  п р и р од н ы х  у сл ов и й  у к а за н н ы х  р а й он ов  п о з в о л и 
ли п р е д п о л о ж и т ь , ч т о  о сн о в н о й  причиной  п о в ы ш е н н о го  сод ер ж а н и я  
ц е з и я -1 3 7  в п и щ евы х п р о д у к т а х  м е с т н о г о  п р о и з в о д с т в а  я в л я е т ся  и н те н 
си вн ая  м и грац и я  е г о  из п очвы  по к о р н е в ы м  п у т я м , ч т о  в зн а ч и тел ьн ой  
м е р е  о п р е д е л я е т  е г о  п о ст у п л е н и е  в о р г а н и зм  ч е л о в е к а . И з р а б о т ,  
вы п ол н ен н ы х  в у сл о в и я х  л а б о р а т о р н ы х  и н ебол ьш и х  п о л е в ы х  э к с п е р и м е н 
т о в ,  и з в е с т н о , ч т о  п овы ш ен н ая  м и грац и я  ц е з и я -1 3 7  из п очвы  в р а ст е н и я  
м о ж е т  и м е ть  м е с т о  при н и зк о м  сод ер ж а н и и  в ней кал и я , гл и н и ст ы х  
м и н ер а л ов  и т . д .  [1 ,2  ] . О дн ако в н а ту р н ы х  у сл о в и я х  ф акты  с т о л ь  
и н тен си в н ой  м и грац и и  ц е з и я -1 3 7  из п очвы  в о р г а н и зм  ч е л о в е к а , к о т о р ы е  

! н абл ю дал ись  в н е к о т о р ы х  р а й о н а х  С о в е т с к о г о  С о ю за , нам  р а н е е  не были 
и з в е с т н ы  . И зучен и е  э т о г о  в о п р о с а  и я в и л о сь  одн ой  из о с н о в н ы х  за д а ч  
н а с т о я щ е г о  и с с л е д о в а н и я .

К а к  бы л о у с т а н о в л е н о  п у т е м  м н о г о л е т н и х  н а ту р н ы х  наблюдений и 
и ссл е д о в а н и й  (1 9 6 7 -1 9 7 2  г . г . ) ,  явления  п овы ш ен н ой  м и грац и и  ц е з и я -1 3 7  
из п оч в  в п и щ евы е п р од у к т ы  набл ю даю тся  п р е и м у щ е ст в е н н о  на тер р и тор и и  
п о л е с с к и х  н и з и н ,  р а с п о л о ж е н н ы х  в д о л ь  ю ж н о й  г р а н и ц ы  т а е ж н о й  ( л е с н о й )  
зон ы  о т  П ольш и д о  У р а л а . О с о б е н н о  э т о  я вл ен и е вы р а ж ен о  в п р е д е л а х  
Б е л о р у с с к о -У к р а и н с к о г о  п о л е с ь я .

П очвен н ы й  п о к р о в  э т и х  провинций п р е д с т а в л е н  р а з н о в и д н о ст я м и  
д е р н о в о -п о д з о л и с т ы х  (л е сн ы х ) и т о р ф я н о -б о л о т н ы х  п оч в  р азл и чн ой  с т е п е 
ни з а б о л о ч е н н о с т и  и о г л е е н о с т и . Для них х а р а к тер н ы  в ы со к а я  к и с л о т 
н о с т ь  и н и зк о е  со д е р ж а н и е  о б м е н н ы х  ф ор м  ф о с ф а т а , к ал ьц ия , кали я , 
н а тр и я , ч т о  о б у с л о в л е н о  их зн а ч и тел ь н ы м  у в л а ж н ен и ем , а в р я д е  м е с т  
и н тен си в н ы м  п р ом ы в а н и ем  п о ч в е н н о г о  п ок р ов а  с  в ы н о с о м  о б м е н н ы х  
осн ов а н и й  в н и ж ележ ащ ие гр у н т ы  .

В  р е з у л ь т а т е  и ссл е д о в а н и й  у с т а н о в л е н о , ч т о  м а к си м а л ь н а я  м и грац и я 
ц е з и я -1 3 7  в р а ст е н и я  и м е е т  м е с т о  на цели н н ы х у ч а с т к а х , и с п о л ь з у е м ы х  
в р я д е  с л у ч а е в  п од  п а с т б и щ а . П р и м ер ом  м о г у т  сл у ж и ть  дан ны е по 
Б е л о р у с с к о -У к р а и н с к о м у  и П о д м о с к о в н о м у  (М ещ ер а ) п о л е с ь я м , п р и в е д е н 
ны е в т а б л  Л . ,

К ак  видно из та б л  Л , н а и б ол ее  в ы с о к и е  п о к а за т е л и  м и грац и и  
ц е з и я -1 3 7  в р а ст е н и я  набл ю даю тся  из т о р ф я н о -б о л о т н ы х  и л е сн ы х  (д е р 
н о в о -п о д з о л и с т ы х  п е сч а н ы х ) п о ч в , п р и ч ем  э т и  явления  о с о б е н н о  в ы р а ж е 
ны на те р р и то р и и  Б е л о р у с с к о -У к р а и н с к о г о  п о л е с ь я . На с у п е с ч а н ы х  и 
су г л и н и с т ы х  п о ч в а х  п о к а з а т е л ь  м и грац и и  в 6 -1 0  р а з  н и ж е.

Н еобы ч н о  в ы с о к и е  к оэф ф и ц и ен ты  накопления ц е з и я -1 3 7  п а стби щ н ой  
р а с т и т е л ь н о с т ь ю  о б ъ я сн я ю тся  о с о б е н н о с т я м и  м е х а н и ч е с к о г о  и м и н е р а л о 
г и ч е с к о г о  с о с т а в а  п о ч в , н и зки м  со д е р ж а н и е м  д о с т у п н о г о  р а ст е н и я м
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Т А Б Л И Ц А  I . П О К А З А Т Е Л И  П Е Р Е Х О Д А  Ц Е З И Я -1 3 7  ИЗ П О ЧВЫ  
В  П А С ТБ И Щ Н У Ю  Р А С Т И Т Е Л Ь Н О С Т Ь

Тип почв

Белорусско-Украинское 
полесье

Мещерская низменность

содержание 
цезия-137 
в растениях, 

пКи/кг
к„

содержание 
цезия-137 
в растениях, 

пКи/кг
К"

Разновидности 
торфяно-болотных 
и подзолистых 
песчаных

2370 ± 900 4,5 
(1,6-1,1)

950 ± 760 1,2
(3-0,7)

Разновидности 
дерново-подзолистых 
супесчаных и 
суглинистых

450 ± 330 0,5 
( i , 5-0,2)

90 ± 20 0,2

Примечание: в скобках указан разброс величин.

калия и в ы с о к о й  ст е п е н ь ю  в л а ж н о сти  в зо н е  а к ти в н ы х  к о р н е й . П о м е х а н и 
ч е с к о м у  с о с т а в у  л е гк и е  п оч вы  д ан н ы х р а й он ов  м ож н о  о т н е с т и  к гр у п п е  
св я з а н н ы х  и р ы х л ы х  п е с к о в ,  б о л е е  тя ж е л ы е  п очвы  п р е д с т а в л е н ы  с у п е с я 
ми и л егк и м и  с у г л и н к а м и . О сн ов н ы м и  п оч в ообр а зу ю щ и м и  м и н ерал ам и  
я вл я ю тся  кварц  и п о л е в ы е  ш п а ты . В ели чи на  и л и стой  ф ракции (< 0 ,0 01  м м ) 
н езн а ч и т ел ь н а  и с о с т а в л я е т  0 ,5 -0 ,6 %  в п о ч в а х  Б е л о р у с с к о -У к р а и н с к о г о  
п о л е сь я  и 2 ,3 -7 ,8 %  в п о ч в а х  М е щ е р ск о й  н и з м е н н о с т и . О сн овн ую  ч а ст ь  
эт о й  ф ракции с о с т а в л я е т  о р г а н и ч е с к о е  в е щ е с т в о  — в п о ч в а х  Б е л о р у с с к о -  
У к р а и н ск о го  п о л е сь я  — и гл и н и ст ы е  м ин ералы  (м о н тм о р и л л о н и т  и 
ги д р о сл ю д ы ), и н огд а  в с м е с и  с  о р г а н и ч е ск и м  в е щ е с т в о м  — в п о ч в а х  
М е щ е р ск о й  н и з м е н н о с т и .

И ссл е д о в а н и я  п о к а за л и , ч т о  о т в е т с т в е н н о й  за п о ст у п л е н и е  ц е з и я -1 3 7  
в р а с т и т е л ь н о с т ь  и з у ч а е м о й  зон ы  я в л я е т ся  и м ен н о м и н ерал ьн ая  ч а с т ь  
п о ч в ы , в ч а с т н о с т и , наличие и к а ч е ст в е н н ы й  с о с т а в  г л и н и ст ы х  м и н е р а 
л о в , из к о т о р ы х  дом инирую щ ую  рол ь  в м и грац и и  ц е з и я -1 3 7  играю т 
ги дросл ю ды  .

Д р у ги м  важ н ы м  ф а к т о р о м , влияющим на п о ст у п л е н и е  ц е з и я -1 3 7  в 
р а с т и т е л ь н о с т ь ,  я в л я е т с я  со д е р ж а н и е  калия в п о ч в е , о с о б е н н о  е г о  п о д 
ви ж н ы х  ф о р м . Для п оч в  данной  м е с т н о с т и  х а р а к т е р н о  н е в ы с о к о е  с о д е р 
ж ание калия -  0 ,9 7 -0 ,2 2 %  [3 ,4  ]. С од ер ж а н и е  п од ви ж н ы х ф ор м  кали я , 
включающ их в с е б я  об м ен н у ю  и к и с л о т о р а с т в о р и м у ю  ф о р м у , п р е д ст а в л е н ы  
в та б л  .11.

С о п о с т а в л е н и е  д а н н ы х , х а р а к тер и зу ю щ и х  ур овн и  п осту п л ен и я  
ц е з и я -1 3 7  в р а с т и т е л ь н о с т ь , и со д е р ж а н и е  в п о ч в а х  п о д в и ж н о го  калия 
(т а б л .1  и II), у к а зы в а ю т  на наличие м еж д у  ними о б р а т н о й  з а в и с и м о с т и , 
ч т о  х ор о ш о  с о г л а с у е т с я  с  л и тер а т у р н ы м и  данны м и [1 , 2 ] .  Для п очв  
и з у ч а е м ы х  р а й о н о в , ф иксирую щ ая с п о с о б н о с т ь  к о т о р ы х  крайне м а л а , 
с у щ е с т в е н н о е  влияние на увел и ч ен и е  м и грац и и  ц е з и я -1 3 7  в р а с т и т е л ь н о с т ь
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Т А Б Л И Ц А  И . С О Д Е Р Ж А Н И Е  П О Д В И Ж Н Ы Х  Ф О РМ  К А Л И Я  В П О Ч В А Х  
Б Е Л О Р У С С К О -У К Р А И Н С К О Г О  П О Л Е С ЬЯ  И М Е Щ Е Р С К О Й  
Н И ЗМ Е Н Н О СТ И  ( м г /к г )

Тип почв Белорусско-Украинское
полесье

Мещерская
низменность

Разновидность торфяно
болотных и дерново- 
подзолистых песчаных

63. ± 8 109 ± 35

Разновидность дерново- 
подзолистых супесчаных 
и суглинистых

119 ±39 178 ± 59

Т А Б Л И Ц А  III. С О Д Е Р Ж А Н И Е  Ц Е З И Я -1 3 7  В  П А С ТБ И Щ Н О Й  
Р А С Т И Т Е Л Ь Н О С Т И  НА О Д Н О Т И П Н Ы Х  П О Ч В А Х  С Р А З Н Ы М  У Р О В Н Е М  
Г Р У Н Т О В Ы Х  В О Д

Тип почв

Уровень 
грунтовых 
вод от по- 
верхн. земли, 

м

Содержание 
цезия-137 
в траве, 

пКи/кг

Содержание 
калия, 

м г/кг

Содержание
углерода
органического
вещества,

%

Перегнойно 0,5 и меньше 4800 22,2 4,5торфяно -глеевые 1,0 и больше 1300 26,6 1,7песчаные

Дерново-подзолисто- 0,5 и меньше 3600 37,0 3,5
глеевые песчаные 1,0 и больше 300 48,0 4,5

о к а з ы в а е т  и з б ы т о ч н о е  увл аж н ен и е п оч вы  в зо н е  а к ти в н ы х  к о р н е й . П од 
в о з д е й с т в и е м  э т о г о  ф а к т о р а , при п р оч и х  р а в н ы х  у сл о в и я х , ф иксация  
ц е з и я -1 3 7  п оч в а м и  у м е н ь ш а е т с я , а с к о р о с т ь  м и грац и и  к а ти о н о в  в о з 
р а с т а е т  [ 5 ,6 ] .  Э т о  п ол ож ен и е  х ор о ш о  с о г л а с у е т с я  с  п ол у чен н ы м и  нами 
д ан н ы м и , х а р ак тер и зую щ и м и  ур овн и  п осту п л ен и я  ц е з и я -1 3 7  в р а с т и т е л ь 
н о с т ь  из од н оти п н ы х  п оч в  на п а ст б и щ а х  д о  и п о с л е  их о суш ен и я  (т а б л . III).

К ак  видно из т а б л . III, при пониж ении г о р и з о н т а  г р у н т о в ы х  в о д  б о л е е  
ч ем  на 0 ,5  м е т р а  со д е р ж а н и е  ц е з и я -1 3 7  в р а с т и т е л ь н о с т и  у м е н ь ш а е т ся  
в 3 -1 0  р а з .

А н а л оги ч н а я  карти н а  в и з у ч а е м о м  р а й он е  н абл ю дал ась и при е с т е с т 
в ен н о м  пониж ении ур овн я  г р у н т о в ы х  в о д , ч т о  п р о и зо ш л о , н а п р и м ер , в 
1972 г о д у  в р е з у л ь т а т е  оч ен ь  с у х о г о  и ж а р к о го  л е т а . И з -з а  пониж ения 
г о р и з о н т а  г р у н т о в ы х  в од  на 1 м к он ц ен тр ац и я  ц е з и я -1 3 7  в р а с т и т е л ь 
н о ст и  сн и зи л а сь  по ср авн ен и ю  с  п р ед ш еств ую щ и м  г о д о м  с 
2 370  ±  900 п К и /к г  д о  1100 ±  650 п К и /к г ,  а к оэф ф и ц и ен т  накопления 
(К н ) -  с  4 ,5  д о  1,4 .
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Т А Б Л И Ц А  IV . С О Д Е Р Ж А Н И Е  Ц Е З И Я -1 3 7  В  О В О Щ Н Ы Х  
К У Л Ь Т У Р А Х

Тип почв
Содержание
цезия-137,

пКи/кг
Кн

Разновидности окультуренных 
торфяно-болотных и дерново
подзолисто-песчаных 110 ± 100 0,29

Дерново-подзолистые песчаные 75 ± 65 0,20

Разновидности дерново-подзолистых 
супесчаных и суглинистых 34 ± 22 0,07

Не т о л ь к о  м ел и ор а ц и я , но та к ж е  посл едую щ ая  р асп аш к а  и о к у л ь т у р и 
вание за б о л о ч е н н ы х  и л е с н ы х  ц елинны х п оч в  с п о с о б с т в у ю т  ум ен ьш ени ю  
м и грац и и  ц е з и я -1 3 7  из них в р а с т е н и я . Э т о  я в л я е т с я  с л е д с т в и е м  
в о з д е й с т в и я  т а к и х  ф а к т о р о в  как м е х а н и ч е с к о е  р а з б а в л е н и е  за  с ч е т  п е р е 
м еш ивания н а и б ол ее  з а г р я з н е н н о г о  п о в е р х н о с т н о г о  сл оя  с  м а с с о й  зем л и  
на гл у би н у  2 0 -3 0  с м  (гл у б и н а  в сп а ш к и ), д а л ьн ей ш ее сн и ж ен и е в о д о -  
н а сы щ е н н о сти  п очвы  в р е з у л ь т а т е  е е  р а зр ы х л е н и я , а т а к ж е  о б о га щ е н и е  
п оч вы  подви ж н ы м и  со е д и н е н и я м и  к ал и я , в н о си м ы м и  с  у д о б р е н и я м и . 
П о э т о м у  со д е р ж а н и е  ц е з и я -1 3 7  в с е л ь с к о х о з я й с т в е н н ы х  к у л ь т у р а х , 
•выращ енных на п а х о т н ы х  п о ч в а х , зн а ч и тел ь н о  н и ж е, ч ем  в р а с т е н и я х  с 
ц елинны х у ч а с т к о в , им ею щ их ан ал оги чн ы й  тип п оч в  (т а б л . IV и I ).

Т а к и м  о б р а з о м ,  у с т а н о в л е н о , ч т о  в у сл о в и я х  п о л е с с к и х  н и зм е н н о ст е й  
п овы ш ен н ая  м и грац и я  ц е з и я -1 3 7  из п очвы  в р а ст е н и я  о б у с л о в л е н а  г л а в 
ны м  о б р а з о м  н ал и чи ем  л е г к и х  по м е х а н и ч е с к о м у  с о с т а в у  п о ч в , м ал ы м  
к о л и ч е с т в о м , а и н огд а  и п ол н ы м  о т с у т с т в и е м  в них гл и н и ст ы х  м и н е р а л о в , 
о с о б е н н о  ги д р осл ю д , н и зки м  со д е р ж а н и е м  п од ви ж н ы х ф ор м  калия и 
зн а ч и тел ь н ой  о б в о д н е н н о с т ь ю  п о ч в . При в о з д е й с т в и и  в с е х  э т и х  ф а к т о р о в  
со д е р ж а н и е  ц е з и я -1 3 7  в с е л ь с к о х о з я й с т в е н н ы х  к у л ь т у р а х  и п а стб и щ н ы х  
т р а в а х  данной  м е с т н о с т и  в 1 0 -1 0 0  р а з  п р ев ы ш а ет  ср е д н и е  по с т р а н е  
зн а ч е н и я . П о с к о л ь к у  м и грац и я  ц е з и я -1 3 7  по п и щ евы м  ц еп ям  с у щ е с т 
вен н о  не о т р а ж а е т с я  на е г о  сод ер ж а н и и  в п осл ед у ю щ и х  зв е н ь я х , э т и  же 
со о тн о ш е н и я  х а р а к тер н ы  для т а к и х  п и щ евы х п р о д у к т о в , как м о л о к о  и 
м я с о  р о г а т о г о  с к о т а  .

О д и н ак овая  н а п р а в л е н н о сть  с е л ь с к о г о  х о з я й с т в а  в р а й он е  Б е л о р у с 
с к о г о  п о л е сь я  (м о л о ч н о е  ж и в о т н о в о д с т в о )  и од н оти п н ы е  у сл о в и я  з е м л е 
п ол ь зов а н и я  п озв ол и л и  на о сн ов а н и и  с о б р а н н ы х  обш и р н ы х  м а т е р и а л о в  
у с т а н о в и т ь  з а в и с и м о с т ь  м е ж д у  р а зн ы м и  ти п ам и  п оч в  и со д е р ж а н и е м  
ц е з и я -1 3 7  в м о л о к е . О дн ако в д р у г и х  р а й он а х  стр а н ы  и з - з а  ины х 
у сл ов и й  з е м л е п о л ь з о в а н и я , а т а к ж е  м ен ьш и х  (о т н о с и т е л ь н ы х  и а б с о л ю т 
н ы х) р а з м е р о в  площ адей  с  п о ч в а м и , обладаю щ им и п овы ш ен н ой  м и гр ац и ей  
ц е з и я -1 3 7 , п од об н а я  з а в и с и м о с т ь  о т с у т с т в у е т .  Д о с т а т о ч н о  о т м е т и т ь ,  
ч т о  в М ещ ер е  и Л е сн о м  П о в о л ж ь е  под  вы п а сы  м о л о ч н о г о  с к о т а  и с п о л ь 
зу ю т ся  у г о д ь я  с  п р е о б л а д а н и е м  с у г л и н и с т ы х  п о ч в , о т к у д а  м и грац и я  
ц е з и я -1 3 7  п р о и сх о д и т  о ч ен ь  с л а б о .  П о э т о м у  со д е р ж а н и ё  ц е з и я -1 3 7  в 
м о л о к е  и м я с е  к о р о в  з д е с ь  п р и бл и ж а ется  к ср е д н и м  зн а ч ен и я м  по с т р а н е .
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С у щ е с т в е н н о е  влияние на п о ст у п л е н и е  ц е з и я -1 3 7  в о р г а н и з м  ч е л о 
век а  о к а зы в а ю т  та к ж е  соц и а л ь н ы е  ф а к т о р ы , в ч а с т н о с т и  ст р у к т у р а  
п и т а н и я . П р и м ен и тел ь н о  к у сл о в и я м  Б е л о р у с с к о г о  п о л е сь я  к р и ти ч еск и м  
п и щ евы м  п р о д у к т о м  я в л я е т ся  м о л о к о , с  к о т о р ы м  п о с т у п а е т  д о  70% , а 
д е т я м  -  д о  80% , ц е з и я -1 3 7  (о т  сод ер ж а н и я  е г о  в р а ц и о н е ). Э т о  о б у с л о в 
л ен о  п овы ш ен н ы м  со д е р ж а н и е м  в н ем  и зо т о п а  (о т  100 д о  2000  п К и /л ) , 
а т а к ж е  ш ироким  у п о т р е б л е н и е м  в с е м и  в о з р а с т н ы м и  гр уп п а м и  с е л ь с к о г о  
н а сел ен и я  в о т н о с и т е л ь н о  бол ьш и х  к о л и ч е с т в а х  (в ср е д н е м  1 л / с у т ) .  
В т о р о е  м е с т о  по в к л а д у  ц е з и я -1 3 7  в рацион  (о к о л о  20% ) прин адлеж ит 
к а р т о ф е л ю . В  л е с н ы х  р а й о н а х  П о л е сь я  су щ е ст в е н н ы й  вкл ад  ц е з и я -1 3 7  
м о г у т  д а в а ть  г р и б ы , п р ои зр а ста ю щ и е  на п е сч а н ы х  п о ч в а х  и накапливающ ие 
в с е б е  и зо т о п а  д о  5000  п К и /к г .  М я с о  к р у п н о го  р о г а т о г о  с к о т а  с о д е р ж и т  
ц е з и я -1 3 7 , п р и м е р н о , в 4 р а з а  б о л ь ш е , ч ем  м о л о к о . О дн ако как и сточ н и к  
ц е з и я -1 3 7 , он о  з д е с ь  не и г р а е т  с у щ е с т в е н н о г о  зн а ч ен и я , т . к .  у п о т р е б л я 
е т с я  э п и з о д и ч е с к и . В  св и н и н е , к о т о р а я  я в л я е т ся  п о ст о я н н о й  ч а ст ь ю  
р а ц и он а , ц е з и я -1 3 7  с о д е р ж и т с я  м а л о .

Р е з у л ь т а т ы  н е п о с р е д с т в е н н о г о  и зм ер ен и я  ц е з и я -1 3 7  в о р г а н и з м е  
б о л е е  ч ем  1000 с е л ь с к и х  ж ител ей  п о к а за л и , ч т о  м а к си м а л ь н о е  а б с о л ю т 
н ое  со д е р ж а н и е  е г о  д о с т и г а е т  600 н К и /о р г а н и з м , а в ср е д н е м  
~ 1 0 " 7 н К и /о р г а н и з м , ч т о  с у щ е с т в е н н о  вы ш е с р е д н е со ю з н ы х  вел и ч и н .
При ср а в н и т е л ь н о  од н оти п н ой  с т р у к т у р е  питания с е л ь с к о г о  н а сел ен и я  
п о л е сь я  карти н а  т е р р и т о р и а л ь н о г о  р а сп р ед ел ен и я  у р овн ей  сод ер ж а н и я  
ц е з и я -1 3 7  в о р г а н и з м е  та  ж е, ч т о  и для м о л о к а . М а к си м а л ь н о е  с о д е р 
ж ание ц е з и я -1 3 7  н абл ю дал ось  у м у ж ч и н . Е сл и  не г о в о р и т ь  о б  уд ел ьн ой  
а к т и в н о с т и , являю щ ейся э к в и в а л е н т о м  п огл ощ ен н ой  д о з ы , т о  у  д е т е й  и 
в з р о с л ы х  м уж чин они п р а к т и ч е ск и  равн ы  ( т а б л .У ) .

С р а в н и те л ь н о  в ы с о к и е  д о з ы , п о л у ч а е м ы е  д е т ск и м и  к о н т и н ге н т а м и , 
о б у сл о в л е н ы  п о ст о я н н ы м  у п о т р е б л е н и е м  о т н о с и т е л ь н о  бол ьш и х к о л и ч е с т в  
м ол о к а  (св ы ш е  1 л /с у т )  .

А н ал и з п ол у ч ен н ы х  м а т е р и а л о в  п о к а за л , ч т о  р а сп р е д е л е н и е  в е р о я т 
н о с т и  р а зл и ч н ы х  у р ов н ей  сод ер ж а н и я  и зо т о п а  в о р г а н и з м е  н о си т  л о г 
н орм ал ьн ы й  х а р а к т е р .

Т а к и м  о б р а з о м , о сн о в н ы м и  ф а к т о р а м и , определ яю щ им и п овы ш ен н ое  
со д е р ж а н и е  ц е з и я -1 3 7  в о р г а н и з м е  с е л ь с к и х  ж ител ей  ряда р а й он ов  
Б е л о р у с с к о -У к р а и н с к о г о  п о л е с ь я , я в л я ю тся : в ы сок и й  п е р е х о д  и зо т о п а

Т А Б Л И Ц А  V .  С Р Е Д Н Е Г О Д О В Ы Е  ДОЗЫ  В Н У Т Р Е Н Н Е Г О  
О Б Л У Ч Е Н И Я  Ж И ТЕ Л Е Й  Р Я Д А  Н А С Е Л Е Н Н Ы Х  П У Н К Т О В  
Б Е Л О Р У С С К О Г О  П О Л Е С ЬЯ  ( м б э р /г о д )

Контингент, лет Средняя Максимальная

Мужчины
Женщины

19 43
11 29

Дети 4-6

9 - 1 0
1 1 - 1 6

7-8
16
15
16 
12

30
39
62
43
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из н е к о т о р ы х  ти п ов  п оч в  в р а с т е н и я , ш и р ок ое  и сп о л ь з о в а н и е  э т и х  ц ел и н 
н ы х п оч в  под  в ы п а сы  и ср а в н и т е л ь н о  б ол ь ш ое  п о т р е б л е н и е  м ол о к а  
н а с е л е н и е м .

В  о тл и ч и е  о т  с е л ь с к и х  ж и тел ей , в рац и он е к о т о р ы х  п р е о б л а д а е т  
м о л о к о  и д р у г и е  п и щ евы е п р од у к т ы  м е с т н о г о  п р о и з в о д с т в а  (к р о м е  х л е б а ) , 
н а се л е н и е  г о р о д о в  п о л у ч а е т  эт и  п р од у к т ы  и з м н о г и х  п у н к т о в . В  и т о г е  
п р о и сх о д и т  н и вел и р ован и е кон ц ен тр ац ий  ц е з и я -1 3 7  в р ац и он е за с ч е т  
р а зб а в л е н и я  (у с р е д н е н и я ) . П о э т о м у  в о р г а н и з м е  г о р о д с к и х  ж ител ей  
п о л е сь я  со д е р ж а н и е  ц е з и я -1 3 7  с у щ е с т в е н н о  н иж е, ч е м  у  с е л ь с к и х .
О д н ак о д о з ы , о б у с л о в л е н н ы е  и н кор п ор и р ов а н н ы м  ц е з и е м -1 3 7 , да ж е  у 
с е л ь с к и х  ж ител ей  не т р е б у ю т  п р ов ед ен и я  сп ец и а л ь н ы х  п р о ф и л а к ти ч е ск и х  
м е р .  В м е с т е  с  т е м  вы я вл ен и е  р а й о н о в , г д е  в си л у  п р и р од н ы х  и д р у г и х  
у сл ов и й  и м е е т  м е с т о  п овы ш ен н ая  м и грац и я  р а д и о а к ти в н ы х  в е щ е с т в  из 
п оч вы  в о р г а н и зм  ч е л о в е к а , а т а к ж е  у с т а н о в л е н и е  о с н о в н ы х  ф а к т о р о в , 
с п о с о б с т в у ю щ и х  ф ор м и р ова н и ю  д о з  в н у т р е н н е г о  о б л у ч е н и я , п о зв о л я ю т , 
при н е о б х о д и м о с т и , з а б л а г о в р е м е н н о  п л а н и р о в а т ь , п р и м ен и тел ь н о  к 
к он к р етн ы м  у с л о в и я м , с о о т в е т с т в у ю щ и е  п р о ф и л а к ти ч е ск и е  м е р о п р и я т и я .
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D I S C U S S I O N

R . J . R O U X : In  v ie w  o f  th e  m o r e  o r  l e s s  u n ifo r m  c o n ta m in a t io n  o f  the 
s o i l  o v e r  w id e  a r e a s  o f  th e c o u n tr y , ca n  you  e x p la in  th e in c r e a s e d  a c c u m u -

137la t io n  o f  C s  in  c o w 's  m ilk  in  c e r t a in  r e g io n s  o f  th e U S S R ?
R .M .  B A R K H U D A R O V : In s o m e  a r e a s  th e  s o i l - g r a s s  t r a n s fe r  

c o e f f i c ie n t  is  1 0 -2 0  t im e s  g r e a t e r  than  in  o t h e r s .  It is  a l s o  th e c a s e  that 
m a n y  o f  th e s e  s a m e  a r e a s  h a v e  p a r t i c u la r ly  r i c h  p a s t u r e s ,  w h ich  ca n  b e  u s e d  
f o r  fe e d in g  d a ir y  c a t t le  p r a c t i c a l l y  a l l  th e  y e a r  ro u n d . A l l  th is  n a tu r a lly  
a d d s  up to  an  e s p e c ia l l y  h igh  137C s  co n te n t in  th e m i lk  in  th e  r e g io n s  
c o n c e r n e d .

R . B I T T E L : S im ila r  s itu a t io n s  to  th o s e  d e s c r i b e d  b y  M r . B a r k h u d a r o v  
a ls o  a r i s e  in  F r a n c e ,  p a r t i c u la r ly  in  th e M a s s i f  C e n tr a l , B r ita n n y  and the 
L a n d e s , w h ich  a r e  r e g io n s  w ith  a d a m p , c o o l  c l im a t e ,  a h ig h  w a t e r - t a b le  
and la r g e ly  d e c a l c i f i e d  and h y d r o m o r p h ic  s o i l s .  It a p p e a r s  that a 
s u b s ta n t ia l f r a c t io n  o f  th e  137C s  p a s s e s  d i r e c t ly  f r o m  the s o i l  w a te r  to  the 
g r a s s  and a b n o r m a lly  h igh  137C s  c o n c e n t r a t io n s  in  m i lk  h a v e  b e e n  r e c o r d e d  
in  th e s e  a r e a s .



372 Б А Р Х У Д А Р О В  и д р .

R .M .  B A R K H U D A R O V  : Y e s ,  I am  s u r e  th e s itu a t io n  is  v e r y  s im i l a r .  
F u r t h e r m o r e ,  in  s u ch  s o i l s  th e r e  a r e  p r a c t i c a l l y  no c la y  m in e r a ls ,  w h ich  
w o u ld  o th e r w is e  f ix  a la r g e  p a r t  o f  th e  c a e s iu m .

G .H .  P A L M E R : D id  y o u , a s  a p a r t  o f  th is  w o r k , d e r iv e  a c o e f f i c ie n t  
f o r  th e t r a n s fe r  o f  137C s  f r o m  s o i l  to  g r a s s ?

R .M .  B A R K H U D A R O V : T h e  a c c u m u la t io n  fa c t o r  in  g r a s s  is  4 . 5 on  
a v e r a g e ,  w ith  a m a x im u m  o f  ab ou t 1 8 .0 .

G .H .  P A L M E R : A n d  c o u ld  you  now  ex te n d  th is  to  g iv e  a f a c t o r  f o r  
th e t r a n s fe r  f r o m  g r a s s  to  m ilk ?

R .M .  B A R K H U D A R O V : W e h a v e  fou n d  that a l i t r e  o f  m ilk  co n ta in s  
a b o u t 1% o f  th e  137C s  in g e s te d  w ith  th e  d a ily  f o d d e r  r a t io n ;  th is  i s  in  g o o d  
a g r e e m e n t  w ith  the fin d in g s  o f  o th e r  w o r k e r s .

J . P .  M O R O N I: T h e  d o s e  e q u iv a le n ts  r e p r e s e n t e d  b y  co n ta m in a t io n  o f  
th e  e n v ir o n m e n t  th ro u g h  137C s , b ro u g h t a b ou t b y  p a r t i c u la r ly  h ig h  t r a n s fe r  
f a c t o r s  in  c e r t a in  a r e a s ,  a r e  a p p r e c ia b le ,  a lth ou g h  s t i l l  lo w  in  a b s o lu te  
t e r m s .  I sh o u ld  l ik e  to  s t r e s s  that th is  c o n ta m in a tio n  i s  c a u s e d  e x c lu s iv e ly  
b y  r a d io a c t iv e  fa l l - o u t ,  and not b y  the. o p e r a t io n  o f  n u c le a r  p o w e r  s ta t io n s .
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ACCUMULATION AND REDISTRIBUTION OF 
RADIOCAESIUM BY MIGRATORY WATERFOWL 
INHABITING A REACTOR COOLING RESERVOIR

I .L . BRISBIN, J r .,R .A . GEIGER, M .H . SMITH 
Savannah River E co log y  Laboratory,
U niversity o f  G eorg ia ,
A ik en , S. C . , United States o f  A m erica

Abstract

ACCUMULATION AND REDISTRIBUTION OF RADIOCAESIUM BY MIGRATORY WATERFOWL INHABITING A 
REACTOR COOLING RESERVOIR.

Changes in whole-body burdens of radiocaesium were studied in monthly samples of American coots 
(Fúlica americana) and other species of migratory waterfowl inhabiting a 2800-acre reactor cooling reservoir 
on the AEC Savannah River Plant near Aiken, South Carolina, USA. In October newly arrived coots averaged 
between 4-8 pCi radiocaesium/g live weight and approximated a 50-50 sex ratio. Between October and 
January the sex ratio of the coots rose steadily to a maximum of 87% males as the females continued to 
move on to more southerly wintering grounds. In the predominantly male population remaining on the 
reservoir, radiocaesium body burdens continued to rise at a rate of approximately 2-3 pCi/g per bird per month, 
to a maximum of between 15-20 pCi/g.

From February through April the predominantly male population of coots began to leave for northern 
breeding grounds and were apparently replaced by populations that had wintered further to the south and had a 
higher percentage of females. As a result, the sex ratio began to decline until it once again approximated 
50-50 in the late spring. Since these spring transient birds had not wintered on the reservoir, they had lower 
radiocaesium contents. Thus, the average body burden of the coot population began to decline to a level 
closely approximating that of the first birds to arrive in fall. Simply sampling the first and last coots seen on 
the reservoir would have failed to detect the radioisotope build-up shown by the winter resident birds.

In any given month, the radiocaesium content of the coots was generally higher than that of any of nine 
other species of waterfowl and aquatic birds sampled. The higher body burdens of the coots may be related 
to their tendency to rely heavily upon submerged aquatic plants as a food resource. Migratory waterfowl 
may remove up to 3.75 x 10"5 Ci of radiocaesium from the reservoir each year and redistribute it elsewhere 
along their migratory pathways. The radiocaesium levels found in these birds do not indicate any present 
health hazard to the general public who may use them for food.

T h e  d i s p o s a l  o f  m o s t  r a d i o a c t i v e  w a s t e  m a t e r i a l s  o c c u r s  i n  a r e a s  o f  r e s t r i c t e d  

p u b l i c  a c c e s s  a n d  t h e r e f o r e  l i t t l e  o r  n o  d i r e c t  h u m a n  c o n t a c t  w i t h  t h e s e  m a t e r i a l s  

i s  u s u a l l y  l i k e l y .  H o w e v e r ,  t h e  p o s s i b i l i t y  o f t e n  e x i s t s  t h a t  c e r t a i n  s p e c i e s  

o f  w i l d  g a m e ,  w h i c h  m a y  o c c a s i o n a l l y  b e  s h o t  a n d  e a t e n  b y  m a n  a s  f o o d ,  m a y  

g a i n  a c c e s s  t o  s u c h  a r e a s  o f  h i g h  r a d i o n u c l i d e  c o n t a m i n a t i o n  a n d  s u b s e q u e n t l y  

m o v e  o u t  a n d  t h e r e b y  s e r v e  a s  v e c t o r s  o f  c o n t a m i n a t i o n  t o  t h e  f o o d  c h a i n  o f  m a n .  

B e c a u s e  o f  t h e i r  a b i l i t y  t o  f l y ,  g a m e  b i r d s  a r e  p a r t i c u l a r l y  i m p o r t a n t  i n  t h i s  

r e g a r d  s i n c e  t h e i r  a b i l i t y  t o  m o v e  r a p i d l y  o v e r  l o n g  d i s t a n c e s  m a k e s  i t  p o s s i b l e  

f o r  t h e m  t o  e n t e r  a r e a s  o f  h u m a n  h a b i t a t i o n  a n d  h u n t i n g  l o n g  b e f o r e  n a t u r a l  

p r o c e s s e s  o f  b i o l o g i c a l  t u r n o v e r  h a v e  b e g u n  t o  e l i m i n a t e  s i g n i f i c a n t  a m o u n t s  

o f  t h e  r a d i o n u c l i d e  b o d y  b u r d e n  w h i c h  t h e y  a c c u m u l a t e d  i n  t h e  c o n t a m i n a t e d  

a r e a .  B e c a u s e  t h e  m a j o r i t y  o f  r a d i o n u c l i d e  w a s t e s  a r e  w a t e r  s o l u b l e  a n d  o f t e n  

h a v e  a n  o p p o r t u n i t y  t o  e n t e r  n a t u r a l  a q u a t i c  s y s t e m s ,  w a t e r f o w l  m a y  a s s u m e  a  

p a r t i c u l a r l y  i m p o r t a n t  r o l e  a s  a g e n t s  f o r  t h e  t r a n s f e r  o f  r a d i o n u c l i d e  c o n t a m 

i n a t i o n  t o  t h e  f o o d  c h a i n  o f  m a n .

T h e  p r e s e n t  s t u d y  w a s  d e s i g n e d  t o  d e s c r i b e  t h e  a c c u m u l a t i o n  a n d  r e d i s t r i b u t i o n  

o f  r a d i o n u c l i d e s  b y  m i g r a t o r y  w a t e r f o w l  p o p u l a t i o n s  i n h a b i t i n g  a  r e a c t o r  c o o l i n g  

r e s e r v o i r  o n  t h e  S a v a n n a h  R i v e r  P l a n t  o f  t h e  U n i t e d  S t a t e s  A t o m i c  E n e r g y  C o m m i s s i o n ,
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l o c a t e d  n e a r  A i k e n ,  S o u t h  C a r o l i n a ,  U S A .  T h e  S a v a n n a h  R i v e r  P l a n t ,  w h i c h  i s  

c l o s e d  t o  p u b l i c  a c c e s s ,  c o n s i s t s  o f  a p p r o x i m a t e l y  7 5 0  k m 2  o f  l a r g e l y  u n d i s t u r b e d  

h a b i t a t s ,  s e v e r a l  o f  w h i c h  h a v e  b e e n  c o n t a m i n a t e d  w i t h  p r o d u c t i o n  r e a c t o r  e f f l u e n t s  [ 4  . 

T h e  p r e s e n t  s t u d y  d e a l t  w i t h  P a r  P o n d ,  a  1 1 3 0  h a  r e s e r v o i r  o n  t h e  S a v a n n a h  R i v e r  

P l a n t ,  w h i c h  a c t s  a s  p a r t  o f  a  c l o s e d - l o o p  c o o l i n g  s y s t e m  f o r  o n e  o r  m o r e  p r o d u c t i o n  

r e a c t o r s .  A  d e t a i l e d  h i s t o r y  a n d  h a b i t a t  d e s c r i p t i o n  o f  t h e  P a r  P o n d  r e s e r v o i r  

s y s t e m  i s  g i v e n  b y  P a r k e r  e t  a l .  [ 2 ] .  T h i s  r e s e r v o i r  s y s t e m  s e r v e s  a s  a  w i n t e r i n g  

r e f u g e  a r e a  f o r  b e t w e e n  5 , 0 0 0  a n d  1 0 , 0 0 0  m i g r a t o r y  w a t e r f o w l  o f  a p p r o x i m a t e l y  2 0  

s p e c i e s ,  m o s t  o f  w h i c h  a r r i v e  i n  O c t o b e r - N o v e m b e r  a n d  d e p a r t  t h e  f o l l o w i n g  s p r i n g  

f o r  t h e i r  m o r e  n o r t h e r l y  b r e e d i n g  g r o u n d s  [ 3 , 4 ] .  I n  t h e  p r e s e n t  s t u d y ,  r a d i o 

c e s i u m  b o d y  b u r d e n s  w e r e  d e t e r m i n e d  f o r  m o n t h l y  s a m p l e s  o f  t h e s e  w a t e r f o w l  

p o p u l a t i o n s  a s  t h e y  w i n t e r e d  o n  t h e '  r e s e r v o i r .

A t t e n t i o n  w a s  f o c u s e d  o n  r a d i o c e s i u m  b e c a u s e  o f  t h e  p a r t i c u l a r  a b u n d a n c e  

a n d  b i o l o g i c a l  s i g n i f i c a n c e  o f  t h i s  r a d i o n u c l i d e  i n  g a m e  p o p u l a t i o n s  o f  t h e  

s o u t h e a s t e r n  U n i t e d  S t a t e s  1 5 , 6 ] .  F u r t h e r m o r e ,  t h e  m a j o r i t y  o f  t h i s  e f f o r t  

w a s  c o n f i n e d  t o  t h e  p o p u l a t i o n  o f  A m e r i c a n  c o o t s ,  F ú l i c a  a m e r i c a n a ,  i n h a b i t i n g  

t h e  r e s e r v o i r .  T h i s  s p e c i e s  w a s  c h o s e n  f o r  p a r t i c u l a r  e m p h a s i s  b e c a u s e  o f :

( 1 )  i t s  a b u n d a n c e  o n  t h e  r e s e r v o i r ,  r e l a t i v e  t o  o t h e r  s p e c i e s ,  ( 2 )  t h e  r e l a t i v e  

e a s e  w i t h  w h i c h  i t  c o u l d  b e  s y s t e m a t i c a l l y  s a m p l e d  i n  l a r g e  n u m b e r s  a t  p a r t i c u l a r  

l o c a t i o n s  o n  t h e  r e s e r v o i r ,  a n d  ( 3 )  b e c a u s e  t h e  r e l a t i v e l y  w e a k  f l y i n g  a b i l i t y  

a n d  l i m i t e d  m o b i l i t y  o f  t h e  c o o t s ,  a s  c o m p a r e d  t o  m o s t  o t h e r  s p e c i e s  o f  w a t e r f o w l ,  

m a d e  t h e m  a  p r e f e r r e d  s p e c i e s  f o r  t h e  l i k e l y  i n d i c a t i o n  o f  p a r t i c u l a r  l o c a l  a r e a s  

o f  r a d i o n u c l i d e  c o n t a m i n a t i o n .  W h e n e v e r  p o s s i b l e ,  h o w e v e r ,  o t h e r  s p e c i e s  o f  

w a t e r f o w l  w e r e  a l s o  s a m p l e d  i n  l i m i t e d  n u m b e r s  i n  a d d i t i o n  t o  t h e  c o o t s .

M A T E R I A L S  A N D  M E T H O D S

T h e  P a r  P o n d  r e s e r v o i r ,  w h i c h  w a s  c r e a t e d  i n  1 9 5 9  b y  d a m m i n g  a  n a t u r a l  

s t r e a m  w a t e r c o u r s e ,  m a y  b e  c o n s i d e r e d  t o  b e  c o m p r i s e d  o f  t h r e e  m a j o r  e x t e n s i o n s ,  

t h e  H o t ,  N o r t h  a n d  W e s t  A r m s  ( F i g .  1 ) .  B o t h  t h e  H o t  A r m  a n d  N o r t h  A r m  a r e a s  

r e c e i v e d  d i r e c t  i n p u t s  o f  r e a c t o r  e f f l u e n t s  f r o m  t h e  t i m e  o f  c r e a t i o n  o f  t h e  

r e s e r v o i r .  I n  t h e  s u m m e r  o f  1 9 6 4 ,  h o w e v e r ,  t h e  d i r e c t  i n t r o d u c t i o n  o f  r e a c t o r  

e f f l u e n t s  i n t o  t h e  N o r t h  A r m  c e a s e d ,  a n d  t h a t  a r e a  h a s  r e m a i n e d  u n d i s t u r b e d  s i n c e  

t h a t  t i m e ,  w h i l e  r e a c t o r  e f f l u e n t s  c o n t i n u e d  t o  b e  i n t r o d u c e d  i n t o  t h e  H o t  A r m .

T h e  W e s t  A r m ,  o n  t h e  o t h e r  h a n d ,  h a s  r e m a i n e d  f r e e  o f  a n y  d i r e c t  r e a c t o r  e f f l u e n t  

i n t r o d u c t i o n ,  a n d  s i n c e  t h e  c o n s t r u c t i o n  o f  t h e  r e s e r v o i r ,  t h i s  a r e a  h a s  s e r v e d  

a s  t h e  s o u r c e  o f  c o o l i n g  w a t e r  w h i c h  i s  r e c y c l e d  t h r o u g h  t h e  r e a c t o r  w h o s e  

e f f l u e n t  i s  r e t u r n e d  t o  t h e  H o t  A r m .  B e c a u s e  t h e r e  i s  s o m e  e v i d e n c e  t h a t  

t h e r e  m a y  b e  d i f f e r e n c e s  i n  t h e  e x t e n t  o f  r a d i o c e s i u m  c o n t a m i n a t i o n  o f  t h e  

t h r e e  a r m s  [ 7 ] ,  p r e s u m a b l y  d u e  t o  d i f f e r e n c e s  i n  t h e i r  p r o x i m i t y  t o  t h e  s i t e  

o f  r e a c t o r  e f f l u e n t  e n t r a n c e ,  a n  a t t e m p t  w a s  m a d e  t o  c o l l e c t  1 0  c o o t s  f r o m  

e a c h  o f  t h e  t h r e e  a r m s  d u r i n g  e a c h  m o n t h  t h a t  c o o t s  w e r e  p r e s e n t  o n  t h e  r e s e r v o i r .  

H o w e v e r ,  b e c a u s e  o f  t h e  s c a r c i t y  o f  c o o t s  a t  t h e  t i m e s  o f  t h e i r  e a r l i e s t  a r r i v a l s  

a n d  l a t e s t  d e p a r t u r e s  f r o m  t h e  a r e a ,  t h e  s a m p l e s  f o r  O c t o b e r  a n d  M a y  c o n s i s t e d  

o f  o n l y  8 / 7 / 6  a n d  0 / 7 / 7  i n d i v i d u a l s  f o r  t h e  H o t / N o r t h / W e s t  a r m s ,  r e s p e c t i v e l y .

S a m p l e  s i z e s  w e r e  1 0 / 1 0 / 1 0  c o o t s  f o r  a l l  o t h e r  m o n t h s .  B i r d s  w e r e  c o l l e c t e d  

b y  s h o o t i n g ,  b e t w e e n  O c t o b e r  1 9 7 1  a n d  M a y  1 9 7 2 .  W h e n e v e r  p o s s i b l e ,  a t t e m p t s  

w e r e  m a d e  t o  c o l l e c t  a l l  b i r d s  o f  a  m o n t h l y  s a m p l e  o n  t h e  s a m e  d a y - - p r e f e r a b l y  

a  d a y  n e a r  t h e  m i d d l e  o f  t h e  m o n t h .  A n  a t t e m p t  w a s  a l s o  m a d e  t o  c o l l e c t  a l l  

b i r d s  f r o m  a s  n e a r  t h e  e x t r e m i t i e s  o f  t h e  r e s e r v o i r  a r m s  a s  p o s s i b l e .

I n  a d d i t i o n  t o  t h e  2 1 5  c o o t s  s a m p l e d  i n  t h i s  s t u d y ,  r a d i o c e s i u m  b o d y  b u r d e n s  

w e r e  a l s o  d e t e r m i n e d  f o r  4 6  o t h e r  i n d i v i d u a l s  r e p r e s e n t i n g  n i n e  a d d i t i o n a l  s p e c i e s  

o f  w a t e r f o w l  a n d  a q u a t i c  b i r d s  a s  f o l l o w s :  3  c o m m o n  g a l l i n u l e s ,  G a l l i n u l a  c h l o r o p u s ;

9  p i e d - b i l l e d  g r e b e s ,  P o d i l y m b u s  p o d i c e p s ; 6  h o r n e d  g r e b e s ,  P o d i c e p s  a u r i t u s ;  7  

r u d d y  d u c k s ,  O x y u r a  j a m a i c e n s i s ;  5  b u f f l e h e a d  d u c k s ,  B u c e p h a l a  a l b e o l a ;  6  l e s s e r  

s c a u p  d u c k s ,  A y t h y a  a f f i n i s  ;  3  r i n g - n e c k e d  d u c k s ,  A y t h y a  c o l l a r i s ;  o n e  b l a c k  t e r n ,  

C h l i d o n i a s  n i g e r .  a n d  6  c o m m o n  t e r n s ,  S t e r n a  h i r u n d o .  W i t h  t h e  e x c e p t i o n  o f  t h e  

l a s t  n a m e d ,  a l l  o f  t h e s e  s p e c i e s  h a v e  b e e n  r e c o r d e d  b y  N o r r i s  [ 3 ]  a s  o c c u r r i n g  

o n  t h e  S a v a n n a h  R i v e r  P l a n t .  T h i s  l a t t e r  s p e c i e s  h a s  b e e n  r e c o r d e d  o n  s e v e r a l  

o c c a s i o n s ' ,  h o w e v e r ,  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  S a v a n n a h  R i v e r  P l a n t  [ 8 J .

i m m e d i a t e l y  a f t e r  c o l l e c t i o n ,  b i r d s  w e r e  w e i g h e d  t o  t h e  n e a r e s t  0 . 0 1  g  a n d  

t h e  c h o r d  o f  t h e  w i n g ,  m e a s u r e d  f r o m  t h e  p r o x i m a l  e n d  o f  t h e  c a r p o m e t a c a r p u s  t o  

t h e  t i p  o f  t h e  l o n g e s t  p r i m a r y ,  w a s  r e c o r d e d  t o  t h e  n e a r e s t  m m .  B i r d s  w e r e  s e x e d
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FIG.l. Map of the Par Pond cooling reservoir of the USAEC Savannah River Plant. Intensity of stippling is 
roughly proportional to the degree of influence of the influx of heated reactor effluents which enter the 
reservoir in the Hot Arm. The North Arm area has been free of any direct reactor input since 1964. The 
locations of the reactor and thermal canals are presented diagrammatically.

b y  i n t e r n a l  e x a m i n a t i o n  o f  t h e  g o n a d s  a n d  c o o t s  w e r e  a g e d  b y  t h e  m e t h o d  o f  

G u l l i o n  [ 9 ]  .  B r i e f l y ,  t h i s  m e t h o d  c l a s s i f i e s  c o o t s ,  o n  t h e  b a s i s  o f  t a r s a l  

c o l o r ,  i n t o  t h r e e  a g e  c a t e g o r i e s :  ( 1 )  i m m a t u r e s  ( b i r d s  o f  t h e  y e a r )  w i t h  b l u e  

o r  g r a y - g r e e n  t a r s i ,  ( 2 )  2 - 3  y e a r  o l d  a d u l t s  w i t h  y e l l o w - g r e e n  t a r s i ,  a n d  ( 3 )  

a d u l t s  o f  t h r e e  o r  m o r e  y e a r s  o f  a g e  w i t h  y e l l o w  t a r s i .

W h o l e - b o d y  r a d i o c e s i u m  d e t e r m i n a t i o n s  w e r e  m a d e  o n  t w o  P a c k a r d  M o d e l  4 4 6  

A r m a c  l i q u i d  s c i n t i l l a t i o n  d e t e c t o r s  e q u i p p e d  w i t h  P a c k a r d  t r i - c a r b  s c i n t i l l a t i o n  

g a m m a  s p e c t r o m e t e r s .  C r o s s - c a l i b r a t i o n s  o f  t h e  t w o  c o u n t e r s  i n d i c a t e d  a g r e e m e n t  

w i t h i n  a n  a v e r a g e  o f  0 . 2 6  p C i  r a d i o c e s i u m / g .  T h i s  v a l u e  w a s  l e s s  t h a n  t h e  m a x i m u m  

s e n s i t i v i t y  o f  e i t h e r  m a c h i n e  w h i c h  w a s  1 . 1 3  p C i / g  f o r  t h e  s m a l l e s t  i n d i v i d u a l  c o u n t e d  

i n  t h i s  s t u d y .  T o  d e t e r m i n e  r a d i o c e s i u m  c o n c e n t r a t i o n s ,  s a m e - d a y  c o u n t s  w e r e  m a d e
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o f  b a c k g r o u n d  a n d  a q u e o u s  p h a n t o m s  o f  k n o w n  r a d i o c e s i u m  c o n t e n t  w h i c h  a p p r o x i m a t e d  

t h e  s i z e  a n d  s h a p e  o f  t h e  b i r d  b e i n g  c o u n t e d .  C o u n t i n g  p e r i o d s  w e r e  e i t h e r  2 0  o r  

5 0  m i n ,  d e p e n d i n g  o n  t h e  b o d y  s i z e  o f  t h e  b i r d  a n d  w e r e  s e l e c t e d  t o  i n s u r e  a  

s e n s i t i v i t y  o f  l e s s  t h a n  1 . 5 0  p C i / g .  R a d i o c e s i u m  c o n c e n t r a t i o n s  w h i c h  w e r e  

g r e a t e r  t h a n  t w i c e  t h e  s e n s i t i v i t y  c a l c u l a t e d  f o r  t h e  s m a l l e s t  i n d i v i d u a l  u s e d  

i n  t h i s  s t u d y  w e r e  c o n s i d e r e d  t o  b e  s i g n i f i c a n t l y  d i s t i n g u i s h a b l e  f r o m  b a c k g r o u n d .

A l t h o u g h  r a d i o c e s i u m  c o n t e n t  w a s  q u a n t i f i e d  b y  c o u n t i n g  t h e  c o m b i n e d  g a m m a  

e m i s s i o n s  o f  b o t h  1 3 4 c s  a n d  1 3 7 C s ,  i t  i s  u n l i k e l y  t h a t  t h e  f o r m e r  i s o t o p e  

c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  c o u n t s  o b s e r v e d .  M a r t e r  t 1 Í  h a s  s h o w n  t h e  

r a t i o  o f  1 3 7 C s  t o  1 3 4 c s  t o  b e  a p p r o x i m a t e l y  2 0 : 1  i n  w a t e r f o w l  f r o m  t h e  P a r  

P o n d  a r e a .  O t h e r  g a m m a - e m i t t i n g  i s o t o p e s  w e r e  p r e s e n t  i n  o n l y  r e l a t i v e l y  

s m a l l  a m o u n t s  i n  o t h e r  s i m i l a r l y  c o n t a m i n a t e d  a r e a s  o f  t h e  S a v a n n a h  R i v e r  

P l a n t  [ l J  ,  a n d  h a d  e n e r g y  s p e c t r a  w h i c h  w e r e  w i d e l y  s e p a r a t e d  f r o m  t h e  

1 3 4 - 1 3 7 c s  e n e r g y  p e a k  a n d  w e r e ,  t h e r e f o r e ,  u n l i k e l y  t o  c o n t r i b u t e  s i g n i f i c a n t  

e r r o r s  t o  t h e  r a d i o c e s i u m  a n a l y s e s  С 1 0  Í  .

R E S U L T S  A N D  D I S C U S S I O N

B a r t l e t t ' s  t e s t  f i l l  i n d i c a t e d  t h a t  t h e  d a t a  f o r  t h e  r a d i o c e s i u m  b o d y  b u r d e n s  

o f  t h e  c o o t s  d i d  n o t  s h o w  h o m o g e n e i t y  o f  v a r i a n c e  ( X ^  =  2 4 . 6 5 ;  d f  =  7 ;  P  ¿  0 . 0 1 ) .  

A p p l i c a t i o n s  o f  s e v e r a l  t r a n s f o r m a t i o n s  t o  t h e  d a t a  w e r e  u n s u c c e s s f u l  i n  p r o d u c i n g  

a n y  r e d u c t i o n  i n  t h e  h e t e r o g e n e i t y  o f  v a r i a n c e  d i s t r i b u t i o n .  B i a s  i n  t h e  a n a l y s i s  

w a s  t h e r e f o r e  m i n i m i z e d  b y  e l i m i n a t i n g  t h e  d a t a  f o r  M a y  b e c a u s e  o f  t h e  i n e q u a l i t y  

o f  s a m p l e  s i z e s  d u r i n g  t h a t  m o n t h .  U n d e r  t h e  r e s u l t i n g  c o n d i t i o n s  o f  n e a r l y  

i d e n t i c a l  s a m p l e  s i z e s  i n  a l l  c a t e g o r i e s  o f  m o n t h  a n d  l o c a l i t y ,  a n y  b i a s  

i n t r o d u c e d  b y  n o n - h o m o g e n e i t y  o f  v a r i a n c e  w o u l d  b e  m i n i m a l  [ 1 2 ]  .  T h i s  c o r r e c t i o n  

t o  m a x i m i z e  e v e n  d i s t r i b u t i o n  o f  s a m p l e  s i z e s ,  t o g e t h e r  w i t h  t h e  f a c t  t h a t  m a n y  

o f  t h e  d i f f e r e n c e s  w h i c h  w e r e  f o u n d  w e r e  d e m o n s t r a b l e  a t  a  h i g h l y  s i g n i f i c a n t  

l e v e l  ( P  o f t e n  ¿ 0 . 0 0 1 )  s u g g e s t s  t h a t  a n y  b i a s  d u e  t o  n o n - h o m o g e n e i t y  o f  v a r i a n c e  

w o u l d  n o t  b e  l i k e l y  t o  s i g n i f i c a n t l y  a l t e r  t h e  r e s u l t s  o b t a i n e d .  U n d e r  t h e s e  

c o n d i t i o n s ,  a  m u l t i p l e  a n a l y s i s  o f  v a r i a n c e  w a s  c o n d u c t e d  t o  e v a l u a t e  t h e  e f f e c t s  

o f  b o d y  w e i g h t ,  s e x ,  a g e ,  l o c a t i o n  i n  t h e  r e s e r v o i r ,  m o n t h  o f  c o l l e c t i o n  a n d  t h e  

i n t e r a c t i o n  o f  m o n t h  a n d  l o c a t i o n  u p o n  t h e  r a d i o c e s i u m  b o d y  b u r d e n s  o f  t h e  c o o t s  

( T a b l e  I ) .

T h e  s i m p l e  e f f e c t s  o f  b o d y  w e i g h t  a n d  a g e ,  i f  n o t  a d j u s t e d  f o r  t h e  e f f e c t s  

o f  t h e  o t h e r  v a r i a b l e s ,  a p p e a r e d  t o  b e  s i g n i f i c a n t  ( F  =  1 1 . 9 8  a n d  4 . 3 4 ;  d f  =  1 / 1 7 6  

a n d  2 / 1 7 6 ;  P  ¿  0 . 0 5 ) f o r  b o d y  w e i g h t ,  t r e a t e d  a s  a  c o v a r i a n t ,  a n d  a g e ,  r e s p e c t i v e l y .  

H o w e v e r ,  w h e n  a d j u s t m e n t  w a s  m a d e  f o r  t h e  e f f e c t s  o f  t h e  o t h e r  v a r i a b l e s ,  n o  

s i g n i f i c a n t  e f f e c t s  o f  t h e s e  f a c t o r s  c o u l d  b e  d e m o n s t r a t e d ,  a s  w a s  a l s o  t h e  

c a s e  f o r  s e x  ( T a b l e  I ) .  O n l y  t h e  v a r i a b l e s  o f  m o n t h ,  l o c a t i o n  a n d  t h e  i n t e r 

a c t i o n  o f  m o n t h  X  l o c a t i o n  s h o w e d  s i g n i f i c a n t  e f f e c t s  i n  t h e  a n a l y s i s  ( T a b l e  I ) .

A  D u n c a n ’ s  m u l t i p l e - r a n g e  t e s t  c o n d u c t e d  a t  t h e  0 . 0 5  l e v e l  o f  p r o b a b i l i t y  

i n d i c a t e d  t h a t  m a x i m a l  v a l u e s  f o r  c o o t  r a d i o c e s i u m  b o d y  b u r d e n s  o c c u r r e d  

d u r i n g  J a n u a r y  a n d  F e b r u a r y .  C o o t  b o d y  b u r d e n s  d u r i n g  t h e s e  t w o  m o n t h s  

d i d  n o t  d i f f e r  s i g n i f i c a n t l y  f r o m  o n e  a n o t h e r .  A l t h o u g h  n o t  a s  g r e a t  a s  

t h o s e  o f  J a n u a r y  a n d  F e b r u a r y ,  t h e  a v e r a g e  b o d y  b u r d e n s  o f  c o o t s  d u r i n g  

D e c e m b e r ,  A p r i l  a n d  M a r c h  w e r e  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h o s e  o f  O c t o b e r  

a n d  N o v e m b e r .  W i t h i n  e a c h  o f  t h e s e  t w o  l a t t e r  g r o u p s  o f  m o n t h s ,  t h e r e  w e r e  

n o  s i g n i f i c a n t  d i f f e r e n c e s  i n  a v e r a g e  c o o t  b o d y  b u r d e n s  ( F i g .  2 ) .

A  s i m i l a r  D u n c a n ' s  m u l t i p l e - r a n g e  t e s t ,  c o n d u c t e d  a t  t h e  0 . 0 5  p r o b a b i l i t y  

l e v e l  f o r  l o c a t i o n ,  i n d i c a t e d  t h a t  c o o t s  f r o m  t h e  N o r t h  A r m  h a d  s i g n i f i c a n t l y  

h i g h e r  b o d y  b u r d e n s  t h a n  t h o s e  f r o m  e i t h e r  t h e  H o t  o r  W e s t  A r m s .  B i r d s  f r o m  

t h e  H o t  a n d  W e s t  A r m s ,  h o w e v e r ,  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  f r o m  e a c h  o t h e r .

T h e  h i g h  b o d y  b u r d e n s  o f  c o o t s  f r o m  t h e  N o r t h  A r m  w e r e  p r o b a b l y  d u e  t o  t h e  

c o n t a m i n a t i o n  o f  t h i s  a r e a  w i t h  a b o u t  1 5 0  C i  o f  r a d i o c e s i u m  a s  t h e  r e s u l t  

o f  r e a c t o r  o p e r a t i o n s  b e t w e e n  1 9 6 1  a n d  1 9 6 4  [ 7  ]  .  T h e r e  i s  n o  s u c h  e v i d e n c e ,  

h o w e v e r ,  o f  c u r r e n t  r a d i o c e s i u m  c o n t a m i n a t i o n  o c c u r r i n g  i n  t h e  H o t  A r m  o f  t h e  

r e s e r v o i r  a s  a  r e s u l t  o f  o n - g o i n g  r e a c t o r  o p e r a t i o n s .  T h i s  s a m e  s p a t i a l  p a t t e r n  

o f  d i f f e r e n t i a l  r a d i o c e s i u m  c o n t a m i n a t i o n  w o u l d '  b e  r e f l e c t e d  i n  t h e  v e g e t a t i o n  a n d  

o t h e r  p o p u l a t i o n s '  o f  s e s s i l e  o r  l e s s  m o b i l e  a n i m a l s  i n h a b i t i n g  t h e  r e s e r v o i r ,  

a l t h o u g h  c o n f i r m a t o r y  d a t a  a r e  n o t  y e t  a v a i l a b l e .
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T A B L E  I. S U M M A R Y  O F  A  M U L T IP L E  A N A L Y S IS  O F  V A R IA N C E  F O R  
R A D IO C E S IU M  B O D Y  B U R D E N S O F  C O O T S  F R O M  T H E  P A R  P O N D  
R E S E R V O IR  O F  T H E  A E C  S A V A N N A H  R IV E R  P L A N T  *

S o u rce d f F P r o b a b i l i t y  o f  G r e a te r  F

Body W e ig h t 1 2 .8 3 0 .0 9

Age 2 1 .7 8 0 .1 7

Sex 1 0 .3 9 0 .5 4

L o c a t io n 2 7 .7 2 0 .0 0 0 9

M o nth 6 2 6 .2 7 0 .0 0 0 1

M o n th  X L o c a t io n 1 2 2 .2 2 0 . 0 1

E r r o r 176

*B a s e d  on p a r t i a l  sums o f  s q u a re s  w h ic h  h a ve  b e e n  a d ju s te d  f o r  th e  c o v a r ia n t  
e f f e c t  o f  b o d y  w e ig h t .  F i r s t ,  se co n d  and t h i r d  o r d e r  i n t e r a c t i o n s  i n v o lv in g  
se x  and age w e re  n o t  c a lc u la t e d  b e ca u se  o f  lo w  o r  u n e q u a l s u b c la s s  r e p l i c a t i o n  
i n  some o f  th e s e  c a te g o r ie s  as a r e s u l t  o f  th e  a b se n ce  o r  s c a r c i t y  o f  c e r t a i n  
se x  o r  age c la s s e s  o f  c o o ts  on th e  r e s e r v o i r  d u r in g  c e r t a i n  m o n th s .

FIG.2. Radiocaesium body burdens of American coots sampled from three different localities on the Par Pond 
cooling reservoir of the USAEC Savannah River Plant (Fig. 1). Birds were collected between October 1971 
and May 1972. Horizontal lines represent means, rectangles represent plus or minus two standard errors 
and vertical lines represent the ranges. Means are based on sample sizes of ten birds each, except for those 
for October and May, which were 8/7/6 and 0/7/7 birds each, for the Hot Arm/North Arm/West Arm samples 
for these two months, respectively.
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T h e  i n t e r a c t i o n  b e t w e e n  t h e  e f f e c t s  o f  m o n t h  a n d  l o c a t i o n  ( T a b l e  I )  i s  

u n d o u b t e d l y  d u e  t o  t h e  f a c t  t h a t  t h e  d i f f e r e n t i a l l y  h i g h  b o d y  b u r d e n  l e v e l s  

o f  c o o t s  f r o m  t h e  N o r t h  A r m  a r e  n o t  a p p a r e n t  d u r i n g  t h e  e a r l y  f a l l  m o n t h s  

b e f o r e  t h e  b i r d s  b e g i n  t o  s h o w  s i g n i f i c a n t  i n c r e a s e s  i n  t h e i r  r a d i o c e s i u m  

l e v e l s  ( F i g .  2 ) .  A  p e r i o d i c  s h i f t i n g  o f  t h e  r e l a t i v e  m a g n i t u d e s  o f  t h e  

a v e r a g e  b o d y  b u r d e n s  o f  c o o t s  f r o m  t h e  H o t  a n d  W e s t  A r m s  t h r o u g h o u t  t h e  y e a r  

u n d o u b t e d l y  a l s o  c o n t r i b u t e s  t o  t h e  s i g n i f i c a n c e  o f  t h e  o b s e r v e d  i n t e r a c t i o n  

b e t w e e n  t h e  v a r i a b l e s  o f  m o n t h  a n d  l o c a l i t y .

T h e  f a i l u r e  o f  t h e  a g e  v a r i a b l e  t o  s h o w  a  s i g n i f i c a n t  e f f e c t  u p o n  c o o t  

r a d i o c e s i u m  b o d y  b u r d e n s  c o u l d  b e  d u e  t o  o n e  o f  t w o  f a c t o r s .  I t  i s  p o s s i b l e  

t h a t  f e w  o r  n o  b i r d s  e v e r  r e t u r n  t o  t h e  P a r  P o n d  r e s e r v o i r  d u r i n g  s u c c e s s i v e  

y e a r s .  T h e  t e n d e n c y  o f  m a n y  s u c h  b i r d s  t o  s h o w  s i t e  f a i t h f u l n e s s  t o  s p e c i f i c  

w i n t e r i n g  o r  n e s t i n g  l o c a l i t i e s ,  h o w e v e r ,  w o u l d  a r g u e  a g a i n s t  t h i s  h y p o t h e s i s .

A  m o r e  l i k e l y  e x p l a n a t i o n  w o u l d  i n v o l v e  a  s u f f i c i e n t l y  r a p i d  t u r n o v e r  a n d  

e l i m i n a t i o n  o f  r a d i o c e s i u m  b y  t h e  b i r d s  d u r i n g  t h e i r  f i v e  m o n t h  a b s e n c e  f r o m  

t h e  c o n t a m i n a t e d  r e s e r v o i r  s o  t h a t  l i t t l e  i f  a n y  r e s i d u a l  c o n t a m i n a t i o n  w o u l d  

r e m a i n  i n  a  b i r d  r e t u r n i n g  t o  t h e  a r e a  f o r  t h e  s e c o n d  o r  t h i r d  y e a r .  P r e l i m i n a r y  

d a t a  s u g g e s t s  t h a t  t h e  b i o l o g i c a l  h a l f - l i f e  o f  r a d i o c e s i u m  i s  b e t w e e n  2 0  a n d  3 0  

d a y s  i n  c o o t s ,  t h e r e b y  s u p p o r t i n g  t h i s  l a t t e r  h y p o t h e s i s .

A l t h o u g h  c o o t s  a r e  p r e s e n t  o n  t h e  P a r  P o n d  r e s e r v o i r  f r o m  O c t o b e r  t h r o u g h  

M a y ,  s e v e r a l  l i n e s  o f  e v i d e n c e  s u g g e s t  t h a t  t h e  s a m e  p o p u l a t i o n  c o n t i n g e n t  i s  

p r o b a b l y  n o t  c o n t i n u o u s l y  p r e s e n t  d u r i n g  a l l  m o n t h s .  A s  p o i n t e d  o u t  b y  R o g e r s  

a n d  O d u m  [ 1 3  ^ c h a n g e s  i n  t h e  r a t i o  o f  b o d y  w e i g h t  t o  w i n g  l e n g t h  a r e  o f t e n  

i n d i c a t i v e  o f  m i g r a t o r y  s t a t u s  i n  a  p o p u l a t i o n  o f  b i r d s ,  h i g h  r a t i o s  i n d i c a t i n g  

h i g h  f a t  d e p o s i t i o n  s u c h  a s  w o u l d  u s u a l l y  o c c u r  i m m e d i a t e l y  p r i o r  t o  m i g r a t o r y  

d e p a r t u r e .  T h e  r a t i o s  o f  b o d y  w e i g h t  t o  w i n g  l e n g t h  s h o w e d  h o m o g e n e i t y  o f  

v a r i a n c e  ( X 2  =  1 1 . 9 1 ;  d f  =  7 ;  P > 0 . 0 5 )  a n d  a  o n e - w a y  a n a l y s i s  o f  v a r i a n c e  

i n d i c a t e d  a  s i g n i f i c a n t  e f f e c t  o f  m o n t h  u p o n  t h i s  r a t i o  f o r  t h e  c o o t s  

( F  =  1 0 . 9 9 ;  d f  =  7 , 2 0 7 ;  P  ^ r O . O l ) .  T h e r e  w a s  a n  i n c r e a s e  i n  t h i s  r a t i o  

t h r o u g h o u t  t h e  e a r l y  w i n t e r  ( F i g .  3 ) ,  a s  m i g h t  b e  e x p e c t e d  f o r  b i r d s  w h i c h  

h a d  j u s t  c o m p l e t e d  t h e i r  s o u t h w a r d  m i g r a t i o n  a n d  w e r e  r e b u i l d i n g  b o d y  f a t  

r e s e r v e s  p r i o r  t o  s p r i n g  d e p a r t u r e .  T h e  c o n t i n u o u s  d e c r e a s e  i n  t h i s  r a t i o  

f r o m  D e c e m b e r  t h r o u g h  M a y ,  h o w e v e r ,  s u g g e s t s  t h a t  t h e  b i r d s  p r e s e n t  d u r i n g  t h a t  

p e r i o d  w e r e  t r a n s i e n t s  w h i c h  w e r e  p r o g r e s s i v e l y  n e a r e r  t h e  e n d  o f  t h e i r  n o r t h w a r d  

s p r i n g  m o v e m e n t s ,  w h i c h  m u s t  h a v e  o r i g i n a t e d  f u r t h e r  t o  t h e  s o u t h  o f  t h e  S a v a n n a h  

R i v e r  P l a n t  a r e a .  T h e r e  w a s  t h u s  n o  e v i d e n c e  t o  i n d i c a t e  t h a t  t h e s e  s p r i n g  

b i r d s  w e r e  s i m p l y  w i n t e r  r e s i d e n t s  w h i c h  h a d  n o t  y e t  d e p a r t e d  t o  t h e  n o r t h .

M o n t h l y  c h a n g e s  i n  t h e  s e x  r a t i o s  o f  t h e  c o o t s  p r e s e n t  o n  t h e  r e s e r v o i r  

( F i g .  3 )  s u g g e s t  t h a t  c o o t s ,  l i k e  m a n y  o t h e r  s p e c i e s  o f  w a t e r f o w l ,  t e n d  t o  

s h o w  d i f f e r e n t i a l  m i g r a t i o n  p a t t e r n s  f o r  t h e  s e x e s ,  w i t h  m a l e s  t e n d i n g  t o  

r e m a i n  i n  t h e  m o r e  n o r t h e r l y  p a r t s  o f  t h e  w i n t e r i n g  r a n g e  ( s u c h  a s  t h e  

S a v a n n a h  R i v e r  P l a n t  a r e a ) ,  w h i l e  t h e  f e m a l e s  t e n d  t o  m o v e - o n ,  w i n t e r i n g  

i n  m o r e  s o u t h e r l y  p a r t s  o f  t h e  r a n g e  i n c l u d i n g  s o u t h e r n  G e o r g i a  a n d  F l o r i d a  

[ 1 4 , 1 5 ]  .  T h u s ,  t h e  s e x  r a t i o  o f  e a r l y  a r r i v i n g  f a l l  b i r d s  d o e s  n o t  d i f f e r  

s i g n i f i c a n t l y  f r o m  5 0 - 5 0 .  L a t e r  i n t o  t h e  f a l l ,  h o w e v e r ,  a s  t h e  f e m a l e s  c o n t i n u e  

t o  m o v e  s o u t h ,  t h e  s e x  r a t i o  b e g i n s  t o  d e v i a t e  s i g n i f i c a n t l y  f r o m  a  5 0 - 5 0  r a t i o ,  

w i t h  a  m a x i m u m  o f  8 6 . 7 %  m a l e s  b e i n g  a t t a i n e d  i n  F e b r u a r y  ( F i g .  3 ) .  L a t e r  i n  

t h e  s e a s o n ,  t h e  s e x  r a t i o  a g a i n  f a l l s  a s  t h e  p r e d o m i n a t e l y  m a l e  p o p u l a t i o n  

c o n t i n g e n t  a p p a r e n t l y  m o v e s  n o r t h w a r d  a n d  i s  r e p l a c e d ,  i n  t u r n ,  b y  t h e  

p r e d o m i n a t e l y  f e m a l e  c o n t i n g e n t  w h i c h  h a d  b e e n  w i n t e r i n g  f u r t h e r  t o  t h e  s o u t h .

I n  t e s t i n g  f o r  s i g n i f i c a n t  d e v i a t i o n s  i n  s e x  r a t i o s ,  a n  i n i t i a l  c o n t i n g e n c y  

C h i  S q u a r e  t e s t  w a s  c o n d u c t e d  f o r  a l l  m o n t h s  ( X 2  =  2 0 . 4 6 ;  d f  =  8 ;  P  0 . 0 1 ) ,  

f o l l o w e d  b y  C h i  S q u a r e  t e s t s  f o r  i n d i v i d u a l  m o n t h s  t o  w h i c h  Y a t e s '  c o r r e c t i o n

[ 1 6 ]  w a s  a p p l i e d  ( F i g .  3 ) .

T h e  p e r i o d i c  c h a n g e  i n  p o p u l a t i o n  c o n t i n g e n t s  o f  c o o t s  t h r o u g h o u t  t h e  

m o n t h s ,  a s  p r o d u c e d  b y  t h e  d i f f e r e n t i a l  m i g r a t o r y  p a t t e r n s  d e s c r i b e d  a b o v e ,  

m a y  h e l p  e x p l a i n  t h e  s e a s o n a l  v a r i a t i o n  i n  t h e  r a d i o c e s i u m  b o d y  b u r d e n s  o f  

t h e s e  b i r d s  o n  t h e  r e s e r v o i r  ( F i g .  2 ) .  A t  t h e  t i m e  o f  t h e i r  f a l l  a r r i v a l  

o n  t h e  r e s e r v o i r ,  m o s t  b i r d s  h a d  l o w  r a d i o c e s i u m  l e v e l s  d u e  t o  t h e  p r e s u m a b l y  

l o w  r a d i o n u c l i d e  c o n t a m i n a t i o n  l e v e l s  o f  t h e i r  n o r t h e r n  b r e e d i n g  g r o u n d s ,  

r e l a t i v e  t o  t h e  P a r  P o n d  r e s e r v o i r .  D u r i n g  t h e i r  w i n t e r  s t a y  o n  t h e  r e s e r v o i r ,  

h o w e v e r ,  t h e  p r e d o m i n a t e l y  m a l e  w i n t e r i n g  c o n t i n g e n t  i n c r e a s e d  s t e a d i l y  i n
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FIG.3. Changes in average body weight/wing length and sex ratios of monthly samples of American coots 
collected from the Par Pond cooling reservoir of the USAEC Savannah River Plant. Sample sizes were 30 birds 
for each month except October and May, which were 21 and 14 birds each, respectively. Data were calculated 
for all birds, pooled with respect to sampling locality within the reservoir. Sex ratios indicated with single 
and double asterisks differ from a 1:1 ratio at the 0. 05 and 0.01 levels of probability, respectively. Vertical 
lines represent two standard errors above and below the mean.

r a d i o c e s i u m  c o n t e n t  u n t i l  J a n u a r y  o r  F e b r u a r y  a t  w h i c h  t i m e  t h e s e  b i r d s  

a p p a r e n t l y  b e g a n  m o v i n g  n o r t h  a n d  w e r e  r e p l a c e d ,  i n  t u r n ,  b y  i n c r e a s i n g  

n u m b e r s  o f  t h e  p r e d o m i n a t e l y  f e m a l e  p o p u l a t i o n  c o n t i n g e n t  o f  t r a n s i e n t  b i r d s  

w h i c h  h a d  w i n t e r e d  f u r t h e r  t o  t h e  s o u t h  i n  r e l a t i v e l y  u n c o n t a m i n a t e d  h a b i t a t s .

T h e s e  s p r i n g  t r a n s i e n t  b i r d s  t h e r e f o r e  h a d  l o w e r  r a d i o c e s i u m  l e v e l s  a n d  

a p p a r e n t l y  b e g a n  t o  h a v e  a  d i l u t i n g  e f f e c t  w h i c h  c o n t i n u e d  t o  r e d u c e ,  w i t h  

i n c r e a s i n g  i n t e n s i t y ,  t h e  a v e r a g e  r a d i o c e s i u m  l e v e l  o f  t h e  r e s e r v o i r  c o o t

p o p u l a t i o n  t h r o u g h o u t  t h e  l a t e  w i n t e r  a n d  s p r i n g  m o n t h s .

A  l i n e a r  r e g r e s s i o n  a n a l y s i s  o n  b o d y  b u r d e n  d a t a  p o o l e d  f o r  a l l  c o o t s  

w i t h  r e s p e c t  t o  l o c a l i t y ,  s e x  a n d  a g e  i n d i c a t e d  t h a t  b e t w e e n  N o v e m b e r  a n d  

F e b r u a r y ,  t h e  w i n t e r  r e s i d e n t  b i r d s  i n c r e a s e d  t h e i r  b o d y  b u r d e n s  a t  a n  

a v e r a g e  r a t e  o f  2 . 6 9  +  0 . 2 4 9  ( S E )  p C i / g  l i v e  b o d y  w e i g h t / m o n t h  ( r  =  0 . 7 0 6 ;  

d f  =  1 1 8 ;  P ^ O . O l ) .  T h i s  r a t e  o f  b o d y  b u r d e n  b u i l d - u p  c o m p a r e s  f a v o r a b l y  

w i t h  i n f o r m a t i o n  o b t a i n e d  f r o m  a  s i n g l e  b a n d e d  c o o t  w h i c h  w a s  c a p t u r e d  o n

t h e  r e s e r v o i r  o n  D e c e m b e r  1 0 ,  1 9 7 1  a n d  w a s  r e l e a s e d  a t  t h e  s i t e  o f  i t s

c a p t u r e  o n  D e c e m b e r  2 2 ,  1 9 7 1  w i t h  a  t o t a l  r a d i o c e s i u m  b o d y  b u r d e n  o f  

1 , 9 1 1  p C i  ( 4 . 0 4  p C i / g  l i v e  w e i g h t ) .  N i n e t y - f o u r  d a y s  l a t e r ,  t h i s  b i r d  

w a s  s h o t  w h i l e  c o l l e c t i n g  t h e  M a r c h  c o o t  s a m p l e  a n d  w a s  f o u n d  t o  h a v e  

i n c r e a s e d  i t s  t o t a l  b o d y  b u r d e n  d u r i n g  i t s  p e r i o d  o f  r e l e a s e  o n  t h e  

r e s e r v o i r  b y  2 1 1 7 » ,  o r  a t  a n  a v e r a g e  r a t e  o f  1 . 8 0  p C i / g  l i v e  w e i g h t / m o n t h .

H o w e v e r ,  t h i s  r a t e  o r  b o d y  b u r d e n  i n c r e a s e  c o u l d  n o t  b e  s u s t a i n e d  i n d e f i n i t e l y  

b y  t h e  b i r d s  i f  t h e y  w e r e  t o  r e m a i n  o n  t h e  r e s e r v o i r  f o r  a n  e x t e n d e d  p e r i o d  

o f  t i m e .  I t  i s  n o t  y e t  p o s s i b l e  t o  s a y ,  h o w e v e r ,  e x a c t l y  h o w  l o n g  w o u l d  b e  

r e q u i r e d  f o r  t h i s  r a t e  o f  b o d y  b u r d e n  i n c r e a s e  t o  d i m i n i s h  a n d  b e g i n  t o  a p p r o a c h  

s o m e  a s  y e t  u n d e t e r m i n e d  a s y m p t o t i c  l e v e l .  A  b i o l o g i c a l  h a l f - l i f e  o f  2 0 - 3 0  

d a y s  f o r  r a d i o c e s i u m  i n  c o o t s  w o u l d  a l m o s t  c e r t a i n l y  s u g g e s t  t h a t  m o s t  o f
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t h e  b i r d s  w o u l d  b e g i n  t o  s h o w  d e c r e a s e s  i n  t h e  r a t e  o f  b o d y - b u r d e n  b u i l d - u p  

b y  t h e  e n d  o f  t h e i r  3 - 4  m o n t h  s t a y  o n  t h e  r e s e r v o i r .  P e n d l e t o n  a n d  H a n s o n  

[ 17]  h a v e  s h o w n  t h a t  w a t e r f o w l  a r e  s o m e w h a t  s l o w e r  t h a n  o t h e r  i n h a b i t a n t s  o f  

a q u a t i c  c o m m u n i t i e s ,  s u c h  a s  f i s h ,  t o  a t t a i n  m a x i m u m  r a d i o c e s i u m  c o n c e n t r a t i o n  

l e v e l s .  T h e s e  a u t h o r s  s u g g e s t  t h a t  m a x i m u m  c o n c e n t r a t i o n  f a c t o r s  a p p e a r  i n  

w a t e r f o w l  f l e s h  a f t e r  3 6 - 4 8  d a y s  o f  e x p o s u r e ,  a l t h o u g h  n o  d a t a  a r e  g i v e n  f o r  

t o t a l  b o d y  b u r d e n s ,  w h i c h  p r e s u m a b l y  w o u l d  r e q u i r e  l o n g e r  t o  a p p r o a c h  a s y m p t o t i c  

l e v e l s .

S e a s o n a l  t r e n d s  w e r e  a l s o  a p p a r e n t  i n  t h e  v a r i a b i l i t y  a s  w e l l  a s  t h e  a v e r a g e  

c o o t  r a d i o c e s i u m  b o d y  b u r d e n s  a s  i n d i c a t e d ,  f o r  e x a m p l e ,  b y  t h e  v a r y i n g  w i d t h  

o f  t h e  9 5 7 »  c o n f i d e n c e  i n t e r v a l  a b o u t  t h e  m e a n s  o f  t h e  m o n t h l y  s a m p l e s  ( F i g .  4 ) .  

W h e n  t h e  v a r i a b i l i t y  o f  l o g - t r a n s f o r m e d  d a t a  f o r  c o o t  b o d y  b u r d e n s  w a s  c o n s i d e r e d ,  

m i n i m a l  v a r i a b i l i t y  w a s  f o u n d  d u r i n g  t h e  p e r i o d  o f  t h e  l a t e  f a l l  a n d  e a r l y  w i n t e r  

b u i l d - u p .  D u r i n g  t h i s  p e r i o d ,  w h e n  t h e  e x c h a n g e  o f  b i r d s  b e t w e e n  t h e  r e s e r v o i r  

p o p u l a t i o n  a n d  t h o s e  i n  a d j o i n i n g  n o n - c o n t a m i n a t e d  h a b i t a t s  i s  a p p a r e n t l y  m i n i m a l ,  

t h e  v a r i a b i l i t y  w a s  o n l y  a b o u t  1 0 7 =  t h a t  o f  t h e  l a t e  w i n t e r  o r  s p r i n g  p e r i o d s  w h e n  

t h e  d i l u t i o n  e f f e c t  o f  i n c o m i n g  t r a n s i e n t  b i r d s  i n c r e a s e s  t h e  p o p u l a t i o n ' s  t o t a l  

v a r i a b i l i t y  b y  m i x i n g  r e l a t i v e l y  n o n - c o n t a m i n a t e d  b i r d s  w i t h  t h o s e  w h i c h  h a d  

a c c u m u l a t e d  r e l a t i v e l y  h i g h  b o d y  b u r d e n s  d u r i n g  t h e i r  w i n t e r  s t a y .

T h e  m o n t h l y  f l u c t u a t i o n s  o f  c o o t  b o d y  b u r d e n s  o n  t h e  r e s e r v o i r  w a s  s u c c e s s 

f u l l y  s i m u l a t e d  b y  t h e  s i n e - w a v e  e q u a t i o n  u s e d  b y  K o l e h m a i n e n  [ 1 8 ]  t o  d e s c r i b e  

a n n u a l  s e a s o n a l  c h a n g e s  i n  t h e  r a d i o c e s i u m  c o n t e n t s  o f  b l u e g i l l  ( L e p o m i s  

m a c r o c h i r u s )  i n  a  c o n t a m i n a t e d  l a k e .  T h e  s i n e - w a v e  t r a n s f o r m a t i o n  f o r  t h i s  

s t u d y  w a s  m a d e  i n  t h e  f o r m :  Y  =  a  +  b X ,  w h e r e  a  =  t h e  a n n u a l  m e a n  b o d y  b u r d e n ,

15.0 -

10.0

5.0 -

Oct Nov Dec Jan Feb Mar April May

FIG.4. Radiocaesium body burdens of nine species of waterfowl and other aquatic birds collected from the Par 
Pond cooling reservoir of the USAEC Savannah River Plant at the same times as monthly samples of American 
coots. The solid line connects means and the shaded area represents the 95% confidence interval about the 
means for the monthly coot samples (Fig. 2). Asterisks represent common gallinules, solid circles pied-billed 
grebes, open circles horned grebes, solid triangles ring-necked ducks, open triangles lesser scaup ducks, solid 
squares bufflehead ducks, open squares ruddy ducks, solid diamonds common terns and the open diamond 
represents a black tern. Body burdens less than 3. 00 pCi/g were generally considered to be indistinguishable 
from background (see text).
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b  =  h a l f  o f  t h e  a m p l i t u d e  a n d  X  i s  t r a n s f o r m e d  i n t o  t h e  f o r m ,  [  s i n  ^  ^  ( t  -  t m )  ]  ,

3 6 0

w h e r e  t  =  t h e  d a y  o f  t h e  y e a r  o n  w h i c h  b o d y  b u r d e n  i s  b e i n g  d e t e r m i n e d ,  n u m b e r e d

c o n s e c u t i v e l y  f r o m  1  J a n u a r y ,  a n d  =  t h e  d a y  o f  t h e  y e a r  u p o n  w h i c h  t h e  s i n e - w a v e

i n c r e a s e s  t h r o u g h  t h e  a n n u a l  m e a n .  I n  t h e  p r e s e n t  c a s e ,  i n s p e c t i o n  o f  t h e  d a t a  

g a v e  a n  i n i t i a l  e s t i m a t e  o f  3 1 8  f o r  t , , , .  A  l e a s t - s q u a r e s  a n a l y s i s  g a v e  a  s i g n i f i c a n t  

l i n e a r  f i t  t o  t h e  e q u a t i o n :

p C i / g  l i v e  w e i g h t  =  5 . 0 9  +  7 . 1 9  [ s i n  (  t  -  3 1 8 )  ]  ( r  =  0 . 5 6 ;  d f  =  2 1 3 ;  P  Э  0 . 0 1 )

3 6 0

A l t h o u g h  t h e  l e a s t - s q u a r e s  f i t  t o  t h i s  e q u a t i o n  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t ,  

i t  i s  p o s s i b l e  t h a t  s u b s e q u e n t  r e f i n e m e n t s  o f  t h e  e s t i m a t e  o f  t m  c o u l d  g i v e  e v e n  

b e t t e r  f i t s  t o  t h e  d a t a .  T h e  s i n e - w a v e  e q u a t i o n  d e r i v e d  f o r  t h e  c o o t s  i n  t h e  

p r e s e n t  s t u d y  i s  i n  p h a s e  w i t h  t h e  c o r r e s p o n d i n g  e q u a t i o n  f o u n d  b y  K o l e h m a i n e n  

[  1 8  1 ,  e v e n  t h o u g h  t h e  f a c t o r s  p r o d u c i n g  t h e  o b s e r v e d  c h a n g e s  i n  b o d y  b u r d e n s  

w e r e  q u i t e  d i f f e r e n t  i n  t h e  t w o  s t u d i e s .  M o n t h l y  c h a n g e s  i n  a v e r a g e  c o o t  b o d y  

b u r d e n s  w e r e  a p p a r e n t l y  d u e  t o  c h a n g e s  i n  t h e  i n d i v i d u a l s  a c t u a l l y  p r e s e n t  i n  

t h e  p o p u l a t i o n  b e i n g  s a m p l e d ,  w h i l e  t h e  f l u c t u a t i o n s  f o u n d  b y  K o l e h m a i n e n  f o r

b l u e g i l l  w e r e  a t t r i b u t a b l e  t o  s e a s o n a l  c h a n g e s  i n  t h e  f e e d i n g  h a b i t s  o f  t h e

s a m e  i n d i v i d u a l s  w h i c h  w e r e  p r e s e n t  t h r o u g h o u t  t h e  y e a r .

T h e  c o o t s  s e e m e d  t o  s h o w  r e l a t i v e l y  h i g h e r  l e v e l s  o f  r a d i o c e s i u m  a c c u m u l a t i o n  

t h a n  a n y  o f  t h e  n i n e  o t h e r  s p e c i e s  s t u d i e d  ( F i g .  4 ) .  O f  t h e  4 6  i n d i v i d u a l s  

o f  o t h e r  s p e c i e s ,  o n l y  4  b i r d s  ( 8 . 7 % )  s h o w e d  b o d y  b u r d e n s  w h i c h  e x c e e d e d  t h e  

9 5 7 o  c o n f i d e n c e  l i m i t s  a b o u t  t h e  a v e r a g e  c o o t  b o d y  b u r d e n s  f o r  t h e  s a m e  m o n t h ,  

w h i l e  3 5  b i r d s  ( 7 6 . 1 7 » )  w e r e  l o w e r  t h a n  t h e  c o o t  c o n f i d e n c e  l i m i t s .  T h e  h i g h e s t  

b o d y  b u r d e n  o f  a n y  i n d i v i d u a l  o t h e r  t h a n  a  c o o t  w a s  s h o w n  b y  a  c o m m o n  g a l l i n u l e  

c o l l e c t e d  i n  O c t o b e r ,  a t  a  t i m e  w h e n  t h i s  s p e c i e s  i s  a t  t h e  e n d  o f  i t s  p e r i o d  

o f  s u m m e r  r e s i d e n c e  o n  t h e  r e s e r v o i r .  O t h e r  g a l l i n u l e s  c o l l e c t e d  i n  t h e  s p r i n g  

w h e n  t h e y  w e r e  n e w l y  a r r i v e d  i n  t h e  a r e a  w e r e  m u c h  l o w e r  i n  r a d i o c e s i u m  c o n t e n t  

( F i g .  4 ) .  W a t s o n  e t  a l .  f 1 9 ]  p o i n t  o u t  t h a t  t h e  f e e d i n g  h a b i t s  o f  t h e  c o o t ,  

i n  c o m b i n a t i o n  w i t h  t h e  p r e s e n c e  o f  s h e a r i n g  e d g e s  o n  i t s  b e a k ,  r e s u l t  i n  i t s  

t a k i n g  a  h i g h  p r o p o r t i o n  o f  a l g a e  a n d  o t h e r  a q u a t i c  v e g e t a t i o n  i n  i t s  d i e t ,  

w i t h  l i t t l e  d i e t a r y  o v e r l a p  b e t w e e n  t h i s  s p e c i e s  a n d  d u c k s  o f  e i t h e r  t h e  

d i v i n g  o r  d a b b l i n g  g r o u p s .  S i n c e  a l g a e  i s  w e l l  k n o w n  f o r  i t s  a b i l i t y  t o  

a c c u m u l a t e  r a d i o c e s i u m  i n  r e l a t i v e l y  h i g h e r  q u a n t i t i e s  t h a n  m o s t  o t h e r  

c o m p o n e n t s  o f  a q u a t i c  f o o d  w e b s  [ 1 7 , 2 0  ]  ,  s u c h  d i e t a r y  h a b i t s  m a y  h e l p  

e x p l a i n  t h e  h i g h e r  b o d y  b u r d e n s  o f  t h e  c o o t s  r e l a t i v e  t o  o t h e r  s p e c i e s ,  

m o s t  o f  w h i c h  t e n d  t o  i n c o r p o r a t e  a  s o m e w h a t  h i g h e r  p e r c e n t a g e  o f  a n i m a l  

m a t t e r  i n t o  t h e i r  d i e t s .

A n  e s t i m a t e  o f  t h e  t o t a l  i m p a c t  o f  t h e  P a r  P o n d  w a t e r f o w l  c o m m u n i t y  u p o n  

t h e  r e d i s t r i b u t i o n  o f  r a d i o c e s i u m  f r o m  t h e  r e s e r v o i r  m a y  b e  m a d e  b y  a s s u m i n g  

t h a t  a p p r o x i m a t e l y  5 , 0 0 0  c o o t s  a n d  o t h e r  w a t e r f o w l  r e s i d e  o n  t h e ’  r e s e r v o i r  

e a c h  w i n t e r  [ 4 ]  ,  a n d  t h a t  e a c h  b i r d ,  w e i g h i n g  o n  t h e  a v e r a g e  5 0 0  g ,  d e p a r t s  

w i t h  a  m a x i m u m  b o d y  b u r d e n  o f  1 5  p C i  r a d i o c e s i u m / g  l i v e  w e i g h t .  U n d e r  s u c h  

c o n d i t i o n s ,  w a t e r f o w l  s h o u l d  b e  e x p e c t e d  t o  r e m o v e  a p p r o x i m a t e l y  3 . 7 5  x  1 0 - 5  

C i  f r o m  t h e  r e s e r v o i r  a n n u a l l y  a n d  r e d i s t r i b u t e  i t  e l s e w h e r e  a l o n g  t h e i r  

m i g r a t o r y  p a t h w a y s .  S u c h  a n  i m p a c t  e s t i m a t i o n  i s  p r o b a b l y  m a x i m a l ,  h o w e v e r ,  

s i n c e  m a n y  o f  t h e  b i r d s  v i s i t i n g  t h e  r e s e r v o i r  i n  t h e  l a t e  s p r i n g  m o n t h s  w o u l d  

n o t  h a v e  a n  o p p o r t u n i t y  t o  a c c u m u l a t e  b o d y  b u r d e n s  a s  h i g h  a s  1 5  p C i / g .

T h e  g e n e r a l  r a n g e  o f  r a d i o c e s i u m  b o d y  b u r d e n s  s h o w e d  b y  t h e  c o o t s  a n d  o t h e r  

w a t e r f o w l  d u r i n g  J a n u a r y  a n d  F e b r u a r y ,  i n c l u d i n g  t h e  m a x i m a l  v a l u e  f o r  t h i s  

s t u d y  o f  2 3 . 5 8  p C i / g  s h o w n  b y  a  c o o t  i n  F e b r u a r y ,  a r e  w e l l  w i t h i n  t h e  r a n g e  

o f  v a l u e s  r e p o r t e d  b y  o t h e r  w o r k e r s  f o r  v a r i o u s  s p e c i e s  o f  w i l d  g a m e  f r o m  

t h e  S a v a n n a h  R i v e r  P l a n t  a n d  s o u t h e a s t e r n  U n i t e d  S t a t e s  C o a s t a l  P l a i n  h a b i t a t s  

i n  g e n e r a l  [ 5 , 6 ]  .  M a r t e r  [ 1 ]  r e p o r t s  a  m a x i m a l  v a l u e  o f  1 7 1  p C i  r a d i o c e s i u m / g  

l i v e  w e i g h t  f o r  a  g r e e n - w i n g e d  t e a l  ( A n a s  c a r o l i n e n s i s )  c o l l e c t e d  f r o m  P a r  P o n d .

E v e n  a t  t h i s  l e v e l ,  t h e  r a d i o c e s i u m  c o n t e n t s  o f  t h e  P a r  P o n d  w a t e r f o w l  a r e  w e l l  

b e l o w  t h e  l e v e l s  w h i c h  w o u l d  b e g i n  t o  s u g g e s t  a  h e a l t h  h a z a r d  t o  p e r s o n s  w h o  

m a y  s h o o t  a n d  e a t  t h e m  a s  f o o d  [5] .  W a t e r f o w l  c o l l e c t e d  f r o m  o t h e r  c o n t a m i n a t e d  

h a b i t a t s  o f  t h e  S a v a n n a h  R i v e r  P l a n t ,  h o w e v e r ,  h a v e  s h o w n  r a d i o c e s i u m  b o d y  b u r d e n s  

a s  h i g h  a s  9 2 3  p C i / g  l i v e  w e i g h t  [ 1  ]  .
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P e r h a p s  t h e  m o s t  i m p o r t a n t  a s p e c t  o f  t h e  p r e s e n t  s t u d y ,  h o w e v e r ,  i s  t h a t  i t  

d e m o n s t r a t e s  t h e  i m p o r t a n c e  o f  t h e  c a r e f u l  a n d  d e t a i l e d  c o l l e c t i o n  o f  b a c k g r o u n d  

i n f o r m a t i o n  c o n c e r n i n g  t h e  b a s i c  e c o l o g y  a n d  b i o l o g y  o f  t h e  b i r d s  b e i n g  s t u d i e d ,  

a s  a  p r e r e q u i s i t e  t o  t h e  p r o p e r  u n d e r s t a n d i n g  a n d  i n t e r p r e t a t i o n  o f  r a d i o n u c l i d e  

m o n i t o r i n g  i n f o r m a t i o n .  F o r  e x a m p l e ,  s i m p l y  m o n i t o r i n g  t h e  r a d i o c e s i u m  b o d y  

b u r d e n s  o f  t h e  f i r s t  a n d  l a s t  c o o t s  t o  a r r i v e  o n  t h e  P a r  P o n d  r e s e r v o i r  w o u l d  

n o t  h a v e  r e v e a l e d  a n y  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  a v e r a g e  b o d y  b u r d e n s  o f  

t h e  b i r d s .  F a i l u r e  t o  m o n i t o r  m o n t h l y  c h a n g e s  t h r o u g h o u t  t h e  y e a r  o r  f a i l u r e  

t o  u n d e r s t a n d  t h e  i m p l i c a t i o n s  o f  t h e  d i f f e r e n t i a l  m i g r a t o r y  p a t t e r n s ,  f e e d i n g  

h a b i t s  a n d  o t h e r  c h a r a c t e r i s t i c s  o f  t h e  b i r d s  i n v o l v e d  c o u l d  h a v e  r e s u l t e d  i n  

e r r o n e o u s  o r  m i s l e a d i n g  i n t e r p r e t a t i o n s  o f  t h e  m o n i t o r i n g  d a t a  o b t a i n e d .  W h i l e  

t h e  f a l l - w i n t e r  b o d y  b u r d e n  b u i l d - u p  o f  t h e  c o o t s  o n  t h e  P a r  P o n d  r e s e r v o i r  i s  

n o t  n o w  o f  a n y  p r e s e n t  h e a l t h  o r  s a f e t y  s i g n i f i c a n c e ,  t h e  p r o p e r  u n d e r s t a n d i n g  

o f  t h e  f a c t o r s  i n v o l v e d  i n  t h i s  p h e n o m e n o n  c o u l d  b e  o f  v i t a l  i m p o r t a n c e  i n  t h e  

e v e n t  o f  a  s u b s e q u e n t  r a d i o n u c l i d e  a c c i d e n t  o r  s p i l l  w h i c h  w o u l d  g r e a t l y  i n c r e a s e

t h e  d e g r e e  o f  c o n t a m i n a t i o n  o f  t h e  w i l d l i f e  o f  t h e  a r e a .

A C K N O W L E D G E M E N T S

T h i s  s t u d y  w a s  s u p p o r t e d  b y  C o n t r a c t s  A T ( 3 8 - 1 ) - 3 1 0  a n d  A T ( 3 8 - l ) - 7 0 8  

b e t w e e n  t h e  U n i t e d  S t a t e s  A t o m i c  E n e r g y  C o m m i s s i o n  a n d  t h e  U n i v e r s i t y  o f  

G e o r g i a .  T r a v e l  s u p p o r t  p r o v i d e d  b y  a  g r a n t  f r o m  t h e  S t o d d a r d - S u t t o n  

F o u n d a t i o n  o f  t h e  U n i v e r s i t y  o f  G e o r g i a ,  E .  P .  O d u m  a n d  J .  H .  J e n k i n s ,

d i r e c t o r s ,  m a d e  t h e  s y m p o s i u m  p r e s e n t a t i o n ' a n d  p u b l i c a t i o n  o f  t h i s

m a n u s c r i p t  p o s s i b l e .  S p e c i a l  a p p r e c i a t i o n  i s  e x p r e s s e d  f o r  t h e  h e l p  

o f  t h e  m a n y  i n d i v i d u a l s  w h o  a s s i s t e d  i n  t h e  f i e l d  c o l l e c t i o n s  a n d  

p r o c e s s i n g  o f  b i r d s .  D e s e r v i n g  o f  s p e c i a l  m e n t i o n  a r e  t h e  e f f o r t s  

o f  F .  D .  C o n g e r ,  J .  B .  G e n t r y ,  S .  P .  H a i g h t ,  H .  J .  K a n i a ,  H .  N .  N e u h a u s e r  

a n d  F .  P .  W r i g h t ,  J r .  A s s i s t a n c e  w i t h  t h e  d e v e l o p m e n t  o f  r a d i o c e s i u m  c o u n t i n g  

p r o c e d u r e s  a n d  t h e  c a l i b r a t i o n  o f  c o u n t i n g  e q u i p m e n t  w a s  p r o v i d e d  b y  E .  A .

W h i t l e y ,  T .  T .  F e n d l e y  a n d  J .  H .  J e n k i n s .  A s s i s t a n c e  i n  t h e  c o m p u t e r  a n a l y s i s  

o f  d a t a  w a s  p r o v i d e d  b y  L .  A .  B r i e s e  a n d  J .  E .  P i n d e r ,  a n d  J .  S w i n e b r o a d ,

W .  S .  O s b u r n ,  J r .  a n d  R .  L .  W a t t e r s  p r o v i d e d  c r i t i c a l  r e a d i n g s  o f  t h e  

m a n u s c r i p t .
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D I S C U S S I O N

B .K .  B O R IS O V : C a n  y ou , on  th e b a s is  o f  y o u r  s tu d ie s ,  g iv e  s e p a r a t e  
e s t im a te s  o f  th e in te r n a l  and th e  e x te r n a l  r a d ia t io n  d o s e s  f r o m  r a d io c a e s iu m  
s u f fe r e d  b y  b ir d s  l iv in g  th e w h o le  y e a r  ro u n d  on  the r e s e r v o i r  in v e s t ig a te d  
b y  y o u ?

I . L .  B R IS B IN , J r .  : B a s ic a l ly ,  th e r e  a r e  no w a te r fo w l  s p e c i e s  that 
l iv e  th e w h o le  y e a r  ro u n d  on  th e r e s e r v o i r .  T h e  w o o d  d u ck  (A ix  sp o n s a ) 
i s  p r e s e n t  th ro u g h o u t th e  y e a r  and b r e e d s  in  a d ja c e n t  sw a m p  la n d s . H e r e  
a g a in , h o w e v e r ,  w e  a r e  not s u r e  w h e th e r  the s a m e  p o p u la t io n  co n tin g e n t 
is  p r e s e n t  at a l l  t im e s  o f  th e  y e a r .  W e a r e  now  c o n d u c t in g  in te n s iv e  s tu d ie s  
o n  th is  s p e c i e s  and w il l  a l s o  s o o n  b e g in  s tu d ie s  in  w h ich  w e  w il l  c l ip  the 
w in g s  o f  c o o t s  and thus f o r c e  th e m  to  r e m a in  on  the r e s e r v o i r  th ro u g h o u t 
th e y e a r .

T o  d e t e r m in e  th e  in te r n a l and th e e x t e r n a l d o s e s  to  s u ch  b i r d s ,  w e  
w o u ld  h a v e  to  o b ta in  a d d it io n a l in fo r m a t io n  on  th e r a d io c a e s iu m  c o n c e n t r a 
t io n s  o f  s to m a c h  c o n te n ts , p on d  v e g e t a t io n  and o th e r  e n v ir o n m e n ta l  
c o m p o n e n ts .  W e h o p e  s o o n  to  h a v e  s u ch  in fo r m a t io n  a v a i la b le  f o r  the 
w o o d  d u ck  s tu d y  m e n tio n e d  a b o v e .
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S .V .  K A Y E : T h e  r e s u l t s  o f  y o u r  w o r k  a r e  m o s t  in te r e s t in g  and you 
h a v e  c o n d u c te d  a c o m p r e h e n s iv e  in v e s t ig a t io n  o f  the n a tu ra l h is t o r y  a s p e c t s  
o f  c a e s iu m  t r a n s p o r t  b y  w a t e r fo w l .  I sh o u ld  l ik e  to  a s k  i f  c o n c o m ita n t  
m e a s u r e m e n t s  o f  c a e s iu m  w e r e  m a d e  o f  w a te r , a lg a e  and o th e r  a q u a tic  
p la n ts  e a ch  t im e  w a te r fo w l  w e r e  s a m p le d . I f  a r e la t io n s h ip  b e tw e e n  
w a t e r fo w l  b o d y  b u r d e n  and c o n c e n t r a t io n  in  w a te r  o r  fo o d  c o u ld  b e  w o r k e d  
o u t, th is  r e la t io n s h ip  c o u ld  be  in c o r p o r a t e d  in to  a p r e d ic t iv e  m o d e l .  H as 
th is  e x t r a p o la t io n  b e e n  d o n e  f o r  y o u r  s tu d y  at th e Savannah  R iv e r  P la n t?

I . L .  B R IS B IN , J r .  : T h e  w o r k  w h ich  I h a v e  r e p o r t e d  h e r e  is  o n ly  a 
p a r t  o f  a l a r g e r  te a m  e f fo r t  c u r r e n t ly  b e in g  u n d e r ta k e n  at o u r  la b o r a t o r y .  
O th e r  p a r ts  o f  th is  te a m  s tu d y  a r e  in v e s t ig a t in g  r a d io c a e s iu m  c y c l in g  a s  
w e l l  a s  th e r m a l  e f fe c t s  u p o n  o th e r  c o m p o n e n ts  o f  the b io t i c  c o m m u n it ie s  
o f  th is  c o o l in g  r e s e r v o i r  and its  a d jo in in g  sw a m p  and r e a c t o r  e fflu e n t 
s t r e a m s .  T h e s e  o th e r  c o m p o n e n ts  now  b e in g  in v e s t ig a te d  in  th is  r e g a r d  
at o u r  la b o r a t o r y  in c lu d e  th e  p la n k to n  co m m u n ity , a q u a t ic  v e g e t a t io n  and 
a lg a e ,  m a c r o in v e r t e b r a t e s ,  f is h , tu r t le s  and e v e n  a l l ig a t o r s .  W h en  the 
r e s u l t s  o f  th e s e  in v e s t ig a t io n s  b e c o m e  a v a i la b le ,  p a r t i c u la r ly  th o s e  
c o n c e r n in g  the v e g e t a t io n  and a lg a e  (w h ich  a r e  the c o o t 's  p r in c ip a l  fo o d ) , 
and w h en  w e a r e  a b le  to  co n d u ct  s o m e  la b o r a t o r y  s tu d ie s  on  su ch  s u b je c t s  
a s  c o o t  fo o d - in t a k e  r a t e s ,  s to m a c h  co n te n t a n a ly s e s  e t c . , w e  w i l l  be a b le  
to  p r o v id e  the a d d it io n a l in fo r m a t io n  that you  h a v e  m e n tio n e d .

I e n t ir e ly  a g r e e  w ith  y ou  that the e x t e n s io n  o f  th is  w o r k  to  the p o in t 
w h e r e  it w i l l  e v e n tu a lly  y ie ld  s u c h  p r e d ic t iv e  in fo r m a t io n , w ith  d i r e c t  
r e le v a n c e  to  th e a n a ly s is  o f  p o te n t ia l  e n v ir o n m e n ta l  im p a c t s ,  r e p r e s e n t s  a 
v e r y  im p o r ta n t  p r o je c t ,  and w e  h o p e  to  u n d e r ta k e  it in  th e  n e a r  fu tu r e .

F . O . H O F F M A N : W hat in  y o u r  o p in io n  is  the f e a s ib i l i t y  o f  u s in g  the 
c o o t  a s  a b i o l o g i c a l  in d ic a t o r  o f  e n v ir o n m e n t a l  r a d io c a e s iu m  o r ig in a t in g  
f r o m  r e a c t o r s  u s in g  s im i l a r  c o o l in g  r e s e r v o i r s ?

I . L .  B R IS B IN , J r .  : In p r in c ip le ,  I a m  o p p o s e d  to  the c o n c e p t  o f  the 
'in d ic a t o r  s p e c i e s '  a p p r o a c h . A l l  to o  o fte n , I 'm  a fr a id  th is  a p p r o a c h  ten d s  
to  e n c o u r a g e  th e fe e l in g  that th e r e  a r e  ch e a p  and e a s y  s o lu t io n s  to  p r o b le m s  
o f  e n v ir o n m e n ta l  m o n it o r in g  ( i . e .  s im p ly  s tu d y  on e  'in d i c a t o r ' s p e c ie s  and 
ig n o r e  th e o th e r  s y s t e m  c o m p o n e n ts ) .  S u ch  an a ttitu d e  te n d s  to  d iv e r t  
in t e r e s t  and a tte n t io n  f r o m  the p r e s s in g  n eed  to  co n d u ct  in -d e p th  s tu d ie s  
o f  a l l  s y s t e m  co m p o n e n ts  — w h ich  w e  now  know  to  b e  th e p r o p e r  w a y  to  
a s s e s s  e n v ir o n m e n ta l  im p a c t s .

I r e a l i z e ,  h o w e v e r ,  that fr e q u e n t ly  l im ita t io n s  o f  t im e  and m o n e y  
f o r c e  u s  to  m a k e  e n v ir o n m e n ta l  d e c i s i o n s  on  th e b a s is  o f  data  a v a ila b le  fo r  
o n ly  a few  r e p r e s e n ta t iv e  s p e c i e s .  U n d e r  su ch  c o n d it io n s , and w ith in  a l l  
th e l im ita t io n s  in h e re n t in  s u ch  an  'in d ic a t o r  s p e c i e s '  a p p r o a c h , I th ink  
that th e  c o o t  w ou ld  s e r v e  a s  an e x c e l le n t  'w o r s t  p o s s ib le  c a s e '  in d ic a t o r  
o f  th e r a d io n u c l id e  c o n ta m in a t io n  o f  a w a te r fo w l  c o m m u n ity . I c o u ld  not 
s a y  at the m o m e n t , h o w e v e r ,  h ow  a d e q u a te  an in d ic a t o r  th e c o o t  w ou ld  be  
o f  c o n ta m in a tio n  l e v e ls  in  o th e r  s y s t e m  c o m p o n e n ts  su ch  as f is h ,  v e g e ta t io n  
o r  p la n k ton . T h e  a n s w e r  to  that q u e s t io n  w i l l  h a v e  to  a w a it the c o m p le t io n  
o f  s o m e  o f  o u r  o th e r  s tu d ie s  in v o lv in g  th is  r e s e r v o i r  s y s t e m .
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A bstract-R ésum é

DISTRIBUTION AND INCORPORATION OF TRITIUM IN THE ORGANS OF RUMINANTS.
A research program on the transfer of tritium in the food chain has been in progress for several years 

on the experimental farm of the Nuclear Energy Research Centre at Mol. Besides the contamination of grass 
and fodder by tritiated water and the incorporation of tritium into milk constituents, the authors have also 
investigated the distribution of tritium in the organs of ruminants contaminated in various ways. A cow was 
sacrificed 23 days after ingestion of 250 mCi of tritiated water in a single dose; three young male calves 
ingested 1 mCi of tritiated water daily for 25, 33 and 40 days respectively and were then sacrificed; three 
other calves ingested tritiated milk; a calf whose mother had received about 11 mCi THO per day for 40 days 
during gestation received mother's milk for 3| months and was then sacrificed; finally, a pregnant goat was 
given water containing 46. 6 jiCi of 3H/litre and the three kids were sacrificed at birth, at the age of one 
month and two months, respectively.

The various organs were removed and analysed for the content of 3H in the tissue water and in the 
organic matter. Some DNA was prepared by the conventional method from the thymi, testicles and liver 
of young ruminants (calves and kids). The presence of 3H was detected in the purified DNA. However, 
since there was a possibility of contamination of the DNA by traces of amino acids, the DNA was precipitated 
in a CsCl medium. Radioactivity was present in the peaks of DNA prepared from the thymi and testicles of 
a calf which had received 1 mCi THO/d since birth, and from the testicles of a calf which had ingested 
tritiated powdered milk daily (15 f;Ci/d). Deeper fractionation of the cell constituents of certain organs (thymi, 
testicles and liver) indicates the degree of incorporation of 3H into lipids, RNA, proteins and DNA.

DISTRIBUTION ET INCORPORATION DU TRITIUM DANS LES ORGANES DE RUMINANTS.
Un programme de recherches-sur le transfert du tritium dans la chaîïie alimentaire est poursuivi depuis 

plusieurs années à la ferme expérimentale du Centre d'étude de l'énergie nucléaire à Mol. A côté des 
études sur la contamination des pâtures et des fourrages par l'eau tritiée ainsi que sur l'incorporation du tritium 
dans les constituants du lait, les auteurs ont aussi étudié la répartition du tritium dans les organes de ruminants 
contaminés de diverses façons. Une vache a été abattue 23 jours après une ingestion unique de 250 mCi d'eau 
tritiée; trois jeunes veaux mâles ont ingéré quotidiennement 1 mCi d'eau tritiée, respectivement pendant 
25, 33 et 40 jours puis ont été sacrifiés; trois autres veaux ont ingéré du lait tritié; un veau dont la mère 
avait reçu environ 11 mCi THO par jour durant 40 jours au cours de la gestation a reçu le lait maternel pendant 
trois mois et demi puis a été sacrifié; enfin une chèvre en gestation a été abreuvée avec de l'eau contenant 
46, 6 fjCi 3H/1 et les trois chevraux ont été sacrifiés respectivement à la naissance, à l'âge d'un mois et de 
deux mois.

Les divers organes prélevés ont été analysés en vue de déterminer la teneur en 3H de l'eau des tissus, 
d'une part, et de la matière organique d'autre part. De l'ADN a été préparé, selon la méthode classique, 
à partir des thymus, testicules et foie de jeunes ruminants (veaux, chevreaux). Dans l'ADN purifié, la 
présence de 3H a été observée. Cependant comme il existe une possibilité de contamination de l'ADN par 
des traces d'acides aminés, on a fait sédimenter cet ADN en milieu CsCl; de la radioactivité est présente 
au niveau des pics de l'ADN préparé à partir, d'une part de thymus et testicules de veau ayant reçu 1 mCi
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THO/jour depuis la naissance, d'autre part de testicules de veau ayant ingère journellement du lait tritié 
en poudre (15 pCi/j). Un fractionnement plus poussé des constituants cellulaires de certains organes (thymus, 
testicules, foie) indique le degré d'incorporation du 3H dans l'acido-soluble, les lipides, l’ARN, les protéines 
et l'ADN.

1. IN T R O D U C T IO N

U n  p r o g r a m m e  d e  r e c h e r c h e s  e x p é r im e n ta le s  s u r  le  t r a n s fe r t  du t r it iu m  
d an s la  c h a în e  a l im e n t a ir e  e s t  p o u r s u iv i  d e p u is  1968 au D é p a r te m e n t  de 
r a d io b io l o g ie  du C e n tr e  d 'é tu d e  de l 'é n e r g i e  n u c lé a ir e  à M o l .

C e s  é tu d e s  tr o u v e n t  le u r  ju s t i f i c a t io n  d an s le  d é v e lo p p e m e n t  d e  l ' in d u s t r ie  
n u c lé a ir e  qui a c o m m e  c o r o l l a i r e  une co n ta m in a t io n  c r o is s a n t e  du m i lie u  
p a r  le  t r i t iu m , r e je t é  e s s e n t ie l le m e n t  s o u s  f o r m e  d 'e a u  t r i t i é e .

A p r è s  a v o ir  é tu d ié  la  co n ta m in a t io n  d e s  p â tu r e s  e t d e s  f o u r r a g e s  p a r  
l 'e a u  t r i t i é e  a in s i que l 'in c o r p o r a t i o n  du t r it iu m  d an s le s  co n s t itu a n ts  du 
la it  [ 1 - 5 ]  n o tr e  e f f o r t  s 'e s t  o r ie n t é  v e r s  l 'é tu d e  de la  r é p a r t i t io n  du tr it iu m  
d an s le s  o r g a n e s  d e  ru m in a n ts  c o n ta m in é s  s e lo n  d iv e r s  m o d e s .  P a r  a i l le u r s  
on  co n n a ît  la  r a d io t o x ic i t é  é le v é e  de c e r t a in e s  m o lé c u le s  t r i t i é e s ,  i l  im p o r t e  
d o n c  d 'e x a m in e r  s i  l 'e a u  t r i t i é e ,  au t r a v e r s  d e  c e r t a in e s  c h a în e s  a l im e n t a ir e s ,  
n 'e s t  p a s  s u s c e p t ib le  d 'e n t r a în e r  la  t r i t ia t io n  de m o lé c u le s  b io lo g iq u e m e n t  
im p o r t a n te s  te ls  que le s  a c id e s  n u c lé iq u e s  [ 6 , 7 ] .

2 . E X P E R IE N C E S  E T  R E S U L T A T S

2 .1 .  M a t é r ie l  e t m é th o d e s

2 . 1 . 1 .  B é t a i l  e t  m o d e s  de c o n ta m in a tio n

a) U ne v a c h e  de r a c e  a r d e n n a is e , en  p é r io d e  de la c ta t io n , a é té  p la c é e  
en  é ta b le  p o u r  e x p é r im e n ta t io n  et a r e ç u  une r a t io n  c o m p o s é e  de fo in , 
d 'e n s i la g e  d 'h e r b e  e t de p u lp e  s é c h é e  d e  b e t t e r a v e .  L 'e a u  d 'a b r e u v a g e , 
d is t r ib u é e  p a r  un a b r e u v o ir  a u to m a t iq u e , a é té  c o n ta m in é e  au jo u r  0 de  
l 'e x p é r i e n c e  p a r  un p u is e  d e  250  m C i d e  T H O . D e s  é c h a n t il lo n s  d e  la it  on t 
é té  r é c o l t é s  l e s  jo u r s  su iv a n ts  p o u r  é tu d ie r  l 'é v o lu t io n  d e  l 'a c t i v i t é  en  
t r it iu m  d e  l 'e a u  du la it ,  de la  m a t iè r e  g r a s s e ,  de la  c a s é in e ,  du la c t o s e
e t de la  m a t iè r e  s è c h e  t o t a le .

L 'a b a t t a g e  de l 'a n im a l  a eu  l ie u  23 jo u r s  a p r è s  l 'in g e s t io n  un ique d e  l 'e a u  
t r i t i é e  e t  c e r t a in s  o r g a n e s  on t é té  é c h a n t il lo n n é s  en  v u e  d e  l 'a n a ly s e  
r a d io c h im iq u e .

b ) S ix  je u n e s  v e a u x  m â le s  (n u m é r o s  de c o d e :  I, ÍI, III, IV , V , V II),
d e  r a c e  a r d e n n a is e , d 'â g e  v a r ia n t  e n tr e  10 e t  40 jo u r s  au d éb u t de l 'e x p é r i e n c e ,  
on t é té  p la c é s  dan s d e s  c a g e s  s p é c ia le m e n t  c o n ç u e s  p o u r  d e s  é tu d e s  m é 
t a b o l iq u e s .  U n  h a r n a is  p o u r  la  c o l l e c t e  d e s  f è c e s  a é té  p la c é  à ch a cu n  d e s  
a n im a u x , l 'u r in e  é ta it  r é c o l t é e  e n -d e s s o u s  d e  la  c a g e  g r â c e  à un e n to n n o ir .

T r o i s  d e s  a n im a u x  [ I ,  И, I I I ] ,  â g é s  d e  10 jo u r s  au d éb u t d e  l 'e x p é r i e n c e ,  
on t r e ç u  m a t in  e t s o i r  un v o lu m e  con n u  de la it  e n t ie r  a u q u e l é ta it  a jo u té
10 m l d 'e a u  t r i t ié e  don t la  c o n c e n t r a t io n  é ta it  e n v ir o n  50 j i C i /m l .  L e s  
a n im a u x  on t é té  s a c r i f i é s  r e s p e c t iv e m e n t  a p r è s  25 , 33 e t 40  jo u r s  d 'in g e s t io n  
c o n tin u e  de la it  c o n ta m in é  p a r  l 'e a u  t r i t i é e ,  l e s  a c t iv it é s  in g é r é e s  étan t 
r e s p e c t iv e m e n t  de 25 6 3 0 , 33 519 e t 40 380  /uCi d e  t r i t iu m .
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D e u x  a u tr e s  v e a u x  [ I V , V ] ,  â g é s  l 'u n  de 18 jo u r s  et l 'a u t r e  de 40  au 
jo u r  0 de l 'e x p é r i e n c e ,  on t r e ç u  ch a cu n , m a t in  e t s o i r ,  125 g de p o u d r e  de 
la it  t r i t ié  d is s o u te  d an s 1 l i t r e  d 'e a u  d é m in é r a l i s é e .  (L a  p o u d r e  a é té  
fa b r iq u é e  à p a r t i r  du la it  p r o d u it  p a r  une v a c h e  a yan t in g é r é  au to ta l  456  m C i 
d 'e a u  t r i t i é e  en  40 jo u r s .  ) L a  r a t io n  e s t  c o m p lé t é e  a v e c  du la it  « f r o i d »  
d e  m a n iè r e  à a tte in d r e  le  h u it iè m e  du p o id s  v i f .  L 'a c t i v i t é  m o y e n n e  de 
t r it iu m  l ié  o r g a n iq u e m e n t  in g é r é e  jo u r n e l le m e n t  p a r  ch a cu n  d e s  v e a u x  
é ta it  d 'e n v ir o n  15 /uCi. L e s  a c t iv it é s  in g é r é e s  ju s q u 'a u  m o m e n t  du s a c r i f i c e  
(à l 'â g e  d e  46 e t  68 jo u r s  r e s p e c t iv e m e n t )  on t é té  d e  4 8 2 , 5 ц C i p o u r  ch a cu n  
d e s  v e a u x  IV  e t V .

E n fin  un v e a u  [V I I ]  â gé  de 12 jo u r s  a c o n s o m m é  d u ra n t 25 jo u r s  du la it  
f r a is  t r i t i é  p r o v e n a n t  d 'u n e  v a c h e  r e c e v a n t  dans s a  r a t io n  du fo in  de r a y - g r a s s  
c o n ta m in é  (e n v ir o n  950  /u C i/j d on t 750  juCi d e  3H l i é  o r g a n iq u e m e n t ) ; la  
te n e u r  en  3H du la it  é ta it , en  m o y e n n e , d e  9 ß C i / l  don t le  t i e r s  l ié  à la  
m a t iè r e  o r g a n iq u e .

E n su ite  le  je u n e  a n im a l a in g é r é ,  ju s q u 'à  la  d a te  du s a c r i f i c e ,  du la it  
r e c o n s t it u é  à p a r t i r  d e  la  p o u d r e  p r o d u ite  p a r  c e t te  m ê m e  v a c h e  n o u r r ie  
a v e c  du fo in  de r a y - g r a s s  t r i t i é .  L 'a c t i v i t é  to ta le  in g é r é e  p a r  le  v e a u  V II a 
é té  de 937 juCi d on t 84 juCi s o u s  f o r m e  de la it  r e c o n s t i t u é .

c )  U ne c h è v r e  [ I ]  c o m m u n e , en  g e s ta t io n  d e p u is  45 jo u r s ,  a r e ç u  à 
p a r t ir  de c e  m o m e n t  du t r it iu m  d an s l 'e a u  d 'a b r e u v a g e  à r a is o n  d e  4 6 , 6 /n C i/l .  
S a  r a t io n  é ta it  c o n s t it u é e  d e  fo in  e t d 'e n s i la g e  d e  m a is  à v o lo n t é ,  e t  de 800 g 
de to u r te a u  p a r  jo u r .  L 'in g e s t io n  to t a le  d e  t r it iu m  ju s q u 'a u  m o m e n t  d e -la  
m is e  b a s  d e  3 c h e v r e a u x  [ I ,  И , III] in te r v e n u e  134 jo u r s  p lu s  ta r d  a é té  de  
20 178 /uCi. L e  c h e v r e a u  III a é té  s a c r i f i é  à la  n a is s a n c e .  L a  m è r e  a co n tin u é  
à r e c e v o i r  d e  l 'e a u  d 'a b r e u v a g e  t r i t i é e  d u ra n t le  m o is  su iv a n t la  m i s e  b a s ; 
le s  2 c h e v r e a u x  r e s ta n ts  on t é té  n o u r r is  a v e c  le  la it  c o n ta m in é  de le u r  m è r e  
et la  r a t io n  a é té  c o m p lé t é e  a v e c  une q u a n tité  co n n u e  de la it  « f r o i d »  de v a c h e .

L e  c h e v r e a u  II a a lo r s  (30 jo u r s )  é té  s a c r i f i é ,  a p r è s  in g e s t io n  d e  570 ^ C i, 
e t  le s  o r g a n e s  on t é té  p r é l e v é s  en  v u e  de l 'a n a ly s e  r a d io c h im iq u e .  L e  
c h e v r e a u  I s u r v iv a n t  n 'a  p lu s  r e ç u  qu e  du la it  « f r o i d »  en  q u a n tité  co n n u e  a fin  
de d é t e r m in e r  le  tau x  de d é c o n ta m in a t io n  a p r è s  un m o is  de c e  r é g im e ;  c e s  
r é s u lta t s  ne f ig u r e n t  p a s  dan s la  p r é s e n t e  c o m m u n ic a t io n .

2 . 1 . 2 .  P r é p a r a t io n  d e s  é c h a n t il lo n s

L e s  o r g a n e s  d e s  a n im a u x , p r é l e v é s  im m é d ia t e m e n t  a p r è s  le  s a c r i f i c e ,  
s o n t  p la c é s  en  s a c s  p la s t iq u e s  im m a t r i c u lé s ,  p e s é s  e t  c o n s e r v é s  au 
s u r c o n g é la t e u r  en  a tten d a n t la  p r é p a r a t io n  en  v u e  d e  l 'a n a ly s e .

L a  p r é p a r a t io n  c o n s i s t e  e n  un d é g e l ,  to u jo u r s  en  s a c  p la s t iq u e , s u iv i  
d 'u n  b r o y a g e  au m o u lin  à v ia n d e . O n  p r é lè v e  une a liq u o te  p o u r  la  d é t e r 
m in a t io n  de l 'h u m id it é  (24  h à 1 1 0 °C ), une a u tre  p o u r  la  m e s u r e  de l 'e a u  
t r i t i é e  e t  une t r o i s i è m e  p o u r  la  m e s u r e  du t r it iu m  in c o r p o r é  d an s la  m a t iè r e  
s è c h e .

L a  s é p a r a t io n  d e  l 'e a u  t r i t i é e  d e s  t i s s u s  s 'e f f e c t u e  p a r  d is t i l la t io n  s o u s  
to lu è n e , o p é r é e  dan s un a p p a r e i l  W ite g  p o u r  le  d o s a g e  de l 'e a u .

L e  s é c h a g e  d e s  a l iq u o t e s  d 'o r g a n e s  e s t  d 'a b o r d  r é a l i s é ,  d an s une 
p r e m iè r e  é ta p e , au m o y e n  d 'u n e  é tu v e  s o u s  v id e  ( t r o m p e  à e a u ), à une 
t e m p é r a t u r e  de 80 °C . L a  m a je u r e  p a r t ie  de l 'e a u  t r i t ié e  d e s  t i s s u s  e s t  
a in s i é v a c u é e ,  a p r è s  d ilu t io n , d an s le  r é s e a u  d 'é g o u t  « t i è d e » .  L e  s é c h a g e  
f in a l , à 1 1 0 °C , e s t  e f fe c t u é  d an s une é tu v e  p la c é e  dan s une h o tte  b ie n  v e n t i lé e .  
L a  p r é p a r a t io n  de l 'A D N  e s t  d é c r i t e  d an s la  s e c t i o n  2 .4 .
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2 . 1 . 3 .  M e s u r e  du tr it iu m

L e  tr it iu m  de l 'e a u  d e s  t i s s u s  e s t  m e s u r é  a p r è s  d is s o lu t io n  de 
l 'é c h a n t i l l o n  d 'e a u  t r i t ié e  d an s un m é la n g e  s c in t i l la n t  e t a p p lic a t io n  d e  la  
p r o c é d u r e  h a b itu e lle  u t i l is é e  p o u r  le s  s c in t i l la t e u r s  l iq u id e s .

Q u a n t à la  m a t iè r e  o r g a n iq u e  qu i n 'e s t  p a s  s u s c e p t ib le  de  s e  d is s o u d r e  
d an s un m é la n g e  s c in t i l la n t ,  i l  fau t l 'o x y d e r  et r e c u e i l l i r  l 'e a u  d e  c o m b u s t io n  
q u i e s t  a lo r s  m e s u r é e  a is é m e n t .  C e tte  o x y d a t io n  e s t  o p é r é e  s o i t  dans un 
a p p a r e i l  à c o m b u s t io n  (c o u r a n t  d 'o x y g è n e  et p ié g e a g e  d e  l 'e a u  f o r m é e ) ,  s o i t  
d an s un « S a m p le  O x id iz e r  P a c k a r d  3 0 0 »  s e lo n  le s  c a s .  L a  p r e m iè r e  t e c h 
n iq u e  p e r m e t  de c o n n a ît r e  la  q u a n tité  d 'e a u  f o r m é e ,  c e  q u i co n d u it  d o n c  à 
e x p r im e r  le s  r é s u lta t s  en  a c t iv i t é  s p é c i f iq u e  (C i 3H /g  H ).

2 .2 .  C o n ta m in a tio n  d e s  o r g a n e s  de ru m in a n ts  ayant in g é r é  le  t r it iu m  
s o u s  f o r m e  TH O

2 . 2 . 1 .  V a c h e  en  la c t a t io n

L e s  r é s u lta ts  d e s  m e s u r e s  de  l 'a c t i v i t é  en  tr it iu m  d e  l 'e a u  d e s  o r g a n e s  
e t d e  la  m a t iè r e  s è c h e  s o n t  in d iq u é s  d an s le  ta b le a u  I.

O n  c o n s t a te  q u e  la  r é p a r t i t io n  du t r it iu m  d an s l 'e a u  d e s  o r g a n e s  e s t  
t o u jo u r s  a s s e z  h o m o g è n e  23 jo u r s  a p r è s  une in g e s t io n  u n iq u e . P a r  c o n t r e  
la  c o n ta m in a t io n  d e  la  m a t iè r e  s è c h e  v a r i e  d 'u n  fa c t e u r  3 e n v ir o n  s e lo n  le s

T A B L E A U  I. D IS T R IB U T IO N  DU T R IT IU M  D A N S L E S  O R G A N E S  D 'U N E  
V A C H E
23 jo u r s  a p r è s  une in g e s t io n  un ique de 250 m C i d e  TH O

Organe

3H sous forme d'eau 

nCi/ml HzO AS = nCi3H/gH

3H lié organiquement

ДС1/Ч  , AS = nCi ^ /g  H matiere seche 6

AS MS 
AS H20

M. semitendinosus 57 515 11 155 0,30

Yeux 64 578 8 101 0,17

Pancréas 63 570 14 167 0,29

Cerveau 66 592 11 126 0,21

Intestin 62 560 9 106 0,19

Foie 65 588 25 368 0,63

Reins 65 582 19 255 0,44

Ovaires 65 588 20 281 0,48

Rate 66 595 20 276 0,46

AS, activité spécifique; MS, matière sèche.
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o r g a n e s  c o n s i d é r é s ,  le  f o ie  r e s ta n t  le  p lu s  c o n ta m in é . L e  r a p p o r t  d e s  
a c t iv it é s  s p é c i f iq u e s  (n C i 3H /g  H) d e  la  m a t iè r e  s è c h e  et de l 'e a u  d e s  t i s s u s  
e s t  r e la t iv e m e n t  é le v é  dans c e r t a in s  o r g a n e s  ( fo ie ,  o v a i r e s ,  r e in s ,  r a te ) .

U n e e s t im a t io n  du  tau x  de co n ta m in a t io n  r é s id u e l le ,  a p r è s  21 jo u r s ,  
don n e  le s  v a le u r s  c i - a p r è s :  6 , 72% de l 'a c t i v i t é  in g é r é e  in it ia le m e n t  s e r a i t  
e n c o r e  p r é s e n t e  dans l 'e a u  d e s  t i s s u s ,  quant au t r it iu m  in c o r p o r é  d an s la  
m a t iè r e  s è c h e ,  i l  r e p r é s e n t e r a i t  0, 56% de c e t te  a c t iv it é .

2 . 2 . 2 . V e a u x  I, II, III

L e  t r it iu m  p r é s e n t  s o u s  f o r m e  d 'e a u  d an s le s  o r g a n e s  e t t i s s u s  c i - a p r è s :  
r e in s ,  r a te ,  c e r v e l l e ,  th y m u s , p o u m o n s , m u s c le s  d iv e r s ,  g r a i s s e ,  la n g u e , 
f o ie ,  e s t o m a c ,  in te s t in s  e t  c œ u r ,  a é té  m e s u r é .  L e s  v a le u r s  e x t r ê m e s  
d e s  a c t iv i t é s  s p é c i f iq u e s  (n C i 3H /g  H) s o n t  r e s p e c t iv e m e n t  de 1013 ( c œ u r )  
e t  1123 (r a te )  c h e z  le  v e a u  I aya n t in g é r é  p en d a n t 25 jo u r s  d e  l 'e a u  t r i t ié e ;  
p o u r  le  v e a u  III (33 jo u r s  d 'in g e s t io n )  c e s  v a le u r s  e x t r ê m e s  s o n t  d e  948 ( c œ u r )  
e t  1092 (m u s c le ) ,  quan t au v e a u  I (40  in g e s t io n s )  le s  v a le u r s  s o n t  r e s p e c t i v e 
m e n t  893 ( g r a is s e )  e t  980  (th y m u s ).

T A B L E A U  II. R E P A R T IT IO N  DU T R IT IU M  D AN S L E S E X C R E T A T S  E T
O R G A N E S  D E  V E A U
(en  %o de la  q u a n tité  to ta le  in g é r é e )

Tritium administré sous forme

Répartition
d'eau (veaux I, II, III) de poudre de lait (veaux IV, V)

3H lié organiquement 3H forme THO 3H lié organiquement 3H forme THO

A. Excrétats

Urine 584,8 498,0

Fèces 0,3 6,6 4,7 3,7

B. Organes

Reins 0,033 0,70 0,62 0,69

Rate 0,020 0,42 0,33 0,65

Cervelle 0,023 0,51 0,34 0,44

Poumons 0,051 1,15 0,78 1,90

Muscles 2,46 50,29 35,6 88,0

Langue 0,030 0,59 0,43 0,85

Cœur 0,046 0,72 0,90 1,02

Foie 0,14 2,55 3,44 3,50

Total organes 2,803 56,93 42,44 97,05
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L 'e x p é r i e n c e  s 'é t a n t  d é r o u lé e  en  c a g e  m é ta b o liq u e , le s  a c t iv it é s  en  
t r it iu m  é v a c u é e s  d an s l 'u r in e  e t le s  f è c e s  on t pu ê t r e  e s t im é e s .  C e tte  
e s t im a t io n  d e  la  r é p a r t it io n  (en  % 0 d e  la  q u a n tité  to ta le  in g é r é e )  du tr it iu m  
e s t  r e p r i s e  dans le  ta b le a u  II qui in d iq u e  a u s s i  l e s  v a le u r s  c o n c e r n a n t  le  
t r i t iu m  l ié  o r g a n iq u e m e n t  ( c 'e s t - à - d i r e '  in c o r p o r é  d an s la  m a t iè r e  s è c h e ) .  
O n  r e m a r q u e  que  le  t r it iu m  l ié  o r g a n iq u e m e n t  dans le s  o r g a n e s  ne r e p r é 
s e n te  que  5% du tr it iu m  p r é s e n t  s o u s  f o r m e  d 'e a u  d an s c e s  o r g a n e s  et 
t i s s u s .

2 . 2 . 3 .  C h e v r e a u  III

L e s  r é s u lta ts  d e  m e s u r e s  du t r i t iu m  dans le s  o r g a n e s  et t i s s u s  d 'u n  
c h e v r e a u  don t la  m è r e  a v a it  c o n s o m m é , d u ra n t le s  134 jo u r s  p r é c é d a n t  
la  n a is s a n c e ,  d e  l 'e a u  co n te n a n t 46 , 6 /uCi 3H / l  s o n t  m e n tio n n é s  dan s le  
ta b le a u  III.

O n  r e m a r q u e  d 'u n e  p a r t  q u e  la  c o n c e n t r a t io n  en  tr it iu m  d e  l 'e a u  d e s  
t i s s u s  e s t  t r è s  u n ifo r m e  e t d 'a u t r e  p a r t  qu e  c e t te  v a le u r  n 'e s t  q u 'e n v ir o n  
le s  d eu x  t i e r s  d e  c e l l e  de  l 'e a u  d 'a b r e u v a g e : i l  y  a d o n c  d ilu t io n  p a r  l 'e a u  
« f r o i d e »  d es  a lim e n ts  de la  r a t io n  e t l 'e a u  r é s u lta n t  de le u r  o x y d a t io n . O n  
c o n s ta te  a u s s i  que l ' in c o r p o r a t i o n  du t r it iu m  dans la  m a t iè r e  o r g a n iq u e  d es  
o r g a n e s  d e  l 'a n im a l  à s a  n a is s a n c e  e s t  t r è s  n e tte ; le  r a p p o r t  d e s  a c t iv it é s

/ 3 /3s p é c i f iq u e s  ( H o r g a n iq u e /  H eau ) e s t  d 'e n v ir o n  0, 5.

T A B L E A U  III. T E N E U R S  E N  T R IT IU M  D E  L 'E A U  E T  D E  L A  M A T IE R E  
S E C H E  D 'O R G A N E S  DU C H E V R E A U  III NE D 'U N E  M E R E  A Y A N T  
C O N S O M M E  D E L 'E A U  T R IT IE E  (46 , 6 /u C i/1 ) D U R A N T  L A  G E S T A T IO N

Organes 3H dans l'eau 
(nCi/ml H20)

3H lié organiquement 
(nCi/g matière sèche)

Estomacs (parois) 30,85 10,95

Langue 31,14 9,68

Cœur 31,16 10,38

Petit intestin 30,79 9,70

Gros intestin 31,04 10,00

Muscle arrière 31,95 9,24

Muscle dos 31,80 10,09

Poumons 30,06 10,03

• Foie 31,28 10, 09

Cervelle 30,10 11,95

Reins 30,58 4,59



2 .3 .  C o n ta m in a tio n  d e s  o r g a n e s  de ru m in a n ts  a yan t in g é r é  le  t r it iu m  s o u s  
fo r m e  o r g a n iq u e  (la it)

2 . 3 . 1 .  V e a u x  IV , V , VII

L a  c o n c e n t r a t io n  en  t r it iu m  d e  l 'e a u  d e s  o r g a n e s  d e s  v e a u x  [ I V e t  V ] 
a yan t r e ç u  d e  la  p o u d r e  de la it  t r i t i é e  p en d a n t 27 jo u r s  e s t  a s s e z  co n s ta n te  
d 'u n  o r g a n e  à l 'a u t r e :  en  e f fe t  le s  v a le u r s  e x t r ê m e s  d e s  a c t iv i t é s  s p é c i f iq u e s  
v a r ie n t  de  14, 67 ( c æ c u m )  à 17, 13 ( f o ie ) .  Q uan t au t r it iu m  l ié  o r g a n iq u e m e n t  
le s  c o n c e n t r a t io n s  (n C i /g  m a t iè r e  s è c h e )  dan s le s  d iv e r s  o r g a n e s  s o n t p lu s  
v a r ia b le s ,  le s  d i f f é r e n c e s  p o u v a n t a t te in d r e  un fa c t e u r  3 e n tr e  le  m u s c le  
(2, 06 n C i /g  m a t iè r e  s è c h e )  et le  f o ie  (5 , 98 n C i /g  m a t iè r e  s è c h e ) .  P a r  
a i l le u r s  s i  l 'o n  c o n s i d è r e  le  ta u x  d 'in c o r p o r a t io n  du t r it iu m  d an s la  m a t iè r e  
s è c h e  (en  % 0 de la  q u a n tité  to ta le  in g é r é e )  on  c o n s t a te  q u 'e n v ir o n  42 % 0 du 
^  in g é r é  e s t  r e t r o u v é  d an s le s  o r g a n e s  p r é l e v é s  au m o m e n t  du s a c r i f i c e  
(ta b lea u  II), c e  qu i r e p r é s e n t e  43%  du t r it iu m  p r é s e n t  à c e  m o m e n t , s o u s  
f o r m e  d 'e a u  d an s c e s  o r g a n e s .  Q u a n t au v e a u  V II, le s  r é s u lt a t s  d 'a n a ly s e  
de s e s  o r g a n e s  in d iq u e n t une d is t r ib u t io n  u n ifo r m e  du t r i t iu m  d an s l 'e a u  
d e s  t i s s u s  (v a le u r s  v a r ia n t  d e  4 5 ,1 8  à 4 7 ,7 3  n C i 3H /g  H ).

2 . 3 . 2 .  C h e v r e a u  II

L e s  r é s u lta t s  d e  m e s u r e  d e s  te n e u r s  en  t r it iu m  d e  l 'e a u  d e s  o r g a n e s  
in d iq u e n t une r é p a r t i t io n  a s s e z  h o m o g è n e  (v a le u r s  e x t r ê m e s ,  126 n C i 3H /g  H 
à 157 n C i 3H /g  H ).

L e s  v a le u r s  d e s  a c t iv it é s  s p é c i f iq u e s  de l 'e a u  d e s  t i s s u s  s o n t la  m o i t ié  
d e  c e l l e s  o b s e r v é e s  c h e z  le  c h e v r e a u  III (ta b lea u  III) s a c r i f i é  à la  n a is s a n c e  
m a is  la  c o n ta m in a t io n  du la it  p r o d u it  p a r  la  m è r e  a a u s s i  d im in u é  de m o i t ié  
d u ra n t c e t te  p é r io d e  à la  s u ite  de l 'in t r o d u c t i o n  d 'h e r b e  f r a î c h e  d an s la  
r a t io n  (40 , 8 /u C i/l  l o r s  d e  la  m i s e  b a s ,  à  20 , 1 p C i /1  un m o is  p lu s  ta r d ) .

2 .4 .  E tu d e  de l ' in c o r p o r a t i o n  du t r i t iu m  d an s l 'A D N

2 . 4 . 1 .  P r é p a r a t io n  de l 'A D N

L 'o r g a n e  c o n g e lé  e s t  h o m o g é n é is é  à l 'U l t r a t u r r a x  p en d a n t e n v ir o n  10 s 
d an s une s o lu t io n  de s a l in e -E D T A  (N a C l 0, 15M , E D T A  0, 1M , pH  8 ,0 ).
P o u r  1 g de t is s u  n ou s  e m p lo y o n s  40 m l  d e  s a l in e -E D T A  d an s le  c a s  du 
th y m u s , 20 m l  p o u r  l e s  t e s t i c u le s ,  10 m l  p o u r  le  f o i e .  A  la  s u s p e n s io n  
h o m o g è n e  o n  a jo u te  du s o d iu m  la u r y l - s u l fa t e  ( c o n c e n tr a t io n  f in a le  1% ). 
L 'a c t i o n  du d é t e r g e n t  s e  m a n ife s t e  p a r  une a u g m e n ta tio n  im m é d ia t e  de la  
v i s c o s i t é .

O n  a jo u te  e n s u ite  de la  p r o n a s e  ( c o n c e n tr a t io n  f in a le  2 m g /m l ) ;  a p r è s  
a g ita t io n , la  s o lu t io n  e s t  in c u b é e  à 37°C  p en d a n t 2 h.

L e s  a c id e s  n u c lé iq u e s  s o n t  e n s u ite  p r é c ip i t é s  p a r  a d d it io n  d 'a l c o o l  
(2 v o lu m e s  d 'a l c o o l  p o u r  1 v o lu m e  d e  s o lu t io n ) .  L e  p r é c ip i t é  f ib r e u x  e s t  
e n r o u lé  s u r  une t ig e  de v e r r e ;  i l  e s t  e n s u ite  r e m is  en  s o lu t io n  d an s du SSC 
(s a lin e  s o d iu m  c i t r a t e )  d ilu é  (N a C l 0 , 0 1 4 M , c i t r a t e  de N a 0, 0 0 1 4 M ).

O n  a jo u te  e n s u ite  d e  la  r ib o n u c lé a s e  ( c o n c e n tr a t io n  f in a le  50 yug/m l) 
e t  la  s o lu t io n  e s t  in c u b é e  pen d a n t 1 h à 3 7 °C .

O n  a jo u te  d e  la  p r o n a s e  (c o n c e n t r a t io n  f in a le  2 m g /m l )  e t  la  s o lu t io n  
e s t  r é in c u b é e  p en d a n t 2 h à 3 7 °C .
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L a  s o lu t io n  e s t  e n su ite  d é p r o té in is é e  p a r  a g ita t io n  p en d a n t 15 m in  a v e c  
du c h lo r o f o r m e  (v o l .  / v o l . ) .  P a r  c e n tr ifu g a t io n  (30 m in  à 5000  t o u r s /m in )  
on  s é p a r e  la  s o lu t io n  a q u e u se  co n te n a n t l 'A D N  du c h lo r o f o r m e ,  l e s  p r o té in e s  
fo r m a n t  une g a le t te  à l ' i n t e r f a c e .  L e  t r a i te m e n t  p a r  le  c h lo r o f o r m e  e s t  
r é p é t é  ju s q u 'à  c e  que la  s o lu t io n  a q u e u se  s o i t  p a r fa ite m e n t  c l a i r e .  L 'A D N  
e s t  e n su ite  p r é c ip i t é  du su rn a g e a n t p a r  a d d it io n  de 2 v o lu m e s  d 'a l c o o l .  L e s  
f ib r e s  s o n t  r é c o l t é e s  s u r  t ig e  de v e r r e ,  l 'a l c o o l  en  e s t  e x p r im é  p a r  p r e s s i o n  
s u r  le s  p a r o is  du tu b e . L e  p r é c ip i t é  e s t  r e m is  en  s o lu t io n  dans du SSC d ilu é  
ou  du N a C l 0, 01M .

L a  q u a n tité  d 'A D N  e s t  e s t im é e  p a r  a b s o r p t io n  dans l 'u l t r a v io l e t  à l 'a id e  
d 'u n  s p e c t r o p h o t o m è t r e  e n r e g is t r e u r .

L a  r a d io a c t iv i t é  e s t  e s t im é e  s u r  une a liq u o te  p a r  s c in t i l la t io n  l iq u id e .
L e s  é c h a n t il lo n s  s o n t e n su ite  a n a ly s é s  p a r  u lt r a c e n tr ifu g a t io n  en  g r a d ie n t  

de c h lo r u r e  de c é s iu m . L 'A D N  o b ten u  p a r 'c e t t e  m é th o d e  e s t  c o n s id é r é  
c o m m e  « p u r » .  L a  s o lu t io n  c o n t ie n t  ce p e n d a n t q u e lq u e s  co n ta m in a n ts  qui 
c o p r é c ip i t e n t  a v e c  l 'A D N  en  s o lu t io n  a lc o o l iq u e :  c e  s o n t  de l 'A R N  (e n v ir o n  1% ), 
d e s  p r o té in e s  ou  a c id e s  a m in é s  (2 à 3%) e t  d 'a u t r e s  c o m p o s a n t s  c o m m e  le  
g ly c o g è n e  d e s  p o ly s a c c h a r id e s  don t i l  e s t  d i f f i c i l e  de  s e  s é p a r e r  s i  on  v e u t 
p r é s e r v e r  la  s t r u c t u r e  m a c r o m o lé c u la i r e  de l 'A D N . P a r  c e t te  m é th o d e , le  
p o id s  m o lé c u la i r e  de l 'A D N  p e u t ê t r e  e s t im é  à 8 à 10 X 1 0 e d a lto n s  p o u r  le  
th y m u s , de  6 à 8 X  106 d a lto n s  p o u r  le s  t e s t i c u le s  e t  de  1 à 3 X 106 d a lto n s  
p o u r  le  f o ie .

A n a ly s e  p a r  u lt r a c e n tr ifu g a t io n  en  g r a d ie n t  de c h lo r u r e  de c é s iu m

A  4 m l  de s o lu t io n  d 'A D N  on  a jo u te  5 g d e  c h lo r u r e  d e  c é s iu m  (M e r c k  
s u p r a p u r ) .  O n  o b t ie n t  a in s i  une s o lu t io n  5, 651M  C s C l  don t la  d e n s ité  
(1, 699 g / c m 3) e s t  t r è s  p r o c h e  de la  d e n s ité  de l 'A D N  a n im a l (1 , 700  g / c m 3). 
A p r è s  s o lu b i l i s a t io n  4, 5 m l  de  s o lu t io n  co n te n a n t e n v ir o n  100 ¡ug d 'A D N  s o n t  
c e n t r i fu g é s  d an s d e s  tu b e s  en  n itr a te  d e  c e l lu l o s e .

L e s  tu b e s  so n t p la c é s  d an s le  r o t o r  e t  s o n t  c e n t r i fu g é s  à 33 000 t o u r s /  
m in  p en d a n t 63 h à 2 5 °C . A p r è s  c e n tr ifu g a t io n , ch a q u e  tu be  e s t  p la c é  
s u c c e s s iv e m e n t  dans un a p p a r e i l  à f r a c t io n n e r .  L e  fo n d  du tu be  e s t  p e r c é  
à l 'a id e  d 'u n e  a ig u il le  et e n v ir o n  100 f r a c t io n s  d e  d eu x  g o u tte s  s o n t  r é c o l t é e s  
d an s d e s  f i o le s  de c o m p ta g e . L l 'é lu tio n  a l ie u  s o u s  une p r e s s i o n  c o n s ta n te  
d 'h u ile  de p a r a f f in e  e t  à une v i t e s s e  c o n t r ô lé e  à l 'a id e  d 'u n e  s e r in g u e  à v is  
m i c r o m é t r i q u e .

E n  g é n é r a l ,  1 m l  d 'e a u  d is t i l lé e  e s t  a jo u té  à ch a q u e  f r a c t io n  p a ir e  et 
le  s p e c t r e  u lt r a v io le t  e s t  e n r e g is t r é  à l 'a id e  d 'u n  s p e c t r o p h o t o m è t r e  
e n r e g is t r e u r  (C a r y , m o d è le  1 4 ).

L a  r a d io a c t iv i t é  d e s  f r a c t io n s  e s t  e s t im é e  a p r è s  a d d it io n  d e  75 m l  
d 'I n s t a g e l  P a c k a r d  (ou  d 'u n  m i l ie u  s c in t i l la n t  é q u iv a le n t  de n o tr e  fa b r ic a t io n )  
à l 'a id e  d 'u n  s c in t i l la t e u r  liq u id e  (P a c k a r d  3 3 8 0 ). E n  p o r ta n t  en  o r d o n n é e  
le s  v a le u r s  de l 'a b s o r p t io n  u lt r a v io le t te  e t  c e l l e s  d e  la  r a d io a c t iv i t é  et en  
a b s c i s s e  le  n u m é r o  d e s  f r a c t io n s ,  o n  o b t ie n t  d e s  d is t r ib u t io n s  c o m m e  c e l l e s  
r e p r é s e n t é e s  dans le s  f ig u r e s  c i - a p r è s .

2 . 4 . 2 .  R é s u lta ts

D a n s  le  ta b le a u  IV  s o n t  in d iq u é e s  le s  a c t iv it é s  s p é c i f iq u e s  d e s  A D N  
e x t r a it s  d e s  d i f f é r e n t s  o r g a n e s .
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T A B L E A U  IV . A C T IV IT E  S P E C IF IQ U E  (en  d p m //u g  A D N ) D ES 
D IF F E R E N T E S  P R E P A R A T IO N S  D 'A D N

Thymus Testicules Foie

Veau I 36 (8) 96 (2) 252

II 28 44 84

III 36 68 52

IV 680 720 (4) 620 (148)

V 580 212 36 (4)

VII 220 204 52

VIII - 20 a
16b 56

Chevreau I 140 128 -

II 162 32 -

Les valeurs entre parenthèses sont les valeurs corrigées, calculées sur les fractions après 
ultracentrifugation en gradient de CsCl.

a Activité spécifique de l'ADN extrait d’ un testicule prélevé à la naissance.
k Activité spécifique de l'ADN extrait du second testicule prélevé au moment du sacrifice de
l’animal.

FIG.l. Ultracentrifugation en gradient de CsCl de l'ADN extrait du thymus du veau V.
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№  d e s  f r a c t i o n s

FIG.2. Ultracentrifugation en gradient de CsCl de l'ADN extrait d'un testicule (naissance) du veau VIII.

F IG .3 . U ltra cen trifu g a tio n  en  g rad ien t de  CsCl de l'A D N  e x tra it  d ’un te s tic u le  du veau  VIII.
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FIG.4. Ultracentrifugation en gradient dé CsCl de l'ADN extrait des testicules du chevreau I.

№  d e s  f r a c t i o n s

FIG. 5 . U ltra cen trifu g a tio n  en g rad ie n t de  C sC l de l ’ADN e x tra i t  des te sticu les  du chev reau  II .
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FIG.6. Ultracentrifugation en gradient de CsCl de l'ADN extrait des testicules du veau II.

F IG .7 . U ltra cen trifu g a tio n  en g rad ien t de  CsCl de l'A D N  e x tra it  du thym us du veau  I.
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№  d e s  f r a c t i o n s

FIG. 8. Ultracentrifugation en gradient de CsCl de l'ADN extrait des testicules du veau I.

№  d e s  f r a c t i o n s  

FIG.9. Ultracentrifugation en gradient de CsCl de l'ADN extrait des testicules du veau IV.
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FIG. 10. Ultracentrifugation en gradient du CsCl de l'ADN extrait du foie du veau IV.

№  d e s  f r a c t i o n s

FIG. 11 . U ltra cen trifu g a tio n  en  g rad ien t de  CsCl du DNA e x tra it du fo ie  du veau  V.
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L e s  v a le u r s  s o n t  t r è s  d i f f é r e n t e s ,  non  s e u le m e n t  quand on  c o m p a r e  
le s  o r g a n e s  e n tr e  eu x  m a is  é g a le m e n t  p o u r  un m ê m e  o r g a n e , sa n s  q u 'o n  
p u is s e  t i r e r  de c o n c lu s io n s  é v id e n t e s  au s u je t  du t r a i te m e n t  que  le s  a n im a u x  
on t r e ç u .

A p r è s  a n a ly s e  d e s  d i f fé r e n t s  é c h a n t il lo n s  d 'A D N  p a r  u lt r a c e n tr ifu g a t io n  
en  g r a d ie n t  de C s C l ,  on  o b s e r v e  t r o i s  ty p e s  d e  r é s u lta t s :

a) L a  r a d io a c t iv i t é  e s t  é ta lé e  u n ifo r m é m e n t  s u r  to u te s  le s  f r a c t io n s  
du g r a d ie n t .  C e t te  r a d io a c t iv i t é  s e m b le  p o r t é e  p a r  d e s  m o l é c u le s  qui 
c o p r é c ip i t e n t  a v e c  l 'A D N  m a is  qu i n e  s o n t  p a s  s é d im e n t a b le s  en  g r a d ie n t  
de C s C l  d an s n o s  c o n d it io n s  e x p é r im e n ta le s  ( f ig .  1 à 5 ).

b) L a  r a d io a c t iv i t é  s é d im e n te  d a n s  le  g r a d ie n t  dan s d e s  p o s it io n s  
d i f f é r e n t e s  d e  c e l l e  d e  l 'A D N  c a r a c t é r i s é  p a r  s o n  s p e c t r e  u lt r a v io le t .

C e tte  r a d io a c t iv i t é  p eu t ê t r e  p o r t é e  p a r  d e s  m o lé c u le s  qui s é d im e n te n t  
dan s le  fon d  du tu be  (A R N  p r o b a b le m e n t ,  f ig .  6) ou  qui s é d im e n te n t  dans 
une p o s it io n  p r o c h e  d e  c e l l e  d e  l 'A D N  ( f ig .  7 à 1 1 ). C e t te  r a d io a c t iv i t é  e s t  
p o r t é e  p a r  d e s  c o n ta m in a n ts  (g ly c o g è n e ,  p o ly s a c c h a r id e s )  qu i c o p r é c ip i t e n t  
a v e c  l 'A D N  et d on t la  d e n s ité  e s t  v o is in e  d e  c e l l e  d e  l 'A D N .

c )  D ans d 'a u t r e s  c a s ,  le s  m o lé c u le s  r a d io a c t iv e s  ou  du m o in s  une 
p a r t ie  de  c e l l e s - c i  s é d im e n t e n t  à une p o s i t io n  qu i c o r r e s p o n d  à c e l l e  de 
l 'A D N  ( f ig . 7 à 1 1 ).

3 . D ISCU SSIO N  E T  C O N C L U S IO N S

U ne in g e s t io n  un iqu e d 'e a u  d 'a b r e u v a g e  t r i t i é e  p r o v o q u e , c h e z  la  v a c h e  
la i t i è r e ,  une co n ta m in a t io n  g é n é r a le  de  l 'e a u  d e s  o r g a n e s  e t  t i s s u s  e n c o r e  
u n ifo r m e  23 jo u r s  a p r è s  l ' in g e s t io n  m a is  d on t la  c o n c e n t r a t io n  a b a is s é  d 'u n  
fa c t e u r  10 e n v ir o n . L e  r a p p o r t  d e s  a c t iv it é s  s p é c i f iq u e s  de la  m a t iè r e  s è c h e  
e t de l 'e a u  d e s  t i s s u s  v a r ie  de 0, 19 à 0, 63 s e lo n  le s  o r g a n e s ,  i l  r e s t e  d on c  
t o u jo u r s  in fé r ie u r  à l 'u n it é .  C e s  v a le u r s  s o n t  à r a p p r o c h e r  de  c e l l e  (0 ,4 0 )  
o b s e r v é e  d an s le  la it  d 'u n e  v a c h e  16 jo u r s  a p r è s  une in g e s t io n  un ique d 'e a u  
t r i t i é e  [ 2] .

S e lo n  la  f o r m e  c h im iq u e  du t r it iu m  in g é r é  (T H O  ou  o r g a n iq u e )  p a r  un 
je u n e  v e a u , la  r é p a r t i t io n  du t r it iu m  dans l 'e a u  ou  la  m a t iè r e  s è c h e  d e s  
o r g a n e s  e t  f è c e s  c h a n g e . E n  e f fe t  dans le  c a s  d 'in g e s t io n  c h r o n iq u e  d 'e a u  
t r i t i é e  on  ne r e t r o u v e  q u 'e n v ir o n  2, 8%o s o u s  f o r m e  3H o r g a n iq u e  de la  
q u a n tité  to ta le  in g é r é e  a l o r s  qu e  d an s le  c a s  d 'in g e s t io n  de p o u d r e  de la it  
t r i t i é  d a n s  la  r a t io n  le  ta u x  d 'in c o r p o r a t io n  d an s l e s  o r g a n e s  a u g m e n te  d 'u n  
fa c t e u r  15 (4 2 ,4 % o ). O n o b s e r v e  le  m ê m e  p h é n o m è n e  p o u r  le s  f è c e s  où  
le  fa c t e u r  15 s e  v é r i f i e  (ta b le a u  II ) . P a r  c o n t r e  l 'e x c r é t i o n  u r in a ir e  du 
tr it iu m  e s t  à p e u  p r è s  é q u iv a le n te  q u e lle  q u e  s o i t  la  f o r m e  c h im iq u e  du 
p r é c u r s e u r  t r i t i é .

D an s le  c a s  où  l 'a n im a l  c o n s o m m e  du la it  p r o d u it  p a r  une v a c h e  
c o n s o m m a n t  du fo in  t r i t i é ,  la it  co n te n a n t à la  f o i s  du t r it iu m  d an s l 'e a u  
e t d an s la  m a t iè r e  s è c h e  (v ea u  V II), le  tau x  d 'in c o r p o r a t io n  d an s la  m a t iè r e  
s è c h e  du f o ie  a u g m e n te  d 'u n  fa c t e u r  40 e n v ir o n  p a r  r a p p o r t  au c a s  où  le  
v e a u  r e ç o i t  le  t r it iu m  s o u s  f o r m e  d 'e a u  d 'a b r e u v a g e , et d an s le  c a s  
d 'in g e s t io n  d e  p o u d r e  d e  la it  t r i t i é  p r o v e n a n t  d 'u n e  v a c h e  a b r e u v é e  a v e c  
d e  l 'e a u  t r i t i é e  c e  fa c t e u r  e s t  d e  25 .
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A  r e m a r q u e r  a u s s i  que l 'a c t i v i t é  s p é c i f iq u e  du fo ie  de ch a cu n  d e s  
v e a u x  I, It, III, a b r e u v é s  a v e c  de l 'e a u  t r i t i é e  e t  s a c r i f i é s  à une s e m a in e  
d 'in t e r v a l le ,  e s t  r e s t é e  in c h a n g é e  du 2 5 e au 4 0 e jo u r .

L e  c h e v r e a u , m is  b a s  p a r  une c h è v r e  c o n ta m in é e  d 'u n e  fa ç o n  c h r o n iq u e  
p a r  l 'e a u  d 'a b r e u v a g e  t r i t i é e  d u ra n t s a  g e s ta t io n , a c c u s e  une in c o r p o r a t io n  
n e tte  de t r it iu m  d an s la  m a t iè r e  s è c h e  de s e s  o r g a n e s  (ta b le a u  III); ce p e n d a n t 
l 'a c t i v i t é  s p é c i f iq u e  r e s t e  in fé r ie u r e  à c e l l e  de  l 'e a u  d e s  t i s s u s .

A D N

P a r  u lt r a c e n tr ifu g a t io n  en  g r a d ie n t  de C s C l ,  i l  a é té  p o s s ib l e  de 
d é t e r m in e r  la  n a tu re  e x a c t e  d e s  m o lé c u le s  r a d io a c t iv e s  e x t r a it e s  p a r  la  
m é th o d e  de p r é p a r a t io n  de l 'A D N .

S u r  le s  25 é c h a n t il lo n s  a n a ly s é s  (tou s  r a d io a c t i f s ) ,  d an s 5 c a s  s e u le m e n t  
o n  p eu t p e n s e r  que la  r a d io a c t iv i t é  ou  une p a r t ie  de c e l l e - c i  e s t  p o r t é e  p a r  
d e s  fr a g m e n ts  d 'A D N : A D N  d e  th y m u s  du v e a u  I ( f ig .  7 ), A D N  d e  t e s t ic u le s  
d e s  v e a u x  I e t  IV  ( f ig .  8 e t  9 ), e t A D N  d e  f o ie  d e s  v e a u x  IV  et V  ( f ig .  10 e t 11 ).

D an s c e s  d e r n ie r s  c a s ,  en  a n a ly sa n t le s  f r a c t io n s  a p r è s  u lt r a c e n t r i fu g a 
t io n , l 'a c t i v i t é  s p é c i f iq u e  e x a c te  de l 'A D N  a pu  ê t r e  e s t im é e  e t  e l le  e s t  t r è s  
d i f fé r e n t e  de c e l l e  de  l 'e x t r a i t  to ta l .  C e tte  r a d io a c t iv i t é  s p é c i f iq u e  e s t  en  
g é n é r a l  p eu  é le v é e  e t ne s e m b le  p a s  en  r e la t io n  a v e c  la  v i t e s s e  de s y n th è se  
d e  l 'A D N .

L 'a c t i v i t é  s p é c i f iq u e  c o r r i g é e  la  p lu s  é le v é e  e s t  o b s e r v é e  p o u r  l 'A D N  
e x t r a it  du f o ie  du v e a u  IV  e t o n  s a it  que  le  f o ie  e s t  un t i s s u  qui s e  d iv is e  
t r è s  p e u .

№  d e s  f r a c t i o n s

FIG. 12 . A nalyse par f il tra t io n  sur g e l d 'ag a ro se  d ’un h o m o g é n a t de fo ie  (veau  IV ).
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FIG. 13. Analyse par filtration sur gel d'agarose de l'ADN extrait du thymus (veau I).

F IG .1 4 . A nalyse p a r  f il tra tio n  sur g e l d 'ag a ro se  de l'A DN  e x tra it  des te s ticu les  (v eau  IV ).
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L e s  é c h a n t il lo n s  où  p a r  a n a ly se  en  g r a d ie n t  de c h lo r u r e  de c é s iu m  
d e  la  r a d io a c t iv i t é  é ta it  o b s e r v é e  au n iv e a u  de l 'A D N  on t é té  a n a ly s é s  p a r  
f i l t r a t io n  m o lé c u la i r e  s u r  g e l  de S é p h a r o s e  4B  [ 8] .

L e s  f ig u r e s  12, 13, 14 m o n tr e n t  qu e  p o u r  le s  t r o i s  é c h a n t il lo n s  é tu d ié s  — 
A D N  d e  f o ie  (veau  IV ), A D N  d e  th y m u s (veau  I), A D N  de t e s t i c u le s  (v ea u  IV ) — 
p a r  f i l t r a t io n  m o l é c u la ir e ,  la  r a d io a c t iv i t é  e s t  d i s s o c i é e  de l 'A D N .

I l s e m b le  d o n c  que  le  t r i t iu m  n 'e s t  p a s  in c o r p o r é  d an s la  m o lé c u le  d 'A D N . 
L a  r a d io a c t iv i t é  e s t  p o r t é e  p a r  d e s  m o lé c u le s  p r o t é iq u e s  n o ta m m e n t t r è s  
f o r t e m e n t  l i é e s  à l 'A D N  (e l le s  c o p r é c ip i t e n t  e t  c o s é d im e n t e n t  a v e c  la  m a c r o -  
m o lé c u le )  e t  s e u le  la  f i l t r a t io n  m o l é c u la i r e  n ou s  a p e r m is  d e  d é t e r m in e r  la  
n a tu re  d e s  m o lé c u le s  r a d io a c t iv e s .
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Abstract

ACCUMULATION OF TRITIUM IN VARIOUS SPECIES OF FISH REARED IN TRITIATED WATER.
The release of tritium into aquatic ecosystems has resulted from nuclear industry operations. Because 

of the projected expansion of the nuclear power industry and associated fuel reprocessing plants, such releases 
can be expected to increase and to require further assessment of the environmental impact. Considerable 
information exists for the behaviour and fate of tritiated water in mammals; however, few experimental 
data are available on the incorporation of tritium from tritiated water into fresh water fishes. Of particular 
interest are fish that begin and end their lives in a tritiated environment.

In the present study trout and channel catfish eggs were hatched and the fish maintained in tritiated water 
for four months. In addition, two species of minnows native to the southwest United States of America were 
maintained in tritiated water and offspring from these fish were reared in tritiated water for five months. Some 
of these native fish were maintained for two months in large outdoor pools in which part of their food was 
grown naturally. The tritium concentrations in aquaria water were held constant during the experimental 
period. The results show that for these species of fish living in tritiated water the concentration factor for 
organic bound tritium is generally less than unity. The concentration factor is defined as the specific 
activity of tritium in dried body tissue divided by that in the water in which the fish were reared. Literature 
concerning the behaviour of tritium in aquatic food chains after release in nuclear industry effluents is reviewed.

1 . INTRODUCTION

S u b s t a n t ia l  a m o u n ts  o f  t r i t i u m  h a v e  b e e n  r e le a s e d  i n t o  th e  e n v iro n m e n t 
as  a r e s u l t  o f  n u c le a r  in d u s t r y  o p e r a t io n s .  M o s t o f  t h i s  t r i t i u m  becom es 
in c o r p o r a te d  i n t o  w a te r  m o le c u le s  to  fo rm  t r i t i a t e d  w a te r  (НТО) and ca n  th e n  
b e  in c o r p o r a te d  i n t o  th e  o r g a n ic  c o n s t i t u e n t s  o f  p la n t s  and a n im a ls  w h ic h  
come i n  c o n t a c t  w i t h  th e  w a te r  [ l ,  2 , 3 ] .

B e ca u se  o f  th e  p r o je c t e d  e x p a n s io n  o f  th e  n u c le a r  p o w e r in d u s t r y  and 
a s s o c ia te d  f u e l  r e p r o c e s s in g  p l a n t s ,  th e  e n v ir o n m e n ta l  r e le a s e s  o f  t r i t i u m  
ca n  b e  e x p e c te d  t o  in c r e a s e .  C u r r e n t  d e s ig n  o f  f u e l  r e p r o c e s s in g  p la n t s  i s  
s u c h  t h a t  m o s t o f  th e  t r i t i u m  e n t e r in g  th e  p la n t  i n  s p e n t n u c le a r  f u e l  i s  
r e le a s e d  t o  th e  e n v iro n m e n t a s  t r i t i a t e d  w a te r  £ 4 , 5 ] .  The c a p a c i t y  o f  th e  
w o r ld w id e  e n v iro n m e n t f o r  d i l u t i n g  s u c h  t r i t i u m  t o  n e g l i g i b l e  l e v e l s  i s  n o t  
u n l i m i t e d  [ б ] .  F u r th e r m o r e ,  t o  th e  e x te n t  t h a t  su c h  t r i t i u m  i s  n o t  r a p i d l y  
d i l u t e d  th r o u g h o u t  th e  w a te r  o f  th e  w o r ld ,  th e  t r i t i u m  c o n c e n t r a t io n s  i n  
c e r t a i n  a re a s  w o u ld  be  h ig h e r  th a n  e s t im a te d  f o r  r a p id  d i l u t i o n  i n  th e  
e n t i r e  h y d ro s p h e re .  I t  h a s  be e n  r e p o r t e d  t h a t  t r i t i u m  r e le a s e d  t o  th e  
e n v iro n m e n t a s  t r i t i a t e d  w a te r  may b e  c o n c e n t r a te d  i n  some o rg a n is m s  th r o u g h  
e c o lo g ic a l  fo o d  c h a in s  [ 7 ] .  I f  th e s e  o rg a n is m s  a r e  p a r t  o f  a  fo o d  c h a in  
le a d in g  t o  m an, th e  s i g n i f i c a n c e  o f  e n v ir o n m e n ta l  r e le a s e s  o f  t r i t i u m  m u s t 
be  re e x a m in e d .

The a c c u m u la t io n  o f  t r i t i u m  i n  o rg a n is m s  th r o u g h  e c o lo g ic a l  fo o d  
c h a in s  i s  b e in g  s tu d ie d  a t  th e  U .S . E n v iro n m e n ta l  P r o t e c t io n  A g e n c y ’ s
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N a t io n a l  E n v iro n m e n ta l  R e s e a rc h  C e n te r  a t  L a s  V e g a s . T r i t i u m  a c c u m u la t io n  
i n  f i s h  th r o u g h  a q u a t ic  fo o d  c h a in s  i s  one o f  th e  s tu d ie s  i n  p r o g r e s s .  
C o n s id e ra b le  i n f o r m a t io n  e x i s t s  f o r  th e  b e h a v io r  an d  f a t e  o f  t r i t i a t e d  w a te r  
i n  mammals [ l ,  2 , 3 ,  8 ] j  h o w e v e r, l i t t l e  e x p e r im e n ta l  d a ta  a r e  a v a i l a b le  on 
th e  in c o r p o r a t io n  o f  t r i t i u m  fro m  t r i t i a t e d  w a te r  i n t o  f r e s h  w a te r  f i s h e s .
To d e te rm in e  th e  s i g n i f i c a n c e  o f  t r i t i u m  i n  th e  fo o d  c h a in  o f  f i s h ,  t r i t i u m  
i n c o r p o r a t io n  i n t o  f i s h  f ro m  t r i t i a t e d  w a te r  a lo n e  m u st be  e v a lu a te d .  T h is  
r e p o r t  p r e s e n ts  r e s u l t s  f o r  t r i t i u m  in c o r p o r a t io n  i n t o  f i s h  l i v i n g  i n  
t r i t i a t e d  w a te r  and e a t in g  n o n - t r i t i a t e d  fo o d .  I n  a n  a s s o c ia te d  e x p e r im e n t ,  
some f i s h  w e re  r a is e d  i n  t r i t i a t e d  w a te r  i n  w h ic h  a s u b s t a n t i a l  p o r t i o n  o f  
t h e i r  fo o d  was g ro w n .

2 .  METHODS

2 .1  F is h  i n  a q u a r ia

S m a ll f i s h  o f  tw o s p e c ie s  n a t iv e  t o  th e  s o u th w e s te rn  U n i te d  S ta te s  
and s u i t a b le  f o r  r e a r in g  i n  s m a ll  a q u a r ia  w e re  c o l l e c t e d  f r o m  s tre a m s  and 
p la c e d  i n  t r i t i a t e d  w a te r .  T h ese  s p e c ie s ,  G ám usia  a f f i n i s  (m o s q u ito  f i s h )  
and P o e c i l io p s is  o c c i d e n t a l i s  ( G i la  to p m in n o w ), b o th  o f  th e  f a m i l y  
P o e c i l i i d a e , a r e  l i v e - b e a r i n g  i n  t h a t  e g gs a r e  h a tc h e d  w i t h i n  th e  m o th e r  and  
b o th  p r e s e n t  l i v e  y o u n g . B o th  s p e c ie s  h a ve  a l i f e t i m e  o f  a b o u t t h r e e  y e a r s .  
A d u l t  f i s h ,  one t o  tw o  y e a rs  o ld ,  w e re  u s e d  an d  th e  s p e c ie s  w o u ld  n o t  
i n t e r b r e e d .

F e r t i l i z e d  t r o u t  (S alm o g a i r d n e r i i ) e g g s , o b ta in e d  fro m  a h a tc h e r y ,  
w e re  h a tc h e d  i n  3 8 0 - l i t e r  (1 0 0  U .S . g a l . )  ta n k s  w i t h  c o o le d  and f i l t e r e d  
c i r c u l a t i n g  t r i t i a t e d  w a te r .  The t r o u t  w e re  r e a r e d  i n  t h i s  same ta n k  t o  an 
ag e  o f  140 da ys  and th e n  p la c e d  i n  n o n - t r i t i a t e d  w a te r  f o r  72 d a ys  t o  
d e te rm in e  th e  g r o s s  t r i t i u m  lo s s  r a t e  f ro m  th e  f i s h .

F e r t i l i z e d  eg gs o f  th e  c h a n n e l c a t f i s h  ( I c t a l u r u s  l a c u s t r i s ) , o b ta in e d  
f ro m  a c a t f i s h  fa r m ,  w e re  h a tc h e d  i n  a ta n k  i d e n t i c a l  t o  th e  t r o u t  t a n k ,  and 
f r y  w e re  r e a r e d  t o  a d u lth o o d  i n  t h i s  ta n k .  T r o u t  and c a t f i s h  w e re  s e le c te d  
f o r  s tu d y  b e c a u s e  th e y  a r e  u s e d  as, fo o d  b y  m an.

Young p ro d u c e d  b y  m o s q u ito  f i s h  and  G i la  to p m in n o w s  w e re  s e p a ra te d  
f ro m  th e  a d u l t s  a t  b i r t h  an d  re a r e d  i n  d i f f e r e n t  a q u a r ia .  I n f o r m a t io n  was 
th u s  o b ta in e d  on t r i t i u m  in c o r p o r a t io n  i n t o  f i s h  w h ic h  s t a r t  and end t h e i r  
l i v e s  i n  t r i t i a t e d  w a t e r .  Some o f  th e s e  yo u n g  f i s h  w e re  p la c e d  i n  n o n -  
t r i t i a t e d  w a te r  a t  an age  o f  200 d a ys  and p e r i o d i c  sa m p le s  w e re  c o l le c t e d  
to  d e te rm in e  th e  r a t e  o f  t r i t i u m  lo s s  f ro m  th e  f i s h .

The t r i t i u m  c o n c e n t r a t io n  i n  a l l  a q u a r ia  was m a in ta in e d  a t  a c o n s ta n t  
l e v e l  th r o u g h o u t  th e  s tu d y .  H a tc h in g  o f  eg gs and c a re  o f  f i s h  was p e r fo rm e d  
a s  recom m ended i n  th e  l i t e r a t u r e  [ 9 ,  1 0 , 1 1 ] .  T r o u t  an d  c a t f i s h  w e re  fe d  a 
b a la n c e d  c o m m e rc ia l r a t i o n .  The m o s q u ito  f i s h  an d  G i la  to p m in n o w s  w e re  fe d  a 
m ix e d  d i e t  o f  c o m m e rc ia l fo o d s  f o r  t r o p i c a l  f i s h .  T h ese  c o m m e rc ia l fo o d s  
d id  n o t  c o n ta in  t r i t i u m  in c o r p o r a te d  i n  n o n -e x c h a n g e a b le  p o s i t i o n s  [ 3 ] .

2 .2  F is h  i n  o u td o o r  p o o ls

S ix  p l a s t i c - l i n e d  p o o ls ,  c o n s t r u c te d  a t  th e  EPA E x p e r im e n ta l  Farm  on  
th e  N evada T e s t  S i t e ,  w e re  f i l l e d  w i t h  37 00  l i t e r s  (9 8 0  U .S . g a l . )  o f  
t r i t i a t e d  w a te r .  I n o r g a n ic  f e r t i l i z e r ,  t r i t i u m  and g re e n  a lg a e  ( C h lo r e l l a  
p y r e n o id o s a )  w e re  in t r o d u c e d  an d  th e  a lg a e  a l lo w e d  to  p ro d u c e  a f u l l  b lo o m . 
The t r i t i a t e d  w a te r  l e v e l  i n  th e  p o o ls  was m a in ta in e d  b y  w a te r  l e v e l  c o n 
t r o l l e r s  c o n n e c te d  t o  a r e s e r v o i r  o f  t r i t i a t e d  d e io n iz e d  w a te r .
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W in d b lo w n  d i r t ,  d e b r i s ,  an d  h a y  f ro m  th e  fa r m  e n te r e d  th e  p o o ls ,  and a 
v a r i e t y  o f  i n s e c t  l i f e  was o b s e rv e d  i n  th e  p o o ls  b e fo r e  f i s h  w e re  in t r o d u c e d .  
W h ile  th e  a lg a e  and  b i o t a  w h ic h  s p e n t  a s i g n i f i c a n t  p r o p o r t i o n  o f  t h e i r  l i f e 
t im e  i n  th e  p o o ls  w o u ld  h a ve  c o n s id e r a b le  t r i t i u m  m e t a b o l i c a l ly  in c o r p o r a te d  
i n t o  t h e i r  t i s s u e s ,  th e  same w o u ld  n o t  b e  t r u e  f o r  m a t e r i a l  w h ic h  b le w  i n t o  
th e  p o o ls  [ 2 ,  3 ] .  M o s q u ito  f i s h  p la c e d  i n  th e  p o o ls  on  s e v e r a l  o c c a s io n s  
r e s u l t e d  i n  c o m p le te  m o r t a l i t y  w i t h i n  a fe w  d a y s .  D e s p i te  i d e n t i c a l  t r e a t 
m e n t, th e  p o o ls  d e v e lo p e d  i n d i v i d u a l  c h a r a c t e r i s t i c s  a f t e r  s e v e r a l  w e e k s , 
and f o u r  p o o ls  th e n  p r o v id e d  a d e q u a te  c o n d i t io n s  t o  m a in t a in  f i s h .  A d u l t  
m o s q u ite  f i s h ,  one t o  tw o  y e a rs  o l d ,  w e re  in t r o d u c e d  i n t o  t h r e e  p o o ls ,  and 
yo u n g  m o s q u ito  f i s h ,  f o u r  m o n th s  o ld ,  i n t o  th e  f o u r t h  p o o l .  The fo o d  s u p p ly  
f ro m  a lg a e ,  i n s e c t s ,  and  w in d b lo w n  d e b r is  a p p e a re d  t o  b e  a d e q u a te  f o r  th e s e  
f i s h ,  an d  no a d d i t i o n a l  fo o d  was p r o v id e d .  The p o o ls  w e re  s to c k e d  i n  m id -  
J u l y ,  and th e  f i s h  h a r v e s te d  i n  m id - O c to b e r  w hen f r e e z in g  te m p e r a tu r e s  
th r e a te n e d  s u r v i v a l .  Some o f  th e  a d u l t  f i s h  w e re  r e tu r n e d  to  t r i t i a t e d  
l a b o r a t o r y  a q u a r ia  an d  fe d  c o m m e rc ia l f i s h  fo o d  t o  d e te rm in e  th e  im p o r ta n c e  
o f  th e  t r i t i a t e d  fo o d  i n  th e  e n v ir o n m e n t .

2 .3  S a m p lin g  an d  a n a ly s is

W a te r s a m p le s  w e re  c o l l e c t e d  f r o m  a q u a r ia  i n  th e  la b o r a t o r y  on  a 
w e e k ly  b a s is ,  and fa r m  p o o l  w a te r  s a m p le s  w e re  c o l l e c t e d  a b o u t e v e ry  tw o 
w eeks on  i n s p e c t io n  v i s i t s .  T r i t i u m  c o n c e n t r a t io n s  i n  a q u a r ia  and p o o ls  
w e re  m a in ta in e d  a t  1 n C i /m l  ±10 p e r c e n t .  T h is  c o n c e n t r a t io n  w as s e le c te d  
to  p r o v id e  e a s i l y  m e a s u ra b le  t r i t i u m  l e v e l s  and n o t  y i e l d  u n a c c e p ta b ly  
h ig h  r a d i a t i o n  d o se  r a t e s  to  f i s h .  The f i s h  r e c e iv e d  a d o se  o f  a b o u t 
0 . 1  r a d /y x  [ 1 2 ] .

F is h  fro m  p o o ls  an d  a q u a r ia  w e re  c o l l e c t e d  p e r i o d i c a l l y  f o r  a n a ly s is .  
F r e e z e - d r ie d  t i s s u e s  o f  w h o le  f i s h  w e re  o x id iz e d  i n  a M o d e l 3 0 0  P a c k a rd  
T r ic a r b  Sam ple O x id iz e r  an d  t h e  w a te r  o f  o x i d a t io n  a n a ly z e d  f o r  t r i t i u m .

A l l  w a te r  s a m p le s  w e re  a n a ly z e d  f o r  t r i t i u m  s p e c i f i c  a c t i v i t y  
( y C i/g H  o r  a n  e q u iv a le n t  u n i t )  u s in g  a Beckm an M o d e l 100 L i q u id  S c i n t i l l a t i o n  
C o u n te r .  The s c i n t i l l a t o r  s o l u t i o n  c o n ta in e d  7g d ip h e n y lo x a z o le  (PPO) and 
1 .5 g  p - b i s - ( o - m e t h y ls t r y l ) - b e n z e n e  (b is -M S B ) d is s o lv e d  i n  a  m ix t u r e  o f  
p - x y le n e  an d  T r i t o n  N -1 0 1  w i t h  a v o lu m e  r a t i o  o f  2 . 7 5 : 1 .  S am p le s  w e re  
a n a ly z e d  b y  l i q u i d  s c i n t i l l a t i o n  te c h n iq u e s  p r e v io u s ly  d e s c r ib e d  [1 3 ,  1 4 j .
A l l  s a m p le s  w e re  c o u n te d  to  a t  l e a s t  ±2 p e r c e n t  a t  th e  95 p e r c e n t  c o n f id e n c e  
i n t e r v a l .

3 .  RESULTS

3 .1  F r a c t io n  o f  s p e c i f i c  a c t i v i t y  e q u i l i b r i u m

R e s u l ts  a r e  p r e s e n te d  t o  show th e  r a t i o  b e tw e e n  th e  t r i t i u m  s p e c i f i c  
a c t i v i t y  i n  f r e e z e - d r i e d  f i s h  t i s s u e  and t h a t  i n  w a te r  i n  w h ic h  th e  f i s h  
w e re  g ro w n . A r a t i o ,  o r  f r a c t i o n ,  g r e a t e r  th a n  u n i t y  w o u ld  in d i c a t e  c o n 
c e n t r a t i o n  o f  t r i t i u m  w i t h i n  th e  o r g a n ic  c o n s t i t u e n t s  o f  f i s h  r e l a t i v e  to  
th e  w a te r  e n v ir o n m e n t .  No f r a c t i o n  g r e a t e r  th a n  u n i t y  was m e a su re d  i n  th e s e  
e x p e r im e n ts .

The r e s u l t s  o b ta in e d  f o r  m o s q u ito  f i s h  and G i la  to p m in n o w s  g ro w n  i n  
t r i t i a t e d  w a te r  an d  fe d  a c o m m e rc ia l d i e t  a r e  shown i n  T a b le  I .  The f r a c t i o n  
o f  e q u i l i b r i u m  a t t a in e d  i s  a b o u t 0 .5  f o r  b o th  f i s h  b o rn  i n  th e  t r i t i a t e d
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T A B L E  I .  S M A L L  F I S H  G R O W N  I N  A Q U A R I A  A N D  F E D  C O M M E R C I A L  

F O O D :  S P E C I F I C  A C T I V I T Y  O F  T R I T I U M  I N  F R E E Z E - D R I E D  F I S H  T IS S U E  

A S  A  F R A C T I O N  O F  T H A T  I N  W A T E R  I N  W H IC H  T H E  F I S H  W E R E  G R O W N

SPECIES AGE3 DAYS IN  НТО FRACTION13

M o s q u ito  f i s h 180 d 2 1 0 .4 2
!! 1 - 2  y r 60 0 .3 7
II 1 - 2  y r 66 0 .3 1
tt 1 - 2  y r 1 0 1 0 .4 4
If 1 - 2  y r 106 0 .4 7
If 1 - 2  y r 158 0 .7 3 °
ft 1 - 2  y r 198 0 .5 2
ff 1 - 2  y r 203 0 .5 2

G i la  Topm innow 1 - 2  y r 79 0 .5 6

G i la  Topm innow ------ 88 0 .4 9
II ------ 185 0 .4 5

a .  Age a t  t im e  o f  i n t r o d u c t i o n  i n t o  t r i t i a t e d  w a te r ;  d a sh  ( - )  i n d ic a t e s  
f i s h  w e re  b o rn  i n  t r i t i a t e d  w a te r .

b .  T r i t i u m  s p e c i f i c  a c t i v i t y  i n  d r y  t i s s u e  d iv id e d  b y  t h a t  i n  a q u a r ia  
w a te r .

c .  T h ese  f i s h  w e re  i n a d v e r t e n t l y  f e d  f o r  t h r e e  d a ys  w i t h  b r in e  s h r im p  
r e a r e d  i n  t r i t i a t e d  w a te r  f o r  a d i f f e r e n t  e x p e r im e n t .

T A B L E  I I .  G A M E  F I S H  G R O W N  I N  A Q U A R I A  A N D  F E D  C O M M E R C I A L  

F O O D :  S P E C I F I C  A C T I V I T Y  O F  T R I T I U M  I N  F R E E Z E - D R I E D  F I S H  T IS S U E  
A S  A  F R A C T I O N  O F  T H A T  I N  W A T E R  I N  W H IC H  T H E  F I S H  W E R E  G R O W N

SPECIES DAYS IN  HTOa FRACTION COMMENT ON SAMPLE

T r o u t 1 0 .2 7 Dead eggs and d e b r is
9b 0 .3 4 F r y  w i t h  y o l k  sac

14 0 .2 3 Dead f r y  and d e b r is
2 2 c 0 .2 2 Dead f r y  and d e b r is
32 0 .3 9 Dead f r y

119 0 .4 2 F is h
140 0 .4 2 F is h

C a t f i s h 3 d 0 .5 1 Dead eggs
49 0 .4 3 S m a ll f i s h
53 0 .4 5 S m a ll f i s h
62 0 .5 8 S m a ll f i s h

133 0 .4 1 S m a ll f i s h

a . F e r t i l i z e d  e g gs p la c e d  i n  t r i t i a t e d  w a te r  when r e c e iv e d
b .  A l l  t r o u t  eggs h a tc h e d  b y  da y  9
c .  F r y  b e g a n  e a t in g  w e l l  o n  d a y  22
d . A l l  c a t f i s h  eggs h a tc h e d  b y  d a y  7
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T A B L E  III. M O S Q U IT O  F IS H  G R O W N  IN  O U T D O O R  P O O L S : S P E C IF IC  
A C T I V I T Y  O F  T R IT IU M  IN F R E E Z E -D R I E D  F IS H  T IS SU E  AS A  F R A C T IO N  
O F  T H A T  IN  W A T E R  IN  W H IC H  T H E  F IS H  W E R E  G R O W N

AGEa DAYS IN  НТО FRACTION

180 d 1 1 0 .3 6
180 d 39 0 .5 6
180 d 94 0 .7 4

1 - 2  y r 20 0 .5 4
1 - 2  y r 58 0 .6 3
1 - 2  y r 93 0 .8 0
1 - 2  y r 93 0 .9 2
1 - 2  y r 93 0 .8 8

a . Age a t  t im e  o f  i n t r o d u c t i o n  i n t o  t r i t i a t e d  w a te r .

w a te r  an d  f i s h  in t r o d u c e d  i n t o  t r i t i a t e d  w a te r  as  a d u l t s .  The d a ta  i n  T a b le
I I  f o r  t r o u t  and  c a t f i s h  i n d i c a t e  t h a t  a som ew hat lo w e r  f r a c t i o n  o f  e q u i l i 
b r iu m  i s  a t t a in e d  i n  th e s e  game f i s h  g ro w n  i n  t r i t i a t e d  w a te r  and  fe d  a 
c o m m e rc ia l d i e t .

The d a ta  i n  T a b le  I I I  show t h a t ,  f o r  m o s q u ito  f i s h  g ro w n  i n  o u td o o r  
p o o ls  i n  w h ic h  a s u b s t a n t i a l  f r a c t i o n  o f  t h e i r  fo o d  was g ro w n , th e  f r a c t i o n  
o f  e q u i l i b r i u m  a t t a in e d  i s  a b o u t 50 t o  90 p e r c e n t  h ig h e r  th a n  f o r  a q u a r iu m  
f i s h  e a t in g  c o m m e rc ia l fo o d .  The m o s q u ito  f i s h  in t r o d u c e d  i n t o  th e  p o o ls  as 
o n e -  to  tw o - y e a r - o ld  a d u l t s  w e re  f u l l  g ro w n  an d  d id  n o t  in c r e a s e  i n  s iz e  
d u r in g  t h e i r  s o jo u r n  i n  th e  p o o ls .  The f i s h  in t r o d u c e d  a t  180 d a y s  o f  a g e , 
h o w e v e r, in c r e a s e d  i n  b o d y  w e ig h t  b y  a f a c t o r  o f  t h r e e  d u r in g  th e  94 da ys  
i n  th e  p o o l .  As m e n tio n e d  ¿ a r l i e r  ( S e c t io n  2 .2 )  th e  o u td o o r  p o o ls  d i f f e r e d  
i n  th e  am oun t and ty p e  o f  b i o t a  p r e s e n t .  The p o o l  c o n t a in in g  th e  yo u n g  f i s h  
a p p e a re d  t o  h a v e  v e r y  s p a rs e  p o p u la t io n s  o f  p la n t  and  in s e c t  l i f e .  W h e th e r 
t h i s  i s  due t o  th e  f i s h  k e e p in g  su c h  p o p u la t io n s  s p a rs e  o r  t o  o th e r  u n fa v o r 
a b le  e n v ir o n m e n ta l  c o n d i t io n s  i n  th e  p o o l ,  i t  a p p e a rs  l i k e l y  t h a t  th e  s m a ll  
f i s h  a te  a g r e a t e r  f r a c t i o n  o f  t h e i r  d i e t  f ro m  s o u rc e s  o u t s id e  th e  p o o l  th a n  
d id  th e  a d u l t  f i s h .  Two o f  th e  th r e e  p o o ls  i n  w h ic h  a d u l t  f i s h  w e re  k e p t  
c o n ta in e d  lu s h  g ro w th s  o f  b i o t a ,  an d  i n  th e  t h i r d  p o o l  p o p u la t io n s  o f  b i o t a  
w e re  in t e r m e d ia t e  b e tw e e n  th e s e  tw o  p o o ls  an d  t h a t  i n  w h ic h  th e  yo u n g  f i s h  
w e re  r a is e d .  The f r a c t i o n  o f  t r i t i u m  e q u i l i b r i u m  a t t a in e d  i n  a d u l t  f i s h  
t i s s u e s  i n  th e s e  p o o ls  (T a b le  I lX > a p p e a rs  t o  be  i n  p r o p o r t io n  to  th e  o b s e rv e d  
g r o w th  o f  b i o t a  i n  th e  p o o ls .  T h is  f r a c t i o n  a p p ro a c h e d  b u t  d id  n o t  e xce e d  
u n i t y .

3 .2  T r i t i u m  lo s s  f r o m  f i s h  t i s s u e

A f t e r  s e v e r a l  m o n th s  o f  g ro w th  i n  t r i t i a t e d  w a te r  w h i le  e a t in g  
c o m m e rc ia l f i s h  fo o d s ,  some o f  th e  t r o u t  and m o s q u ito  f i s h  w e re  t r a n s f e r r e d  
to  n o n - t r i t i a t e d  w a te r .  D a ta  o n  th e  lo s s  o f  t r i t i u m  from , t i s s u e s  o f  th e s e  
f i s h  a r e  g iv e n  i n  T a b le  IV  and  F ig u r e  1 , c u rv e s  С and  D . The d a ta  f o r  
m o s q u ito  f i s h  i n d i c a t e  t h a t  a b o u t 50 p e r c e n t  o f  th e  t r i t i u m  i n  t i s s u e  i s  
e l im in a t e d  w i t h  a b i o l o g i c a l  h a l f - t i m e  o f  a b o u t f i v e  d a y s ,  and  th e  re m a in d e r  
i s  e l im in a t e d  a t  a much s lo w e r  r a t e .  The tw o  d a ta  p o in t s  f o r  t r o u t  ( l i n e  D
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T A B L E  IV . LO SS O F  T R IT IU M  F R O M  TISSU E S O F  F IS H  G R O W N  IN 
T R IT IA T E D  W A T E R  A N D  T H E N  T R A N S F E R R E D  T O  N O N -T R IT IA T E D  
W A T E R

SPECIES AGEa DAYS IN  H20 FRACTION13

M o s q u ito  f i s h  b o rn  i n  НТО 200  d 0 0 .5 2
IT 2 0 0  d 8 0 .3 9
t t 2 0 0  d 1 1 0 .3 0
I I 2 0 0  d 60 0 .1 9

T r o u t  h a tc h e d  i n  НТО 119 d 0 0 .4 2
I t 119 d 72 0 .1 8

a . Age a t  t im e  in t r o d u c e d  i n t o  n o n - t r i t i a t e d  w a te r
b .  T r i t i u m  s p e c i f i c  a c t i v i t y  i n  d r y  t i s s u e  d iv id e d  b y  t h a t  

i n  a q u a r ia  w a te r  d u r in g  НТО e x p o s u re

FIG. 1. Loss of tritium from fish after transfer to a less tritiated environment: A/В Mosquito fish from outdoor 
pools: to НТО; С Mosquito fish born in HTS : to H20; D Trout hatched in НТО : to H20.
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T A B L E  V . LO SS O F  T R IT IU M  F R O M  TISSU E S O F  F IS H  G R O W N  IN 
T R IT IA T E D  O U T D O O R  P O O L S  A N D  T H E N  T R A N S F E R R E D  T O  T R IT IA T E D  
A Q U A R IA  A N D  F E D  C O M M E R C IA L  F O O D

SPECIES AGE3 DAYS IN  HT0b FRACTION0

M o s q u ito  f i s h  a d u l t s 1 - 2  y r 0 0 .9 2
n 1 - 2  y r 28 0 .7 4

M o s q u ito  f i s h  a d u l t s 1 - 2  y r 0 0 .8 0
i» 1 - 2  y r 6 0 .6 2
it 1 - 2  y r 22 0 .5 8
it 1 - 2  y r 41 0 .5 1
it 1 - 2  y r 139 0 .5 2

a .  Age a t  t im e  t r a n s f e r r e d  fro m  o u td o o r  p o o ls  to  a q u a r ia  c o n t a in in g  НТО
b . D ays i n  a q u a r ia  c o n t a in in g  same НТО c o n c e n t r a t io n  a s  o u td o o r  p o o ls
c .  T r i t i u m  s p e c i f i c  a c t i v i t y  i n  d r y  t i s s u e  d iv id e d  b y  t h a t  i n  a q u a r ia  w a te r

i n  F ig u r e  1 ) a r e  s u f f i c i e n t  o n ly  to  in d i c a t e  t h a t  n o t  a l l  th e  t r i t i u m  i n  
t i s s u e  i s  e l im in a t e d  r a p i d l y  w hen th e  t r o u t  a r e  p la c e d  i n  n o n - t r i t i a t e d  
w a te r .  The tw o  d a ta  p o in t s  a r e  c o n n e c te d  b y  a d a sh e d  l i n e  to  f a c i l i t a t e  
a s s o c ia t io n  o f  th e  d a ta  an d  n o t  t o  r e p r e s e n t  an  e s t im a te  o f  t h e  t r i t i u m  
lo s s  r a t e .

A d u l t  m o s q u ito  f i s h  f ro m  tw o o f  th e  fa r m  p o o ls  w e re  p la c e d  i n  
t r i t i a t e d  w a te r  i n  la b o r a t o r y  a q u a r ia .  The a q u a r ia  w a te r  had  th e  same 
t r i t i u m  c o n c e n t r a t io n  as  th e  fa r m  p o o ls ;  h o w e v e r, th e  f i s h  fo o d  was cha n g e d  
fro m  th e  fo o d  g ro w n  i n  th e  fa r m  p o o ls ,  p lu s  some o u t s id e  s o u rc e s  (S fe c t io n s
2 .2  and 3 . 1 ) ,  t o  a c o m m e rc ia l d i e t .  The d a ta  f o r  th e s e  f i s h  a r e  g iv e n  i n  
T a b le  V and  F ig u r e  1 , c u rv e s  A and B . O n ly  tw o s a m p le s  w e re  o b ta in e d  f o r  
f i s h  f ro m  th e  p o o l  w h ic h  ha d  a t t a in e d  th e  h ig h e s t  f r a c t i o n  o f  e q u i l i b r i u m ,  
0 .9 2 .  A f t e r  28 d a y s  i n  th e  a q u a r iu m  th e  t r i t i u m  c o n c e n t r a t io n  i n  th e s e  f i s h  
had d e c re a s e d  some 20 p e r c e n t .  T h e se  tw o d a ta  p o in t s  a r e  c o n n e c te d  b y  a 
d a sh e d  l i n e  i n  th e  f i g u r e  o n ly  t o  f a c i l i t a t e  a s s o c ia t io n  o f  th e  d a ta .  The 
m o re  i n t e r e s t i n g  d a ta  a r e  f o r  th e  f i s h  f ro m  th e  p o o l  i n  w h ic h  th e  f r a c t i o n  
o f  e q u i l i b r i u m  ha d  re a c h e d  0 .8  a f t e r  93 d a y s  i n  th e  p o o l .  A f t e r  41 da ys  
i n  th e  a q u a r iu m  th e  f r a c t i o n  o f  e q u i l i b r i u m  i n  t i s s u e s  o f  th e s e  f i s h  had 
d e c re a s e d  t o  a b o u t t h a t  e x p e c te d  f o r  f i s h  g ro w n  i n  t r i t i a t e d  w a te r  an d  fe d  
c o m m e rc ia l fo o d  (T a b le  I ) . The t i s s u e  c o n c e n t r a t io n  re m a in e d  a t  t h i s  l e v e l  
a f t e r  an  a d d i t i o n a l  98 d a y s  i n  t r i t i a t e d  w a te r .

4 . DISCUSSION

4 .1  T r i t i a t e d  w a te r  e x p o s u re

The f r a c t i o n  o f  t r i t i u m  s p e c i f i c  a c t i v i t y  e q u i l i b r i u m  i n  t i s s u e  o f  
s m a ll  f i s h  l i v i n g  i n  t r i t i a t e d  w a te r  (T a b le  I )  was fo u n d  t o  be  a b o u t 30  
p e r c e n t  h ig h e r  th a n  t h a t  r e p o r t e d  f o r  t i s s u e  o f  mammals e xp o se d  t o  t r i t i a t e d  
d r in k in g  w a te r  [ l ,  2 ,  3 j .  The re a s o n  f o r  t h i s  d i f f e r e n c e  i s  u n c e r t a in ;
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h o w e v e r, one  e x p la n a t io n  i s  t h a t  th e  s m a ll  f i s h  e a t  s m a ll  b i o t a  w h ic h  g ro w  
n a t u r a l l y  e ve n  i n  c le a n  a q u a r ia .  I n t a k e  o f  su c h  o rg a n is m s  w i t h  t r i t i u m  
a l r e a d y  in c o r p o r a t e d  i n t o  p r o t e i n ,  f a t ,  and c a r b o h y d r a te  m o le c u le s  w o u ld  
te n d  t o  in c r e a s e  th e  t r i t i u m  s p e c i f i c  a c t i v i t y  i n  t i s s u e s  o f  t h e  f i s h .  T h is  
e x p la n a t io n  i s .  s u p p o r te d  b y  th e  d a ta  f o r  t r o u t  an d  c a t f i s h  i n  T a b le  I I .  The 
t r o u t  w e re  r a is e d  i n  v e r y  c le a n  and c o ld  w a te r  (1 1  C) i n  w h ic h  l i t t l e  b i o t a  
g re w . I n  a d d i t i o n ,  th e  t r o u t  a te  la r g e  a m o u n ts  o f  c o m m e rc ia l fo o d  and  g re w  
r a p i d l y  t o  a s iz e  f o r  w h ic h  s m a ll  a q u a t ic  b io t a  w o u ld  b e  e x p e c te d  t o  b e  a 
s m a ll  p o r t i o n  o f  t h e i r  t o t a l  d i e t .  The h ig h e s t  t r i t i u m  s p e c i f i c  a c t i v i t y  
i n  t r o u t  t i s s u e  w as a b o u t 20 p e r c e n t  le s s  th a n  t h a t  f o r  m o s q u ito  f i s h .  The 
c a t f i s h  g re w  v e r y  s lo w ly  d u r in g  th e  f i r s t  60 dajjrs and p o s s ib ly  a t e  s u b s ta n 
t i a l  a m oun ts  o f  b i o t a  g ro w in g  i n  t h e i r  warm  (2 4  C) and r e l a t i v e l y  m essy 
a q u a r iu m . By th e  t im e  th e  c a t f i s h  w e re  133 d a y s  o ld  th e y  w e re  7 t o  8 cm 
i n  le n g t h ,  a te  la r g e  q u a n t i t i e s  o f  c o m m e rc ia l f o o d ,  and k e p t  t h e i r  a q u a r iu m  
c le a n  b y  d e v o u r in g  e v e r y th in g  p o s s ib le .  F rom  th e  v e r y  s m a ll  f i s h  a t  age 60 
d a ys  t o  th e  much la r g e r  o n e s  a t  age 133 d a y s , t h e  t r i t i u m  s p e c i f i c  a c t i v i t y  
i n  t i s s u e  d e c re a s e d  b y  a p p r o x im a te ly  30  p e r c e n t  t o  a b o u t th e  same l e v e l  as 
f o r  t r o u t .

4 .2 _____ I n f lu e n c e  o f  t r i t i a t e d  fo o d

The c o n s u m p tio n  o f  fo o d  g ro w n  i n  t h e i r  t r i t i a t e d  e n v iro n m e n t in c r e a s e s  
th e  t r i t i u m  s p e c i f i c  a c t i v i t y  i n  t i s s u e  o f  m o s q u ito  f i s h  t o  l e v e l s  a b o u t 
50 t o  90 p e r c e n t  h ig h e r  th a n  i n  f i s h  g ro w n  i n  t r i t i a t e d  w a te r  and fe d  
c o m m e rc ia l fo o d s .  A lg a e ,  w h ic h  re p ro d u c e  fro m  c a rb o n  d io x id e ,  w a te r  and 
in o r g a n ic  m a t e r ia l s  i n  th e  w a te r ,  in c o r p o r a t e  t r i t i u m  f ro m  t r i t i a t e d  w a te r  
i n t o  c e l l  c o m p o n e n ts . The: a lg a e  w e re  in t r o d u c e d  i n t o  p o o ls  t o  p r o v id e  fo o d  
f o r  b o th  f i s h  an d  o th e r  a q u a t ic  o rg a n is m s  i n  th e  p o o ls .  The p o o ls  w e re  
f i l l e d  i n i t i a l l y  w i t h  w a te r  f ro m  an  i r r i g a t i o n  r e s e r v o i r  w h ic h  c o n ta in e d  
p o p u la t io n s  o f  u n i d e n t i f i e d  a q u a t ic  o rg a n is m s . A lth o u g h  fo o d  p ro d u c e d  i n  
t h i s  m a nner c o u ld  h a ve  p r o v id e d  a d e q u a te  fo o d  f o r  th e  f i s h ,  o th e r  fo o d s  n o t  
p ro d u c e d  i n  th e  t r i t i a t e d  e n v iro n m e n t (S e c t io n s  2 .2  and 3 . 1 )  w e re  p r o b a b ly  
e a te n .  The t r i t i u m  s p e c i f i c  a c t i v i t y  i n  o r g a n ic  c o m p o n e n ts  o f  t h i s  m a t e r i a l  
w o u ld  n o t  b e  i n  e q u i l i b r i u m  w i t h  th e  a q u a t ic  e n v iro n m e n t a n d , t h e r e f o r e ,  
w o u ld  te n d  to  lo w e r  th e  f r a c t i o n  o f  e q u i l i b r i u m  i n  th e  f i s h .  An e xa m p le  o f  
t h i s  i s  th e  i n s e c t  la r v a e  d e v e lo p e d  fro m  eggs i n  w h ic h  a l l  th e  n u t r i e n t s  a r e  
c o n ta in e d .  I f -  th e  a d u l t  i n s e c t  p r o d u c in g  th e  eg gs l i v e s  a n d /o r  fe e d s  i n  
o t h e r  th a n  th e  t r i t i a t e d  p o o l  e n v ir o n m e n t ,  th e  la r v a e  w hen h a tc h e d  w o u ld  
c o n ta in  l i t t l e  t r i t i u m  b o u n d  t o  o r g a n ic  m o le c u le s .  I t  s h o u ld  b e  n o te d  t h a t  
su c h  i n t r o d u c t i o n  o f  fo o d  m a t e r i a l  f ro m  o u t s id e  th e  t r i t i a t e d  w a te r  e n v ir o n 
m e n t i s  a phenom enon w h ic h  a ls o  o c c u rs  i n  n a t u r a l  w a te r s .

4 .3  L o s s  o f  t r i t i u m  f ro m  f i s h  t i s s u e

L im i t e d  d a ta  a r e  p r e s e n t ly  a v a i l a b le  on  th e  lo s s  o f  t r i t i u m  f ro m  f i s h  
t i s s u e  a f t e r  t r a n s f e r  to  a le s s  t r i t i a t e d  e n v iro n m e n t ( F ig u r e  1 ) .  I t  i s  
c l e a r ,  h o w e v e r, t h a t  a p o r t i o n  o f  t r i t i u m  i n  t i s s u e  i s  n o t  e x c r e te d  r a p i d l y .  
T h is  f i n d i n g  i s  o f  s i g n i f i c a n c e  i n  e n v ir o n m e n ta l  m o n i to r in g  i n  t h a t  th e  
t r i t i u m  c o n c e n t r a t io n  i n  f i s h  t i s s u e  a s  a  r e s u l t  o f  p r e v io u s  t r i t i u m  
e x p o s u re s  may b e  h ig h e r  th a n  i n  th e  a m b ie n t w a te r .  F u r th e r m o r e ,  t h i s  
e le v a te d  c o n c e n t r a t io n  may p e r s i s t  f o r  lo n g e r  th a n  i n d ic a t e d  b y  th e  d a ta  
shown i n  F ig u r e  1 b e c a u s e  th e  f i s h  a r e  e a t in g  o rg a n is m s  f ro m  a n  e n t i r e  fo o d  
c h a in  w h ic h  h a s  had a s i m i l a r  t r i t i u m  e x p o s u re  h i s t o r y .  The o r g a n ic  t r i t i u m  
p e r s is te n c e  i n  th e  fo o d  c h a in  t o  th e  o rg a n is m  o f  i n t e r e s t  i s  th e  m a jo r  f a c t o r  
o f  im p o r ta n c e ,  and l i m i t e d  d a ta  i n  th e  l i t e r a t u r e  [ 1 5 ]  i n d i c a t e  t h a t  su ch  
t r i t i u m  p e r s i s t s  i n  e c o lo g ic a l  c y c le s  f o r  s e v e r a l  y e a r s .
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5 .1  F is h  l i v i n g  i n  t r i t i a t e d  w a te r

The e x p e r im e n ta l  r e s u l t s  i n d i c a t e  t h a t  f o r  f i s h  l i v i n g  i n  t r i t i a t e d  
w a te r  and e a t in g  fo o d s  p ro d u c e d  e ls e w h e re ,  th e  t r i t i u m  s p e c i f i c  a c t i v i t y  
i n  t i s s u e  w o u ld  re a c h  a b o u t 50 p e r c e n t  o f  t h a t  i n  th e  w a te r .

5 .2  F is h  l i v i n g  i n  a t r i t i a t e d  e n v iro n m e n t

The c o n s u m p t io n  b y  f i s h  o f  fo o d s  g ro w n  i n  t r i t i a t e d  w a te r  w h e re  th e  
f i s h  a r e  l i v i n g  in c r e a s e s  th e  t r i t i u m  s p e c i f i c  a c t i v i t y  i n  f i s h  t i s s u e s  
s i g n i f i c a n t l y  a s  com pare d  to  t i s s u e s  o f  f i s h  e a t in g  fo o d s  n o t  g ro w n  i n  t h e i r  
t r i t i a t e d  e n v ir o n m e n t.  The f r a c t i o n  o b ta in e d  b y  d i v i d i n g  th e  t r i t i u m  
s p e c i f i c  a c t i v i t y  i n  f i s h  t i s s u e s  b y  t h a t  i n  th e  w a te r  o f  t h e i r  e n v iro n m e n t 
a p p ro a c h e d , b u t  d id  n o t  e x c e e d , u n i t y  i n  th e  s tu d ie s  d e s c r ib e d .

5 .3  P e r s is te n c e  o f  t r i t i u m  i n  f i s h  t i s s u e

T r i t i u m  in c o r p o r a te d  i n t o  f i s h  t i s s u e  f ro m  t r i t i a t e d  w a te r  o r  f ro m  
f i s h  fo o d  g ro w n  i n  t r i t i a t e d  w a te r  i s  n o t  e x c r e te d  r a p i d l y .  A p p r o x im a te ly
50 p e r c e n t  o f  t h i s  t r i t i u m  a p p e a rs  to  h a ve  a h a l f - t im e  o f  a b o u t f i v e  d a y s ,
and  th e  re m a in d e r  h a s  a m uch lo n g e r  h a l f - t im e  i n  th e  m o s q u ito  f i s h  s t u d ie d .

5 . CONCLUSIONS

M e n t io n  o f  c o m m e rc ia l p r o d u c ts  u se d  i n  c o n n e c t io n  w i t h  w o rk  r e p o r t e d  
i n  t h i s  a r t i c l e  do es n o t  c o n s t i t u t e  a n  e n d o rs e m e n t b y  th e  E n v iro n m e n ta l  
P r o t e c t io n  A g e n c y .
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D I S C U S S I O N

O . L . va n  d e r  B O R G H T  : F o r  s o m e  h e a v y  m e t a ls ,  s u ch  a s  ru th e n iu m , 
w e  h a v e  o b s e r v e d  h igh  r a d io a c t iv e  co n ta m in a t io n  l o c a l i z e d  in  the g a s t r o 
in te s t in a l  t r a c t  o f  f is h . W e f e e l  that th is  p r o b a b ly  o r ig in a te d  f r o m  the 
s w a llo w in g  o f  ta g g e d  w a te r , a s  th e  f i s h e s  w e r e  fa s t in g  d u r in g  the e x p e r im e n t s .  
H a v e  you  a n y  in d ic a t io n  r e g a r d in g  th e q u a n tity  o f  w a te r  s w a llo w e d  b y  the 
f is h  in  y o u r  s tu d y ?

R .G .  P A T Z E R :  W e d id  n ot h a v e  o c c a s i o n  to  d e t e r m in e  the a m ou n t o f  
w a te r  ta k e n  in to  th e  g a s t r o - in t e s t in a l  t r a c t  b y  f is h  and I d o  not r e c a l l  
s e e in g  an y th in g  on  th is  s u b je c t  in  the l i t e r a t u r e .  O ur ow n  o b s e r v a t io n s  on  
d is s o lv e d  h e a v y  m e t a ls ,  not d o c u m e n te d  in  a n y  r e p o r t s ,  im p l ic a t e  fin e  
p a r t ic u la te  m a tte r  s u ch  a s  fo o d  p a r t i c l e s ,  p r o t o z o a ,  a lg a e , e t c . , a s  
v e h ic le s  c a r r y in g  a d s o r b e d  m e ta l  io n s  in to  f is h .

R . K IR C H M A N N : In th e c a s e  o f  f is h  l iv in g  in  t r it ia t e d  w a te r  but e a tin g  
'c o l d '  f o o d , th e  r a t io  o f  th e s p e c i f i c  a c t iv i t ie s  (3H t i s s u e / 3H w a te r )  is  ab ou t
0 . 5. W hat is  th e r a te  o f  in c o r p o r a t io n  o f  3H in  th e d r y  m a t te r  o f  the f is h ?

R .G .  P A T Z E R :  A l l  th e  r e s u l t s  a r e  p r e s e n t e d  in  t e r m s  o f  r e la t iv e  
s p e c i f i c  a c t iv i t y  o f  t r i t iu m , o r  a c t iv i t y  p e r  g r a m  o f  h y d r o g e n . In it ia lly , 
th e t r it iu m  a p p e a r e d  to  b e  in c o r p o r a t e d  v e r y  r a p id ly  in to  o r g a n ic  
co n s t itu e n ts  up to a s p e c i f i c  a c t iv i t y  r a t io  o f  a b ou t 0. 2 ( t i s s u e / f i s h ) .  T h e  
t r it iu m  in c o r p o r a t io n  r a te  th en  a p p e a r e d  to  d e c r e a s e  and to  h a v e  an  
e f f e c t iv e  h a l f - t im e  o f  a b ou t 12 d a y s .

G .N .  K IS T N E R : W hat is  th e h a l f - l i f e  o f  tr it iu m  in  the s e c o n d  
c o m p a r tm e n t  ( o r g a n ic  p a r t )  o f  the f is h ?  C o u ld  it be  in  th e r e g io n  o f  100 
d a y s ?

R .G .  P A T Z E R :  T h e  d ata  f r o m  th e s e  e x p e r im e n ts  a r e  to o  l im ite d  
f o r  u s  to  m a k e  a r e l ia b le  e s t im a te  o f  s e c o n d  c o m p o n e n t  h a l f - l i f e .  T h is  
h a l f - l i f e  w ou ld  in d e e d  s e e m  to  b e  b e tw e e n  60 and 120 d a y s ;  but i f  e x c r e t io n  
o f  t r it iu m  in  f is h  is  s im i l a r  to  that in  m a m m a ls ,  th en  a th ir d  co m p o n e n t  
o f  m u ch  lo n g e r  h a l f - l i f e  w i l l  b e  p r e s e n t .  T h e  data  f r o m  th e  p r e l im in a r y  
e x p e r im e n t  d e s c r i b e d  a r e  not s u f f i c ie n t ly  c o m p r e h e n s iv e  to  p e r m it  
id e n t i f ic a t io n  o f  th is  a n t ic ip a te d  th ir d  c o m p o n e n t . I a m  h e s ita n t  to  a s s ig n  
a v a lu e  to  th e s e c o n d  c o m p o n e n t  b e c a u s e  I s u s p e c t  that the a n t ic ip a te d  th ird  
c o m p o n e n t  m a y  e x e r c i s e  a s t r o n g  in f lu e n c e  on  the d a ta .
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Abstract-Résumé

STUDY OF RADIOCONTAMINATION OF FISH IN THE RIVER MEUSE
Since the construction of a nuclear power station at Chooz in 1967 the water, fauna and ñora of the 

river Meuse have been sampled regularly in order to observe their radioactive contamination. The contents 
of 90Sr, 137Cs, 134Cs, 60Co and MMn in particular have been investigated in the fish of this river, together with 
the distribution of these isotopes in the bone and muscle of bream. Since, generally speaking, the radio
activity of this species is low, various contamination experiments have been carried out in order to get a 
better idea of the radioactive contamination of fish. Minnows were chosen for the purpose of experiments.
(a) 'Cold' fish were released downstream from the power station during a discharge period. After two weeks 
the above-mentioned gamma-emitters were investigated in the fish that had been exposed, (b) 60Co and 
MMn were studied more particularly, because they make a significant contribution to contamination of the 
water. Minnows contaminated artificially with 5 fjCi 60Co/litre or 5 pCi ^Mn/litre for 7 days were transferred 
upstream from the power station. The values obtained after decontamination for 1 and 21 days were similar 
to those yielded by experiments performed entirely in the laboratory, (c) Under laboratory conditions the 
water of two aquaria was contaminated with a solution of effluents from the power station. The minnows took 
up especially 137Cs, 131 Cs, 60Co and MMn in this experiment. 60Co and MMn were retained in a proportion 
close to that observed during contamination by radioisotopes added to the aquarium water in ionic form. The 
set of results obtained in the laboratory and under natural conditions is discussed.

ETUDE DE LA RADIOCONTAMINATION DES POISSONS DE LA MEUSE.
Suite à l'implantation d'une centrale nucléaire à Chooz en 1967, l'eau, la faune et la flore de la Meuse 

sont régulièrement échantillonnées pour suivre leur radiocontamination. Notamment, les teneurs en 90Sr,
137Cs, 134Cs, 60Со et MMn ont été recherchées chez des poissons de cette rivière et la répartition de ces isotopes 
entre os et muscles a été étudiée chez des brèmes. D'une manière générale, la radioactivité de ces poissons 
étant faible, diverses expériences de contamination ont été effectuées pour mieux étudier la radiopollution 
des poissons; l'animal expérimental choisi est le véron. a) Des poissons «froids» ont été placés en aval 
de la centrale, durant une période de rejet. Après deux semaines, les émetteurs y ci-dessus ont été recherchés 
dans les poissons exposés, b) Le 60Co et le MMn ont été plus spécialement étudiés, car leur contribution dans 
la pollution de l'eau est significative. Des vérons contaminés artificiellement soit par 5 fjCi 60Co/l soit par 
5 jL/Ci MMn/l pendant 7 jours ont été transférés en amont de la centrale. Après 1 et 21 jours de décontamination, 
on obtient des valeurs semblables à celles provenant d'expériences entièrement menées en laboratoire, c) On 
a contaminé, en laboratoire, l’eau de deux aquariums par une solution d'effluents de la centrale. Les vérons 
incorporent notamment 137Cs, 134Cs, 60Со et иМп. Dans cet essai le 60Со et le MMn sont retenus dans une 
proportion voisine de celle observée lors d'une contamination par des radioisotopes ajoutés à l'eau des 
aquariums sous forme ionique. L'ensemble des résultats obtenus en laboratoire et en conditions naturelles 
est discuté.

* Boursière Euratom.
w Institut d'hygiène et d'épidémiologie, Bruxelles, Belgique.
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L a  r a d io c o n ta m in a t io n  d e s  p o is s o n s  d 'e a u  d o u c e  s ' i n s è r e  d an s un 
p r o b lè m e  t r è s  v a s t e :  c e lu i  de la  p o llu t io n  de 1' h o m m e  et d e  s o n  e n v ir o n n e 
m e n t . L ' un d e s  v o le t s  le s  p lu s  im p o r ta n ts  de la  p o llu t io n  e s t  le  r e j e t  d e s  
d é c h e t s  c o n v e n t io n n e ls  et r a d io a c t i f s .  M a lg r é  l e s  e f fo r t s  r é c e n t s  p ou r  
d im in u e r  la  q u a n tité  et la  n o c iv i t é  d e s  r e j e t s  c o n v e n t io n n e ls , 1' e n v ir o n n e 
m e n t a d é jà  su b i l e s  c o n t r e c o u p s  de l ' ig n o r a n c e  et de l ' in c o n s é q u e n c e  de 
l 'h o m m e .  L a  c o n ta m in a tio n  r a d io a c t iv e  d e  1' e n v ir o n n e m e n t , e n c o r e  fa ib le  
a c tu e l le m e n t  au r e g a r d  de la  c o n tr ib u t io n  due au b r u it  de fon d  n a tu r e l ,  
a u g m e n te  d 'a n n é e  en a n n ée  a v e c  le  d é v e lo p p e m e n t  de 1' é n e r g ie  n u c lé a ir e ,  
d 'o ù  la  n é c e s s i t é  d e  s u r v e i l l e r  l e s  s i t e s  d e s  in d u s t r ie s  n u c lé a ir e s  et 
d 'é t u d i e r  le s  t r a n s fe r t s  de la  r a d io a c t iv i t é  d e s  r e j e t s  d an s l 'e n v ir o n n e m e n t .

E n  B e lg iq u e , la  M e u s e , qu i r e p r é s e n t e  une s o u r c e  d 'e a u  p o ta b le  p o u r  
la  p o p u la t io n , e s t  le  m il ie u  r é c e p t e u r  d e s  e f f lu e n ts  l iq u id e s  de b a s s e  a c t iv ité  
de la  c e n t r a le  n u c lé a ir e  de C h o o z , s itu é e  en  F r a n c e ,  à m o in s  de 10 k m  de 
la  f r o n t iè r e  b e lg o  - f r a n ç a i s e . L e  ta b le a u  I p r é s e n te  le  n iv e a u  de c o n ta m in a 
t io n  p a r  c e r t a in s  r a d io i s o t o p e s  d e s  d i f fé r e n t s  c o n s t itu a n ts  d e  la  M e u s e , à 
la  s u ite  d e  la  m is e  en  s e r v i c e  de la  c e n t r a le  n u c lé a ir e  d e  C h o o z  en  1 9 6 7 .
S i la  r a d io a c t iv i t é  de 1' eau  r e s t e  r e la t iv e m e n t  fa ib le ,  en  r e v a n c h e  la  r a d io 
a c t iv i t é  d e s  s é d im e n t s ,  de la  f l o r e  et d e  la  fau n e e s t  p lu s  é le v é e  q u ' avant le  
fo n c t io n n e m e n t  de la  c e n t r a le .  S u r ce  s i t e ,  l e s  p o is s o n s  a c c u m u le n t  une 
qu a n tité  s u f f is a n te  de r a d io é lé m e n ts  p ou r  p r é s e n t e r  un in té r ê t  p a r t i c u l i e r ,  
é tan t don n é  le u r  r ô le  d an s la  ch a în e  a l im e n t a ir e  h u m a in e .

INTRODUCTION

1 . E C H A N T IL L O N N A G E  DE PO ISSO N S E N  M E U SE

R é g u liè r e m e n t  d e s  p o is s o n s ,  a in s i  que d 'a u t r e s  c o n s t itu a n ts  de la
M e u s e , son t é c h a n t i l lo n n é s .  L e  ta b le a u  II r e p r e n d  la  c o n c e n t r a t io n  en
r a d io i s o t o p e s  de q u e lq u e s  p o is s o n s  p r é le v é s  en  a v a l de  la  c e n tr a le  de
C h o o z . L e s  n u c lé id e s  134C s , 137C s , 90S r , 54M n et 60С о son t p a r fa ite m e n t
d é t e c t a b le s .  L e  r a p p o r t  d e  c o n c e n t r a t io n  (ta b lea u  III) e s t  de q u e lq u e s
c e n t a in e s .  L e s  v a le u r s  m a x im a le s  o b s e r v é e s  s o n t : 630  (90S r ) , 880  (134C s ) ,
607 (137C s ) , 8 6 3 (54M n), 138 (60C o ) , 24 (58C o ) .  E n  m o y e n n e  i l  e s t  lé g è r e m e n t
p lu s  é le v é  p o u r  le  90S r  et l e s  r a d io c é s iu m s  q u e  p o u r  l e  54Mn et l e s  r a d io -
c o b a l t s .  D e s  v a le u r s  a n a lo g u e s  on t é té  o b s e r v é e s  p a r  D e B o r t o l i  et c o l l .
[ 1] dans l e  c a s  du 90S r  et du 137C s  p r o v e n a n t  d e s  r e t o m b é e s  d an s l e s  la c s

\ 54i t a l ie n s .  C ep en d a n t s i  l ' o n  c o n s i d e r e  l e s  c o n c e n t r a t io n s  de 1' eau  en  Mn
et 60C o au m o m e n t  du p r é lè v e m e n t  d e s  p o is s o n s ,  l e s  r a p p o r t s  de c o n c e n 
t r a t io n  p o u r  c e s  n u c lé id e s  d o iv e n t  ê t r e  r é d u it s  d 'u n  fa c t e u r  150 p o u r  
l e  54M n et 6 0 p o u r  le  60C o . C e c i  e s t  dû à la  d is c o n t in u ité  et à la  v a r ia b i l i t é  
d e s  r e j e t s .

L e s  u n ités  s tr o n t iu m  ( U . S . :  p C i 90S r / g  C a , v o i r  ta b le a u  IV ) v a r ie n t  
d e  2 à 12 e n v ir o n . P a r  a i l l e u r s ,  la  v a le u r  du r a p p o r t  134C s / 137C s de c e s  
p o is s o n s  e s t  v o is in e  d e  1 . Il en  v a  d e  m ê m e  p o u r  1' eau  de M e u se  p r é le v é e  
(0 , 76) et l e s  e f f lu e n ts  (0 , 7 2 ).

C e s  r é s u lta ts  ont p o u s s é  à 1' é tu de de la  d is t r ib u t io n  de c e s  i s o t o p e s  
d an s l e s  o r g a n e s .  C ' e s t  a in s i  q u e  l e s  o s  et l e s  m u s c le s  d 'u n  lo t  de b r è m e s ,  
p ê c h e  p en d an t la  m ê m e  p é r io d e  que, l e s  p o is s o n s  p r é c é d e n t s ,  ont été  
m e s u r é s  s é p a r é m e n t .  L e  ta b le a u  V r e p r e n d  le s  r é s u lta t s  d e s  a n a ly s e s .
L e s  r a d io c é s iu m s  c o n ta m in e n t fo r te m e n t  l e s  m u s c le s :  i l s  son t a u s s i



T A B L E A U  I

V A R IA T IO N  D E  L A  R A D IO  A C T IV IT E  (pCi/kg po id s hum ide  ou/l) D E  D I F F E R E N T S  C O N S T IT U A N T S  D E  L A  M E U S E  

R E C O L T E S  A  H A S T I  E R E  D E  P A R  L A  M IS E  E N  S E R V IC E  D E  L A  C E N T R A L E  N U C L E A IR E  D E  C H O O Z  (en avril 1967)

Constituants Année de 
prélèvement

RADIO-ELEMENTS

54Mn O
O o 58Co 134Cs 137Cs 90Sr

Eau 1966 - _ _ _ 1,7 0,14
1971 3 10 12,29 3,41 4,46 0,86

Boue sèche 1965 - _ - - 1700 140
1971 30 000 30 000 50 000 15 500 60 000 92

Mousses 1965 - - - - 60 250
1971 89 000 38 000 84 500 17 700 9600 -

Animaux 1965 7000 — - — 100 900
aquatiques 
(sauf poissons)

1971 67 200 5800 9120 1100 1000 —

Poissons 1965 _ _ — — 65 14
1971 122 28 250 4850 8200 74

N.B.—Signifie : inférieure au seuil de détection ou non mesuré.



T A B L E A U  II

R A D IO - A C T IV IT E  D E S  P O IS S O N S  E V IS C E R E S  D E  L A  M E U S E  E C H A N T IL L O N N E S  E N  S E P T E M B R E  1971

(Résultats exprim és en pC i/kg frais)

ESPECES
RADIO-ELEMENTS

90Sr 134Cs 137Cs s4Mn 58Co O O °

Goujons 30 610 400 900 non détecte' 140

Goujons 38 2200 2100 1200 non détecté 210

Barbeaux 189 1200 1400 non détecté non détecté non détecté

Brèmes 51 1400 1300 200 non détecté 130

Rousses 120 1400 1500 200 non détecté 60

Brochets 17 3000 2700 600 300 non détecté

416 
M

ICHOLET-COTE 
et al.



T A B L E A U  III

R A P P O R T  D E  C O N C E N T R A T IO N  D E S  P O IS S O N S  E V IS C E R E S  D E  L A  M E U S E  E C H A N T IL L O N N E S  E N

S E P T E M B R E  1971

(Calculs basés sur la m oyenne  annuelle de la concentration de l'eau)

ESPECES
RADIO-ELEMENTS

90Sr 134Cs 137Cs 54Mn s8Co 60Co

Goujons 100 178 90 647 non détecté 92

Goujons 127 645 471 863 non détecté 138

Barbeaux 630 352 314 non détecté non détecté non détecté

Brèmes 170 411 291 144 non détecté 86

Rousses 400 411 336 144 non détecté 39

Brochets 57 880 605 432 24 non détecté
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TABLE AU  IV

U N IT E S  S T R O N T IU M  E T  R A P P O R T  134Cs/137Cs D E S  P O IS S O N S  E V IS C E R E S  D E  

L A  M E U S E ,  C A P T U R E S  E N  S E P T E M B R E  1971

ESPECES
90Sr 

(pCi/д cendres)
Ca

(mg/g cendres)
S.U.

(pCi 90Sr/g Ca)
,34Cs
137Cs

Goujons 0,93 333 2,8 1,53

Goujons 1,3 289 4,6 1,05

Barbeaux 4,0 328 12,2 0,86

Brèmes 1,24 326 3,8 1,08

Rousses 2,61 314 8,3 0,93

Brochets 0,56 297 1,9 1,11

/

T ABLEAU V

R A D IO  A C T IV IT E  D E S  O R G A N E S  D E  B R E M E S  E C H A N T IL L O N N E E S  

E N  S E P T E M B R E  1971 E N  M E U S E

RADIO-ELEMENTS ORGANES

pCi/kg frais ± 
écart quadratique Muscles Os

134Cs

137Cs

54Mn

soSr

200 ± 20

300 ± 6

100 ± 30

5 ± 3

420 ± 40
220 ± 20

230 ± 90 

70 ± 20

Ca (g/kg frais) 0,70

S.U. (pCi 90Sr/g Ca) 

134Cs/137Cs

6,5

0,65

0,9

1,9

/ 134 54a c c u m u le s  (su r to u t  le  C s ) p a r  le s  o s .  L e s  o s  in c o r p o r e n t  p lu s  l e  M n
que l e s  m u s c le s .  L e  90S r  e s t  10 f o i s  p lu s  c o n c e n t r é  d a n s  l e s  o s  que  d an s l e s
m u e le s ;  c e c i  e s t  p r é v is ib le  étan t don n é la  f o r t e  qu an tité  de Ca dans l e s  o s .
L 1 u n ité  s tr o n t iu m  e s t  v o is in e  de 1 p o u r  l e s  o s  et d e  q u e lq u e s  u n ité s  p o u r
le s  m u s c le s .  L e  r a p p o r t  134C s / 137C s  e s t  s e m b la b le  p o u r  l e s  o r g a n e s  de
b r è m e s  et p o u r  l e s  p o is s o n s  e n t ie r s .

A fin  de f a c i l i t e r  l ' in t e r p r é t a t i o n  d e s  d o n n é e s  o b te n u e s , dans l e  c a d r e
du p r o g r a m m e  de s u r v e i l la n c e ,  on  a é té  a m e n é  à r é a l i s e r  d e s  e x p é r ie n c e s
tant en  la b o r a t o i r e  q u ' e n  m i l ie u  n a tu r e l .  E n  e f fe t ,  d e s  é c h a n t il lo n n a g e s  s u r
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TA B LE AU  VI

C O M P O S IT IO N  E N  E M E T T E U R S  7 D E  L 'E F F L U E N T  

D E  C H O O Z  R E J E T E  P E N D A N T  L 'E X P E R IE N C E  D E  C O N T A M IN A T IO N  

E N  M I L I E U  N A T U R E L

Résultats exprim és en nCi/l d 'e ffluents ± écart quadratique de la m oyenne

ISOTOPES RADIO-ACTIVITE

' 144Ce «  11,5 ± 7 , 5

58Co <  10
O O O 4,75 ± 0,75

134Cs 430 ± 4

137Cs 490 ± 5

54Mn 2,7 ± 1

Nota. Le facteur de dilution de l’effluent dans la Meuse est de 8xl04 
(facteur déterminé par calcul) pour le rejet en question.

l e  t e r r a in  ne c o n d u is e n t  q u 1 à d e s  v a le u r s  de r a p p o r t s  de c o n c e n t r a t io n  
« a p p a r e n t s »  étant don n é Г  i r r é g u la r i t é  d e s  a c t iv i t é s  r e j e t é e s  au c o u r s  du 
te m p s ,  l i é e  aux c o n t r a in t e s  d 'e x p lo i t a t io n  d ’ une c e n t r a le  n u c lé a ir e .  L e  
bu t v i s é  e s t  1' é tu d e  d e  la  c in é t iq u e  et du t r a n s fe r t  d 'u n  m a i l lo n  à 1' a u tre  
d e  la  ch a în e  a l im e n t a ir e  de c e r t a in s  r a d io i s o t o p e s .  L 'a t t e n t io n  a p o r té  
p r in c ip a le m e n t  s u r  l e  54Mn et l e  60C o , q u i son t d e s  r a d io c o n t a m in a n ts  peu  
é tu d ié s  m a is  a is é m e n t  d é c e la b le s  d an s l e s  e f f lu e n ts  l iq u id e s  r a d io a c t i f s  et 
d a n s  l e s  c o n s t itu a n ts  de la  M e u se  ( ta b le a u x  I et V I ) .

P o u r  l e s  e s s a i s  d é c r i t s  c i - a p r è s ,  le  v é r o n  ( P h o x in u s  l a e v i s ,  C y p r in id a e )  
a é té  e m p lo y é :  c 'e s t  un o m n iv o r e  de la  M e u se  et de s e s  e f f lu e n t s .  E n  
o u t r e ,  é tan t de p e t ite  t a i l l e ,  i l  s e r t  d 'a l im e n t  aux  p o is s o n s  c a r n iv o r e s  qui 
r e p r é s e n t e n t  le  m a il lo n  de la  ch a în e  tr o p h iq u e  s u p é r ie u r e  é tu d ié e .

2 . R A D IO C O N T A M IN A T IO N  DES PO ISSO N S IN T R O D U IT S  DAN S LE  
M IL IE U  N A T U R E L 7

Un r ç j e t  a é té  e f fe c t u é  p a r  la  c e n t r a le  n u c lé a ir e  de C h o o z  d an s la  M e u se  
p en d an t p r è s  de 3 s e m a in e s  (en  a u to m n e  1 9 7 2 ). L a  c o m p o s it io n  en  
é m e t t e u r s  y  du r e je t  e s t  r e p r i s e  d an s l e  ta b le a u  V I; le  fa c t e u r  de d ilu tion  
en  M e u se  é ta it  d 1 e n v ir o n  8 X 104.

T r o i s  l o t s  de 30 v é r o n s  ch a cu n  ont é té  c o n s t i t u é s .  L ' un d è s  lo t s  a 
s e r v i  de t é m o in  e t e s t  r e s t é  d an s 1' a q u a r iu m  de s to c k a g e  p en d an t to u te  la  
d u r é e  de l ' e s s a i .  L e s  d eu x  lo t s  r e s ta n ts  on t é té  t r a n s f é r é s  dans une c a g e  
f ix é e  à une b a r q u e  a m a r r é e  en  M e u se  â 8 k m  en  a v a l d e  la  c e n t r a le .  L a  
t e m p é r a t u r e  de 1' eau  é ta it  de 15°C  pen d a n t la  d u r é e  de 1' e x p é r ie n c e .  L 'u n  
d e s  deu x  lo t s  a é té  r e l e v é  4 j o u r s  et 1' a u tr e  2 s e m a in e s  a p r è s  l ' i m m e r s i o n .  
L e s  30 v é r o n s  de ch a qu e  lo t  on t é té  m e s u r é s  e n s e m b le .
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T A B L E A U  V I I

C O M P O S IT IO N  E N  E M E T T E U R S  y  D E S  V E R O N S  IN T R O D U IT S  E N  M E U S E  

P E N D A N T  L A  P E R IO D E  D E  R E J E T  D E  L A  C E N T R A L E  N U C L E A IR E  D E  C H O O Z

Résultats exprim és en pCi/kg de poids frais ± écart quadratique de la m oyenne

Temps de séjour 
en Meuse 58Co O n O 137Cs 54Mn

0 jour <  270 400 ± 60 <  50  ̂321

4 jours <  730 290 ± 40 <  145 4640 ± 240

14 jours <  360 190 ± 20 <  98 1370 ± 160

T A B L E A U  V I I I

C O M P O S IT IO N  E N  E M E T T E U R S  y  D E  L A  S O L U T IO N  

D 'E F F L U E N T S  R E E L S  U T I L I S E E  D A N S  L E S  E S S A IS  E N  L A B O R A T O IR E

Radio-isotopes quantité en nCi/l *

S4Mn 113 ± 10*

O O O 78 ± 20

137Cs 82 ± 10

134Cs 68 ± 8

*0j05 déviation standard

T A B L E A U  IX

R A D IO - A C T IV IT E  D E S  P O IS S O N S  A  J E U N  E N  F O N C T IO N  D U  T E M P S ,  S U IT E  A  

U N E  C O N T A M IN A T IO N  P A R  U N  E F F L U E N T  R E E L  (PW R)

(Résultats exprim és en nCi/g poisson ±  t ^ '^  déviation standard)

Radio-isotopes
Jour après le début de la contamination

1 4 11

54Mn 0,29 ± 0,55 0,091 ± 0,054 0,48 ± 0,54

© O o 1,03 ± 2,18 0,220 ± 0,006 0,028 ± 0,014

137Cs 0,021 ± 0,015 0,041 ± 0,018 0,092 ± 0,042

134Cs 0,08 ± 0,17 0,026 ± 0,022 0,082 ± 0,065
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L e  ta b lea u . V II m o n tr e  que s e u l  le  54M n e s t  a c c u m u lé  de fa ç o n  n o ta b le  
p a r  c e s  p o is s o n s .  L e s  v a le u r s  s o n t p lu s  é l e v é e s  au jo u r  4 (4 6 4 0  p C i /k g  de 
m a t iè r e  f r a î c h e )  q u ' au jo u r  14 (1 3 7 0  p C i /k g  de m a t iè r e  f r a î c h e ) .  C e la  
in d iq u e  q u e , dans la  n a tu r e , 1' a c c u m u la t io n  du 54M n n ' e s t  p a s  l in é a ir e :  
e l le  p r é s e n t e  un m a x im u m  au b o u t de q u e lq u e s  jo u r s .  E n  l a b o r a t o i r e ,  c e  
m a x im u m  e s t  au jo u r  7. P e u t - ê t r e  a u s s i  le  54M n s e  t r o u v e - t - i l  en  q u a n tité  
m o in d r e  d an s l e s  e f f lu e n ts  à la  f in  du r e j e t  q u ' à s o n  d éb u t. L e s  a u tr e s  
r a d io i s o t o p e s  r e c h e r c h é s  n e  s e  r e t r o u v e n t  p a s  en  q u a n tité  s u f f is a n te  dan s 
le s  p o is s o n s  p ou r  ê t r e  m e s u r a b le s .

3 . C O N T A M IN A T IO N  E N  L A B O R A T O IR E  P A R  UN E F F L U E N T  R E E L

L e s  d eu x  a q u a r iu m s  u t i l i s é s  r e n fe r m a ie n t  8 l i t r e s  d e  l iq u id e :  2 l i t r e s  
d e  la  s o lu t io n  d 'e f f lu e n t s  et 6 l i t r e s  d 'e a u  de v i l l e ;  la  r a d io a c t iv i t é  dans 
c e s  a q u a r iu m s  e s t  m e n tio n n é e  dans l e  ta b le a u  V III. L e  pH  f in a l é ta it  de 
5 ,5  à 6 . L ' eau  et la  s o lu t io n  r a d io a c t iv e  é ta ie n t  r e n o u v e lé e s  to u s  l e s  
4 j o u r s .  H uit v é r o n s ,  a yan t je û n é  p r é a la b le m e n t  pen dan t une s e m a in e , ont 
é té  in tr o d u it s  d an s ch a q u e  a q u a r iu m  au jo u r  0 : i l s  son t r e s t é s  e n su ite  à 
je u n  pen dan t tou te  la  d u r é e  de 1' e s s a i .

O n  c o n s ta te  q u e  le s  p o is s o n s  son t c o n ta m in é s  d è s  le  j o u r  1 p a r  l e s  
r a d io i s o t o p e s  p r é s e n t s  d an s le  m é la n g e  d 'e f f lu e n t s  e m p lo y é  (ta b lea u  IX , 
p r e m iè r e  et d e u x iè m e  c o lo n n e s ) .  L a  p é n é tr a t io n  d e s  i s o t o p e s  d an s le s  
v é r o n s  n ' e s t  p a s  r é g u l i è r e  au c o u r s  du te m p s , s a u f  p e u t - ê t r e  c e l l e  du 137C s . 
L e  r a p p o r t  d e  c o n c e n t r a t io n  (ta b le a u  X )  o s c i l l e  e n tr e  0, 38 ( 134C s  au jo u r  4) 
e t  13 , 22 (60C o au jo u r  1 ). П e s t  p lu s  é le v é  p o u r . le  54Mn et le  60C o  que  p o u r  
l e s  d eu x  r a d io c é s i ü m s .

U ne c o m p a r a is o n  a é té  é ta b lie  e n tr e ,  d 'u n e  p a r t , l e s  r é s u l t a t s  ob te n u s  
en  la b o r a t o i r e  â 1' a id e  d 'u n  m é la n g e  d 'e f f lu e n t s  e t , d 'a u t r e  p a r t , c e u x  
p r o v e n a n t  d 'e s s a i s  d an s l e s  m ê m e s  c o n d it io n s  a v e c  du С о  et du M n s o u s  
f o r m e  io n iq u e . L ' e x a m e n  d e s  r é s u l ta t s  (ta b le a u  X )  in d iq u e  que  le  60C o 
et l e  54M n son t a b s o r b é s  en p r o p o r t io n s  s e m b la b le s  d an s l e s  d eu x  ty p e s  
d 'e x p é r i e n c e s .  Une f r a c t io n  c o n s id é r a b le  d e s  r a d io i s o t o p e s  d an s le s  
e f f lu e n ts  r é e l s  e s t  p r o b a b le m e n t  s o u s  f o r m e  p h y s ic o - c h im iq u e  c o m p le x e .

T A B L E A U  X

R A P P O R T  D E  C O N C E N T R A T IO N  D E  L A  C O N T A M IN A T IO N  E N  L A B O R A T O IR E  

P A R  D E S  E F F L U E N T S  R E E L S  E T  P A R  D E S  IS O T O P E S  S O U S  F O R M E  IO N IQ U E

Isotopes

Jour d'échantillonnage

Effluents réels Isotopes sous forme ionique

1 4 11 1 4 11

s4Mn 2,58 0,81 4,24 0,2 3,3 12,9

O n O 13,22 2,82 0,36 0,4 1,7 1,7

137Cs 0,26 0,50 1,12

134Cs 1,22 0,38 1,21
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N a s s o g n e  [ 2 ] et P i r o  [ 3 ]  c o n s ta te n t  q u 'u n  i s o t o p e  s o u s  f o r m e  c o m p le x e  
n 1 e s t  p a s  a b s o r b é  p a r  l e s  ê t r e s  v iv a n ts .  L a  v a r ia b i l i t é  d an s l e s  r é s u lta ts  
r e n d  l e s  d i f f é r e n c e s  é v e n tu e l le s  d i f f i c i l e s  à m e t t r e  en é v id e n c e .

4 . "  ' D E C O N T A M IN A T IO N  D A N S L A  N A T U R E  DE V E R O N S  C O N T A M IN E S
P A R  DU 54Mn E T  DU 60C o SOUS F O R M E  ION IQU E

E ta n t don n é  l e s  d i f f i c u l t é s  q u e  p r é s e n te  1' e m p lo i  d 'e f f lu e n t s  r é e l s  
c o m m e  con ta m in a n t ( c o m p o s i t io n  c h im iq u e , fo r m e  p h y s ic o - c h im iq u e  d e s  
r a d io n u c lé id e s  p r é s e n t s ,  e t c .  ), i l  a p a ru  p r é fé r a b le  d 'e m p l o y e r  d e s  
é m e t t e u r s  y  s o u s  f o r m e  io n iq u e  p o u r  1' é tu d e  de la  d é c o n ta m in a t io n .

S c h é m a  e x p é r im e n t a l . S ix  a q u a r iu m s  r e n fe r m a n t  10 l i t r e s  d 'e a u  +
10 v é r o n s  + 5 juCi 04M n /l ,  et s ix  a q u a r iu m s  r e n fe r m a n t  10 l i t r e s  
d 'e a u  + '1 0  v é r o n s  + 5 ^ C i 60C o / l  ont é té  m is  s im u lta n é m e n t  en  e x p é r ie n c e ,  
la  t e m p é r a t u r e  m o y e n n e  étant de 11 °C . L e s  p o is s o n s  é ta ie n t  n o u r ,r is  
pen dan t to u te  la  d u r é e  de 1' e x p é r ie n c e .  L a  p é r io d e  de co n ta m in a tio n  c h o is ie  
e s t  de 7 jo u r s ,  c a r  une e x p é r ie n c e  p r é c é d e n t e  a m o n tr é  q u ' i l  fa l la it  7 jo u r s  
p o u r  o b te n ir  une c o n ta m in a t io n 'm a x im a le  d e s  v é r o n s  en  54M n. L 1 eau  et 
l e s  r a d io i s o t o p e s  d e s  a q u a r iu m s  é ta ie n t  r e n o u v e lé s  au jo u r  5 d e  la  c o n t a 
m in a t io n . Un lo t  d e  1 0 v é r o n s  é ta it  é c h a n t illo n n é  aux jo u r s  5 et 7, c e c i  
p o u r  ch a qu e  r a d io i s o t o p e .

L e  jo u r  7, le s : v é r o n s  r e s ta n ts  ont é té  t r a n s fé r é s  en  a m o n t de la  
c e n t r a le  n u c lé a ir e  de C h o o z .  P o u r  ch a cu n  d e s  deu x  r a d io i s o t o p e s  é tu d ié s , 
t r o i s  lo t s  de 13 v é r o n s  ont é té  in tr o d u it s  d an s une c a g e  et im m e r g é s  dans 
la  M e u s e . A u s s i  b ie n  p ô u r  le  54M n qu e  p o u r  l e  60C o , un lo t  de p o is s o n s  a 
é té  r e l e v é  a u x  jo u r s  1, 7 et 21 a p r è s  le  d ébu t de la  d é c o n ta m in a t io n .

n C i / g
é c h a n t i l l o n

FIG. 1. MMn: Décontamination en Meuse de poissons nourris et contaminés au laboratoire par 5 juCi MMn 
ionique/litre d-'eau.
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T A B L E A U  XI

^ ivi m w u___ vvj u u  jjuiaauii cmici iiuui i la cii

54M n  ou  60C o  de l'eau au jour 0  en nC¡/ml

S U IT E  A  U N E  C O N T A M IN A T IO N  E N  L A B O R A T O IR E  E T  L O R S  

D 'U N E  D E C O N T A M IN A T IO N  A  H A M - S U R - M E U S E

Temps après la 
(dé)contamination и Мп O n o

1) Contamination
5 jours 3,586 2,063
7 jours 19,108 5,281

2) Décontamination
1 jour 4,195 1,096
1 semaine 3,107 0,381
3 semaines 1,787 0,056

n C i / g

FIG. 2. 60Co: Décontamination en Meuse de poissons nourris et contaminés au laboratoire par 5 fiCi 60Со
ionique/litre d’eau.

L a  f ig u r e  1 ( r é s u lt a t s  e x p r im é s  en n C i /g  de m a t iè r e  f r a îc h e )  m o n tr e
l 1 a c c u m u la t io n  r a p id e  du 54M n pendant l e s  7 j o u r s  de c o n ta m in a t io n . A  
c e  m o m e n t , le  r a p p o r t  d e  la  r a d io a c t iv i t é  d e s  p o is s o n s  (e n  n C i /g  de m a t iè r e  
f r a î c h e )  à la  r a d io a c t iv i t é  in it ia le  d e  l 1 eau  (e n  n C i /m l )  e s t  d e  19 (ta b le a u  X I ) .  
M a is  l e  r a p p o r t  d e  c o n c e n t r a t io n  s 1 é lè v e  ju s q u 1 à 32 (ta b le a u  n on  r e p r i s ) :  
c e c i  s 1 e x p liq u e  p a r  la  d im in u t io n  e n r e g is t r é e  du 54Mn d an s l 1 e a u .

D è s  l e  déb u t de la  d é c o n ta m in a t io n  (pen dant l e s  p r e m i è r e s  24 h e u r e s )  
en  M e u s e , la  r a d io a c t iv i t é  d im in u e  fo r t e m e n t  ( f ig u r e  1 et ta b le a u  X I ) .  .
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T A B L E A U  X I I

D O N N E E S  P R IN C IP A L E S  C O N C E R N A N T  L A  C O N T A M IN A T IO N  D E S  P O IS S O N S  E N T IE R S  

N O U R R IS  (par 5nC i/ l de 60C o  ou  de 54M n  ioniques) E N  L A B O R A T O IR E  E T  L E U R  

D E C O N T A M IN A T IO N

1 ière expérience 2ième expe'rience

54Mn O O O s4Mn O O o O

Jour de contamination maximale enregistrée 7ième 4iéme 7ième 7ième

Radio-activité maximale enregistrée en nCi/g 70,7 52,6 92,0 26,0

Décontamination
Temps
(jours) au laboratoire a Ham-sur-Meuse

54Mn O O O 54Mn 60Co

Radio-activité résiduelle 1 ¡er 12,0 13,6 22,0 20,8
(en % du maximum) 17ième ou 21 ième* 6,7 7,2 9,3 1,1

* 17ième jour pour la décontamination en laboratoire 
21 ième jour pour la décontamination à Ham-sur-Meuse.

P a r  la  s u ite , la  r a d io a c t iv i t é  n e  b a is s e  que  t r è s  le n te m e n t . C e tte  c o u r b e ,  
s e m b la b le  â c e l l e  o b te n u e  l o r s  d 'e x p é r i e n c e s  m e n é e s  en  la b o r a t o i r e ,  
m o n tr e  q u e  la  d é c o n ta m in a t io n  de c e s  p o is s o n s  s e  fa it  s e lo n  deu x  c o m p o s a n t e s  
au m o in s .

Q uant à la  co n ta m in a t io n  d es  v é r o n s  p a r  le  60C o ( f ig .  2 ), e l l e  p r é s e n te  
la  m ê m e  s ilh o u e t te  q u e  c e l l e  r e la t iv e  au 54M n. L a  r a d io a c t iv i t é  e n r e g is t r é e  
au jo u r  7 e s t  p lu s  fa ib le  p o u r  l e  60C o q u e  p o u r  l e  54M n: 26 n C i /g  d e  m a t iè r e  
f r a î c h e  au l ie u  de 92 . L e  r a p p o r t  m a x im a l  du 60C o dans le  p o is s o n  (en  
n C i /g  de m a t iè r e  f r a îc h e )  au 60C o d an s 1' eau  (en  n C i /m l )  (ta b lea u  X I) e s t  
d o n c  p lu s  fa ib le  p o u r  le  6 С о  que  p o u r  le  54M n: 5 au l ie u  de 19 au jo u r  7.
L e  r a p p o r t  d e  c o n c e n t r a t io n  (v o is in  de 5 , ta b le a u  n on  r e p r i s )  m o n tr e  que 
le  60C o r e s t e  d an s 1' e a u .

P en d a n t le s  p r e m iè r e s  24 h e u r e s  d e  d é c o n ta m in a t io n , la  v i t e s s e  de 
d é s o r p t io n  en  60C o e s t  s i m i l a i r e  à c e l l e  e n r e g is t r é e  p o u r  le  54M n ( f ig u r e  2 
à c o m p a r e r  à la  f ig u r e  1 ). A p r è s  c e t te  p é r io d e ,  la  v i t e s s e  de d é c o n t a m i
n a t io n  fa ib l i t :  e l le  r e s t e  t o u t e fo is  p lu s  é le v é e  d an s le  c a s  du 60C o que  dans 
le  c a s  du 54M n. Il s e m b le  d o n c  q u e , c o m m e  p o u r  le  54M n, la  d é c o n ta m in a t io n  
d e s  p o is s o n s  r e n fe r m a n t  du 60C o s ’ e f fe c t u e  s e lo n  d eu x  c o m p o s a n t e s  au m o in s .  
R e e d  [ 4 ]  t i r e  une c o n c lu s io n  s im i l a i r e  à la  s u ite  d 'e x p é r i e n c e s  s u r  le  
p o i s s o n -c h a t .

L e  ta b le a u  X II don n e  l e s  r é s u lt a t s  c o m p a r a t i f s  de ce t te  e x p é r ie n c e  et 
d 'u n e  a u tre  qu i s 'e s t  c o m p lè te m e n t  d é r o u lé e  en l a b o r a t o i r e . L e  54M n et 
le  60C o a c c u m u lé s  p a r  l e s  .p o is s o n s  pen d a n t la  p é r io d e  de co n ta m in a tio n  e s t  
c o m p a r a b le  p o u r  le s  d eu x  ty p e s  d 'e x p é r i e n c e s .  C e c i  m o n tr e  q u e , m a lg r é  le  
tau x  é le v é  de v a r ia b i l i t é  o b s e r v é ,  i l  e x is t e  une c e r t a in e  r e p r o d u c t ib i l i t é  
d a n s  c e  ty p e  d 1 e x p é r ie n c e .



IA E A -SM -172/69 425

L a  d e c o n ta m in a t io n  d é m a r r e  p lu s  le n te m e n t  en  m i l ie u  n a tu r e l q u ' en  
m i l ie u  a r t i f i c i e l .  M a is  l e  54M n r é s id u e l  e s t  en  q u a n tité  s e n s ib le m e n t  s e m 
b la b le  p o u r  l e s  d eu x  e s s a i s :  7 et 9% r e s p e c t iv e m e n t  p o u r  la  dé c o n ta m in a tio n  
en  la b o r a t o i r e  et c e l l e  en  a m on t d e  la  c e n t r a le  de C h o o z . P a r  c o n t r e ,  i l  
r e s t e  p lu s  de 60C o d an s le s  p o is s o n s  d é c o n ta m in é s  en la b o r a t o i r e  que  dans 
c e u x  r e m i s  dan s le u r  m il ie u  n a tu r e l  (7 et 1% r e s p e c t iv e m e n t ) .

C O N C L U SIO N S

L 1 in v e s t ig a t io n  m e n é e  p e r m e t  d e  d é g a g e r  l e s  p o in ts  su iv a n ts :
1) L a  co n ta m in a t io n  d e s  p o is s o n s  de M e u se  p a r  l e s  r e j e t s  d 1 e f f lu e n ts  

l iq u id e s  e s t  m e s u r a b le .
2) C ette  a b s o r p t io n  de r a d io i s o t o p e s  p a r  l e s  p o is s o n s  e s t  r e la t iv è m e n t  

fa ib le  en m i lie u  n a tu r e l  et n e  p o s e  p a s  de p r o b lè m e  s a n it a ir e .  T o u te fo is  
l e s  v a le u r s  m a x im a le s  du r a p p o r t  d e  c o n c e n t r a t io n  « a p p a r e n t »  p o is s o n /e a u  
o b s e r v é e s  son t de q u e lq u e s  c e n ta in e s  p o u r  l e s  r a d io i s o t o p e s  e n r e g is t r é s  
(9°Sr, 134C s , 137C s , 54Mn et 60C o ) . E tan t don n é  l ' i r r é g u l a r i t é  d an s la  
c o n c e n t r a t io n  r a d io a c t iv e  d e s  r e j e t s ,  c e s  v a le u r s  n e  p eu v en t p a s  ê t r e  
c o n s i d é r é e s  c o m m e  une e s t im a t io n  v a la b le  d e s  r a p p o r ts  de c o n c e n t r a t io n  
« r é e l s  » .

3) L a  co n ta m in a t io n  e x p é r im e n ta le  d e s  p o is s o n s  p a r  du 54M n et du 60Co 
p r o v e n a n t  d 'e f f lu e n t s  r é e l s  su it une c o u r b e  r e la t iv e m e n t  s e m b la b le  à  c e l l e  
d e  c e s  deux r a d io i s o t o p e s  s o u s  f o r m e  io n iq u e . L a  dé c o n ta m in a tio n  de 54Mn 
e t de 60Co io n iq u e s  d e  c e s  p o is s o n s  a une a l lu r e  s im i l a i r e ,  q u ' e l l e  s e  f a s s e  
en  la b o r a t o i r e  ou  en  M e u s e . A  n o te r  que  d an s l e s  e x p é r ie n c e s  en 
a q u a r iu m , i l  y  a l ie u  de te n ir  c o m p te  d e  la  f ix a t io n  au c o u r s  du te m p s  du 
60C o  et du 54Mn p a r  l e s  p a r o is  d e s  a q u a r iu m s .

R E  M E R  C I E  M E  N T S

L e s  a u te u r s  r e m e r c i e n t  l e s  c o l la b o r a t e u r s  ayant p a r t ic ip é  à 
1' é c h a n t i l lo n n a g e  et à la  p r é p a r a t io n  d e s  é c h a n t i l lo n s ,  p r in c ip a le m e n t  
M m e E .  B o n n i jn s -V a n  G e ld e r  et M . E . F a g n ia r t .  I ls  e x p r im e n t  a u s s i  
l e u r s  r e m e r c ie m e n t s  a u x  m e m b r e s  d e s  s e c t i o n s  « M e s u r e s  b a s -n iv e a u »  
e t  « S p e c t r o m é t r i e  y »  p o u r  1' e x é c u t io n  d e s  m e s u r e s  de n o m b r e u x  é c h a n t i l lo n s .  
L e s  d o n n é e s  c o n c e r n a n t  le s  r e j e t s  de la  c e n t r a le  d e  la  S E N A  p r o v ie n n e n t  
e n tr e  a u tr e s  de r e n s e ig n e m e n t s  fo u r n is  p a r  le  S C P R I . N o u s  e x p r im o n s  
n o t r e  r e c o n n a is s a n c e  à M . le  p r o f e s s e u r  P e l l e r in ,  d i r e c t e u r  du S C P R I.
L e s  a d m in is t r a t io n s  de la  M e u se  N a m u r o is e  ( P o n t s - e t - c h a u s s é e s )  n o u s  ont 
o f f e r t  t o u te s  fa c i l i t é s  p o u r  la  r é a l i s a t io n  d e  n o s  p r é lè v e m e n t s .
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D I S C U S S I O N

E . K U N Z : W hat is  y o u r  e x p la n a t io n  f o r  the s u b s ta n t ia l d i f f e r e n c e  in  
90S r  co n te n t in  r e la t io n  to  c a lc iu m  in  b o n e s  and m u s c le s ,  a s  sh o w n  in  
T a b le  V ?  U n d e r  c o n d it io n s  o f  c h r o n ic  and r e la t iv e ly  co n s ta n t e x p o s u r e  it 
s e e m s  to  m e  that it sh o u ld  s ig n i fy  a s t r o n g  d is c r im in a t io n  p r o c e s s  b e tw e e n  
b o n e  and o th e r  t i s s u e s .

R . K IR C H M A N N : T h e  data  in  th e l i t e r a t u r e  on  th e d is t r ib u t io n  o f  
s ta b le  C a  and S r  in  th e v a r io u s  p a r t s  o f  th e f is h  o r g a n is m  do not in  fa c t  • 
in d ic a te  an  S r /С а  d is c r im in a t io n .

T h e  r e s u l t s  g iv e n  in  T a b le  V .a r e  d e r iv e d  f r o m  f is h  ca u gh t u n d e r  n a tu ra l 
c o n d it io n s  w h e r e  th e  p r e s e n c e  o f  90S r  is  due to n u c le a r  w e a p o n  fa l l - o u t  (the 
l o n g - t e r m  s itu a tio n ) and to  e f f lu e n ts  f r o m  th e  C h o o z  s ta t io n . It is  kn ow n  
that f is h  b o n e  is  an  in te g r a t o r  o f  e n v ir o n m e n ta l  90S r , w h ile  th e f le s h  r a p id ly  
r e f l e c t s  t e m p o r a r y  c h a n g e s  in  the 90S r c o n c e n t r a t io n , su ch  a s  o c c u r r e d ,  
f o r  e x a m p le , in  A u g u s t  and S e p te m b e r  19 71.

J . P .  M O R O N I: H av e  you  a n y  r e s u l t s  on  p o s s ib l e  c o n ta m in a tio n  o f  the 
p e r s o n s  e a tin g  th e s e  f is h ?  S im ila r  w o r k  d o n e  in  F r a n c e  in d ic a t e s  that the 
p o p u la t io n  e f fe c t  o f  c o n s u m in g  f is h  co n ta m in a te d  at su ch  lo w  le v e ls  is  q u ite  
n e g l ig ib le :  in  m a n  w e  fin d  no s ig n if ic a n t  c o n ta m in a t io n  f r o m  134C s  o r  6 C o , 
w h ich  a r e  p r e s e n t  o n ly  in  e f f lu e n t s , and a s  f o r  137C s , w h ich  c o m e s  m a in ly  
f r o m  r a d io a c t iv e  f a l l - o u t ,  th is  s h o w s  no a p p r e c ia b le  v a r ia t io n  w ith  r e s p e c t  
to  th e  m e a n  b o d y  b u r d e n .

R . K IR C H M A N N : W e h a v e  no data  on  any  co n ta m in a t io n  o f  the 
p o p u la t io n s  co n s u m in g  M e u se  f i s h .  In  o r d e r  to  d e te r m in e  th is  c o n tr ib u t io n  
it  w o u ld  be n e c e s s a r y  to  u n d e r ta k e  an e n q u ir y  o n  d ie t , but s in c e  f is h in g  in  
th e  M e u s e  is  to  a la r g e  ex ten t c a r r i e d  ou t f o r  s p o r t ,  it  is  m o s t  p r o b a b le  
that th e  e f f e c t  o f  th is  co n ta m in a tio n  p a th w a y  o n  the p o p u la t io n  is  n e g l ig ib le .

R . L .  B L A N C H A R D : It h as  b e e n  o u r  e x p e r ie n c e  that e x t r e m e  c a r e  m u st 
b e  e x e r c i s e d  to  e n s u r e  that s m a l l  q u a n tit ie s  o f  b o n e  a r e  not in c lu d e d  in  the 
m u s c le  f r a c t io n  w hen  s e p a r a t in g  b o n e  f r o m  m u s c le .  B e c a u s e  o f  the m u ch  
g r e a t e r  c o n c e n t r a t io n  o f  Sr and C a  in  b o n e  r e la t iv e  to  m u s c le ,  a v e r y  s m a l l  
m a s s  o f  b on e  in  th e m u s c le  f r a c t io n  w il l  in c r e a s e  its  S r  c o n c e n t r a t io n  and 
in v a lid a te  th e m u s c le  to  b o n e  c o n c e n t r a t io n  r a t i o s .  W hat p r e c a u t io n s  d id  
you  ta k e  to  e n s u r e  that the m u s c le  s a m p le  w a s  not co n ta m in a te d  w ith  s m a l l  
q u a n tit ie s  o f  b o n e ?

C a th e r in e  M . M IC H O L E T - C O T É : I d is s e c t e d  the f is h  a s  c a r e fu l ly  as 
p o s s ib l e .  I d id  not b o i l  th e m  b e c a u s e  S r  c o u ld  p a s s  f r o m  th e t i s s u e s  in to  
the w a te r  d u r in g  that o p e r a t io n . A t  a l l  e v e n ts  it  ca n  be  s a id  that on e  h as 
tw o m a s s e s  o f  t i s s u e ,  on e  w ith  a v e r y  h igh  p e r c e n t a g e  o f  b o n e , and the 
o th e r  w ith  a v e r y  h igh  p e r c e n t a g e  o f  m u s c le .  In c id e n ta lly , the co n te n ts  o f  
m u s c le  and b on e  g iv e n  in  T a b le  V  a r e  in  g o o d  a g r e e m e n t  w ith  the v a lu e s  
q u o te d  in  th e l i t e r a t u r e  f o r  p e r c h  and p ik e .

G . C A N T IL L O N : W e h ad  a d o u b le  a im  in  c a r r y in g  ou t the s tu d y  
d e s c r i b e d  in  th e p a p e r :  on  th e  on e  hand w e  w is h e d  to  a n t ic ip a te  a n y  n u c le a r  
'o p p o s i t io n ' b y  p r o v id in g  s o m e  d e f in ite  v a lu e s ,"  on  th e  o th e r  hand, p a r t i c u la r ly
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in  v iew  of th e  c o n s t r u c t i o n  of th e  T ih a n g e  p o w e r  s t a t i o n ,  w e n e e d e d  a n  
e s t i m a t e  fo r  th e  c r i t i c a l  g ro u p  th a t  m u s t  be t a k e n  in to  a c c o u n t  fo r  s a f e t y  
e v a lu a t io n s .  I q u i t e  a g r e e  w ith  D r .  M o r o n i  t h a t  th e  b u r d e n  on  in d iv id u a l  
m e m b e r s  of th e  p o p u la t io n  i s  no t s i g n i f i c a n t .  M ay  I t a k e  th i s  o p p o r t u n i t y  
o f  th a n k in g  th e  S. С . P . R . I . , w h ic h  f a c i l i t a t e d  o u r  w o r k  by  g r a n t i n g  u s  
a c c e s s  to  th e  C ho oz  s t a t i o n  and  q u o t in g  u s  f i g u r e s  f r o m  i t s  r e p o r t s .

J .  - J .  M A R T IN : R e g a r d i n g  y o u r  T a b le  I an d  th e  90S r  r e s u l t s ,  w h a t  
c o n c lu s io n s  do you d r a w  f r o m  th e  a c t i v i t y  v a lu e s  m e a s u r e d  in  1 9 6 5 /1 9 6 6  
an d  in  19 71, th e  r a t i o  b e in g  v a r i a b l e  d e p e n d in g  o n  th e  m a t e r i a l  a n a ly s e d ?
I f e e l  o ne  m u s t  c o n s i d e r  t h i s  m a t t e r  in  th e  l ig h t  of th e  f a c t  t h a t  in  19 71 
th e  90S r  r e l e a s e s  f r o m  th e  C ho oz  p o w e r  s t a t i o n  w e r e  l e s s  th a n  th e  f a l l - o u t  
a c t i v i t y  c a r r i e d  by  th e  M e u s e .

R . K IR C H M A N N : Y o u r  q u e s t i o n  h ig h l ig h t s  th e  d i f f e r e n c e s  t h a t  m a y  
be  o b s e r v e d  b e tw e e n  th e  v a lu e s  e x p e c t e d  o n  th e  b a s i s  o f  d i l u t i o n  of th e  
e f f lu e n t s  by  th e  M e u s e  w a t e r  an d  th e  v a lu e s  a c t u a l l y  m e a s u r e d .  T h e  l a t t e r  
v a lu e s  a r e  g o v e r n e d  b y  n u m e r o u s  f a c t o r s  (m e th o d  of s a m p l i n g ,  e x c h a n g e  
p h e n o m e n a ,  m e a s u r e m e n t  t e c h n i q u e s  e t c . ) .  T h e  v a r i a t i o n  in  th e  90S r  r a t i o  
in  w a t e r  i s  a l s o  found in  f i sh  c a u g h t  in  196 5 an d  19 71, an d  f i s h  r e f l e c t  th e  
m e a n  l e v e l  of c o n ta m in a t io n  of th e  m e d i u m  in  w h ic h  th e y  l i v e .

I h a v e  no k n o w le d g e  of a n y  s p e c i f i c  m e a s u r e m e n t  v a lu e  fo r  th e  
c o n t r i b u t io n  of f a l l - o u t  to  th e  90S r  c o n te n t  of M e u s e  w a t e r .

B . K .  BORISO V: W hat i s  th e  d i s c r i m i n a t i o n  c o e f f i c i e n t  f o r  s t r o n t i u m  
r e l a t i v e  to  c a l c iu m  u p o n  i n c o r p o r a t i o n  in  bone?

R .  K IR C H M A N N : U s in g  th e  v a lu e s  fo r  th e  90S r  an d  C a  c o n te n t s  of 
w a t e r  s a m p l e d  in  19 71 and  th e  s t r o n t i u m  u n i t  ( S . U . )  v a lu e s  fo r  th e  b o n es  
of b r e a m  ca u g h t  a t  th e  s a m e  p e r i o d ,  th e  o b s e r v e d  r a t i o  (OR)

= (pC i 90S r / g  С a) hone 
(PCi 90S r / g  C a )water

H o w e v e r ,  t h i s  v a lu e  m u s t  be  t r e a t e d  w ith  s o m e  r e s e r v e  b e c a u s e  e q u i l i b r i u m  
c o n d i t io n s  w e r e  no t f u l f i l l e d ,  m a i n l y  ow ing  to  r e l e a s e s  f r o m  th e  p o w e r  s t a t i o n  
in  A u g u s t  an d  S e p t e m b e r  19 71.





MODELS FOR PREDICTING RADIATION EXPOSURE TO 
POPULATION GROUPS

(Sessions VI and VII)



Chairmen:

Pamela M. BRYANT (United Kingdom)
W .O. SCHIKARSKI (Federal Republic of Germany



IAEA-SM-172/38

A STUDY OF THE POTENTIAL RADIOLOGICAL 
IMPACT OF AN EXPANDING NUCLEAR 
POWER INDUSTRY ON THE TENNESSEE 
VALLEY REGION

S. STRAUCH
Division of Reactor Development and Technology,
US Atomic Energy Commission,
Washington, D. C .,

G. F. STONE, G. R. SIEGEL 
Tennessee Valley Authority,
Chattanooga, T en n .,

K. E. COWSER
Oak Ridge National Laboratory,- 
Oak Ridge, T en n .,

J.F. FLETCHER
Hanford Engineering Development Laboratory,
Richland, W ash.,
United States of America

Abstract

A S T U D Y  OF THE PO TE N TIA L RAD IO LO G ICAL IM P A C T  OF AN EXPANDING NU CLEAR POWER IND USTRY 

ON THE TENNESSEE VA L LE Y  REGION. . .

T h e  US A to m ic  Energy C om m issio n  in itia te d  a study in January 1970 to d e v e lo p  a com p u ter m o d e l 

(HERMES) and the n ecessary  data to p erm it estim ates  to the yea r 2000 o f the rad iatio n  p o te n tia lly  re ce iv e d  

by in d ivid u als  and p o p u latio n  groups in la rge  regions as a result o f  various e stim ated  ra d io a c tiv e  re lea se  rates 

from  reactors and fu e l reprocessing p lants. T h e  in it ia l phase o f the study con cern ed  d ev e lo p m e n t o f the 

com p u ter m o d e l and data for the an alysis o f the reg io n  com p risin g the Upper M ississippi River Basin (UMRB) 

o f the U nited S tates o f  A m e ric a .

T h e  paper con cern s the second phase o f the study, an in te ra g e n cy  study by the US A to m ic  Energy 

C om m issio n  and the T en n essee V a lle y  A uthority o f  the p o te n tia l ra d io lo g ic a l im p a ct o f  an exp an d in g n u clear 

pow er industry in the T en n essee  V a lle y  Region (TVR) to the year 2000. T h e  O ak Ridge N a tio n a l Laboratory, 

the H anford E ngin eerin g D e v e lo p m e n t Laboratories and the A tom isp h eric  T u rb u len ce  and D iffu sion  Laboratory 

at O ak Ridge, T en n essee  are also p a rtic ip a tin g  in the study.

T h e  T V R  region  is subd ivided  into  about 140 populatio n s cen tres  and the dose is c a lc u la te d  for the 

a v e ra g e  in d iv id u a l in e a c h  cen tre  for e a c h  o f four age  groups (baby, c h ild , teen a ger and adult).

C ontributions to dose by isotope and pathw ay for e a c h  o f  seven  body com ponents (to ta l body, liv e r , lungs, 

g a stro -in te stin a l tract, thyroid, bone and skin) are d eterm in ed  for e a c h  o f  the age  groups. S e n sitiv ity  analyses 

are also done to e v a lu a te  the e ffe c ts  o f  u n certa in ties  in the param eters b e lie v e d  to be m ost s ig n ifica n t in 

their e ffe c ts  on dose. T h e  p rocedu res, scope and HERMES m o d e l m o d ifica tio n s  estab lish ed  for the TV R  

study w ere gu id ed  by the results o f the study o f the UMRB. T hose results o f  the UMRB that had a m ajor e f fe c t  

on the p lan n in g o f the T V R  study are discussed. An o v erv iew  o f the T V R  study is also  p rovid ed . D e ta ils  

on site s e le c tio n , radw aste trea tm en t system s, rad io n u clid e  transport and dose m o d e lin g  for the T V R  study 

are g iv e n  in fo llo w in g  papers.
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In J a n u a r y  1970 th e  US A to m i c  E n e r g y  C o m m i s s i o n  in i t i a t e d  a  s tu d y  
to  d e v e lo p  a c o m p u t e r  m o d e l  (H E R M E S ) and  n e c e s s a r y  d a t a  to  p e r m i t  
e s t i m a t e s  of p o p u la t io n  d o s e  r a t e s  f r o m  r a d i o l o g i c a l  r e l e a s e s  f r o m  th e  
n o r m a l  o p e r a t i o n  of a l a r g e  n u c l e a r  p o w e r  i n d u s t r y  in  l a r g e  r e g i o n s  of 
th e  U n i te d  S t a t e s  of A m e r i c a .  T h i s  w a s  e s s e n t i a l l y  th e  f i r s t  s i g n i f i c a n t  
d e p a r t u r e  in the  USA f r o m  th e  p l a n t - b y - p l a n t  a p p r o a c h  in  s tu d y in g  th e  
r a d i o l o g i c a l  e f f e c t  of a l a r g e  n u c l e a r  p o w e r  i n d u s t r y .  It w a s  a l s o  d e c id e d  
th a t  the  s tu d y  sh o u ld  p r o v i d e  an  u n d e r s t a n d i n g  of the  c o n t r ib u t io n s  to  th e  
p o p u la t io n  d o se  r a t e  of s p e c i f i c  r a d i o n u c l i d e s  and  t h e i r  a s s o c i a t e d  p a th w a y s  
to  m a n .  T h i s  i n - d e p th  u n d e r s t a n d i n g  w a s  b e l i e v e d  to  be  n e c e s s a r y  to  h e lp  
v a l i d a t e  the. s tu d y  and  e n a b le  it to  a s s i s t  in  g u id in g  th e  d e v e lo p m e n t  of 
im p r o v e d  r a d w a s t e  t r e a t m e n t  s y s t e m s ,  d e s i g n  c r i t e r i a  an d  r e g u l a t o r y  
s t a n d a r d s  r e l a t e d  to  r a d i o a c t i v e  e m i s s i o n s  f r o m  n u c l e a r  p o w e r  f a c i l i t i e s .  
F u r t h e r ,  i t  w a s  f e l t  th a t  t h e r e  w e r e  m a n y  m e m b e r s  of the  p u b l ic  and  
a l s o  t h e  n u c l e a r  i n d u s t r y  w ho h a d  a  n e e d  f o r  an  in - d e p th  u n d e r s t a n d i n g  
of th e  fu l l  p o te n t i a l  r a d i o l o g i c a l  im p l i c a t i o n s  of a l a r g e  n u c l e a r  p o w e r  
i n d u s t r y .

T h e  f i r s t  p h a s e  of t h e  s tu d y  in v o lv e d  th e  d e v e lo p m e n t  of t h e  H E R M E S  
m o d e l  an d  i t s  a p p l i c a t i o n  to d e t e r m i n e  th e  r a d i a t i o n  p o te n t i a l ly  r e c e i v e d  
by  th e  p o p u la t io n  of th e  U p p e r  M i s s i s s i p p i  R i v e r  B a s i n  (UMRB) in  th e  
USA f r o m  th e  o p e r a t i o n  of n u c l e a r  f a c i l i t i e s ,  w i th  t h e i r  a s s u m e d  r a d w a s t e  
t r e a t m e n t  s y s t e m s ,  th a t  m i g h t  b e  l o c a t e d  in  t h i s  r e g i o n  in  th e  y e a r  2000.
T h i s  p h a s e  of th e  s tu d y  w a s  c o n d u c te d  by  th e  H a n fo rd  E n g i n e e r i n g  D e v e lo p m e n t  
L a b o r a t o r y  (H ED L) u n d e r  th e  d i r e c t i o n  of th e  U SA E C  an d  i s  r e p o r t e d  
in W A S H -1209, T h e  P o t e n t i a l  R a d io l o g i c a l  I m p l i c a t i o n s  of N u c l e a r  
F a c i l i t i e s  in  th e  U p p e r  M i s s i s s i p p i  R i v e r  B a s i n  in  t h e  U. S. in  th e  Y e a r  2 00 0 .1 
T h e  s e c o n d  p h a s e  of t h e  s tu d y ,  w h ic h  i s  t h e  s u b j e c t  of t h i s  p a p e r ,  i s  the  
a p p l i c a t i o n  of th e  H E R M E S  m o d e l  to  th e  T e n n e s s e e  V a l le y  R e g io n .  T h i s  
is  a n  i n t e r a g e n c y  s tu d y  c o n d u c te d  by  th e  US A to m i c  E n e r g y  C o m m i s s i o n  
(A EC) and  th e  T e n n e s s e e  V a l l e y  A u th o r i t y  (TVA) w ith  th e  p a r t i c i p a t i o n  
o f t h e  O ak  R id g e  N a t io n a l  L a b o r a t o r y  (O R N L ),  H E D L  a nd  th e  N a t io n a l  
O c e a n ic  A t m o s p h e r i c  A d m i n i s t r a t i o n  (NOAA).

T h i s  jo in t  A E C /T V A  s tu d y  w a s  u n d e r t a k e n  b e c a u s e  of th e  u n iq u e  h y d r o l o 
g i c a l  an d  to p o g r a p h i c a l  c h a r a c t e r i s t i c s  of t h e  T e n n e s s e e  V a l le y  R e g io n  (TVR) 
a n d  th e  a n t i c ip a t e d  l a r g e - s c a l e  u s e  by  t h e  T V A  of l a r g e  n u c l e a r  p o w e r  
s t a t i o n s  to h e lp  m e e t  m u c h  of the .  r e g i o n ' s  c o n t in u in g  n e e d  f o r  e l e c t r i c i t y .
T h e  p h y s i c a l  c h a r a c t e r i s t i c s  of th e  T V R  a r e  v e r y  d i f f e r e n t  f r o m  th o s e  
fou nd  in  th e  U M R B  and  w i l l  a l lo w  th e  H E R M E S  m o d e l  to  be  e x p a n d e d  and  
t e s t e d  f o r  t h e s e  n ew  c o n d i t io n s .

T h e  s tu d y  in v o lv e s  a n  a p p r a i s a l  of the  g e n e r a t i o n ,  m a n a g e m e n t  and  
c o n t r o l  of r a d i o a c t i v e  e f f lu e n t s  f r o m  n u c l e a r  p o w e r  p la n t s  a n d  fu e l  
r e p r o c e s s i n g  p l a n t s ,  t r a n s f e r  of r a d i o n u c l i d e s  th r o u g h  a i r  and  w a t e r ,  and  
c o n c e n t r a t i o n  in  t e r r e s t r i a l  an d  a q u a t i c  s y s t e m s  and  the  c a l c u l a t i o n s  of 
p o t e n t i a l  r a d i a t i o n  d o s e  c o m m i t m e n t s  to m a n .  D a ta  on  l o n g - r a n g e  p o w e r  
p r o j e c t i o n s  by  s i t e s ,  lo a d  d i s t r i b u t i o n  a m o n g  d i f f e r e n t  p l a n t s ,  an d  g e n e r a t i n g  
u n i t  a v a i l a b i l i t y  a r e  u s e d  in  the  m o d e l  a lo n g  w i th  s t e a m  f low  an d  r u n - o f f  d a ta ,

INTRODUCTION

1 T h is  report w il l  be a v a ila b le  from  the Superintendent o f D ocum ents, US G overn m en t Printing O ffice , 

W ashington, D. C . 20402.
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s e d i m e n t  a d s o r p t i o n  c h a r a c t e r i s t i c s ,  an d  e x i s t i n g  an d  p r o j e c t e d  u s e s  of 
th e  T V R  r e s e r v o i r  s y s t e m  f o r  i r r i g a t i o n  a nd  r e c r e a t i o n .  T h e  s tu d y  w a s  
i n i t i a t e d  O c to b e r  1972 an d  a  d r a f t  r e p o r t  i s  e x p e c t e d  ab o u t  th e  en d  of 1973.

T h i s  p a p e r  p r o v i d e s  a  s u r v e y  of th e  T V R  s tu d y  w i th  p a r t i c u l a r  e m p h a s i s  
on  p o w e r  p r o j e c t i o n s  by  s i t e s .  A s  th e  H E R M E S  m o d e l  m o d i f i c a t i o n s ,  p r o c e 
d u r e s  a n d  s c o p e  e s t a b l i s h e d  f o r  the  T V R  s tu d y  w e r e  g u id e d  by  th e  r e s u l t s  
of th e  s tu d y  of the  U M R B , a  s u m m a r y  of t h i s  s tu d y  i s  p ro v i d e d .  T h e  f e a t u r e s  
of t h e  H E R M E S  m o d e l  w i l l  be  e x p la in e d  in  c o n ju n c t io n  w i th  th e  s u m m a r y  of 
t h e  U M R B  s tu d y  a s  the  b a s i c  f e a t u r e s  of th e  H E R M E S  m o d e l  a r e  u n c h a n g e d  
f o r  th e  T V R  s tu d y .  T h i s  w i l l  a l s o  p e r m i t  f a c t o r i n g  in  w i th  th e  e x p la n a t io n  
of t h e  m o d e l  r e s u l t s  o b ta in e d  f r o m  i t s  u s a g e .

T H E  U M R B  STUD Y

A s in d i c a t e d  in  F ig .  1, t h e  U M R B  r e g i o n  in c lu d e s  a n  a r e a  of a p p r o x i m a t e l y  
300 000 s q u a r e  m i l e s  a nd  e n c o m p a s s e s  one  of th e  m a j o r  p o w e r  s u p p l y /  
d e m a n d  r e g i o n s  of th e  USA. B y  th e  y e a r  2000 th e  p o p u la t io n  of th e  r e g i o n  
is  p r o j e c t e d  to  r e a c h  29 m i l l i o n  an d  to  a c c o u n t  f o r  ab o u t  10% of t h e  t o t a l  
e l e c t r i c  e n e r g y  g e n e r a t i o n  an d  c o n s u m p t i o n  of t h e  U n i te d  S t a t e s  o f A m e r i c a .

FIG. 1. Upper Mississippi River Basin region.
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T o a l lo w  f o r  t h e  c o n t r ib u t io n  f r o m  th e  a i r b o r n e  r a d i o n u c l i d e s  r e l e a s e d  
f r o m  n u c l e a r  f a c i l i t i e s  in  a d j a c e n t  a r e a s ,  a  p e r i p h e r a l  zo n e  s o m e  200 
m i l e s  w id e  an d  s u r r o u n d i n g  th e  b a s i c  s tu d y  a r e a  w a s  d e f in e d  an d  d e s i g n a t e d  
a s  th e  ' a i r  e n v e l o p e ' . W i th  t h e  a i r  e n v e lo p e  b o u n d a ry  r e g i o n  a d d e d ,  ab o u t  
25% of th e  t o t a l  US e l e c t r i c  g e n e r a t i o n  i s  r e p r e s e n t e d .  W a t e r b o r n e  r a d i o 
n u c l i d e s  r e l e a s e d  in  t h e  a i r  e n v e lo p e  a r e a  w e r e  no t  c o n s i d e r e d .  E s s e n t i a l l y  
no  w a t e r  f lo w ed  in to  t h e  c e n t r a l  s tu d y  r e g i o n  f r o m  th e  a i r  e n v e lo p e .  M u c h  
of th e  a r e a  c o n s i s t s  of f l a t  o r  u n d u la t in g  p r a i r i e  la n d ,  i n t e r r u p t e d  by  lo c a l ly  
h i l ly  a r e a s  and  in c i s e d  by t h e  w a t e r w a y s  o f  t h e  r e g io n .  T h e  g e n e r a l l y  
u n i f o r m  t o p o g r a p h y  s i m p l i f i e s  th e  b r o a d - s c a l e  a i r  f low , th u s  a v o id in g  u n d u e  
c o m p l i c a t i o n s  in  m o d e l l i n g  m e t e o r o l o g y .  T h e  m a j o r  w a t e r w a y s  a r e  the  
M i s s i s s i p p i  an d  M i s s o u r i  R i v e r s .
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R e c e n t  i n c r e a s e s  in  n u c l e a r  e n e r g y  g e n e r a t i o n  in  t h e  r e g i o n  a r e  
e x p e c t e d  to  co n t in u e  w i th  n u c l e a r  e x p e c t e d  to  p r o v i d e  o v e r  80% of the  
p r o j e c t e d  g e n e r a t i o n  in  t h e  y e a r  2000 . It i s  p r o j e c t e d  t h a t  t h e r e  w i l l  be 
189 g ig a w a t t s  (GW(e)) o f L W R  c a p a c i ty  a nd  172 GW(e) of L M F B R  c a p a c i ty  
a t  t h a t  t i m e .  T o  r e p r o c e s s  t h e  fu e l  f r o m  t h e s e  r e a c t o r s ,  e ig h t  1 5 0 0 - to n n e  
p e r  y e a r  an d  one 3 0 0 - to n n e  p e r  y e a r  r e p r o c e s s i n g  p l a n t s  a r e  r e q u i r e d .
T h e s e  f a c i l i t i e s  a r e  s i t e d  a s  sh o w n  in  F ig .  2 on th e  b a s i s  of F P C  p r o j e c t i o n s  
to  th e  y e a r  1990 a nd  i n f o r m e d  g u e s s e s  f r o m  th e  y e a r  1990 to  th e  y e a r  2000.

T h e  in f o r m a t i o n  f low  in  the  H E R M E S  m o d e l  ( s e e  F ig .  1 of th e  c o m p a n io n  
p a p e r  I A E A - S M - 1 7 2 /4 0 ,  t h e s e  P r o c e e d i n g s )  i s  a s  fo l lo w s :

(1). U s in g  th e  p r o j e c t e d  p o w e r  p la n t  an d  r e p r o c e s s i n g  p la n t  s i t i n g  
p a t t e r n s ,  a  s o u r c e  m a p  sh o w in g  th e  lo c a t io n  an d  q u a n t i ty  of r a d i o n u c l i d e  
r e l e a s e s  ( a s  a  fu n c t io n  of t i m e  to  th e  y e a r  2000) i s  e s t a b l i s h e d .

(2) T h e  a i r  c o n c e n t r a t i o n  and  d e p o s i t i o n  a t  a  c e n t r a l  p o in t  in  e a c h  of 
t h e  300 s u b r e g i o n s  ( c e n t r o i d s )  i s  d e t e r m i n e d  by c o m p u t in g  th e  a i r  t r a n s p o r t  
of th e  r e l e a s e d  r a d i o n u c l i d e s .  T h e  r a d i o n u c l i d e  d e p o s i t i o n  a t  th e  c e n t r o i d s  
due  to  w a t e r  t r a n s p o r t  i s  a l s o  d e t e r m i n e d .  In t r a n s p o r t i n g  th e  r a d i o n u c l i d e s  
t h r o u g h  a i r  an d  w a t e r ,  t h e  e f f e c t  of r a d i o a c t i v e  d e c a y  i s  in c lu d e d .

(3) T h e  u p ta k e  of d e p o s i t e d  r a d i o n u c l i d e s  an d  t h e i r  s u b s e q u e n t  c o n c e n t r a 
t i o n  in  v a r i o u s  food  t y p e s  w a s  t h e n  e s t i m a t e d .

(4) T r a n s p o r t  o f  food  to  m e e t  s u b r e g i o n a l  d e m a n d  (by c e n t r o id )  w a s  
s i m u l a t e d .  It w a s  a s s u m e d  t h a t  d e m a n d  f o r  food  w a s  f i r s t  m e t  by  food 
p r o d u c e d  in  th e  r e g i o n  and ,  if  food  h a d  to  b e  s h ip p e d  in  f r o m  o u t s id e  th e  
U M R B , i t  w ou ld  b e  n o n - r a d i o a c t i v e .

(5) A c c o u n t in g  f o r  w o r k  and  r e c r e a t i o n a l  h a b i t s ,  a s  w e l l  a s  l iv in g  
h a b i t s ,  th e  d o se  to  e a c h  p o p u la t io n  g ro u p  in  e a c h  c e n t r o i d  w a s  c a l c u l a t e d .
T h e  c a l c u l a t i o n s  a r e  b a s e d  on d i r e c t  e x p o s u r e  to  a i r b o r n e ,  d e p o s i t e d  and  
d i s s o l v e d  r a d i o n u c l i d e s  t o g e t h e r  w i th  i n t e r n a l  e x p o s u r e  f r o m  th o s e  i n g e s t e d  
o r  in h a le d .  A t p r e s e n t  th e  code  c a n  h a n d le  up  to  50 r a d i o n u c l i d e s ,  200 
r e l e a s e  p o in t s  an d  300 r e c e p t o r  ( c e n t ro id )  l o c a t i o n s .

T h e  a n a l y s e s  of t h e  U M R B  in v o lv e  45 s e p a r a t e  f i s s i o n  an d  a c t i v a t i o n  
p r o d u c t s  a n d  t h e i r  m o v e m e n t  th r o u g h  t e n  s e p a r a t e  p a th w a y s  t h a t  in c lu d e d  
s o m e  35 s e p a r a t e  c a t e g o r i e s  of fo o d s .  T h e  p o te n t i a l  p o p u la t io n  a n n u a l  
d o s e  w a s  c a l c u l a t e d  a s  w h o le - b o d y  d o s e  an d  a s  d o s e  to  e a c h  of s i x  body  
c o m p o n e n t s  — l i v e r ,  lun g ,  g a s t r o - i n t e s t i n a l  t r a c t ,  t h y r o id ,  b o n e  an d  sk in .
D o se  c o m m i t m e n t s  f o r  50 y e a r s  f r o m  th e  y e a r  2 000 in t a k e  w e r e  a l s o  
c a l c u l a t e d .  In d iv id u a l  a n n u a l  d o s e s  a t  e a c h  c e n t r o i d  w e r e  c a l c u l a t e d  f o r  
a v e r a g e  i n d iv id u a l s  an d  to  i n d iv id u a l s  r e p r e s e n t i n g  m a x i m u m  e x p o s u r e  
p o p u la t io n  g r o u p s  in  e a c h  of t h r e e  ag e  g r o u p s  (c h i ld ,  t e e n a g e r  and  a d u l t ) .
In a d d i t io n ,  i n t e g r a t e d  d o s e s  ( m a n - r e m s )  w e r e  c a l c u l a t e d  f o r  th e  s tu d y  a r e a  
a n d  f o r  e a c h  c e n t r o id .  F in a l ly ,  d o s e  c o n t r i b u t io n s  by  i s o to p e  a n d  by 
p a th w a y  w e r e  c a l c u l a t e d  f o r  e a c h  c e n t r o id .  A n  in d i c a t i o n  of th e  c o m 
p le x i ty  an d  d e t a i l  a s s o c i a t e d  w i th  one  r e g i o n a l  s e t  o f d o s e  c a l c u l a t i o n s  
i s  t h e  t h r e e  h o u r s  of r u n n i n g  t i m e  r e q u i r e d  on  a  UNIVAC 1108.

B e c a u s e  t h e  v a r i o u s  n u c l id e  s o u r c e s  an d  r e c e p t o r s  a r e  t r e a t e d  
i n d iv id u a l ly ,  i t  i s  p o s s i b l e  t o  d e t e r m i n e  f o r  any  of t h e  m a n y  r a d i o n u c l i d e s  
c o n s i d e r e d  a nd  f o r  any  s o u r c e  th e  e f f e c t  on d o s e  to  s e v e r a l  s p e c i f i c  body  
c o m p o n e n t s  in  s p e c i f i e d  p o p u la t io n  g r o u p s .  It i s  a l s o  p o s s i b l e  to  e x a m i n e  
th e  u l t i m a t e  e f f e c t i v e n e s s ,  i. e. t h e  r e d u c t i o n  in  d o s e  to  t h e  p o p u la t io n ,  
of v a r i o u s  p a r t i c u l a r  r a d w a s t e  t r e a t m e n t  s y s t e m s  in c lu d in g  t e c h n o l o g i c a l  
i m p r o v e m e n t s .
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(1) L ig h t  w a t e r  r e a c t o r  (LW R) r a d w a s t e  s y s t e m s  w e r e  r e p r e s e n t a t i v e  
of th o s e  p r e s e n t l y  i n c lu d e d  in  p la n t  d e s i g n s  t o  m e e t  th e  r e c e n t  p r o p o s e d  
U S A E C  g u id e l in e s  f o r  r a d i o n u c l i d e  r e l e a s e ;

(2) L iq u id  m e t a l  f a s t  b r e e d e r  r e a c t o r s  (L M F B R ) a nd  fu e l  r e p r o c e s s i n g  
p l a n t s ,  b e s i d e s  u t i l i z i n g  th e  r a d w a s t e  t r e a t m e n t  s y s t e m s  a p p l i e d  to  
L W R s ,  h a v e  a n o b le  g  a s  a b s o r p t i o n  s y s t e m ;

(3) No g a s e o u s  t r i t i u m  r a d w a s t e  t r e a t m e n t  s y s t e m s  w e r e  in c lu d e d  in  
s t a n d a r d  d e s i g n s  of n u c l e a r  p o w e r  o r  fu e l  r e p r o c e s s i n g  p l a n t s ;  and

(4) T r i t i u m  g e n e r a t e d  in  r e a c t o r  fu e l  w a s  a s s u m e d  to  r e m a i n  m o s t l y  
in  th e  fu e l  u n t i l  r e l e a s e d  d u r i n g  r e p r o c e s s i n g .  S e n s i t i v i t y  s t u d i e s  w e r e  
p e r f o r m e d  to  d e t e r m i n e  th e  e f f e c t s  of th e  a b o v e  a s s u m p t i o n s .

T h e  r e s u l t s  of th e  s tu d y  of th e  U M R B  b a s e d  on th e  s e l e c t e d  r a d w a s t e  
t r e a t m e n t  sh o w e d  th a t ,  on  th e  a v e r a g e  th r o u g h o u t  the  r e g i o n ,  t h e  p o t e n t i a l  
d o s e  a  r e p r e s e n t a t i v e  i n d iv id u a l  co u ld  r e c e i v e  in  th e  y e a r  2000 w o u ld  b e  
i n c r e a s e d  by  ro u g h ly  0. 2 m i l l i r e m  p e r  y e a r  b e c a u s e  of th e  p r e s e n c e  of 
n u c l e a r  f a c i l i t i e s .  N o t  in c lu d e d  in  t h i s  r e s u l t s  w a s  t h e  c o n t r i b u t io n  of 
t r a n s u r a n i u m  n u c l i d e s  o r  c l o s e - i n  d o s e  a s s o c i a t e d  w i th  e x p o s u r e  n e a r  
s p e c i f i c  f a c i l i t y  f e n c e l in e s .  H o w e v e r ,  s u b s e q u e n t  a n a l y s e s  in d i c a t e  th a t  
t h e s e  r e f i n e m e n t s  do n o t  s i g n i f i c a n t l y  c h a n g e  th e  r e s u l t s .  T h e y  w i l l  be 
in c lu d e d  in  the  T V R  s tu d y  to  h e lp  e n s u r e  th e  c o m p l e t e n e s s  of t h e  s tud y .

A s  in d ic a te d  in  F ig .  3, the  b u lk  of th e  p o p u la t io n  d o s e  r a t e  w a s  
a t t r i b u t e d  to  f o u r  p a th w a y s :  s u b m e r s i o n  in  a i r ,  in h a l a t i o n  of a i r ,  
t r a n s p i r a t i o n  of t r i t i u m  an d  e x p o s u r e  to  so i l .  T h e  d i s p e r s i o n  of r a d i o 
n u c l i d e s  w a s  g o v e r n e d  p r i m a r i l y  by a i r  t r a n s p o r t  r a t h e r  t h a n  by w a t e r  
t r a n s p o r t  o r  s h i p m e n t  o f fo o d s tu f f s .

A i r  in h a l a t i o n  w a s  th e  m a j o r  c o n t r i b u t o r  f o r  m o s t  body  c o m p o n e n t s ,  
e s p e c i a l l y  th e  lu n g s .  A i r  s u b m e r s i o n  an d  s o i l  e x p o s u r e  w e r e  m a j o r  s o u r c e s  
of e x t e r n a l  e x p o s u r e .  H e n c e ,  t h e y  w e r e  m a j o r  c o n t r i b u t o r s  to  s k in  d o s e .  
T r i t i u m  t r a n s p i r a t i o n  i s  a  r e l a t i v e l y  l a r g e  f a c t o r  f o r  the  w h o le  bo dy  and  
a l l  bo dy  c o m p o n e n t s  c o n s i d e r e d  e x c e p t  b o n e .  G e n e r a l l y ,  on ly  a b o u t  10% 
of th e  d o s e  r a t e  w a s  c o n t r i b u t e d  by  p a th w a y s  o t h e r  th a n  th e  f o u r  m a j o r  o n e s ,  
a l t h o u g h  f o r  s o m e  b od y  c o m p o n e n t s  i t  w a s  l a r g e r ,  r e a c h i n g  2 5% f o r  b on e .
Of th e  l e s s e r  p a th w a y s ,  in g e s t i o n  of d r i n k in g  w a t e r ,  m i l k  an d  b e e f  w e r e  
t h e  m o s t  i m p o r t a n t .

Of t h e  45 r a d i o n u c l i d e s  c o n s i d e r e d  in  t h e  s tu d y ,  F ig .  4 s h o w s  th a t  
t r i t i u m ,  io d in e  an d  c a e s i u m  c o n t r ib u t e d  ab o u t  95% of th e  w h o le - b o d y  d o s e  
r a t e  a n d  80% of th e  d o s e  r a t e  to  th e  b od y  c o m p o n e n t s ,  e x c e p t  f o r  th e  s k in  
w h e r e  k r y p t o n  an d  x e n o n  c o n t r i b u t i o n s  w e r e  im p o r t a n t .  T r i t i u m  w a s  
r e l e a s e d  p r i m a r i l y  f r o m  r e p r o c e s s i n g  p l a n t s  an d  w a s  a  m a j o r  c o n t r i b u t o r  
f o r  m a n y  of t h e  body  c o m p o n e n t s  an d  f o r  th e  w h o le  body. F o r  e x a m p l e ,  
i t  a c c o u n t s  f o r  ab o u t  85% of th e  w h o le - b o d y  d o s e  to  th e  a v e r a g e  ad u l t .
One r e a s o n  w hy t r i t i u m  w a s  t h e  d o m in a n t  c o n t r i b u t o r  w a s  th a t  i t  w a s  th e  
on ly  g a s e o u s  r a d i o n u c l i d e  f o r  w h ic h  t h e r e  w a s  no  w a s t e  s t r e a m  r e m o v a l .

Due to  i t s  a f f in i ty  f o r  t h e  th y r o id ,  io d in e  i s  a  m a j o r  c o n t r i b u t o r  to  
d o s e  r a t e  to  t h a t  o r g a n .  M a j o r  p a th w a y s  f o r  io d in e  a r é  a i r  in h a l a t i o n ,  
in g e s t i o n  of d r i n k in g  w a t e r ,  f r e s h  m i lk ,  b e e f  and  l a m b .  Io d in e  a l s o  
c o n t r i b u t e d  s u b s t a n t i a l l y  to  d o s e  to  t h e  g a s t r o - i n t e s t i n a l  (GI) t r a c t ,  b on e ,  
lu n g s  an d  sk in .

T he r a d w a ste  tr e a tm e n t a ssu m p tio n s  u se d  in  th e  UM RB study are:
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T A B L E  I. R E S U L T S  O F  P E R T U R B A T IO N S  O F  T H E  B A S E  CASE

Perturbations Results

No b o ttlin g  system s for noble gases. А 30% in crea se  in reg io n a l p opulation  

dose rate p rim a r ily  from  the ad d itio n a l 

85 Kr re leased  from  reprocessing plants.

D e la y  o f radw aste trea tm en t system  to A 35% in crea se  in re g io n a l pop u latio n

m e e t new AEC g u id e lin es. dose rate . A substantial fra ctio n  of 

in crease  due to 85 Kr.

T ritiu m  in LMFBR fu e l leaks to co o la n t T h e  gaseous re le a s e  from  fu e l

(90%) w here it  is co ld  trapped out. reprocessing p la n t (handling co m b in atio n  

of LWRs and LMFBRs) d ecreased  

by 15-2 5% .

N o ble gases b ottled  on LWRs. On a re g io n a l basis decreases.sk in  

doses by 20-30% .

No flo or drain re c y c lin g  for PWRs. Increases drinking w ater con tribution  

to dose by fa cto r o f three and 

increases in tegra ted  re g io n a l dose 

by about 6%.

T ritiu m  re m o v a l system s on a l l  fa c il it ie s Reduces the p o p u latio n  to ta l dose

w ith  a re m o v a l facto r o f 100. by a facto r o f 5.

O m ission o f 200 m ile  air e n v e lo p e . D ecreases p o p u latio n  to ta l dose by 

about 18%.

O m ission o f c lo s e - in  dose around D ecreases p o p u latio n  to ta l dose by

pow er and fu e l reprocessing p la n t. about 5%.

D e la y  in reprod ucing LMFBR fu els  reduced Increases pop u latio n  to ta l dose by

from  150 days to 30 days. about 40%. Increase due m ostly
. 131 T . 131to I and X e.

No n u clear pow er plants. Reduces the dose by about 25%; 

h en ce , reprocessing plants con tribu te  

about 75%  o f dose.

C a e s i u m - 134 an d  137 c o n t r i b u t e d  h e a v i ly  to  th e  d o s e  r a t e  in  th e  b o n e ,  
l i v e r ,  t o t a l  body  an d  GI t r a c t .  P r i n c i p a l  p a th w a y s  w e r e  d r i n k in g  w a t e r  
and  e x p o s u r e  to  so i l .  C e r i u m - 144 c o n t r i b u t e d  on ly  to  the  GI t r a c t .

X e n o n - 133 a n d  k r y p t o n - 85 w e r e  i m p o r t a n t  in th e  s k in  d o se  r a t e ;
K r  a c c o u n t e d  f o r  ab o u t  6% and  X e ab o u t  40%. X e n o n  a l s o  c o n t r i b u t e d  
a b o u t  9% of t h e  b o n e  d o s e .  S t r o n t i u m - 9 0 ,  z i r c o n i u m - 9  5, n io b i u m - 9 5  and  
r u t h e n i u m - 106 t o g e t h e r  c o n t r ib u t e d  3% of t h e  d o s e  to  t h e  GI t r a c t  and  
a b o u t  1% of th e  w h o le - b o d y  d o s e .  S t r o n t i u m - 9 0  a c c o u n te d  f o r  l e s s  t h a n  
1% of th e  a n n u a l  d o s e  r a t e  t o  t h e  b o n e  and  ab o u t  32% of t h e  5 0 - y e a r  
c o m m i t m e n t  to  t h e  bone .

T h e  e f f e c t  o f  t h e  r a d w a s t e  t r e a t m e n t  an d  o t h e r  a s s u m p t i o n s  w e r e  
e x a m i n e d  on th e  b a s i s  of t h e  s e n s i t i v i t y  s t u d i e s  g iv e n  in  T a b le  I. Of 
p a r t i c u l a r  i n t e r e s t  in  th e  s e n s i t i v i t y  s t u d i e s  w e r e ;
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(1) 75% of th e  p o p u la t io n  d o s e  i s  f r o m  th e  r e p r o c e s s i n g  p l a n t s
(2) T r i t i u m  c o n t r i b u t e s  a b o u t  80% of th e  p o p u la t io n  d o s e
(3) T h e  a i r  e n v e lo p e  c o n t r i b u t e s  a b o u t  18% of t h e  p o p u la t io n  d o s e
(4) A 3 0 - d a y  d e la y  in s t e a d  of 150 d a y s  in  t h e  r e p r o c e s s i n g  of L M F B R  

r e s u l t s  in  a  40% i n c r e a s e  in  p o p u la t io n  d o s e
(5) T h e  o m i s s i o n  of c l o s e - i n  d o s e  a r o u n d  n u c l e a r  f a c i l i t i e s  r e s u l t s  

in  on ly  a  5% d e c r e a s e  in  i n t e g r a t e d  p o p u la t io n  d o s e
(6) N o b le  g a s  b o t t l i n g  h a s  on ly  a  m o d e r a t e  e f f e c t  on  t h e  t o t a l  p o p u la t io n  

d o s e .

T H E  T V R  STUD Y

T h e  a r e a  of th e  c e n t r a l  s tu d y  r e g i o n  f o r  t h e  T V R  s tu d y  i s  sh o w n  in  
F ig .  2 of t h e  c o m p a n io n  p a p e r  I A E A - S M - 1 7 2 /4 0  ( t h e s e  P r o c e e d i n g s ) .  It is  
d e f in e d  by the  d r a i n a g e  b a s i n  of t h e  T e n n e s s e e  an d  C u m b e r l a n d  R i v e r s  
an d  t h e i r  t r i b u t a r i e s  a n d  it  e n c o m p a s s e s  a n  a r e a  of o v e r  60 000 s q u a r e  
m i l e s .  T h e  p o p u la t io n  of th e  a r e a  i s  p r e s e n t l y  ab o u t  4. 6 m i l l i o n  and  th e  
T VA  s y s t e m  w h ic h  s e r v e s  it  h a s  p r e s e n t l y  an  e l e c t r i c  g e n e r a t i n g  c a p a c i ty  of 
a b o u t  20 000 M W (e). A d d i t io n a l  c a p a c i ty  now u n d e r  c o n s t r u c t i o n  o r  on 
o r d e r  w i l l  add  a n o t h e r  14 000 M W (e) of new  c a p a c i ty  to  t h e  T V A  s y s t e m  by 
th e  end  of t h i s  d e c a d e .  A bou t  65% of th e  ne w  c a p a c i ty  w i l l  b e  n u c l e a r  and  
it  i s  e x p e c t e d  th a t  n u c l e a r  w i l l  co n t in u e  to  b e  a m a j o r  s o u r c e  of new  c a p a 
c i ty  th r o u g h o u t  t h i s  c e n tu r y .

An a i r  e n v e lo p e  s u r r o u n d i n g  t h e  s tu d y  r e g i o n  h a s  b e e n  d e f in e d ,  a s  in 
t h e  U M R B  s tu d y ,  t o  in c lu d e  t h e  r a d i o l o g i c a l  d o s e  c o n t r ib u t io n s  due  to  a i r  
t r a n s p o r t  of r a d i o a c t i v e  r e l e a s e s  in to  t h e  s tu d y  r e g i o n  f r o m  p la n t s  w i th  
th i s  e n v e lo p e .  T h e  r e s u l t s  of th e  U M R B  s tu d y  in d i c a t e d  t h a t  t h e  a i r  en v e lo p e  
c o n t r i b u t e d  ab o u t  18% of the  p o p u la t io n  d o s e  and  t h a t  an  a i r  e n v e lo p e  w id th  
of ab o u t  50 m i l e s  w o u ld  p r o v i d e  m o r e  t h a n  90% of i t s  c o n t r ib u t io n .  
A c c o r d in g l y ,  th e  a i r  e n v e lo p e  f o r  th e  T V R  s tu d y  e x te n d s  5 0 -8 0  m i l e s  f r o m  
th e  c e n t r a l  s tu d y  r e g i o n 1 s b o u n d a r i e s  an d  i s  in d i c a t e d  by th e  d a s h e d  l in e  
in  F ig .  5.

In  t h e  y e a r  2000  i t  i s  e s t i m a t e d  t h a t  t h e  c e n t r a l  s tu d y  r e g i o n  w i l l  h av e  
a  p o p u la t io n  of ab o u t  7 m i l l i o n  and  ab o u t  54% of th e  p e o p le  w i l l  b e  u r b a n  
d w e l l e r s ,  36% w i l l  l i v e  in  r u r a l  a r e a s  an d  no t  be  f a r m e r s  an d  10% w i l l  
b e  f a r m e r s .  T h e  T V R  i s  s u b d iv id e d  in to  a b o u t  140 p o p u la t io n  c e n t r e s  an d  
th e  d o s e  i s  c a l c u l a t e d  f o r  t h e  a v e r a g e  in d iv id u a l  in  e a c h  c e n t r e  f o r  e a c h  
of f o u r  ag e  g r o u p s  (bab y ,  ch i ld ,  t e e n a g e r  an d  a d u l t ) .  T h e  T V A  s y s t e m  
w h ic h  w i l l  s e r v e  t h e  c e n t r a l  s tu d y  r e g i o n  and  p o r t i o n s  of t h e  a i r  e n v e lo p e  
i s  e s t i m a t e d  to  h a v e  42 935 MW(e) of n u c l e a r  g e n e r a t i n g  c a p a c i ty  a t  th a t  
t i m e .  In th e  a i r  e n v e lo p e  a n  a d d i t io n a l  101 000 MW(e) of n u c l e a r  
g e n e r a t i n g  c a p a c i ty  i s  e s t i m a t e d  to  b e  a v a i l a b l e  in  a d d i t io n  to  T V A ' s 
c a p a c i ty .  T h e  ty p e s  of p l a n t s  h y p o th e s i z e d  f o r  t h e  a i r  e n v e lo p e  r e g i o n  
a r e  s i m i l a r  t o  t h o s e  u s e d  in  the  c e n t r a l  s tu d y  r e g i o n  and  in c lu d e  p r e s s u r i z e d  
l ig h t  w a t e r  r e a c t o r s  (P W R s ) ,  b o i l in g  l ig h t  w a t e r  r e a c t o r s  (B W R s) ,  h ig h  
t e m p e r a t u r e  g a s - c o o l e d  r e a c t o r s  (H T G R s)  an d  l iq u id  m e t a l  f a s t  b r e e d e r  
r e a c t o r s  (L M F B R s ) ,  W h ile  H T G R s  w e r e  no t in c lu d e d  in  t h e  U M R B  s tu d y ,  
t h e i r  i n t r o d u c t io n  in  t h i s  s tu d y  i s  n o t  e x p e c t e d  to  s i g n i f i c a n t l y  c h a n g e  the  
r e s u l t s .

T h e  s e l e c t i o n  of th e  n u m b e r  an d  ty p e s  of r e a c t o r s  and  t h e i r  s i t e s  b o th  
in  t h e  c e n t r a l  s tu d y  r e g i o n  and  a i r  e n v e lo p e  r e g i o n  w a s  a  m a t t e r  of
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T A B L E  И. R A D IO N U C L ID E S  A N A L Y S E D  IN T H E  T V R  STU D Y

4 4 2  STRAUCH et al.

R adionuclides LWR HTGR LMFBR F u el reprocessing p lan t

3 H X X X X

14 С - - - X

22 Na - - X -

58 C o X - - -

60 C o X - - -

85mKr X - - -

85 Kr X X X X

87 Kr X X - -

88 Kr X X - -

89 Kr X - - -

89 '
Sr X X - X

90 Sr X X - X

90 Y X X - X

91 Y X X - X

95 _ 
Zr X - - X

95X1U
Nb X X - X

103 Ru - - - X

106 RU - - - X

123mSn - - - X

i25m т е - X - -

ш т т е - X - -

129гпте X X - -

132 Т е X - - -

1311 X X - X
133

I X X - -

135 j X - - -

133 X e X X - X

I35mX e X - - _
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T ab le  II (con t. )

154 -Eu - - - X

238 _
Pu - - - X

239
Pu " - - X

240
Pu “ - - X

241
A m ■ - - X

242
C m - - - X

. 244 C m - - - X

p e r s o n a l  j u d g e m e n t  by  a  few  m e m b e r s  of th e  TVA s ta f f .  T h e i r  ju d g e m e n t  
w a s  g u id e d  p r i m a r i l y  by F e d e r a l  P o w e r  C o m m i s s i o n  p r o j e c t i o n s  an d  t h e i r  
ow n u n d e r s t a n d i n g  of th e  TVA  an d  a d j a c e n t  s y s t e m s .  T h e r e  w a s  no  a t t e m p t  
t o  o b ta in  o f f i c ia l  v a l i d a t i o n  of t h e s e  s e l e c t i o n s  by  t h e  u t i l i t y  s y s t e m s  in v o lv e d  
and  th e  r e a d e r  i s  c a u t io n e d  to r e m e m b e r  t h a t  th e y  a r e  a t  b e s t  i n f o r m e d  
g u e s s e s  f o r  t h e  y e a r  2000 .  In i n s t a n c e s  w h e r e  t h e  T V A  s t a f f  h a d  k n o w le d g e  
of s p e c i f i c  s i t e s  f o r  n u c l e a r  p l a n t s  t h e y  w e r e  e x c lu d e d  an d  n e a r b y  s i t e s  
w i th  s i m i l a r  to p o g r a p h y  w e r e  c h o s e n .  T h i s  t e c h n i q u e  of u t i l i z i n g  s t a f f  
of t h e  c o n c e r n e d  u t i l i t i e s  f o r 'p o w e r  p la n t  p r o j e c t i o n s  and  s i t i n g  i s  b e l i e v e d  
to  b e  s u p e r i o r  to  th e  c o m p u t a t i o n a l  an d  j u d g e m e n t  t e c h n i q u e s  u s e d  in  th e  
U M R B  s tu d y .

T h e  c i r c l e s  an d  t r i a n g l e s  in  F ig .  5 in d i c a te  th e  l o c a t io n  an d  s i z e  of the  
n u c l e a r  p o w e r  p la n t  s i t e s  in  t h e  y e a r  2000 . In t h e  c e n t r a l  s tu d y  r e g i o n  i t  is  
p r o j e c t e d  th a t  t h e r e  w i l l  be  29 u n i t s  of w h ic h  13 w i l l  be  P W R s ,  9 B W R s,
2 H T G R s  an d  5 L M F B R s  ( in c lu d e d  i s  a  4 00 -M W (e)  L M F B R  d e m o n s t r a t i o n  
p la n t  n e a r  O ak  R id g e ,  T e n n e s s e e )  on  11 s i t e s .  In th e  a i r  e n v e lo p e  r e g i o n  
i t  i s  p r o j e c t e d  th a t  t h e r e  w i l l  be  93 u n i t s  of w h ic h  38 w i l l  be  P W R s ,  13 B W R s ,  
20 H T G R s  an d  22 L M F B R s  on 35 s i t e s .

I t  i s  a s s u m e d  t h a t  a l l  th e  f u e l s  f r o m  th e  n u c l e a r  p o w e r  p l a n t s  in  b o th  
t h e  c e n t r a l  s tu d y  an d  a i r  e n v e lo p e  r e g i o n s  w i l l  be  r e p r o c e s s e d  in  lo c a l  
p l a n t s .  T h e  fu e l  t h r o u g h p u t  in  th e  y e a r  2000 r e q u i r e s  t h e  e q u iv a l e n t  of 
f o u r  fu e l  r e p r o c e s s i n g  p l a n t s  t h a t  h a v e  the  c a p a b i l i t y  o f h a n d l in g  1500 to n n e s  
p e r  y e a r  of L W R  f u e l s  (L M F B R  fu e l  c a n  b e  h a n d le d  in  m u l t i p u r p o s e  fu e l  
r e p r o c e s s i n g  p l a n t s  a t  o n e - h a l f  th e  r a t e  of L W R  fue l) .  T w o  of t h e  fu e l  
r e p r o c e s s i n g  p l a n t s  a r e  m u l t i p u r p o s e  p l a n t s  t h a t  a r e  c a p a b le  of p r o c e s s i n g  
L W R , H T G R  an d  L M F B R  fu e l s .  T h e  L W R s  w i l l  r e c y c l e  t h e  p lu t o n iu m  th e y  
g e n e r a t e  u n t i l  t h e r e  a r e  L M F B R s  a v a i l a b l e .  T h e  s i t i n g  of t h e  fu e l  r e 
p r o c e s s i n g  p l a n t s  w a s  a l s o  done  by  th e  p e o p le  w ho  s i t e d  t h e  p o w e r  p l a n t s .  
T h e y  w e r e  s i t e d  on th e  b a s i s  of l o c a t i o n  of t h e  lo a d ,  a v a i l a b i l i t y  of s e r v i c e s  
s u c h  a s  c o o l in g  w a t e r  and  a c c e s s  to  t r a n s p o r t a t i o n  and  c o n f o r m a n c e  of A E C  
s i t i n g  c r i t e r i a .  T h e  lo c a t io n  of th e  fu e l  r e p r o c e i s s i n g  p l a n t s  a r e  d e s i g n a t e d  
in  F ig .  5 by th e  r e c t a n g l e s .

A n a l y s i s  of r e l e a s e s  f o r  a l l  r e a c t o r  a n d  r e p r o c e s s i n g  p l a n t  ty p e s  
s u g g e s t e d  a  l i s t  of o v e r  100 r a d i o n u c l i d e s  f o r  in i t i a l  c o n s i d e r a t i o n .  T h e s e  
r a d i o n u c l i d e s  w e r e  s c r e e n e d  on th e  b a s i s  o f th e  r e s u l t s  o f th e  U M R B  s tu d y ,  
r e c e n t  s t u d i e s  a t  O R N L , H E D L  an d  B a t t e l l e  N o r t h w e s t  L a b o r a t o r i e s  on 
L W R  n u c l e a r  p o w e r  p la n t  r a d i o n u c l i d e  r e l e a s e s  an d  p r e l i m i n a r y  s e n s i t i v i t y  
c a l c u l a t i o n s .  T a b le  II i n d i c a t e s  th e  r a d i o n u c l i d e s  t h a t  w i l l  be  in c lu d e d



TENNESSEE VALLEY STUDY

FIG. 6. Inform ation  flo w  in  T V R  study.
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in  th e  p l a n t  r e l e a s e  a n a l y s i s .  I t  h a s  b e e n  d e t e r m i n e d  t h a t  t h e s e  44 r a d i o 
n u c l i d e s  w i l l  p r o v i d e  o v e r  99% of any  bo dy  c o m p o n e n t  d o s e .  S ix t e e n  of 
t h e  45 r a d i o n u c l i d e s  a n a l y s e d  in  t h e  U M R B  s tu d y  a r e  no t  in v o lv e d  in  the  
T V R  s tu d y .  Of t h e  f i f t e e n  n ew  r a d i o n u c l i d e s  on t h e  T V R  l i s t  th e  a d d i t io n  
of t r a n s u r a n i c s ,  p l u t o n i u m - 238, 239 an d  240, a m e r i c i u m - 2 4 1  a nd  
c u r i u m - 2 4 2  an d  244 a r e  p o s s ib ly  of t h e  m o s t  i n t e r e s t .  T h e  t r a n s u r a n i c s ,  
a l th o u g h  th e y  w e r e  e v a lu a t e d  in  s u p p l e m e n t a l  c a l c u l a t i o n s ,  w e r e  no t  
in c lu d e d  in  a l l  p h a s e s  of the  U M R B  s tu d y  b e c a u s e  of a n t i c i p a t e d  c o m p u t e r  
l i m i t a t i o n s .

T h e  H E R M E S  m o d e l  s i m u l a t e s  g e n e r a t i o n  of f i s s i o n  p r o d u c t s  in  r e a c t o r  
fu e l ,  a s  a l s o  a c t i v a t i o n  p r o d u c t s  f o r m e d  in  t h e  c o o la n t  an d  r e a c t o r .  It 
t h e n  e s t i m a t e s  th e  d i f fu s io n  of f i s s i o n  p r o d u c t s  f r o m  th e  fu e l  in to  th e  
co o la n t ,  t h e  t r a n s f e r  of r a d i o n u c l i d e s  to  th e  r a d i a t i o n  w a s t e  t r e a t m e n t  
s y s t e m  and  th e  t r e a t m e n t  o f r a d i o n u c l i d e s  a s  th e y  p a s s  t h r o u g h  e a c h  
c o m p o n e n t  of t h e  t r e a t m e n t  s y s t e m s .  F i n a l l y  i t  c a l c u l a t e s  t h e  r a t e s  of 
r e l e a s e  of r a d i o n u c l i d e s  t h r o u g h  g a s e o u s  an d  l iq u id  d i s c h a r g e  s t r e a m s .
T h e  r e p r o c e s s i n g  p l a n t s  a r e  t r e a t e d  in  a n  a n a lo g o u s  m a n n e r  w i th  a p p r o p r i a t e  
c o n s i d e r a t i o n  of p la n t  f e e d  r a t e  and  fu e l  ty p e .  T h e  c h o ic e  of th e  b a s i c  
r a d w a s t e  t r e a t m e n t  s y s t e m  f o r  th e  in d iv id u a l  p l a n t  t y p e s  f o r  th e  b a s e  
c a s e  in  th e  T V R  s tu d y  w a s  e s s e n t i a l l y  t h e  s a m e  a s  u s e d  in  t h e  U M R B  s tu d y  
w i th  d e c o n ta m in a t io n  c o e f f i c i e n t s  m o d i f i e d  to  r e f l e c t  th e  m o s t  r e c e n t  
i n f o r m a t io n .  T h e  r e l e a s e  t o  t h e  r e g i o n  e n v i r o n m e n t  a r e  t h e  r e s u l t s  of 
r e l e a s e s  a s s o c i a t e d  w i th  th e  n o r m a l  o p e r a t i o n  of n u c l e a r  p o w e r  p l a n t s  
an d  n u c l e a r  fu e l  r e p r o c e s s i n g  p l a n t s .  O th e r  p o te n t i a l  r e l e a s e s  a r e  no t 
c o n s i d e r e d  in  t h i s  s tu d y .

T h e  s u b m o d e l  in  t h e  H E R M E S  m o d e l  th a t  c o n s i d e r s  w a t e r  t r a n s p o r t  
(W TRAN) of r a d i o n u c l i d e s  h a s  b e e n  m o d i f i e d  to  a c c o u n t  f o r  t h e  l a r g e  
d a m s  and  r e s e r v o i r s  of th e  TVA  s y s t e m .  T im e  d e l a y s  a s s o c i a t e d  w i th  
r e s e r v o i r  s t o r a g e  and  s t r a t i f i c a t i o n  an d  t e c h n i q u e s  f o r  d e s c r i b i n g  r e c e n t l y  
m e a s u r e d  an d  h i s t o r i c a l  p a t t e r n s  of d e p o s i t i o n  of s e d i m e n t s  in  r e s e r v o i r s  
an d  n o n - i m p o u n d e d  r e a c h e s  h a v e  b e e n  a d d e d  to  W T R A N . T h e  m a j o r  
w a t e r w a y s  in  t h e  r e g i o n  a r e  t h e  T e n n e s s e e  a n d  C u m b e r l a n d  R i v e r s ;  w i th  
t h e i r  t r i b u t a r i e s  t h e r e  i s  a b o u t  2000  m i l e s  of r i v e r s  in  t h e  c e n t r a l  s tu d y  
r e g io n .

T h e  s u b m o d e l  c o n c e r n e d  w i th  a i r  t r a n s p o r t  of r a d i o n u c l i d e s  (A RTRA N) 
h a s  a l s o  b e e n  m o d i f i e d  to  a c c o u n t  f o r  t h e  v e r y  d i v e r s e  to p o g r a p h y  of th e  
T V R . It m a y  be  n e c e s s a r y  to  t r a c k  th e  p l a n t  r e l e a s e s  f r o m  s i t e s  th a t  
a r e  lo c a t e d  in  s h a r p l y  d e f in e d  v a l l e y s .  M e t e o r o l o g i c a l  c o n d i t io n s  in  t h e s e  
v a l l e y s  m a y  r e s u l t  in  th e  r a d i o n u c l i d e s  p i l in g  up  and  m o v i n g  dow n th e  v a l l e y  
s lo w ly .

T h e  d a t a  n e c e s s a r y  to  c o m p i l e  t h e  l i v in g  p a t t e r n s  a n d  d e m o g r a p h i c  
i n f o r m a t i o n  f o r  th e  T V A  y e a r  2000 a r e  b e in g  a s s e m b l e d  a n d  c o m p i le d  in 
e s s e n t i a l l y  t h e  s a m e  m a n n e r  a s  t h e  U M R B  y e a r  2000 s tu d y .  D e t a i l s  on 
r a d i o n u c l i d e  t r a n s p o r t  an d  d o s e  m o d e l l i n g  f o r  the  T V R  s tu d y  a r e  g iv e n  
a t  t h i s  S y m p o s iu m  in  t h e  p a p e r s ,  " M o d e l l i n g  th e  r e g i o n a l  t r a n s p o r t  of 
r a d i o n u c l i d e s  in  a m a j o r  U n i te d  S t a t e s  r i v e r  b a s i n "  ( I A E A - S M -1 7 2 /4 0 )  
an d  " M e th o d s  of e s t i m a t i n g  d o s e  to  m a n  f r o m  r e g i o n a l  g ro w th  of n u c l e a r  
p o w e r"  ( I A E A - S M - 1 7 2 /4 1 ) .

F i g u r e  6 i n d i c a t e s  th e  s c h e d u l in g  of th e  m a j o r  s u b c o m p o n e n t s  of the  
s tu d y .  M o s t  of t h e  in pu t  d a t a  a r e  p r o v i d e d  by O R N L  and  T V A  an d  a l l  of 
t h e  m a j o r  p a r t i e s  a r e  in v o lv e d  w i th  H E R M E S  m o d e l  m o d i f i c a t i o n s  f o r  th e  
T V R  s tu d y .  .H E D L  h a s  th e  p r i m e  r e s p o n s i b i l i t y  f o r  e f f e c t i n g  t h e  H E R M E S
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m o d e l  m o d i f i c a t i o n s  an d  p e r f o r m i n g  th e  r e q u i r e d  c a l c u l a t i o n s .  A l l  the  
m a j o r  p a r t i e s  w i l l  p a r t i c i p a t e  in  e s t a b l i s h i n g  th e  s e t  of c a l c u l a t i o n s ,  
a n a l y s i n g  th e m  and  p r e p a r i n g  t h e  s tu d y  r e p o r t .

A s  th e  s tu d y  i s  e s s e n t i a l l y  t h e  p r o d u c t  o f f o u r  m a j o r  p a r t i e s  and  
r e q u i r e s  in p u t  f r o m  o t h e r  s o u r c e s ,  it  r e q u i r e s  c lo s e  an d  e f f e c t i v e  
m a n a g e m e n t .  T h i s  m a n a g e m e n t  i s  p r o v i d e d  by  a n  e x e c u t iv e  c o m m i t t e e  
t h a t  i s  c o m p o s e d  of one  r e p r e s e n t a t i v e  f r o m  e a c h  of t h e  m a j o r  p a r t i e s  
(A E C , T VA , O R N L  an d  H E D L ).  J u d i c i o u s l y  a p p ly in g  th e  s p e c i f i c  c a p a b i l i t i e s  
and  r e s o u r c e s  a v a i l a b l e  w i th in  th e  c o - o p e r a t i n g  a g e n c i e s  w i l l  r e s u l t  in  
th e  s tu d y  b e in g  c o n d u c te d  in a n  o p t i m u m  m a n n e r .  T h i s  a s p e c t  h a s  b e e n  
r e c o g n i z e d  by a l l  p a r t i e s  and th e  s tu d y  i s  b e in g  co n d u c te d  w i th  a  h ig h  
d e g r e e  of e n t h u s i a s m  and  c o - o p e r a t i o n .

D I S C U S S I O N

A. B A Y E R : I u n d e r s t a n d  t h a t  y o u r  m o d e l  i s  f o r  a c e n t r a l  food  s u p p ly ,  
c o v e r i n g  a l a r g e  a r e a .  H av e  yo u  a l s o  c o n s i d e r e d  a  s e l f  food su p p ly  m o d e l  
in  y o u r  p r o g r a m ,  i.  e. a  m o d e l  r e l a t i n g  to  o n e  f a r m ?

S. S T R A U C H : F o r  th e  T e n n e s s e e  V a l le y  R e g io n  s tu d y  it  i s  b e in g  
a s s u m e d  t h a t  food t r a n s p o r t e d  in to  th e  R e g io n  w i l l  be  s u b j e c t e d  to  e s s e n t i a l l y  
th e  s a m e  r a d i o a c t i v i t y  a s  food  in  th e  R e g io n  i t s e l f .  H e n c e  th e  m o d e l  u s e d  is  
s i m i l a r  to  a  s e l f  food su p p ly  m o d e l .

R. S. B R U C E : I w as  i n t e r e s t e d  in  y o u r  e s t i m a t e s  o f  d o s e s  f r o m  io d in e  
(F ig .  5 of th e  p a p e r ) .  C ou ld  you  c o m m e n t  on  th e  h ig h  p r o p o r t i o n  (40%) of 
th e  d o s e  to  b o n e  w h ic h  i s  a t t r i b u t e d  to  io d in e ?

J .  F .  F L E T C H E R :  T h e  io d in e  c o n t r i b u t io n  to  bon e  d o s e  w a s  in  th e  f o r m  
of e x t e r n a l  g a m m a  r a d i a t i o n  f r o m  io d in e  d e p o s i t e d  on  th e  g ro u n d .

H. F .  M acD O N A L D : Do y o u  m a k e  an y  a l l o w a n c e  f o r  a c c i d e n t a l  r e l e a s e s  
in  y o u r  c u r r e n t  H E R M E S  s t u d i e s ?

S. S T R A U C H : Not in  th e  s t u d i e s  d i s c u s s e d  in  th e  p a p e r .  H o w e v e r ,  th e  
m o d e l  c a n  b e  u t i l i z e d  f o r  a c c i d e n t a l  r e l e a s e s  and  it  is  a n t i c ip a t e d  th a t  it  
w i l l  b e  so  u s e d .

H. F .  M acD O N A L D : f In  th e  l ig h t  o f  th e  r e l a t i v e l y  lo w  p o p u la t io n  d o s e s  
due  to  n o r m a l  o p e r a t i o n ,  a s  sh o w n  in  y o u r  U p p e r  M i s s i s s i p p i  R i v e r  B a s i n  
r e s u l t s ,  th e  d o s e  c o m m i t m e n t  r e s u l t i n g  f r o m  a s in g le  a c c i d e n t  m i g h t  e a s i l y  
b e  h ig h ly  s ig n i f i c a n t .

S. S T R A U C H : T h is  i s  s t r i c t l y  a fu n c t io n  o f  th e  ty p e  o f  a c c i d e n t .  A s  
I h a v e  j u s t  m e n t io n e d ,  we w i l l  p r o b a b l y  e x a m i n e  p o s s i b l e  a c c i d e n t s  w i th  
H E R M E S .

A. M A R TIN : D o es  th e  v a lu e  o f  0. 2 m r e m / y r  by  th e  y e a r  2000 in c lu d e  
th e  c o n t r ib u t io n  f r o m  w o r ld - w i d e  d i s t r i b u t i o n  o f  85K r ?

S. S T R A U C H : T h e  M i s s i s s i p p i  s tu d y  d o e s  n o t  in c lu d e  th e  w o r ld - w i d e  
c o n t r ib u t io n  o f  85K r .  H o w e v e r ,  i t  w i l l  b e  in c lu d e d  in  th e  T e n n e s s e e  s tu d y .

A. M A R TIN : I w ould  a l s o  l ik e  to  m a k e  a c o m m e n t  c o n n e c t e d  w ith  
t r i t i u m  in  d r i n k in g  w a t e r .  W o rk  w h ic h  m y  c o m p a n y  h a s  do n e  f o r  th e  N u c l e a r  
I n s t a l l a t i o n s  D i r e c t o r a t e  in  th e  U n ited  K in g d o m  s u g g e s t s  t h a t  th e  c o n t r ib u t io n  
to  d o s e  f r o m  t r i t i u m  in  d r i n k in g  w a t e r  m a y  b e  o f  th e  s a m e  o r d e r  a s  t h a t  due 
to  i t s  t r a n s p i r a t i o n .

J .  F .  F L E T C H E R :  T r i t i u m  in  d r i n k in g  w a t e r  a p p e a r e d  to  c o n t r i b u t e  o n ly  
to  a  s m a l l  e x te n t  to  d o s e .  E x c e p t  f o r  l ig h t  w a t e r  r e a c t o r s ,  a l l  t r i t i u m
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r e l e a s e s  w e r e  to  a i r .  O n ly  m i n o r  p o r t i o n s  w e r e  s u b s e q u e n t ly  t r a n s f e r r e d  to  
w a t e r c o u r s e s .  A ls o  th e  l a r g e  r i v e r s  in  th e  a r e a  h a d  a  c o n s i d e r a b l e  d i lu t in g  
e f f e c t .

A. M A R T IN : F i n a l l y ,  m a y  I s a y  t h a t  t h i s  i s  a  m o s t  i m p r e s s i v e  s tu d y  
an d  I w o n d e r  w h e th e r  y o u  co u ld  in d i c a te  th e  s c a l e  of th e  e f f o r t  in v o lv e d .

S. ST R A U C H : It to o k  ab o u t  tw o y e a r s  to  d e v e lo p  th e  H E R M E S  m o d e l  
and  to  c o n d u c t  t h e  s tu d y  of th e  U p p e r  M i s s i s s i p p i  R i v e r  B a s in .  T h i s  p o r t i o n  
of th e  w o r k  w a s  don e  a t  th e  H a n fo rd  E n g i n e e r i n g  D e v e lo p m e n t  L a b o r a t o r y  
u n d e r  t h e  d i r e c t i o n  o f  th e  U SA E C .

H. W IJ K E R : F r o m  how  m a n y  m e t e o r o l o g i c a l  s t a t i o n s  w e r e  th e  d a ta  
g a t h e r e d  f o r  th e  c a l c u l a t i o n s  and  w a s  t h e r e  a  m a r k e d  r e g i o n a l  s p r e a d  in  th e  
m e t e o r o l o g i c a l  c o n d i t i o n s ?

J .  F .  F L E T C H E R :  D a ta  f o r  th e  U p p e r  M i s s i s s i p p i  R i v e r  B a s i n  w e r e  
o b ta in e d  f r o m  44 m e t e o r o l o g i c a l  s t a t i o n s  o p e r a t e d  by  th e  US W e a t h e r  S e r v i c e  
in  th e  r e g i o n  u n d e r  s tu d y .  T h i s  r e g i o n  i s  f a i r l y  u n i f o r m  to p o l o g ic a l ly ,  and  
h e n c e  th e  c h a n g e s  in  m e t e o r o l o g i c a l  c o n d i t io n s  a c r o s s  th e  a r e a  a r e  g r a d u a l  
r a t h e r  t h a n  a b r u p t .

S. ST R A U C H : M e t e o r o l o g i c a l l y  s p e a k i n g ,  we s h a l l  h a v e  g r e a t e r  
p r o b l e m s  in  th e  T e n n e s s e e  R e g io n ,  w h e r e  th e  v a l l e y  s t r u c t u r e s  w i l l  m a k e  
i t  v e r y  d i f f ic u l t  to  m o d e l  th e  a i r  m o v e m e n t s .





IAEA-SM -172/40

MODELLING THE REGIONAL TRANSPORT 
OF RADIONUCLIDES IN A MAJOR 
UNITED STATES RIVER BASIN*

J.F. FLETCHER, W.L. DOTSON, D.E. PETERSON 
Hanford Engineering Development Laboratory,
Richland, W ash.,

R.P. BET SON
Tennessee Valley Authority,
Knoxville, T en n .,
United States of America

Abstract

M ODELU NG THE REGIONAL TRAN SPORT OF RADIONUCLIDES IN A  MAJOR UNITED S T A T E S  RIVER BASIN.

A  com p reh en siv e  study o f  th e  r a d io lo g ic a l im p lica tio n s  o f  la r g e - s c a le  use o f  n u clear pow er gen era tio n , 

addressed to the T en n esse e-C u m b e rlan d  River Basins in  the y e a r  2000, is  b ein g un d ertaken . In the course o f 

this study com puter m o d e llin g  tech n iq u es h a v e  b een  d ev e lo p ed  to e v a lu a te  the m o v em en t o f rad io n u clid es, 

b y  water and air transport, from  points o f  re le a s e  at a la rg e  num ber o f  p lan t sites and to c a lc u la te  patterns 

o f  ra d io n u clid e  co n cen tra tio n  throughout the reg io n  o f  study.

Air transport c a lc u la tio n s  u t i l iz e  a m o d ifica tio n  o f the b iv a r ia te  norm al eq u atio n , w ith  the v e r t ic a l 

param eter o z  c h a ra cte rize d  as a fu n ctio n  o f d istan ce  from  the source, s ta b ility  and m ix in g  la y e r  depth .

L o cal v a ria tio n s  in air flo w  caused by m ajo r terra in  featu res are  m o d e lle d . D e p le tio n  o f the airborne 

rad io n u clid es  by w e t and dry p re c ip ita tio n  processes is acco u n ted  for and th e  co n cen tra tio n s o f  deposited 

rad io n u clid es  are  c a lc u la te d . T h e  m o d e l sums con tribution s from  a l l  sources to p ro v id e resu ltan t patterns o f 

co n cen tra tio n  o f airborne and d eposited  rad io n u clid es , in clu d in g  contributions from  rad io n u clid es  deposited  

in  prior y e a rs. T h e  w ater transport m o d e l c a lc u la te s  stream  co n cen tra tio n s o f rad io n u clid es  in  solu tion  and 

absorbed on sedim en ts. E ffe cts  o f flo w  s tra tifica tio n  and sed im en t trapping in  reservoirs are con sid ered .

T h e  solu tion  of a ir-d ep o sited  ra d io n u clid es  and their subsequent transport in  ground and su rface  w aters are 

m o d e lle d . C a lc u la t io n a l routines are provided for s im u la tin g  ra d io n u c lid e  transport in  e a c h  stream  in  the 

b asin  and for c a lc u la tin g  th e resu ltan t co n cen tra tio n s in solu tion  and asso ciated  w ith  suspended and deposited 

sedim en ts.

T o g e th e r, th e  air and w ater transport m od els  are designed to c a lc u la te  re g io n a l patterns o f ra d io n u c lid e  

co n cen tra tio n s in  th e  en viron m en t th at result from  th e operation  o f n u clear f a c i l it ie s  in  a re g io n . T h ese  

co n cen tra tio n  patterns can  then  b e  ap p lied  to  the ev a lu a tio n  o f  r a d io lo g ic a l dose to m an.

A c o m p r e h e n s i v e  s tu d y  o f  th e  r a d i o l o g i c a l  i m p l i c a t i o n s  of l a r g e - s c a l e  
u s e  o f  n u c l e a r  p o w e r  g e n e r a t i o n ,  a d d r e s s e d  to  th e  T e n n e s s e e - C u m b e r l a n d  
r i v e r  b a s i n s  in  t h e  Y e a r  2000 ,  i s  b e in g  u n d e r t a k e n  jo in t ly  b y  th e  U n i te d  
S t a t e s  A to m i c  E n e r g y  C o m m i s s i o n  and  th e  T e n n e s s e e  V a l le y  A u th o r i ty ,  
w i th  p a r t i c i p a t i o n  b y  th e  H a n fo rd  E n g i n e e r i n g  D e v e lo p m e n t  L a b o r a t o r y  
(H E D L ),  th e  O ak  R id g e  N a t io n a l  L a b o r a t o r y  (O R N L ),  and  th e  A t m o s p h e r i c  
T u r b u l e n c e  and  D if f u s io n  L a b o r a t o r y  (A T D L ).  T h i s  s tu d y  b u i l d s  up o n  a. 
p r e v i o u s  s tu d y  o f  th e  U p p e r  M i s s i s s i p p i  R i v e r  B a s i n t 1] w h ic h  w a s  p e r 
f o r m e d  b y  H E D L  u n d e r  A E C  s p o n s o r s h i p .  D u r in g  t h a t  s tu d y  a c o m p u t e r  
m o d e l ,  H E R M E S ,  t 2] w a s  d e v e lo p e d  to  p e r m i t  e v a lu a t io n  o v e r  a  l a r g e  r e 
g io n ,  o f  th e  r e l a t i o n s h i p s  in v o lv in g  th e  r e l e a s e  o f  r a d i o n u c l i d e s  f r o m  
o p e r a t i n g  n u c l e a r  f a c i l i t i e s ,  th e  t r a n s p o r t  o f  t h e s e  r a d i o n u c l i d e s  in to  th e  
e n v i r o n m e n t ,  and  th e  r e s u l t i n g  d o s e  to  th e  p o p u la t io n  o f  th e  r e g i o n .  T h e

* Work performed for the US Atomic Energy Commission under contract AT (45-1)-2170 .
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F I G . l .  HERMES m o d e l in fo rm a tio n  flo w  structure.

a i r  an d  w a t e r  t r a n s p o r t  c o d e s  A R T R A N  and  W T R A N , u s e d  in  th e  H E R M E S  
m o d e l ,  а г э  d e s i g n e d  to  s i m u l a t e  th e  m o v e m e n t  of r a d i o n u c l i d e s  f r o m  t h e i r  
p o i n t s  o f  r e l e a s e  a t  a  l a r g e  n u m b e r  o f  p la n t  s i t e s ,  and  to  e v a lu a te  th e  r e 
s u l t i n g  p a t t e r n s  o f  r a d i o n u c l i d e  c o n c e n t r a t i o n s  in  th e  a i r ,  on  th e  g ro u n d ,  
an d  in  th e  s u r f a c e  an d  g r o u n d  w a t e r s  and  s e d i m e n t s .  D u r in g  th e  p r e s e n t  
s tu d y  th e  A R T R A N  an d  W T R A N  c o d e s  h a v e  b e e n  m o d i f i e d  fo r  u s e  w i th  th e  
m o r e  d i v e r s e  t o p o g r a p h y  of th e  T e n n e s s e e  V a l le y  R e g io n ,  and  th e  c o n s e 
q u e n t  c o m p l e x i t i e s  in  m e t e o r o l o g i c a l  an d  s t r e a m f l o w  c o n d i t io n s .

T h e  r e l a t i o n s h i p  of th e  A R T R A N  an d  W T R A N ’c o d e s  to  o t h e r  e l e m e n t s  
o f  t h e  H E R M E S  m o d e l  i s  i n d i c a t e d  in  F i g u r e  1.

T h e  H E R M E S  m o d e l ,  an d  p a r t i c u l a r l y  th e  t r a n s p o r t  c o d e s  A R T R A N  
an d  W T R A N , a r e  d e s i g n e d  to  h a n d le  m a s s i v e  a m o u n t s  o f  d a t a  and  to  p r o 
v id e  r e s u l t s  of a c c u r a c y  c o n s i s t e n t  w i th  t h a t  r e q u i r e d  f o r  r e g i o n a l  e v a l u 
a t i o n s  t h r e e  d e c a d e s  in  th e  f u t u r e .  A u x i l i a r y  c o d e s  a r e  a v a i l a b l e  to  
p r o v i d e  m o r e  d e t a i l e d  r e s u l t s  c lo s e  b y  s p e c i f i c  s i t e s .

C a l c u l a t i o n s  i n  th e  H E R M E S  m o d e l  a r e  r e f e r e n c e d  to  th e  c o n c e p t  of 
th e  " c e n t r o i d .  " T h e  r e g i o n  u n d e r  s tu d y  i s  s u b d iv id e d  in to  s m a l l e r  a r e a s - - 
f o r  c o n v e n ie n c e ,  th e  p o l i t i c a l  b o u n d a r i e s  o f  c o u n t i e s  a r e  u s e d  ( F i g u r e  2). 
W i th in  e a c h  a r e a  a  s i n g le  p o in t  i s  d e s i g n a t e d  a s  th e  c e n t r o i d  of t h a t  a r e a .  
A l l  c a l c u l a t i o n s  l e a d in g  to  e s t i m a t e s  o f  r a d i a t i o n  d o s e  a r e  r e f e r e n c e d  to  
t h e s e  c e n t r o i d s ;  t h u s ,  th e  r e g i o n a l  s tu d y  m à y  b e  c a r r i e d  out u s in g  a  
r e a s o n a b l e  n u m b e r  o f r e c e p t o r  l o c a t io n s .

AIR T R A N S P O R T  C A L C U L A T IO N S

T h e  a i r  t r a n s p o r t  co d e  A R T R A N  ( F i g u r e  3) i s  d e s i g n e d  to  c a l c u l a t e  
th e  a t m o s p h e r i c  r a d i o n u c l i d e  c o n c e n t r a t i o n s  a t  -each o f  a  l a r g e  n u m b e r  of 
" r e c e p t o r "  l o c a t io n s  w h ic h  r e s u l t  f r o m  a i r b o r n e  r e l e a s e s  a t  e a c h  n u c l e a r  
f a c i l i t y  u n d e r  c o n s i d e r a t i o n .  D e p le t i o n  o f  th e  a i r b o r n e  r a d i o n u c l i d e s  b y



IAEA-SM-172/40 4 5 1

F I G .2 . T en n esse e-C u m b e rlan d  V a lle y  study are a .
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FIG.3. ARTRAN code structural diagram .
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w et and  d r y  p r e c i p i t a t i o n  p r o c e s s e s  i s  c o n s i d e r e d ,  and  th e  r e s u l t i n g  c o n 
c e n t r a t i o n s  of g r o u n d - d e p o s i t e d  m a t e r i a l s  a t  e a c h  r e c e p t o r  l o c a t io n  a r e  
c a l c u l a t e d .  In  th e  s a m e  m a n n e r ,  d e p le t io n  o f  r a d i o n u c l i d e s  b y  r a d i o a c t i v e  
d e c a y  i s  c o n s i d e r e d  d u r i n g  t r a n s i t  a n d  a f t e r  s u r f a c e  d e p o s i t i o n ,  a s  i s  th e  
b u i ld u p  of d a u g h te r  n u c l i d e s .  F in a l ly ,  t h e  r e s i d u a l  c o n c e n t r a t i o n s  of n u 
c l i d e s  r e s u l t i n g  f r o m  d e p o s i t i o n  in  p r i o r  y e a r s  a r e  e s t i m a t e d .  U s in g  th e  
p r e s e n t  s t r u c t u r e  o f  th e  c o d e ,  t h e s e  c a l c u l a t i o n s  m a y  be  m a d e  fo r  up to  
50 r a d i o n u c l i d e s ,  200 r e l e a s e  p o in t s ,  and  300 r e c e p t o r  l o c a t io n s .

P l u m e  D if f u s io n

T h e  d i f fu s io n  of r a d i o n u c l i d e s  dow nw ind  f r o m  t h e i r  p o in t  o f  r e l e a s e  
i s  c a l c u l a t e d  u s in g  m o d i f i e d  f o r m s  o f  th e  G a u s s i a n  d i f fu s io n  e q u a t io n .  D u r 
in g  e a r l y  p h a s e s  o f  d i s p e r s i o n  o f  th e  e f f lu e n t  p lu m e ,  a v e r a g e  s t a n d a r d  
c o n c e n t r a t i o n s  a r e  c a l c u l a t e d  f r o m  e q u a t io n  (1):

- A hs * 4h - v 2\
xx = , / i  f Q exP ( ---------- 2--------- l l )

ir 00  x  a z '  2 o z /

w h e re :
3

m e a n  a i r  c o n c e n t r a t i o n ,  p C i / m  
dow nw ind  d i s t a n c e
p e r c e n t  f r e q u e n c y  of o c c u r r e n c e  of wind d i r e c t i o n  
r a t e  of r e l e a s e  of r a d io n u c l i d e ,  p C i / s e c  
m e a n  w ind  v e lo c i ty ,  m /  s e c
a n g u la r  w id th  of  a z im u th a l  s e c t o r  b e in g  c o n s i d e r e d ,  r a d i a n s  
(u s u a l ly  t a k e n  a s  -jL. f o r  a  16- s e c t o r  a z im u th )  
s t a n d a r d  d e v ia t io n  of  v e r t i c a l  d i s t r i b u t i o n  of a i r b o r n e  
c o n ta m in a n t ,  m  
s t a c k  h e ig h t ,  m  
t h e r m a l  p lu m e  r i s e ,  m
t e r r a i n  h e ig h t  (at d i s t a n c e  x) ab ov e  s t a c k  b a s e ,  m .

F o r  g r e a t  d i s t a n c e s ,  th e  v e r t i c a l  d i s t r i b u t i o n  of th e  a i r b o r n e  c o n 
t a m i n a n t s  i s  u n i f o r m  r a t h e r  t h a n  G a u s s i a n  n o r m a l .  In  th e  co d e ,  G a u s s i a n  
d i s t r i b u t i o n  i s  a s s u m e d  out to  th e  d i s t a n c e  w h e r e  2 .15 a z = zml3] (Zm i s  th e  
h e ig h t  of th e  m ix in g  l a y e r )  o r  to  a d i s t a n c e  of 70 k m ,  w h ic h e v e r  i s  l e s s .  
B e y o n d  t h i s  t r a n s i t i o n  p o in t ,  th e  r a d i o n u c l i d e s  a r e  a s s u m e d  to  b e  u n i f o r m ly  
d i s t r i b u t e d  v e r t i c a l l y  w i th in  th e  m ix in g  l a y e r .  C o n c e n t r a t i o n s  a r e  c a l c u 
l a t e d  as:

x x , Z  = ü 0 l V  
m m

T h e  m e t e o r o l o g i c a l  d a ta  r e q u i r e d  fo r  e q u a t io n s  (1) and  (2) a r e  o b 
t a i n e d  by  c o m p u t e r  a n a ly s i s  o f  s t a n d a r d  r e c o r d s  of o b s e r v a t i o n s  r o u t i n e l y  
m a d e  by  th e  U. S. N a t io n a l  W e a t h e r  S e r v i c e .  T h i s  a n a l y s i s  i s  m a d e  u s in g  
a  m o d i f i c a t i o n  o f  a  code  a t t r i b u t e d  to  T u r n e r .  T h i s  c od e  p r o v i d e s  s t a 
t i s t i c a l  jo in t  p r o b a b i l i t i e s  o f  o c c u r r e n c e  of th e  P a s q u i l l  s t a b i l i t y  c l a s s e s  
"A " th r o u g h  " F " ,  [5]o f  w ind d i r e c t i o n  (g ro u p e d  by  a z im u th  s e c t o r ) ,  w i n d - 
s p e e d  (g r o u p e d  in to  s ix  s p e e d  c a t e g o r i e s ) ,  th e  p r o b a b i l i t y  o f  o c c u r r e n c e  
o f  p r e c i p i t a t i o n ,  and p r e c i p i t a t i o n  r a t e .

V a lu e s  o f  th e  v e r t i c a l  s t a n d a r d  d e v ia t io n  p a r a m e t e r ,  a z , a r e  c a l c u 
l a t e d  b y  t h r e e  d i f f e r e n t  m e t h o d s  in  A R T R A N . F o r  d i s t a n c e s  l e s s  th a n  2 
k m ,  e s t i m a t e s  o f  a z a r e  o b ta in e d  f r o m  th e  c u r v e s  u s u a l ly  a t t r i b u t e d  to  
P a s q u i l l / 5] a s  sho w n  in  F i g u r e  4. F o r  d i s t a n c e s  g r e a t e r  th a n  2 k m  but
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DISTANCE FROM SOURCE (m)

F IG .4 . C o rrelatio n s for v e r t ic a l  d iffu sion  p ara m eter, o z .

T A B L E  I .  V A L U E S  O F  F A C T O R S  " a "  AND "b "  F O R  E V A L U A T IN G

S ta b i l i ty  C l a s s A В с D E F

a 0 .4 5 0.11 0. 061 0. 033 0. 023 0. 015

b 2.1 1 .1 0. 92 0. 60 0. 51 0. 45

w i th in  th e  r e g i o n  w h e r e  e q u a t io n  (1) i s  u s e d ,  °z i s  c a l c u l a t e d  a s  a  fu n c t io n  
of d i s t a n c e ,  °z = 1000 a  x^ , w i th  x e x p r e s s e d  in  k i l o m e t e r s .  T h e  f a c t o r s  
a  and  b a r e  l i s t e d  in  T a b le  I. At g r e a t e r  d i s t a n c e s  w h e r e  e q u a t io n  (2) i s  
u s e d ,  oz i s  a s s u m e d  to  b e  i d e n t i c a l  to  th e  m ix in g  l a y e r  d e p th ,  Zm . M ix ing  
d e p th  d a t a  a r e  p r o v i d e d  in  a c c o r d a n c e  w ith  th e  w o rk  of H o lz w o r th .

T h e  e x p r e s s i o n  fo r  e f f e c t iv e  h e ig h t  o f  r a d i o n u c l i d e  r e l e a s e  as g iv e n  
in  e q u a t io n  (1) i n c l u d e s  f a c t o r s  f o r  s t a c k  h e ig h t  (hs ), p lu m e  r i s e  (Ah) and  
a  " t e r r a i n  f a c t o r "  (ht). S tack  h e ig h t  i s  n o r m a l l y  a s s u m e d  to  b e  100 m e t e r s  
in  r e g i o n a l  e v a lu a t io n s ,  b u t  m a y  b e  s e p a r a t e l y  s p e c i f i e d  f o r  e a c h  n u c l e a r  
s i t e  i f  d e s i r e d .  P l u m e  r i s e  d ue  to  t h e r m a l  c o n d i t io n s  o r  e x i t  v e lo c i ty  i s  
u s u a l ly  n e g l ig ib l e  fo r  n u c l e a r  f a c i l i t y  e f f lu e n t s ,  b u t  th e  f a c t o r  Ah m a y  b e  
c a l c u l a t e d  b y  th e  m e th o d  g iv e n  b y  B r i g g s [ 7 ] a s  a  co d e  o p t io n .  T h e  t e r r a i n  
f a c t o r ,  p r o v i d e d  to  a c c o u n t  fo r  d i f f e r e n c e s  in  e l e v a t io n  in  th e  a r e a  s u r 
r o u n d in g  a  n u c l e a r  s i t e ,  i s  n o r m a l l y  s ig n i f i c a n t  o n ly  in  th e  h ig h ly  s t a b l e  
a t m o s p h e r i c  c o n d i t io n s  s p e c i f i e d  b y  P a s q u i l l  c l a s s e s  E  and  F .
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R a d io n u c l id e  c o n c e n t r a t i o n s  in  t h e  p lu m e  m a y  b e  d e p le t e d  d u r in g  
t r a n s i t  b y  d r y  d e p o s i t i o n  and  b y  p r e c i p i t a t i o n - i n d u c e d  d e p o s i t i o n ,  a s  w e l l  
a s  b y  r a d i o a c t i v e  d e c a y .  In  e v a lu a t in g  t h e s e  d e p le t i o n  p r o c e s s e s ,  th e  
r a d i o n u c l i d e s  c o n s i d e r e d  i n  A R T R A N  (T a b le  II) a r e  g r o u p e d  a c c o r d i n g  
to  t h e i r  p h y s i c a l  s t a t e s  and  c h e m i c a l  n a t u r e s ,  and  c o d ed  a s  fo l low s:

GS -  so lu b le  o r  c h e m i c a l l y  r e a c t i v e  g a s
GN - n o b le  g a s
P H  - p a r t i c u l a t e  h a lo g e n  i s o to p e
P F  - o t h e r  p a r t i c u l a t e  i s o to p e  (u s u a l ly  a s s u m e d  to  b e  an  o x ide )

T h e  d e p le t i o n  of p a r t i c u l a t e  m a t t e r  in  th e  p lu m e  due to  d r y  d e p o s i 
t i o n  p r o c e s s e s  d u r in g .u p w in d  t r a v e l  i s  d e r i v e d  f r o m  th e  r e l a t i o n s h i p  g iv e n  
b y  I. V an  d e r  H o v e n / I ^ J  a s  e x p r e s s e d  in  e q u a t io n  (3):

D e p o s it io n  and P lu m e D ep le tio n

E q u a t io n  (3) i s  a n a ly z e d  e x t e r n a l  to  th e  A R T R A N  co d e  to  p r o v i d e  a 
f a m i l y  of c u r v e s  a s  a  fu n c t io n  o f  t r a v e l  d i s t a n c e  and  s t a b i l i t y  c l a s s ,  
n o r m a l i z e d  to  v a l u e s  o f  Vd = 0. 01 m / s e c  and  u = 1. 0 m / s e c .  T h e s e  d a t a  
a r e  r e p r e s e n t e d  in  A R T R A N  a s  a s e t  of d e p l e t i o n - r a t i o  v a l u e s ,  Qx/Qo» 
c o m p i le d  a s  a  fu n c t io n  of dow nw ind  d i s t a n c e .  I n t e r m e d i a t e  v a l u e s  o f th e  
d e p le t i o n  r a t i o  a r e  d e r i v e d  in  th e  co d e  b y  i n t e r p o l a t i o n .  T r a n s l a t i o n  of 
t h e s e  r a t i o  to  t h o s e  s p e c i f i e d  b y  d i f f e r e n t  v a l u e s  o f  V¿ and  u i s  a c c o m 
p l i s h e d  a s  s u g g e s t e d  b y  V an  d e r  H o v e n  by

w h e r e  th e  s u b s c r i p t  1 r e f e r s  to  th e  c u r v e  v a lu e  and  th e  s u b s c r i p t  2 r e f e r s  
to  th e  d e s i r e d  v a lu e .

P l u m e  d e p le t io n  f a c t o r s  fo r  p r e c i p i t a t i o n  p r o c e s s e s  d u r i n g  t r a n s i t  
a r e  d e r i v e d  f o r  so lu b le  g a s e s  and  p a r t i c u l a t e  m a t t e r  (the in s o lu b l e  nob le  
g a s e s  a r e  no t d e p le t e d ) .  E n g e l m a n n P] g iv e s  a s e t  o f  c u r v e s  t h a t  d e p ic t  th e  
r a t i o s  o f  w a s h o u t  c o e f f i c i e n t s  to  th e  d i f f u s i v i t i e s  fo r  so lu b le  g a s e s  a s  a  
fu n c t io n  o f  p r e c i p i t a t i o n  r a t e .  T h e  K e l k a r - H a n f o r d  c u r v e  ( F i g u r e  5), w h ich  
a p p e a r s  to  b e  v e r y  n e a r l y  th e  m e a n  of th e  o t h e r  c u r v e s ,  w a s  c h o s e n  f o r  u se  
in  A R T R A N . A l e a s t - s q u a r e s  b e s t - f i t  e q u a t io n  f o r  t h i s  c u r v e  w a s  d e r i v e d  
a s  a  fu n c t io n  o f  th e  m o l e c u l a r  d i f fu s iv i t y  o f th e  so lu b le  g a s  c o n s t i t u e n t s  of 
th e  p lu m e  and  p r e c i p i t a t i o n  r a t e .  T h e  w a s h o u t  c o e f f i c i e n t s  f o r  t h e s e  g a s e s  
m a y  t h e n  b e  c a l c u l a t e d .  V e r y  s m a l l  p a r t i c l e s ,  g r o u p s  " P F "  and  "P H  1 in  
T a b le  II , m a y  a l s o  b e  r e g a r d e d  a s  g a s e s  i f  t h e y  a r e  c o n s i d e r e d  to  b e  u n 
a f f e c t e d  b y  e l e c t r i c a l  c h a r g e s  and  im p a c t i o n .  I n a s m u c h  a s  t h e r e  a r e  no 
d e f in i t iv e  d a t a  a v a i l a b l e  f r o m  w h ic h  w a s h o u t  c o e f f i c i e n t s  co u ld  b e  r e l i a b l y  
d e d u c e d  fo r  p a r t i c u l a t e s ,  t h i s  e q u a t io n  w a s  a l s o  c h o s e n  to  c a l c u l a t e  v a l u e s  
f o r  p a r t i c u l a t e s  w i th  th e  d i f fu s iv i ty  f a c t o r  s e t  to  1. B e c a u s e  of th e  u n 
c e r t a i n t i e s  t h a t  e x i s t  in  d e f in in g  r a i n o u t  m e c h a n i s m s  an d  th e  a d d i t io n a l  
d i f f i c u l t i e s  in  s p e c i fy in g  th e  d r o p  s i z e  s p e c t r a  f r o m  m o n th ly  m e a n  c l i m a  -  
to lo g y ,  A R T R A N  u s e s  th e  e s t i m a t e  a t t r i b u t e d  to  B y u tn e r  an d  G is i n a  of

x
(f)1/2 v*/a

(3)

(4)
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T A B L E  II .  R A D IO N U C L ID E S  C U R R E N T L Y  IN C L U D E D  IN  
H E R M E S  M O D E L  C A L C U L A T IO N S

N u clide Key+ N u c lid e Key+ N u clid e Ke>

3H GS
95.,,

Nb PF 138Xe GN

14c GS
103D

Ru PF 134Cs PF

22Na PF 106Ru PF
137
iA / Cs PF

58Co PF 123Sn PF
140R

Ba PF

O
'

о
n о PF 125Te PF 14 °La PF

85mKr GN 127mTe PF 1 4 1 Ce PF

85 Kr GN 129mTe PF- 144
Ce PF

87Kr GN 132Te PF 1 5 4 cEu PF

и

C
O

o
o

GN
131 j PH 238n

Pu PF

89Kr GN
133

PH
239n

Pu PF

89s r PF
135

PH 240dPu PF

90s r PF
133

GN 241Аш PF

9 °y PF 135mXe GN 242Cm PF

9 1 y PF 13 5 Xe GN 244Cm PF

95Zr PF 13 7 Xe GN

+Key i n d i c a t o r  sym bols (used  in  ARTRAN code) 

GN - N oble gas

GS - S o lu b le  (o r  r e a c t i v e )  gas 

PH - P a r t i c u l a t e  h a lo g e n  

PF - O th er p a r t i c u l a t e

3 x 10"5 s e c " !  fo r  t h e  r a i n o u t  c o e f f i c i e n t .  T h u s ,  th e  p lu m e  d e p le t io n s  fo r  
w a s h o u t  and  r a i n o u t  a r e  e s t i m a t e d ,  r e s p e c t i v e l y ,  f r o m

-A t , c ,:0 e (5)

and (63
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C\J
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Ll_
U J
O
O

RAINFALL RATE (mm/HR)

F I G .5 . R atios o f  w ashout c o e ff ic ie n ts  to  d iffu s iv itie s  for so lu b le  gases.

D u r in g  th e  w in t e r  s e a s o n  th e  g e n e r a l  p r e c i p i t a t i o n  c h a r a c t e r  c h a n g e s  f r o m  
r a i n  to  sn ow  in  th e  n o r t h e r n  l a t i t u d e s .  It h a s  b e e n  n o te d  b y  E n g e lm a n n t^ ]  
t h a t  sn o w  a p p a r e n t ly  h a s  ab o u t  one  to  t h r e e  t i m e s  th e  e f f e c t i v e n e s s  o f r a i n  
a t  th e  s a m e  p r e c i p i t a t i o n  r a t e ,  f o r  b o th  w a s h o u t  and  r a i n o u t  of p a r t i c l e s .
A s  a  c o n s e r v a t i v e  e s t i m a t e ,  th e  p r e c i p i t a t i o n  c h a r a c t e r  i s  t a k e n  to  b e  snow  
f o r  m o n t h s  of D e c e m b e r ,  J a n u a r y  and  F e b r u a r y ,  n o r t h  of 34° la t i t u d e ,  and  
th e  w a s h o u t  an d  r a i n o u t  c o e f f i c i e n t s  a r e  i n c r e a s e d  b y  a  f a c t o r  o f  tw o  fo r  
t h i s  p e r i o d .

P l u m e  d e p le t io n  due to  r a d i o a c t i v e  d é c a y ,  and  e n h a n c e m e n t  f r o m  
r a d i o a c t i v e  d a u g h te r  p r o d u c t s ,  a r e  c a l c u l a t e d  r e s p e c t i v e l y  f r o m

-At
(7)

and
X2~ X1

-X ^t

(8)

T h e  r e s i d u a l  p lu m e  c o n c e n t r a t i o n s ,  a f t e r  d e p le t i o n  b y  d e p o s i t i o n  and  
d e c a y ,  r e p r e s e n t  th e  i n s t a n t a n e o u s  c o n c e n t r a t i o n s  a t  th e  r e c e p t o r  lo c a t io n .  
D e p o s i t i o n  p r o c e s s e s ,  o f  c o u r s e ,  a l s o  o p e r a t e  a t  t h a t  lo c a t io n .  E s t i m a t e s ,  
o f  th e  r a t e s  o f s u r f a c e  a c c u m u la t i o n ,  <5 , a r e  o b ta in e d  a s  th e  p r o d u c t  of 
th e  a i r  c o n c e n t r a t i o n ,  x> a nd  t h e  a p p r o p r i a t e  d e p o s i t i o n  c o e f f i c i e n t  (V^,
Л, ф)„ T h e  c o n c e n t r a t i o n s  x a r e c a l c u l a t e d  in  A R T R A N  a s  m o n th ly  a v e r a g e  
c o n t r i b u t io n s  f r o m  e a c h  s o u r c e  to  th e  c o n c e n t r a t i o n s  a t  th e  r e c e p t o r  l o c a 
t io n .  H o w e v e r ,  d e p o s i t i o n  a t  th e  r e c e p t o r  lo c a t io n  of r a d i o n u c l i d e s  f r o m  
a  s in g le  s o u r c e  i s  no t g e n e r a l l y  c o n t in u o u s .  H e n c e ,  a  f a c t o r  т m u s t  b e
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i n t r o d u c e d ,  r e p r e s e n t i n g  th e  e f f e c t i v e  t i m e  e a c h  m o n th  in  w h ic h  a  g iv e n  
d e p o s i t i o n  p r o c e s s  i s  a c t i v e .  T h u s ,  th e  m o n th ly  a c c u m u l a t i o n  o f  r a d i o 
n u c l i d e s  f r o m  a g iv e n  s o u r c e  is :

w h e r e  th e  s u b s c r i p t s  o f  x r e p r e s e n t  e f f e c t i v e  t i m e s  fo r  d r y  d e p o s i t i o n ,  
w a s h o u t ,  and  r a i n o u t  r e s p e c t i v e l y .

T h e  c o n t r ib u t io n s  (бт) f r o m  e a c h  s o u r c e  a r e  s u m m e d  to  o b ta in  th e  
t o t a l  m o n th ly  d e p o s i t i o n .  T h e n ,  a s s u m i n g  th a t  th e  s u m m a t i o n  ( бт ) r e p 
r e s e n t s  c o n t in u o u s  d e p o s i t i o n  a t  r e d u c e d  r a t e s  d u r in g  th e  m o n th ,  th e  
m o n th ly  r e s u l t a n t  c o n c e n t r a t i o n  o f  e a c h  i s o to p e ,  a f t e r  d e c a y ,  a t  th e  
r e c e p t o r  l o c a t io n  i s  c a l c u l a t e d  as :

w h e r e  t  i s  th e  t o t a l  a v a i l a b l e  t i m e  ( e . g .  , in  o ne  m o n th ) .

L o n g - T e r m  A c c u m u la t io n

In  a d d i t io n  to  i t s  c a l c u l a t i o n s  o f  r a d i o n u c l i d e  d e p o s i t i o n  d u r i n g  th e  
y e a r  o f  s tu d y ,  A R T R A N  e s t i m a t e s  th e  r e s i d u a l  c o n c e n t r a t i o n s  of r a d i o 
n u c l i d e s  a c c u m u l a t e d  f r o m  d e p o s i t i o n  in  p r i o r  y e a r s .  In  m a k in g  t h e s e  
e s t i m a t e s ,  th e  m o n th ly  m e t e o r o l o g i c a l  c o n d i t io n s  a f f e c t i n g  t r a n s p o r t  and 
d e p o s i t i o n  in  e a c h  p r i o r  y e a r  a r e  a s s u m e d  to  b e  i d e n t i c a l  to  t h o s e  o f  th e  
y e a r  o f  s tu d y .  D a ta  on  th e  y e a r  of s t a r t u p  and  th e  a s s u m e d  o p e r a t i n g  
h i s t o r y  of e a c h  n u c l e a r  f a c i l i t y  a r e  a v a i l a b l e  f r o m  o t h e r  p o r t i o n s  of th e  
H E R M E S  m o d e l .  T h u s ,  th e  c o n t r ib u t io n  of a p la n t  to  d e p o s i t i o n  in  a  p r i o r  
y e a r  m a y  b e  c a l c u l a t e d  b y  m u l t i p ly in g  e a c h  m o n t h ' s  c o n t r ib u t io n s  to  d e p 
o s i t i o n  in  th e  s tu d y  y e a r  by- a  f a c t o r  r e p r e s e n t i n g  th e  p l a n t ' s  o p e r a t in g  
c h a r a c t e r i s t i c s  in  th e  p r i o r  y e a r .

F o r  e a c h  i n c r e m e n t  o f  d e p o s i t i o n  th u s  c a l c u l a t e d ,  e s t i m a t e s  a r e  
m a d e  o f  s u b s e q u e n t  d e p le t i o n  t h r o u g h  r e m o v a l  b y  r u n o f f  w a t e r ,  l e a c h in g  
in to  s u b s o i l  r e g i o n s ,  an d  r a d i o a c t i v e  d e c a y ,  to  p r o v i d e  e s t i m a t e s  o f  r e s i d 
u a l  c o n c e n t r a t i o n s  in  th e  y e a r  of s tu d y .  R u n o f f  and  l e a c h in g  c a l c u l a t i o n s  
a r e  m a d e  u s in g  r a i n f a l l  d a t a  fo r  th e  r e c e p t o r  lo c a t io n ,  an d  c h e m i c a l  and  
s o l u b i l i t y  c h a r a c t e r i s t i c s  of th e  e l e m e n t s  in v o lv ed .

In  th e  m o d e l in g  o f  l a r g e  r e g i o n s ,  u s e  of th e  A R T R A N  co d e  c a n  i n 
v o lv e  on  th e  o r d e r  o f  lO1^ c a l c u l a t i o n s  in  th e  i t e r a t i v e  lo o p s .  T o  av o id  
e x c e s s i v e  c o m p u t e r  t i m e  r e q u i r e m e n t s ,  t h e r e f o r e ,  o p t io n s  a r e  p r o v i d e d  
w h ic h  p e r m i t  th e  o m i s s i o n  o f  c a l c u l a t i o n s  w h ic h  w i l l  h a v e  i n s ig n i f i c a n t  
e f f e c t  o n  th e  r e s u l t s  - -  f o r  e x a m p l e ,  t h e  c a l c u l a t i o n  o f  c o n t r i b u t io n s  f r o m  
a  n u c l e a r  s i t e  a t  s i g n i f i c a n t l y  g r e a t e r  d i s t a n c e  f r o m  a  r e c e p t o r  lo c a t io n  
t h a n  s e v e r a l  c l o s e r ,  s i m i l a r  s i t e s .  J u d i c io u s  u s e  of t h e s e  o p t io n s  p e r m i t s  
s i g n i f i c a n t  s a v i n g s  in  c o m p u t e r  t i m e  w i th o u t  a p p r e c i a b l e  e f f e c t  on  r e s u l t s .

(бт) = x (VdTd + Л Tw + ^тг ) (9)

Сm
(10)

W A T E R  T R A N S P O R T  M O D E L IN G

T h e  t r a n s p o r t  o f  r a d i o n u c l i d e s  b y  w a t e r  i s  m o d e l e d  b y  m e a n s  of th e  
H E R M E S  co de  W T R A N . T h i s  c o d e  i s  d e s i g n e d  to  c a l c u l a t e  c o n c e n t r a t i o n s ,  
in  s t r e a m s ,  of r a d i o n u c l i d e s  b o th  in  s o lu t io n  a n d  a d s o r b e d  on  s e d i m e n t s .



4 5 8 FLETCHER e t a l.

R A IN F A L L ,  E V A P O R A T IO N  W ET & D R Y D E P O S IT IO N  R E A C T O R  R A D IO N U C L ID E
A N D  U N IT  R U N O F F  D A T A  F R O M  ATM O S P H ER E  IN P U T

F I G .6 . W TRAN co d e  fu n ctio n a l d ia g ra m .

In  a d d i t io n ,  c o n c e n t r a t i o n s  a r e  c a l c u l a t e d  f o r  l a k e s  fed  b y  lo c a l  ru n o f f ,  
f o r  s h a l lo w  g r o u n d w a t e r  r e c h a r g e d  lo c a l ly ,  an d  fo r  a r t e s i a n  g r o u n d w a te r  
r e c h a r g e d  f r o m  d i s t a n t  s o u r c e s .  A d a t a  f l o w c h a r t  f o r  W T R A N  i s  sho w n  
in  F i g u r e  6.

C h e m i c a l  e l e m e n t  s c a n  b e  t r a n s p o r t e d  in  a  s t r e a m  in  tw o  g e n e r a l  
w ay s :  in  s o lu t io n ,  e i t h e r  io n ic  o r  m o l e c u l a r ,  and  in  s u s p e n s io n ,  th r o u g h  
a s s o c i a t i o n  w i th  p a r t i c u l a t e s  r a n g i n g  in  s i z e  f r o m  c o l lo id a l  m a t e r i a l  to  
p a r t i c l e s  s e v e r a l  m i l l i m e t e r s  in  d i a m e t e r . [8 ,9 ]  In  th e  W T R A N  m o d e l ,  ion  
e x c h a n g e  i s  a s s u m e d  to  b e  t h e  d e t e r m i n i n g  f a c t o r  in  th e  t r a n s p o r t  o f  r a d i o 
n u c l i d e s  t h r o u g h  th e  h y d r o l o g i e  s y s t e m .  T h e  c h e m i c a l  an d  p h y s i c a l  c o m 
p o s i t i o n  o f  a  s t r e a m  c a n  b e  a n  i m p o r t a n t  f a c t o r  in  d e t e r m i n i n g  th e  f a t e s  o f  
th e  v a r i o u s  r a d i o n u c l i d e s  t h a t  e n t e r  a  s t r e a m .  C o n s e q u e n t ly ,  th e  p r o p o r 
t i o n  o f  a  g iv e n  r a d i o n u c l i d e  e n t e r i n g  a  s t r e a m  o r  th e  g r o u n d w a te r  s y s t e m  
th a t  i s  t r a n s p o r t e d  in  s o lu t i o n  i s  d e t e r m i n e d  b y  a  d i s t r i b u t i o n  c o e f f i c i e n t ,  
K D ’. w h ic h  i s  th e  r a t i o  of th e  f r a c t i o n  o f  io n s  s o r b e d  p e r  un it  w e ig h t  o f  
s e d i m e n t  to  t h e  f r a c t i o n  of i o n s  r e m a i n i n g  in  s o lu t i o n  p e r  u n i t  v o lu m e  of 
s o lu t io n .

T h e  d i s t r i b u t i o n  c o e f f i c i e n t  r e p r e s e n t s  a n  e q u i l i b r i u m  c o n d i t io n  fo r  
t r a c e  q u a n t i t i e s  o f  c h e m i c a l  e l e m e n t s  in  th e  p r e s e n c e  o f  r e l a t i v e l y  h ig h  
h o m o lo g o u s  s a l t  c o n c e n t r a t i o n s .  It m a y  b e  found  e x p e r i m e n t a l l y  fo r  
a w a t e r s h e d  u s in g  r e p r e s e n t a t i v e  s a m p l e s  of s e d i m e n t  and  s t r e a m  w a t e r .  
F o r  r i v e r s  in  th e  T e n n e s s e e  an d  C u m b e r l a n d  B a s i n s ,  K d  v a l u e s  fo r  s e l 
e c t e d  r a d i o n u c l i d e s  a r e  b a s e d  on  e x p e r i m e n t a l  d a t a  o b ta in e d  a t  O ak  R id g e  
N a t io n a l  L a b o r a t o r y .
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T h e  f i r s t  s t e p  in  th e  e v a lu a t io n  o f  t r a n s p o r t  o f r a d i o n u c l i d e s  in  
s t r e a m s  i s  th e  s i m u l a t i o n  of th e  r i v e r  s y s t e m s  u n d e r  s tu d y  an d  th e  d e r i v a 
t i o n  o f  t h e i r  s t r e a m f l o w  c h a r a c t e r i s t i c s .  T h e  b a s i c  s t r u c t u r e  o f  th e  r i v e r  
s y s t e m  i s  d e f in e d  t h r o u g h  u s e  of t w o - l e t t e r  s y m b o ls .  T h e  f i r s t  l e t t e r  c o r 
r e s p o n d s  to  th e  d e s i g n a t i o n  o f  th e  t r u n k  s t r e a m  of  o ne  o f  th e  14 m a j o r  r i v e r  
b a s i n s  o f t h e  U n i te d  S t a t e s ,  a s  d e f in e d  b y  th e  U. S. G e o lo g ic a l  S u rv e y .  [10] 
T h e  s e c o n d  l e t t e r  o f  th e  s y m b o l  d e f i n e s  t r i b u t a r y  s t r e a m s ,  in  u p s t r e a m -  
t o - d o w n s t r e a m  o r d e r ,  w h ic h  e n t e r  th e  m a i n  s t e m .  D i s t a n c e s  a lo n g  e a c h  
r i v e r  a r e  d e f in e d  in  d i s t a n c e  u p s t r e a m  f r o m  th e  m o u th  ( r i v e r  m i l e s  o r  
r i v e r  k m ) .  T h e  c o n f l u e n c e s  of s t r e a m s  a r e  g iv e n  in  t e r m s  of r i v e r  m i l e  
o f  th e  m a i n  s t e m  (m i le  0 of th e  m i n o r  s t r e a m  i s  d e f in e d  a t  t h a t  p o in t ) .  
C e n t r o i d a l  a r e a s  w h ic h  a r e  in c lu d e d  in  th e  d r a i n a g e  b a s i n  o f  e a c h  s t r e a m  
a r e  id e n t i f i e d .  T h e  T e n n e s s e e - C u m b e r l a n d  r i v e r  s y s t e m  i s  sh o w n  in  
F i g u r e  7.

F o r  c o m p u t a t i o n a l  p u r p o s e s ,  th e  r i v e r s  a r e  s u b d iv id e d  in to  r e a c h e s  
(o r  r e s e r v o i r s ) .  D e t a i l e d  d im e n s i o n s  of r i v e r  c r o s s  s e c t i o n s  a r e  m o d i f i e d  
f o r  c o m p u t e r  u s e  b y  t r a n s f o r m i n g  t h e m  in to  e q u iv a l e n t  t r a p e z o i d a l  s e c t i o n s  
w h e r e  th e  s u r f a c e  an d  c r o s s - s e c t i o n a l  a r e a s  a r e  c o n s e r v e d  and  th e  d ep th  
i s  t a k e n  a s  th e  a v e r a g e  d e p th  ( F i g u r e  8). A r e a c h  i s  s p e c i f i e d  in  th e  code  
in  t e r m s  o f  i t s  le n g th ,  th e  r i v e r - m i l e  lo c a t io n  of i t s  u p s t r e a m  end ,  and  th e  
d i m e n s i o n s  of th e  t r a p e z o i d a l  s e c t i o n s  a t  e a c h  end  of th e  r e a c h .

. S t r e a m f l o w  d a t a  a r e  r e a d  in  as m e a n  f lo w s  fo r  e a c h  m o n th  of th e  y e a r .  
T h e s e  d a t a  a r e  no t  r e s t r i c t e d  to  a v e r a g e  c o n d i t io n s ;  m e d i a n  o r  low  f low s 
m a y  a l s o  b e  o f  i n t e r e s t .  T h e  s t r e a m f l o w  r e c o r d s ,  th e  b a s i s  f o r  inp u t  i n 
f o r m a t i o n ,  a r e  u s u a l ly  o b ta in e d  f r o m  U. S. G e o lo g ic a l  S u rv e y  W a te r  Sup
p ly  P a p e r s .  [10] F r e q u e n t l y ,  th e  U. S. A r m y  C o r p s  o f  E n g i n e e r s  h a s

S trea m flo w  C a lcu la t io n s

FIG .7. Tennessee-Cum berland River system.
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FIG . 8. M ethod o f m o d e lin g  riv er section s.

a d d i t i o n a l  f low  i n f o r m a t i o n  in  u n p u b l i s h e d  f o r m ;  t h u s ,  s t a t i s t i c a l  f lo w -  
d u r a t i o n  c u r v e s  o r  t a b l e s  a r e  o f t e n  a v a i l a b l e .  In  th e  T e n n e s s e e  V a l le y  th e  
T e n n e s s e e  V a l le y  A u th o r i ty ,  w h ic h  h a s  d e t a i l e d  i n f o r m a t i o n  of th e  a r e a ' s  
h y d r o lo g y ,  i s  p r o v i d in g  th e  inp u t  d a t a  fo r  th e  s tu d y .

N o r m a l l y ,  r e c o r d e d  flow  d a t a  a r e  a v a i l a b l e  o n ly  fo r  a  few  p o in t s  
a lo n g  a  g iv e n  s t r e a m .  T h e  flow  d a t a  a r e  i n t e r p o l a t e d  b y  W T R A N  to  a s s i g n  
m o n t h ly  flow  v a l u e s  fo r  e a c h  r e a c h  o f  r i v e r .  In  t h i s  p r o c e s s  c o n s i d e r a t i o n  
i s  t a k e n  b o th  of t h e  d i s c r e t e  a d d i t i o n s  a s  t r i b u t a r i e s  e n t e r  in to  th e  m a i n  
s t r e a m ,  an d  o f  th e  a d d i t i o n s  f r o m  s u r f a c e  w a t e r  r u n o f f  in  e a c h  c e n t r o i d a l  
a r e a  in  th e  d r a i n a g e  b a s i n .  U s in g  th e  a s s i g n e d  m o n th ly  flow v a l u e s  and  
d i m e n s i o n s  o f  e a c h  r i v e r  r e a c h ,  flow  t r a n s i t  t i m e s  a r e  c a l c u l a t e d .

W T R A N  i s  a l s o  c a p a b le  o f  m o d e l in g  th e  e f f e c t s  of t r a n s i e n t  c o n d i t io n s  
in  f low  o r  in  r a d i o n u c l i d e  a d d i t io n s ,  an d  of d e n s i t y  c u r r e n t s ;  n o r m a l l y  
t h e s e  c a p a b i l i t i e s  a r e  no t u s e d  in  th e  p r e s e n t  s t u d i e s .

S o lu t io n  T r a n s p o r t

T h e  r i v e r  b a s i n  s t r e a m f l o w  m o d e l  i s  u s e d  to  c a l c u l a t e  th e  t r a n s p o r t , 
d i lu t io n ,  an d  r a d i o a c t i v e  d e c a y  of r a d i o n u c l i d e s  i n t r o d u c e d  in to  th e  s y s t e m .  
T h e  m o d e l  c o n s i d e r s  b o th  th e  d i r e c t  i n t r o d u c t io n  of n u c l i d e s  t h r o u g h  th e  
e f f lu e n t  s t r e a m s  of n u c l e a r  f a c i l i t i e s  and  th e  a d d i t io n s  of s u r f a c e  ru n o f f  
w a t e r  c a r r y i n g  a i r - d e p o s i t e d  r a d i o n u c l i d e s .  I t  w a s  found  c o n v e n ie n t  in  th e  
c o m p u t e r  c a l c u l a t i o n s  to  i n t e g r a t e  th e  a i r - d e p o s i t e d  r a d i o n u c l i d e s  fo r  a 
g iv e n  a r e a  and  a s s u m e  th a t  t h e i r  e n t r y  in to  th e  s t r e a m  o c c u r s  a t  a  s in g le  
p o in t ,  r a t h e r  t h a n  to  u t i l i z e  a  m o r e  c o m p l e x  o v e r l a n d  h y d r o lo g ie  ro u t in g  
p r o c e d u r e .  F o r  t h i s  a  l u m p e d - p a r a m e t e r  a p p r o a c h  i s  u s e d  in  w h ich  a 
r i v e r  l o c a t io n  in  th e  d r a i n a g e  n e tw o r k  i s  s p e c i f i e d  a t  w h ic h  th e  lo a d  f r o m  
a  g iv e n  d r a i n a g e  i s  r e l e a s e d  to  a  s t r e a m .  R e l e a s e s  f r o m  p o w e r  p l a n t s  o r  
r e p r o c e s s i n g  p l a n t s  a r e  c a l c u l a t e d  a s  d i r e c t  a d d i t i o n s  to  s t r e a m f l o w  a t  th e  
p l a n t  l o c a t i o n s .

C o n c e n t r a t i o n s  of r a d i o n u c l i d e s  in  s o lu t i o n  in  a  g iv e n  s t r e a m  a r e  
c a l c u l a t e d  b y  th e  a lg o r i t h m :

Сx , t  Q .’ Xx , t

Л A 4- ^“ÀAt ^ ^  Q  Q

Q ( x - A x ) ,  ( t - A t )  ( x - A x ) ,  ( t - A t )  6 i (11)
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w h e r e  C x t  = c o n c e n t r a t i o n  in  r e a c h  x, a t  t i m e  t.
Q x t  = s t r e a m f l o w  in  r e a c h  x, a t  t i m e  t.
X * = r a d i o a c t i v e  d i s i n t e g r a t i o n  c o n s t a n t .

Q jC i  = f r a c t i o n  a d d e d  in  r e a c h  x due  to  t r i b u t a r y  flow, 
c o o l in g  w a t e r  f r o m  p o w e r  p l a n t s ,  e t c .

In  c a s e s  w h e r e  a t r i b u t a r y  s t r e a m  i s  l a r g e  e n o u g h  to  b e  c o n s i d e r e d  th e  
t r u n k  r i v e r  o f  a  s u b b a s in ,  a  c o n c e n t r a t i o n  i s  c a l c u l a t e d  a t  i t s  m o u th  fo r  
e a c h  t i m e  p e r i o d  s i m u l a t e d  ( n o r m a l l y  c o r r e s p o n d i n g  to  m o n th ly  s t e a d y -  
s t a t e  c o n d i t io n s )  an d  s t o r e d  w i th  i t s  a s s o c i a t e d  flow fo r  in p u t  to  th e  m a i n  
s t e m .  T h e  c a l c u l a t i o n s  a b o v e  a r e  s t e p p e d  th r o u g h  a  s t r e a m  s y s t e m ,  f r o m
u p s t r e a m ' t o  d o w n s t r e a m ,  and  a r e  r e p e a t e d  fo r  e a c h  n u c l id e  f o r  e a c h  m o n th .

In  th e  c a s e  o f  th e  T e n n e s s e e - C u m b e r l a n d  B a s i n  an d  a l s o  o t h e r  b a s i n s  
w i th  l a r g e  s t r a t i f i e d  r e s e r v o i r s ,  a  d e la y  f a c t o r  b e tw e e n  th e  m o n th  o f  e n t r y  
o f  r a d i o n u c l i d e s  in  s o lu t io n  in to  a  r e s e r v o i r  an d  th e  m o n th  of e x i t  f r o m  th e  
r e s e r v o i r  i s  n e c e s s a r y  to  a c c o u n t  f o r  a t t e n u a t i o n  r e s u l t i n g  f r o m  s t o r a g e  
in  s t r a t i f i e d  z o n e s  and  f r o m  g iv e n  p a t t e r n s  o f  w i t h d r a w a l .  T h i s  i s  a c 
c o m p l i s h e d  in  th e  c o d e  w i th  a n  in f lo w -o u t f lo w  m o n th ly  a r r a y  f o r  e a c h  
r e s e r v o i r  in  th e  s y s t e m .

S e d im e n t  T r a n s p o r t

S e d im e n t  t r a n s p o r t  i s  d e t e r m i n e d  b y  a  s e t  o f l o g a r i t h m i c  r a t i n g  
e q u a t i o n s  t h a t  d e s c r i b e  th e  s e d i m e n t  lo a d  c h a r a c t e r i s t i c s  o f a  g iv e n  r e a c h  
a s  a  fu n c t io n  o f  s t r e a m f lo w :

a Qb (12)

w h e r e

S = s e d i m e n t  c o n c e n t r a t i o n  o r  flow r a t e  
Q = s t r e a m f l o w  

a ,b  = c o n s t a n t s

T h e s e  e q u a t i o n s  a r e  e m p i r i c a l l y  d e t e r m i n e d  a t  s c a t t e r e d  lo c a t io n s  t h r o u g h 
out a  g iv e n  r i v e r  b a s i n .  S ince  t h e y  g e n e r a l l y  w ou ld  no t b e  a v a i l a b l e  a t  a l l  
p o in t s  r e q u i r e d  fo r  s i m u l a t i o n  p u r p o s e s ,  i t  i s  f r e q u e n t l y  n e c e s s a r y  to  
t r a n s l a t e  th e  e q u a t io n  to  a  d e s i r e d  lo c a t io n .

T h e  c o e f f i c i e n t  " a "  i s  a  fu n c t io n  of th e  d r a i n a g e  a r e a  in v o lv e d .  T h i s  
c a n  b e  v i s u a l i z e d  b y  a s s u m i n g  a  s t e a d y - s t a t e  d i s c h a r g e ;  i f  th e  d r a i n a g e  
a r e a  d o u b le s ,  Q w o u ld  d o u b le ;  t h e r e f o r e ,  to  m a i n t a i n  a  s t e a d y - s t a t e  s e d i 
m e n t  lo a d  th e  c o e f f i c i e n t  " a "  w o u ld  h a v e  to  d e c r e a s e .  T h e  d e c r e a s e  in  
" a "  w ou ld  b e  a  fu n c t io n  of " b " .  T h e r e f o r e  th e  c o r r e c t i o n  fo r  " a "  is :

^  = c o e f f i c i e n t  " a "  t r a n s l a t e d  to  n ew  d r a i n a g e  a r e a
A = d r a i n a g e  a r e a  a t  s e d i m e n t  m e a s u r i n g  s t a t i o n
А± ДА = d r a i n a g e  a r e a  a t  s i t e  w h e r e  e q u a t io n  i s  to  b e  a p p l ie d .

w h ere
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If  s t r e a m f l o w  r e g u l a t i o n  i s  p r e s e n t ,  c o e f f ic i e n t  ' a 'b e c o m e s  f u r t h e r  
m o d i f i e d  a s  fo l low s:

^  = ^  Ä+ДА + Ä+ДА C1“ E i^ + Ä+ДА i l - E 2) • • •

A
. + - r -4 r  Cl-E ) (14)А+ДА 4 n

w h e r e

= t r a n s l a t e d  " a "  a d ju s t e d  fo r  r e g u l a t i o n  
A l  = l o c a l  a r e a  u n a f f e c te d  by  r e g u l a t i o n  
A n = d r a i n a g e  a r e a  a t  d a m  s i t e  
E n = s e d i m e n t  t r a p  e f f i c i e n c y  o f  d a m

At s t e a d y  s t a t e  c o n d i t io n s ,  th e  t r a p  e f f i c i e n c y  o f  a  d a m  w ould  r e d u c e  th e  
l o a d  a t  a  d o w n s t r e a m  s i t e .  S in ce  a l l ^ f  th e  c o n t r i b u t io n s  a r e  l i n e a r ,  th e y  
c a n  b e  a b s o r b e d  in to  th e  c o e f f i c i e n t ,  ^  w h ic h  c a n  r e p l a c e ' a ' o f  th e  p r e v i o u s  
e q u a t i o n  to  p r o v i d e  t h e  s e d i m e n t  lo a d  a t  a  s i t e  w i th  u p s t r e a m  r e g u l a t i o n .

D e p o s i t i o n  o r  s c o u r  in  a  g iv e n  r e a c h ,  of s e d i m e n t s  w i th  s o r b e d  
r a d i o n u c l i d e s ,  i s  a p p l i e d  u n i f o r m l y  u n l e s s  in p u t  d a t a  s p e c i f y  a s p e c i a l  
d i s t r i b u t i o n .  A m e c h a n i s m  i s  a v a i l a b l e  so  t h a t  d e p o s i t i o n  and  s c o u r  a r e  
n o t  n e c e s s a r i l y  m i r r o r  i m a g e s  o f  e a c h  o t h e r .  P r o v i s i o n  i s  a l s o  m a d e  to  
p e r m i t  t h e  r a t e s  and  p a t t e r n s  o f  d e p o s i t i o n  in  r e s e r v o i r s  to  fo l low  h i s t o r 
i c a l  d a ta ,  w h e n  t h e s e  d a t a  a r e  a v a i l a b le .

O v e r b a n k  D e p o s i t io n

T h e  d e p o s i t i o n  o f  r a d i o n u c l i d e - b e a r i n g  s e d i m e n t s  on  th e  flood  p l a i n s  
o f  s t r e a m s  c a n  c o n t r ib u t e  to  r a d i a t i o n  d o s e  in  s o m e  s e g m e n t s  o f th e  p o p u 
l a t io n .  T h e  p e r i o d i c  s i l t i n g  o f  f lood  p l a i n s  i s  m o d e l e d  b y  W T R A N  a s  an  
e x t e n s io n  o f  th e  s e d i m e n t - t r a n s p o r t  c a l c u l a t i o n s .  T h e s e  c a l c u l a t i o n s  r e 
q u i r e  inp u t  d a t a  d e f in in g  s t a g e - d i s c h a r g e  fu n c t io n s  o f  a  s t r e a m  (o r ,  a l t e r 
n a te ly ,  t h e  s p e c i f i c a t i o n  of f lood  s t a g e )  and  th e  c o m p o s i t i o n  o f  s e d i m e n t s  
t r a n s p o r t e d  in  th e  s t r e a m .  T h i c k n e s s e s  an d  r a d i o n u c l i d e  c o n te n t  o f s e d i 
m e n t  l a y e r s  d e p o s i t e d  d u r i n g  e a c h  p e r i o d  o f  f lood  a r e  c a l c u l a t e d .

G r o u n d w a t e r  T r a n s p o r t

A s  i n f i l t r a t i n g  w a t e r  c o n ta in in g  a i r  "depo s i t e d  r a d i o n u c l i d e s  p e r c o 
l a t e s  in to  t h e  s o i l ,  io n  e x c h a n g e  o c c u r s  b e tw e e n  th e  s o i l  and  r a d i o n u c l i d e s  
in  s o l u t i o n  a n d / o r  s u s p e n s io n ,  g r a d u a l l y  r e m o v i n g  th e  a c t iv e  io n s  f r o m  th e  
w a t e r .  T h e  e x c h a n g e d  io n s  a r e  le f t  b e h in d  in  th e  s o i l  p h a s e ,  w h e r e a s  th e  
r e m a i n i n g  s o lu t io n  p e r c o l a t e s  dow n to  th e  w a t e r  t a b l e  w h e r e  i t  e n t e r s  th e  
g r o u n d w a t e r  s y s t e m .  G r o u n d w a t e r ,  i f  not i n t e r c e p t e d  by  w e l l s ,  n o r m a l l y  
t r a v e l s  v e r y  s lo w ly  dow n th e  h y d r a u l i c  g r a d i e n t  to  a  p o in t  w h e r e  th e  w a t e r  
t a b l e  i n t e r s e c t s  t h e  l a n d  s u r f a c e .  M any  s t r e a m s ,  e s p e c i a l l y  in  h u m id  
r e g i o n s ,  r e p r e s e n t  l in e  s o u r c e s  a lo n g  w h ic h  g r o u n d w a t e r  e f f lu e n t  e m e r g e s  
to  p r o v i d e  a  r e l a t i v e l y  s t e a d y  b a s e  f low. G r o u n d w a t e r  m a y  a l s o  e n t e r
a q u i f e r s  w h ic h  b e c o m e  c o n f in e d  b e tw e e n  r e l a t i v e l y  i m p e r m e a b l e  s t r a t a .
T h i s  c o n f in e d  w a t e r  m a y  b e  d e v e lo p e d  a s  a  w a t e r  s u p p ly  s e v e r a l  t e n s  o r  
h u n d r e d s  of m i l e s  f r o m  th e  s o u r c e  a r e a .  O th e r  p e r c o l a t i n g  w a t e r s  m a y  b e
i n t e r c e p t e d  b y  i m p e r v i o u s  s t r a t a  to  f o r m  p e r c h e d  z o n e s  o f  s a t u r a t i o n ,
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w h ic h  a r e  a b o v e  th e  n o r m a l  w a t e r  t a b l e  and  w h ic h  m a y  c o n t r ib u t e  s l ig h t ly  
d e la y e d  s t o r m  r u n o f f  to  s t r e a m s .  P e r c o l a t i n g  w a t e r s  m a y  a l s o  e n t e r  z o n e s  
o f  c a v e r n o u s  l i m e s t o n e  in  w h ic h  flow  v e l o c i t i e s  m a y  b e  m e a s u r e d  in  m i l e s  
p e r  d a y  in  c o n t r a s t  to  v e l o c i t i e s  in  g r a n u l a r  m a t e r i a l  w h ic h  a r e  n o r m a l l y  
l e s s  t h a n  15 m i l e s  p e r  y e a r .  H a r d e n e d  la v a  s o m e t i m e s  e x h ib i t s  t r a n s m i s 
s i v e  c h a r a c t e r i s t i c s  s i m i l a r  to  c a v e r n o u s  l i m e s t o n e .

B e c a u s e  o f  th e  c o m p l e x i t i e s  in v o lv e d  in  d e f in in g  g r o u n d w a t e r  t r a n s 
p o r t ,  W T R A N  u s e s  a  s i m p l i f i e d  in p u t  to  c a l c u l a t e  c o n c e n t r a t i o n s ,  w h ich  
r e q u i r e s  t h e  m o n th ly  r u n o f f  an d  r a d i o n u c l i d e  d e p o s i t i o n  r a t e s  f o r  e a c h  
c e n t r o i d  b e in g  s tu d ie d .  In  a d d i t io n ,  th e  c e n t r o i d  w h e r e  th e  w a t e r  i s  u s e d  
a s  a  w a t e r  su p p ly  m u s t  b e  c o r r e l a t e d  w i th  th e  s o u r c e  c e n t r o i d  an d  t r a v e l  
t i m e s  s p e c i f i e d .  T h e  in p u t  d a t a  m a y  b e  s e c u r e d  by a  c u r s o r y  o r  d e t a i l e d  
s tu d y  a s  r e q u i r e d .  F o r  e x a m p l e ,  in  th e  c a s e  of c o n f in e d  a q u i f e r s  w h ich  
a r e  e x t e n s iv e l y  d e v e lo p e d ,  i t  m a y  b e  n e c e s s a r y  to  d e s c r i b e  b o th  p o te n t io -  
m e t r i c  p a t t e r n s  and  t r a n s m i s s i v e  c h a r a c t e r i s t i c s ,  o r  e v e n  c a r r y  out a 
s p e c i a l  s i m u l a t i o n ,  b e f o r e  th e  n e c e s s a r y  in pu t  d a t a  c o u ld  b e  d e v e lo p e d .
O n th e  o t h e r  h a n d ,  w a t e r  s u p p ly  o b ta in e d  f r o m  s h a l lo w  a q u i f e r s ,  r e c h a r g e d  
lo c a l ly ,  w ou ld  r e q u i r e  m i n i m a l  in p u t  d a ta .  C o n c e n t r a t i o n s  in  b o th  sh a l lo w  
g r o u n d w a t e r  an d  p o th o le  l a k e s  a r e  c a l c u l a t e d  f r o m  th e  A R T R A N  d e p o s i t i o n  
d a ta ,  s i n c e  b o th  h a v e  s i m i l a r  c h a r a c t e r i s t i c s .

T o g e t h e r ,  th e  A R T R A N  an d  W T R A N  c o d e s  p r o v i d e  p a t t e r n s  of r a d i o 
n u c l id e  c o n c e n t r a t i o n s  in  th e  a i r ,  o n  th e  g ro u n d ,  an d  in  s u r f a c e  an d  g ro u n d  
w a t e r s  a t  e a c h  c e n t r o i d a l  l o c a t i o n  in  th e  s tu d y  a r e a .  In  a d d i t io n ,  c o n c e n 
t r a t i o n s  o f  d i s s o lv e d  an d  s e d i m e n t - b o r n e  r a d i o n u c l i d e s  a r e  p r o v i d e d  a t  
l o c a t i o n s  o f  i n t e r e s t  - -  e . g . , d r i n k in g  w a t e r  and i r r i g a t i o n  s u p p ly  in ta k e  
lo c a t i o n s ,  s i t e s  o f  h u n t in g ,  f i s h in g ,  w a t e r  s p o r t s ,  o r  o t h e r  r e c r e a t i o n a l  
a c t i v i t i e s  - -  th r o u g h o u t  th e  s tu d y  a r e a .  T h e s e  p a t t e r n s  o f  r a d i o n u c l i d e  
c o n c e n t r a t i o n  p r o v i d e  th e  b a s i s  fo r  th e  c a l c u l a t i o n  of p o p u la t io n  d o s e  in  
o t h e r  p a r t s  o f th e  H E R M E S  m o d e l .
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b a s e ,  I f e e l  t h a t  tw o p o in t s  c o n c e r n i n g  th e  d i f fu s io n  e q u a t io n  n e e d  d i s c u s s i o n .  
F i r s t ,  I do n o t  b e l i e v e  th a t  t e r r a i n  h e ig h t  c a n  b e  t a k e n  in to  a c c o u n t  by  th e  
c o r r e c t i o n  f a c t o r  h t in  th e  ex p o n e n t  o f E q .  (1). A s  th e  p o l lu t i o n  fo l lo w s  th e  
s t r e a m  l i n e s  o v e r  h i l l s ,  i t  m ig h t  b e  b e t t e r  to  n e g le c t  t e r r a i n  h e ig h t .

S e c o n d ly ,  th e  a p p l i c a t i o n  o f  th e  s t a n d a r d  d e v ia t io n s  r e c o m m e n d e d  by 
P a s q u i l l  s h o u ld  b e  r e - e x a m i n e d ,  b e c a u s e  t h e s e  v a lu e s  h a v e  b e e n  t a k e n  f r o m  
g r o u n d - l e v e l ,  s h o r t - t e r m - r e l e a s e  d i f fu s io n  e x p e r i m e n t s  o v e r  f l a t  an d  
r e l a t i v e l y  s m o o t h  t e r r a i n .  S tu d ie s  on  r e l e a s e s  o f  l o n g e r  d u r a t i o n  f r o m  s t a c k s ,  
w ith  d i f fu s io n  o v e r  t e r r a i n  of g r e a t e r  r o u g h n e s s ,  r e p o r t e d  in  th e  l i t e r a t u r e  
(e .g .  th e  B r o o k h a v e n  an d  th e  St. L o u is  i n v e s t i g a t i o n s  an d  th e  e x p e r i m e n t s  
p e r f o r m e d  a t  J ü l i c h ) ,  y i e l d e d  c o n s i d e r a b l y  g r e a t e r  s t a n d a r d  d e v ia t i o n s ,  
w h ic h  m a y  b e  m o r e  r e a l i s t i c .

J .  F .  F L E T C H E R :  I a g r e e  s u b s t a n t i a l l y  w i th  b o th  y o u r  o b je c t io n s .
T h e  t e r r a i n  f a c t o r  is  now  b e in g  in v e s t i g a t e d  in  th e  c o n te x t  o f m o d i f i c a t i o n s  
to  o u r  m o d e l .  W e a r e  d e v e lo p in g  a  m o d i f i e d  f a c t o r  w h ic h  b e t t e r  t a k e s  in to  
a c c o u n t  th e  fo l lo w in g  o f  s t r e a m  l i n e s  by  a i r  m a s s e s .  T h i s  w o r k ,  h o w e v e r ,  
i s  no t  y e t  c o m p l e t e .

W e u s e  th e  P a s q u i l l  s t a n d a r d  d e v ia t io n  on ly  f o r  th e  f i r s t  tw o  k i l o m e t r e s  
f r o m  th e  p o in t  o f  r e l e a s e .  B e c a u s e  of t h e  d e v ia t io n s  y o u  n o t e ,  we u s e  an  
e m p i r i c a l  c o r r e l a t i o n  f o r  g r e a t e r  d i s t a n c e s .  T h e  c o r r e l a t i o n s  sh o w n  w e r e  
c h o s e n  in  a c c o r d a n c e  w i th  th e  b e s t  a v a i l a b l e  s u p p o r t i n g  d a ta .





IAEA-SM-172/41

METHODS OF ESTIMATING DOSE TO MAN 
FROM REGIONAL GROWTH 
OF NUCLEAR POWER *

K.E. COWSER, R.S. BOOTH, B.R. FISH, W. S. SNYDER,
J.P. WITHERSPOON
Oak Ridge National Laboratory,
Oak Ridge, T enn .,

G.R. SIEGEL
Tennessee Valley Authority,
Chattanooga, T enn.,

W.H. WILKIE
Tennessee Valley Authority,
Muscle Shoals, A la .,
United States of America

Abstract

M ETH ODS OF E STIM A TIN G  DOSE T O  M AN FROM REGIONAL GROW TH OF NUCLEAR POWER.

In co -o p e ra tio n  w ith  th e U nited S tates A to m ic  Energy C om m issio n  (U S A E C ), th e  O a k  Ridge N a tio n a l 

Laboratory (O R N L), th e  T en n essee  V a lle y  A uthority ( T V A ) ,  the A tm osph eric  T u rb u len ce  and D iffusion  

L a b o rato ry-N a tio n a l O cea n o g ra p h ic  and A tm osph eric  A d m in istration  (A T D L -N O A A ), and the Hanford 

E ngineering D e velo p m en t Laboratory (HEDL) h a v e  undertaken  a jo in t study o f the p o te n tia l ra d io lo g ic a l 

im p a ct o f  an expan din g n u clear pow er e co n o m y on th e  T en n essee  V a lle y  R egion (T V R ). T h e  T V R  study 

in v o lv e s  an app raisa l o f  the g en era tio n , m an a gem en t, and co n tro l o f  ra d io a c tiv e  e fflu e n ts  from  n u clear 

f a c il it ie s  in  the reg io n  to  th e y ea r 2000. C on sideration  is g iv e n  to  n u clear pow er req u irem en ts to  the yea r 2000 

and sites for n u clear fa c i l it ie s ,  to rad io n u clid es  that m ay b e  re leased  and th eir transport in  air and w ater and 

co n cen tra tio n  in  terrestria l and a q u a tic  system s, and to th e  estim a tio n  and in terp reta tio n  o f  th e  p o te n tia l dose 

to  m an.

T h is  is the second such re g io n a l study in itia ted  by the U SA E C  in  the co n tin e n ta l U nited S tates o f A m e ric a , 
the first con sid erin g th e  reg io n  d efin ed  as th e  Upper M ississippi River Basin (U M R B). A  com p u ter m o d el known 

as HERMES (H anford E ngin eerin g R eg io n al M odel for E n viron m en tal Studies) was d ev e lo p ed  by HEDL and 

a p p lied  in  th e  UMRB study. T h e  m o d el p erm its estim a tes , on a re g io n a l basis, o f  th e p o te n tia l rad iatio n  dose 

that m ay be re c e iv e d  by in d iv id u a ls  and p o p u latio n  groups as a result o f  ra d io a c t iv e  m a te r ia ls  e stim ated  to  be 

re leased  from  rea cto rs  and fu e l reprocessing p lan ts. M o d ificatio n s  in  H erm es are discussed w ith in  th e  co n tex t 

o f  the uniqueness o f  th e  T V R  and ad ditions or im p ro v em en ts  based on th e  in it ia l a p p lic a tio n  o f  HERMES. T h e  

paper, one o f  th ree  com p an ion  reports, in c lu d es  in fo rm a tio n  on the d a ta  req u irem en ts  and th e com pon en ts 

o f  HERMES con cern ed  w ith  the estim a tio n  o f  dose to m an from  in tern a l and e x te rn a l m odes o f  exposu re.

INTRODUCTION

C urren t  p lans  c a l l  f o r  approx im ate ly  7800 MW(e) o f  n u c le a r  power 
in th e  Tennessee Valley  Region (TVR) by 1978. An a d d i t io n a l  7200 MW(e) 
o f  n u c le a r  u n i t s  have been o rdered  and a re  t e n t a t i v e l y  schedu led  f o r  
o p e ra t io n  in  the  e a r l y  1 9 8 0 's .  F u r th e r  expansion o f  n u c le a r  power in 
th e  TVR i s  e x p e c ted ;  and, t h i s  expansion w i l l  c o n t r i b u t e  to  the  n u c le a r  
in d u s t ry  in the  s o u t h e a s t  United S t a t e s ,  e s t im a te d  to  be about 150 GW(e) 
by y e a r  2000 [1 ] .

467
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Regional p lann ing  f o r  such power growth p a t t e r n s  becomes e s s e n t i a l  
n o t  only to  s a t i s f y  th e  le a d  time f o r  commitment o f  power p l a n t  f a c i l i t i e s  
b u t . a l s o  to  s e l e c t  the  most e f f e c t i v e  l o c a t io n s  f o r  th e  new p l a n t s .  One 
f a c e t  o f  reg io n a l  p lann ing  in an expanding n u c le a r  power economy is  th e  . 
need to  a s s e s s  th e  p o t e n t i a l  accum ula tive  r a d i o lo g i c a l  impact o f  an i n 
c r e a s in g  number o f  n u c le a r  power p l a n t s .  This need i s  reco gn ized  in the 
Tennessee Valley Region S tudy, and o rg a n iz a t i o n  o f  th e  s tud y  team r e f l e c t s  
th e  advantages o f  in te ra g e n c y  co o p e ra t io n  t h a t  make use o f  s p e c i a l  t a l e n t s  
and re so u rc e s  w i th in  th e  c o o p e ra t in g  groups (USAEC, ORNL, TVA, ATDL-NOAA, 
and HEDL).

Study Region

Figure  1 d e p ic t s  th e  s tu dy  r e g io n ,  an a re a  o f  about 155,000 sq .  km.
The reg ion  i s  e f f e c t i v e l y  th e  Tennessee-Cumberland R iver Basins and i n 
c ludes  a t o t a l  o f  140 c o u n t i e s  lo c a t e d  in seven s t a t e s  (Alabama, M i s s i s s i p p i ,  
G eorgia ,  Kentucky, North C a ro l in a ,  V i r g i n i a ,  and T enn essee ) .  An a i r  
envelope o f  approx im ate ly  160 k i lo m e te rs  ex tends  outward from th e  s tudy  
reg ion  to  in c lu d e  th e  e f f e c t s  on the  reg ion  o f  th e  a i rb o rn e  t r a n s p o r t  o f  
ra d io n u c l id e s  r e l e a s e d  from p la n t s  lo c a te d  o u ts id e  th e  re g io n .  In t h i s  
paper we l i m i t  ou r  c o n s id e ra t io n  to  t h a t  p a r t  o f  the  r e g io n a l  model concerned 
with the e s t im a t io n  o f  dose to  man and th e  da ta  requ irem en ts  to  make such 
e s t im a te s .  In fo rm at ion  i s  in c lu d ed  in  two companion papers  on those  p a r t s  
o f  th e  reg ion a l  model concerned w ith  power p r o j e c t i o n s ,  r a d io n u c l id e  r e l e a s e  
from power r e a c t o r s  and fue l re p ro c e s s in g  p l a n t s , '  and th e  movement o f  r a d i o 
n u c l id e s  by w a te r  and a i r  t r a n s p o r t  [ 2 , 3 ] .

DESCRIPTION OF REGIONAL MODEL

A computer model known as HERMES (Hanford Engineering  Regional Model 
f o r  Environmental S tu d ie s )  was developed by HEDL in  the  f i r s t  reg io na l  
a n a ly s i s  o f  p o t e n t i a l  r a d i o lo g i c a l  impact i n i t i a t e d  by th e  USAEC [4 ] .  The 
model i s  modular in  form and may be used to  f o r e c a s t  reg io n a l  growth o f  the 
nucl ear  power in d u s t ry  and to  c o n s id e r  r e l e a s e s  o f  ra d io n u c l id e s  from ro u 
t i n e  o p e ra t io n  o f  n u c le a r  f a c i l i t i e s ,  th e  su bsequen t so jou rn  o f  th e se  
m a t e r i a l s  in th e  env ironm ent ,  and th e  pathways r e s u l t i n g  in  r a d i a t i o n  
exposure to  man [5 ] .  D e ta i l s  o f  th e  e n t i r e  model and th e  r e s u l t s  o f  i t s  
a p p l i c a t i o n  in  th e  reg io n  com pris ing  the  Upper M is s i s s ip p i  R iver  Basin 
(UMRB) o f  th e  U nited  S t a t e s  can be found in  e a r l i e r  p u b l i c a t i o n s  [ 4 , 6 ] .

Living P a t t e rn s  Submodel

The p h y s ica l  h a b i t s  and c h a r a c t e r i s t i c s  o f  an in d iv id u a l  a l l  c o n t r ib u t e  
to  a p e r s o n 's  p o t e n t i a l  exposure to  r a d i a t i o n .  A L iving P a t t e r n s  submodel 
i s  used to  g e n e ra te  some o f  the  q u a n t i t a t i v e  in fo rm a t io n  needed to  e s t im a te  
th e  in d iv id u a l  and p o p u la t io n  dose . E s s e n t i a l l y  th e  submodel i s  a d a ta  
bank c o n ta in in g  o rgan ized  d a ta  on a county l e v e l - - t h e  low est le v e l  a t  which 
d a ta  a r e  a v a i l a b l e  in  s u f f i c i e n t  d e t a i l  in th e  United S t a t e s .

In fo rm at io n  i s  prov ided  on th e  l o c a t i o n ,  p o p u la t io n ,  food p rod uc t ion  
and food consumption f o r  73 types o f  foo ds ,  sources  o f  d r in k in g  w a te r ,  and 
r e c r e a t i o n a l  a c t i v i t i e s  o f  each county in  the  s tudy  re g io n .  Each county i s  
f i r s t  c l a s s i f i e d  as u rban ,  ru r a l -n o n f a rm ,  o r  r u r a l - f a r m ,  depending upon the  
degree o f  u r b a n i z a t i o n ,  and a p p r o p r ia t e  co o rd in a te s  a r e  de term ined  to  
i d e n t i f y  e i t h e r  th e  l a r g e s t  p o p u la t io n  c e n te r  ( f o r  an urban co u n ty ) ,  o r  
geograph ic  c e n te r  ( f o r  ru ra l -n o n fa rm  and r u r a l - f a r m  c o u n t i e s ) .  Food produc
t i o n  in c lu d es  homegrown food, commercial farming and i r r i g a t i o n  p r a c t i c e s ,
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and food consumption c o n s id e rs  the  amount o f  each food consumed. The d a ta  
a r e  c o l l a t e d  to  e s t a b l i s h  the  food ba lance  o f  the  a rea  and, con se q u en t ly ,  
th e  sou rce  o f  food consumed. D rinking w a te r  i s  s p e c i f i e d  as t o  source  
( s u r f a c e  o r  groundwater) and to type o f  t r e a tm e n t .  R ec rea t io n a l  a c t i v i t i e s  
in c lu d e  swimming, b o a t in g  and w a te r  s k i i n g ,  f i s h i n g ,  and h u n t in g .  Examples 
o f  th e  fo rm a t ,  s o u rc e s ,  and l i m i t a t i o n s  o f  th e se  da ta  a re  p rovided in a 
su bseq uen t  s e c t io n  on Data Requirements f o r  TVR.

R ad ia t io n  Dose Submodel

The l a s t  in  the  s e r i e s  o f  submodels i s  used to  c a l c u l a t e  dose t o  man 
and makes use o f  d a ta  p rocessed  from a l l  p reced ing  codes. The model inc lu des  
a s e t  o f  da ta  t a b l e s  t h a t  c o n ta in  in fo rm at io n  on demography, d i e t ,  r e c r e a 
t i o n a l  a c t i v i t i e s ,  and dose f a c t o r s  to  en ab le  c a l c u l a t i o n  o f  dose to  s e v e ra l  
organs o f  in d iv id u a l s  o f  v a r io u s  age due to  d i f f e r e n t  exposure modes [ 7 ] .

At p r e s e n t  c o n s id e ra t io n  can be given to  th e  r a d io n u c l id e  c o n t r ib u t io n  
to  t o t a l  body dose and th e  dose to s i x  s p e c i f i c  o rg a n s—-the GI t r a c t ,  bone, 
l i v e r ,  s k i n ,  th y r o id ,  and lungs .  Three age groups , each in c lu d in g  an average 
and a maximum i n d i v i d u a l ,  were co n s id e red  in the  UMRB s tu d y ;  i . e . ,  c h i ld re n

T A B L E  1. P R IN C I P A L  F A C T O R S  IN E ST IM A T IN G  
R A D IO N U C L ID E  IN T A K E  BY IN G E S T IO N  O F  F O O D  AND 
W A T E R

A. C o n c en tra t io n  in Terres tria l F o o d
1. R ad ionuc l ide  in take  by cow, ca tt le ,  etc.

a. F eed  ingestion rate
b. C rop  yield
c. Fo liar  deposi t ion  — air a n d  irrigation w ater
d. R e te n t io n  o f  foliar deposi t ion
e. Soil accu m u la t io n  -  air an d  irr igation w ater
f. C o n c e n tra t io n  fac to r  — soil to  c rop
g. T rans loca t ion  to  edible pa r ts  o f  p lan t
h. T im e be tw een  d eposi t ion  a nd  harvest and  be tw een

harves t a nd  c o n su m p tio n
2. F ra c t io n  o f  rad ionuclide  in take  by cow , ca tt le ,  e tc . ,  appearing

in food  p ro d u c t .

B. C o n ce n tra t io n  in A q u a tic  F o o d
1. C o n ce n tra t io n  fac to r  -  w a te r  to  fish or to w ate rfow l

C. R ad ionuc l ides  R e m ain in g  in Processed F o o d

D. C o n cen tra t io n  in D rink ing  W ater
1. D is t r ibu t ion  coeff ic ien t
2. E ff ic iency  o f  w a te r  t r e a tm e n t  p lan t

E. C o n su m p t io n  o f  F o o d  and  D rink ing  Water_______________________
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(O- П  y e a r s ) ,  te e n a g e rs  (12-17 y e a r s ) ,  and a d u l t s  (>18 y e a r s ) .  The fo u r -  
y e a r - o l d ,  th e  f o u r t e e n - y e a r - o ld ,  and th e  S tandard  Man o f  ICRP were s e l e c t e d  
to  r e p r e s e n t  th e  average  c h i l d ,  average  t e e n ,  and average  a d u l t ,  r e s p e c t i v e l y .  
The maximum in d i v id u a l s  a re  persons l i v in g  a t  p o p u la t io n  c e n te r s  whose d i e t 
a ry  and l i v i n g  h a b i t s  tend  to  maximize the r a d i a t i o n  doses they  may r e c e iv e .

The modes o f  exposure  c o n s id e red  a re :  (1) e x te r n a l  exposure by immer
s io n  in a i r  and w a te r  c o n ta in in g  r a d io n u c l id e s ;  (2) e x te r n a l  exposure from 
a s u r f a c e  c o n ta in in g  r a d io n u c l id e s  (ground s u r f a c e ,  r i v e r  banks, e t c . ) ;
(3) i n h a l a t i o n  o f  r a d io n u c l id e s  in a i r ;  and (4) in g e s t i o n  o f  r a d io n u c l id e s  
in food and w a te r .  The in g e s t io n  pathway in c o r p o ra te s  a number o f  s p e c i f i c  
foodchain  pathways and c o n s id e rs  th e  e f f e c t s  o f  r a d io n u c l id e  d e p o s i t io n  on 
p l a n t  s u r f a c e s  and on s o i l ,  in c o r p o ra t io n  o f  r a d io n u c l id e s  i n t o  p l a n t  and 
animal t i s s u e s ,  and c o n c e n t r a t i o n  e f f e c t s  t h a t  o ccur  in  s p e c i f i c  fo od cha in s .  
The p r in c ip a l  f a c t o r s  t h a t  a r e  in c o rp o ra te d  in the  c a l c u l a t i o n  o f  ra d io n u c l id e  
in g e s t i o n  a r e  l i s t e d  in  T able  1. The i n t e r e s t e d  re a d e r  i s  r e f e r r e d  to  
Reference 4 in  which th e  r e l a t i o n s h i p s  o f  th e s e  f a c t o r s  a r e  d e s c r ib e d  and 
ex pressed  in  e q u a t io n  form.

Dose f a c t o r s  f o r  e x te r n a l  exposure were a l l  d e r iv ed  on th e  assumption 
t h a t  th e  contam inated  media ( a i r ,  w a te r ,  o r  ground s u r f a c e )  were o f  i n f i n i t e  
e x t e n t  and o f  uniform c o n ta m in a t io n [ '8 ,9 ] .  A pp rop r ia te  geom etr ies  were assumed 
f o r  immersion in  con tam inated  a i r  and w a te r  and f o r  exposure to  contam inated  
s u r f a c e s .  Ground roughness was assumed to  a t t e n u a t e  ground s u r f a c e  contam ina
t io n  by a f a c t o r  o f  2 and dose f a c t o r s  were  c a l c u l a t e d  f o r  a d i s t a n c e  o f  
t h r e e  f e e t  above th e  s u r f a c e .  Express ions used to  c a l c u l a t e  i n t e r n a l  dose 
due to  i n h a l a t i o n  and in g e s t i o n  o f  r a d i o a c t i v e  m a t e r i a l s  were d e r iv e d  from 
tho se  given by ICRP [1 0 ] .  S tandard  Man values  were used in th e  absence o f  
b e t t e r  in fo rm at ion  f o r  most age-depen den t ,  m e tab o lic  p a ram ete rs .  These 
values in c lu de  f r a c t i o n a l  uptake  by th e  organ o f  i n t e r e s t  o f  r a d io n u c l id e s  
taken in to  th e  body and th e  e f f e c t i v e  h a l f  time o f  th e s e  m a t e r i a l s  in  the  
o rgan . E f f e c t iv e  absorbed energy o f  a l l  r a d i a t i o n  em iss ions  e x c ep t  gamma 
and x - ra y  photons were assumed to  be independen t o f  th e  i n d i v i d u a l ' s  age. 
Absorbed f r a c t i o n s  o f  photons w i th in  organs were a d ju s te d  in p ro p o r t io n  to  
th e  o n e - t h i r d  power o f  th e  r a t i o  o f  the  organ mass f o r  a given age group to  
th e  mass o f  th e  r e s p e c t i v e  organ f o r  S tandard  Man.

DATA REQUIREMENTS FOR TENNESSEE VALLEY REGION

The d a ta  requ irem en ts  o f  HERMES a re  c o n s id e ra b le  and n o t  a l l  o f  th e
d a ta  a re  r e a d i ly  a v a i l a b l e  in  th e  l i t e r a t u r e .  Each reg ion  has i t s  own
p e c u l i a r  p h y s i c a l ,  chem ica l ,  b i o l o g i c a l ,  and demographic c h a r a c t e r i s t i c s  
which r e s t r i c t  d i r e c t  use o f  some o f  the  d a ta  developed in  e a r l i e r  s t u d i e s  
and in  o th e r  a rea s  o f  th e  co u n try .  Severa l  examples a re  used in  t h i s  s e c t io n  
to  i l l u s t r a t e  both th e  requ irem en ts  and some o f  th e  l i m i t a t i o n s  in  th e  deve lop
ment o f  da ta  f o r  reg io n a l  s t u d i e s .

County C l a s s i f i c a t i o n  and Demography

The e n t i r e  p o p u la t io n  o f  each county was assumed to  belong to  one o f  
th e  th r e e  p o p u la t io n  ty p e s :  u rb an ,  ru r a l -n o n fa rm ,  o r  r u r a l - f a r m .  The 140
co u n t ie s  were f i r s t  ranked and l i s t e d  accord ing  to  po p u la t io n  d e n s i t y .  This
l i s t  was then d iv id ed  in to  fo u r  d e n s i ty  groups w ith  d i f f e r e n t  c l a s s i f i c a t i o n
c r i t e r i a  ap p ly ing  to  each group. For example, as l i s t e d  in  Table  2 ,  a 
county in  d e n s i ty  group I was c l a s s i f i e d  urban i f  40$ o r  more o f  i t s  1970 
p o p u la t io n  was urban. A county w ith  a d e n s i ty  low enough to  be p lace d  in t o  
d e n s i ty  group I I ,  on the  o th e r  hand, would r e q u i r e  an urban p o p u la t io n  
g r e a t e r  than 50% in  o rd e r  to  be c l a s s i f i e d  as u rban .  The numerical
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T A B L E  2. C O U N T Y  C L A S S IF IC A T IO N  C R IT E R IA

Group
County  Density 

(Persons/Square Mile)
County Classification

I D > 1 0 0 1. I f  urban population is greater than 40%, 
classify as urban.

2. I f  urban population is less than or equal 
to  40%, classify as rural-nonfarm.

II 1 0 0 > D > 5 0 1. I f  urban population is greater than 50%, 
classify as urban.

2. I f  urban population is less than  or equal 
to  50%, classify as rural-nonfarm.

W 5 0 > D > 3 6 1. I f  rural-faim population is less than 29.5% 
classify as rural-nonfarm.

2. I f  rural-farm population is greater than 
29.5%, classify as rural-farm.

IV D < 3 6 1. I f  rural-farm population is less than 16%, 
classify as rural-nonfami.

2. I f  rural-farm population is greater than 
16%, classify as rural-farm.

c r i t e r i a  used to  c l a s s i f y  c o u n t ie s  were chosen - to  таке- th e  t o t a l  a ss ign ed  
u rban ,  ru r a l -n o n fa rm ,  and r u r a l - f a r m  p o p u la t io n s  o f  th e  studyi reg ion  
c lo s e ly  approximate the  po p u la t io n s  reco rded  by th e  .1970 census.. These 
po p u la t io n s  were d i s t r i b u t e d  as fo l low s:  urban - 46%; ru ra l -n o n fa rm  - 42%;
and r u r a l - f a r m  - 12%.

The to t a l  p o p u la t ion  o f  each county was assumed to  be c o n c e n t ra te d  a t  
a s i n g l e  p o in t  c a l l e d  th e  c e n t r o id .  As in  the  UMRB Study , c e n t r o id s  of 
urban c o u n t ie s  were chosen as th e  lo c a t io n  o f  the  most populous c i t y  w i th in  
th e  coun ty ,  w h ile  th e  l o c a t io n  o f  the  c i t y  o r  town n e a r e s t  th e  geograph ica l  
c e n te r  was chosen f o r  ru r a l  c o u n t i e s .  C en tro ids  chosen in t h i s  manner were 
w i th in  a few m iles  o f  t h e . c e n t e r  o f  p o p u la t io n  mass c a l c u l a t e d  f o r  each 
county from 1970 census da ta  [1 1 ] .

P ro j e c t io n s  o f  p o p u la t io n  to  the  Year 200Ó f o r  the  c o u n t ie s  w i th in  the  
study  reg io n  have been made by o th e r s  [1 2 ] .  Table  3 i l l u s t r a t e s  th e  type  
o f  in fo rm at io n ,  developed on county i d e n t i f i c a t i o n  and p o p u la t io n .  In a d d i 
t i o n ,  the  t o t a l  p ro j e c te d  p op u la t io n s  were d iv id ed  in to  fo u r  age groups: 
l e s s  than 1; 1-11; 12-18; and g r e a t e r  than 18. The c a teg o ry  o f  l e s s - t h a n -  
o n e -y e a r -o ld  was chosen in  o rd e r  to g iv e  p a r t i c u l a r  a t t e n t i o n  to  th e  i n f a n t .  
Since  p r o j e c t io n  tech n iq ues  to  p rov ide  a c c u ra te  age d e t a i l  f o r  small a reas  
to  the  Year 2 000 .a re  n o t  a v a i l a b l e ,  th e  p e rcen tag e  o f  th e  p o p u la t ion  w i th in  
each age group was assumed to  be th e  same f o r  each county . The percen tages ,  
chosen were c o n s i s t e n t  w ith  s t a te - w id e  p r o j e c t i o n s  o f  the. Year 2000 pop u la 
t i o n  based on S e r ie s  С f e r t i l i t y  r a t e .

Food Product ion  and Consumption

C o n s id e ra t io n  i s  given to  73 types o f  food com pris ing  126 items o f  
f r e s h  and p rocessed  m a t e r i a l s .  The l a t t e r  perm its  d i s t i n c t i o n  in  r a d i o 
n u c l id e  lo s s  during  p ro c e s s in g ;  b u t  in fo rm at ion  i s  so l im i te d  t h a t  an



T A B L E  3. E X A M P L E  O F  C O U N T Y  ID E N T IF IC A T I O N  AND D E M O G R A P H IC  
IN F O R M A T IO N  IN  T E N N E S S E E  V A L L E Y  R E G IO N

County State Centroid Classification
1970

Census
(In

Thousands)

Population

Density 
(No. per 
Sq. Mi.)

Year 2000 
Projection

(In
Thousands)

Number Name Latitude Longitude Name

1 Davidson Tennessee 36° 08' 86°48' Nashville Urban 448 882 677
2 Knox Tennessee 35°58' 83°55' Knoxville Urban 276 544 371
3 Hamilton Tennessee 35° 02' 85°16' Chattanooga Urban 254 462 388
4 Sullivan Tennessee 36°33' 82°33' Kingsport Urban 127 308 249
5 Hamblen Tennessee 36° 13' 83° 17' Morristown Urban 39 245 69
6 Madison Alabama 34° 44' 86°36' Huntsville Urban 187 • 233 331
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T A B L E  4. Q U A N T IT Y  O F  F O O D S  E N T E R IN G  
H O U SEH O L D S IN  T H E  T E N N E S S E E  V A L L E Y  
R E G IO N  (196 5 D a ta )  a

Category и (Lbs/Week Entering Household/Person)
, Food Category^ ------------------------------------------------------------

Number Urban Rural Farm Rural Non-Farm

1 F Berries 0.045 0.150 0.087
2 P Berries 0.015 0.005 0.006
3 F Tree Fruit 0.667 0.985 0.723
4 P Tree Fruit 1.054 0.499 0.955
5 F Melons 0.704 1.232 0.890
6 F Tropical Fruit 0.427 0.351 0.389
7 P Tropical Fruit 0.085 0.037 0.041
8 F Citrus Fruit 0.803 0.469 0.652
9 P Citrus Fruit 3.559 2.426 2.747

10 F Potatoes 1.420 2.010 1.750
11 P Potatoes 0.141 0.061 0.116
12 F Root Vegetables 0.473 0.422 0.462
13 P R oot Vegetables 0.079 0.018 0.047
14 F Leafy Vegetables 0.712 0.743 0.739
15 P Leafy Vegetables 0.072 0.018 0.047
16 F OAG Vegetables 1.139 2.150 1.558
17 P OAG Vegetables 1.238 0.766 1.089
18 Misc. Grain 0.494 1.142 0.844
19 Rice 0.177 0.414 0.235
20 Wheat 2.982 3.350 3.335
21 F Milkc 4.710 5.140 4.620
22 Milk Products 2.207 2.015 2.362
23 Butter 0.063 0.077 0.058
24 Eggs^ 0.801 0.747 0.777
25 Beef & Lamb 1.671 1.204 1.378
26 F Pork 0.446 0.513 0.485
27 P Pork 1.007 1.096 1.033
28 Poultry 0.941 1.006 0.925
29 Game Birds 0.011 0.010 0.016
30 P Ocean Fish 0.123 0.099 0.096
31 F Ocean Fish 0.205 0.083 0.062
32 Shellfish 0.065 0.022 0.041
33 Sports Fish 0.000 0.179 0.167
34 Waterfowl*” 0.002 0.013 0.004
35 Secondary Water 9.033 6.8W 8.192

aTaken from References 14 and 15.
= Fresh; P = Processed: OAC = O ther Above Ground. 

cQuarts. 
d  Dozens.
eTaken from Reference 4. Table 111-17 and corrected for Number of Persons 

per Household.
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average  lo s s  f a c t o r  fo r .  each type o f  crop f o r  a l l  ra d io n u c l id e s  i s  assumed 
[1 3 ] .  Loss f a c t o r s  range from 0.15 f o r  wheat to  1 .0  f o r  m i lk .  The food 
types a r e  combined in to  35 c a te g o r ie s  as a convenience in  d a ta  h an d l in g .
Food p ro du c t io n  by c o u n t ie s  i s  based on s t a t i s t i c s  developed by the  U.S. 
Department o f  Commerce [1 4 ] .  Conversion o f  p roduc t ion  d a ta  to  common u n i t s  
( e . g . ,  the  p ro cessed  w eigh t o f  c a t t l e )  makes use o f  in fo rm at ion  p u b l ish ed  by 
th e  U.S. Department o f  A g r ic u l tu r e  [1 5 ] .

T ra n s p o r ta t io n  o f  food between c e n t r o id s  i s  c o n s t r a in e d  by (1) imports 
to  s a t i s f y  a d e f i c i t  must be su p p l ie d  by excess  p roduc t ion  from the  n e a r e s t  
c e n t r o id ,  and (2) e x p o r ts  o u t s id e  o f  th e  reg io n  a re  p e rm it te d  only  a f t e r  
d e f i c i t s  a re  s a t i s f i e d .  An e x te n s iv e  market survey  would be n ecessa ry  to  
dec ide  i f  lo c a l  p r a c t i c e s  o f  d i s t r i b u t i o n  have an a p p re c i a b le  e f f e c t  on 
th e se  assum ptions .

Food consumption d a ta  f o r  th e  Tennessee Valley  Region i s  summarized 
in  Table  4 . The amount o f  food e n te r in g  each household per  week per  
person i s  l i s t e d  by food ca tego ry  and by county c l a s s i f i c a t i o n  [1 6 ,1 7 ] .
These d a ta  coupled  w ith  in fo rm a t io n  on th e  f r a c t i o n  o f  food e n t e r in g  the  
household t h a t  i s  consumed, th e  number o f  persons o f  each age group in 
th e  household ,  and th e  d i e t s  by age group pe rm it  c a l c u l a t i o n  o f  the  average 
food consumption by in d i v id u a l s  o f  v a r io u s  ages [1 7 -2 0 ] .  Data a re  a lso  
developed f o r  th e  i n f a n t  ( c o n s id e red  to  be a s ix -m o n th -o ld  c h i ld )  as 
a n o th e r  age ca te g o ry  to  be inc lu d ed  in t h i s  s tu d y .  In fo rm at io n  on maximum 
d i e t s  in the  s tu dy  reg ion  i s  e s s e n t i a l l y  n o n - e x i s te n t  and n e c e s s i t a t e s  use 
o f d a ta  developed in th e  e a r l i e r  UMRB Study. I t  i s  n ec essa ry  to  use informa
t i o n  on c u r r e n t  a g r i c u l t u r a l  p r a c t i c e s  and d i e t  s t a t i s t i c s  in  p r o j e c t in g  the  
in ta k e  o f  food by r e s id e n t s  in  th e  a re a  a t  Year 2000.

I r r i g a t i o n  P r a c t i c e

The major source  o f  d a ta  r e l a t i n g  to  th e  q u a n t i ty  o f  i r r i g a t i o n  w a te r  
used came from th e  1969 U.S. Census o f  A g r ic u l tu r e  [1 4 ] .  This in fo rm at ion  
was supplemented by f i e l d  surveys conducted by th e  Tennessee Valley  A u th o r i ty .  
Table 5 p rov id es  a summary o f  a v a i l a b l e  d a t a ,  l i s t i n g  th e  annual q u a n t i ty  
o f  i r r i g a t i o n  w a te r  used by food crop in th e  seven s t a t e s  o f  th e  r e g io n .
The sources  o f  w a te r  a r e  v a r io u s  ponds and s t r e a m s ;  and th e s e  sources  and 
th e  ac reage  i r r i g a t e d  a re  a p a r t  o f  th e  computer code s p e c i f i c a t i o n s .  A lso ,  
10% o f  th e  home gardens on approx im ate ly  170,000 farms a r e  e s t im a te d  to  be 
i r r i g a t e d  w ith  an a d d i t io n a l  1735 a c r e - f e e t  o f  w a te r  pe r  y e a r .

R e c re a t io n a l  A c t i v i t i e s

R ec rea t io n a l  a c t i v i t i e s  c o n s id e red  in the  s tudy  in c lu d e  swimming, 
b o a t in g  and w a te r  s k i i n g ,  f i s h i n g  and h u n t in g .  Table  6 i l l u s t r a t e s  th e  
form at in  which d a ta  a re  p rov ided  f o r  each county in  the  s tu dy  a r e a .  The 
p a r t i c i p a t i o n  shown as hours pe r  man y e a r  i s  th e  p e r  c a p i t a  r a t e  which 
a l s o  in c lu d es  th o se  persons who do no t  engage in  th e s e  a c t i v i t i e s .  Fac to rs  
i n t e r n a l  to  th e  HERMES code a re  used to  a d j u s t  th e  pe r  c a p i t a  d a ta  to  ob
t a i n  e s t im a te s  f o r  the  average  and maximum p a r t i c i p a n t  w i th in  each age 
group.

In fo rm at io n  on swimming a c t i v i t i e s  i s  d e r iv e d  from d a ta  f o r  the  age 
group o f  s i x  and o ld e r  [2 1 ] .  Approximately tw o - th i rd s  o f  th o se  swimming 
a re  w i th in  the  s i x  to  e ig h te e n  age ran g e ,  w ith  th e  rem ainder  in  th e  group 
o ver  18. Swimming a c t i v i t y  i s  assumed to  occur p r im a r i ly  in  the  c e n t r o id  
o f  r e s id e n c e .  The hours sp e n t  swimming a re  d i s t r i b u t e d  over th e  pe r io d  
May through September; o f f  season swimming a c t i v i t y  i s  b e l i e v e d  to  be 
i ns i g n i f i c a n t .

S im i l a r  in fo rm a t io n  i s  developed f o r  b o a t in g ,  w a te r  s k i in g  and f i s h i n g .  
Boating and w a te r  s k i i n g  a c t i v i t i e s  a r e  a l s o  d e r iv e d  from d a ta  f o r  ages s i x  
and o ld e r  w ith  most o f  th e  p a r t i c i p a t i o n  due to  persons in  the  15-45 y e a r
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T A B L E  5. F O O D  C A T E G O R IE S  AND IR R IG A T IO N  W A T E R  
U SED  IN 140 S E L E C T E D  C O U N T IE S  IN  T H E  S E V E N  
T E N N E S S E E  V A L L E Y  S T A T E S  a 
( A c r e - F e e t  p e r  Y e a r )

, F ood C ategory6 Ala. Ga. K y . Miss. N.C. Tenn. Va.
Num ber

1 Fresh Berries 0.5 12.0 0.5

2 Processed Berries

3 Fresh O ther Tree Fruit 3.0 62.5 8.0 62.0 45.0

4 Processed O ther Tree Fruit
5 Fresh Melons 6.0

6 Fresh Tropical Fruit

7 Processed Tropical Fruit

8 Fresh Citrus Fruit

9 Processed C itrus Fruit

10 Fresh Potatoes 1.0 112.0 0.5

11 Processed Potatoes
12 Fresh R oo t Vegetables

13 Processed R o o t Vegetables
14 Fresh Green L eafy 71 .0 275.0
15 Processed Green L eafy 208.5

16 Fresh O ther A bove G round
Vegetables 70.0 6.0 26.0 2.0 19 1.0 3 11 .0

17 Processed O ther A bove 
G round Vegetables 45.0 455.0

18 Grain &  Grain Products 116 .0

19 R ice &  Rice Products

20 Wheat &  Wheat Products 165.0 6.0

T otal 124.0 6.0 89.5 2.0 270.5 17 16 .5  52.0

“ Primarily from  Reference 14.
in fo rm a tio n  not available on Categories 21 through 35.

age range .  F ish ing  a c t i v i t i e s  a re  based on d a ta  f o r  th e  age group o f  12 
and o ld e r .  These a c t i v i t i e s  a re  more d is p e r s e d  than swimming and b o a t in g ,  
and t h i s  i s  so in d i c a te d  in Table  6 . In g e n e r a l ,  d e s t i n a t io n s  f o r  f i s h in g  
a re  a ss ig n ed  w i th in  a 50-m ile  ra d iu s  o f  th e  c e n t r o id  o f  r e s id e n c e .  Data 
on hun tin g  a c t i v i t i e s  a r e  now being developed .

MODIFICATIONS IN REGIONAL MODEL

Severa l  changes and a d d i t io n s  a re  be ing  made in the  r a d i a t i o n  dose 
submodel o f  HERMES p r i o r  to  i t s  a p p l i c a t i o n  in th e  Tennessee Valley  Region; 
changes in  o th e r  components a re  e x p la in e d  e lsew here  [ 2 ,3 ] .  These m o d i f ic a 
t i o n s  r e f l e c t  in  p a r t  the  i n i t i a l  a p p l i c a t i o n  o f  HERMES in  th e  UMRB and th e  
reg ion a l  c h a r a c t e r i s t i c s  o f  th e  TVR.

Contaminated Ground Surface

Beta r a d i a t i o n  from v a r io u s  d i s t a n c e s  above th e  su r f a c e  o f  contam inated  
ground w i l l  be inc lud ed  in  th e  c a l c u l a t i o n  o f  dose to  th e  s k i n .  The c a l c u l a 
t i o n  assumes t h a t  the  b e ta  e m i t t e r s  a re  a s s o c ia te d  w ith  an i n f i n i t e  p la in  
source  o f  n e g l i g ib l e  th i c k n e s s .  Development o f  the  d o s e - r a t e  eq u a tio ns  and 
the  computer a lo g r i thm s  i s  e x p la in e d  in  Hine and B row nell ,  and T u rn e r ,  
r e s p e c t i v e ly  [2 2 ,2 3 ] .  Table 7 c o n ta in s  se v e ra l  examples o f  dose f a c t o r s



T A B L E  6. E X A M P L E  OF R EC R E A TIO N A L  A C T IV IT IE S IN  T E N N E S SE E  V A L L E Y  REGION

S w im m in g  B o a t in g  a n d  W a te r  S k i in g  F is h in g

, . . H o u rs  . . . H o u rs  . . . H o u rs
A c t iv i t y  A c t i v i t y  n  A c t i v i t y

R iv e r  P e r s o n  , . R iv e r  P e rs o n  , R iv e r  P e rs o n
L o c a t io n  . .  L o c a t io n  . .  L o c a t io n  . .

Y e a r  Y e a r  Y e a r

1 D a v id s o n  D a v id s o n  C u m b e r la n d  6 .3 5 D a v id s o n  C u m b e r la n d 3 4 .8  D a v id s o n C u m b e r la n d 6 3 .6

R M fl 19 0  \ R M  19 0 R M  1 7 0

S u m n e r C u m b e r la n d 5 .3

R M  2 3 0

W ils o n C u m b e r la n d 6 .9

R M  2 5 0

R u t h e r fo r d S t o n e y 5 .3

R M  4 0

D e K a lb C a n e y  F k . 2 .0

R M  4 0

H o u s to n T e n n e s s e e 2 .0

R M  8 0

S t e w a r t C u m b e r la n d 2 .0

R M  9 0

T o t a l 8 7 .1

a R M  = r iv e r  m ile .
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T A B L E  7. E X A M P L E S  O F  D O SE F A C T O R S  T O  SKIN W H IL E  ST AN DING  ON 
C O N T A M IN A T E D  GROUND 
[ ( m r e m / h r ) / ( p c i / m 2 )] x 1010

Nuclide
Total Dose0 Gamma Dosea 

1 Meter1.0 Meter 0.75 Meter 0.5 Meter

90Sr 41 130 420
95Zr 140 160 230 130
131I 110 200 470 73
134Cs 330 440 740 280
137Cs 170 250 510 110

aEXREM code was run for a point 108 cm above the surface, 
equivalent to approximately 100 cm of air plus 9 mg/cm2 of tissue. 
[23] The beta dose correction factors obtained by comparing the 108 
cm dose to that 100 cm in air were used also for the other distances.

w ith  sk in  as th e  r e f e re n c e  organ .  The im portance o f  b e ta  r a d i a t i o n  as a 
c o n t r i b u t o r  to  sk in  exposure i s  r e f l e c t e d  by th e  in c r e a s e  in t o t a l  dose 
w ith  a d ec rease  in  d i s t a n c e  above the  contam inated  s u r f a c e .  The gamma 
component o f  th e  t o t a l  dose a t  1 m eter i s  inc lud ed  f o r  com parative 
purposes .

D is tances  o f  about 0 .5  m eter seem rea so n ab le  fo r  exposure o f  the  
c h i l d  and w i l l  a l s o  be inc lu ded  in  th e  s tu d y .

C a lc u la t io n  o f  P o te n t i a l  Dose

The annual exposure in  Year 2000 i s  a summation o f  tw elve  monthly 
values  o f  e x te rn a l  and in t e r n a l  dose c a l c u l a t e d  w ith  HERMES. Externa l  
dose i s  based on c o n c e n t ra t io n s  e s t im a te d  to  be in  th e  environment each 
month. I n t e r n a l  dose in c lu d es  th e  c o n t r i b u t io n  from r a d io n u c l id e s  taken 
in to  the  body each month and from th e  r e s id u a l  m a te r ia l  rem aining in  the 
body, in t e g r a t e d  over a t o t a l  pe r io d  o f  tw elve  months. This procedure  
may o v e re s t im a te  th e  in t e r n a l  dose in Year 2000. The o v e re s t im a te  may be 
as la r g e  as a f a c t o r  o f  2 f o r  uniform in ta k e  o f  a ra d io n u c l id e  whose 
e f f e c t i v e  h a l f  l i f e  in the body i s  g r e a t e r  than one y e a r ;  as the  e f f e c t i v e  
h a l f  l i f e  approaches 0.01 y e a r s ,  th e  f a c t o r  approaches 1.

Dose commitment i s  c a l c u l a t e d  f o r  a f i f t y - y e a r  p e r iod  only f o r  the  
r a d i o a c t i v e  m a te r ia l  in h a led  o r  in g e s te d  during  Year 2000. This w i l l  be 
supplemented to  in c lud e  dose commitment c a l c u l a t i o n s  beg inn ing  w ith  the  
f i r s t  y e a r  o f  th e  s tudy  and p ro g re s s in g  to  Year 2000 and beyond.

Externa l Dose to  Organs-from Immersion in A ir

Rad ionuc lides  p re s e n t  in  a i r  may i r r a d i a t e  in t e r n a l  organs as an 
e x te r n a l  source  in a d d i t io n  to  the  r a d i a t i o n  rece iv ed  fo l low in g  in h a l a t i o n  
o r  in g e s t i o n .  A c a p a b i l i t y  w i l l  be added dur ing  the  TVR study  to  c o n s id e r
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T A B L E  8. T O T A L  D O SE R A T E  T O  ORGANS O F  T H E  
B OD Y  F R O M  85K r  
( r a d s / y r ) /  ( ß C i / m 3)

Organ Dose Rate

Skin 1.8
Adipose tissue 1.5 X IO-2

Lungs 3.2 X IO-2

Red bone marrow 1.8 X IO"2

Skeleton 3.65 X IO-2

Ovaries 6.2 X 10"3

Testes 1.6 X 1СГ2

Lenses of eyes 1.8 X 10 '2

t h i s  e x te r n a l  exposure mode. I t  i s  l i k e l y  to  be o f  p a r t i c u l a r  i n t e r e s t  
f o r  th e  noble  gases because o f  t h e i r  r a p id  e l im in a t io n  from th e  body and 
th e  r e s u l t a n t  low dose d e l iv e r e d  from th e  i n t e r n a l  so u rc e s .

The methods and e q u a t io n s  to  be used in  th e  development o f  dose 
f a c t o r s  a re  ex p la in ed  by Poston and Snyder [2 4 ] ,  Diliman [ 2 5 ] ,  Snyder 
e t  a l . [ 2 6 ] ,  and Snyder [2 7 ] .  The source  i s  assumed to  be a sem i- i n f i n i t e  
c loud o f  uniform con tam in a t io n .  R ad ia t ion  co n s id e red  in  th e  c a l c u l a t i o n  
o f  dose in c lu d es  ph o ton s ,  b e ta  r a y s ,  and b r e m s s t r a h lung produced in the  
cloud and b re m s s t r a h lung produced as b e ta  p a r t i c l e s  and e l e c t r o n s  pass 
through th e  sk in  o f  th e  body. Also co n s id e re d  f o r  th e  noble gases i s  the  
dose a s s o c ia te d  w ith  th e  a b s o rp t io n  o f  th e  gas in the  t i s s u e  o f  the  body 
and p re s e n t  in th é  a irways o f  the  lu ng s .

Table 8 c o n ta in s  an example o f  th e  dose f a c t o r s  t h a t  w i l l  be developed. 
L is te d  i s  the  t o t a l  dose r a t e  to  va r ious  organs o f  th e  body due to  a u n i t  
c o n c e n t ra t io n  o f  krypton 85 in a s e m i - i n f i n i t e  volume o f  a i r .

CONCLUDING REMARKS

Only now do we approach the  time f o r  computer c a l c u l a t i o n s  in the  
Tennessee Valley  Region S tudy. Many da ta  have been c o l l e c t e d  and some 
remains to  be developed. M o d if ic a t io n s  have been made in  some o f  th e  sub 
models o f  HERMES based in p a r t  on i t s  f i r s t  a p p l i c a t i o n  in th e  Upper M is s i s 
s ip p i  R iver  B as in ,  and on th e  d i f f e r e n c e s  in  th e  environmental c h a r a c t e r i s t i  
o f  th e  Tennessee V alley  Region. A d d it ion a l  changes in HERMES a re  l i k e l y  as 
i t  c o n t inu es  to  be used and as in fo rm at io n  becomes a v a i l a b l e  from 
environmental m on i to r ing  programs and c o n t r o l l e d  ex p e r im e n ta t io n  by 
which to  t e s t  i t s  p r e d i c t i v e  c a p a b i l i t i e s .

F u r th e r  enhancement o f  th e  r a d i a t i o n  dose submodel i s  p o s s ib l e .
This could  in c lu d e  the  a b i l i t y  to  c o n s id e r  such f a c t o r s  as f u t u r e  changes 
in land  use ( i . e . ,  a g r i c u l t u r a l  p r a c t i c e ,  i n d u s t r i a l  and r e s i d e n t i a l
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development, e t c . )  and in demographic c h a r a c t e r i s t i c s  ( i . e . ,  d i s t r i b u t i o n  
o f  in d iv id u a l s  by age and s e x ,  changes in t h e i r  d i e t a r y  h a b i t s ,  e t c . ) ,  
th e  re su sp ens io n  o f  r a d io n u c l id e s  d e p o s i te d  on ground s u r f a c e s ,  the 
p o s s ib le  bu i ldup  and g lobal c i r c u l a t i o n  o f  rad io n u c l id e s  in th e  atmosphere 
and the  p o te n t i a l  dose to  a q u a t i c  and t e r r e s t r i a l  organisms o th e r  than man.
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Abstract

A PPLÍC ATIO N S OF A  GENERAL C O M P U T A T IO N A L  MODEL FOR C O M P O SITE  ENVIRONM ENTAL R ADIATION  

DOSES.

A m a th e m a tic a l m o d e l for c a lc u la tio n  on a la rg e  g en era l-p u rpo se d ig ita l com p u ter o f  reg io n al rad iation  

doses resu ltin g  from  la r g e - s c a le  use o f  n u clea r en ergy was previou sly  d ev e lo p ed  and reported. T his gen eral 

m o d e l has now b een  s u b -d iv id e d  to  p erm it rapid c a lc u la tio n s  for the se v e ra l exposure pathw ay groupings in  an 

in te ra c tiv e  m od e using th e  BASIC  co m p u ter la n g u a g e . T h e  sub-program s are  c o m p le te ly  f le x ib le  as to 

the n u clid es, body organs, and pathw ays for w h ich  rad iation  doses are  to b e  c a lc u la te d , but in c lu d e  at th e 

present tim e: (1) ap p ro x im a te ly  150 rad io n u clid es, in clu d in g  transuranics; (2) doses to  w hole b ody, skin, 

b one, lungs, thyroid and g a stro -in te stin a l tra ct; and (3) sub-program s for clo ud subm ersion, in h a la tio n  o f 

nu clid es o th e r  than rad io io d in es (resuspension o f  deposited nu clid es is not in clu d ed ), in gestion  o f  w ater and 

a q u a tic  foodstuffs a lo n g  w ith  ex te rn a l dose from  w ater and sedim en ts, and in gestio n  o f  irrigated  crops.

T h yro id  dose from  in h a la tio n  and in gestion  and dose to  a q u a tic  b iota  can a lso  b e  c a lc u la te d .

D ose factors in  th e program s for th e various m e d ia -n u c lid e -o rg a n  com b in ation s h a v e  b een  ca lc u la te d  

using ICRP m ethods. For rad ion u clid es  w ith  long e f f e c t iv e  h a lf - liv e s  the sub-program s c a lc u la te  e ith er 

to ta l dose co m m itm e n t for a s in g le  y e a r 's  in ta k e  or th e  dose ra te  at th e  end o f  a s p e c ifie d  period o f  years 

at constant annual in ta k e . T ran sfer factors b etw een  trophic le v e ls  h av e  b een  tak en  in  m ost part from  

sum m aries published by others, and are  updated as n ew er data b e c o m e  a v a i la b le .  T h e  m ajo r a p p lica tio n  

to  d a te  o f  the com p artm en t m o d e l has b een  th e  c a lc u la t io n  for the US A to m ic  Energy C om m issio n  o f  

en v iro n m en ta l im p a c t  statem en ts. U se is a lso  bein g m ad e o f  the sam e m o d e l for ev a lu a tio n  o f  p o ten tia l 

r a d io lo g ic a l im p acts  asso ciated  with the u lt im a te  fa te  o f  ra d io a c tiv e  wastes for various lo n g -te rm  w aste 

disposal con cep ts,

INTRODUCTION

Proper e v a lu a t io n  o f  r a d ia t io n  dose  to  p e o p le  from  environm ental 
r a d ia t io n  so u rce s  re q u ir e s  the summation o f  dose  c o n tr ib u t io n s  from  a l l  
n u c lid e s  and exposure pathways o f  con sequ ence . The r e la t iv e  im portance 
o f  a p a r t ic u la r  pathway or  n u c lid e  fr e q u e n t ly  cannot be  ju dged  w ith ou t 
c a lc u la t io n  o f  the in crem en ta l r a d ia t io n  doses  and the t o t a l  d ose .

A m athem atical model has been d ev e lop ed  a t the P a c i f i c  N orthwest 
L a bora tory  (op era ted  f o r  the USAEC by B a t t e l le  M em orial I n s t i t u t e )  to  
c a lc u la t e  annual r a d ia t io n  doses  and dose commitments, to  the t o t a l  body 
and s e le c t e d  organs o f  in d iv id u a ls  and p o p u la t io n  g rou p s , from  both  
in te r n a l and e x te r n a l s ou rces  o f  r a d ia t io n . The model in c lu d e s  a l l  
exp osu re pathways thought to  be s ig n i f i c a n t  and f o r  w hich a rea son a b le  
amount o f  b a s ic  data  were a v a i la b le ;  r a d io n u c lid e s  may be added o r  d e le te d  
as re q u ire d . The dose c a lc u la t io n  scheme was o r ig i n a l ly  d esign ed  as the

*  Based on work performed under US Atomic Energy Commission contract AT(45-1)-1830.
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f i n a l  p o r t io n  o f  a com plex m athem atical model d ev e lop ed  to  p r o v id e  
e stim a tes  o f  r a d ia t io n  d oses r e s u lt in g  from a n u cle a r  power economy. As 
such , i t  was programmed to  be s o lv e d  on a la r g e  d i g i t a l  com puter (UNIVAC- 
1 1 0 8 ). The model has s in c e  been  su b d iv id ed  in to  s e v e r a l  exp osu re  pathway 
grou p in gs f o r  ra p id  c a l c u la t io n s ,  in  an in t e r a c t iv e  mode u sin g  BASIC com
p u ter  language, f o r  a p p l ic a t io n  to  le s s  com plex environm ental s i t u a t io n s .

T his paper b r i e f l y  rev iew s the o r ig in a l  developm ent o f  the mathem ati
c a l  model and the fu r th e r  m o d if ic a t io n s  and a p p l ic a t io n s  f o r  c a lc u la t in g  
r a d ia t io n  d oses  f o r  1 ) the environm ental statem ents re q u ire d  by the USAEC 
l i c e n s in g  p rocedu re  f o r  n u clea r  f a c i l i t i e s  and 2) h y p o th e t ic a l  r e le a s e s  o f  
n u cle a r  w astes a f t e r  extrem ely  lon g  p e r io d s  o f  s to r a g e .

MODEL DEVELOPMENT

The o r ig in a l  dose c a lc u la t io n  s c h e m e ^  was d ev ised  as p a rt o f  
the com puter program H E R M E S [2 ] design ed  to  (a ) d e f in e  the n u clea r  
power economy p o t e n t ia l ly  in  p la ce  in  the year 2000, (b ) s i t e  the req u ired  
n u cle a r  f a c i l i t i e s ,  ( c )  e stim a te  the r e le a s e  and d is p e r s io n  o f  th e ir  r a d io 
a c t iv e  e f f lu e n t s ,  (d ) c a lc u la te  r e s u lt in g  r a d io n u c lid e  co n c e n tr a t io n s  in  
a i r  and w a ter , and on s o i l  and sed im ent, (e )  c a lc u la t e  co n ce n tra t io n s  in  
f o o d s t u f f s ,  and ( f )  c a lc u la te  r a d ia t io n  doses  from in ta k es  o f  a i r ,  water 
and f o o d s ,  and from  e x te rn a l exposure to  a i r ,  w ater and ground. The o u t
put from  item  (d ) above ( in  FORTRAN b in a ry  form at) i s  used d i r e c t l y  by the 
com puter as input to  item s (e )  and ( f ) .

Data d e s c r ib in g  the fo l lo w in g  param eters were s to re d  in  ta b u la r  form 
in  the program : 1) fo o d  consum ption , and lo c a t io n  and tim e o f  year o f
p r o d u c t io n , 2) hours per year and lo c a t io n  o f  each  o f  s e v e ra l ty p es  o f  
r e c r e a t io n ,  and 3) fa c t o r s  f o r  co n v e rtin g  e x te r n a l exposure to  r a d io 
n u c lid e s  in  a i r ,  w ater and on s o i l  to  sk in  and to t a l -b o d y  d o s e s . D iet*  
occupancy fa c t o r s  and dose f a c t o r s  are su p p lied  in  s e ts  th a t are d e t a ile d  
by p o p u la t io n  ty p e , age o f  p e r so n , tim e o f  y e a r , a n d /o r  organ .

A schem atic drawing o f  the com pu tation a l scheme i s  g iven  in  F igure 1. 
The program co n ta in s  a su b rou tin e  f o r  c a lc u la t in g  co n ce n tra t io n s  in  fo o d 
s t u f f s  a t tim e o f  h arvest from the co n ce n tra t io n s  in  a i r ,  w ater and s o i l ,  
and a p p lie s  c o r r e c t io n s  f o r  subsequent lo s s e s  from r a d io a c t iv e  d ecay , and 
home and com m ercial food  p re p a ra tio n  p r io r  to  consum ption . This su b rou tin e  
i s  rep resen ted  by the low er h a lf  o f  the column la b e le d  pathways in  F igure 1 
and the g en era l eq u a tion s  in v o lv e d  are i l lu s t r a t e d  in  F igure 2. The numer
ous param eters req u ired  fo r  the a p p l ic a t io n  o f  the eq u a tion s are  d e fin e d  in  
Table I .

Equations f o r  c a lc u la t in g  in te r n a l  dose fa c t o r s  were d er iv ed  from 
th ose  g iven  by the IC R P ^] and have p r e v io u s ly  been p u b lish ed  by 
S o ld a t . [1>2] E f fe c t iv e  decay en e rg ie s  f o r  the r a d io n u c lid e s  were c a lc u 
la te d  from  the ICRP m odel, w hich assumes a l l  o f  the r a d io n u c lid e  i s  in  the 
c e n te r  o f  a s p h e r ic a l  organ w ith  an a p p ro p r ia te  e f f e c t i v e  ra d iu s . Where 
data were la c k in g , m e ta b o lic  param eters f o r  the standard man were used fo r  
o th e r  ages as w e l l .  P r o v is io n  was made to  a llo w  a d d it io n  o f  the dose con 
t r ib u t io n s  from c e r t a in  n u c lid e s  which are  e s s e n t ia l ly  u n ifo rm ly  d i s t r i 
buted in  the b ody , such as 3H, 11+C, 22Na and 2t+Na, to  the in d iv id u a l organ 
d o s e s .

S ince the g e o g r a p h ic a l r e g io n  fo r  which doses  were o r i g i n a l l y  c a lc u 
la te d  was la r g e ,  i t  was su b d iv id ed  in  about 300 p o p u la t io n  c e n te r s . The



IAEA-SM-172/82 485

d o se s  to  a v e r a g e  and maximum i n d i v i d u a l s  w ere c a l c u l a t e d  f o r  e a c h  p o p u la 
t io n  c e n t e r  s e p a r a t e l y .  An a g e -w e ig h te d , man-rem do se  was c a l c u l a t e d  f o r  
e ach  p o p u la t io n  c e n te r  and th en  summed to  g e t  th e  t o t a l  man-rem d o se  in  
th e  r e g io n .  The r e p o r t s  p r in t e d  by th e  program  in c lu d e  t o t a l  d o se s  to  
v a r io u s  o rg a n -p a th w a y -a g e  c o m b in a tio n s  and p e r c e n t  c o n t r ib u t io n  to  d o se  by 
e i t h e r  pathw ay o r  n u c l i d e .  The n u m e r ic a l r e s u l t s  f o r  th e  c o n d it io n s  
p o s t u la t e d  to  e x i s t  in  th e  upper M i s s i s s i p p i  R iv e r  v a l l e y  r e g io n  o f  th e  
U .S . in  th e  y e a r  2000 a r e  in  p r e s s  a t  t h i s  tim e a s  an AEC r e p o r t .

APPLICATION TO USAEC ENVIRONMENTAL IMPACT STATEMENTS

C u r r e n t ly ,  b e f o r e  any n u c le a r  pow er r e a c t o r  can  b e  l i c e n s e d  in  th e  
U n ite d  S t a t e s ,  th e  USAEC p r e p a r e s  an E n v iro n m en ta l S ta tem en t d e l i n e a t i n g  
th e  p o t e n t i a l  im p a cts  on th e  en viro n m en t from  c o n s t r u c t io n  and o p e r a t io n  o f  
th e  f a c i l i t y .  B a t t e l l e - N o r t h w e s t , as an AEC c o n t r a c t o r ,  h a s been  a s s i s t i n g  
in  p r e p a r a t io n  o f  th e  E n v iro n m en ta l S ta te m e n ts . I n c lu d e d  a r e  e v a lu a t io n s  o f  
th e  r a d i o l o g i c a l  im p a cts  on man and o th e r  b i o t a  from  r o u t in e  o p e r a t io n  o f  
th e  f a c i l i t y  and from  t r a n s p o r t a t io n  o f  r a d i o a c t i v e  m a t e r i a ls  ( c le a n  f u e l ,  
i r r a d i a t e d  f u e l  and w a s t e s ) .

The r a d i o l o g i c a l  d o se  m odel d e v e lo p e d  a s  p a r t  o f  HERMES was s e l e c t e d  as 
an a p p r o p r ia t e  b a s i s  f o r  e v a lu a t in g  th e  r a d i o l o g i c a l  im p a ct f o r  th e s e  
s ta te m e n ts .  The c a l c u l a t i o n s  f o r  an E n v iro n m en ta l S tatem en t u s u a l l y  
in v o lv e d  o n ly  one s i t e  w ith  one s e t  o f  m e t e o r o lo g ic a l  d a t a ,  and one p o p u la 
t io n  d i s t r i b u t i o n .  B ecau se  many o f  th e  in p u t p a ra m e te rs  w ould b e  th e  same 
f o r  each  c a s e ,  i t  was c o n v e n ie n t to  re d u c e  th e  c o m p le x ity  o f  th e  HERMES dose  
m odel and to  rep ro gram  th e  e q u a tio n s  in t o  an i n t e r a c t i v e  com puter la n g u a g e . 
The p a r t i c u l a r  la n g u a g e  a v a i l a b l e  to  us was an im proved v e r s io n  o f  th e  
BASIC com puter la n g u a g e  a d a p ted  by th e  Com puter S c ie n c e s  C o r p o r a tio n  f o r  
i t s  t im e - s h a r in g  sy s te m .

The d o se  c a l c u l a t i o n  scheme was d iv id e d  in t o  two la r g e  segm en ts —  
ARRRG f o r  r a d i a t i o n  d o se s  from  aqueous e f f l u e n t s  (T a b le  I I )  and GRONK f o r  
r a d i a t i o n  d o se s  from  g a se o u s  e f f l u e n t s , ( T a b l e  I I I ) .  C e r t a in  a u x i l i a r y  
e q u a tio n s  w ere  programmed to  p e rm it a d d i t i o n a l  c a l c u l a t i o n s .  T h ese  p ro 
grams a r e  a ls o  d e s c r ib e d  in  T a b le s  I I  and I I I .

I n fo r m a tio n  s p e c i f i c  to  e ach  r e a c t o r  s i t e  was e n te r e d  in t o  f i l e s  
e s t a b l i s h e d  f o r  e a c h  r e a c t o r ;  f o r  exa m p le , r a d io n u c l id e  r e l e a s e  r a t e s  
(s o u rc e  t e r m s ) , m e t e o r o lo g ic a l  d a ta  ( j o i n t  fr e q u e n c y  d i s t r i b u t i o n s )  and 
p o p u la t io n  d i s t r i b u t i o n  (by d i r e c t i o n  and d is t a n c e  o u t to  50 m i l e s ) .  D ata  
w h ich  v a r ie d  b y  r a d io n u c l id e ,  su ch  a s d e c a y  c o n s t a n t s ,  b io a c c u m u la tio n  
f a c t o r s  and d o se  c o n v e r s io n  f a c t o r s ,  w e re  a ls o  e n te r e d  in t o  o th e r  perm anent 
f i l e s .  A l l  o f  th e s e  f i l e s  a r e  d e s c r ib e d  in  T a b le  IV .

C e r ta in  p a ra m e te rs  w h ich  w ere  h i g h l y  v a r i a b l e ,  su ch  a s  d i e t s  assumed 
f o r  th e  p a r t i c u l a r  l o c a l i t y ,  r e a c t o r  c o o la n t  f lo w  r a t e ,  d e c a y  tim e b etw een  
r a d io n u c l id e  r e l e a s e  and in ta k e  o f  co n ta m in a ted  fo o d , w ere  e n te r e d  d i r e c t l y  
a t  th e  tim e each  c a l c u l a t i o n  run was made. T h is  was c o n v e n ie n t ly  accom
p l is h e d  th ro u gh  th e  i n t e r a c t i v e  com puter mode in  w h ich  th e  l o c a l  t e l e t y p e  
te r m in a l p r i n t s  o u t a s ta te m e n t o r  q u e s t io n  to  be answ ered b y  th e  o p e r a t o r ,  
su ch  a s " c o o l in g  f lo w  in  c f s  = ?"

The a u x i l i a r y  program  THY was o r i g i n a l l y  d e s ig n e d  to  c a l c u l a t e  th y r o id  
d o se  to  a d u l t s  and c h i ld r e n  and th e  a i r  c o n c e n tr a t io n  o f  s p e c i f i c  r a d io 
io d in e  n u c l id e s  a t  th e  l o c a t i o n  o f  i n t e r e s t .  I t  h a s s i n c e  b een  in c o r p o 
r a te d  in t o  an expanded v e r s io n  o f  GRONK and now u t i l i z e s  th e  r e l e a s e  r a t e s  
and a tm o sp h e r ic  d is p e r s io n s  d i r e c t l y  from  th e  main program  to  c a l c u l a t e  
th y r o id  d o se s  from  se v e n  io d in e  i s o t o p e s ,  1 -1 2 9  th ro u g h  1 - 1 3 5 .
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FIG. 1. Dose calcu lation  model.
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The mathematical model used to calculate the doses from air sub
mersion is given in the equations that follow.

I

(D)x ,e ,d  = 8 7 6 6  2 ,  xi  (DF)i  (1)
i=l

Where

(D) g ¿ = annual dose to total body (or skin) of a person
’ 5 located at a point x meters from the source in a direction 

d, averaged over a sector width of 0 radians.
8766 = Hours per year

I = Number of isotopes
(DF). = Dose factor for isotope (i) in units of mrem/hr per pCi/m3 

based on a half-infinite cloud geometry and corrected for 
the fractional penetration of beta and gamma radiations to 
the appropriate tissue depth (7 x 10-3 cm for skin and 5 cm 
for total body). (Reference 1)

Xi

Where

o.oi f io12q* . j  i exp
X.

exp I-- zr (2 )

X. = Annual average concentration (pCi/m3 of isotope (i) at 
1 point (x,0,d). (Reference 5, pp. 113).

f = Percent of time wind blows in direction d under meteoro
logical conditions J.

1012 = Picocuries per curie.
= Release rate of isotope (i) in curies per second.

0 = Sector width in radians = (2тт/п) where n is the number of
sectors, normally 16.

x = Downwind distance in meters.
ü = Average wind speed for meteorological condition (J) in 

meters per second.
= Travel time of released material to point (x,0,d) under

UJ meteorological conditions (J) in seconds.

= Radioactive decay constant for isotope (i).

h = Height of release in meters.
(Gz)j = Standard deviation of vertical dispersion under meteor

ological condition (J)

N = Number of meteorological conditions.

The vertical dispersion may be derived for the Hanford (Fuquay- 
Simpson) four stability class format from equations given on pp. 141 and 
405 of Reference 5, or from tables of (üz) versus Pasquill stability 
category taken from pp. 409 of Reference 5.
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T A B L E  I. D E F IN IT IO N  O F  S Y M B O L S  F O R  F O O D  P A T H W A Y S  E Q U A T IO N S

A Radionuclide conc. in air during month "m" (pCi/ %)m
a First month of crop contamination
Вд Conc. factor for fish (pCi/kg per pCi/ Z)

B £ Food crop conc. factor (pCi/kg per pCi/kg soil)
Forage crop conc. factor (pCi/kg per pCi/kg soil)

Bg Grain conc. factor (pCi/kg per pCi/kg soil)
Bg Stored feed conc. factor (pCi/kg per pCi/kg soil)
Сд Radionuclide conc. in fresh fish flesh (pCi/kg)
C£ Radionuclide conc. in food crop (pCi/kg wet weight)
C^ Radionuclide conc. in milk (pCi/£)
C^k Radionuclide conc. in beef (pCi/kg)
C^c Radionuclide conc. in poultry muscle (pCi/kg)
С^а Radionuclide conc. in egg (pCi/egg)
E>cm Deposition on food crop during month "m" (pCi/m2)
D^m Deposition on forage crop during month "m" (pCi/m2)
Dgm Deposition on grain crop during month "m" (pCi/m2)
Dgm Deposition on stored feed crop during month "m" (pCi/m2)
F ^  Radionuclide conc. in plowlayer of food crop from air deposition 

(pCi/m2)
Fç^ Radionuclide conc. in plowlayer of food crop from water deposition

(pCi/m2)
FfA Radionuclide conc. in plowlayer of forage crop from air deposition

(pCi/m2)
F ^  Radionuclide conc. in plowlayer of forage crop from water deposition

(pCi/m2)
F д Radionuclide conc. in plowlayer of grain crop from air deposition

(pCi/m2)
FgW Radionuclide conc. in plowlayer of grain crop from water deposition

(pCi/m2)
F д Radionuclide conc. in plowlayer of stored feed from air deposition

(pCi/m2)
Fg^ Radionuclide conc. in plowlayer of stored feed from water deposition

(pCi/m2) '
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Breathing rate of beef cow (m3/day)
G ̂ Breathing rate of dairy cow (m3/day)
G c Breathing rate of poultry (m3/day)
h Month of crop harvest
1^ Daily ingestion of radionuclide by beef cow (pCi)
I Daily ingestion of radionuclide by poultry (pCi)
1^ Daily ingestion of radionuclide by dairy cow (pCi)

Daily ingestion of drinking water by beef cow (&)
Lc Daily ingestion of drinking water by poultry (£)

Daily ingestion of drinking water by dairy cow (£) 
m Month
N Radionuclide inhalation retention factor
P 2.24 x 102 kg soil/m2 plowlayer

Daily fresh forage ingestion by dairy cow (kg)
Qgk Daily grain ingestion by beef cow (kg)
Q Daily grain ingestion by poultry (kg)
Q ^ Daily grain ingestion by dairy cow (kg)
Qgk Daily stored feed intake by beef cow (kg)
Qgc Daily stored feed intake by poultry (kg)
Qgcj Daily stored feed intake by dairy cow (kg)
R Deposition retention factor
S , Coefficient of transfer of radionuclide from diet to milkd

(pCi/£ per pCi/day)
S,, Coefficient of transfer of radionuclide from diet to meat of beefkb

cow (pCi/kg per pCi/day)
Coefficient of transfer of radionuclide from diet to meat of poultry

(pCi/kg per pCi/day)
Coefficient of transfer of radionuclide from diet to egg

(pCi/egg per pCi/day)
Tc Food crop translocation factor

Grain crop translocation factor
T Stored feed translocation factors
t^ Time between successive removals of forage crop (days)
tg Time between deposition and harvest (h-m)(days)

T A B L E  I. (cont. )
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t0g Time between harvest and consumption of grain (days)

ü0s Time between harvest and consumption of stored feed (days)
Yс Food crop yield (kg/m2)
Yf Forage crop yield (kg/m2)
Yg Grain crop yield (kg/m2)
Ys Stored feed crop yield (kg/m2)
ecm Irrigation rate for food crop during month "m" (£/m2)
£fm Irrigation rate for forage crop during month "m" (£/m2)
egm Irrigation rate for grain crop during month "m" (£/m2)
esm Irrigation rate for stored feed during month "m" (£/m2)
Шcm Radionuclide conc. in irrigation water during month "m" (pCi/I )

“fm Radionuclide conc. in irrigation water during month "m" (pCi/£)
Шgm Radionuclide conc. in irrigation water during month "m" (pCi/£)
U)sm Radionuclide conc. in irrigation water during month "m" (pCi/£)
ÀE Effective decay constant
Xr Radioactive decay constant

TABLE II. PROGRAMS FOR CALCULATING RADIATION DOSES FROM  
LIQUID EFFLUENTS

Program_________ Data Files Used

ARRRG ARGIN
REL

Doses Calculated

Individual and population internal 
doses from ingested water and sea
food plus individual and population 
external doses from water and sedi
ment exposure.

FOOD ARGIN
REL
FOOIN

Individual internal doses from 
various garden foods irrigated with 
water containing reactor effluent. 
Milk and egg doses from animals 
grazed on irrigated pasture and 
grain.'

CRITR ARGIN
REL
CRITEN

Internal doses to aquatic biota 
such as fish, crustacea, molluscs 
and plants from surrounding water; 
and to their predators such as 
ducks, muskrats, raccoons and 
herons.
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T A B L E  III. P R O G R A M S F O R  C A L C U L A T IN G  R A D IA TIO N  D O SE S F R O M  
G A SEO U S E F F L U E N T S

Program Data Files Used Items Calculated
GRONK GIN Annual average atmospheric dilution

TONIC factors (Ci/m3 per Ci/sec released)
GRONK REACTOR versus distance and direction from
DATA FILE the source (x/QT). Individual skin

and total-body doses from exposure 
to 1/2 infinite cloud of effluents 
versus distance and direction from 
source and integrated man-rem 
(total body) doses to total popula
tion within 50 miles. Thyroid dose 
to child and adult from inhalation, 
and consumption of milk and leafy 
vegetables.

THY* None Air concentration of radioiodines 
from x/Q' and release rate. Thyroid 
doses to child and adult from inhala
tion and milk and leafy vegetable 
consumption.

May be run independently of GRONK to calculate thyroid doses only.

Both the Hanford and the Pasquill formats are programmed into GRONK 
since raw meteorology data may be given in either format, depending upon 
the particular system employed by the nuclear power utility.

Equation 1 yields the yearly external dose to a person located at 
point.(x,0,d). The man-rem/yr is determined 'by multiplying the dose from 
Equation 1 by the population located within the sector of concern. Values 
of the dose at the point (x,0,d) are assumed to be applicable to all 
individuals located in that sector from a distance of х-Дх to х+Дх.

Dispersion factors of radioactive liquid effluents in rivers and lakes 
or oceans around the site are normally defined by the hydrologists con
cerned with thermal effects, and are entered as fixed ratios into ARRRG for 
each of the points of public exposure (fishing, swimming, drinking water 
withdrawal, etc.). The ARRRG program can calculate the increased environ
mental concentration resulting from recirculation of released effluent back 
into the water intake structure.

One important exposure pathway associated with liquid effluents is the 
external exposure to contaminated sediments. The factors for. converting 
surface contamination in pCi/m2 to gamma dose at one meter above a uniformly 
contaminated plane have been described in References 1 and 2.
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TABLE IV. DATA FILES UTILIZED BY THE DOSE CALCULATION  
PROGRAMS

File Content

ARGIN Decay constants and internal dose factors for total- 
body, GI-LLI, thyroid and bone, plus external dose 
factors for skin and total body for exposure to 
sediment and to water for 136 radionuclides.

Bioaccumulation factors for fish, crustacea,
molluscs and algae for both fresh and salt water.

REL Radionuclides released with liquid effluents (Ci/yr) 
for each plant under study.

CRITEN List of absorbed energies in muscle by selected 
effective radii from 1.4 cm to 30 cm for 136 
radionuclides.

GIN Decay constants, external skin and total-body dose 
factors for air submersion for 136 radionuclides, 
child and adult thyroid dose factors for inhalation, 
ingestion and leafy vegetables.

TONIC Constants used for the Pasquill meteorology 
calculation.

GROM DATA FILE Files for a particular plant containing radionuclides 
released with gaseous effluents (Ci/yr), population 
distribution out to 50 miles in 16 sectors and up to 
10 annular rings, and meteorological data in tables 
of joint frequency of wind speed, direction and 
stability class in either Hanford or Pasquill format.

FOOIN Plant uptake factors, egg transfer factors and milk 
transfer factors.

The calculation of sediment load, transport and concentrations of 
radionuclides associated with suspended and deposited materials is a 
complex problem. One method of addressing this problem was discussed in an 
earlier paper at this symposium by Fletcher, et а1.[б] A simplified scheme 
for obtaining an order of magnitude estimate of the concentration of shore
line sediments was required for the dose calculation program ARRRG. The 
following equations were postulated as a possible method of quickly 
estimating such contamination levels.

С . = К s , i  С
С .(1-e Xl l ) w.i (3)

Where

С . = the concentration of nuclide (i) in sediment (pCi/kg) s,i
С . = the concentration of the nuclide in water adjacent to the 

’ sediment



IAEA-SM-172/82 495

= an assumed constant in units of liters/kg-day

t = the length of time the sediment is exposed to the con
taminated water.

In the original evaluation of the equation, was chosen to be the 
radiological decay constant although the true value should include ah 
unknown "environmental" removal constant. The relationship was tested and 
the value of Kc derived for several radionuclides by utilizing data on 
water and sediment samples collected over a period of several years in the 
Columbia River between Richland, Washington and the river mouth and in 
Tillamook Bay, Oregon, 75 km south of the river mouth.[7»8] The nuclides 
for which data were available, Цб8с, 51Cr, 51tMn, 65Zn, 95Zr-Nb, 1 0 3 , 1 0 6Ru, 
included those present from fallout and from operation of the Hanford 
reactors. Specific values of Kç for each nuclide averaged over all 
locations where shoreline samples had been collectedl-7J ranged from about
2 to 6 (liters/kg-day). Values of Kç for sediments collected in mid- 
streamL8J were about an order of magnitude lower.

Since the primary use of the equation is to facilitate estimates of 
the exposure rate from gamma emitters one meter above the sediment, an 
effective surface contamination was required. This was taken to be 
equivalent to having all of the nuclides contained within the top 2.5 cm 
of sediment** located at the surface. The dose contribution from the 
radionuclides below 2.5 cm in depth was ignored. The resulting equation 
is given below:

S. = 102T. (l-e-'V) (C .) (4)i i w,i

= the decay constant o f  the -nuclide*

the "effective" surface contamination (pCi/m2) to be used in 
subsequent calculations, and

= the radiological half-life of isotope (i) in days

A literature search is currently underway to find data for more 
locations and nuclides so that the validity of the equation can be tested. 
Preliminary indications are that most values of Kç derived for a wide 
variety of conditions seem to be within an order of magnitude of the average 
values found for the Columbia River.

APPLICATIONS TO LONG-RANGE WASTE MANAGEMENT STUDIES

Adaptation to long-range waste management studies has further 
demonstrated the flexibility of the original concept and of the conversa
tional computer programs which implement it. For waste management studies,

*If the presence of a radionuclide in water and sediment is controlled 
primarily by radioactive equilibrium with its parent nuclide, then the
water concentration and half-life of the parent should be used in 
Equations 3 and 4.

**With a mass of 40 kg/m2 of surface .

Where
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a very different group of radionuclides is involved than those released 
during normal operation of nuclear power reactors. Actinide elements and 
very long-lived fission and activation radionuclides are of much greater 
interest since the time span may be thousands or hundreds of thousands of 
years. Over 50 radionuclides in these categories have been included in 
the model to date. The importance of the actinide elements has dictated 
the addition of other body organs (lungs and liver) to those for which 
doses are calculated. The contributions of the inhalation pathway to 
organs other than the thyroid have also been incorporated into the model.
For many of the transplutonium elements, valid data on biological transfer 
and accumulation factors are scarce; the gaps have been filled where 
necessary by chemical analogy with plutonium.

For studies of different waste management concepts, it is convenient 
to calculate population doses from potential releases to three different 
media - the ground, surface waters, and directly to the atmosphere.
Studies in progress include the effects on calculated doses of different 
meteorological, regimes, different geographical distributions of population, 
and varying waste storage periods. Outputs will include dose summaries by 
storage period, population groups and body organs, with listings of 
percentage contribution to dose by nuclide and by pathway. These listings 
will provide ready comparison of the effect on potential radiation doses 
of alternate separation processes for removal of specific elements from 
the wastes, as well as alternate storage or disposal concepts. Source 
terms and potential release mechanisms have not yet been completely 
delineated, but preliminary calculations with hypothetical source terms 
have demonstrated the utility of this version of the original HERMES 
computational model.

CONCLUSIONS

The generalized mathematical model described here for environmental 
dose calculations has now been applied to several problems of varying size 
and complexity, and its flexibility and adaptability demonstrated. As 
with any predictive model, its accuracy is dependent upon the accuracy of 
the input data and the pre-determined parameters. Advantages are the 
ease with which parameters can be changed as better data becomes available 
and the speed with which results can be obtained directly at a remote 
computer terminal. Future application to other problems of environmental 
dose estimation is planned.
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D I S C U S S I O N

R. E. HOLMES: Can you g ive an estim ate  of the o v er a ll accuracy  of the 
p red ictive  program s taking into account th e ir  com p lexity  and the paucity of 
input data in som e a rea s?

R. F. FOSTER: The accuracy  of the p red ic tive  program s is  not easy  
to determ in e. C ertain ly  it is  no b etter  than the accuracy  of the assum ptions  
fed into the program . F or large populations exposed  to average con cen tra 
tions of 85Kr and 3H on a reg ion a l b a sis  and over extended p eriods of tim e  
the accuracy  is  lik e ly  to be quite good. F or c lo s e - in  populations exposed  to 
com plex pathways I p erson a lly  would con sid er accuracy within a factor of 
five  to be v ery  sa tisfa cto ry .

P am ela  M. BRYANT (Chairman): We have heard four papers th is  
m orning giving d eta ils  of com p rehensive stu d ies of the potentia l rad io log ica l 
im pact of n uclear power p rogram s. I have a lso  seen  a draft environm ental 
im pact statem ent which show s the cost o f saving population dose by m ean s of 
additional w aste treatm en t sy s te m s . A ll the cou n tries with ex ten siv e  n uclear  
power program s are involved  in detailed  ca lcu lations of p otentia l d o ses to 
populations. A s th ese  potential d oses are a ll very  low , it m ight be in teresin g  
to build into com puter cod es the m eans of ca lcu lating the co st of ca lcu lating  
th ese  doses.'

S. STRAUCH: I fe e l that the co n v erse  m ight be m ore im portant: 
n am ely, determ ining the c o s ts  of not m aking the ca lcu la tion s and reporting  
on them  in language the laym an can understand. Perhaps the m ost recu rr in g  
them e at th is Sym posium  has been the d ifficu lty  of in form ing and convincing  
the public of the sa fety  and low  environm ental hazard of n uclear power 
fa c il it ie s .

Regarding the Upper M iss is s ip p i R iver B asin  study, about 100 cop ies of 
the draft report w ere r e le a se d  to in terested  p arties  and governm ent a gen cies  
and the resp o n se  was m ost p o s it iv e . One of the m ajor rea so n s for conducting  
the T en n essee  V alley  Region study was the im portance attached to it by the 
TVA as far as its  public re la tion s value was concerned.

P . J. BARRY: Taking the paper I am about to p resen t m y se lf  as an 
an ticip atory exam p le, perhaps I m ay a lso  o ffer som e ob servation s on the 
them e just broached by the Chairm an. When working on the subject covered  
by m y paper I was con sc iou s of the cost of carry in g  out exh au stive en v iron 
m en tal stud ies and of p reparing input a sse s sm e n ts . Thus m y paper w ill
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show how I have attem pted to estim ate  dose com m itm ents due to a sp ec ific  
p ra ctice  using the s im p lest p o ss ib le  m odel and w hatever inform ation was 
e a s ily  availab le to m e. The purpose w as, as I sh a ll be explain ing, to e s ta b 
lis h  p r io r it ie s  concerning the need for further exp erim en ta l work, and to 
a s s e s s  the type of work that should be ca rr ied  out with a v iew  to optim izing  
the return on the r e so u r c e s  com m itted. U n less am ple re so u r c e s  are a v a il
ab le, th is p relim in ary  su rvey  should be undertaken before any large program  
of environm ental dose a sse ssm e n t is  started .
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Abstract

ESTIMATING DOSE COM M ITM ENTS TO  POPULATIONS FROM RADIOACTIVE WASTE DISPOSALS INTO 
LARGE LAKES.

A rad ia tio n  dose c o m m itm e n t is a m easu re  o f th e  lo n g -te rm  consequences for a p o p u la tion  o f  a p ra c tic e  
le ad in g  to  th e  irra d ia tio n  o f its m em b ers . An e s tim a te  o f a dose co m m itm en t is usefu l for assessing th e  
trend  w hen lo n g -liv e d  rad ionuc lides  a re  re leased  in to  th e  env iro n m en t. In this ca se  the  per ca p u t dose 
ra te  w hen eq u ilib riu m  is e v e n tu a lly  reached  is n u m e rica lly  eq u a l to  th e  dose c o m m itm e n t per u n it ra te  of 
re lea se . An e s tim a te  o f  the  dose c o m m itm e n t per un it re lea sed  is the re fo re  a necessary  p a ram e te r for 
co n side ra tion  a t an ea rly  s tag e  in  p lann ing  th e  dev e lo p m en t o f  an  a rea  for the disposal o f lo w -le v e l ra d io 
a c tiv e  w aste. An im p o rtan t a rea  in  N orth A m erica  for this purpose is th e  G reat Lakes basin . An abundance  
o f coo ling  w ate r and a la rg e  grow ing p opu la tion  co m b in e  to  m a k e  th e  shore lines o f  th e  lakes a t tra c t iv e  
sites for n u c le a r  pow er sta tions. It is reasonab le  th e re fo re  to  ex p e c t th a t som e lo w -le v e l rad io a c tiv e  wastes 
w ill en te r th e  lakes. B ecause o f th e  im p o rtan c e  o f th e  lakes for o the r purposes, th e ir  use for w aste disposal 
should be  ca re fu lly  p lanned . In th e  p ape r a p re lim in ary  a tte m p t has been  m a d e  to  e s tim a te  th e  dose 
c o m m itm e n t fo llow ing th e  re le a se  o f  rad io a c tiv e  w astes w ith  p a r ticu la r  re fe re n ce  to  th e  re lease  o f  137Cs to  
th e  low er lakes.

T h e  dose c o m m itm e n t fo llow ing a re le a se  o f  one cu rie  o f 137Cs in to  Lake Huron is 0 .4  m a n -re m .
This e s tim a te  is very crude . T h e  purposes for m ak in g  i t  a t this t im e  w ere to  (a) e s tim a te  th e  order o f 
m a g n itu d e ; (b) deve lop  co m p u ta tio n  m ode ls; and (c ) 'd isco v e r  th e  sensitiv ity  o f  th e  e s tim a te  to  assum ptions 
so as to  d efin e  th e  m ost im p o rtan t variab les  for ex p e rim e n ta l in v e stig a tio n . A nalyses to  d a te  suggest th a t 
th e  d is tribu tion  o f fish feed ing  and harvesting  areas and th e  k in e tic s  o f exchange  betw een  sed im en ts  and 
w ate r a re  p a rticu la rly  im p o rtan t areas for fu tu re study.

INTRODUCTION

The tr e n d  o f  th e  p a s t  few  y e a r s  ha,s b een  tow ard  low er p r e 
s c r ib e d  r a d ia t io n  d o se  l i m i t s  f o r  t h e  p o p u la t io n  from  n u c le a r  
and r e la t e d  o p e r a t io n s .  S in c e ,  fo r  th e  m ost p a r t ,  a c t u a l  popu
l a t i o n  d o s e s  due t o  e n v ir o n m e n ta l r e l e a s e s  o f  r a d i o a c t i v i t y  from  
n u c le a r  power s t a t i o n s  h ave  a lw a y s  b een  v e r y  s m a ll ,  p r e s c r ib in g  
low er maximum d o se  l i m i t s  h a s  had l i t t l e  e f f e c t  on t h e  a c t u a l  
d o s e s  r e c e iv e d  by p e o p le .  The m ain e f f e c t  o f  t h i s  tr e n d  h a s  b een  
t o  in c r e a s e  th e  d i f f i c u l t i e s  and t o  d i r e c t  e f f o r t s  d e m o n s tr a t in g  
t h a t  t h e  d o s e s  from  e x i s t i n g  r e l e a s e s  do n o t  e x c e e d  a r b i t r a r i l y  
low  l i m i t s .

For ex a m p le , i t  i s  r e l a t i v e l y  s im p le  t o  d e m o n str a te  t h a t  a 
d o se  t o  a c r i t i c a l  su b p o p u la t io n  d o e s  n o t  e x c e e d  th e  maximum r e 
commended f o r  th e  grou p  b y  ICRP b e c a u se  one can  ig n o r e  many 
n a t u r a l  p r o c e s s e s  t h a t  w ould  lo w er  th e  a c t u a l  d o s e s  r e c e iv e d .  .
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From th e  n a tu r e  o f  th e  g r o s s  c o n s e r v a t iv e  a ssu m p tio n s  t h a t  may
b e made one h a s  good r e a s o n  t o  s u s p e c t  t h a t  a c t u a l  d o s e s  w i l l  be 
low er by o n e , two and p erh a p s e v e n  t h r e e  o r d e r s  o f  m agn itu d e com
p ared  w ith  t h o s e  c a l c u l a t e d .  H ow ever, t o  p rove t h a t  th e  a c t u a l  
d o s e s  a r e  low er by t h e s e  o r d e r s  r e q u ir e s  a la r g e  in c r e a s e  in  e f 
f o r t  and th e  e f f o r t  b ecom es d is p r o p o r t io n a t e l y  la r g e r  f o r  ea c h  
o r d e r  o f  m agn itu d e r e q u e s t e d .

B e fo r e  any su ch  e x e r c i s e  i s  u n d e r ta k e n , t h e r e f o r e ,  i t s  
p o t e n t i a l  v a lu e  sh o u ld  be a p p r a ise d  t o  e n su r e  t h a t  i t s  e x e c u t io n  
w i l l  s e r v e  w o rth y  e n d s .  T h is  p ap er i s  an a tte m p t t o  a p p ly  t h i s  
p r i n c i p l e .  The s p e c i a l  c a s e  c h o se n  f o r  i l l u s t r a t i v e  p u r p o se s  i s  
t h a t  o f  e s t im a t in g  d o s e s  t o  p o p u la t io n s  due t o  r e l e a s e s  o f  
i n t o  Lake Huron.

ESTIMATING POPULATION DOSES DUE TO 137Cs IN LAKE HURON 

P o p u la t io n  D o ses  from  D is t r ib u t e d  S o u r c e s

An i n i t i a l  amount (Q0 ) o f  Cs r e le a s e d  i n t o  th e  la k e  w i l l ,  
by d e c a y  and e l im in a t io n ,  d e c l i n e  w it h  a r a t e  c o n s t a n t  к w h ich  
i s  th e  sum o f  a l l  th e  r a t e  c o n s t a n t s  fo r  d e c a y , e l im in a t io n  and 
s e d im e n ta t io n  assum ed t o  b e f i r s t  o r d e r  p r o c e s s e s .  The in s t a n t a n 
e o u s  d o se  r a t e  t o  t h e  p o p u la t io n  i s  p r o p o r t io n a l  t o  t h e  amount 
o f  -*-^^cs p r e s e n t .  Hence th e  t o t a l  d o se  t o  w h ich  a p o p u la t io n  i s  
com m itted  f o l lo w in g  th e  r e l e a s e  o f  Qq C u r ie s  i s :

D ose a J Q (t)  d t  = QQ/ k  ........................... ( 1 )
о

1 *3 7A rou gh  e s t im a t e  o f  к fo r  Cs in  Lake Huron can  b e o b 
t a in e d  by a n a ly s in g  t h e  t im e  c o u r s e  o f  137Cs c o n c e n t r a t io n s  
m easured  a t  K in c a r d in e  and P o r t  E lg in  on th e  e a s t e r n  s id e  o f  th e  
la k e  b etw e en  1963 and 1971 by t h e  D ep artm ent o f  H e a lth  and W el
f a r e  [ 1 ] .  T h ese a re  shown in  F ig u r e  1 . The s o l i d  l i n e  was o b 
t a in e d  a ssu m in g  ( 1 ) a l l  t h e  -*-̂ 7c s  came from  f a l l o u t  o f  weapon  
d e b r i s  (2 ) t h e  f a l l o u t  r a t e  i s  1 .5  t im e s  t h a t  o f  90gr ( 3 ) -j-he 
c o n c e n t r a t io n  in  Jan u ary  1963 was 0 .4 6  pCi and (4 ) th e
v a lu e  o f  к i s  0 .0 6  m onth- I .

A c l o s e  f i t  t o  su ch  s c a t t e r e d  d a ta  w ould  b e d i f f i c u l t  t o  o b 
t a i n  and h a r d ly  m e a n in g fu l.  The in t e n t i o n  h e r e  was s im p ly  t o  
o b t a in  an o r d e r  o f  m agn itu d e e s t im a t e  o f  к and t h i s  h a s  b een  
a c h ie v e d .  The e f f e c t i v e  h a l f - l i f e  i s  a l i t t i e  l e s s  th a n  a y e a r .

137S in c e  th e  r a d io a c t i v e  h a l f - l i f e  o f  Cs i s  3 0 y e a r s  and 
t h e  h a I f - r e s id e n e e  t im e  o f  w a te r  in  Lake Huron i s  ab o u t 50 y e a r s  
th e  v e r y  s h o r t  h a l f - l i f e  o f  -^^Cs in  th e  w a te r  m ust be due t o  
r a p id  s e d im e n t a t io n .  I f  t h e  s e d im e n t a t io n  r a t e  in  Lake S u p e r io r
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FIG. 1. C oncen tra tions  o f 137Cs in  Lake Huron: Crosses — K inca rd ine; c irc le s  — Port Elgin, m onth ly  sam ples; 
c irc les  w ith bars — quarterly  sam p les  from K incard ine  [ 1].

i s  s im i la r  v e r y  l i t t l e  l-^7Cs i s  c a r r ie d  o v er  from  t h a t  la k e  t o  
Lake Huron and p resu m ab ly  v e r y  l i t t l e  i s  a l s o  b ro u g h t in  b y s u r 
f a c e  r u n - o f f  so  t h e  s im p le  a ssu m p tio n  t h a t  th e  o n ly  so u r c e  o f  
th e  r a d io n u c l id e  i s  d i r e c t  f a l l o u t  on  th e  la k e  s u r f a c e  i s  r e a s o n 
a b l e .  The h ig h  s e d im e n ta t io n  r a t e  in  Lake Huron a l s o  means t h a t  
l i t t l e  o f  th e  -̂3 7qs t h a t  la k e  w i l l  e n t e r  t h e  low er la k e s  and 
th e  S t .  Law rence R iv e r  so  th e  b u lk  o f  th e  t r a n s f e r  o f  13 7Cs t o  
humans due t o  r e l e a s e s  in t o  Lake Huron w i l l  a r i s e  from  th e  u s e s  
made o f  t h a t  la k e  a lo n e .

The v a lu e  o f  к ^  0 .0 6  m onth-  ̂ g iv e s  an i n f i n i t e  t im e  i n 
t e g r a l  o f  e q u a l t o  1 .4  Ci y f o r  e a c h  C u r ie  e n t e r in g  th e
la k e .  A ssum ing u n ifo rm  m ix in g  and a la k e  volum e o f  5 x 10^® cm^ 
t h e  t im e  i n t e g r a l  o f  th e  c o n c e n t r a t io n  i s  ab o u t 3 x 10” ^  C i y  
cm“3 . T ak in g  an a v e r a g e  d r in k in g  w a te r  in ta k e  t o  be 5 x 10~* cm^ 
y - 1  and n e g l e c t i n g  any b e n e f i c i a l  e f f e c t s  o f  w a te r  p u r i f i c a t i o n  
th e  a v e r a g e  in ta k e  th r o u g h  d r in k in g  w a te r  i s  1 . 5  x  10- -L-3 c i  p er  
C u r ie  e n t e r in g  th e  la k e .  The i n f i n i t e  t im e  i n t e g r a l  o f  t h e  w h o le  
body d o se  r a t e  f o l lo w in g  i n g e s t i o n  o f  one C u r ie  o f  ^ ^ C s  i s  
6 .1  x 10^ rem [ 2 ] .  H ence th e  d o se  com m itm ent p er  ca p u t from  
d r in k in g  w a te r  i s  6 .1  x 10^ x 1 .5  x 10- ^  or a b o u t 9 x 10”  ̂ rem  
p er  C u r ie .  The s i z e  o f  p o p u la t io n  se r v e d  w it h  d r in k in g  w a te r  
from  Lake Huron i s  e s t im a t e d  t o  be 5 x  10^ so  t h e  in t e g r a t e d  
p o p u la t io n  d o se  i s  4 .5  x 10-  ̂ man-rem p er  C u r ie .

The p o p u la t io n  d o se  com m itm ent due t o  con su m in g  f i s h  ca n  be 
c a l c u la t e d  from  t h e  a n n u a l f i s h  y i e l d  and t h e  c o n c e n t r a t io n  
f a c t o r  i . e .  th e  r a t i o  o f  th e  a c t i v i t y  in  one gram o f  f i s h  t o  th e  
a c t i v i t y  p er  cm^ o f  la k e  w a te r .

C om m ercial y i e l d s  o f  a l l  f i s h  ta k e n  from  Lake Huron h ave  
d e c l in e d  d u r in g  th e  l a s t  30 t o  40 y e a r s .  In  1931 t h e  t o t a l  y i e l d
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was 11 x 10^ k g  o f  w h ich  tw o t h i r d s  was from  th e  u n it e d  S t a t e s
s i d e .  In  I9 6 0  th e  t o t a l  y i e l d  was ab ou t 5 x 10^ kg o f  w h ich
a g a in  ab ou t tw o t h i r d s  was from  th e  U n ite d  S t a t e s  [ 3 ] .  C anadian  
co m m ercia l la n d in g s  from  Lake Huron p rop er ( e x c lu d in g  G eo rg ia n
Bay and th e  N orth  C han nel) d e c l in e d  from  2 x 10^ kg in  1961
t o  0 .6  x  10b kg in  1 9 7 0 . On t h e  o th e r  hand r e c r e a t i o n a l  f i s h i n g  
c a t c h e s  on b o th  s i d e s  o f  t h e  b o r d e r  h ave  in c r e a s e d  and a r e  now 
th o u g h t  t o  be com p arab le t o  th e  co m m ercia l la n d in g s  [ 4 ] .  Thus 
t h e  t o t a l  a n n u a l co n su m p tio n  o f  f i s h  i s  u n c e r ta in  w h i le  p r e d ic 
t i o n s  o f  fu tu r e  co n su m p tio n  a re  ev e n  more s o .  For p r e s e n t  p u r 
p o s e s  th e  t o t a l  co m m erc ia l la n d in g s  in  th e  l a t e  1 9 5 0 ‘ s 5 x 10^ g 
y - '*' w i l l  be ta k e n  and w i l l  a lm ost, c e r t a i n l y  e x c e e d  th e  a c t u a l  
modern y i e l d s  from  b o th  co m m ercia l and r e c r e a t i o n a l  f i s h i n g  com
b in e d  .

1 0  7
A c o n c e n t r a t io n  f a c t o r  fo r  J / Cs m  f i s h  f l e s h  d ep en d s on a 

number o f  v a r i a b le s  and in  v ie w  o f  th e  u n c e r t a i n t i e s  and th e  ab 
s e n c e  o f  any d i r e c t  m easu rem ents in  Lake Huron a v a lu e  o f  4000  
w i l l  be u sed  a s  an a v e r a g e  [ 5 ] .

The t o t a l  13 7 cs  in ta k e  from  f i s h  co n su m p tio n  p er  C u r ie  r e 
le a s e d  i s  3 x ÎO- -^ x 4 x 10^ x 5 x 10^ Ci o r  6  x  10-  ̂ C i c o r 
r e sp o n d in g  t o  a p o p u la t io n  d o se  com m itm ent o f  60 x  1 0 _ 7 x  6 . 1  x  
1 0  ̂ e q u a l  t o  0 .4  m an-rem .

T h is  i s  ab o u t 9 t im e s  th e  c o r r e sp o n d in g  d o se  due t o  d r in k in g  
co n ta m in a te d  w a te r .  S in c e  t h e  a v e r a g e  d r in k in g  w a te r  in ta k e  and 
c o n c e n t r a t io n  f a c t o r  a r e  c o n s t a n t  t h e  v a lu e  o f  th e  r a t i o  o f  th e  
tw o d o se  com m itm ents v a r i e s  w ith  th e  r a t i o  o f  th e  number o f  
p e o p le  o b ta in in g  d r in k in g  w a te r  from  th e  la k e  t o  th e  t o t a l  amount 
o f  f i s h  consum ed. On t h i s  b a s i s ,  th e  d o se  r a t i o  w i l l  be s m a lle r  
( 6 :1 )  o n ly  f o r  Lake O n ta r io .  F or L akes E r ie  and S u p e r io r  i t  i s  
ab o u t 6 0 :1  and 1 2 0 : 1  r e s p e c t i v e l y .  In  p r a c t i c e  t h e s e  r a t i o s  w i l l  
be ev e n  la r g e r  b e c a u se  o f  rem ova l o f  'Cs b y  w a te r  p u r i f i c a t i o n  
so  f o r  p r a c t i c a l  p u r p o se s  th e  d o se  com m itm ent due t o  d r in k in g  
w a te r  can  be n e g le c t e d .  H owever, t h i s  may n o t  a lw a y s  be so  i f  
p r e s e n t  t r e n d s  o f  in c r e a s in g  human p o p u la t io n  and d e c l i n i n g  f i s h  
y i e l d s  around th e  la k e s  c o n t in u e .

P o p u la t io n  D o ses  from  P o in t  S o u r c e s

In  t h e s e  c a l c u l a t i o n s  u n ifo rm  m ix in g  o f  th e  r a d io n u c l id e  in  
th e  b ody o f  t h e  la k e  h a s  b een  a ssu m ed . T h is  i s  v e r y  n e a r ly  t r u e  
f o r  f a l l o u t  from  w eapons t e s t s .  H ow ever, r e l e a s e s  from  n u c le a r  
power s t a t i o n s  and o th e r  la n d -b a s e d  s o u r c e s  a r e  n o r m a lly  made from  
p o in t s  i n t o  s h a llo w  w a te r  around th e  m a rg in . T h is  m eans t h a t  
l o c a l  c o n c e n t r a t io n s  w i l l ,  f o r  a f ix e d  amount o f  -*-̂ 7 C s, be h ig h e r  
th a n  t h o s e  c a l c u la t e d  a ssu m in g  u n ifo rm  m ix in g . S in c e  w a te r  in t a k e s  
a r e  c l o s e  t o  sh o r e  and f i s h  ten d  t o  fe e d  in  th e  s h a l lo w  w a te r , d o s e s  
may be h ig h e r .  N e v e r t h e le s s  f o r  a f ix e d  amount o f  r a d i o a c t i v i t y  
and g iv e n  w a te r  d e p th , th e  mean c o n c e n t r a t io n  in  a p o o l o f  c o n 
ta m in a te d  w a te r  i s  i n v e r s e l y  p r o p o r t io n a l  t o  th e  a r e a  o c c u p ie d
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w h i le  th e  f i s h  y i e l d  from  th e  p o o l  i s  d i r e c t l y  p r o p o r t io n a l  t o  
i t s  a r e a .  Thus t h e s e  tw o e f f e c t s  a p p r o x im a te ly  c a n c e l  so  t h a t  
w h i le  th e  f i s h  from  th e  p o o l c a r r y  a g r e a t e r  b ody b urden  th e y  
make a p r o p o r t io n a l ly  s m a lle r  c o n t r ib u t io n  t o  th e  t o t a l  c a tc h  
so  t h e  p o p u la t io n  d o se  sh o u ld  rem ain  r o u g h ly  t h e  same as. fo r  th e  
u n ifo r m  m ix in g  c a s e .  In  f a c t ,  i f  th e  f i s h  s t a y  r e l a t i v e l y  c l o s e  
t o  sh o r e  th e  p o p u la t io n  d o se  may a c t u a l l y  d e c l i n e  b e c a u s e  a f t e r  
t h e  13 7ç;s  hag d i f f u s e d  beyond  th e  l i m i t  o f  f i s h  m ig r a t io n  i t  i s  
n o t  a v a i l a b l e  fo r  u p ta k e .

On t h e  o th e r  hand f o r  a g iv e n  p o o l a r e a  n ea r  t o  sh o r e  th e  
c o n c e n t r a t io n  i s  i n v e r s e l y  p r o p o r t io n a l  t o  th e  d e p th  o f  w a te r  
b u t f i s h  y i e l d s  w i l l  te n d  t o  be a b o u t th e  same i r r e s p e c t i v e  o f  
th e  d e p th . In  t h i s  c a s e  t h e  tw o e f f e c t s  do n o t  c a n c e l  so  t h a t  
some d o se  en h ancem en t o v e r  t h e  u n ifo rm  d i s t r i b u t i o n  c a s e  m ust be  
e x p e c t e d . H ow ever, t o  in c r e a s e  th e  d o se  b y an o r d e r  o f  m agn itu d e  
th e  d e p th  o f  t h e  la r g e r  p a r t  o f  th e  p r o d u c t iv e  zon e w ould  h ave  
t o  be l e s s  th a n  one t e n t h  t h e  mean la k e  d e p th , i . e .  l e s s  th a n  
7 .5  m, and t h i s  i s  n o t th e  c a s e .  I f  th e  a v e r a g e  d i s t a n c e  from  
th e  s h o r e l in e  t o  t h e  l i m i t  o f  m ig r a t io n  o f  t h e  f i s h  t o  d e ep er  
w a te r  w ere known, t h e  d o se  enh ancem en t o v e r  t h a t  f o r  u n ifo rm  
m ix in g  c o u ld  be e s t im a t e d  from  th e  r a t i o  o f  th e  mean d e p th  o f  th e  
la k e  t o  t h e  mean d e p th  o f  t h e  p r o d u c t iv e  z o n e .

The ab ove argu m en ts assum e t h a t  no c o r r e l a t i o n  e x i s t s  b e 
tw een  th e  s p a t i a l  d i s t r i b u t i o n s  o f  r a d io n u c l id e ,  on  th e  one hand , 
and th e  f i s h  f e e d in g  and h a r v e s t in g  a r e a s  on th e  o t h e r .  I f  a 
s i g n i f i c a n t  c o r r e l a t i o n  b etw een  t h e s e  v a r i a b le s  d id  e x i s t  th e  
d o se  p er  u n i t  o f  r a d i o a c t i v i t y  r e le a s e d  w ould  be g r e a t e r .  How
e v e r ,  t h e r e  i s  no known r e a s o n  why su ch  a c o r r e l a t i o n  m igh t  
e x i s t  e x c e p t  v e r y  c l o s e  t o  t h e  p o in t  o f  r e l e a s e .  H ere f i s h  may 
be a t t r a c t e d  t o  t h e  h ig h e r  te m p e r a tu r e s  and c o n s e q u e n t ly  g r e a t e r  
food  s u p p l i e s .  T h is  w o u ld , in  tu r n , te n d  t o  a t t r a c t  a g r e a t e r  
number o f  f is h e r m e n . The te m p e r a tu r e  o f  t h e  e f f l u e n t  w i l l  n o t  
be much more th a n  10°C ab ove th e  u n h ea ted  la k e  w a te r  and th e  
w a te r  a t  t h i s  te m p e r a tu r e  w ould  be c o n f in e d  t o  a s m a ll  a r e a  b e 
c a u s e  o f  th e  r a p id  l o s s e s  due t o  m ix in g , l a t e n t  h e a t  o f  e v a p o r a 
t i o n  and h e a t  t r a n s f e r r e d  t o  t h e  a tm o sp h e r e .

A r i s e  o f  te m p e r a tu r e  b y  10°C w i l l  c a u se  th e  p r o d u c t iv i t y  
t o  r o u g h ly  d o u b le .  The r a t e  o f  t r a n s f e r  o f  r a d io n u c l id e  from  
t h e  la k e  t o  humans sh o u ld  t h u s  in c r e a s e  by an amount e q u a l t o  
tw o m u l t ip l i e d  b y  t h e  r a t i o  o f  t h e  a r e a  o f  th e  w a te r  h e a te d  b y  
10°C t o  t h e  t o t a l  p r o d u c t iv e  a r e a  o f  th e  la k e .  S in c e  t h i s  r a t i o  
i s  e x t r e m e ly  s m a ll  fo r  e a c h  s o u r c e  t h e  o v e r a l l  in c r e a s e  in  th e  
p o p u la t io n  d o se  i s  n e g l i g i b l e .  F u r th erm o re , d u r in g  th e  warmer 
m onths o f  t h e  y e a r ,  t h e  f i s h  a c t u a l l y  te n d  t o  le a v e  th e  h e a te d  
w a te r  zon e [ 6 ] w h ich  e f f e c t  w i l l  te n d  t o  low er t h e  o v e r a l l  popu
l a t i o n  d o s e .

Two o t h e r  p r o c e s s e s  may r e s u l t  in  h ig h e r  d o s e s .  The -*-̂ 7Cs 
h e ld  in  t h e  s e d im e n ts  may be s lo w ly  r e le a s e d  b ack  i n t o  t h e  w a te r
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or i t  may be ta k e n  up b y b o ttom  f e e d in g  o rg a n ism s and s u b s e q u e n t ly  
e n t e r  h ig h e r  food  c h a in s .  The l i f e  o f  i s  l im it e d  u l t i m a t e l y
b y  th e  r a d io a c t i v e  d e c a y  r a t e  so  t h a t  t h e  maximum d o se  in cr em en t  
t h e s e  p r o c e s s e s  may c a u se  i s  a f a c t o r  o f  30 , and w ould  a lm o st  
c e r t a i n l y  be a l o t  l e s s  in  p r a c t i c e .  S in c e  w ater' c o n c e n t r a t io n s  
w ere u sed  t o  e s t im a t e  к any c o r r e c t io n s  r e q u ir e d  b e c a u se  o f  r e 
s o l u t i o n  o f  th e  n u c l id e  from  th e  b o ttom  se d im e n ts  a re  a u t o m a t i c a l ly  
in c lu d e d  in  th e  v a lu e  s e l e c t e d .  I f  th e  r a d io n u c l id e  d e p o s i t e d  
on th e  b o tto m  s u b s e q u e n t ly  e n t e r s  food  c h a in s  d i r e c t l y  a s e p a r a te  
c o r r e c t io n  w ould  h ave  t o  be m ade.

‘DISCUSSION

The e s t im a t e  o f  0 .4  man-rem fo r  th e  d o se  com m itm ent due t o  
e a t i n g  f i s h  a f t e r  1 C u r ie  o f  l 37Cs i s  r e le a s e d  u n ifo r m ly  in t o  
Lake Huron th u s  a p p e a rs  t o  be r e a s o n a b le  ev e n  f o r  th e  c a se , o f  r e 
l e a s e s  o c c u r r in g  n ea r  th e  s h o r e .  T here i s  a p o s s i b l e  th o u g h  un
l i k e l y  ch an ce  t h a t  t h i s  e s t im a t e  may, b e c a u se  o f  r e - e n t r y  in t o  
t h e  food  c h a in  o f  r a d io n u c l id e  d e p o s it e d  on th e  b o ttom  s e d im e n ts ,  
be t o o  low  b y up t o  an o r d e r  o f  m a g n itu d e . T here i s  a l s o  th e  
p o s s i b i l i t y  t h a t  b e c a u se  o f  t h e  s h a l lo w  w a te r  n ea r  sh o r e  th e  
h ig h e r  l o c a l  c o n c e n t r a t io n  may le a d  t o  d o s e s  from  s h o r e l in e  r e 
l e a s e s  o f  up t o  an o r d e r  o f  m a g n itu d e  g r e a t e r  th an  t h o s e  f o r  u n iform  
r e l e a s e s  a c r o s s  th e  la k e .  The p o p u la t io n  d o se  com m itm ent from  a 
r e l e a s e  o f  1 Ci o f  -^^Cs from  a n u c le a r  power p la n t  c o u ld  t h e r e 
f o r e  c o n c e iv a b ly  be a s  h ig h  a s  40 m an-rem .

The p r a c t i c a l  q u e s t io n  p o sed  i s  w h e th er  or n o t  t h i s . - e s t i -  
m ate o f  t h e  upper l i m i t  fo r  th e  d o se  com m itm ent i s  h ig h  en ough  
t o  j u s t i f y  th e  a d d i t io n a l  e f f o r t  r e q u ir e d  t o  rem ove m ajor s o u r c e s  
o f  u n c e r t a in t y  a t ta c h e d  t o  th e  d o se  com m itm ent e s t im a t e  w h ich  i s  
one o r  two o r d e r s  o f  m agn itu d e lo w e r . The p o p u la t io n  in t e g r a t e d  
d o se  i s  n o t v e r y  u s e f u l  fo r  e s t im a t in g  th e  in j u r y  t h a t  may be 
s u f f e r e d .  T h is  p u rp o se  i s  b e t t e r  s e r v e d  b y  lo o k in g  a t  th e  a v e r a g e  
d o s e s  t o  i n d i v i d u a l s .  I f  we ta k e  th e  p er ca p u t a v e r a g e  f i s h  i n 
ta k e  t o  be 20 g p er  d ay  [7 ]*  th e n  5 x 10^ g o f  f i s h  w ould  be c o n 
sumed b y  ab o u t 7 x 10^ p e r s o n s .  Thus th e  a v e r a g e  p er ca p u t d o se  
c o r r e s p o n d in g  t o  a p o p u la t io n  d o se  o f  40 man-rem i s  6  x  10“ 5 rem, 
w h ic h , b e a r in g  in  mind th e  v a r io u s  t im e  c o n s t a n t s  in v o lv e d ,  w ould  
be d e l iv e r e d  o v e r  2 o r  3 y e a r s .

D u rin g  1970 th e  r e l e a s e  o f  l-^ C s  from  D o u g la s  P o in t  N u c lea r  
G e n e r a tin g  S t a t io n  w as ab o u t 25 C i . The p er ca p u t d o se  com m itment 
due t o  su ch  a r e l e a s e  w ould  be 1 .5  mrem. T h is  i s  s t i l l  v e r y  
s m a ll  and lo w er  by a f a c t o r  o f  a t  l e a s t  1 0 0 0  com pared t o  th e  
lo w e s t  d o se  t h a t  h a s  b een  shown t o  h ave ca u sed  h a rm fu l e f f e c t s .  
H ow ever, i f  a la r g e  number o f  r e a c t o r s  and f u e l  r e p r o c e s s in g  
p la n t s  h a v in g  s im i la r  r e l e a s e  c h a r a c t e r i s t i c s  w ere t o  b e i n s t a l l e d

15 g d e d ib le  w e ig h t .  C o r r e c te d  fo r  r a t i o  g r o s s  w e ig h t /  
e d i b l e  w e ig h t .
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on th e  s h o r e s  o f  Lake Huron th e n  an a s s u r a n c e  t h a t  th e  a c t u a l  
d o s e s  w ere a t  l e a s t  an o r d e r  o f  m agn itu d e low er  th a n  th e  upper  
l i m i t  w ould  b e  n e c e s s a r y .  On t h i s  b a s i s  th e n  i t  a p p e a r s  t h e  r e 
q u ir e d  e f f o r t  c o u ld  p erh a p s be j u s t i f i e d  p a r t i c u l a r l y  i f  in fo r m a 
t i o n  g a in e d  i s  e x p l o i t a b l e  in  o th e r  f i e l d s .  In  t h i s  c a s e  b e t t e r  
k n ow led ge o f  th e  m ig r a t io n  d i s t a n c e s  and f e e d in g  h a b i t s  o f  f i s h  
in  th e  G rea t L akes w ould  be u s e f u l  t o  t h e  f i s h i n g  in d u s t r y .
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D I S C U S S I O N

R .M . BARKHUDAROV: Is the m onitoring of power station  r e le a s e s  
ca rried  out in the cooling  w ater in the p ip e -lin e  or in the lake at the point 
of r e le a se ?

P. J. BARRY: The concentration  re ferr ed  to is  that in the p ip e -lin e  
d isch arging  into the lak e, and no 'credit' is  taken for. the dilution which  
occu rs beyond the point of d isch arge .

R .M . BARKHUDAROV: A re the data on the 137Cs concentration  factors  
in f ish  your own, or are they taken from  the litera tu re?

P. J. BARRY: I have no m easu rem en ts of m y own about concentration  
factors in Lake Huron. The value of 4000 u sed  is  an average of m easu rem en ts  
given  in the litera tu re .
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P. BEAU: Have you m ade a s im ila r  evaluation of the dose rece iv ed  by 
the c r it ic a l group, which is  a trad itional m ethod of approaching th ese  
p rob lem s ?

P. J. BARRY: The c r it ic a l group in the trad itional se n se  is  not n orm ally  
sp ec ifica lly  identified . The p resen t b a s is  of licen sin g  r e le a se s  a ssu m es that 
the 'c r it ic a l group' is  rep resen ted  by a p erson  d eriving a ll h is drinking  
w ater from  the undiluted effluent or who eats 50 g per day of f ish  in eq u ilib 
rium  with the undiluted effluent. The c r it ic a l group concept has no p lace  
in a s s e s s in g  population dose com m itm ents if the m axim um  p e rm iss ib le  dose  
com m itm ent is  ord ers of m agnitude low er than the corresponding individual 
or c r it ic a l group dose lim it. F or the population dose com m itm ent a s s e s s 
m ent, d oses low er by two or even  th ree ord ers of m agnitude than the c r it ic a l  
group dose m ay contribute s ign ifican tly  and cannot be n eg lected  without 
running the r isk  of se r io u s ly  und erestim atin g  the dose com m itm ent.
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Abstract-Résumé

RADIOECOLOGICAL STUDY OF THE RHONE BASIN -  STRATEGY AND BALANCE SHEET,
A sp ec ia l fea tu re  of the Rhone Basin is th a t its  a rea  of 120 000 km 2 inc ludes a l l  types of nu c lea r 

in dustria l a c t iv i ty . For abou t 15 years past som e tens o f thousands of persons have  b ee n  hand ling  and have 
been  in  a position  to  d ischarge  rad io n u c lid es  a t  severa l n u c lea r research  cen tres  and in s titu te s , two fuel fab rica tio n  
p la n ts , a u ran ium  en ric h m e n t p la n t,  an  ir ra d ia te d  fue l reprocessing  p la n t, severa l n u c le a r  pow er reac to rs 

.an d  various o the r n u c lea r f a c i l i t ie s . T o  th is l is t m ust be added two pow er reac to rs  under construc tion  and 
sev era l reac to rs  in  the p lann ing  s tag e . As regards pow er reac to rs , ano ther o r ig in a l fea tu re  o f the Basin is 
th a t along one and the sam e riv e r w e find th ree  types of in d u s tria l re ac to r — g rap h ite -g a s , lig h t-w a te r  and 
b reed e r — in o pera tion  or under co n s tru c tio n .

In view  of the fo reseeab le  q u an tity  of d ischarges, the au th o ritie s  responsible for n u c lea r d ev e lo p m en t 
in itia te d  som e 10 years ago a  ra d io e c o lo g ic a l s tudy, the stra tegy  of w hich  invo lved  tw o-fo ld  ac tio n :
(a) to  iden tify  the pathw ays fo llow ed by the rad ionuclides  d ischarged  in to  the Basin from  the w hole nu c lea r 
co m p lex  and thereby  to  d e te rm in e  the c r i t ic a l  poin ts o f the Basin, w hich  could  be used for gu idance  in 
future siting ; (b) to  verify  the observations and es tim a te s  in  the Basin i tse lf  a t the c r i t ic a l  poin ts  se le c ted , 
and to  m odify  the lo c a tio n  of those poin ts  in  the lig h t o f the results ob ta ined  and of new p ro je c ts  in  the 
Basin as a w hole (hydrau lic  w orks, new use o f w a te r) . From  num erous ex p e rim en ts  and m easu rem en ts  
ca rried  out in  situ the authors have  found th a t the en v iro n m en t has in  fa c t ' a c c e p te d ' the d ischarges bu t in  
the co n tex t of th is co nc lu sion , w h ich  is o p tim is tic  as regards the past, they  u tte r  a w arning  for the fu tu re .
Any new fa c i li ty  in  the Rhone Basin m ust tak e  acco u n t o f the ex isting  d ischarges. D ischarge lim its  can n o t 
be fixed  m e re ly  by re fe ren ce  to  the accep te d  standards. T he m o d if ica tio n  of the pro file  of severa l 
w atercourses in  the Basin, e sp ec ia lly  the in c rease  in  the  n um ber o f d am s, indeed  in troduces  new dynam ics 
in to  the transfer o f rad io n u c lid es . On the basis of this study o f the Basin, the au thors c a u tio n  pow er s ta tion  
bu ilders , during  site se le c tio n , ag a in s t the ap p earan ce  o f a new h an d icap  th a t seem s to  assum e g rea te r 
im p o rtan c e  w ith  in d u stria l d e v e lo p m en t — the e f fe c t o f synergism  betw een  ra d io a c tiv e , th e rm a l and c h e m ic a l 
po llu tio n s .

ETUDE RADIOECOLOGIQUE DU BASSIN RHODANIEN -  STRATEGIE ET BILAN.
Le Bassin rhodan ien  p résen te  la  p a r t ic u la r ité  de rassem bler sur ses 120 000 km 2 tous les types 

d 'a c t iv i té s  in d u strie lles  n u c lé a ire s . D epuis qu inze  ans env iron  plusieurs d iz a in es  de m illie rs  de personnes 
m a n ip u le n t e t  p eu v e n t re je te r  des rad io n u c lé id es  dans plusieurs cen tres  e t  in s titu ts  de rech e rch es  n u c léa ire s , 
deux usines de fab rica tio n  des co m b u stib le s, une usine d 'e n r ic h is s e m e n t de l 'u r a n iu m , une usine de 
tra ite m e n t de co m bustib les  irrad iés , p lusieurs réac teu rs  é le c tro -n u c lé a ire s  a in si que des in s ta lla tio n s  n u c léa ire s  
d iverses. A c e la  s' a jo u te ro n t deux réac teu rs  de puissance en  construc tion  e t  p lusieurs réac teu rs  en  p ro je t...
Au n iv eau  des réac teu rs  de puissance le  Bassin p résen te une au tre  o rig in a lité  qui réside dans le  fa i t  qu ' on 

’ tro u v e , le  long du m ê m e  f le u v e , en  a c tiv i té  ou en co n s tru c tio n , le s tro is  types de fil iè re s  au stade in dustrie l: 
g ra p h ite -g a z , eau  lé g è re , su rrég én éra teu r.

L 'im p o rta n c e  p rév isib le  des re je ts  a  con d u it le s  responsables du d év e lo p p em e n t n u c léa ire  à  la n ce r , 
i l  y  a une d iz a in e  d 'a n n é e s ,  une é tude  rad io éco lo g iq u e  don t la  stra tég ie  consiste en  une doub le  ac tio n : 
a) id e n tif ie r  les vo ies de tra n sfe rt des rad io n u c lé id es  re je té s  dans le  Bassin par 1' en sem b le  du co m p lex e  
n u c lé a ire  e t  en  dédu ire  les po in ts  c ritiq u e s  du Bassin, ces poin ts  pouvan t serv ir d 'é lé m e n t  d ire c te u r  pour les 
im p lan ta tio n s  futures;- b) v é r if ie r  les observations e t  le s  p révisions dans le  Bassin lu i-m ê m e  à travers les 
po in ts  c ritiq u e s  ch o isis, m o d if ie r  le  cho ix  de ces po in ts  en  fonction  des résu lta ts  ob tenus e t  des nouveaux 
am én ag em en ts  réa lisés  dans l 'e n s e m b le  du Bassin (am énagem en ts  hyd rau liques , n o uvelle  u ti lis a tio n  de l 'e a u ) .  
Après d ix  ans un p rem ie r  b ilan  p eu t ê tre  d ég a g é . A p a r tir  de nom breuses ex p é rien ce s  e t  de m esures in  situ 
le s au teu rs  co n s ta ten t que le  m ilie u  a  b ien  « a c c e p t é »  les re je ts  e ffec tu és , m a is  à  travers c e t te  conc lusion ,

*  C en tre  d 'é tu d e s  n u c léa ire s  de F on tenay -aux -R oses, F on tenay -aux -R oses.
^  C en tre  d 'é tu d e s  n u c léa ire s  de C ad a rach e , S a in t-P a u l- le z -D u ra n c e .
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op tim is te  pour le  p as sé , ils  donnen t en  fa i t  un av e rtis sem en t pour 1' a v e n ir . T ou te  nouvelle  in s ta lla tio n  
im p la n té e  dans le  Bassin devra te n ir  com p te  des re je ts  ex istan ts; i l  ne sem ble pas possible de fixe r des 
lim ite s  de re je ts  par s im ple ré fé ren ce  aux norm es adm ises; en  e ffe t la  m o d ifica tio n  du p ro fil de plusieurs 
cours d 'e a u  du Bassin, n o ta m m e n t la  m u ltip l ic a tio n  des barrages, provoque 1' ap p a ritio n  d 'u n e  nouvelle  
d ynam ique dans le  tran sfert des rad io n u c lé id es . A p a r tir  de c e tte  é tude  de Bassin le s au teurs m e tte n t en  garde 
le s  construc teurs de c e n tra le s , lors du cho ix  du s ite , co n tre  1' ap p a ritio n  d 'u n  nouvel h an d icap  qui sem ble 
p rendre  une plus grande im portance  avec  le  d év e lo p p em e n t in dustrie l; l 'e f f e t  de synergie en tre  p o llu tion  
ra d io a c tiv e , p o llu tio n  the rm ique e t p o llu tio n  ch im iq u e .

INTRODUCTION

Le B assin  rhodanien p résen te  la p articu lar ité  de ra ssem b ler  sur se s  
1 2 0  0 0 0  km 2 tous le s  types d 'a ctiv ités  n u c léa ires: des cen tres et institu ts  
de rech erch es  n u c léa ires , deux u sin es de fabrication  des com b ustib les, une 
u sin e de séparation  isotopique de l'uranium , une u sine de tra item en t des 
com b ustib les ir ra d iés , p lu sieu rs réa cteu rs é le c tr o -n u c lé a ir e s  a in s i que des 
in sta lla tion s n u cléa ires d iv e r se s , auxquels s'ajouteront, dans le s  années à 
ven ir , deux réacteu rs de p u issan ce en construction  et p lu sieu rs réacteu rs  
en p rojet. Au niveau des réa cteu rs de p u issan ce  le  B a ssin  p résen te  une 
autre orig in a lité , c e lle  de regrou per, le  long du m êm e fleu ve, en activ ité  
ou en construction  et au stade in d u strie l, le s  tro is  types de f il iè r e s :  
grap h ite-gaz , eau lé g è r e  et neutrons rap id es.

L 'im portance p rév is ib le  des re je ts  a conduit le s  resp on sab les  du 
développem ent n ucléa ire à lan cer , il y a une d izaine d 'années, une étude 
rad ioécologique dont la stra tég ie  co n sis te  en une double action:
— id en tifier  le s  m éca n ism es et le s  v o ie s  de tran sfert des rad ion ucléides  

r e je té s  dans le  B a ssin  par l'en sem b le  du com plexe n u cléa ire  et en déduire 
le s  chem inem ents p réfé ren tie ls  et le s  points « c r it iq u e s»  d 'accum ulation, 
en vue d 'estim er  le s  r isq u es actu els ou futurs et de fournir le s  é lém en ts  
d irecteu rs pour le s  im plantations futures;

— v é r if ie r  sur le  terra in  le s  hypothèses et le s  p rév is io n s à tra v e rs  le s  
points critiq ues ch o is is  dans la  p rem ière  phase, m odifier éventuellem ent  
le  choix de c e s  points en fonction d'une part des résu lta ts  obtenus et 
d'autre part des am énagem ents r é a lis é s  dans l'en sem b le  du B a ssin  et 
su sce p tib les  d 'avoir une influence sur le s  tra n sferts  (am énagem ents  
hydrauliques) ou sur le s  r isq u es  (nouvelle u tilisa tio n  de l'eau).

1. LE BASSIN RHODANIEN

C ette im plantation n u cléa ire  a été r é a lis é e  et se  développe dans une 
a ire  géographique qui com pte actu ellem en t 10 m illion s d'habitants. C ette 
région  à forte expansion économ ique et dém ographique devrait atteindre, 
se lo n  le s  estim ation s le s  p lus p la u sib le s , 19 m illion s d'habitants en l'an  
2 0 0 0 .

L 'a ctiv ité  économ ique de la  rég ion  e s t  à la fo is in d u str ie lle  et a g r ico le . 
L 'im plantation  in d u str ie lle  la  plus forte s e  situ e suivant l'a x e  nord-sud, 
le  long du fleuve lu i-m ê m e . E lle  es t ex trêm em en t v a r iée , avec un 
développem ent m arqué v er s  le  p étro le , la ch im ie et la  p étroch im ie . Un 
point im portant est com m un à toutes ce s  in d u stries: la  n é c e ss ité  de 
p ré lev e r  de l'eau  du Rhône pour leu r fonctionnem ent.
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De son  côté, l'a g r icu ltu re  a connu, dans ce B assin , depuis 15 ans un 
développem ent a s se z  im portant grâce  à l'irr ig a tio n . L es su rfa ce s  ir r ig u é e s , 
en constant a cc ro issem en t, atteignent actu ellem en t 300 000 h ec ta r es , ce 
qui rep résen te  le  plus grand p érim ètre  de l'E urope O ccidentale.

L 'a ctiv ité  a g r ico le  est con stituée essen tie llem en t par tr o is  productions: 
v iticu ltu re, fru its , lég u m es, qui, à l'excep tion  de la production v itico le ,  
sont en p lein  développem ent. La production fru itière  de cette rég ion  
rep résen te  30% de l'e n sem b le  de la production fran ça ise  et la  production  
lég u m ière  10%. P ar a illeu rs  une production c é r é a liè r e  sp é c ia le , le  r iz , 
m érite  une m ention p a rticu lière : toute la production r iz ic o le  fran ça ise  
(85 000 tonnes en 1971) es t con centrée dans le  B as-R hône à l'a v a l de toutes 
le s  in sta lla tion s n u c léa ir es . Il en es t de m êm e d 'a illeu rs pour une part 
im portante des au tres cu ltures c ité e s  p récéd em m en t, s itu é e s  dans le  
p ér im ètre  d 'irr iga tion  de la  Com pagnie nationale du B as-R hône-L anguedoc  
dont le s  ou vrages de p r is e s  d'eau dans le  Rhône se  situent à l'a v a l d 'A rles, 
donc à l'a v a l de toutes le s  in sta lla tion s n u c léa ires a c tu e lle s .

Une autre ac tiv ité  économ ique e s t  égalem ent con cern ée par le s  
im plantations n u c léa ires: le  tou r ism e et le s  lo is ir s  nautiques. Le fleuve  
lu i-m ê m e es t  peu con cern é, excep tion  faite de la  navigation  de p la isa n ce .
La zone cô tiè re  par contre es t u t il is é e  d'une façon cr o issa n te  pour la  
baignade et le s  sp orts nautiques. La portion  du litto ra l in flu en cée par 
le s  r e je ts , qui s'étend  su r 80 km p rin cipalem ent v er s  l'o u est, p o ssèd e  
actu ellem en t une cap acité d 'hébergem ent de 2 0  0 0 0  l i t s .

Enfin un s ite  p rotégé, la  C am argue, reço it à tra v e rs  d ifféren ts  
canaux une partie  des eaux du Rhône. C ette r é se r v e  écologiq ue m érita it  
d 'être  étudiée en ra ison  de sa  r ic h e s s e  faunistique et f lo r istiq u e .

2. DEFINITION DE L'ETUDE

La m iss io n  p rin cip ale qui nous était con fiée co n sis ta it  à id en tifier, 
par l'ob serva tion  sur le  terra in  et l'exp érim en tation , le s  p rin cip a les vo ies  
de tra n sfert des rad ioé lém en ts v er s  l'hom m e, de façon à fournir le s  
é lém en ts n é c e s sa ir e s  pour la  su rv e illa n ce  des s ite s  actu els  et le  choix  
des im plantations fu tures, l'o b jec tif  final étant d 'est im er  la  capacité  
d 'acceptation  rad iologique de ce B a ss in  en vue d 'harm on iser le  développ e
m ent n u cléa ire  et la  sauvegarde de la  santé et de l'environ nem ent.

L es m éca n ism es de tran sfert m is en év idence, et le s  « s itu a tio n s  
cr itiq u es»  id en tifiées , i l  convenait de v é r if ie r  in situ le s  p rév is io n s  
déduites de la  con n aissan ce du s ite  et de l'exp érim en tation , de m an ière à 
m od ifier  éventu ellem en t le s  con clusions en tenant com pte, en  p a rticu lier , 
des m odifications pouvant ré su lte r  d 'am énagem ents en cou rs de ré a lisa tio n  
dans le  B assin .

C ette étude rad ioécologiqu e se  déroule depuis sept ans; ce d éla i 
s'exp liqu e à la  fo is  par l'im p ortan ce de la zone à étudier et par l'évo lu tion  
continuelle de l'environnem ent (im plantations n ou ve lles , travaux  
hydrauliques, évolution  de l'a g r icu ltu re).

Rapidem ent es t apparu le  rô le  dominant de l'u tilisa tio n  de l'eau  dans 
l'e stim a tio n  des r isq u e s . En effet la pollution atm osphérique ne d ép asse  
guère le  niveau des in sta lla tio n s , a lo rs  que toutes le s  a c tiv ité s  du B assin , 
d om estiq u es, a g r ic o le s , in d u str ie lle s  ou tou r istiq u es, sont d irectem en t  
con cern ées par le  cy c le  de l'eau .
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La consom m ation  d'eau atteignait en 1969, pour l'en sem b le  des 
u sa g e r s , une va leur de 7 m illia rd s de m 3 par an se  rép a rtissa n t com m e 
su it:

q
u sa g es dom estiqu es 1 m illiard  de m
u sa g es a g r ico le s  3 m illia rd s de m 3
u sa g es in d u str ie ls  3 m illia rd s de m 3

L'étude rad ioécologiqu e s 'e s t  donc développée à p artir  du thèm e centra l
de l'u tilisa tio n  de l'eau .

L es rech erch es e ffec tu ées in situ  et le s  exp érim entations de lab orato ire  
ont été r é a lis é e s  d 'après le  schém a suivant:
— étude purem ent hydrolögique, m ettant en évidence le s  m éca n ism es de 

diffusion  des rad ion ucléides dans l'eau , le s  in teractions avec le  débit 
so lid e  dans le  lit  de la r iv iè r e , le  rég im e de séd im entation  et de dépôt 
en r iv iè r e  et dans la  zone cô tière;

— étude de la  radiocontam ination  du m ilieu  vivant aquatique pour l'éva lu ation  
en lab orato ire du facteur de concentration  des p rin cip a les e sp è ce s  
p résen te s  dans le  B a ssin  et la m esu re  de ces  m êm es e sp è c e s  p ré lev é es  
dans le  fleuve;

— étude des m écan ism es de fixation  et de d iffusion  des rad ion ucléides  
apportés dans le s  so ls  par le s  eaux d 'irrigation ;

— étude du tran sfert des rad ion u cléid es, de l'eau  d 'irrigation , aux cu ltures  
et aux produits a lim en ta ires  tra n sfo rm és.

L es résu lta ts  obtenus au cours de ce s  expérim entations concernant le s  
principaux com partim ents du m ilieu  ont p erm is d 'étab lir un schém a  
p rév isio n n e l du chem inem ent et du tra n sfert des rad ion ucléides jusqu'à la  
ration  a lim en ta ire .

3. LE BILAN

Le B a ssin  a reçu  au cours des quinze d ern ières  années p lu sieu rs  
d iza in es de m illie r s  de cu ries  à p artir  des d ifféren tes in sta lla tion s n u c léa ires . 
Que sont devenus ces  re jets?  Quel es t la  situation  rad ioécologique actu elle  
du B assin?

Un bilan peut être d r e s sé  en con clusion  des travaux déjà effectu és  
qui se  décom posent en deux p h ases:
— étude des m écan ism es et p rév is io n s  à p artir  des expérim entations  

r é a lis é e s  en lab orato ire (en p a rticu lier  sim u lations effec tu ées sur des 
portions du m ilieu  reco n stitu ées  dans des s e r r e s , des c a se s  ly s im é tr iq u e s , 
des aquarium s et dans une m aquette hydrologique) ;

— c o n sta ts .

3 .1 .  Le fleuve

3 .1 .1 .  Etude des m éca n ism es et p rév is io n s

L e Rhône, dont le  débit m oyen es t de 1500 m 3/ s ,  véh icu le annuellem ent 
la  m a sse  de 49 • 109 m 3 d 'eau. C 'est d ire l'im p ortance du prob lèm e à 
tra iter .

Tout d'abord a été rech erch ée  une bonne con n aissan ce des c a r a c té 
r istiq u es hydrologiques et p h ysico -ch im iq u es de l'eau  et du débit so lid e .
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Pour chaque rad ion ucléide ont été d éterm in ées le s  fraction s so lu b les , 
fix ée s  ou com p lexées a in s i que le  rô le  du débit so lid e  dans la  fixation, le  
tran sport et le  dépôt.

P arm i le s  nom breux rad ioélém en ts étu d iés, nous p résen ton s ic i  le s  
ré su lta ts  obtenus pour le s  plus ca ra ctér istiq u es:
Strontium  : fraction  so lu b le 99, 5%

fraction  fix ée  sur le s  su sp en sion s 0, 5%
C ésiu m : fraction  so lu b le 75%

fraction  fixée  sur le s  a r g ile s  (in fér ieu rs à 5 д т )  25% 
R uthénium : fraction  so lu b le 80%

fraction  a s s o c ié e  2 0 %
C ériu m : fraction  so lu b le 2, 5%

fraction  a s s o c ié e  9 7, 5%.
L es données r e c u e illie s  ont p erm is de d éterm in er la  dynamique globale  

des rad ioé lém en ts.
En fonction du rég im e des eaux et des ca ra ctér istiq u es  hydrologiques 

du fleuve nous avons p rojeté sur ce cours d'eau la  d istrib ution  attendue des 
ra d io n u c lé id es.

L 'ab sen ce de retenue sur le  cou rs in férieu r jusqu'à une date récente  
(19 70) avait pour conséquence une fa ib le séd im entation  dans le  lit  principal 
et cette ob serva tion  avait conduit à situ er  le  risqu e au niveau des p r ise s  
d'eau d 'irr iga tion . La situation  était d 'a illeu rs d ifféren te se lo n  que l'eau  
brute était pom pée dans le  fleuve d irectem en t pour l'u tilisa tio n  ou qu'au 
con tra ire e lle  tra n sita it  par le s  canaux, qui sont à la  fo is une zone de 
dépôts et une vo ie d 'am enée d'eau aux so ls  et aux cu ltu res. L es estu a ires  
du P etit  et du G rand-Rhône et la  zone cô tière , où la  séd im en tation  es t  
active , ont égalem en t a ttiré  notre attention a in si que toutes le s  solu tions  
de continuité dans le  rég im e ou la  com p osition  des eaux du fleuve (front de 
la  langue sa lé e , bras m orts , etc . )

3 .1 .2 .  C onstats

L 'exp loration  systém atiq u e du lit  du fleuve dans sa  p artie  aval (180 km 
de fleuve) et la  zone cô tiè re  (80 km) a fait appel à deux techniques:
— la m esu re  in situ  avec une sonde gam m a im m erg ée  sur le s  fonds et r e lié e  

à un sé lec te u r  d'am plitude m ulticanaux;
— le  p rélèvem en t par carottage dans le s  zon es d étec té es  par la  m esu re  

rad ioactive en vue de l'a n a ly se  fine en lab p rato ire .
La figure 1 résu m e le s  ré su lta ts  obtenus:

— au niveau de l'eau  le s  ten eu rs m oyennes en stron tiu m -90  fluctuent entre
0, 8 et 1 p C i/l  a lo rs  que la  teneur en césiu m -1 3 7  r e s te  in fér ieu re  à
0, 2 p C i/l;

— au niveau des dépôts nos estim ation s p rév is io n n e lle s  ont été en p artie  
co n firm ées: le  lit  du fleuve es t peu concerné par le s  re je ts  (1700 à 
6500 p C i/k g  de séd im en t en cés iu m -1 3 7 ).

C om m e prévu, le s  dépôts le s  p lus im portants se  situent au niveau des 
ou vrages de la  Com pagnie nationale du B as-R hôn e-L an gu ed oc (20 000 pCi 
de césiu m -1 3 7  par kg). P a r  contre le s  dépôts dans le s  e s tu a ire s  et la  
zone cô tiè re  n'ont pas provoqué un taux de contam ination notable (6000 pCi 
de cé siu m -1 3 7  par kg). L es séd im en ts m arins ne contiennent que des 
tr a c e s  de césiu m  non m esu ra b les .



512 BOVARD e t  a l .

F I G . l .  Bassin du Rhone.
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3 .2 .  Le m ilieu  vivant aquatique

3 .2 .1 .  Etude des m éca n ism es et p rév is io n s

En l'a b sen ce  de baignade ou d 'alim entation  d irecte  du b éta il par l'eau  
du Rhône, le  m ilieu  vivant aquatique es t le  p rem ier  m aillon  biologique  
concerné par le s  re je ts  rad ioactifs .

Un recen sem en t des e sp è c e s  aquatiques a été r é a lis é  en tenant com pte 
des travaux déjà e ffec tu és. D es e s s a is  de contam ination en lab orato ire  
sur p lantes aquatiques, m ollu squ es et p o isso n s ont p erm is de d éterm in er  
le u r s  facteu rs de concentration  pour d ifféren ts rad ion ucléides te ls  que 
Sr, C s, Со, Mn, Cr.

L es conditions hydrologiques, p h y sico -ch im iq u es et b io logiques du 
B a ssin  du Rhône sont tr è s  v a r ia b le s , e l le s  rendent d iff ic ile s  une rech erch e  
et un con trôle b io log iq ues. C 'est pourquoi nous nous so m m es attachés à 
ch o isir  un indicateur rep résen ta tif  sur le  plan b iologique et su r le  plan 
sa n ita ire . L 'esp èc e  retenue a été l'an gu ille  à cau se de son  caractère  
eurhyalin, de sa  b io m a sse , de l'im p ortan ce de sa  pêche dans le  B assin  
rhodanien et de sa la rg e  consom m ation  par l'h om m e.

Pour cette e sp è ce , le s  études sur la  contam ination, la  p ériode b io 
logique des d ifféren ts é lém en ts , l'e ffe t  des tran sform ation s cu lin a ires sur 
la  quantité de rad ioé lém en ts in g érée  par le  consom m ateur, ont abouti à 
une estim ation  p rév is io n n e lle  des concentrations en rad ion u cléid es dans 
le s  p o isso n s vivant dans le  Rhône. C es p rév isio n s ont p erm is d 'estim er  que 
la concentration  ne d ép a ssera it  pas quelques p C i/kg  fra is  pour le  
stron tiu m -90  et 50 à 100 p C i/k g  fra is  pour le  cé s iu m -1 3 7 .

3 .2 .2 .  C onstats

L e p rogram m e de p ré lèvem en ts in  situ  m is en p lace  a p erm is d'obtenir 
le s  ré su lta ts  su ivants: rad ioactiv ité  globale m oyenne 1500 à 5000 p C i/kg  
fra is  pour le s  an gu illes p êch ées en eau douce et 2500 p C i/k g  fra is  pour 
c e lle s  p êch ées en eau de m er .

A l'em bouchure du Rhône, la  concentration  m oyenne en stron tium -90  
des p o isso n s  est d 'environ  0, 30 p C i/k g  fra is , c e lle  du cé siu m -1 3 7 ,
1 50 p C i/k g  fr a is .

En con clusion  le s  ré su lta ts  obtenus in situ  induisent que la contam ina
tion e s t  n égligeab le au niveau de la  ration  a lim en ta ire  m êm e pour le s  gros 
con som m ateu rs de p o isso n s .

3 .3 .  L es so ls

3 .3 .1 .  Etude des m éc a n ism e s et p rév is io n s

L es so ls  de la  rég ion  peuvent se  d iv ise r  en deux groupes:
— le s  s o ls  a lluviaux s itu és  à p rox im ité du fleu ve, r ich es  en é lém en ts  

m inéraux, exp lo ités pour des cu ltures m a ra îch ères et fru itièr es;
— le s  so ls  bruns c a lc a ir e s  s itu és  en faible pente, souvent peu profonds, 

dont la  m ise  en va leu r es t ancienne et où sont cu ltivés e s sen tie llem en t  
arb res fru itier s  et v ign e.

L es m éca n ism es de tran sfert des rad ion ucléides dans ce s  deux types  
de so l sont sous la  dépendance de deux facteu rs principaux: la  p résen ce  
de carbonate de calcium  et le  com plexe absorbant.
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Le carbonate de calcium  in so lu b ilise  p artie llem en t en su rface un a s se z  
grand nombre de rad ion ucléides et le s  rend peu d ispon ib les pour la  plante. 
L es form es échan geab les rep résen ten t gén éralem ent 15 à 20% de l'a c tiv ité  
p résen te  en su rfa ce . C ette action  du ca lca ir e  es t plus p a rticu lièrem en t  
se n s ib le  pour le  strontium  (coprécip itation) et le s  lanthanides (form ation  
d'hydroxydes) : le  ruthénium  par contre e s t  a sse z  peu affecté dans son  

■évolution.
Le com plexe absorbant quant à lu i fluctue entre 10 et 30 m éq /100  g 

de so l. La teneur en a rg ile  a pour effet de re ten ir  fortem ent le  césiu m , 
tandis que la  p résen ce  de m atière  organique fa v o r ise  la  réten tion  du 
strontium , du césiu m  et de quelques form es de ruthénium ; ce d ern ier  
élém en t se  c a r a c tér ise  dès lo r s  par une grande dilution dans l'en sem b le  
du p ro fil et i l  contribue pour une large part à la  p résen ce  d'une activ ité  
notable en profondeur.

D es études en lab orato ire  perm ettent d 'évaluer la  répartition  de la  
rad ioactiv ité  de la  zone su p e r fic ie lle  com m e suit:
— environ  40 à 50% de césiu m -1 3 7 ,
— 20 à 30% de stron tiu m -90 ,
— le  r e s te  se  répartit entre le  ruthénium , l'an tim oine, le  zircon iu m -n iob ium  

et d ivers produits d 'activation .

3 .3 .2 .  C onstats

La con n aissan ce de la répartition  des rad ion ucléides dans le s  p ro fils  
pédologiques offre un in térêt tout p a rticu lier  car e lle  p erm et de re tra ce r  
« l'h is to ir e »  de la contam ination du fleu ve.

La m esu re  de la pollution  rad ioactive de la  zone étudiée a m ontré que 
le s  so ls  sou m is à l'irr ig a tio n  sont contam inés par l'eau  à des d egrés d iv er s .

L es m esu re s  g lob ales d 'in d ices bêta et gam m a donnent des va leu rs  
tr è s  d isp e r s é e s . Le cé siu m -1 3 7  et le  stron tium -90 sont pour l'instan t le s  
deux élém en ts ren con trés à des ten eu rs su p érieu res à c e lle s  résu ltan t des 
retom b ées a tm osp h ériq u es. L es m esu res de sp ec tro m étr ie  gam ma  
m ontrent que le  césiu m -1 3 7  e s t  p résen t dans p resqu e toute la  zone étudiée  
et que son  taux se  situ e entre 2000 et 50 000 p C i/k g  de so l se c , so it  40% 
de la  rad ioactiv ité .to ta le  due aux produits a r t if ic ie ls .  Le strontium , 
quant à lu i, en re p résen te  30%, le  r e s te  se  rép artissan t entre le  ruthénium , 
l'an tim oin e et le  couple n iob iu m -zircon iu m . C es résu lta ts  confirm ent le s  
p r é v is io n s .

La sa tisfaction , par l'irr ig a tio n , du beso in  en eau de la culture apparaît 
com m e le  facteur p rim ord ia l du niveau de contam ination du so l, le  type 
pédologique et la  topographie du terra in  ne jouant qu'un rô le  secon d a ire .

Q ualitativem ent, la  rép artition  des rad ion ucléides dans le  so l dépend 
m oins de leu r nature que des façons cu ltu ra les. A in si, il  a été constaté  
que pour une r iz iè r e ,  la  contam ination e s t  uniform e sur 2 0  cm de profondeur 
pour une vigne, cette profondeur est de 10 cm et pour un v erg er  de 30 cm .

On doit cependant noter que, pour l'en sem b le  des p ro fils  étudiés  
(150 environ), la  fraction  des n ucléid es d ispon ib le rée llem en t pour la  plante, 
rep résen tée  par le s  form es échan geab les, n 'est que de 15 à 20% de 
l'a c tiv ité  to ta le d ép osée .

L 'état actu el de la pollution  de la rég ion  a été sch ém a tisé  sur des 
ca r tes  où le s  terra in s sont rép artis  en quatre ca tég o rie s  en fonction de 
leu r contam ination:
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1) < 500 p C i/k g  de so l se c
2 ) de 500 à 1 000 p C i/k g  de so l se c
3) de 1 000 à 10 000 p.Ci/kg de so l se c
4) de 10 000 à 100 000 p C i/k g  de so l se c .

D 'ap rès le s  p rem iè re s  ob servation s, la contam ination des zones  
étu d iées sem b le lié e  à la  proxim ité du fleu ve, à la qualité de l'eau  (décantée  
ou non), à l'in ten sité  de l'irr ig a tio n  ( lié e  au b eso in  en eau des cu ltu res), 
aux techniques cu ltu ra les et aux m odifications survenant dans le s  ca r a c té 
ris tiq u es  du fleuve: ra len tissem en t du débit, d ifféren ce de la  com position  
des eaux (affluents, langue sa lé e ) .

La contam ination des so ls  e s t  en fait a s se z  rédu ite a u ss i bien en su p er
f ic ie  (5000 h ectares) qu'en in ten sité  (fa ib le rad ioactiv ité  sp éc ifiq u e). De 
plus le s  tra n sferts  du so l v e r s  la  nappe ou la  production v ég éta le  des 
différen ts rad ion u cléid es se  font tr è s  lentem ent; toutes ce s  conditions 
tendent à m in im iser  le s  con séqu en ces sa n ita ires  de cette  pollution.

3 .4 . L es productions a g r ico le s

Seule la  production végéta le  a été p r ise  en con sid ération , l'é le v a g e  
pouvant être con sid éré com m e n égligeab le.

3 .4 .1 .  Etude des m éca n ism es et p rév is io n s

Une étude p rév is io n n e lle  en s é r ie s  et sur p a r c e lle s  exp érim en ta les a 
p erm is d 'étab lir le s  coeffic ien ts  de tran sfert en fonction des principaux  
p aram ètres: so l, façons cu ltu ra les, b eso in s en eau, e sp è c e s  v ég é ta le s .

La contam ination d irecte  des p lantes a pu être r é a lis é e  grâce à un 
phytotron de grandes d im en sion s, dans lequ el l'irr ig a tio n  par a sp ersio n  a 
été s im u lée .

Il r e s so r t  des ex p ér ien ces a in s i m en ées que la contam ination des 
e sp è c e s  es t d irectem en t lié e  à leu rs b eso in s en eau et que le s  fe u ille s  sont 
en gén éra l la  p artie de la  plante la plus contam inée.

A tra v e rs  le s  va leu rs obtenues nous avons étab li un ord re de risq u es  
de pollution  encourus par le s  cu ltures:
— à court term e p rédom ine le  tran sfert par la vo ie  fo lia ir e  (irr igation  par 

asp ersion ); le  rad ioé lém en t à prendre en con sid ération  e s t  le  césiu m -137;
— à long term e se  su rim p ose la  contam ination in d irecte  par vo ie rac in a ire  

qui redonne toute son  im portance au stron tiu m -90 .

3 .4 .2 .  C onstats

L 'observation  sur le  terra in  a débuté en 19 69 en tenant com pte des 
résu lta ts  déjà obtenus en hydrologie et p édologie et des estim ation s p r é 
v is io n n e lle s  (fig . 2). D es tém oins ont été ch o is is  sur des p a r c e lle s  non 
ir r ig u ée s  par lè  Rhône. T ro is  e sp è ce s  fru itièr es  et s ix  légu m es ont été 
p ré lev é s  pendant tro is  ans.

Au niveau des m esu re s  de rad ioactiv ité  g lobale (0, 7 ) (tableau I) le s  
va leu rs ne sont pas sen sib lem en t d ifféren tes de c e lle s  obtenues par a illeu rs  
et qui peuvent être a ttr ibu ées aux re to m b ées. (En stron tiu m -90  le s  
contam inations con sécu tives aux retom b ées peuvent atteind re 30 p C i/k g  fra is .
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F IG .2. C am pagne du Rhône, p ré lèv em e n ts  de v ég é tau x .
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TABLEAU I. NIVEAU D'ACTIVITE DES VEGETAUX  
A ctiv ité  bêta to ta le  (pC i/k g  frais)
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1 2 1100 4200 1900 2600 2200
2 6 1400 1400 1400 1900 4500 2100
3 10 990 1800 1400 5200 2100
4 15 1050 2200 1900 5500

5 13 1250 2200 1400 2000 8500 3600 4300 2300

6 20 1000 2400 12 00 2100 36 00 3900 5600 2300

7 27 1250 2300 1000 2000 2300 3100 6300 2200
8 39 1000 2400 1200 2300 4500 5000 2200
9 0 1500 2100 1700 2600 6000 3300 2300

10 4 950 1800 2000 5200 4600 2200
11 27 1150 2100 1200 2300 2250 5300 5000 2600

12 32 1200 2250 1250 1900 2300 3600 10J00

13 . 44 1200 1920 1600 5900 3800 5000

14 50 800 2200 1800 3000 3200 2200
15 60 800 1250 2200 2200
16 73 1100 1800 1850 2100 1950

17 67 1300 2600 1400 2500 5900 1900

18 76 1200 1700 1400 2100 6400 1300

19 65 1150 1300 1750 1800 5600 2000 8600 2050

Tl 800 2300 1700 3400 6000 2200

T 2 1000 1150 1500 5200 4000 3900 2200

Aucune d ifféren ce s ig n ifica tiv e  entre le s  a c tiv ité s  des d ifféren tes  
esp è ce s  ne peut être  m ise  en év idence.

P a r  la m éthode des rangs appliquée aux a ctiv ité s  bêta to ta les  de cinq 
esp è c e s  v ég é ta le s  bien re p r ésen té es  su r l'en sem b le  du s ite :  p om m iers, 
p êch er s , v ig n es, tom ates, a sp er g es , on con state que le s  m oyennes des 
rangs des a c tiv ité s  des lieu x  de p rélèvem en t ne sont pas sign ifica tivem en t
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TABLEAU II. NIVEAU D'ACTIVITE DES VEGETAUX  
C ésiu m -137  (pC i/kg frais)
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d ifféren tes . L es niveaux des a c tiv ité s  sont indépendants des situations  
géographiques; néanm oins aux abords im m édiats d'une in sta lla tion  (usine  
de retra item en t de M arcoule) l ’a ctiv ité  des produits r é c o lté s  est légèrem en t  
plus é le v é e . A quelques k ilo m ètres en aval, le s  a c tiv ité s  redeviennent 
com parables à c e lle s  obtenues tout le  long du Rhône.

L aten eu r en cé siu m -1 3 7  (tableau II) d'une bonne p artie  des échantillons est  
non d éce lab le; deux points cependant p résen ten t une a ctiv ité  re la tivem en t é le v é e . 
E xception  fa ite  de ces  deux points la  m oyenne des a c tiv ité s  des échantillons  
contam inés est 140 p C i/k g  fra is  de d enrée non la v ée . C ette a ctiv ité , faible 
par rapport à la  CMA de l'eau , est cependant plus é lev é e  que c e lle  que l'on  
peut noter dans le s  r e le v é s  de su rv e illa n ce  des retom b ées et peut être  
attribuée aux re je ts  de produits rad ioactifs  dans le  Rhône.

L 'a ctiv ité  ca lcu lée  de l'eau  du Rhône au m om ent des re je ts  es t au 
m axim um  de 7, 3 p C i/l  en cés iu m -1 3 7 . La contam ination de 1 kg de denrée  
contam inée non lavée  es t donc équivalente à c e lle  de 2 0  l i t r e s  d'eau environ. 
C es va leu rs sont nettem ent plus é le v é e s  que c e lle s  ca lcu lée s  sur m odèles  
expérim entaux.

Le tableau II m ontre que ce sont le s  e sp è ce s  n orm alem ent ir r ig u ée s  
par a sp ers io n  qui sont contam inées par le  cé siu m -1 3 7 : p om m es, p êch es, 
tom ates.

La répartition  géographique peut donner une exp lication: le s  points 
apparem m ent le s  p lus contam inés sont s itu és  en C am argue, dans la  partie  
aval du cours où la  v it e s s e  du courant es t ra len tie  et où l'a c tiv ité  des 
séd im en ts en cé siu m -1 3 7  est plus é lev ée; le  pom page d irect de l'eau  sans 
l'in term èd e de séd im en tation  dans le  canal d 'irr igation  a pour conséquence  
la  m ise  à d isp osition  d'une eau plus contam inée que la m oyenne ca lcu lée .

En résu m é, le s  a c tiv ité s  sont fa ib les , trè s  é lo ig n ées des CMA de l'eau . 
La contam ination en stron tiu m -90  n 'est pas sign ifica tivem en t d ifféren te de 
c e lle  due aux re to m b ées . Une tr è s  lé g è r e  contam ination en césiu m -137  
est attribuable aux re je ts  rad ioactifs .

Il en ré su lte  une charge polluante trop faib le pour provoquer un risque  
de contam ination du consom m ateur par la  ration a lim en ta ire .

4. COMMENTAIRES

C om m e le  la is sa ie n t  p révo ir  le s  études ex p ér im en ta les , le  B a ssin  
a b ien  « a cc ep té»  le s  re je ts  effectu és par l'en sem b le  des in sta lla tion s  
n u c léa ir es . L es phénom ènes de dilution et de d isp ers io n  l'ont em porté  
sur le s  r isq u es de recon centration  des rad ion u cléid es.

D es tra c es  de recon centration  ex isten t tout de m êm e au niveau du 
m ilieu  vivant aquatique, au niveau de zon es à séd im en tation  active  et sur  
certa in s s o ls ,  m a is le s  va leu rs obtenues n'ont jám ais atteint et de lo in  le s  
se u ils  cr itiq u es. De p lu s, en ce qui concerne la  production v ég é ta le , le  
produit effectivem en t consom m é correspond  souvent à un des organes le s  
m oins contam inés de la  plante (fru its).

La com p araison  des QMA de stron tiu m -90  et de cé s iu m -1 3 7  avec le s  
concentrations obtenues par l'exp érim en tation  ou m esu ré es  in situ  m ontre  
que pour un consom m ateur absorbant quotidiennem ent 1 kg de p o isso n  et
1 kg de légu m es et de fru its (provenant des zon es in flu en cées par le s  rejets) 
le s  rapports sont le s  su ivants:
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QMA Quantité in gérée
90Sr 2 2 0 0  p C i/j 32 p C i/j
137Cs 440 000 p C i/j 300 p C i/j

A in si, dans le s  conditions le s  plus cr itiq u es et d iffic ilem en t ré a lisa b le s ,  
le  facteur de sé cu r ité  r e s te  de 1 0 0  pour le  strontium  et de 1 0 0 0  pour le  
césiu m .

Ce bilan op tim iste  con cern e le  p a ssé ;  en effet, deux facteu rs nouveaux  
vont m odifier cette «accep tation »  par le  m ilieu  des re je ts  de rad ion ucléides:
— d'abord l'augm entation  des a ctiv ité s  n u c léa ires dans le  B assin ;
— la construction , en cours ou p rojetée , de p lu sieu rs cen tra les  é le c tr o -  

n u cléa ires  de type à eau sous p ress io n  et su rrégén érateu r;
— m ais surtout le  rem odelage du fleuve par la  création  de p lu sieu rs  

b arrages, notam m ent dans le  t ie r s  aval de son p arcou rs.
De ce fait le s  in sta lla tion s n u c léa ires a ctu elles  et futures vont être  

am en ées à effectu er leu rs re je ts  dans des eaux tra n q u illisées , le s  
phénom ènes de dilution seron t atténués et le s  échanges avec le s  séd im en ts  
con stitu tifs du lit  seron t plus im portan ts. En conséquence, la portion  la  
plus aval, l'e s tu a ir e  et la  m er , ne joueront p lus qu'un faib le rô le  dans la  
d isp ers io n  des é lém en ts rad ioactifs .

La notion de «ca p a c ité  radiologique» prend ic i toute sa  va leu r . Cette 
capacité peut évoluer avec le  tem ps, dans un sen s a u ss i b ien que dans 
l'au tre  d 'a illeu rs .

L es données obtenues par l'exp érim en tation  et le s  m esu res et o b se r 
vations in situ perm ettent de d éterm in er le s  facteu rs lim itants d'un b assin . 
Le choix du s ite , le  choix des program m es de su rv e illa n ce  devraient donc 
dans une certa in e m esu re  s'appuyer sur l'étud e de B a ssin  pour apporter aux 
populations r iv era in es du fleuve des garan ties sur la  qualité des eaux et des 
produits ir r ig u é s .

5. CONCLUSION

A la su ite des travaux dont nous venons de p a rler , nous som m es  
p ersu ad és que dans le  dom aine de la sauvegarde de l'environnem ent, il  
convient de ne pas se  borner à un exam en de la situation  à un instant donné 
m ais de su ivre l'évo lu tion  du m ilieu  avec le  tem p s.

C ette recom m andation trouve une ju stifica tion  supplém entaire à la 
su ite  d 'observation s fa ites récem m en t par notre équipe dans le  B assin  
rhodanien et sur d 'autres cours d'eau: l'e ffe t  de syn erg ie  entre pollution  
rad ioactive, pollution therm ique et pollution chim ique. L es études  
exp érim en ta les en trep r ises  i l  y a p rès de dix ans concernaient un B a ssin  
où la pollution chim ique, bien que p résen te , éta it re la tivem en t faible et la  
pollution therm ique in ex istan te , m ais depuis la  qualité des eaux s 'e s t  
dégrad ée.

C oncurrem m ent à cette situation  nouvelle-nous avons o b servé au 
niveau du cours d'eau une m odification  du com portem ent des ions rad ioactifs , 
par exem ple une plus grande m obilité ayant pour orig ine la  form ation de 
com p lexes à p artir  des re je ts  in d u str ie ls  effectu és en am ont. C ette 
m ob ilité  provoque un tran sfert des rad ion ucléides à longue d istance dans 
le  cours du fleuve, dans le s  canaux d 'irr iga tion  et dans le s  nappes. C ertains  
élém en ts te ls  que le  cobalt se  déplacent dans le  so l avec le  front de l'eau .
Le risqu e de pollution des nappes e s t  à p rév o ir .
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La pollution  therm ique fa v o r ise  au con tra ire le s  phénom ènes de 
séd im en tation  donc de dépôts dans le  lit  des fleu ves et dans le s  b arrages. 
Au niveau du m ilieu  vivant, l'a c c r o is se m e n t m êm e faible de la tem pérature  
d es eaux provoque une a ctiv ité  m étabolique plus im portante avec a c c r o is s e 
ment du taux de contam ination des e sp è c e s  aquatiques. L es cu ltures sont 
con cern ées à la  fo is  par la  pollution chim ique qui fa v o r ise  le  tran sfert par 
l'eau  d 'irr iga tion  et la  pollution  therm ique qui a c c é lè r e  le  p ro ce ssu s  
m étabolique. C ette form e de pollution  fait l'ob jet de rech erch es au profit  
de l'a g r icu ltu re , avec com m e conséquence l'atténuation  de la  charge  
therm ique des cours d'eau.

L ’étude du B a ss in  rhodanien à tra v e rs  quinze ans d 'activ ité  n ucléa ire  
nous a apporté de n om b reuses in form ations sur le s  m éca n ism es de 
tran sfert des rad ion u cléid es.

La p o ss ib ilité  que nous avons eue d 'a sso c ie r  des études exp érim en ta les  
et des m esu res  in situ  nous a p erm is d 'ob server com m ent un m ilieu  
h étérogèn e était concerné par le s  re je ts  et q u elles éta ient le s  v o ie s  
p r é fé r e n tie lle s  de contam ination.

G râce à une politique de re jet conform e aux p rescr ip tio n s , le  m ilieu  
a bien accep té ce s  r e je ts  et s i ,  en tant que ra d io é co lo g is te s , nous devons 
recon naître que le  B a ss in  e s t  m arqué par le s  re je ts  rad ioactifs  au niveau  
de la  plupart de s e s  con stituan ts, le s  concentrations o b ser v ée s  n'ont jam ais  
atteint des se u ils  cr itiq u es.

M ais, à tra v e rs  cette  con clusion  op tim iste  pour le  p a ssé , nous donnons 
en fait un a v er tisse m e n t pour l'a v en ir . L e B a ssin  e s t  en vo ie  de tr a n sfo r 
m ation, le s  im plantations n u c léa ires  vont augm enter, le s  pollutions 
chim iques et therm iqu es su ivront vra isem b lab lem en t cet a cc ro issem en t, 
c 'e s t  pourquoi l'o b serv a tio n  du B a ss in  doit continuer et l'im p lan tation  de 
nouveaux s ite s  n u c léa ires  doit ten ir com pte de son  évolution .

L 'in tégration  des im plantations a c tu e lles  dans l'environ nem ent a été  
r é u s s ie ,  i l  s e r a it  reg retta b le  pour l'a v en ir  de ne pas ten ir  com pte de 
l'e x p é r ien ce  acq u ise et en p a rticu lier  de con cevoir une im plantation  
n ouvelle de s ite  n u cléa ire  sans l'in tég r er  rad ioécologiqu em en t dans le  
B a ssin . L es con clu sion s g én éra les  t ir é e s  de l'étud e du B a ss in  rhodanien  
nous p a ra issen t ex trapolab les aux au tres b a ssin s fluviaux.
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D I S C U S S I O N

J. P. MORONI: A s a rep resen ta tive  of the F rench  public health  
au th orities, I should lik e to m ake two com m ents on the papers so  far p r e 
sented  at the Sym posium , p articu lar ly  at the p resen t se ss io n . In the f ir s t  
p la ce , tribute should be paid to the high quality of the stud ies — both 
exp erim en ta l and th e o re tic a l — which have been  devoted to evaluating the 
im pact of n uclear power stations on the environm ent; apart from  som e  
u n certa in ties on points of d eta il, the so lid ity  of the resu ltin g  con clusions is  
beyond doubt.

Secondly, it should be noted that the contam ination found — at v ery  low  
le v e ls  and in lim ited  areas — is  confined to the environm ent and to certa in  
links in the food chain: no sign ifican t effect on m an has been  detected.

E. KUNZ: What portion of the activ ity  m easu red  or evaluated in your  
study can be assign ed  to g lob al rad ioactive fa ll-ou t?

A. GRAUBY: A s regard s plants; the 90Sr due to fa ll-o u t m ask s any 
contam ination from  d isch a rg es by n uclear power fa c il it ie s .  In the c a se  of 
C s, the fraction  rep resen ted  by d isch arges is  g rea ter  than that due to fa l l 
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out. F or each  com partm ent of the environm ent (sed im en ts, s o i l s ,  e tc . ) we 
find s im ila r  phenom ena in re sp ec t of each  rad ion uclid e, with the d isch arge  
fraction  being m ore or le s s  m asked  by the fa ll-o u t.

E. KUNZ: A re th ere any advantages of what one m ight term  a 'non- 
rad io log ica l' nature lik e ly  to em erge  from  your m ost valuable study?

A. GRAUBY: Y es , I think one can say  that such  is  in fact the case:  
som e of our r e su lts  have a lready been  u sed  for estab lish in g  the tra n sfer  
m ech an ism s of cations in the m in era l nutrition of p lants.

B. K. BORISOV: What is  the m ethod of preparing the f ish  sam p les for 
a n a ly sis?

A. GRAUBY : A fter the sam ple has been  taken the rad ioactiv ity  of 
the whole f ish  or of individual organs thereof can be m easu red  with the help  
of trad itional m ethods of d isse c tio n . E ach organ (or the whole fish ) is  
w eighed fresh . It is  then oven -d r ied  at 110°C for 24 hours and, after  
crush in g , the gam m a a ctiv ity  is  m easu red  in a w ell-ty p e  cr y sta l.

In the ca se  of e lem en ts for which it is  n e c e ssa r y  to work under thin-  
la y er  conditions, the organs are in cin erated  in a program m ed furnace until 
white ash  is  obtained.
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Abstract

EVALUATION OF RADIOACTIVE AND NON-RADIOACTIVE TRACE CONSTITUENTS EMITTED FROM FOSSIL- 
FUEL AND NUCLEAR POWER PLANTS.

On th e  basis o f  a  s im p lifie d  box m o d e l th e  re la tiv e  body  burden  function  S = K /M P C  for th e  p o llu tan ts  
re lea sed  in  m a jo r q uan titie s  from  fo ss il-fu e l and n u c lea r pow er p lan ts  has b ee n  c a lc u la te d  and  co m p ared .
Besides these  m a in  po llu tan ts  (S 02, N 0 2, 133X e, 85K r), o ther substances a re  re lea sed  bu t in  sm a lle r  quan titie s . 
S ince  som e o f  these  substances (for ex a m p le : Ra, Hg, 3H e t c . )  a re  to x ic o lo g ic a lly  im p o rta n t, th e  en v iro n m en ta l 
e ffec ts  are  not n eg lig ib le .

Using a further d ev e lo p ed  box m o d e l th a t takes in to  co n sid e ra tio n  th e  v e r t ic a l d is tribu tion  o f  p o llu tan ts  
and  th e  b ehav iou r o f  th e  p o llu tan ts  in  th e  a tm osphere  body  burden  functions o f  h igh  to x ic  tra c e  constituen ts  
re lea sed  from  co a l, o il  and  g a s -f ire d  and n u c lea r pow er p lan ts  a re  c a lc u la te d . T he  tra c e  constituen ts  are: 
rad iu m , fluor, c a d m iu m , m e rcu ry  from  fo ss il-fu e l pow er p lan ts  and  13imX e, 3H and  131I from  n u c lea r pow er 
p la n ts . T he body  burden functions a re  co m p ared  w ith  those o f  th e  m a jo r p o llu tan ts . It is found th a t the  
e n v iro n m en ta l e ffec ts  o f  rad iu m  from  c o a l- f ire d  pow er p lan ts  are  s m a ll co m p ared  w ith  th e  en v iro n m en ta l 
e ffec ts  o f  ra d io a c tiv e  m a te r ia ls  re lea sed  from  n u c lea r s ta tions. O ther tra c e  p o llu tan ts , for e x a m p le  fluor 
com pounds, p rov ide  a  la rg er con trib u tio n  to  th e  in teg ra l body  bu rden . T he re la tiv e  im p o rtan c e  o f  th e  various 
t r a c e  constituen ts  re lea sed  from  pow er s ta tions  is d iscussed.

1 . INTRODUCTION

The production of e le c tr ic a l energy is  a lw ays bound up with the em iss io n  
of s e v e r a l pollutants into the environm ent. The m ost im portant burden to 
the environm ent from  the operation  of power plants is  a tm osp heric pollution. 
In com paring the environm ental burden from  a ir  pollutants o f the variou s  
typ es of power plants up to now only the m a ter ia ls  r e le a sed  in m ajor 
quantities from  fo s s il- fu e l  and n uclear power plants have been con sid ered  [ 1 ] . 
B e s id e s  th ese  m ain pollu tants, which are S 0 2, NOx, F and p a r tic le s  for 
f o s s i l - fu e l  power plants and 133Xe and 85Kr for n u clear power p lants, other  
su b stan ces are re le a se d  in sm a lle r  q u an tities. The em iss io n  rate of th ese  
tra ce  pollutants alone cannot be the b a sis  for com parison , as has been  
shown in R ef. [ 1 ] , s in ce  the body burden depends on the to x ic ity  of the 
substance r e le a se d . A num ber of th ese  tra ce  su b stan ces are re la tiv e ly  
highly to x ic .

In continuation o f the stu d ies on the com parison  of a ir  pollution from  
f o s s i l- fu e l  and n u clear power plants an im proved  box m odel [ 2 ] has been  
used to ca lcu la te  the re la tiv e  body burden, S = К /M P C , w here К is  the 
average concentration  of the pollutant and MPC the corresp ond ing m axim um  
p erm iss ib le  concentration  for the public.
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T his paper deals with the m ore im portant tra ce  pollutants re le a sed  to 
the atm osphere from  power p lants. The sign ifican ce of the variou s trace  
pollutants from  coal, o il and n uclear power plants is  d iscu ssed  by m eans  
of the re la tiv e  body burden S o f th ese  tra c e  pollutants.

2. DESCRIPTION OF THE MODEL

To ca lcu late the re la tiv e  body.burden S the follow ing m odel was used, 
which w as f ir s t  published in R ef. [1 ] and in its  im proved v er s io n  in R ef. [ 2 ] .

A ll pollutants re le a sed  into the atm osphere have a certa in  re sid en ce  
tim e th ere . The m a ss balance fo llow s Eq . ( l ) :

dM = Fdt - Rdt (1)

w here M is  the amount, F the em iss io n  rate and R the rem oval rate of the 
pollutant con sid ered . The average concentration  К in a certa in  volum e V 
can be calcu lated  if  we know F and R . It is

K = f  (2 )

The re la tiv e  body burden S is  then the ratio  between К and the corresponding  
m axim um  p erm iss ib le  concentration  MPC for the public, that is

s  = m ! c  <3>

F or p urposes of com parison  the F va lu es (em issio n  rate) w ere calcu lated  on 
the b a s is  that the total e le c tr ic a l energy produced in 1970 in the F ed era l 
R epublic of Germ any (FRG) of 22 8 TW • h w as produced by the one power 
plant type con sid ered  alone, i . e .  by co a l-f ir ed , o il- f ir e d  or n u c lea r -fu e lled  
LWR power plants re sp ec tiv e ly . F or the rem oval rate an exponential decay  
of the a tm osp heric pollutants w as a ssu m ed  according to

R = AM (4)

w here X = 1 /т  = l n 2 / T H with т = res id en ce  tim e and TH = h a lf-tim e of the 
pollu tants. The volum e V of the box co n sis te d  of the area  of the FRG 
(250 0 0 0  km2) and a height o f 3 km. Since the v er tica l d istribution  of the
v ariou s pollutants in the low er trop osph ere w ill not be the sam e, the re la tive
con centrations of the pollutants in the f ir s t  1 0 0  m above the ground derived  
from  the concentration  p ro file s  given in Eq. (2) w ere u sed .

If the d im ensions of F are t /y r  or C i/y r  and the d im ensions of the 
corresponding MPC va lu es are jug/m 3 or  p C i/m 3, the re la tiv e  body burden S 
can be ca lcu lated  from  Eq. (5):

S = íl ¿ c ^  1-2X 10' 4 <5>
w here a g iv es  the percen tage of the amount M of the pollutant ex istin g  in the 
f ir s t  100 m etre s  above the ground. In c a s e s  w here the v e r t ic a l d istribution  
of the pollutants is  not known, a stands for the hom ogeneously m ixed box 
of lim ited  height, as explained  in detail in Section  3.
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3. D A T A

3 . 1 .  Trace pollutants from hard-coal-fired power plants

527

We re str ic te d  our ca lcu la tion s to the em iss io n  of trace su b stan ces from  
h a rd -c o a l-f ir ed  plants b ecau se the content of trace constituents in lig n ite  
(brown coal) is  sm a ll com pared with that of hard coal [ 3 ] .

M ost of the trace  su b stan ces in coal and o il we are concerned  with are 
m eta ls  or m eta l o x id es. They a re  re le a se d  from  the stack  in the form  of 
p articu la te m atter . In Germ any the em iss io n  of p articu late m atter is  
re s tr ic te d  by law  for newly built power p lants. The m ean e m iss io n  rate of 
dust from  Germ an c o a l-f ir e d  power plants w as estim ated  by P e te r s  et a l. [4 ]  
to be 500 m g /m 3 sm o k e -g a s . The m ean ash  content of tra ce  m eta ls  in 
Germ an hard co a ls  w as determ ined  by Otte [ 3 ] . We assu m e that the trace  
constituents are r e le a se d  from  the stack  in the sam e quantities and p ercen 
tages as fly ash . The to ta l e m iss io n  ra tes  for the FRG are ca lcu lated  with 
the assum ption  that m odern coa l power plants r e le a se  into the atm osphere  
4 m 3 sm oke gas p er kW • h.

A s reported  by E isenbud and Petrow  [ 5] and K ellerm ann [ 6 ] , decay  
products of the uranium -238 and thorium -232 s e r ie s  are found in coal.

TABLE I. BODY BURDEN OF TRACE SUBSTANCES RELEASED INTO 
THE ATMOSPHERE FROM HARD COAL-FIRED POWER PLANTS

T race
substance

M ean ash 
c o n ten t

R esidence
tim e

(d)

Emission
ra te

S tandard
Body burden  

S

226 +228 Ra 6 .2  p C i/g 5 2 . 83 C i/y r 1 p C i /m 3 3 .5 X 1 0 -4

228Th 2 .6  p C i/g 5 1 .2  C i/y r 0 .2  p C i /m 3 7 .5 X 1 0 '4

Fa 5X 10 ' 3% b 5 1 .2 X 1 0 4 t /y r 10 /Jg/m3 0 .1 5

Fa 5 X 1 0 "3(7ob 0 .0 4 1 .2 X 1 0 4 t /y r 10 /Jg/m? 6. OXlO-4

Pb 0. 3P/o 5 1 .4 X 1 0 4 t /y r 2 /Jg /m 3 0 .8 5

Zn 0 .8 °¡o 5 3 .7 X 1 0 4 t /y r 500 p g /m 3 0 .001

V 1.1<7о 5 5. 0 X1 04 t /y r 5 /Jg /m 3 1 .2

N ia 1 .6% 5 7 . 4 x l 0 4 t /y r 1 (Jg /m 3 9 .1

N ia 1. 6°Jo 5 7 .4  X1 04 t /y r 0 .1  u g / m 3 91

Mn 2.2% 5 10X 104 t /y r 250 /Jg /m 3 0. 005

Cu 0.4% 5 1 . 8 X1 04 t /y r 5 fig /m 3 0 .4 4

Cd n . a . 5 n. a . 5 f ig /m 3 -

Co 0 .2% 5 0 .9 X 1 0 4 t /y r 25 p g /m 3 0 .0 4

Sn 0.6% 5 2 .8 X 1 0 4 t /y r 100 ¡ Jg / m3 0 .0 3

Hg i o - 4%b 5 72 t /y r 1 /Jg /m 3 0 .0 1 0

f  E xplained  in  te x t 
b

C ontent in  c o a l, 
n . a .  no t a v a ila b le .
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E isenbud determ ined the radium  content of ash  to be 6 .2  p C i/g  and that of 
thorium  to be 2 .6  p C i/g .

The amount of m ercu ry  in coal i s  not w ell known. Joensuu [ 7] analysed  
36 A m erican  co a ls  and estim ated  m ore con serva tively  the content of m ercu ry  
in coa l to be 1 ppm . The em iss io n  of fluor compounds was ca lcu lated  from  
the va lu es given  by B rocke [ 8 ] . The m ean ash content of d ifferent trace  
su b stan ces in coal is  l is te d  in colum n 2 of Table I. In 1970 228 TW • h 
e le c tr ic a l en ergy  w ere produced in the FRG. In colum n 4 of Table I the total 
em iss io n  of trace su b stan ces per year by co a l-f ir ed  power plants is  lis te d  
under the assum ption that the 228 TW • h are produced only by co a l-fu e lled  
power p lants.

P ollu tants are rem oved  from  the atm osp here by decay p r o c e s se s ,  
ch em ica l in teraction  and scaven ging  p r o c e s se s . F or ca lcu lating the re la tive  
body burden the re s id en ce  tim e in the atm osp here of the variou s trace  sub
sta n c es  has to be known. M ost o f the trace  su b stan ces l is te d  in colum n 1 
of T able I are m eta ls and em itted  from  power plants as fly  ash . R esidence  
tim e s  of natural a e r o so ls  in the trop osph ere have been ob served  by se v e r a l  
authors and obtained from  data on a tm osp h eric rad ioactiv ity . The re su lts  
of th ese  m easu rem en ts are d iscu sse d  in d eta il by M artell [ 9 ]. The 
re s id en ce  tim e of p articu la tes up to a height of 5000 m etres  was reported  
by M artell to be 3 to 7 d ays. F or our ca lcu lations we used a m ean resid en ce  
tim e of p a rticu la tes in a ir  o f five days, as lis te d  in colum n 3 of T able I.

The ch em ica l behaviour of fluor in the atm osphere is  not w ell known. 
A tm osp heric fluor com pounds are v ery  rea ctiv e  and m ight attach fast to 
a e r o so ls .  In th is case  they have a res id en ce  tim e s im ila r  to that of 
particu late m atter . F luor m ight a lso  re a ct with gaseou s carbon hydrates  
or anorganic com pounds to an inert com pound. In th is  ca se  the resid en ce  
tim e of fluor would be v ery  short, probably not lon ger than one hour. We 
ca lcu la ted  the body burden for both resid en ce  t im e s . 226/228Ra and 228Th 
containing fly  ash w ill have the res id en ce  tim e of suspended p a rtic les  in a ir .

A tm osp heric trace su b stan ces are usually  not uniform ly d istributed  
in  the trop osp h ere. A s a re su lt  o f m eteo ro lo g ica l conditions and re la tiv e  
short res id en ce  t im e s  through ch em ical or  p h ysica l p r o c e s se s  they have a 
n early  exponential p rofile  with altitude with the h ighest concentration  near  
the ground. We have already d iscu ssed  p ro file s  for d ifferent pollutants in 
a p rev iou s paper [ 2] . B eca u se  of the d ifferent stack height, we assu m ed  a 
constant concentration of pollutants up to 100 m e tr e s . The portion of 
p articu late m atter in the f ir s t  1 0 0  m etre s  is  about 2 0 % of the tota l em iss io n . 
F or gaseou s fluor compounds (F ++) an a tm osp heric resid en ce  tim e is  not 
known and we th erefore assu m ed  a hom ogeneous m ixing in a box up to 
1 0 0 0  m etre s  above the ground.

To com pare the effect on body burden by the variou s trace su bstances  
from  d ifferent power plants a ir quality c r ite r ia  a r e u s e d . A irq u a lity  standards 
for the main pollutants have been published for the FRG as b a sic  standard con cen 
tra tion s (MIK va lu es) [10] .  B a s ic  standards have not yet been estab lish ed  
for m ost of the trace  su b stan ces . The M aximum W orkroom  C oncentrations 
(M axim ale A rb eitsp latzk onzen tration , МАК va lu es) are  w ell known [ 11] .
B a s ic  standard concentrations are usually  one tw entieth  of the thresh old  
lim it  va lu es for w orkroom  con cen tration s. We defined th erefore the 
standards for tra ce  su b stan ces a s  1 /2 0 th of the MAK v a lu es . The b a sic  
standard for lead  and its  com pounds is  under d iscu ssio n  and recom m ended  
by K nelson and B ridbord [12]  as 2 цg /m 3. N ickel is  known to cause a lle rg ic
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reaction s on the skin and to be carcin ogen ic  to m an. No th resh o ld  value  
for w orkroom  atm osp h eres has yet been esta b lish ed . We th ere fo re  
calcu lated  the body burden for two standard v a lu es .

The standard value for m ercu ry  has been  recom m ended  by F oote [ 13] .
F o r  rad ioactive tra ce  su b stan ces we used  one tenth of the Maximum  

P e r m iss ib le  C oncentrations (MPC) as published in the am endm ents to the 
G erm an A tom ic Law [ 14 ] .  The standards used  for our ca lcu la tion s are  
lis te d  in colum n 5 of Table I.

3 . 2 .  T race pollutants from  o il- f ir e d  power plants

The content of m eta llic  trace  su b stan ces in o il v a r ie s  con sid erab ly  and 
depends on the orig in  of the o il .  The orig in  of the heating o il used in the 
FRG is  A fr ica  and A rabia. Column 2 of Table II l i s t s  the m ean content 
of tra c e  su b stan ces in heavy heating o ils .

F o r  purposes of com parison  of the em iss io n  ra tes  the trace  pollutants 
from  the variou s power plants have again been ca lcu lated  on the assum ption  
that the tota l amount of e le c tr ic  energy consum ed in the FRG is  produced  
by o il- f ir e d  power p lants. The em iss io n  ra te s  are lis te d  in colum n 4 of 
Table II.

The rad ioactiv ity  in o il h as been reported  by Eisenbud and Petrow  [ 5] 
and the cadm ium  content of heating o il by L agerw erff and Specht [ 15] .

R esid en ce t im e s , standards and d istribution  of the pollutants in the 
atm osphere have a lready been d iscu ssed  in section  3. 1.  F or the pollutants 
fluor and n ick el in the atm osp here we m ade the sam e assu m p tions as  
m entioned th ere for c o a l-f ir e d  power p lants.

TABLE II. BODY BURDEN OF TRACE SUBSTANCES RELEASED INTO 
THE ATMOSPHERE FROM OIL-FIRED POWER PLANTS

T ra c e
substance

M ean c o n ten t 
in  fuel

R esidence

tim e
(d)

Em ission
ra te

S tandard
Body burden 

S

226 +228 Ra 3. 5 X 1 0 '4 p C i/g 5 0. 018 C i/y r 1 p C i /m 3 l . l x l O ' 5

228 Th 3. 3 X 1 0 '4 p C i/g  - 5 ■ 0. 018 C i/y r 0. 2 p C i /m 3 5 .5 X 1 0 " 5

F" 18 ppm 5 1000 t / y r 10 M g/m3 1 .2 3 X 1 0 '1

a
F 18 ppm - 0 .0 4 1000 t /y r 10 f ig /m 3 5. 0 X 10-5

Pb 0 .4  ppm 5 20 t / y r 2 M g/m3 1 .2 3 X 1 0 -3

Zn 0. 2 ppm 5 10 t / y r 500 Mg/m3 2 .4 X 1 0 '6

V 10 ppm 5 500 t / y r 5 Mg/m3 1 .23X 10"*

N i3 6 ppm 5 300 t /y r . 1 M g/m3 3. 69 X 10-2

N ia 6 ppm -5 300 t / y r 0 .1  M g/m3 3 .6 9 X 1 0 " 1

Mn 2 ppm 5 100 t /y r 250 M g/m3 4. 92 X 10-4

Cu 0. 2 ppm 5 10 t /y r 5 M g/m3 2. 46 X 10-4

Cd 0. 5 ppm 5 25 t /y r 5 Mg/m3 6 .1 6 X 1 0 -4

a
Explained in  te x t.



TABLE III. BODY BURDEN OF RADIOACTIVE TRACE SUBSTANCES RELEASED INTO THE ATM OSPHERE  
FROM NUCLEAR POWER STATIONS

T ra ce
substance

R esidence
tim e

(d)

Em ission ra te , 
Y ankee  ty p e  

(C i/y r)

Em ission r a t e , 
D resden type  

(C i/y r)

E stim ated  em ission  
ra te ,  G erm an  LWR 

(C i/y r)

1 /1 0
M PC

(p C i/m 3)

S
Y ankee type

S
D resden ty p e

S
G erm an LWR

131mX e П n . a . n. a . 3 .6 x 1 0 * 4 x l 0 ' 5 - - 1 . 8 X lO -6

l35Xe 0 .5 7 3 .7  X 101 2 .9 X 1 06 n . a. l x i o 5 2 . 5 X lO -9 2. 0 X 1 0 ’4 -

3H 10 2 .4 X 1 0 3 1 .9 X 1 0 1 9 .5 Х 1 0 3 2 x 105 1 .4 X 1 0 " 6 1 .1 X 1 0 '8 5. 7 X lO -6

131 j a 1 1 .6 5 .6 X 1 0 '2 1 .4 9. 5 X101 2 x 102 3 .9 X 1 0 “ 9 1. O x lO -7 7 . O x lO “6

131 5 5 .6 X 1 0 - 2 1 .4 9 .5 X 1 01 2 x 1 02 3 .4 X 1 0 -8 8. 0 X 1 0 -1 6. O x lO -4

90Sr 5 3 .7  X lO -2 0 .9 X 1 0 " 2 n. a . l x i o 1 4 . 5 X lO '5 l . I X l O ' 5

a E xp lained  in  te x t, 

n . a . not a v a ila b le .
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3 . 3 .  R adioactive trace pollutants r e le a se d  from  n uclear power plants
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B e sid e s  the m ain pollutants 85Kr an d 133X e, n uclear power stations  
r e le a se  to the atm osp here se v e r a l rad ioactive g a se s  and p a rticu la tes . Some 
of th e se  are lis te d  in colum n 1 of Table III. The e m iss io n  ra te s  o f the 
variou s power sta tion s depend on the type of rea cto r  used . F or our ca lcu la 
tion of the body burden we used the em iss io n  ra tes  of the b oiling w ater  
n u clear pow er rea cto r  D resden  [ 1 6 ] ,  those of the advanced p ressu r ize d  
w ater n u clear power rea cto r  Yankee [ 17] and the estim ated  e m iss io n  ra tes  
for Germ an w ater re a cto rs  given by Schikarski [ 18 ] .  Again we assu m e  
that the to ta l consum ed  e le c tr ic  en ergy  of 228 TW • h is  produced a ltern a
tiv e ly  by one of the th ree  d ifferent reactor typ es.

The resid en ce  tim e of rad ioactive su b stan ces is  re la ted  to the h a lf- life  
tim e by Eq. (4).

T ritium  is  re le a se d  from  the stack  m o stly  as НТО, o th erw ise  HT 
would react very  fast w ith oxygen to w ater. The res id en ce  tim e of rad io
active  tritiu m  in the atm osphere is  lim ited  by the resid en ce  time' of water 
in the trop osp h ere. Junge [19]  e s tim a tes  the res id en ce  tim e of w ater in  
the a ir  to be 1 0  days.

Io d in e -131 is  re le a se d  from  n u clear power plants both as m ethyliodide  
and as m o lecu lar iod in e. The behaviour of the two types of iodine in the 
atm osphere i s  not w e ll known. We ca lcu lated  two a ltern atives: (a) iodine 
i s  uniform ly m ixed throughout the whole trop osph ere and its  atm osp heric  
re s id en ce  tim e is  lim ited  by the rad ioactive h a lf-life ;  (b) we a ssu m e a fast 
attachm ent o f iodine to atm osp heric a er o so ls  and th erefore a re s id en ce  tim e  
o f 5 d ays. It should  be noted that an assum ption  of the g r a s s -c o w -m ilk  
pathway would in cr ea se  the S -va lu es for 131I con sid erab ly , re la tiv e  to the 
stand ard s. In th is  r e s p e c t 1311 would be a sign ificant tra c e  pollutant for 
atm osp h eric  pollution from  LWR power p lants.

F o r  the re la tiv e ly  lo n g -liv ed  nuclide 131mXe we assu m e uniform  m ixing  
throughout the trop osp h ere.

T he v e r t ic a l d istribution  of w ater vapour i s  reported  by Junge [ 19] .  
About 10% of the w ater vapour d istributed  up to a height of 3000 m is  in the 
f ir s t  100 m . The rad io log ica l re s id en ce  tim e of Xe is  so short that we 
assu m e a m ixing height of 1000 m . The v er t ic a l d istribution  of a e r o so ls  
has already been d iscu sse d  in section  3 . 1 .

We again defined the a ir  quality standards for rad ioactive pollutants 
as one tenth of the MPC, as published in the am endm ents to the Germ an  
A tom ic Law [ 14] .

TABLE IV. INTEGRAL S-VALUES

P lan t
Sum o f  body burden  S

M ain  po llu tan ts T ra c e  substances

C öal 2. 01 2 .7 3

O il 1 .6 9 0. 64

LWR 0. 002 < 0 .0 0 1
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Since the h a lf- liv e s  of 13lmX e, 135Xe an d 131I are short, com pared with 
the in -p ile t im e s  and the tim e betw een deloading and re p r o ce ss in g  e m iss io n s  
of th ese  n u clid es from  re p r o ce ss in g  plants are n eg lig ib le . Of the lo n g -liv ed  
rad ion uclid es in the scope of th is paper only 3H is  o f in te re st . With the 
p resen t technology the r e le a se  of ^H to the atm osphere from  sm a ll r e p r o c e s 
sin g  plants is  of the o rd er of 50 Ci 3H per ton of r e p r o ce sse d  fuel (U 02) [ 18 ] .  
L arge advanced re p r o ce ss in g  p lants, which w ill be n e c e ssa r y  to re p r o ce ss  
the spent fuel corresp ond ing  to the production o f 228 TW • h n uclear energy, 
w ill have the n e c e ssa r y  hold-up sy stem  for 3H.

4 . RESULTS

F o r  ca lcu lating the body burden we used  the m odel d escrib ed  in section  2, 
assu m ing an exponential decay of the pollu tants. The ratio  of the calcu lated  
concentration  and the b asic  standard we ca ll 'body burden1 . T h ese  body 
burden va lu es are lis te d  in colum n 6 of T ab les I, II and III for the three  
different types of power plant.

T h ese figu res may be off con sid erab ly  from  rea lity  for sp ec ific  s ite s  
s in ce  our m odel does not take into account lo c a l conditions, w eather, 
distribution  of em itters  e tc . H ow ever, it is  in terestin g  to com pare th ese  
figu res for different tra c e  su b stan ces and for d ifferent typ es of power sta tio n s.

A m ong the trace su b stan ces re le a se d  from  c o a l-f ir ed  pow er stations  
n ick el, lead , copper, vanadium  and fluor are of m ajor im portance for the 
total body burden. B ecau se  of the carcin ogen ic effect of n ick el a e r o so ls  and 
the high n ick el content of coa l, the body burden of n ick el is  the h ighest, 
even  if  a re la tiv e ly  high standard is  a ssu m ed . The va lu es for lead , vanadium  
and copper are high and their contribution to the to ta l body burden is  only 
one ord er of m agnitude low er than that of the m ain pollutants such as S 0 2 
etc . It should be m entioned that recen t m easu rem en ts in the USA [20]  show  
that in p articu lar lead , vanadium  and, to a certa in  extent, a lso  n ick el are  
p resen t in polluted a tm osp h eres at high con centrations in predom inantly  
subm icron a e r o so ls , which can deposit e a s ily  in the pulm onary com part
m ent of the resp ira to ry  sy stem . The rad ioactive  em iss io n  from  co a l-fir ed  
power plants i s  n eg lig ib le . F lu or only o ffers  a m ajor contribution to the 
to ta l body burden for an assu m ed  resid en ce  tim e of 5 days.

F o r  a ll trace su b stan ces r e le a sed  from  o il- f ir e d  power plants the 
e m iss io n  ra tes and body burdens are at le a s t  one ord er of m agnitude low er  
than th ose  for co a l-f ir ed  p lants. Here a lso  n ick el has the h ighest S -va lu e. 
F luor e m iss io n s  are of in te re st  only when assu m ing a long res id en ce  tim e  
in the a tm osp h ere. Iodine has the h ighest S -valu e of the lis te d  rad ioactive  
tra ce  su b stan ces r e le a se d  into the atm osphere from  Germ an n uclear power 
sta tion s.

It is  of great in te re st  to com pare the body burden va lu es of the trace  
su b stan ces with the S -v a lu es  o f the m ajor pollutants r e le a se d  from  power 
plants. In Table IV the S -v a lu es for the pollutants S 0 2, fly ash  and NOx, as  
reported  by Jansen  et a l. [ 2 ] ,  are  sum m ed up for the sp ec ific  plant type in 
colum n 2. The sum  of the body burden va lu es of the trace  su b stan ces  
accord in g  to T ab les I to III without n ick el are lis te d  in colum n 3. B ecau se of 
the high em iss io n  rate and to x ic ity  of n ick el it is  n e c e ssa r y  to es ta b lish  a 
b a sic  standard for th is pollutant.
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It should be noted that the sim p le  addition of S -v a lu es  m ay not be co rrect  
b ecau se  the b io log ica l e ffec ts  of se v er a l pollutants ex istin g  in a polluted  
area  m ay be sy n er g ist ic  rather than sim p ly  additive.

F rom  Table IV it can be concluded that e sp e c ia lly  for co a l-f ir ed  power 
plants the b io lo g ica l body burden of trace su b stan ces re le a se d  to the 
atm osphere is  as im portant as that of the m ain pollu tants. F or o il- f ir e d  
plants the tra c e  su b stan ces have a sm a lle r  but not n eg lig ib le  body burden  
e ffec t. S o le ly  the body burden of trace su bstan ces re le a se d  from  n uclear  
power plants do not contribute to the total LWR S -va lu e. H ere 85Kr and 133Xe 
are the m ain pollu tants.

SUMMARY

Sim ple box m odels have the advantage of m aking re la tiv e ly  rough p re
d iction s of a ir  p otentia ls for reg ion a l planning with only lit t le  data. Within 
the scope of th is m odel a ir  pollution p otentia ls for the r e le a se  of trace  
substance from  coal, o il and n u clear-fu elled  power stations have been  
ca lcu la ted . The fo llow in g con clusions can be drawn:

1. T race  su b stan ces r e le a se d  from  fo s s il- fu e lle d  power plants are not 
n eg lig ib le  com pared  to the m ain pollutants S 0 2, NOx and inert particu late  
m atter .

2. The h ighest contribution of trace  pollutants to the a tm osp h eric burden 
com es from  n ick el, lead  and vanadium .

3. In contrast to other publications, m ercu ry , radium  and thorium  are 
of m inor im portance to the re la tive  body burden.

4 . S ince the contribution of N i, Pb and V to the a tm osp heric burden is  
not n eg lig ib le  com pared to S 0 2, the reduction  of sulphur in fuel or in o ff-g a s  
should be optim ized , taking into account th e se  trace  pollu tants.

5. T race  pollutants em itted from  LWR n u clear power plants contribute 
m uch le s s  to the a tm osp heric burden than do the m ain pollutants 85Kr and 
133X e. O n ly 131I m akes a certa in  contribution.

6 . It is  n e c e ssa r y  to e s ta b lish  Maximum P e r m iss ib le  C oncentrations 
for the public for s e v e r a l tra ce  pollutants with high body burdens (for 
in stan ce N i, V, Pb) taking into account sy n er g ist ic  e f fe c ts .

7. The behaviour and fate in the atm osp here of th ese  pollutants should  
be in vestigated  m ore thoroughly.
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D I S C U S S I O N

C. A. MAWSON: I think M. E isenbud has cla im ed  that the radiation  
d ose rece iv ed  from  radium  em itted  by c o a l-  and o il- f ir e d  plants is  g rea ter  
than that from  e m iss io n s  by n uclear p lants. You have sa id  that radium  
em iss io n s  from  conventional plants are neglig ib le: do you d isa g ree  with 
Eisenbud, or do you m ean that the hazard from  a ll the other com ponents in 
conventional stack  w astes outw eighs the hazard from  the radium ?

W. O. SCHIKARSKI: Eisenbud m ade the com p arison  betw een coa l and 
nuclear plants on the b a s is  of e m iss io n s  v e r su s  m axim um  p erm iss ib le  
concentrations (E /M PC ). H ow ever, th is n eg lec ts  the fact that the pollutants 
(i. e. 226Ra etc . in the ca se  of c o a l-f ir e d  stations and 85Kr and 133Xe in that 
of LWRs) have w idely d ifferin g  atm osp heric re s id en ce  t im e s . Radium would 
be re le a se d  as an a er o so l (re sid en ce  tim e ~  5 days), w hereas 85K r, as a 
noble g a s , has a re s id en ce  tim e  of roughly 15 y e a r s . Taking into account 
th is  tim e-depend en t factor of re s id en ce  in the a tm osp here, the am bient 
body burden of rad ioactiv ity  from  fo s s il- fu e l  plants is  n eg lig ib le  com pared  
to the ch em ica l pollutants and is  m uch sm a lle r  than that from  an LWR plant 
of equivalent s iz e .

R. J. GARNER: In m aking th is kind of com p arison , is  it fa ir  to n eg lect  
the contribution from  n uclear fu e l re p r o ce ss in g  plants?

W. O.  SCHIKARSKI: The contribution of re p r o ce ss in g  plants is  sm a ll  
in the context of a large n uclear energy sy stem  producing 228 TW* h /y r , 
which was the assum ption  in the m odel. E xcept for 3H, a ll other trace  
con stituents are n eg lig ib le . H ow ever, the 3H em iss io n s  of a large r e p r o 
c e s s in g  plant to operate in the F ed er a l Republic o f G erm any cannot be 
lin ea r ly  extrapolated , s in ce  by the tim e the plant is  needed (perhaps in 1985),
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the 3H rem ova l sy stem  then in u se  w ill have reduced 3H e m iss io n s  co n s id e r 
ably. T his is  adm itted ly an o p tim istic  view point. At a ll ev en ts , the paper 
is  fo cu ssed  on tra c e  con stituents and not on 3H.

R. J. ROUX: Among the com ponents of sm oke you have not m entioned  
uranium . Is th is b ecau se the coa l u sed  in G erm any contains none?
A ssu m in g that uranium  is  p resen t, what is  the p ercen tage contained in the 
sm oke in re la tion  to that contained in the coal?

W. O. SCHIKARSKI: The contribution of U is  r e la tiv e ly  sm a ll com pared  
with that of Ra. S ince U and Ra are a sso c ia ted  in a rad ioactive decay  
chain , it is  ea sy  to ca lcu la te  the p ercen tages of each. A s I sa id , that of U 
is  v ery  sm a ll com pared with Ra and Th.
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Abstract

STUDIES OF DOSE PATHWAYS FROM A NUCLEAR FUEL REPROCESSING PLANT.
N uclear F uel S ervices o pera tes  the U nited  S ta te s ’ first c o m m e rc ia l n u c lea r fu e l reprocessing  p la n t in 

w estern New York S ta te . S tudies w ere c a rried  out by the  US E nv ironm en ta l P ro tec tion  A gency to 
c h a ra c te r iz e  the w aste d ischarges from  th e  p la n t and to  d e te rm in e  th e  rad ia tio n  doses to  the popu la tion  
liv ing  in  the v ic in ity  of the p la n t. Included  as a p a rt of these studies was an e v a lu a tio n  o f the  rad ia tio n  
doses to  the exposed p o p u la tio n  from  ingestion  of fish and dee r during 1971. T he rep o rt p resents the 
p rocedures and d a ta  used in  ev a lu a tin g  these dose pathw ays.

Dose e s tim ates  for the fish and deer pathw ays in d ic a te d  th a t the in teg ra ted  w hole-body  p o p u la tion  
dose from  ea c h  of these pathw ays was about 0 .1  m a n -re m  during 1971. T he m ax im u m  w ho le-body  dose 
an  in d iv id u a l cou ld  have re ce iv ed  from  ingestion  of venison  was 14 m rem . T he  m ax im u m  dose to  an 
in d iv id u a l from  the fish pathw ay was e s tim a ted  to  be 1 .4  m rem  w hole-body  and 7 m rem  to bone. T he 
da ta  on th e  fish pathw ay  in d ic a te d  th a t the ex te rn a l w ho le-body  doses re ce iv ed  w h ile  fishing w ere g rea te r 
than  the doses rece iv ed  from  ingestion  o f fish.

1. INTRODUCTION

N uclear F u el S erv ice s  began operation  of the f ir s t  co m m ercia l nuclear  
fuel r e p r o c e ss in g  plant in the United S tates of A m erica  in A pril 1966. This  
plant is  located  on a 13-k m 2 acre  s ite  in w estern  New York State. This 
s ite  is  located  48 km sou th east of Buffalo, New York and about 6 km south  
of S p rin gv ille , New York, a v illa g e  with a population of about 4000. The 
plant em p loys the P urex  p r o c e ss  and the orig in a l design  capacity w as one 
m etr ic  ton of uranium  per day. F rom  start-u p  to D ecem ber 1971 the plant 
p r o c e sse d  625 m etr ic  tons of uranium  with an exp osu re of 4220 GW-d.
The plant cea sed  p ro ce ss in g  fuel in D ecem ber 1971 and is  currently  
undergoing changes that w ill in cr ea se  the capacity to 2. 5 t /d .

The operation  of th is  plant re su lted  in the d isch arge of som e rad ioactive  
w aste to the surrounding environm ent. G aseous activ ity  w as d isch arged  
to the environm ent through a 60-m  stack  with the plant located  1 . 2 km from  
the n ea rest s ite  boundary. L o w -lev e l liquid w aste w as d isch arged  to a 
s e r ie s  of th ree lagoon s, which provided a hold-up period of 30-60  days 
p rior to d isch arge of the w aste to the environm ent to allow  for precip itation  
and sed im en tation  of rad ion u clid es. The w aste from  the lagoons w as then 
d isch arged  to a s e r ie s  of sm a ll o n -s ite  creek s that em pty into Cattaraugus 
C reek, an u n restr ic ted  stream  with an average flow rate of 11 m3 /  s . The 
Cattaraugus C reek eventually  em p ties into Lake E r ie  approxim ately  64 km  
from  the plant s ite . F igu re 1 is  a d iagram  showing the lagoon and stream  
sy stem  into which the lo w -le v e l w aste w as d ischarged .
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FIG. 1. S tream  system  in to  w hich  NFS w aste was d ischarged.

The US Environm ental P ro tection  A gency has carried  out stu d ies to 
ch a ra cter ize  the d isch arge of rad ioactiv ity  from  th is  plant and to estim ate  
the radiation  d o ses to the population liv in g  in the v ic in ity  of the plant 
[ 1-5] .  P re lim in ary  e s tim a tes  indicated that the in gestion  of f ish  aiid 
deer rep resen ted  two of the m ore sign ifican t dose pathways resu ltin g  
from  the d isch arge of rad ioactive w aste from  the plant. To b etter define 
the radiation  exp osu res to the population from  th ese  pathways, the US 
E nvironm ental P rotection  A gency, in co -op era tion  with New York State, 
conducted a detailed  su rvey  during 1971 to determ ine fish  and ven ison  
intakes by the population liv in g  in the v ic in ity  of N uclear F u el S erv ice s . 
T h is report p resen ts:

(a) A d escrip tion  of the su rvey  p roced u res u sed  to determ ine fish  and 
ven ison  intakes

(b) The r e su lts  obtained from  the su rvey
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(c) D ose e s tim a te s  for the m axim um  individual and a m an -rem  dose 
for the lo ca l population from  these pathways

(d) Data on rad ionuclide d isch a rg es from  the plant that have resu lted  
in th e se  d o ses.

2. RADIONUCLIDE INTAKES AND DOSE ESTIMATES FOR THE
POPULATION FISHING THE CATTARAUGUS CREEK

During the sp rin g  and su m m er of 1971 the US E nvironm ental P rotection  
A gency, in co -op era tion  with the New York State D epartm ent of E nvironm ental 
C onservation , conducted a fish in g  su rvey  to d eterm in e intake of fish  by the 
population fish in g  the reg ion s of the Cattaraugus C reek  near the NFS plant 
into which the liquid w aste is  d isch arged . During th is  sam e period  sam p les  
of f ish  w ere co llec ted  from  th ese  reg ion s and analysed  for th e ir  radionuclide  
content.

2 . 1 .  Survey procedure

Each month from  A pril to August 1971 the fish in g  a rea s  betw een  
B igelow  B ridge and Otto Road w ere su rveyed  for seven  con secu tive  days. 
Sam ples of fish  p rev iou sly  co llec ted  from  th ese  reg ion s of the Cattaraugus 
C reek had shown d etectab le con centrations of rad ion u clid es, which could 
be identified  as re su ltin g  from  the NFS w aste d isch a rg es. R adionuclide 
con centration s in f ish  co llec ted  from  other reg ion s of the C reek  w ere  
low er than in th e se  reg ion s n ea rest the plant and could not read ily  be 
a sso c ia ted  with the NFS d isch a rg es . F or th is reason , th is study was 
lim ited  to the a rea s indicated. Six sign ifican t fish in g  a rea s  had been  
id en tified  along the approxim ately 24 km of stream  involved. T hese  
fish in g  a rea s had been  identified  by two a er ia l in sp ection s to  en su re that 
a ll p o ss ib le  fish in g  a rea s would be in vestigated .

E ach  of the id en tified  fish in g  a rea s w as v is ite d  at le a st  five tim es  
each  day betw een the hours of 6 . 00 a. m . and 9. 00 p. m . O bservations 
of the num ber of fish in g  tr ip s  per day w ere m ade and in terv iew s w ere  
conducted with as m any of the people fish in g  as p o ss ib le . Inform ation  
w as obtained on the frequency of fish in g , length of fish in g  tr ip , num ber 
of m ea ls  of f ish  eaten  and sp e c ie s  eaten. The num ber, s iz e  and sp e c ie s  
of f ish  caught at the tim e of the in terv iew  w ere a lso  record ed . The 
su rvey  data w ere extrapolated  to cover the fu ll five-m on th  period  of 
A pril to August 1971. Table I p resen ts  a sum m ary of the su rvey  data.
F urther d eta ils  on the su rvey  p roced u res and the m ethods of extrapolation  
are p resen ted  e lsew h ere  [ 6 ].

The r e su lts  of the su rvey  show that the m axim um  num ber of f ish  m ea ls  
eaten  by an individual w as 24 m ea ls  of trout per y ea r . T hree individuals  
in terv iew ed  indicated  intakes of 16- 20  m ea ls  of trout per y ea r . One 
individual reported  an intake of 1 2  m ea ls  per y ea r  of com bined su ck er  
and trout.

U sin g  a con serva tive  assu m p tion  of 200 gram s of f ish  flesh  per m eal, 
the m axim um  intake of trout fle sh  per p erson  w as 4. 8  k g /y r  and the 
m axim um  intake of su ck er f le sh  per person  w as 2 .4  k g /y r .
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TABLE I. SUMMARY OF DATA OBTAINED DURING FISHING SURVEY 
OF CATTARAUGUS CREEK APRIL - AUGUST 1971a

T o ta l fish ing  trips for period  

A verage le n g th  of fish ing  trip  

N um ber of trips by ind iv iduals  e a tin g  fish 

N um ber of trips by ind iv iduals  ea tin g  trou t only 

N um ber of trips by ind iv iduals  ea tin g  trou t or sucker^3 

A verage c a tc h  of trou t per trip  by trou t ea ters  

A verage c a tc h  of sucker per trip  by sucker ea ters  

A verage m easured  ed ib le  w eigh t of trou t f le s h 0 

A verage m easured  e d ib le  w eigh t of sucker flesh 

M axim um  in tak e  of trou t by in d iv id u a l 

M ax im um  in tak e  of sucker by in d iv id u a l 

T o ta l in tak e  of trou t flesh 

T o ta l in tak e  of sucker flesh

a A ll d a ta  app rox im ate  because of the lim ita tio n s  resu lting  from  assum ption  used in ex trap o la tin g  survey data  
(see Ref. [6 ]) .

^  95°¡o o ffish  cau g h t w ere trou t or sucker, 
с

A verage w eigh t of ed ib le  flesh  per fish.

TABLE II. AVERAGE CONCENTRATION OF RADIONUCLIDES IN FISH 
FROM SURVEY AREA OF CATTARAUGUS CREEK - 1971

T ype W eighted  A verage C o n cen tra tio n  a 
(jjC i/kg)

137
Cs 134 Cs 90 Sr 65 Zn

T rou t 1. 05 X 1 0 '3 1. 9 X I O '4 6. 5 X 1 0 -5 7 .8  X IO "4

Sucker 1. 14 X 1 0 -3 1 .9  X IO -4 3 .6  X i o - 4 2 .0  X IO -3

These averages w ere w eigh ted  acco rd ing  to the e d ib le  w eigh t of flesh  in  e a c h  fish sam p le .

2 . 2 .  Radionuclide con centrations in fish  from  Cattaraugus C reek

Data on the concentrations of ca esiu m -1 3 7 , ca esiu m -1 3 4 , stron tium -90  
and z in c -65 in fish  sam p les co llec ted  during th is study from  the area  
of the Cattaraugus C reek covered  by the su rvey  are p resen ted  in Table II. 
T h ese concentrations are w eighted averages accord ing to the amount of 
edib le f le sh  in each sam ple.

Data on the concentrations of rad ion uclid es in f ish  from  the Cattaraugus 
C reek have been reported  annually by the New York State Departm ent of

2000 
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5

100 g 
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2 .4  kg 

210 kg 

70 kg
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E nvironm ental C onservation  and by N uclear F u e l S e r v ic e s  [7 , 8 ]. The 
data p resen ted  in Table II are in gen era l agreem en t with th e se  data, 
although the stron tium -9 0 con centrations in f ish  f le sh  report by New York  
State for 1971 appear som ew hat low er than had been p rev iou sly  reported .

F rom  a com p arison  of the le v e ls  of rad ion uclid es in f ish  24 km 
upstream  of the su rvey  area  [ 8 ] with the m easu red  con centrations down
stream  of the entry of the w aste d isch arge it appears that m ost of the 
activ ity  p resen t in the fish  sam p les co llec ted  from  the su rvey  area  
resu lted  from  w aste d isch arged  from  N uclear F u el S erv ice s . The 
p resen ce  of c a e s iu m -134 in f ish  at con centrations about 20% of the 
caesiu m -137  con centration s (the sam e ratio  as p resen t in the liquid  
w aste d ischarge) supports the above ob servation  that the rad ion uclid es  
in fish  resu lted  from  the d isch arge of w aste from  N uclear F u el S erv ice s .

2. 3. R adionuclide intakes from  in gestion  of fish

Table III p resen ts  the radionuclide intakes from  in gestion  of f ish  by 
the population fish in g  the Cattaraugus C reek  near the NFS plant. As 
indicated p rev iou sly , e s se n tia lly  a ll th e se  intakes resu lted  from  the 
d isch arge of w aste from  the NFS plant. The population intakes w ere  
calcu lated  from  the data p resen ted  in T ab les I and II.

TABLE III. ESTIMATED RADIONUCLIDE INTAKES FROM CONSUMPTION 
OF FISH FLESH FROM CATTARAUGUS CREEK

R adionuclide
In take

M axim um  by in d iv id u a l 
(fiCi)

T o ta l by p o p u la tion  
(MCi)

137 Cs 5. 0 x 10’ 3 3 .0  X I O '1

134 Cs 9 x IO '4 5 .3  X 1 0 -2

65 Zn 4. 8 x 10~3 3 .0  X 1 0 '1

90 Sr 9 X 10 ~4 * 3 .9  X lO -2

TABLE IV. ESTIMATED DOSES TO POPULATION FISHING THE 
CATTARAUGUS CREEK NEAR NFS PLANT DURING 1971

Organ M ode Dose
M ax im um  in d iv id u a l 

(m rem )
Popu lation
(m a n -re m )

W hole-body Ingestion  a 0 .4 0 .0 2

W hole-body E xternal 1 0 .0 4

Bone Ingestion  b 7 0 .3

a Includes con trib u tio n  from  137 Cs, 134Cs and 65 Zn. 

^D ose  from  90 Sr on ly .
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Table IV p resen ts  a sum m ary of d o ses due to NFS d isch a rg es to the 
population fish in g  the Cattaraugus C reek. E stim a tes  are p resen ted  for 
the m axim um  individual and for the to ta l population fish in g  the su rvey  
reg io n s. T hese es tim a tes  include both internal exp osu res from  in gestion  
of f ish  and extern al exp osu res rece iv ed  while fish in g  from  rad ion uclid es  
deposited  along the stre a m s.

The w hole-body in gestion  d o ses  include contributions from  c a e s iu m -137, 
caesiu m -134  and z in c -6 5 . The bone d oses are from  stron tium -90 only.
The es tim a tes  p resen ted  are the to ta l d o ses  d elivered  over the life tim e  
of the individual (5 0 -y ea r  period) from  the in gestion  of rad ion uclid es  
during 1971. T h ese d o ses w ere calcu lated  follow ing the p roced u res u tilized  
by Shleien  [9]. The dose from  caesiu m  is  e s se n tia lly  (> 90%) a ll d elivered  
in the f ir s t  y ea r  after intake. F or stro n tiu m -90 about 7% of the dose is  
d èlivered  during the f ir s t  y ea r  after intake and for z in c-6 5  about 70% of the 
dose is  d elivered  in the f ir s t  y ea r .

The e s tim a tes  of the ex tern a l d oses rece iv ed  by the population fish in g  
reg ion s of the Cattaraugus C reek  near the NFS plant w ere m ade u sing  the . 
occupancy data obtained during th is  su rvey and dose m easu rem ent data obtained  
with a p ressu r ize d  ion ization  cham ber by the New York State D epartm ent 
of E nvironm ental C onservation  [ 8 ].

The r e su lts  of the fish in g  su rvey  had shown that the m axim um  individual 
had spent 200 hours and that the to ta l population had spent 7500 m an-hours  
fish in g  th e se  reg ion s of the Cattaraugus C reek. The r e su lts  of the d ose-  
rate m easu rem en ts indicated  that the liquid d isch arges from  NFS had 
resu lted  in an average dose rate of 5 /iR /h  above background for the reg ion  
of the Cattaraugus C reek u sed  in the fish in g  survey.

The m axim um  w hole-body extern a l dose to an individual fish in g  the 
Cattaraugus C reek during 1971 from  NFS d isch a rg es is  estim ated  to be 
approxim ately 1 m illirem . T his exp osu re w as about 2. 5 t im e s  higher  
than the estim ated  w hole-body d o ses from  the in gestion  of rad ion uclid es  
in f ish  fle sh . The m axim um  dose com m itm ent to bone of an individual 
w as estim ated  to be 7 m illir e m s .

The w hole-body d oses from  NFS d isch arges to the population fish in g  
the Cattaraugus C reek w as estim ated  to be 0. 04 m an -rem  from  extern al 
radiation  and 0. 02 m an -rem  from  in gestion  of rad ion uclid es in fish . The 
dose com m itm ent to  bone for the to ta l population w as 0. 3 organ -rem .

T h ese dose es tim a tes  are con sid erab ly  sm a lle r  than th ose reported  
by S h leien  for 1968 [1]. The d ifferen ces re su lt m ostly  from  low er es tim a tes  
of intake ba.sed on the fish in g  su rvey , but are a lso  partly due to low er  
con centrations of rad ion uclid es in fish  f le sh  in 1971 than w ere used  by 
Shleien  for 1968.

2 . 4 .  Dose estimates

3. RADIONUCLIDE INTAKES AND ESTIMATES OF INGESTION DOSE 
TO POPULATION FROM VENISON CONSUMPTION

To obtain inform ation on the s iz e  of the population involved in d eer  
hunting and the intake of d eer m eat for th is  population, the US E nviron
m ental P rotection  A gency, in co -op era tion  with the New York State
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D epartm ent of E nvironm ental C onservation , conducted a su rvey  of hun
te r s  taking a d eer w ithin a 32-km  radius of the NFS during the 1970 
hunting season .

P resen ted  below  are: (a) a d escrip tion  of the su rvey  p roced u res,
(b) a sum m ary of the su rvey  r e su lts ,  (c) m axim um  and average concen
tra tion s of rad ion uclid es in ven ison , and (d) dose es tim a tes  for ven ison  
intake from  d eer k ills  near NFS.

3 . 1 .  Survey p roced u res

The New York State D epartm ent of E nvironm ental C onservation ,
D iv ision  of F ish  and W ild life req u ires that each  d eer k illed  within the 
state be reported  to them  by m eans of a card furnished  to the deer hunter 
when a lic e n c e  is  issu ed .

During the d eer hunting sea so n  of 1970 approxim ately 50 000 hunters 
reported  d eer k ills  for the en tire State of New York. A ted ious search  
of the 50 000 cards produced the n am es of 2531 d eer hunters who had 
reported  a k ill w ithin a 32-km  rad ius of the plant. By m eans of supplem ental 
checks of hunters for s e v e r a l y e a r s  (roadside and m the fie ld  ch ecks), 
the D iv ision  of F ish  and W ild life has determ ined  that 80% of the hunters 
actually  o ffic ia lly  report th e ir  k ills . C orrectin g  the reported  k ills  for  
th is  factor, the d eer k ill for the area  of in te re st  as determ ined  by the 
su rvey  would have been  about 3200. The estim ated  d eer population in the 
area  within a 32-km  radius of the plant is  estim ated  by the New York State 
Departm ent of E nvironm ental C onservation  to be about 20 000 d eer.

Of the 2531 reported  d eer k ills  only 2100 rep orts w ere su ffic ien tly  
leg ib le  to  provide adequate inform ation  to be included in the survey . A 
questionn aire and cover le tte r  w ere m ailed  to th e se  2 1 0 0  d eer hunters 
with a p ostage-p a id , return  envelope furnished. F ifteen  hundred and 
fifty -e ig h t com p leted  fo rm s w ere re ce iv e d , rep resen tin g  a sligh tly  m ore than 
75% return. F o r ty -fiv e  q u estion n aires w ere returned und elivered . Of 
the com pleted  q u estion n a ires 1455 provided su ffic ien t in form ation  to be 
u sefu l in the data evaluation . F rom  th e se  q u estion n aires in form ation  w as 
obtained on: (a) the num ber of d eer taken by a hunter; (b) the d ressed  
and ed ib le w eights of the deer; (c) the num ber and ages of individuals  
consum ing the venison; (d) the amount of ven ison  given  away; and (e)

TABLE V. SUMMARY OF SURVEY DATA ON VENISON INTAKES FROM 
DEER TAKEN WITHIN A 32-km  RADIUS OF NFS DURING 1970

D eer hunters surveyed 1455

Ind iv iduals consum ing  ven ison  in  h u n te r 's  household  6100

A verage ven ison  consum ption  2 .7  kg

M ax im um  ven ison  consum ption  by an  in d iv id u a l  ̂44. 8 kg

T o ta l venison  consum ption  w ith in  surveyed households from  own deer 16. 7 x 103 kg

T o ta l ven ison  consum ption  ou ts ide  surveyed households (g iven  aw ay by hunters) 6 . 5 X 103 kg

T o ta l ven ison  consum ption  inside and outside surveyed households 2 .3  X 104 kg
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am ounts of ven ison  rece iv ed  from  other so u rces. F rom  th is  inform ation  
an estim a te  w as m ade of the to ta l and average consum ption of ven ison  by 
the population at r isk .

T his report w ill p resen t only a b r ie f sum m ary of the ven ison  intake data 
obtained during the su rvey  and th ese  data are p resen ted  in Table V. A much 
m ore detailed  evaluation of th e se  su rvey  data are p resen ted  e lsew h ere  [ 6 ] . 
The su rvey  data showed that th ere w ere 6100 individuals consum ing ven ison  
in the households of the 1455 d eer hunters from  whom u sab le su rvey  data 
w ere obtained. The average consum ption for th is population w as 2 .7  kg 
per p erson . The m axim um  intake reported  by an individual w as 44 . 9  kg.
The to ta l consum ption of ven ison  from  d eer taken within a 32-km  radius 
of the NFS by the fa m ilie s  of the 1455 d eer hunters su rveyed  w as 16 700 kg. 
A to ta l of 6500 kg of ven ison  w as given away by the su rveyed  hunters, 
m aking a to ta l of 23 200 kg of ven ison  consum ed from  d eer taken within  
the 32-km  radius of the NFS.

The determ ination  of consum ed ven ison  w as based  upon individual 
d eer hunter e s tim a tes  of the d r e sse d  and edible w eigh ts. The variou s  
w eights are defined as fo llow s:

Wd d ressed  weight = liv e  weight (Wi ) l e s s  en tra ils
We edible w eight = d ressed  weight l e s s  skin, head, hooves

but including bone
Wc consum ed w eight = ed ib le w eight le s s  bone and fat

(e sse n tia lly  m u sc le  only).

B ased  upon approxim ate re la tion s determ ined  by the D iv ision  of F ish  
and W ild life of the New York State D epartm ent of Environm ental C onserva
tion, the follow ing con version  fa cto rs w ere used:

Wd = 0. 78 Wj.
We = 0. 75 Wd
Wc = ( 0 . 30 - 0 . 3 5 )  Wd = 0 . 3 3 W d
Wp -  0 . 4 4 W Pс e

To extrapolate the data from  the households su rveyed  to the to ta l 
population consum ing ven ison  from  le g a lly  taken d eer in the area  of 
in terest the su rvey  data w ere co rrected  for the return of u sab le q uestion 
n a ire and for the number of d eer taken that are not reported . This 
correction  factor w as calcu lated  as follow s:

1455 (U sable q u estion n aires) x  ^  8 0  cHon 0( d eer
2531 (Reported deer kill)  ̂ - 0 . 46' k ill reported)

TABLE VI. EXTRAPOLATED VENISON INTAKES FROM LEGALLY TAKEN 
DEER WITHIN A 32-km  RADIUS OF NFS DURING 1970

Persons consum ing ven ison  in  h u n te r 's  household 13 260

V enison consum ed in  h u n te r 's  household 3 .6  x 104 kg

V enison consum ed outside h u n te r 's  household  (g iven  away) : 1 .4  X 104 kg

T o ta l w eigh t of venison  consum ed  5. 0 x 104 kg
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Table VI re p r esen ts  a sum m ary of the extrapolated  data for the con
sum ption of ven ison  by the to ta l population involved  in deer hunting in 
the area  of in terest. The total weight of ven ison  consum ed from  d eer  
taken leg a lly  within a 32-km  radius of the NFS for 1970 w as estim ated  
to be 5. 0 X 104 kg.

3 . 2 .  Radionuclide con centration s in ven ison  from  the v ic in ity  of NFS during l97Q

Data on the m axim um  and average concentrations of ca esiu m -1 3 7 , 
c a e s iu m -134, stron tium -90 and z in c - 65 in ven ison  sa m p les  obtained from  
d eer k ills  in the v ic in ity  of the NFS during 1970 are p resen ted  in Table VII. 
The concentrations of 13X̂ s, 134Cs and 65Zn p resen t in o n -s ite  d eer w ere  
sign ifican tly  h igher than in d eer taken o f f-s ite  or in the background deer.
It appears that m ost of the 137Cs, 134Cs and 65Zn p resen t in the o n -s ite  
d eer resu lted  from  w aste d isch arged  from  the NFS. The p resen ce  of 134Cs 
at concentrations 10-20% of the caesiu m -137  concentrations v e r if ie s  the 
orig in  of the caesiu m  rad ion uclid es as com ing from  the NFS operations.

The p icture for stron tiu m -90 is  not c lea r . The contribution of the.
NFS operations to the stron tiu m -90 concentrations in ven ison  cannot be 
determ ined  from  the availab le data. The stron tiu m -90 concentrations  
in o n -s ite  d eer do not d iffer s ign ifican tly  from  th ose in the deer taken o f f-s ite ,  
although the stron tium -90 con centration s in both the o n -s ite  and o ff-s ite  
d eer appear to be h igher than in the deer taken in Albany. A dditional data 
are n e c e ssa r y  to  d eterm ine if the d eer grazing on the NFS s ite  accum ulated  
s tro n tiu m -90 due to the NFS op eration s.

C aesium -134 and z in c-6 5  w ere not detected  in d eer taken o f f-s ite  and 
th is  ind icates that th e se  d eer w ere probably not influenced  by the NFS 
w aste d isch a rg es. The radionuclide con centrations in th e se  sam p les are 
probably m ore rep resen ta tive  of background le v e ls  in the area  than are  
the sa m p les co llec ted  at Albany.

3 . 3 .  Radionuclide intakes

Table VIII p resen ts  the radionuclide intakes from  the consum ption of 
v en ison  obtained from  d eer k ills  in the v ic in ity  of NFS during 1970.

The radionuclide intakes for the m axim um  individual w ere ca lcu lated  
u sing  the m axim um  ven ison  intake reported  by an individual during the
su rvey  and the m axim um  con centrations of rad ion uclid es m easu red  in a 
d eer co llec ted  o n -s ite . For a re lia b le  estim ate  of the intake by the to ta l 
population from  the d eer pathway from  the operation of the NFS m uch  
m ore data are needed than at p resen t availab le on the con centrations of 
rad ion uclid es in the d eer population p otentially  influenced by the w aste  
d isch arge . A large sam ple of the d eer population would be n e c e ssa r y  
to  obtain th is  in form ation  and m ore detailed  inform ation on background  
le v e ls  for the reg ion  would a lso  have to be obtained, and even  then the 
data m ay be in c lu siv e . The data p resen ted  in Table VIII are th ere fo re  
only a g ro ss  estim a te  of the population intake determ ined  u sing  the 
fo llow ing approach.

D eer fr e e ly  enter and leave the NFS site . They accum ulate rad io 
n u c lid es only w hile grazin g  o n -s ite . A pproxim ately 125 d eer constitute the 
o n -s ite  d eer population at any given tim e , assu m ing the d eer density  to



TABLE VII. RADIONUCLIDE CONCENTRATIONS IN VENISON OBTAINED FROM VICINITY OF NFS DURING 1970

C o llec tio n  lo c a tio n

137 Cs
M axim um

134 _ 65 vCs Zn 90 Sr

C o ncen tra tions
(n C i/kg )

No. of sam ples 137 _Cs
A verage  

134 Cs 65 Zn 90
Sr

On 3 3 0 0 -a c re  NFS site 4 . 1 X I O '3 7 .0  X IO ’4 - 2 .8  X 1 0"5 22 1 .2  X 1 0 "3 1. 9 X 10~4 6 .3  x 1 0 '5 6; 0 X 1 0 '6

O ff-site  w ith in  1 6 -k m  radius 4. 8 X 1 0 '4 < 1 . 5 X 1 0 '5 < 2 . 5 X 1 0"5 2 .0  X IO "5 ‘ 10 2 .8  X 1 0 ‘4 < 1 .5  X 1 0 '5 <3. 0 X 1 0 -5 1 .0  X 1 0 -5

A lbany, N .Y . ,  co n tro l 1 .4  X IO "4 < 1 . 5 X 10 ‘ S - < 2 .0  X 1 0 ‘ 6 4 8 .8  X IO "5 < 1 .5  X IO ’ 5 - < 2 .0  X 10 ‘ 6
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TABLE VIII. ESTIMATED RADIONUCLIDE INTAKES FROM CONSUMP
TION OF VENISON OBTAINED FROM DEER KILLS IN THE VICINITY OF 
NFS - 1970

R adionuclide
In take

M axim um  by an ind iv id u a l 
(/iCi)

T o ta l by pop u la tio n  
CmC í)

137 Cs 1. 8 X 1СГ1 1 .4

134 Cs 3 .2  X 10 "2 2 . 5 X 1 0 '1

65 Zn - 2 .2  X IO "3

90 Sr 1 .3  X 1 0 '3 9 .8  X 1 0 ‘ 3 '

be the sam e as in the surrounding area. The m axim um  concentrations  
of rad ion uclid es m easu red  in a d eer co llec ted  o n -s ite  constitute the amounts 
that would be accum ulated  by a d eer grazin g  o n -s ite  for a fu ll y ea r . By 
applying the m axim um  con centrations to a ll 125 d eer, we can approxim ate 
the am ounts of activ ity  that would be accum ulated by the en tire deer  
population grazing o n -s ite  during the y ea r  (the equivalent of 125 grazing  
y e a r s) . Of cou rse the actual accum ulation  would be d istributed  among  
many m ore d eer involved in grazing for sh orter  p eriods of tim e. B ased  
on the d eer k ill data for the area , 2 2  d eer from  the population grazing  
on the NFS s ite  would be k illed  by hunters. The ven ison  intake from  
th ese  d eer would rep resen t ~ 3 5 0  kg, u sing  a value of 16 kg of consum ed  
ven ison  per d eer. The radionuclide intake from  these 22 d eer would then  
rep resen t an estim ate  of the radionuclide intake for the to ta l population.

3 . 4 .  D ose e s tim a tes

Table IX p resen ts  a sum m ary of the d o ses  to the population consum ing  
ven ison  from  d eer k illed  in the v ic in ity  of NFS. E stim a tes  are p resen ted  
for the m axim um  individual and for the to ta l population. The m axim um  
w hole-body dose an individual could have rece iv ed  w as 14 m rem . The

TABLE IX. ESTIMATED DOSES TO POPULATION FROM CONSUMP
TION OF VENISON OBTAINED FROM DEER KILLS IN THE VICINITY 
OF NFS - 1970

Organ Dose
M axim um  in d iv id u a l Popu lation

(m rem ) (m a n -re m )

W hole-body  a 14 0. 1

Bone b 11 0 .1

a Includes con trib u tio n  from  137 Cs, 134 Cs and 65 Zn. 

k Dose from  90 Sr only and no t d ire c tly  a ttr ib u ted  to  NFS.
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m axim um  bone dose to an individual from  strontium -9 0 w as 11 m rem  
with only 0. 7 m rem  being d elivered  during the f ir s t  y ea r . T h ese d oses  
are the m axim um  d o ses an individual could have rece iv ed . M ost 
probably the dose that an individual actually  did re c e iv e  w as con sid erably  
sm a lle r  than the d oses lis te d  in Table IX sin ce the probability  is  ex trem ely  
sm a ll that the individual with the m axim um  intake would consum e ven ison  
from  two d eer with the m axim um  concentrations of rad ion uclid es.

The w hole-body in tegrated  population dose from  the d eer pathway 
w as estim ated  to be about 0 . 1  m an -rem .

4. WASTE DISCHARGES FROM NFS AND RADIONUCLIDE CONCENTRA
TIONS IN THE CATTARAUGUS CREEK

A sum m ary of the rad ioactive w aste d isch arges from  NFS during the 
period  of the plant operation  from  A pril 1966 to D ecem ber 1971 is  p re 
sented  in Table X. The data p resen ted  w ere obtained from  NFS rep orts [7] 
or w ere estim ated  from  EPA stud ies [2-5] .  The p rincipal rad ion uclid es  
d isch arged  in the liquid effluent w ere tr itiu m , ru theniu m -106, ca e siu m -1 3 7 , 
caesiu m -134  and stron tiu m -90 . The p rin cip al rad ion uclid es d ischarged  
in the gaseou s effluent w ere krypton-85, tritiu m  and iod in e-129 . The 
particu late beta activ ity  in the stack  effluent w as < 0 . 1 % of the beta active ly  
disch arged  in the liquid effluent.

A pproxim ately 40 cu r ies  each of stron tium -90 and c a e s iu m -137 w ere  
disch arged  in the liquid effluent during the period  of operation  of the plant. 
T h ese rad ionuclides w ere d isch arged  from  the lagoon sy stem  at a con
centration  of about 10 ' 4 ¿uCi/ml and at a flow  rate of 3-6  l i t r e s / s .

Table XI p resen ts  data on the concentrations of stron tium -90 and 
c a e s iu m -137 in the Cattaraugus C reek at S pringville Dam, a location  
4 km dow nstream  of the point of entry of the w aste . A lso  p resen ted  in 
Table XI are the y ea r ly  d isch a rg es of stron tium -90 in the liquid w aste.

TABLE X. RADIOACTIVE WASTE DISCHARGES FROM NFS APRIL 1966 - 
DECEM BER 1971

Liquid e fflu en t G aseous efflu en t
R ad ionuclide C uries re leased  R adionuclide C uries re leased

Gross a 8 X 10
.1

Gross 0 2

Gross 0 3. 9 x 1 o2
85

Kr 1 x 106

3H 2 .2  X 104 3 H a 2 x 103

129 j 9 X 10
_1 129 j a 1 .

106 n a Ru 2 . 5 X 102 131 J < 0 .3 6

134 ^ 137 _ a+ Cs 5. 0 X 101

90 cSr 4 .1  X 101

O th ersa 1. 5 X 101

a  E s t i m a t e  b a s e d  o n  E P A  S t u d i e s  [ 2 - 5 ] .
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TABLE XI. RADIONUCLIDE CONCENTRATIONS OF 90SR AND 137CS 
IN CATTARAUGUS CREEK - 1966-1971

Y ear
D ischarges

(Ci)
W ater

(pC i/litx e )
S ed im en t

(P C i/g )

9o „ a 137 „ 90Sr Sr Cs Sr Cs

1966 - 62 - - -

1967 4 24 <20 2 37

1968 5 25 20 1 12

1969 10 47 < 20 10 35

1970 14 69 25 2 38

1971 7 37 < 20 ' - -

137 Cs discharges are e s tim a te d  to  be  app ro x im ate ly  eq u a l to  90 Sr d ischarges.

The w ater con centration s p resen ted  are average va lu es of w eekly com posite  
sam p les. The sed im en t sam p les are average va lu es for a s e r ie s  of 
sam p les co llec ted  during the month of June.

The average y ea r ly  stron tiu m -90  concentration  in w ater ranged ' 
from  24-69 pCi/  litr e  and e s se n tia lly  a ll th is  stron tiu m -90 w as p resen ted  in 
the d isso lv ed  fraction  of the w ater. The average y ea r ly  c a e s iu m -137 
concentration  w as ~  20 p C i/litr e  with e s se n tia lly  a ll the caesiu m  a sso c ia ted  
with the suspended so lid s  in the sam ple. F or a m ore d etailed  d iscu ss io n  
of the v a ria b les  a ffectin g  the caesiu m -137  concentration  in C attaraugus 
C reek  se e  Ref. [2].

The caesiu m -137  concentration  in sed im ent from  the Cattaraugus C reek  
w as an ord er of m agnitude grea ter  than the stron tiu m -90 concentration . 
T here w as no apparent build-up of the concentration  of e ith er of th e se  
rad ion uclid es in sed im en t with tim e. It is  b elieved  that m ost of the 
sed im en t from  the Cattaraugus C reek  is  washed out into Lake E r ie . The 
con centrations of th e se  rad ion uclid es in sed im ent at the m outh of the C reek, 
64 km dow nstream  from  the plant s ite , are about the sam e as the con centra
tion s at Springville  Dam.

Strontium -90 is  transported'through  the creek  sy stem  to Lake E r ie  
p rim arily  by the m ovem ent of w ater, w hile the c a e s iu m -137 is  tran sported  
through the creek  sy stem  to Lake E r ie  p r im arily  by the m ovem ent of 
sed im en ts.

5. SUMMARY AND CONCLUSIONS

E stim a tes  of the d o ses resu ltin g  from  NFS w aste d isch a rg es to  the 
population hunting and fish in g  in th e-v ic in ity  of the plant during 1971 are  
p resen ted . T h ese es tim a tes  indicate that the w hole-body m an -rem  d o ses  
to the population from  fish in g  and hunting w ere about the sam e m agnitude,
i. e. 0. 1 m an -rem  for the y ea r . The extern a l dose re ce iv e d  from  rad io 
n u clid es deposited  along the Cattaraugus C reek  w as tw ice  the in ternal
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exp osu re rece iv ed  from  in gestion  of rad ion uclid es in fish , indicating that 
th is  pathway should re c e iv e  m ore con sideration  in evaluating exposure from  
r e le a se d  rad ion uclid es. The dose com m itm ent to bone for the population  
fish in g  in Cattaraugus C reek w as estim ated  to be 0. 3 organ -rem . Data 
did not p erm it an estim ate of the population bone dose from  in gestion  of 
ven ison  but it w as determ ined  that th is  dose would be < 0 . 1  organ -rem .

The m axim um  w hole-body dose to an individual fish in g  the C attaraugus 
C reek  during 1971 w as estim ated  to be about 1 .4  m rem : 1 m rem  from  
extern al exposure and 0 .4  m rem  from  in gestion  of rad ion uclid es in fish .
The 50 -y ea r  dose com m itm ent to bone of an individual from  the 1971 intake 
w as estim ated  to be 7 m rem . T hese are dose es tim a tes  for a re a l, 
identified  individual.

The m axim um  w hole-body dose an individual could have rece iv ed  from  
in gestion  of ven ison  from  d eer k ills  in the v ic in ity  of NFS was estim ated  
to be 14 m rem . T his is  based  on a hypothetical radionuclide intake that 
has a low probability of occu rren ce s in ce it req u ires that the individual 
with the m axim um  ven ison  intake k ill d eer containing the m axim um  
con centration s of rad ion uclid es. The m axim um  dose to an individual 
th erefore  w as m ost probably considerably  < 14  m rem .

R E F E R E N C E S

[1] SHLEIEN, B. . An Estim ation  of R adiation  Doses R eceived  by Indiv iduals  Living in the V ic in ity  of a N uclear 
Fuel Reprocessing P lant in  1968, Public H ea lth  S erv ice  Rep. BRH/NERHL 70 -1  (1970).

[2] MAGNO, P .J - ,  REAVEY, T . ,  APIDIANAKIS, J . , Liquid W aste E ffluents from  a N uclear F uel Reprocessing 
P lant, P ub lic  H ea lth  S erv ice Rep. BRH/NERHL 70 -2  (1970).

[3] COCHRAN, J. A . , SMITH, D .G . ,  MAGNO, P .J . ,  SHLEIEN, B :, An Investiga tion  of A irborne R ad ioactive 
Effluents from  an O perating  N uclear F uel Reprocessing P lant, Public H ea lth  S erv ice  Rep. BRH/NERHL 70-3  
(1970).

[4] MAGNO, P .J . ,  REAVEY, T . ,  APIDIANAKIS, J . , Io d in e -129 in  the E nvironm ent Around a N uclear F uel 
Reprocessing P lant, E nv ironm en ta l P ro tec tion  A gency Rep. ORP/SID 7 2 -5  (1972).

[5] COCHRAN, J . A . ,  GRIFFIN, W. R ., TRIOANELLO, E. J - ,  T he O bservation of A irborne T ritiu m  W aste 
D ischarge from  a N uclear F uel Reprocessing P lant, E nv ironm enta l P ro tec tion  A gency Rep. EPA /O R P/73-1 
(1973).

[6] MAGNO, P .J. , KRAMKOWSKI, R ., REAVEY, T . ,  WOZNIAK, R ., S tudies of Dose Pathw ays from  a 
N uclear F uel Reprocessing P lant, E nv ironm ental P ro tec tion  A gency Rep. EPA/ORP 7 3 -3  (1973).

[7] NUCLEAR FUEL SERVICES, E nv ironm enta l Reports Nos 1-11  for Period 1966-1971, N uclear F uel Services,
P. O. Box 124, W est V alley , New York.

[8] NEW YORK STATE DEPARTMENT OF ENVIRONMENTAL CONSERVATION, A nnual reports of en v iro n m en ta l 
r ad ia tio n  in  New York S ta te  for periods 1968-1971, New York S ta te  D ep artm en t o f E nv ironm ental 
C onservation , A lbany, New York.

[9] SHLEIEN, B ., An ev a lu a tio n  of in te rn a l rad ia tio n  exposure based  on dose co m m itm en ts  from  rad ionuclides  
in  m ilk , food, and air, H ea lth  Phys. 18 (1970) 267.

D I S C U S S I O N

I. L. BRISBIN, Jr. : M aximum  exp osu re r isk  through the in gestion  of 
ven ison  frequently occu rs in the ca se  of p oach ers, who m ay often re ly  on 
gam e as food sta p les . Since poach ers u su a lly  k ill th e ir  d eer out of sea so n , 
or take d eer or f ish  above the le g a l lim it , they naturally  do not report th e ir  
a c tiv itie s  to the appropriate au th orities. How large do you think the poaching  
elem en t m ight be in the area of your study?
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P .  J .  M AGNO: N ew  Y o r k  S ta t e  D e p a r t m e n t  o f  E n v i r o n m e n t a l  C o n s e r v a 
t i o n  p e r s o n n e l  w i th  w ho m  I h a v e  s p o k e n  c o n s i d e r  t h a t  ab o u t  80% o f  th e  d e e r  
k i l l  is  r e p o r t e d .

F . O .  H O F F M A N : I s e e  t h a t  you  l i s t  v e n i s o n  e a t e r s  and  f i s h  e a t e r s  
s e p a r a t e l y .  D id  y o u  c o n s i d e r  th e  p o s s i b i l i t y  that,, in  s p o r t i n g  c i r c l e s ,  a  
h u n t e r  an d  a  f i s h e r m a n  m a y  b e  o n e  and  th e  s a m e  p e r s o n ?

P .  J .  M AGNO: Y e s ,  I c o n s i d e r e d  th e  p o s s i b i l i t y ,  b u t  in  s p i t e  o f  h a v in g  
go ne  th r o u g h  a l l  th e  q u e s t i o n n a i r e s  an d  i n t e r v i e w  s h e e t s ,  I w a s  u n a b le  to  
id e n t i f y  a n y  in d iv id u a l  who b o th  r e p o r t e d  a  d e e r  k i l l  and  w a s  r e c o r d e d  a s  
a f i s h e r m a n .

E .  K U N Z : In  l i t e r a t u r e  p r e v i o u s l y  p u b l i s h e d  on  e x p o s u r e  e v a lu a t io n s  
c o n n e c t e d  w i th  t h i s  s a m e  p la n t  a s p e c i f i c  p a th w a y  w as  m e n t io n e d ,  n a m e l y  
d e e r  c o m in g  t h r o u g h  a h o le  in  t h e  f e n c e  of t h e  h ig h  e x c lu s io n  a r e a  in  o r d e r  
to  d r i n k  w a t e r  d i r e c t l y  f r o m  th e  l a g o o n s .  W a s  th i s  p a th w a y  s o o n  i n t e r r u p t e d ?

P .  J .  MAGNO: E n t r y  b y  th e  p a th w a y  y o u  m e n t i o n  m a y  h a v e  o c c u r r e d  in 
t h e  e a r l y  d a y s  o f  p la n t  o p e r a t i o n ,  b u t  p r e c a u t i o n s  h a v e  now  b e e n  t a k e n  to  
p r e v e n t  i t s  r e c u r r e n c e .

W .O .  SCHIKA RSK I ( C h a i r m a n ) :  H av e  y o u  e x a m i n e d  y o u r  s t a c k  r e l e a s e  
v a lu e s  f o r  p a r t i c u l a t e s  c o n ta in in g  p lu to n iu m ?

P .  J .  MAGNO: W e h a v e  s tu d ie d  p a r t i c u l a t e  s t a c k  r e l e a s e s  in  a r e p o r t  
e n t i t l e d :  "A n  I n v e s t ig a t i o n  of A i r b o r n e  R a d io a c t iv e  E f f lu e n t  f r o m  a N u c l e a r  
F u e l  R e p r o c e s s i n g  P l a n t "  ( B R H - N E R H L  7 0 -3  (1970)).
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Abstract

MODELLING RADIATION EXPOSURES TO POPULATIONS FROM RADIOACTIVITY RELEASED TO  THE 
ENVIRONMENT.

Tw o approaches a re  used to  e s tim a te  th e  p o te n tia l p opu la tion  dosages (m a n -re m ) per cu r ie  re lea se  
o f  ca esiu m -1 3 7  in  th e  U n ited  S ta tes  o f A m erica  from  a h y p o th e tic a l re lea se  o f a f rac tio n  o f th e  p ro jec ted  
fission product inventory  in  2000. One m e thod  involves a p a ram e tr ic  analysis o f relationsh ips betw een  
f a l l-o u t rates and c a e s iu m -137 in  th e  various com ponen ts o f  th e  d ie t. T he o the r m ethod  is a pathw ays 
analysis using d o s e - to -m a n  m ode ls o f  rad io n u c lid e  transport in  th e  en v iro n m en t and u p ta k e  in  m an . Both 
m ethods a re  a p p lied  to  an  in p u t-o u tp u t m o d e l o f  rad io n u c lid e  flux through en v iro n m en ta l co m p artm en ts  
and m an . P opu lation  ch a ra c te r is tic s  a re  deve loped  using census da ta  and d ie ta ry  h ab its , M a n -re m /C i 
estim ates  a re  deve loped  for sev era l fo od -cha in s  and e x te rn a l exposures. E xternal exposure from  so il burdens 
con tribu tes  w ell over h a l f  o f th e  m a n -re m , fo llow ed by te rre s tr ia l food -chain s, w ith m uch  low er con trib u tio n  
com in g  from  aq u a tic  fo o d -ch a in s. Subm ersion and in h a la tio n  exposures from  e i th e r  th e  in i tia l  c loud  or 
from resuspension a re  in s ig n ifica n t co n tribu tions. C a lcu la tio n s  by th e  two m ethods a re  in  good ag ree m en t. 
T h e  m a n - re m /C i e s tim ates  are  used to  order th e  im p o rtan c e  o f  th e  various routes o f exposure and to  
in v e stig a te  th e  s ig n ifican ce  o f  c o n tam in a tio n  in  various parts o f th e  en v ironm en t.

INTRODUCTION

By the year 2000, 500 to 1000 nuclear power reactors will be in operation 
in the United States, according to present projections. Accompanying this 
growth in nuclear power plants will Ъе a large inventory of radioactive wastes 
to be managed; for example, it is projected that b y  the year 2000, the accumulated 
inventory of cesium-137 will be approximately 15 billion curies [l]. Even 
with strict controls and containment, releases will likely occur. It is 
pertinent to evaluate the impact of a hypothetical release of a portion of the 
fission product inventory. One step in evaluating the biological cost of such 
releases is to estimate the relationship between a curie of release and the 
resulting dosage in the population.

Assessments have been made of population dosages which would occur from 
projected nuclear applications involving release of tritium [2] and krypton -85
[3], and Russell has evaluated the dose commitment to the population from a 
massive deposition of strontium-90 [̂ -].

The present assessment is an estimate of the man.rem per curie release of 
cesium-137 in the United States population in the year 2000. Computations are 
carried out on an input-output model of radionuclide flow through environmental 
pathways which include man (see Fig. l). One evaluation is a parametric 
analysis of dose-to-man based on data and models available from analysis of 
worldwide fallout in the biosphere. A second evaluation is carried out using 
existing dose-to-man pathway models developed in the LLL. Some data and 
modeling steps are common to both evaluations, so that we have not developed 
two totally independent evaluations.

*  Work performed under the auspices of the US Atomic Energy Commission.
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FIG. 1. Pathw ay m o d e l for inco rp o ra tio n  o f  c a e s iu m -137 in  m an  a fte r deposition  showing the  per cen t 
m a n -re m  from  ea ch  pathw ay.

The model used in this study is a special case of a more general model for 
determining population dosages. The general model demands accountability for 
all nuclear decay occurring in man, and thus is global in concept. Such a 
concept is particularly necessary for evaluation of radionuclides and pathways 
for which dispersion and cycling are rapid, for instance in the case of tritium 
and the noble gases. For radionuclides which move slowly in the environment, 
population dosages tend to be confined to a population in or near the region of 
initial contamination. Importation-exportation of foods and materials tend to 
level such partitions. In the present case, the evaluation of man*rem is for 
tbe United States population only, and from a uniform hypothetical deposition on 
the continental United States.

Such evaluations are important for gaining perspective, and emphasis should 
be placed upon the generalizations which can be derived from them. Thus it is 
important to remember the assumptions, to recognize the uncertainties, and to 
carry out sensitivity analysis and verification.

In the present evaluation, the release to the environment is arbitrarily . 
assumed to be 1. 5 X 1 0 °  Ci, which is 10”^$ of projected year 2 0 0 0  inventory 
of cesium-137. This release is assumed to occur uniformly in time over one 
year over the United States. No attempt is made to characterize deposition, 
transport or fate of radioactivity on a regional basis. The study then, assumes 
a homogeneous, evenly distributed environmental system and population distribution. 
This assumption is implicit in the parametric analysis (dealing with averages) 
and explicit in the detailed pathway analysis.

The models are used to ascertain:

1) Estimates of total man*rem per curie and the contribution of the 
various pathways.

2) Comparison of results obtained from simple pathway analysis with 
those from an empirical parametric analysis of worldwide fallout.

3) Sensitivity of man*rem dosage prediction to assumptions in the 
various models of transport and fate.
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A. Prediction of Concentrations in Foods and Total Activities Ingested

1. Terrestrial Foods

Empirical models have been developed to predict cesium-137 in foodstuffs 
as a function of the fallout rate and the accumulated deposit in soil. Such 
analyses have been extensively carried out for milk. Cesium-137 in milk is 
often described as a function of the current rate of deposition, and the 
accumulated deposit. If Fr is the current rate of deposition and F¿, the 
cumulative deposit,

cesium-137 in milk [pCi/liter] = P rF r + . (l)

Data from various locations including the United States [5]> Denmark [6],
Italy [7], Australia [8], and the United Kingdom [9], indicate p r values vary 
between 2.2 and 37- 8 when F r is expressed in mCi/km^/yr and F¿ is expressed 
mCi/km^. The p^ values, which will be discussed later, also vary over a wide 
range. We shall assume that the deposition F(o) [mCi/km^] is uniformly 
deposited over a period of a year, serving to balance out seasonal influences 
and to simplify the calculations. Equation 1 can now be used to derive an 
expression for the total integrated intake of activity via milk:

Total cesium-137 ingested via milk [|jCi] = (A + B)f(o) . (2)

Coefficient A is a measure of the intake during the first year and 
coefficient В is a measure of the intake during subsequent years. If milk is 
consumed at the rate of 1 'liter/day, the p r values lead to A  values in the 
range 8 x 10 to 1 Л  X 10"^. Simple food-chain models [10,11] also lead to 
values of A lying within this range for the situation in which a discrete or 
continuous deposition takes place within a year's time. The coefficients p r 
and A  of Eqs. [l] and [2] derived for milk from the various worldwide locations 
vary by more than an order of magnitude.

Wilson's assessment of the concentration of cesium-137 in milk from various 
U. S-„ milksheds [5] suggests that the average p r value for the U.S. would be 
near the low end of the range. We use a value of p r = 5*5 which reflects these 
data. This gives an A  value of 2. 0 X 10" 3 when milk is consumed at the rate 
of 1 liter/day.

The long-term availability of land-deposited cesium-137 to the diet has 
been difficult to assess [ 1 2 ] .  Soil factors derived for the assessment in 
milk have varied over a wide range depending on the pattern assumed for the 
disappearance of the activity in soil [6,7>8,9]. One can estimáte a soil 
factor p^ for milk b y  attributing the cesium-137 in milk that is not associated 
with the deposition rate to the cumulative deposit in soil. On the basis of 
W i l s o n ’s assessment of cesium-137 in U.S. milksheds [5] and data on cumulative 
deposits [13]> we have estimated a range of values that would be expected to 
include the national average. A  range of 0. l5 to 0.20 can be derived if it is 
assumed that the activity in soil is effectively diminished b y  radioactive decay 
alone [6]; a range of 0.65 to 0.9 can be derived if it is assumed that only 60$ 
of the previous year's deposit is available in a given year [7]. These values 
produce an extreme range of k. 7 X 1 0 ” to 3.1 X 10“3 for the В  factor in the 
expression for the total intake of cesium-137 v i a  milk. When the estimated 
values A  = 2. 0 x 10“3 and В  = 3. 0 x 10"3 are substituted into Eq. (2), the 
expression for the total cesium-137 ingested via milk consumption at the rate 
of 1 liter/day becomes

Total intake via milk [|jCi] = 5. 0 x 10 ^F(o) . (3)

Federal milk marketing order statistics indicate an average per capita 
consumption of fluid milk in 67 U.S. cities of 0.3 liter/day [1^]. Per capita 
consumption of milk and cream in Denmark [15] is reported as 0.^ liter/day; 
cheese, butter, and margarine contribute an additional 100 g of dairy products
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to the daily diet. Brar and Nelson assume an average milk consumption rate of
0.6 liter/day in their studies of cesium-137 in the Chicago diet [16]. We assume 
an intake of dairy products equivalent to 0.6 liter/day of fluid milk (see 
Table II).

Dairy products, grain products and meat have been the major contributors 
of cesium-137 in the diet. In the decade 1958-1968, milk products contributed 
13 to 23% of the cesium-137 in the Danish diet [6] and 25 to kOffc in the U.S. 
diet [17]. The lower percentages were observed during periods of low fallout
rate. These considerations can be used to derive an expression for the total 
intake of cesium-137 from the terrestrial diet from the expression previously 
derived to predict the total cesium-137 ingested via milk. The expression 
takes the form of Eq. (2). We have chosen a value of 3.0 x 10“ 3 for the A  
factor and have adjusted the В factor for milk assuming milk contributes 25$ of 
the dietary cesium. The resulting expression is

Л Or? _О О
Total cesium- ingested via terrestrial foods [[jCi] = 1.0 x 10 F(o)[mCi/km ] . (k)

Aarkrog has derived equations for predicting mean levels of cesium-137 in the 
Danish diet from the fallout rate and cumulative deposition [6]. These equations 
predict an integrated intake of 9-1 to 9*8 x 10” 3 |jCi of cesium-137 from a 
deposition of 1 mCi/km^. Approximately the same total ingestion of cesium-137 has 
been estimated in Table II for terrestrial foods from the U.S. and Denmark.
Cesium-137 in foods and in the population closely follow the rate of fallout [12].
In the period I96O-I968 average deposition rates and cumulative deposits of 
cesium-137 in the U. S. and Denmark were comparable, but average body burdens and 
concentrations in food in Denmark were higher [6,17]. The soil in Denmark has a 
high clay content [6], and only a small fraction of the estimated intake of 
cesium-137 in Denmark is attributable to long-term uptake from the soil. On the 
other hand, a substantial contribution from long-term uptake from soil is implicit 
in our estimate for the U. S. intake of cesium-137. More reliable data of soil 
factors and long-term availability of cesium-137 from soil remain to be established.

2. Freshwater Foods

During the period 1962-1968 concentrations of cesium-137 in freshwater 
fish from Finland [l8], Chicago [19], the Red Lakes, Minnesota [20] and Sweden
[21] were measured at levels up to several nCi/kg. The concentrations were 
1 to 2 orders of magnitude greater than those in marine fish. Gustafson [20] 
derived an expression to represent the concentration of cesium-137 in fish 
taken from the Red Lakes, Minnesota, 195^-1965- The expression included 
contributions by terms containing the deposition rate Fr and the total deposition 
F¿ in the same manner shown previously for the assessment of milk contamination 
[see Eq. (l)].

cesium-137 in fish [pCi/kg] = P rF r [mCi/km2/yr] + [mCi/km2] . (5 )

Application of Gustafson's model for the Red Lakes to predict the concentration 
of cesium-137 in freshwater fish and the total intake of cesium-137 via 
freshwater foodstuffs leads to:

p
Total cesium-137 ingested via freshwater foods [(jCi] = (A + B)F(o)[mCi/km ] . (6)

Values of p r = 110 and p d = 20 were adopted for Eq. (5) on the basis of the 
highest concentrations measured in the large carnivores representing the highest 
trophic levels. If freshwater fish are consumed at the rate of 1 kg/yr. the 
resulting coefficients for Eq. (5) are A  = 1.1 X 10 and В = 8.7 x 10 . The
contribution from the term involving A  is associated with-the intake over the 
first year, that from the term involving В is associated with intake over the 
succeeding years. Coefficient В was evaluated assuming an effective half-life 
in the environment equal to the radioactive half-life. The 1 kg/yr average 
consumption rate for freshwater fish implicit in the calculations is the rate
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assumed by Brar and Nelson in their studies of cesium-137 in the Chicago diet
[16]. This rate is less than that in Sweden, where freshwater fish is consumed 
at an average rate of 2.5 kg/yr [21]. Substituting for A  and В in Eq.. 6 
leads to :

3. Marine Foods

The marine ecosystem is assumed to be bounded by the 8000-km U.S. coastline, 
extending a distance of 75 km, and having an average depth of 130 m  (see Table 
I). The width and depth selected represent average values for the continental 
shelf [22]. The ecosystem receives runoff from the continent, exchanges water 
with the deep ocean beyond the continental slope and has bottom sediments 
extending halfway across the width [22].

A simple model was developed to predict cesium-137 in marine fish as a 
function of time and the total cesium-137 ingested via marine foods. Cesium-137 
in the water, fish, and sediments are in equilibrium. Concentration factors 
reported for stable cesium and cesium- 137 in marine fish range from about 20 to 
120 [23,2^,25,26] and are comparable to those in marine invertebrates [27,28], 
Concentration factors upwards of 10^ have been measured between sediments and 
water in Chesapeake Bay [29], Humboldt Bay [30] and the Hudson River estuary
[31]. We have assumed concentration factors of 10^ in marine fish and lo3 in 
sediments. On the basis of data from Humboldt Bay [30] we have assumed that 
the activity in sediments is contained within a layer 3. 6 cm in depth.
Residence time of the water is assumed to be 3 yr, a value intermediate between 
the residence time of about 10 yr for the water in the mixed surface layer of 
the deep ocean [32] and the shorter residence time of about 1 yr for the water 
in an estuary such as Chesapeake Bay [29].

_]± p
Total cesium-137 ingested via freshwater fish [yCi] = 9. 8 x 10 F(o)[mCi/km ] . (7)

T A B L E  I. P R O P E R T I E S  O F T H E  M A R IN E  E C O S Y S T E M

L e n g t h  (U.S. C o a s t l i n e  e x c l u d i n g  A l a s k a ,  H a w a i i ) 

W i d t h  (ave. w i d t h  c o n t i n e n t a l  s helf)

D e p t h  (ave. d e p t h  c o n t i n e n t a l  shelf)

8O O O  k m

130 m

75 k m

W i d t h  o f  s e d i m e n t  l a y e r

D e p t h  o f  s e d i m e n t  l a y e r 3.6 cm

B u l k  d e n s i t y  o f  s e d i m e n t s
О

1.5 g / c m

R e s i d e n c e  t i m e  o f  w a t e r 3 y r

C o n c e n t r a t i o n  f a c t o r  o f  c e s i u m - 1 3 7  in f i s h 100

C o n c e n t r a t i o n  f a c t o r  o f  c e s i u m - 1 3 7  in s e d i m e n t s 1000

A n n u a l  r u n o f f  of c e s i u m - 1 3 7  ( f r a c t i o n  of c u m u l a t i v e  
d e p o s i t i o n )

L a n d  a r e a  (U.S. e x c l u d i n g  A l a s k a ) 7 . 8  X 1 06 k m 2
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Bowen [33] has estimated that oceans receive about 12$ of the yearly 
strontium-^O deposited on land or about 0. per year of accumulated 
deposition. Runoff could be expected to contribute even smaller amounts of 
cesium- 137 to the oceans, since cesium is more tightly bound to the clay 
minerals present in soil. The average annual cesium-137 to strontium-90 
ratio in New York City tap water 1965-1971 varied between 0. 08 and 0.16.
During I968-I97O, cesium-137 in New York City tap water and in freshwater from 
streams from Pennsylvania to Georgia [29] was for the most part below 0.1 
pCi/liter. Assuming that the annual runoff to the oceans is 9 inches [ 3 4  
and that the mean cesium-137 in runoff from the entire United States did not 
exceed 0.1 pCi/liter during this period, the yearly runoff of cesium-137 
would be about 1. 5$ of the yearly deposition or about 0. 025$ of the cumulative 
deposit. We adopt the value of 10“3 for the fraction of the cumulative 
land-deposited cesium-137 that is delivered annually to the oceans via runoff.

Let us consider this ecosystem from the standpoint of the annual marine- 
food requirements of the population. Per capita consumption of fish in the 
United States has been estimated to be upwards of 5 kg/yr [35]- If the 
average consumption of seafood is 7 kg/yr, a value suggested by Brar and Nelson 
in their studies of cesium-137 in the Chicago diet [l6], 2,1 x 106 metric tons 
of seafood are needed annually to feed the U. S. Since about two-thirds of 
the seafood harvest is utilized as human food [36], the ecosystem would have 
to provide an annual seafood harvest of 3.1 X I06 metric tons in order to 
accommodate the total population. This situation can be described in terms 
of an annual production of 3.1 X 10° metric tons/6 X 105 km2 or approximately 
5 metric tons/km2 . The 1962 catch from the northwest Atlantic area is about
1 metric ton/km2 [37]. If we assume that the marine-food harvest landed in 
California ports is derived from a 75-km region adjacent to the Pacific coast 
of the United States, the 1969 catch [38] was about 2 metric tons/km2 . In an 
analysis of the marine catch obtained from California coastal waters, Vaughan 
and Strand [39] considered the surface in block areas as small as 100 square 
miles. An average catch of 3* 5 metric tons/km2 can be derived from this 
study.

Evaluation of the marine-ecosystems model leads' to expressions that 
predict cesium-137 in seafood as a function of time. These are integrated to 
yield the total intake of cesium-137 resulting from a given rate of consumption 
of seafood. When the coefficients are evaluated, the expression for the total 
intake is

2
Total cesium-137 ingested via marine food [|jCi] = A  F(o) [mCi/km ] . (8)

This assessment assumes seafood consumption at a rate of 7 kg/yr„ Three 
situations are contrasted (see Table II). The "limiting" case, which is 
associated with the maximum intake of activity, is the hypothetical situation 
in which (l) sediments are absent, (2) the land-deposited activity is 
instantaneously transported to the marine environment in runoff, and (3) water 
does not exchange with waters of the deep ocean beyond the continental slope.
A more realistic case is the situation in which (l) sediments would be present,
(2) runoff would deliver the land-deposited activity to the marine environment 
at the rate of 10“3/yr or less, and (3) there is exchange with the deep ocean. 
An "intermediate" case is also of interest, namely the case in which sediments 
are present and runoff delivers .land-deposited activity to the marine 
environment at the rate of 10”^' yr, but in which there is no exchange of water 
with the deep ocpan. This case examines a situation in which the activity is 
at all times accessible to the U. S. population. As shown in Table II, the 
total intake in the "intermediate" case differs from those in the other cases 
by an order of magnitude. The estimated intake of cesium-137 in the presence 
of sediments is slightly less than that in their absence and the contribution 
of normal runoff to cesium-137 ingestion is insignificant.
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В. Assessment of Population Dosage from Foods
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1. Activity Ingested via Terrestrial and Aquatic Foods

Table II summarizes the calculations for the total ingestion via 
terrestrial and aquatic food chains. A comparison of terrestrial and aquatic 
foods indicates that when cesium-137 is released to the environment and 
deposited on both water and land surfaces, the average individual ingests a 
far greater quantity of cesium-137 via milk and the terrestrial diet than 
from freshwater or marine foods. However, if all the activity released is 
directed to inland waters, the ingestion of cesium-137 is comparable to that
via the terrestrial diet. For the marine ecosystem, only the "limiting" case
(where the total activity released to the environment is concentrated and 
retained within the marine ecosystem) approaches the significance of the milk
and the terrestrial diet. The "representative" case is 2 orders of magnitude
less than this "limiting" case. Marine foods would not be expected to 
contribute more than 1$ of the cesium-137 in the average individual's diet.

Intakes of cesium-137 are listed at 30-yr intakes and for infinity 
(Table I I ). For the "limiting" and "representative" cases, 50$ or more of the 
intake-to-infinity is achieved in 30 years. In the "intermediate" case a 
substantial fraction of the infinite-time integrated intake is achieved in 
30 years. Thus, in realistic situations, a major fraction of the dosages 
associated with the integrated intake of cesium-137 would be delivered within 
the lifetime of a generation.

2. Man» Rem Dosage

Table III lists the total activities ingested and the whole-body dosages 
to the average individual and to the population from the release of 1. 5 x 10^ Ci 
of cesium-137* In the calculations relating to the terrestrial and freshwater 
pathways, the deposition F(0) is based on a combined land and inland-water 
surface area of 7-8 x 10° km , with F(o) = 190 mCi/km^. In the calculations 
relating to the marine pathway, F(0) is based on a combined land and water 
surface area of 8. ̂  x 10^ km2 , with F(o) = 180 mCi/km2. Population intakes of 
cesium-137 via milk and terrestrial diet, and as indicated earlier, that via 
seafood, are based on a population of 3 X 10 people. The population intake 
via freshwater fish is based on a smaller population, 5 X 10?, since the yearly 
commercial harvest of freshwater fish, which we estimate to be about 50,000 
metric tons of consumable food [38], can supply only a sixth of the population 
at the consumption rate of 1 kg/yr.

Results allow a comparison of the maximum intakes via the terrestrial and 
aquatic food-chains. For example, even the "limiting" case for the marine-foods 
pathway is shown to contribute less activity to the diet than terrestrial 
foods. On the other hand, in the special situation in which all of the 
cesium-137 released to the environment is initially deposited in inland waters, 
the total population intake would be comparable to that from terrestrial foods. 
Since the surface area of inland waters is about 2$ of the total area [*Ю], 
the concentration of cesium-137 in freshwater fish and the total intake of 
cesium-137 via freshwater fish would then be 50 times greater than in the 
situation in which the activity released in uniformly deposited over the total 
surface of the land and inland waters.

The assessment of freshwater foods is based on the cesium-137 concentrations 
measured in carnivorous fish representing the highest trophic level [20]. The 
concentration averaged over the entire harvest from all freshwater ecosystems 
could be expected to be lower.- In contrast to the intake of cesium-137 from 
the terrestrial diet, the intake via freshwater fish has a strong dependence



T A B L E  II. IN G E S T IO N  O F  C E S IU M -1 3 7  VIA T E R R E S T R I A L  AND A Q U A T IC  F O O D  C H A IN S F O L L O W IN G  
A D E P O S IT IO N  F (0) = 1 m C i / k m 2

P a t h w a y
R a t e  of I n t a k e  I n t e g r a t e d

C o n s u m p t i o n  t o  3 0  y r  ( jjlC i )
I n t a k e  I n t e g r a t e d  t o  

I n f i n i t y  (l-iCi)

1. M i l k

2. T e r r e s t r i a l  D i e t

(a) E s t i m a t e d  f r o m  m i l k

(b) B a s e d  on D a n i s h  d a t a  [6]

3. F r e s h w a t e r  F i s h

(a) A c t i v i t y  u n i f o r m l y  d e p o s i t e d  
on l a n d  a n d  w a t e r

(b) T o t a l  a c t i v i t y  t r a n s p o r t e d  
d i r e c t l y  t o  i n l a n d  w a t e r s ,  i.e., 
d e p o s i t i o n  = 50 F ( 0 )

U. M a r i n e  F i s h

(a) " L i m i t i n g "  case: s e d i m e n t s
a b s e n t ,  r u n o f f  i n s t a n t a n e o u s ,  no 
e x c h a n g e

(b) " I n t e r m e d i a t e "  case: s e d i m e n t s
a n d  n o r m a l  r u n o f f  but n o  e x c h a n g e

(c) " R e p r e s e n t a t i v e "  case: s e d iments,
n o r m a l  r u n o f f ,  e x c h a n g e

0 .6 l i t e r / d a y

1 kg/yi

7 kg/yi

2 . 1  X 10

6 . 6  X 10

9 .1 -  9.6 X 10'

5.5 x 10

2 .7 x 10

1 .5  x 10

1.2 X 10 -h

2.0 x 10 -1+

3.0 X 10"

1 . 0  X 10

9 .1  -  9.8 X 10 -3

9.8 X 10

k.9 X 10"

3.0 X 10

3 .1  X 10

2.5 X 10*

-3
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T A B L E  III. I N F I N I T E - T I M E  T O T A L  IN G E S T IO N  O F C E S IU M -1 3 7  AND 
W H O L E -B O D Y  DOSAGE T O  T H E  P O P U L A T IO N  VIA T E R R E S T R I A L  AND 
A Q U A T IC  F O O D  C HA IN S R E S U L T IN G  F R O M  T H E  R E L E A S E  O F 1.5 X 106 C i  
OF C E S IU M -1 3 7

T o  A v e r a g e  I n d i v i d u a l T o  P o p u l a t i o n

P a t h w a y
I n t a k e
(u-Ci)

D o s a g e
( m i l l i r e m )

I n t a k e
(Ci)

D o s a g e  
M a n •R e m

1. M i l k ,  0 . 6  l i t e r / d a y 0 . 5 7 35 170 1 . 1  x 1 0 7

2. 'Ter r e s t r i a l  Diet:

3.5 X i o 7(a) D e r i v e d  f r o m  e v a l u a t i o n  of m i l k 1 .9 120 57О

(b) B a s e d  o n  D a n i s h  d a t a  [6] 1 .8 110

О-=}"ir\ З.З X 1 0 T

3. F r e s h w a t e r  Fis h ,  1 k g / y r

(a) U n i f o r m  d e p o s i t i o n  o n  l a n d  
a n d  w a t e r

0.19 12 9.3

-Tv 
1 

О
 

t—1XVO

(b) T o t a l  a c t i v i t y  t r a n s p o r t e d  
t o  i n l a n d  w a t e r s

9 - 3 ‘ 57О U70 2.9 X 10 '

M a r i n e “ Fish, 7 k g / y r *

9 - 9  x 106(a) " L i m i t i n g "  case 0 .5^ 33 160

(b) " I n t e r m e d i a t e "  case 0.056 3 .^ 17 1.0  x 106

(c) " R e p r e s e n t a t i v e "  case 0 . 0 0 ^ 5 0.28 1 Л 8 Л  x 10^

*
A s e x p l a i n e d  in t h e  t e x t  a n d  n o t e d  in T a b l e  II, 'the " l i m i t i n g " case is
c h a r a c t e r i z e d  b y  a b s e n c e  of s e d i m e n t s  a n d  e x c h a n g e  a n d  b y  i n s t a n t a n e o u s  runoff. 
T h e  " i n t e r m e d i a t e "  case is c h a r a c t e r i z e d  b y  a b s e n c e  o f  e x c h a n g e ,  but p r e s e n c e  
of  s e d i m e n t s  a n d  n o r m a l  runoff. T h e  " r e p r e s e n t a t i v e "  cas e  is t h e  e x p e c t e d  
s i t u a t i o n ,  c h a r a c t e r i z e d  b y  p r e s e n c e  of s e d i m e n t s  a n d  o c c u r r e n c e  of n o r m a l  
r u n o f f  and e x c h a n g e .

on the long contributions from the cumulative deposit, which accounts for 
almost 90$ of the total intake. The long-term contribution for the case where 
all the activity is delivered .to inland waters is undoubtedly an overestimate, 
since we have assumed that the effective decay of the deposit is given by the 
radioactive half-life. A  significant fraction of the aquatic activity would 
be transported to the ocean in runoff and be immobilized in sediments. Thus 
the terrestrial pathway is shown to be the dominant food-chain pathway.

The total activity that will reach man via food chains is computed by 
summing the appropriate population intakes: the intake from the terrestrial
diet, the intake from the freshwater foods following uniform deposition on 
land and water surfaces, and the intake from marine foods in the "intermediate" 
situation where there is no exchange of water with waters of the deep ocean.
In this scheme, the activity released is at all times accessible to the 
population. The total population intake is computed to be

570 + 9  +  1 7  = 6 0 0  C i
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T A B L E  IV. T O T A L  P O P U L A T IO N  IN T A K E  AND 
W H O L E -B O D Y  DOSAGE F R O M  T H E  R E L E A S E  OF 
1. 5 X 106 C i  O F C E S IU M -1 3 7

I n t a k e
(Ci)

D o s a g e  
M a n •R e m

1. T e r r e s t r i a l  f o o d s 570 3.5 X 1 0 T

2. F r e s h w a t e r  f o o d s 9-3 5-7 X 1 0 5

3- M a r i n e  foo d s 17 1 X 1 0 6

T O T A L 600 3-7 X 1 0 7

T O T A L  p e r  Ci r e l e a s e d if. 0 X 10 25

Expressed as a fraction, the total population intake is about b X 10"^ of the 
1.5 X 10^ Ci released. The corresponding population dose, computed using 
the conversion factor 6.1 X 10” rem/^Ci, is 3-8 X 10^ man*rem. When expressed 
as a fraction of the curies released, the population dose v ia food chains is
25 man-rem per curie released. Results are summarized in Table IV.

Analysis of Man- Rem by Pathway Models

A. Description of Pathway Models

We have developed models for food-chain pathways for estimating dose to 
man [10]. These deterministic models are designed for general applications.
As needed, we supply further detail on environmental conditions, agricultural 
practices, seasonal variations, etc . , to refine the models.

A  brief description of the model which is applicable to the forage-cow- 
milk, the pasture-meat-man and lichen-caribou-man pathways is presented below. 
All the food chain models are designed with a similar.approach and only 
specific detail pertinent to each pathway change.

The basic model to describe the dynamics involved in a food chain are 
similar; parameters involved such as retention time for nuclides in vegetation, 
soil and water, elimination rates in man, intake rates for man, etc., change 
depending upon the pathway. A  description of the continuous-deposition model 
for the forage-cow-milk pathway will serve as an example. Letting R  be the 
deposition rate of a nuclide, the equilibrium deposition on pasturp is

F = R/Xp eq. ' r

where

R  = deposition rate, |jCi/m^.day
\p = effective elimination constant for plant, day ^
F g ^  = d e p o s i t i o n  a t  e q u i l i b r i u m ,  | jC i / m  .
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dC
I T  = (UAF) f  -  x mcm

where

,C^ = Concentration of the radionuclide in milk, |jCi/kg
P(t) = deposition, i^Ci/m^
UAF = utilized area factor, the effective area grazed by the cow in

m 2/day. If К  is the kg/day of forage needed by the cow and W  is
the plant density (kg/m ) of the agricultural area; then (UAF) = 
К/W in m2/day

f = the fraction of isotope ingested reaching milk, kg 1
XM  = effective elimination constant for milk, day ^
t = time, days.

The equilibrium concentration in milk is given by

= B(UAF)f = R (U A P ) %

V m  x p

where

fM  ~ f  A is the transfer coefficient to milk, that is, the fraction of 
nuclide ingested daily that is secreted in milk per liter or per kg 
(in day/liter or day/kg).

The radionuclide concentration in man is obtained from

^ B  CM I f B 
dt m  В В

where

С = concentration of nuclide in organ of. reference,Б S
I = average daily intake of milk, kg/day or liter/day
f _ fraction of isotope reaching organ of referenceв —
m  = mass of organ, g
X_ = effective elimination constant in man day \В

The concentration of the nuclide in man at equilibrium is

R(UAF)fM  I fB 
CB " Xp m  \ B

T h e  c o n c e n t r a t i o n  o f  t h e  n u c l i d e  i n  m i l k  i s  d e t e r m in e d  f r o m  t h e  e x p r e s s io n

The dose rate is given by

where

к
= 1.85 X 10 E Ста К в

D_ = dose-rate, rem/yr 
К

E = effective disintegration energy in MeV.

T h e  c o e f f i c i e n t  r e l a t e s  n u c l i d e  c o n c e n t r a t i o n  i n  | j C i / g  t o  d o s e - r a t e  i n  r e m / y r .
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Similar procedures are used to model other pathways. In general, these 
models do not consider second order variables such as length of time between 
milking, slaughter, or fish catch and consumption of the product b y  man.
Delay in consumption varies considerably between countries, regions of a 
country, and pathway and can, for the shorter lived isotopes, affect the 
radioactivity ingested by man. We take these basic models and perform such 
refinements as dictated by the specific situation we are called upon to consider. 
We also include refinements depending on the season of the year. Seasonal
variation affects such parameters as the amount of fresh forage and the amount ' 
of stored feed consumed by animals; depending on the type of storage the 
stored feed may be completely uncontaminated.

Food-chain models used for evaluation of the problem (see Fig. l) include: 
soil-root-vegetation, vegetation-man, forage-cow-milk, forage-beef, and 
aquatic food chains. Space does not permit further discussion of details on 
these models; however, they have been described elsewhere [10,11,^1,1+2].

B. Man »Rem Dosages

Dosages are calculated for each pathwáy and man-rem estimates are made 
using the same set of assumptions and population characteristics used in the 
previous parametric analysis. Highest man*rem dosage occurs through the 
forage-cow-milk and the forage-beef pathways (see Table V). The plant-man 
pathway, including leafy vegetables and grain products, contributes \Щ> of the 
total man-rem. The soil-root pathway, contributes only 2$ to the total which 
would appear in all foods of the terrestrial diet. Aquatic pathways contribute 
insignificantly to the total man»rem.

T A B L E  V. C O M P A R IS O N  O F T H R E E  E S T IM A T E S  O F  T H E  M a n  • R e m  p e r  C i  
F O R  C E S IU M -1 3 7

M e t h o d M a n - R e m / C i

P a r a m e t r i c  a n a l y s i s
of w o r l d w i d e  f a l l o u t 25
d a t a

C a l c u l a t i o n s  f r o m
t o t a l  die t  a n d 9
f a l l o u t

M a n •R e m P e r c e n t  of
F o o d - C h a i n  P a t h w a y s M a n •R e m Ci T o t a l  F o o d  C h a i n

C o w - m i l k - m a n 16 X 1 06 10.7 37
P a s t u r e - m e a t - m a n 2 0  X 1 06 13.3 k6

P l a n t - m a n 6.0 x 106 4 . 0 lb

S e a - f o o d - m a n 0 . 7 8  X 1 06 0.52 1 .8

F r e s h w a t e r - m a n 0.2 X 1 06 0.15 0.5
S o i l - r o o t - m a n 0Г9 X 106 0.60 2 .1

E  A l l  p a t h w a y s bk X 106 29
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FIG. 2. M an -rem  from  p a ra m e tr ic  m ode l showing per ce n t m a n -re m  from  e a ch  pathw ay .

RESULTS .AND CONCLUSION

Results of the two calculational methods for determining man-rem are 
similar (see Table V). Of the 25 and 29 man'rem computed by the two methods, 
nearly all man-rem are accounted for in the terrestrial diet.

Good agreement was also obtained by comparison with mrem/mCi estimates 
made by Gustafson from fallout and diet data [l7], where he determined that 
an annual deposition of 1 mCi of cesium-137/km2 results in an internal dose of
0.2k mrem/yr from fallout occurring in the growing season. Using again a land 
mass of 7-8 X 10° km2 the direct curie input to the food-chain is 7.8 X 10^ ci
for 0.2k mrem average dose commitment. For the 3 x 10° people in the U.S. in
2000, one estimates 9 man-rem/Ci by this method.*

Total man-rem estimates include external exposures as well as food-chain 
pathways. The dose received by direct exposure to cesium-137 deposited on 
soil can be estimated by

0 , 8
1.44 rad-km 3 X 10 persons

ci 7 . 8  X 106 km2
• • r-i /„• m, 1.44 rad km2 „ , , . ,giving 54 man-rem/Ci. The --- -----  conversion factor does not consider

shielding but does include a depth distribution of cesium-137 in soil [43]. If
the shielding factor of 0.32 recommended by UNSCEAR is used, which includes
shielding by buildings, time spent indoors and conversion from air dose to tissue
dose, then the man-rem per Ci is 17. By comparison, if the shielding factor is
included, external exposure contributes about the same man'rem as the food-chain
pathways (see Figs. 1 and 2 and Table VI). Total rcan^rem estimates range from
26 to k6, or approximately 7 X 10? m a n ’rem, which is about 2 times the man-rem
from natural background in the United States.

Inhalation, either during the initial input of cesium-137 or from 
resuspension, can be shown to result in small contributions to the total man'rem. 
For the hypothetical uniform release over one year, average air concentrations 
would be approximately 5 pCi/m3, confining the cesium-137 to an air space 100

The 25 man-rem calculated from analysis of fallout data purposely includes a 
substantial long-term contribution from soil.
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T A B L E  VI. M an  • R e m  AND M a n  R e m  p e r  C u r i e :  E X T E R N A L  GAM M A 
P L U S  F O O D  CHAINS

E x t e r n a l
G a m m a

P a r a m e t r i c  
A n a l y s i s  

o f  F a l l o u t

F o o d  Chain. 
P a t h w a y  
M o d e l s

M e a s u r e m e n t s

M a n - r e m 8 . 1  X 1 07 3.7 X 107 X 1 07 —

M a n * r e m  
Ci 17 25 2 9 9

T o t a l  m a n * r e m
p e r  Cu r i e 
( e x t e r n a l  + 

f o o d  chain)

k2 k6 26

meters over the United States. Calculations show this cesium-137 concentration 
in air to result in approximately 0.3 man-rem/curie, which is about Q.k% of the 
total man т е ш .  Submersion dosages are two orders of magnitude lower. Resuspension 
dosages can be estimated from measurements of fallout at Livermore, Ca. by
assuming that current air concentration (2 x 10-3 pCi/m3) are derived from 
resuspension. This tends to overestimate the importance of resuspension, since 
part of the atmospheric burden is from current fallout. The top centimeter of 
soil contains approximately 15% of the soil burden of some k X 10^ pCi/m2 .
These data produce a resuspension factor of 2 x 1 0 -7/m. Upper limit resuspension 
air levels would be approximately O.OU pCi/m^, giving 0.002 man-rem/Ci. The 
calculated resuspension factor, we emphasize, constitutes an upper limit estimate.

In reality, actual releases of fission products would not result in a 
uniform contamination of the environment. There are 1+ extreme sub-cases to be 
analyzed, each case involving an evaluation of _ ap Ггет for the independent 
system. Releases in urban areas would result in tne highest man*rem because 
of the high population density coupled with the relative importance of 
external exposures. Man*rem/Ci is directly proportional to the contaminated 
land area x the population density of the area. For perspective, the man^rem 
from external exposure can be estimated for two geographical locations, 
distinctly different in population density, but of comparable land areas. The 
land area of Kansas is comparable to that of the projected Atlantic coast 
megalopolis. By 2000, one might project a population of 130 million in this 
population corridor, and one of about 5 million in Kansas. The man-rem/Ci 
attributable to external exposure from a uniform deposition on those areas 
would be 20-30 times higher in the megopolis than in a low-population density 
area such as Kansas.

For food-chains, the man-rem depends on transfer rates to the foods, and 
the unit-ar.ea food production rate. For any food-chain, man-rem from any 
release will be proportional to the amount of surface area which is contaminated, 
assuming a uniform rate of food production. For the aquatic systems, release 
to the freshwater system is estimated to result in 19 man-rem/Ci. The 
comparable result for the marine ecosystem is 7 man-rem/Ci. Contamination 
of the agricultural environment would result in approximately man-rem/Ci 
from foods.

These results can be used to examine the alternatives available in power 
plant siting and waste management from the standpoint of potential dose to 
man. The trade-off involved can be weighed systematically in terms of costs
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per man-rem potential versus actual costs incurred in optimizing site selection. 
It should be stated, however, that cesium-137 would likely be accompanied by- 
other radionuclides in any release, certainly strontium-90 and fissionable 
materials, and possibly radioiodines. Assessments of these radionuclides are 
being carried out.

In terms of planned releases as part of licensed waste management, it 
is clear that releases to aqueous systems are preferable to releases through 
the atmosphere from a man«rem point-of-view. Point-source
releases in real systems are subject to similar evaluations. In such cases, 
regional and local considerations can be made, and man-rem models developed 
for decision-making purposes regarding point-of-emission source strength 
content and measurements necessary to verify compliance with regulations.

The fission product inventory in 2000 will be managed effectively to 
insure containment and minimal population exposure to radiation. The role 
of such models and evaluations is to provide guidance so that techniques and 
policies can be developed in a timely manner, contributing to an optimization 
of waste management.
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Abstract

RADIOLOGICAL LIMITS AND ENVIRONMENTAL CAPACITIES.
In th e  la s t th re e  d ecad es  w eapons te s tin g  and n u c le a r  pow er program s h av e  added  a r t if ic ia lly  produced 

ra d io ac tiv e  m a te r ia ls  to  th e  n a tu ra l inven to ry  in  th e  env ironm en t. Figures for th e  to ta l a c tiv ity  re leased  
a re  unhelp fu l in  dec id in g  to  w hat e x ten t th e  env iro n m en t has been  po llu ted . T he  m ost re a lis tic  and useful 
d efin itions o f  m a n -m a d e  po llu tio n  re fe r only to  those changes th a t m an  m akes in  his env iro n m en t th a t a re  
in  som e way d e tr im e n ta l. T he  m ost sa tisfac to ry  m easu re  o f any d e tr im e n t due to  en v iro n m en ta l rad io ac tiv ity  
is th e  rad ia tio n  dose to  liv in g  tissue.

T he  expression 'e n v iro n m en ta l c a p a c ity ' is used to  m e an  th a t i f  a defined  m ix tu re  o f  rad ionuclides  
is in troduced  in to  a p a r ticu la r  sec to r o f  th e  env iro n m en t over a pro longed period  an  eq u ilib riu m  situ a tio n  
w ill ev e n tu a lly  be reac h ed . P ra c tic a l e x p e rien ce  has shown th a t w ith  ra re  excep tions  th e  rad ia tio n  dose to  
m a n  is th e  o v e r-rid in g  co n s id e ra tio n  and th e  ca p a c ity  is said  to  be  th e  ra te  o f re lea se  th a t w ill resu lt in  a 
dose ra te  to  m an  eq u a l to  som e ap p ro p ria te  reco m m en d ed  l im it .  T hese  dose lim its  im p ly  a c e rta in  degree  
o f risk and th e  assum ed risks in h e ren t in  the  cu rren t lim its  a re  ex am in ed  in  th e  c o n tex t o f th e  na tu ra l 
rad ia tio n  background and th e  n a tu ra l in c id en ce  of c a n c e r  and g e n tic a lly  tra n sm itted  d isease . If  th e  co ncep t 
o f en v iro n m en ta l c a p a c ity  is to  b e  useful q u an tita tiv e ly  i t  m ust b e  unam biguously  re la te d  to  dose. T h e  
'lim itin g  c a p a c ity ' is based  en tire ly  on th e  ICRP Dose L im its; th e  's t ip u la ted  c a p a c i ty ',  w hich  describes th e  
to ta l  o f  a l l  re leases  ac tu a lly  approved, inc ludes o ther factors, so c ia l, e c o n o m ic  and p o li t ic a l ,  w hich m ay  have  
th e  e ffe c t o f res tr ic tin g  re leases  to  a le v e l below  th a t o f  th e  lim itin g  ca p a c ity .

1. I N T R O D U C T I O N

T h e  m a n a g e m e n t  o f  a r t i f i c i a l l y  p r o d u c e d  r a d i o a c t i v e  m a t e r i a l s  o n  a 
l a r g e  s c a l e  b e g a n  a b o u t  t h r e e  d e c a d e s  a g o  a n d  s i n c e  t h a t  t i m e  r a d i o n u c l i d e s  
h a v e  b e e n  r e l e a s e d  to t h e  e n v i r o n m e n t  i n  e f f l u e n t s  f r o m  i n s t a l l a t i o n s  in 
t h e  n u c l e a r  fuel c y c l e  a n d  t h e  m a n y  p r o c e s s e s  w h i c h  i n v o l v e  a p p l i c a t i o n s  
o f  r a d i o i s o t o p e s ;  t h e r e  h a v e  a l s o  b e e n  r e l e a s e s  a s  a r e s u l t  o f  n u c l e a r  
w e a p o n s  t e s t i n g .  T h e s e  r e l e a s e s  r e p r e s e n t  a  m a n - m a d e  a d d i t i o n  to t h e
g l o b a l  i n v e n t o r y  o f  n a t u r a l  r a d i o a c t i v i t y .  I n  t h e  -oceans a l o n e  i t  h a s  
b e e n  e s t i m a t e d  t h a t  t h e  n a t u r a l  a c t i v i t y  c o n t e n t  i s  5 0 0 , 0 0 0  MCi ,  m a i n l y  
d u e  t o  4 0 K, a n d  tha t  w e a p o n s  t e s t i n g  a n d  n u c l e a r  p o w e r  p r o g r a m m e s  h a v e  so 
f a r  a d d e d  s o m e  h u n d r e d s  o f  m e g a c u r i e s  a n d  a  f a ;  h u n d r e d  k i l o c u r i e s  
r e s p e c t i v e l y .  S u c h  f i g u r e s  a r e  u n h e l p f u l  i n  d e c i d i n g  to w h a t  e x t e n t  t h e  
e n v i r o n m e n t  h a s  b e e n  p o l l u t e d .

T h e  m o s t  r e a l i s t i c  a n d  u s e f u l  d e f i n i t i o n s  o f  m a n - m a d e  p o l l u t i o n  r e f e r  
n o t  t o  all c h a n g e s  w h i c h  m a n  m a k e s  i n  h i s  e n v i r o n m e n t  b u t  to t h o s e  c h a n g e s  
w h i c h  a r e  i n  s o m e  w a y  d e t r i m e n t a l .  T h e  d e t r i m e n t  m a y  b e  to m a n ’s h e a l t h ,  
t o  h i s  f o o d  a n d  'other r e s o u r c e s ,  to o p p o r t u n i t i e s  t o  p u r s u e  h i s  a c t i v i t i e s  
o r  to t h e  a e s t h e t i c  q u a l i t i e s  o f  h i s  s u r r o u n d i n g s .  T h e  m o s t  s a t i s f a c t o r y
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m e a su re  o f  a n y  d e t r im e n t  due t o  e n v ir o n m e n ta l  r a d i o a c t i v i t y  i s  th e  
r a d i a t i o n  d o se  t o  l i v i n g  t i s s u e ,  e x p re s s e d  i n  r a d s ,  o r  d o s e - e q u iv a le n t  
e x p re s s e d  i n  re m s .

The e x p r e s s io n  " e n v ir o n m e n ta l  c a p a c i t y "  i n  th e  c o n t e x t  o f  r a d i o a c t i v e  
w a s te  d is p o s a l  has becom e w id e ly  u se d  i n  t h e  l a s t  t h r e e  o r  f o u r  y e a rs  
o n ly ;  i t s  m e a n in g  i s  n o t  s e l f - e v i d e n t  an d  t h e r e  i s  a t  p r e s e n t  no 
i n t e r n a t i o n a l l y  a g re e d  d e f i n i t i o n .  I t  i s  m o s t o f t e n  u s e d  t o  mean t h a t  
i f  a  d e f in e d  m ix tu r e  o f  r a d io n u c l id e s  i s  in t r o d u c e d  i n t o  a p a r t i c u l a r  
s e c t o r  o f  t h e  e n v iro n m e n t o v e r  a p r o lo n g e d  p e r io d  an  e q u i l i b r i u m  s i t u a t i o n  
w i l l  e v e n t u a l l y  be  re a c h e d .  U n d e r th e s e  c o n d i t io n s  th e  c o n c e n t r a t io n s  o f  
r a d i o a c t i v i t y  i n  t h e  d i f f e r e n t  c o m p o n e n ts  o f  th e  e n v ir o n m e n t  a r e  s u p p o se d  
t o  b e  s e n s ib ly  c o n s ta n t  an d  t h e  r a d i a t i o n  d o s e - r a te  t o  l i v i n g  o r g a n is m s ,  
i n c l u d i n g  m an, ca n  b e  e s t im a te d .  P r a c t i c a l  e x p e r ie n c e  o f  w a s te  d is p o s a l  
o p e r a t io n s  h a v e  shown t h a t  w i t h  r a r e  e x c e p t io n s  th e  r a d i a t i o n  d o se  t o  man 
i s  t h e  o v e r - r i d i n g  c o n s id e r a t io n  and th e  c a p a c i t y  o f  th e  s e c to r  o f  th e  
e n v ir o n m e n t  t o  r e c e iv e  r a d i o a c t i v e  w a s te  i s  s a id  t o  b e  th e  r a t e  o f  
r e le a s e  w h ic h  w i l l  r e s u l t  i n  a d o s e - r a te  t o  man e q u a l t o  some a p p r o p r ia t e  
n a t ip n a l  o r  i n t e r n a t i o n a l  recom m ended l i m i t  (s e e  S e c t . 2 ) .  T h is  g e n e ra l  
d e s c r i p t i o n  o f  th e  common m e a n in g  o f  e n v ir o n m e n ta l  c a p a c i t y  c o u ld  n o t  s e r v e  
a s  a  fo r m a l  c o m p re h e n s iv e  d e f i n i t i o n ;  such  a  d e f i n i t i o n  w o u ld  h a v e  t o  
make p r o v is io n  f o r  o t h e r  f a c t o r s ,  such  a s  th e  i d e n t i f i c a t i o n  o f  a 
r e p r é s e n t a t iv e  e xp o se d  i n d i v i d u a l  o r  p o p u la t io n  g ro u p  an d  t h e  m e a n in g  o f  
t h e  e x p r e s s io n  when a p p l ie d  t o  v e r y  l o n g - l i v e d  n u c l id e s  w h ic h  w i l l  
a c c u m u la te  i n  th e  e n v ir o n m e n t  f o r  as  lo n g  as  " th e y  a r e  r e le a s e d .  T he  
m e th o d o lo g y  u n d e r ly in g  th e  c o n c e p t  o f  e n v ir o n m e n ta l  c a p a c i t y  i s  n o t  ne.v; 
i t  h a s  b e e n  a p p l ie d  s y s t e m a t i c a l ly  i n  t h e  U n i te d  K in g d o m  s in c e  th e  s t u d ie s  
i n  t h e  e a r l y  1 9 5 0 's  o f  th e  l i q u i d  r a d io a c t i v e  w a s te  d is c h a r g e s  i n t o  th e  
I r i s h  Sea f ro m  W in d s c a le .  T he  te r m in o lo g y  i n  th e  UK h a s  b e e n  d i f f e r e n t  
a rid  th e  e x p r e s s io n  " D e r iv e d  W o rk in g  L i m i t "  (DWL) h a s  b e e n  u s e d  e x t e n s iv e ly  
_/ 1 _ /  t o  mean a r a t e  o f  r e le a s e  o f  r a d io n u c l id e s  w h ic h  w i l l  le a d  t o  d o se s  
t o  c r i t i c a l  g ro u p s  o f  t h e  p o p u la t io n  e q u a l t o  th e  Dose L im i t s  f o r  mem bers 
o f  t h e  p u b l ic  recom m ended b y  IC R P .

The s e t t i n g  o f  d o se  l i m i t s  i s  fu n d a m e n ta l t o  th e  e s t im a t io n  o f  
e n v ir o n m e n ta l  c a p a c i t y .  T h e se  l i m i t s  may b e  e i t h e r  i n t e r n a t i o n a l l y  
a g re e d  l i m i t s  su ch  a s  th o s e  o f  ICRP w h ic h  a r e  in te n d e d  t o  a p p ly  t o  
r a d i a t i o n  d o s e s  r e c e iv e d  fro m  a l l  s o u rc e s  o t h e r  th a n  th e  n a t u r a l  b a c k g ro u n d  
a n d  m e d ic a l  p r o c e d u re s  o r  n a t io n a l  l i m i t s  w h ic h  a r e  s e t  s p e c i f i c a l l y  f o r  
a p p l i c a t i o n  t o  r a d i o a c t i v e  w a s te  d is p o s a l .  T h e re  a r e  some c i r c u m s ta n c e s ,  
h o w e v e r, i n  w h ic h  a  u s e f u l  a l t e r n a t i v e  m e a s u re  o f  e n v ir o n m e n ta l  c a p a c i t y  
i s  a  c o m p a r is o n  o f  a d d i t i o n a l  d o s e s  due  t o  r a d io a c t i v e  w a s te  d is p o s a l  w i t h  
d o s e s  due  t o  n a t u r a l  b a c k g ro u n d  r a d i a t i o n ,  o r  t o  th e  n a t u r a l  v a r i a t i o n s  i n  
b a c k g ro u n d , r a t h e r  th a n  w i t h  d o se  l i m i t s .

2 .  THE RELATIONSHIP BETWEEN DOSE AND RISK

The c r i t e r i a  b y  w h ic h  a n y  c h a n g e s  i n  t h e  l e v e l s  o f  r a d i o a c t i v i t y  o r  
r a d i a t i o n  i n  t h e  e n v iro n m e n t c a n  b e  ju d g e d  h a v e  r e c e n t l y  b e e n  re v ie w e d  
b y  M a r le y  / 2 /  and t h e  f o l l o w i n g  p a ra g ra p h s  in c lu d e  su m m a rie s  o f  m a t e r ia l  
and  c o n c lu s io n s  fro m  t h a t  r e v ie w .

2 .1  ICRP Dose L i m i t s  f o r  I n d iv i d u a l s  and L o c a l P o p u la t io n s

I n  i t s  re c o m m e n d a tio n s  f o r  t h e  c o n t r o l  o f  d o se s  t o  t h e  p u b l i c  th e  
ICRP h a s  d i s t in g u is h e d  b e tw e e n  i n d i v i d u a l  p e rs o n s  and w h o le  p o p u la t io n s  o r  
l a r g e  s e c t io n s  o f  p o p u la t io n s .  The C o m m iss io n  h a s  s t r e s s e d  t h a t  i t  i s  
n e c e s s a ry  t o  c o n s id e r  n o t  o n ly  t h e  m a g n itu d e  o f  i n d i v i d u a l  r i s k s  b u t  t h e
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nu m ber o f  p e rs o n s  e x p o s e d  s in c e  t h e  t o t a l  b u rd e n  o f  s o m a t ic  an d  g e n e t ic  
d o s e  i n  a n y  p o p u la t io n  u n d e r  c o n s id e r a t io n  may j u s t i f y  t h e  e f f o r t  r e q u i r e d  
t o  a c h ie v e  f u r t h e r  l i m i t a t i o n  o f  e x p o s u re .  T h e  ICRP Dose L i m i t  f o r  
i n d i v i d u a l s  i s  s e t  a t  0 .5  re m /y  f o r  e x p o s u re  o f  th e  g o n a d s , b lo o d - fo r m in g  
o rg a n s  o r  th e  w h o le  b o d y  f o r  i n d i v i d u a l s ;  f o r  l o c a l  p o p u la t io n s  i t  i s  
recom m ended t h a t  t h e  d o s e  s h o u ld  b e  c a lc u la t e d  b y  i d e n t i f y i n g  a n  a p p r o p r ia t e  
c r i t i c a l  g r o u p ,  s m a ll  enough  t o  b e  hom ogeneous w i t h  r e s p e c t  t o  th o s e  
f a c t o r s  such  a s  a g e , d i e t  an d  th o s e  a s p e c ts  o f  b e h a v io u r  t h a t  a f f e c t  th e  
d o s e s  r e c e iv e d .  The g ro u p  s h o u ld  b e  r e p r e s e n t a t iv e  o f  th o s e  i n d i v i d u a l s  
i n  th e  p o p u la t io n  e x p e c te d  t o  r e c e iv e  th e  h ig h e s t  d o s e  fro m  e a ch  p a r t i c u l a r  
s o u rc e  an d  th e  C o m m is s io n 's  Dose L i m i t  f o r  i n d i v i d u a l s  s h o u ld  b e  a p p l ie d  t o  
t h e  mean d o se  t o  t h i s  g r o u p .  T h is  p ro c e d u re  i s  u s e d  i n  many c o u n t r ie s  
a s  a  m e th o d  o f  e v a lu a t in g  t h e  s i g n i f i c a n c e  o f  t h e  do se  t o  l i m i t e d  g ro u p s  
o f  p e o p le  e x p o s e d  t o  r a d i a t i o n  as  a r e s u l t  o f  th e  d is c h a r g e  o f  r a d i o a c t i v e  
e f f l u e n t s .

2 .2  ICRP Dose L im i t s  f o r  L a rg e  P o p u la t io n s -

The ICRP h a s  recom m ended t h a t  t h e  g e n e t ic  d o se  to  th e  p o p u la t io n ,  
t h a t  i s  t h e  a v e ra g e  a n n u a l gonad d o se  o f  t h e  w h o le  p o p u la t io n  m u l t i p l i e d  
b y  t h e  mean ag e  o f  c h i l d - b e a r i n g ,  s h o u ld  b e  k e p t  t o  th e  m inim um  am oun t 
c o n s is t e n t  w i t h  n e c e s s i t y  a n d  s h o u ld  c e r t a i n l y  n o t  e x c e e d  5 rem s p e r  
g e n e r a t io n  ( i . e .  30 y e a r s )  f ro m  a l l  s o u rc e s  o t h e r  th a n  n a t u r a l  b a c k g ro u n d  
a nd  m e d ic a l p r o c e d u re s .  The e q u iv a le n t  a n n u a l d o s e - r a t e  o f  170 m re m /y  
i s  o f t e n  a f e a t u r e  o f  d is c u s s io n s  o n  r a d i a t i o n  e x p o s u re  s ta n d a r d s .  The 
C o m m iss io n  p o in t s  o u t  t h e  im p o r ta n c e  o f  e n s u r in g  t h a t  no  s in g le  ty p e  o f  
e x p o s u re  s h o u ld  ta k e  u p  a  d i s p r o p o r t io n a t e  s h a re  o f  t h e  t o t a l  b u t  le a v e s  
i t  t o  n a t io n a l  a u t h o r i t i e s  t o  d e c id e  th e  a p p o r t io n m e n t  b e tw e e n  d i f f e r e n t  
s o u rc e s  o f  e x p o s u re .  I n  t h e  U n i te d  K in gdo m  1 r e m /g e n e r a t io n  h a s  b e e n  
f i x e d  a s  th e  u p p e r  l i m i t  f o r  e x p o s u re  due t o  th e  d is p o s a l  o f  r a d i o a c t i v e  
w a s te s .

2 .3  D oses du e  t o  N a tu r a l  B a c k g ro u n d

The m o s t r e c e n t  e s t im a te s  o f  t h e  d o s e - r a te  t o  man due t o _ th e  n a t u r a l  
b a c k g ro u n d  i n  "n o rm a l a r e a s "  h a v e  be e n  p r o v id e d  b y  UNSCEAR /_ 3_/ and  a r e  
g iv e n  i n  T a b le  I .  The d o s e ^ ra te s  t o  t h e  g o n a d s , b o n e - l i n i n g  c e l l s  and  
b o n e -m a rro w  a r e  a b o u t 90 m r a d /y  and  th e s e  t i s s u e s  a r e  th o u g h t  t o  b e  t h e  
m o s t s i g n i f i c a n t  i n  te rm s  o f  t h e  r i s k  o f  b i o l o g i c a l  e f f e c t s  f ro m  i o n i s i n g  
r a d i a t i o n .  L o c a l v a r i a t i o n s  i n  b a c k g ro u n d  d o s e - r a te  a r e  com m only  o f  t h e  
o r d e r  o f  2 0 -3 0  m r a d /y  an d  r e g io n a l  v a r i a t i o n s  may be  a f a c t o r  o f  t h r e e  
(a n d  i n  a  fe w  a re a s  te n )  h ig h e r  th a n  th e  90 m r a d /y  q u o te d  h e r e  a s  t y p i c a l .

2 .4  R is k  E s t im a te s

UNSCEAR h a s  r e c e n t l y  r e - e s t . im a te d  th e  r i s k  o f  m a l ig n a n t  d is e a s e  f o l l o w 
i n g  la r g e  d o s e s  o f  r a d i a t i o n  /_ \J .  T h e se  e s t im a te s ,  su m m a rise d  i n  
T a b le  I I ,  w e re  b a s e d  i n  p a r t  o n  o b s e r v a t io n s  o n  t h e  s u r v iv o r s  o f  H iro s h im a  
a n d  N a g a s a k i_ a n d  in c lu d e d  f i n d i n g s  u p  to  t h e  y e a r  1970 r e p o r t e d  b y  J a b lo n  
an d  K a to  / 4 _ / .  T he  f i g u r e s  r e p r e s e n t  th e  e x c e s s  in c id e n c e  o f  m a lig n a n c y  
p e r  m i l l i o n  m a n -ra d s  f o r  i n d i v i d u a l s  e x p o s e d  a s  a d u l t s  and in c lu d e  a l l  
c a s e s  i d e n t i f i e d  i n  t h e  p e r io d  1 9 4 5 -1 9 7 0 . T h ey a r e  q u o te d  a s  ra n g e s  
b e c a u s e  t h e  in c id e n c e  v a r ie s  w i t h  th e  l e v e l  o f  d o se  r e c e iv e d .  The 
f i g u r e s  f o r  " o t h e r  c a n c e r s "  in c lu d e  some 50 c a s e s  o f  t h y r o i d  a n d  b r e a s t  
c a n c e r  w h ic h  a r e  n o t  n e c e s s a r i l y  a s s o c ia te d  w i t h  s h o r t  l i f e  e x p e c ta n c y .  
M a r le y  h a s  u s e d  th e s e  f i g u r e s  t o  e s t im a te  t h e  r i s k  o v e r  a  w h o le  l i f e - t i m e  
e x p re s s e d  i n  te rm s  o f  t i s s u e  r a t h e r  th a n  a i r  d o se  an d  h a s  a ls o  a d ju s te d  
th e m  t o  a l lo w  f o r  th e  g r e a t e r  e f f e c t i v e n e s s  o f  n e u t r o n  d o se s  i n  r e l a t i o n  
t o  gamma d o s e s . T h e re  i s  no  d i r e c t  e v id e n c e  o f  t h e  l i k e l y  f u t u r e



5 7 6 MORLEY

T A B L E  I. D O S E -R A T E S  D U E  T O  N A T U R A L  SO U R C ES 
IN 'N O R M A L ' A R E A S

D o s e - ra te s  (m rad  у  )

S o u rc e  o f  i r r a d i a t i o n
> G onads

B o n e - l in in g
c e l l s

Bone m a rro w

E x te r n a l  i r r a d i a t i o n
f

C o sm ic  r a y s  | 
T e r r e s t r i a l  r a d i a -  J

28

1

28 28

t i o n  Ê 4 4  j 4 4 4 4

I n t e r n a l  i r r a d i a t i o n  j
2 1  s

20 17

TOTAL j
9 3  I

92 89

R e f:  U n i te d  N a t io n s  S c i e n t i f i c  C o m m itte e  o n  th e  E f f e c t s
o f  A to m ic  R a d ia t io n ,  1 9 7 2 .

T A B L E  II. J A P A N E S E  A T O M IC  B O M B  SURVIVORS: 
E X C E S S  IN C ID E N C E  OF M A L IG N A N T  D ISEASE 
1 9 4 5 -1 9 7 0

T yp e  o f  M a lig n a n c y
Num ber o f  Cases 

p e r  1 0 ® m a n -ra d s  ( a i r  d o s e )

Le u ka e m ia b* (J
1 I о

O th e r  c a n c e rs 90 -  130

T o ta l 105 -  170

D e r iv e d  f r o m :  U n i te d  N a t io n s  S c i e n t i f i c  C o m m itte e
o n  t h e  E f f e c t s  o f  A to m ic  R a d ia t io n
19 7 2 .

in c id e n c e  o f  c a n c e rs  o t h e r  th a n  leukaemia i n  th e  Jap anese  s u r v iv o r s  and 
Marley th o u gh t  i t  r e a s o n a b le  to  double t h e  f i g u r e s  found i n  t h e  f i r s t  25 
y e a r s .  The in c id e n c e  o f  leukaem ia s t a r t e d  to  f a l l  a f t e r  an  average  
l a t e n c y  p e r io d  o f  t h e  o rd e r  o f  t e n  y e a r s  and h e  in c r e a s e d  t h e s e  c a s e s  by 
a s m a l le r  f a c t o r .  H is  c o n c lu s io n  i s  t h a t  th e  l i f e - t i m e  r i s k  o f  a l l  
m a l ig n an c ie s  may be abou t 250 c a se s  p e r  m i l l i o n  man r a d s  in c lu d in g  40-50 
c a s e s  o f  leu kae m ia .  These f i g u r e s  a r e  b ased  upon d a ta  f o r  th e  exposure 
o f  a d u l t s  b u t  a f t e r  rev iew ing  th e  d a ta  f o r  c h i l d r e n  he concluded t h a t  
p r e s e n t  ev idence  does n o t  w a rran t  a d i f f e r e n t  f i g u r e  f o r  t h e  o v e r a l l  
in c id e n c e  o f  malignancy .
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E x p o s u re  t o  b a c k g ro u n d  r a d i a t i o n  and  e n v ir o n m e n ta l  r a d i o a c t i v i t y  f ro m  
w a s te  d is p o s a l  g e n e r a l l y  o c c u rs  c h r o n i c a l l y  i n  th e  ra n g e  0 . 1 - 0 .5  r a d / y  
w h e re a s  t h e  d o s e s  t o  t h e  J a p a n e s e  s u r v iv o r s  w e re  a c u te  an d  a m o u n te d  t o  
a t  l e a s t  a fe w  te n s  o f  r a d s .  UNSCEAR d re w  a t t e n t i o n  t o  t h e  e v id e n c e  fro m  
a n im a l e x p e r im e n ts  t h a t  t h e  y i e l d  o f  tu m o u rs  p e r  u n i t  d o se  s h o u ld  b e  lo w e r  
w hen th e  d o s e s  a r e  lo w  an d  p r o t r a c t e d .  M a r le y  c o n c lu d e d  t h a t  a n  o v e r a l l  
r i s k  o f  10 0  f a t a l  m a lig n a n c ie s  p e r  m i l l i o n - r a d s  was a re a s o n a b le  f i g u r e  
f o r  t h e  a s s e s s m e n t o f  e n v ir o n m e n ta l  p ro b le m s  such  a s  th o s e  due t o  
r a d i o a c t i v e  w a s te  d is p o s a l  an d  i t  r e p r e s e n ts  an  u p p e r  l i m i t  t o  th e  in c id e n c e  
w h ic h  w o u ld  b e  e x p e c te d  i n  p r a c t i c e .

E s t im a te s  o f  t h e  in c id e n c e  o f  g e n e t ic  damage f o l l o w i n g  i r r a d i a t i o n  
a r e  d e r iv e d  f ro m  a n im a l e x p e r im e n ts ,  p a r t i c u l a r l y  e x p e r im e n ts  w i t h  m ic e  
b e c a u s e  human d a ta  a r e  n o t  a v a i l a b l e ,  b u t  UNSCEAR c o n s id e r e d  t h a t  th e  
r e s u l t s  o f  th e s e  e x p e r im e n ts  c a n  now b e  u s e d  w i t h  some c o n f id e n c e  t o  
c a l c u l a t e  e f f e c t s  i n  human p o p u la t io n s .  The n a t u r a l  in c id e n c e  o f  
g e n e t i c a l l y  t r a n s m i t t e d  d is e a s e  i n  hum ans i s  a b o u t 3 0 ,0 0 0  c a s e s  p e r  m i l l i o n  
(T a b le  I I I )  l i v e - b i r t h s .  UNSCEAR c o n c lu d e d  t h a t  t h i s  in c id e n c e  w o u ld  be  
in c r e a s e d  b y  a b o u t  1% i . e .  300 c a s e s  p e r  m i l l i o n  l i v e  b i r t h s  f o r  e v e ry  
r a d  r e c e iv e d  b y  th e  p a r e n t a l  g e n e r a t io n  u n d e r  c o n d i t io n s  o f  c h r o n ic  
e x p o s u re .  O n ly  a b o u t 20 o f  th e s e  300 a d d i t i o n a l  c a s e s  w i l l  o c c u r  i n  th e  
im m e d ia te  d e s c e n d a n ts  o f  th e  i r r a d i a t e d  p a r e n t s ;  th e  r e s t  w i l l  b e  s p re a d  
o v e r  many g e n e r a t io n s .

T h ese  r i s k  c o e f f i c i e n t s  f o r  g e n e t ic  a n d  s o m a tic  i n j u r y  c a n  b e  u s e d  t o  
e s t im a te  th e  u p p e r  l i m i t  o f  r e a l  b i o l o g i c a l  damage a s s o c ia te d  w i t h  th e  
lo w  d o s e s  o f  c h r o n ic  r a d i a t i o n  such  a s  th o s e  due t o  b a c k g ro u n d  and r a d io 
a c t i v e  w a s te  d is p o s a l  ( T a b le  I V ) .  I n  t h e  U n i te d  K in gdo m  d e a th s  f ro m  a l l  
fo rm s  o f  c a n c e r  o c c u r  a t  t h e  r a t e  o f  2 ,3 0 0  p e r  m i l l i o n  p e r  y e a r .  M a r le y 's  
e s t im a te  o f  10 0  c a s e s  p e r  m i l l i o n  m an-rem  s u g g e s t t h a t  a b a c k g ro u n d  d o s e -  
r a t e  o f  th e  o r d e r  o f  0 . 1  r a d / y  c o u ld  a c c o u n t  a t  m o s t f o r  o n ly  t e n  o f  th e s e  
2300 c a s e s  i . e .  le s s  th a n  0 .5 % . The b i r t h - r a t e  i n  th e  U n i te d  K in gdo m  i s  
a b o u t  15000 p e r  m i l l i o n  and  i n  t h i s  f i g u r e  a r e  a b o u t 500 c a s e s  o f  s e v e re  
g e n e t i c a l l y  t r a n s m i t t e d  d is e a s e .  The UNSCEAR r i s k  c o e f f i c i e n t  o f  1% p e r 
r a d  p e r  g e n e r a t io n  s u g g e s ts  t h a t  b a c k g ro u n d  r a d i a t i o n  i s  r e s p o n s ib le  f o r  
n o t  m o re  th a n  15 ( i . e .  3%) o f  th e s e  c a s e s .  The c o n c lu s io n  fro m  t h i s  
k in d  o f  a n a ly s is  seems t o  b e  t h a t  n a t u r a l  b a c k g ro u n d  r a d i a t i o n  i s  

^  r e s p o n s ib le  f o r  a v e r y  s m a ll p r o p o r t io n  o f  d is e a s e  i n  man and  t h a t  e x p o s u re  
o f  p o p u la t io n s  t o  l e v e l s  o f  m an-m ade r a d i a t i o n  w h ic h  a r e ,  o n  a v e ra g e ,  n o t  
v e r y  much h ig h e r  th a n  b a c k g ro u n d  c a n n o t r e s u l t  i n  m a rke d  in c r e a s e s  i n  th e  
in c id e n c e  o f  e i t h e r  s o m a t ic  o r  g e n e t ic  i n j u r y  i n  th o s e  p o p u la t io n s .

T A B L E  III. IN C ID E N C E  OF G E N E T I C A L L Y  IN D U C ED  
S E V E R E L Y  H A N D IC A P P IN G  D IS E A S E S

N a tu r a l  in c id e n c e  [ 3 0 ,0 0 0  p e r  m i l l i o n  l i v e  b i r t h s

it

E x c e s s  in c id e n c e  p e r  f < 300 "  "  "  "
r a d  p e r  g e n e r a t io n  j

. . . J

( a t  e q u i l i b r iu m )

) - .........

D e r iv e d  f r o m :  U n i te d  N a t io n s  S c i e n t i f i c  C o m m itte e  on
th e  E f f e c t s  o f  A to m ic  R a d ia t io n  1972
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T A B L E  IV. E S T IM A T E D . E F F E C T  O F B AC K GR OU ND  
R A D IA TIO N  IN U N IT E D  KINGDOM

A l l  d e a th s  fro m  m a lig n a n t  n e o p la s m s

In c id e n c e  due t o  b a c k g ro u n d  r a d i a 
t i o n  ( 0 . 1  r a d / y )

2300 p e r  m i l l i o n / y e a r  

• < 1 0  "  "  "

A l l  c a s e s  o f  g e n e t i c a l l y  in d u c e d  
s e v e r e ly  h a n d ic a p p in g  d is e a s e 500 p e r  m i l l i o n / y e a r

In c id e n c e  due t o  b a c k g ro u n d  r a d ia 
t i o n  ( 0 . 1  r a d / y ) < 15  "  "  "

D e r iv e d  fro m  r e f .  / 2 /

A t  t h e  ICRP Dose L i m i t  o f  0 .5  r a d / y  th e s e  r i s k  c o e f f i c i e n t s  im p ly  a 
s t a t i s t i c a l  a d d i t io n a l  r i s k  o f  c a n c e r  o f  1  i n  2 0 ,0 0 0  f o r  e v e r y  y e a r  o f  
e x p o s u re  an d  an a d d i t io n a l  r i s k  o f  1  i n  1 0 0 ,0 0 0  f o r  f i r s t  g e n e r a t io n  
g e n e t ic  damage i n  th e  c h i l d r e n  o f  th e  e x p o s e d  i n d i v i d u a l ;  t h i s  a p p l i c a t io n  
o f  t h e  c o e f f i c i e n t s  t o  e s t im a te  r i s k s  t o  i n d i v i d u a l s  i s  a te n u o u s  e x t r a 
p o la t io n  o f  t h e  a v a i l a b l e  s c i e n t i f i c  e v id e n c e  b u t  c l e a r l y  i n d i c a t e s  t h a t  
th e  r i s k s  a r e  s m a ll  com pare d  w i t h  th e  o r d in a r y  r i s k s  o f  l i f e .

3 . "L IM IT IN G "  AND "STIPULATED" EN VITONMENTAL CAPACITIES

The p r e s e n t  c o n v e n t io n  o f  a s s u m in g  a  p o s i t i v e  r e l a t i o n s h i p  b e tw e e n  
d o se  an d  r i s k ,  i r r e s p e c t i v e  o f  d o s e - r a te  o r  l e v e l  o f  d o s e , im p l ie s  t h a t  
e v e n  w hen a s e c to r  o f  t h e  e n v iro n m e n t i s  u n iq u e ly  d e f in e d  t h e r e  c a n  be  no 
r a t e  o f  i n t r o d u c t i o n  o f  r a d i o a c t i v i t y  w h ic h  c a n  b e  g u a ra n te e d  t o  p ro d u c e  
z e ro  i n j u r y  i n  m an. I t  f o l l o w s  t h a t  i f  t h e  c o n c e p t o f  e n v ir o n m e n ta l  
c a p a c i t y  i s  t o  b e  u s e f u l  q u a n t i t a t i v e l y  i t  m u s t b e  u n a m b ig u o u s ly  r e la t e d  
t o  d o s e ; i f  d i f f e r e n t  d o se  c r i t e r i a  a r e  a p p l ie d  t o  d i f f e r e n t  s i t u a t i o n s  
th e  te r m  e n v ir o n m e n ta l  c a p a c i t y  m u s t b e  q u a l i f i e d  a p p r o p r i a t e l y .  A 
p a n e l u n d e r  th e  c h a ir m a n s h ip  o f  P o lv a n i  c o n v e n e d  b y  th e  IAEA i n  1970 
s u g g e s te d  a c o n s is t e n t  te r m in o lo g y  _ /5 _ / .  A lth o u g h  t h i s  p a n e l was 
c o n c e rn e d  w i t h  th e  p r i n c i p l e s  f o r  l i m i t i n g  th e  i n t r o d u c t i o n  o f  r a d i o a c t i v e  
w a s te  i n t o  th e  sea  th e  te r m in o lo g y  i s  m o re  g e n e r a l ly  a p p l ic a b le .  The 
te r m  " l i m i t i n g  c a p a c i t y "  o f  a  s e c to r  o f  t h e  e n v iro n m e n t w as u s e d  t o  mean 
t h e  r a t e  o f  i n t r o d u c t i o n  o f  r a d io n u c l id e s  w h ic h  w o u ld  r e s u l t  i n  d o se s  
e q u a l t o  ICRP Dose L i m i t s .  The c a l c u l a t i o n  o f  l i m i t i n g  c a p a c i t y  i s  
b a s e d  e n t i r e l y  o n  s c i e n t i f i c  f a c t o r s ,  e . g .  c r i t i c a l  p a th  m e th o d o lo g y ,  and 
no  s a f e t y  f a c t o r s  a r e  d e l i b e r a t e l y  in t r o d u c e d  i n t o  th e  c a l c u l a t i o n .  T he  
p a n e l r e c o g n is e d  t h a t  t h e r e  a r e  o t h e r  f a c t o r s ,  some b e in g  s c i e n t i f i c  ( e . g .  
e c o lo g ic a l )  b u t  o t h e r s  b e in g  s o c i a l ,  e c o n o m ic  and p o l i t i c a l ,  w h ic h  may 
h a v e  t h e  e f f e c t  o f  r e s t r i c t i n g  r e le a s e s  o f  r a d io a c t i v e  w a s te s  to  a l e v e l  
b e lo w  t h a t  o f  th e  l i m i t i n g  c a p a c i t y .  T h e  te rm  " s t i p u la t e d  c a p a c i t y "  was 
u s e d  a s  a  te rm  t o  d e s c r ib e  t h e  t o t a l  o f  a l l  t h e  r e le a s e s  a c t u a l l y  a p p ro v e d  
f o r  r e le a s e  i n t o  a s e c t o r  o f  th e  e n v ir o n m e n t .  T h e  s t i p u l a t e d  c a p a c i t y  
c a n n o t  e x c e e d  th e  l i m i t i n g  c a p a c i t y  w i t h o u t  t h e  r i s k  o f  e x p o s in g  
in d i v i d u a l s  o r  c r i t i c a l  g ro u p s  t o  d o se s  e x c e e d in g  ICRP Dose L i m i t s .  The
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te r m  " p r o v i s io n a l  e n v ir o n m e n ta l  c a p a c i t y "  h a s  b e e n  u se d  _ /6 _ /  t o  d e s c r ib e  
e s t im a te s  o f  l i m i t i n g  c a p a c i t y  i n  w h ic h  s a f e t y  f a c t o r s  h a v e  be e n  in t r o d u c e d  
b e c a u s e  a s s u m p tio n s  o r  u n c e r t a in t ie s  i n  d a ta  le a v e  some d o u b t a b o u t  th e  
v a l i d i t y  o f  t h e  c a l c u l a t i o n s .

T h is  s e p a r a t io n  o f  s c i e n t i f i c  an d  s o c i o - p o l i t i c a l  c o n s id e r a t io n s  was 
c o n s id e r e d  to  b e  t h e  a p p ro a c h  l e a s t  l i k e l y  t o  c a u s e  c o n fu s io n  t o  b o th  
s c i e n t i s t s  an d  la y m e n . T h e  P a n e l g a ve  a s  a n  e x a m p le  th o s e  c o u n t r ie s  i n  
w h ic h  th e  e s ta b l is h m e n t  o f  a l lo w a b le  r a t e s  o f  r e le a s e  t o  l o c a l  e n v iro n m e n ts  
b a s e d  u p o n  th e  o b s e rv e d  h a b i t s  o f  t h e  l o c a l  p o p u la t io n  m ig h t  n o t  b e  
fa v o u r e d .  The a rg u m e n t f o r  t h i s  v ie w  m ig h t  b e  t h a t  t h e  g r o w th  o f  n u c le a r  
p o w e r w i l l  e v e n t u a l l y  r e s u l t  i n  a p r o l i f e r a t i o n  o f  s o u rc e s  o f  r a d i a t i o n  
e x p o s u re ;  d r in k in g  w a te r  an d  f o o d s t u f f s  consum ed b y  a n y  p o p u la t io n  
g ro u p  m ig h t  th e n  c o n t a in  r a d i o a c t i v i t y  f ro m  s e v e ra l  s o u r c e s .  I f  th e  
c o n c e n t r a t io n s  o f  r a d io n u c l id e s  i n  a l l  w a te r  an d  fo o d  a r e  k e p t  b e lo w  s a fe  
l i m i t s  th e n  th e  g e n e ra l  p o p u la t io n  i s  p r o t e c t e d  in d e p e n d e n t ly  o f  t h e  
p r o l i f e r a t i o n  o f  s o u rc e s  o f  w a s te  o r  t h e  d i e t a r y  h a b i t s  o f  p a r t i c u l a r  
p o p u la t io n  g r o u p s .  I n  th e s e  c ir c u m s ta n c e s  no  c r e d i t  i s  ta k e n  f o r  t h e  
f a c t  t h a t  a p a r t i c u l a r  c r i t i c a l  f o o d s t u f f  may c o n s t i t u t e  o n ly  a s m a ll 
f r a c t i o n  o f  t h e  t o t a l  d i e t a r y  i n t a k e .  T h is  i s  a m o re  r e s t r i c t i v e  
a p p ro a c h  th a n  t h e  u s e  o f  t h e  c r i t i c a l  p a th w a y  -  c r i t i c a l  g ro u p  c o n c e p t  i n  
w h ic h  th e r e  i s  a s y s te m a t ic  e v a lu a t io n  o f  a l l  r o u te s  b y  w h ic h  r a d io n u c l id e s  
a r e  r e tu r n e d  t o  man an d  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  each r o u t e  t o  t o t a l  
d o s e . T he  P a n e l a rg u e d  t h a t  a l th o u g h  th e  m ore  r e s t r i c t i v e  a p p ro a c h  m ig h t  
w e l l  b e  a p p r o p r ia t e  f o r  t h e  e s t im a t io n  o f  s t i p u l a t e d  c a p a c i t y  i t  s h o u ld  
n o t  b e  u s e d  f o r  t h e  e s t im a t io n  o f  a c t u a l  d o s e s  r e c e iv e d  o r  f o r  e s t a b l is h in g  
l i m i t i n g  c a p a c i t y .

4 .  DOSE ASSESSMENT

T e c h n iq u e s  f o r  e s t im a t in g  th e  r e l a t i o n s h i p  b e tw e e n  r e le a s e  r a t e s  o f  
r a d io a c t i v e  e f f l u e n t s  an d  d o se _ to _ m a n  a r e  d e s c r ib e d  c o m p re h e n s iv e ly  a t  
t h i s  sym posium  and e ls e w h e re  / ? , £ / ;  o n ly  a fe w  g e n e ra l o b s e r v a t io n s  a r e  
a p p r o p r ia t e  i n  t h i s  p a p e r .

I n f o r m a t io n  a b o u t  t h e  i n i t i a l  c o m p o s i t io n  o f  t h e  w a s te  may b e  o f  
g r e a t  im p o r ta n c e .  A k n o w le d g e  o f  th e  i d e n t i t y  o f  t h e  n u c l id e s  w h ic h  a r e  
p r e s e n t  i n  t h e  w a s te s  i s  e s s e n t ia l  s in c e  d i f f e r e n t  r a d io n u c l id e s  may h a v e  
w id e ly  d i f f e r i n g  t o x i c i t i e s  and e x h i b i t  p r o fo u n d ly  d i f f e r e n t  b e h a v io u r  
i n  th e  e n v ir o n m e n t .  T h is  b e h a v io u r  may a ls o  b e  in f lu e n c e d  b y  t h e  p h y s ic a l  
an d  c h e m ic a l fo rm  o f  w a s te s  a t  t h e  t im e  o f  r e le a s e .  The mode o f  r e le a s e  
may h a v e  a c o n s id e r a b le  e f f e c t  o n  d o s e s  t o  l o c a l  p o p u la t io n s .  L i m i t i n g  
e n v ir o n m e n ta l  c a p a c i t y  i s  m o s t o f t e n  d e te rm in e d  b y  th e  d o se  t o  a l o c a l  
c r i t i c a l  g ro u p  and s ta c k  h e ig h t ,  i n  t h e  c a s e  o f  d is c h a r g e s  t o  a tm o s p h e re , 
o r  t h e  p o s i t i o n in g  o f  a l i q u i d  e f f l u e n t  o u t f a l l  may b e  o f  g r e a t  im p o r ta n c e .  
T h e  t r a n s p o r t  an d  d i l u t i o n  o f  w a s te s  a f t e r  r e le a s e  may u s u a l ly  b e  c a lc u la t e d  
fro m  n u m e r ic a l  m o d e ls  s u i t e d  t o  t h e  s c a le  o f  th e  e n v iro n m e n t u n d e r  
c o n s id e r a t io n .

C r i t i c a l  p a th w a y  and c r i t i c a l  g ro u p  m e th o d o lo g y  depend  u p o n  th e  
i d e n t i f i c a t i o n  o f  a c r i t i c a l  g ro u p  w h ic h  may b e  r e a l  a n d  d e f in e d  b y  means 
o f  a  p o p u la t io n  h a b i t  s u r v e y ;  a l t e r n a t i v e l y  a  h y p o t h e t ic a l  c r i t i c a l  g ro u p  
may b e  p o s t u la t e d  w i t h  e x tre m e  h a b i t s  i n  w h ic h  c a s e  t h e  e s t im a te d  d o s e s  
a r e  l i k e l y  t o  e x c e e d  th o s e  a c t u a l l y  r e c e iv e d .  I f  a  r e a l  a n d  la r g e  
l o c a l  e x p o s e d  p o p u la t io n  i s  in v o lv e d  i t  may n o t  b e  e a s y  t o  c a l c u l a t e  o r  
ju d g e  th e  "m ean d o s e "  t o  th e  c r i t i c a l  g ro u p  i f  no  d i s t i n c t  s u b -g ro u p  
w i t h  e x c e p t io n a l  h a b i t s  ca n  b e  c l e a r l y  i d e n t i f i e d .  When t h e  e x p o s e d  
g ro u p  i s  v e r y  s m a ll  a s s e s s m e n ts  may h a v e  t o  b e  b a s e d  o n  th e  m o s t h i g h l y
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e xp o se d  i n d i v i d u a l s .  I t  m u s t a lw a y s  b e  k e p t  i n  m in d  t h a t  b o th  e f f l u e n t  
c o m p o s i t io n  and p o p u la t io n  h a b i t s  may c h a n g e  w i t h  t im e  an d  re v ie w  
p r o c e d u re s  a r e  e s s e n t i a l .

An a l t e r n a t i v e  t o  c r i t i c a l  p a th  a n a ly s is  f o r  do se  a s s e s s m e n t i s  th e  
c o n c e p t_ o f  "maximum s p e c i f i c  a c t i v i t y "  w h ic h  was c o n s id e r e d  b y  t h e . P o lv a n i  
p a n e l /_5_ / . The s t a r t i n g  p o in t  i s  t h e  ICRP recom m ended l i m i t  f o r  th e  
o rg a n  o r  b o d y  b u rd e n  o f  a p a r t i c u l a r  r a d io n u c l i d e .  T he  c o n c e n t r a t io n  o f  
th e  s t a b le  a n a lo g u e  i n  th e  same o rg a n  i s  d e te rm in e d  an d  t h e  r a t i o  o f  t h e  
tw o  c o n c e n t r a t io n s  u s e d  to  c a l c u la t e  th e  l i m i t i n g  s p e c i f i c  a c t i v i t y  i n  th e  
m edium  i n t o  w h ic h  w a s te  i s  r e le a s e d  an d  th e n ,  o n  th e  b a s is  o f  a s u i t a b le  
e n v ir o n m e n ta l  m o d e l,  t o  th e  l i m i t i n g  s p e c i f i c  a c t i v i t y  i n  t h e  w a s te  i t s e l f .  
The m e th o d  i s  a t t r a c t i v e  f o r  is o to p e s  o f  th o s e  e le m e n ts  w h ic h  may b e  u n d e r  
h o m e o s ta t ic  c o n t r o l  i n  t h e  b o d y  so t h a t  r a d io n u c l id e  r e t e n t i o n  i s  m ore  
r e a d i l y  r e la t e d  t o  th e  r a t e  o f  i n t a k e  o f  th e  s t a b le  a n a lo g u e  th a n  t o  th e  
r a t e  o f  i n t a k e  o f  th e  r a d io n u c l id e  i t s e l f .  The m e th o d  ha s f r e q u e n t l y  
b e e n  a p p l ie d  t o  th e  t r i t i u m  c o n te n t  o f  w a te r  and  w i t h  some m o d i f i c a t io n  
t o  9C*Sr, u s in g  s t a b le  c a lc iu m  as an a n a lo g u e .  The P o lv a n i  p a n e l ,  
h o w e v e r, p o in te d  o u t  t h a t  t h e  v a l i d i t y  o f  t h e  m e th o d  d e p e n d s  u p o n  t h e  
r a p i d  e s ta b l is h m e n t  o f  e q u i l i b r i u m  b e tw e e n  th e  r e le a s e d  r a d io n u c l id e  and  
th e  v a r io u s  fo rm s  o f  t h e  same e le m e n t i n  t h e  e n v ir o n m e n t.  I n  t h e  c o n t e x t  
o f  m a r in e  d is p o s a l  th e  p a n e l a ls o  c o n c lu d e d  t h a t  th e  a p p ro a c h  assum es a 
k n o w le d g e  o f  t r a c e  e le m e n t c o n c e n t r a t io n s  a n d  b i o l o g i c a l  a v a i l a b i l i t i e s  
i n  th e  m a r in e  r e s e r v o i r  w h ic h  does n o t  c u r r e n t l y  e x i s t  f o r  th e  m a jo r i t y  o f  
e le m e n ts  o f  i n t e r e s t  i n  w a s te  d is p o s a l ;  i t  i s  a ls o  in a p p l i c a b le  to  
e x t e r n a l  d o se  p ro b le m s  an d  th e  a s s e s s m e n t o f  d o se  t o  th e  g a s t r o - i n t e s t i n a l  
t r a c t .

.5 .  ENVIRONMENTAL SCALE

D e s c r ip t io n  o f  e n v ir o n m e n ta l  c a p a c i t y  i n  t e r n s  o f  r e le a s e  r a t e s  
a s s o c ia te d  w i t h  ICRP o r  e q u iv a le n t  n a t io n a l  d o se  l i m i t s  and c r i t i c a l  p a th  
a n a ly s is  seems w e l l  s u i t e d  to  th e  c o n s id e r a t io n  o f  i n d i v i d u a l  r e le a s e s  
w h ic h  le a d  t o  d o se s  to  s m a ll  p o p u la t io n  g ro u p s  w i t h i n  n a t io n a l  b o u n d a r ie s .  
W i t h in  c o u n t r ie s  a c o n s is t e n t  s y s te m  o f  n a t io n a l  d o se  s ta n d a r d s  ca n  b e  
e x p e c te d .  I n  th e  m a jo r i t y  o f  c a s e s  s o m a t ic  d o se s  t o  l o c a l  p o p u la t io n s  
w i l l  b e  th e  l i m i t i n g  f a c t o r .  Even i f  t h e  e x p o se d  p o p u la t io n  i s  r e l a t i v e l y  
l a r g e  an d  t h e  d o s e s  w h ic h  i t  r e c e iv e s  h a v e  a s i g n i f i c a n t  g e n e t ic  c o m p o n e n t, 
th e  c o n t r i b u t i o n  t o  th e  t o t a l  p o p u la t io n  g e n e t ic  d o se  o f  th e  c o u n t r y  
c o n c e rn e d  c a n  b e  a s s e s s e d  an d  i f  n e c e s s a ry  r e g u la te d  i n  a c c o rd a n c e  w i t h  
th e  p o l i c y  o f  t h e  n a t io n a l  c o m p e te n t a u t h o r i t y .  F u r t h e r ,  i t  i s  w i t h i n  
th e  j u r i s d i c t i o n  o f  n a t io n a l  c o m p e te n t a u t h o r i t i e s  to  e n s u re  t h a t  th e  
t o t a l  o f  a l l  s t i p u l a t e d  c a p a c i t ie s ,  i n  t h e  s e n s e  d e s c r ib e d  i n  S e c t io n  3 , 
do n o t  e x c e e d  th e  l i m i t i n g  c a p a c i t y  o f  a p a r t i c u l a r  s e c to r  o f  t h e  n a t io n a l  
e n v ir o n m e n t .  T h e se  ta s k s  a r e  much s i m p l i f i e d  when th e  e n v iro n m e n t i n t o  
w h ic h  r e le a s e s  a r e  made a r e  b o u n d e d  b y  to p o g r a p h ic a l  o r  g e o lo g ic a l  
f e a t u r e s  a s  i s  th e  c a s e  w hen d is c h a r g e s  a r e  made i n t o  r i v e r s ,  la k e s  and  
i n t o  th e  g ro u n d . I n t e r n a t i o n a l  r i v e r s  a n d  la k e s  a r e  a  s p e c ia l  c a s e  
w h ic h  in v o lv e s  b o th  n a t io n a l  an d  r e g io n a l  i n t e r e s t s .

When r e le a s e s  a r e  made i n t o  th e  a tm o s p h e re  t h e  e n v ir o n m e n ta l  s c a le  t o  
b e  c o n s id e r e d  may b e  d e te rm in e d  b y  t h e  r a d i o a c t i v e  h a l f - l i v e s  o f  t h e  n u c l id e s  
in v o lv e d .

A tm o s p h e r ic  t r a n s p o r t  p ro c e s s e s  a r e  r a p id ,  an d  a l th o u g h  n u c l id e s  w i t h  
h a l f - l i v e s  o f  th e  o r d e r  o f  a fe w  h o u rs  may b e  c o n s id e r e d  i n  a l o c a l  o r  
n a t io n a l  c o n t e x t  o n ly ,  n u c l id e s  w i t h  h a l f - l i v e s  o f  th e  o r d e r s  o f  d a y s  an d  
y e a r s ,  i f  r e le a s e d  i n  s i g n i f i c a n t  q u a n t i t y ,  m u s t a ls o  b e  a s s e s s e d  i n  te rm s  
o f  r e g io n a l  and g lo b a l  c o n s id e r a t io n .
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T h e  d is p e r s io n  o f  r a d io n u c l id e s  i n  t h e  sea  i s  h e a v i l y  d e p e n d e n t up o n  
c h e m ic a l i d e n t i t y  a n d  p h y s ic o - c h e m ic a l  fo r m .  R e le a s e s  f ro m  .c o a s ta l  s i t e s  
may b e  o f  r e g io n a l  i n t e r e s t  i n  th e  c a s e  o f  t h e  l o n g e r - l i v e d  m o b i le  n u c l id e s  
w h i le  d is p o s a l  i n t o  t h e  de e p  o c e a n  h a s  lo n g  b e e n  r e c o g n is e d  a s  h a v in g  
i n t e r n a t i o n a l  s i g n i f i c a n c e .  The m o b i l i t y  o f  t r i t i u m  i n  th e  a tm o s p h e re  
and  th e  m a r in e  e n v iro n m e n t and th e  im p o r ta n c e  o f  t h i s  n u c l id e  i n  f i s s i o n  
an d  p o s s ib le  f u t u r e  f u s i o n  p o w e r p rogra m m e s h a s  a l r e a d y  r e s u l t e d  i n  much 
s tu d y  a t  t h e  i n t e r n a t i o n a l  l e v e l .

The d e f i n i t i o n  and a p p l i c a t io n  o f  t h e  c o n c e p t  o f  e n v ir o n m e n ta l  c a p a c i t y  
a s  e n v ir o n m e n ta l  s c a le  in c r e a s e s  a r e  m a t te r s  w h ic h  a r e  s t i l l  t o  b e  r e s o lv e d .  
The l i m i t a t i o n  a n d  a p p o r t io n m e n t  o f  g e n e t i c a l l y  s i g n i f i c a n t  d o se  t o  
r e g io n a l  and g lo b a l  p o p u la t io n s  c a n n o t b e  a g re e d  o n  a  n a t io n a l  b a s is .
M any s c i e n t i s t s  in v o lv e d  i n  s t u d ie s  o f  e n v ir o n m e n ta l  r a d i o a c t i v i t y  on  
su ch  a s c a le  c o m p a re  b o th  th e  g e n e t ic  an d  s o m a t ic  d o s e s  w h ic h  th e y  d e r iv e  
w i t h  n a t u r a l  b a c k g ro u n d  r a d i a t i o n  l e v e l s  and  w i t h  p r e s e n t  n a t i o n a l l y  and 
i n t e r n a t i o n a l l y  recom m ended d o s e  l i m i t s  a s  th e  b e s t  m e th o d  p r e s e n t ly  
a v a i l a b l e  f o r  i l l u s t r a t i n g  t h e i r  im p o r ta n c e .  I n  th e  c o n t e x t  o f  s o m a tic  
d o s e , t h e  ICRP h a s  a l r e a d y  e n v is a g e d  th e  p o s s i b i l i t y  t h a t  a  " s o m a t i c a l ly  
s i g n i f i c a n t  p o p u la t io n  d o se  l i m i t " ,  w h ic h  w i l l  p re s u m a b ly  b e  s e t  a t  a 
lo w e r  l e v e l  th a n  t h e  c o r r e s p o n d in g  Dose L i m i t s  f o r  i n d i v i d u a l s ,  m ig h t  be 
a u s e f u l  c o n c e p t  when t h e r e _ i s  s u f f i c i e n t  k n o w le d g e  and e x p e r ie n c e  t o  
d e te rm in e  s u c h  a  f i g u r e  /_ 9 J .

I t  w i l l  be  c l e a r  f ro m  S e c t io n  2 t h a t  d e t r im e n t ,  o r  s t r i c t l y  p o t e n t i a l  
d e t r im e n t ,  f ro m  e n v ir o n m e n ta l  r a d i o a c t i v i t y  i s  b e s t  e x p re s s e d  i n  te rm s  o f  
r i s k  t o  i n d i v i d u a l s  and p o p u la t io n s .  I n  t h e  c a s e  o f  p o p u la t io n s  th e  
r i s k  i s  c o n v e n ie n t ly  and  c o n v e n t io n a l ly  e x p re s s e d  i n  te rm s  o f  t h e  p o s s ib le  
in c id e n c e  o f  d is e a s e  o r  d e a th  p e r  u n i t  o f  i n t e g r a t e d  p o p u la t io n  d o s e  ( i . e .  
m a n - r a d s ) .  A r e v ie w  p a p e r  o f  t h i s  n a tu r e  w o u ld  n o t  h a v e  b e e n  c o m p le te  
w i t h o u t  a r e fe r e n c e  t o  th e  r o l e  w h ic h  r i s k  e x p re s s e d  i n  t h a t  fo r m  m ig h t  
p la y  a s  th e  c o n c e p t  o f  e n v ir o n m e n ta l  c a p a c i t y  i s  f u r t h e r  d e v e lo p e d .
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Abstract

DEVELOPMENT AND APPLICATION OF THE RADIOLOGICAL CAPACITY CONCEPT IN RADIATION PROTECTION.
T h e  p ro life ra tio n  of n u c le a r  fa c i l i t ie s  invo lves an  ever la rg er ou tpu t of ra d io a c tiv e  w astes, a sm a ll 

p a rt o f w hich is d ischarged  to  th e  en v iro n m en t in  a c co rd an ce  w ith regu la tions  la id  down by th e  au tho rities  
responsib le  for th e  p ro te c tio n  o f p u b lic  h e a lth  and th e  en v iro n m en t. T he  p resen ce  in  th e se  wastes o f long - 
liv ed  rad io n u c lid es , and th e  f a c t th a t this c o n tam in a tio n  extends over an  a rea  frequen tly  going beyond n a tio n a l 
fron tiers , h av e  le d  to  th e  need  for s tr ic t c a lc u la tio n  o f th e  resu ltin g  rad ia tio n  doses to  m an , p a r ticu la r ly  in  
th e  in te rn a tio n a l con tex t ( in te rn a tio n a l rivers and th e  seas and ocean s). T he  ra d io lo g ic a l c a p a c ity  o f a 
h y d ro b io lo g ica l basin  is a fu n d am en ta l co n c ep t w hich  should b e  d eve loped  and  a p p lied  to  th e  p ro b le m  of 
r ad ia tio n  p ro te c tio n . This m akes i t  necessary  to  ta k e  acco u n t o f a l l  th e  processes o f tran sfer and d istribu tion  
by w hich th e  ra d io a c tiv ity  reac h es  m a n . Exam ples o f th e  ap p lic a tio n  of th e  co n c ep t con firm  its in te res t 
for ra d io lo g ic a l p ro te c tio n .

DEVELOPPEMENT ET APPLICATION DU CONCEPT DE LA CAPACITE RADIOLOGIQUE EN RADIOPROTECTION.
La m u ltip l ic a tio n  des in s ta lla tio n s  n u c léa ire s  en tra în e  une p roduction  de plus en plus im p o rtan te  de 

d échets  rad io ac tifs  dont une  fa ib le  p a r t ie  est re je té e  dans l ’env iro n n em en t su ivan t les p rescrip tions é tab lie s  
p a r les responsables de la  p ro te c tio n  de la  san té  p ub lique  e t de la sauvegarde  de  l 'e n v iro n n e m e n t. La p résen ce , 
dans ces re je ts , de rad io n u c lé id es  à longue p ério d e , e t l 'in f lu e n c e  de c e tte  co n tam in a tio n , qui se m a n ife s te  
dans un espace  dépassan t souven t les fron tières n a tio n a le s , condu isen t à la n éc ess ité  d ’un c a lc u l rigoureux 
des doses de ray o n n em en t qui en ré su lten t pour l 'h o m m e , n o ta m m e n t si l 'o n  se ré fè re  à l 'é c h e l le  in te rn a tio n a le  
(fleuves in te rn a tio n au x , m ers, océans). La c a p a c ité  rad io lo g iq u e  d 'u n  bassin hyd ro log ique  est une no tion  
fo n d am en ta le  q u 'i l  co nv ien t de  d éve lopper e t d 'a p p liq u e r  pour ce  p ro b lè m e de rad io p ro tec tio n . C ec i 
n éc ess ite  la  p rise  en  co n sidé ra tion  de tous les processus de  tran sfert è t de d istribu tion  de la  ra d io a c tiv ité  
dans son c h e m in em en t vers l 'h o m m e . Des exem ples  d 'a p p lic a tio n  con firm en t l 'in té r ê t  de c e tte  p rocédu re  
e n  rad io p ro tec tio n .

1. IN T R O D U C T IO N

L a  m u l t i p l i c a t i o n  du n o m b r e  d e s  i n s t a l l a t i o n s  n u c l é a i r e s  p o s e  p o u r  
l e s  p a y s  à r e l a t i v e m e n t  f o r t e  d e n s i t é  de  p o p u la t io n  d e s  p r o b l è m e s  de p lu s  
e n  p lu s  n o m b r e u x  en  ce  qui c o n c e r n e  l a  g e s t i o n  d e s  d é c h e t s  r a d i o a c t i f s  
s o l i d e s ,  l i q u id e s  e t  g a z e u x .  

D eu x  g r a n d s  p r i n c i p e s  s o n t  a p p l iq u é s  p o u r  le  t r a i t e m e n t  de  c e s  d é c h e t s :
— l e u r  r é t e n t i o n  s o u s  une f o r m e  a p p r o p r i é e  e n  un l i e u  a d é q u a t ,
— l e u r  d i s p e r s i o n  d a n s  un m i l i e u  s u s c e p t i b l e  de l e s  a c c e p t e r  s a n s  q u ' i l  

e n  r é s u l t e  d e s  r i s q u e s  d é p a s s a n t  l e s  p r e s c r i p t i o n s  é t a b l i e s  p a r  l e s  
r e s p o n s a b l e s  de l a  S a n té  p u b l iq u e  e t  de l a  s a u v e g a r d e  de l ' e n v i r o n n e m e n t .

5 8 3



5 8 4 AMAVIS et a l.

C e s  d eu x  p r i n c i p e s  s o n t  d ' a i l l e u r s  q u e lq u e  p e u  c o m p l é m e n t a i r e s  en  ce  
s e n s  q u e  le  p r e m i e r  s ' a p p l i q u e  s u r t o u t  au x  d é c h e t s  f o r t e m e n t  e t  m o y e n n e m e n t  
r a d i o a c t i f s  e t  l e  s e c o n d  c o n c e r n e  l e s  d é c h e t s  f a i b l e m e n t  r a d i o a c t i f s  qui 
p e u v e n t  ê t r e  r e j e t é s  ( s o u v e n t  n é a n m o i n s  a p r è s  un t r a i t e m e n t  de  d é c o n t a m i n a 
t ion )  d a n s  l ' a t m o s p h è r e  ou d a n s  un m i l i e u  h y d ro b io lo g iq u e .

L e s  p r e s c r i p t i o n s  qu i r é g i s s e n t  l e s  r e j e t s  s o n t  é t a b l i e s  à  p a r t i r  d e s  
r e c o m m a n d a t i o n s  ou  d i r e c t i v e s  f o r m u l é e s  p a r  d e s  o r g a n i s m e s  i n t e r n a 
t i o n a u x  ( C o m m is s io n  i n t e r n a t i o n a l e  de p r o t e c t i o n  r a d i o lo g i q u e ,  E u r a t o m ,  e t c . )  
a u x q u e l l e s  s e  r é f è r e n t  g é n é r a l e m e n t  l e s  r é g l e m e n t a t i o n s  n a t i o n a l e s .  C e s  
n o r m e s  d ' i r r a d i a t i o n  p e r m e t t e n t  d ' é t a b l i r  p o u r  l e s  r a d i o n u c l é i d e s  d e s  c o n 
c e n t r a t i o n s  m a x i m a l e s  a d m i s s i b l e s  d a n s  l ' a i r  e t  d a n s  l ' e a u  de b o i s s o n .  L e s  
f o r m u l e s  de r e j e t ,  qu i e n  d é c o u le n t ,  ne  p r e n n e n t  g é n é r a l e m e n t  en  c o n s i d é r a 
t io n ,  à  p a r t  l a  r a d i o t o x i c i t é  é v id e m m e n t ,  q ue  l a  d i lu t i o n  a t m o s p h é r i q u e  ou 
h y d r a u l iq u e  d e s  e f f lu e n t s  d a n s  le  m i l i e u  r é c e p t e u r  p o u r  l a  d é t e r m i n a t i o n  
d e s  q u a n t i t é s  de  s u b s t a n c e s  r a d i o a c t i v e s  à  r e j e t e r .

O r ,  d a n s  un m i l i e u  n a t u r e l  b e a u c o u p  de p h é n o m è n e s  a u t r e s  q ue  l a  
d i lu t i o n  ( d i s p e r s i o n  ou  d i f fu s io n )  p e u v e n t  m o d i f i e r  de f a ç o n  t r è s  s i g n i f i c a 
t i v e  l a  p o l lu t io n  de ce  m i l i e u ,  à  l a  fo is  d a n s  le  t e m p s  e t  d an s  l ' e s p a c e ,  
c o m m e  p a r  e x e m p l e  1 'a d s o r p t i o n  s u r  d e s  m a t é r i a u x  ou  l a  c o n c e n t r a t i o n  
d a n s  d e s  o r g a n i s m e s :  i l  e s t  donc  i n d i s p e n s a b l e  d ' e n  t e n i r  c o m p t e  s i  l ' o n  
v e u t  é v a l u e r  o b j e c t i v e m e n t  l e s  c o n s é q u e n c e s  p o u r  l a  s a n t é  p u b l iq u e  d 'u n  
d é v e r s e m e n t  de s u b s t a n c e s  r a d i o a c t i v e s  d a n s  l ' e n v i r o n n e m e n t .  C e c i  d o i t  
p e r m e t t r e  de d é t e r m i n e r  s u r  d e s  b a s e s  s c i e n t i f i q u e s  l e s  q u a n t i t é s  de 
r a d i o a c t i v i t é  don t  le  r e j e t  p o u r r a i t  ê t r e  a u t o r i s é  s a n s  q u ' i l  y  a i t  de c o n s é 
q u e n c e s  n é f a s t e s  d ' o r d r e  s a n i t a i r e  e t  é c o lo g iq u e .

L a  c o n n a i s s a n c e  e t  l a  p r i s e  en  c o n s i d é r a t i o n  de to u s  l e s  p r o c e s s u s  de 
m o d i f i c a t i o n  de l a  r é p a r t i t i o n  de l a  r a d i o a c t i v i t é  d a n s  un m i l i e u  r é c e p t e u r  
d o i t  p e r m e t t r e  une m e i l l e u r e  é v a lu a t io n  d e s  r i s q u e s  d ' i r r a d i a t i o n  de l ' h o m m e .  
C e t t e  é v a lu a t io n  p o u r r a i t  ê t r e  b a s é e  s u r  l ' é t a b l i s s e m e n t  d 'u n e  q u a n t i t é  
m a x i m a l e  de r a d i o a c t i v i t é  a d m i s s i b l e  d a n s  un r é s e a u  h y d ro b io lo g iq u e  s a n s  
que  l e s  n iv e a u x  d ' i r r a d i a t i o n  q u i  en  r é s u l t e r a i e n t  p o u r  l ' h o m m e  p u i s s e n t  
ê t r e  s u p é r i e u r s  aux  n o r m e s  a d o p t é e s .  C e t t e  n o t io n  p e u t  ê t r e  d é f in ie  c o m m e  
l a  « c a p a c i t é  r a d i o lo g i q u e  l i m i t e  d 'u n  m i l i e u » .

C e  c o n c e p t  a v a i t  é té  p r é s e n t é ,  d i s c u t é  e t  a c c e p t é  au  c o u r s  de r é u n i o n s  
d ' e x p e r t s  d e s  s i x  P a y s  M e m b r e s ,  o r g a n i s é e s  en  1965 e t  1966 p a r  l a  D i r e c t i o n  
P r o t e c t i o n  s a n i t a i r e  de l a  C o m m i s s i o n  d e s  C o m m u n a u té s  e u r o p é e n n e s .  U n  
d o c u m e n t  r é c a p i t u l a t i f  a  é t é  p u b l i é  à  ce  s u j e t  e n  1969 [ 1] .

P a r  s u i t e  une s é r i e  de t r a v a u x  on t  p e r m i s  de p r é c i s e r  c e t t e  n o t io n  
e t  d ' e n  p r o m o u v o i r  l ' a p p l i c a t i o n  d a n s  d i f f é r e n t s  d o m a i n e s  [ 2 -5 ]  .

L e  p r é s e n t  d o c u m e n t  do nn e  d ' a b o r d  un a p e r ç u  d e s  c a r a c t è r e s  g é n é r a u x  
de l a  c a p a c i t é  r a d i o lo g i q u e ,  p u i s  p r é s e n t e  t r o i s  e x e m p l e s  s i g n i f i c a t i f s  e t  
en f in  p r o p o s e  une a n a ly s e  c r i t i q u e  de  l a  n o t io n  de c a p a c i t é  r a d i o lo g i q u e  
l i m i t e .

2. C A R A C T E R E S  G E N E R A U X  DU C O N C E P T  DE L A  C A P A C IT E  
R A D IO LO G IQ U E

L a  d é t e r m i n a t i o n  de l a  c a p a c i t é  r a d i o lo g i q u e  l i m i t e  d 'u n  m i l i e u  e s t  
b a s é e  s u r  l a  p r i s e  en  c o n s i d é r a t i o n  d 'u n  c e r t a i n  n o m b r e  de p a r a m è t r e s  
i m p o r t a n t s :
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— l a  q u a l i t é ,  l a  q u a n t i t é  e t  l a  f r é q u e n c e  d e s  r e j e t s  de s u b s t a n c e s  r a d i o a c t i v e s ;
— l e s  a t t e i n t e s  de l ' h o m m e  p a r  l e s  é l é m e n t s  du m i l i e u  r é c e p t e u r ,  

l ' i r r a d i a t i o n  de l ' h o m m e  p e u t  s e  f a i r e  p a r  i n g e s t i o n  de s u b s t a n c e s  
r a d i o a c t i v e s  ou  p a r  e x p o s i t i o n  e x t e r n e  aux  r a y o n n e m e n t s ;

— l e s  c o n s é q u e n c e s  é c o lo g i q u e s  s u r  le  m i l i e u  qu i p e u v e n t  r e t e n t i r  i n d i r e c t e 
m e n t  s u r  l ’h o m m e ,  p a r  e x e m p l e  l ' a l t é r a t i o n  d 'u n  é c o s y s t è m e .

D e  p lu s ,  i l  i m p o r t e  de d é t e r m i n e r  l e s  d eu x  s é r i e s  de  p r o c e s s u s  s u i v a n t s  
p o u r  une é v a lu a t io n  d e s  r i s q u e s  p o u r  l a  s a n t é  p u b l iq u e :
— p r o c e s s u s  r é g i s s a n t  l e s  l o i s  de l a  c o n ta m in a t io n  d e s  d e r n i e r s  m a i l l o n s  

de l a  c h a în e  a l i m e n t a i r e  de  l ' h o m m e ;
— p r o c e s s u s  c o n c e r n a n t  l e  t r a n s f e r t  de c e t t e  c o n ta m in a t io n  à  l ' h o m m e .

L 'é v a l u a t i o n  de l a  p r e m i è r e  s é r i e  de p r o c e s s u s  n é c e s s i t e  une é tu d e  
é c o lo g iq u e  d é t a i l l é e  d e s  m é c a n i s m e s  de  t r a n s f e r t  de  l a  r a d i o a c t i v i t é  
d é v e r s é e  ( d é p o s i t i o n s ,  a c c u m u l a t i o n s ,  é lu t io n s )  d a n s  l e s  c y c l e s  b io lo g iq u e s  
n a t u r e l s .

E n  ce  qu i  c o n c e r n e  l a  s e c o n d e  s é r i e  de p r o c e s s u s ,  s o n  é v a lu a t io n  
r e q u i e r t  l e s  é tu d e s  s u i v a n t e s  en  s ' i n s p i r a n t  n o t a m m e n t  d e s  r e c o m m a n d a t i o n s  
de l a  p u b l i c a t i o n  7 du C o m i té  4 de  l a  C IP R :
— é t a b l i s s e m e n t  d e s  d o n n é e s  c o n c e r n a n t  le  m é t a b o l i s m e  de c h a q u e  r a d i o -  

n u c lé i d e  i n g é r é  p a r  l ' h o m m e ,  c e  qu i p e r m e t  de d é f i n i r  s a  r a d i o t o x i c i t é  
e t ,  e n  c o n s i d é r a n t  l e s  n o r m e s  de b a s e  r e l a t i v e s  à  c e  r a d i o n u c l ê i d e ,  
c o n d u i t  à  l a  d é t e r m i n a t i o n  du  r a d i o n u c l ê i d e  c r i t i q u e ;  i l  e s t  p o s s i b l e  
q u e  d a n s  c e r t a i n s  c a s  on  p u i s s e  c a r a c t é r i s e r  d ' a i l l e u r s  p l u s i e u r s  
r a d i o n u c l é i d e s  c r i t i q u e s ;

— é v a lu a t io n  d e s  p r o c e s s u s  r e l a t i f s  à  l ' a p p o r t  à  l ' h o m m e  de s u b s t a n c e s  
r a d i o a c t i v e s  à  p a r t i r  d 'u n  m i l i e u  c o n ta m in é :  p a r  e x e m p l e  e n  ce  qu i 
c o n c e r n e  l e s  h a b i t u d e s  a l i m e n t a i r e s  (q u a n t i té  c o n s o m m é e ,  p r é p a r a t i o n
d e s  a l i m e n t s ) ;  c e c i  p e r m e t  d ' é t a b l i r  l a  v o ie  c r i t i q u e  (ou l e s  v o ie s  c r i t i q u e s )  
p a r  l a q u e l l e  (ou l e s q u e l l e s )  un r a d i o n u c l ê i d e  p a r v i e n t  à  l ' h o m m e ;

— d é t e r m i n a t i o n  d e s  g r o u p e s  d ' i n d i v id u s  d 'u n e  p o p u la t io n  do n t  l ' e x p o s i t i o n  
au x  r a y o n n e m e n t s  i o n i s a n t s  e s t  s e n s i b l e m e n t  h o m o g è n e  e t  r e p r é s e n t a t i v e  
de  c e l l e  d e s  in d iv id u s  l e s  p lu s  e x p o s é s  d a n s  c e t t e  p o p u la t io n ,  c ' e s t  le  
g r o u p e  c r i t i q u e .

L a  ju s t e  a p p r é c i a t i o n  de  to u s  c e s  p r o c e s s u s  e s t  d i f f i c i l e ,  m a i s  n é c e s 
s a i r e  p o u r  une é v a lu a t io n  o b je c t i v e  d e s  r i s q u e s  d ' i r r a d i a t i o n  p o u r  l ' h o m m e .
E n  p a r t i c u l i e r  l a  d é t e r m i n a t i o n  d e s  é l é m e n t s  de c a r a c t è r e  é c o n o m iq u e ,  
s o c i a l  e t  p s y c h o lo g iq u e  p e u t  r é c l a m e r  d e s  e n q u ê te s  m i n u t i e u s e s  s u r  l e s  
h a b i tu d e s  a l i m e n t a i r e s 1 e t  une s u r v e i l l a n c e  a t t e n t i v e  d e s  c e n t r e s  de  p r o 
d u c t io n ,  d e s  r é s e a u x  de  d i s t r i b u t i o n  e t  d e s  l i e u x  de c o n s o m m a t i o n .

Il  fa u t  s o u l i g n e r  q ue  le  t e r m e  « c r i t i q u e »  e m p r u n t é  à  l a  p u b l i c a t i o n  7 
du C o m i té  4 de l a  C IP R  v i s e  à  d o n n e r  au x  é l é m e n t s  du  m i l i e u  une q u a l i f i c a 
t i o n  p e r m e t t a n t  l a  p r i s e  de d é c i s i o n s  s u r  le  p l a n  de l a  p r o t e c t i o n  s a n i t a i r e .  
C e t t e  a c c e p t a t i o n  du t e r m e  « c r i t i q u e »  ne c o m p o r t e  e n  e l l e - m ê m e  a u c u n e  
n o t io n  de d a n g e r .  E n  p a r t i c u l i e r ,  o n  e n te n d  p a r  g r o u p e  c r i t i q u e  un g r o u p e  
d ' i n d i v id u s  d o n t  l ' e x p o s i t i o n  au x  r a y o n n e m e n t s  i o n i s a n t s  e s t  s e n s i b l e m e n t  
h o m o g è n e  e t  r e p r é s e n t a t i v e  de c e l l e  d e s  in d iv id u s  l e s  p lu s  e x p o s é s  d 'u n e  
p o p u la t io n .  D e  m ê m e ,  on  e n te n d  p a r  v o ie  c r i t i q u e  l a  v o ie  p a r  l a q u e l l e  le  
g r o u p e  c r i t i q u e  p e u t  ê t r e  e x p o s é  aux  r a y o n n e m e n t s  i o n i s a n t s .  E n f in  l a  
z o n e  c r i t i q u e  e s t  l ' a i r e  g é o g r a p h i q u e  qu i e s t  l e  s i è g e  d e s  p r o c e s s u s  de 
t r a n s p o r t  d e s  r a d i o n u c l é i d e s  p a r  l a  v o ie  ou  l e s  v o i e s  c r i t i q u e s .

1 Dans quelques cas p a rticu lie rs  on p eu t m ê m e  p a rle r  de rég im es a lim e n ta ire s  c r itiq u e s .
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P a r  s u i t e  de  l a  v a r i é t é  e t  de  l a  c o m p l e x i t é  d e s  i n t e r a c t i o n s  e n t r e  l e s  
r a d i o n u c l é i d e s  e t  l e  m i l i e u  r é c e p t e u r ,  l a  d é t e r m i n a t i o n  de  l a  c a p a c i t é  
r a d i o lo g i q u e  d 'u n  s i t e  ne  p e u t  ê t r e  e f f e c tu é e  s a n s  s e  r é f é r e r  à  d e s  m o d è l e s  
m a t h é m a t i q u e s  c a p a b l e s  de f o u r n i r  une d e s c r i p t i o n  q u a n t i t a t i v e  d e s  m u l t i p l e s  
p h é n o m è n e s  e n  je u .

E n  o u t r e ,  i l  e s t  n é c e s s a i r e  q u e  l e s  m o d è l e s  c h o i s i s  p o s s è d e n t  c e r t a i n e s  
c a r a c t é r i s t i q u e s ,  a f in  qu e  le  p r o c e s s u s  q u ' i l s  d é c r i v e n t  ne  r e s t e  p a s  un 
e x e r c i c e  a c a d é m iq u e  é lé g a n t ,  m a i s  p r é s e n t e  un c a r a c t è r e  é m i n e m m e n t  
p r a t i q u e .

E n  p a r t i c u l i e r ,  i l  c o n v ie n t  d ' a c c o r d e r  l ' e x i g e n c e  d 'u n e  r e p r é s e n t a t i o n  
s u f f i s a m m e n t  f id è le  de  l a  r é a l i t é  a v e c  l a  n é c e s s i t é  d ' é v i t e r  l e  r e c o u r s  à  
d e s  a r t i f i c e s  de c a l c u l  t r o p  s o p h i s t i q u é s .

D a n s  de p r é c é d e n t s  t r a v a u x  [2 ,  5 ] ,  l e s  a u t e u r s  du p r é s e n t  d o c u m e n t ,  
s ' i n s p i r a n t  d e s  c r i t è r e s  c i - d e s s u s ,  on t  d é v e lo p p é  un m o d è l e  m a t h é m a t i q u e  
a d a p té  à  l a  d é f in i t io n  de l a  c a p a c i t é  r a d i o lo g i q u e  d 'u n  c e r t a i n  m i l i e u  
h y d ro b io lo g iq u e  l i é  aux  e a u x  s u p e r f i c i e l l e s .

C e  m o d è l e  s e r a  i c i  b r i è v e m e n t  év o q u é ,  a v e c  l ' e x p o s i t i o n  du p r o c e s s u s  
s u iv i  p o u r  p e r m e t t r e  l a  d é t e r m i n a t i o n  de l a  c a p a c i t é  r a d i o lo g i q u e .  E n s u i t e ,  
o n  d é c r i r a  le  m o d e  s u i v a n t  l e q u e l  le  m ê m e  p r o b l è m e  p e u t  ê t r e  a f f ro n té  
e t  r é s o l u ,  a u s s i  d a n s  le  c a s  de  r e j e t  de s u b s t a n c e s  r a d i o a c t i v e s  d a n s  
l ' a t m o s p h è r e ,  e t  d a n s  le  s o l .

I l  f a u t  p r é c i s e r  q u e  l e s  c o n s i d é r a t i o n s  qu i  s u i v e n t  ne  t i e n n e n t  p a s  c o m p t e  
d e s  m o d a l i t é s  de  r e j e t  d e s  s u b s t a n c e s  r a d i o a c t i v e s  d a n s  l e s  d i v e r s  m i l i e u x  
r é c e p t e u r s  é t u d i é s .  L e  b u t  d e s  a u t e u r s  e s t  e n  f a i t  de d é v e lo p p e r  une 
m é th o d o lo g ie  a p p l i c a b le ,  s o i t  aux  d é c h a r g e s  v o l o n t a i r e s ,  s o i t  au  r e j e t  
in v o l o n t a i r e  de m a t é r i a u x  r a d i o a c t i f s .

D a n s  le  p r e m i e r  c a s ,  l a  m é t h o d o lo g i e  p e u t  p e r m e t t r e  p a r  e x e m p l e  de
c a l c u l e r  l e s  f o r m u l e s  de r e j e t  p o u r  l e s  e f f lu e n t s  l i q u id e s  e t  g a z e u x  ou
l a  c a p a c i t é  d 'u n  s i t e  à  ê t r e  u t i l i s é  c o m m e  s to c k a g e  de d é c h e t s  s o l i d e s .
D a n s  le  s e c o n d  c a s ,  e l l e  r e p r é s e n t e  un m o y e n  de d é f i n i r  e t  de m e t t r e  e n  
o e u v re  l e s  p r o g r a m m e s  de c o n t r ô l e  e t  de  s u r v e i l l a n c e  e n  m a t i è r e  de 
r a d i o p r o t e c t i o n .

3 . 1 .  C a s  d 'u n  r e j e t  d a n s  l e s  e a u x  d o u c e s  de  s u r f a c e

L e  m o d è l e  p r o p o s é  d a n s  c e  c a s  e s t  r e p r o d u i t  à  l a  f i g u r e  1.
C o m m e  on  p e u t  le  v o i r ,  l e  m i l i e u  h y d ro b io lo g iq u e  e s t  d iv i s é  e n  t r o i s  

s y s t è m e s  p a r t i e l s ,  c o r r e s p o n d a n t  r e s p e c t i v e m e n t
— au  m i l i e u  r é c e p t e u r  p r i m a i r e  (m i l i e u  a q u a t iq u e )
— au  m i l i e u  r é c e p t e u r  s e c o n d a i r e  v é g é t a l
— au  m i l i e u  r é c e p t e u r  s e c o n d a i r e  a n i m a l .

C h a c u n  de c e u x - c i  c o m p r e n d  à  s o n  t o u r  un c e r t a i n  n o m b r e  de 
c o m p a r t i m e n t s .

L e  p a s s a g e  d 'u n e  s u b s t a n c e  r a d i o a c t i v e  d 'u n  c o m p a r t i m e n t  à  un a u t r e  
e s t  r e p r é s e n t é  à  l ' a i d e  de  p r o c é d é s  u t i l i s é s  d a n s  le  c a l c u l  d e s  s y s t è m e s  
à  c o m p a r t i m e n t s  l i n é a i r e s ,  c e  q u i ,  a v e c  une bo nn e  a p p r o x i m a t io n ,  p e u t  
ê t r e  a p p l iq u é  au x  c o m p a r t i m e n t s  q u e  n o u s  a v o n s  c o n s i d é r é s .

U ne  a p p r o c h e  s e m b l a b l e  p e r m e t  e n  p r i n c i p e  de f a i r e  c o r r e s p o n d r e  à 
c h a q u e  c o m p a r t i m e n t  une é q u a t i o n  d i f f é r e n t i e l l e  du p r e m i e r  o r d r e  q u i  d é c r i t  
to u s  l e s  t r a n s f e r t s  de  s u b s t a n c e s  r a d i o a c t i v e s  d 'u n  c o m p a r t i m e n t  à  l ' a u t r e .

3 .  D E T E R M I N A T I O N  D E  L A  C A P A C I T E  R A D I O L O G I Q U E
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FIG. 1. M odèle  de m ilie u  hyd rob io log ique  ré c e p te u r  (eaux  douces su p erfic ie lles ) .

E v i d e m m e n t ,  l a  r é s o l u t i o n  n u m é r i q u e  du s y s t è m e  d ' é q u a t i o n s  d i f f é r e n 
t i e l l e s  e s t  p o s s i b l e  s i  l ' o n  c o n n a î t  l e s  v a l e u r s  à  a t t r i b u e r  au x  d i v e r s e s  
c o n s t a n t e s  de  t r a n s f e r t ,  ou d ' é l i m i n a t i o n ,  d e s  s u b s t a n c e s  r a d i o a c t i v e s  
r e l a t i v e s  au  c o m p a r t i m e n t  c o n s i d é r é .

O r  de  t e l l e s  v a l e u r s  ne  s o n t  p a s  t o u j o u r s  c o n n u e s ;  d a n s  c e  c a s  i l  e s t  
p o s s i b l e  de d é c r i r e  l e  c o m p o r t e m e n t  d e s  s u b s t a n c e s  r a d i o a c t i v e s  à  l ' i n t é r i e u r  
d 'u n  c o m p a r t i m e n t  ou d 'u n  g ro u p e  de  c o m p a r t i m e n t s  au  m o y e n  de fo n c t io n s  
e m p i r i q u e s  d é t e r m i n é e s  e x p é r i m e n t a l e m e n t  ou à  l ' a i d e  d 'o b s e r v a t i o n s  
e f f e c tu é e s  s u r  d e s  m i l i e u x  a n a lo g u e s  à  c e lu i  qui e s t  é tu d i é .

L e  s y s t è m e  d ' é q u a t i o n s  d i f f é r e n t i e l l e s  une fo is  r é s o l u ,  on  o b t i e n t  l e s  
v a l e u r s  d e s  c o n c e n t r a t i o n s  à  un  i n s t a n t  d onné  d a n s  l e s  d i v e r s  c o m p a r t i m e n t s  
p o u r  un c e r t a i n  r a d i o n u c l é i d e  i n t r o d u i t  d 'u n e  fa ç o n  ou  d 'u n e  a u t r e  d a n s  le
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m i l i e u  c o n s i d é r é .  S u r  l a  b a s e  de c e s  i n f o r m a t i o n s ,  i l  e s t  p o s s i b l e  de c a r a c 
t é r i s e r ,  c o m m e  n o u s  le  p r é c i s e r o n s  p a r  l a  s u i t e ,  l e s  é l é m e n t s  c r i t i q u e s  
du m i l i e u  (g ro u p e  c r i t i q u e ,  v o ie  c r i t i q u e ,  z o n e  c r i t i q u e  . . . ) .

P o u r  p o u v o i r  c a r a c t é r i s e r  l e s  é l é m e n t s  c r i t i q u e s ,  une fo is  é t a b l i e s  
l e s  c o n c e n t r a t i o n s  d 'u n  c e r t a i n  r a d i o n u c l é i d e  d a n s  c h a q u e  c o m p a r t i m e n t  
du m i l i e u  r é c e p t e u r ,  i l  c o n v ie n t  d ' e f f e c t u e r  d a n s  ce  d o m a in e  d e s  e x a m e n s  
e t  d e s  e n q u ê te s  p o u r  o b t e n i r  une c o n n a i s s a n c e  a n a ly t iq u e  c o m p l è t e  s o i t  d e s  
d i v e r s  c o m p o s a n t s  de c h a q u e  é c o s y s t è m e  i n t é r e s s é ,  s o i t  de l a  c o m p o s i t i o n  
d e s  p o p u la t io n s  e t  de l e u r s  h a b i t u d e s  de v ie  ( a l im e n ta t io n  p a r  e x e m p l e ) .

E n  p r a t i q u e  o n  o b s e r v e  q u e ,  d a n s  l a  m a j e u r e  p a r t i e  d e s  c a s 2, l a  v o ie  
c r i t i q u e  d e s  e x p o s i t i o n s  au x  r i s q u e s  d e s  r a y o n n e m e n t s  i o n i s a n t s  e s t  
c o n s t i t u é e  p a r  l a  c h a în e  a l i m e n t a i r e .  De ce  f a i t  une a t t e n t i o n  s p é c i a l e  do it  
lu i  ê t r e  c o n s a c r é e .

D a n s  une t e l l e  o p t iq u e ,  i l  n ' e s t  p a s  s e u l e m e n t  n é c e s s a i r e  de c a r a c 
t é r i s e r  l e s  p r i n c i p a l e s  e s p è c e s  v é g é t a l e s  e t  a n i m a l e s  du m i l i e u ,  m a i s  i l  
e s t  a u s s i  i n d i s p e n s a b l e  d ' e f f e c t u e r  d e s  d é t e r m i n a t i o n s  q u a n t i t a t i v e s  s u r  
c h a q u e  e s p è c e  ( p a r  e x e m p l e  p ro d u c t io n )  e n  d i s t i n g u a n t  l a  p a r t i e  d e s t i n é e  
à  l a  c o n s o m m a t i o n  lo c a l e  e t  c e l l e  d e s t i n é e  à  un m a r c h é  p lu s  v a s t e .  D e 
c e c i  o n  p e u t  d é d u i r e  l a  z o n e  de  d i s t r i b u t i o n  q u i ,  s i  e l l e  e s t  t r è s  l i m i t é e ,  
e n t r a î n e  l ' a u g m e n t a t i o n  du r i s q u e  in d iv id u e l  p o u r  c e t t e  p o p u la t io n  s o u m i s e  
à  une é v e n tu e l l e  c o n ta m in a t io n ,  to u t  en  d im in u a n t  le  n o m b r e  d e s  p e r s o n n e s  
e x p o s é e s  aux  r i s q u e s  de l a  c o n ta m in a t io n .

E n  d é t e r m i n a n t  q u a l i t a t i v e m e n t  e t  q u a n t i t a t i v e m e n t  a i n s i  l e s  c o n s o m 
m a t i o n s  de d e n r é e s  a l i m e n t a i r e s ,  l e s  m o d e s  de v ie  d e s  g r o u p e s  p a r t i c u l i e r s  
de p o p u la t io n  l i é s  d 'u n e  m a n i è r e  q u e lc o n q u e  au m i l i e u  r é c e p t e u r ,  e t  en  
c o n n a i s s a n t  l e s  v a l e u r s  d e s  c o n c e n t r a t i o n s  d u e s  aux  r e j e t s  u n i t a i r e s  de 
c h a q u e  r a d i o n u c l é i d e ,  on  p e u t  c a l c u l e r  l e s  e x p o s i t i o n s  qu i d é r i v e n t  de c e s  
r e j e t s  u n i t a i r e s  p o u r  de t e l s  g r o u p e s  de  p o p u la t io n .

O n  p o u r r a  q u a l i f i e r  de c r i t i q u e  p o u r  c h a q u e  r a d i o n u c lé i d e  le  g ro u p e  
qu i  c o r r e s p o n d  à  l ' e x p o s i t i o n  l a  p lu s  é l e v é e  c a l c u l é e  de  c e t t e  s o r t e .  I l  fa u t  
d i r e  qu e  ce  n ' e s t  p a s  t o u j o u r s  q ue  l ' o n  o b t i e n t  une v a l e u r  n e t t e m e n t  s u p é 
r i e u r e  à  t o u t e s  l e s  a u t r e s .  Il e s t  a u s s i  p o s s i b l e  q ue ,  p o u r  p l u s i e u r s  g r o u p e s ,  
n o u s  o b te n io n s  d e s  v a l e u r s  é g a l e m e n t  é l e v é e s  d ’e x p o s i t i o n  ou  d ' i r r a d i a t i o n .  
D a n s  de  t e l s  c a s  on  p a r l e r a  de p l u s i e u r s  g r o u p e s  c r i t i q u e s  (p o u r  un r a d i o 
n u c lé id e  p a r t i c u l i e r ) .  E n  f a i t  i l  e s t  i l l u s o i r e  d ' é t a b l i r  une d i f f é r e n c e  e n t r e  
d e s  v a l e u r s  qui ne s o n t  p a s  n e t t e m e n t  d i s t i n c t e s  e n t r e  e l l e s  ( d i s t i n c t e s  d 'a u  
m o i n s  un o r d r e  de g r a n d e u r ) ,  é t a n t  don né  l ' i n c e r t i t u d e  a s s o c i é e  à 
l ' é v a l u a t i o n  de p l u s i e u r s  p a r a m è t r e s  u t i l i s é s  p o u r  c a l c u l e r  c e s  v a l e u r s .

U ne  fo is  le  g r o u p e  c r i t i q u e  (ou l e s  g r o u p e s  c r i t i q u e s )  é ta b l i  (s) ,  on  
p o u r r a  d é t e r m i n e r  s a n s  é q u iv o q u e  l a  v o ie  c r i t i q u e  c o r r e s p o n d a n t e . 3 L a  
zo n e  c r i t i q u e  s e r a  e n f in  l a  z o n e  g é o g r a p h i q u e  d a n s  l a q u e l l e  e s t  s i t u é e  
ch a q u e  v o ie  c r i t i q u e  m e n t io n n é e  c i - d e s s u s .

C e s  d é f in i t io n s  de v o ie  e t  de zone  c r i t i q u e s  s o n t  é v id e m m e n t  t r è s  
i m p o r t a n t e s  p o u r ,  d 'u n e  p a r t ,  é t a b l i r  l a  c a p a c i t é  r a d i o lo g i q u e  e t ,  d ' a u t r e  
p a r t ,  d é f i n i r  e t  m e t t r e  e n  o e u v re  le  p r o g r a m m e  de s u r v e i l l a n c e  e t  de 
c o n t r ô l e .

2 II ex iste  néanm oins ce rta in s  p rob lèm es d 'ir ra d ia tio n  ex te rn e  par les re je ts  de  gaz rares rad io ac tifs .
3 Pour c e c i les m êm es considérations p ou rra ien t ê tre  déve loppées que pour le  groupe c ritiq u e : par

la  m ê m e  m a n iè re  on p eu t arriver à ca ra c té r ise r  é v e n tu e lle m e n t pour un m ê m e  rad io n u c lé id e  plusieurs voies 
c r i t iq u e s .
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E n  f a i t  c e  c o n t r ô l e  e t  c e t t e  s u r v e i l l a n c e  p e u v e n t  ê t r e  e f f e c tu é s  s u r  
une s e u l e  p a r t i e  du m i l i e u  r é c e p t e u r ,  p a r t i e  qui e s t  le  s i è g e  d e s  p h é n o m è n e s  
l e s  p lu s  i m p o r t a n t s  de  p r o p a g a t i o n  d e s  r a d i o n u c l é i d e s .

T o u t  c e  q u i  p r é c è d e  s e  r é f è r e ,  c o m m e  i l  a  é té  d i t ,  à  un  r a d i o n u c l ê i d e  
p a r t i c u l i e r .  E v i d e m m e n t  e n  c a s  de r e j e t s  de p l u s i e u r s  r a d i o n u c l é i d e s ,  
i l  c o n v ie n t  de  r é p é t e r  p o u r  c h a c u n  d 'e u x  le  p r o c e s s u s  e n t i e r  d é j à  d é c r i t .
I l  e s t  p o s s i b l e  q ue  le  r é s u l t a t  de c e t t e  o p é r a t i o n  s e  t r a d u i s e  p a r  l ' é t a b l i s s e 
m e n t  de g r o u p e s  c r i t i q u e s  d i s t i n c t s  en  t o t a l i t é  ou  e n  p a r t i e .

Si d a n s  le  m i l i e u  a q u a t iq u e  i l  n ' e x i s t e  ni fau n e  ni f l o r e  c o m e s t i b l e ,  
e t  s ' i l  n 'y  a  a u c u n e  u t i l i s a t i o n  p o u r  l ’i r r i g a t i o n  de l ’e a u  c o n ta m in é e  en  
a v a l  du p o in t  de r e j e t  d e s  s u b s t a n c e s  r a d i o a c t i v e s ,  i l  n ' e s t  p a s  n é c e s s a i r e  
d ' e f f e c t u e r  de v a s t e s  e n q u ê te s  é c o lo g i q u e s ,  e t  l a  c o n c e n t r a t i o n  m a x i m a l e  
a d m i s s i b l e  p o u r  l ' e a u  p o ta b l e  p e u t  ê t r e  c o n s i d é r é e  c o m m e  f a c t e u r  l i m i t a t i f .

U ne  fo is  i n d i v id u a l i s é  le  g r o u p e  c r i t i q u e ,  o n  p e u t  c a l c u l e r  l a  q u a n t i té  
m a x i m a l e  de c h a q u e  r a d i o n u c l ê i d e  p a r t i c u l i e r  q u i 'p e u t  ê t r e  i n t r o d u i t  d an s  
l ' e n v i r o n n e m e n t  s a n s  q u e  l e s  in d iv id u s  de ce  g r o u p e  s o i e n t  s o u m i s  à  d e s  
v a l e u r s  de  d o s e  d ' i r r a d i a t i o n  s u p é r i e u r e s  aux  n o r m e s  de r a d i o p r o t e c t i o n  
( r e j e t  a n n u e l  a d m i s s i b l e  ou d o s e  l i m i t e  a n n u e l l e ) .  E n  f a i t  n o u s  a u r o n s :

_______ r e j e t  m a x i m a l  a d m i s s i b l e  a n n u e l
max r e j e t  c o r r e s p o n d a n t  à l ' é m i s s i o n  u n i t a i r e

______________d o se  l i m i t e  a n n u e l le ____________
max d o s e  c o r r e s p o n d a n t  à  l ' é m i s s i o n  u n i t a i r e

L a  v a l e u r  Q max e s t  l a  c a p a c i t é  r a d i o lo g i q u e  p o u r  l e  r a d i o n u c l ê i d e  
c o n s i d é r é .

3 . 2 .  C a s  d 'u n  r e j e t  d a n s  l ' a t m o s p h è r e

Q u a n d  l e s  s u b s t a n c e s  r a d i o a c t i v e s  s o n t  r e j e t é e s  d a n s  l ' a i r ,  e l l e s  s o n t  
d i s p e r s é e s  d a n s  d e s  v o l u m e s  p lu s  ou  m o i n s  g r a n d s  en  fo n c t io n  de l a  c a p a c i t é  
de d i lu t i o n  de  l ' a t m o s p h è r e ,  d é p e n d a n t  e s s e n t i e l l e m e n t  d e s  c o n d i t io n s  
m é t é o r o l o g i q u e s  l o c a l e s .  L ' é t u d e  d e  l a  d i s t r i b u t i o n  d e s  r a d i o n u c l é i d e s  
d a n s  l ' a t m o s p h è r e  p e u t  ê t r e  e f f e c tu é e  à  p a r t i r  de l a  f o r m u l e  de  S u t to n  [6 ]  
e t  de  P a s q u i l l  [ 7 ] ,  e t  s u i v a n t  d e s  v a r i a n t e s  p lu s  ou m o i n s  é l a b o r é e s  de 
c e s  m é t h o d e s  [ 8, 9] .

E n s u i t e  une d é t e r m i n a t i o n  s i m p l e ,  b a s e e  s u r  l a  v i t e s s e  de  r e t o m b é e  
e t  s u r  l e s  f a c t e u r s  de « w a s h  o u t» ,  p e r m e t  de p a s s e r  au  c a l c u l  de d é p ô t  au  
s o l  de l a  c o n ta m in a t io n  c o r p u s c u l a i r e .

I l  e s t  a l o r s  p o s s i b l e  de d é t e r m i n e r  l a  r é p a r t i t i o n  d a n s  l e  t e m p s  e t  
d a n s  l ' e s p a c e  d e  l a  c o n c e n t r a t i o n  de s u b s t a n c e s  r a d i o a c t i v e s  s o i t  d a n s  
l ' a t m o s p h è r e ,  s o i t  s u r  l e  s o l .

C e c i  p e r m e t ,  e n  d e r n i è r e  a n a ly s e ,  d ' é v a l u e r  q u a n t i t a t i v e m e n t  e t  
q u a l i t a t i v e m e n t  l a  p é n é t r a t i o n  d e s  c o n t a m i n a n t s  p a r t i c u l i e r s  d a n s  l e s  d i v e r s  
c o m p a r t i m e n t s  r e l i é s  d i r e c t e m e n t  à  l ' a t m o s p h è r e :  e a u x  s u p e r f i c i e l l e s ,  
t e r r a i n s ,  v é g é t a u x  c o m e s t i b l e s ,  f o u r r a g e s ,  a n im a u x .

A p a r t i r  de  ce  m o m e n t ,  l e  p r o b l è m e  ne s e  d i f f é r e n c i e  p a s  de  c e lu i  
é tu d ié  d a n s  le  p a r a g r a p h e  3 . 1  e t  i l  e s t  p o s s i b l e  de l a  r é s o u d r e  de l a  m ê m e
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m a n i è r e ,  a v e c  l 'u n iq u e  d i f f é r e n c e  q u e ,  c e t t e  f o i s ,  l e s  r e j e t s  ne  s o n t  p lu s  
e f f e c tu é s  e n  un p o in t  p r é c i s  d 'u n  m i l i e u  h y d r iq u e  p a r  e x e m p l e ,  m a i s  i l s  
i n t é r e s s e n t  d i r e c t e m e n t  p l u s i e u r s  c o m p a r t i m e n t s  e n v i s a g é s  à l a  f i g u r e  1.

3 . 3 .  C a s  d 'u n  r e j e t  d a n s  l e  s o l

D a n s  le  c a s  d 'u n  r e j e t  d a n s  l e  s o l  de s u b s t a n c e s  r a d i o a c t i v e s ,  on  p e u t  
s e  t r o u v e r  d e v a n t  l 'u n e  d e s  d eu x  s i t u a t i o n s  s u i v a n te s :
— l e s  s u b s t a n c e s  r a d i o a c t i v e s  p a s s e n t  d a n s  l a  c i r c u l a t i o n  h y d r iq u e  

s o u t e r r a i n e ,
— l e s  s u b s t a n c e s  r a d i o a c t i v e s  r e s t e n t  h o r s  de c o n ta c t  a v e c  l a  n a p p e  

p h r é a t i q u e .
D a n s  le  s e c o n d  c a s ,  l e  t e r r a i n  c o n s t i t u e  un c o m p a r t i m e n t  f e r m é  (ca s  

de f o r m a t i o n s  g é o lo g iq u e s  p a r t i c u l i è r e s :  d é p ô ts  s a l i n s  ou  c o u c h e s  a r g i l e u s e s )  
p o u r  l e q u e l  le  p r o b l è m e  de l ' é v a l u a t i o n  de l a  c a p a c i t é  r a d i o lo g i q u e  s e  t r a n s 
f o r m e  e n  c e lu i  de l a  d é t e r m i n a t i o n  de  l a  c a p a c i t é  p h y s iq u e ,  d é p e n d a n t  de 
d i v e r s  p a r a m è t r e s  en  fo n c t io n  d e s  o b j e c t i f s  c o n s i d é r é s  (v o lu m e  u t i le ,  
d i s s i p a t i o n  de  l a  c h a l e u r ,  e t c .  ).

D a n s  le  p r e m i e r  c a s ,  au  c o n t r a i r e ,  i l  e x i s t e  e n  p r i n c i p e  l a  p o s s i b i l i t é  
que  l e s  r a d i o n u c l é i d e s  a t t e ig n e n t  l a  n a p p e  p h r é a t i q u e ,  e t  q u ' i l s  s e  d i s p e r 
s e n t  d a n s  le  m i l i e u  e x t é r i e u r .  E t a n t  d on né ,  m a l g r é  to u t ,  q u e  le  m o u v e m e n t  
d e s  r a d i o n u c l é i d e s  p e u t ,  d a n s  d e s  c o n d i t io n s  d é t e r m i n é e s ,  ê t r e  e x t r ê m e m e n t  
le n t ,  l e  c o m p a r t i m e n t  « n a p p e  p h r é a t i q u e »  d o i t  ê t r e  é tu d ié  e n  d é t a i l  d a n s  s o n  
c a r a c t è r e  i n t e r n e .  C e  qu i  le  d i f f é r e n c i e  d e s  c a s  e x a m i n é s  d a n s  l e s  p r é c é d e n t s  
p a r a g r a p h e s ,  c ' e s t  l ' i n t e r v a l l e  de t e m p s  p o u r  a t t e i n d r e  un é t a t  d ' é q u i l i b r e .
Ic i  le  t e m p s  e s t  s o u v e n t  t r è s  lo n g ,  l a r g e m e n t  s u p é r i e u r  à  p l u s i e u r s  a n n é e s .

L a  n é c e s s i t é  de p r é v o i r  l e s  m o u v e m e n t s  de l a  c o n ta m in a t io n  au  s e i n  
de l a  n a p p e  p h r é a t i q u e  a c o n d u i t  à  l ' é l a b o r a t i o n  de t h é o r i e s  e t  de  m o d è l e s  
p lu s  ou  m o i n s  s o p h i s t i q u é s  e t  c a p a b l e s  de d o n n e r  d a n s  q u e lq u e s  c a s  p a r t i c u l i e r s  
des in fo rm a tio n s  in té r e s s a n te s  [ 1 0 -1 3 ]  .

S a n s  e n t r e r  i c i  d a n s  une d i s c u s s i o n  s u r  l a  v a l e u r  de t e l s  p r o c e s s u s ,  
on  p e u t  o b s e r v e r ,  p a r  s u i t e  de l a  g r a n d e u r  d e s  t e m p s  de t r a n s f e r t ,  que  
l a  n a p p e  p h r é a t i q u e  e s t  s o i t  un c o m p a r t i m e n t  f e r m é  s o i t ,  p o u r  q u e lq u e s  
c a s  p r é c i s ,  un c o m p a r t i m e n t  o u v e r t  e n  c o m m u n ic a t io n  a v e c  le  m i l i e u  
e x t é r i e u r .

D a n s  l a  p r e m i è r e  h y p o th è s e ,  i l  e s t  p o s s i b l e  d ' u t i l i s e r  l e s  m ê m e s  
c o n s i d é r a t i o n s  que  c e l l e s  d é j à  f a i t e s  à p r o p o s  d e s  f o r m a t i o n s  g é o lo g iq u e s  
a b s o l u m e n t  i m p e r m é a b l e s .  D a n s  l a  s e c o n d e  h y p o th è s e ,  le  p r o b l è m e  s e  
r a m è n e  à  c e lu i  du p a r a g r a p h e  3 . 1 .

4 . C O N SID ER A TIO N S  C R IT IQ U E S  SUR L E  C O N C E P T  D E  L A  C A P A C IT E
R A D IO LO G IQ U E

L e  c h o ix  d 'u n  s i t e  d ' i m p l a n t a t i o n  d ' i n s t a l l a t i o n s  n u c l é a i r e s  e s t  m o t iv é  
p a r  d e s  c o n s i d é r a t i o n s  p o l i t i q u e s ,  é c o n o m i q u e s ,  s o c i a l e s ,  s a n i t a i r e s  e t  
é c o lo g i q u e s .  I l  e s t  a  p r i o r i  d i f f i c i l e  d ' é t a b l i r  une g r a d a t i o n  e n t r e  c e s  c o n 
s i d é r a t i o n s .  I l  e s t  g é n é r a l e m e n t  de  m i s e  de r é a l i s e r  un c e r t a i n  c o m p r o m i s  
e n t r e  to u s  c e s  p a r a m è t r e s .  P o u r t a n t  i l  e s t  i m p é r a t i f  d ' a c c o r d e r  une 
i m p o r t a n c e  p a r t i c u l i è r e  au x  c o n s i d é r a t i o n s  d e  c a r a c t è r e  s a n i t a i r e .

D a n s  le  p r o b l è m e  p a r t i c u l i e r  d e s  r e j e t s  de s u b s t a n c e s  r a d i o a c t i v e s ,  
l ' i m p é r a t i f  s a n i t a i r e  e s t  de ne  p a s  e n t r a î n e r  un r i s q u e  s u p é r i e u r  à  c e lu i
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a c c e p t é  p a r  l e s  r é g l e m e n t a t i o n s  s u r  l e s  d é b i t s  de  d o s e s  a d m i s s i b l e s  p o u r  
l a  p o p u la t io n .  E n c o r e  f a u t - i l  que  l ' é v a l u a t i o n  du r i s q u e  c o u r u  s o i t  fa i te  
d 'u n e  fa ç o n  a u s s i  o b j e c t i v e  q u e  p o s s i b l e . A in s i  le  f o n d e m e n t  de l a  p o l i t i q u e  
s a n i t a i r e ,  e n  c e  qu i  c o n c e r n e  l a  p o l lu t i o n  r a d i o a c t i v e  c o m m e  e n  c e  qu i 
c o n c e r n e  to u s  l e s  a u t r e s  ty p e s  de p o l lu t i o n ,  d o i t  p o r t e r  s u r  l ' é v a l u a t i o n  
o b j e c t iv e  d e s  r i s q u e s , e t  s u r  l a  c o n n a i s s a n c e  s c i e n t i f i q u e  d e s  p h é n o m è n e s .

L a  d é t e r m i n a t i o n  s c i e n t i f i q u e  de  l a  c a p a c i t é  r a d i o lo g i q u e  l i m i t e  d 'u n  
m i l i e u  r é c e p t e u r  e s t  une r e c h e r c h e  e s s e n t i e l l e  p o u r  c e t t e  é v a lu a t io n  o b je c t iv e  
d e s  r i s q u e s  a u x q u e l s  l ' h o m m e  e t  s o n  m i l i e u  p o u r r a i e n t  ê t r e  s o u m i s .  C e t t e  
a p p r o c h e  de n a t u r e  s o c i o - é c o l o g i q u e  s e  d i f f é r e n c i e  de t o u s  é l é m e n t s  s u b 
j e c t i f s  t e l s  q u e  p e u v e n t  l ' ê t r e  n o t a m m e n t  d e s  c o n s i d é r a t i o n s  d ' o r d r e  é c o 
n o m iq u e  (qui d é p e n d e n t  de l ' i m p o r t a n c e  d e s  r e s s o u r c e s  d 'u n  p a y s ,  d 'u n e  
r é g i o n  ou d 'u n e  c o l l e c t i v i t é )  ou  d e s  c o n t r a i n t e s  d ' o r d r e  t e c h n o lo g iq u e  
(fo n c t io n  du d é v e lo p p e m e n t  i n d u s t r i e l ) .

D e to u t  c e c i  i l  r e s s o r t  q u e  l e s  a u t o r i t é s  r e s p o n s a b l e s  de l a  r a d i o 
p r o t e c t i o n  d o iv e n t  r e c h e r c h e r ,  é t a b l i r  e t  i m p o s e r  une m é th o d o lo g i e  s c i e n t i 
f i q u e m e n t  a c c e p t a b l e  qu i  c o n d u is e  au  r e s p e c t  d e s  n o r m e s  s a n i t a i r e s  i m p o s é e s .  
C e t t e  m é t h o d o lo g i e  p e u t  ê t r e  c e l l e  de  l ' é t a b l i s s e m e n t  de l a  c a p a c i t é  
r a d i o lo g i q u e  q u a n t  à  s e s  p r i n c i p e s  e t  s e s  o b j e c t i f s .

L ' e n t i t é  à  c o n s i d é r e r  e s t  le  s i t e  r é c e p t e u r  (h y d r o b io lo g iq u e  ou  a t 
m o s p h é r i q u e )  e t  non  l ' i n s t a l l a t i o n  n u c l é a i r e  p a r t i c u l i è r e .  L e  p r i n c i p e  
r e c o n n u  p a r  to u s  de  l ' i n t é r ê t  d e  l a  p r o t e c t i o n  de l a  s a n t é  p u b l iq u e  a s s o c i é  
à  c e lu i  de l a  p r é s e r v a t i o n  du  p a t r i m o i n e  n a t u r e l  n o u s  o b l ig e  à  l a  p r i s e  en  
c o n s i d é r a t i o n  d 'u n e  m a n i è r e  f o n d a m e n t a l e m e n t  p r i o r i t a i r e  de l a  c a p a c i t é  
d 'u n  s i t e  à  r e c e v o i r  d e s  e f f lu e n t s  r a d i o a c t i f s .  C o m m e  d a n s  t o u t e s  l e s  
d é c i s i o n s  c o n c e r n a n t  le  m o n d e  m o d e r n e ,  i l  y  a  e n  a d o p ta n t  c e c i  un r i s q u e  
à  c o u r i r ,  m a i s  l e s  n o r m e s  de r a d i o p r o t e c t i o n  e n  o n t  p r é c i s é  l ' i m p o r t a n c e  
e t  e n  o n t  f ix é  l a  l i m i t e  s u p é r i e u r e .  M a i s  s i  c e t t e  d e r n i è r e  n e  d o i t  p a s  ê t r e  
d é p a s s é e  e l l e  n e  d o i t  p a s  non  p lu s  ê t r e  n é c e s s a i r e m e n t  a t t e in t e :  l a  d o s e  
d ' i r r a d i a t i o n  p o u r  l a  p o p u la t io n  ou  p o u r  le  g r o u p e  c r i t i q u e  de  p o p u la t io n  
d o i t  ê t r e  a u s s i  f a ib le  q u e  p o s s i b l e .

L e  c o n c e p t  de c a p a c i t é  r a d i o lo g i q u e  p e r m e t  une v u e  g lo b a l e  d e s  r e j e t s  
de p l u s i e u r s  i n s t a l l a t i o n s  n u c l é a i r e s ,  v u e  g lo b a l e  e s s e n t i e l l e  e n  c e  qu i 
c o n c e r n e  l e s  p r o b l è m e s  de r a d i o p r o t e c t i o n .  D a n s  le  d o m a i n e  d e s  r e j e t s  
d ' e f f l u e n t s  r a d i o a c t i f s ,  i l  r e n d  p o s s i b l e  l e s  é tu d e s  p r o s p e c t i v e s  r e l a t i v e s  
à  l ' é t a b l i s s e m e n t  de c e n t r e s  n u c l é a i r e s ,  d o n c  le  p la n n in g  m o t i v é  du  n o m b r e  
e t  de l ' e m p l a c e m e n t  d e s  i n s t a l l a t i o n s .  I l  e s t  s o u v e n t  d i f f i c i l e  de f a i r e  
l ' i n t é g r a t i o n  d e s  c o n s é q u e n c e s  d e s  r e j e t s  de p l u s i e u r s  i n s t a l l a t i o n s  où  p o u r  
c h a c u n e  d ' e l l e s ,  to u t  en  r e s t a n t  a u - d e s s o u s  d e s  n o r m e s  de  r a d i o p r o t e c t i o n ,  
on  ap p l iq u e  le  p r i n c i p e  de  d é c h a r g e  « a s  low  a s  p r a c t i c a b l e »  ou « a c h ie v a b le »  
( a u s s i  b a s  q u ' i l  e s t  f a i s a b l e ) ,  qui i n t r o d u i t  d e s  c o n s i d é r a t i o n s  é c o n o m i q u e s  
e t  s o c i a l e s .  L a  c e r t a i n e  r e l a t i v i t é  de  c r i t è r e s  c o m m e  le  c o û t  s o c i a l  p a r  
e x e m p l e  p e u t  e n t r a î n e r  b e a u c o u p  de d i f f i c u l t é s  l o r s q u 'o n  s e  p l a c e  d a n s  un 
c a d r e  p lu s  v a s t e ,  p a r  e x e m p l e  c e lu i  d 'u n  b a s s i n  h y d ro b io lo g iq u e  r é c e p t e u r .

I l  f a u t  d ' a i l l e u r s  s o u l i g n e r  q u e  p o u r  d e s  p r o b l è m e s  de  b a s s i n s  h y d r o 
b io lo g iq u e s  i n t e r n a t i o n a u x ,  l a  n o t io n  de  c a p a c i t é  r a d i o b io l o g iq u e  c o n s t i t u e  
un é l é m e n t  de r é f é r e n c e  o b j e c t i f  e t  a c c e p t a b l e  p a r  l e s  s c i e n t i f i q u e s  au  p la n  
i n t e r n a t i o n a l .  C e l a  n e  p r é s u m e  p a s  m a l h e u r e u s e m e n t  d e s  d i s c u s s i o n s  q u a n t  
à l a  r é p a r t i t i o n  de c e t t e  c a p a c i t é  à  l a  fo is  d a n s  le  t e m p s  e t  d a n s  l ' e s p a c e .
M a i s  le  p o in t  de  d é p a r t  de  l a  d i s c u s s i o n  e s t  p r é c i s  e t  in t a n g ib l e ,  c e  qui 
c o n s t i t u e  t o u j o u r s  un é l é m e n t  i m p o r t a n t  d a n s  une c o n f r o n t a t io n .
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C ' e s t  p o u r q u o i  l e s  a u t o r i t é s  c h a r g é e s  de l a  r a d i o p r o t e c t i o n ,  donc  
r e s p o n s a b l e s  d e s  p r o b l è m e s  de  s a n t é  p u b l iq u e  e t  d ' e n v i r o n n e m e n t ,  ne p e u v e n t  
q u ' ê t r e  r é s o l u e s  à é t a b l i r  e t  à  d é v e lo p p e r  l e s  p r i n c i p e s  de  l a  c a p a c i t é  r a d i o 
lo g iq u e  d 'u n  m i l i e u  r é c e p t e u r  de faço n  à p o s s é d e r  une b a s e  s c i e n t i f i q u e  de 
r é f é r e n c e  q u a n t  à  l ' é v a l u a t i o n  o b je c t iv e  d e s  r i s q u e s  d 'u n  r e j e t  de s u b s t a n c e s  
r a d i o a c t i v e s .  D e ce  f a i t ,  e l l e s  s e r o n t  à m ê m e  de p r e n d r e  d e s  d é c i s io n s  
m o t i v é e s  q u a n t  à l a  q u a l i t é  e t  l a  q u a n t i té  d e s  s u b s t a n c e s  r a d i o a c t i v e s  à 
r e j e t e r .  Il e s t  d ' a i l l e u r s  p o s s i b l e  d ' e n v i s a g e r  p a r f o i s  une c e r t a i n e  c o m 
p l é m e n t a r i t é  de l a  c a p a c i t é  r a d i o lo g i q u e  a v e c  le  p r i n c i p e  de r e j e t  « a s  low  as  
p r a c t i c a b l e » ,  d a n s  l ' o p t iq u e  de  l ' i n t é g r a t i o n  de c a s  p a r t i c u l i e r s  d a n s  un 
p r o b l è m e  g é n é r a l .

L a  c a p a c i t é  r a d i o lo g i q u e  p e u t  ê t r e  l a  b a s e  c o n c r è t e  r é a l i s t e  qu i a p p o r t e  
à  l a  s o l u t io n  du  p r o b l è m e  d e s  r e j e t s  d 'e f f l u e n t s  r a d i o a c t i f s  un é l é m e n t  
p o s i t i f ,  s a n s  a r b i t r a i r e .  C a r  s i  on a  é t a b l i  d e s  n o r m e s  d ' i r r a d i a t i o n  e t  s i  
on  l e s  a a c c e p t é e s ,  i l  e s t  s c i e n t i f i q u e m e n t  p o s s i b l e ,  s a n s  t r o p  d ' a r t i f i c e s  
de  c a l c u l  ou de r a i s o n n e m e n t ,  de d é f i n i r ,  p o u r  un s i t e  d o n n é ,  s a  c a p a c i t é  
à r e c e v o i r  une c e r t a i n e  q u a n t i t é  de p o l lu a n t s  s a n s  que  l e s  n o r m e s  
d ' i r r a d i a t i o n  s o i e n t  d é p a s s é e s .
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Abstract

OBSERVED VERSUS THEORIZED CAPACITY OF THE ENVIRONMENT FOR RADIOACTIVE CONTAM INANTS.
T he  p o te n tia l rad ia tio n  exposure o f  peo p le  usually  estab lishes th e  quan tity  o f rad ionuclides  th a t a re  

a c c e p ta b le  in  th e  environs o f  n u c lea r in s ta lla tio n s . E stim ates o f th e  p o te n tia l doses th a t m ay  occur are  
based  upon m any p red ic tions  and assum ptions, inc lu d in g  th e  b ehav iou r o f th e  rad ionuclides  in  ecosystem s, the  
p roduction  and harvest o f e d ib le  products and th e  d ie ta ry , o cc u p a tio n a l and re c re a tio n a l hab its  o f p eop le .
T o  ensure th a t rad ia tio n  doses w ill not exceed  p rescribed  lim its , assum ptions used a re  co nservative  and th e  
d eg ree  o f  conservatism  is inve rse ly  re la te d  to  th e  co n fid en ce  associa ted  w ith an  assum ption .

B ecause o f th e  co n serv a tiv e  n a tu re  o f th e  assum ptions and o ther im p erfec tio n s  in  th e  dose c a lc u la tio n  
process, th e  rad ia tio n  exposure a c tu a lly  re ce iv ed  by peo p le  in  th e  v ic in ity  o f  an op era tin g  n u c lea r in s ta lla tio n  
m ay d iffe r substan tia lly  from  ea rly  es tim a te s . C om parisons betw een  p red ic ted  and a c tu a l doses a re  possible 
w here ra d io ac tiv e  co n tam in an ts  h av e  been  found in  read ily  m easu rab le  q u an titie s  in  th e  environs o f  la rg e  
n u c le a r  com p lexes  (such as th e  USAEC p lu ton ium  p la n t in  th e  S ta te  of W ashington) and som e n u c lea r pow er 
stations. In m ost cases th e  observed co n cen tra tions  o f rad ionuclides  in  c r i t ic a l  foodstuffs and in  peo p le  have  
been  substan tia lly  less than  p red ic ted . T he  best a g ree m en t is w ith  s im p le , d ire c t exposure pathw ays such 
as drink ing  w ate r. Poor ag ree m en t is a ssocia ted  w ith co m plex  food cha ins, irreg u la rly  consum ed foods and 
sh o rt- liv e d  nuclides. M ajor sources o f  e rro r a re  associa ted  w ith  b io -a c c u m u la tio n  fac to rs, m a rk e t d ilu tio n , 
d ie tary  assum ptions and  seasonal varia tions.

C onservative  assum ptions on th e  ca p a c ity  o f  th e  env iro n m en t should alw ays be  used as a basis for 
p lan t design and th e  se ttin g  o f  e fflu en t standards. H ow ever, rev ised  e s tim ates  o f th e  dose a c tu a lly  rece iv ed  
by peo p le  in  th e  environs, and thus th e  c a p a c ity  o f  th e  env ironm en t, should be  m a d e  as soon as fac tu a l da ta  
b ec o m e  a v a ila b le .

INTRODUCTION

The c a p a c i t y  o f  th e  e n v iro n m e n t to  accom m odate r a d i o a c t i v e  m a t e r ia l s  
s h o u ld  be  b a se d  upon s e v e r a l  ty p e s  o f  c r i t e r i a ,  i n c lu d i n g  th e  p o t e n t i a l  
e f f e c t s  o f  r a d i a t i o n  up on  e c o s y s te m s  as a w h o le .  H o w e v e r, a t  t h i s  s ta g e  i n  
th e  d e v e lo p m e n t o f  th e  n u c le a r  i n d u s t r y  th e  o n ly  b a s ic  s ta n d a r d s  t h a t  a r e  gen
e r a l l y  r e c o g n iz e d  a re  th o s e  t h a t  h a ve  be e n  e s ta b l is h e d  f o r  p e o p le [ -*-- 5 ] .  F o r 
th e  t im e  b e in g ,  th e n ,  th e  recom m ended maximum d o se s  f o r  p e o p le  m u s t s e r v e  as 
th e  s t a r t i n g  p o in t  f o r  d e r i v a t i o n  o f  e s t im a te s  o f  c a p a c i t y .  I n  e s s e n c e , t h i s  
a p p e a rs  to  r e p r e s e n t  th e  p o s i t i o n  ta k e n  b y  th e  IAEA P a n e l on  P ro c e d u re s  f o r  
E s t a b l i s h in g  L im i t s  f o r  R a d io n u c l id e s  i n  th e  Sea i n  r e s p e c t  t o  th e  a s s e s s m e n t 
o f  " l i m i t i n g "  c a p a c i t y [ 6 ] .

Even th o u g h  th e  b a s is  f o r  e s t im a t io n  o f  c a p a c i t y  i s  c o n f in e d  t o  th e  d o se  
s ta n d a r d s  f o r  hum ans, a f u r t h e r  c h o ic e  m u s t b e  m ade. T h is  in v o lv e s  a d e t e r 
m in a t io n  o f  w h e th e r  t o  in v o k e  th e  l i m i t  f o r  i n d i v i d u a l s  ( o r  a s m a ll  c r i t i c a l  
p o p u la t io n )  b a se d  up on  e x p o s u re s  c lo s e  t o  th e  p o in t  o f  r a d i o a c t i v e  w a s te  d i s 
p o s a l ,  o r  t o  in v o k e  a lo w e r  l i m i t  t h a t  a p p l ie s  t o  some a v e ra g e  p o p u la t io n .  A 
fe w  y e a rs  ago s e l e c t i o n  o f  th e  m o s t r e s t r i c t i v e  ca se  was r e l a t i v e l y  s im p le
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b e c a u s e  the n u c l e a r  i n s t a l l a t i o n s  o p e r a t i n g  at that t i m e  r e l e a s e d  e n o u g h  m i x e d  
f i s s i o n  p r o d u c t s  a n d / o r  n e u t r o n  a c t i v a t i o n  p r o d u c t s  so that t he c l o s e - i n  d o s e  
(and thus the s t a n d a r d  for i n d i v i d u a l s )  w a s  q u i t e  o b v i o u s l y  the l i m i t i n g  s i t u 
ation. F u r t h e r ,  the c r i t i c a l  p a t h w a y s  w e r e  u s u a l l y  a s s o c i a t e d  w i t h  the 
r e l e a s e  of l i q u i d  w a s t e s  to r i v e r s  or to t he s e a ^ - ^ .

R e c e n t l y  p r o p o s e d  r u l e s  n o w  u n d e r  c o n s i d e r a t i o n  in the U n i t e d  S t a t e s ^ ]  
a nd the d i l i g e n t  u s e  of s o p h i s t i c a t e d  r a d i o a c t i v e  w a s t e  c l e a n u p  e q u i p m e n t  for 
n u c l e a r  p o w e r  p l a n t s  are m o d i f y i n g  t he f o r m e r  s i t u a t i o n .  R e l e a s e s  of r a d i o 
n u c l i d e s  that tend to a c c u m u l a t e  in n e a r b y  s e d i m e n t s  and b i o t a  a re e x p e c t e d  to 
be  n e g l i g i b l e  f r o m  the n u c l e a r  p o w e r  p l a n t s  n o w  u n d e r  d e s i g n  a nd c o n s t r u c t i o n .  
R a t h e r ,  the s m a l l  d o s e s  to p e o p l e  a n t i c i p a t e d  f r o m  s u c h  p l a n t s  w i l l  m o s t  
l i k e l y  com e  f r o m  the %  a nd 8 5 £ r [10] that a r e  d i s c h a r g e d  to the a t m o s p h e r e .  
E v e n  in this s i t u a t i o n ,  h o w e v e r ,  it a p p e a r s  that the c l o s e - i n  d o s e  to m e m b e r s  
of the p u b l i c  w i l l  c o n t i n u e  to b e  m o r e  r e s t r i c t i v e  t h a n  the a v e r a g e  d o s e  to 
p o p u l a t i o n s [6,11].

A s  the f u t u r e  i n s t a l l a t i o n s  w i t h  t h e i r  v e r y  l o w  r e l e a s e s  a r e  p l a c e d  in 
o p e r a t i o n ,  the r e  w i l l  b e  i n c r e a s i n g  r e l i a n c e  on t h e o r e t i c a l  c a l c u l a t i o n s  as 
the b a s i s  for e s t i m a t i o n  of t he r a d i a t i o n  d o s e  to pe o p l e .  It w i l l  b e  i m p r a c 
t i c a l  or too e x p e n s i v e  to m a k e  a c c u r a t e  m e a s u r e m e n t s  in the f i e l d  of the 
i n c r e m e n t a l  c o n t r i b u t i o n  of r a d i o a c t i v e  m a t e r i a l s  f r o m  e a c h  i n d i v i d u a l  p lant.  
P a r a d o x i c a l l y ,  as w e  d e p e n d  m o r e  a n d  m o r e  h e a v i l y  u p o n  the t h e o r e t i c a l  e s t i 
m a t e s ,  our a b i l i t y  to d e t e r m i n e  f r o m  f i e l d  m e a s u r e m e n t s  the r e l i a b i l i t y  of 
t h o s e  e s t i m a t e s  for s o m e  c r i t i c a l  i n d i v i d u a l  or p o p u l a t i o n  w i l l  d i m i n i s h .

P R E D I C T I O N  OF D O S E

T h e  f a c t o r s  that m u s t  b e  t a k e n  i n t o  a c c o u n t  in o r d e r  to p r e d i c t  the fat e  
of r a d i o n u c l i d e s  and t h e n  e s t i m a t e  the r a d i a t i o n  d o s e  to c r i t i c a l  g r o u p s  h a v e  
b e e n  d e s c r i b e d  b y  S l a n s k y t ^ l . A s  d e m o n s t r a t e d  b y  this s y m p o s i u m ,  t h e r e  a re 
n o w  m a n y  e x c e l l e n t  r e s e a r c h  p r o g r a m s  in p r o g r e s s  t h r o u g h o u t  t he w o r l d  that a r e  
f i l l i n g  v o i d s  in the k n o w l e d g e  of t he f a t e  of r a d i o a c t i v e  m a t e r i a l s  r e l e a s e d  
b y  n u c l e a r  i n s t a l l a t i o n s ;  the r e s u l t s  of thi s  w o r k  w i l l  m a k e  s u b s t a n t i a l  c o n 
t r i b u t i o n s  to c a l c u l a t i o n s  of e n v i r o n m e n t a l  c a p a c i t y .  N e v e r t h e l e s s ,  w e  s t i l l  
n e e d  v e r i f i c a t i o n  of the d o s e . m o d e l s  as a w h o l e  u n d e r  c o n d i t i o n s  w h e r e  k n o w n  
r e l e a s e s  of r a d i o n u c l i d e s  can b e  c o m p a r e d  w i t h  m e a s u r e d  c o n c e n t r a t i o n s  that 
u l t i m a t e l y  e x i s t  in p l a c e s  i n h a b i t e d  b y  p e o p l e ,  a n d  in the f o o d s  a nd b e v e r a g e s  
c o n s u m e d  b y  t h o s e  people.

T h e  i m m e n s e  a m o u n t  of d a t a  o n  the d e p o s i t i o n  a n d  f a t e  of r a d i o n u c l i d e s  
i n j e c t e d  int o  the a t m o s p h e r e  b y  the t e s t i n g  of n u c l e a r  d e v i c e s  is m o s t  u s e f u l ,  
b u t  in o n l y  a f e w  p l a c e s  are g o o d  s e t s  of d a t a  a v a i l a b l e  o n  b o t h  c h r o n i c  
r e l e a s e s  f r o m  p o i n t  s o u r c e s  a n d  the r e s u l t i n g  d o s e s  to p e o p l e .  S u c h  set s  of 
d a t a  h a v e  b e e n  d e v e l o p e d  at the l a r g e  n u c l e a r  i n s t a l l a t i o n s  in N o r t h  A m e r i c a ^ ]  
a n d  the U n i t e d  K i n g d o m [ 1 2 ]  a n d  a l s o  for s o m e  n u c l e a r  p o w e r  s t a t i o n s [ 1 2 - 1 3 ] # 
m o s t  e x t e n s i v e  sets of d a t a  a p p e a r  to b e  t h o s e  a s s o c i a t e d  w i t h  the U.K. W i n d s c a l e  
p l a n t  a n d  U.S. H a n f o r d  pl a n t .  In b o t h  of t h e s e  cases, the q u a n t i t i e s  and 
v a r i e t i e s  of r a d i o n u c l i d e s  r e l e a s e d  to the e n v i r o n m e n t  h a v e  w a r r a n t e d  l a r g e -  
s c a l e  p r o g r a m s  for s a m p l i n g  a n d  m e a s u r i n g  t he m a t e r i a l s  at k e y  l o c a t i o n s  a l o n g  
the e x p o s u r e  p a t h w a y s  f r o m  the p o i n t  s o u r c e s  of r e l e a s e  to the c r i t i c a l  
p o p u l a t i o n s .  A  p a u c i t y  of c o m p a r a b l e  d a t a  f o r  m o s t  U.S. n u c l e a r  p o w e r  p l a n t s  
is a s s o c i a t e d  w i t h  the r e l a t i v e l y  s m a l l  q u a n t i t i e s  of r a d i o a c t i v e  m a t e r i a l s  
r e l e a s e d  and the d i f f i c u l t y  of m e a s u r i n g  t h e m  o n c e  t h e y  h a v e  b e e n  d i s p e r s e d  
in the e n v i r o n m e n t .
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M u c h  of the U.S. p o w e r  p l a n t  d a t a  is t a b u l a t e d  as g r o s s  a c t i v i t y ,  r a t h e r  
t h a n  in q u a n t i t i e s  of s p e c i f i c  r a d i o n u c l i d e s . A l t h o u g h  this is q u i t e  s u f 
f i c i e n t  to d e m o n s t r a t e  c o m p l i a n c e  w i t h  r e g u l a t i o n s  a n d  the a b s e n c e  of a n y  s i g 
n i f i c a n t  d o s e  to the p u b l i c ,  a d d i t i o n a l  s p e c i a l  st u d i e s ,  s u c h  as t h o s e  
u n d e r t a k e n  b y  Kahn, et a l . t ^ l ,  for r e a c t o r s  a n d  b y  M a r t i n i ^ ]  f or f u e l r e p r o 
c e s s i n g  p l a n t s ,  a re n e e d e d  in o r d e r  to d e v e l o p  the s o u r c e - d o s e  r e l a t i o n s h i p s .

S e v e r a l  a s s u m p t i o n s  m u s t  b e  u s e d  w i t h  t he m a t h e m a t i c a l  m o d e l s  tha t  p r e 
d i c t  the d o s e  to p e o p l e  in t he v i c i n i t y  of n u c l e a r  i n s t a l l a t i o n s .  T h e s e  h a v e  
b e e n  n o t e d  b y  the I A E A  P a n e l  on P r o c e d u r e s  for E s t a b l i s h i n g  L i m i t s  for R a d i o 
n u c l i d e s  in the SeaC6], O n e  of t h e s e  a s s u m p t i o n s  i n v o l v e s  t he k i n d s  a n d  q u a n 
t i t i e s  of r a d i o n u c l i d e s  that w i l l  b e  r e l e a s e d .  I n a s m u c h  as t he r e l e a s e  ra t e s 
a re d e p e n d e n t  u p o n  the i n t e g r i t y  of e q u i p m e n t ,  the e f f i c i e n c y  of w a s t e  
c l e a n - u p  e q u i p m e n t  a nd t he p e r f o r m a n c e  of w o r k e r s ,  t h e s e  " s o u r c e  t e r m s "  are 
s u b j e c t  to s u b s t a n t i a l  v a r i a t i o n s .  T h e  r a t e s  of r e l e a s e  do n o t  m o d i f y  the 
c a p a c i t y  of the e n v i r o n m e n t  p e r  se, b u t  do, of c o urse, d e t e r m i n e  w h a t  f r a c t i o n  
of the c a p a c i t y  is used.

A n o t h e r  a s s u m p t i o n  i n v o l v e s  the a m o u n t  of d i l u t i o n  t h a t  t a k e s  p l a c e  in 
the a t m o s p h e r e  or h y d r o s p h e r e  b e t w e e n  the p o i n t  of r e l e a s e  a n d  the p o i n t  of 
h u m a n  u s e  or e x p o s u r e .  S i n c e  w e  are u s u a l l y  c o n c e r n e d  w i t h  e x p o s u r e s  that a r e 
i n t e g r a t e d  ove r  a p e r i o d  of a year, this p a r a m e t e r  c a n  b e  e s t i m a t e d  q u i t e  
a c c u r a t e l y  p r o v i d e d  that a d e q u a t e  m e t e o r o l o g i c a l  a n d  h y d r o l o g i c a l  s t u d i e s  h a v e  
b e e n  c a r r i e d  out. S e v e r a l  of the m o s t  i m p o r t a n t  e x p o s u r e  p a t h w a y s ,  i n c l u d i n g  
the d o s e  f r o m  s u b m e r s i o n  in air, i n h a l a t i o n ,  d r i n k i n g  w a t e r  a n d  s w i m m i n g , 
r e q u i r e  l i t t l e  e x t r a p o l a t i o n  b e y o n d  this stage.

A d d i t i o n a l  a s s u m p t i o n s  a re r e q u i r e d  f or t h e  i n g e s t i o n  of f o o d s  a n d  it is 
in this a r e a  that e s t i m a t e s  of the e n v i r o n m e n t a l  c a p a c i t y  b e c o m e  e s p e c i a l l y  
c ompl e x .  E v e n  w h e r e  it is p o s s i b l e  to p r e d i c t  t he r e l a t i o n s h i p s  b e t w e e n  the 
c o n c e n t r a t i o n  of r a d i o n u c l i d e s  in air a n d  c r o p s  or w a t e r  a n d  fish, the r e  
r e m a i n  the p r o b l e m s  o f - p r e d i c t i n g  (or d e t e r m i n i n g )  a) the q u a n t i t i e s  of the 
foo d s  that are a c t u a l l y  c o n s u m e d  b y  the c r i t i c a l  i n d i v i d u a l  or p o p u l a t i o n ,
b) the s e a s o n s  w h e n  t h e y  a r e  c o n s u m e d ,  c) t he a g e  a n d  s i z e  of t he c o n s u m e r ,  
and d) t he n u m b e r  of d i f f e r e n t  e x p o s u r e  p a t h w a y s  that i m p i n g e  on the s a m e  
p e o ple.

T H E  H A N F O R D  O B S E R V A T I O N S

F o r  m a n y  y e a r s ,  the p l u t o n i u m  p r o d u c t i o n  r e a c t o r s  in t he S t a t e  of W a s h 
i n g t o n  d i s c h a r g e d  s u b s t a n t i a l  q u a n t i t i e s  of r a d i o a c t i v e  m a t e r i a l s  to the 
C o l u m b i a  R i v e r l ^ ]  a n d  som e  of the g a m m a - e m i t t e r s  c o u l d  e a s i l y  b e  t r a c e d  
t h r o u g h  a n u m b e r  of f o o d  c h a i n s  to mant-*-^]. A l l  b u t  o n e  of t h e s e  r e a t o r s  
h a v e  n o w  b e e n  shu t  d o w n [ 1 6 ] j blit t he b l o c k  of d a t a  a c q u i r e d  o v e r  m o r e  t h a n 
two d e c a d e s  p r o v i d e s  a n  e x c e p t i o n a l  o p p o r t u n i t y  f or c o m p a r i s o n  of d o s e  p a t h 
w a y  p r e d i c t i o n s  w i t h  s u b s e q u e n t  m e a s u r e m e n t s  that i n c l u d e  w h o l e - b o d y  
c o u n t i n g .

T h e  f i r s t  e s t i m a t e s  of the d o s e  to p e o p l e  in the e n v i r o n s  of the H a n f o r d  
p l a n t  w e r e  r e p o r t e d  in 195 8  at the S e c o n d  U n i t e d  N a t i o n s  I n t e r n a t i o n a l  C o n 
f e r e n c e  on the P e a c e f u l  U s e s  of A t o m i c  E n e r g y [ l ^ J .  T h e s e  e a r l y  e s t i m a t e s  
w e r e  n o t  c h a r a c t e r i s t i c  of the p r e o p e r a t i o n a l  p r e d i c t i o n s  as a r e  n o w  m a d e  for 
n u c l e a r  p o w e r  i n s t a l l a t i o n s .  A t  t he tim e  the f i r s t  r e a c t o r s  s t a r t e d  up 
(1944), the m e t h o d o l o g y  f or p r e d i c t i n g  r a d i a t i o n  d o s e s  f r o m  e x p o s u r e  p a t h w a y s  
w a s  o n l y  in the e m b r y o n i c  stage. N o  s i g n i f i c a n t  r e l e a s e s  to t h e  e n v i r o n m e n t  
h a d  o c c u r r e d ,  a nd t he e a r l i e s t  e x p e r i m e n t s  on t r a n s f e r  of r a d i o n u c l i d e s  f r o m  
s o i l  or w a t e r  to p l a n t s  a n d  a n i m a l s  h a d  o n l y  j u s t  be g u n .  C o n s e q u e n t l y ,  no
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p r e o p e r a t i o n a l  d o s e  p r e d i c t i o n s ,  as w e  c a l c u l a t e  t h e m  today, w e r e  m a d e  for 
the H a n f o r d  p l a n t .

N e v e r t h e l e s s ,  the 195 8  d o s e  e s t i m a t e s ,  w h i c h  w e r e  b a s e d  o n  e n v i r o n m e n t a l  
m o n i t o r i n g  data, d id h e l p  to e s t a b l i s h  the e x p o s u r e  p a t h w a y s  c o n c e p t  a nd
m e t h o d o l o g y .  A t  this s a m e  t i m e  the U n i t e d  K i n g d o m  w a s  u s i n g  s i m i l a r  t e c h 
n i q u e s  to e s t i m a t e  the e x p o s u r e  a n d  set d i s c h a r g e  l i m i t s  f or t he W i n d s c a l e  
W o r k s [ 1 9 ] .  T h e  a u t h o r s  of the 1 9 5 8  d o s e  e s t i m a t e s  for H a n f o r d t ^ ]  c o n c l u d e d  
tha t  :

" T h e  o v e r - a l l  s u m m a t i o n  of r e s u l t s  f r o m  an e n v i r o n m e n t a l  s u r v e y  p r o g r a m  
of this n a t u r e  is c o m p l i c a t e d  b y  the l a r g e  n u m b e r s  of p o s s i b l e  s o u r c e s  
of e x p o s ú r e  and, r e c e n t l y ,  b y  t he g e n e r a l  p r e v a l e n c e  of f a l l o u t  i s o 
topes. T h e  b e s t  e s t i m a t e s  of the a c t u a l  e x p o s u r e s  to p e o p l e  a r e  s t i l l
u n c e r t a i n  b e c a u s e  of t he w i d e  v a r i a t i o n s  p o s s i b l e  in diet, o c c u p a n c y  a nd  
o t h e r  factors. A t  the p r e s e n t  l e v e l s  the e s t i m a t e s  a r e  a d e q u a t e  to 
i n d i c a t e  l o w  e x p o s u r e s  to p e o p l e  b u t  r e f i n e m e n t s  of the t e c h n i q u e  a r e  
c o n s t a n t l y  b e i n g  m a d e  so that i m p r o v e d  v a l u e s  w i l l  b e  a v a i l a b l e . "

T h e  r e f i n e m e n t s  h a v e  c o n t i n u e d  s i n c e  1 9 5 8  as r e c o u n t e d  b y  C o r l e y [20] a n ¿ 
E s s i g [ 2 1 ] ,  Som e  of the m o r e  s i g n i f i c a n t  r e f i n e m e n t s  that h a v e  b e e n  i n c o r p o 
r a t e d  i n t o  r e c e n t  e v a l u a t i o n s  122] are:

E x p r e s s i o n  of all r e s u l t s  in te r m s  of d o s e  (mre m / y e a r )  r a t h e r  t h a n  as 
f r a c t i o n s  of m a x i m u m  p e r m i s s i b l e  c o n c e n t r a t i o n s

A n  u p w a r d  r e v i s i o n  of t he q u a n t i t y  of w a t e r  c o n s u m e d  b y  the m a x i m u m  
i n d i v i d u a l  f r o m  " s t a n d a r d  m a n "  v a l u e s  to 730 l i t e r s  p e r  y e a r  (this w a s  
b a s e d  o n  lo c a l  s u r v e y s ) ,  b u t  a l s o  the u s e  of r a d i o n u c l i d e  c o n c e n t r a t i o n s  
in s a m p l e s  of d r i n k i n g  w a t e r  r a t h e r  t h a n  u n p r o c e s s e d  r i v e r  w a t e r

• D e t e r m i n a t i o n  of i n t a k e  and e x p o s u r e  d a t a  for t he a v e r a g e  l o c a l  r e s i d e n t  
t h r o u g h  the u s e  of q u e s t i o n n a i r e s  a n d  f i e l d  surveys.

I n c l u s i o n  of e x t e r n a l  e x p o s u r e  f r o m  5 00 h o u r s  p e r  y e a r  of r e c r e a t i o n a l  
a c t i v i t y  a l o n g  the b a n k s  of the C o l u m b i a  R i v e r

I n c l u s i o n s  of s e a f o o d  as a d i e t a r y  a s s u m p t i o n  for a v e r a g e  R i c h l a n d  r e s i 
d e n t s  e v e n  t h o u g h  t he d i s t a n c e  to t h e  P a c i f i c  O c e a n  is a b o u t  
4 0 0  k i l o m e t e r s

• A n  u p w a r d  r e v i s i o n  in the e s t i m a t e d  c o n s u m p t i o n  o f  f i s h  c a u g h t  f r o m  the 
C o l u m b i a  R i v e r  b y  the m a x i m u m  i n d i v i d u a l  f r o m  a b o u t  4 k i l o g r a m s  of 
w h i t e f i s h  p e r  y e a r  to 40 k i l o g r a m s  of p a n f i s h  s p e c i e s  (crappie, b a s s  a nd 
p erch)

I n c l u s i o n  of egg s  as a d i e t a r y  a s s u m p t i o n  w h e n  it w a s  n o t e d  that the 
egg s  of h e n s  f r o m  s o m e  far m s  a l o n g  t he C o l u m b i a  R i v e r  c o n t a i n e d  r a d i o 
n u c l i d e s  of H a n f o r d  p l a n t  o r i g i n

I n c l u s i o n  of g a m e  b i r d s  ( p h e a s a n t s  a n d  quail) as a d i e t a r y  a s s u m p t i o n  
w h e n  it w a s  d e t e r m i n e d  that t he a v e r a g e  R i c h l a n d  r e s i d e n t  a t e  a b o u t
1.2 k i l o g r a m s  of s u c h  b i r d s  e a c h  y e a r  (For c o m p a r i s o n  the a v e r a g e  c o n 
s u m p t i o n  of C o l u m b i a  R i v e r  fis h  is a s s u m e d  to b e  0 . 4 8  k i l o g r a m s  p e r  
year)

1 31 1 33I n c l u s i o n  of b o t h  I a n d  I in d r i n k i n g  w a t e r  as s o u r c e s  of d o s e  to 
the thyroid.
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A s u b s t a n t i a l  p a r t  o f  th e  do se  r e f in e m e n t  p ro g ra m  a t  H a n fo rd  h a s  be e n  
a s s o c ia te d  w i t h  th e  e a t in g  h a b i t s  o f  p e o p le  and th e  w h o le -b o d y  c o u n t in g  o f  
la r g e  nu m bers  o f  p e o p le  i n  th e  e n v ir o n s  o f  th e  p l a n t .  I t  was r e c o g n iz e d  a t  
th e  t im e  o f  th e  e a r l y  e s t im a t e s [1 8 ]  t h a t  f i s h  c a u g h t l o c a l l y  f ro m  th e  C olum 
b ia  R iv e r  w o u ld  c o n s t i t u t e  th e  c r i t i c a l  e x p o s u re  p a th w a y  f o r  p e o p le  who a te  
th e m . T h e re  w e re ,  h o w e v e r, no f a c t u a l  d a ta  on  th e  nu m bers  o f  f i s h  o f  v a r io u s  
s p e c ie s  t h a t  w e re  h a r v e s te d ,  how many p e o p le  a te  th e m , o r  i n  w h ic h  s e a s o n s  o f  
th e  y e a r  m o s t o f  th e  f i s h  w e re  c a u g h t .  C o n s e q u e n t ly ,  th e  e a r l y  d o se  e s t i 
m a te s  had t o  be b a se d  up on  th e  p e r s o n a l  c o n je c tu r e  o f  p e o p le  who w e re  f a m i l 
i a r  w i t h  th e  h a b i t s  o f  some o f  th e  l o c a l  f is h e r m e n .

REVISION OF ASSUMPTIONS

The p a u c i t y  o f  d a ta  on f i s h  c o n s u m p t io n  p ro m p te d  a c e n s u s  o f  th e  i n t e n 
s i t y  o f  l o c a l  f i s h i n g  and th e  q u e s t io n in g  o f  p e o p le  a b o u t t h e i r  e a t in g  
h a b i t s .  The f i r s t  su c h  c e n su s  was c a r r ie d  o u t  i n  1961 and a m o re  com preh en
s iv e  c e n su s  was c a r r ie d  o u t  i n  1 9 6 5 -1 9 6 7 [2 3 ] th r o u g h  th e  c o o p e r a t io n  o f  th e  
S ta te  o f  W a s h in g to n  D e p a rtm e n t o f  Game. T h ese  s u r v e y s  showed some s u b s ta n 
t i a l  v a r ia t io n s  fro m  th e  e a r l y  t h e o r iz e d  d i e t a r y  a s s u m p t io n s .  F o r  e x a m p le , 
p a n f is h  s p e c ie s  w e re  consum ed a t  a h ig h e r  r a t e  th a n  w e re  w h i t e f i s h ;  th e  m o s t 
p o p u la r  f i s h i n g  a re a  was n o t  c lo s e  to  th e  r e a c t o r s ,  b u t  many k i lo m e t e r s  down
s t re a m ; m o s t o f  th e  f i s h  w e re  c a u g h t n o t  i n  th e  a u tu m n , b u t  i n  th e  sum m er.

A fe w  o f  th e  f is h e r m e n  q u e s t io n e d  th o u g h t  th e y  a te  f i s h  as many as 
200 t im e s  e a ch  y e a r  and s u b s e q u e n t ly  t h i s  u n u s u a l ly  la r g e  r a t e  o f  c o n s u m p tio n  
was u se d  to  e s t im a te  th e  d o se  to  th e  c r i t i c a l  i n d i v i d u a l s .  T h e re  i s ,  how
e v e r ,  good re a s o n  to  q u e s t io n  th e  v a l i d i t y  o f  th e  200 m e a l- a - y e a r  r a t e  o f  
c o n s u m p t io n ,  w h ic h  i s  d e r iv e d  fro m  th e  p e r s o n a l  e s t im a te s  o f  th e  f is h e r m e n .
On th e  b a s is  o f  th e  re s p o n s e s  to  th e  q u e s t io n n a i r e ,  th e  e s t im a te  o f  th e  num
b e r  o f  f i s h i n g  t r i p s  and th e  num ber o f  f i s h  c a u g h t a r e  b o th  f o u r  t im e s  
g r e a t e r  th a n  can  be a c c o u n te d  f o r  b y  th e  a c t u a l  c o u n ts  o f  f is h e r m e n  on th e  
r i v e r [ 2 3 ] # F u r t h e r ,  n e i t h e r  f o l lo w u p  in t e r v ie w s  a t  th e  homes o f  f is h e r m e n  
n o r  th e  r e s u l t s  o f  e x te n s iv e  w h o le -b o d y  c o u n t in g  c o n f i r m  a 200 m e a l- a - y e a r  
r a t e  o f  c o n s u m p t io n .

When th e  p lu to n iu m  p r o d u c t io n  r e a c t o r s  w e re  o p e r a t in g ,  C o lu m b ia  R iv e r  
f i s h  sa m p le d  d o w n s tre a m  fro m  th e  p r o j e c t  c o n ta in e d  i n  e a s i l y  m e a s u ra b le
c o n c e n t r a t io n s .  B ecau se  o f  t h i s ,  tw o  s p e c ia l  e x p e r im e n ts  w e re  u n d e r ta k e n  to  
d e te rm in e  th e  r e l a t i o n s h i p  b e tw e e n  know n r a t e s  o f  in t a k e  o f  6^Z n  b y  p e o p le  
who consum ed f i s h  and t h e i r  r e s u l t i n g  b o d y  b u rd e n s  o f  6 5 zn [ 2 4 , 2 5 ] # one Qf
th e  e x p e r im e n ts ,  a s u s ta in e d  in t a k e  o f  a b o u t 10 k i lo g r a m s  p e r  y e a r  (5 0  m e a ls )  
le d  to  a maximum b o d y  b u rd e n  o f  a b o u t 130 n C i ^ Z n [ 2 4 ] > g y  r a t i o ,  a p e rs o n  
co n s u m in g  40 k i lo g r a m s  (2 0 0  m e a ls )  o f  s u c h  f i s h  w o u ld  b e  e x p e c te d  t o  h a ve  had  
a b o d y  b u rd e n  o f  a b o u t 500 n C i 6 5 z n . H o w e v e r, no b o d y  b u rd e n s  a p p ro a c h in g  
su ch  a f i g u r e  w e re  fo u n d  among a v id  f is h e r m e n ,  mem bers o f  th e  g e n e r a l  p u b l i c ,  
o r  p l a n t  w o rk e rs  who w e re  c o u n te d  b e tw e e n  1959 and 1 9 6 4 . The h ig h e s t  ° ^ Z n  
b u rd e n  fo u n d  was t h a t  o f  th e  man who a te  th e  f i s h  e x p e r im e n t a l ly .  The n e x t  
h ig h e s t  v a lu e s  (3  p e o p le )  w e re  s l i g h t l y  m o re  th a n  100 n C i,  b u t  s in c e  th e s e  
w e re  p la n t  w o r k e r s ,  th e  6 5 zn  c o u ld  w e l l  h a ve  be en  f ro m  t h e i r  o c c u p a t io n  
r a t h e r  th a n  fro m  t h e i r  d i e t f l ^ ] .  T h e se  d a ta  s u g g e s t t h a t  th e  th e o r iz e d  d o se  
f o r  th e  c r i t i c a l  g ro u p  o f  p e o p le ,  a t t r i b u t e d  t o  th e  c o n s u m p t io n  o f  40 k i lo g r a m s  
o f  f i s h  e a ch  y e a r ,  was q u i t e  l i k e l y  o v e r s ta te d  b y  a f a c t o r  o f  a t  l e a s t  f o u r .

C o m b in in g  w h o le -b o d y  c o u n t in g  w i t h  q u e s t io n n a i r e s  on d i e t a r y  h a b i t s  
p ro v e d  t o  be  a  h i g h ly  e f f e c t i v e  means o f  d e v e lo p in g  good d a ta  on e x p o s u re  
p a th w a y s  and th e  r e s u l t s  h a ve  be en  r e p o r t e d . i n  s e v e r a l  p a p e rs  b y  th e  l a t e  
J o h n  H o n s te a d [2 6 ,2 7 ]ш T h ese  d a ta  showed good a g re e m e n t b e tw e e n  th e  a v a i l 
a b i l i t y  o f  6 5 zn  i n  d r in k in g  w a te r  and th e  a v e ra g e  6 5 zn  b o d y  b u rd e n s  o f  th e
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p e o p l e  w h o  r e g u l a r l y  d r a n k  t h e  w a t e r [2 6 ]. T h e  a g r e e m e n t  b e t w e e n  t he c o n c e n 
t r a t i o n  of 2 4 N a  in d r i n k i n g  w a t e r  a n d  the 2 4 ^ a  b o d y  b u r d e n s  w a s  less c o n s i s 
tent. B e c a u s e  of the s h o r t  h a l f - l i f e  (15 hr) of the 24Na, t he c o n c e n t r a t i o n s  
of this n u c l i d e  f l u c t u a t e d  w i t h  t r a n s i t  t i m e  of the w a t e r  in the r i v e r  and 
m u n i c i p a l  s y s t e m s ,  w i t h  d a y - t o - d a y  v a r i a t i o n s  in a m o u n t  of w a t e r  drunk, and 
w i t h  the e l a p s e d  tim e  b e t w e e n  a d r i n k  a n d  t h e  w h o l e - b o d y  count.

D a t a  s u p p l i e d  b y  s c h o o l  c h i l d r e n [21] i n d i c a t e s  tha t  t he a v e r a g e  c h i l d  
d r i n k s  a b o u t  0.4 l i t e r s  of w a t e r  p e r  d a y  a nd that the m a x i m u m  i n t a k e  is n o t  
apt to b e  m o r e  tha n  0.8 liters. H o w e v e r ,  a d u l t s  w h o  d r i n k  m a n y  cup s  of 
c o f f e e  a n d  tea c o n s u m e  a b o u t  2 lit e r s  of w a t e r  p e r  da y[ 28] # T h e  d i f f e r e n c e  
in the q u a n t i t y  of w a t e r  c o n s u m e d  b y  t he a v e r a g e  a n d  m a x i m u m  i n d i v i d u a l  is 
r e l a t i v e l y  s m a l l  in c o m p a r i s o n  w i t h  the d i f f e r e n c e s  in q u a n t i t i e s  f or o t h e r  
d i e t a r y  items. C o n s e q u e n t l y ,  d o s e  e s t i m a t e s  a s s o c i a t e d  w i t h  d r i n k i n g  w a t e r  
w i l l  p r o b a b l y  b e  m o r e  a c c u r a t e  tha n  t h o s e  a s s o c i a t e d  w i t h  o t h e r  p a t h w a y s .

W h e r e  c o m p l e x  foo d  c h a i n s  are i n v o l v e d ,  the d o s e  p r e d i c t i o n  is s u b j e c t  
to a d d i t i o n a l  s o u r c e s  of error. T h r o u g h  u s e  of the w h o l e - b o d y  c o u n t e r  w e  
h a v e  b e e n  a b l e  to b y p a s s  s o m e  of t h e s e  e r r o r s  a n d  to q u a n t i f y  o t h ers. In o n e 
s p e c i a l  study, H o n s t e a d t 2 ^] o b t a i n e d  b o t h  d i e t a r y  e s t i m a t e s  a n d  w h o l e - b o d y  
c o u n t s  on a sm a l l  p o p u l a t i o n  l i v i n g  on f a r m s  i r r i g a t e d  w i t h  w a t e r  f r o m  the 
C o l u m b i a  River. T h e  b o d y  b u r d e n  w a s  p r e d i c t e d  for e a c h  p e r s o n  o n  the
b a s i s  of h is r e c o l l e c t i o n  of w h a t  h e  a t e  a n d  the c o n t e n t  of ° ^ Z n  -f_n  w a ter 
a n d  f o o d s  as d e t e r m i n e d  f r o m  the e n v i r o n m e n t a l  m o n i t o r i n g  p r o g r a m .  T h i s  p r e 
d i c t i o n  w a s  the n  c o m p a r e d  w i t h  the 6 ^ Z n  b o d y  b u r d e n  as m e a s u r e d  b y  the w h o l e -  
b o d y  c ounter. In ove r  5 0 %  of the p e o p l e  t he m e a s u r e d  b o d y  b u r d e n  of 6^>Zn w a s  
less t h a n  h a l f  of that p r e d i c t e d  on the b a s i s  of the d i e t a r y  and m o n i t o r i n g  
data. In a v e r y  f e w  i n d i v i d u a l s ,  h o w e v e r ,  t h e  m e a s u r e d  b o d y  b u r d e n  w a s  two 
to f o u r  tim e s  g r e a t e r  t h a n  t he p r e d i c t e d  v alue.

In 197 0  a nd 197 1  s o m e w h a t  s i m i l a r  c o m p a r i s o n s  w e r e  m a d e  b e t w e e n  e s t i 
m a t e d  6 ^ Z n  i n t a k e  a nd m e a s u r e d  b o d y  b u r d e n s  f o r  p e o p l e  w h o  l i v e  o n  the 
P a c i f i c  O c e a n  n e a r  the m o u t h  of the C o l u m b i a  R i v e r t 2 ^]. p or th e  1970 s u r v e y  
the a v e r a g e  m e a s u r e d - t o - c a l c u l a t e d  r a t i o  w a s  b e t w e e n  o n e  a n d  t w o — a  r e m a r k 
a b l y  g o o d  r e sult. H o w e v e r ,  a f e w  i n d i v i d u a l s  h a d  a b o u t  t e n  tim e s  t h e  p r e 
d i c t e d  b o d y  bu r d e n .  In 1 9 7 1  t he a v e r a g e  b o d y  b u r d e n s  w e r e  two to fou r  times
h i g h e r  t h a n  c a l c u l a t e d  a n d  a g a i n  a f e w  s t u d e n t s  h a d  b u r d e n s  as m u c h  as an
o r d e r  of m a g n i t u d e  g r e a t e r  t h a n  c a l c u l a t e d .

T h e  r e l a t i v e  a g r e e m e n t  r e p o r t e d  h e r e  b e t w e e n  t h e  c a l c u l a t e d  and m e a s u r e d  
b o d y  b u r d e n s  of c r i t i c a l  p o p u l a t i o n  g r o u p s  s h o u l d  n o t  b e  v i e w e d  as r e p r e s e n 
t a t i v e  of a p r e c i s i o n  that w i l l  e x i s t  in the v i c i n i t y  of a l l  n u c l e a r  i n s t a l 
lations. O n l y  o n e  n u c l i d e  (65zn) is c o n s i d e r e d  a n d  s o m e  of the u n c e r t a i n t i e s  
a s s o c i a t e d  w i t h  p r e d i c t i n g  its c o n c e n t r a t i o n s  in f o o d s  h a v e  b e e n  e l i m i n a t e d  
b y  e x t e n s i v e  s a m p l i n g  a n d  r a d i o c h e m i c a l  a n a l y s i s  of the foods. W e r e  it n o t  
for the e n v i r o n m e n t a l  m o n i t o r i n g  data, it w o u l d  a l s o  h a v e  b e e n  n e c e s s a r y  to 
m a k e  e s t i m a t e s  a b o u t  d i l u t i o n  of the e f f l u e n t ,  b i o a c c u m u l a t i o n  f a c t o r s  a nd 
s e a s o n a l  v a r i a t i o n s .  S u c h  e s t i m a t e s  can, h o w e v e r ,  b e  m a d e  w i t h  r e m a r k a b l e  
s u c c e s s  p r o v i d e d  that a d e q u a t e  s t u d i e s  a r e  m a d e  of the b i o a c c u m u l a t i o n  f a c 
tors a nd of the c h a r a c t e r i s t i c s  of the e n v i r o n s  of t he n u c l e a r  site.

C O N C L U S I O N S

T h e  l i m i t i n g  c a p a c i t y  of the e n v i r o n m e n t  to a c c e p t  r a d i o a c t i v e  m a t e r i a l s  
c a n  b e  p r e d i c t e d  w i t h  r e a s o n a b l e  a c c u r a c y  in te r m s  of s p e c i f i e d  p e r m i s s i b l e  
d o s e  r a t e s  to man. H o w e v e r ,  the p r e c i s i o n  o f  t he p r e d i c t i o n  d e p e n d s  not
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o n l y  u p o n  h o w  w e l l  the m o v e m e n t  a n d  f a t e  of the r a d i o n u c l i d e s  in t h e  b i o 
s p h e r e  c an b e  m o d e l e d , b u t  als o  u p o n  an a c c u r a t e  k n o w l e d g e  of the d i e t a r y  a n d  
r e c r e a t i o n a l  h a b i t s  of t he c r i t i c a l  p o p u l a t i o n s .  S e v e r a l  p r e d i c t i o n s  h a v e  
b e e n  m a d e  that t u r n e d  out to b e  w i t h i n  a f a c t o r  of 2 of the v a l u e s  m e a s u r e d  
in the field. In o t h e r  cas e s  ( i n d i v i d u a l  p e o p l e  r a t h e r  t h a n  p o p u l a t i o n s )  the 
f i r s t  e s t i m a t e s  m a y  h a v e  e i t h e r  u n d e r s t a t e d  or o v e r s t a t e d  the d o s e  b y  an 
o r d e r  of m a g n i t u d e .

E v e n  w i t h  i m p r o v e d  m e t h o d o l o g y  f or p r e d i c t i n g  t he r e l a t i o n s h i p s  b e t w e e n  
r e l e a s e  r a t e s  of r a d i o a c t i v e  m a t e r i a l s  a n d  the d o s e  to c r i t i c a l  p o p u l a t i o n  
gr o u p s ,  t he fir s t  a p p r o x i m a t i o n s  of e n v i r o n m e n t a l  c a p a c i t y  s h o u l d  b e  m a d e  
w i t h  t he u s e  of a s s u m p t i o n s  that are s u f f i c i e n t l y  c o n s e r v a t i v e  to a s s u r e  tha t  
the r a d i a t i o n  d o s e s  w i l l  f a l l  w i t h i n  d e s i r e d  limits. A s  s o o n  as a c t u a l  
o p e r a t i n g  e x p e r i e n c e  p r o v i d e s  f a c t u a l  data, the t e n t a t i v e  a s s u m p t i o n s  u s e d  at 
the o u t s e t  s h o u l d  b e  r e f i n e d .  T h i s  r e f i n e m e n t  w i l l  a i d  in the v a l i d a t i o n  of 
p r e d i c t i v e  m o d e l s  r a t h e r  t h a n  in t he p e r p e t u a t i o n  of f a l s e  c o n c e p t s  t h r o u g h  a 
r e i t e r a t i o n  of u n c o n f i r m e d  dogma.
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D I S C U S S I O N

I. L .  O P H E L :  I a m  i n t e r e s t e d  in  th e  s m a l l  n u m b e r  of in d iv id u a l s  who 
c o n ta in e d  m o r e  t h a n  t e n  t i m e s  th e  p r e d i c t e d  a m o u n t  o f z in c - 6 5 .  W a s  any  
a t t e m p t  m a d e  to  f in d  th e  e x a c t  r e a s o n s  f o r  th e  d i s c r e p a n c i e s ?

R. F .  F O S T E R :  T h e  in d iv id u a l s  who c o n ta in e d  s u b s t a n t i a l l y  m o r e  65Z n  
th a n  p r e d i c t e d  d id  n o t  h a v e  u n u s u a l  a b s o l u t e  bo dy  b u r d e n s  o f  65Z n .  T h e  
l a r g e  d i f f e r e n c e  b e tw e e n  w h a t  w a s  p r e d i c t e d  and  w h a t  w a s  a c t u a l l y  e x p e r i e n c e d  
s e e m s  to  b e  a s s o c i a t e d  w ith  an  u n d e r e s t i m a t e  o f  th e  in t a k e  o f  c o m m o n  
fo o d s  c o n ta in in g  65Z n .

I. H AN DY SID E: I h a v e  a  q u e s t i o n  on  th e  p s y c h o l o g i c a l  i m p a c t  o f y o u r  
w h o le - b o d y  m o n i t o r i n g  p r o g r a m .  D id  y o u  f in d  t h a t  s u s p i c i o n s  w e r e  a r o u s e d  
a m o n g  th e  l o c a l  p o p u la t io n  t h a t  s o m e th i n g  w a s  w ro n g  w i th  th e  H a n d fo rd  P l a n t .  
W h a t  a c t i o n  d id  y o u  t a k e  to  a s s u r e  s u c h  p e r s o n s  t h a t  t h i s  w a s  n o t  th e  c a s e ?

R. F .  F O S T E R :  A t f i r s t  w e w e r e  c o n c e r n e d  t h a t  th e  p u b l i c  w ou ld  be  
a p p r e h e n s i v e  ab o u t  t h e  c o n d i t io n  of t h e  p l a n t  if  we a s k e d  p e o p le  to  b e  c o u n te d  
in  th e  w h o le - b o d y  c o u n t e r .  C o n s e q u e n t l y  t h e  p r o g r a m  w a s  d e s c r i b e d  in  th e  
p r e s s  a n d  t e l e v i s i o n ,  s c h o o l  c h i l d r e n  an d  t h e i r  t e a c h e r s  w e r e  g iv e n  a  o n e -  
h o u r  l e c t u r e  on  ra d io a c t iv i t y , ,  b o th  n a t u r a l  and  a r t i f i c i a l ,  a n d  l i t e r a t u r e  w a s  
s e n t  h o m e  w ith  th e  s t u d e n t s .  W e fou n d  t h a t  t h e r e  w a s  a b s o l u t e l y  no  n e e d  fo r  
u s  to  w o r r y  a b o u t  th e  p s y c h o l o g i c a l  i m p a c t .  In  f a c t ,  i t  t u r n e d  o u t  to  b e  an  
e x c e l l e n t  p u b l ic  i n f o r m a t i o n  and  r e l a t i o n s  p r o g r a m .
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Abstract-Résumé

THE RADIOLOGICAL CAPACITY OF THE ENVIRONMENT AS A BASIS FOR FUTURE RADIATION PROTECTION 
STUDIES .

T he h e a lth  h azard s  arising  from  the no rm a l e ffluen ts  d ischarged  by a n u c lea r fa c i li ty  are e v a lu a te d  in  
te rm s o f th e  irra d ia tio n  dose to  the m ost exposed pop u la tio n  groups. E va luation  of these hazard s  requ ires a 
know ledge of the ex isting  eq u ilib riu m  re la tionsh ip s betw een  the a c tiv ity  d ischarged  to  the en v ironm en t 
and the dose to  the m em bers  o f the c r i t ic a l  group . S ince these re la tionsh ip s  are  assum ed to  be know n, by 
assigning a  fixed  lim itin g  v a lu e  to  the dose one ca n  o b ta in  the m ax im u m  a c tiv i ty  o f the corresponding 
d ischarge  p er u n it t im e . This v a lu e  is id e n tif ied  w ith  w hat is ca lle d  the " lim it in g  rad io lo g ic a l c a p a c ity  of the 
rece iv in g  en v iro n m en t for the rad io n u c lid e  c o n s id e red " . T he lim itin g  rad io lo g ic a l c a p a c ity  depends on a 
la rg e  num ber o f facto rs associa ted  w ith  th e  c h a ra c te r is tic s  o f the rad io n u c lid e , the rece iv in g  env iro n m en t 
and the popu la tions c o n c e rn ed . I t  im p lie s  th a t the en v iro n m en t considered  is hom ogeneous and in  equ ilib riu m  
w ith  the rad io n u c lid e . The lim it in g  rad io lo g ic a l c a p a c ity  of an  en v iro n m en t ca n  be e v a lu a te d  a t  th ree 
levels : lo c a l le v e l, for e s tim a te s  concern ing  only a lim ite d  pop u la tio n  group; reg io n a l le v e l,  for e s tim a te s  
con cern in g  m ore ex tensive  c o n ta m in a tio n  (rivers and lakes); and in te rn a tio n a l le v e l, for lo n g -te rm  es tim a te s  
on the assum ption  of g en e ra liz ed  c o n tam in a tio n  o f the p la n e t (atm osphere and o ce an s). The re la tio n sh ip  
betw een  th e  es tim a te s  o f d ischarge  and the lim it in g  rad io lo g ic a l c a p a c ity  of the en v iro n m en t considered  
p rovides the m eans o f ev a lu a tin g  the le v e l o f p ro te c tio n  of popu la tions in  com parison  w ith  the basic  standards,

LA CAPACITE RADIOLOGIQUE DE L'ENVIRONNEMENT, BASE DES ETUDES PROSPECTIVES DE PROTECTION.
Les risques san ita ires  ré su ltan t des e ffluen ts  norm aux re je té s  par une in s ta lla tio n  n u c lé a ire  sont éva lués  

en  te rm es de dose d 'i r r a d ia t io n  d é liv rée  aux groupes de pop u la tio n  les plus exposés. L' év a lu a tio n  de ces 
risques im p liq u e  la  conna issance  des re la tio n s  qui ex is ten t à  l 'é q u i l ib r e  en tre  l 'a c t i v i t é  re je té e  dans le  m ilie u  
e t  la  dose d é liv rée  aux ind iv idus du groupe c r i t iq u e . C es re la tio n s  é ta n t  supposées connues, en  donnan t 
à  la  dose la  v a le u r  l im ite  fixée  on o b tie n t 1 ' a c tiv i té  m a x im a le  du re je t  co rrespondan t par un ité  de tem p s.
C e tte  v a le u r  s 'id e n t i f ie  à ce qu ' on ap p e lle  la  « c a p a c i t é  rad io log ique  l im ite  du m ilie u  réce p teu r  pour le 
rad io n u c lê id e  c o n s id é ré » .  La c a p a c ité  rad io log ique  lim ite  (CRL) dépend de nom breux fac teu rs , lié s  aux 
c a ra c té ris tiq u e s  du ra d io n u c lê id e , du m ilie u  réce p teu r  e t  des popu la tions co n c ern ées . E lle im p liq u e  que le 
m ilie u  considéré es t hom ogène e t  en  éq u ilib re  av ec  le  ra d io n u c lê id e . La CRL d 'u n  m ilie u  p e u t être  
é v a lu ée ; à  1 ' é c h e lle  lo c a le  pour des p révisions n ' in té ressan t qu ' un groupe lim ité  de p opu la tion ; à 1 ' é c h e lle  
rég io n a le  pour des p révisions c o n c e rn an t une co n ta m in a tio n  plus é tendue (fleuve , la c ); à l 'é c h e l l e  m o n d ia le , 
pour des p révisions à long te rm e  dans l 'h y p o th è se  d 'u n e  co n ta m in a tio n  gén é ra lisée  de la  p la n è te  (atm osphère 
te rre s tre , océans). Le rapport en tre  le s  p révisions de re je t  e t  la  CRL du m ilie u  considéré p e rm e t d 'a p p ré c ie r  
le  n iv eau  de p ro te c tio n  des popu la tions  par rapport aux norm es de base .

IN T R O D U C T IO N

L a  c a p a c i t é  d ' a c c e p t a t i o n  d 'u n  m i l i e u  r é c e p t e u r  p o u r  u n  p o l lu a n t  d onné  
a  é té  d é f in ie  [1 ]  c o m m e  « l a  q u a n t i t é  de  ce  p o l lu a n t  que  l e  m i l i e u  r é c e p t e u r  
p e u t  r e c e v o i r  en  u n  p o in t  d on né ,  d 'u n e  fa ç o n  c o n t in u e  s a n s  q u ' i l  e n  r é s u l t e  
à  t e r m e  de  n u i s a n c e s  a p p r é c i a b l e s  p o u r  l ' h o m m e  e t  s o n  e n v i r o n n e m e n t » .
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C e t t e  n o t io n  r e p o s e  s u r  l ' e x i s t e n c e  d 'u n  é q u i l i b r e  e n t r e  l e s  a p p o r t s  c o n t in u s  
à  d é b i t  c o n s t a n t  du p o l lu a n t  e t  s o n  é l i m i n a t i o n  p a r  to u s  l e s  p r o c e s s u s  
p o s s i b l e s .  E l l e  r e p r é s e n t e  u n e  c a r a c t é r i s t i q u e  du m i l i e u  au  p o in t  c o n s i d é r é ,  
f o n c t io n  de s o n  p o te n t i e l  de  d i l u t io n  e t  d ' a u t o é p u r a t i o n  d 'u n e  p a r t ,  de  so n  
u t i l i s a t i o n  p a r  l ' h o m m e  d ' a u t r e  p a r t .

P o u r  u n  p o l lu a n t  r a d i o a c t i f ,  l a  c a p a c i t é  d ' a c c e p t a t i o n  du m i l i e u  e s t  
a p p e lé e  « c a p a c i t é  r a d i o lo g i q u e » .  E l l e  s ' e x p r i m e  a l o r s  en  a c t i v i t é  p a r  u n i t é  
de  t e m p s .  D a n s  ce  c a s ,  l a  d é c r o i s s a n c e  r a d i o a c t i v e  v ie n t  s ' a j o u t e r  au x  
a u t r e s  p r o c e s s u s  d ' é l i m i n a t i o n  e t  i l  p e u t  a r r i v e r  a u s s i  qu e  ce  s o i t  l e  s e u l  
p r o c e s s u s  à c o n s i d é r e r .  P a r  d é f in i t io n ,  la  c a p a c i t é  r a d i o lo g i q u e  e x p r i m e  
u n e  l i m i t e  a u - d e l à  de  l a q u e l l e  l a  n u i s a n c e  n ' e s t  p lu s  c o n s i d é r é e  c o m m e  
a c c e p t a b l e .  L e  c r i t è r e  d e  b a s e  p o u r  l ' a p p r é c i a t i o n  du r i s q u e  r a d i o a c t i f  
é t a n t  l a  l i m i t e  de  d o s e  f ix é e  p o u r  l e s  in d iv id u s  du p u b l i c ,  i l  en  r é s u l t e  que 
l e s  r e j e t s  d 'e f f l u e n t s  r a d i o a c t i f s  d a n s  l e  m i l i e u  c o n s i d é r é ,  p o u r  ê t r e  
a c c e p t a b l e s ,  d o iv e n t  ê t r e  l i m i t é s  de t e l l e  f a ç o n  que la  d o s e  d ' i r r a d i a t i o n  
d é l i v r é e  à  l ' o r g a n e  c r i t i q u e  d e s  in d iv id u s  du g r o u p e  c r i t i q u e  r e s t e  i n f é r i e u r e  
à  l a  l i m i t e  de  d o s e .  C o n n a i s s a n t  la  r e l a t i o n  qui e x i s t e  à l ' é q u i l i b r e  e n t r e  
l ' a c t i v i t é  r e j e t é e  d a n s  l e  m i l i e u  e t  l a  d o s e  d é l i v r é e  a u x  in d iv id u s  du g ro u p e  
c r i t i q u e ,  s i  l ' o n  do nn e  à l a  d o s e  l a  v a l e u r  l i m i t e  f ix é e  p a r  l e s  a u t o r i t é s  
r e s p o n s a b l e s ,  i l  e s t  p o s s i b l e  d ' é v a l u e r  l ' a c t i v i t é  m a x i m a l e  du r e j e t  
c o r r e s p o n d a n t  p a r  u n i t é  de t e m p s .  C e t t e  v a l e u r  s ' i d e n t i f i e  a l o r s  à  ce  que  
l ' o n  p e u t  a p p e l e r  l a  « c a p a c i t é  r a d i o lo g i q u e  l i m i t e »  ou C R L  du m i l i e u  
r é c e p t e u r  p o u r  le  r a d i o n u c l é i d e  c o n s i d é r é  [ 2 ] .

L a  C R L  d 'u n  m i l i e u  r é c e p t e u r  p o u r  u n  p o l lu a n t  r a d i o a c t i f  do nn é  d ép e n d  
e s s e n t i e l l e m e n t  de  c in q  s é r i e s  d ' é l é m e n t s :

a) l a  l i m i t e  de d o s e  f ix ée  p o u r  l ' o r g a n e  c r i t i q u e
b) l e s  p a r a m è t r e s  b io lo g iq u e s  e t ,  é v e n tu e l l e m e n t ,  n u t r i t i o n n e l s  de  

l ' i n d iv i d u  m o y e n  du g r o u p e  de  p o p u la t io n  c r i t i q u e
c) l e s  p a r a m è t r e s  é c o lo g i q u e s  de t r a n s f e r t  du m i l i e u  à l ' h o m m e
d) l e s  p a r a m è t r e s  i n t r i n s è q u e s  du m i l i e u  r é c e p t e u r  qu i  d é t e r m i n e n t  à 

l ' é q u i l i b r e  la  c o n c e n t r a t i o n  du p o l l u a n t  d a n s  ce  m i l i e u
e) l e s  c a r a c t é r i s t i q u e s  du p o l lu a n t  l u i - m ê m e ,  e n  p a r t i c u l i e r  s a  f o r m e  

p h y s i c o - c h i m i q u e  e t  s a  p é r i o d e  de d é c r o i s s a n c e .

S u iv an t  l ' é t e n d u e  du t e r r i t o i r e  s u r  l e q u e l  s ' e x e r c e  l a  n u i s a n c e  et 
l ' i m p o r t a n c e  d e  l a  p o p u la t io n  qu i  en  s u b i t  l e s  e f f e t s ,  l a  c a p a c i t é  r a d i o lo g i q u e  
p e u t  ê t r e  é v a lu é e  à  l ' é c h e l l e  l o c a l e ,  r é g i o n a l e  ou m o n d i a l e .

1. E V A L U A T IO N  D E  L A  C R L  A L 'E C H E L L E  L O C A L E  E T  R E G IO N A L E

' L ' e x p o s i t i o n  de la  p o p u la t io n  l o c a l e  p e u t  r é s u l t e r ,  s o i t  de  l ' i r r a d i a t i o n  
d i r e c t e ,  s o i t  d e  l ' i n h a l a t i o n  d ' a i r  c o n ta m in é ,  s o i t ,  en fin ,  d e  l ' i n g e s t i o n  de 
p r o d u i t s  a l i m e n t a i r e s  c o n t a m i n é s .  M a i s  l e  p lu s  s o u v e n t ,  l ' e x p o s i t i o n  de 
l a  p o p u la t io n  d é b o r d e  le  c a d r e  l o c a l  e t  p r e n d  u n e  a m p l e u r  r é g i o n a l e .  D a n s  
c e r t a i n s  c a s ,  l e  m i l i e u  r é c e p t e u r ,  f l e u v e ,  g r a n d  l a c ,  p a r  e x e m p l e ,  e s t  
s u f f i s a m m e n t  é te n d u  p o u r  i n t é r e s s e r  l a  p o p u la t io n  d 'u n e  r é g i o n ,  e t  m ê m e  
p a r f o i s  p r e n d r e  u n  c a r a c t è r e  i n t e r n a t i o n a l .  D a n s  d ' a u t r e s  c a s ,  l e s  p r o d u i t s  
a g r i c o l e s  c o n ta m in é s  l o c a l e m e n t  p e u v e n t  ne p a s  ê t r e  c o n s o m m é s  e x c l u s i v e 
m e n t  p a r  l a  p o p u la t io n  l o c a l e ,  m a i s  ê t r e  d i s t r i b u é s ,  a p r è s  m é l a n g e  a v e c
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d e s  p r o d u i t s  d ' a u t r e s  r é g i o n s ,  e t  c o n s o m m é s  p a r  u n e  p o p u la t io n  p lu s  
i m p o r t a n t e .  I l  e n  r é s u l t e  a l o r s  u n e  c e r t a i n e  d i l u t i o n  d on t  i l  p o u r r a i t  ê t r e  
te n u  c o m p t e  p o u r  l ' é v a l u a t i o n  de  l a  C R L .

D a n s  to u s  l e s  c a s ,  l a  p r e m i è r e  é ta p e  du c a l c u l  c o n d u is a n t  à  l a  C R L  
c o n s i s t e  à é t a b l i r  l e s  é q u a t io n s  e x p r i m a n t  la  d o s e  a n n u e l l e  D d é l i v r é e  à 
l ' i n d iv i d u  m o y e n  d e s  g r o u p e s  de  p o p u la t io n  i n t é r e s s é s ,  e n  fo n c t io n  du 
p a r a m è t r e  u s y m b o l i s a n t  l e  n iv e a u  de  c o n ta m in a t io n  du m i l i e u  r é c e p t e u r .
C e s  é q u a t io n s  s o n t  de  la  f o r m e :

D = f c (u) (1)

f c e s t  u n  f a c t e u r  de  c o n v e r s i o n  q ue  l ' o n  p e u t  a p p e l e r  f a c t e u r  
de  d o s e .  L à  v o ie  c r i t i q u e  e t  l e  g r o u p e  d e  p o p u la t io n  c r i t i q u e  s o n t  d é t e r 
m i n é s  p a r  l ' é q u a t i o n  qu i  m a x i m a l i s e  D p o u r  u n e  m ê m e  v a l e u r  de  u ,  
c ' e s t - à - d i r e  p a r  l e s  p a r a m è t r e s  p a r t i e l s  qu i  m a x i m a l i s e n t  fc .

D a n s  l e s  c a s  d ' e x p o s i t i o n  p a r  i r r a d i a t i o n  d i r e c t e  e t  i n h a l a t i o n ,  l ' é v a l u a t i o n  
de  fc e s t  r e l a t i v e m e n t  s i m p l e  e t  ne f a i t  i n t e r v e n i r  que  l e s  p a r a m è t r e s  
b io lo g iq u e s  d e  l ' h o m m e  e t  l e s  c a r a c t é r i s t i q u e s  du r a d i o n u c l é i d e .  L e s  
p a r a m è t r e s  l i é s  au  s i t e  n 'o n t  p a s  à ê t r e  p r i s  en  c o n s i d é r a t i o n .  P a r  c o n t r e ,  
l o r s q u e  l ' a t t e i n t e  de  l ' h o m m e  r é s u l t e  d e  l ' i n g e s t i o n  d e  p r o d u i t s  a l i m e n t a i r e s  
c o n ta m in é s ,  l a  v a l e u r  de  f c d é p e n d ,  d 'u n e  p a r t ,  d e s  c a r a c t é r i s t i q u e s  du 
s i t e ,  d ' a u t r e  p a r t ,  d e s  h a b i t u d e s  a l i m e n t a i r e s  de  l a  p o p u la t io n .  L e s  
é q u a t io n s  (1) p r e n n e n t  a l o r s  la  f o r m e :

D = ^ q i f i ( u )  (2).

où  q¿ e s t  l a  q u a n t i t é  d ' a l i m e n t s  I c o n s o m m é s  a n n u e l l e m e n t  p a r  l ' i n d iv i d u  m o y e n  
du g r o u p e  c o n s i d é r é  e t  f i  (u) e s t  l a  d o s e  é l é m e n t a i r e  d é l i v r é e  à l ' o r g a n e  de  
r é f é r e n c e  p e n d a n t  l ' u n i t é  de t e m p s  p a r  l a  q u a n t i t é  d e  r a d i o n u c l é i d e  c o n te n u e  
d a n s  l ' u n i t é  d ' a l i m e n t  i, e x p r i m é e  e n  fo n c t io n  du p a r a m è t r e  u .

L e s  p a r a m è t r e s  q u i  e n t r a î n e n t  l a  p lu s  g r a n d e  v a r i a b i l i t é  de  D p o u r  u n e  
m ê m e  v a l e u r  de  u s o n t  l ' â g e  d e s  in d iv id u s  e t  l e u r s  h a b i t u d e s  a l i m e n t a i r e s ,  
e t  l e s  d i f f é r e n t s  f a c t e u r s  de  t r a n s f e r t  du m i l i e u  a u x  p r o d u i t s  a l i m e n t a i r e s  
p a r v e n u s  au  s t a d e  de  l a  c o n s o m m a t i o n .  C e s  p a r a m è t r e s  s o n t  t r è s  
n o m b r e u x  e t  i l  e s t  l e  p lu s  s o u v e n t  i l l u s o i r e  de v o u lo i r  e n  t e n i r  c o m p te  de 
f a ç o n  e x h a u s t iv e .  E n  g é n é r a l ,  on  s e  c o n te n te  de r e t e n i r  q u e lq u e s  p a r a m è t r e s  
e s s e n t i e l s  q u i  e u x - m ë m e s  i n t è g r e n t  u n  g r a n d  n o m b r e  de  p a r a m è t r e s  
s e c o n d a i r e s .

D e u x  c a s  p r i n c i p a u x  s e  p r é s e n t e n t .

1 . 1 .  C a s  d 'u n e  p o l l u t i o n  a t m o s p h é r i q u e

P o u r  l ' é v a l u a t i o n  d e  l a  c o n ta m in a t io n  d e s  v é g é ta u x ,  o n  p r e n d  l e  p lu s  
s o u v e n t  e n  c o n s i d é r a t i o n  q u a t r e  p a r a m è t r e s :

a) L a  v i t e s s e  a p p a r e n t e  d e  d é p ô t ,  c ' e s t - à - d i r e  l e  r a p p o r t

У _ a c t i v i t é  d é p o s é e  p a r  u n i t é  de  t e m p s  e t  p a r  u n i t é  de  s u r f a c e  
g c o n c e n t r a t i o n  du r a d i o n u c l é i d e  d a n s  l ' a i r



6 0 6 LACOURLY

C e t t e  v i t e s s e  de d é p ô t  v a r i e  d a n s  d ' a s s e z  l a r g e s  l i m i t e s .  P o u r  le  
d é p ô t  de  l ' i o d e  s u r  l ' h e r b e  p a r  e x e m p l e ,  c e t t e  v a r i a b i l i t é  p e u t  a t t e i n d r e  
u n  f a c t e u r  100 s u iv a n t  l a  f o r m e  p h y s i c o - c h i m i q u e  de  l ' i o d e  e t  u n  f a c t e u r
10 s u i v a n t  la  d e n s i t é  de  l ’h e r b e  e t  l a  v i t e s s e  du v e n t .

b) L e  p a r a m è t r e  de  t r a n s f e r t  a i r - v é g é t a l ,  e x p r i m a n t  l a  f r a c t i o n  du 
d é p ô t  r e t e n u e  d a n s  l a  p a r t i e  c o m e s t i b l e  du v é g é t a l .  C e  p a r a m è t r e  p e u t  
v a r i e r  de q u e lq u e s  p o u r - c e n t  à 25 ou 30%.

c) L e  p a r a m è t r e  de t r a n s f e r t  s o l - v é g é t a l ,  e x p r i m a n t  l a  f r a c t i o n  du 
d é p ô t  a c c u m u l é  d a n s  le  s o l  p r é s e n t e  d a n s  la  p a r t i e  c o m e s t i b l e  du v é g é t a l  
au  m o m e n t  de l a  r é c o l t e .  C e  p a r a m è t r e  v a r i e  d a n s  d ' a s s e z  l a r g e s  l i m i t e s  
e n  fo n c t io n  d e s  c a r a c t é r i s t i q u e s  du s o l ,  de  c e l l e s  du v é g é t a l ,  d e s  t e c h n i q u e s  
a g r i c o l e s ,  e t c .

d) L e  c o e f f i c i e n t  d ' é l i m i n a t i o n  du r a d i o n u c l ê i d e ,  à  p a r t i r  de  s o n  d ép ô t  
au  s o l ,  d on t  d ép e n d  l ' a c t i v i t é  du s o l  à l ' é q u i l i b r e .

P o u r  l e s  p r o d u i t s  a n im a u x ,  i l  fau t  t e n i r  c o m p te  e n  o u t r e  d e s  f a c t e u r s  
de  p a s s a g e  n o u r r i t u r e - p r o d u i t s  a n im a u x ,  qu i,  g é n é r a l e m e n t ,  v a r i e n t  a s s e z  
p e u  d 'u n e  r é g i o n  à l ' a u t r e .

R e v e n o n s  à  l ' e x p r e s s i o n  (1). S u p p o so n s  q ue  l ' o n  a i t  d é t e r m i n é  p o u r  
l e  s i t e  é tu d ié  l a  v a l e u r  m a x i m a l e  de f c ; en  d o n n a n t  à  D la  v a l e u r  de la  d o s e  
l i m i t e ,  on  o b t i e n t  l a  c o n c e n t r a t i o n  l i m i t e  Xj du r a d i o n u c l ê i d e  d a n s  l ' a i r .

P o u r  p a s s e r  d e  l a  c o n c e n t r a t i o n  l i m i t e  X¡ à l a  C R L ,  o n  u t i l i s e  l a  
r e l a t i o n  s u i v a n te :

où Q e s t  le  d é b i t  du r e j e t ,  X e s t  la  c o n c e n t r a t i o n  m o y e n n e  d a n s  l ' a i r  au  
n iv e a u  du s o l ,  e t  d e s t  l e  f a c t e u r  m o y e n  de  d i lu t io n  p o n d é r é ,  qu i t i e n t  
c o m p t e  de  l a  d i s t a n c e  du p o in t  c o n s i d é r é  à  l a  c h e m i n é e ,  de  l a  h a u t e u r  de 
d i s p e r s i o n  d e s  p a n a c h e s ,  de l a  v i t e s s e  du v e n t  e t  d ' a u t r e s  c o n d i t io n s  
m é t é o r o l o g i q u e s .

A y a n t  d é t e r m i n é  s u r  l e  s i t e  l e s  z o n e s  où X e s t  m a x i m a l ,  en  d o n n an t  
à X la  v a l e u r  Xi o b te n u e  p r é c é d e m m e n t ,  o n  o b t i e n t :

Dl
C R L  = = -------  (5)

d X f c

F i n a l e m e n t ,  l a  C R L  d é p e n d  e s s e n t i e l l e m e n t  de d eu x  f a c t e u r s  g lo b au x :
a) L e  f a c t e u r  de  d i lu t i o n  p o n d é r é  d qu i  i n t è g r e  u n  c e r t a i n  n o m b r e  de 

p a r a m è t r e s  m é t é o r o l o g i q u e s  l i é s  au s i t e ;  l ' e x p é r i e n c e  m o n t r e  que p o u r  
l ' e n s e m b l e  de  c e s  p a r a m è t r e s  e t  p o u r  d e s  c o n d i t io n s  d e  c l i m a t  e t  de r e l i e f  
a s s e z  h o m o g è n e s ,  l ' i n f l u e n c e  du s i t e  e s t  r e l a t i v e m e n t  f a ib le  e t  q u ' i l  e x i s t e  
u n e  p lu s  g r a n d e  d i s p e r s i o n  d a n s  l e s  r é s u l t a t s  p r o p r e s  à u n  m ê m e  s i t e  
q u ' e n t r e  l e s  r é s u l t a t s  m o y e n s  d e s  d i f f é r e n t s  s i t e s  [ 3 ] .

b) L e  f a c t e u r  fc , qu i  d é p e n d  de n o m b r e u x  f a c t e u r s  l i é s  au  s i t e ,  p a r m i  
l e s q u e l s  l e s  f a c t e u r s  i n t r i n s è q u e s  du s o l ,  s o n  u t i l i s a t i o n  a g r i c o l e ,  la  
t r a n s f o r m a t i o n  e t  la  d i s t r i b u t i o n  d e s  p r o d u i t s ,  e t ,  en f in ,  l e s  h a b i t u d e s  
a l i m e n t a i r e s  d e s  p o p u la t io n s  jo u e n t  u n  r ô l e  p r é p o n d é r a n t .
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P o u r  l ' i o d e - 1 3 1 ,  p a r  e x e m p l e ,  l a  p r a t i q u e  d e  l ' é l e v a g e  de  v a c h e s  
l a i t i è r e s  s u r  d e s  p â t u r a g e s  s i t u é s  d a n s  l a  z o n e  c r i t i q u e ,  é t  l a  c o n s o m m a t i o n  
d e  l a i t  f r a i s  p a r  l a  p o p u la t io n  l o c a l e ,  c o n s t i t u e n t  d e s  c i r c o n s t a n c e s  
a g g r a v a n t e s  s u s c e p t i b l e s  d ' e n t r a î n e r  u n  a b a i s s e m e n t  de  l a  C R L  d e  d e u x  à 
t r o i s  o r d r e s  de g r a n d e u r  p a r  r a p p o r t  à  u n  s i t e  où l ' é l e v a g e  d e s  v a c h e s  
l a i t i è r e s  n ' e s t  p a s  p r a t i q u é .

D a n s  l e  c a s  où l ' a u t o r i t é  r e s p o n s a b l e  d o i t  f a i r e  u n  c h o ix  e n t r e  p l u s i e u r s  
s i t e s ,  l ' é v a l u a t i o n  de  la  C R L  p o u r  c h a c u n  de  c e s  s i t e s  p e u t  ê t r e  a l o r s  u n  
c r i t è r e  i n t é r e s s a n t  à c o n s i d é r e r .

1 . 2 .  C a s  d 'u n e  p o l l u t i o n  d e s  e a u x  r é s u l t a n t  de  r e j e t s  l i q u id e s

L e  r i s q u e  d é p e n d ,  d a n s  c e  c a s ,  e s s e n t i e l l e m e n t  de  l ' u t i l i s a t i o n  d e s  
e a u x  c o n t a m i n é e s .  I l  e s t  l e  p lu s  g é n é r a l e m e n t  l i é  à l ' i n g e s t i o n  de  l ' e a u  
e l l e - m ê m e  ou d e s  a l i m e n t s  c o n ta m in é s  p a r  l ' e a u ,  c ' e s t - à - d i r e  l e s  p r o d u i t s  
d e  l a  p ê c h e  e t  l e s  p r o d u i t s  a g r i c o l e s  i r r i g u é s .

C o m m e  d a n s  l e  c a s  de l a  p o l l u t i o n  a t m o s p h é r i q u e ,  l ' é v a l u a t i o n  de la  
C R L  s e  fa i t  en  d e u x  t e m p s .

D a n s  u n  p r e m i e r  t e m p s ,  o n  é t a b l i t  l e s  é q u a t io n s  e x p r i m a n t  la  d o s e  
d ' i r r a d i a t i o n  e n  fo n c t io n  de l a  c o n c e n t r a t i o n  C du r a d i o n u c l é i d e  d a n s  l ' e a u ,  
s o i t :

D -  f c (C) (6)

L a  v o ie  c r i t i q u e  e t  l e  g r o u p e  de p o p u la t io n  c r i t i q u e  s o n t  d é t e r m i n é s  
p a r  l ' é q u a t i o n  qu i m a x i m a l i s e  D p o u r  u n e  m ê m e  v a l e u r  d e  C . E n  d o n n an t  
à  D la  v a l e u r  l i m i t e  D¡, on  e n  d é d u i t  l a  c o n c e n t r a t i o n  l i m i t e  C 1#

P o u r  p a s s e r  d e  l a  c o n c e n t r a t i o n  l i m i t e  Ci à  la  C R L ,  d i f f é r e n t s  f a c t e u r s  
i n t e r v i e n n e n t ,  do n t  l e s  p lu s  i m p o r t a n t s  s o n t  le  v o lu m e  de  d i l u t i o n  du m i l i e u  
r é c e p t e u r  e t  l e  c o e f f i c i e n t  d ' é p u r a t i o n  p r o p r e  à  ce  m i l i e u .

S o ie n t  R le  d é b i t  du r e j e t  e x p r i m é  en  a c t i v i t é  p a r  u n i t é  de  t e m p s ;
Q , la  q u a n t i t é  de p o l lu a n t  a c c u m u l é  d a n s  le  m i l i e u  r é c e p t e u r  l o r s q u e
l ' é q u i l i b r e  e s t  a t t e i n t ;  X, le  c o e f f i c i e n t  d ' é l i m i n a t i o n  du p o l lu a n t  p a r  u n i t é
de  t e m p s ,  t e n a n t  c o m p t e  à  l a  fo is  de  l a  d é c r o i s s a n c e  r a d i o a c t i v e  e t  d e s  
a u t r e s  p r o c e s s u s  d ' é p u r a t i o n  ( f ix a t io n  s u r  l e s  s é d i m e n t s ,  é l i m i n a t i o n  
b io lo g iq u e ,  e t c . ) .  L ' é q u i l i b r e  e s t  a t t e i n t  l o r s q u e

R = X Q (7)

D a n s  l e  c a s  d e s  e a u x  c o u r a n t e s ,  l e  v o lu m e  de  d i lu t i o n  s e  con fon d  a v e c  
l e  d é b i t  Д de  l a  r i v i è r e  d a n s  l ' u n i t é  de  t e m p s  c o n s i d é r é e ,  d 'o ù :

C R L  = XCj Д = j -  Д Dj (8)
le

D a n s  le  c a s  d 'u n  l a c ,  l e  v o lu m e  de d i s p e r s i o n  e s t  l e  v o lu m e  de  l ' e a u  
du l a c ,  a u - d e s s u s  de  l a  t h e r m o c l y n e ;  s o i t  Vs , ce  v o lu m e ,

C R L  = X Cj Vs V, D,
1C

(9 )
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L a  C R L  d e p e n d  do n c  d e  t r o i s  f a c t e u r s  p r i n c ip a u x :
— l e  v o lu m e  de  d i s p e r s i o n  du m i l i e u  r é c e p t e u r
— le  c o e f f i c i e n t  d ’é p u r a t i o n  de  ce  m i l i e u
— le  f a c t e u r  de  d o s e ,  i n t é g r a n t  l ' u t i l i s a t i o n  d e s  eau x ,  l e s  h a b i t u d e s  

a l i m e n t a i r e s  d e s  p o p u la t io n s  de  l a  r é g i o n ,  l a  d i l u t i o n  é v e n tu e l l e  de  la  
c o n ta m in a t io n  au  c o u r s  d e s  t r a n s f o r m a t i o n s  d e s  p r o d u i t s  e t  de  l e u r  
d i s t r i b u t i o n .

2. E V A L U A T IO N  D E  LA  C R L  A L 'E C H E L L E  M O N D IA LE

C e r t a i n s  r a d i o n u c l é i d e s  s o n t  s u s c e p t i b l e s  d 'u n e  g r a n d e  d i s p e r s i o n  
s o i t  d a n s  l e  m i l i e u  a t m o s p h é r i q u e ,  s o i t  d a n s  l e s  m i l i e u x  a q u a t i q u e s .  I ls  
p e u v e n t  a l o r s  e n t r a î n e r  u n e  e x p o s i t i o n  g é n é r a l i s é e  de  l ' e n s e m b l e  de la  
p o p u la t i o n  m o n d i a l e .  C ' e s t  l e  c a s  e n  p a r t i c u l i e r  du k r y p t o n - 8 5 ,  du t r i t i u m  
e t  de  l ' i o d e - 1 2 9 .  On p e u t  a l o r s  c h e r c h e r  à é v a l u e r  l a  C R L  de  l ' a t m o s p h è r e  
t e r r e s t r e  ou d e s  e a u x  du g lo b e  p o u r  c e s  r a d i o n u c l é i d e s .

L ' e n s e m b l e  d e  l a  p o p u la t io n  m o n d i a l e  é ta n t  c o n c e r n é e ,  i l  e s t  j u s t i f i é  
d e  p r e n d r e  p o u r  c r i t è r e s  de  b a s e  d e s  c o n c e n t r a t i o n s  m a x i m a l e s  a d m i s s i b l e s  
d a n s  l ' a i r  e t  d a n s  l ' e a u  c o r r e s p o n d a n t  a u x  l i m i t e s  de d o s e  r e c o m m a n d é e s  
p o u r  l e s  in d iv id u s  du p u b l i c .

On c o n s i d è r e  a l o r s  q ue  l e  p o l lu a n t  e s t  u n i f o r m é m e n t  r é p a r t i  d a n s  l e  
v o lu m e  de d i s p e r s i o n  du m i l i e u  r é c e p t e u r .  S o i t  V ce  v o lu m e ;  la  q u a n t i t é  
l i m i t e  de  p o l lu a n t  à  a d m e t t r e  d a n s  c r  v o lu m e  V e s t

S o it  Ar l e  c o e f f i c i e n t  d e  d é c r o i s s a n c e  r a d i o a c t i v e  du r a d i o n u c l é i d e .  
A l ' é q u i l i b r e ,  l a  C R L  e s t  é g a l e  à

L a  C R L  a p p a r a î t  do nc  c o m m e  le  p r o d u i t  d e  t r o i s  f a c t e u r s :
— la  C M A , qu i  i n t è g r e  la  d o s e  l i m i t e ,  l e s  c a r a c t é r i s t i q u e s  du r a d i o n u c lé i d e  

et  l e s  c a r a c t é r i s t i q u e s  b io lo g iq u e s  d e  l ' h o m m e
— le  v o lu m e  de  d i s p e r s i o n  du m i l i e u  r é c e p t e u r
— la  p é r i o d e  r a d i o a c t i v e  du r a d i o n u c l é i d e .

2 . 1 .  L e  m i l i e u  r é c e p t e u r  e s t  l ' a t m o s p h è r e  t e r r e s t r e  — C a s  du k r y p t o n - 8 5

On s u p p o s e  que  to u t  le  k r y p t o n - 8 5  é m i s  e s t  m é l a n g é  i n s t a n t a n é m e n t  
e t  u n i f o r m é m e n t  d a n s  l ' a t m o s p h è r e  t e r r e s t r e  e t  que l e  s e u l  p r o c e s s u s  
d ' é l i m i n a t i o n  e s t  l a  d é c r o i s s a n c e  r a d i o a c t i v e .  D ' a p r è s  l a  r e l a t i o n  (11), la  
C R L  e s t

Ql = (CMA) V (10)

C R L  = Xr Qj = Xr (CMA) V (H )

C R L  = Ar (CMA) V

R e m p l a ç o n s  l e s  t r o i s  f a c t e u r s  p a r  l e u r  v a l e u r :

C R L  = ° ,16193 X 3 X 1 0 " 7 (4, 2 X 1018)

C R L  -  7 X 1 0 10C i / a n
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Si l ' o n  a d m e t  c o m m e  h y p o th è s e  que la  m a j e u r e  p a r t i e  d e s  i n s t a l l a t i o n s  
e s t  s i t u é e  d a n s  l ' h é m i s p h è r e  N o rd  e t  q ue  le  m é l a n g e  e n t r e  l e s  a t m o s p h è r e s  
d e s  d eu x  h é m i s p h è r e s  e s t  t r è s  le n t ,  le  v o lu m e  de d i s p e r s i o n  e s t  r é d u i t  
d 'u n  f a c t e u r  0, 4 e t  l a  C R L  e s t  é g a le  à 2, 8 X 1010C i / a n .

L ' é v a l u a t i o n  de l a  C R L  p e r m e t  a l o r s  d ' a p p r é c i e r  l a  s i t u a t i o n  r é s u l t a n t  
d e  d i f f é r e n t e s  h y p o th è s e s .

a) S u p p o so n s  q ue  l a  p r o d u c t i o n  d ' é n e r g i e  n u c l é a i r e  r e s t e  c o n s t a n t e  à 
s o n  n iv e a u  a c tu e l ,  s o i t  20 GW(e) p a r  an .  E n  a d m e t t a n t  u n e  é m i s s i o n  de
0, 23 X 106 C i  p a r  G W (e) ;  l ' a p p o r t  a n n u e l  s e r a i t  a l o r s  de

20 X 0, 23 X 106 = 4, 6 X 106 C i

A l ' é q u i l i b r e ,  l ' e x p o s i t i o n  de  l a  p o p u la t io n  m o n d i a l e  s e r a i t

°  = W î f r Dl ~  6 X 1 0 -5 Dj

C o m p te  te n u  de l a  p é r i o d e  r a d i o a c t i v e  du k r y p t o n - 8 5 ,  q u i  e s t  d ' e n v i r o n
11 a n s ,  l ' é q u i l i b r e  ne s e r a i t  a t t e in t  que  d a n s  u n e  c in q u a n ta in e  d ' a n n é e s .  Il 
en  r é s u l t e  que  p o u r  l a  p é r i o d e  19 7 2 -2 0 2 2 ,  l ' e x p o s i t i o n  de  l a  p o p u la t io n  
r e s t e r a i t  c o m p r i s e  e n t r e  l ’e x p o s i t i o n  a c t u e l l e ,  é v a lu é e  à  e n v i r o n  4 X 1 0 -6 
l i m i t e  de  d o s e  e t  6 X 1 0 -5 l i m i t e  de  d o s e .

b) S u p p o so n s  que  l a  p r o d u c t io n  d ' é n e r g i e  n u c l é a i r e  m o n d i a l e  c r o i s s e  
j u s q u ' à  a t t e i n d r e  4 000 GW(e) en  l ' a n  2000, p u i s  s e  s t a b i l i s e  à  ce  n iv eau ,  
l ' é m i s s i o n  a n n u e l l e  de k r y p t o n - 8 5  à p a r t i r  de  l ' a n  2000 s e r a i t

4 000 X 0, 23 X 10 6 = 109 C i

L 'e x p o s i t i o n  d e  l a  p o p u la t io n  à l ' é q u i l i b r e  s e r a i t  a l o r s

M a i s  l a  d o s e  é g a le  à  1, 4 X 1 0 -2 D2 ne  s e r a  a t t e i n t e  q u ' à  l ' é q u i l i b r e ,  
c ’e s t - à - d i r e  en  2050. E n t r e  2000 et 2050 l ' e x p o s i t i o n  de l a  p o p u la t io n  
m o n d i a l e  r e s t e r a i t  c o m p r i s e  e n t r e  1 0 -3 Di e t  1, 4 X 1 0 " 2 D j.

L ' é v a l u a t i o n  du r a p p o r t  ( é m i s s i o n  a n n u e l l e ) / ( C R L )  d on n e  do nc  u n e  
v a l e u r  a p p r o c h é e  du d e g r é  de  p r o t e c t i o n  de  l a  p o p u la t io n  m o n d i a l e .  C e 
r a p p o r t  e s t  é g a l  au  r a p p o r t :

d o s e  d é l i v r é e  
d o s e  l i m i t e

l o r s q u e  l ' é q u i l i b r e  e s t  a t t e in t .

2. 2. L e  m i l i e u  r é c e p t e u r  e s t  l a  m a s s e  d e s  o c é a n s

On s u p p o s e  que  l a  t o t a l i t é  du r a d i o n u c l ê i d e  e s t  r e j e t é e  d a n s  l e s  e f f lu e n t s  
l i q u id e s  e t  s e  t r o u v e  f i n a l e m e n t  d i s p e r s é e  d a n s  l ' e n s e m b l e  d e s  m e r s  e t
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o c é a n s ,  ou p lu s  e x a c t e m e n t  d a n s  la  c o u c h e  s i t u é e  a u - d e s s u s  de  la  t h e r m o -  
c ly n e  (0 à -1 00  m) en  n é g l ig e a n t  l e s  é c h a n g e s  t r è s  l e n t s  qu i  a f f e c t e n t  l e s  
e a u x  p r o f o n d e s .  L e  v o lu m e  de  d i s p e r s i o n  e s t  a l o r s  d ' e n v i r o n  3, 5 X 1 0 16 m 3,

2 . 2 . 1 . '  C a s  du t r i t i u m

L a  C R L  c a l c u l é e  s u iv a n t  (11) e s t  

_ 0, 693
12 X 0, 003 X 3, 5 X 10lb = 6 X 101¿ C i / a n

L e s  h y p o th è s e s  c o n s i d é r é e s  p o u r  l e  k r y p t o n - 8 5  c o n d u is e n t  a u x  r é s u l t a t s  
s u i v a n t s  :

a) P r o l o n g e m e n t  de  la  s i t u a t io n  a c t u e l l e  au  n iv e a u  de 20 G W (e).  P r e n a n t  
p o u r  b a s e  u n e  p r o d u c t io n  de t r i t i u m  de 23 C i p a r  MW(e) e t  p a r  an ,  la  p r o 
d u c t io n  a n n u e l l e  e s t  4, 6 X 105 C i .  A l ' é q u i l i b r e ,  c ' e s t - à - d i r e  d a n s  u n e  
s o i x a n ta i n e  d ' a n n é e s ,  l ' e x p o s i t i o n  de  l a  p o p u la t io n  m o n d i a l e  s e r a i t

р ° 1 х ш ° 5 Р1 = 1°~ ’ Р1

b) L a  p u i s s a n c e  i n s t a l l é e  a t t e in t e  e n  l ' a n  2000 s e  s t a b i l i s e  au  n iv eau  
d e  4 000 G W (e).  L ' é m i s s i o n  a n n u e l l e  de t r i t i u m  s e r a i t  a l o r s  é g a le  à 108 C i  
e t  l ' e x p o s i t i o n  de la  p o p u la t io n  à l ' é q u i l i b r e  s e r a i t

1 08
D = ----------Ц  = 1, 6 X 1 0 " 5 D,6 X 1 0 12 1 * 1

M a is  c e t t e  d o s e  ne s e r a i t  a t t e i n t e  q ue  v e r s  2060, p r o g r e s s a n t  de 
3 X 1 0 -6 D i en  2000 à  1, 5 X 1 0 " 5 D L en  2060.

2 . 2 . 2 .  C a s  de l ' i o d e - 129

L a  C R L  c a l c u l é e  s u i v a n t  (11) s e r a i t :

C R L  = —° 7 ^  f o 7 X 4 X 10 7 X 3, 5 X 1016 = 400 C i / a n

Il a p p a r a î t  do nc ,  e t  i l  f a l l a i t  s ' y  a t t e n d r e ,  que  p o u r  un  r a d i o n u c l é i d e  
à  p é r i o d e  t r è s  lo n g u e ,  l a  C R L  r e s t e  r e l a t i v e m e n t  b a s s e .  M a is  c o m m e  
l ' é q u i l i b r e  e x i g e r a i t ,  p o u r  ê t r e  a t t e in t ,  u n  d é l a i  de l ' o r d r e  de  100 m i l l i o n s  
d ' a n n é e s ,  l a  p r i s e  en  c o n s i d é r a t i o n  de  l a  C R L  n 'a  p lu s  de s i g n i f i c a t i o n .

Il  e s t  p lu s  r é a l i s t e  de  c o n s i d é r e r  l a  q u a n t i t é  m a x i m a l e  a d m i s s i b l e  d a n s  
l ' a t m o s p h è r e ,  t e l l e  que

Qj = (CMA) V = 1, 4 X 1010 C i

e t  de c o m p a r e r  la  q u a n t i t é  c u m u lé e  à c e t t e  q u a n t i t é  l i m i t e ,  en  n é g l ig e a n t  
l a  d é c r o i s s a n c e  r a d i o a c t i v e .



IAEA-SM-172/62 6 1 1

E n  s e  b a s a n t  s u r  l ' h y p o t h è s e  de d é c r o i s s a n c e  d e  S p in r a d  [4 ]  e t  en  
a d m e t t a n t  u n  t a u x  de  p r o d u c t i o n  d e  1 C i  p a r  a n  e t  p a r  G W (e),  on  p e u t  é v a l u e r  
à  4 X 1 O4 C i l ' a c t i v i t é  de  l ' i o d e - 1 2 9  p r o d u i t  d ' i c i  à l ' a n  2000 .  L ' a c t i v i t é  
t o t a l e  r e j e t é e  d a n s  l e  m i l i e u ,  en  l ' a b s e n c e  de f i l t r e s  (2% d a n s  l e s  e f f lu e n t s  
l i q u id e s  e t  5% d a n s  l e s  e f f lu e n t s  g azeu x )  s e r a i t  a l o r s  é g a le  à  2, 8 X 103 C i .

E n  s u p p o s a n t  que  l ' i o d e  r e j e t é  d a n s  l ' a t m o s p h è r e  e t  d é p o s é  au  s o l  
a t t e i n t  l a  n a p p e  p h r é a t i q u e  e t  r e j o i n t  d a n s  l e s  o c é a n s  l ' i o d e - 1 2 9  r e j e t é  d an s  
l e s  e f f lu e n t s  l i q u id e s ,  on  p e u t  a d m e t t r e  à lo ng  t e r m e  u n e  d i s p e r s i o n  d an s  
l ' e n s e m b l e  d e s  m e r s  du g lo b e .  L e  r a p p o r t

2 .  2 .  3 .  E v a l u a t i o n  p o u r  P a n  2 0 0 0

2, 8 X 103 = 2 X 1 0 '
1, 4 X 1010

d o n n e  l ' e x p o s i t i o n  de l a  p o p u la t io n  é v a lu é e  e n  l i m i t e  de  d o s e .
E n  l ' a n  2000, la  p r o d u c t i o n  a n n u e l l e  d ' i o d e - 1 2 9  s e r a i t  de  4 X 103 C i  

e t ,  t o u j o u r s  en  l ' a b s e n c e  de  f i l t r e s ,  l a  q u a n t i t é  r e j e t é e  s e r a i t

0, 07 X 4 X 103 = 280 C i / a n

S u p p o so n s ,  s u i v a n t  l ' h y p o t h è s e  r e t e n u e  p o u r  l e s  a u t r e s  r a d i o n u c l é i d e s ,  
que  l a  p u i s s a n c e  a t t e i n t e  e n  l ' a n  2000 s e  s t a b i l i s e .  E n  l ' a n  2100, l a  q u a n t i té  
r e j e t é e  s e r a i t

2800 + 280 X 100 = 30 800 C i 

L 'e x p o s i t i o n  d e  l a  p o p u la t io n  m o n d i a l e  s e r a i t  a l o r s

30 800 4ф 2 x  1 0 ’ 6 D 
1 , 4 X 1 0 1 °  W 2 X 1  1

ce  q u i  e s t  e n c o r e  to u t  à  f a i t  n é g l i g e a b le .
Au s u r p l u s ,  d e s  c o n s i d é r a t i o n s  d ' o r d r e  é c o n o m iq u e  c o n d u is e n t  à 

r é d u i r e  l a  d u r é e  du c y c l e  du c o m b u s t i b l e ,  n o t a m m e n t  le  t e m p s  de r e f r o i d i s s e 
m e n t .  C e c i  co n d u i t ,  en  r a i s o n  du r i s q u e  l i é  à  l ' i o d e - 1 3 1 ,  à  i n t r o d u i r e  d e s  
f i l t r e s  a s s u r a n t  d e s  f a c t e u r s  de  d é c o n ta m in a t io n  d 'a u  m o i n s  104 p o u r  r e t e n i r  
l ' i o d e - 1 3 1  [ 5 ] .  L e  m ê m e  f a c t e u r  de d é c o n t a m i n a t i o n  s ' a p p l i q u e  é v id e m m e n t  
à  l ' i o d e - l  29.

D a n s  to u s  l e s  c a s ,  p o u r  l e s  r a d i o n u c l é i d e s  à p é r i o d e  t r è s  lo n g u e ,  la  
C R L ,  t e l l e  q u 'e l l e  a é té  d é f in ie ,  p e r d  to u t e  s i g n i f i c a t i o n .

C O N C LU S IO N

L a  C R L  d 'u n  m i l i e u  r é c e p t e u r  p o u r  u n  p o l lu a n t  do nn é  a p p a r a î t  c o m m e  
u n e  n o t io n  e x t r ê m e m e n t  u t i l e  e n  r a d i o p r o t e c t i o n ,  c a r  e l l e  i n t è g r e  to u s  l e s  
f a c t e u r s  q u i  jo u e n t  u n  r ô l e  i m p o r t a n t  d a n s  l a  d i lu t i o n  du r a d i o n u c l é i d e  d a n s  
le  m i l i e u ,  s o n  é p u r a t i o n  é v e n tu e l l e  au  s e i n  de  ce  m i l i e u ,  a i n s i  qu e  to u s  l e s  
a u t r e s  f a c t e u r s  lo c a u x ,  r é g i o n a u x  ou m o n d ia u x ,  qu i  c o n d u i s e n t  à  l ' é v a l u a t i o n  
de l a  d o s e  d ' i r r a d i a t i o n  qu i en  r é s u l t e  p o u r  l e s  p o p u la t io n s  c o n c e r n é e s .
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F o n d é e  s u r  l e s  m ê m e s  h y p o th è s e s  que  la  n o t io n  de c o n c e n t r a t i o n  
m a x i m a l e  a d m i s s i b l e ,  e l l e  p r é s e n t e  l e s  m ê m e s  l i m i t a t i o n s .  E n  p a r t i c u l i e r ,  
a p p l iq u é e  à  d e s  r a d i o n u c l é i d e s  à  p é r i o d e  t r è s  lo n g u e ,  t e l s  q ue  l ' i o d e - 1 2 9 ,  
e l l e  r i s q u e  de  p e r d r e  to u t e  s i g n i f i c a t i o n  à  l ' é c h e l l e  de la  v i e  h u m a i n e ,  à 
m o i n s  que  d ' a u t r e s  p r o c e s s u s  d ' é l i m i n a t i o n  p lu s  r a p i d e s  n ' i n t e r v i e n n e n t  
p o u r  a b r é g e r  le  t e m p s  n é c e s s a i r e  à l ' é t a b l i s s e m e n t  de  l ' é q u i l i b r e .

S ous  c e t t e  r é s e r v e ,  la  C R L  p e u t  r e n d r e  l e s  p lu s  g r a n d s  s e r v i c e s .
C ' e s t  a i n s i  que l a  c o m p a r a i s o n  du n iv e a u  d e  r e j e t  a u t o r i s é  en  u n  p o in t  à  la  
C R L  du m i l i e u  en  ce  p o in t  don ne  a u t o m a t i q u e m e n t  le  d e g r é  de p r o t e c t i o n  
a s s u r é .

U t i l i s é e  à  l ' é c h e l l e  l o c a l e  ou r é g i o n a l e ,  l a  C R L  p e r m e t  de c o m p a r e r  
u t i l e m e n t  e n t r e  eu x  p l u s i e u r s  m i l i e u x  r é c e p t e u r s ,  p l u s i e u r s  s i t e s  et 
é v e n t u e l l e m e n t  p l u s i e u r s  p o in t s  de r e j e t .  A l ' é c h e l l e  m o n d i a l e ,  e l l e  
c o n s t i t u e  u n e  l i m i t e  p lu s  th é o r iq u e ,  m a i s  qu i  c o n s e r v e  to u t  s o n  i n t é r ê t  
p o u r  d e s  p r é v i s i o n s  à lo ng  t e r m e .
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d e f in e d  i t ,  u n l e s s  r e s i d e n c e  by  an i n d iv id u a l  i s  r e g a r d e d  a s  s u c h  a p a r a m e t e r .  
O n  th e  o t h e r  h a n d ,  s i t e  p a r a m e t e r s  a r e  to  be  t a k e n  in to  c o n s i d e r a t i o n  w hen ,  
in  th e  s e c o n d  p h a s e  of th e  c a l c u l a t i o n ,  o n e  p r o c e e d s  f r o m  th e  c o n c e n t r a t i o n  
of th e  r a d i o n u c l i d e s  in  th e  e n v i r o n m e n t  to  th e  l i m i t i n g  e n v i r o n m e n t a l  c ap a c i ty .
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Abstract

T H E  E N V I R O N M E N T A L  C A P A C I T Y  O F  F R E S H W A T E R S  F O R  W A S T E  R A D I O N U C L I D E S .

T h e  m a x i m u m  p e r m i s s i b l e  h u m a n  b o d y  b u r d e n  o f  m a n y  r a d i o n u c l i d e s  c a n  b e  e x p r e s s e d  a s  a  s p e c i f i c  

a c t i v i t y ,  i . e .  t h e  a m o u n t  o f  a  r a d i o i s o t o p e  p e r  u n i t  w e i g h t  o f  i t s  s t a b l e  c o u n t e r p a r t .  A  s i m i l a r  c o n c e p t  c a n  

b e  a p p l i e d  t o  a  l a r g e  b o d y  o f  w a t e r  t h a t  i s  p r o v i d i n g  w a t e r  a n d  f o o d  f o r  m a n .  I t  c a n  b e  t h o u g h t  o f  a s  a  p o o l  

o r  r e s e r v o i r  o f  s t a b l e  e l e m e n t s  t h a t  c o u l d  d i l u t e  w a s t e  r a d i o n u c l i d e s  d o w n  t o  s p e c i f i c  a c t i v i t i e s  l e s s  t h a n  t h o s e  

c o r r e s p o n d i n g  t o  t h e  b o d y  b u r d e n .  I t  i s  t h e  s i z e  a n d  t h e  d y n a m i c s  o f  t h i s  s t a b l e  e l e m e n t  p o o l  t h a t  d e t e r m i n e  

t h e  e n v i r o n m e n t a l  c a p a c i t y  o f  a n  a q u a t i c  e c o s y s t e m  f o r  a  r a d i o n u c l i d e .

R e s u l t s  f r o m  a  c o n t i n u i n g  s t u d y  o f  s t r o n t i u m  i n  a n  e x p e r i m e n t a l  l a k e  ( P e r c h  L a k e ,  O n t a r i o )  i l l u s t r a t e  

s o m e  o f  t h e  f a c t o r s  t h a t  m u s t  b e  c o n s i d e r e d .  U s i n g  e l e v a t e d  l e v e l s  o f  90S r ,  w h i c h  h a v e  b e e n  p r e s e n t  i n  t h e  

l a k e  s i n c e  1 9 5 5 ,  i t  h a s  b e e n  p o s s i b l e  t o  i n v e s t i g a t e  t h e  d i m e n s i o n s  a n d  t h e  d y n a m i c s  o f  t h e  v a r i o u s  c o m p a r t m e n t s  

t h a t  m a k e  u p  t h e  s t a b l e  s t r o n t i u m  p o o l .  S e v e r a l  o f  t h e s e  c o m p a r t m e n t s ,  s u c h  a s  l a k e  w a t e r  a n d  s o m e  b i o t a ,  

h a v e  a  f a s t  t u r n o v e r  t i m e  ( i . e .  t h e y  r a p i d l y  a t t a i n  a  u n i f o r m  s p e c i f i c  a c t i v i t y ) ;  b u t  t h e y  m a k e  u p  o n l y  a  s m a l l  

f r a c t i o n  o f  t h e  s t a b l e  e l e m e n t  p o o l .  O t h e r  c o m p a r t m e n t s  o f  i n t e r e s t  a r e  t h e  m a r g i n a l  v e g e t a t i o n  a n d  t h e  s e m i -  

a q u a t i c  a n i m a l s ,  w h i c h  c a u s e  a  c a r r y - o v e r  o f  90S r  i n t o  t e r r e s t r i a l  f o o d - c h a i n s  a n d  r e s u l t  i n  f u r t h e r  d i l u t i o n  

o f  t h e  r a d i o n u c l i d e .  B o t t o m  s e d i m e n t  i s  i m p o r t a n t ,  a l t h o u g h  a  c o n s i d e r a b l e  f r a c t i o n  o f  t h e  s t a b l e  s t r o n t i u m  

i n  t h e  s e d i m e n t  o f  P e r c h  L a k e  h a s  s u c h  a  s l o w  e x c h a n g e  w i t h  t h e  l a k e  w a t e r  t h a t  i t  l i m i t s  t h e  e f f e c t i v e  s i z e  

o f  t h i s  c o m p a r t m e n t .  H o w e v e r ,  i t  i s  t h e  t r a p p i n g  a c t i o n  o f  t h e  s e d i m e n t  a n d  t h e  c o n s e q u e n t  r e m o v a l  o f  

s o m e  r a d i o n u c l i d e s  f r o m  t h e  e c o s y s t e m  t h a t  p r o v i d e s  t h e  c o n t i n u i n g  c a p a c i t y  o f  a  l a k e  t o  a c c e p t  s u c h  

r a d i o n u c l i d e s .

INTRODUCTION

After being discharged into a lake, a waste radionuclide 
is subject to physical, chemical and biological processes which 
distribute the radionuclide throughout the lake ecosystem. This 
mixing takes time depending on the rate constants of the p a r 
ticular processes involved. Distribution of the radionuclide 
is not necessarily uniform throughout the ecosystem, but the 
over-all effect is that of dispersion of the radioactive atoms. 
The simplest model for our purpose [1] would show an aquatic 
ecosystem as a single compartment, with the input being r a d i o 
nuclides and the output being a radiation dose to a human p o p u 
lation living in the vicinity of the lake (Figure 1).

If the radionuclide is an isotope of a chemical element 
already present in the ecosystem then the same processes that 
are acting on the stable element will act on the introduced 
radioisotope. In effect, there occurs a chemical dilution of 
the radioactive atoms by the stable atoms. Whether the final 
distribution of the radioisotope within the ecosystem is exactly

613
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the same as that of the element depends on a number of factors 
w h i c h  are discussed in the following sections of this paper.

SPECIFIC ACTIVITY

The measurement, in an environmental sample, of the amount 
of a stable element and its radioisotope produces a ratio which 
is termed the specific activity (SA) of that radionuclide. 
Formally, using the notation of KAYE and NELSON [2], it can be 
expressed as:

X.
SA_^ (dimensionless) = — -----—  ............. (1)

i i

where X. = concentration of radioisotopes 
(atoms/g) or number of atoms in 
compartment i

Y. = concentration of stable element 
(atoms/g) or number of atoms in 
compartment i

In most situations the mass of the radioisotope is negligible so 
that we can write ;

We m a y  regard the freshwater food chain in its basic form 
as a two-compartment system where compartment 1 represents the 
lake ecosystem and compartment 2 represents the critical organ 
of ICRP standard man. If instantaneous equilibrium occurred 
then:
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It is in this form (i.e. as the worst possible case in an 
evaluation of radiation hazards) that the specific activity c o n 
cept has be e n  utilized for discussions of marine disposal of 
radioactive wastes b y  committees of the U.S. National Academy 
of Sciences [3,4] and for evaluation of the radiological c o n 
sequences of Plowshare proposals [e.g. 5,6].

In fact, instantaneous equilibrium does not occur, and a 
number of other factors must be inserted into Eq. (3). On the 
right-hand side of the equation these include» (1) the loss of 
X 2 b y  decay (physical half-life), (2) the loss of X 2 and Y 2 by 
elimination from the critical organ (biological half-life) and
(3) the growth of the critical organ during the time that the 
contamination persists. The mathematical treatment of these 
parameters and a sensitivity analysis of them is given by KAYE 
and NELSON [2]. They show that if Eq. (3) is used,the calculated 
amount of radionuclide (X]_) which may be safely discharged is 
always conservative in cases where the b iological half-life of 
the radionuclide is long in comparison w i t h  its physical half- 
life. However, they do not analyze factors affecting X-^ and Y]_ 
and they are the main concern of this paper.

BIOLOGICAL AVAILABILITY

The determination of the amount of a radioisotope (X-^) and 
of a stable element (Y^) participating in a lake ecosystem is 
not always a simple matter. Ample evidence is now available to 
show that the presence of a radionuclide in a water body does 
not necessarily mean that it is involved in the ecosystem p r o 
cesses. Conversely it is possible that the radionuclide can 
participate in processes to a much greater extent than its stable 
analogue. For example, the results of Merlini [7] on the ac c u m u 
lation of k y  freshwater clams in Lago Maggiore are only
understandable if the radiomanganese (from weapons fallout) was 
incorporated into the ecosystem food chains mu c h  more readily 
than the stable manganese present in the lake and inlet waters.

55Another striking example is the behaviour of Fe from 
fallout in the N.E. Pacific Ocean [8] where the specific a c t i v i 
ties of radioiron in salmon were found to be 1000 to 10,000 times 
greater than that in the sea water from w h i c h  they were taken. 
Some of these differences can be attributed to movement of fish 
to an area of lower specific activity after becoming contami
nated [9], but it is mostly due to differences in p h y s i c o 
chemical form of the stable iron and the radioisotope. Similar 
anomalies in specific activities have been found for ^C>Co an¿
65zn in pacific Ocean water and biota [10].

What is required then, in the estimation of X]_, is not the 
straightforward measurement of the total amount of radionuclide
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present. We also require information on the relative a vaila
bility of the radioisotope and stable element to those organisms 
w h ich act as entry points into the food chains of the ecosystem. 
Such studies on ^ S r  [ Ц ]  and -^^Cs [12] in contaminated fresh- 
waters have shown no differences in biological availability b e 
tween these radioisotopes and their stable analogues.

Other problems occur w h e n  estimates are undertaken of the 
amount of stable element (Y^) in an ecosystem. Boundaries of a 
lake ecosystem are difficult to define because some food chains 
have terrestrial components that extend beyond the lake shore. 
Furthermore, some of the important compartments of the ecosystem, 
such as bottom sediments, contain large amounts of stable elements 
w h i c h  may be measured in some methods of chemical analysis but, 
in fact, can not participate in exchange processes because of 
physical barriers. This would be true of ions trapped in clay 
lattices, occluded in sand grains, or incorporated into decay- 
resistant organic materials (e.g. "humic acids") produced outside 
the lake and carried into it by inlet streams [11].

A further source of uncertainty is the volumetric extent to 
w h ich bottom sediments participate. In some lakes the top c e n t i 
metre of sediment contains a significant fraction of some of the 
elements in the whole ecosystem. The top metre would contain 
many times the total in the remainder of the lake. Consequently, 
the depth to which exchange processes operate, w h ich we can call 
the "effective depth", is a major consideration.

The problems mentioned above, and the important question of 
the rates at which these processes occur, can be studied c o n 
veniently in lakes which contain measureable quantities of r a dio
nuclides. In the next section they are discussed using results

T A B L E  I . D IM E N SIO N S O F  S O M E  S T A B L E  S T R O N T IU M  C O M P A R T M E N T S  
IN P E R C H  L A K E

Compartment
Area
(m2)

Stable ,Sr 
(mg/m2)

Total stable Sr 
(kg)

Water (2m) 4 x 105 66 26

Vegetation 1.6 x 105 13 2

Animals (herbivores) - 0.33 (0.28)* 0.13 (0.11)*

Bottom sediment
Gyttja (60 cm) 3 x 105 2100 630
Sand (60 cm) 1 x 105 10000 1000

* Value after correcting for biological availability (see text).
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obtained b y  the author and his colleagues during studies of the 
behaviour of 90gr in perch Lake, a small, natural lake which 
lies wholly wi t h i n  the boundaries of the Chalk River Nuclear 
Laboratories [11].

STUDIES IN A  CONTAMINATED LAKE

Perch Lake has contained relatively constant, low c o n c e n 
trations of 90Sr since 1955 [13]. During the last nine years 
(when regular measurements of lake water concentrations have 
been available) the mean 9(̂ Sr content was 196 p i c o c u r i e s / l i t r e .
Use of an average figure of 33 micrograms/litre (measured during 
1965-1971) for the stable strontium content of the water r e 
sults in mean specific activity of almost exactly 6 picocuries/ 
microgram (range: 4.4 - 8.0).

The stable strontium pool of the lake ecosystem is divided 
b etween a number of compartments* of different size and c o m 
plexity. A simple model would recognize lake water, plants 
(producers), animals (consumers) and lake b ottom (sediment) as 
important compartments. Food chains, physical and chemical e x 
change are the processes by which these compartments interact 
w ith each other. A  summary of compartment dimensions is given 
in Table I .

Lake Water

The mean depth of water in perch Lake is 2 metres and the 
area is 4 x 10^ square metres (m^). A n  average Sr content of 
3 3 цд/t means that the lake water contains approximately 
26 kilograms of the stable element. Water samples taken in 
different parts of the lake show a uniform distribution of Sr 
and mixing of inlet stream water is rapid (dye s t u d i e s ) . Analysis 
of filtered (1.2 micron) and unfiltered samples has shown that 
all of the strontium and radiostrontium are in solution.

Vegetation

A  dense zone of submersed, floating-leaf and emergent 
aquatic plants surrounds the lake and occupies about 40 per cent 
of the lake area. The summer standing crop of plants in the 
lake has been estimated as 1130 g (fresh w e i g h t ) / m 2 [13].
Analysis of the six most common species averages 11.7 |xg Sr/g 
(f.w.) [11] w h ich means the total amount of stable strontium 
present in the aquatic vegetation is approximately 2 kilograms.

* Strictly speaking.these should be called sub-compartments since 
the lake ecosystem was referred to earlier as a single c o m p a r t 
ment. For convenience the term compartment will be used in this 
section of the paper.
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T A B L E  II. S T R O N T IU M  C O N T E N T  A N D  S P E C IF IC  A C T IV IT IE S  O F  L A K E  
A N IM A L S  (L a k e  w a te r  is  g iv e n  f o r  c o m p a r is o n  o f  s p e c i f i c  a c t iv i t ie s )

Animal (No.)
Approx. 

weight (kg)

Stable 
Sr content 
(цд/д f.w.)

Specific Activity 
pCi90Sr/|agSr

Beaver (2) 10.0 60.0 0.12

Muskrat (2) 1.25 20.0 4.2

Turtle (2) 0.5 20.0 1.5

Mink (2) 0.85 6.5 0. 7

Fox (1) 3.8 6.5 1.2

Lake water - 0.033 6.0

* Calculated from bone analyses assuming all Sr present in 
bone and skeleton weight is 10% of animal weight.

Exchange of strontium and radiostrontium between most 
plants and lake water is.rapid and complete as indicated b y  
identical specific activities in both compartments throughout 
the growing season. There is evidence that some deep-rooted 
plants obtain some of their strontium from below the level to 
which 90gr has penetrated in sediment, resulting in a lower 
specific activity in these plants [14]. However, such plants 
make up only a small fraction of the total plant biomass.

Animals

The lake supports a rich population of herbivorous animals 
including insects, molluscs, fish (I c talurus), turtles (C h r y s e m y s ), 
muskrat (O n d a t r a ) and beaver (C a s t o r ) . No population estimates 
have been made for Perch Lake but reasonable estimates of h e r b i 
vore biomass for freshwater ecosystems are available from the 
literature [e.g. 15]. A  conservative figure of 2.5 g (dry 
weight)/m^ for the total summer standing crop of herbivores was 
used in the following calculations. This has been divided into 
50% for fish, 25% for invertebrates and 25% for the larger a n i 
mals.

Using a dry weight/fresh weight ratio of 0.33 and dividing 
the 0.625 g/m2 equally between turtles, muskrats and beaver we 
find that the live-weight standing crop for each species is 
2.5 x 102 kg. This provides us with a population estimate of 
approximately 500 turtles, 200 muskrats and 25 beaver, all of 
which are reasonable numbers for a 40 hectare (100 acre) lake.
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Specimens of each of these species were trapped and tissues were 
analyzed for strontium and 90gr (Table II). From these results 
it can be calculated that the resident beaver population contains 
about 15 grams of stable strontium and the muskrat and turtle 
populations about 5 grams each - very small amounts even when 
compared with the vegetation content of 2 kilograms. F u r t h e r 
more, the very low specific activity of the strontium in beaver 
(2 per cent of that in the water) (Table II) indicates that these 
aquatic animals derive very little of their ^ S r  (and strontium) 
from the lake. Consequently their actual contribution of 
stable strontium to the compartment total is negligible. This 
is not true of the muskrats (70% of water SA) and turtles
(25% of water SA), although the Sr metabolism of these species
is not completely intermeshed wi t h  the lake food-web.

Analyses of Ictalurus from perch Lake have shown a stable 
Sr content of 33 H-g/g f.w. [11] and a specific activity identical 
w i t h  that of the lake water [14]. The estimated total Sr con
tained in the herbivorous fish biomass (1.5 x 10^ kg) is then 
approximately 50 grams.

We have a few analyses of the herbivorous mollusc Amnicola
(13 5 |J.g Sr/g f.w.) and insect larvae (15 |лд Sr/g f.w.) from the
lake, but no information on the specific activity of these o r 
ganisms. Assuming each comprises 50 per cent of the invertebrate 
biomass results in a total of approximately 55 grams of stable 
strontium in this sub-compartment. The grand total for all 
herbivorous animals is 130 grams, but after corrections based 
on their specific activities the total becomes 110 grams - less 
than 0.5 per cent of that in the lake water (Table I ) .

Two species of carnivores were collected and analysed for 
stable and radioactive strontium (Table I I ) . Both mink (M u s t e l a ) 
and red fox (V u l p e s ) show from their specific activities 
(respectively 12% and 2 0% of water SA) that they have some i n 
volvement wi t h  lake food chains. However the relative biomass 
of predators is very small [15] and the resulting terrestrial 
carry-over is negligible.

Bottom sediment

Two types of sediment are found in the lake —  black semi- 
liquid organic q y t t ja which occupies about 75% of the lake 
bottom, and firm sand with a low organic content found on the 
east side of the lake. On a d ry weight basis the total stable 
strontium content of the two sediment types is very different, 
the qytt ja containing approximately 50 цд/д and the sand 10 p.g/g
[11]. However, because of the big difference in water content, 
the mean wet weight values are near 3.5 M-g/g for the mud and 
7 (лд/д in sand. This means that each centimetre of the upper 
layers of the two layers of sediment in the lake contains ap p r o x 
imately 35 m g  Sr/m2 and 175 mg Sr / m 2 respectively.
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SEDIMENT 90SR/SR AS PER CENT OF LAKE WATER S.A.

F I G .  2 .  D i s t r i b u t i o n  o f  90S r  i n  t w o  t y p e s  o f  P e r c h  L a k e  s e d i m e n t  ( d a t a  d e r i v e d  f r o m  t w o  c o r e s  o f  e a c h  s e d i m e n t  

t y p e ) .

In order to estimate the magnitude of the sediment strontium 
compartment we need to know; (1) the depth to whi c h  exchange 
processes occur between strontium in lake water and strontium in 
the sediments and (2) the completeness of this exchange. Both 
of these questions can be answered in Perch Lake by an e x a m i n a 
tion of ^®Sr and stable strontium distribution in sediment cores. 
The results for both kinds of sediment are given in Figure 2.

The curves in Figure 2 show that in the 16 years (1956-1972) 
that goSr has been present in the lake it has penetrated appr o x i 
m a t e l y  6 cm into the sandy sediment and 24 cm into the g y t t j a .
The observed distribution is not due to deposition of contaminated 
sediment. Rate of sedimentation in the lake (using a -^C dated 
core)* can be estimated as about 6 x 10-2 cm/yr. This rate would 
result in less than 1 cm of sediment accumulation in the 16-year 
period.

If diffusion of the ^®Sr ion in interstitial water was the 
sole mechanism of penetration into the sediments then the r a d i o 
isotope would have reached approximately 100 cm  in 16 years at 
known diffusion rates of the S r 2+ ion [16]. The shorter p e n e t r a 
tion depths shown in Figure 2 are the result of retardation of 
diffusional transport of ^ S r  by chemical exchange w i t h  the sedi
ments. In fact, comparison of ^°Sr concentration in the upper

14C date determined by Dr. J. Terasmae, Brock University, 
Ontario, Canada.
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layer of sediment w i t h  that in the lake water provides an e s t i 
mate of the distribution factor (K) representing the exchange 
and uptake of strontium by the wet solids. This was found to be 
К  = 100 ± 20 for both types of sediment [11].

In their investigation of fallout ^®Sr in Lake Ontario,
‘LERMAN and TANIGUCHI [16] calculated that a sediment penetration 
depth of 8 cm in 16 years resulted from a К  ~  12 0 and a diffusion 
coefficient (D) of 3 x 10-6 cm2/sec (9 x 10^- cm 2/yr) . This c o r 
responds closely with the sandy sediment of Perch Lake. Greater 
penetration into the g y t t ja is probably due to some mixing of
the upper layers of the semi-liquid mud during periods of rough
water in the shallow lake.

Substituting К  = 100 and D = 3 x 10“^ cm 2/sec in the 
equation (8) given by LERMAN and TANIGUCHI for steady state 
conditions (t -> c°), we find significant amounts of ^0gr (~ 10% 
of surface concentration) penetrating 150 cm into the sediment. 
Considering the high stable strontium content of sediment this 
depth represents a huge potential compartment, equivalent to at 
least 60 cm of fully exchanged sediment ("effective depth")^
This depth contains 2.1 x 10^ mg Sr/m2 in g y t t ja and 1 x 10 mg 
S r/m2 in sand, resulting in estimated stable strontium contents 
of 6.3 x 102 kg and 1 x 10-̂  k g  respectively (Table I).

ENVIRONMENTAL CAPACITY

Fr o m  Table I we find that the b o ttom sediments of Perch 
Lake contribute 98% of the stable strontium available in the 
ecosystem for dilution of ^ S r .  However, if the rate of ^ S r  
exchange (including mixing) between water and sediments is very 
slow in comparison with the residence time of the water in the 
lake then the material balance might hardly be affected despite 
the large pool of exchangeable strontium in the sediment.

Using the data in Figure 2 it can be estimated that the 
90sr held in the g y t t ja is approximately 630 millicuries and in 
the sand 60 millicuries, making a total of 690 millicuries 
(uncorrected for decay) that has been trapped b y  the sediments 
over a period of 16 years. During that same period, monitoring 
data from the Environmental Research Branch indicates that about 
4500 millicuries of 90Sr has left the lake in the outflow. So 
notwithstanding the large ultimate capacity of the lake ecosystem 
for trapping radiostrontium (approximately 10 curies would be 
held in the top 60 cm of sediment at equilibrium), the rate p r o 
cesses in the ecosystem limit the ^°Sr removal in Perch Lake to 
about 15 per cent of that passing through the lake - about 40-50 
millicuries per year under the present conditions.

The quantitative information on environmental capacity 
obtained in this study is, of course, specific to ^°sr and perch
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Lake. Other radionuclides will have different half-lives, 
biological availabilities, diffusion coefficients, and d i s t r i b u 
tion factors. Other lakes will have different volume/bottom area 
ratios, residence times, and ecosystems [16]. However, the study 
of radioactively labelled water-bodies like perch Lake can c o n 
tribute much to our understanding of the processes that underlie 
the environmental capacity of freshwaters for waste radionuclides
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D I S C U S S I O N

P . R E IN IG E R : In y o u r  p a p e r  y o u  g iv e  a n u m b e r  o f  e x a m p le s  w h e r e  the 
a v a i la b i l i t y  to  l iv in g  o r g a n is m s  o f  a r a d io i s o t o p e  and th e s ta b le  is o t o p e  
o f  th e s a m e  e le m e n t  is  d i f fe r e n t .  W a s  th e  d i f f e r e n c e  in  th e p h y s  i c o  “ c h e m ic a l  
f o r m  o f  th e  is o t o p e s  g iv e n  as an e x p la n a t io n  a s s u m e d  o r  a c tu a lly  m e a s u r e d ,  
and d o  y o u  k n ow  o f  any e x p e r im e n t s  c a r r i e d  ou t u n d e r  c o n t r o l le d  c o n d it io n s  
to  in v e s t ig a t e  th e  d i f f e r e n c e  in  u p ta k e ?

I. L . O P H E L : In th e  e x a m p le s  m e n t io n e d  in  th e  p a p e r  it  w a s  fou n d  that 
u n e x p e c te d  d i f f e r e n c e s  in  p h y s i c o - c h e m i c a l  f o r m  w e r e  r e s p o n s ib le  f o r  th e  
o b s e r v e d  a n o m a lie s  in  s p e c i f i c  a c t iv ity .  N o s u c h  a n o m a lie s  h av e  b e e n  
fou n d  f o r  s tr o n t iu m .

I k n ow  o f  o n e  la b o r a t o r y  s tu d y  o f  a n o m a lie s  in  65Z n /Z n  s p e c i f i c  a c t iv i t ie s  
and  th e  t i t le  and s o u r c e  a r e :  C R O S S , A . F . , W IL L IS  J . N . , B A P T I S T , J. P . , 
D is t r ib u t io n  o f  r a d io a c t iv e  and s ta b le  z in c  in  an e x p e r im e n t a l  m a r in e  e c o 
s y s t e m ,  J. F i s h e r i e s  R e s .  B d  C an . 28  11 (1 9 7 1 ) 1 7 8 3 -8 8 .

0 .  L . v a n  d e r  B O R G H T : O n th e  b a s is  o f  y o u r  d ata  f r o m  P e r c h  L a k e
is  it p o s s ib l e  to  e s ta b l is h  th e  r e la t iv e  im p o r t a n c e  o f  d i r e c t  u p ta k e  and u p tak e  
th r o u g h  th e  fo o d  ch a in  o f  S r (and C a ) in  th e  s h e l l  o f  p u lm o n a te  s n a i l s ?

1. L . O P H E L : W e  a r e  at p r e s e n t  w o r k in g  on  th e S r /С а  r a t i o s  in  the 
p u lm o n a te  m o l lu s c  A m n ic o la ,  th e  o n ly  p u lm o n a te  s p e c i e s  in  th e  la k e . I f e e l  
o p t im is t i c  abou t b e in g  a b le  to  d e t e r m in e  th e  r e la t iv e  im p o r t a n c e  o f  d ie t  and 
d i r e c t  u p ta k e  f o r  r a d io s t r o n t iu m  a c c u m u la t io n  b y  A m n ic o la  b e c a u s e  m a n y  
o f  th e  p la n t s p e c i e s  on  w h ich  it fe e d s  h a v e  a d i f fe r e n t  S r /С а  r a t io  f r o m  th at 
in  th e  w a te r .
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W . K . G . K Ü H N : In th e  p a p e r  y ou  q u ote  th e  r a t io  o f  90S r /s t a b le  s tr o n t iu m  
in  th e  la k e  e c o s y s t e m  o v e r  th e  p a s t  16 y e a r s .  Is th is  r a t io  a lw a y s  c o n s ta n t , 
o r  d o e s  a t im e - fu n c t io n  c o m e  in to  p la y  h e r e ?  I ca n  im a g in e  that the r a t io  
m a y  w e l l  b e  an e q u il ib r iu m  f a c t o r  !

I. L . O P H E L : B o th  th e 90S r  and th e s ta b le  s tr o n t iu m  co n te n t o f  the 
w a te r  e n te r in g  P e r c h  L a k e  h a v e  r e m a in e d  r e m a r k a b ly  co n s ta n t d u r in g  th e  
te n  y e a r s  o r  s o  d u r in g  w h ich  d e t a ile d  a n a ly s e s  h av e  b e e n  a v a ila b le .  F u r t h e r  
in fo r m a t io n  on  th e m e a s u r e d  c o n c e n t r a t io n s  ca n  b e  fou n d  in  th e  p a p e r  b y  
O p h e l et a l. p r e s e n t e d  at th e r a d io e c o lo g y  c o n fe r e n c e  h e ld  in  R o m e  in  
S e p te m b e r  1971 .
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Abstract-Аннотация

B A S I C  P R I N C I P L E S  F O R  E S T A B L I S H I N G  H E A L T H  P R O T E C T I O N  S T A N D A R D S  W I T H  R E S P E C T  T O  

R A D I O I S O T O P E  C O N C E N T R A T I O N S  I N  S U R F A C E  W A T E R  B O D I E S .

T h e  p u b l i c  h e a l t h  p r o b l e m  o f  p r e v e n t i n g  r a d i o i s o t o p i c  c o n t a m i n a t i o n  o f  s u r f a c e  w a t e r  b o d i e s  c a n  

b e  r e s o l v e d  o n l y -  i f  o n e  h a s  c r i t e r i a  f o r  c o n t r o l l i n g  t h e  c o n c e n t r a t i o n s  o f  v a r i o u s  i s o t o p e s  i n  t h e  w a t e r .

D i f f e r e n t  a p p r o a c h e s  h a v e  b e e n  a d o p t e d  i n  d i f f e r e n t  c o u n t r i e s  t o  t h e  e s t a b l i s h m e n t  o f  s u c h  c r i t e r i a .  T h e  

a u t h o r s  d i s c u s s  v a r i o u s  i d e a s  i n  r e l a t i o n  t o  c o n d i t i o n s  i n  t h e  S o v i e t  U n i o n .  T h e  g r e a t  v a r i e t y  o f  s i t u a t i o n s  

e n c o u n t e r e d  i n  p r a c t i c e  ( a r i s i n g  o u t  o f  t h e  d i f f e r e n t  u s e s  t o  w h i c h  d i f f e r e n t  w a t e r  b o d i e s  a r e  p u t  a n d  

s o c i a l  a n d  e c o n o m i c  a s p e c t s  o f  t h e  w a y  o f  l i f e  o f  c r i t i c a l  p o p u l a t i o n  g r o u p s )  m a k e s  i t  v i r t u a l l y  i m p o s s i b l e  

t o  e s t a b l i s h  a  s i n g l e ,  m e a n i n g f u l  s t a d a r d  ( m a x i m u m  p e r m i s s i b l e  c o n c e n t r a t i o n )  f o r  e v e r y  i s o t o p e .  A  

b e t t e r  a p p r o a c h  i s  t h e r e f o r e  o n e  t h a t  t a k e s  i n t o  a c c o u n t  l o c a l  c o n d i t i o n s  w h i l e  b e i n g  b a s e d  i n  a l l  c a s e s  o n  

t h e  s a m e  p r i n c i p l e s ,  c r i t e r i a  a n d  c o m p u t a t i o n a l  m e t h o d s .  T h e  m a x i m u m  p e r m i s s i b l e  r a d i o i s o t o p e  

c o n c e n t r a t i o n s  e s t a b l i s h e d  i n  t h e  S o v i e t  U n i o n  f o r  w a t e r  b o d i e s  r e l a t e  t o  t h a t  p a r t  o f  t h e  w a t e r  b o d y  

t h a t  i s  d i r e c t l y  b e l o w  t h e  p o i n t  o f  e f f l u e n t  d i s c h a r g e .  T h e  e s t a b l i s h m e n t  o f  s t a n d a r d s  i s  b a s e d  o n  t h e  

’’ c r i t i c a l  p o p u l a t i o n  g r o u p * ,  i . e .  t h ö s e  r u r a l  i n h a b i t a n t s  o f  l i t t o r a l  s e t t l e m e n t s  w h o  c o m e  i n t o  c l o s e s t  

c o n t a c t  w i t h  t h e  w a t e r  b o d y  ( f i s h e r m e n ,  b u o y - m i n d e r s  e t c .  a n d  m e m b e r s  o f  t h e i r  f a m i l i e s )  o r  w h o  a r e  

e n g a g e d  i n  a g r i c u l t u r e  i n  t h e  a s s o c i a t e d  f l o o d  p l a i n .  I t  e n t a i l s  t e s t i n g  t h e  e f f e c t s  o f  i o n i z i n g  r a d i a t i o n  o n  m a n , 

a c c o u n t  b e i n g  t a k e n  o f  v a r i o u s  f a c t o r s .  O n e  o r  m o r e  t e s t s  m a y  b e  c a r r i e d  o u t ,  d e p e n d i n g  o n  t h e  

c o n d i t i o n s  i n  e a c h  p a r t i c u l a r  c a s e .  E a c h  o f  t h e  f a c t o r s  i s  c o n s i d e r e d  s e p a r a t e l y  i n  a s s e s s i n g  t h e  e f f e c t s  o f  

i o n i z i n g  r a d i a t i o n  o n  m a n ,  b u t  s t a n d a r d s  a r e  u l t i m a t e l y  e s t a b l i s h e d  o n  t h e  a s s u m p t i o n  t h a t  a l l  t h e  

f a c t o r s  m a y  a c t  s i m u l t a n e o u s l y ,  t h e  r e s u l t i n g  v a l u e s  b e i n g  c o r r e c t e d  a s  r e q u i r e d  ( o n e  m u s t  c o n s i d e r  n o t  

o n l y  t h e  p r e s e n t  s i t u a t i o n ,  b u t  a l s o  t h e  p o s s i b l e  l o n g - t e r m  u s e s  o f  t h e  w a t e r  b o d y ) .  A p a r t  f r o m  s o l v i n g  

i m m e d i a t e  p u b l i c  h e a l t h  p r o b l e m s ,  t h e  e s t a b l i s h m e n t  o f  t h e s e  s t a n d a r d s  h a s  a  b r o a d e r  p u r p o s e :  i t  

c r e a t e s  s a f e  c o n d i t i o n s  f o r  t h e  d e v e l o p m e n t  o f  f i s h i n g ,  i r r i g a t i o n - b a s e d  a g r i c u l t u r e ,  m i l k  a n d  m e a t  

p r o d u c t i o n ,  e t c .

О С Н О В Н Ы Е  П Р И Н Ц И П Ы  С А Н И Т А Р Н О Г О  Н О Р М И Р О В А Н И Я  Р А Д И О А К Т И В Н Ы Х  В Е Щ Е С Т В  

В  В О Д Е  П О В Е Р Х Н О С Т Н Ы Х  В О Д О Е М О В .

П р а к т и ч е с к о е  р е ш е н и е  п р о б л е м ы  с а н и т а р н о й  о х р а н ы  п о в е р х н о с т н ы х  в о д о е м о в  о т  з а 

г р я з н е н и я  р а д и о а к т и в н ы м и  и з о т о п а м и  н е в о з м о ж н о  б е з  н а л и ч и я  к р и т е р и е в ,  п о з в о л я ю щ и х  

р е г л а м е н т и р о в а т ь  и х  к о н ц е н т р а ц и и  в  в о д е .  У с т а н о в л е н и е  т а к и х  к р и т е р и е в  в  р а з н ы х  

с т р а н а х  п р о и з в о д и т с я  п о  -  р а з н о м у .  В  д а н н о м  с о о б щ е н и и  и з л а г а ю т с я  с о о б р а ж е н и я  п р и м е 

н и т е л ь н о  к  у с л о в и я м  С о в е т с к о г о  С о ю з а .  Ч р е з в ы ч а й н о е  р а з н о о б р а з и е  с и т у а ц и и ,  н а б л ю д а 

е м ы х  н а  п р а к т и к е  и  о б у с л о в л е н н ы х  п р и р о д н ы м и  у с л о в и я м и , х а р а к т е р о м  и с п о л ь з о в а н и я  

в о д о е м о в ,  с о ц и а л ь н о - э к о н о м и ч е с к и м и  о с о б е н н о с т я м и  ж и з н и  к р и т и ч е с к и х  г р у п п  н а с е л е н и я ,  

о г р а н и ч и в а е т  в о з м о ж н о с т ь  н а д е ж н о г о  о б о с н о в а н и я  е д и н ы х  у н и ф и ц и р о в а н н ы х  д л я  к а ж д о г о  

и з о т о п а  д о п у с т и м ы х  к о н ц е н т р а ц и й .  Б о л е е  ц е л е с о о б р а з н ы м  я в л я е т с я  д и ф ф е р е н ц и р о в а н н ы й  

п о д х о д  с  у ч е т о м  м е с т н ы х  о с о б е н н о с т е й .  В м е с т е  с  т е м ,  в о  в с е х  с л у ч а я х  п р и н ц и п ы  

п о д х о д а ,  к р и т е р и и  и  м е т о д ы  р а с ч е т а  д о л ж н ы  б ы т ь  е д и н ы .  И с х о д я  и з  п о л о ж е н и й ,  д е й с т в у 

ю щ и х  в  С о в е т с к о м  С о ю з е , д о п у с т и м ы е  к о н ц е н т р а ц и и  р а д и о а к т и в н ы х  и з о т о п о в  у с т а н а в л и в а ю т с я  

ю т с я  д л я  у ч а с т к о в  в о д о е м о в  н е п о с р е д с т в е н н о  н и ж е  м е с т а  с п у с к а  с т о ч н ы х  в о д .  Н о р м и р о в а 

н и е  в е д е т с я  д л я  к р и т и ч е с к о й  г р у п п ы  н а с е л е н и я .  К  н е й  о т н о с и т с я  ч а с т ь  с е л ь с к и х  ж и т е л е й  

п р и б р е ж н ы х  н а с е л е н н ы х  п у н к т о в ,  н а и б о л е е  т е с н о  к о н т а к т и р у ю щ и х  с  в о д о е м о м  ( р ы б а к и ,
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б а к е н щ и к и  и  ч л е н ы  и х  с е м е й )  и л и  с  п о й м е н н о й  ч а с т ь ю  д о л и н ы  ( н а с е л - е н и е  , и с п о л ь з у ю щ е е  

е е  д л я  с е л ь с к о х о з я й с т в е н н ы х  ц е л е й ) .  Д л я  н о р м и р о в а н и я  п р и м е н я ю т с я  т е с т ы ,  о т р а ж а ю щ и е  

в о з д е й с т в и е  и о н и з и р у ю щ е й  р а д и а ц и и  н а  ч е л о в е к а  с  у ч е т о м  р а з л и ч н о г о  р о д а  ф а к т о р о в .

В  з а в и с и м о с т и  о т  к о н к р е т н ы х  у с л о в и й  м о ж е т  б ы т ь  и с п о л ь з о в а н  т о л ь к о  о д и н  т е с т  и л и  в е с ь  

к о м п л е к с .  Н о р м и р о в а н и е  в е д е т с я  п о  к а ж д о м у  и з  т е с т о в , а  т а к ж е  д л я  у с л о в и й  о д н о в р е 

м е н н о г о  в о з д е й с т в и я  всех ф а к т о р о в  с  п о с л е д у ю щ и м  к о р р е к т и р о в а н и е м  п о л у ч е н н ы х  з н а  -  

ч е н и й .  П р и  э т о м  ц е л е с о о б р а з н о  у ч и т ы в а т ь  с и т у а ц и ю  н е  т о л ь к о  н а  д а н н ы й  м о м е н т ,  н о  т а к ж е  

х а р а к т е р  в е р о я т н о г о  и с п о л ь з о в а н и я  в о д о е м а  н а  п е р с п е к т и в у .  Н а р я д у  с  р е ш е н и е м  ч и с т о  

с а н и т а р н ы х  з а д а ч  п о д о б н о е  н о р м и р о в а н и е  н о с и т  у н и в е р с а л ь н ы й  х а р а к т е р ,  г а р а н т и р у я  

б е з о п а с н ы е  у с л о в и я  д л я  р а з в и т и я  р ы б н о г о  х о з я й с т в а ,  п о л и в н о г о  з е м л е д е л и я ,  м я с о - м о 

л о ч н о г о  ж и в о т н о в о д с т в а  и  т . д .

Р еш ен и е  п р о б л е м ы  са н и та р н ой  охр ан ы  о т к р ы т ы х  п о в е р х н о с т н ы х  
в о д о е м о в  о т  за гр я зн ен и я  р а д и оа к ти в н ы м и  и зо т о п а м и  н е в о з м о ж н о  б е з  
наличия к р и т е р и е в , позоляю щ и х р е г л а м е н т и р о в а т ь  их к он ц ентр ац ии  в 
в о д е .  У ст а н о в л е н и е  та к и х  к р и тер и ев  в р а зн ы х  с т р а н а х  п р о и з в о д и т ся  п о -  
р а з н о м у  [ 1 ] .

В  д а н н ом  сообщ ен и и  и зл а г а ю т ся  со о б р а ж е н и я  п р и м ен и тел ьн о  к 
у с л о в и я м  С о в е т с к о г о  С ою за  .

И сп о л ь зо в а н и е  для э т о й  цели н о р м а т и в о в , у ст а н о в л е н н ы х  для п и т ь 
ев ой  в о д ы , д а л ек о  не в с е г д а  о б о с н о в а н о  и о п р а в д а н о , та к  как и з числа  
р а д и оа к ти в н ы х  и з о т о п о в ,  попадаю щ их в о т к р ы т ы е  в о д о е м ы , б о л ь ш и н ст в о  
м о ж е т  м и гр и р о в а т ь  отсю д а  в о р г а н и зм  ч е л о в е к а  по пи щ евы м  ц е п я м . 
К р о м е  т о г о ,п р и  наличии в в о д е  га м м а  -и з л у ч а т е л е й  не исклю чена 
в о з м о ж н о с т ь  в н еш н его  обл уч ен и я  людей н е п о с р е д с т в е н н о  о т  зер к ал а  
в о д о е м а  или о т  п о в е р х н о ст и  т е р р и т о р и и , п од в ер га ю щ ей ся  затоп л ен и ю  
(в п а в о д о к ) или орош ению  (ирри гац и я) . С л е д о в а т е л ь н о , в о з н и к а е т  
н е о б х о д и м о с т ь  о б о сн о в а н и я  та к и х  н о р м а т и в о в  , к о т о р ы е  бы  учи ты вал и  
р а зл и ч н ы е  пути  в о з м о ж н о г о  в о з д е й с т в и я  на ч е л о в е к а  ионизирую щ ей 
р а д и а ц и и , о б у сл о в л е н н о й  р а д и оа к ти в н ы м и  и з о т о п а м и , сод ер ж а щ и м и ся  
в в о д е  в о д о е м о в .  У к а за н н ы е  п а р а м е т р ы  н е о б х о д и м ы : 1) в к а ч е с т в е
и с х о д н ы х  д ан н ы х  при п р оек ти р ов а н и и  канал и зац и он н ы х с и с т е м ,  п р е д 
н а зн а ч ен н ы х  для об е зв р е ж и в а н и я  и удал ен и я  с т о ч н ы х  в о д ,  сод ер ж а щ и х  
р а д и оа к ти в н ы е  в е щ е с т в а ; 2) для ц ел ей  о п е р а т и в н о г о  са н и т а р н о г о  
к о н тр о л я  в к а ч е с т в е  к р и тер и я  при о ц ен к е  р а д и о л о г и ч е ск о й  ч и с т о т ы  
в о д о е м о в ; 3) для г и ги е н и ч е ск о й  оценки  п р о г н о з и р у е м о й  радиационной  
о б с т а н о в к и ,к о т о р а я  м о ж е т  в о з н и к н у т ь  при эк сп л у а та ц и и  у с т р о й с т в ,  
являю щ ихся п отен ц и ал ьн ы м и  и сточ н и к а м и  за гр я зн ен и я  м е с т н о с т и  
р а д и оа к ти в н ы м и  в е щ е с т в а м и .

О д н ак о ч р е з в ы ч а й н о е  р а з н о о б р а з и е  си т у а ц и й , н абл ю д а ем ы х  на 
п р а к ти к е  и о б у сл о в л е н н ы х  п ри р одны м и  ф а к тор а м и  (г и д р о х и м и ч е с к и е , 
г и д р о л о г и ч е с к и е ,г и д р о г р а ф и ч е с к и е  о с о б е н н о с т и  в о д о е м о в ) ,  х а р а к т е р о м  
и сп о л ь зо в а н и я  в о д о е м о в  , соц и а л ь н о  -  э к о н о м и ч е с к и м и  о с о б е н н о с т я м и  
ж изни к р и ти ч е ск и х  гр уп п  н а сел ен и я  и т . д .  огр ан и ч и в аю т в о з м о ж н о с т ь  
н а д е ж н о го  о б о сн о в а н и я  е д и н ы х , ун и ф и ц и р ован н ы х для к а ж д о го  и зо т о п а  
д о п у с т и м ы х  к он ц ен тр а ц и й . Б о л е е  ц е л е с о о б р а з н ы м  я в л я е т ся  о б о с н о в а -  
н и е н о р м а т и в о в  для с о о т в е т с т в у ю щ и х  и з о т о п о в  п р и м ен и тел ьн о  к к о н к р е т 
н ы м  у сл о в и я м  с  у ч е т о м  м е с т н ы х  о с о б е н н о с т е й .  В м е с т е  с  т е м  в о  в с е х  
с л у ч а я х  принципы п о д х о д а , кри тер ии  и м е т о д ы  р а с ч е т а  у к а за н н ы х  н о р 
м а т и в о в  долж н ы  б ы т ь  ед и н ы . И зл ож ен и е  и х  и я в л я е т ся  за д а ч ей  
н а сто я щ е й  р а б о т ы .

И сх од я  и з  п ол ож ен и й , п р и н я ты х в С о в е т с к о м  С о ю з е , д о п у с т и м ы е  
к он ц ентр ац ии  р а д и оа к ти в н ы х  и з о т о п о в  в в о д е  в о д о е м о в  у ст а н а в л и в а ю т -
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ся  для у ч а с т к о в  в о д о е м о в  , н а х од я щ и х ся  н е п о с р е д с т в е н н о  ниж е м е с т а  
с т о ч н ы х  в о д .  Э т о  о б у с л о в л е н о  гл а в н ы м  о б р а з о м  за г р я зн е н и е м  р ы бы  
п р е и м у щ е ст в е н н о  вбл и зи  в ы п у ск а  с т о ч н ы х  в о д ,  а та к ж е н е и зб еж н ой  
кум ул яц и ей  в д он н ы х  о т л о ж е н и я х , являю щ ихся с в о е о б р а з н ы м  " р е г у л я т о 
р о м "  к он ц ентр ац ий  в в о д е .

Д о п у с т и м ы е  к он ц ентр ац ии  р а д и о и з о т о п о в  в в о д е  долж н ы  исклю чить 
в о з м о ж н о с т ь  обл у ч ен и я  к р и т и ч е ск и х  гр уп п  н а сел ен и я  в д о з а х ,  п р е в ы 
шающих п р ед ел ы  д о з ,  р е к о м е н д о в а н н ы х  М К Р З  и п р и н я ты х с о в е т с к и м  
з а к о н о д а т е л ь с т в о м  [2 ] .  При э т о м  д е л а е т с я  доп ущ ен и е  , ч т о  ч е л о в е к  
п о д в е р г а е т с я  в о з д е й с т в и ю  ионизирую щ ей р а д и а ц и и ,о б у с л о в л е н н о й  т о л ь к о  
р а д и оа к ти в н ы м и  и з о т о п а м и , н а ход я щ и м и ся  в в о д о е м е .  При наличии 
д р у г и х  и ст о ч н и к о в  обл у ч ен и я  (не сч и т а я  е с т е с т в е н н ы х  и п р и м е н я е м ы х  
в м ед и ц и н е) в р а с ч е т ы  в н о с я т с я  н е о б х о д и м ы е  к о р р е к т и в ы .

С л ед у я  р ек ом н д а ц и я м  М К Р З  [3] и М А Г А Т Э  [4 ] ,  н ор м и р ов а н и е  
в е д е т с я  для к р и ти ч е ск о й  гр уп п ы  н а се л е н и я . П р и м ен и тел ьн о  к данной  
п р о б л е м е  ук а за н н ую  гр у п п у  с о с т а в л я е т  ч а с т ь  с е л ь с к и х  ж и тел ей  п р и б р еж 
н ы х н а се л е н н ы х  п у н к т о в , н а и б о л е е  т е с н о  к он такти р ую щ и х с  в о д о е м о м  
(ры бак и  , бакенщ ики , паром щ ики  и чл ен ы  их с е м е й )  или с  п ой м ен н ой  ч а 
с т ь ю  долины  (н а с е л е н и е , и сп ол ь зу ю щ ее  для с е л ь с к о х о з я й с т в е н н ы х  
ц ел ей  за л и в н ы е л у га  и о г о р о д ы ) .

В з а в и с и м о с т и  о т  х а р а к т е р а  и сп о л ь зо в а н и я  в о д о е м а ,  е г о  п р и р од н ы х 
с в о й с т в  и д р у г и х  у сл о в и й  пути  в о з д е й с т в и я  на ч е л о в е к а  ионизирую щ ей 
р а д и а ц и и , о б у сл о в л е н н о й  р а д и оа к ти в н ы м и  и з о т о п а м и , н а ход я щ и м и ся  в в о д е  
в о д о е м а ,  м о г у т  б ы т ь  р а з л и ч н ы , р а в н о  как и са н и та р н а я  з н а ч и м о с т ь  
к а ж д о г о  и з  н и х . П о э т о м у  при о б о сн о в а н и и  н о р м а т и в о в  п р и х о д и тся  
у ч и т ы в а т ь  о т д е л ь н ы е  к р и т и ч е ск и е  пути  в о з д е й с т в и я , л и бо  их с о в о к у п 
н о с т ь .  В  э т о й  св я з и  н е о б х о д и м о  и сп о л ь з о в а н и е  ряда т е с т о в ,  о т р а ж а 
ющих в о з д е й с т в и е  ионизирую щ ей  радиации на ч е л о в е к а  с  у ч е т о м :
1) Х а р а к т е р а  и сп о л ь зо в а н и я  в о д о е м а :

а) как  и сто ч н и к а  х о з я й с т в е н н о -п и т ь е в о г о  в о д о сн а б ж е н и я ;
б ) как м е с т о  ловли р ы бы  .

2) В о з м о ж н о г о  за гр я зн е н и я  п и щ евы х п р о д у к т о в  "н а з е м н о г о "  п р о и з в о д 
с т в а  (м о л о к о )  в р е з у л ь т а т е  п е р и о д и ч е с к о г о  за топ л ен и я  п ри бр еж н ой  
т е р р и т о р и и .
3) З н а ч и м ости  в н е ш н е го  га м м а  -о б л у ч е н и я  о т  зер к а л а  в о д ы  и п о в е р х н о с т и  
п ой м ы  .
4) В о з м о ж н о г о  к о м б и н и р о в а н н о го  (в н е ш н е го  и в н у т р е н н е г о )  в о з д е й с т в и я .

В  з а в и с и м о с т и  о т  к о н к р е т н ы х  у сл о в и й  при о б о сн о в а н и и  д о п у с т и м ы х  
кон ц ен тр ац и й  м о ж е т  б ы т ь  и сп о л ь з о в а н  т о л ь к о  один т е с т ,х а р а к т е р и з у 
ющий п о ст у п л е н и е  р а д и о а к т и в н ы х  и з о т о п о в  по к р и т и ч е с к о м у  пути  
(н а п р и м е р , с  р ы б о й ) . В  д р у г и х  сл у ч а я х  при о д н о в р е м е н н о м  в о з д е й с т в и и  
ионизирую щ ей  радиации по н е ск о л ь к и м  п у т я м  п р о и з в о д и т с я  к о р р е к т и р о в а 
ние зн ачен ий  д о п у с т и м ы х  к он ц ентр ац ий  с  у ч е т о м  вкл ада  к а ж д о г о  и з 
п у тей  в о з д е й с т в и я .

В  к а ч е с т в е  и сх о д н ы х  м а т е р и а л о в  для о б о сн о в а н и я  у к а за н н ы х  
н о р м а т и в о в  и сп о л ь з у ю т ся :

-П р е д е л ы  д о з  на к р и ти ч е ск и е  о р г а н ы , р е к о м е н д о в а н н ы е  М К Р З  
и п ри н я ты е с о в е т с к и м и  з а к о н о д а т е л ь с т в о м  для о т д е л ь н ы х  лиц и з 
н а сел ен и я  в к а ч е с т в е  оф и ц и а л ьн ы х .

-П р е д е л ы  г о д о в о г о  п осту п л ен и я  с о о т в е т с т в у ю щ и х  и з о т о п о в  ч е р е з  
ж ел у д оч н о -к и ш еч н ы й  т р а к т , р е г л а м е н т и р о в а н н ы е  т е м  же з а к о н о д а 
т е л ь с т в о м .
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-В ел и ч и н ы  к о эф ф и ц и е н т о в  н акоп л ен ия  (К Н ) р а д и он ук л и д ов  в р ы б е ,  
у с т а н о в л е н н ы х  в н а ту р н ы х  у с л о в и я х . Значения их для одн и х  и т е х  же 
и з о т о п о в  м о г у т  в а р ь и р о в а т ь  в з а в и с и м о с т и  о т  с о л е в о г о  с о с т а в а  в о д ы , 
ви да  р ы бы  и т . д  . , ч т о  о б ы ч н о  с в я з а н о  с  п р и р о д н о -к л и м а т и ч е с к и м и  
у сл о в и я м и  той  или иной м е с т н о с т и  . Э т о  о б с т о я т е л ь с т в о  о п р е д е л я е т  
ц е л е с о о б р а з н о с т ь  р а з р а б о т к и  н о р м а т и в о в  с  у ч е т о м  м е с т н ы х  у с л о в и й . 
С л е д у е т  о т м е т и т ь ,  ч т о  для р а д и о н у к л и д о в , ра сп р ед ел я ю щ и хся  в о р г а н и з 
м е  р а в н о м е р н о  (ц е зи й , тр и т и й , с е р а  и д р . ) ,  величина КН у с т а н а в л и в а е т с я  
по туш к е  р ы б ы . Для о с т е о т р о п н ы х  у ч и т ы в а е т с я  КН н укл и дов в м я гк и х  
тк а н я х  р ы б ы , а та к ж е к о л и ч е с т в о  и х , п е р е х о д я щ е е  при кулинарной  
о б р а б о т к е  и з к о с т е й  в съ е д о б н у ю  ч а с т ь  пищ и.

-К о л и ч е с т в е н н а я  оцен ка м и грац и и  р а д и о и зо т о п о в  и з в о д о е м а  в 
о р г а н и з м  ч е л о в е к а  с  р ы б ой  т р е б у е т  знаний вел и ч и н , х а р а к тер и зую щ и х  
с р е д н е д у ш е в о е  е е  п о т р е б л е н и е  за г о д  к р и ти ч е ск о й  гр уп п ой  н а се л е н и я .

И м ею щ иеся  дан н ы е с в и д е т е л ь с т в у ю т  о  т о м ,  ч т о  в р я д е  р а й он ов  с т р а 
ны с р е д н е д у ш е в о е  п о т р е б л е н и е  р ы б ы  к р и т и ч е ск о й  гр уп п ой  н а сел ен и я  
к о л е б л е т с я , с о с т а в л я я  в ср е д н е м  -  2 0 0 -3 0 0  г / с у т  [5 ,6  ] .

- В  у с л о в и я х  н е за р е гу л и р о в а н н ы х  р ек  м о ж е т  и м е т ь  м е с т о  
п о ст у п л е н и е  р а д и он ук л и д ов  и з  в о д о е м о в  на при бреж н ую  тер р и тор и ю  в 
п ер и од  п а в о д к а . И сп о л ь зо в а н и е  за л и в н ы х  л у г о в  под с е н о к о с ы  и в ы п а сы  
с о з д а е т  в о з м о ж н о с т ь  м и грац и и  ря да  н укл и дов  по цепи в о д а -п о ч в а  -  
т р а в а -м о л о к о .  П о к а з а т е л е м  н акоп л ен ия  их в п о ч в е  я в л я е т ся  
к о эф ф и ц и е н т  р а сп р е д е л е н и я  ( K P ) , п редставл яю щ и й  с о б о й  отн ош ен и е  
у д е л ь н о й  а к т и в н о ст и  п оч вы  при м а к си м а л ь н о м  е е  н асы щ ении  дан ны м  
р а д и он у к л и д ом  к уд ел ьн ой  а к т и в н о ст и  в о д ы  . В еличина K P р а зл и ч н ы х  
и з о т о п о в  для р а з н ы х  в и д ов  п очв  н е о д н о з н а ч н а . О дн ако для п о ч в , 
чащ е в с е г о  в стр еч а ю щ и х ся  в п о й м а х , д и а п а зон  кол ебан ий  н е в е л и к . 
Н а п р и м е р , для цинка о т  1460 (д е р н о в о -л у г о в ы е  п оч в ы ) д о  1220 (ч е р н о з е м ), 
для и ттр и я  с о о т в е т с т в е н н о  230  и 110 [7 ] .  П о к а за те л и  м и грации  
р а д и он у к л и д ов  на сл едую щ и х зв е н ь я х  данной  цепи оп р ед ел я ю тся

вел и чи н ой  отн ош ени й  и ^ 2 л о к о  ( Та б л .1 )
п оч ва  тр ав а

Э ти  п о к а за те л и  с  у ч е т о м  с р е д н е -д у ш е в о г о  п отр ебл ен и я  м ол ок а  
п о зв о л я ю т  у с т а н о в и т ь  к о л и ч е с т в о  р а д и о н у к л и д о в , п осту п аю щ и х в о р г а н и зм

Т А Б Л И Ц А  I . П А Р А М Е Т Р Ы  М И Г Р А Ц И И , Н Е К О Т О Р Ы Х  
Р А Д И О Н У К Л И Д О В  ИЗ П О Ч В Ы  В М О Л О К О

Н у к л и д ы К о э ф ф и ц и е н т  р а с 

п р е д е л е н и я  в  п о ч 

в е  ( д е р н о в о - л у г о 

в о й )

К о э ф ф и ц и е н т  п е р е х о д а

и з  п о ч в ы  

в  т р а в у

и з  т р а в ы  

в  м о л о к о

К о б а л ь т 1 0 0 0 0 , 0 7 -

Ц и н к 1 4 5 0 - -

С т р о н ц и й 1 4 0 0 1 , 7 4 0  , 0 0 1

Ц е з и й 1 0 0 0 0 , 1 9 0 , 0 1

Ц е р и й 2 5 0 0 , 0 3 0 , 0 0 0 2
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с  д ан н ы м  п и щ евы м  п р о д у к т о м . С л е д у е т  о т м е т и т ь ,  ч т о  со о т н о ш е н и е  
т р а в а /п о ч в а  и з - з а  г е т е р о г е н н о с т и  м е с т н ы х  у сл ов и й  (ти п  п о ч в ы , виды  
р а ст е н и й  и т . д . )  для од н и х  и т е х  же и з о т о п о в  м о г у т  б ы т ь  р а зл и ч н ы .

-К р о м е  в н у т р е н н е г о  обл уч ен и я  за  с ч е т  р а д и о н у к л и д о в , п осту п аю щ и х  
из в о д о е м а  в о р г а н и з м , ч а с т ь  н а сел ен и я  (к р и т и ч е ск и е  гр уп п ы ) м о ж е т  
п о д в е р г а т ь с я  вн еш н ем у  обл учен и ю  о т  зер к а л а  в о д о е м а  и п о в е р х н о с т и  
п ой м ен н ой  т е р р и т о р и и .

. В с е  у п о м я н у т ы е  вы ш е к о эф ф и ц и ен ты  (К Н Д Р  и д р . )  у ста н а в л и в а ю т ся  
д о  д о ст и ж е н и я  р а в н о в е с н о г о  с о с т о я н и я  р а д и он ук л и д ов  м еж д у  в о д о й  и 
со о т в е т с т в у ю щ и м и  к о м п о н е н т а м и , ч т о  п р о и сх о д и т  с п у с т я  б о л е е  или 
м е н е е  зн а ч и т е л ь н о г о  п ер и од а  в р е м е н и . С л е д о в а т е л ь н о ,в е л и ч и н ы  д о п у с 
т и м ы х  кон ц ен тр ац ий  р а д и о а к ти в н ы х  и з о т о п о в  в в о д е  в о д о е м о в ,  п о л у ч е н 
н ы е по в с е м  у п о м я н у т ы м  вы ш е т е с т а м ,  о т н о с я т с я  п р е и м у щ е ст в е н н о  к 
сл у ч а я м  п о с т о я н н о г о  или с и с т е м а т и ч е с к о г о  п осту п л ен и я  р а д и оа к ти в н ы х  
и з о т о п о в  в в о д о е м .

Т а к и м  о б р а з о м ,  р а с ч е т  д о п у с т и м ы х  к он ц ентр ац ий  (Д К ) и з о т о п о в  в 
в о д е  в о д о е м о в  п р о и з в о д и т с я  и сх о д я  и з  сл едую щ и х т е с т о в :

1 . П о т р е б л е н и е  в о д ы  для п и т ь е в ы х  ц е л е й .
2 .  П о т р е б л е н и е  р ы б ы  и з в о д о е м а .
3 .  П о т р е б л е н и е  м ол о к а  (в о з м о ж н о , и м я с а ) ,  з а г р я з н е н н о г о  в 

р е з у л ь т а т е  к о н т а к т а  в о д ы  с  п оч в ой  п а стби щ  (п а в о д к и ,и р р и г а ц и я ) .
4 .  В н еш н ее  об л у ч е н и е  о т  п о в е р х н о с т и  п о ч в ы , за гр я зн е н н о й  в 

р е з у л ь т а т е  к о н т а к т а  с  в о д о й  .
5 . В н еш н ее  о б л у ч е н и е  о т  зер к а л а  в о д о е м а .
Д К , р а сс ч и т а н н а я  по к а ж д о м у  и з э т и х  т е с т о в ,  о б у с л о в л и в а е т  в 

к а ж д ом  сл у ч а е  о б л у ч е н и е  о р г а н и з м а , р а в н о е  п р ед ел у  д о з ы .
О д н о в р е м е н н о е  в о з д е й с т в и е  в с е х  или н е ск о л ь к и х  р а с с м о т р е н н ы х  

ф а к т о р о в , как у ж е  у к а з ы в а л о с ь  р а н е е , п р и в од и т  к су м м и р ов а н и ю  
п огл ощ ен н ы х  д о з .  О д н ак о п о с к о л ь к у  су м м а р н а я  д о з а  не долж н а 
п р ев ы ш а ть  п р ед ел а  д о з ы  н е о б х о д и м о ,с о о т в е т с т в у ю щ и м  о б р а з о м  
с к о р р е к т и р о в а т ь  д о п у ст и м у ю  к он ц ентр ац ию  и зо т о п а  в в о д е .

Р а с ч е т  с у м м а р н о г о  зн ачен ия  ДК п р о в о д и т ся  по ф ор м у л е :

В  с л у ч а е ,е с л и  к р и т и ч е ск и м  я в л я е т с я  один и з в н у тр ен н и х  о р г а н о в , 
т о ,  и с п о л ь з у я  вы ш еп р и вед ен н ую  ф о р м у л у , с л е д у е т  Д К , п ол у ч ен н ы е по 
г а м м а -и з л у ч е н и ю  о т  п о в е р х н о с т и  в о д ы  и п о ч в ы , р а з д е л и т ь  на к о э ф ф и 
ц и ен т  эк р а н и р ов ан и я  м я гк и м и  ткан ям и  0 ,6  [8 ] .

В  з а в и с и м о с т и  о т  ф и з и к о -х и м и ч е с к и х  с в о й с т в  и з о т о п а  зн а ч и м о с т ь  
к а ж д о г о  и з  р а с с м о т р е н н ы х  т е с т о в  м о ж е т  б ы т ь  разл и чн а  и не и ск л ю ч е н о , 
ч т о  один и з  них о к а ж е т с я  п одавл яю щ им . В  э т о м  сл у ч а е  в в о д и т ь  п о п р а в 
ку н е т  н е о б х о д и м о с т и . Н иж е п р и в о д и тся  т а б л .I I  , в к о т о р о й  дан ы  ДК 
для н е к о т о р ы х  и з о т о п о в , р а сс ч и т а н н ы е  по к а ж д о м у  и з  т е с т о в  в о т д е л ь  -  
н о ст и  и по с у м м а р н о м у  в о з д е й с т в и ю .

К ак  ви дн о и з  э т о й  т а б л и ц ы , и с п о л ь з у е м ы е  т е с т ы  д а л е к о  не 
р а в н о з н а ч н ы . В ед ущ и м  ф а к т о р о м  в о с н о в н о м  я в л я е т с я  п о ст у п л е н и е  
р а д и о и зо т о п а  с  р ы б о й . О дн ако для к о б а л ь т а -6 0  и ц и н к а -6 5  т а к о в ы м

ДК
1

п

ДК
1

1



Т А Б Л И Ц А  II . Д О П У С Т И М Ы Е  К О Н Ц Е Н Т Р А Ц И И  Р А Д И О А К Т И В Н Ы Х  И З О Т О П О В  В В О Д Е  
П Р Е С Н Ы Х  В О Д О Е М О В  (К и /л )

Р а д и о  T  1 / 2 Т е с т ы О т н о ш е н и е

и з о то п С  п и т ь е в о й С  р ы б о й С  м о л о к о м В н е ш н е е о б л у ч е н и е С у м м а р н  . Д К - 1

в о д о й Д К -  1 Д К - 2 Д К - 3 о т  п о ч в ы о т з е р к а л а д к Д К

Д К -  4 в о д о е м а

Д К - 5

З н 1 2  , 3  г о д 3 , 2 • ю ' 6 3 , 5  • 1 0 ' 5 _ _ _ 2  , 9  • 1 0 ' 6 1 ,1

■ 2 4 N a 1 4  , 9  ч а с 2  ,8
-8

• 1 0 - - 4  • 1 0 ' 7 4  • 10 8 1 , 9  • Ю ' 8 1 ,4

32 Р 1 4  ,5  с у т 1 ,9 • ю ' 8 1 д о ' 10 - - - 1 • ю ' 10 1 9 0

3 5 s 8 7  ,1  с у т 6  , 3 • ю ’ 8 4
-8

, 8 - 1 0 - - - 2 , 7  • 1 0 ' 8 2 , 3

6° С о 5  , 2 5  г о д а 3 , 5
-8

• 1 0
-9

1 , 3  • 1 0 -
- 1 1

3 , 4  • 1 0 8 , 2 • ю ' 8
-11

3 , 2  • 1 0 1 0 0 0

65
Z  n 2 4 5  с у т 1 • ю ' 7 1 • ю ‘ 9 1 , 5  • 1 0 ' 8 1 , 7  • Ю " 10 4  ■ ю " 7 1 , 3  ■ Ю ' 10 7 7 0

9 0 S r 2 8  ,4  г о д а 4  • ю ' 10 1
-10

, 5 ' 1 0 1 ,4 • Ю ' И - - 1 , 3  • ю ' 11 3 1

1 3 1 I 8 1  с у т 2  • ю ' 9 2
-9

, 1  • 1 0 - 8  • ю ’ 7 8  • ю ' 7 i  • ю ’ 9 2

1 3 7 C s 3 0  л е т 1 ,5 • ю ' 8
-10

1 ,5  • 1 0
-10

5  • 1 0
-1 0

1 ,4  • 1 0 4  , 6 • ю ' 7 6  • ю ' 11 2 5 0

1 4 4 C e 2 6 5  с у т 1 ,2 • ю " 8 4 • ю " 9
-7

5  • 1 0
- 8

5  ,6  ■ 1 0 4  Д
-5

■ 1 0
-9

2 , 9  • 1 0 4
210

P o 1 3 8  , 3  с у т 7 , 3 • ю ’ 10 2 ,5  • 1 0 ' 12 - - ~ ю ' 2
-1 2

2 , 5  • 1 0 3 0 0
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я в л я е т с я  в н еш н ее г а м м а -о б л у ч е н и е  о т  п оч в ы  , для ц е з и я -137 ' — р ы б а , 
в н еш н ее г а м м а  -о б л у ч е н и е  о т  п оч в ы  и о т ч а с т и  п о т р е б л е н и е  м о л о к а , 
для тр ития  -  п и ть е в а я  в о д а . Т а к и м  о б р а з о м , да н н ы е табл и ц ы  н а гл я д н о  
д е м о н ст р и р у ю т  н е о б х о д и м о с т ь  у ч е т а  р а зл и ч н ы х  п у тей  в о з д е й с т в и я  и з о т о 
п ов  на о р г а н и з м  ч е л о в е к а  при р а с ч е т е  ДК . Р а с ч е т  т о л ь к о  по т е с т у  
"п и т ь е в а я  в о д а "  , п р и м ен я вш и й ся  ран ее,, м о ж е т  в о т д е л ь н ы х  сл у ч а я х  
п р и в е с т и  к с у щ е с т в е н н о м у  превы ш ен ию  обл уч ен и я  к р и т и ч е ск и х  гр уп п  
н а сел ен и я  по ср авн ен и ю  с  у ст а н о в л е н н ы м и  п р ед ел ам и  д о з  .

В  заклю чен ие с л е д у е т  о т м е т и т ь  , ч т о  в о  в с е х  сл у ч а я х  при о б о с н о 
вании д о п у с т и м ы х  к он ц ен тр ац и й  р а д и оа к ти в н ы х  и з о т о п о в  в в о д е  
в о д о е м о в  н а д л еж и т у ч и т ы в а т ь  не т о л ь к о  си туац и ю  на данны й м о м е н т ,  
но та к ж е  х а р а к т е р  в е р о я т н о г о  и сп о л ь зо в а н и я  в о д о е м а  на п е р с п е к т и в у .

Н ар яду с  р еш ен и ем  ч и с т о  са н и та р н ы х  зад ач  п о д о б н о е  н ор м и р ов а н и е  
н о с и т  "у н и в е р са л ь н ы й " х а р а к т е р , о б е с п е ч и в а я  б е з о п а с н ы е  у сл о в и я  
для р а зв и ти я  р ы б н о г о  х о з я й с т в а ,  п о л и в н о го  з е м л е д е л и я , м я с о -м о л о ч н о г о  
ж и в о т н о в о д с т в а  и т .д

П о ск о л ь к у  у к а за н н ы е  н о р м а т и в ы  н а м е ч а е т с я  у ст а н а в л и в а т ь  для 
в о д ы  в о д о е м о в  н е п о с р е д с т в е н н о  ниж е м е с т а  в ы п у ск а  с т о ч н ы х  в о д ,  
д а л ьн ей ш ее  у м ен ь ш ен и е  кон ц ен тр ац ий  р а д и о а к ти в н ы х  и з о т о п о в  
за с ч е т  р а зб а в л е н и я  их в м а с с е  в о д ы  с о з д а е т  н адеж н ую  га р а н ти ю  
б е з о п а с н о с т и  л ю б ого  ви да  и сп о л ь зо в а н и я  в о д о е м а .
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И з д - в о  Н а у к а ,  1 9 6 6 .
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D I S C U S S I O N

R . F . F O S T E R : In th e  U SSR  a r e  th e  c o n c e n t r a t io n  f a c t o r s  f o r  fo o d s  
a lr e a d y  b e in g  u t i l iz e d  in  th e  e s ta b lis h m e n t  o f  s ta n d a r d s  f o r  th e  m a x im u m  
p e r m is s ib l e  q u a n tit ie s  o f  r a d io n u c l id e s  in  w a te r , o r  is  th is  c o n c e p t  s o m e 
th in g  that it  is  p la n n e d  to  u s e  in  th e  fu t u r e ?
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R .M .  B A R K H U D A R O V : S om e  c o n c e n t r a t io n  fa c t o r  v a lu e s  a r e  a lready- 
b e in g  u s e d ,  but m u c h  w o rk  r e m a in s  to  b e  done,, and w il l  b e  d o n e , in  th is  
f ie ld .

M . J. A . D E L P L A ;-  C o n c e n t r a t io n  fa c t o r s  v a r y  f r o m  p la c e  to  p la c e ,  
d e p e n d in g  in  p a r t ic u la r  on  w h e th e r  th e  r e l e a s e  p o in t is  s itu a te d  on  a r i v e r ,  
a la k e  o r  th e s e a . D o y o u  ta k e  a c c o u n t  o f  l o c a l  v a r ia t io n s  and e s t a b l is h  
c o n c e n t r a t io n  fa c t o r s  f o r  e a c h  r e le a s e  p o in t?

I sh o u ld  a ls o  l ik e  to  k n ow  w hat a u t h o r it ie s ,  in  th e U SSR , a r e  c o m p e te n t  
to  e s t a b l is h  and a p p ly  c o n c e n t r a t io n  f a c t o r s .

R . M . B A R K H U D A R O V : T h e  c o n c e n t r a t io n  fa c t o r s  a r e  e s ta b l is h e d  in 
r e s p e c t  o f  th e  e q u il ib r iu m  s ta te  o f  th e f i s h -w a t e r  s y s t e m . F o r  th is  r e a s o n  
w e d o  not c o n c e r n  o u r s e l v e s  w ith  any d e p e n d e n c e  o f  th e  c o n c e n t r a t io n  f a c t o r  
on  s p e c i f i c  p o in ts  in  th e w a te r  b o d y .

In r e p ly  to  y o u r  s e c o n d  q u e s t io n , s p e c ia l i z e d  l a b o r a t o r i e s ,  a m o n g  th e m  
o u r  o w n , a r e  e n g a g e d  on  th e stu d y  o f  i s o t o p e  c o n c e n t r a t io n s  in  f i s h  and 
o th e r  o r g a n is m s .  A s s ig n m e n t  o f  p e r m is s ib l e  c o n c e n t r a t io n s  on  th e  b a s is  o f  
th e  r e s e a r c h  d ata  o b ta in e d  is  th en  th e  r e s p o n s ib i l i t y  o f  th e  R a d ia t io n  P r o 
te c t io n  C o m m is s io n .

R . J. R O U X : I u n d e r s ta n d  that y o u  c a lc u la t e  a d i f f e r e n t  c o n c e n t r a t io n  
fa c t o r  d e p e n d in g  on  th e  a r e a  in  w h ich  th e  p o p u la t io n s  c o n c e r n e d  l iv e  — 
S ib e r ia  o r  th e s h o r e s  o f  th e  B la c k  S e a , f o r  e x a m p le . D o y o u  t h e r e f o r e  u s e  a 
n u m b e r  o f  f a c t o r s  on  th e  t e r r i t o r y  o f  th e  U SSR , o r  is  m y  s u p p o s it io n  in c o r r e c t ,  
and y ou  in  fa c t  u s e  a s im p le  a v e r a g e  f a c t o r  o r  a m in im u m  f a c t o r ?

R .M .  B A R K H U D A R O V : W e  in d e e d  do e n d e a v o u r  to  u s e  c o n c e n t r a t io n  
f a c t o r s  f o r  is o t o p e s  in  f i s h  that w il l  b e  a p p l ic a b le  to  th e  p a r t ic u la r  a r e a  
c o n c e r n e d .  In the p a p e r  w e p r e s e n t  a v e r a g e  c o n c e n t r a t io n  fa c t o r  v a lu e s  
r e la t in g  to  th e c e n t r a l  z o n e  o f  th e  E u r o p e a n  p a r t  o f  th e USSR.
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CONTROL OF LOW-LEVEL LIQUID 
RADIOACTIVE WASTE DISPOSAL 
UK experience in the derivation 
and use of 'environmental capacity'

N .T . MITCHELL, D .F . JEFFERIES 
Ministry of Agriculture, Fisheries and Food,
Fisheries Radiobiological Laboratory,
Lowestoft, Suffolk, United Kingdom

Abstract

C O N T R O L  O F  L O W - L E V E L  L I Q U I D  R A D I O A C T I V E  W A S T E  D I S P O S A L :  U K  E X P E R I E N C E  I N  T H E  D E R I V A T I O N  

A N D  U S E  O F  ’ E N V I R O N M E N T A L  C A P A C I T Y ' .

U K  p o l i c y  o n  t h e  c o n t r o l  o f  r a d i o a c t i v e  w a s t e  d e p e n d s  p r i m a r i l y  o n  l i m i t i n g  p u b l i c  r a d i a t i o n  e x p o s u r e  

a s  t h i s  h a s  b e e n  f o u n d  t o  b e  m o r e  r e s t r i c t i v e  t h a n  p o t e n t i a l  d a m a g e  t o  e n v i r o n m e n t a l  r e s o u r c e s .  A s s e s s m e n t s  

o f  e n v i r o n m e n t a l  c a p a c i t y  a r e  t h u s  o f  p a r a m o u n t  i m p o r t a n c e  a n d  h a v e  b e c o m e  a  c e n t r a l  f e a t u r e  o f  t h e  c r i t i c a l  

p a t h w a y  a p p r o a c h  a s  p r a c t i s e d  i n  t h e  U K .  F o r  t h i s  p u r p o s e  e n v i r o n m e n t a l  c a p a c i t y  i s  u s u a l l y  i d e n t i f i e d  a s  a  

r a t e  o f  i n p u t  o f  r a d i o a c t i v i t y  o f  s p e c i f i e d  i s o t o p i c  c o m p o s i t i o n  t h a t ,  u n d e r  e q u i l i b r i u m  c o n d i t i o n s ,  w o u l d  

r e s u l t  i n  a n  e x p o s u r e  o f  t h e  p u b l i c  e q u a l  t o  t h e  I C R P - r e c o m m e n d e d  d o s e - l i m i t s .

T h e  p a p e r  c o n s i d e r s  h o w  a s s e s s m e n t  o f  e n v i r o n m e n t a l  c a p a c i t y  i s  c o n d u c t e d ,  i n v o l v i n g  d e t a i l e d  s t u d i e s  

o f  t h e  b e h a v i o u r  o f  r a d i o a c t i v i t y  a f t e r  r e l e a s e  t o  t h e  e n v i r o n m e n t  a n d  t h e  p a t h w a y s  w h i c h  l e a d  t o  p u b l i c  

r a d i a t i o n  e x p o s u r e .  E a c h  a s s e s s m e n t  i s  v a l i d  o n l y  i n  r e l a t i o n  t o  t h e  a p p r o p r i a t e  f o o d  c o n s u m p t i o n  r a t e  o r  o t h e r  

h a b i t s  o f  t h e  e x p o s e d  p o p u l a t i o n  r e s u l t i n g  i n  e x p o s u r e .  E a c h  p a t h w a y  c a n  b e  v i s u a l i z e d  a s  i n v o l v i n g  s e v e r a l  

s t a g e s  s u c h  a s  d i l u t i o n ,  d i s p e r s i o n ,  r e c o n c e n t r a t i o n ,  a n d  p u b l i c  u s e  o f  t h e  e n v i r o n m e n t ,  c u l m i n a t i n g  i n  

r a d i a t i o n  e x p o s u r e .  E a c h  o f  t h e s e  s t a g e s  i s  d i s c u s s e d  t o  s h o w  t h e  f a c t o r s  t h a t  m u s t  b e  c o n s i d e r e d .  T h e  p r o c e d u r e s  

a d o p t e d  i n  t h e  U K  f o r  t h e  e v a l u a t i o n  o f  e n v i r o n m e n t a l  c a p a c i t y  a r e  d i s c u s s e d  i n  t h e  c o n t e x t  o f  d i s p o s a l  o f  

l i q u i d  r a d i o a c t i v e  w a s t e s  t o  f r e s h w a t e r  l a k e  a n d  r i v e r  s y s t e m s ,  p a r t i c u l a r  r e f e r e n c e  b e i n g  m a d e  t o  t h e  n u c l e a r  

p o w e r  s t a t i o n  s i t e  a t  T r a w s f y n y d d  a n d  t h e  s u p p o r t i n g  r a d i o e c o l o g i c a l  r e s e a r c h  c o n d u c t e d  t h e r e .  R e c e n t  

e x p e r i e n c e  i n  r e - a s s e s s m e n t  o f  e n v i r o n m e n t a l  c a p a c i t y  i n  r e l a t i o n  t o  c h a n g i n g  f a c t o r s ,  s u c h  a s  e f f l u e n t  

c o m p o s i t i o n ,  i s  d i s c u s s e d  a n d  t h e  p a p e r  c o n c l u d e s  w i t h  a n  a c c o u n t  i n  t e r m s  o f  p u b l i c  r a d i a t i o n  e x p o s u r e  

o f  h o w  a p p l i c a t i o n  o f  a  c o n t r o l  p o l i c y  d e p e n d e n t  o n  t h e  a s s e s s m e n t  o f  e n v i r o n m e n t a l  c a p a c i t y  h a s  e n s u r e d  

t h e  c o n t i n u e d  s a f e t y  o f  w a s t e  d i s p o s a l  a n d  t h e  m a i n t e n a n c e  o f  v e r y  h i g h  s t a n d a r d s  o f  e n v i r o n m e n t a l  p r o t e c t i o n .

1. INTRODUCTION

In establish ing m ethods fo r  the con tro l o f  liquid rad ioactive  w aste d isp osa l to 
, the aquatic environm ent, attention has been  d irected  p r im a rily  to the lim itation  o f 
public radiation  exp osu re . Studies o f  the potential dam age to environm ental r e s o u r 
c e s ^  have shown that this is  m uch le s s  im portant than the potential con sequ ences 
to the human population. Indeed, r e s o u r ce  dam age can be regard ed  as n eg lig ib le  
p rov ided  that the ICRP recom m endations fo r  human radiation  exp osu re are  m et.

The UK con tro l system  fo r  d isp osa l o f  rad ioactive  w aste has a lready been  
d e scr ib ed  in d e t a i l^ ]  and depends on p r io r  authorization . D isch a rg es  a re  so  reg u 
lated as to ensure com p lian ce  with three national p o licy  o b je ct iv e s  la id  down in 1959 
in a G overnm ent W hite PaperL 3J. The f ir s t  two o b je ct iv es  re la te  to m andatory dose 
lim its  fo r  the public ànd c o v e r  both the som atic  and genetic con sequ ences  o f  ex p o 
sure; the th ird is  m o re  in the nature o f  a genera l d ire ctiv e  requ irin g  actual le v e ls  
o f  exp osu re  to be  m in im ized , as fa r  as is  p ractica b le .

633
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It is  th ere fore  o f  param ount im portance to ensure that a planned d isp osa l w ill 
not resu lt in the chosen  dose lim its  fo r  m em b ers  o f  the public being exceed ed , and 
in con sequ ence it is  essentia l to know what rate o f  input o f  rad ioactiv ity  w ill in a 
given situation cau se m axim um  allow able exp osu re o f  the pu b lic. This rate o f  input 
is  thus the m axim um  d isch arge  rate which cou ld  be  perm itted  in the particu la r  c i r 
cu m stan ces, and is  re fe r re d  to as the environm ental capacity  o r , som etim es , the 
lim itin g  environm ental capacity . In defin ing it the habits o f  the exp osed  population 
m ust be  sp ecified , fo r  a p a rticu la r  environm ental capacity  w ill only rem ain  valid 
w hilst these fa c to rs  obtain. B ecau se values o f  environm ental capacity  vary 
con sid era b ly  fo r  d ifferent n u clid es, depending on th eir  rad iotox icity , the co m p o s i
tion o f  the w aste m ust a lso  be sp ecified  o r , a lternatively , a s e r ie s  o f  values 
ca lcu lated  fo r  separate c r it ic a l n uclid es, that is  to say, those causing the lim itin g  
rates o f  exp osu re .

In p ra c tice , the a ssessm en t o f  environm ental capacity  can be a d ifficu lt p r o 
c e s s , p articu larly  when it is  being made fo r  the f ir s t  tim e at a s ite . In this 
p re -op era tion a l phase a num ber o f  assum ptions w ill have to be m ade, and because  
o f  uncertainty in the data used , and in view  o f  the m andatory nature o f  the m a jor  
p o licy  o b je ct iv es , it has b ecom e  com m on  p ra c tice  within the UK to apply a safety 
fa c to r  -  often 10 -  to this f ir s t  a ssessm en t b e fo r e  using it to set authorized lim its . 
This red uced  value is  often re fe r r e d  to as the p rov is ion a l environm ental capacity , 
and its use is  la rg e ly  confined to p re -op era tion  and the early  operational p er iod . 
When su fficient ex p erien ce  has been  gained o f  routine d isp osa l o f  w aste to m easure 
environm ental contam ination, environm ental capacity  can be  r e -a s s e s s e d  on a m ore  
re lia b le  b a s is , d ispensing with the th eoretica l data used in the p re -op era tion a l 
a ssessm en t. This post-op era tion a l estim ate w ill be so m uch m ore  accu rate  that 
there w ill be little  o r  no need to include a safety fa c to r  b e fo re  using it fo r  regu la 
tory  p u rp oses .

A  further con cept w hich is  used  is that o f  the stipulated environm ental ca p a 
city , by w hich is  m eant the d isch arge  rate sp ec ified  in the authorization . This 
should not be con fused with the p e rm iss ib le  m axim um  d isch arge  rate (that is , 
lim itin g  environm ental capacity ), com pared  with w hich it w ill often be very  sm all.

B ecau se many d isp osa ls  u tilize  a v ery  sm all p rop ortion  o f the lim iting  
environm ental capacity , the need fo r  such thorough investigation  m ay b e  questioned; 
h ow ever, the con cept o f  environm ental capacity  based  on the c r it ic a l path approach  
is so  cen tra l to UK m ethodology that a fa ir  knowledge o f  actual values o f  en v iron 
m ental ca p a cities  is  highly d es ira b le , i f  not absolutely  essentia l. P rov is ion a l and 
stipulated environm ental ca p a cit ie s , though based  on scien tific  p r in c ip les , a lso  
r e fle c t  the adm inistrative application  o f  the b a s ic  p o licy  con cepts to p ra ctica l c o n 
tro l. In con sid erin g  how estim ates o f  capacity  a re  m ade, d iscu ss ion  w ill th ere fore  
be con fined to a ssessm en t o f the lim itin g  environm ental capacity  itse lf.

2. THE ASSESSMENT OF ENVIRONM ENTAL CAPACITY

M ethods used  fa ll into two ca teg or ies , c la s s ifie d  a ccord in g  to whether ca lcu 
lation  is  being  ca rr ie d  out b e fo re  o r  a fter operation  has begun. In the la tter  ca se  
there is  a further d istinction  a ccord in g  to w hether m easu rab le  contam ination ex ists , 
this be ing  o f  value in im proving the a ccu ra cy  o f  the estim ate. D ifferent com puta
tional m od e ls  a re  em ployed  fo r  internal v ersu s  external exp osu re pathways, though 
a com m on  fa cto r  is  th eir dependence on data from  surveys o f  population habits and
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foodstu ff consum ption  ra tes . These su rv eys  have sev era l functions, in itia lly  q u a li
tative in identifying the groups m ost lik e ly  to be exp osed  and thus the pathways o f  
potentially c r it ic a l im portan ce. This phase is  su cceed ed  by a quantitative stage, 
establish ing consum ption  ra tes  o f  a foodstu ff (o r  drinking water) if  the exposu re 
pathway is  internal o r  the rates o f  occupancy o f  an external radiation  fie ld  i f  it is  
external. B ecau se con tro l req u ires  p rotection  o f  the m ost highly exposed  in d iv i
duals in the population at r isk , the em phasis is  on identifying those individuals 
w hose consum ption  rates o r  other habits p lace  them on the upper end o f  the o b s e r 
ved exp osu re  range. Surveys are  conducted on an in terview  o r  "m ark et su rv ey" 
b a s is  and it w ould be unusual to be able to c o v e r  the w hole o f  the population co n 
cern ed , the n orm al aim  being  to secu re  a sam ple rep resen ta tive  o f  the w hole 
exp osed  group. W h erever p oss ib le , a "c r it ic a l  grou p" is  se le cted  from  the ex p o 
sed group as the b a s is  o f  hazard a ssessm en t, though in m any c a s e s , due to  the 
rem oten ess  o f  the s ites  resp on sib le  fo r  m a jo r  d isch a rg es  o f  w aste, the exposed  
population group is  quite sm all and no sm all c r it ic a l sub-grou p  can  be identified . 
When this o c cu rs , a ssessm en t o f  environm ental capacity  is  based  on the m ost 
highly exposed  individual.

2 .1 . P re -op era tion a l a ssessm en t o f  environm ental capacity

2 .1 .1 .  Internal exp osu re pathways

The b a s is  o f  the ch osen  com putational m od el is  shown in F ig . 1, w hich, fo r  
s im p lic ity , w ill be d iscu ssed  in the context o f  a single nuclide. The f ir s t  stage is 
to p red ict , re la tive  to an assum ed rate o f  d isch arge  (generally  1 C urie p er  day), 
the concentration  at equ ilibrium  in the w ater m a ss . F o r  this pu rpose a hydraulic 
m od el is  requ ired  to d e s cr ib e  the m ixing p r o c e s s , together with such  further fa c 
to r s  as rad ioactive  decay and rem ova l by sedim ent w hich w ill in fluence the w ater 
concentration . This pred icted  w ater concentration  is con verted  into a con cen tra 
tion in the c r it ic a l m ateria l by use o f concentration  fa c to rs  based  on re se a rch  
findings and operational exp erien ce , and thence -  by application  o f  consum ption  
survey data -  to a rate o f  ingestion  fo r  the radionuclide  con cern ed . This rate is 
com pared  with values o f  m axim um  p e rm iss ib le  intake ca lcu lated  fro m  ICRP 
dataL 4 J to  d er ive  the p rop ortion  o f  the IC R P -recom m en d ed  dose  lim it to w hich 
individuals in the population would be  exposed . The environm ental capacity  is  then 
der ived  by w eighting the assum ed d isch arge  rate by this p rop ortion .

HYDRAULIC DATA 
T _

EQUILIBRIUM WATER 
CONCENTRATIONS 

T _
EQUILIBRIUM CONCENTRATIONS 

IN MATERIALS

SPECIFIC RA1

-EFFLUENT COMPOSITION 

-CONCENTRATION FACTORS

'HABITS SURVEY DATA

ICRP/MRC
RECOMMENDATIONS

MAXIMUM SAFE RATE OF DISCHARGE 

(ENVIRONMENTAL CAPACITY)

PROVISIONAL AUTHORIZATION

FIG . 1 . P re -o p e ra tio n a l e v a lu a tio n  o f en v iro n m en ta l c a p a c ity  due to  in te rn a l exposure.



636 MITCHELL and JEFFERIES

In p ra c tice , and although the identity o f  the c r it ic a l nuclide m ay be  quickly 
apparent, it is  usual to com p lete  this type o f  ca lcu lation  fo r  each  o f  the nuclides 
expected  in the effluent. T h is p la ces  great im portance on the a ccu ra cy  o f  p r e d ic 
tions o f  effluent com position , w hich  have been  found to be the princip a l sou rce  o f 
e r r o r  in the final resu lt. N evertheless, fo r  con tro l pu rposes  estim ates a re  usually 
needed in term s o f  a sp ecified  m ixtu re, s in ce  a com preh ensive  authorization  c o v e r 
ing all rad ioactiv ity  d isch arged  from  a site  is  requ ired .

Several d ifferent values m ay have to be ca lcu lated , re fe rr in g  to exp osu re o f  
e ither the w hole body o r  a sp éc ifie  organ, a ccord in g  to  w hich is " c r i t ic a l "  -  i. e. 
sub ject to the h ighest degree  o f  exp osu re . In p r a c tice , estim ates a re  usually 
needed only fo r  gastro -in testina l (GI) tract, total body and bone.

The way in which ICRP data a re  used in th is sequence o f  ca lcu lation s ca lls  fo r  
com m ent, s ince  d irect use o f  the C om m iss ion 's  recom m endations cannot be  m ade. 
F o r  each  nuclide, and in re la tion  to each  organ  o f  re fe re n ce , a "m axim um  p e r m is 
s ib le  rate o f  intake" -  w hich m ay a lternatively  be ca lled  a derived  intake lim it -  is  
ca lcu lated  from  ICRP data on m axim um  p e rm iss ib le  concentrations in drinking 
w ater (168 hour w eek, occupational w ork er). O ne-tenth o f  this value fo r  each  n uc
lid e  is  taken fo r  application  to the general public and m ultip lied  by the sam e 
"standard m an" consum ption  rate o f  drinking w ater (2. 2 lit re s  p e r  day), w hich has 
been  adopted by ICRP in their m etabolic m od ellin g  to obtain a total daily intake 
figure .

2 .1 .2 .  External exposure

A  com putational m od el s im ila r  to that d escr ib e d  above is  em ployed , the 
im portant d iffe ren ces  being in the hydraulic m od el used  and in the stage involving 
use o f  ICRP data. The la tter is  m uch s im p ler , in that contam ination o f  the c r i t i 
ca l m a teria l, e . g. sedim ent, w ill be  defined in te rm s  o f the d ire c t radiation  dose 
from  the sedim ent and this can  be  com pared  d ire ctly  with IC R P -recom m en d ed  
dose  lim its .

2. 2. O perational a ssessm en t o f  environm ental capacity

2 .2 .1 .  Internal exposure

The b a s is  o f  the com putational m od el used is  shown in F ig . 2. Although it 
fo llow s  a s im ila r  pattern to that adopted in a p re -op era tion a l phase, there is  an 
im portant d ifferen ce  in the ea rly  stage o f  the p roced u re , since the need fo r  a 
hydraulic m od el is  elim inated. The relationsh ip  betw een d isch arge  rate and co n 
tam ination le v e l in the c r it ica l m ateria l is  estab lished  d ire ctly  from  environm ental 
m on itoring  and detailed effluent ana lysis , so  that knowledge o f  concentration  fa c 
to r s  is  a lso  u nn ecessary .

A  further advantage when routine operation  has been  ach ieved is  that many o f  
the u ncerta inties o f  effluent com p osition  have been  elim inated; in addition, en v iron 
m ental m on itoring  w ill have established  the identity o f  the c r it ic a l nuclide(s) i f  the 
d isch arge  is  p rov in g  to be ra d io log ica lly  im portant. The grea ter  a ccu ra cy  with 
w hich the lev e l o f  contam ination (and thus public exposure) in rela tion  to d isch arge  
rate  is  known substantially in cre a se s  the a ccu ra cy  and dependability o f  the estim ate 
o f  environm ental capacity .
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F I G . 2 .  O p e r a t i o n a l  e v a l u a t i o n  o f  e n v i r o n m e n t a l  c a p a c i t y  d u e  t o  i n t e r n a l  e x p o s u r e .

Although th is is  typ ica l o f  the general situation in an operational phase, there 
w ill be instances w here a m od ified  p roced u re  is  n ecessa ry  when contam ination has 
not reach ed  m easu rab le  le v e ls  in c r it ic a l m a ter ia ls . E ffluent com p osition  w ill not 
be a p rob lem , s in ce  d ire c t exp erien ce  w ill be available, elim inating the m ain sou rce  
o f  uncertainty in the ca lcu lation , but a hydraulic m od el m ust be  retained  u n less an 
in d ica tor m ateria l shows m easu rab le  le v e ls  o f  contam ination. Any radionuclide 
w hose rate o f  d isch arge  is  known w ill be suitable, prov ided  that concentration  fa c 
to r s  betw een c r it ica l and in d ica tor m a teria ls  and the w ater m a ss  a re  known.

2. 2. 2. E xternal exp osu re

No im portant d iffe ren ces  o f  p roced u re  ex ist which have not a lready been 
m entioned fo r  the com putational m od el used  fo r  a ssessm en t o f  environm ental 
capacity  due to internal exp osu re .

3. UK EXPERIENCE IN PRACTICE

The foreg o in g  p roced u res  have evolved  o v e r  a p er iod  o f  y ea rs  and have been  
re fin ed  in the light o f  exp erien ce  gained as s u cc e ss iv e  s ites  in the UK nuclear 
p ow er p rogram m e have been  developed. Sites o c c u r  in a w ide range o f  en v iron 
m ents, fro m  lakes and r iv e r  system s to open coa sta l w aters . E xam ples appropriate 
to this sym posium  have been  se le cted  to illu strate  how the p roced u res  d escr ib ed  
have w orked  out in p ra c tice .

3 .1 . R iv e r  system s

M ost o f  UK exp erien ce  in this type o f  environm ent has been  gained fro m  r iv e r  
estu a ries , w hich p ose  g rea ter  p rob lem s o f  a ssessm en t than en tirely  freshw ater 
reg im es  such as the m iddle section  o f  the R iv er  T ham es, to w hich the three esta b 
lishm ents o f  H arw ell, A ld erm aston  and A m ersham  d isp ose  o f  th eir lo w -le v e l liquid 
w astes a fter  treatm ent. D isch a rg es  from  these s ites  a re  lim ited  by con sidera tion  
o f  g en etica lly -s ign ifica n t exp osu re , and consum ption  o f  drinking w ater is  the c r i t i 
ca l pathway. T h ere  is  no foodstu ff o f any potential im portance, fish in g  being  
m ain ly fo r  sport, n or  is  there an external exp osu re  pathway.

3 .1 .1 .  B radw ell

B radw ell, a n u clear pow er station o f  the M agnox type and one o f  the f ir s t  to 
com e  into co m m e rcia l operation , is  situated on the estuarine rea ch es  o f  the R iv er
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B lackw ater, to w hich d isch a rges  o f  liquid rad ioactive  w aste are  m ade a fter  dilution 
with the station coo lin g  w ater. The R iv er  B lackw ater is  typ ica l o f  many B ritish  
estu aries  and the hydraulic m odel used in ea rly  assessm en t is  a good exam ple o f  
those usecL elsew here. This has been  d escr ib ed  extensively , fo r  instance by 
PrestonL 5 J, and at its s im p lest envisages an input o f fresh  w ater into a tidal plug 
from  w hich w ater is  lo s t  at its dow nstream  end to the sea . Sedim ent in teraction  
plays an im portant ro le , though the extent v a r ies  a ccord in g  to the radionuclide co n 
cern ed . The sedim ent load  in the B lackw ater is  sufficient to strip  a la rg e  p r o p o r 
tion o f  such readily  absorbed  nuclides as cob a lt-6 0  and z in c -65  from  the w ater, 
and because  B ritish  estu aries  tend to retain  sedim ent they can b ecom e sinks fo r  
such  nuclides. Indeed, in som e environm ents w here the so le  exposure pathways 
a re  external, con tro l has to be e x e rc ise d  on the b a s is  o f a m athem atical m odel 
w hich supposes that none o f  the activity  is  lo s t from  the estuary except by ra d io 
active  decay . In dealing with internal exp osu re and uptake by b iota , sh ort-te rm  
m ixing trends are unim portant, because rates o f  attainment o f  equilibrium  betw een 
radion u clides and the cr it ica l m ateria ls  (that is , foodstu ffs) are  re la tive ly  slow .
F or the sam e reason  iso la ted  peak concentrations in effluent d isch a rges , and the 
transient h igher le v e ls  they m ay generate in the re ce iv in g  w ater m a ss , are  
unim portant and can  be  d isreg ard ed , a ssessm en t o f  environm ental capacity  being 
based  on m ean rates o f  d isp osa l. S h ort-term  fluctuations in effluent com position  
can a lso  be ignored, though lon g -te rm  trends can have a substantial e ffect .

The im portance o f  effluent com p osition  and the im pact it has on con tro l is 
w ell illu strated  by the h istory  o f  B radw ell. F rom  the outset the esp ecia l im p o r 
tance o f z in c -65 was recog n ized  and con tro l w as based  p r im a rily  on it. The 
cr it ica l exposu re pathway is  w ell knownC б ! ; involving oy ste rs  w hich are  farm ed 
extensively  in the estuary . Z in c-6 5  con centrates to a high d eg ree  in oy s ter  flesh , 
consum ption  o f  which leads to total body be ing  the c r it ica l organ , with lo ca l oy ster  
fisherm en  and their fa m ilie s  as the m ost highly exposed  population. A  sim ple 
m od el pred icted  an environm ental capacity  o f  0. 2 C i/d a y ; when refined  by allow ing 
fo r  in teraction  with sedim ent (this being ca lcu lated  to rem ove 75% o f  the zin c, w hich 
is then no lon ger b io lo g ica lly  available), the estim ate r is e s  to 0. 8 C i/d ay . Soon 
a fter operation  started it b ecam e p oss ib le  to m easu re contam ination which was 
re la ted  to effluent data; the environm ental capacity  w as then reca lcu la ted  without 
r e co u rse  to a hydraulic m odel o f  any kind and was found to be 0. 5 C i/day .

The im portance o f  z in c -65  w as thus quickly con firm ed  and dom inated the 
scene fo r  a num ber o f  y e a rs , even though it has n ever been  resp on sib le  fo r  m ore  
than a v ery  sm all p rop ortion  o f  the radioactiv ity  d isch arged . In the f ir s t  few  y ea rs  
o f  operation  the effluent con sisted  predom inantly o f  activation  products, and 
although the com p osition  changed con sid erab ly , none o f  those other constituents, not 
even those d isch arged  in many tim es la rg e r  am ounts than z in c -65 , had any en viron 
m ental im pact. O f the many nuclides found in the effluent, m ost o f  the activity  was 
due to sulphur-35 and tritium ; th eir n eg lig ib le  im pact is  due to a com bination  o f 
low er  rad iotox icity  than z in c -6 5  and their environm ental behaviour. N either r e c o n 
centrates in o y s te r  flesh , but z in c -65  con centrates to a v ery  high d eg ree , by a 
fa c to r  o f  m ore  than 105 .

In due cou rse , as the station reached  equ ilibrium  operating conditions, the 
com position  o f  the effluent underwent a further substantial change. T ra ces  o f  a c t i
vation products appeared in o y s te rs , notably cob a lt-6 0  and iro n -5 5  but at con cen tra 
tions w hich  w ere  insignificant by com p a rison  with z in c -6 5 . Excluding tritium , the
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T A B L E  I . E N V IR O N M E N T A L  C A P A C IT Y  O F  
T H E  B L A C K W A T E R  E S T U A R Y  T O  R E C E IV E  
L IQ U ID  E F F L U E N T  F R O M  TH E  B R A D  W E L L  
N U C L E A R  P O W E R  S T A T IO N

R adionuclide Environm ental capacity ,
cu r ie , y e a r - -*-*

B ased on GI B ased  on total
tra ct exp osu re  body exposure

Z in c -65 3. 7 x  102 1. 9 x  102

S ilv e r -llO m 3. 2 x  101 7 .4  x  103

C aesium -134
6

3. 5 x  10
4

6. 3 x 10

C aesium -137 5 .6  x  106 1 .4  x  105

Sulphur-35 4 x  108 2 x  107

T ritium 2 x  108 4 x  108

*B ased on a consum ption  rate o f  7 5 g. d  ̂ o f  o y s te r  
flesh .

w aste gradually changed from  being activation  product-dom inated  and becam e 
la rg e ly  com p osed  o f  f is s io n  products, e sp e c ia lly  ca esiu m -137  and -134 . These 
nuclides appeared in o y s te r  fle sh  but only at low  con centration s, insignificant c o m 
pared  with those o f  z in c -6 5  w hich was not d isp laced  from  its position  o f  c r it ica l 
nuclide until s ilv e r -1 1 0 m  a p p e a r e d ^ !.  L ike z in c-6 5  th is nuclide is  produced  by 
neutron activation  and b e a rs  other s im ila r itie s ; in p articu lar, it m akes up only a 
very  tiny prop ortion  o f  the effluent and ow es its ra d io log ica l s ign ifican ce  to an 
extem ely  high con centration  fa c to r  in o y s te r  flesh , at lea s t as high as that fo r  
z in c -6 5  and probably  m arg ina lly  h igher. H ow ever, and in con trast to z in c -6 5 , its 
behaviour in the w ater m a ss  is  la rg e ly  con serva tive .

O ver a num ber o f  y e a rs  the environm ental d istribution  and behaviour o f  these 
nuclides has been  studied in con sid era b le  detail, and this has m ade it p oss ib le  to 
ca lcu late  values o f  environm ental capacity  fo r  a range o f  n uclid es along the lin es 
d iscu ssed  in section  2 .2 . Individual values a re  quoted in Table I in re sp e ct o f  
exp osu re o f  the two m ost im portant body organ s. Although sev era l n uclides have 
been  detected  in o y s te r  flesh , none o f  th is contam ination has great ra d io log ica l s ig 
n ifica n ce , the highest le v e l exp erien ced  rep resen ting  only a fra ction  o f  1% o f  the 
IC R P -recom m en d ed  dose  lim it. A  breakdow n o f  exp osu re  ca lcu la ted  fo r  1971 is  
given  in Table II and show s that the m axim um  le v e l o f  exp osu re  to any body organ
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T A B L E  II. R A D IO L O G IC A L  IM P O R T A N C E  O F  O Y S T E R S  IN TH E 
B L A C K W A T E R  E S T U A R Y

R adionuclide Mean concentration  
in o y s te r  flesh , 
pC i g -1  (wet)

R ad io log ica l im portance*

B one GI tract Total 
body

Z in c -65 0 .5 0 .002 0 .009 0.017

S ilv er-110m 1. 5 < 0 .001 0 .17 < 0 .001

C aesium -137 0 .1 0.007 < 0 .001 0. 017

Total 0 .0 1 0 .18 0 .035

^ E xp ressed  as a percentage o f  the IC R P -recom m en d ed  dose  lim it.

o f  an o y ste r  con su m er w as 0. 2% o f  the ICRP dose  lim it. This table a lso  dem on
strates the fine balance betw een z in c-6 5  and s ilv e r -1 1 0 m  in te rm s o f  the exposure 
fo r  w hich they are  resp on sib le . Quite a sm all change in their re la tive  d isch arge 
ra tes  would be  su fficient to a lter  the identities o f  c r it ica l nuclide and c r it ica l organ.

3. 2. L acustrine system s

Only one such environm ent is  used  fo r  d isp osa l o f rad ioactive  w aste from  a 
nuclear pow er station in the UK, the freshw ater Lake Traw sfynydd in a mountainous 
reg ion  o f  North W ales. This has posed  new p rob lem s, although the sam e b a sic  
p r in c ip les  have been  applied in a ssess in g  environm ental capacity  as have been  d e s 
cr ib e d  p rev iou sly , and it p rov id es  a good exam ple o f  the re se a rch  e ffo rt w hich m ay 
be needed, as w ell as further illustrating the im portance o f  a knowledge o f  effluent 
com position .

3 .2 .1 .  Traw sfynydd

Like B radw ell, the pow er station is  o f  the M agnox type but has a la rg e r  out
put -  500 MW(E) com p ared  with 300 M W (E). W ater from  Lake Traw sfynydd, an 
a rtific ia lly  crea ted  lake o f  the so ft -w a ter  dystroph ic type (3 ppm Ca++ and 0. 4 K 4) , 
is  u sed  fo r  con den ser coo lin g  and r e ce iv e s  lo w -le v e l liquid rad ioactive  effluents as 
it is  returned to the lake.

In the f ir s t , p re -op era tion a l, a ssessm en t o f  the environm ental (lake) capacity , 
a s im p le  hydraulic m od el w as adopted, a constant volum e o f  the lake being  assum ed 
with a constant outflow  rate and no partition  betw een lake w ater, suspended m atter,
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and lake bed. The equation used to d er ive  the estim ated stead y-sta te  con cen tra 
tions o f  each  radionuclide in the lake w ater (C ss ) (p C i .l - !)  w as th ere fore :

С = — , 
ss  KV ’

w here I 

V 

К

input o f  radionuclide to the lake (p C i.d  *)

volum e o f  the lake (1)

4 t + t>
r  -1

(X + гЗ the e ffe ct iv e  rem oval constant (d ),

-1
w here r  = rate o f  ru n -o ff o f  w ater from  the lake ( l .d  )

(1)

(2)

R = ph ysica l decay constant o f  the radionuclide (d ).

Under the conditions assum ed, the h a lf-tim e ca lcu lated  fo r  lake w ater is app rox i
m ately  50 days, so  that fo r  many rad ion u clides, such as ca esiu m -13 7  o r  
stron tium -90 , with re la tiv e ly  long rad ioactive  h a lf- liv e s , К = r /V  and the estim a 
ted Css  = 2 .8  p C i . l -1  fo r  a d isch arge  rate, I, o f  1 m C i.d - 1 . F o r  the oth ers, 
such as phosphorus-32  (t| 14. 3 days), rad ioactive  decay has a con sid era b le  
in fluence on Css  w hich fo r  this radionuclide is m uch low er at 0. 63 p C i . l “ 1 .

The c r it ic a l exp osu re  pathway fo r  d isch a rges  into the lake w as identified  at 
an ea rly  p re -op era tion a l stage as being  due to consum ption  o f  lake fish , involving 
internal exp osu re  on ly. The lake has been a noted fish ery  fo r  many y e a rs , trout 
(Salm o trutta) being  the princip a l sp e c ie s , though a sm all m inority  o f  the exp osed  
population, essen tia lly  ang lers and th eir fa m ilie s , a lso  eat p erch  (P erea  f lu v ia tilis ).

E arly  p red iction s  o f  the effluent com p osition  resem b led  those fo r  B radw ell, 
in that the w aste w as exp ected  to co n s ist predom inantly o f  neutron activation  p r o 
ducts. It w as anticipated that p h osph orus-32 , with a suggested concentration  
fa c to r  [trou t fle sh /la k e  w ater] o f  10^ m ight be im portant, in w hich ca se  bone cou ld  
have been  the c r it ic a l organ . Z in c-6 5 , cob a lt-6 0  and antim ony-124 m ight a lso  
m ake sign ificant contributions to contam ination o f  fish  and public radiation  exp osu re , 
in w hich ca se  the low er  la rg e  intestine cou ld  have b ecom e  the c r it ic a l organ . It 
w as c le a r  that Lake Traw sfynydd would have a low er  capacity  than the environm ents 
o f  other UK n uclear s ite s , so  that ra d io e co lo g ica l studies u tiliz ing  falloutL8 J w ere  
initiated p r io r  to station operation . This dem onstrated the behaviour o f  the fis s io n  
products ca esiu m -137  and strontium -90 and show ed how im portant they cou ld  
b ecom e  i f  sign ificant amounts w ere  to appear in the effluent requ iring  d isp osa l.

The station began operating  at fu ll pow er in N ovem ber 1965, but ea r ly  d is 
ch a rges  w ere  m in im al. A s w as found during the ea rly  operational stage at other 
M agnox stations, the effluent con sisted  p r im a rily  o f  activation  products but the 
anticipated im portance o f  p h osph orus-32  did not m a ter ia lize . Contam ination by 
a rtific ia l rad ioactiv ity  o f  lake fish  and public exp osu re from  it rem ained low , 
be ing  due only to fallout. In tim e, and fo llow in g  the pattern ex p erien ced  elsew h ere , 
the em phasis changed and excluding tritium  the predom inant rad ion u clides in the 
effluent beca m e those o f  caesium  -  m ain ly ca esiu m -13 7  with sm a lle r  am ounts o f 
ca es iu m -13 4 . In con trast to B radw ell these b ecam e the c r it ic a l n uclides and
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T A B L E  III. E N V IR O N M E N T A L  C A P A C IT Y  O F  
L A K E  T R A W S F Y N Y D D  TO  R E C E IV E  R A D IO A C T IV E  
L IQ U ID  E F F L U E N T  F R O M  T H E  T R A W S F Y N Y D D  
N U C L E A R  P O W E R  S T A T IO N

Radionuclide Environm ental capacity ,
cu r ie , y e a r - -*-*

B ased on bone B ased on total
exposure body exposure

C aesium -137 3 .4  x  101 1 .4  x  10'

C aesium -134 4. 6 x 101 6

Strontium -90 4 .2  x  101 7 .4  x  10

C alcium -45
2

6 x  10 5 x 103

Sulphur-35 2 x  106 1 x  106

Tritium 8 x  106 1 x  107

*B ased on a consum ption  rate o f  100 g. d  ̂ o f  trout flesh .

caesiu m -137  has been  detected w idely  -  in b iota , bed sedim ent and w ater from  the 
lake. R a d ioeco log ica l r e se a rch  w as th ere fore  in tensified ; m easurem ents o f 
caesium -137  in both effluent and lake w ater fo r  the f iv e -y e a r  p er iod  O ctober 1967 
to Septem ber 1972 dem onstrated that fo r  a d isch arge  rate o f  1 m C i .d " !  the steady 
state concentration  ob served  in lake w ater w as 2 .4  pC i. 1—  ̂J ? in good agrèem ent 
with the value o f  2. 8 p C i . l - !  deduced fo r  use in the orig ina l site a ssessm en t. A  
further outcom e o f this re se a rch  has been  the rea lization  that the m eans by  which 
uptake o f  caesium  o ccu rs  is  fa r  from  sim p le , the lake bed playing an im portant 
interm ediate ro le , s in ce  a lm ost all o f  the activity  reach ing fish  com es  v ia  food  and 
very  little  d ire ctly  from  w ater. Sam pling o f  lake bed mud show s that up to the p r e 
sent tim e contam ination is con fined to  the  su rfa ce  la y e rs  and that penetration  rates 
a re  slowL 9 J. W hilst caesiu m -137  concentrations in both trout and p erch  flesh  
u ltim ately re f le c t  changes in the caesiu m -137  le v e l in lake w ater, there is  a long 
lag  tim e. This la g  tim e w ill be a function not only o f  the b io log ica l h a lf-tim es  o f  
caesium  in fish  f le s h e s ], but a lso  o f the transit tim e through the food  chain, which 
has been  exam ined by study o f  the c a e s iu m -1 37:ca e s iu m -1 34 ratio . This ratio  in 
effluent has changed from  about 12:1 during ea rly  operation  to about 4:1 in recen t 
tim es as the pow er station has reached equilibrium  operation . D uring early  o p e 
ration  the quantities o f  both n uclides d ischarged  w ere  insu fficien t to a lter  the 
situation in the lake, in w hich v irtua lly  all the caesium  w as ca esiu m -13 7 . In due
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Radionuclide Mean concentration  R ad io log ica l im portance*
in trout flesh , _____________________________
pC i g - * (wet)

Bone GI tract Total
body

C aesium -137 12 1 .09 0 .07 2 .7

C aesium -134 2. 0 0 .1 3 0. 02 1 .1

Strontium -90 0 .1 3 1 .48 0 .01 0 .8 4

Total 2. 70 0 .1 0 4. 64

*E xp ressed  as a percentage o f  the IC R P -recom m en d ed  dose lim it.

cou rse  pow er station d isch a rg es  took e ffe ct  and changes o f  ca e s iu m -1 37:ca e s iu m - 
134 in effluent have been  rapid ly  re fle c te d  in lake w ater. H ow ever, the ratio fo r  
fish  fle sh  takes at lea st two y ea rs  to rea ch  equ ilibrium  with input to the lake, and 
the concentration  o f  ca e s iu m -137 in trout flesh  has not yet reach ed  the expected 
steady state with re sp e ct to lake w ater.

F urther study has been  m ade o f  stron tium -90 , the next m ost im portant nuc
lid e  a fter those o f  rad iocaesiu m , and has led  to exam ination o f  the p oss ib le  ro le  o f  
ca lc iu m -4 5 , because  ca lc iu m  behaves s im ila r ly  to strontium . In p ra c tice , 
ca lc iu m -45 has been  only a m inor com ponent o f  the effluent and o f  v ery  low  
potential im portance, as w ill be seen from  Table III. This lis ts  the m ost 
recen t estim ates o f  environm ental capacity  fo r  a s e r ie s  o f  rad ion u clides, 
those included being e ither m a jor  constituents in the effluent a n d /o r  those 
w hich are  found in the cr it ica l m ateria l.

The three rad ion u clides caesiu m -137  and -134 , and strontium -90  are  e ffective ly  
resp on sib le  fo r  all the radiation  exposure o f  the public fo llow in g  consum ption  o f 
la k e -fish , though not all o f  this exposure is  pow er-sta tion  derived . A  detailed 
a ssessm en t o f  radiation exp osu re through th is pathway is  sum m arized  in T able IV, 
which show s how contam ination and public exp osu re have been  sa tis fa cto r ily  co n 
tro lled . It a lso  illu stra tes  once m ore  how a slight shift in the re la tive  abundance 
o f  two radion u clides cou ld  change the identity o f  c r it ica l organ , w hich m ight be 
bone if  stron tium -90 w ere  to r is e  re la tive  to ca es iu m -13 4  and -137 .
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T A B L E  V . E S T IM A T E S  O F  P U B L IC  R A D IA T IO N  E X P O S U R E  F R O M  
L O W -L E V E L  L IQ U ID  R A D IO A C T IV E  W A S T E  D IS P O S A L  T O  L A C U S T R IN E  
A N D  R IV E R  S Y S T E M S  O F  TH E  U N IT E D  K IN G D O M , 1971

Site E xposure M axim um  exposure of
pathway an individual} % o f

IC R P -recom m en ded  
dose lim it

A pproxim ate total 
population gonad 
d ose , m an -rem *

Traw sfynydd

H arw ell
A ld erm aston
A m ersham

Fish

Drinking
w ater

5 

< 1

10

102-1 0 3

B erk eley
Oldbury

External
dose

< 0. 3 10

B radw ell O yster
flesh

0 .2 10

Chatham External
dose

< 0 . 1 10

*V alues m ay be com pared  w ith a p o licy  dose lim it fo r  the country as a w hole which 
is  equivalent to 1. 8 x  10^ m a n -rem  p er year.

4. CONCLUSIONS

The cru c ia l test o f  any rad ioactive  w aste d isp osa l p o licy  m ust be the extent 
to w hich the public a re  exposed  to radiation  as a resu lt o f  its application . D epart
m ental p o licy  within the UK is  to r e s tr ic t  d isch a rges  so  that they fa ll within an 
environm ental capacity  based  on ICRP radiation  exposure c r ite r ia , often by a very  
la rg e  m argin; as a con sequ ence, public radiation  exposure should be  sm all. E sti
m ates o f  actual le v e ls  o f  radiation  exp osu re , a requ irem ent w hich the c r it ic a l path 
approach  is  esp ec ia lly  suited to m eeting, a re  given  in Table V and include both 
som atic and genetic con sid era tion s . These estim ates show that a v ery  high stan
dard o f  radiation protection  is  m aintained.
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D I S C  U S S I O N

E . K U N Z : I fu l ly  a p p r e c ia t e  th e  p r a c t i c a l  v a lu e  and th e  o b je c t iv e  n a tu re  
o f  th e  t e r m s  " l im i t in g  e n v ir o n m e n ta l  c a p a c i t y "  and " p r o v i s i o n a l  l im it in g  
e n v ir o n m e n t a l  c a p a c i t y " ,  but th e c o n c e p t  o f  " s t ip u la te d  e n v ir o n m e n ta l  
c a p a c i t y "  i s  u n c le a r  to  m e  in  th is  c o n n e c t io n . I ca n  r e la t e  it to  th e  e n v ir o n 
m e n t  o n ly  in  r e s p e c t  o f  y o u r  F ig . 1 , f r o m  w h ich  I in fe r  th at it is  s o m e th in g  
l e s s  than  " p r o v i s i o n a l  l im it in g  e n v ir o n m e n t a l  c a p a c i t y " .  R e la te d  to  th e 
o p e r a t o r  h o w e v e r ,  it a p p e a r s  to  d e s c r i b e  r a th e r  h is  c a p a c it y  th an  th e  c a p a c it y  
o f  th e  e n v ir o n m e n t .

N . T . M IT C H E L L : Q u ite  s o ,  it r e f l e c t s  th e  q u a n tity  o f  w a s te  w h o se  
r e l e a s e  th e  o p e r a t o r  ca n  ju s t i fy ,  and w il l  b e  the q u a n tity  w r it te n  in to  th e 
a u th o r iz a t io n . A s  s u c h  it w i l l  n e v e r  b e  m o r e  than  th e  p r o v i s i o n a l  e n v ir o n 
m e n ta l  c a p a c it y  f o r  a f i r s t ,  p r o v is io n a l  a u th o r iz a t io n  f o r  a s i t e ,  o r  m o r e  
than  th e  l im it in g  e n v ir o n m e n t a l  c a p a c it y  f o r  a la t e r ,  a m e n d e d  v e r s io n .

R . R . A . P R ID E : W o u ld  y o u  p le a s e  c o m m e n t  fu r t h e r  on  th e  la r g e  v a lu e s  
sh ow n  in  y o u r  t a b le s  f o r  e n v ir o n m e n ta l  c a p a c i t y ,  p a r t ic u la r ly  f o r  t r i t iu m  
and s u lp h u r -3 5 ?

N. T . M IT C H E L L : In e a c h  c a s e  th e y  a r e  a r e f l e c t i o n  o f  th e  lo w  b a s i c  
r a d io t o x i c i t y  in v o lv e d  and o f  th e la c k  o f  e n v ir o n m e n ta l  r e c o n c e n t r a t i o n  p r o 
c e s s e s .  I s e e  no r e a s o n  to  dou b t th e s e  v a lu e s ,  h igh  th ou g h  th e y  m a y  b e ,  and 
n e ith e r  d o  I s h a r e  th e d o u b ts  e x p r e s s e d  b y  M r . M a w s o n , d u r in g  th e  d i s c u s 
s io n  on  p a p e r  I A E A -S M -1 7 2 /1 7  on  M o n d a y  a ft e r n o o n , r e g a r d in g  th e c r e d ib i l i t y  
o f  th is  k in d  o f  v a lu e  to  o t h e r s .

R . E . H O L M E S : It w o u ld  b e  in t e r e s t in g  i f  w e  c o u ld  e x a m in e  in  g r e a t e r  
d e t a i l  th e in te r m e d ia t e  r o l e  o f  th e  la k e -b e d  in  th e  137C s  e c o l o g i c a l  ch a in  at 
L a k e  T r a w s fy n y d d .

N . T . M IT C H E L L : Y e s .  T h is  is  an im p o r ta n t  s u b je c t  but I f e a r  that 
la c k  o f  t im e  p r e v e n t s  a d e ta ile d  d is c u s s io n  h e r e .  D e ta ils  w i l l  b e  p u b lis h e d
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in  th e p a p e r  q u o te d  as R e f . [ 7 ] ,  in a d d it io n  to  th e  p r e l im in a r y  w ork,, a p a p e r  
w h ich  is  a lr e a d y  a v a ila b le  (R e f. [8] ). T h e  la k e -b e d  d o e s  p la y  a v it a l  in t e r 
m e d ia te  r o l e  in  th e c r i t i c a l  pa th w a y  f o r  b o th  r a d io c a e s iu m  n u c l id e s  and 
t h e ir  e n tr y  v ia  fo o d  is  m u c h  m o r e  im p o r ta n t  than  v ia  w a te r .

P . K A Y S E R : In s o m e  c a s e s  w e k n ow  in  a d v a n ce  that the l im it in g  e n v ir o n 
m e n ta l  c a p a c it y  o f  a w a te r  b o d y  is  v e r y  la r g e  in  r e g a r d  to  the r e a l  n e e d s  o f  
n u c le a r  in d u s t r y , e . g . w hen  th e w a te r  is  n ot u se d  f o r  i r r ig a t io n  and f is h in g  
d o e s  n ot p la y  an im p o r ta n t  r o l e .  In s u c h  c a s e s  is  it p ru d e n t to  d e t e r m in e  
th e  l im it in g  e n v ir o n m e n ta l  c a p a c it y  in  a d v a n c e ?  T h at m ig h t  e n c o u r a g e  
n u c le a r  in d u s tr y  to  d is c h a r g e  liq u id  w a s te s  in  a m ou n ts  g r e a t e r  than  the 
m in im u m  n e c e s s a r y .  W o u ld  it not b e  p r e fe r a b le  to  s ta r t  w ith  th e  m in im u m  
n e e d s  o f  in d u s tr y  and to  e s t im a te  on  that b a s is  th e  i r r a d ia t io n  w h ich  w ou ld  
th e r e b y  a c c r u e  to  m a n ?

N. T . M IT C H E L L : T o  u s in  th e  U n ited  K in g d o m  c a lc u la t io n  o f  th e  l im it in g  
e n v ir o n m e n t a l  c a p a c it y  is  th e  m o s t  l o g i c a l  f i r s t  s te p . J u d g in g  b y  o u r  
e x p e r ie n c e ,  a c o m b in a t io n  o f  a d m in is t r a t iv e  c o n t r o l  and t e c h n ic a l  in s p e c t io n  
p r o c e d u r e s ,  a l l  a p p lie d  b y  r e g u la to r y  d e p a r tm e n ts  o f  the c e n t r a l  g o v e r n m e n t ,  
is  q u ite  s u f f ic ie n t  to  p r e v e n t  u n ju s t i f ia b le  d is c h a r g e s  b e in g  m a d e . I f  on e  
a d o p te d  th e  p r o c e d u r e  y o u  s u g g e s t ,  on e  m ig h t  fin d  that th e n e e d s  o f  th e 
o p e r a t o r  a s  f i r s t  a s s e s s e d  w e r e  la r g e r  than  the l im it in g  e n v ir o n m e n t a l  
c a p a c it y .

M . J. A . D E L P L A : Y ou  h av e  s p o k e n  o f  a s a fe t y  f a c t o r  o f  0. 1. Is  th is  
r e a l l y  a m a t te r  o f  s a fe t y ?  In  o th e r  w o r d s ,  is  th e r e  any d a n g e r  b e y o n d  th e s e  
a m o u n ts ?

N . T . M IT C H E L L : I w ou ld  s a y  that it is  a m a t te r  o f  ca u t io n  and c o u ld  
b e  r e f e r r e d  to  in  o th e r  w a y s . T h e  e x a c t  f ig u r e  u s e d  r e q u ir e s  a v a lu e  
ju d g e m e n t , but in  o u r  e x p e r ie n c e  to  d a te  a f a c t o r  o f  0 . 1 h as  n e v e r  p r o v e d  
in s u f f ic ie n t .

M . J. A . D E L P L A : D u r in g  th e S y m p o s iu m  m a n y  r e f e r e n c e s  h a v e  b e e n  
m a d e  to  th e c o n c e n t r a t io n s  o f  c e r t a in  e le m e n t s .  D o th e  d o s e  c a lc u la t io n s  
in  th e  'c r i t i c a l  g r o u p ' a ls o  ta k e  a c c o u n t  o f  th e  d ilu t io n  f a c t o r s  a r is in g  d u rin g  
th e  t r a n s p o r t  o f  th e r a d io n u c l id e s  f r o m  th e  p o in t o f  r e l e a s e  to  th e c r i t i c a l  
g r o u p ?

N. T . M IT C H E L L : T h e s e  f a c t o r s  a r e  ta k e n  in to  a c c o u n t  a s  sh ow n  in  
F ig s  1 and 2 and as d is c u s s e d  in  s e c t i o n  2 o f  th e  p a p e r .

A . M A R T IN : I w ou ld  l ik e  to  m a k e  a g e n e r a l  c o m m e n t  on  a l l  th e  p a p e r s  
c o n c e r n e d  w ith  e n v ir o n m e n ta l  c a p a c it y .  T h e  g e n e r a l  t e r m in o lo g y  s e e m s  to  
m e  to  b e  in a p p r o p r ia te ,  s in c e  th e  t e r m  'c a p a c i t y ' u s u a lly  im p l ie s  a qu a n tity  
r a t h e r  than a r a te .  T h e  g e n e r a l  c o n c e p t  a ls o  s e e m s  to  b e  u n s a t is fa c t o r y  
p a r t i c u la r ly  w hen  — a s  in d e e d  is  u s u a lly  th e  c a s e  — it is  r e la t e d  to  a d o s e  
r a te  in  th e e n v ir o n m e n t . M y  o b je c t io n  is  th a t no a c c o u n t  is  ta k e n  o f  th e m u c h  
g r e a t e r  s ig n i f i c a n c e  o f  r e a c h in g  the l im it in g  d o s e  r a te ,  o r  e v e n  s o m e  f r a c t io n  
o f  it , i f  the n u c lid e  is  l o n g - l i v e d  in th e  e n v ir o n m e n t , e . g . 137C s , than i f  it  i s  
s h o r t - l i v e d ,  e . g . 131I.

T h e  s itu a t io n  is  a n a lo g o u s  to  th at w h ich  a r i s e s  in  s e t t in g  l im it s  o f  
in te r n a l r a d io a c t iv e  c o n ta m in a tio n ; h e r e ,  th e  c o n c e p t  o f  m a x im u m  
p e r m is s ib l e  b o d y  b u r d e n , r e la t e d  to  d o s e  r a t e ,  h as  g iv e n  w ay to  m a x im u m  
p e r m is s ib l e  an n u a l in ta k e , r e la t e d  to  d o s e  c o m m it m e n t .  I f e e l  that in  the 
s a m e  w a y  r e l e a s e  l im it s  s h o u ld  b e  r e la t e d  to  d o s e  c o m m it m e n t  and n ot to  
d o s e  r a te .

N. T . M IT C H E L L : Y o u  h a v e , o f  c o u r s e ,  r a is e d  s o m e  w id e -r a n g in g  
i s s u e s  h e r e ,  but n e v e r t h e le s s  I f e e l  th at y o u r  p r in c ip a l  d i f f i c u l t y  is  on e  o f
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s e m a n t i c s ,  a p r o b le m  w h ich  b e c o m e s  m o r e  s e v e r e  in  an in te r n a t io n a l  co n te x t . 
A s  f a r  as th e  t e r m  'c a p a c i t y ',  is  c o n c e r n e d ,  I c o n c e iv e  o f  th is  a s  a p r o p e r t y ,  
in  th e  lig h t  o f  w h ich  I b e l ie v e  o u r  a im s  b e c o m e  c l e a r e r .

I d is a g r e e  w ith  y o u  r e g a r d in g  th e n u c l id e s  o f  d i f f e r in g  h a l f - l i f e ,  b e c a u s e  
l im it in g  e n v ir o n m e n ta l  c a p a c it y  as w e e n v is a g e  it is  b a s e d  o n  th e  e q u i l ib r iu m  
s itu a t io n .

S. P R E T R E : In y o u r  T a b le s  IV  and V  y o u  in d ic a te  d o s e s  a s  p e r c e n t a g e s  
o f  th e  IC R P  l im it s .  T o  w hat l im it  a r e  y o u  r e f e r r in g  — to  th e  l im it  f o r  
o c c u p a t io n a l ly  e x p o s e d  p e r s o n s  o r  to  th at f o r  th e g e n e r a l  p u b l ic ?  D o e s  y o u r  
f ig u r e  o f  5% m e a n  250 m r e m / y r  o r  25 m r e m / y r ?

N. T . M IT C H E L L : W e  a r e  c o n c e r n e d  w ith  p r o t e c t io n  o f  th e  p u b lic  and 
h a v e  th u s c o m p a r e d  a l l  o u r  m e a s u r e m e n t s  and  c a lc u la t io n s  w ith  th e  d o s e  
l im i t s  w h ich  IC R P  r e c o m m e n d  as a c c e p ta b le  f o r  th e  p u b l ic .  In c o n s e q u e n c e ,  
th e  4 . 6% q u o te d  in  T a b le  IV  is  e q u iv a le n t  to  23 m r e m /y r .  T h is  is  a p e s s i m i s 
t i c  e s t im a te  b a s e d  on  th e  in d iv id u a l w ith  th e h ig h e s t  kn ow n  e x p o s u r e  ( c o n 
su m p t io n  ta k en  to  b e  100  g  o f  f i s h  p e r  d a y ). T h e  e x p o s e d  g r o u p  w as to o  s m a l l  
f o r  u s to  b e  a b le  to  id e n t i fy  a c r i t i c a l  g r o u p  that w ou ld  m e e t  th e IC R P  
'd e f in i t io n '.
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Abstract

A S S E S S I N G  P O T E N T I A L  R A D I O L O G I C A L  I M P A C T S  T O  A Q U A T I C  B I O T A  I N  R E S P O N S E  T O  T H E  N A T I O N A L  

E N V I R O N M E N T A L  P O L I C Y  A C T  ( N E P A )  O F  1 9 6 9 .

E n v i r o n m e n t a l  i m p a c t  s t a t e m e n t s  f o r  n u c l e a r  p o w e r  s t a t i o n s ,  p r e p a r e d  a t  O a k  R i d g e  N a t i o n a l  L a b o r a t o r y  

f o r  t h e  U S  A t o m i c  E n e r g y  C o m m i s s i o n ;  i n c l u d e  a n  a s s e s s m e n t  o f  p o t e n t i a l  r a d i o l o g i c a l  i m p a c t s  t o  o r g a n i s m s  

i n  t h e  e n v i r o n m e n t ,  i n  a d d i t i o n  t o  a s s e s s m e n t s  o f  i m p a c t s  t o  m a n .  T h e s e  i m p a c t  s t a t e m e n t s  r e f l e c t  t h e U S A E C ' s  

i m p l e m e n t a t i o n  o f  t h e  N a t i o n a l  E n v i r o n m e n t a l  P o l i c y  A c t  o f  1 9 6 9 ,  w h i c h  r e q u i r e s  t h a t  f e d e r a l  a g e n c i e s  p r e p a r e  

a  d e t a i l e d  s t a t e m e n t  f o r  a n y  m a j o r  a c t i o n  t h a t  s i g n i f i c a n t l y  a f f e c t s  t h e  q u a l i t y  o f  t h e  e n v i r o n m e n t .

A s s e s s m e n t s  o f  i m p a c t s  f o r  n u c l e a r  p o w e r  s t a t i o n s  s i t e d  n e a r  b o d i e s  o f  w a t e r  r e c e i v i n g  r e a c t o r  e f f l u e n t s  

i n d i c a t e  t h a t  a q u a t i c  b i o t a  m a y  r e c e i v e  h i g h e r  d o s e s  t h a n  d o  t e r r e s t r i a l  b i o t a  a n d  t h a t  p o t e n t i a l  d o s e s  d u e  

t o  i n t e r n a l  d e p o s i t i o n  o f  r a d i o n u c l i d e s  m a y  b e  s e v e r a l  h u n d r e d  t i m e s  g r e a t e r  t h a n  p o t e n t i a l  e x t e r n a l  d o s e s  

f r o m  i m m e r s i o n  i n  c o n t a m i n a t e d  w a t e r .  E s t i m a t e d  d o s e s  a r e  l i s t e d  i n  e a c h  e n v i r o n m e n t a l  i m p a c t  s t a t e m e n t  

f o r  a q u a t i c  p l a n t s ,  i n v e r t e b r a t e s  ( c r u s t a c e a n s  a n d  m o l l u s c s )  a n d  f i s h .  W h e r e  a p p r o p r i a t e ,  d o s e s  a r e  a l s o  

e s t i m a t e d  f o r  w a t e r f o w l ,  s h o r e  b i r d s  o r  m u s k r a t s .  A  s t e a d y - s t a t e  b i o a c c u m u l a t i o n  f a c t o r  ( c o n c e n t r a t i o n  o f  

r a d i o n u c l i d e  i n  b i o t a / c o n c e n t r a t i o n  o f  r a d i o n u c l i d e  i n  w a t e r )  i s  u s e d  »to e s t i m a t e  t h e  b o d y  b u r d e n  o f  e a c h  

r a d i o n u c l i d e  f o r  c a l c u l a t i n g  i n t e r n a l  d o s e .  I n  m o s t  c a s e s ,  s i t e  s p e c i f i c  b i o a c c u m u l a t i o n  f a c t o r s  a r e  n o t  

a v a i l a b l e ,  a n d  l i t e r a t u r e  v a l u e s ,  w h i c h  u s u a l l y  c o v e r  a  w i d e  r a n g e ,  m u s t  b e  c o n s i d e r e d  f o r  t h e  c a l c u l a t i o n s .

T h e  r a d i o n u c l i d e s  r e l e a s e d  f r o m  w a t e r - c o o l e d  r e a c t o r s  t o  t h e  a q u a t i c  s y s t e m  d i f f e r  f r o m  p l a n t  t o  p l a n t ,  

d e p e n d i n g  u p o n  t h e  t y p e  o f  r a d i o a c t i v e  w a s t e  c l e a n u p  s y s t e m ,  b u t  t h e  m o s t  i m p o r t a n t  d o s e - c o n t r i b u t i n g  

r a d i o n u c l i d e s  a r e  u s u a l l y  134C s  a n d  137C s .  R a d i o n u c l i d e s  o f  l e s s e r  i m p o r t a n c e  a r e  58C o ,  60C o ,  90S r ,  91S r  a n d  

и М п .  A l t h o u g h  s o m e  u n c e r t a i n t y  e x i s t s  i n  t h e  c a l c u l a t e d  p o t e n t i a l  d o s e s ,  t h e  u p p e r  l i m i t  d o s e s  t o  f i s h  a n d  

i n v e r t e b r a t e s  c a l c u l a t e d  u n d e r  t h e  m o s t  p e s s i m i s t i c  a s s u m p t i o n s  u s u a l l y  d o  n o t  e x c e e d  a  f e w  r e m s  p e r  y e a r .  

E v a l u a t i o n  o f  t h e  d o s e s  c a l c u l a t e d  t h u s  f a r  s u g g e s t s  t h a t  n o  b i o l o g i c a l  e f f e c t s  o f  i r r a d i a t i o n  w i l l  l i k e l y  b e  

d e t e c t e d  i n  t h e  a q u a t i c  b i o t a  a n d  t h a t  t h e  r a d i o l o g i c a l  i m p a c t  t o  t h e  b i o t a  i s  l i k e l y  t o  b e  t r i v i a l  c o m p a r e d  

t o  p o t e n t i a l  e f f e c t s  f r o m  i m p i n g e m e n t  o f  f i s h  o n  w a t e r  i n t a k e  s t r u c t u r e s ,  f r o m  e n t r a i n m e n t  o f  f i s h  a n d  o t h e r  

a q u a t i c  o r g a n i s m s  i n  c o n d e n s e r  c o o l i n g  w a t e r ,  a n d  f r o m  t e m p e r a t u r e  i n c r e a s e s  t h e  b i o t a  e x p e r i e n c e  i n  t h e  

r e c e i v i n g  w a t e r s .

I N T R O D U C T I O N

T h e  N a t i o n a l  E n v i r o n m e n t a l  P o l i c y  A c t  ( N E P A )  o f  1 9 6 9  i s  p r o b a b l y  

t h e  m o s t  s i g n i f i c a n t  U n i t e d  S t a t e s  s t a t u t e  p e r t a i n i n g  t o  e n v i r o n m e n t a l  

p r o t e c t i o n  [ 1 ] .  I t  i s  a  s t r o n g  a c t  t h a t  w a s  e n a c t e d  a t  a  t i m e  o f  a c u t e  

e n v i r o n m e n t a l  a w a r e n e s s ;  i t s  p r o v i s i o n s  a p p l y  t o  a l l  a g e n c i e s  o f  t h e  

f e d e r a l  g o v e r n m e n t .  T h e  A c t  e s t a b l i s h e d  a  c o u n c i l  o n  E n v i r o n m e n t a l  Q u a l i t y  

w h i c h  r e p o r t s  t o  t h e  P r e s i d e n t  o f  t h e  U n i t e d  S t a t e s .  A n y  g o v e r n m e n t a l  

a g e n c y  r e s p o n s i b l e  f o r  a c t i o n s  s i g n i f i c a n t l y  a f f e c t i n g  t h e  q u a l i t y  o f  t h e

* R e s e a r c h  s p o n s o r e d  b y  t h e  U S  A t o m i c  E n e r g y  C o m m i s s i o n  u n d e r  c o n t r a c t  w i t h  t h e  U n i o n  

C a r b i d e  C o r p o r a t i o n .
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TA B LE I .  NUCLEAR POW ER STATIONS CONSIDERED IN THIS P A P E R

Nuclear Power Stations
Total Rated 

Capacity 
[MW(e)]

Location Body of Water Receiving Liquid Effluents

Pressurized Water Reactors
Indian Point Units 1 and 2 275 and 873 Peekskill, N.Y. Hudson River Estuary
William B. McGuire Nuclear 1150 each Mecklenburg County, N.C. Lake Norman (artificial freshwater reservoir)

Stations Units 1 and 2
Joseph M. Farley Nuclear Plant 898 each Houston County, Ala. Chattahoochee River (fresh water under influence of dams)

Units 1 and 2
Surry Power Station Units 1 and 2 823 each Surry County, Va. James River (a major tributary of the lower Chesapeake Bay Estuary)
Oconee Nuclear Station Units 922 each Oconee County, S.C. Lake Keowee (artificial freshwater reservoir)

1,2, and 3
Palisades Nuclear Generating Plant 821 Van Buren County, Mich. Lake Michigan (fresh water)
Diablo Canyon Units 1 and 2 1060 each San Luis Obispo County, Calif. Pacific Ocean
North Anna Power Station 

Units 1 and 2
980 each Louisa County, Va. Lake Anna (artificial freshwater lake flowing into North Anna River, 

thence to three other rivers, eventually reaching the upper Chesapeake 
Bay Estuary)

San Onofre Nuclear Generating 1140 each San Diego County, Calif. Pacific Ocean
Station, Units 2 and 3

Arkansas Nuclear One, Unit 2 950 Pope County, Ark. Lake Dardanelle (artificial freshwater reservoir)

Boiling Water Reactors
Vermont Yankee Nuclear Power 540 Vernon, Vt. Connecticut River (fresh water)

Station
The Edwin I. Hatch Nuclear Plant 

Units 1 and 2
786 and 795 Appling County, Ga. Altamaha River (fresh water -  reaches Atlantic Ocean 100 miles 

downstream)
Shoreham Nuclear Power Station 820 Brookhaven, N.Y. Long Island Sound (marine -  Atlantic Coastal Waters)
Limerick Generating Station 1100 each Pottstown, Pa. Schuylkill River (fresh water flowing into Delaware River)

Units 1 and 2
Newbold Island Nuclear Generating 1088 each Burlington County, N.J. Delaware River (fresh water under tidal influence)

Station Units 1 and 2
Peach Bottom Atomic Power 

Station Units 1 and 2
1065 each York County, Pa. Susquehanna River (fresh water flowing into upper Chesapeike Bay 

Estuary)
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n a t u r a l  e n v i r o n m e n t  i s  r e q u i r e d  u n d e r  N E P A  t o  s u b m i t  a n  e n v i r o n m e n t a l  

i m p a c t  s t a t e m e n t  o u t l i n i n g  t h e  p o t e n t i a l  i m p a c t s  o f  t h e  p r o p o s e d  a c t i o n  

a n d  a n  e n v i r o n m e n t a l  c o s t - b e n e f i t  a n a l y s i s - .

T h e  b r o a d  d i r e c t i v e  o f  N E P A  a n d  i t s  i n t e r p r e t a t i o n  i n  t h e  c o u r t s  

h a v e  s t i m u l a t e d  t h e  U . S .  A t o m i c  E n e r g y  C o m m i s s i o n ,  a s  t h e  r e s p o n s i b l e  

g o v e r n m e n t a l  a g e n c y  f o r  c o n s t r u c t i o n  o f  n u c l e a r  p o w e r  s t a t i o n s ,  t o  q u i c k l y  

a n d  d r a m a t i c a l l y  e x p a n d  i t s  e x p e r t i s e  i n t o  a r e a s  o f  n o n r a d i o l o g i c a l  i m p a c t .  

I n  s o m e  a r e a s  t h e r e  i s  a  p r e s e n t  n e e d  f o r  c e r t a i n  t y p e s  o f  e n v i r o n m e n t a l  

i m p a c t  d a t a  w h i c h  m u s t  b e  f a c t o r e d  i n t o  a  c o s t - b e n e f i t  a n a l y s i s ,  b u t  w h i c h  

a r e  s t i l l  t o  b e  q u a n t i f i e d  b y  s c i e n t i f i c  i n v e s t i g a t i o n .  M e e t i n g  t h e  r e 

q u i r e m e n t s  o f  N E P A  h a s  h a d  a  p r o f o u n d  e f f e c t  o n  t h e  l i c e n s i n g  o f  n u c l e a r  

p o w e r  s t a t i o n s  i n  t h e  U n i t e d  S t a t e s ,  a n d  i n  s o m e  c a s e s  d e l a y s  i n  o p e r a t i o n  

h a v e  r e s u l t e d  w h e n  l i c e n s i n g  h a s  b e e n  h e l d  u p  d u e  t o  l i t i g a t i o n .

T h e  p o t e n t i a l  i m p a c t s  t o  m a n  a n d  h i s  e n v i r o n m e n t  f r o m  l a r g e  n u c l e a r  

p o w e r  s t a t i o n s  c a n  b e  e x t e n s i v e .  T h e s e  i m p a c t s  i n c l u d e  e n v i r o n m e n t a l  

d i s t u r b a n c e s  d u r i n g  s i t e  p r e p a r a t i o n ,  i n f l u x  o f  c o n s t r u c t i o n  w o r k e r s  o n  

t h e  s o c i o e c o n o m i c  s t r u c t u r e  o f  c o m m u n i t i e s  c l o s e  t o  c o n s t r u c t i o n  s i t e s ,  

l o s s  o f  f o r e s t e d  l a n d  t o  c o n s t r u c t i o n  o f  t r a n s m i s s i o n  l i n e  r i g h t s - o f -  

w a y ,  e s t h e t i c  q u a l i t i e s  o f  t h e  c o m p l e t e d  p o w e r  s t a t i o n ,  a n d  e f f e c t s  r e l a t e d  

t o  r e m o v a l  a n d  d i s c h a r g e  o f  c o o l i n g  w a t e r .  P u b l i c  h e a l t h  a n d  s a f e t y  h a v e  

a l w a y s  b e e n  a  p a r a m o u n t  c o n c e r n  o f  t h e  n u c l e a r  i n d u s t r y ,  b u t  N E P A  n o w  r e 

q u i r e s  i n d u s t r y  a n d  g o v e r n m e n t  t o  e x t e n d  t h a t  c o n c e r n  t o  a l l  c o m p o n e n t s  

o f  t h e  e n v i r o n m e n t .  T h u s ,  w e  n o w  f i n d  t h a t  d o s e s  t o  b i o t a  a r e  c o m p u t e d  

a s  p a r t  o f  t h e  a s s e s s m e n t  o f  n u c l e a r  p o w e r  p l a n t  o p e r a t i o n ,  i n  a d d i t i o n  

t o  t h e  d o s e  a s s e s s m e n t s  f o r  m a n .

E f f l u e n t  r e l e a s e s  t o  t h e  e n v i r o n m e n t  a r e  l i m i t e d  b y  s t a t e  l a w  i n  e a c h  

n u c l e a r  p l a n t ' s  o p e r a t i n g  l i c e n s e  a n d  b y  t h e  C o d e d  F e d e r a l  R e g i s t e r  ( 1 0 C F R 2 0  

a n d  1 0 C F R 5 0 )  f o r  t h e  p r o t e c t i o n  o f  m a n ,  b u t  t h e r e  a r e  n o  s p e c i f i c  l a w s  t o  

p r o t e c t  b i o t a  f r o m  r a d i o a c t i v e  e f f l u e n t s .  T h e  p h i l o s o p h y  e x p r e s s e d  b y  m a n y  

h a s  b e e n ,  " I f  w e  a d e q u a t e l y  p r o t e c t  m a n ,  w e  a d e q u a t e l y  p r o t e c t  a l l  o f  t h e  

o r g a n i s m s  i n  t h e  n a t u r a l  e n v i r o n m e n t . 11 S i n c e  s o m e  a q u a t i c  b i o t a  c o n c e n 

t r a t e  r a d i o n u c l i d e s  i n  t h e i r  t i s s u e s  u p  t o  t h o u s a n d s  o f  t i m e s  g r e a t e r  t h a n  

i n  t h e  a m b i e n t  w a t e r  e n v i r o n m e n t ,  t h e  q u e s t i o n  c a n  b e  a s k e d ,  " W i l l  t h e s e  

c o n c e n t r a t i o n s  r e s u l t  i n  e x c e s s i v e  d o s e s ? "

I t  i s  t h e  p u r p o s e  o f  t h i s  p a p e r  t o  e x a m i n e  a n d  s u m m a r i z e  t h e  e s t i 

m a t e d  r a d i a t i o n  d o s e s  t o  b i o t a  f r o m  s i x t e e n  n u c l e a r  p o w e r  s t a t i o n s  ( s e e  

T a b l e  I )  r e p o r t e d  i n  e n v i r o n m e n t a l  i m p a c t  s t a t e m e n t s  p r e p a r e d  a t  O a k  R i d g e  

N a t i o n a l  L a b o r a t o r y  ( O R N L )  f o r  t h e  U . S .  A t o m i c  E n e r g y  C o m m i s s i o n  [ 2 ] .

M E T H O D  O F  D O S E  A S S E S S M E N T

T h e  e q u a t i o n s  u s e d  a t  O R N L  f o r  d o s e  e s t i m a t i o n  h a v e  b e e n  a d e q u a t e l y  

c o v e r e d  b y  B l a y l o c k  [ 3 ] ,  B o o t h  e t  a l . [ 4 ] ,  a n d  i n  e a c h  o f  t h e  e n v i r o n m e n t a l  

i m p a c t  s t a t e m e n t s  [ 2 ]  f r o m  w h i c h  t h e  d a t a  i n  t h i s  p a p e r  h a v e  b e e n  c o m p i l e d .  

O n e  a s s u m p t i o n  c o m m o n  t o  e a c h  a s s e s s m e n t  i s  t h a t  t h e  r a d i o a c t i v i t y  i s  u n i 

f o r m l y  d i s t r i b u t e d  i n  t h e  r e c e i v i n g  b o d y  o f  w a t e r  a n d  i n  t h e  r e f e r e n c e  

o r g a n i s m .  T h e  e f f e c t i v e  a b s o r b e d  e n e r g y  u s e d  i n  t h e  c a l c u l a t i o n  o f  i n t e r n a l  

d o s e  f r o m  e a c h  r a d i o n u c l i d e  i s  a  f u n c t i o n  o f  t h e  s i z e  o f  t h e  o r g a n i s m .  A  

c o n s e r v a t i v e  a p p r o a c h  h a s  b e e n  u s e d  i n  t h e  e n v i r o n m e n t a l  i m p a c t  s t a t e m e n t s ,  

b e c a u s e  a l l  c a l c u l a t i o n s  o f  i n t e r n a l  d o s e  t o  a q u a t i c  p l a n t s ,  i n v e r t e b r a t e s ,  

a n d  f i s h  h a v e  u t i l i z e d  e f f e c t i v e  a b s o r b e d  e n e r g i e s  t a b u l a t e d  i n  I C R P  R e p o r t  

2 [ 5 ]  f o r  3 0 - c m  d i a m e t e r s .  I n  a l m o s t  a l l  c a s e s  t h e  e f f e c t i v e  d i a m e t e r  o f  

a q u a t i c  b i o t a  i s  l e s s  t h a n  3 0  c m ;  h o w e v e r ,  e f f e c t i v e  a b s o r b e d  e n e r g i e s  c o r 

r e s p o n d i n g  t o  t h i s  l a r g e  d i a m e t e r  w e r e  c h o s e n  b e c a u s e  t h e y  m a x i m i z e  t h e  

d o s e  f r o m  g a m m a  p h o t o n s  a n d  x  r a y s .  T h i s  c o n s e r v a t i v e  a p p l i c a t i o n  i s  a  

s a f e g u a r d  a g a i n s t  t h e  p o s s i b i l i t y  t h a t  t h e  b i o a c c u m u l a t i o n  f a c t o r  h a s  b e e n  

u n d e r e s t i m a t e d  f o r  a  c e r t a i n  t y p e  o f  o r g a n i s m  o r  t h a t  t h e  r a d i o s e n s i t i v i t y  

h a s  b e e n  u n d e r e s t i m a t e d .
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T h e  b i o a c c u m u l a t i o n  f a c t o r ,  C ,  f o r  a q u a t i c  b i o t a  e n t e r s  i n t o  t h e  

c a l c u l a t i o n  o f  d o s e  a s  a  r e p r e s e n t a t i o n  o f  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  

c o n c e n t r a t i o n  o f  r a d i o a c t i v i t y  i n  b i o t a  r e l a t i v e  t o  t h e  w a t e r  e n v i r o n 

m e n t .  T h e  b i o a c c u m u l a t i o n  f a c t o r  f o r  a  r a d i o n u c l i d e  i s  e x p r e s s e d  m a t h e m a t i 

c a l l y  a s

С  =  m C i  p e r  g  o f  b i o t a

y C i  p e r  g  o f  w a t e r

w h e r e  a l l  c o n c e n t r a t i o n s  a r e  m e a s u r e d  u n d e r  s t e a d y - s t a t e  c o n d i t i o n s .  

B i o a c c u m u l a t i o n  f a c t o r s  a r e  n o t  p h y s i c a l  c o n s t a n t s ,  b u t  a r e  b i o l o g i c a l l y  

a n d  e n v i r o n m e n t a l l y  i n f l u e n c e d  f a c t o r s  t h a t  h a v e  b e e n  s h o w n  t o  v a r y  w i t h  

t h e  p h y s i o c h e m i c a l  n a t u r e  o f  p a r t i c u l a r  s i t e s ,  c h a n g e s  i n  f o o d  h a b i t s  o f  

b i o t a  a n d  t h e i r  p r e y ,  r a d i o a c t i v e  d e c a y  a n d  b i o l o g i c a l  e l i m i n a t i o n ,  o c 

c a s i o n a l  i n g e s t i o n  o f  s e d i m e n t s ,  h o m e o s t a t i c  c o n t r o l  o f  e l e m e n t  c o n c e n t r a t i o n  

i n  t i s s u e s ,  e t c .  [ 6 - 8 ] .

T h e  b i o a c c u m u l a t i o n  f a c t o r s  u s e d  i n  e s t i m a t i n g  d o s e  f o r  t h e  s i x t e e n  

n u c l e a r  p o w e r  s t a t i o n s  r e p o r t e d  i n  t h i s  p a p e r  a r e  l i s t e d  i n  T a b l e  I I .  P a r t s  

A  a n d  В o f  t h i s  t a b l e  l i s t  t h e  b i o a c c u m u l a t i o n  f a c t o r s  f o r  f r e s h w a t e r  a n d  

s a l t w a t e r ,  r e s p e c t i v e l y .  T h e s e  f a c t o r s  w e r e  c h o s e n  f r o m  s e v e r a l  r e f e r e n c e  

s o u r c e s  w h i c h  a r e  n o t e d  a t  t h e  b o t t o m  o f  t h e  t a b l e .  I t  w o u l d  b e  n a i v e  t o  

b e l i e v e  t h a t  t h e  b i o a c c u m u l a t i o n  o f  a  r a d i o n u c l i d e  i n  a  c l a s s  o f  o r g a n i s m s  

f r o m  m a n y  d i f f e r e n t  s i t e s  c o u l d  b e  a c c u r a t e l y  r e p r e s e n t e d  i n  s u c h  a  

s i m p l i s t i c  m a n n e r  a s  a  u n i v e r s a l  b i o a c c u m u l a t i o n  f a c t o r .  R a t h e r ,  i t  h a s  

b e e n  a s s u m e d  t h a t  t h e  t a b u l a t e d  b i o a c c u m u l a t i o n  f a c t o r s  a r e  p r o b a b l y  c o n 

s e r v a t i v e  a n d ,  t h e r e f o r e ,  w o u l d  l e a d  t o  o v e r e s t i m a t i o n  o f  d o s e .  I f  t h e  

c a l c u l a t e d  d o s e s  a r e  s t i l l  a c c e p t a b l e  w h e n  c o n s e r v a t i v e  e s t i m a t e s  f o r  e f 

f e c t i v e  a b s o r b e d  e n e r g i e s  a n d  b i o a c c u m u l a t i o n  f a c t o r s  a r e  u s e d ,  t h e n  i t  

i s  l e s s  c r i t i c a l  t o  k n o w  p r e c i s e l y  t h e  s i t e  a n d  s p e c i e s  s p e c i f i c  b i o 

a c c u m u l a t i o n  f a c t o r s .

T h e  i m m e r s i o n  d o s e s  f o r  a q u a t i c  o r g a n i s m s  l i v i n g  i n  t h e  r e c e i v i n g  

b o d i e s  o f  w a t e r  w e r e  c a l c u l a t e d  f o r  b o t h  p h o t o n s  a n d  b e t a  p a r t i c l e s  b y  

u s i n g  t h e  i n f i n i t e  s o u r c e  f o r m u l a  p r e s e n t e d  b y  H i n e  a n d  B r o w n e l l  [ 9 ] .

R E L E A S E  C H A R A C T E R I S T I C S

T h e  b a s i c  a s s u m p t i o n s  u s e d  i n  e n v i r o n m e n t a l  i m p a c t  s t a t m e n t s  a r e  t h a t  

t h e  p l a n t  w i l l  o p e r a t e  o v e r  a  p r o j e c t e d  3 0 - y e a r  p e r i o d  a n d  t h a t  w a s t e  e f 

f l u e n t s  ( a t  a c t i v i t i e s  n o t  e x c e e d i n g  t h e  p e r m i s s i b l e  r e l e a s e  l i m i t s )  w i l l  

b e  r e l e a s e d  o n  a  c o n t i n u o u s  b a s i s  o v e r  t h i s  p e r i o d .  F u r t h e r m o r e ,  a n  i n 

s t a n t a n e o u s  s t e a d y  s t a t e  i s  a s s u m e d  b e t w e e n  t h e  c o n c e n t r a t i o n  o f  a l l  

r a d i o n u c l i d e s  i n  t h e  r e c e i v i n g  w a t e r  a n d  t h e i r  c o n c e n t r a t i o n s  i n  a q u a t i c  

b i o t a .  T h i s  l a t e r  a s s u m p t i o n  r e s u l t s  i n  i n i t i a l l y  c o n s e r v a t i v e  e s t i m a t e s  

o f  i n t e r n a l  d o s e ,  e s p e c i a l l y  f o r  l o n g e r  l i v e d  r a d i o n u c l i d e s  t h a t  r e q u i r e  

a  p e r i o d  o f  m o n t h s ,  o r  y e a r s  i n  s o m e  c a s e s ,  t o  a p p r o a c h  a  s t e a d y  s t a t e .

T h e  m a g n i t u d e  o f  c o n s e r v a t i v e n e s s  i s  e q u a l  t o  t h e  r a t i o  o f  t h e  s t e a d y -  

s t a t e  b o d y  b u r d e n  o r  c o n c e n t r a t i o n  d i v i d e d  b y  t h e  b o d y  b u r d e n  o r  c o n c e n t r a t i o n  

a t  s o m e  r e f e r e n c e  t i m e  p r i o r  t o  s t e a d y  s t a t e .

C o n c e n t r a t i o n s  o f  t h e  p r i n c i p a l  d o s e - c o n t r i b u t i n g  r a d i o n u c l i d e s  i n  

t h e  r e c e i v i n g  w a t e r s  o f  t h e  s i x t e e n  n u c l e a r  p o w e r  s t a t i o n s  a r e  l i s t e d  i n  

T a b l e  I I I .  A l t h o u g h  a l l  n u c l e a r  p o w e r  s t a t i o n s  l i s t e d  i n  T a b l e  I I I  a r e  

e x p e c t e d  t o  d i s c h a r g e  a p p r o x i m a t e l y  5  C i / y e a r  p e r  u n i t  ( e x c l u d i n g  t r i t i u m ) ,  

t h e  c o n c e n t r a t i o n s  ( u C i / m l )  l i s t e d  f o r  i d e n t i c a l  r a d i o n u c l i d e s  v a r y  b y  

s e v e r a l  o r d e r s  o f  m a g n i t u d e .  T h e s e  v a r i a t i o n s  b e t w e e n  p o w e r  s t a t i o n s  a r e  

d u e  m o s t l y  t o  a s s u m e d  d i f f e r e n c e s  i n  r a d w a s t e  s y s t e m s  a n d  t h e  d e c o n t a m i n a t i o n  

f a c t o r s  u s e d  f o r  t h e  v a r i o u s  f i l t e r s ,  i o n  e x c h a n g e r s ,  a n d  e v a p o r a t o r s .
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T A B L E  II. B IO A C C U M U L A T IO N  F A C T O R S  
U SED  IN  E N V IR O N M E N T A L  IM P A C T  
S T A T E M E N T S  T O  E S T IM A T E  IN T E R N A L  D O SE S 
T O  F R E S H W A T E R  A N D  S A L T W A T E R  B IO T A

Part A: Freshwater Bioaccumulation Factors

Radionuclide Plants" Mollusks and 
Crustaceans

Fin Fish Waterfowl and 
Muskrats*

89Sr 3.0E+3C-« 4.0E+3C 1.5E+2C 6.5E+3
90Sr 3.0E+3C 4.0E+3C ЬбЕ+г“7 9.0E+3
91Sr 3.0E+3C 4.0E+3C 1.5E+2C 5.1E+1
9 . у 1.0E+4d 1.0E+3d 1.0E+2d 8.3E+0
93 у 1.0E+4d 1.0E+3d 1.0E+2d 6.1E-2
129mTe 1.0E+3e 6.1E+3e 4.0E+2e 3.6E+2
132Te 1.0E+3e 6.1E+3e 4.0E+2e 9.3E+11 3 11 2.0E+2C 1.0E+3C 5.0E+1C 2.1E+2
133| 2.0E+2C 1.0E+3C 5.0E+1C 2.5E+1
1 35 j 2.0E+2C 1.0E+3C 5.0E+1C 8.0E+0
134Cs 2.5E+4C 1.1E+4C 1.0E+3C 2.3E+5
136Cs 2.5E+4C 1.1E+4C 1.0E+3C 3.9E+4
137Cs 2.5E+4C 1.1E+4C 1.0E+3C 2.5E+5
l4 0 La 1.0E+4d 1.0E+3d 1.0E+2d 2.4E-1
24Na 1.6E+2d 2.7E+ld 3.2E+ld 1.3E+1
32p 1.0E+Sd 1.0E+5d 1.0E+5d 1.3E+5
S4Mn 3.5E+4C 1.4E+5C 2.5E+ld 2.8E+3
S8Co 2.5E+3C 1.5E+3d 5.0E+2d 9.0E+2
60Co 2.5E+3C 1.5E+3d 5.0E+2d 1.0E+3
239Np 1.0E+3d 2.8E+2d 1.0E+4d 

Part B: Saltwater Bioaccumulation Factors^

2.4E-2

Radionuclide Plants" Mullusks and 
Crustaceans Fin Fish

Waterfowl and 
Shore Birds*

89Sr 2.0E+1 1.0E+0 1.0E+0 4.3E+1
90Sr 2.0E+1 1.0E+0 1.0E+0 6.0E+1
91Sr 2.0E+1 1.0E+0 1.0E+0 3.4E-1
91y З.ОЕ+2 1.0E+2 3.0E+1 2.5E-1
93y 3.0E+2 1.0E+2 3.0E+1 1.8E-3
129mTe 1.0E+3 1.0E+2 1.0E+1 3.6E+2
132Te 1.0E+3 1.0E+2 1.0E+1 9.3E+1
131j 1.0E+4 1.0E+2 2.0E+1 1.1E+4
1 3 3 j 1.0E+4 1.0E+2 2.0E+1 1.2E+3
1 35 j 1.0E+4 1.0E+2 2.0E+1 4.0E+2
134Cs 1.0E+1 5.0E+1 3.0E+1 9.3E+1
I36Cs 1.0E+I 5.0E+1 3.0E+1 1.5E+1
137Cs 1.0E+1 5.0E+1 3.0 E+1 1.0E+2
l4 0 La 3.0E+2 1.0E+2 3.0E+1 7.2E-3
24Na 1.0E+0 1.0E+0 1.0E+0 1.0E+0
3 2 p 1.0E+5 1.0E+4 1.0E+4 1.3E+5
54Mn 1.0E+4 5.0E+4 3.0E+3 8.0E+2
58Co 1.0E+2 1.0E+4 1.0E+2 3.6E+1
60Co 1.0E+2 1.0E+4 1.0E+2 4.0E+1
239Np 1.0E+3 2.8E+2 1.0E+4 2.4E-2

“Includes algae and macrophytes.
6Bioaccumulation factors for waterfowl, muskrats, and shore birds as listed in 

Environmental Impact Statements. The impact statements give assumptions and 
procedures which were used to calculate these factors for a steady state condition. 
Essentially, the factors apply to a vertebrate mammal or bird deriving all of its 
food intake from consumption of aquatic plants or algae. It was further 
assummed in the statements that daily food consumption equalled one-tenth the 
animal’s body weight, and that assimilation and elimination were equal to the 
values listed in ICRP Report 2 (1959) for man.

CD. E. Reichte, P. B. Dunaway, and D. J. Nelson, Nuclear Safety 11{1): 
4 3 -5 5  (1970).

dW. H. Chapman, L. H. Fisher, and M. W. Pratt, UCRL-50564 (1968).
Calculated from stable element analysis listed ih the Farley Nuclear Power 

Station Environmental Report, Georgia Power and Light Company, 1972.
•^All bioaccumulation factors listed in Part В are from A. M. Freke, Health 

Physics 13, 7 4 3 -7 5 8  (1967).
^3.0E+3 is equivalent to 3.0 X lO*3.



OÍ
сл

T A B L E  III. E S T IM A T E D  C O N C E N T R A T IO N S  ( /u C i/m l)  L IS T E D  IN E N V IR O N M E N T A L  
IM P A C T  S T A T E M E N T S  F O R  P R IN C IP A L  D O SE  C O N T R IB U T IN G  R A D IO N U C L ID E S  A T  
P O IN T  O F  L IQ U ID  D IS C H A R G E

Nuclear Power Station 89Sr 90Sr 91 Sr 91Y ” Y ,a9mTe ï32Te 131I ,33I l35I 134Cs ч 1 36Cs 137Cs 140La 24Na 32p 54Mn 58Co 60Co 239Np
Pressurized Water Reactors
Indian Point Units 1 and 2 2.5E-lf 5.0E-12 7.0E-14 1.7E-11 1.6E-12 1.1E-11 8.2E-09 3.5E—09 1.8E-09 5.6E-10 2.4E-10 6.5E-I0 1.6E-I3 2.5E-09 8.IE-I0 6.0E-I0 2.5E-Í0 2.0E— 13William B. McGuire Nuclear 
Stations Units 1 and 2 1.0E-12 3.5E-14 2.2E-10 8.6E-11 4.IE-11 2.3E-10 a 9.5E-10 3.2E-10 5.2E-11 1.3E-12 a 5.2E-11 1.8E-09 5.2E-11 a

Joseph M. Farley Nuclear 
Plant Units 1 and 2

9.0E-13 3.0E-14 1.8E-10 7.5E-11 3.5E-11 2.0E-10 e 8.1E-10 2.7E-10 4.4E-11 8.1E-13 û 4.4E-11 1.6E-09 4.4E-11 a
Surry Power Station Units 

1 and 2 1.2E-11 3.8E-13 1.4Е-И 9.3E-11 6.7E-10 7.8E-09 5.6E-09 1.3E-09 5.4E-09 1.8E-09 4.3E-09 e 1.4E-11 4.5E-10 1.3E-U a
Oconee Nuclear Station Units 

1, 2, and 3
8.1E-12 a 1.8E-10 6.1E—11 2.0E-10 a 6.4E-10 6.5E-11 4.5E-11 4.IE—12 0 5.9E-U 1.4E-09 5.7Е-П a

Palisades Nuclear Generating 
Plant

2.6E-10 9.6E-12 e 5.6E-09 V.9E-09 1.1E-09 9.0E-08 5.3E—09 8.4E-10 3.7E-09 3.7E-09 û 0 2.5E-10 7.5E-09 2.4E-10 0
Diablo Canyon Units 1 and 2 З.ОЕ-12 1.0E-13 2.8E-13 4.1E-13 a 2.5E-II 1.5E-10 2.IE—09 7.IE—10 3.2E-11 2.4E-10 9.4E-] 1 1.7E-10 2.6E-12 a a 1.6E-12 4.5E-11 4.5E-12 2.2E-12
North Anna Power Station 
Units 1 and 2 1.3E-13 4.3E—15 6.3E-14 1.5E-13 1.5E-15 1.0E-11 6.8E-11 2.0E-09 8.5E—10 1.7E-10 1.7E-11 6.6E-12 1.2Е-И 1.4E-13 a a 1.3E-13 4.1E-12 1.2E-13 1.4E-13

San Onofre Nuclear Generating 
Station, Units 2 and 3 6.5E-15 2.2E-16 1.5E-15 4.0E-13 4.1E-16 4.9E-14 3.1E-13 3.8E-11 2.5E—11 2.4E-12 7.3E-12 5.1E-13 6.2E-12 4.7E-15 a - a 4.9E-15 1.6E-14 5.IE—15

Arkansas Nuclear One, Unit 2 
Boiling Water Reactors

2.9E-13 1.0Ç-14 2.4E-15 1.8E-13 3.2E-15 2.3E-12 7.2E-12 3.4E-I0 7.3E-11 a 2.2E-09 7.3E-10 1.6E-09 2.9E-13 ° 0 2.0E-13 5.3E-12 5.6E-13 0

Vermont Yankee Nuclear Power 
Station

7.9E-Í0 J.3E-ÍC 8.0E-Î3 S.lE-10 7.9E-I2 Í.0E-JI 7.2E-Í1 2.2E—Ö9 2.5E-J0 2.3E—J3 4.5E-10 ].3E—30 3.4E-J0 8.7Е-Д0 3.8E-12 4.3E-13 5.9E-12 8.0E-10 8.0Е-И a
The Edwin I. Hatch Nuclear 

Plant Units 1 and 2
2.2E-11 1.7E-12 3.2E-13 3.4E-11 1.9E-11 2.2E-13 5.0E-12 1.1E-10 û 1.9E-I0 7.0E-1I 1.4E-10 1.0Е-И 9.6E-12 5.2E-14 2.2E-13 3.0E-11 3.0E-12 a

Shoreham Nuclear Power Station 3.8E-10 2.5E-11 3.7E-13 1.9E-10 3.7E-12 7.7E-12 3.4E-11 1.0E-09 1.2E-10 1.1E-13 2.IE—10 6.2E-11 1.6E-10 4.2E-10 1.8E-12 1.3E-12 3.0E-12 3.6E-10 3.7E-11 a
Limerick Generating Station 

Units 1 and 2
2.1E-10 1.3E-11 3.4E-10 2.0E-11 2.5E-11 5.9E-12 7.3E-11 4.0E-09 1.2E-08 4.5E-09 2.5E-11 1.1E-11 2.1E-11 1.5E-10 9.1E-11 2.5E-14 4.5E-12 5.6E-10 5.6E-11 4.5E-11

Newbold Island̂  Nuclear 
Generating Station 
Units 1 and 2

1.4E—09 7.9E-11 a 2.9E-09 4.9E-09 3.0E-11 a 1.3E-09 3.0E-09 5.5E-10 1.5E-08 4.8E-09 1.IE-08 1.IE-09 1.6E-Ï0 4.9E-12 I.0E-10 1.3E-09 1.3E-10
'

Peach Bottom Atomic Power 
Station Units 1 and 2

8.7E-11 5.0E-12 5.7E-11 6.0E-11 7.4E-11 1.5E-12 2.0E-11 1.2E-10 2.5E-10 3.3E-11 6.7E-11 2.5E-11 6.4E-11 7.7E— 11 4.3E-12 2.5E-14 1.0E-12 5.7E-11 5.7E-12 a

R̂adionuclide not listed in Environmental Impact Statement for this nuclear power station.
Âccording to Environmental Impact Statement for Newbold Island Nuclear Generating Station, listed concentrations represent 1:5 dilution with Delaware River water. 

tf2.5E-ll it equivalent to 2.5 X 10 **•
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ESTIM A TED  DOSES TO AQUATIC BIO TA

T h e  e s t i m a t e d  i n t e r n a l  d o s e s  ( s u m m e d  o v e r  a l l  r a d i o n u c l i d e s )  t o  t h e  

f o u r  t y p e s  o f  b i o t a  r a n g e  f r o m  l e s s  t h a n  1 m r a d / y e a r  t o  a  m a x i m u m  o f  6 2 , 0 0 0  

m r a d / y e a r  ( T a b l e  I V ) .  T h i s  v a r i a t i o n  i s  d u e  a l m o s t  e n t i r e l y  t o  v a r i a t i o n s  

i n  s o u r c e  t e r m  ( s e e  T a b l e  I I I ) ,  b e c a u s e  t h e  a s s u m p t i o n s  a n d  m e t h o d s  f o r  

c a l c u l a t i n g  d o s e s  a n d  t h e  c o n c o m i t a n t  b i o e n v i r o n m e n t a l  d a t a  w e r e  s t a n d a r d i z e d  

f o r  e a c h  n u c l e a r  p o w e r  s t a t i o n .

T h e  r e s u l t s  o f  i m m e r s i o n  d o s e  c a l c u l a t i o n s  t a b u l a t e d  i n  t h e  e n v i r o n 

m e n t a l  i m p a c t  s t a t e m e n t s  s h o w e d  t h a t  t h i s  e x p o s u r e  m o d e  w a s  m i n o r  c o m p a r e d  

t o  e x p o s u r e  f r o m  i n t e r n a l l y  d e p o s i t e d  r a d i o n u c l i d e s .  I n  a l l  c a s e s ,  i m m e r s i o n  

r e s u l t e d  i n  e s t i m a t e d  d o s e s  n o t  e x c e e d i n g  1 m r a d / y e a r  f o r  a l l  r a d i o n u c l i d e s  

c o m b i n e d .

T h e  d o s e  c a l c u l a t i o n s  f o r  a l l  s i t e s  e x c e p t  t h e  N e w b o l d  I s l a n d  G e n e r a t i n g  

S t a t i o n  a p p l y  t o  t h e  l o c a t i o n  o f  r a d i o a c t i v e  e f f l u e n t  d i s c h a r g e  b e f o r e  m i x i n g  

w i t h  t h e  r e c e i v i n g  b o d y  o f  w a t e r ;  t h e r e f o r e ,  n o n c o n s i d e r a t i o n  o f  t h e  t r u e  

d i l u t i n g  c a p a c i t y  o f  t h e  a q u a t i c  e n v i r o n m e n t  g r e a t l y  o v e r e s t i m a t e s  t h e  c a l 

c u l a t e d  d o s e s .  T h e  e n v i r o n m e n t a l  i m p a c t  s t a t e m e n t  f o r  t h e  N e w b o l d  I s l a n d  

S t a t i o n  s t a t e s  t h a t  a  1 : 5  d i l u t i o n  o f  r a d i o a c t i v e  e f f l u e n t s  w a s  a s s u m e d  

b e f o r e  c a l c u l a t i n g  d o s e s  t o  b i o t a .

T A B L E  IV . S U M M A R Y  O F  IN T E R N A L  D O SE S (M IL L IR A D S  P E R  Y E A R ) 
T O  A Q U A T IC  B IO T A

Freshwater and 
Marine Plants

Mollusks and 
Crustaceans

Fin Fish
Muskrats, Waterfowl 

and Shore Birds

Pressurized Water Reactors

Indian Point Units' 1 and 2 900 1,500 42 a
William B. McGuire Nuclear 

Stations Units 1 and 2
700 390 37 3,600

Joseph M. Farley Nuclear 
Plant Units 1 and 2

600 330 32 2 ,200

Surry Power Station Units 
1 and 2

4 ,600 ' 2 ,200 1,800 22 ,000

O conee Nuclear Station Units 
1, 2 ,a n d  3

450 270 150 17,000

Palisades Nuclear Generating 
Plant

4 ,000 2,600 1,500 5,800

Diablo Canyon Units 1 and 2 1,300 9 <1 12
North Anna Power Station  

Units 1 and 2
24 57 4 70

San Onofre Nuclear Generating 
Station, Units 2 and 3

8 <1 <1 3

Arkansas Nuclear One, Unit 2 

Boiling Water Reactors

1,800 800 70 8,800

Verm ont Yankee Nuclear Power 
Station

860 300 32 2 ,700

The Edwin I. Hatch Nuclear 
Plant Units 1 and 2

160 80 8 a

Shoreham Nuclear Power Station 120 59 2 68
Limerick Generating Station  

Units 1 and 2
270 480 59 370

N ew bold Island Nuclear 
Generating Station  
Units 1 and 2

15,000 6,100 550 62 ,000

Peach B ottom  A tom ic Power 
Station Units 1 and 2

140 60 5 380

"No dose estimate listed in Environmental Impact Statem ent for this nuclear power station.
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F o r  t e n  o f  t h e  p o w e r  s t a t i o n s ,  t h e  e s t i m a t e d  i n t e r n a l  d o s e s  t o  m u s k r a t s ,  

w a t e r f o w l ,  a n d  s h o r e  b i r d s  a r e  h i g h e r  t h a n  f o r  t h e  o t h e r  t h r e e  t y p e s  o f  

b i o t a .  I n  n o  c a s e  i s  t h e  e s t i m a t e d  d o s e  t o  t h e  f i n  f i s h  h i g h e r  t h a n  a n y  

o f  t h e  o t h e r  t y p e s  o f  b i o t a  f o r  a  p a r t i c u l a r  n u c l e a r  p o w e r  s t a t i o n .  T a b l e  I I  

s h o w s  t h a t  f o r  a l l  r a d i o n u c l i d e s  e x c e p t  2 4 N a  i n  f r e s h w a t e r  a n d  2 3 9 N p  i n  

s a l t w a t e r  t h e  b i o a c c u m u l a t i o n  f a c t o r s  f o r  f i s h  d o  n o t  e x c e e d  t h e  f a c t o r s  

f o r  t h e  o t h e r  t y p e s  o f  b i o t a ,  i n d i c a t i n g  t h e  i m p o r t a n c e  o f  t h e  b i o a c c u m u l a t i o n  

f a c t o r  i n  d e t e r m i n i n g  t h e  m a g n i t u d e  o f  t h e  e s t i m a t e d  d o s e .  T h e  t w o  r a d i o 

n u c l i d e s  w h i c h  a r e  e x c e p t i o n s  a r e  o n l y  m i n o r  c o n t r i b u t o r s  t o  d o s e  a n d  a r e  n o t  

p r e s e n t  i n  s i g n i f i c a n t  c o n c e n t r a t i o n s  i n  t h e  r e l e a s e s  f r o m  m o s t  n u c l e a r  p o w e r  

s t a t i o n s  ( s e e  T a b l e  I I I ) .

A l t h o u g h  t h e  n u m b e r  o f  r a d i o n u c l i d e s  c o n s i d e r e d  f o r  c a l c u l a t i n g  d o s e s  

o f t e n  n u m b e r e d  5 0  t o  6 0 ,  o n l y  a  f e w  r a d i o n u c l i d e s  w e r e  r e s p o n s i b l e  f o r  m o s t  

o f  t h e  e s t i m a t e d  d o s e s .  T h i s  t r e n d  i s  c l e a r l y  d e m o n s t r a t e d  b y  t h e  d a t a  

i n  T a b l e  V w h i c h  s h o w  t h a t  a p p r o x i m a t e l y  5 0  t o  9 9 %  o f  t h e  e s t i m a t e d  d o s e  

r e c e i v e d  b y  a  g i v e n  t y p e  o f  b i o t a  i s  a t t r i b u t a b l e  t o  o n l y  t h r e e  r a d i o n u c l i d e s  

r e l e a s e d  b y  a  n u c l e a r  p o w e r  s t a t i o n .  R a d i o i s o t o p e s  o f  c e s i u m ,  p r i n c i p a l l y  

1 3 l + C s  a n d  ^ 3 7 C s ,  a p p e a r  t o  b e  t h e  g r e a t e s t  d o s e  c o n t r i b u t o r s .  A l t h o u g h  

t h e  d a t a  i n  T a b l e  V a r e  e x p r e s s e d  i n  t e r m s  o f  p e r c e n t ,  t h e  d o s e s  f o r  i n 

d i v i d u a l  r a d i o n u c l i d e s  c a n  b e  c o m p u t e d  f r o m  t h e  t o t a l  d o s e s  i n  T a b l e  I V ,  

w h i c h  i n  t u r n  w e r e  c a l c u l a t e d  f r o m  t h e  c o n c e n t r a t i o n s  o f  r a d i o n u c l i d e s  

l i s t e d  i n  T a b l e  I I I  f o r  t h e  p o i n t  o f  d i s c h a r g e .

D I S C U S S I O N

T h e  c o n c l u s i o n s  p u b l i s h e d  i n  t h e  s i x t e e n  e n v i r o n m e n t a l  i m p a c t  s t a t e 

m e n t s  r e l a t i v e  t o  t h e  p o t e n t i a l  i m p a c t s  o f  t h e  e s t i m a t e d  d o s e s  c o m p i l e d  

i n  T a b l e  I V  w e r e  u n i f o r m  i n  s t a t i n g  t h a t  n o  d e t e c t a b l e  a d v e r s e  e f f e c t  w i l l  

b e  p r o d u c e d  o n  t h e  b i o t a .  S i n c e ,  i n  m o s t  c a s e s ,  t h e  m e t h o d s  u s e d  i n  t h e  

e n v i r o n m e n t a l  i m p a c t  s t a t e m e n t s  w e r e  s e l e c t e d  t o  o v e r e s t i m a t e  t h e  d o s e s ,  

t h e  c o n c l u s i o n  o f  n o  e x p e c t e d  d e t e c t a b l e  a d v e r s e  e f f e c t s  i s  n o t  s u r p r i s i n g .  

E v e n  a t  t h e  h i g h e s t  c a l c u l a t e d  a n n u a l  d o s e  r a t e  o f  6 2  r a d s / y e a r  t o  a  

h y p o t h e t i c a l  t e r r e s t r i a l  m a m m a l  o r  b i r d  o b t a i n i n g  a l l  o f  i t s  d i e t  f r o m  

a q u a t i c  p l a n t s  g r o w i n g  a t  t h e  p o i n t  o f  d i s c h a r g e  a t  t h e  N e w b o l d  I s l a n d  

s i t e ,  t h e r e  i s  n o  i n f o r m a t i o n  t o  i n d i c a t e  t h a t  a  d e t e c t a b l e  r a d i a t i o n  e f 

f e c t  w o u l d  b e  f o u n d .  H o w e v e r ,  i t  i s  s t a t e d  i n  t h e  D r a f t  E n v i r o n m e n t a l  

I m p a c t  S t a t e m e n t  f o r  N e w b o l d  I s l a n d  t h a t  " A n  i n c r e a s e d  m u t a t i o n  r a t e  i n  

t h e s e  o r g a n i s m s  c a n n o t  b e  d i s m i s s e d  c o m p l e t e l y . "  A  d i s c u s s i o n  o f  t h i s  

p o s s i b i l i t y  p o i n t e d  o u t  t h a t  i n c r e a s e d  m u t a t i o n  r a t e s  i n  m a m m a l s  h a v e  b e e n  

f o u n d  o n l y  a t  d o s e  r a t e s  c o n s i d e r a b l y  h i g h e r  t h a n  t h o s e  c a l c u l a t e d  f o r  

N e w b o l d  I s l a n d .

A s i d e  f r o m  t h e  c o n s e r v a t i v e  a s s u m p t i o n s  f o r  c a l c u l a t i n g  i n t e r n a l  

d o s e  a l r e a d y  d i s c u s s e d ,  t h e  l o w e s t  y e a r l y  a v e r a g e  f l o w  o n  r e c o r d  f o r  t h e  

D e l a w a r e  R i v e r  a t  t h e  p o i n t  o f  d i s c h a r g e  i s  a p p r o x i m a t e l y  f i v e  t i m e s  t h e  

r e c o r d  l o w  f l o w  w h i c h  w a s  u s e d  i n  t h e  c a l c u l a t i o n s .  T h u s ,  a  s i m p l e  r e d u c t i o n  

f a c t o r  o f  5  o f  t h e  p u b l i s h e d  a n n u a l  d o s e  o f  6 2  r a d s / y e a r  a p p e a r s  t o  b e  

j u s t i f i e d  f o r  t h e  N e w b o l d  I s l a n d  s i t e .  A n o t h e r  i m p o r t a n t  s c a l i n g  f a c t o r  

r e l a t e s  t o  t h e  f r a c t i o n  o f  e a c h  o r g a n i s m ' s  d i e t  o b t a i n e d  f r o m  t h e  p o i n t  

o f  d i s c h a r g e .  T h i s  d i e t  f a c t o r  w a s  a s s u m e d  t o  b e  e q u a l  t o  1 0 0 %  f o r  a l l  

g r o u p s  o f  b i o t a ;  i f  t h e  a c t u a l  n u m b e r  w e r e  l e s s  t h a n  1 0 0 % ,  s a y  2 0 % ,  t h e n  

t h e  d o s e  e s t i m a t e s  w o u l d  n e e d  t o  b e  d i v i d e d  b y  a n o t h e r  f a c t o r  o f  5 .  C o m 

b i n a t i o n  o f  t h e s e  t w o  f a c t o r s  a l o n e  r e s u l t s  i n  a  f a c t o r  o f  2 5  r e d u c t i o n  

i n  t h e  p u b l i s h e d  d o s e  e s t i m a t e s  f o r  t h e  h y p o t h e t i c a l  m a m m a l  o r  b i r d  c o n s u m i n g  

2 0 %  o f  i t s  a n n u a l  d i e t  a t  t h e  p o i n t  o f  d i s c h a r g e  f r o m  t h e  N e w b o l d  I s l a n d  

G e n e r a t i n g  S t a t i o n .

T h e  e s t i m a t e d  d o s e s  f o r  t h e  N e w b o l d  I s l a n d  N u c l e a r  G e n e r a t i n g  S t a t i o n  

p r e s e n t  a n o t h e r  i n t e r e s t i n g  p o i n t  f o r  d i s c u s s i o n .  T a b l e  V s h o w s  t h a t  a l 

m o s t  a l l  o f  t h e  e s t i m a t e d  d o s e s  a r e  d u e  t o  r a d i o i s o t o p e s  o f  c e s i u m ,  a n d
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T A B L E  V . R A D IO N U C L ID E S  C O N T R IB U T IN G  T H E  G R E A T E S T  P E R C E N T  
O F  T H E  E S T IM A T E D  IN T E R N A L  D O SE  T O  B IO T A

Nuclear Power Station Freshwater and Mollusks and Fin Muskrats, Waterfowl
Marine Plants Crustaceans and Shore Birds

P r e s s u r i z e d  W a t e r  R e a c t o r s  

I n d i a n  P o i n t  U n i t s  1 a n d  2  l 3 4 C s ,  3 9 %  'I 5 4 М п , 7 3 % ]  l 3 4 C s ,  2 6 %
nor l о пп/ I37rM n ,  3 0 %  > 8 9 %  1 J * C s ,  9 %  } 8 7 %  1 J  ' C s ,  1 7 %  V 5 3 %

, J , C s ,  20% J 1 3 7 C s ,  5% J " 4 N a ,  10%

W i l l i a m  B .  M c G u i r e  N u c l e a r  l 3 4 C s ,  7 0 %  'I l 3 4 C s ,  5 4 % ]  1 3 4 C s ,  5 4 %  ]  1 3 4 C s ,  9 3 %* i .. . ... I __ <4. . - . _ <a_ _ __ i-л ’

S t a t i o n s ,  U n i t s  2  a n d  3  , ; > , I , 4 0 %  ^ 9 8 %  , J 1 I , 3 2 %  W 8 %  1 J , I , 2 7 %  > 8 1 %  I J J I , 1 4 %  > ~ 1 0 0 %

1 3 5 1 , 8 %  J  1 3 S I ,  6 %  J  1 3 4 C s ,  2 0 %  J 1 3 5 I , < 1 %

A r k a n s a s  N u c l e a r  O n e ,  U n i t  2  1 3 4 C s ,  6 1 %  1 1 3 4 C s ,  6 3 % "I 1 3 4 C s ,  6 3 %  1  1 3 4 C s ,  6 3 %f ‘З n I t 'i n I !■>•» I I -У *4
1 3 7 C s ,  2 4 %  > 9 7 %  1 3 7 C s ,  2 4 %  > 9 9 %  1 3 7 C s ,  2 5 %  !> - 1 0 0 %  1 J 7 C s ,  3 5 %  ¡ - - 1 0 0 %

5C s ,  1 2 %  J  1 3 6 C s ,  1 2 %  J  1 3 6 C s ,  1 2 %  J  1 3 6 C s ,  2 %

L a ,  4% J F e ,  3% J ,J ,I,9% J “ P, 3%

L i m e r i c k  G e n e r a t i n g  S t a t i o n  1 4 U L a , 2 0 %  ]  l 3 3 I , 4 0 %  ]  ]  y u S r ,  5 4 %

1 3 S I ,  2 3 %  I  7 4 %  1 3 3 I ,  1 6 %  > 7 6 %  1 3 4 C

’ I ,  1 4 %  J  91  S r ,  1 1 %  J  1 3 S I ,  9 %  J  l 3 7 C s ,  11

U n i t s  l a n d  2  S r ,  1 5 %  >49%  ‘ ” 1 , 2 3 %  7 4 %  ‘ ” 1 , 1 6 %  > 7 6 %  1 ; , 4 C s ,  1 7 %133, , . a, 91 o_ 11e, 135, Q„  137

G e n e r a t i n g  S t a t i o n  1 3 V C s , 2 1 %  ^ 8 4 %  1 J  ' C s ,  2 3 %  f  8 9 %  1 J  ' C s ,  2 2 %  8 9 %  1 J  ' C s ,  3 5 %

U n i t s  1 a n d  2  9 3 Y , 1 1 %  J  1 3 6 C s , 1 0 % J  1 3 6 C s ,  1 1 %  J  1 3 6 C s , 2 %

C s ,  2 5 %  ]

S t a t i o n  U n i t s  1 a n d  2  1 4 0 L a ,  1 9 %  [ 5 9 %  1 3 7 C s ,  1 3 %  V 4 5 %  1 3 7 C s ,  1 5 %  ^  5 1 %  , J ' C s , 3 2 % V

9 3 Y ,  1 6 %  J  1 3 2 T e ,  7 %  J  9 l S r ,  7 %  J 9 0 S r ,  2 0 %  J

S t a t i o n s  U n i t s  1 a n d  2  1 3 b C s , 1 4 %  ^ 9 2 %  5 4 M n ,  1 8 %  > 8 3 %  5 8 C o , 2 8 %  > 9 2 %  1 3 7 C s , 4 %  ^ - 1 0 0 %

S 8 C o ,  8 %  J  1 3 6 C s ,  1 1 %  J  1 3 6 C s ,  1 0 %  J 1 3 6 C s ,  3 %  J

J o s e p h  M .  F a r l e y  N u c l e a r  1 3 4 C s ,  7 0 %  ]  1 3 4 C s , 5 5 % ]  1 3 4 C s , 5 3 % ]  1 3 4 C s , 9 1 % ]

P l a n t  U n i t s  1 a n d  2  1 3 6 C s ,  1 4 %  I  9 1 %  S 4 M n , 1 8 % > 8 4 %  5 8 C o , 2 8 %  [  9 1 %  l 3 7 C s , 4 %  1 9 8 %

5 8 C o ,  7 %  J  1 3 6 C s ,  1 1 %  J 1 3 6 C s ,  1 0 %  J  1 3 6 C s ,  3 %  J

S u r r y  P o w e r  S t a t i o n  U n i t s  1 3 4 C s ,  6 1 %  ]  1 3 4 C s , 5 5 % ]  l 3 4 C s ,  6 1 % ]  1 3 4 C s ,  5 9 % ' )

l a n d  2  l 3 7 C s ,  2 6 %  i- 9 9 %  1 3 7 C s ,  2 3 %  > 8 9 %  1 3 7 C s ,  2 5 %  I  9 8 %  1 3 7 C s ,  3 8 %  I  9 9 %

1 3 6 C s ,  1 2 %  J  1 3 6 C s ,  1 1 %  J 1 3 6 C s ,  1 2 %  J 1 3 6 C s ,  2 %  J

O c o n e e  N u c l e a r  S t a t i o n  U n i t s  1 3 4 C s , 7 3 %  ]  1 3 4 C s , 5 2 % ]  1 3 4 C s ,  8 7 % ]  1 3 4 C s , 9 4 % '

1 , 2 ,  a n d  3  S 8 C o ,  9 %  I  8 6 %  5 4 M n , 3 0 % l 9 1 %  S 8 C o , 5 %  L 9 7 %  , 3 7 C s , 5 %  ^ - 1 0 0 %

9 1 Y ,  4 %  J  5 8 C o ,  9 %  J  1 3 6 C s ,  5 %  J  1 3 6 C s ,  1%

P a l i s a d e s  N u c l e a r  G e n e r a t i n g  1 3 4 C s ,  4 5 %  ]  1 3 4 C s ,  2 6 % ' )  1 3 4 C s ,  2 8 % ]  l 3 4 C s ,  5 4 %

P l a n t  1 3 7 C s ,  2 4 %  I  8 4 %  1 3 1 1 , 2 3 %  1 6 3 %  S 8 C o ,  1 6 %  M 9 %  1 3 7 C s ,  4 2 %  9 7 %

9 1 Y ,  1 5 %  J 1 3 7 C s ,  1 4 %  J  1 3 7 C s ,  1 5 %  J I 3 I I , < 1

D i a b l o  C a n y o n  U n i t s  1 a n d  2  1 3 3 I ,  9 2 %  ]  S 8 C o , 5 2 % ]  1 3 3 I , 2 8 %  ]  1 3 3 1, 9 213 5, ¿o* Í ллл/ ion/ licor 1 34,-, i ç\oi- L 134’ 1,6% Y 99% Со, 13% >76% Cs, 19% > 62% iJ4Cs,2% 
1 2 9 m T e , < l % J  l 3 3 I , l l %  J  2 3 9 N p ,  1 5 % J  1 3 s l , 2 %

N o r t h  A n n a  P o w e r  S t a t i o n  1 3 4 C s ,  3 6 %  ]  1 3 1 1, 2 8 %  ]  , 3 2 T e , 2 8 % ]  1 3 4 C s , 6 0 %

U n i t s  1 a n d  2  1 3 1 1, 1 4 %  i- 6 4 %  1 3 2 T e ,  2 6 %  > 7 7 %  1 3 1 1 , 2 3 %  > 7 0 %  1 3 7 C s , 3 3 %

1 3 7 C s ,  1 4 %  J  1 3 3 I ,  2 3 %  J  1 3 3 1, 1 9 %  J  1 3 1 1, 4 %

S a n  O n o f r e  N u c l e a r  G e n e r a t i n g  1 3 3 I , 5 0 %  ]  1 3 3 1 , 4 0 %  ]  l 3 3 I , 3 4 %  1  1 3 1 1 , 8 5 %
131, Af\0/. I QQOL 131, 'X'sm i ТОО/ 131, lo i а 133

Boiling Water Reactors

V e r m o n t  Y a n k e e  N u c l e a r  P o w e r  1 4 0 L a ,  3 6 %  ]  1 3 4 C s ,  3 3 % ]  1 3 4 C s ,  2 9 % ]  1 3 4 C s , 4 1 %

S t a t i o n  1 3 4 C s ,  2 7 %  ^ 7 4 %  1 3 7 C s ,  1 4 %  \ 5 8 %  S 8 C o ,  1 4 %  > 5 5 %  9 0 S r ,  3 0 %

1 3 7 C s ,  1 1 %  J  8 9 S r ,  1 1 %  J 1 3 7 C s ,  1 2 %  J  1 3 7 C s ,  2 4 %

T h e  E d w i n  I .  H a t c h  N u c l e a r  P l a n t  1 3 4 C s ,  5 5 %  ]  1 3 4 C s ,  5 5 % ]  1 3 4 C s , 5 4 % ]  l 3 4 C s ,  6 1 % ]

U n i t s  1 a n d  2  1 3 7 C s , 2 3 %  I  9 1 %  1 3 7 C s ,  2 3 %  I  9 0 %  1 3 7 C s ,  2 3 %  L 8 9 %  1 3 7 C s ,  3 7 %  L - 1 0 0 %

1 3 6 C s ,  1 3 %  J  1 3 6 C s ,  1 2 %  J  13 6 C s ,  1 2 %  J  1 3 6 C s ,  2 %  J

S h o r e h a m  N u c l e a r  P o w e r  S t a t i o n  1 3 1 Ï ,  7 1 %  ]  S 8 C o , 6 9 % ]  l 4 0 L a , 2 7 % ]  1 3 1 1,  8 8 %

1 3 3 I ,  1 6 %  > 9 1 %  6 0 C o ,  1 9 %  > 9 1 %  5 8 C o ,  2 1 %  > 5 7 %  9 0 S r , 4 %140, 59,-, 131,

N e w b o l d  I s l a n d  N u c l e a r  ‘ C s ,  5 2 %  ]  C s ,  5 6 % ]  C s ,  5 6 % " |  ‘ ■’ ‘‘ C s ,  6 1 %
7 „ _  I алт. 1 3 7 C s ,  2 3 %  > 8 9 %  1 3 7 C s ,  2 2 %

1 36 „̂ ,nm 136,-, , I 136

P e a c h  B o t t o m  A t o m i c  P o w e r  1 3 4 C s ,  2 4 %  ]  1 3 4 C s ,  2 5 % ]  l 3 4 C s ,  2 9 % ]  1 3 4 C s ,  4 5 % ]1Д Л  _ ____  .... 147—  ____ . I ____

a N o  d o s e  e s t i m a t e  l i s t e d  i n  E n v i r o n m e n t a l  I m p a c t  S t a t e m e n t  f o r  t h i s  n u c l e a r  p o w e r  s t a t i o n .
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T a b l e  I I I  s h o w s  t h a t  t h e  p r e d i c t e d  c o n c e n t r a t i o n s  o f  1 3 4 s  a n d  1 3 7 C s  a r e  

5 0 0  t o  6 0 0  t i m e s  h i g h e r  f o r  N e w b o l d  I s l a n d  t h a n  t h e y  a r e  f o r  a n y  o t h e r  

p o w e r  s t a t i o n .  T h e s e  h i g h e r  c o n c e n t r a t i o n s  o f  c e s i u m  r a d i o i s o t o p e s  w e r e  

p r e d i c t e d  b e c a u s e  t h e  s t a t i o n  w a s  a s s e s s e d  o n  t h e  b a s i s  t h a t  a l l  f l o o r  

d r a i n  a c c u m u l a t i o n s  ( 1 0 , 0 0 0  g a l / d a y )  a r e  t o  b e  p r o c e s s e d  t h r o u g h  a  d e e p  

b e d  d e m i n e r a l i z e r  a n d  d i s c h a r g e d  t o  t h e  D e l a w a r e  R i v e r  i n  t h e  b l o w d o w n .

A  c e s i u m  d e c o n t a m i n a t i o n  f a c t o r  o f  u n i t y  w a s  a s s u m e d  i n  t h e  a n a l y s i s .  O t h e r  

p l a n t s  r e c y c l e  m o s t  o f  t h e  f l o o r  d r a i n a g e  a n d  u s e  e v a p o r a t o r s  t o  r e m o v e  

t h e  c e s i u m  w i t h  a n  a s s u m e d  d e c o n t a m i n a t i o n  f a c t o r  o f  a p p r o x i m a t e l y  1 0 0 0 .

S i n c e  o n l y  t h e  D r a f t  E n v i r o n m e n t a l  I m p a c t  S t a t e m e n t  w a s  a v a i l a b l e  f o r  

t h e  N e w b o l d  I s l a n d  N u c l e a r  G e n e r a t i n g  S t a t i o n  a t  t h e  t i m e  o f  t h i s  w r i t i n g ,  

r e c o m m e n d e d  c h a n g e s  i n  t h e  r a d w a s t e  s y s t e m  m i g h t  s t i l l  b e  i n c o r p o r a t e d  i n 

t o  t h e  f i n a l  s t a t e m e n t .

I t  a p p e a r s  t h a t  t h e  r a d i o l o g i c a l  i m p a c t  t o  a q u a t i c  b i o t a  e x p o s e d  b y  

r o u t i n e  n u c l e a r  p o w e r  p l a n t  o p e r a t i o n s  w i l l  b e  t r i v i a l  c o m p a r e d  t o  t h e  

i m p a c t s  o f  i m p i n g e m e n t  o f  f i s h  o n  w a t e r  i n t a k e  s t r u c t u r e s  a n d  e n t r a i n m e n t  

o f  e g g s  a n d  l a r v a e  o f  a q u a t i c  o r g a n i s m s  i n  c o n d e n s e r  c o o l i n g  w a t e r .  T h e  

e x t e n t  t h a t  i m p i n g e m e n t  w i l l  b e  a  f a c t o r  d e p e n d s  u p o n  t h e  i n t a k e  v e l o c i t y  

o f  t h e  w a t e r ,  t h e  p h y s i c a l  d e s i g n  o f  t h e  i n t a k e  s t r u c t u r e ,  a n d  t h e  p r e s e n c e  

o f  s m a l l  f i s h .  T h e s e  f a c t o r s  a r e  d i s c u s s e d  i n  d e t a i l  i n  e a c h  e n v i r o n m e n t a l  

i m p a c t  s t a t e m e n t ,  a n d  e s t i m a t e s  o f  m o r t a l i t y  f r o m  e n t r a i n m e n t  a r e  g i v e n .

A  f u r t h e r  e n v i r o n m e n t a l  i m p a c t  c o u l d  o c c u r  i f  h e a t e d  e f f l u e n t s  d o  n o t  

r e c e i v e  s u f f i c i e n t  m i x i n g  i n  r e c e i v i n g  w a t e r s .

C O N C L U S I O N S

1 .  T h e  r a d i o l o g i c a l  i m p a c t  t o  a q u a t i c  b i o t a  f r o m  o p e r a t i o n  o f  l i g h t  

w a t e r - c o o l e d  n u c l e a r  p o w e r  s t a t i o n s  i n  t h e  U n i t e d  S t a t e s  i s  n o t  e x p e c t e d  

t o  c a u s e  a n y  s i g n i f i c a n t  b i o l o g i c a l  e f f e c t s .  A l t h o u g h  i n  m o s t  c a s e s  t h e  

a n n u a l  d o s e  t o  a q u a t i c  b i o t a  i s  e s t i m a t e d  t o  b e  l e s s  t h a n  1 r a d ,  a  m a x i m u m  

d o s e  o f  6 2  r a d s  w a s  c a l c u l a t e d  f o r  a  h y p o t h e t i c a l  m u s k r a t ,  w a t e r f o w l ,  o r  

s h o r e  b i r d  t h a t  d e r i v e s  a l l  o f  i t s  d i e t  f r o m  a q u a t i c  p l a n t s  g r o w i n g  a t

t h e  p o i n t  o f  d i s c h a r g e .  F o r  m o s t  o f  t h e  n u c l e a r  s i t e s ,  s u c h  a  h y p o 

t h e t i c a l  a n i m a l  p r o b a b l y  d o e s  n o t  e x i s t .  T h e  v a l u e  o f  s u c h  a  c a l c u l a t i o n  

i s  t h a t  i t  e s t a b l i s h e s  a n  u p p e r  l i m i t  o f  d o s e .

2 .  T h e  m o s t  i m p o r t a n t  r a d i o i s o t o p e  f o r  i n t e r n a l  d o s e  i s  1 3 4 C s ,  w h i c h

c o n t r i b u t e s  m o r e  t h a n  h a l f  t h e  d o s e  t o  t h e  b i o t a  a t  m a n y  s i t e s .  N e x t  i n 1 

i m p o r t a n c e  a r e  51+M n ,  5 8 C o ,  6 0 C o ,  1 3 1 I ,  1 3 3 I ,  a n d  1 3 7 C s .  A d d i t i o n a l  r a d i o 

n u c l i d e s  m a k i n g  a p p a r e n t l y  s i g n i f i c a n t  c o n t r i b u t i o n s  t o  i n t e r n a l  d o s e  a t  

o n e  o r  m o r e  s i t e s  i n c l u d e  2 4 N a ,  3 2 P ,  8 9 S r ,  9 0 S r ,  9 1 Y ,  1 29 r T T T e ,  1 3 2 T e ,  1 3 5 I ,

1 3 6 C s ,  l i + 0 L a ,  a n d  2 3 9 N p .

3 .  I n t e r n a l  e x p o s u r e  i s  c o n s i d e r e d  m o r e  i m p o r t a n t  t h a n  e x t e r n a l  e x 

p o s u r e ,  b e c a u s e  t h e  p r e d i c t e d  i m m e r s i o n  d o s e s  p u b l i s h e d  i n  t h e  e n v i r o n 

m e n t a l  i m p a c t  s t a t e m e n t s  a r e  o n l y  a  s m a l l  f r a c t i o n  ( a p p r o x i m a t e l y  l e s s  t h a n  

1 % )  o f  t h e  p r e d i c t e d  i n t e r n a l  d o s e s .

4 .  T h e  p r e d i c t e d  c o n c e n t r a t i o n s  o f  r a d i o n u c l i d e s  a t  t h e  p o i n t  o f  

d i s c h a r g e  v a r y  o v e r  s e v e r a l  o r d e r s  o f  m a g n i t u d e  f o r  t h e  s i x t e e n  n u c l e a r  

p o w e r  s t a t i o n s  r e v i e w e d  i n  t h i s  p a p e r .  T h i s  l a r g e  v a r i a b i l i t y  a c c o u n t s  

f o r  a  c o n c o m i t a n t  v a r i a t i o n  i n  e s t i m a t e d  d o s e s .

5 .  T h e  c o n s e r v a t i v e  a s s u m p t i o n s  u s e d  i n  d o s e  e s t i m a t i o n s  i n  t h e  e n 

v i r o n m e n t a l  i m p a c t  s t a t e m e n t s  a r e  j u s t i f i e d  i n  m o s t  c a s e s ,  b e c a u s e  t h e  

i n f o r m a t i o n  r e q u i r e d  a n d  t h e  m e t h o d s  o f  c a l c u l a t i o n  a r e  g r e a t l y  s i m p l i f i e d .  

I n  t h e  f e w  c a s e s  w h e r e  c o n s e r v a t i v e  m e t h o d s  r e s u l t e d  i n  r e l a t i v e l y  h i g h  

d o s e  e s t i m a t e s  ( f o r  i n s t a n c e ,  g r e a t e r  t h a n  1 0  r a d s / y e a r )  t h e  a n a l y s i s  

c o u l d  h a v e  b e e n  r e c a l c u l a t e d  u s i n g  m o r e  r e a l i s t i c  d a t a  a n d  a s s u m p t i o n s .

O n l y  r a d i o i s o t o p e s  o f  c e s i u m  w o u l d  b e  i n v o l v e d  i n  t h e s e  r e c a l c u l a t i o n s ;

a l l  o t h e r  r a d i o i s o t o p e s  c o n t r i b u t e  a  n e g l i g i b l e  f r a c t i o n  o f  t h e  d o s e s  

e s t i m a t e d  t o  b e  g r e a t e r  t h a n  1 0  r a d s / y e a r .
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6 .  T h e  m o s t  s i g n i f i c a n t  i m p a c t s  t o  a q u a t i c  b i o t a  a r e  e x p e c t e d  t o  

r e s u l t  n o t  f r o m  r a d i a t i o n ,  b u t  f r o m  i m p i n g e m e n t  o f  f i s h  o n  w a t e r  i n t a k e  

s t r u c t u r e s ,  e n t r a i n m e n t  o f  a q u a t i c  o r g a n i s m s ,  a n d  p o s s i b l y  i n  a  f e w  i s o l a t e d  

c a s e s  f r o m  t h e r m a l  l o a d i n g  o f  r e c e i v i n g  w a t e r s .
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P r e s s ,  I n c . ,  N e w  Y o r k  ( 1 9 5 6 ) .

D I S C U S S I O N

I. L . B R IS B IN , J r .  : I a m  v e r y  h ap p y  to  s e e  th at im p a c t  e f f e c t s  a r e  n ow  
b e in g  s tu d ie d  in  c o n n e c t io n  w ith  e n v ir o n m e n t a l  c o m p o n e n ts  and  p o p u la t io n s  
o th e r  than  m a n  a lon e .' H ow  w ou ld  y o u  r e la t e  the r e q u ir e m e n t s  o f  th e  N a tio n a l 
E n v ir o n m e n ta l  P o l i c y  A c t ,  a s  y o u  h a v e  d e s c r i b e d  th e m , to  th e  c o n c e p t  o f  
'e n v ir o n m e n t a l  c a p a c i t y ' a s  w e  h a v e  h e a r d  it d e s c r i b e d  in  o th e r  p a p e r s  at 
th is  S y m p o s iu m ?

S. V . K A Y E : I w ou ld  l ik e  to  p o in t  ou t that I a m  n ot an u n r e s e r v e d  
s u p p o r t e r  o f  th e e n v ir o n m e n t a l  c a p a c it y  c o n c e p t .  L im it in g  e n v ir o n m e n ta l  
c a p a c it y  r e la t e s  o n ly  to  th e  m a x im u m  q u a n tity  o f  a r a d io n u c l id e  that m a y  
b e  r e l e a s e d  to  a r e c e iv in g  e n v ir o n m e n t . It is  in te n d e d  to  p r o t e c t  m a n  o n ly , 
a s  I u n d e r s ta n d  it ,  w ith  n o  m e n tio n  o f  b io ta .  H o w e v e r ,  th e  e x p e r ie n c e  o f  th e  
n u c le a r  in d u s t r y  in d ic a t e s  that i f  m a n  is  a d e q u a te ly  p r o t e c t e d ,  s o  w i l l  b e  
th e  b io ta .  U n d er  N E P A  w e a r e  a tte m p tin g  to  a s s e s s  th e  im p a c t  on  b io ta  
w ith  e s t im a t e s  o f  d o s e ,  n o t a r e l e a s e  in d e x .
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C . A . M A W S O N : P e r h a p s  it w ou ld  b e  a g o o d  id e a  t o  c a lc u la te  y o u r  
r e s u l t s  a s  a c c u r a t e ly  a s  y o u  ca n  w ith  th e in fo r m a t io n  a v a ila b le  to  y o u  s o  that 
y o u  en d  up w ith  w hat y o u  b e l ie v e  to  b e  th e  r e a l  d o s e .  T h e n , b e c a u s e  o f  
u n c e r ta in ty  ab ou t y o u r  d a ta , y o u  c o u ld  a p p ly  a s ta te d  s a fe t y  f a c t o r .  T h is  
w ou ld  a v o id  th e  d a n g e r  o f  m u lt ip l ic a t io n  o f  s a fe ty  f a c t o r s  in  a w ay  th at is  
h id d e n  f r o m  p e o p le  u n fa m il ia r  w ith  th e  d e t a ils  o f  y o u r  a s s u m p t io n s .

S. V . K A Y E : I b e l ie v e  th at 'r e a l  d o s e ' is  an 'u n r e a l i s t i c '  t e r m  to  u se  
b e c a u s e  any e s t im a te  o f  d o s e  w il l  h a v e  c o n n e c t e d  w ith  it a c e r t a in  ra n g e  o f  
u n c e r ta in ty . F u r t h e r m o r e ,  I fa i l  to  s e e  th e  d i f f e r e n c e  b e tw e e n  a d d in g  in 
th e  u n c e r t a in t y  in  the c o u r s e  o f  th e  c a lc u la t io n  p r o c e s s ,  o r  a d d in g  in  a to t a l  
u n c e r ta in t y  e s t im a te  at th e  en d  o f  th e d o s e  c a lc u la t io n  ~  o n e  e n d s  up w ith  
th e  s a m e  a n s w e r . A l l  th e a s s u m p t io n s  u s e d  in  th e  c a lc u la t io n s  a r e  g iv e n  in 
d e t a i l  in  the e n v ir o n m e n t a l  im p a c t  s ta te m e n ts ,  so  th e r e  is  no in fo r m a t io n  
h id d e n  f r o m  th e  p u b l ic .  '

O . L . va n  d e r  B O R G H T : W a s  a s tu d y  s u c h  as y o u  h a v e  ju s t  d e s c r i b e d  
a ls o  d on e  f o r  n u c le a r  fu e l  r e p r o c e s s i n g  p la n ts ?

S. V . K A Y E : T h e r e  a r e  tw o  n u c le a r  fu e l  r e p r o c e s s i n g  p la n ts  in  th e 
U n ited  S ta tes  o f  A m e r ic a  p r e p a r in g  f o r  in it ia l  c o m m e r c i a l  o p e r a t io n .
N e ith e r  o f  th e s e  p la n ts  w i l l  d is c h a r g e  liq u id  e f f lu e n ts  to  w a te r  b o d ie s ;  h o w 
e v e r ,  p o t e n t ia l  e n v ir o n m e n t a l  im p a c ts  f r o m  g a s e o u s  r a d io a c t iv e  e m is s io n s  
and c h e m ic a l  p o llu ta n ts  a r e  e v a lu a te d  in  th e  im p a c t  s ta te m e n ts .

A . M E R K E L : I s e e  that y o u  d o  n ot l i s t  65Z n  in  y o u r  ta b le s .  T h is  
n u c lid e  h as o f  c o u r s e  b e e n  d is c u s s e d  in  m a n y  o th e r  p a p e r s  at th e S y m p o s iu m  
and s o  d o  w e ta k e  it that 65Z n  e m i s s i o n  is  n o t a fe a tu r e  o f  th e  s p e c ia l  r e a c t o r  
ty p e s  w ith  w h ich  y ou  a r e  h e r e  c o n c e r n e d ?

S. V . K A Y E : V e r y  lo w  c o n c e n t r a t io n s  o f  65Z n  w e r e  p r e d ic t e d  in  th e  
c a s e  o f  th e s e  lig h t  w a te r  r e a c t o r s  u s in g  z i r c o n iu m - c la d  fu e l  e le m e n ts  ~  
s o  lo w  in  fa c t  that th e  f r a c t io n  o f  th e  t o t a l  e s t im a te d  d o s e  due to  65Z n  is  
t r iv ia l .

R . J . G A R N E R : T h e  im p lic a t io n  o f  y o u r  p a p e r  is  th at th e o n ly  p o te n t ia l 
a d v e r s e  e f f e c t  c o n s id e r e d  is  an in c r e a s e  in  m u ta t io n  r a te .  H ave  y o u  
a tte m p te d  to  d e r iv e  an y th in g  f o r  a n im a ls  e q u iv a le n t  to  the IC R P  d o s e  l im its  
f o r  m a n  and r e la t in g  to  o th e r  p o s s ib le  a d v e r s e  e f f e c t s ?  I a sk  th is  p a r t ic u la r ly  
b e c a u s e  th e m a x im u m  d o s e  r a t e  to y o u r  h y p o th e t ic a l  a n im a l o f  62 r a d /y r  i s ,  
in  f a c t ,  ab ou t 40%  o f  an e x p o s u r e  r a te  e s ta b l is h e d  b y  G . C a s a r e t t  u lt im a te ly  
to  p r o d u c e  in fe r t i l i t y  in  m a le  d o g s .  P e r h a p s  in fe r t i l i t y  in  th e m a le  w ou ld  
b e  a m o r e  c r i t i c a l  end  p o in t  to  c o n s id e r  than  an  i n c r e a s e  in  m u ta t io n  r a te .

S. V . K A Y E : W ith  r e f e r e n c e  to  in te r p r e ta t io n  o f  e s t im a te d  d o s e s  l i s t e d  
in  e n v ir o n m e n ta l  im p a c t  s ta te m e n ts , th e s e  e s t im a t e s  w e r e  d is c u s s e d  in  
t e r m s  o f  b o th  s o m a t ic  and g e n e t ic  e f f e c t s  w h e r e  a p p r o p r ia t e .  S in ce  r a d ia t io n  
s ta n d a r d s  d e v e lo p e d  f o r  m a n  a p p e a r  to  g iv e  a d eq u a te  p r o t e c t io n  to  b io ta ,  I 
d o  n ot b e l ie v e  that it  w il l  e v e r  b e  n e c e s s a r y  to  h a v e  s e p a r a t e  s ta n d a r d s  f o r  
b io ta  i f  m a n  is  p r e s e n t  in  th e  p a r t ic u la r  e n v ir o n m e n t  a ls o .

I h a v e  t r i e d  to  m a k e  th e  p o in t  in  th e p a p e r  that the p o w e r  s ta t io n s  w ith  
th e  h ig h e s t  e s t im a te d  d o s e s  h a v e  e s t im a te d  r e l e a s e  r a te s  w h ich  a r e  p r o b a b ly  
o v e r s t a t e d  b y  a f a c t o r  o f  f r o m  10 to  1000 f o r  th e  p r in c ip a l  d o  s e -c o n t r ib u t in g  
r a d io n u c l id e s .  W h en  th e s e  p la n ts  b e c o m e  o p e r a t io n a l  w e d o  not e x p e c t  a n y  
d e t e c ta b le  b i o l o g i c a l  e f f e c t s  to  r e s u lt  f r o m  r a d ia t io n . T h e  ir r a d ia t io n  
e x p e r im e n t s  b y  C a s a r e t t  (w ith  w h ich  I am  f a m i l ia r )  d e a l  w ith  e x t e r n a l  e x p o 
s u r e  to  h ig h  e n e r g y  X - r a y s ,  w h e r e a s  th e  e n v ir o n m e n t a l  s itu a t io n  is  o n e  o f  
c h r o n ic  in te r n a l e x p o s u r e .  T h e  e x p o s u r e  s itu a t io n s  a r e  n ot c o m p a r a b le .
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F . О . H O F F M A N : W hat w ou ld  b e  th e  'e n v ir o n m e n t a l  c a p a c i t y ' i f  on e  
w e r e  to  c o n s i d e r  th e  h y p o th e t ic a l  c a s e  w h e r e  m a n  w a s  a b se n t f r o m  a g iv e n  
e c o s y s t e m ?

S. V . K A Y E : I f  m a n  w e r e  a b s e n t  f r o m  a g iv e n  e c o s y s t e m  ~  and  m y  
p r im a r y  c o n c e r n  w a s  p r o t e c t io n  o f  b io ta  — I w o u ld  b a s e  m y  e s t im a te  o f  
e n v ir o n m e n ta l  c a p a c it y  on  th e  m in im u m  r a d io a c t iv e  r e l e a s e  r a te  th at w ou ld  
e l i c i t  a b i o l o g i c a l  r e s p o n s e  in  th e  m o s t  s e n s i t iv e  l i f e  s ta g e  o f  th e m o s t  
s e n s it iv e  o r g a n is m . O f  c o u r s e  y o u  h a v e  a s k e d  an a c a d e m ic  q u e s t io n , s o  m y  
a n s w e r  is  in e v ita b ly  a c a d e m ic  a lso .'





IA E A -SM -1 7 2 /23

PRELIMINARY EXPERIENCE GAINED 
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Abstract

P R E L I M I N A R Y  E X P E R I E N C E  G A I N E D  I N  M O N I T O R I N G  K R Y P T O N - 8 5  R E C E I V E D  I N  T H E  N E I G H B O U R H O O D  

O F  T H E  K A R L S R U H E  R E P R O C E S S I N G  P L A N T .

S e v e r a l  1 0 0  C i  o f  k r y p t o n - 8 5  a c t i v i t y  a r e  r e l e a s e d  f r o m  a  P u r e x - t y p e  p l a n t  f o r  s p e n t  n u c l e a r  f u e l  

o p e r a t e d  i n  t h e  d i r e c t  n e i g h b o u r h o o d  o f  t h e  K a r l s r u h e  N u c l e a r  R e s e a r c h  C e n t e r  a t  6 0  m  h e i g h t  a f t e r  e a c h  

d i s s o l v i n g  p r o c e s s  o f  a n  a v e r a g e  d u r a t i o n  o f  s i x  h o u r s .  T o  e v a l u a t e  t h e  b u r d e n  o n  t h e  e n v i r o n m e n t ,  a i r  s a m p l e s  

a r e  t a k e n  w i t h  a  c o m p r e s s o r  a t  t w o  p l a c e s  i n  t h e  f o r e c a s t e d  a r e a  o f  m a x i m u m  c o n c e n t r a t i o n  r e c e i v e d .

T h e  s a m p l e s  a r e  t a k e n  s h o r t l y  a f t e r  t h e  e m i s s i o n  m a x i m u m  h a s  b e e n  a t t a i n e d .  P r i o r  t o  m e a s u r e m e n t  i n  a  

g a s - f i l l e d  c o u n t e r  t u b e ,  t h e  k r y p t o n  i s  s e p a r a t e d  i n  t w o  e n r i c h m e n t  s t e p s ,  u t i l i z i n g  a d s o r p t i o n  t o  c o o l e d  

a c t i v a t e d  c h a r c o a l .  W h e n  1  m 3 o f  s a m p l e d  a i r  i s  m e a s u r e d  f o r  o v e r  1 0 0  m i n ,  a  d e t e c t i o n  l i m i t  o f  

4  p C i / m 3 i s  o b t a i n e d .  I n  m e a s u r e m e n t s  p e r f o r m e d  i n  c o n n e c t i o n  w i t h  f u e l  e l e m e n t  d i s s o l v i n g  c o n c e n 

t r a t i o n s  w e r e  f o u n d  t h a t  e x c e e d e d  t h e  p r e s e n t  85K r  b a c k g r o u n d  o f  a b o u t  2 0  p C i / m 3 b y  u p  t o  a  f a c t o r  o f  

5 0 0 0 .  F o r  s u c h  m e a s u r e m e n t s  1 0 0  l i t r e s  o f  s a m p l e d  a i r  a r e  s u f f i c i e n t ,  t h e  p r o c e s s i n g  o f  w h i c h  t a k e s  s e v e r a l  

h o u r s .

T h e  k r y p t o n  c o n c e n t r a t i o n s  m e a s u r e d  a r e  c o m p a r e d  w i t h  c o n c e n t r a t i o n  v a l u e s  o n  t h e  b a s i s  o f  t h e  

m e t e o r o l o g i c a l  c o n d i t i o n s  p r e v a i l i n g  d u r i n g  s a m p l i n g  a n d  t h e  r e l e v a n t  P a s q u i l l  d i f f u s i o n  p a r a m e t e r s ,  t a k i n g  

i n t o  a c c o u n t  t h e  s a m p l i n g  t i m e .  A n  e s t i m a t e  o f  t h e  u n c e r t a i n t i e s  i n  t h e  d e f i n i t i o n  o f  t h e  d i f f u s i o n  p a r a m e t e r s  

r e q u i r e d  f o r  t h e  c a l c u l a t i o n  a l l o w s  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  p a r t l y  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  

e x p e r i m e n t a l l y  d e t e r m i n e d  a n d  c a l c u l a t e d  c o n c e n t r a t i o n  v a l u e s .  T a k i n g  t h e  a v a i l a b l e  r e s u l t s  o f  c o n c e n t r a t i o n  

m e a s u r e m e n t s  a n d  o f  t h e  t o t a l  e m i s s i o n  p e r  d i s s o l v i n g  p r o c e s s  a s  a  b a s i s ,  t h e  m a x i m u m  l o c a l  0 - d o s e  t o  

t h e  e n v i r o n m e n t  c a n  b e  a s s e s s e d  i n  a  m o r e  r e a l i s t i c  w a y .  T h i s  i s  o f  p a r t i c u l a r  i n t e r e s t  s i n c e  t h e  ß - d o s e  

v a l u e s  p e r  d i s s o l v i n g  s t e p  a r e  b e l o w  d o s e m e t e r  d e t e c t i o n  l i m i t s .

1. IN T R O D U C T IO N

S e v e r a l  100 C i o f  85K r  a c t iv i t y  a r e  r e le a s e d  in  e a c h  d i s s o lv in g  p r o c e s s  
o f  a P u r e x - t y p e  r e p r o c e s s i n g  p la n t lo c a t e d  in  th e im m e d ia t e  n e ig h b o u rh o o d  
o f  th e  K a r ls r u h e  N u c le a r  R e s e a r c h  C e n te r  (60 0  m e t r e s  f r o m  the n o r th e r n  
f e n c e  o f  th e c e n t r e ) ,  d e s ig n e d  f o r  a m a x im u m  th rou g h p u t o f  40 to n s  p e r  
an n u m  o f  ir r a d ia t e d  u r a n iu m  w ith  an  a v e r a g e  b u r n -u p  o f  20 000 M W - d /t .
T h e  a c t iv i t y  is  e m itte d  d is  c o n t in u o u s ly  f r o m  a 6 0 -m  h igh  s ta c k  w ith  a 
d u r a t io n  o f  a b ou t 6 h o u r s  p e r  d is s o lv in g  p r o c e s s .  In 19 72 350 to  1550 C i o f  
85K r  w e r e  d is c h a r g e d  p e r  d is s o lv in g  p r o c e s s .  T h e  ann ual e m i s s io n  to t a l le d  
a b ou t 68 000 C i.  A c c o r d in g  to  th e  a c t iv i t y  r e l e a s e  m a n a g e m e n t  p la n , the 
N u c le a r  R e s e a r c h  C e n te r  is  p e r m it t e d  to  r e l e a s e  up to  350 000 C i p e r  ann um  
[ 1 ] .

A  s p e c ia l  m e a s u r in g  p r o g r a m  w a s  in it ia te d  to  m o n it o r  th e 85K r  r e c e iv e d -  
b y  th e e n v ir o n m e n t  o f  th e  r e p r o c e s s i n g  p la n t. T h is  not o n ly  s e r v e d  the 
p u r p o s e  o f  s u p p o r t in g  th e  p r e v io u s  c a lc u la t io n s  o f  th e  r a d ia t io n  b u r d e n  on  
th e e n v ir o n m e n t  b y  m e a s u r e d  v a lu e s  but a l s o  o f  fa c i l i t a t in g  th e  e v a lu a t io n
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o f  p o s s ib l e  in t e r f e r e n c e  w ith  r a d ia t io n  p r o t e c t io n  m e a s u r e m e n ts  at the 
N u c le a r  R e s e a r c h  C e n te r  th ro u g h  a t e m p o r a r y  i n c r e a s e  in  th e b a ck g ro u n d  
f r o m  th e 85K r  r e c e iv e d .  A  fu r th e r  g o a l c o n s is t e d  in  g a th e r in g  p r a c t i c a l  
e x p e r ie n c e  in  ro u t in e  85K r  m o n it o r in g  in  th e e n v ir o n m e n t  o f  n u c le a r  
f a c i l i t i e s .

T h e  m e a s u r in g  te c h n iq u e s  and p r e l im in a r y  r e s u l t s  o f  th is  m o n it o r in g  
p r o g r a m  a r e  r e p o r t e d  h e r e .

2. S A M P L IN G

T h e  85K r  a c t iv i t y  c o n c e n t r a t io n  in  a ir  ca n  o n ly  b e  m e a s u r e d  w ith  
a d e q u a te  s e n s it iv it y  a ft e r  e n r ic h m e n t  and s e p a r a t io n  o f  k r y p to n  f r o m  the 
a i r  s a m p le d . A  c o m p r e s s o r  is  u s e d  to  s a m p le  a ir  in  the r e c e iv in g  a r e a . 
A b o u t  400 l i t r e s  o f  a ir  a r e  c o m p r e s s e d  in to  a 5 - l i t r e  r e s p ir a t io n  a ir  
c y l in d e r .  T h is  o p e r a t io n  ta k e s  ab ou t 5 m in u te s .

T h e  t im e  o f  s a m p lin g  is  n e c e s s a r i l y  d e t e r m in e d  b y  th e d e v e lo p m e n t  
in  t im e  o f  k ry p to n  e m is s io n .  F ig u r e  1 s h o w s  a t y p ic a l  e x a m p le  o f  the 
d e v e lo p m e n t  in  t im e  o f  the k ry p to n  c o n c e n t r a t io n  Сд (t) in  the o f f - g a s  f r o m  
a d is s o lv in g  p r o c e s s .  S h o r t - t e r m  p e a k s  p r e c e d in g  the e m is s io n  m a x im u m  
p r o p e r  m a r k  the t im e  o f  a d d it io n  o f  the a c id .  In 19 72 th e m a x im u m  
e m i s s io n  r a t e s  w e r e  b e tw e e n  0 . 0 3  and 0.  3 C i / s .  T h e  p e r io d  o f  n e a r ly  
c o n sta n t m a x im u m  e m i s s io n  is  1 -2  h o u r s ,  d e p e n d in g  o n  th e  o p e r a t io n  o f  
th e  p r o c e s s .

S a m p lin g  w a s  p e r fo r m e d  w ith in  on e  h o u r  o f  m a x im u m  e m is s io n .  T w o  
c o n s e c u t iv e  a ir  s a m p le s  w e r e  ta k en  f o r  e a ch  d is s o lv in g  p r o c e s s  in  the 
a r e a  e x p e c te d  to  r e c e iv e  th e m a x im u m  c o n c e n t r a t io n .

B e s id e s  the m e t e o r o l o g i c a l  data  (w in d  d ir e c t io n ,  s t a b i l i t y  c a te g o r y ) ,  
th e a c c e s s  to  the p r e m i s e s  h ad  to  be  ta k e n  in to  a c c o u n t  w h en  f ix in g  the 
tw o  s a m p lin g  p o in ts  s in c e  th e im m e d ia te  v ic in i t y  o f  the r e p r o c e s s i n g  p lan t

t

F IG .l. Example of development with time of 85Kr activity concentration C ^(t). Beginning o f dissolution t -
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F I G .  2 .  S u r v e y  m a p  o f  s a m p l i n g  p o i n t s  i n  t h e  v i c i n i t y  o f  W A K .  L o c a t i o n s  b e l o n g i n g  t o  t h e  s a m e  m o n i t o r i n g  

o p e r a t i o n  h a v e  b e e n  j o i n e d ;  f o r e s t  z o n e s  a p p e a r  a s  s h a d e d  a r e a s .

is  a w o o d e d  a r e a  ( s e e  F ig .  2 ). T h e  s a m p le s  w e r e  t h e r e f o r e  ta k en  m a in ly  
o n  r o a d s ,  w o o d e d  p a th s  o r  c le a r in g s  w ith in  a r a d iu s  o f  0 . 5 to  3 km  o f  the 
ex h a u s t  s ta c k . T h e  s e c o n d  s a m p lin g  p o in t  w a s  s e t  up to  ta k e  in to  a c c o u n t  
th e  v a r ia t io n  in  the w in d  d ir e c t io n ,  a s s u m in g  that at l e a s t  o n e  lo c a t io n  
w o u ld  be  v e r y  c l o s e  to  th e  a c tu a l d i r e c t io n  o f  t r a n s p o r t .  P r a c t i c e  h as 
sh o w n  th at th is  w a s  p o s s ib l e  in  50%  o f  th e c a s e s  w ith  an  a n g u la r  d e f le c t io n  
o f  < 1 5 °  f r o m  th e d i r e c t i o n  o f  t r a n s p o r t .

3 . M E A S U R IN G  T E C H N IQ U E

T h e  85K r  c o n c e n t r a t io n  in  a ir  is  m e a s u r e d  in  th e  la b o r a t o r y .  T h e  
a c tu a l m e a s u r e m e n t  is  p r e c e d e d  b y  the t r e a tm e n t  o f  th e  s a m p le s ,  w h ich  
ta k e s  s e v e r a l  h o u r s .  W h en  1 m 3 o f  s a m p le d  a ir  is  u s e d  a d e t e c t io n  l im it  
o f  4 p C i /m 3 ca n  b e  o b ta in e d . H o w e v e r ,  f o r  m e a s u r in g  m u ch  h ig h e r  85K r  
c o n c e n t r a t io n s  in  e m i s s io n  m o n it o r in g  in  th e  e n v ir o n m e n t  o f  the r e p r o c e s s i n g  
p la n t 100 to  2 0 0 - l i t r e  s a m p le s  o f  a ir  a r e  s u f f ic ie n t .

F o l lo w in g  d r y in g  w ith  a m o l e c u la r  s ie v e  and f r e e z in g  o f  C O 2, th is  a ir  
v o lu m e  is  p a s s e d  th ro u g h  a c t iv a te d  c h a r c o a l  c o o le d  b y  l iq u id  n it r o g e n  in  
a p r e l im in a r y  e n r ic h m e n t  s te p  ( s e e  F ig .  3 ). K ry p to n , x e n o n  and ra d o n  
a r e  a lm o s t  c o m p le t e ly  a d s o r b e d  b y  th e a c t iv a te d  c h a r c o a l ,  w h ile  a r g o n , 
n it r o g e n  and o x y g e n  a r e  o n ly  p a r t ly  a d s o r b e d .  In a s e c o n d  e n r ic h m e n t  s tep  
th is  g a s  m ix tu r e  is  e x p e l le d  b y  h e a t in g  th e  a c t iv a te d  c h a r c o a l  to  a b ou t 
2 0 0 °C . R e p e a te d  f lu s h in g  w ith  p u r e  n it r o g e n  e n s u r e s  that no k r y p to n  is
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cooling trap
with charcoal
for adsorption
of Kr in the first stage

cooling trap
with charcoal
tor the adsorption
of Kr in the second stage

F I G . 3 .  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  a p p a r a t u s  f o r  a d s o r p t i o n  a n d  m e a s u r e m e n t  o f  K r .

le f t .  T h e  e x p e l le d  g a s e s  a r e  f i r s t  p a s s e d  th ro u g h  u n c o o le d  a c t iv a te d  
c h a r c o a l  f o r  ra d o n  a d s o r p t io n . T h e n  th e y  p a s s  th rou g h  a m u ch  s m a l le r  
a m ou n t o f  a c t iv a te d  c h a r c o a l  c o o le d  b y  liq u id  n itr o g e n . In th is  p r o c e s s  
th e  k r y p to n  is  a g a in  a lm o s t  c o m p le t e ly  a d s o r b e d , w h ile  th e  m a jo r i t y  o f  
th e n itr o g e n  and o x y g e n  s t i l l  p r e s e n t  ca n  be  p u m p ed  o f f .  T o  p r e v e n t  an  
im p o r ta n t  f r a c t io n  o f  th e  a d s o r b e d  k r y p to n  f r o m  g e tt in g  lo s t ,  th e p u m p in g  
o f f  o f  n it r o g e n  and o x y g e n  is  d is c o n t in u e d  w h en  a p r e s s u r e  o f  100 T o r r  h as 
b e e n  r e a c h e d .  B y  a d s o r p t io n  o f  the ga s  now  co n ta in e d  in  a c lo s e d  a p p a ra tu s  
th e  c o o le d  a c t iv a te d  c h a r c o a l  c a u s e s  the p r e s s u r e  to  d r o p  b e lo w  1 T o r r .

In k ry p to n  p u r i f i c a t io n  a d v a n ta g e  is  ta k e n  o f  the fa c t  that n it r o g e n  and 
o x y g e n  a r e  d e s o r b e d  at r e la t iv e ly  lo w  a c t iv a te d  c h a r c o a l  t e m p e r a t u r e s ,  
w h ile  k ry p to n  r e m a in s  a d s o r b e d .  T h e  c o o l in g  f lu id  is  s im p ly  r e m o v e d  
and th e  n itr o g e n  and o x y g e n  s o  r e le a s e d  a r e  t r a n s fe r r e d  to  an  e x p a n s io n  
v e s s e l .  If th e p r e s s u r e  in c r e a s e s  s lo w ly ,  th e c o n n e c t in g  l in e  b e tw e e n  th e 
e x p a n s io n  v e s s e l  and the c o o l in g  tr a p  is  c l o s e d ,  the e x p a n s io n  v e s s e l  
e v a cu a te d  and th e ga s  l e f t  in  the c o o l in g  tr a p  r e a d s o r b e d  b y  c o o l in g  it 
a g a in . B y  r e p e a t in g  th is  p r o c e s s  s e v e r a l  t im e s  th e  a m ou n t o f  n it r o g e n  
and o x y g e n  i s  r e d u c e d  to  s u c h  an e x ten t that th e s e  e le c t r o n e g a t iv e  g a s e s  
ca n  no lo n g e r  d is t u r b  th e  m e a s u r e m e n t s ,  w h ich  a r e  m a d e  in  g a s - f i l l e d  
c o u n te r  tu b e s  u s in g  m e th a n e  a s  c o u n t in g  g a s . H ea tin g  the a c t iv a te d  
c h a r c o a l  to  a b ou t 2 0 0 3C and flu s h in g  w ith  m e th a n e  e x p e ls  th e  k ry p to n , w h ich  
is  th en  p a s s e d  o v e r  to  th e m e a s u r in g  c o u n te r  tu b e  w ith  a v o lu m e  o f  500 c m 3.

T e s t s  c o n d u c te d  w ith  a c t iv a te d  k r y p to n  o n  th e  o n e  hand and w ith  tr u e  
a ir  s a m p le s ,  u s in g  tw o  s e ts  o f  e q u ip m e n t in  s e r i e s ,  on  th e  o th e r ,  le d  to  
85K r  y ie ld s  o f  8 0 -9 0 % . T h e  r e la t iv e  e r r o r  f o r  the 85K r  c o n c e n t r a t io n s  
m e a s u r e d  is  ±  25% .
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4 . R E S U L T S  O F  M E A S U R E M E N T S  A N D  C O M P A R IS O N  W IT H
C A L C U L A T E D  V A L U E S

T h e  K a r ls r u h e  r e p r o c e s s i n g  p la n t (W A K ) w a s  c o m m is s io n e d  in  la te  
19 71. O f 8 5 xfu e l - e le m e n t  d is s o lu t io n s  p e r fo r m e d  in  19 72 a to t a l  o f  34 
p r o c e s s e s  w e r e  m o n it o r e d  b y  67 m e a s u r e m e n t s  o f  th e 85K r  r e c e iv e d .  
R o u g h ly  45%  o f  th e 85K r  c o n c e n t r a t io n s  in  a ir  m e a s u r e d  la y  b e tw e e n  1 and 
10 n C i /m 3 and on e  th ir d  o f  th e a ir  s a m p le s  s h o w e d  c o n c e n t r a t io n s  b e tw e e n  
10 and 100  n C i /m 3. T h e  h ig h e s t  v a lu e  m e a s u r e d  w a s  167 n C i /m 3.

M e a s u r e m e n t  o f  a ir  s a m p le s  ta k en  in  th e B la c k  F o r e s t  (F e ld b e r g  and 
K a is e r s tu h l)  and in  th e  m o r e  d is ta n t e n v ir o n m e n t  o f  th e  N u c le a r  R e s e a r c h  
C e n te r  c o n c u r r e n t ly  y ie ld e d  a 85K r  b a c k g r o u n d  in  a ir  n e a r  the g ro u n d  o f  
a b ou t 20 p C i /m 3.

In a lm o s t  80%  o f  th e  c a s e s  m o n it o r e d  th e 85K r  r e c e iv e d  e x c e e d e d  the 
n o r m a l  85K r  b a c k g r o u n d  b y  f a c t o r s  o f  b e tw e e n  50 and 50 0 0 . A lth o u g h  s o m e  
in f lu e n c e  o f  th e s e  e m is s io n s  on  th e  b a c k g r o u n d  cou n t r a te  o f  the v a r io u s  
r a d ia t io n  p r o t e c t io n  m e a s u r e m e n t  in s t r u m e n ts  u s e d  w ith in  th e  N u c le a r  
R e s e a r c h  C e n te r  c o u ld  be  d e t e c te d , it  h as  no p r a c t i c a l  im p o r t a n c e  b e c a u s e  
o f  th e s h o r t  d u r a t io n  o f  th e s e  d is t u r b a n c e s .  T h e  s t a t i s t i c s  o f  th e w in d  
d i r e c t io n  f o r  19 72 sh o w  that the f r e q u e n c y  o f  the w in d  d i r e c t io n  r e le v a n t  
to  s u c h  d is t u r b a n c e s  is  o n ly  a b ou t 12% .

T o  c o m p le t e  th e  m e a s u r e m e n t s  th e  85K r  c o n c e n t r a t io n s  w e r e  c a lc u la te d  
f o r  th e  a p p r o p r ia t e  t im e s  and c o - o r d in a t e s  o f  the lo c a t io n s  o f  s a m p lin g .
T h e  co m p u tin g  m o d e l  u s e d  is  b a s e d  a s  u s u a l on  a .G a u s s ia n  d is t r ib u t io n  o f  
th e c o n c e n t r a t io n  r e c e iv e d .  T h e  fo l lo w in g  e x p r e s s io n  h o ld s  f o r  the 
c o n c e n t r a t io n  d is t r ib u t io n  С n e a r  g ro u n d  le v e l  ( c o m p a r e ,  e . g . ,  R e fs  [2 ,  3 ])

À
С = — =-----------  ex p

ж u CTy CTZ

w h e r e

A  = s o u r c e  s tr e n g th  in  C i / s  '
Ü = a v e r a g e  w in d  v e l o c i t y  in  m / s
Сту, ctz = P a s q u i l l  d i f fu s io n  p a r a m e t e r s  in  m  .
H = e f f e c t iv e  s ta c k  h e ig h t in  m
y  = p o s i t io n  c o o r d in a t e  p e r p e n d ic u la r  to  t r a n s p o r t  d i r e c t io n

T h e  P a s q u i l l  d i f fu s io n  c a t e g o r y  a p p l ic a b le  to  th e t im e  o f  s a m p lin g  w a s  
d e t e r m in e d  f r o m  th e  m e a s u r e m e n ts  p e r fo r m e d  at th e 2 0 0 -m  h igh  
m e t e o r o l o g i c a l  t o w e r  o f  th e  N u c le a r  R e s e a r c h  C e n te r .  F o r  th e e f fe c t iv e  
s ta c k  h e ig h t H th e  p u r e ly  e m p ir i c a l  s e t -u p  a c c o r d in g  to  C o n c a w e  [ 4 ] ,

Q h 58
H = h + 0. 047  — «-=- (2)

u ’

is  u s e d , w h e r e  Q H is  th e  h e a t e m i s s io n  in  c a l / s ,  h th e  h e ig h t o f  th e s ta c k  
in  m , and u the w in d  v e lo c i t y  at th e h e ig h t o f  th e s ta c k  o u t le t .

S in ce  f o r  th e  v e r y  s h o r t  s a m p lin g  p e r io d  o f  5 m in u te s  r e l ia b le  m e a n  
v a lu e s  ca n n ot b e  d e t e r m in e d  f r o m  th e  m e t e o r o l o g i c a l  m e a s u r e m e n ts  m a d e

2 ct2 (1)
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at th e 2 -k m  d is ta n t m e a s u r e m e n t  to w e r ,  th e  r e q u ir e d  m e a n  v a lu e s  w e r e  
ta k e n  f r o m  lo n g e r  p e r io d s  o f  o b s e r v a t io n  and p r o v id e d  w ith  r e a l i s t i c  
v a r ia t io n s  f o r  e a ch  in d iv id u a l c a s e .  In  th is  w a y  in d iv id u a l v a r ia t io n s  f o r  
th e  d i r e c t io n  o f  t r a n s p o r t  and the а - p a r a m e t e r s  w e r e  d e f in e d  f o r  e a ch  
s a m p lin g .

A c c o r d in g  to  C o n c a w e , th e r e  is  an  e r r o r  o f  ±  50% in  th e  t e r m  o f  
E q . (2) ,  w h ich  d e t e r m in e s  th e p lu m e  r i s e .  F r o m  th e  u n c e r t a in ty  o f  the 
q u a n tit ie s  in d ic a te d  a s c a t t e r in g  ra n g e  w a s  c a lc u la te d  f o r  the 85K r  
c o n c e n t r a t io n  at the p o in t  o f  s a m p lin g . T h e  p o s i t io n  o f  th e s a m p lin g  p o in ts  
and th e ir  a n g u la r  c o - o r d in a t e s  o '(s e e  F ig .  2) r e la t iv e  to  th e d i r e c t io n  o f  
t r a n s p o r t  ф is  d e s c r i b e d  b y  th e  a n g u la r  d i f f e r e n c e

Aa = j ф - a I (3)

T h e  f r e q u e n c y  d is t r ib u t io n  o f  Д о is  sh o w n  in  F ig .  4 . O f th e 62 s a m p lin g  
p o in ts  34 d e v ia te  f r o m  th e  a v e r a g e  t r a n s p o r t  d i r e c t io n  b y  not m o r e  than 
15°. D e s p it e  th e  in te n tio n  to  lo c a t e ,  i f  p o s s ib l e ,  the tw o  s a m p lin g  p o in ts  
f o r  e a ch  m o n it o r in g  o p e r a t io n  in  the e x a c t  d i r e c t io n  o f  t r a n s p o r t ,  the s p r e a d  
o f  th e  f r e q u e n c y  d is t r ib u t io n  c l e a r ly  s h o w s  th e  d i f f i c u l t y  o f  a c o r r e c t  
f o r e c a s t  o f  th e t r a n s p o r t  d i r e c t io n  f o r  the t im e  o f  s a m p lin g .

T o  c o m p a r e  th e  85K r  c o n c e n t r a t io n s  m e a s u r e d  w ith  th o s e  c a lc u la te d  
w ith  E q . (1) the r e la t io n

С  e x p .

w a s  s e t  up w ith  the r e m a r k a b le  e r r o r  l im i t s  b e in g  m a in ly  d e t e r m in e d  by  
the u n c e r t a in ty  o f  C theor. F o r  s a m p lin g  p o in ts  w ith  a n g u la r  d e v ia t io n s  
Д а > 1 5 °  f r o m  th e  t r a n s p o r t  d i r e c t io n  th e  c a lc u la t io n s  m o s t ly  y ie ld e d  m u ch

F I G . 4 .  F r e q u e n c y  d i s t r i b u t i o n  o f  a n g l e  d i f f e r e n c e s  Aa  b e t w e e n  t r a n s p o r t  d i r e c t i o n s  a n d  a c o - o r d i n a t e s  

o f  t h e  s a m p l i n g  p o i n t s .
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F I G .  5 .  q  -  6  -P —  a s  a  f u n c t i o n  o f  t h e  s o u r c e  d i s t a n c e  f o r  Д а  <  1 5 ° .  
c  t h e  o r

s m a l l e r  c o n c e n t r a t io n  v a lu e s  th an  th e  m e a s u r e m e n t s .  T h e s e  r e s u l t s  r e v e a l  
that th e  a c tu a l d is t r ib u t io n  o f  c o n c e n t r a t io n  o f  the 85K r  r e c e iv e d  is  b r o a d e r  
th an  h ad  b e e n  a s s u m e d  t h e o r e t i c a l ly .

F o r  th e c a s e s  w ith  Дс* < 1 5 °  th e  r e f e r e n c e  v a lu e  q is  sh o w n  in  F ig .  5 
a s  a fu n c t io n  o f  the s o u r c e  d is t a n c e  r  o f  th e  s a m p lin g  p o in ts .  N e a r ly  a l l  
th e  s a m p le s  w e r e  ta k e n  u n d e r  u n s ta b le  to  n e u tra l a t m o s p h e r ic  c o n d it io n s .  
T h is  i s  r e f l e c t e d  b y  th e  d is t r ib u t io n  o f  s o u r c e  d is t a n c e s  sh o w n  in  F ig .  5.

T h e  q r a t io s  v a r y  b e tw e e n  0 . 006  and 3 and  a l l  v a lu e s  e x c e p t  f o r  tw o  
a r e  w e l l  b e lo w  u n ity . T h e  u n id ir e c t io n a l  d e v ia t io n  o f  th e d is t r ib u t io n  f r o m  
u n ity , w h ich  f ix e s  th e a g r e e m e n t  b e tw e e n  th e o r y  and m e a s u r e m e n t ,  is  
s u r p r is in g  s in c e  in  s p it e  o f  o n ly  5 m in u te s  o f  s a m p lin g  and  a s  m a n y  a s  
30 m e a s u r e m e n t s  a b r o a d  but s t i l l  m o r e  s y m m e t r i c a l  d is t r ib u t io n  h ad  
b e e n  e x p e c te d .

On th e b a s is  o f  th e  r e s u l t s  f r o m  d i f fu s io n  e x p e r im e n ts  c a r r i e d  ou t 
at the K a r ls r u h e  N u c le a r  R e s e a r c h  C e n te r  w ith  t r it ia t e d  w a te r  v a p o u r  a s  
t r a c e r  [ 5, 6 ] and a s a m p lin g  p e r io d  o f  20 to  30 m in u te s  a g r e a t e r  n u m b e r  
o f  v a lu e s  q  > 1 w a s  a ls o  e x p e c te d  f o r  k r y p to n  s a m p le d  at p o in ts  in  the 
d i f fu s io n  s e c t o r  A a  < 15 °. A s  a m a t te r  o f  fa c t , s ig n i f ic a n t  s c a t t e r in g  r a n g e s  
w e r e  fou n d  in  th e s e  e x p e r im e n ts  d e s p ite  s ix  t im e s  th e  d u r a t io n  o f  s a m p lin g . 
A lth o u g h  th e a s y m m e t r y  o f  the d is t r ib u t io n  r e p r e s e n t e d  in  F ig .  5 ca n n ot 
y e t  b e  r e g a r d e d  a s  s t a t i s t i c a l ly  c e r t a in  (o n ly  tw o  s a m p lin g  p o in ts  p e r
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m o n it o r in g  o p e r a t io n )  c o m p a r e d  to  th e  r e s u l t s  o f  th e d if fu s io n  e x p e r im e n ts  
(25  s a m p lin g  p o in ts  p e r  e x p e r im e n t ) ,  th e y  ca n  h a r d ly  b e  c o n s id e r e d  a s  
b e in g  m e r e ly  a c c id e n t a l  v a lu e s .

T o p o g r a p h ic a l  c o n d it io n s  m a y  c o n s id e r a b ly  a f f e c t  th e  c o n c e n t r a t io n  
f i e ld .  T h e  d e v ia t io n s  b e tw e e n  t h e o r y  and m e a s u r e m e n t  m ig h t be  due to  the 
fa c t  that a lm o s t  a l l  s a m p lin g  p o in ts  w e r e  lo c a t e d  in  a w o o d e d  a r e a  (p a th s , 
c le a r in g s ,  e t c . )  ( s e e  F ig .  2 ). H o w e v e r ,  th is  h y p o th e s is  is  not s u p p o r te d  
b y  e x p e r ie n c e  g a th e r e d  in  th e  d i f fu s io n  e x p e r im e n ts  s in c e  on  a v e r a g e  the 
c o n c e n t r a t io n  v a lu e s  fou n d  in  w o o d e d  a r e a s  w e r e  no l o w e r  th an  th e  v a lu e s  
o b ta in e d  in  th e o p e n  f ie ld .

A  p o s s ib l e  c a u s e  o f  th e  d is c r e p a n c y  b e tw e e n  t h e o r e t i c a l  and e x p e r im e n ta l  
v a lu e s  m ig h t b e  a w r o n g  a s s e s s m e n t  o f  th e p lu m e  r i s e ,  w h ich  h as  not y e t 
b e e n  v e r i f i e d  e x p e r im e n ta l ly .

T h e  s i t e - s p e c i f i c  e x p e r ie n c e  g a in e d  in  th e f ie ld  o f  a tm o s p h e r ic  
d i f fu s io n  o f  r a d io a c t iv e  g a s e s  ca n n ot y e t  b e  r e c o n c i l e d  w ith  th e  a v a ila b le  
data  on  85K r  c o n c e n t r a t io n  m e a s u r e m e n t s  p e r fo r m e d  in  the v ic in i t y  o f  
W A K . T h is  is  an  i l lu s t r a t io n  o f  th e p r o b le m s  that m u s t b e  o v e r c o m e  to  
m a k e  a r e a l i s t i c  s ta te m e n t  o n  th e m a x im u m  c o n c e n t r a t io n  r e c e iv e d  b a s e d  
o n  m o n it o r in g  r e s u l t s  f r o m  a few  s a m p le s .  T h e  p r o b le m  ca n n ot be  s o lv e d  
b y  in c r e a s in g  th e m o n it o r in g  e x p e n d itu re  s in c e  in  v ie w  o f  t im e  and 
p e r s o n n e l  r e q u ir e d  f o r  s a m p lin g  and m e a s u r e m e n t  in  r o u t in e  m o n it o r in g  
o n ly  a few  s a m p le s  ca n  b e  ta k en .

T o  e x p la in  the s t i l l  in c o m p r e h e n s ib le  a s y m m e t r y  o f  th e r e f e r e n c e  
v a lu e  q sh ow n  in  F ig .  5 the fo l lo w in g  s te p s  s e e m  to  be  a p p r o p r ia t e :

(1) C h e c k  the p lu m e  r i s e ,  w h ich  is  a s ig n i f ic a n t  t e r m  in  th e  c a lc u la t io n
(2) E x t e n s io n  o f  th e  s a m p lin g  p e r io d  to  m a k e  it m o r e  in d ep en d en t o f  

s h o r t - t e r m  v a r ia t io n s
(3) U s e  o f  d i f fe r e n t  а -p a r a m e t e r  s e t s  f o r  th e  t h e o r e t i c a l  c a lc u la t io n s  

in  o r d e r  to  b e  a b le  to  c o n s id e r  th e t o p o g r a p h ic a l  c o n d it io n s  m o r e  
e f f i c i e n t ly .

5 . E S T IM A T E  O F  T H E  85K r  R A D IA T IO N  B U R D E N  ON T H E
E N V IR O N M E N T

S ta rtin g  f r o m  the a v a i la b le  d ata  th e m a x im u m  r a d ia t io n  b u rd e n  
o b s e r v e d  s o  fa r  in  a d is s o lv in g  p r o c e s s  ca n  be  e s t im a te d  and th e ann ual 
r a d ia t io n  b u r d e n  o n  th e  e n v ir o n m e n t  e x t r a p o la te d  a c c o r d in g ly .

5 .1 . R a d ia t io n  b u r d e n  in  th e  m a x im u m  c o n c e n t r a t io n  r e c e iv e d  c a lc u la te d  
f o r  e a ch  in d iv id u a l d i s s o lv in g  p r o c e s s

T h e  c a lc u la t io n  o f  th e b e ta  r a d ia t io n  d o s e  D 0 f o r  the in d iv id u a l d is s o lv in g  
p r o c e s s  is  b a s e d  o n  th e  m o d e l  o f  s e m i - f in i t e  s p a c e  f i l le d  w ith  a c o n sta n t 
a c t iv i t y  c o n c e n t r a t io n . I f  A  is  th e  a c t iv i t y  r e le a s e d ,  g ß the s u b m e r s io n  
d o s e  c o n s ta n t  f r o m  b e ta  r a d ia t io n  ( ( r e m  • m 3) / ( C i  • s ))  and x  th e d if fu s io n  
f a c t o r  ( s / m 3), the f o l lo w in g  r e la t io n  a p p lie s

Dß = gß X A  (5)

F o r  85K r , g e = 0 . 0 7 4  r e m  • m 3/ C i  • s .  C o n s e q u e n t ly , w ith  A  = 1550 C i  
and th e g r e a t e s t  c a lc u la te d  Xmax_ v a lu e  o f  1- 1 X 1 0 “ 5 s / m 3, 1. 2 m r e m  is  
o b ta in e d  a s  th e  l o c a l  3 -d o s e .
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T h e  r e s p e c t iv e  7 - d o s e  Dy is  c a lc u la te d  w ith  th e  r e la t io n  [ 7]

Dy = gy X A  (6)

w h e r e  gy is  the s u b m e r s io n  d o s e  co n s ta n t  f r o m  g a m m a  r a d ia t io n  ( f o r  
85K r  gy = 3 .4  X 1 0 “ 7 r e m  • m 2/C i  • s) and x th e m o d if ie d  d i f fu s io n  f a c t o r .
In  th e  e x a m p le  c o n s id e r e d  th e  w in d  v e l o c i t y  w a s  4 m / s .  A c c o r d in g  to  
R e f .  [ 8 ] ,  th e  m a x im u m  v a lu e  o f  x is  1 .0  X 10 2 s / m 2. C o n s e q u e n t ly , a 
7 - d o s e  o f  a b ou t 5 jLirem is  o b ta in e d . P e r s o n s  p r e s e n t  at th e  p la c e  o f  the 
m a x im u m  c o n c e n t r a t io n  r e c e iv e d  a r e  p r a c t i c a l l y  o n ly  a f f e c t e d  b y  g a m m a  
r a d ia t io n , w h ile  th e  b e ta  r a d ia t io n  (r a n g e  in  t i s s u e  2 .4  m m  [ 9 ] )  h a s  an  
e f fe c t  o n ly  o n  u n c o v e r e d  sk in  s o  that th e ß - d o s e  to  s k in  a v e r a g e d  o v e r  the 
sk in  s u r fa c e  is  d e f in i t e ly  l e s s  th an  1 / 1 0  o f  th e  l o c a l  3 - d o s e  e s t im a te d  f r o m  
E q . ( 5 ) .

T h e  e s t im a t e s  a b o v e  s ta r t  f r o m  the a s s u m p t io n  that th e  d i f fu s io n  
c o n d it io n s  and in  p a r t i c u la r  th e w in d  d ir e c t io n  a r e  c o n s ta n t  in  th e  c o u r s e  
o f  th e  d is s o lv in g  p r o c e s s .  H o w e v e r ,  th is  i s  not tr u e  in  p r a c t i c e  s o  that 
th e  m a x im u m  85K r  e m i s s io n  is  s u b je c t  to  m ig r a t io n  and , c o n s e q u e n t ly , 
a t o o  p e s s i m i s t i c  v a lu e  h as  b e e n  in d ic a t e d  f o r  the m a x im u m  d if fu s io n  f a c t o r .  
A c c o r d in g  to  th e  r e s u l t s  o f  m e a s u r e m e n t s ,  th e  r a r e f a c t io n  o f  85K r  in  the 
a tm o s p h e r e  a p p e a r s  to  b e  b e t t e r  th an  c a lc u la t e d .  H o w e v e r ,  o n  a c c o u n t  
o f  th e  lo w  m a x im u m  r a n g e  in  a ir  o f  a b ou t 2 m  [ 9 ]  th is  a f f e c t s  o n ly  the 
b e t a - r a d ia t io n  b u r d e n , w h ile  its  in f lu e n c e  on  th e g a m m a  b u r d e n  is  s m a l l .

5. 2. A n n u a l r a d ia t io n  b u r d e n  on  th e p o p u la t io n  in  th e  e n v ir o n m e n t

T h e  e x a c t  c a lc u la t io n  o f  th e  ann ua l r a d ia t io n  b u r d e n  D a c a l l s  f o r  a 
c a lc u la t io n  at e a c h  r e c e iv in g  a r e a  and f o r  e a ch  d is s o lv in g  p r o c e s s ,  ta k in g  
in to  a c c o u n t  the p r e v a i l in g  w e a th e r  c o n d it io n s .  H o w e v e r ,  s u ch  a d e ta ile d  
c a lc u la t io n  i s  not n e c e s s a r y  h e r e  and o n ly  an  e s t im a te  w i l l  b e  m a d e  u s in g  
th e r e la t io n

D a R * Z  • D e (7)

w h e r e  D e is  th e ß and у - d o s e ,  r e s p e c t iv e ly ,  f o r  the d is s o lv in g  p r o c e s s  w ith  
th e  m a x im u m  b u r d e n  on  th e e n v ir o n m e n t , Z  the n u m b e r  o f  d i s s o lv in g  
p r o c e s s e s  p e r  ann um  and R a fa c t o r  in d ic a t in g  f o r  e a ch  d i s s o lv in g  p r o c e s s  
th e p r o b a b i l i t y  o f  a r a d ia t io n  b u r d e n  o c c u r r in g  at th e r e c e iv in g  a r e a .

W ith  r e s p e c t  to  th e  r a d ia t io n  b u r d e n  o u ts id e  b u ilt -u p  a r e a s  it  sh o u ld  
b e  n o te d  that th e r e  is  l i t t le  p r o b a b i l i t y  o f  on e  p e r s o n  b e in g  e x p o s e d  to  
s e v e r a l  b u r d e n s  at th e m a x im u m  c o n c e n t r a t io n  r e c e iv e d  in  th e  c o u r s e  o f  
o n e  y e a r .  In  no c a s e  w i l l  it b e  h ig h e r  th an  the b u r d e n  w ith in  b u ilt -u p  a r e a s .  
T h e r e  a r e  5 v i l la g e s  w ith in  a r a d iu s  o f  5 k m  o f  W A K . T h e  m o s t  u n fa v o u r a b ly  
lo c a t e d  c o m m u n it y  (L e o p o ld s h a fe n )  is  on  th e le e w a r d  s id e  o f  the W A K  
ex h a u st  s ta c k  f o r  a b o u t 20%  o f  th e  t im e .  On th e  p e s s i m i s t i c  a s s u m p t io n  
that th e in h a b ita n ts  l iv e  in  th e o p e n  a ir  f o r  a b ou t 50% o f  th e  t im e , R in  
E q . (7) is  0 . 1 .  F o r  th e o th e r  v i l la g e s  in  th e v ic in i t y  o f  W A K  th e  c o n d it io n s  
a r e  m u ch  m o r e  fa v o u r a b le .

C o n s e q u e n t ly , w ith  Z  » 1 0 0 ,  a v a lu e  o f  a b ou t 0 . 05 m r e m / y r  is  o b ta in e d  
f o r  th e  w h o le -b o d y  g a m m a  d o s e  and 1 . 2 m r e m /y r  f o r  th e s k in  b e ta  d o s e  
a v e r a g e d  o v e r  th e s k in  s u r f a c e ,  the la t t e r  v a lu e  b e in g  c e r t a in ly  o v e r 
e s t im a te d  b y  a g r e a t e r  fa c t o r  than  th e f i r s t  v a lu e  b e c a u s e  o f  th e  b e t t e r  
r a r e f a c t i o n  o f  th e r a d io a c t iv e  e f f lu e n ts .
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D I S C  U S S I O N

K.  -J .  V O G T : M a y  I c o m m e n t  on  th e  fa c t  th at y o u r  m e a s u r e d  c o n c e n 
t r a t io n s  w e r e  to o  lo w  c o m p a r e d  w ith  th e  c a lc u la te d  v a lu e s .  A s  I u n d e r sta n d  
it ,  th e  K r  c o n c e n t r a t io n s  w e r e  c a lc u la te d  on  th e  b a s is  o f  d i f fu s io n  fa c t o r s  
s p e c i f i e d  in  m y  p a p e r  q u o te d  a s  [8] in  y o u r  r e f e r e n c e s .  , T h e s e  v a lu e s  w e r e  
c a lc u la te d  w ith  th e  s ta n d a rd  d e v ia t io n s  r e c o m m e n d e d  b y  P a s q u i l l .

A s  I h a v e  s ta te d  e a r l i e r  a t th is  S y m p o s iu m , th e s e  cr v a lu e s  a r e  to o  
s m a l l  f o r  l o n g - t e r m  d i f fu s io n  o v e r  ro u g h  t e r r a in .  C o n s e q u e n t ly  th e  m a x im a  
o f  th e  c o n c e n t r a t io n s  a r e  p r e d ic t e d  a s  o c c u r r in g  fu r t h e r  f r o m  th e s o u r c e  
th an  is  c o r r e c t .  O u r  d i f fu s io n  m e a s u r e m e n t s  c a r r i e d  out at J ü lic h , i .  e . f o r  
a s i t e  s im i l a r  to  th e  K a r ls r u h e  in s t a lla t io n s  in  t e r m s  o f  g ro u n d  r o u g h n e s s ,  
s h o w  th a t th e  m a x im a  a r e  s h if te d  to w a r d s  th e  s o u r c e  b y  a f a c t o r  o f  3 o r  4 
c o m p a r e d  w ith  th e  p r e d ic t io n s  b a s e d  on  P a s q u i l l .  T h is  m a y , at le a s t  p a r t ly ,  
e x p la in  th e lo w  f ig u r e s  f o r  th e  c o n c e n t r a t io n  m e a s u r e m e n ts .

M . W IN T E R : Q u ite  s o ,  bu t I f e a r  th at in  y o u r  and o u r  d i f fu s io n  e x p e r i 
m e n ts  th e  d iv e r g e n c e s  b e tw e e n  th e t h e o r e t i c a l  and  e x p e r im e n ta l  v a lu e s  o f  the 
Q  r a t io s  a r e  m u c h  h ig h e r  in  a b s o lu te  t e r m s .
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Abstract

E M P I R I C A L  B E N E F I T S  D E R I V E D  F R O M  A N  E C O S Y S T E M  A P P R O A C H  T O  E N V I R O N M E N T A L  M O N I T O R I N G  

O F  A  N U C L E A R  F U E L  R E P R O C E S S I N G  P L A N T .

T h e  e n v i r o n m e n t a l  m o n i t o r i n g  p r o g r a m  f o r  a  n u c l e a r  f u e l  r e p r o c e s s i n g  p l a n t  ( A l l i e d - G u l f  N u c l e a r  

S e r v i c e s )  l o c a t e d  i n  t h e  S o u t h  C a r o l i n a  c o a s t a l  p l a i n ,  i s  b a s e d  o n  a  m a n - e n v i r o n m e n t  e c o s y s t e m  c o n c e p t .

I m p a c t  m e a s u r e m e n t  a n d  a n a l y s i s  c a p a b i l i t i e s  i n c l u d e  r a d i o n u c l i d e s ,  n o x i o u s  c h e m i c a l s  a n d  h e a t .  T h e  

p r i n c i p á l  p a t h w a y s  t o  m a n ,  a t m o s p h e r i c ,  t e r r e s t r i a l  a n d  a q u a t i c ,  a r e  e a c h  s u b d i v i d e d  i n t o  n a t u r a l ,  r e c r e a t i o n a l  

a n d  d o m e s t i c  c o m p o n e n t s .  B a s i c  i n p u t s  i n c l u d e  m e t e o r o l o g y ,  g e o l o g y ,  s u r f a c e  d r a i n a g e ,  d i r e c t i o n  a n d  

v e l o c i t y  o f  g r o u n d w a t e r  f l o w ,  i n t e r a c t i o n  o f  u n d e r l y i n g  a q u i f e r s  a n d  e c o l o g i c a l  d e s c r i p t i o n s  o f  t h e  v a r i o u s  

i n t e r r e l a t e d  e c o s y s t e m s  o f  t h e  s i t e  a n d  r e g i o n .  P r o c e s s  w a t e r  i s  d i s c h a r g e d  t h r o u g h  a n  e c o l o g i c a l  m o n i t o r i n g ,  

c o n d i t i o n i n g  a n d  c o o l i n g  p o n d .  S a m p l i n g  f r o m  a  1 0 0  s q u a r e  m i l e  g r i d  i s  b a s e d  o n  s i g n i f i c a n t  l i n k s  i n  t h e  

v a r i o u s  e c o l o g i c a l  p a t h w a y s .  S t a n d a r d i z e d  p r o c e d u r e s  f o r  s a m p l e  c o l l e c t i o n ,  p r o c e s s i n g  a n d  a n a l y s i s  h a v e  

b e e n  d e v e l o p e d .  A l l  d a t a  m a y  b e  s t o r e d ,  r e t r i e v e d  a n d  a n a l y s e d  t h r o u g h  a n  o p e n  c o m p u t e r i z e d  p r o g r a m ,  

d e s i g n e d  s o  t h a t  a d d i t i o n s  c a n  b e  m a d e  a n d  d a t a  v e r i f i e d  a n d  r e t r i e v e d  u n d e r  a n y  o r d e r e d  s c h e m e  f o r  e i t h e r  

p r i n t e d  o r  g r a p h i c  d i s p l a y .

E m p i r i c a l  b e n e f i t s  i n c l u d e  a  m e a n s  f o r  m e r g i n g  r e s u l t s  o f  b a s i c  r e s e a r c h  o n  d i s t r i b u t i o n  a n d  f a t e  o f  

r a d i o n u c l i d e s ,  n o x i o u s  c h e m i c a l s  a n d  h e a t  i n  t h e  n a t u r a l  e n v i r o n m e n t  w i t h  m o n i t o r i n g  a c t i v i t i e s ,  b a s e d  o n  

d i r e c t  a n d  i n d i r e c t  p a t h w a y s  t o  m a n .  T h e  u s e  o f  e c o l o g i c a l l y  d e f i n e d  s a m p l e s  p r o v i d e s  r a t e s  o f  m o v e m e n t  

a n d  b i o - a c c u m u l a t i o n  t h a t  ( a )  a r e  s e n s i t i v e  e n o u g h  t o  v e r i f y  t h e  a d e q u a c y  o f  s o u r c e  c o n t r o l  w i t h  r e s p e c t  

t o  e n v i r o n m e n t a l  q u a l i t y ,  ( b )  i n d i c a t e  m a g n i t u d e s  a n d  t r e n d s  o f  e c o l o g i c a l  i m p a c t s  a n d  t h e r e f o r e  s e r v e  a s  

a n  e a r l y  w a r n i n g  s y s t e m  o f  p o t e n t i a l  a d v e r s e  e f f e c t s  t o  t h e  e n v i r o n m e n t  a n d  m a n  b e f o r e  t h e y  b e c o m e  

i r r e v e r s i b l e  o r  e x p e n s i v e l y  r e v e r s i b l e ,  a n d  ( c )  p r o v i d e  a  b a s e  f o r  c o m p a r i s o n  w i t h  m e a s u r e m e n t s  a n d  a n a l y s e s  

o f  e f f l u e n t s  f r o m  o t h e r  s o u r c e s  o n  a  r e g i o n a l  a n d  i n t e r n a t i o n a l  s c a l e .  T h e  p r o g r a m  c a n  a c c o m m o d a t e  a d d i t i o n a l  

q u e s t i o n s  a n d  u n e x p e c t e d  i m p a c t s .  T h e  p r o c e d u r e s  a n d  e c o l o g i c a l  m o d e l s  a r e  t r a n s f e r a b l e  t o  o t h e r  n u c l e a r  

i n d u s t r y .  T h u s ,  t h r o u g h  t h e  c h a r a c t e r i s t i c s  o f  c o m p a r a b i l i t y ,  a c c o m m o d a t i o n ,  p r e d i c t a b i l i t y ,  a n d  t r a n s f e r e n c e ,  

t h e  p r o g r a m  e m p h a s i z e s  t h o s e  b a s i c  f a c t o r s  a n d  p r o c e d u r e s  t h a t  a r e  n e c e s s a r y  f o r  d e t e r m i n i n g  t h e  c a p a c i t y  

o f  t h e  e n v i r o n m e n t  t o  r e c e i v e  r a d i o n u c l i d e s ,  w i t h  e m p h a s i s  o n  b o t h  n a t u r a l  a n d  h u m a n  r a d i a t i o n  e x p o s u r e s .

INTRODUCTION

There is a rapidly increasing awareness of the close 
interaction and interdependence of man with his natural en 
vironment. His welfare is commensurate with the quality of

673
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this planet as a life support system. As a consequence, we 
are at the threshold of moving environmental monitoring 
procedures from a superficial to an indepth. man-environment 
ecosystem concept. This is demonstrated by the following 
considerations {1,2,3,^-J.

1. Radiological monitoring was founded and in large 
measure has been perpetuated on the dual premises that unless 
the effects of radionuclides in the environment affect man 
directly they are not of major importance and that only those 
parts of the environment with which man is in reasonably close 
contact need be examined in order to make adequate evalua
tions. Although the limitations and inadequacies of this 
approach have been evident to ecologists for many years ,
only now is an understanding of these inadequacies b e g i n 
ning to enter into the conceptual framework of state, 
federal and international regulatory agencies and of indus
try. The capacity of the environment to accept radioactivity 
is one problem which has emerged from this recent awareness 
of the need to maintain environmental quality as a normal 
aspect of the nuclear age.

2. With the development of nuclear energy the bio
sphere can be exposed to an increasing burden of radiation. 
Certain conditions arising from the technical performance of 
the nuclear industry seriously temper the expectation that 
nuclear -radiation in the natural environment can be restricted 
to within approximately one percent of background or natural 
radiation. These are (a) attainment and long-term maintenance 
of anticipated engineering performance; (b) adequate m a n a g e 
ment of radioactive wastes; (c) preventation of sabotage;and (d) 
avoidance of catastrophic accidents. The significance of
this is two-fold. Man faces an increasing probability of 
greater indirect as well as direct exposures to radiation, 
while there exists an increasing potential for injurious 
effects on the natural environment at the population, commu
nity, and ecosystem levels. The life support systems of this 
planet are the result of millions of years of evolutionary 
development and it is axiomatic that increased radiation 
stress, whether on a global, regional or local scale, can 
lead toward imbalance or disorder.

3. The problem is extremely complicated because eco
system balance results from the interaction of many factors, 
including ionizing radiation. Although the current research 
base is substantial, it is uneven in its depth and coverage, 
and to a large extent lacks the needed specific orientation 
to the kinds of radiation stresses from nuclear industry.
For example, more needs to be known about the behavior of 
radioactive Krypton, Plutonium and Iodine in the environment 
or of their effects upon life within natural systems. Recent 
disclosures on the ecological effects of non-radioactive 
pollutants, such as DDT, lead and mercury further illustrate 
this point.

k . Environmental impacts from nuclear radiation fall 
into two categories: those which are observable and t h ere
fore measureable in terms of physical and biological altera
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tions and those which do not produce such alterations and 
therefore can be measured only in terms of their accumula
tion. Whereas the former would be expected from radiation 
releases by catastrophic events, the latter are the ones 
with which monitoring is routinely concerned. However, it 
is important to recognize that even though adverse effects 
may not be detectable by observation, they may occur. 
Potential genetic effects- must be considered because of the 
very short reproductive cycles of many plant and animal 
species. However, existing research indicates that somatic 
effects on embryonic stages are more likely.

5. Another contemporary aspect of sound-ecological 
monitoring is the need for greater emphasis on measurements 
of specific nuclides and less reliance on gross alpha, beta, 
and gamma determinations. Furthermore, laboratory measure
ments of colle cte d . s ample s must be supported by iji situ 
field measurements by gamma-ray spectroscopy in order to 
assure valid interpretations.

6. Environmental monitoring procedures now specified
by regulatory agencies are based primarily on a determination 
of the kinds and concentrations of radionuclides in highly 
generalized and’ restricted compartments of- the environment. 
Customary procedures include sediment sampling on an indis
criminate base; grab samples of -unidentified vegetation and 
invertebrates ; collection of readily available game animals, 
fish and shellfish; and sampling of the more common agri
cultural commodities which constitute direct food pathways 
to man. Thus, the environmental sampling, espe-ci ally of 
natural ecosystems, is based on fairly random and ecologi
cally non-identifiable collections, while the' common usage of 
averaging the results of radionuclide analyses conceals the 
maximum accumulations by sediments and the biota.

Approaches need to be developed which will include (a) 
the pathways by which these materials are moved through the 
environment; (b) where they are concentrated in natural 
systems; (c) how long it may take them to move through these' 
systems to a position in contact with man; (d) and the 
effects these nuclides may have on populations, communities, 
and ecosystems.' In order to achieve these approaches 
sampling procedures should be based,for example,on identifi
cation of biota by scientific name, physiological state, and 
trophic position, and'by'physical analyses of substrates.
By these and'other such means, the ecological base can be 
developed which is necessary for the development of early 
warning systems on a national or global scale, and which 
would have the capacity to prevent potential problems from 
developing.

THE MONITORING PROGRAM FOR THE 
ALLIED-GULF NUCLEAR FUEL REPROCESSING PLANT

Concepts presented in the introduction have been used 
as the basis for design and development over the past 3'years 
of the monitoring program for the Allied-Gulf Nuclear Fuel 
Reprocessing Plant, located in the coastal plain of South 
Carolina, U.S.A.
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The basic criteria and objectives for this program as 
established by Allied-Gulf Nuclear Services were:

1. That it be planned and managed by a University group 
who could act independently of the restraints which 
are sometimes associated with industry consultation.

2. That the program extend for many years, with at 
least the first three being in the pre-operational 
s t ag e .

3. That it provide guidelines for clarification of the 
adequacy of effluent source control with respect to 
maintenance of environmental quality.

b. That it provide data to estimate human population 
exposures to effluents from actual operation.

5. That it maintain surveilance and indicate magnitudes 
and trends of ecological impacts of the industry and 
from this provide an early warning system of poten
tial adverse effects.

6. That it evaluate the contribution of other regional 
sources to background levels of various effluents 
within the geographic area under the influence of 
this industry's operation.

7. That it incorporate a close working relationship with 
state and federal agencies and other area activities.

8. That it provide environmental data for public1 infor
mation.

As a-means of achieving these objectives, a systems 
approach was develop.ed which encompasses the region surround
ing the site. This region is treated as a man-environment 
ecosystem with all components closely inter-linked with each 
other.

This has required the close interaction of an inter
disciplinary team which collectively represents competence in 
plant and animal radiation ecology, hydrology, meteorology, 
radionuclide measurement and evaluation, and ecosystem model
ing and analyses. Thus, the program differs significantly 
from routine monitoring activities in two respects, one being 
the use of an interdisciplinary team and the other the develop
ment of an ecological model around which the program could 
develop.

Since the operational design criteria for this plant has 
utilized and implemented the state of the art such that nor
mal and accidental pollutants will be removed or held at a 
minimum, observable cause and effect relationships from these 
are not expected. The environmental impact program therefore 
has been established primarily in terms of physical and bio
logical concentrations. However, the program also has incor
porated within it the capability of dealing with observable
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alterations and the means for rapidly establishing the 
necessary procedures for their measurement and evaluation in 
the event of unforeseen stresses.

The concept of monitoring and evaluation used in this 
program should not be considered a research effort. Rather 
it draws upon the extensive body of existing research accord
ing to the specific situations to which it may be applied. 
However, as would be expected, independent research activities 
are being derived from itfll]. The essential aspect of this 
program is that the concept of assessment on a sound ecologi
cal basis be recognized and utilized in response to the re
quirements and guidelines of regulatory agencies. The fact 
that it exceeds the present guidelines in its depth and scope 
is a recognition of the directions in which monitoring activi
ties are rapidly moving.

The program was initiated in the summer of 19^9 prior to 
establishment of the Environmental Protection Agency and of 
the guide lines developed by EPA and AEC for compliance with 
its directives. The ensuing three years have been devoted 
initially to development of an ecological model which provides 
a means for satisfying the program objectives and secondly a 
pre-operational inventory designed to test the validity of the 
model and to meet state and federal regulations .[4-10].

The plant is expected to be operational in 1975. This 
next year is to be used for inventory evaluation, additional 
surveillance as needed and completion of the program as pro
jected for the operational stage.

Ecosystem Components and Pathways

Ecosystem structure is based on the spatial arrangement 
of plant and animal species, the substrate and its quality, 
and quantitative knowledge of the chemical elements contained 
in the various organisms. Ecosystem functions concern the 
pathways and turnover rates of such processes as energy flow 
and chemical element cycling.

This type of approach ultimately leads to quantification 
of systems in terms of their functioning. Such data in turn 
provides a basis for the development of descriptive and/or 
predictive models of the system. There are two approaches to 
the sampling of these systems which deal with the problem of 
"early warning". One is uniform sampling of the entire area 
affected while the other is the development of qualitative 
models which will allow selective sampling to accomplish this 
purpose. For this program, the latter approach is used, 
since it is more likely to define environmental concentrations 
of released materials by providing an efficient and fairly 
rapid entry to an otherwise almost unmanageable mass of data. 
By this means, it is relatively easy to assess the total im
pact expected from known releases of given products since the 
species most likely to receive and accumulate the materials 
have been identified.

The Barnwell Nuclear Fuel Plant (BNFP) is located on the 
eastern edge of the Aiken Plateau of the Atlantic Coastal
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Plain physiographic province and is adjacent to the eastern 
boundary of the Atomic Energy Commission Savannah River Plant 
of which it was formerly a part. The site comprises some 
1700 acres, of which approximately 1 6 5 are affected by con
struction activities. The land is generally level with a 
gently rolling surface. Differences in elevation on the site 
occur mostly in a north-south direction with variations in 
elevation from 270' to about 210' MSL.

The primary ecological subsystems are terrestrial, 
aquatic and atmospheric. For each of these, there are three 
kinds of generalized food chains by which materials can be 
moved, accumulated and potentially affect .man and nature 
These are the domestic, recreational, and natural subsystems. 
Domestic food chains represent a direct and sustained trophic 
coupling between man and his environment. Recreational food 
chains indicate a direct but infrequent coupling, while man 
and the food chains of natural sjys terns are only indirectly 
coupled. This basic system is shown in Figure 1.

Terrestrial

Terrestrial systems and pathways on-site and in the re
gion have been studied Most of the defined natural
systems of the Upper Coastal Plains Province are represented. 
The region is a mosaic of systems with abrupt changes within 
relatively small geographical areas. The proximity of the 
water table to the surface plays a significant role in determ- 
ing community distribution over the landscape. Relatively 
small changes in topography can produce significant changes 
in the species present on a given site. For example, in the 
flood plain of the drainage system,, changes of one to two feet 
in elevation can result in completely different forest systems.

The geologically young soils in the area are predominate
ly sandy. In low-lying areas sufficient detrital material has 
accumulated and provides a chemical nutrient base for growth 
and development. However, in the upper more xeric areas the 
ecosystems are often nutrient limited and do not show rapid 
development.

Ten distinct terrest 
and described according t 
These are pine-scrub oak- 
pine forests, pine-oak fo 
forests , mixed mesic slop 
bottom lands and swamp fo 
fields.

In addition to their ecological identification, these' 
systems have been mapped by aerial' photography and surface 
inspection, and then related to existing topography, meteoro
logy, and sub-surface hydrology. From this base', the land use' 
of the area has been quantified at varying.distances from the 
plant site. For crop land this includes human use by row 
crops, field crops, and orchards, as well as domestic live
stock use of pasture, rotation-hay, hayland and grazed forests 
and also by idle farm land. Population density and dispersion 
also has been determined for urban situations.

rial ecosystems have been identified 
о basic structure and function, 
sand hill forests, loblolly and mixed 
rests, Carolina bays, upland hardwood 
e forests, domestic crop lands, 
rests, stream bank forests, and old
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Species lists of the natural., domestic and recreational 
flora and fauna have been developed, along with information 
on distribution and abundance of principle species.

Aquatic

Extensive hydrological investigations of both the surface 
and sub-surface activities have been m a d e  [ 5 , 6 , 7 , 8 , 1 0 , 1 1 , 1 2 ] .  The 
1 7 0 0 acre plant site is located in the northeastërly portion 
of the Lower Three Runs Creek drainage system, a tributary of 
the Savannah River which drains an area of some l80 square 
miles. There are no surface streams on the site, and natural 
surface run-off features are essentially absent, and except 
for unusually heavy precipitation, rainfall is held in local 
surface depressions, evaporates, transpires, and in part in
filtrates into the groundwater table. Aquatic systems adja
cent to the site or in the region include rivers , black water 
creeks, farm ponds, impoundments , Carolina Bays and marshes.

The groundwater hydrosphere has been the subject of 
several geological and hydrological studies in past years.
The site is underlain by a series of unconsolidated and partly 
consolidated sedimentary formations, each of which have dis
tinctive characteristics and constitute well-defined aquifers. 
These geologic formations from the surface downward are the 
Hawthorn, Barnwell, McBean, Allenton, and Tuscaloosa. The 
latter extends from about 370 to more than 1000 feet below 
ground, and is the principal aquifer for the project water 
supply systems.

Although these aquifers are separated by well-defined 
aquicludes, the possibility of hydraulic connections has been 
the subject of extensive studies. The principle means used 
for this was a 60-day pumpage test from the Tuscaloosa aquifer, 
with concomitant observations on behavior of this and the 
overlying aquifers. From these studies, it is concluded that 
the pressure gradient created by the cone of depression 
caused by the pumpage test will not result in any drawdown of 
the upper water tables , and hence use of this water will not 
result in flow from the upper into the lower water-bearing 
strata. The important corollary is that in the absence of 
hydraulic connections between the upper water bearing strata 
and the Tuscaloosa, this aquifer is safe from inflow of radio
nuclide contaminated water that might be introduced accidently 
into the upper water table.

The upper water table has been monitored since mid-1971.
Records show that the slope of the water table definitely 
persists in a southerly direction, and therefore all drainage 
from the project site enters into the .LTRC drainage system.
This surface water table is of course the potential recipient
of any accidental leakage of radioactive liquid wastes. Trans
port phenomena involving radionuclides in the groundwater 
environment are influenced by the speed and direction of the 
groundwater movement, by the ability of. the local soi'ls to 
attract and hold radionuclides , and by the rate of decay of 
the radionuclides.
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The transport velocity of this groundwater was conserva
tively calculated to he 0.02 feet per day. Since the shortest 
seepage path from the site to the creek is about 6 ,000.feet, 
the travel time for water is predicted to be some 820 years. 
Travel time for all pertinent radionuclides and decay products 
have been estimated. With the exception of long lived isotopes 
of certain heavy metals, the residence time in the groundwater 
environment is sufficiently long to reduce radioactivities to 
safe and acceptable levels. The heavy-metal isotopes which 
form complex chemical compounds tend to precipitate and are 
physically restrained from moving with the groundwater. Based 
on many studies, it is recognized that these precipitates 
progress little beyond points of injection, and can therefore 
be physically removed.

These kinds of studies are thus essential to the develop
ment of a monitoring program for radioactive waste storage.

All plant management water except sewage is discharged 
through an ecologically designed cooling pond (BEACON Pond) to 
Lower Three Runs Creek. Sewage is treated and then dispersed 
over a three acre plot by a spray irrigation system. Lower 
Three Runs Creek, which is within the Savannah River Plant 
boundaries, flows for about 27 miles before entering the 
Savannah River. It has a gentle slope with narrow to broad 
channels intermittently bordered by large marshy areas. The 
upper portion of LTRC is covered by a large impoundment, Par 
Pond, and the plant effluents are to be discharged just below 
the dam.

Hydrological studies of LTRC include physical properties , 
average flows , critical minimum flows , maximum flows., and 
flood stages. Water quality studies have included temperature 
and chemical contents. Radiological studies have included 
extensive inventories along the stream channel and across its 
flood plain. Biological studies have included a detailed 
analysis of the structure and function of the stream, stream 
bank and flood plain ecosystems.

The cooling pond through, which, management water flows 
prior to emptying into Lower Th.ree Runs. Creek is especially 
designed as an ecological monitoring and conditioning pond.
This pond, known as BEACON Pond, is approximately 17 acres 
with an average depth of 9 1/2 feet and a volume of about 
60,500,000 gall ons. It serves the operational needs of the 
plant by providing a supply of water for emergency recycling 
to the plant, fire protection and cooling of discharge water. 
Environmental quality is maintained by providing for ecologi
cal conditioning and equilibration and by continuous monitor
ing across the discharge weir. These measurements include 
p h , temperature, turbidity, organic carbon, dissolved oxygen 
and conductivity. The pond has been biologically stocked 
from adjacent ponds and streams such, that a balanced ecological 
system is being developed. Retention time for a flow-through 
rate of 2300 gpm is approximately 7 days.

A special study has been made to assess the effects of 
two modes of power failure on water temperature in Beacon Pond. 
The first assumes that only commercial power fails and that
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the Tuscaloosa wells can be operated by emergency power supplies. 
The second and more severe emergency assumes that both the 
commercial power supplies and the emergency supplies are un
available for operation of the cooling towers , which are located 
between the Pond and the Plant and .the supply wells . The 
studies have shown that even under these conditions when the 
temperature rise in the water entering the ponds is 33°F, it 
will be cooled to about 2° above ambient under the most adverse 
environmental conditions. Thus water may be recycled over an 
extended time period in case of an emergency Until the situation 
can be corrected.

The water in Lower Three Runs Creek beyond Par Pond dam 
is of excellent quality. Detailed studies have shown that the 
expected effluent releases from Beacon Pond will-be comparable 
to those of the creek, and no adverse effects are anticipated 
with respect to temperature, dissolved oxygen, nutrients, 
conductivity, and other parameters.

Atmospheric

The site., approximately 85 miles inland from the Atlantic 
ocean, experiences a mesothermal climate according to the 
Koppen-Geiger classification.' Historical meteorology data 
were obtained from a weather bureau station 35 miles north
west of the site and from a 1200 foot television tower about 
25 miles northwest. These data are applicable to the site, . 
since there are no hills, valleys or large bodies of water 
in the vicinity which might invalidate the data. A 100 meter 
meteorological tower- has been installed at the site with the 
appropriate instrumentation.

Although the site is- far enough inland to avoid hurricane 
force winds, such storms on occasion move over the area and 
are accompanied by heavy rainfall. The site elevation along 
with .the topography precludes any possibility of flooding.
With respect to tornados, which have a recurrence interval of 
about 5 years, non-critical structures are designed to with
stand the forces from lOOmph winds, and structures for process 
areas and essential utility services are designed to withstand 
a differential of three PSI for three seconds, and the forces 
of missies and 300mph winds associated with a direct hit by a 
tornado.

Gaseous releas.es. will be from a 100 meter stack. Again 
there are no hills, valleys or large bodies of water which 
would tend to channel airflow or creat.e mechanical turbulence. 
Thus the site permits the use of the Gaussian distribution 
equation to relate concentrations or dosages at any point in 
space to the rate of emission of airborne radionuclides and 
noxious gases. Detailed studies on diffusion of stack efflu
ents .on- the site, at the site boundary, and to the region 
have, been made by AGNS personnel [i+J.

The Sampling Program

The- sampling "program- is a key issue, since the hard data 
obtained is the basis for satisfying the operational objectives.
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Thus the method for collection and analysis of samples con
stitute the action part of the program. The initial planning 
for sampling was concerned with the kinds and sources of tech
nical support; the kinds of data to be obtained along with 
sampling procedures and analyses relating each component of the 
whole system; and special considerations for critical efflu
ents and for the more sensitive sub-systems; and the sequen
tial steps requisite to the inventory, pre-operational and 
operational stages of the plant

Methods and Procedures

The sampling station network now consists of 83 stations,, 
identified by colloquial names and map coordinates. These are 
arranged on a 100 square mile grid, and within this grid'on 
concentric circles extending from the plant at 5-mile inter
vals. Forty-one of these stations consist of wells, most 
of which are in the upper unconfined groundwater table while 
others are located i.n the lower aquifers. Of the eight 
natural terrestrial stations , six are on th.e plant site and 
two off-site. Seven drinking water stations are established, 
most of them being in nearby communities. Of the five 
atmospheric stations, one is on-site and four are in nearby 
communities. Eleven aquatic stations are established along 
the discharge-water pathways from the plant through Beacon 
Pond and along Lower Three Runs Creek. Eighteen domestic 
stations' are located in various agricultural systems within 
the region. '

A manual has been developed which reduces to writing all 
of the procedures for sample collection, processing and 
analyses. . . .

Data cards, designed for computer programming, storage 
and analysis, are attached to the abiotic and biotic samples.
All pertinent information is entered on this card, including 
the time, date and specific location of each sample as well as 
the taxonomic identification, tissue subsample, and type of 
analysis performed for each biotic sample.

Radiologi cal Survey • ■ *

The transference of radionuclides through ecosystems, the re
sulting biological accumulation .and .effects, and. the eventual dose 
delivered .to man depends on the•radionuclides released and their 
chemical form. It is therefore essential that the radiological 
survey program be based on a complete ecosystem approach incor
porating, whenever possible, sensitive measurements of the con
centrations of individual nuclides in the most critical ecosystem 
compartments, beginning, at the release points. The major emphasis 
should be placed .on; the most critical nuclides, and the most 
sensitive indicators.. The requirement that all releases .be as low 
as practicable has brought about in most cases the expectation 
that the contributed concentrations be low as compared to natural 
radioactivity, cosmic radiation and fallout. The measurement of 
these low concentrations has put greater demands on the sampling 
and analysis procedures and detection sensitivities. For many



TABLE I. ESTIM ATED AVERAGE RADIOACTIVE EFFLU E N T S ( c a r ie s / s e c )  FROM MAIN STACK  
AND RESULTING AIR CONCENTRATIONS AT SITE BOUNDARY

N u c lid e Main Stack^ 
( c u r ie s /s e c )

C o n ce n tra tio n  a t  2 
S ite  Boundary (C i/m 3)

N u c lid e Main Stack^ 
( c u r ie s /s e c )

C o n c e n tra tio n  a t  ? 
S ite  Boundary (C i/m 3)

*H -3 1 .8 x l0 - 2 3 .4 x1 0 -1 ° Ce-144 8 .4 x l0 - 8 I . 6X IO -15
*K r-8 5 4 .3 x l0 _1 8 .0 x l0 -9 Pm-147 1 .5 x1 0 -8 2 .8 x1 0-1 8

S r-8 9 7 .6 x l0 ’ 9 1 .4 x1 O - i6 U-234 7 .0 x 1 0 -1 “* 1 .3x10-21

* S r-9 0 8 .8 x l0 " 9 1 .6 x l0 ~ i6 U-235 7 .0 x l0 " 16 1 .3x10-23

Y-90 8 .8 x l0 -9 1 . 6 x l0 - i6 U-238 2 .0 X 1 0 -11* 3 .7 x l0 - 22

Y-91 1 . 6 x l0 - 8 З.ОхЮ -16 *Pu-238 1 .3 x 1 0 -1 ° 2 . 4 x l0 - i 8

Z r-9 5 2 . 8 x l0 - 8 5 .2 x l0 - i6 *Pu-239 1 . 2 x l0 - n 2 .2 x l0 “ 19

Nb-95 5 .3 x l0 - 8 9 . 9 x l0 - i6 *Pu-240 2 .1 X 1 0 "11 3 . 9 x l0 - i9

Ru-103 8 .4 x l0 " 9 1 . 5 x l0 - i6 *Pu-241 5 . 5 x l0 '9 1 .0 x1 0-1 8

Ru-106 5 .0 x l0 - 8 9 . 3 x l0 - i6 Pu-242 l . l x l O ' 13 2 .0x10-21

*1 -1 2 9 1 .5 x l0 " 9 2 .8 x l0 -17 *Am-241 3.2 x1 0-1 1 5 . 9 x l0 - i9

*1-131 1 .2 x l0 - 8 2 . 2 x l0 '16 Am-242 б .З х Ю '13 1 .2 x 1 0 -2 °

*Cs-134 1 .9 x l0 - 8 3 .5 x l0 -16 *Cm-242 3 .7 x l0 -9 6 .9 x l0 -17

*Cs-137 1 .2 x1 0 -8 2 .2 x l0 - !8 Cm-243 2 .5 x1 0-1 2 4 .6 x 1 0 -2 °

Ce-141 5 .5 x l0 -9 1 .0 x1 0 " 16 *Cm-244 3 .9 x lO -10 7 .2 x1 0-1 8

♦ Q u a n t i t a t iv e ly  and B io lo g ic a l l y  S ig n i f ic a n t .
S h o rt l i v e d  decay p ro d u c ts  a re  a ls o  p re s e n t in  e q u i l ib r iu m  q u a n t i t ie s .

^ A c t iv i t y  B a s is : S p e c if ic  Power -  40 kw/kg
C o o lin g  Time -  180 days
Fuel Exposure -  32,000 MWD/MTU

Release B a s is : P ro d u c tio n  Rate -  1 ,500 MTU/Yr.
100% K r-8 5  & H-3 Released
Io d in e  D econtam ination  F a c to r = 1 ,000
D0G/V0G D econtam ination  F a c to r = 10 and F i l t e r  E f f ic ie n c y  = 99.8%
HAW /Vaporizer D econtam ination  F a c to r = 1 0 12 
G P F /V a p orizer D econtam ination  F a c to r = 106 
Pu P ro d u c t Recovery = 99%
Pu Loss to  Waste = 1%

Average X/Q is  1 .8 6 x l0 _8sec/m 3 @ 2350 m eters o r  beyond i f  va lu e  is  g r e a te r .  T h is  v a lu e  is  based on h is t o r i c a l  
m e te o ro lo g ic a l d a ta . A one y e a r m e te o ro lo g ic a l su rvey is  now being  p erfo rm e d .

2
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radionuclides the predicted concentrations are below the current 
practical limits of detection. Also, for many kinds of samples 
the concentrations depend on very detailed characteristics of 
the sample and the sampling program must be carefully guided by 
those ecologists capable of detailed sample ecological 
characterization. For example, the concentrations 
of nuclides in sediments varies over a wide range depending 
on the finer properties of the sediment. Thus, it is not 
appropriate to merely quote concentrations in sediments.
Another example is the variations of -*-37cs concentrations in 
trees and parts of flood plains. 113J

The radiological survey program associated with the AGNS 
fuel reprocessing plant is sensitive to the problems just 
des cribe d.

The most critical measurements in any monitoring program 
are those made at the points of effluent releases and in the 
air in the immediate vicinity, especially at the site boundary. 
Detailed and in many cases, isotopic measurements are there
fore planned in the main stack and at the site boundary. Dur
ing the past year environmental measurements have been made to 
establish an inventory and base line of concentrations in 
many sub-ecosystems. These data are being used to establish 
necessary and meaningful measurements during plant operation. 
Since it would be impossible to describe these inventory 
measurements in their entirely in this short paper, only a few 
examples will be described.
Ground Air Concentrations

Gamma Emitters

Ideally a ground air concentration monitoring program 
would measure the continuous time varying concentrations of 
each radionuclide in its unique chemical forms. These measure
ments can then be compared with calculated predicted releases, 
(Table i) [lU], and expected doses to man could then be calcu
lated and compared with dose measurements made with TLD1s or 
continuously operated ionization chambers. There is no doubt 
that the trend in atmospheric monitoring is toward continuous 
dose measurements, and there are some indications that eventu
ally continuous concentration measurements, made by gamma-ray 
spectrometry, will be highly desirable or required.

The main constituents that make up the ground air concen
trations of radionuclides are those resulting from nuclear 
weapons testing and from natural processes. The nuclear weapon 
radionuclides consist of fission produced and neutron induced 
activity from weapon component materials. The natural radio
nuclides include the decay of the gaseous (radon) members of 
the three naturally occurring series , the natural radionuclides 
in the airborne dust, and the cosmic-ray-produced radionuclides 
which result from spallation reactions in the atmosphere.

During th-is year's inventory phase of. the monitoring 
program the following measurements were made of the radio
nuclides found in the atmosphere: gross alpha and beta activi
ty, gamma-ray spectrometric survey using regular H.V. filters



T A B L E  И . ' G A M M A - R A Y  E M I T T E R S  IN H .V .  F IL T E R S  (July 1971 - June 1972)

Is o to p e
L im i t  o f  
D e te c t io n  

( PCi )

C om posite  
N o . lb 

x lO -3  p C i/m 3

L im it  o f  
D e te c t io n  

x lO " 3 p C i/m 3

Com posite 
N o.2 c 

x lO '3 p C i/m 3

L im it  o f  
D e te c t io n  

x lO -3 p C i/m 3

C om posite  
No. 3d 

x lO -3  p C i/m 3

L im i t  o f  
D e te c t io n  

x lO “ 3p C i/m 3

C om posite  
N o .4 e 

x lO -3  p C i/m 3

L im i t  o f  
D e te c t io n  

x lO " 3p C i/m 3

7Be 6 .4 5 124. 3 ±9 .39 1 .0 0 1 52 .3+ 1 1 .2 0 .5 6 2 0 1 .3±14 .6 0 .4 2 2 6 0 .3 + 1 8 .9 0.61

22Na 0 .8 6 ND 0 .1 3 ND 0 .0 7 ND 0 .0 6 ND 0 .0 8

**°К 1 5 .3 ND 2.37 ND 1 .3 2 ND 1.01 ND 1 .4 5

5ЦМп 0 .7 3 0 .2 4 + 0 .0 7 0.11 ND 0 .0 6 0 .2 1 ± 0 .0 5 0 .0 5 0 .2 2 + .0 6 0 .0 7

57Co 0 .4 6 0 .2 9 + 0 .0 3 0 .0 7 ND 0 .0 4 ND 0 .0 3 ND 0 .0 4

60Co 0 .7 9 0 .1 8 + 0 .0 5 0 .1 2 ND 0 .0 7 ND 0 .0 5 ND 0 .0 7

95Nbf 0 .9 3 0 .1 4 3 .6 4 + 0 .2 9 0 .0 8 4 .5 9 ± 0 .3 4 0 .0 6 4 0 .0 ± 2 .92 0 .0 9

95Z r 1 .2 5 6 .2 2 + 0 .6 3 0 .1 9 1 0 .7 ± 0 .8 6 0.11 4 5 .9 ± 3 .3 7 0 .0 8 5 1 .9 ± 3 .7 9 0 .1 2

10 3 Ru 0 .7 2 5 .9 2 + 0 .5 9 0.11 1 6 .4 + 1 .2 3 0 .0 6 1 5 .8±1.16 0 .0 5 3 2 .9 ± 2 .4 0 0 .0 7

i0 6 Rh 5 .8 3 1 1 .4 + 0 .8 8 0 .9 0 6 .2 4 ± 0 .7 4 0 .5 0 7 .3 2 + 0 .7 6 0 .3 8 1 0 .9 + 1 .1 3 0 .5 5

125Sb 1 .9 5 1 .9 6 + 0 .3 5 0 .3 0 0 .8 4 ± 0 .1 9 0 .1 7 1 .4 0 ± 0 .2 2 0 .1 3 1 .2 0 ± 0 .20 0 .1 8

134Cs 0 .6 8 . 0 .3 0 + 0 .0 8 0.11 ND 0 .0 6 ND 0 .0 4 ND 0 .0 6

137Cs 0.81 3 .2 0 + 0 .2 4  . 0 .1 3 2 .3 ± 0 .20 0 .0 7 3 .8 5 ± 0 .3 0 0 .0 5 5 .4 2 ± 0 .4 2 0 .0 8

1Ц0Ва 1.61 ND 0.25 1 8 .4 ± 2 .85 0 .1 4 2 8 .9 ± 2 .6 0 0.11 11 .5 ± 1 .1 2 0 .1 5

141Ce 0 .9 3 4 .8 0 + 0 .6 2 0 .1 4 1 2 .3±0.91 0 .0 8 4 7 .8 ± 3 .4 6 0 .0 6 5 6 .5±4 .0 8 0 .0 9

1Ц1*Се 3 .8 4 3 8 .9 + 2 .8 3 0 .5 8 2 2 .9 ±1 .71 0 .3 3 4 0 .U 2 .8 7 0 .2 5 5 8 .6 ± 4 .2 7 0 .3 6

1 5 5 Eu 2 .0 7 0 .8 0 + 0 .0 8 0.21 0 .3 6 ± 0 .0 7 0 .1 8 4 .3 2 ± 1 .3 8 0 .1 4 1 .0 3 + 0 .1 6 0 .2 0

226Ra 1 3 ,3 ND 2 .06 ND 1 .15 ND 0 .8 8 ND 1 .2 6

232Th 1 .0 3 ND 0 .1 6 . ND 0 .0 9 ND 0 .0 7 ND 0 .1 0

aL im i t  c a lc u la te d  f o r  a 1000 m in u te  c o u n t in g . t im e .

^Volume = 1 1 ,0 0 0  m3. BNFP and B a rn w e ll A ir /R a in  S ta t io n s  

c Volume = 7 ,0 0 0  m3. BNFP and B a rn w e ll A ir /R a in  S ta t io n s .

^Volume = 7 ,3 0 0  m3. BNFP and B a rn w e ll A ir /R a in  S ta t io n s .

eVolume = 4 ,5 0 0  m3. A l l  A ir /R a in  S ta t io n s .

^ A c t iv i t ie s  o f  95Nb c a lc u la te d  fro m  th e o ry .
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T A B L E  II. (cont'd) G A M M A - R A Y  E M I T T E R  IN H . V .  F IL T E R S  (M ay 1972 - D ec em b er  1972) Activities in X  1 0 '3p C i /m ;

C om posite  
No. 59

Com posite
N o.7h

C om posite
N o .8 1

C om posite
N0. 9J

Compos i  te  
No. 6^

C om posite  
No. 10

Is o to p e A c t i v i t y L /D n A c t i v i t y L/Dn A c t i v i t y L /D n A c t i v i t y L /D n A c t i v i t y L /D n A c t i v i t y L /D n

7Be 1 6 1 .58±11 .7 4 0 .4 8 1 27 .1+ 1 0 .7 0 .3 8 1 0 8 .9 ±8 .2 0 .3 7  1 3 2 .1 ± 1 0 .0 0 .5 2 7 5 .1 ± 5 .8 0 .8 0 8 6 .3 4  7 .5 9 1 .9 0

22Na ND 0 .0 6 ND 0 .0 4 ND 0 .0 4 ND 0 .0 5 ND 0 .0 8 ND 0 .1 8

1+0 К ND 1 .74 ND 1 .25 1 .5 8 + 1 .2 6 1 .2 2 3 .3 1 ± 1 .6 6 1 .6 9 3 . 85± 2 .17 2 .6 0 12.3 4  6 .09 6 .2 0

5цМп 0 .1 3 ± 0 .0 4 0 .05 ND 0 .0 3 ND 0 .0 3 ND 0 .0 4 ND 0 .0 6 ND 0 .1 5

57Co ND 0.0 3 ND 0 .0 3 ND 0 .0 2 ND 0 .0 3 ND 0 .0 5 ND 0 .1 3

60Co ND 0 .0 6 ND 0 .0 5 ND 0 .0 5 ND 0 .0 7 ND 0 .1 0 ND O .2;

9 S Z r 3 0 .9 ± 2 .2 5 0 .0 9 1 4 .3 ± 1 .32 0 .0 6 2 .3 9 ± 0 .3 2 0 .0 6 1 .1 1 ± 0 .2 1 0 .0 8 0 .2 0 ± 0 .1 4 0 .1 2 0 .3 6  0 .1 6 0 .2 8

95Nb 2 8 .7 ± 2 .0 9 m 0 .0 7 1 8 .6 ± 1 .7 2 m 0 .03 4 .0 4 ± 0 .5 4 m 0 .0 3 2 . 00± 0 . 38m 0 .0 4 0 .3 7 ± 0 .2 6 m 0 .0 6 0 .5 5  0 .17 0 .1 5

103Ru 3 5 .7 ± 2 .6 0 .05 1 8 .0 ± 1 .9 0 .0 2 2 .3 1 ± 0 .3 0 .0 2 1 .3 ± 0 .2 0 .0 3 0 . 2 5 ± 0 .08 . 0 .0 5 ND 0 .1 2

10eRh 7 .7  5 ± 4 .3 0 .4 4 6 . 34±0.83 0 .3 8 2 .7 0 ± 0 .4 7 0 .3 7 1 .3 ± 0 .4 0.51 2 .2 ± 0 .6 0 .7 9 ND 1 .8 8

125Sb 1 .1 4 ± 0 .1 8 0 .1 5 0 .5 8 ± 0 .1 2 0 .0 9 ND 0 .0 9 0 .3 9 ± 0 .09 0 .1 2 ND 0 .1 8 ND 0 .4 4

134 s 0 .3 9 ± 0 .0 7 0 .0 5 ND 0 .04 ND 0 .0 4 ND 0 .0 5 ND 0 .0 8 ND 0 .1 8

137Cs 6 .4 3 ± 0 .4 8 0 .06 2 .0 4 ± 0 .1 8 0 .0 4 0 .8 3 ± 0 .0 9 0 .0 4 0 . 9 0 ± 0 .11 0 .5 0 0 .5 3 ± 0 .1 2 0 .0 9 0 .5 2  0 .2 4 0 .1 9

l l t0 Ba 2 7 .6 ± 0 .5 0 .12 ND 0.07 ND 0 .0 7 ND 0 .1 0 ND 0 .1 4 ND 0 .3 6

141Ce 3 7 .5 ± 2 .7 0 .07 16.8 ±2.1 0 .04 1 . 57±0.43 0 .0 4 ND 0 .0 5 ND 0 .0 8 ND 0 .1 9

^ C e 3 4 .4 ± 2 .5 0 .2 9 1 7 .6 + 1 .3 4 0 .19 6 .1 ± 0 .5 4 0 .1 9 4 . 9 ± 0 .5 0 .2 6 2 .2 ± 0 .4 0 .4 0 ND 0 .9 5

155Eu ND 0 .1 6 ND 0.11 ND 0.11 ND 0 .1 5 ND 0 .2 3 ND 0 .5 5

226 Ra ND 0.9 9 ND 0 .70 0 .9 3 ± 0 .8 8 0 .6 8 ND 0 .9 5 ND 1 .4 6 ND 3 .4 8

232Th ND 0 .0 8 ND 0.05 ND 0 .0 5 ND 0 .0 7 0 .3 0 ± 0 .1 4 0.11 ND 0 .2 6

^ C o l le c t ! on p e r io d  16 May 1972 -  2 June 1972 V o lume = 5688 m3. A l l  A ir /R a in  S ta t io n s .

C o l le c t io n  p e r io d  6 June 1972 -  24 J u ly  1972. Volume = 9434 m3 . A l l  A ir /R a in  S ta t io n s .

’ C o l le c t io n  p e r io d  24 A u g u s t 1972 -  25 Septem ber 1972. Volume = 9188 m3. A l l  A ir / R a in  S ta t io n s .

•^ C o lle c t io n  p e r io d  25 Septem ber 1972 -  23 O ctober 1972. Volume = 6978 m3 . A l l  A ir /R a in  S ta t io n s .  

^ C o l le c t io n  p e r io d  1 November 1972 -  22 November 1972. Volume = 5661 m3 . A l l  b u t BNFP A ir /R a in  S ta t io n .  

^ C o l le c t io n  p e r io d  30 November 1972 -  28 December 1972. Volume = 1934 m3. BNFP A ir /R a in  S ta t io n .

mA c t i v i t i e s  o f  95Nb c a lc u la te d  from  th e o ry .

nL im i t  o f  d e te c t io n .
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and a high resolution Ge ( Li ) r-Na ( I ) ant i coinci denee-coincidence 1 o-i 1 ? 7spectrometer, J I and stable 'I measurements using charcoal
filters, and tritium in the air in the form of НТО, using 
silica gel and gamma-ray spectrometri с measurement of rain 
water deposition. The gross alpha and beta measurements serve 
merely as a screening procedure. Any unusual variations must 
be accompanied by speetrometriс analysis. Composites of air 
filters were used,for spectrometri с measurements. A summary 
of the spectrometriс data taken at five air stations situated 
around the plant site is presented in Table II. These levels 
of activities agree well with predictions made from the natural 
background and fallout seasonal variations and with measure
ments made at other nuclear installations in the U.S.[15,16].
As previously stated, the concentrations in most cases are 
very nearly equal to predicted concentrations from the repro
cessing plants main stack (compare Tables I, and II) .

Iodine

The concentrations of 131j were measured by charcoal fil
ters and either Ge(Li) or Nal(Tl) detectors. [17]. The con
centrations vary from a maximum of 3.15 x 10-3pCi/m3 to a 
minimum below the limit of detectability of 1.12 x 10"3pCi/m3. 
The Savannah River Plant [15] calculated 1971 concentrations 
of 131j in air the plant perimeter, based on releases, .are 
a maximum of 7 x 10-3pCi/m3 and an average for 1971 of 
5 x 10~3pCi/m3. The maximum permissible concentration is 
100 pCi/щЗ.

Since the man-rem calculations for ^31j an¿ 129j can ъе 
performed by the specific activity technique, it is important 
to know the concentrations of stable 12^1 at the plant site 
and vicinity. [18J. The average concentrations of 127l 
measured by neutron activation techniques- at Atlanta, Georgia, 
the reprocessing plant site and Barnwell, S.C., were 
3 x 10“9gram/m 3 ̂ i| 1 2 x 10-9gram/m3 an¿ 55.5 x 10”^gram/m , 
respectively.

These concentrations of stable iodine in air are to be 
compared with reported concentrations for other areas of the 
country which vary widely. Data from studies conducted in 
Hawaii, Alaska, Cambridge, Massachusetts and around Lake 
Michigan gave fairly consistent iodine concentration values 
Í19-21] of 10~8-10”9 grams/m3. Values of 1 x 10"^grams/m^ 
have been reported in the U.K. [22], but some values there

-6 3near the sea as high as ^10“ grams/m have also been reported.

Another critical nuclide is 12^I. A neutron activation 
technique is now being developed for air filters to analyze 
for this nuclide.

The entire problem of assessing the environmental impact 
of the iodine isotopes 129j an¿ 131j i s .continuously being 
assessed. [17,22,23]. Preliminary studies are being performed 
to assess the impact and make reliable and meaningful measure
ments of iodine in all its possible chemical forms.
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P r e l i m i n a r y  r e s u l t s  o f  m e a s u r e m e n t s  o f  t r i t i u m ,  i n  a i r  i n  
t h e  f o r m  o f  НТО a r e  p r e s e n t e d  i n  T a b l e  I I I .  M e a s u r e m e n t s  made 
d u r i n g  1 9 7 1  b y  SRP a r e  p r e s e n t e d  i n  T a b l e  IV.

T r i t i u m  i n  A i r

T A B L E  III. T R I T I U M  (НТО) IN A IR A R O U N D  B N F P

Lo с a t  i  on C o l l e c t i o n  P e r i o d
A b s o l u t e  
A v e r a g e  
H u m i d i t y  
bm/m ̂

T r i t  iurn 
(НТО ) 
p C i / m 3

C o n c e n 
t r a t i o n

TUa
BNFP •; 1 st- Q u a r t e r 1 9 7 2 1 1 . 9 2 lU 10 , 700

B a r n w e l l , S . С . 1 s t Q u a r t  e r 1 9 7 2 1 1 . 9 7 1 3 ,^ 7 0

BNFP 2nd Q u a r t e r 1 9 7 2 6 . 2 5 1 U6 3 ,8 3 0

B a r n w e l l , S . С . 2nd Q u a r t e r 1 9 7 2 - 6 . 2 5 109 2 ,860

D e n m a r k , S . С . 2nd Q u a r t e r 1 9 7 2 • 1 1 . 0. 25 722

H i l d a , S . С. 2 nd Q u a r t  e r 1 9 7 2 1 1 . 0 3Í+ ' 960

N o r w a y , S . С . 2 nd Q u a r t e r 1 9 7 2 1 1 . 0 NDb ND

a ) T r i t i u m  U n i t s  , 1  TU = (Т/Н).х10^® = 3 . 2 p C i / k g  w a t e r  o r  
6 . 6 8x 10 t r i t i u m  a to m s / g m  HgO.

^ ) N o n - d e t e c t a b l e  b e l o w  t h e  l e v e l  o f  s e n s i t i v i t y  o f  5 p C i / m 3 .

T A B L E  IV .  S A V A N N A H  R I V E R  1 9 7 1  Н Т О  M E A S U R E M E N T S

L o c a t i o n V a l u e s  f o r  1 9 7 1 ( p C i / m 3 ) a

M a x . M i n . A vg  .

P l a n t  P e r i m e t e r 5 01+ъ 36 I 62

A i k e n  A i r p o r t 210 10 Uo

B a r n w e l l  , S . С . 19 0 10 60

W i l l i s t o n  , ‘S . С . 326 10 60

a L i m i t  o f  s e n s i t i v i t y  i s  l O p C i / m 3

 ̂ T h i s  i s  0 . 2 5 %  o f  t h e  Maximum P e r m i s s i b l e  C o n c e n t r a t i o n
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The d a t a  co m p a r e  f a v o r a b l y  
S a v a n n a h  R i v e r  P l a n t  i n  1 9 7 1 »  I l  
b a c k g r o u n d  l e v e l s  f o u n d  i n  t h e  s 
[ 2 k ] .  The maximum l e v e l  o f  2li+p 
l e s s  t h a n  0 . 1 # o f  t h e  maximum pe 
The l e v e l s  r e p o r t e d  a r e  t h o s e  f o  
t i a t e d  w a t e r  v a p o r  (Н ТО ). The n 
t r i t i u m  i n  t h e  f o r m  o f  T 2 and HT 
m e a s u r e d  i n  t h e  BNFP v i c i n i t y ,  b 
m e a s u r e d  i n  o t h e r  a r e a s  o f  t h e  U 
b y  O s t l u n d e t  
t r i t i u m  r e l e a s  
НТО , and  s i n c e  
h i g h e r  t h a n  t h e  
b e  c o n c e n t r a t e d

w i t h  t h o s e  t a k e n  b y  t h e  
5 ] ,  b u t  a r e  a b o v e  t h e  n o r m a l  
o u t h e a s t e r n  p a r t  o f  t h e  s t a t e s  
C i /щЗ a t  BNFP i s ,  h o w e v e r ,  
r m i s s i b l e  c o n c e n t r a t i o n s ,  
r  t r i t i u m  i n  t h e  f o r m  o f  t r i -  
o r m a l  b a c k g r o u n d  a l s o  c o n t a i n s  

T h e s e  l e v e l s  h a v e  n o t  b e e n  
u t  h a v e  b e e n  e x t e n s i v e l y

i n c l u d i n g  M i a m i ,  F l o r i d a ,  
m a j o r i t y  o f  t h e  e x p e c t e d  

w i l l  b e  i n  t h e  f o r m  o f  
НТО a r e  c o n s i d e r a b l y  

i n i t i a l  m o n i t o r i n g  w i l l  
e n v i  r o n m e n t .

.S  .
a l . [ 2 I+]. S i n c e  t h e
e s  fro m  t h e  BNFP p l a n t  

t h e  p r e s e n t  l e v e l s  o f  
c o n c e n t r a t i o n s  o f  HT, 
on НТО l e v e l s  i n  t h e

K r y p t  on

- A r e v i e w  o f  t h e  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  r e l e a s e  o f  
^Kr i s  g i v e n  i n  r e p o r t  P B - 2 0 7  07.9 e n t i t l e d  " K r y p t o n  8 5 , A 

R e v i e w  o f  t h e  L i t e r a t u r e  a n d  An A n a l y s i s  o f  R a d i a t i o n  H a z a r d s " ,  
b y  W i l l i a m  P .  K i r k  1 2 5 ] .  T h i s  r e p o r t  p u b l i s h e d  b y  t h e  
E a s t e r n  E n v i r o n m e n t a l  R a d i a t i o n .  L a b o r a t o r y  , M o n t g o m e r y ,  s t a t e s  
t h a t  " K r y p t o n  85 i.s an e n v i r o n m e n t a l ,  c o n t a m i n a n t  f o r  w h i c h  
p r o g r e s s  i n  d e v e l o p m e n t  o f  m o n i t o r i n g  and  c o n t r o l  m e t h o d o l o g y  
a p p e a r s  t o  h a v e  o u t s t r i p p e d  k n o w l e d g e  a n d  u n d e r s t a n d i n g  o f  i t s  
b i o l o g i c  e f f e c t s " .  I n  a d d i t i o n  t h e  b a s i s  f o r  r e l e a s e  r e g u l a 
t i o n s  ( M P C 's )  a r e  e n t i r e l y  b a s e d  on r a d i a t i o n  d o s e  c a l c u l a t i o n s .  
T h e s e  c a l c u l a t i o n s  h a v e  n o t  b e e n  s u b j e c t e d  t o  t h e  s c r u t i n y  o f  
i n  v i v o  e x p e r i m e n t a t i o n  [ 2 6 ] .  The p r e s e n t l y  a c c e p t e d  maximum 
p e r m i s s i b l e  c o n c e n t r a t i o n s  i n  a i r  f o r  ^Kr , a s  e s t a b l i s h e d  b y  
t h e  A EC, NCRP and  ICRP a r e  3 x l 0 5 p C i / m 3  f o r  u n r e s t r i c t e d  a r e a s ,  
lO ^ p C i/m ^  f o r  o c c u p a t i o n a l  e x p o s u r e  f o r  40 h o u r s  w e e k l y  and  
3 x l 0 ° p C i / m 3  f o r  o c c u p a t i o n a l  e x p o s u r e  f o r  a l 6 8 - h o u r  w e e k .

E s t i m a t e s  made b y  AGNS and m e a s u r e m e n t s  made a t  NFS 
( N u c l e a r  F u e l  S e r v i c e s ,  r e p r o c e s s i n g  p l a n t )  i n d i c a t e d  t h a t  
r e l e a s e s  f r o m  t h e  BNFP f a c i l i t y  w i l l  r e s u l t  i n  c o n c e n t r a t i o n s  
o r d e r s  o f  m a g n i t u d e  b e l o w  t h i s  , and t h e  a v e r a g e  a n n u a l  p o t e n 
t i a l  w h o l e - b o d y  e x p o s u r e  t o  an i n d i v i d u a l  l i v i n g  a t  t h e  s i t e  
b o u n d a r y  i s  e x p e c t e d  t o  b e  a p p r o x i m a t e l y  0 . 2 8  m r e m / y e a r  f r o m  
t h e  Kr r e l e a s e d  f r o m  t h e  BNFP t o  t h e  e n v i r o n m e n t .  T h i s  i s  
o n l y  a b o u t  0 . 2 % o f  t h e  e x p o s u r e  t h e  i n d i v i d u a l  w o u l d  r e c e i v e  
f r o m  n a t u r a l  b a c k g r o u n d  r a d i o a c t i v i t y .  A l t h o u g h  m e a s u r e m e n t s  
o f  ^Kr i n  t h e  e n v i r o n m e n t  a r o u n d  BNFP a r e  b e i n g  p l a n n e d ,  no 
a c t u a l  m e a s u r e m e n t s  w i l l  b e  t a k e n  i n  t h e  i m m e d i a t e  f u t u r e  as  
p a r t  o f  t h e  p r e - o p e r a t i o n a l  i n v e n t o r y .

P l u t o n i u m

P l u t o n i u m  i s  o ne  o f  t h e  m ore  c r i t i c a l  n u c l i d e s  a s s o c i a t e d  
w i t h  t h e  r e l e a s e s  f r o m  a n u c l e a r  f u e l  . r e p r o c e s s i n g  p l a n t .  The 
m a j o r  c h a r a c t e r i s t i c s  o f  t h e  p l u t o n i u m  i s o t o p e s  a r e  l i s t e d  i n  
T a b l e  V.
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T A B L E  V .  I S O T O P E S  O F  P L U T O N I U M

I s o t o p e H a l f  L i f e P a r t i  c l e E n e r g y C i/ g m
( y e a r s ) (MeV )

2 3 8 Pu 8 6 .U a 5 . 5 1 7 . b'
2 3 9 p u 2k  ,2 9 6 a 5 . 2 O .O 61

6 ,5 8 0 a 5 -2 0 . 23
 ̂ Pu 1 3 .  2 3 0 . 0 2 1 1 1 2 . 0

2l+2pu 379 ,000 a k.9 0 . 004

T h e r e  i s  a p a u c i t y  o f  i n f o r m a t i o n  on t h e  b e h a v i o r  o f  p l u t o n i u m  
i n  e c o s y s t e m s  and  i t s  r a d i o l o g i c a l  e f f e c t s .  1 2 7 - 3 2 J .  I t s  
t r a n s f e r e n c e  f r o jn  t h e  a t m o s p h e r e  t h r o u g h ,  s o i l  a n d  v a r i o u s  k i n d s  
o f  s e d i m e n t s  i s  n o t  w e l l ,  u n d e r s t o o d .  I t  e n t e r s  p l a n t s  f r o m  
s o i l  o n l y  t o  a v e r y  s m a l l  e x t e n t  and l e s s  t h a n  o ne  t h o u s a n d t h  
o f  t h a t  i n g e s t e d  i n  d i e t  i s  a b s o r b e d  t h r o u g h ,  t h e  g a s t r o 
i n t e s t i n a l  t r a c t ,  b u t  when i n h . a l e d  i t  i s  o n e  o f  t h e  m o s t  t o x i c  
o f  r a d i o a c t i v e  m a t e r i a l s .  Th.e ' m e t h o d s  o f  d e t e c t i o n  o f  lo w  
l e v e l s  demand t e d i o u s  c h e m i c a l  s e p a r a t i o n  and  a l p h a  s p e c t r o m e -  
t r i c  m e a s u r e m e n t s .  The b a c k g r o u n d  a i r  c o n c e n t r a t i o n s  o f  ^ 3 9 p u 
r a n g e  f r o m  ( l  t o  1 0 ) x  1 0 “ -*-?Ci /m^ , w h e r e  i t  i s  a c c o m p a n i e d  b y
s m a l l e r  q u a n t i t i e s  o f 2li0 P u ,  f r o m  w h ich ,  i t  c a n n o t  b e  d i s t i n 
g u i s h e d  b y  a l p h a  s p e c t r o m e t r y ,  o f  ^38p u j_n a p p r o x i m a t e
r a t i o  o f  0 . 0 2  t o  O.OH and o f  ^ I - P u .  [ 3 3 ] .

The i n v e n t o r y  p h a s e  o f  t h e  p r o g r a m  w i l l  c o n s i s t  o f  m e a s u r 
i n g  2 3 9 p u a n ¿ 2 3 ö p u д д г  f i l t e r s  and  e c o l o g i c a l l y ,  c h a r a c t e r 
i z e d  s o i l  and  s e d i m e n t s .  T h e s e  m e a s u r e m e n t s  w i l l  b e  c o n t i n u e d  
d u r i n g  t h e  o p e r a t i o n a l  p h a s e  a l o n g  w i t h  s p e c t r o m e t r i c  a n a l y s i s  
o f  a i r  s a m p l e s  t a k e n  i n  t h e  m ain, s t a c k .

I n  S i t u  Gamma S p e c t r o m e t r i c  Me as u r e m e n t  s

I t  i s  b e c o m i n g  m ore  and  m ore  e v i d e n t  t h a t  i n  s i t u  e n v i r o n 
m e n t a l  g a m m a -r a y  s p e c t r o m e t r i c  m e a s u r e m e n t s  a r e  a t r e m e n d o u s l y  
p o w e r f u l  t ç o l  i n  m e a n i n g f u l  e c o l o g i c a l  m o n i t o r i n g .  [ 3 *+,3 б ] .
T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  m a k in g  d o s e  and c o n c e n t r a t i o n  
m e a s u r e m e n t s  o f  g a m m a -r a y  e m i t t e r s  i n  s o i l  and q u a l i t a t i v e  
m e a s u r e m e n t s  o f  a i r  c o n c e n t r a t i o n  o f  r e l e a s e s  f r o m  t h e  n u c l e a r  
i n d u s t r y .  P l a n s  a r e  c u r r e n t l y  b e i n g  made t o  u s e  t h i s  t e c h n i q u e  
i n  some s p e c i a l  s t u d i e s .  One o f  t h e s e  i s  a b a s e  l i n e  s t u d y  o f  
t h e  p l a n t  v i c i n i t y  o f  t h e  d o s e s  due t o  t h e  T h , V and  К n u c l i d e s  
i n  s o i l  and  a c o m p a r i s o n  w i t h  s i m i l a r  m e a s u r e m e n t s  made w i t h  
T L D ’ s [ 3 6 ] .

N o n - r a d i o a c t i v e  G a s e o u s  E f f l u e n t s

The o n l y  s i g n i f i c a n t  n o n - r a d i o a c t i v e  g a s e o u s  p r o c e s s  
e f f l u e n t s  f r o m  t h e  r e c y c l i n g  p l a n t  a r e  o x i d e s  o f  n i t r o g e n .  
O n l y  a p p r o x i m a t e l y  10% i s  e x p e c t e d  i n  t h e  f o r m  o f  N 0 2 , and  
t h e  r e m a i n d e r  i s  i n  t h e  l e s s  t o x i c  f o r m  o f  N0 a n d  N20. S m a l l  
a m o u n ts  o f  S02 and  CO a r e  e x p e c t e d  f r o m  t h e  s e v e r a l  s t a n d a r d
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b o i l e r s  u s e d  f o r  p r o c e s s  and b u i l d i n g  h e a t i n g .  A d j a c e n t  t o  
t h e  r e p r o c e s s i n g  p l a n t  - w i l l  be  a u r a n i u m  h .e x o f  l u o r i  de f a c i l i t y ,  
w h i c h  w i l l  d i s c h a r g e  l o w  l e v e l s  o f  f l u o r i d e .

D e t a i l e d  s t u d i e s  o f  t h e s e  I 9 > 1 2 j  i n c l u d e  e x p e c t e d  o p e r a 
t i o n a l  r e l e a s e  r a t e s  and  p r e d i c t e d  c o n c e n t r a t i o n s  a t  t h e  u n 
r e s t r i c t e d  s i t e  b o u n d a r y ,  a l o n g  w i t h  a c o m p a r i s o n  t o  r e g u l a 
t o r y  a m b i e n t  a i r  q u a l i t y  s t a n d a r d s .  T a b l e  V I _ [ l 2 l  g i v e s  t h e  
maximum p r e d i c t e d  o f f - s i t e  c o n c e n t r a t i o n s  a s  a p e r c e n t a g e  o f  
S t a t e  and  F e d e r a l  S t a n d a r d s .

O p e r a t i o n a l  P r o g r a m

The o p e r a t i o n a l  m o n i t o r i n g  p r o g r a m  i s  b e i n g  d e v e l o p e d  
f r o m  t h e  p r e - o p e r a t i o n a l  and  i n v e n t o r y  p h a s e .  The p r i m a r y  
e m p h a s i s  w i l l  be  on c l o s e  c o o r d i n a t i o n  b e t w e e n  s t a c k  d i s c h a r g e s  
a n d  t h e i r  d i s t r i b u t i o n  t o  a t m o s p h e r i c ,  t e r r e s t r i a l  and a q u a t i c  
s y s t e m s  and  on m ovem ent t h r o u g h  t h e s e  s y s t e m s  t o  man. S i n c e  
t h e  i n v e n t o r y  and  t h e  i d e n t i f i c a t i o n  o f  t h e  p r i n c i p l e  p a t h w a y s , 
i n c l u d i n g  s i t e s  o f  g r e a t e r  b i o a c c u m u l a t i o n ,  w i l l  h a v e  b e e n  
e s t a b l i s h e d ,  t h e  s a m p l i n g  p r o g r a m  ca n  b e  f a r  l e s s  e x t e n s i v e ,  
and c o r r e s p o n d i n g l y  m o re  s p e c i f i c .  Thus,,  t h e  o p e r a t i o n a l  
p h a s e  n o t  o n l y  w i l l  b e  m ore  e f f i c i e n t  and r e l i a b l e ,  b u t  t h e  
c o s t s  a l s o  w i l l  b e  s u b s t a n t i a l l y  r e d u c e d .

T A B L E  V I .  C O M P A R A T I V E  O F F - S I T E  C O N C E N T R A T I O N S  O F  
N O N R A D IO  A C T I V E  G A S E O U S  E F F L U E N T S

T o t a l  BNFP
P e r c e n t a g e  o f  S t a t e  and  F e d e r a l  S t a n d a r d s

A n n u a l  A v e r a g e S h o r t  D u r a t i o n  P e a k s

NO *
X ,i 0..9% No S t a n d a r d  G i v e n

C\J
оCO 1. 5% 15%

CO U x  10~^% 0 . 0 3 %.

*HF** 2. 8% No S t a n d a r d  G i v e n

*Maximum v a l u e s  b a s e d  on p r e d i c t e d  c o n d i t i o n s  w h i l e  o p e r a t i n g  
t h e  S e p a r a t i o n s  F a c i l i t y  p r o c e s s  b o i l e r s  on t h e  s t a n d b y  f u e l  
(N o. 1  d i e s e l  o i l ) .  V a l u e s  a r e  c o n s i d e r a b l y  l o w e r  when 
o p e r a t i n g  t h e s e  b o i l e r s  on t h e  n o r m a l  f u e l ,  n a t u r a l  g a s .

**N o S t a t e  o r  F e d e r a l  C o n c e n t r a t i o n  S t a n d a r d s .  C o m p a r is o n  
made t o  Emory U n i v e r s i t y  re co m m e n d e d  S t a n d a r d  o f  0 . 5 y g / M 3 
as  c o m p a r e d  t o  v a l u e s  g i v e n  i n  t h e  l i t e r a t u r e  and  b y  o t h e r  
s t a t e s  w h i c h  v a r y  f r o m  1 . 0  t o  5»0yg/M  .
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Sy.s.tems A n a l y s i s

A system of digital, computer programs has been developed 
to provide for data, storage, retrieval and analysis, and to 
generate reports on sample preparation and analysis. In order 
to accommodate all possible sampling locations- and types of 
samples, the computer programs were written to allow for open- 
ended data categories for each sample. New sampling program 
requirements or new sample locations can be added at any time. 
This feature is particularly important in field work when 
trained observers discover a situation which should be sampled. 
New data categories are then added as needed in the field and 
data collection can proceed with assurance that the newly 
collected data will be properly stored and available through 
the data base.

There are five distinct areas of activity in the sampling 
'program and the data objectives of these areas are not neces
sarily compatible. In order to accommodate each of the sub
groups, a general data sheet was devised and then modified for 
each group. Each data form uniquely identifies a sample 
through generation of a unique sample number when certain basic 
data columns are filled out. Routine data entries require 
circling appropriate digit sets which are alphabetically identi
fied on the data sheet. Non-routine and numerical data must be 
written into columns.

The original data sheets are used for keypunch operations 
and the resulting cards provide input to the master data file 
through a file monitor program. Data sheet errors detected 
by the file monitor cause a print out which instructs the user 
as to the type of error detected. Acceptable data are added 
to the file and a print out of new file data is generated. As 
samples are carried through numerous processing and analysis 
stages, continual updates on the status of a sample are 
entered through a remote terminal. An update program allows 
for changes in the sample status category and the addition of 
analytical results to a sample file. The master, file may be 
edited for errors and this responsibility has been limited to 
two people.

Data retrieval allows for both printed and graphic display 
of data through the creation of secondary files which may be 
used in data reduction programs available through a computing 
center library. The master file may be addressed according 
to any ranking of the sample data categories. This makes the 
data base as useful to one looking for the next sample to 
process as it is for the investigator who is looking for corre
lations.

Data analysis may be conducted according to. the needs of 
each user. In addition to the computer program library, 
several programmable calculators are also in use with data 
sets derived from the master file. One interesting applica
tion in data analysis is the generation of a digitized map 
of the study area on which may be written mean concentrations 
of elements. This allows for variables such as BNFP opera
tions, to be visually correlated with topography, vegetation,
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or a chemical species of interest. The advantage here is in 
quickly reviewing ordered data sets in their natural spatial 
relationship.

The final aspect of this system is that of report genera
tion. Data entered into the master file are dated at time 
intervals and they may be retrieved on a temporal basis for 
generation of computer written reports. The basic report 
format is written and stored and computer generated variables 
are inserted for each report with the necessary tables and 
adjustment of text accomplished- by the program.

' EMPIRICAL BENEFITS

These are presented in two ways. The first consists of 
examples of direct empirical benefits to Allied-Gulf Nuclear 
Services derived from its monitoring program. The second is 
a summary statement of the empirical benefits of an ecosystem 
approach to monitoring which are applicable not only to radio
nuclides and other pollutants in the environment, but also to 
the development and design of industrial facilities.

Examples of Empirical Benefits to Allied-Gulf Nuclear Services

The initial significant contribution from the monitoring 
program was to place the facility within an ecological perspec
tive unique, to its particular on-site and off-site environment.
By accomplishing much of this prior to construction, environ
mental problems were -anticipated and provided for during the 
early flexible stages of facility design. Thus the difficult 
and expensive procedures for retrofitting were avoided.

A good example of these kinds of feed-back loops to facility 
design is that of the source, utilization and discharge of pro
cess water with regard to volume, quality, and radionuclides.
The original facility design called for a once through cooling 
system, with water drawn from the.Tuscaloosa aquifer and then 
released to Lower Three Runs Creek, which is located on the AEC 
Savannah River Plant site. The design also included release 
of low’ levels of radio.n.uclides and of varying levels of 
stable elements from process and cooling water treatment, and 
the addition of some heat. . In order to assess the impact of 
this tentative design, intensive biological and hydrological 
studies were made of the. stream system, including i;t s flood 
plain forests. These showed (a) that the projected rate of 
discharge was much higher than the stream could accommodate 
during normal flows without severe stress on both the stream 
channel and its flood plains; (b) that the quality of the 
stream at and below the point of discharge was good-, and 
therefore the addition of treatment chemicals and heat could 
lead to violation of water quality standards.; (c) that the 
stream and flood plain contained radionuclides at levels high 
enough to make it almost impossible to differentiate between 
these and possible additions from the facility., and (d) that 
certain areas of the stream showed prior damage and succession- 
al shifts which also precluded a positive differentiation in 
future years as to the cause of the damage. ■ •
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Consequently, the design was altered Ca) to provide for 
a recycling system which, reduced the discharge by three- 
fourths, which is judged to have either no adverse effects or 
under conditions of low flow to be beneficial; (b) to eliminate 
the discharge of any radionuclides, and (c) to eliminate the 
discharge of chemical additives and heat. To assist with the 
latter, a specially designed ecological monitoring and condi
tioning pond was located between the plant and LTRC, and 
sewage was diverted through an irrigation spray system to a 
three acre plot.

These early changes (a) prevented costly retrofitting 
which at least in part would havè been necessary; (b) gave 
complete protection to LTRC; (c) reduced the demand on the 
Tuscaloosa aquifer, and (d) eliminated the need for a more costly 
and long continuing monitoring program for LTRC.

Design characteristics for the gaseous waste treatment 
and stack monitoring facilities were also substantially in
fluenced by ecological considerations, especially with regard 
to the treatment and release of plutonium, iodine and fluorine.

Significant inputs to the design for radioactive waste 
storage and monitoring came from the hydrological studies , 
such, as those on the direction and rate of flow of ground water, 
and the tests which showed that leaks did not exist between the 
several underlying aquifers.

Other kinds of empirical benefits from the .ecological 
characterization and. inventory phase apply to Ca) the opera
tional monitoring program; Cb ) th.e identification of specific 
modes for an early warning system of bi.oaccumulaiti.on ; and. (c) 
a contribution to meaningful comparisons of data from other 
nuclear industry. For the operational program., the procedures 
can be more efficient and direct., and therefore much less ex
tensive and expensive. For the early warning system., certain 
species in the turkey-oak. community sh.owed much, higher levels 
of bioaccumulation of -*-37q s than th.ose in other communities, 
and this community therefore is identified as a sensitive and 
primary site for continual sampling. For meaningful compari
sons with other nuclear industry the use of the red maple 
(Acer rub rum) is suggested. . This.tree has a wide and very 
common distribution in the eastern U.S. from Florida to New 
England. Although only a moderate accumulator,, it shows 
consistant patterns with respect to radionuclide concentra
tions in roots, small limbs, and leaves, as well as to physio
logical states. Thus, this easily, accessible species could be 
used as an integrator and common denominator throughout the 
Eastern U.S.A. for the environmental distribution of certain 
radionuclides.

As a final example, the spin-off of basic research should 
be recognized as a significant benefit, since this is urgently 
needed for the development of regional models-. The paper [ll] 
presented in this symposium on Flood Plain Transfer and Accu
mulation of -*-37çs from a Reactor Effluent S t r e am may be cited 
as an example of basic research derived from this monitoring 
program.
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1. A systems approach, to monitoring of the entire man- 
environment ecosystem which provides a comprehensive 
understanding of th,e major pathways and functional 
processes within this system.. This approach gives to 
the facility an ecological perspective.

2. Inputs to decision making processes, as for example 
facility design and operational criteria.

3. A critical separation between effluents from various 
sources.

U. A realistic means for an early warning system which
is capable of detecting long range trends and magnitudes 
of change prior to the potential development of serious 
problems.

5. Provision for a higher level of protection to the public 
and to a better understanding of risks vs benefits.

6. Provision for accommodation of unexpected problems 
which in turn increases efficiency and reduces costs. 
Unexpected problems may be new questions raised by 
regulatory agencies, new design criteria, and additional 
facilities on-site or in the region.

7. A methodology for the development of regional models
and data banks which are emerging as essential to
national and international monitoring programs.

8 . A methodology for comparison of data from many sources
at a level of confidence much higher than that in common
use.

9. A monitoring program which is applicable to nonradio
active as well as radioactive substances , and is therefore 
transferable to the monitoring of pollutants from other 
industry.

10. A contribution to an understanding of the capacity of 
man's total environment to.accommodate radionuclides.
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p a r t i c u l a r  s i g n i f i c a n c e  i s  t h e  c o n t i n u e d  c o o p e r a t i o n  and  i n t e r 
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J e  v o u d r a i s ,  en c o m m e n ç a n t  c e t  e x p o s é  r e l a t i f  a u x  c o n c l u s i o n s  que 
l 'o n  p e u t  t i r e r  de c e t t e  ré u n io n ,  r e m e r c i e r  l e s  t r o i s  o r g a n i s a t i o n s  i n t e r 
n a t io n a l e s  d ' a v o i r  donné a u x  p a r t i c i p a n t s  l ' o c c a s i o n  d 'é c h a n g e r  l e u r s  
o p in io n s  et  de f a i r e  l e  p o in t  de l a  s i tu a t io n  a c t u e l l e .

Il  e s t  é v id e n t  que je  n 'e n v i s a g e  p a s  de f a i r e  une a n a l y s e  c r i t i q u e  des  
c o m m u n ic a t io n s  qui ont é té  p r é s e n t é e s ,  s in o n  j e  m e  f e r a i s  a u tan t  d 'e n n e m is ,  
e t  j e  n 'e n v i s a g e  p a s  non p lu s  de f a i r e  l a  lo u a n g e  d e s  s u j e t s  qui m e  
p a r a i s s e n t  a v o i r  é té  l e  m i e u x  t r a i t é s ,  p a r c e  q u ' i l  e s t  t r è s  d i f f i c i l e  de 
m a n i e r  l a  l o u a n g e  d 'u n e  f a ç o n  é q u ita b le .  J e  v o u d r a i s ,  s i  v o u s  m e  le  
p e r m e t t e z ,  t i r e r  d e s  c o n c l u s io n s  g é n é r a l e s  s u r  t r o i s  p o in ts  p a r t i c u l i e r s .

L e  s u j e t  du c o l lo q u e  é ta it ,  en f a i t ,  le  c o m p o r t e m e n t  d e s  r a d i o é l é m e n t s  
d ans l 'e n v i r o n n e m e n t ,  e t  c e c i  en r e l a t i o n  a v e c  l a  p r o t e c t i o n  r a d io l o g i q u e  de 
l 'h o m m e .  I l  e s t  a p p a r u  que c e  s u j e t ,  qui p o u v a it  ê t r e  t r a i t é  d 'u n e  f a ç o n  
r e s t r i c t i v e ,  a  é té  i n t e r p r é t é  p a r  l e s  o r g a n i s a t e u r s  e t  l e s  p a r t i c i p a n t s  d 'u n e  
f a ç o n  e x t e n s i v e ,  c ' e s t - à - d i r e  que l 'o n  ne s ' e s t  p a s  co n te n té  de c o n s i d é r e r  
l e  c o m p o r t e m e n t  d e s  r a d i o é l é m e n t s  dans l ' e n v i r o n n e m e n t ,  m a i s  q u 'o n  a 
a u s s i  c h e r c h é  à  e s t i m e r  quel é ta i t ,  au t r a v e r s  de c e s  t r a n s f e r t s ,  l ' i r r a d i a t i o n  
é v e n t u e l l e  ou l ' i r r a d i a t i o n  r é e l l e  de la  p o p u la t io n .

A i n s i ,  c e s  c o n c l u s i o n s  g é n é r a l e s  c o n c e r n e r o n t  d 'u n e  p a r t  l e s  t r a n s f e r t s  
de r a d i o é l é m e n t s  d a n s  l e  m i l i e u  t e l s  q u ' i l s  s o n t  a p p a r u s  au c o u r s  de c e s  
j o u r n é e s ,  d 'a u t r e  p a r t  l ' e s t i m a t i o n  d e s  c o n s é q u e n c e s  de c e s  t r a n s f e r t s  
p o u r  l 'h o m m e ,  et en fin  l 'a p p l i c a t i o n  p r a t iq u e  de c e u x - c i  d ans l e  c o n te x te  
g é n é r a l  d e s  r e c o m m a n d a t i o n s  de la  C o m m i s s i o n  in t e r n a t i o n a l e  de 
p r o t e c t i o n  r a d i o l o g iq u e .

T R A N S F E R T S  D E  R A D I O E L E M E N T S  D A N S  L 'E N V I R O N N E M E N T

T o u t  d 'a b o r d ,  en c e  qui c o n c e r n e  l e s  t r a n s f e r t s  de r a d i o é l é m e n t s  dans 
l 'e n v i r o n n e m e n t ,  i l  fa u t  s e  f é l i c i t e r  d ' a v o i r  t r o u v é  i c i  un e n s e m b l e  
c o n s i d é r a b l e  de d o n n é e s .  J e  d o is  d i r e  que, p o u r  c e  qui e s t  d e s  s o u r c e s  
m ê m e s  de  l a  p o l lu t io n  r a d i o a c t i v e ,  j ' a i  é té  un p e u  étonné de c o n s t a t e r  q u 'o n  
a c c o r d a i t ,  p a r  e x e m p le ,  une g r a n d e  i m p o r t a n c e  aux r é a c t e u r s  n u c l é a i r e s  
e t  que, b ie n  q u ' i l  y  a i t  eu d e s  c o m m u n ic a t io n s  à  ce  s u je t ,  on a v a i t  donné 
l ' i m p r e s s i o n  de m o in s  s ' i n t é r e s s e r  au x  u s i n e s  de t r a i t e m e n t  qui, i l  fau t  b ien  
l e  r e c o n n a î t r e ,  sont  tout  de m ê m e  l e s  i n s t a l l a t i o n s  l e s  p lu s  p o l lu a n t e s  dans 
l a  c h a în e  i n d u s t r i e l l e  de l ' é n e r g i e  n u c l é a i r e .  D ' a u t r e  p a r t ,  en c e  qui 
c o n c e r n e  l e s  r a d i o é l é m e n t s  p r o p r e m e n t  d its ,  j e  c r o i s  que l ' a c c e n t  a  é té  
m i s  d 'u n e  f a ç o n  h e u r e u s e  s u r  l e  f a i t  que l 'o n  s ' i n t é r e s s e  un p eu  m o in s  aux 
p r o d u it s  de f i s s i o n  e t  d a v a n t a g e  a u x  p r o d u it s  d 'a c t i v a t io n ,  que  c e r t a i n s  gaz  
r a r e s ,  t e l s  l ' a r g o n  ou l e  k r y p to n ,  fo n t  l 'o b j e t  d 'é t u d e s ,  que c e r t a i n s
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t r a n s u r a n i e n s  t e l  le  p lu to n iu m  c o m m e n c e n t  â ê t r e  t r è s  é t u d ié s ,  e t  enfin  
que le  t r i t i u m  a t r o u v é  m a in te n a n t ,  j e  c r o i s ,  s u r  le  p lan  i n te r n a t io n a l  
l a  p l a c e  à l a q u e l l e  i l  a  d r o i t ,  c o m p t e  tenu d e s  q u a n t ité s  qui p e u v e n t  ê t r e  
r e j e t é e s  dans l e  m i l i e u .  L a  n a t u r e  p h y s i c o - c h i m i q u e  s o u s  l a q u e l l e  s e  
p r é s e n t e n t  l e s  e f f lu e n t s  r a d i o a c t i f s  a é té  é tu d ié e ,  m a i s  p e u t - ê t r e  m é r i t e r a i t -  
e l l e  de l ' ê t r e  d a v a n t a g e  et  d ans c e  d o m a in e  de s  é tu d es  p lu s  p o u s s é e s  
p o u r r a i e n t  ê t r e  p r o f i t a b l e s .

E n s u i t e ,  nou s  a v o n s  c o n s t a t é  que l e s  v e c t e u r s  in i t i a u x  de l a  co n ta m in a t io n ,  
c ' e s t - à - d i r e  le  v e c t e u r  a t m o s p h é r iq u e  et l e s  eaux, q u ' i l  s ' a g i s s e  de s  e a u x  
de  s u r f a c e  ou d e s  e a u x  m a r i n e s ,  g a r d e n t  t o u jo u r s  l a  f a v e u r .  J e  d ois  
c o n s t a t e r  qu 'un  t r è s  g r a n d  n o m b r e ,  je  d i r a i s  m ê m e  une m a j o r i t é  de 
c o m m u n i c a t io n s  ont p o r t é  s u r  c e s  v e c t e u r s  in i t ia u x .  C e r t e s ,  c e s  v e c t e u r s  
in i t i a u x  s o n t  t r è s  i n t é r e s s a n t s ,  en p a r t i c u l i e r  p o u r  l a  d i lu t io n  et p o u r  l a  
d i s p e r s i o n  d e s  r a d i o é l é m e n t s  dans l e  m i l i e u ,  m a i s ,  nou s a l lo n s  l e  v o i r ,  
i l s  ne co n st i tu e n t ,  en fa i t ,  que le  début de la  ch a în e  d e s  t r a n s f e r t s .  A i n s i ,  
i l  s e m b l e  que le  c o l lo q u e  s ' e s t  m o n t r é  tout à f a i t  t r a d i t i o n a l i s t e  en 
co n tin u a n t  d ' a c c o r d e r  une t r è s  g r a n d e  i m p o r t a n c e  à  c e s  v e c t e u r s .

L e s  v e c t e u r s  i n t e r m é d i a i r e s ,  c ' e s t - à - d i r e  l e s  t r a n s f e r t s  au s e in  de l a  
b i o s p h è r e ,  ont f a i t  l 'o b j e t  de n o m b r e u s e s  c o m m u n i c a t io n s  e t  i l  e s t  n o r m a l  
que l 'o n  a t t a c h e  une i m p o r t a n c e  n o ta b le  à  une c h a în e  de t r a n s f e r t s  p a r t i c u l i è r e 
m e n t  c o m p l e x e  et  au s e i n  de l a q u e l l e  on t r o u v e  d e s  p r o c e s s u s  de r e c o n c e n t r a 
tion, de r e d i lu t io n ,  de r e d i s p e r s i o n  et  de r e m a n i e m e n t  d ans l e s  v o i e s  d e s  
r a d i o n u c l é i d e s .  P a r  c o n t r e ,  j ' a v o u e  ê t r e  un p eu  s u r p r i s ,  b ie n  que l e  s u j e t  
a i t  é té  t r a i t é  d ans  un c e r t a i n  n o m b r e  de c o m m u n ic a t i o n s ,  de l ' i n t é r ê t  l i m i t é  
que l 'o n  a  p o r t é  à une c h a în e  de t r a n s f e r t s  qui, en c e  qui c o n c e r n e  
l ' i n d u s t r i e  n u c l é a i r e ,  a p p a r a î t  p o u r  le  p u b l ic  c o m m e  l a  ch a în e  e s s e n t i e l l e ,  
j e  v e u x  p a r l e r  de l a  c h a în e  a l i m e n t a i r e .

C e r t e s ,  on a p a r l é  de l a  c h a în e  a l i m e n t a i r e ,  m a i s  e s s e n t i e l l e m e n t  en ce  
qui c o n c e r n e  l a  p r o d u c t io n  a g r i c o l e ,  q u ' i l  s ' a g i s s e  de l ' a g r i c u l t u r e  ou de 
l ' é l e v a g e .  M a is  j e  t r o u v e  q u 'o n  a, p a r  r a p p o r t  au  r e s t e  — b ie n  entendu tout 
e s t  r e l a t i f  —, p a r  r a p p o r t  à l ' i m p o r t a n c e  a c c o r d é e  au x  v e c t e u r s  in it ia u x ,  
a s s e z  p eu p a r l é  de l a  t r a n s f o r m a t i o n  i n d u s t r i e l l e  de s  p r o d u it s  a l i m e n t a i r e s  
qui jo u e  s o u v e n t  un r ô l e  de f i l t r a t i o n  v i s - à - v i s  de l a  p r o d u c t io n  a g r i c o l e .
On n 'a  p o u r  a in s i  d i r e  p a s  p a r l é  de  l a  d i s t r i b u t io n  c o m m e r c i a l e  d e s  p r o d u it s  
a l i m e n t a i r e s .  O r ,  l a  d i s t r i b u t io n  c o m m e r c i a l e  de s  p r o d u it s  a l i m e n t a i r e s  
e s t  un f a c t e u r  de d i s p e r s i o n  de l a  r a d i o a c t i v i t é  qui e s t  s a n s  doute de t r è s  
lo in  l e  p lu s  i m p o r t a n t .  V o u s  s a v e z  c o m m e  m o i  que l ' a u t o c o n s o m m a tio n ,  en 
p a r t i c u l i e r  d ans  l e s  p a y s  i n d u s t r i e l l e m e n t  d é v e lo p p é s ,  e s t  un m o d e  
d 'a l i m e n t a t io n  qui tend à  d i s p a r a î t r e ,  e t  que l 'a l i m e n t a t i o n  s e  f a i t  au t r a v e r s  
de s  c h a în e s  c o m m e r c i a l e s .  O r ,  l e s  c h a î n e s  c o m m e r c i a l e s  p e u v e n t  d i s p e r s e r  
l e s  r a d io n u c l é i d e s  à d e s  d i s t a n c e s  b ien  p lu s  c o n s i d é r a b l e s  que l e s  c o u r a n t s  
m a r i n s  ou que l e s  c o u r a n t s  a t m o s p h é r i q u e s .  J e  d o is  d i r e  que j ' a i  é té  
s u r p r i s  de v o i r  que c e s  v o i e s  n o u v e l l e s  p a r a i s s e n t  a s s e z  p eu e x p l o i t é e s .
E n fin , i l  y  a  l e s  p r o b l è m e s  l i é s  à  l a  c o n s o m m a t io n  a l im e n t a i r e  p r o p r e m e n t  
d ite ,  c ' e s t - à - d i r e  à l a  f o i s  a ux  h a b i t u d e s  c u l i n a i r e s  e t  a u x  r é g i m e s  a l i m e n 
t a i r e s  d e s  p o p u la t io n s ,  qui s o n t  im p o r t a n t s  p a r c e  que l e s  h a b itu d e s  c u l i n a i r e s  
p e u v e n t  j o u e r  de n o u v e a u , c o m m e  l ' i n d u s t r i e  de t r a n s f o r m a t i o n  a l i m e n t a i r e ,  
un r ô l e  de f i l t r a t i o n  d ans l e  t r a n s f e r t  de l a  r a d i o a c t i v i t é .

E t ,  f in a l e m e n t ,  on a b o u tit  a u x  v e c t e u r s  t e r m i n a u x  de l a  p o llu t io n  r a d i o 
a c t i v e  que so n t  l ' in h a la t io n ,  d ans un c e r t a i n  n o m b r e  de c a s  a s s e z  l i m i t é  
d ' a i l l e u r s ,  l ' i n g e s t i o n ,  qui r e s t e  de t r è s  lo in  la  v o i e  p r é f é r e n t i e l l e ,  et, 
s e c o n d a i r e m e n t ,  l ' i r r a d i a t i o n  e x t e r n e  â p a r t i r  d e s  r e t o m b é e s  r a d i o a c t i v e s



IAEA-SM- 172/F 705

du f a i t  de s  r e j e t s  d 'e f f lu e n t s .  A u  fond, quand on c o n s i d è r e  l ' e n s e m b l e  
d e s  d o n n é es  qui ont é té  d i s c u t é e s  au c o l lo q u e  on s ' a p e r ç o i t  que l e s  r e c h e r c h e s  
de  l a b o r a t o i r e  s o n t  a s s e z  p o u s s é e s ,  c ' e s t - à - d i r e  que de p a r  l e  m o n de, i l  y  
a  m a in t e n a n t  un c e r t a i n  n o m b r e  d 'é q u i p e s  qui font un e x c e l l e n t  t r a v a i l  en 
m a t i è r e  de  t r a n s f e r t s ,  s o i t  s u r  l e  p la n  de s  v e c t e u r s  a t m o s p h é r i q u e s  et 
h y d r o lo g iq u e s ,  s o i t  s u r  l e  p la n  d e s  t r a n s f e r t s  dans l ' a t m o s p h è r e ,  s o i t  s u r  
l e  p la n  de  l a  p r o d u c t io n  a g r i c o l e .  J e  c r o i s  q u 'e n  e f f e t  on c o n s a c r e  m o in s  
de t r a v a u x  à  l a  t r a n s f o r m a t i o n  a l i m e n t a i r e ,  au x  é tu d es  de c i r c u i t  de 
d i s t r ib u t i o n  et  à c e l l e s  de l a  c o n s o m m a t i o n  p r o p r e m e n t  d ite ,  m a i s  c e c i  e s t  
en p a r t i e  c o m p e n s é  p a r  l e s  é tu d e s  f a i t e s  in s i tu .

J e  c r o i s  q u 'a u  c o u r s  de c e  c o l lo q u e  i l  e s t  a p p a r u  que l e s  é tu d e s  et l e s  
r e c h e r c h e s  f a i t e s  en l a b o r a t o i r e  d 'u ne  p a r t  e t  l e s  v é r i f i c a t i o n s  p a r t i c u l i è r e s  
f a i t e s  in  s i tu  d 'a u t r e  p a r t  é ta ie n t  tout à f a i t  c o m p l é m e n t a i r e s  l e s  u n es  des  
a u t r e s .  On ne s a u r a i t  l e s  d i s s o c i e r .  L e s  r e c h e r c h e s  de l a b o r a t o i r e  ont 
l ' a v a n t a g e  de nou s f o u r n i r  d e s  in f o r m a t i o n s  s u r  la  v a r i a b i l i t é  d e s  v a l e u r s  
d e s  p a r a m è t r e s  de t r a n s f e r t .  L e s  é tu d e s  in s itu , qui e n t r e n t  dans l e  c a d r e  
o p é r a t i o n n e l ,  ont p o u r  i n t é r ê t  de n ou s p e r m e t t r e  l a  v é r i f i c a t i o n  d ans des  
c o n d it io n s  p a r t i c u l i è r e s  et c o n c r è t e s  d e s  v a l e u r s  r é e l l e s  que l 'o n  doit  
p r e n d r e  en c o n s i d é r a t i o n  dans t e l  ou t e l  c a s .

E n fin ,  un g r a n d  n o m b r e  de c o m m u n i c a t io n s  nou s ont m o n t r é  que, 
â  l ' i n v e r s e  de c e  qui s e  p a s s a i t  a u t r e f o i s ,  on a t t a c h e  b e a u co u p  d ' i m p o r t a n c e  
d é s o r m a i s  a ux  s y n t h è s e s ,  c ' e s t - à - d i r e  à  l 'e n s e m b l e  de s  t r a v a u x  qui 
p e r m e t t e n t  de t i r e r  de s  c o n c l u s i o n s  s o i t  de l 'e x p é r i m e n t a t i o n  en l a b o r a t o i r e ,  
s o i t  d e s  o b s e r v a t io n s  f a i t e s  in  s i t u .  C e c i  m 'a m è n e  tout n a t u r e l l e m e n t  à 
a b o r d e r  l a  d e u x i è m e  p a r t i e  de m e s  c o m m e n t a i r e s ,  qui c o n c e r n e  donc 
l 'e x p l o i t a t i o n  d e s  d o n n é es  e x p é r i m e n t a l e s  et d e s  d o n n é es  d 'o b s e r v a t i o n  dans 
le  but d ' e s t i m e r  l e s  c o n s é q u e n c e s  d e s  r e j e t s  p o u r  l a  p o p u la t io n .

t

E S T I M A T I O N  D E S  C O N S E Q U E N C E S  P O U R  L 'H O M M E

J e  p e n s e  que p o u r  b ie n  a n a l y s e r  c e t t e  e x p lo ita t io n ,  i l  e s t  i n t é r e s s a n t  de 
c o n s i d é r e r  l e s  d e u x  s t a d e s  que s o n t  d 'une p a r t  l e s  é tu d es  p r é v i s i o n n e l l e s  
e t  d 'a u t r e  p a r t  l e s  é tu d e s  o p é r a t i o n n e l l e s .  J e  d o is  d i r e  que, l à  a u s s i ,  j ' a i  
é té  un p eu s u r p r i s  de v o i r  c o m b i e n  l e s  é tu d e s  p r é v i s i o n n e l l e s  a v a i e n t  l a  
f a v e u r ,  e t  c o m b i e n  l e s  é tu d e s  o p é r a t i o n n e l l e s  p a r a i s s a i e n t  p a r f o i s  m o in s  
i n t é r e s s a n t e s  à c e r t a i n s .  En fa i t ,  j e  c r o i s  q u ' e l l e s  s o n t  p a r f a i t e m e n t  
c o m p l é m e n t a i r e s .  J e  p e n s e  que nul ne n i e r a  l ' i m p o r t a n c e  de p r é v o i r  l e s  
c o n s é q u e n c e s  d e s  r e j e t s ,  m a i s  i l  e s t  tout a u s s i  im p o r t a n t  de v é r i f i e r  à 
p a r t i r  du m o m e n t  où l e s  o p é r a t i o n s  s o n t  en c o u r s  que ce  que l 'o n  a p r é v u  
s e  r é a l i s e b i e n  et  que l e s  h y p o t h è s e s  — p a r c e  que s o u v e n t  l e s  p r é v i s i o n s  
s o n t  b a s é e s  s u r  c e s  h y p o t h è s e s  de t r a v a i l  —, ou l e s  v a l e u r s  c h o i s i e s  p o u r  
l e s  p a r a m è t r e s  c o n c o r d e n t  b ien  a v e c  l a  r é a l i t é .

On a  eu l 'o c c a s i o n ,  au c o u r s  du c o l lo q u e ,  de  v o i r  que to u te  une t e r m i n o 
l o g i e  n o u v e l l e  c o m m e n ç a i t  à  a p p a r a î t r e  e t  que d e s  c o n c e p t s  n o u v e a u x  
e n t r a ie n t  p eu  à  p eu  d a n s  la  p r a t iq u e  c o u r a n t e .  D 'a b o r d ,  la  n otio n  m ê m e  de 
l 'e n v i r o n n e m e n t .  L 'e n v i r o n n e m e n t  a é té  s o u v e n t  en tant  que t e l  l 'o b j e t  de 
d é f in i t io n s  v a r i é e s .  En  f a i t ,  j e  c r o i s  m a in te n a n t  q u ' i l  e s t  b ie n  a d m is  p a r  
tout  l e  m o n d e  que l ' e n v i r o n n e m e n t ,  c e  n 'e s t  p a s  le  m i l i e u  a t m o s p h é r i q u e  ou 
l e  m i l i e u  a q u a tiq u e  qui s e r t  de r é c e p t a c l e  i n i t i a l  a u x  r e j e t s  de s u b s t a n c e s  
r a d i o a c t i v e s .  L 'e n v i r o n n e m e n t ,  c ' e s t  tout c e  qui e s t  c o m p r i s  e n t r e  l a  
s o u r c e  de  p o llu t io n ,  c ' e s t - à - d i r e  l e s  é m i s s a i r e s  de r a d i o a c t i v i t é ,  e t  l e s
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v o i e s  a é r o d i g e s t i v e s  s u p é r i e u r e s  de l 'h o m m e  s i  l 'o n  e x c e p t e  le  c a s  de 
l ' i r r a d i a t i o n  e x t e r n e .  P a r  co n sé q u e n t ,  l ' e n v ir o n n e m e n t ,  p o u r  nou s, c e l a  
c o m p r e n d  to u s  l e s  v e c t e u r s :  l ' a i r ,  l e s  e au x ,  l a  b i o s p h è r e ,  l a  ch a în e  
a l i m e n t a i r e ;  a in s i ,  l o r s q u e  l 'o n  é tu d ie  l e s  t r a n s f e r t s  au s e in  de l ' e n v i r o n n e 
m e n t,  on e s t  a m e n é  â e n v i s a g e r  c e  que c e r t a i n s  a p p e l le n t  l a  c a p a c i t é  
r a d i o l o g i q u e ;  d 'a u t r e s  e s t i m e n t  e n c o r e  un peu  a b u s i f  de l ' a p p e l e r  a in s i ,  
m a i s  l a  c a p a c i t é  r a d i o l o g iq u e  p eut  s ' i n t e r p r é t e r  d 'u ne  f a ç o n  a s s e z  s i m p l e  
en l a  c o n s id é r a n t  c o m m e  l a  c a p a c i t é ,  p o u r  une ch a în e  donnée de l ' e n v i r o n n e 
m e n t,  de t r a n s f é r e r  d 'u n e  f a ç o n  d y n a m iq u e  l a  r a d i o a c t i v i t é  d e p u is  l a  s o u r c e  
j u s q u 'à  l 'h o m m e .  Il e s t  é v id e n t  que de t e l l e s  c h a în e s  p e u v e n t  ê t r e  e x t r ê m e 
m e n t  c o m p l e x e s  m a i s  que l e  t e r m e  de c a p a c i t é  de t r a n s f e r t  g a r d e  toute  
s a  v a l e u r .

I l  ne fa u t  p a s  c o n fo n d r e  l a  c a p a c i t é  de t r a n s f e r t  a v e c  l a  c a p a c i t é  de 
r é c e p t i o n .  C e  qui nou s i n t é r e s s e ,  p u is q u e  au fond nous nous i n t é r e s s o n s  à 
c e  qui a r r i v e  à l 'h o m m e ,  c ' e s t  l a  c a p a c i t é  de  t r a n s f e r t .  Q u e  l a  c a p a c i t é  
de  r é c e p t i o n  p r é s e n t e  de l ' i n t é r ê t  dans c e r t a i n s  c a s ,  c ' e s t  v r a i ,  e t  nous 
a vo n s  à l 'é t u d i e r ,  m a i s  i l  e s t  in d é n ia b le  que l a  c a p a c i t é  de t r a n s f e r t  
a p p a r a î t  j u s q u 'à  p r é s e n t  c o m m e  l a  p r i n c i p a l e .  C e r t e s ,  on p eu t  p r é c i s e r :  
i l  n ' y  a  p a s  une c a p a c i t é  de t r a n s f e r t ,  i l  y  a de s  c a p a c i t é s  de t r a n s f e r t s ;  
i l  y  a  l a  c a p a c i t é  l i m i t e ,  c ' e s t  c e l l e  qui c o r r e s p o n d  h y p o th é t iq u e m e n t  à 
l ' i r r a d i a t i o n  l i m i t e  de l a  p o p u la t io n  c o m p t e  tenu de s  l i m i t e s  de d o s e s  de 
l a  C I P R ;  i l  y  a d e s  c a p a c i t é s  s t ip u lé e s ,  i l  y  a  d e s  c a p a c i t é s  a c c e p t é e s ,  c e  
s o n t  c e l l e s  qui c o r r e s p o n d e n t  aux t r a n s f e r t s  qui so nt  c o n s i d é r é s  c o m m e  
a c c e p t a b l e s  c o m p t e  tenu des  d o s e s  que l 'o n  c o n s i d è r e  c o m m e  a c c e p t a b l e s  
p o u r  l e  p u b l ic .  E t  p a r  c o n s é q u e n t  on e s t  a m e n é ,  n ou s l 'a v o n s  vu  au c o u r s  
du c o l lo q u e ,  à m e t t r e  au p o in t  des  m é th o d e s  qui p e r m e t t e n t  d ' e s t i m e r  l a  
c a p a c i t é  de t r a n s f e r t  de l 'e n v i r o n n e m e n t  p o u r  l e s  r a d i o é l é m e n t s  e t  de r e l i e r  
c e t t e  c a p a c i t é  de t r a n s f e r t  à l ' i r r a d i a t i o n  v o u lu e  ou e f f e c t i v e  d e s  p o p u la t io n s .

C e s  m é th o d e s  d 'e s t im a t i o n  s o n t  a p p a r u e s  dans l e s  c o m m u n i c a t i o n s  et  au 
c o u r s  de s  d é b a ts  c o m m e  é ta n t  v a r i é e s .  On p e u t  l e s  c o n c e v o i r  t r è s  s i m p l e s  
a v e c  d e s  a p p r o x im a t io n s  r e l a t i v e m e n t  g r a n d e s .  On p e u t  l e s  c o n c e v o i r  
e x t r a o r d i n a i r e m e n t  c o m p l e x e s  en e s s a y a n t  d ' i n j e c t e r  tous  l e s  p a r a m è t r e s  
que l 'o n  p e u t  i m a g i n e r  p o u r  a v o i r  q u e lq u e  c h o s e  d 'a u s s i  c o m p l e t  que 
p o s s i b l e .  A  ce  m o m e n t - l à ,  on e s t  b ie n  o b l i g é  de p a s s e r  p a r  d e s  m o y e n s  
de c a l c u l  qui so n t  l e s  m o y e n s  m o d e r n e s  de l ' i n f o r m a t i q u e .  M a is  de toute  
f a ç o n  c e  q u ' i l  fau t  b ien  s a v o i r ,  c ' e s t  que, q u e l le  que s o i t  l a  m é th o d e  u t i l i s é e ,  
on ne r e t r o u v e  à l a  s o r t i e  d e s  m o d è l e s  que l 'o n  e m p l o ie  que c e  que l 'o n  a m i s  
à  l ' e n t r é e .  E t  s i  on i n je c t e  à  l ' e n t r é e  d e s  d o n n é es  qui so n t  a p p r o x i m a t i v e s  
on ne p eu t  r e t r o u v e r  à  l a  s o r t i e  que d e s  c o n c l u s i o n s  a p p r o x i m a t i v e s .  A u  
fond  l a  d i f f i c u l t é  du p r o b l è m e  a v e c  l e q u e l  nou s s o m m e s  c o n f r o n t é s ,  c e  
n ' e s t  p a s  t e l l e m e n t  l a  m i s e  au point de m o d è l e s  p lu s  ou m o in s  c o m p l i q u é s  
de t r a n s f e r t  et l ' e s t i m a t i o n  de la  c a p a c i t é  de t r a n s f e r t ,  m a i s  c ' e s t  en f a i t  
d ans  l a  p r a t iq u e  de v o i r  dans q u e l le  m e s u r e  l 'u t i l i s a t i o n  de c e s  m o d è l e s ,  
c o m p t e  tenu d e s  d o n n é e s  dont on d is p o s e ,  c o r r e s p o n d e n t  à  l a  r é a l i t é  ou non. 
P a r  c o n sé q u e n t ,  l e s  é tu d e s  s u r  l a  v a r i a b i l i t é  de s  v a l e u r s  d e s  p a r a m è t r e s ,  
l e s  é tu d e s  s u r  l e s  p a r t i c u l a r i t é s  de ch a c u n  d e s  s i t e s  ou d e s  d i v e r s  e n v i r o n n e 
m e n ts  qui e n to u r e n t  l e s  i n s t a l l a t io n s  s o n t  h a u t e m e n t  s o u h a i t a b l e s  p a r c e  que 
c e  s o n t  e l l e s  s e u l e s  qui p e r m e t t r o n t ,  s o i t  d ans  de s  c a s  g é n é r a u x ,  s o i t  d ans 
d e s  c a s  p a r t i c u l i e r s ,  de m e t t r e  dans l e s  m o d è l e s  qui ont é té  c h o i s i s  de s  
d o n n é e s  v a l a b l e s  qui p e r m e t t r o n t  d 'o b t e n ir  d e s  r é s u l t a t s  v a l a b l e s .

E n s u i t e ,  s i  nous v o u lo n s  f r a n c h i r  un p a s  de p lu s ,  nous a b o u t is s o n s ,  à 
p a r t i r  d e s  t r a n s f e r t s  de r a d i o é l é m e n t s ,  à l ' e s t i m a t i o n  d e s  in c o r p o r a t i o n s
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p a r  l a  p o p u la t io n .  E t  l ' i n c o r p o r a t i o n  p a r  l 'h o m m e  p o s e  d e s  p r o b l è m e s  qui 
so n t  c e u x  d e s  r é p a r t i t i o n s  m é t a b o l iq u e s ,  dont j e  ne p a r l e r a i  p a s  p u is q u e  
c e  n 'é t a i t  p a s  l ' o b j e t  du c o l lo q u e .  F i n a l e m e n t ,  a p r è s  c e t t e  r é p a r t i t i o n  
m é ta b o l iq u e ,  n ou s p a s s o n s  â l ' e s t i m a t i o n  des  d o s e s  e f f e c t i v e m e n t  r e ç u e s  
p a r  le  p u b l ic ,  et,  a p r è s  l ' e s t i m a t i o n  d e s  d o s e s ,  c e l l e  du d é t r i m e n t  p o u r  
l a  p o p u la t io n .

C ' e s t  d i r e  que l e s  t r a v a u x  qui ont é té  p r é s e n t é s  au c o u r s  de c e  
c o l l o q u e  c o n s t i t u e n t  l a  b a s e  n o r m a l e  à  p a r t i r  de l a q u e l l e  on p eu t  c o n t in u e r  
p o u r  f a i r e  une e s t i m a t i o n  d e s  in c o r p o r a t i o n s ,  une e s t im a t io n  d e s  d o s e s  et 
une e s t i m a t io n  d e s  d é t r i m e n t s .

A u  début de c e  c o l lo q u e ,  M. L i n d e l l  a a t t i r é  n o t r e  a tte n t io n  s u r  le  fa i t  
q u 'a c t u e l l e m e n t  on s 'e n g a g e a i t  p e u  â p e u  dans une e x t e n s io n  de l a  notion  de 
d o s e ,  et  c e c i  e s t  i n t é r e s s a n t  à c o n s i d é r e r  c a r  c e l a  i m p l iq u e  que l e s  t r a v a u x  
qui so n t  f a i t s  s u r  l e s  t r a n s f e r t s  de r a d i o é l é m e n t s  dans l e  m i l i e u  s o ie n t  
c o m p l é t é s  p a r  d e s  é tu d e s  c o n c e r n a n t  le  p u b l i c . .  J e  m 'e x p l iq u e :  V o u s  s a v e z  
que j u s q u 'à  p r é s e n t  l e s  r e c o m m a n d a t io n s  de l a  C o m m i s s i o n  i n t e r n a t i o n a l e  de 
p r o t e c t i o n  r a d i o l o g iq u e  p o r t a i e n t  s u r  c e  que l 'o n  a p p e la i t  l e s  d o s e s  
i n d i v i d u e l l e s  p o u r  l 'h o m m e ;  v o u s  s a v e z  q u 'e n  p a r t i c u l i e r  l a  p u b l ic a t io n  7 de 
l a  C I P R  do n n ait  d e s  m é th o d e s  qui c o n s i s t a i e n t  à  c h o i s i r  l e s  v o i e s  c r i t i q u e s  
de t r a n s f e r t  et f i n a l e m e n t  l e  g r o u p e  c r i t i q u e  de l a  population, p o u r  l e q u e l  
on s o u h a i t e  que l e s  d o s e s  i n d i v i d u e l l e s  r e s t e n t  a u - d e s s o u s  d 'u n e  c e r t a i n e  
v a l e u r .  E t  v o u s  s a v e z  que c e t t e  m é th o d e  a é té  u t i l i s é e  a v e c  d e s  r é s u l t a t s  
f r u c t u e u x  dans un g r a n d  n o m b r e  d 'é t u d e s  c o n c e r n a n t  l a  p o llu t io n  r a d i o a c t i v e  
à p a r t i r  d ' i n s t a l l a t i o n s  n u c l é a i r e s .  O r  i l  s e  t r o u v e  que l 'é v o l u t i o n  n o r m a l e  
n ou s o b l i g e  de p lu s  en p lu s  à c o n s i d é r e r ,  non p a s  l e s  d o s e s  s e u l e m e n t ,  
m a i s  l e  d é t r i m e n t  p o u r  l a  p o p u la t io n .  L o r s q u e  l 'o n  v e u t  e s t i m e r  l e  d é t r i 
m e n t,  on e s t  o b l ig é  de  c o n s i d é r e r  l e  n o m b r e  de p e r s o n n e s  qui s o n t  e x p o s é e s .  
C ' e s t  l a  r a i s o n  p o u r  l a q u e l l e  on v o u s  a in diqué, et  v o u s  le  s a v i e z  d é jà ,  que 
l a  notion  de d o s e  c o l l e c t i v e  e s t  une notion  qui v a  p e u  à p e u  e n t r e r  d a n s  l e s  
m o e u r s  e t  que  p a r  c o n s é q u e n t  l e s  é tu d e s  de t r a n s f e r t  de l a  r a d i o a c t i v i t é  
d o iv e n t  t e n i r  c o m p t e  non s e u l e m e n t  du t r a n s f e r t  a u x  in d iv id u s  m a i s  du 
n o m b r e  d ' in d iv id u s  a u x q u e l s  l a  r a d i o a c t i v i t é  e s t  t r a n s f é r é e .  I l  e s t  é v id e n t  
que de ce  f a i t  l a  c o m p l e x i t é  du p r o b l è m e  a p p a r a î t  d ans  toute  s o n  a m p l e u r  
et, c o m m e  on v o u s  l ' a  d it  au  début, ori p eu t  c o n s i d é r e r  le  c a s  d 'u n e  i n s 
t a l la t io n ,  et,  en  a p p liq u a n t  l e s  m é th o d e s  de l a  p u b l ic a t io n  7 de l a  C I P R ,  
c o n s i d é r e r  l e  g r o u p e  c r i t i q u e  de l a  p o p u la t io n  c o r r e s p o n d a n t  à  c e t t e  i n s 
t a l la t io n .  On p e u t  p o u r  c e  g r o u p e  c r i t i q u e  é v a l u e r  l e s  d o s e s  in d i v i d u e l l e s .
E t  à  p a r t i r  du m o m e n t  oû l 'o n  co n n a ît  l a  t a i l l e  du g r o u p e  de p o p u la t io n  
c o n s i d é r é  et  d 'a u t r e  p a r t  l a  d is t r i b u t io n  au m o in s  a p p r o x i m a t i v e  d e s  d o s e s  
i n d i v i d u e l l e s  on p e u t  f a i r e  une e s t i m a t io n  de l a  d o s e  c o l l e c t i v e  c o r r e s p o n d a n t  
à  c e  g r o u p e .  P a r  a i l l e u r s ,  i l  e s t  in d é n ia b le  que l 'o n  p eu t  s ' i n t é r e s s e r ,  d ans 
un p r e m i e r  t e m p s ,  e x c l u s i v e m e n t  au g r o u p e  c r i t i q u e  de l a  p o p u la t io n ;  m a i s  
i l  n ' e s t  p a s  s a n s  i n t é r ê t  de v o i r  q u 'e l l e  peut ê t r e  l a  d o s e  c o l l e c t i v e ,  non 
s e u l e m e n t  p o u r  le  g r o u p e  c r i t i q u e  c o r r e s p o n d a n t  â  une i n s t a l l a t i o n ,  m a i s  
p o u r  l ' e n s e m b l e  de l a  p o p u la t io n ,  que c e  s o i t  s u r  un p la n  r é g i o n a l  ou s u r  
un p la n  m o n d ia l .  E t  c e c i  p a r c e  que, l o r s q u e  d e s  a u t o r i t é s  a u r o n t  p eu  à 
p eu à s ' o c c u p e r ,  non p a s  d 'u n e  i n s t a l l a t i o n  donnée, m a i s  de l ' e n s e m b l e  d e s  
i n s t a l l a t i o n s ,  on s ' a p e r c e v r a  t r è s  v i t e  que l ' e n s e m b l e  d e s  i n s t a l l a t i o n s ,  p a r  
e x e m p le ,  l ' e n s e m b l e  d e s  r é a c t e u r s  d 'une r é g i o n  donnée, a b o u tit  p a r  l e s  
t r a n s f e r t s  de r a d i o a c t i v i t é  à  un g r o u p e  c r i t i q u e  qui n ' e s t  p a s  f o r c é m e n t  
l ' e n s e m b l e  d e s  g r o u p e s  c r i t i q u e s  de chaque  i n s t a l la t io n ,  m a i s  qui peut  ê t r e  
un g r o u p e  c r i t i q u e  n o u ve au . E n  p lu s  on p eu t  s ' i n t é r e s s e r  é g a l e m e n t  à
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l ' e n s e m b l e  de s  i n s t a l l a t i o n s  e t  à  l a  d o s e  c o l l e c t i v e  qui en r é s u l t e  p o u r  
l ' e n s e m b l e  de l a  p o p u la t io n ,  s o i t  s u r  un p lan  r é g i o n a l ,  s o i t  s u r  un p lan  
m o n d ia l .  I l  e s t  é v id e n t  q u 'o n  ne p o u v a it  p a s  d e m a n d e r  dans ce  c o l lo q u e  
q u 'o n  nous a p p o r t e  d e s  t r a v a u x  d 'u n e  t e l l e  a m p l e u r  et r e p r é s e n t a n t  un t e l  
e f f o r t ,  m a i s  i l  fau t  b ie n  d i r e  que l a  te n d a n c e  qui s e  d é v e lo p p e  l a i s s e  p e n s e r  
que de t e l s  t r a v a u x  d e v r o n t  s ' e f f e c t u e r  dans l e  fu tu r ,  c e l a  t o u t e fo is  a v e c  
q u e lq u e s  c o n s i d é r a t i o n s  qui r e l è v e n t  d e s  p o s s i b i l i t é s  h u m a in e s  en l a  m a t i è r e .
Il  e s t  c e r t a i n  q u ' i l  e s t  d é jà  d i f f i c i l e  de d é f i n i r  d 'u ne  f a ç o n  c o r r e c t e  l e  gr o u p e  
c r i t i q u e  c o r r e s p o n d a n t  â une i n s t a l l a t i o n  don née. Il  e s t  c e r t a i n e m e n t  
be a u c o u p  p lu s  d i f f i c i l e  d ' e s t i m e r  le  r e t e n t i s s e m e n t  d 'u ne  in s t a l l a t i o n  donnée, 
j e  p r e n d s  p a r  e x e m p le  une i n s t a l l a t i o n  é l e c t r o - n u c l é a i r e ,  s u r  l ' e n s e m b l e  
de  l a  p o p u la t io n  m o n d ia le ,  p a r c e  q u 'on  ab ou tit  à d e s  d i s p e r s i o n s  de r a d i o 
a c t i v i t é  t e l l e s  que l e s  v a l e u r s  o b ten u e s  so nt s i  p e t i t e s  que, a p r è s  m u l t i p l i c a 
t ion  p a r  un n o m b r e  a u s s i  g r a n d  de p e r s o n n e s ,  on ten d  v e r s  des  s i t u a t io n s  
que l e s  m a t h é m a t ic ie n s  c o n n a i s s e n t  b ie n  e t  qui sont  c e l l e s  de l a  m u l t i p l i c a t i o n  
d 'un  i n f in im e n t  p e t i t  p a r  un in f in im e n t  g r a n d  dont l e  r é s u l t a t  e s t ,  v o u s  le  
s a v e z ,  t r è s  d i f f i c i l e  à e s t i m e r .  P a r  c o n sé q u e n t ,  i l  ne fau t  s e  f a i r e  au cu n e  
i l l u s i o n  s u r  l a  d i f f i c u l t é  de t e l l e s  e n t r e p r i s e s ,  m a i s  c e  n ' e s t  p a s  une r a i s o n  
p o u r  ne  p a s  s ' y  p r é p a r e r  et, d 'a u t r e  p a r t ,  p o u r  ne p a s  c o n s i d é r e r  q u 'on  a 
quand m ê m e  un m o y e n  c o m p l é m e n t a i r e  d 'e s t im a t i o n .

A u  fond l ' e s t i m a t i o n  de l ' i r r a d i a t i o n  ou de l a  c o n ta m in a t io n  de l a  
p o p u la t io n  d ans so n  e n s e m b l e  e s t  p e u t - ê t r e  p lu s  f a c i l e  à  p r e n d r e  p a r  
l ' a u t r e  bout, c ' e s t - à - d i r e  en e s t i m a n t  q u e l le  e s t  r é e l l e m e n t  — c a r  on peut 
l a  m e s u r e r  dans un c e r t a i n  n o m b r e  de c a s  —, la  c o n ta m in a t io n  e f f e c t i v e  de s  
p o p u la t io n s ,  et  en r e m o n ta n t  l a  ch a în e  ju s q u 'a u x  s o u r c e s .  J e  v o u s  r a p p e l l e r a i  
l e  s u c c è s  que de t e l l e s  m é th o d e s  ont r e n c o n t r é  dans l e s  t r a v a u x  du C o m it é  
de s  r a d ia t i o n s  d e s  N a tio n s  U n ie s .  Il  ne  s ' a g i s s a i t  p a s  de l ' i n d u s t r i e  n u c l é a i r e ,  
i l  s ' a g i s s a i t  e s s e n t i e l l e m e n t ,  du m o in s  au début, d e s  a p p l i c a t i o n s  m i l i t a i r e s  
de l ' é n e r g i e  n u c l é a i r e .  On a f a i t  dans c e  C o m i t é  d e s  e s t i m a t i o n s  p r é 
v i s i o n n e l l e s  de c e  que p o u r r a i e n t  ê t r e  l e s  r e t o m b é e s  r a d i o a c t i v e s  p o ur l a  
p o p u la t io n  r é g i o n a l e  ou p o u r  l e s  p o p u la t io n s  m o n d i a l e s .  On a f a i t  d e s  c a l c u l s  
s u r  l e s  d o s e s  e n g a g é e s  j u s q u 'à  l 'a n  2000, p a r  e x e m p l e .  M a is  un é n o r m e  
t r a v a i l  a é té  f a i t  au m o y e n  d e s  r é s e a u x  de s u r v e i l l a n c e  m o n d ia u x ,  s u r  l e s  
r e t o m b é e s  e f f e c t i v e s  et s u r  l e s  c o n ta m in a t io n s  e f f e c t i v e s  d e s  p o p u la t io n s .
E t  c ' e s t  l ' e n s e m b l e  d e s  d eux  m é th o d e s ,  l a  m é th o d e  p r é v i s i o n n e l l e  et  l a  
m é th o d e  o p é r a t io n n e l l e ,  qui a p e r m i s  au C o m i t é  de  c o n c l u r e  s u r  l e s  d o s e s  
e f f e c t i v e s  r e ç u e s  p a r  l e s  p o p u la t io n s  e t  s u r  l e s  d é t r i m e n t s  a c t u e l s  ou 
p r é v i s i b l e s .  P a r  co n s é q u e n t ,  je  p e n s e  q u ' i l  e s t  im p o r t a n t  p o u r  nou s de v o i r  
que c e s  d e u x  m é th o d e s  c o m p l é m e n t a i r e s  d e v r a i e n t ,  à l a  s u i t e  d e s  t r a v a u x  
qui ont é té  p r é s e n t é s  i c i ,  a p p a r a î t r e  c o m m e  d e s  m é th o d e s  d 'e s t im a t i o n  
v a l a b l e s .

A P P L I C A T I O N S  P R A T I Q U E S  D E S  R E C O M M A N D A T I O N S  D E  L A  C I P R

J e  v o u d r a i s  en t e r m in a n t  é v o q u e r  c e  que j ' a p p e l l e r a i  l a  c o n f o r m it é  de s  
t r a v a u x  qui ont é té  p r é s e n t é s  i c i  a v e c  l 'a p p l i c a t i o n  de s  r e c o m m a n d a t i o n s  de 
l a  C I P R .  V o u s  s a v e z  que j e  s u i s  le  p r é s i d e n t  du C o m it é  4 de l a  C I P R  qui 
s 'o c c u p e  j u s t e m e n t  de l 'a p p l i c a t i o n  d e s  r e c o m m a n d a t i o n s .  C e r t a i n s  p e n s e r o n t  
que c ' e s t  un «dada» de m a  p a r t ,  m a i s  e f f e c t i v e m e n t  j e  c r o i s  que c e l a  a 
b e a u c o u p  d ' i m p o r t a n c e ,  p a r c e  que l 'u t i l i s a t i o n  de v o s  t r a v a u x  e t  de v o s  
r é s u l t a t s  v a  a b o u t ir  f i n a l e m e n t  à  l ' e s t i m a t i o n  d e s  r i s q u e s  et  d e s  d é t r i m e n t s
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p o u r  l ' e s p è c e  h u m a in e  du f a i t  d e s  r e j e t s  r a d i o a c t i f s  d e s  i n d u s t r i e s  n u c l é a i r e s .  
V o u s  s a v e z  q u 'a u t r e f o i s  on e s t i m a i t  que l ' e s s e n t i e l  d e s  r e c o m m a n d a t i o n s  
de l a  C I P R  r e p o s a i t  s u r  l e s  l i m i t e s  d ' i r r a d i a t i o n  de l 'h o m m e .  P e u  à peu, 
d e p u is  q u e lq u e s  a n n é e s ,  on a p r i s  l 'h a b i t u d e  d 'a t t a c h e r  b e a u c o u p  p lu s  
d ' i m p o r t a n c e  à une p e t i t e  p h r a s e  d 'u n  p a r a g r a p h e ,  le  p a r a g r a p h e  52 de l a  
p u b l ic a t io n  9 de l a  C I P R ,  qui dit q u ' i l  fa u t  é v i t e r  toute  i r r a d i a t i o n  in u t i le  
e t  q u ' i l  fa u t  r é d u i r e  l ' i r r a d i a t i o n  r é e l l e  a u tan t  que c e l a  e s t  r é a l i s a b l e ,  c o m p t e  
tenu d e s  i m p é r a t i f s  é c o n o m i q u e s  et s o c i a u x .  C e t te  p e t i t e  p h r a s e  c o n tie n t  
d eux  c h o s e s  e s s e n t i e l l e s :  on ne  do it  p a s  s e  c o n t e n t e r  de r e s p e c t e r  l e s  l i m i t e s  
d ' i r r a d i a t i o n ,  m a i s  on do it  s e  l i v r e r  à une étu de  d 'o p t i m i s a t i o n  de l a  p r o t e c t io n ,  
c ' e s t - â - d i r e  f a i r e  en s o r t e  que l a  p r o t e c t i o n  r é a l i s é e  s o i t  l a  m e i l l e u r e ,  
c o m p t e  ten u  d 'u ne  p a r t  d e s  d é t r i m e n t s  et  d 'a u t r e  p a r t  d e s  a v a n t a g e s  que l 'o n  
t i r e  de l 'u t i l i s a t i o n  de l ' é n e r g i e  n u c l é a i r e .

J e  v o u d r a i s  m e t t r e  en g a r d e  c o n tr e  un c e r t a i n  n o m b r e  de d é v ia t io n s  
p o s s i b l e s  et de d i f f i c u l t é s  t r è s  i m p o r t a n t e s .  On p e u t  i n t e r p r é t e r  l e s  
t e r m e s  « é v i t e r  toute  i r r a d i a t i o n  i n u t i le »  d ans l e  s e n s  de l a  j u s t i f i c a t i o n  de 
l 'u t i l i s a t i o n  de l ' é n e r g i e  n u c l é a i r e .  D a n s  ce  c a s ,  on f a i t  une a n a l y s e  co û t-  
b é n é f ic e ,  qui c o n s i s t e  à  m e t t r e  en b a l a n c e  d 'u n e  p a r t  le  d é t r i m e n t  p o u r  la  
p o p u la t io n  e t  d 'a u t r e  p a r t  l e s  b é n é f i c e s  p o u r  l a  p o p u la t io n .  C ' e s t  l a  j u s t i f i c a 
t io n. L a  d e u x i è m e  p a r t i e  de l a  p h r a s e  e s t  r e l a t i v e  à l 'o p t i m i s a t i o n ,  qui 
c o n s i s t e  à  m e t t r e  en b a l a n c e  l 'a u g m e n t a t i o n  du co û t  de l a  p r o t e c t i o n  p a r  
r a p p o r t  â la  d im in u t io n  du d é t r im e n t .  C ' e s t  donc une d i f f é r e n t i e l l e ;  en f a i t  
on a p p r é c i e  l e s  v a r i a t i o n s  de la  p r o t e c t i o n  p a r  r a p p o r t  a u x  v a r i a t i o n s  des  
d o m m a g e s .  O r ,  quand on a n a l y s e  l e s  p o s s i b i l i t é s  a c t u e l l e s  que  nous a vo n s  
de  t r a i t e r  l e  p r o b l è m e ,  on s ' a p e r ç o i t  que le  d é t r i m e n t  n ’ e s t  d é jà  p as  
t e l l e m e n t  f a c i l e  à p r é c i s e r .  C o m m e  j e  l ' a i  dit tout à l 'h e u r e ,  le  d é t r i m e n t  
d e m a n d e  que l 'o n  c o n n a i s s e  la  d o s e  c o l l e c t i v e ;  et q u 'e n  p lu s  on c o n n a i s s e ,  
à p a r t i r  de la  d o s e  c o l l e c t i v e ,  l e s  c o r r é l a t i o n s  d o s e - e f f e t  qui e n t r a în e n t  
p a r  e x e m p l e  l ' i n d u c t i o n  de c a n c e r ,  l ' i n d u c t io n  de m u t a t io n s ,  e t c .  P a r  
c o n s é q u e n t ,  on e s t  là  dans le  d o m a in e s  d 'h y p o t h è s e s  b i o lo g iq u e s  s o u v e n t  
p lu s  ou m o in s  fo n d é e s  et  le  p lu s  s o u v e n t  c h o i s i e s  en fo n c t io n  de l e u r  
c a r a c t è r e  p e s s i m i s t e  qui nous m e t  en  c o n f i a n c e .  E n  s u p p o s a n t  que l 'o n  
p r e n n e  l e s  h y p o t h è s e s  l e s  p lu s  p e s s i m i s t e s  on ab ou tit  a u x  c o n c l u s i o n s  l e s  
p lu s  p r u d e n t e s .  D o n c  l e  d é t r i m e n t  s e r a  d i f f i c i l e  à e x p r i m e r ,  c a r  i l  fa u d r a  
c o n n a î t r e  l e s  d o s e s  c o l l e c t i v e s .  J e  v o u s  l ' a i  dit ,  l e s  d o s e s  c o l l e c t i v e s  
ne p o u r r o n t  ê t r e  co n n u es  que g r â c e  a u x  t r a v a u x  que vo u s  f a i t e s ,  c ' e s t - à - d i r e  
à l ' e s t i m a t i o n  d e s  t r a n s f e r t s .  L e  coût de l a  p r o t e c t i o n  n 'e s t  p a s  s i  f a c i l e  
à e s t i m e r  non p l u s ,  p a r c e  q u ' i l  y  a d e s  co û ts  d i r e c t s  de l a  p r o t e c t i o n :  
é p a i s s e u r  de  béton , c o n fin e m e n t,  e t c . ,  m a i s  i l  y  a a u s s i  d e s  c o û ts  i n d i r e c t s  
de l a  p r o t e c t i o n .  Il s e  p eu t  que l ' e x c è s  de p r o t e c t i o n  e n t r a în e  d e s  d é t r i 
m e n t s  dans d 'a u t r e s  d o m a i n e s .  Il s e  p eu t  que la  p r o t e c t i o n  e n t r a în e  de s  
d i f f i c u l t é s  de t r a v a i l ,  d e s  b a i s s e s  de r e n d e m e n t .  L e  co û t  de la  p r o t e c t i o n  
c o m p r e n d  tout c e t  e n s e m b l e ,  non s e u l e m e n t  le  p a ie m e n t  d e s  p r o t e c t i o n s  
m a t é r i e l l e s  ou d e s  c o n t r a in t e s  h u m a i n e s ,  m a i s  é g a l e m e n t  l e  r e t e n t i s s e m e n t  
de  la  p r o t e c t i o n  s u r  la  p r o d u c t i o n  ou s u r  l a  s a n t é  d e s  t r a v a i l l e u r s  ou du 
p u b l i c  p a r  d 'a u t r e s  i n t e r m é d i a i r e s .  M a is  où l e s  d i f f i c u l t é s  so n t  l e s  p lu s  
g r a n d e s ,  c ' e s t  l o r s q u e  l 'o n  e s s a i e  d 'e x a m i n e r  l ' e s t i m a t i o n  d e s  b é n é f i c e s ,  
p a r c e  que l e s  c o n s i d é r a t i o n s  é c o n o m iq u e s  et s o c i a l e s  s o n t ,  s i  v o u s  v o u l e z ,  
f a c i l e s  à e x p r i m e r  tan t  q u 'o n  ne fa i t  que l e s  e s t i m e r ,  m a i s  quand on v e u t  
l e s  c h i f f r e r  on s e  r e n d  c o m p t e  que d é jà  d a n s  le  d o m a in e  é c o n o m iq u e  on 
a d e s  d i f f i c u l t é s ,  et que dans le  d o m a in e  s o c i a l  on en  r e n c o n t r e  de b ien  
p lu s  g r a n d e s .  L ' e s t i m a t i o n  é c o n o m iq u e ,  p a r  e x e m p l e ,  du n o m b r e  de
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k i l o w a t t s  p r o d u it s  e s t  une c h o s e ,  m a i s  1' e s t i m a t io n  du b i e n - ê t r e  que c e s  
k i lo w a t t s  a p p o rte n t  à l 'h u m a n i t é ,  c ' e s t  a u t r e  c h o s e .  F i n a l e m e n t ,  l e s  
c o n s i d é r a t i o n s  é c o n o m iq u e s ,  s o c i a l e s ,  p s y c h o l o g i q u e s ,  p o l i t iq u e s  que l 'o n  
doit  p r e n d r e  en c o m p te  font que l ' e s t i m a t i o n  e s t  t r è s  d i f f i c i l e .  O r ,  ne 
v o u s  f a i t e s  a u cu n e  i l l u s i o n ,  quand on v e u t  c o m p a r e r  le  d é t r i m e n t ,  le  coût 
de la  p r o t e c t i o n  et le  b é n é f ic e  t i r é  d e s  o p é r a t i o n s ,  on e s t  a m e n é  à c h o i s i r  
une u n ité  c o m m u n e .  J u s q u 'à  p r é s e n t ,  la  s e u l e  un ité  que l 'o n  a i t  t r o u v é ,  
c ' e s t  l 'u n i t é  m o n é t a i r e .  O r  l 'u n i t é  m o n é t a i r e ,  c ' e s t  l ' e s t i m a t i o n  en a r g e n t ,  
q u e l le  que s o i t  la  m o n n a ie  c h o is i e ,  d e s  b é n é f i c e s  é c o n o m i q u e s ,  s o c i a u x  
et a u t r e s .  C ' e s t  l ' e s t i m a t i o n  en a r g e n t  du coût de la  p r o t e c t i o n ,  c ' e s t  
a u s s i  l ' e s t i m a t i o n  en a r g e n t  de la  v i e  h u m a in e  l o r s q u ' i l  s ' a g i t  d e s  
d é t r i m e n t s .  V o u s  c o m p r e n d r e z  que d è s  l o r s ,  i l  y  a non s e u l e m e n t  de s  
d i f f i c u l t é s  p r a t iq u e s  qui a p p a r a i s s e n t ,  m a i s  de s  d i f f i c u l t é s  fo n d a m e n t a le s .
Il  y  a d e s  g e n s  qui ne c o n ç o iv e n t  p a s  que l 'o n  f a s s e  d e s  e s t i m a t io n s  de la  
v i e  h u m a in e ,  qui ne s e  re n d e n t  p a s  c o m p t e  q u 'o n  l e s  fa it  to u s  l e s  j o u r s ,  
p a r c e  q u 'on  e s t  h a b itu é  à l e s  f a i r e  d 'u ne  f a ç o n  in c o n s c ie n t e ;  et l à  où la  
d i f f i c u l t é  d e v ie n t  e n c o r e  p lu s  g r a n d e ,  c ' e s t  que s o u v e n t  l 'o p i n i o n  p ub liq u e  
a de s  f a c t e u r s  de p o n d é r a t i o n  tout à fa i t  é ton nan ts  p o u r  la  v i e  h u m a in e .
S i  v o u s  p r e n e z  l e  c a s  d e s  t r a n s p o r t s ,  je  p e n s e  que dans la  p lu p a r t  d e s  p a y s  
l e s  m o r t s  du t r a f i c  a u t o m o b ile  ne f ra p p e n t  p a s  b e au co u p  l 'o p i n i o n  p ubliq u e ,  
du m o in s  s i  on r e g a r d e  l a  p r e s s e ;  i l  s u f f i t  q u 'un  a v i o n  t o m b e  p o ur 
q u ' im m é d ia t e m e n t  la  p r e m i è r e  p a g e  des  j o u r n a u x  le  s i g n a l e ,  et s i  p a r  
h a s a r d  un b a te au  c o u l e ,  c e l a  p re n d  l e s  c a r a c t è r e s  d 'u n  d r a m e .  P a r c e  
que l 'o p i n i o n  p u b liq u e  c o n s i d è r e  que l e s  b a te a u x  sont fa i t s  p o u r  ne p as  
c o u l e r ,  que l e s  a v io n s  so nt fa i t s  p o u r  ne p a s  t o m b e r ,  m a i s  on a d m e t  fo r t  
b ie n  que l e s  v o i t u r e s  s o ie n t  f a i t e s  p o u r  s e  r e n c o n t r e r .  L a  v i e  h u m a in e ,  
de c e  fa i t ,  n 'e s t  p a s  j u g é e  du tout de la  m ê m e  f a ç o n .  L a  v i e  d e s  p a s s a g e r s  
d 'u n  b a te au  e s t  i m p l i c i t e m e n t  c o n s i d é r é e  c o m m e  s u p é r i e u r e  à la  v i e  de s  
p a s s a g e r s  d 'a u t o m o b i l e s  p a r t i c u l i è r e s  et, d 'u n e  fa ç o n  g é n é r a l e ,  l e s  
t r a n s p o r t s  en c o m m u n  so n t  c o n s i d é r é s  p a r  l 'o p in io n  p u b liq u e  c o m m e  ne 
d e v a n t  p a s  a v o i r  d 'a c c i d e n t s  a l o r s  que l a  m ê m e  o p in io n  a d m e t  q u ' i l  y  en 
a i t  b e au co u p  p o u r  l e s  t r a n s p o r t s  p r i v é s .  J e  c i t e  c e l a  à t i t r e  d 'e x e m p l e ,  
m a i s  nous p o u vo n s  le  r e t r o u v e r  dans l e s  d o m a in e s  qui nous i n t é r e s s e n t ,  
e t  i l  s e  p eu t  f o r t  b ie n  que l 'o p in io n  p u b l iq u e  t r o u v e  n o r m a l  d e s  d é t r i m e n t s  
c o n s i d é r a b l e s  p a r  d e s  n u i s a n c e s  c h i m i q u e s  et t r o u v e  a n o r m a l  l e s  d é t r im e n t s  
r e l a t i v e m e n t  p e t i t s  p a r  d e s  n u i s a n c e s  r a d i o a c t i v e s .  Il e s t  é v id e n t  que 
dans ce  d o m a in e  nous ne p o u r r o n s  p r o g r e s s e r  q u 'a v e c  b e a u c o u p  de 
c i r c o n s p e c t i o n .  F i n a l e m e n t ,  i l  y  a p e u t - ê t r e  une m é th o d e ,  qui va ut  ce  
q u 'e l l e  v a u t ,  m a i s  qui a au m o in s  le  m é r i t e  de c o m p a r e r  e n t r e  e l l e s  de s  
c h o s e s  c o m p a r a b l e s :  c ' e s t  la  m é th o d e  c o m p a r a t i v e .

A  p a r t i r  du m o m e n t  où l 'o n  e s t  c a p a b le  d ' e s t i m e r  le  d é t r i m e n t  l ié  
à une a c t i v i t é  n u c l é a i r e ,  on  p eu t  le  c o m p a r e r  à c e l u i  l i é  à u n e  a u t r e  
a c t i v i t é  qui donne l e s  m ê m e s  b é n é f i c e s ,  p a r  e x e m p le ,  la  p r o d u c t io n  d 'u n  
c e r t a i n  n o m b r e  de k i l o w a t t s .  L a  c o m p a r a i s o n  des  d e u x  d é t r i m e n t s ,  l 'u n  
p a r  d e s  m o y e n s  c l a s s i q u e s  l ' a u t r e  p a r  d e s  m o y e n s  n u c l é a i r e s ,  p eut  ê t r e  
p lu s  f a c i l e ,  f in a le m e n t ,  que l a  b a la n c e  e n t r e  le  d é t r i m e n t  et l e  b é n é f ic e .
D e  m ê m e ,  s i  l ’ on a de g r a n d e s  d i f f i c u l t é s  à e s t i m e r  l e  d é t r i m e n t  de fa ç o n  
r a i s o n n a b le ,  on p eu t  s e  c o n te n te r  de l ' e s t i m a t i o n  d e s  d o s e s .  A  p a r t i r  du 
m o m e n t  où l 'o n  a une id é e  c o r r e c t e  d e s  d o s e s  c o l l e c t i v e s ,  on p eut  e s s a y e r  
de c o m p a r e r  d 'a b o r d  l e s  d o s e s  c o l l e c t i v e s  e n t r e  e l l e s :  p a r  e x e m p le ,  l e s  
d o s e s  c o l l e c t i v e s  du es  à l ' é n e r g i e  n u c l é a i r e  a u x  d o s e s  c o l l e c t i v e s  du e s  à 
l ' i r r a d i a t i o n  m é d i c a l e ;  ou b ie n  l e s  d o s e s  c o l l e c t i v e s  dues  à l ’ i r r a d i a t i o n
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a r t i f i c i e l l e  a u x  d o s e s  c o l l e c t i v e s  du e s  à l ' i r r a d i a t i o n  n a t u r e l l e  et  a u x  
f lu c t u a t io n s  de l ' i r r a d i a t i o n  n a t u r e l l e .  C e l a  e s t  p e u t - ê t r e  p lu s  f a c i l e  que 
de f a i r e  une a n a l y s e  c o û t - b é n é f i c e  c o m m e  on le  fa i t  p o u r  l a  j u s t i f i c a t i o n ,  
ou un e  a n a l y s e  c o û t - e f f i c a c i t é  c o m m e  on l e  fa i t  p o u r  l 'o p t i m i s a t i o n .

Si en t e r m i n a n t  j ' a i  vo u lu  a t t i r e r  v o t r e  a tte n t io n  s u r  c e s  v o i e s  de 
l ' a v e n i r ,  c ' e s t  p a r c e  que ce  sont  v o s  t r a v a u x  qui y  c o n d u is e n t .  C ' e s t  dans 
la  m e s u r e  oû v o u s  f e r e z  de bonn es e s t i m a t io n s  de s  t r a n s f e r t s  et  e n s u i t e  
de b o n n e s  e s t im a t io n s  d e s  i n c o r p o r a t i o n s  et d e s  d o s e s  c o l l e c t i v e s  que 
l 'o n  s e r a  a p te  ou non à f a i r e  d e s  c o m p a r a i s o n s  v a l a b l e s  ou à f a i r e  d e s  
b a l a n c e s  v a l a b l e s .  E t  m ê m e  s i  vo u s  a r r i v e z  à f a i r e  q u e lq u e  c h o s e  de 
c o r r e c t  s u r  l e  p la n  s c i e n t i f i q u e  et  te c h n iq u e ,  ne c r o y e z  p a s  que v o u s  en 
a u r e z  t e r m i n é  a v e c  l 'o p i n i o n  p u b l iq u e .  U ne s é a n c e  m o u v e m e n t é e  de 
c o n t e s t a t a i r e s  à A i x - e n - P r o v e n c e  a p e r m i s  de c o n s t a t e r  que c e r t a i n s  d 'e n t r e  
eu x  c o n s id è r e n t  que c e  que v o u s ,  vo iis  c o n s i d é r e z  c o m m e  b é n é f iq u e  e s t  
p o u r  e ux  une c a l a m i t é ,  c ' e s t - à - d i r e  que l a  p r o d u c t io n  d 'é n e r g i e  e s t  le  m a l  
en  s o i .  V o u s  a l l e z  v o u s  r e t r o u v e r ,  en  f a c e  de  l 'o p i n i o n  p u b l iq u e ,  a v e c  
d e s  p r o b l è m e s  qui ne so n t  p lu s  d e s  p r o b l è m e s  d 'e s t im a t i o n  — qui so nt  
d é jà  a s s e z  c o m p l iq u é s  nous v e n o n s  de le  v o i r  — m a i s  d e s  p r o b l è m e s  
p u r e m e n t  q u a l i t a t i f s  ou m o r a u x  qui c o n s i s t e n t  s i m p l e m e n t  à c o n s i d é r e r  
que la  c r o i s s a n c e  e s t  m a u v a i s e  en  s o i ,  que l ' é n e r g i e  e s t  m a u v a i s e  en s o i  
et p o u r q u o i  p a s ,  b ien tô t ,  dans  un co n te x te  de s u r p o p u la t io n ,  que le  
c o b a lt - 6 0  p r o d u it  p a r  l e s  r é a c t e u r s  n u c l é a i r e s  p e r m e t  de g u é r i r  de s  
c a n c é r e u x  et q u 'a u  fond la  bonne n a tu r e  p e r m e t t r a i t  de l e s  é l i m i n e r  s i  on 
ne l e s  t r a i t a i t  p a s .  A  p a r t i r  du m o m e n t  où l 'o n  c o m m e n c e  à c o n s i d é r e r  
que to u te  a c t i v i t é  h u m a in e  e s t  n o c i v e  et que le  p r o g r è s ,  c o m m e  on nous 
l ' a  dit , n 'e s t  p a s  l e  b o n h e u r ,  ce  qui e s t  v r a i  d ' a i l l e u r s ,  on p e u t  a b o u t ir  
a u x  e r r e m e n t s  l e s  p lu s  g r a n d s .

J e  v o u d r a i s  j u s t e m e n t  a t t i r e r  v o t r e  a tte n t io n  s u r  le  fa i t  que dans la  
m e s u r e  où v o s  t r a v a u x  v o u s  a u ro n t  co n d u its  à f a i r e  d e s  e s t i m a t i o n s  
c o r r e c t e s  qui s o ie n t  p r é s e n t a b l e s  o b j e c t i v e m e n t ,  qui s o ie n t  in a t t a q u a b le s  
s u r  le  p la n  s c i e n t i f iq u e  et te c h n iq u e ,  v o u s  a u r e z  en m a in ,  j e  l ' e s p è r e ,  
d e s  a r m e s  s u f f i s a n t e s  p o u r  l u t t e r  c o n t r e  c e u x  qui p o s e n t  le  p r o b l è m e  s u r  
le  p la n  p h i lo s o p h iq u e  et m o r a l ,  c e  qui n 'e s t  p a s  l 'o b j e t  de n os  d é b a t s .
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PANEL DISCUSSION

AIMS AND NEEDS FOR ENVIRONMENTAL 
PROGRAMS RELATED TO THE NUCLEAR 
INDUSTRY

H. J A M M E T  ( C h a ir m a n ) :  In r e s p o n s e  to o u r  r e q u e s t ,  q u ite  a l a r g e  
n u m b e r  o f  q u e s t io n s  to the  P a n e l  h a v e  b e e n  s u b m it t e d  in w r i t i n g ,  so that w e  
h a v e  had an o p p o r tu n ity  of  e x a m in in g  t h e m  in  a d v a n c e  and o f  d e c id i n g  w h ich  
o f  us ca n  b e s t  a n s w e r  in  e a c h  c a s e .  W h a t  I p r o p o s e  to  do, th e n ,  i s  to  s ta te  
the  q u e s t io n s  f o r  the b e n e f i t  o f  the  S y m p o s i u m  p a r t i c i p a n t s  a s  a w h o le ,  
w h e r e u p o n  w e  s h a l l  o f f e r  o u r  r e p l i e s .

Q u e s t i o n  N o . l ,  b y  P .  K r e j s a

M r .  P e l l e r i n  s h o w e d  u s  that t h e r e  i s  a c o m m o n  p h i lo s o p h y  u n d e r ly in g  
m o n i t o r i n g  of  n u c l e a r  p la n ts  and a l s o  that m o s t  o f  t h is  m o n i t o r in g  i s  
done f o r  r e a s o n s  of  p u b lic  c o n c e r n  about r a d i o a c t i v i t y .  H o w e v e r ,  t h e r e  
i s  a n o th e r  t r e n d  in  t h is  f i e l d  that ca n  m u c h  l e s s  b e  j u s t i f i e d  on a t e c h n i c a l  
b a s i s .  W hat I h a v e  in m in d  i s  the e l a b o r a t e  p r e - o p e r a t i o n a l  s u r v e y  o f  
a  p r o j e c t e d  n u c l e a r  p o w e r  s t a t io n .  F o r  the p u r p o s e  of  s h o w in g  c h a n g e s  
in  e n v i r o n m e n t a l  r a d i o a c t i v i t y  d u r in g  the s u b s e q u e n t  o p e r a t i o n  o f  the  
r e a c t o r ,  m a n y  s a m p l e s  o f  a i r ,  m i l k ,  f is h ,  g r a s s ,  v e g e t a b l e s  and so  on 
a r e  t a k e n  to o b ta in  b a s e l i n e  d a ta .  B u t  it i s  w e l l  known that n a t u r a l  
r a d i o a c t i v i t y ,  f o r  e x a m p l e  in  a i r ,  v a r i e s  w ith  t im e  o v e r  a r a n g e  m uch 
w i d e r  th a n  a n u c l e a r  r e a c t o r  w i l l  c o n tr ib u t e  u n d e r  n o r m a l  c o n d it io n s .
T h e  c o n tr ib u t io n  f r o m  w e a p o n  t e s t  f a l l - o u t  l i k e w i s e  s h o w s  a  v a r i a t i o n  
in  t i m e ,  s o  th a t  h e r e  a l s o  it i s  not p o s s i b l e  to u s e  th e  p r e - o p e r a t i o n a l  
s u r v e y  data  a s  b a c k g r o u n d  v a l u e s .
W o u ld  it  t h e r e f o r e  not be  a d v i s a b le  to d e v e lo p  in t e r n a t io n a l  d i r e c t i v e s  
f o r  p r e - o p e r a t i o n a l  s u r v e y s ?  M e a s u r e m e n t s  sh o u ld  b e  r e s t r i c t e d  to 
t h o s e  that  a r e  m e a n in g f u l ,  to  the  e x c l u s i o n  of  a l l  o t h e r s .

P .  P E L L E R I N :  M r .  K r e j s a ' s  r e m a r k s  t ie  up both w ith  w h at  M r .  J a m m e t  
h a s  s a i d  in  h is  c r i t i c a l  r e v i e w  p a p e r  e a r l i e r  t h is  a f t e r n o o n  and w ith  m y  own 
p a p e r  on T u e s d a y .  M r .  K r e j s a  c l e a r l y  b e l i e v e s  not o n ly  that to o  m u c h  
m o n i t o r i n g  and s u r v e y  w o r k  d u r in g  the o p e r a t i o n  o f  a f a c i l i t y  ca n  — b y  i t s  
v e r y  e x te n t  — g iv e  r i s e  to  u n ju s t i f ie d  p u b l ic  a p p r e h e n s i o n s  but a l s o  that the 
s a m e  c o n s i d e r a t i o n s  a p p ly  to  p r e - o p e r a t i o n a l  s u r v e y s  c o n d u c te d  b e f o r e  the 
f a c i l i t y  i s  e v e r  e r e c t e d .

M y  p e r s o n a l  v i e w  i s  that M r .  K r e j s a  i s  qu ite  c o r r e c t ,  and h is  f e e l i n g s  
r e f l e c t  th e  a n x ie t y  that  m o s t  o f  us in  a t o m i c  e n e r g y  e x p e r i e n c e ,  n a m e l y  that 
o u r  a c t i v i t i e s  w i l l  be m i s i n t e r p r e t e d .  W e s h o u ld  t a k e  g r e a t  c a r e  not to 
a r o u s e  g r o u n d l e s s  p u b l ic  f e a r s  b y  the  m o b i l i z a t i o n  of  an o v e r - m e t i c u l o u s  
s a m p l i n g  o r  m o n i t o r i n g  e f f o r t .  N u c l e a r  e n e r g y  in g e n e r a l  and r a d ia t io n  
p r o t e c t i o n  in  p a r t i c u l a r  (the l a t t e r  b e in g  the  f a c e t  w h ic h  c o m e s  into  m o s t  
d i r e c t  c o n ta c t  w ith  th e  p u b lic )  s h o u ld  s t r i v e  to a c h i e v e  an  i m a g e  o f  n o r m a l i t y  
in  the  e y e s  o f  the  — a d m it t e d l y  quite  s m a l l  — s e c t i o n  o f  the  p o p u la t io n  that
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i s  l i a b l e  to w o r r y  too m u c h .  A f t e r  a l l ,  n u c l e a r  e n e r g y  i s  at  l e a s t  as  s a f e  
a s  a n y  o t h e r  te c h n iq u e ,  and w e  r e a l l y  d o n ' t  h a v e  to b e  s e n s a t i o n a l i s t i c  about 
i t s  d a n g e r s .

Q u e s t i o n  N o . 2, b y  the U S SR  p a r t ic i p a n t s

W h at i s  the P a n e l ' s  o p in io n  on:
(1) T h e  p o s s i b i l i t y  o f  s i t in g  n u c l e a r  p o w e r  p la n ts  n e a r  l a r g e  u rb an  

c e n t r e s ;
(2) T h e  e s t a b l i s h m e n t  of l i m i t s  f o r  th e  r e l e a s e  o f  r a d i o n u c l i d e s  f r o m  

n u c l e a r  p o w e r  p la n ts  ta k in g  in to  a c c o u n t  th e  l i k e l y  fu tu r e  d e v e l o p 
m e n t  o f  the  l a t t e r ;  and

(3) T h e  e s t a b l i s h m e n t  of  u n if ied  c o m p u l s o r y  p r o c e d u r e s  fo r  s a m p l in g  
and a n a l y s i s  o f  a i r ,  w a t e r  and o t h e r  m e d ia  in  o r d e r  to  m o n i t o r  the 
o p e r a t io n  of n u c l e a r  p o w e r  p la n t s ?

F .  M O R L E Y :  In the  U n ite d  K in g d o m  at l e a s t ,  the  s i t in g  o f  p o w e r  
s t a t i o n s  n e a r  l a r g e  p o p u la t io n  c e n t r e s  is  m o r e  than ju s t  a p o s s i b i l i t y  — it i s  
about to  b e c o m e  a  r e a l i t y .  T w o  l a r g e  a d v a n c e d  g a s - c o o l e d  r e a c t o r s  a r e  
b e i n g  c o n s t r u c t e d  in  the n orth  of  E n g la n d ,  one n e a r  H a r t l e p o o l s  and  the 
o t h e r  n e a r  H e y s h a m .  W h i le  I h a v e  no p r e c i s e  f i g u r e s  w ith  m e ,  I ca n  t e l l  
you that  a p o p u la t io n  n u m b e r i n g  s o m e  h u n d r e d s  of  th o u s a n d s  l i v e s  w ith in  
about 10 m i l e s  of the H e y s h a m  s t a t io n  p e r i m e t e r .  S i n c e t h i s  q u e s t io n  has  
b e e n  a s k e d  at a S y m p o s i u m  d e a l in g  w ith  th e  r e l e a s e  o f  r a d i o n u c l i d e s  to the 
e n v i r o n m e n t ,  p e r h a p s  it  is  in the m in d of  the q u e s t i o n e r s  that s u c h  r e l e a s e s  
in  n o r m a l  o p e r a t i o n  a r e  an i m p o r t a n t  f a c t o r  in  p o w e r  s t a t io n  s i t in g .  Now, 
c e r t a i n l y  in the U n ited  K in g d o m ,  t h is  i s  not t r u e .  T h e  am o u n t  of  r a d i o 
a c t i v i t y  r e l e a s e d  b y  o u r  r e a c t o r s  i s  v e r y  s m a l l ,  and  I b e l i e v e  th is  i s  the 
c a s e  e l s e w h e r e  a s  w e l l .  T h e  1972 U N S C E A R  r e p o r t  s h o w e d ,  on the b a s i s  of 
the d a ta  r e c e i v e d ,  that the  d o s e s  to l o c a l  p o p u la t io n  g r o u p s  f r o m  the o p e r a t io n  
o f  p o w e r  s t a t io n s  w a s  a l m o s t  e v e r y w h e r e  l e s s  than one p e r  ce n t  o f  the  I C R P  
r e c o m m e n d e d  l i m i t .

F a r  m o r e  i m p o r t a n t  i s  the  s a f e t y  o f  th e  o v e r a l l  s y s t e m  and in  the  U nited  
K i n g d o m  I b e l i e v e  one r e a s o n  f o r  the r e l a x a t i o n  of  s i t in g  p o l i c y  r e l a t i n g  to 
g a s - c o o l e d  r e a c t o r s  h a s  b e e n  the  adoption  of p r e - s t r e s s e d  c o n c r e t e  p r e s s u r e  
v e s s e l s .

T u r n in g  now to th e  s e c o n d  p a r t  o f  the  q u e s t io n ,  I w o u ld  r e c a l l  that th is  
m o r n i n g  we h e a r d  M r .  M i t c h e l l  e x p la in  h o w  a u t h o r i z e d  l i m i t s  a r e  f ix e d  in 
the  U n ited  K in g d o m . It i s  a  q u e s t io n  o f  d ia lo g u e  b e tw e e n  the  o p e r a t o r  and 
the a u t h o r i z i n g  G o v e r n m e n t  d e p a r t m e n t s ;  the  l i m i t i n g  e n v i r o n m e n t a l  
c a p a c i t y  — to u s e  o u r  t e r m i n o l o g y  — i s  c a l c u l a t e d ,  but the a c t u a l  a u t h o r iz a t i o n  
to  d i s c h a r g e  w a s t e  w i l l  c o v e r  o n ly  the  a m o u n t  that i s  n e e d e d ,  w h ic h  i s  
a l w a y s  l e s s  than the  l i m i t i n g  c a p a c i t y .  W e  b e l i e v e  that t h is  p r o c e d u r e  h a s  
b e e n  v e r y  e f f e c t i v e  in  th e  p a s t ,  and w e f o r e s e e  no ch a n ge  in  the i m m e d i a t e  
f u t u r e .

W ith  r e g a r d ,  f i n a l l y ,  to  the  t h i r d  p a r t  o f  the  q u e s t io n ,  i f  i t  r e f e r s  to the  
s t a n d a r d iz a t i o n  of a n a l y t i c a l  t e c h n i q u e s ,  then  I think the  a n s w e r  i s  m o s t  
c e r t a i n l y  in the  a f f i r m a t i v e  and I b e l i e v e  that the  I A E A  in  p a r t i c u l a r  h as  
a l r e a d y  go n e  s o m e  w a y  t o w a r d s  s e t t in g  up p r o c e d u r e s  f o r  i n t e r c o m p a r i s o n  
o f  a n a l y t i c a l  t e c h n i q u e s .  I f  on th e  o t h e r  hand th e  q u e s t io n  i s  a s k i n g  w h e t h e r  
t h e r e  s h o u ld  be  a s in g le  r e g i m e  o f  m e a s u r e m e n t  a r o u n d  e a c h  s t a t io n ,  then 
I s a y  e q u a l l y  e m p h a t i c a l l y  that  t h e  a n s w e r  i s  in the  n e g a t i v e .  In p e r f o r m i n g
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t h e s e  m e a s u r e m e n t s  we a r e  p r i n c i p a l l y  c o n c e r n e d  w ith  e s t i m a t e s  of  dose; 
w e  t h e r e f o r e  r e q u i r e  m e a s u r e m e n t s  on r e l e v a n t  e x p o s u r e  p a t h w a y s ,  and the  
id e n t i t y  o f  t h e s e  e x p o s u r e  p a t h w a y s  is  h ig h ly  s p e c i f i c  to e a c h  s i t e .

Q u e s t io n  N o . 3, b y  R .  B i t t e l

T h e  fa te  o f  r a d i o n u c l i d e s  in  the e n v i r o n m e n t ,  and h e n c e  th e  h a z a r d s  
i m p u t a b l e  to  t h e m ,  a r e  g o v e r n e d  b y  a n u m b e r  of  f a c t o r s ,  s o m e  of  
t h e m  of  a p h y s i c o - c h e m i c a l  n a t u r e .
T h e  g e n e r a l  l e v e l  o f  p o llu t io n ,  p a r t i c u l a r l y  o r g a n i c  p o llu t io n ,  i s  an 

, i m p o r t a n t  c h a r a c t e r i s t i c  o f  the  e n v ir o n m e n t .  T h i s  b e in g  s o ,  sh o u ld  w e 
not ta k e  into  a c c o u n t  t h e  i n c i d e n c e  of  m i c r o b i o l o g i c a l  p a r a m e t e r s ,  
s i n c e  v e r y  m a n y  r e a c t i o n s  a f f e c t in g  m i n e r a l  and  o r g a n i c  p o llu ta n ts  a r e  
due to m i c r o o r g a n i s m s ,  w h ic h  r e p r e s e n t  th e  p r i m a r y  a g e n t s  o f  b i o 
c h e m i c a l  t r a n s f o r m a t i o n s ?

H. J A M M E T  ( C h a ir m a n ) :  I f e e l  that  t h is  q u e s t io n  s h o u ld  b e  c o n s i d e r e d  
a g a in s t  th e  b a c k g r o u n d  o f  th e  c o m p l e x i t y  o f  the  p r o c e s s e s  o c c u r r i n g  in  the 
b i o s p h e r e .  A l l  s tu d e n ts  of  s o i l  s c i e n c e ,  f o r  e x a m p l e ,  a r e  a w a r e  o f  the 
i m p o r t a n c e  o f  m i c r o b i o l o g i c a l  p r o c e s s e s ,  and h e r e  t h e r e  i s  s c o p e  f o r  s o m e  
g e n e r a l  i n v e s t i g a t i o n s  a i m e d  at  d e t e r m in i n g  how  f a r  f a c t o r s  a s s o c i a t e d  
w ith  th e  a c t io n  o f  m i c r o o r g a n i s m s  a r e  o f  i m p o r t a n c e  in  the  e s t i m a t i o n  o f  
t r a n s f e r s .  T h e  a n s w e r e  h e r e ,  th e n ,  m ig h t  l i e  w ith  the  g e n e r a l  g u id a n c e  to 
b e  i m p a r t e d  to l a b o r a t o r y  s t u d i e s  o r ,  in  c e r t a i n  c a s e s ,  to  i n v e s t i g a t i o n s  
w h ic h  m ig h t  p r o f i t a b l y  b e  u n d e r t a k e n  on t h e s e  f a c t o r s .

Q u e s t i o n  N o . 4, b y  D. M a i r e

(1) C a l c u l a t io n s  f o r e c a s t i n g  the m i g r a t i o n  of  f i s s i o n  p r o d u c t s  in  w a t e r  
and in s o i l s  t o w a r d s  m a n  c a l l  f o r  n u m e r o u s  data; t h e s e  a r e  d e t e r 
m in e d  e x p e r i m e n t a l l y  b y  v a r i o u s  l a b o r a t o r i e s ,  w h ic h  f r e q u e n t l y  
a r r i v e  at c o n t r a d i c t o r y  r e s u l t s .  Is  t h e r e  a n y  n a t io n a l  o r  i n t e r 
n a t io n a l  b o d y  e n g a g e d  in  c o - o r d in a t i n g  th e s e  a c t i v i t i e s  and  b u i ld in g  
up a l i b r a r y  o r  t h e s a u r u s  o f  the  m o s t  r e l i a b l e  d a ta ?

(2) C o u ld  not m o d e l s  f o r  the d i f f u s io n  o f  f i s s i o n  p r o d u c t s  in  the 
a t m o s p h e r e  b e  t r e a t e d  a n a l o g o u s l y  to ' b e n c h m a r k  p r o b l e m s '  , a s  i s

i done in  the  c a s e  o f  c a l c u l a t i o n s  f o r  r a d i a t io n  p r o t e c t i o n  s h i e ld in g ?
(3) T h e  d i f fu s io n  m o d e l s  we ha ve  h e a r d  d e s c r i b e d  a r e  a p p l ic a b le  to 

d i f fu s io n  o v e r  a lo n g  d is t a n c e  and on s m o o th  t e r r a i n .  F o r  c a l c u l a 
t io n s  o f  a c c i d e n t  c o n s e q u e n c e s ,  h o w e v e r ,  the d o s e s  r e c e i v e d  in  
the n e ig h b o u rh o o d  of  the s i t e  (R < 20 km ) a r e  a l s o  o f  i n t e r e s t .  H as 
a n y  w o r k  b e e n  done in  t h is  s p h e r e  t a k i n g  a c c o u n t  o f  th e  e f f e c t  o f  
b u i l d in g s ,  a n d  a l s o  d e a l in g  w ith  a t m o s p h e r i c  d i f fu s io n  a b o v e  l a r g e  
u r b a n  c e n t r é s ?

K . E .  C O W S E R :  P e r h a p s  I m a y  t a k e  t h is  o p p o r tu n ity  o f  o f f e r i n g  s o m e  
g e n e r a l ,  and th e n  s o m e  m o r e  s p e c i f i c ,  r e m a r k s  on e n v i r o n m e n t a l  p r o g r a m  
n e e d s .  In a g e n e r a l  w a y ,  and o u t s id e  o u r  v e r y  n a t u r a l  c o n c e r n  w ith  r a d i o 
a c t i v e  m a t e r i a l s ,  w e  m ig h t  b e g in  r e f l e c t i n g  on n e e d s  that r e l a t e  to  s u ch  
i t e m s  a s  t h e r m a l  e f f e c t s ,  the i m p a c t  o f  b i o c i d e s  o r  c o r r o s i o n  i n h i b i t o r s  u s e d  
in  c o o l i n g  s y s t e m s ,  s i t e  s e l e c t i o n  c r i t e r i a ,  fu tu r e  la n d  u s e  a s  i t  m ig h t  a f f e c t  
a f a c i l i t y ,  the  b e h a v i o u r  of  p lu to n iu m , s t u d i e s  o f  e c o l o g i c a l  p r o c e s s e s  w h ic h  
a r e  in  fa c t  m i s s i o n - o r i e n t e d ,  and s o  on.
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M o r e  s p e c i f i c a l l y ,  I h a v e  b e e n  r e f l e c t i n g  on t h r e e  o r  fo u r  o f  t h e s e  
n e e d s ,  and  I f e e l  that s e v e r a l  o f  the q u e s t io n s  put to th e  P a n e l  a l s o  i l l u s t r a t e  
a c o n c e r n  w ith  t h e m . One of  t h e m  i s  th e  n e e d  f o r  an a d eq u a te  d e fin it io n  of  
p r o b l e m s ,  and b y  th is  I m e a n  in  p a r t i c u l a r  th e  n ee d  to e s t a b l i s h  p r i o r i t i e s  
to  b e  d e a lt  w ith  w ith in  the  co n te x t  o f  the a v a i l a b l e  t im e  and m o n e y .  H e r e  
m u c h  ca n  be  done b y  r e g u l a t i n g  o n e ' s  m e th o d s  o f  w o r k .  W e  m u s t  a n t ic ip a t e  
the p r o b l e m s  that a r e  l i k e l y  to a r i s e  in  the f u t u r e ,  and m u s t  a tte m p t  to 
d e v i s e  what I w o u ld  c a l l  s t r a t e g i e s  in  o r d e r  to d e te c t  p o s s i b l e  i m p a c t s  f a r  
enough in  a d v a n c e  to p r e v e n t  t h e m  f r o m  o c c u r r i n g  in  m a n y  c a s e s .  A i d s  to 
the d e f in it io n  o f  p r o b l e m s  — and  t h e s e  a r e  ju s t  a few  that o c c u r  to m e  — m a y  
i n c lu d e  s u c h  th in g s  a s  s t a f f  a s s e s s m e n t s ,  c o n f e r e n c e s  at  l o c a l ,  r e g i o n a l ,  
n a t io n a l  and in t e r n a t i o n a l  l e v e l  and  s t a t e - o f - a r t  r e v i e w s ,  c o p in g  w ith  the 
f lo o d  o f  in f o r m a t i o n  o f  w h ic h  w e  w e r e  r e m i n d e d  e a r l i e r  in  the  w e e k ,  and 
c o n d e n s in g  p e r h a p s  500 p a p e r s  a l l  d e a l i n g  w ith  the s a m e  r e s t r i c t e d  f ie ld  
into  o n e  d o cu m en t  w h ich  w e  s h a l l  h a v e  the  p o s s i b i l i t y  of r e a d i n g  in s t e a d  
o f  m e r e l y  f i l in g .

A  s e c o n d  s p e c i f i c  poin t  i s  in fo r m a t i o n  d e v e lo p m e n t  and a v a i l a b i l i t y ,  
and h e r e  I th in k t h e r e  i s  a w e a lth  of in f o r m a t io n  f r o m  ro u tin e  e n v i r o n m e n t a l  
m o n i t o r i n g  o f  w h ic h  w e  s h o u ld  b e g in  to m a k e  u s e .  T h i s  w i l l  p r o v id e  us w ith  
a  to o l  f o r  d e v e lo p in g  i n d i c e s  and r e g u l a t i o n s  g o v e r n i n g  p o llu t io n ,  and w ith  
a  c a p a b i l i t y  to  v e r i f y  s o m e  of the m o d e l s  th a t  h a v e  b e e n  d e v e lo p e d  d u r in g  
r e s e a r c h  a c t i v i t i e s .  I b e l i e v e  that an e f f e c t i v e  m o n i t o r in g  n e t w o r k  can  s e r v e  
a s  an e a r l y  w a r n in g  s y s t e m  f o r  p o l lu ta n ts ,  and that the  d e v e lo p m e n t  of  
b i o l o g i c a l  i n d i c a t o r s  h a s  a v e r y  r e a l  p a r t  to  p la y  in  a s s i s t i n g  us to d e t e r m in e  
the h e a lth  o f  e c o s y s t e m s .  W e  m u s t ,  in  t h i s  c o n n e ct io n ,  a l s o  g iv e  a ttention  
to the  c o m m u n i c a t io n  of in fo r m a t io n ,  in  o r d e r  to  a v o id  d u p l ic a t io n  of  e f f o r t  
in  s o m e  o f  o u r  r e s e a r c h  w o r k ,  and  we m ig h t  c o n s i d e r  w h e t h e r  a data  b an k
— w e l l ,  p e r h a p s  not a da ta  b a n k  but a s p e c i m e n  ban k  — w ou ld  b e  o f  v a lu e  in 
t e r m s  of c o l l e c t i n g  and  d i s s e m i n a t i n g  b a s e l i n e  in f o r m a t i o n  in  the f u t u r e .

T h e  q u e s t io n  o f  i n t e r d i s c i p l i n a r y  r e s e a r c h  t e a m s  h a s  a r i s e n  on a 
n u m b e r  o f  o c c a s i o n s  and M r .  L i v e r m a n  r e f l e c t e d  on the s u b j e c t  d u r in g  h is  
r e v i e w .  I f e e l  th a t,  a s  e n v i r o n m e n t a l  p r o b l e m s  b e c o m e  m o r e  and m o r e  
c o m p l i c a t e d ,  i t  w i l l  b e  i m p o s s i b l e  to a v o id  l a r g e  t e a m s  o f  s c i e n t i s t s  and 
e n g i n e e r s  w o r k i n g  c o l l e c t i v e l y  on the  s o lu t io n  o f  th o s e  p r o b l e m s .  T h i s  
c e r t a i n l y  r e p r e s e n t s  a p o te n t ia l  o b s t a c l e  to c o m m u n ic a t i o n  — ho w  do you t a l k  
to s o m e o n e  who i s  t r a i n e d  in  a n a r r o w  f i e l d ?  — but I th in k  th e  d i f f ic u l t y  can  
b e  l a r g e l y  o v e r c o m e  b y  d ia lo g u e  b e t w e e n  the  s p e c i a l i s t s  a s  t o g e t h e r  th e y  
a t t a c k  a p r o b l e m  o f  c o m m o n  i n t e r e s t .  A s  to who sh o u ld  f u r n i s h  the  i n t e r 
d i s c i p l i n a r y  t e a m  c a p a b i l i t y ,  it  s e e m s  to m e  that the  n u c l e a r  e n e r g y  
l a b o r a t o r i e s ,  in  v i e w  of  t h e i r  p a s t  and p r e s e n t  e f f o r t s  and i n v o l v e m e n t ,  a r e  
the n a t u r a l  a g e n ts  f o r  t h i s  p u r p o s e .

O n e  p a r t  o f  M r .  M a i r e 1 s q u e s t io n  d e a l s ,  I b e l i e v e ,  w ith  the  a v a i l a b i l i t y  
o f  i n f o r m a t i o n  on a t m o s p h e r i c  m o d e l s .  W e l l ,  in  1968 the U n ited  S ta te s  
A t o m i c  E n e r g y  C o m m i s s i o n  i s s u e d  a c o m p l e t e  l i s t  of m o d e l s  in  i t s  p u b l ic a t io n :  
" M e t e o r o l o g y  and A t o m i c  E n e r g y " ,  and I u n d e r s t a n d  that w o r k  is  b e in g  done 
on the e f f e c t  o f  b u i ld in g s  at the Idaho p lan t  and  b y  the T e n n e s s e e  V a l l e y  
A u t h o r i t y .

H. J A M M E T  ( C h a ir m a n ) :  P e r h a p s  I m ig h t  r e - e m p h a s i z e  m y  b e l i e f
— s t r e n g t h e n e d  a s  a r e s u l t  o f  a d i s c u s s i o n  I had w ith  M r .  L i v e r m a n  a fe w  
d a y s  a go  — that the c o r r e c t  a p p l ic a t io n  of  the  n e w  c o n c e p t s ,  r e l a t i n g  not o n ly  
to in d iv id u a l  but a l s o  to c o l l e c t i v e  d o s e s ,  w i l l  m a k e  q u ite  h e a v y  d e m a n d s  on 
o u r  r e s o u r c e s .  In p a r t i c u l a r ,  w e  s h a l l  n e e d  to h a ve  a v a i l a b l e  i n t e r d i s c i p l i 
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n a r y  t e a m s  a c c u s t o m e d  to  w o r k i n g  t o g e t h e r  on a c o n tin u in g  b a s i s .  It w i l l  
not b e  enough to b r i n g  abou t o c c a s i o n a l  d i a lo g u e s  b e t w e e n  m e t e o r o l o g i s t s ,  
h y d r o l o g i s t s ,  b i o l o g i s t s ,  a g r o n o m i s t s ,  e x p e r t s  on the fo od  ch a in ,  
n u t r i t i o n i s t s ,  d o c t o r s  and, f i n a l l y ,  p h y s i c i s t s .  S u c c e s s  w i l l  o n ly  c o m e  f r o m  
the e x i s t e n c e  o f  t e a m s  l a r g e  enough and s u f f i c i e n t l y  w e l l - e n d o w e d  to t a c k l e  
the o v e r a l l  p r o b l e m ,  and in  a n y  g i v e n  c o u n t r y  s u c h  t e a m s  s h o u ld  n o r m a l l y  
b e  o p e r a t i n g  at n a t io n a l  l e v e l  — in the  s e r v i c e  of  the c o u n t r y  a s  a w h o le .
M r .  L i v e r m a n  g a v e  i t  a s  h i s  o p in io n  that at s o m e  o f  th e  r e s e a r c h  c e n t r e s  . 
w o r k i n g  u n d e r  c o n t r a c t  in  the  U n ited  S t a t e s  o f  A m e r i c a  t h e r e  w e r e  t e a m s  
p o s s e s s i n g  the c r i t i c a l  m a s s ,  i f  you l i k e ,  w h ich  e n a b led  t h e m  to d e a l  w ith  
p r o b l e m s  on b e h a l f  o f  a l l  the  p e o p le  c o n c e r n e d .  F o r  e x a m p l e ,  the o p e r a t o r  
o f  a n u c l e a r  i n s t a l l a t i o n  n e e d s  to e s t i m a t e  the  c o n s e q u e n c e s  of  h is  o p e r a t io n s ;  
he  c a n ,  w ith  s o m e  d i f f i c u l t y ,  do t h is  in  r e s p e c t  o f  the c r i t i c a l  g r o u p ,  but i f  
h e  w a n ts  to  do s o  in  r e s p e c t  o f  a s u b s t a n t i a l  r e g i o n a l  p o p u la t io n  o r  e v e n  of 
the w o r l d  at l a r g e ,  he n e e d s  d e t a i l e d  i n f o r m a t i o n  on the  c o m m e r c i a l  d i s t r i 
b u t io n  of  food  c o m m o d i t i e s  e t c . ,  and it  i s  h e r e  that he  r e q u i r e s  th e  a id  of 
a r e a l l y  p o w e r f u l  t e a m .  T h e  G o v e r n m e n t  a u t h o r i t i e s ,  on t h e i r  s i d e ,  a r e  
r e s p o n s i b l e  f o r  the w e l f a r e  o f  the w h o le  p o p u la t io n ,  f o r  a l l  the  c r i t i c a l  g r o u p s  
ta k e n  t o g e t h e r ,  and t h e y  a l s o  n e e d  to  c h e c k  on the  o p e r a t o r ' s  a c t i v i t i e s .
T h e y  a r e  c o n c e r n e d  w ith  th e  c o l l e c t i v e  d o s e  r e c e i v e d  by the w h o le  c o u n t r y .  
T h u s  it  s e e m s  a go o d  id e a  f o r  c o m p e te n t  t e a m s  to w o r k  on b e h a l f  o f  the 
e n t i r e  c o m m u n it y ,  p l a c in g  t h e i r  h u m an  and m a t e r i a l  r e s o u r c e s  at  the d i s p o s a l  
o f  the o p e r a t o r s  o r  o f  the  n a t io n a l  a u t h o r i t i e s  a s  a p p r o p r i a t e .  F r a g m e n t a t i o n  
o r  d i s p e r s a l  of e f f o r t  w i l l ,  I f e e l ,  not  l e a d  to  the d e s i r e d  r e s u l t .

W . O .  S C H IK A R S K I :  I sh o u ld  l i k e  to m a k e  a f e w  p o in ts  on the p r o b l e m s  
o f  m o d e l l in g ,  w h ic h  w a s  a m a j o r  i s s u e  at t h i s  S y m p o s i u m .

M o d e l l i n g  in  c o n n e c t io n  w ith  a i r  and  w a t e r  p o llu tio n  c o n c e r n s  of  c o u r s e  
not o n ly  the n u c l e a r  i n d u s t r y  but m a n y  o t h e r  b r a n c h e s  o f  p r o d u c t io n  a s  
w e l l .  I p e r s o n a l l y  h a v e  l e a r n t  f r o m  th is  S y m p o s iu m  that we h a v e  now  
a v a i l a b l e  a n u m b e r  o f  w e l l - d e v e l o p e d  c o m p u t e r  m o d e l s ,  w h ic h  a r e  o f  g r e a t  
i m p o r t a n c e  f o r  u n d e r s t a n d in g  the  b e h a v i o u r  o f  p o llu ta n ts  r e l e a s e d  to the 
e n v i r o n m e n t .  I b e l i e v e  that t h e s e  m o d e l s  a r e  n e c e s s a r y ,  w e l l  w o r t h w h i le ,  
and s h o u ld  be  f u r t h e r  d e v e lo p e d .  H o w e v e r ,  I h a v e  m i s s e d  at th e  S y m p o s iu m  
a c r i t i c a l  r e v i e w  o f  t h e i r  p o t e n t i a l i t i e s  and o f  t h e i r  l i m i t a t i o n s .  T r u e ,  
q u e s t io n s  about the a c c u r a c y  o f  t h e s e  m o d e l s  w e r e  a s k e d  a fe w  t i m e s  d u r in g  
the  d i s c u s s i o n s ,  but t h i s  m a t t e r  o f  a c c u r a c y  i s ,  to m y  m in d ,  m o r e  s e r i o u s  
than m o d e l  d e s i g n e r s  s e e m  to r e a l i z e .

L e t  m e  l i s t  a few  p r o b l e m s .  W e  l a c k  input data, o n ly  in  a f e w  c a s e s  a r e  
th e y  a v a i l a b l e  to  th e  e x te n t  r e q u i r e d ,  and t h e i r  l a c k  i s  p a r t i c u l a r l y  k e e n l y  fe l t  
f o r  r e g i o n a l  m o d e l l i n g .  T h e n  we have  the p r o b l e m  o f  t r a n s p o r t  p r o c e s s e s .  
T h e s e  a r e  c o m p l e x  p r o c e s s e s ,  th e y  in v o l v e  p h y s i c a l ,  c h e m i c a l ,  m e t e o r o l o 
g i c a l ,  h y d r o l o g i c a l ,  b i o l o g i c a l  and  o t h e r  a s p e c t s ,  and m a n y  of  t h e m  a r e  not 
w e l l  u n d e r s t o o d  e v e n  in the s c i e n t i f i c  c i r c l e s  that h a v e  d i s c o v e r e d  and 
d e s c r i b e d  t h e m ,  and f i r s t  f o r m u l a t e d  t h e m  in m a t h e m a t i c a l  t e r m s .  In 
d e s c r i b i n g  the  b e h a v i o u r  o f  p o llu ta n ts  b y  m o d e l s ,  t h e r e f o r e ,  c o n c e n t r a t io n  
on the e s s e n t i a l  p o in ts  i s  th e  o n ly  w a y  to p r o c e e d ,  s i n c e  a c o m p l e t e  d e s c r i p 
tion  in  a l l  d e t a i l s  i s  i m p o s s i b l e .  It w o u ld  in a n y  c a s e  l e a d  to  c o m p u t e r  
m o d e l s  o f  e x t r e m e l y  l a r g e  s i z e ,  in  s o m e  c a s e s  e v e n  e x c e e d i n g  t o d a y 1 s 
c o m p u t e r  c a p a c i t i e s .  F o r  e x a m p l e ,  o n ly  about one c u b ic  m i l e  o f  a t m o s p h e r e  
c a n 'b e  s i m u l a t e d  r e a s o n a b l y  on the  l a r g e s t  c o m p u t e r  now  a v a i l a b l e .
M o d e l l in g  h a s  th u s  to  c o n s t i t u t e  a  s i m p l i f i c a t i o n ,  a c o m p r e s s i o n ,  a r e d u c t io n  
o f  the w h o le  p r o b l e m  to i t s  e s s e n t i a l s .
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T h i s  is  in  f a c t  m o r e  o r  l e s s  w hat i s  done in the m o d e l s  p r e s e n t e d  at 
th is  S y m p o s i u m ,  but one r e s u l t  o f  th is  i s  that w e  h a v e  to f ind out w h e r e  we 
a r e  in the o v e r - s i m p l i f i c a t i o n  p r o c e s s .  W h at a r e  the e r r o r s  co n se q u e n t  
upon n e g l e c t i n g  c e r t a i n  p a r a m e t e r s  o r  upon e x t r a p o l a t in g  s i m p l e  c o r r e l a t i o n s
— e . g .  e x t r a p o l a t i n g  up to  100 k m  s i m p l e  d i f fu s io n  f o r m u l a s  d e v e lo p e d  fo r  
d i s t a n c e s  in the a t m o s p h e r e  o f  o n ly  1 0 - 1 5  k m ?

W e  s h o u ld  a l s o  a s k  o u r s e l v e s  w h a t  i s  the r e a l  p u r p o s e  o f  m o d e l l in g .
Is  i t  to  d ia g n o s e  the  p r e s e n t  s i tu a t io n  c o n c e r n i n g  e m i s s i o n ?  Is  it  to p r o g 
n o s t i c a t e  fu tu r e  t r e n d s  in th e  b u r d e n  o f  c e r t a i n  p o p u la t io n s ,  o f  c e r t a i n  e c o 
s y s t e m s ,  and s o  on? Is  it to  i d e n t i f y  the  c r i t i c a l  p a t h w a y s  o f  c r i t i c a l  
p o llu ta n ts  and  t h e i r  b u r d e n ?  I s  it  to s tu d y  the  im p l i c a t i o n s  of  p o s s i b l e  
c h a n g e s  in i n d u s t r i a l ,  e c o n o m i c  o r  e v e n  s o c i o l o g i c a l  c i r c u m s t a n c e s  and to 
f u r n i s h  data  t h e r e o n  to p o l i c y - m a k e r s ?  O r  a r e  o u r  m o d e l l i n g  e f f o r t s  ju s t  
the r e a c t i o n  to the d e s i r e  o f  the  p u b lic  to f ind  out m o r e  about the  im p a c t  
o f  t e c h n o l o g y  on the  e n v i r o n m e n t ?  I b e l i e v e  that w e  h a v e  to d is t in g u is h  
b e tw e e n  a l l  t h e s e  t a r g e t s  f o r  m o d e l l i n g ,  and that m o d e l s  w i l l  ch a n g e  a s  t h e ir  
p u r p o s e s  c h a n g e .  I w o u ld  t h e r e f o r e  s u g g e s t  that in th e  n e a r  fu t u r e  the 
A g e n c y  o r  a n o t h e r  a p p r o p r i a t e  in st i tu t io n  sh o u ld  o r g a n i z e  a m e e t in g  on t h e s e  
b a s i c  p r o b l e m s  of  m o d e l l in g .

P .  P E L L E R I N :  I a m  in  fu l l  a g r e e m e n t  w ith  w hat h a s  b e e n  s a id  in r e p l y  
to M r .  M a i r e  s o  f a r .  I sh o u ld  ju s t  l i k e  to s t r e s s  the n e e d  f o r  r e a l i s m  in 
o u r  a p p r o a c h  to t h e s e  m a t t e r s .  O n c e  a g a in  l e t  us not f o r g e t ,  at the  o u ts e t ,  
that w e  a r e  t r y i n g  to a v o id  t in y  f r a c t i o n s  o f  r e m s  b e in g  a d d e d  to  the  (m uch 
g r e a t e r )  b a c k g r o u n d  and m e d i c a l  r a d ia t io n  d o s e .  T h e  r e s o u r c e s  r e q u i r e d  
b y  th is  p r o c e s s  of  r e f in e m e n t  co u ld  p o s s i b l y  be w e l l  sp en t  e l s e w h e r e .

T h e r e  a r e  now  tw o  o r  t h r e e  s p e c i f i c  p o in ts  I ca n  add in r e p l y  to 
M r .  M a i r e .  F i r s t ,  a s  r e g a r d s  th e  e s t a b l i s h m e n t  o f  n a t io n a l  o r  in te r n a t io n a l  
data  l i b r a r i e s ,  I th in k  w e  s h o u ld  r e m e m b e r  that  th is  k in d  o f  f a c i l i t y  a l r e a d y  
e x i s t s  — on a l a r g e  s c a l e  — in  the f i e ld  o f  r a d ia t io n  p r o t e c t i o n  and a to m ic  
e n e r g y  in  g e n e r a l .  I r e a l l y  doubt w h e t h e r  it i s  w o r th  w h i le  add in g  y e t  
a n o t h e r  s y s t e m  of  c l a s s i f i c a t i o n  o f  the e x i s t i n g  l i t e r a t u r e .

S e c o n d l y ,  I s h o u ld  l i k e  to s a y  s o m e t h i n g  about the p r o p o s a l s  that  a r e  
o f te n  m a d e  r e g a r d i n g  th e  c o - o r d in a t io n  and d i s s e m in a t io n  o f  da ta .  H e r e  I 
can  quote  o u r  e x p e r i e n c e  at W H O in o u r  r o l e  o f  in te r n a t io n a l  r e f e r e n c e  
c e n t r e  f o r  r a d i o a c t i v i t y  m e a s u r e m e n t s .  F o r  s e v e r a l  y e a r s  we h a v e  b e e n  in 
to u c h  w ith  t e n  o r  a d o z e n  c o u n t r i e s  that a r e  h ig h ly  a d v a n c e d  in m a t t e r s  of  
n u c l e a r  r e s e a r c h  and r a d i a t io n  p r o t e c t io n ,  and  the f i r s t  p r o b l e m  to e m e r g e  
i s  that  of c a l i b r a t io n .  T h e r e  a r e  a m a z i n g  d i f f e r e n c e s  b e tw e e n  the v a l u e s  
a r r i v e d  at b y  e s t a b l i s h m e n t s  w h o s e  c o m p e t e n c e  is  b e y o n d  q u e s t io n .  So one 
h a s  to be .v e r y  c a r e f u l  not to  c o l l e c t  m e a s u r e m e n t  data  f o r  w h ic h  no i n t e r 
c o m p a r i s o n s  h a ve  b e e n  m a d e  — o t h e r w i s e  the e f f o r t  w i l l  h a v e  b e e n  u s e l e s s ,  
o r  e v e n  w o r s e  than u s e l e s s ,  s in c e  an y  in t e r p r e t a t i o n  one l i k e s  can  b e  m a d e  
o f  the r e s u l t s .

T h e s e  p r o b l e m s  of  c a l i b r a t i o n  a r e  p a r t i c u l a r l y  d i f f ic u lt  at the l e v e l s  o f  
r e f i n e m e n t  at w h ic h  w e  a l l  too f r e q u e n t l y  now h a v e  to o p e r a t e .  H e r e ,  I 
f u l ly  a g r e e  w ith  M r .  J a m m e t  that  s u c h  w o r k  ca n  o n ly  be e n t r u s t e d  to t e a m s  
w o r k i n g  in  p e r m a n e n t  l i a i s o n  at n a t io n a l  o r  in te r n a t io n a l  l e v e l .

I w ou ld  sound a n ote  o f  w a r n in g  a g a i n s t  the s u g g e s t i o n  to  i s s u e  h a r d -  
a n d - f a s t  d i r e c t i v e s  to l o c a l  — o r  r e l a t i v e l y  l o c a l 1. — a u t h o r i t i e s  r e s p o n s i b l e  
f o r  r a d ia t i o n  p r o t e c t io n  m a t t e r s .  T h e  w o r k  that t h e s e  a u t h o r i t i e s  a r e  c a l l e d  
upon to a c c o m p l i s h  d e m a n d s  g r e a t  i n i t i a t i v e  c o m b in e d  w ith  sound c o m m o n  
s e n s e  and an in t i m a t e  k n o w le d g e  of  l o c a l  c o n d it io n s ,  and i f  we go too f a r  in
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t e r m s  of  doing t h e i r  w o r k  f o r  t h e m , we s h a l l  ru n  the r i s k  o f  tu r n in g  th e m  
into  u n thin king r o b o t s  c o m p l e t e l y  d e v o id  o f  a  s e n s e  of  r e s p o n s i b i l i t y .  W e 
a l r e a d y  do eno ugh in t h i s  d i r e c t i o n  in  the f o r m  o f  a d v ic e  — i n c o r p o r a t e d  in 
a v a s t  n u m b e r  o f  p u b l ic a t io n s  i s s u e d  b y  a l l  k in d s  o f  n a t io n a l  o r  in t e r n a t i o n a l  
o r g a n i z a t i o n s .  T h i s  a d v i c e  in  f a c t  i t s e l f  c o n s t i t u t e s  a m a s s  o f  d i r e c t i v e s .
In t h is  c o n n e c t io n  I f ind M r .  S c h i k a r s k i 1 s c o n c lu d in g  p r o p o s a l  m o s t  w e l c o m e
— n a m e l y  a p r o p o s a l  to h o ld  a s c i e n t i f i c  m e e t i n g  b a s e d  on a . w e l l - d e f i n e d  
r e s e a r c h  p r o g r a m  w ithout l a y i n g  undue s t r e s s  on the  f a c t  that  it  i s  a 
p r o t e c t io n  p r o g r a m .  T h a t  i s  the w a y  w e  s h o u ld  t r y  to go .

Q u e s t io n  N o . 5, by  H . F .  M a c D o n a ld

F o r  p u r p o s e s  of  d e a l in g  w ith  a s in g le  n u c l id e  o r i g i n a t i n g  f r o m  a c l e a r l y  
id e n t i f ia b l e  s o u r c e ,  the ' c r i t i c a l  n u c l id e '  a p p r o a c h  h a s  p r o v e d  v a l u a b l e  
in  the p a s t .
D o e s  the P a n e l  c o n s i d e r  that  t h is  s i t u a t io n  w i l l  p e r s i s t  in  the  fu t u r e ,  
o r  m u s t  we b e g in  to  d e v e lo p  m o r e  s o p h i s t i c a t e d  m o d e l s  c a p a b le  of 
d e s c r i b i n g  the  b e h a v i o u r  o f  m i x t u r e s  o f  i s o t o p e s  d i s c h a r g e d  f r o m  a 
r a n g e  o f  n u c l e a r  i n s t a l l a t i o n s  l o c a t e d  w ith in  a  g iv e n  r e g i o n ,  and 
i r r a d i a t i n g  m a n  v i a  s e v e r a l  p a t h w a y s ?

B .  L I N D E L L :  I m y s e l f  do not b e l i e v e  that t h is  s i t u a t io n  w i l l  p e r s i s t ,  
i . e .  w e  s h a l l  not be  a b le  to go on b a s i n g  a l l  a s s e s s m e n t s  on the c r i t i c a l  
g r o u p  c o n c e p t  o n ly .  I th ink that  p r o p e r  c o n t r o l  — and I a m  h e n c e f o r t h  u s in g  
the w o r d  1 c o n t r o l '  in  i t s  f u l l  s e n s e  o f  e x e r c i s i n g  a u t h o r i t y  — w i l l  n e c e s s i t a t e  
m o r e  tha n  a c r i t i c a l  g r o u p  a p p r o a c h .  T h e  o n ly  p r a c t i c a l  w a y  w i l l  be to 
c o n t r o l  e a c h  of  the m a n y  s o u r c e s  that w i l l  r e p r e s e n t  the t o ta l  in  the  f u t u r e .
A s  an e x a m p l e  o f  a w o r k a b l e  m e th o d  I h a v e  d i s c u s s e d  the c o n c e p t  of p o p u la 
t io n  d o s e  c o m m it m e n t  p e r  m e g a w a t t  • y e a r  o f  e l e c t r i c  e n e r g y .  T h i s  m e th o d  
s h o u ld  m a k e  it p o s s i b l e  to a l lo w  fo r  the e x p a n s i o n  o f  p o w e r  p lan t  c a p a c i t i e s  
in  the fu t u r e ,  w h i c h  w a s  one o f  the  p o in ts  r a i s e d  in  the q u e s t io n  to the  P a n e l  
b y  the USSR p a r t i c i p a n t s .

I a l s o  b e l i e v e  that in  the  fu tu re  l o c a l  m o n i t o r in g  p r o g r a m s  to c h e c k  
m a x i m u m  in d iv id u a l  d o s e s ,  w i l l  s t i l l  be  n e c e s s a r y ,  but th a t  t h e y  w i l l  be of  
l e s s  s i g n i f i c a n c e  than r a d i o e c o l o g i c a l  r e s e a r c h  on t r a n s f e r  m e c h a n i s m s ,  
w h ic h  w i l l  b e  e s s e n t i a l  f o r  p u r p o s e s  of  a s s e s s i n g  the  t o ta l  c o n s e q u e n c e s  o f  
a r e l e a s e .  H e r e  p e r h a p s  I m a y  g iv e  an a n t i c i p a t o r y  r e p l y  to a q u e s t io n  we 
s h a l l  b e  h e a r i n g  l a t e r  r e g a r d i n g  the  a p p r o p r i a t e n e s s  o r  o t h e r w i s e  of  s o m e  
o f  the p r o g r a m s  that a r e  c a r r i e d  out.  T o  be b lun t,  I th ink that m a n y  of  t h e s e  
p r o g r a m s  a r e  not j u s t i f i e d  b e c a u s e  t h e y  a r e  t r y i n g  to m e a s u r e  e x t r e m e l y  
s m a l l  in d iv id u a l  d o s e  c o n tr ib u t io n s ,  and f r e q u e n t l y  th e y  h a v e  no c l e a r l y  
d e f in e d  o b j e c t i v e s ,  w h i c h  i s  an e v e n  m o r e  s e r i o u s  m a t t e r .  So I w o u ld  s a y  
that  o n e  can  get  m o r e  f o r  o n e ' s  m o n e y  b y  r e l y i n g  on e n v i r o n m e n t a l  r a d i o 
e c o l o g i c a l  r e s e a r c h  r a t h e r  than on m o n i t o r i n g  p r o g r a m s  w ith  r a t h e r  d i f fu s e  
o b j e c t i v e s .

W . O .  S C H IK A R S K I :  I f  yo u  a r e  g o in g  to in s t i t u t e  a m o n i t o r i n g  p r o g r a m  
at a l l ,  m o d e l s  can  be m o s t  u s e fu l  in  d e c id in g  w hat sho uld  b e  m o n i t o r e d  and 
w h e r e  and w h en  it  s h o u ld  b e  d o n e.  I h a v e  a f e e l i n g  that a  g o o d  d e a l  o f  
m o n i t o r in g  i s  done in  a p e r f u n c t o r y  w a y ,  m e r e l y  f o r  the p u r p o s e  o f  c o l l e c t i n g  
data  — w h ic h  is  then  f i l e d  a n d  f o r g o t t e n .  T h e  c o m b in a t io n  o f  m o d e l l i n g  and 
m o n i t o r in g ,  on the o t h e r  h an d, e n s u r i n g  that  the  e f f o r t  i s  c o n c e n t r a t e d  on 
the p r o p e r  a r e a s ,  ca n  y i e l d  v a l u a b l e  r e s u l t s .
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A s  s c i e n t i s t s ,  w e  r e a l i s e  the u t i l i t a r i a n  and p r a g m a t i c  a d v a n t a g e s  o f  
u s in g  the  t e r m  ' e n v i r o n m e n t a l  c a p a c i t y 1 w ith  r e f e r e n c e  to r a d io n u c l id e  
co n ta m in a t io n  p r o c e s s e s .  W e  f e e l ,  h o w e v e r ,  that the m a n n e r  in w h ic h  
t h i s  t e r m  h as  b e e n  u s e d  at  the  S y m p o s i u m  m a y  c o n v e y  an e r r o n e o u s  
i m p r e s s i o n  to the p u b l i c .  W e r e f e r  s p e c i f i c a l l y  to the  w o r d  1 ca p a c ity *  , 
w h i c h  i m p l i e s  that the e n v ir o n m e n t  e x i s t s  a s  a l a r g e  e m p t y  v e s s e l  into 
w h ic h  m a n  m a y  in t r o d u c e  h is  w a s t e s ,  up to the l i m i t s  o f  that v e s s e l  to 
c o n ta in  t h e m . C o u ld  the  P a n e l ,  t h e r e f o r e ,  c o n s i d e r  the u s e  o f  s o m e  
a l t e r n a t i v e  t e r m ,  s u c h  a s  1 e n v i r o n m e n t a l  c o m m it m e n t '  ?
W e  a r e  p a r t i c u l a r l y  d is t u r b e d  b y  th e  u s e  o f  the  t e r m  'e n v i r o n m e n t a l  
c a p a c i t y '  in  m a n y  c a s e s  to r e f e r  s t r i c t l y  to f a c t o r s  that c a n  b e  show n 
to  be e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  im p in g e n t  upon h u m an  p o p u la t io n s .
W e  f e e l  that th e  p o s s i b i l i t i e s  o f  i m p a c t s  upon o t h e r  c o m p o n e n t s  o f  the 
b i o s p h e r e  — no m a t t e r  how i n s i g n i f i c a n t  t h e y  m a y  be  o r  how a p p a r e n t ly  
f a r - r e m o v e d  f r o m  m a n  and  h is  food  c h a in s  — s h o u ld  not be ig n o r e d ,  a s  
th e  u s e  of the t e r m  'e n v i r o n m e n t a l  c a p a c i t y '  s e e m s  to i m p l y .

F .  M O R L E Y :  W h i le  s h a r i n g  the r e s e r v a t i o n s  of  M e s s r s .  B r i s b i n  and 
H o ffm a n  r e g a r d i n g  th e  t e r m  1 e n v i r o n m e n t a l  c a p a c i t y '  , I cannot s u g g e s t  an 
a l t e r n a t i v e .  T h e y  t h e m s e l v e s  p r o p o s e  ' e n v i r o n m e n t a l  c o m m i t m e n t '  , but 
I th in k  that  t h e i r  own c o m m e n t a r y ,  a s  co n ta in e d  in t h e i r  f i r s t  and t h ir d  p a r a 
g r a p h s ,  h ig h l ig h ts  p a r t  o f  the d i f f ic u l t y  in u s in g  t h is  t e r m .

I t o ld  th e  S y m p o s iu m  y e s t e r d a y  that  I h a v e  l i v e d  w ith  an a l t e r n a t i v e  
c a l l e d  ' d e r i v e d  w o r k in g  l i m i t  o f  r e l e a s e  r a t e '  f o r  m a n y  y e a r s ;  th is  c a u s e d  
no p r o b l e m s ,  but n e i t h e r  h a s  it  b e e n  p a r t i c u l a r l y  i n f o r m a t i v e .

I h a v e  b e e n  u s in g  ' e n v i r o n m e n t a l  ca p a c ity *  f o r  t h r e e  o r  f o u r  y e a r s  p a s t  
in  a q u a l i t a t i v e  w a y ,  to  e x p la in  the p r i n c i p l e s  o f  r a d i o a c t i v e  w a s t e  d i s p o s a l .
I th in k  I b e g a n  to b e  un happy about it w h en  I n e e d e d  to w r i t e  down d e f in it io n s  
and w hen  I h e a r d  p e o p le  t a lk in g  not about l o c a l  c a p a c i t i e s  but about r e g i o n a l  
c a p a c i t i e s  and  about w o r l d  c a p a c i t i e s .

W it h  s p e c i f i c  r e g a r d  to  M e s s r s .  B r i s b i n  and H o f f m a n 's  point that  
' e n v i r o n m e n t a l  c a p a c i t y '  r e l a t e s  o n ly  to f a c t o r s  that a r e  e i t h e r  d i r e c t l y  o r  
i n d i r e c t l y  im p in g e n t  upon h u m an  p o p u la t io n s ,  I m u s t  s a y  th a t  t h is  s i tu a t io n  
d o e s  not w o r r y  m e . I a m  c o n v in c e d  that m a n  i s  the l i m i t i n g  f a c t o r  in  the 
a s s e s s m e n t  of  r a d i o a c t i v e  w a s t e  d i s p o s a l  o p e r a t i o n s .  W e h a v e  h ad  ten  o r  
tw e n ty  y e a r s  o f  o p e r a t i o n a l  e x p e r i e n c e  now, quite  a p a r t  f r o m  a l l  the 
l a b o r a t o r y  s t u d i e s  that h a v e  b e e n  m a d e ,  and w h ile  m a n y  p e o p le  s t i l l  e x p r e s s  
f e a r s  about d a m a g e  to e c o s y s t e m s  e v e n  w h en  m a n  i s  p r o t e c t e d ,  I h a v e  y e t  
to  s e e  the e v i d e n c e  f o r  th is  d a m a g e .  I a m  s a t i s f i e d ,  in  s h o r t ,  that w e  a r e  
do in g  the  r ig h t  th in g  in  t r e a t i n g  m a n  a s  the end point f o r  the d i s c h a r g e  d o s e  
c a l c u l a t i o n .

B .  L I N D E L L :  A s  a t e c h n i c a l  c o n c e p t  I b e l i e v e  ' e n v i r o n m e n t a l  c a p a c i t y '  
to  be  v e r y  u s e fu l ,  and it  i s  w e l l  u n d e r s t o o d  a m o n g  th o s e  o f  us  w o r k in g  in 
t h is  f i e l d .  A s  M r .  M o r l e y  in d ic a t e d  in  h is  r e f e r e n c e  to an a l t e r n a t i v e  that 
d o e s  e x i s t ,  i t  i s ,  in the I C R P  s e n s e ,  the  d e r i v e d  w o r k i n g  l i m i t  f o r  input 
r a t e  o f  a c t i v i t y  to a g i v e n  r e c i p i e n t .  W e  c a n ' t  c a l l  it a n y th in g  a s  c u m b e r 
s o m e  a s  that,  o f  c o u r s e .  O n the  o t h e r  hand, 'e n v i r o n m e n t a l  ca p a c ity *  i s  
o v e r w o r k e d  and l e a d s  to a lo t  o f  m i s u n d e r s t a n d i n g ,  p a r t i c u l a r l y  w ith  the 
p u b l ic .  F i n d i n g  a n e w  t e r m ,  t h e r e f o r e ,  i s  one  o f  the t a s k s  o f  a  f o r t h c o m i n g  
I A E A  P a n e l ,  o f  w h ic h  I a m  the  C h a i r m a n .  I a c c o r d i n g l y  s h o u ld  l i k e  to in v ite
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an y o n e  w ho m a y  h a v e  a p r o p o s a l  on the s u b je c t  to  m a i l  i t  to m e at the 
a d d r e s s  g i v e n  in the l i s t  of  S y m p o s iu m  p a r t i c i p a n t s .

K . E .  C O W S E R :  I b e l i e v e  that the a u t h o r s  o f  th is  q u e s t io n  h a v e  e x p r e s s e d  
c o n c e r n  abou t the i m p a c t  o f  f a c t o r s  o t h e r  than r a d i o a c t i v e  c o n ta m in a n t s  on 
e c o s y s t e m s .  T h i s  i s  s o m e t h i n g  on w h ic h ,  in  a g e n e r a l  w a y ,  I c o m m e n t e d  
w h en  I m a d e  r e f e r e n c e  ju s t  now to n e e d s  r e l a t e d  to t h e r m a l  p l u m e s ,  to 
c h e m i c a l s  in the  f o r m  o f  b i o c i d e s ,  e t c . , and p e r h a p s  e v e n  to  s y n e r g i s t i c  
e f f e c t s  p r o d u c e d  b y  c o m b in a t io n s  of  t h e r m a l  p l u m e s ,  c h e m i c a l s  and r a d i o 
a c t i v e  m a t e r i a l s .

Q u e s t io n  N o . 7, by  P .  K ir c h m a n n

W h a t  d o e s  the  P a n e l  c o n s i d e r  to b e  the  m a in  r e q u i r e m e n t s  at p r e s e n t  
in  r e s p e c t  o f  r a d i o e c o l o g i c a l  r e s e a r c h ,  and what d i r e c t i o n  s h o u ld  be 
i m p a r t e d  to the  l a t t e r ?

Q u e s t i o n  N o . 8, b y  E .  de R a d e m a e k e r

O n s e v e r a l  o c c a s i o n s  d u r in g  the S y m p o s i u m  i t  h a s  b e e n  s t r e s s e d  that 
th e  e n v i r o n m e n t a l  i m p a c t s  o f  n u c l e a r  and n o n - n u c l e a r  i n d u s t r y ,  e a c h  
w ith  i t s  p a r t i c u l a r  v o l u m e s  and t y p e s  of  w a s t e ,  a r e  i n t e r r e l a t e d .
H o w e v e r ,  m o s t  s c i e n t i f i c  s t u d ie s  h a v e  r e l a t e d  to the in f lu e n c e  o f  r a d i o 
n u c l i d e s  on the  e n v i r o n m e n t  and in t h i s  w a y  the n u c l e a r  i n d u s t r y  ha s  
found i t s e l f  in  an i s o l a t e d  p o s it io n  v i s - à - v i s  the  c o n v e n t io n a l  e n e r g y  
i n d u s t r y  and  the  c h e m i c a l  i n d u s t r y .
C o u ld  th e  P a n e l  e v o l v e  a s e t  o f  r e c o m m e n d a t i o n s  on:
(1) T h e  c o - o r d i n a t i o n  of  e n v i r o n m e n t a l  s t u d ie s  f o r  n u c l e a r  and f o r  n on 

n u c l e a r  in d u s t r y ;
(2) T h e  s h o r t  and  l o n g - t e r m  p la n n in g  o f  s u c h  s t u d ie s ;
(3) T h e  m e th o d s  to be a p p l ie d ,  a s  a m a t t e r  o f  p r i o r i t y ,  to  f r e e  n u c l e a r  

e n v ir o n m e n t a l  p r o b l e m s  f r o m  t h e i r  ' i s o l a t e d 1 p o s i t i o n ?

B .  L I N D E L L :  On a l l  t h e s e  p oin ts  I d o n ' t  th in k I can  add a n y th in g  to 
w hat I h a v e  j u s t  s a id :  n a m e l y ,  that  r a d i o e c o l o g i c a l  r e s e a r c h  p r o g r a m s  w i l l ,  
in  m y  o p in io n , g r a d u a l l y  b e c o m e  m o r e  im p o r t a n t  than e n v i r o n m e n t a l  s t u d ie s  
o f  the  o ld  ty p e .

W . O .  S C H IK A R S K I :  A t  K a r l s r u h e  we a l s o  d e a l  to s o m e  e x te n t  w ith  
p o llu t io n  f r o m  s o u r c e s  o t h e r  than n u c l e a r  e n e r g y  and we n ow  b e l i e v e  that 
m u c h  o f  the w o r k  b e in g  done on e n v i r o n m e n t a l  r e s e a r c h  and a n a l y s i s  in 
c o n n e c t io n  w ith  n u c l e a r  e n e r g y  c a n  b e  a p p l ie d  to o t h e r  b r a n c h e s  o f  i n d u s t r y .  
In d e e d ,  th e  s y n e r g i s m  o f  n u c l e a r  and n o n - n u c l e a r  p o l lu ta n ts ,  to  w h ic h  
M r .  C o w s e r  r e f e r r e d  a fe w  m o m e n t s  a g o ,  c o n s t i t u t e s  an i m p o r t a n t  i t e m  
th a t  h a s  b a r e l y  b e e n  t o u c h e d  upon at the S y m p o s iu m  but w h ic h  s h o u ld  be 
e x e r c i s i n g  o u r  a tte n t io n  m o r e  and m o r e  in  th e  f u t u r e .

H. J A M M E T  ( C h a ir m a n ) :  I ca n  quote  a good e x a m p l e  f r o m  F r e n c h  
e x p e r i e n c e  o f  th e  e x t e n s i o n  to g e n e r a l  p o llu tio n  p r o b l e m s  o f  the e x p e r i e n c e  
g a in e d  in the  n u c l e a r  f i e l d .  T h e  C o m m i s s a r i a t  à 1' E n e r g i e  A to m iq u e  h a s  
b e e n  r e q u e s t e d  to s tu d y  p r o b l e m s  a r i s i n g  out o f  n o n - n u c l e a r  a c t i v i t i e s  s u c h  
a s  c h e m i c a l  m a n u fa c t u r i n g  in the a r e a  o f  the L o w e r  S e in e  b e t w e e n  P a r i s  
and the C h a n n e l  and  in  th e  M a r s e i l l e s  a r e a  in c o n n e c t io n  w ith  the  n ew  
i n d u s t r i a l  a n d  h a r b o u r  c o m p l e x  o f  F o s .
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Q u e s t io n  N o . 9, by  R .  A m a v i s

C a n  the P a n e l  o f f e r  an y  o b s e r v a t i o n s  on the m e th o d s  to be  u s e d  f o r  
e s t i m a t i n g  the  p o p u la t io n  d o s e  c o m m it m e n t  w hen the c r i t i c a l  t r a n s f e r  
p a th w a y  is  c o n s t i tu te d  b y  f o o d s t u ffs  e n jo y in g  v e r y  w id e  d is t r ib u t io n ,  
o fte n  t r a n s c e n d i n g  n a t io n a l  b o r d e r s  and l i a b l e  to v a r y  in  v o lu m e  w ith  
t i m e  ?

H . J A M M E T  ( C h a ir m a n ):  I i m a g in e  that M r .  A m a v i s  i s  p a r t i c u l a r l y  
i n t e r e s t e d  in t h i s  m a t t e r  s i n c e  he i s  a m e m b e r  o f  the E u r o p e a n  C o m m u n i t i e s  
S e c r e t a r i a t .  W e l l ,  I h a v e  p l e a s u r e  in i n f o r m i n g  h im  that th e  E u r o p e a n  
C o m m u n i t i e s  h a v e  b e e n  c o n s i d e r i n g  the point he h a s  r a i s e d  f o r  m o r e  than 
ten  y e a r s  n ow . T h e r e  i s  at  w o r k  a  t e a m  c o m p r i s i n g  r e s e a r c h e r s  f r o m  the 
s i x  o r i g i n a l  m e m b e r s  o f  the C o m m u n it y  — who w i l l  d o u b t le s s  n ow  be jo in e d  
b y  c o l l e a g u e s  f r o m  the  n e w  m e m b e r  c o u n t r i e s  — and t h is  t e a m  h a s  c a r r i e d  
out w hat m a y  r i g h t l y  be  t e r m e d  e p o c h - m a k i n g  s t u d ie s  on fo o d  co n su m p tio n  
h a b i t s  and food  p o llu t io n .  F o r  the  f i r s t  t i m e  e v e r ,  p r e c i s e  i n v e s t i g a t i o n s  
w e r e  co n d u cte d  by h a v in g  th e  r e s e a r c h e r s  l i v e  f o r  d a y s  w ith  the  f a m i l i e s  
w h o s e  fo od  and c o o k in g  p a t t e r n s  th e y  w e r e  s t u d y in g ,  and the  r e s u l t  w a s  the 
e m e r g e n c e  o f  the  m o s t  c o p io u s  and a c c u r a t e  da ta  r e g a r d i n g  the e x t r e m e  
r a n g e s  o f  c o n su m p tio n  w ith in  the C o m m u n it y  c o u n t r i e s ,  and h e n c e  r e g a r d i n g  
the  c o m m o d i t i e s  c r i t i c a l  f r o m  a c o n ta m in a t io n  point o f  v i e w .  F o r  the  o r i g i n a l  
C o m m u n it y  t h e r e  i s  now a v a i l a b l e  in f o r m a t i o n  on the  d is t r ib u t io n  c i r c u i t s  
o f  c e r e a l s ,  m e a t ,  m i l k ,  v e g e t a b l e s  and o t h e r  fo o d s t u f f s .  T h i s  m e a n s  that 
we a r e  in  a p o s i t io n  to s t u d y  th e  d o s e  c o m m i t m e n t  f o r  a g r o u p in g  of  n e a r l y  
200 m i l l i o n  p eo p le  — a  f i g u r e  w h ic h  h a s  r i s e n  to 250 m i l l i o n  w ith  the 
e x p a n s io n  o f  the C o m m u n i t y .

T h e  s c a l e  o f  a l l  t h i s  r e f l e c t s  what M r .  L i n d e l l  h a s  s a i d  about the n ee d  
f o r  v e r y  b r o a d l y  b a s e d  s t u d i e s  e m b r a c i n g  the p r o b l e m  on at l e a s t  a r e g i o n a l  
s c a l e ,  to the  e x c l u s i o n  o f  p r o g r a m s  c o n c e r n e d  w ith  ju s t  one p r o b l e m ,  ju s t  
one f a c i l i t y ,  o r  ju s t  one c r i t i c a l  g r o u p .

B .  L I N D E L L :  R e p l y i n g  m o r e  s p e c i f i c a l l y  to M r .  A m a v i s '  q u e s t io n ,  I 
th in k  t h e r e  a r e  two w a y s  o f  go in g  about i t .  O ne w a y ,  of  c o u r s e ,  i s  to f o l lo w  
a l l  the food  c h a in s ,  to t r y  to e s t a b l i s h  w h at  th e  t o ta l  c o n s u m p tio n  of  food i s ,  
and th e n  add up and i n t e g r a t e .  T h e  o t h e r  p o s s i b i l i t y ,  w h ic h  w a s  b r o a c h e d  
b y  M r .  B a r r y  y e s t e r d a y ,  i s  to  p r o c e e d  in a m u c h  s i m p l e r  w a y  and, in 
a s s e s s i n g  a p o pu la tio n  d o s e  p e r  unit p r a c t i c e ,  to a i m  at f in d in g  out o n ly  the 
a m o u n t o f  c o n ta m in a t e d  fo od  and the a v e r a g e  c o n ta m in a t io n  o f  that food; it  
th en  d o e s  not m a t t e r  w h e r e  it g o e s  and who e a t s  it ,  b e c a u s e  p e r  k i l o g r a m  
o f  fo od  t h e r e  w i l l  b e  a c e r t a i n  d o s e  c o m m it m e n t ,  and h e n c e  the d o s e  
c o m m i t m e n t  in the t o t a l  a m o u n t  of  fo o d  c a n  be  q uite  e a s i l y  and c h e a p l y  
c a l c u l a t e d  in a f i r s t  a p p r o x i m a t i o n .

W . O .  S C H IK A R S K I :  I b e l i e v e  the E u r o p e a n  C o m m u n i t i e s  h a v e  in  fa c t  
s e t  up a n u m b e r  o f  c o m m i t t e e s  to d e a l  w ith  s u c h  p r o b l e m s  a s  a t m o s p h e r i c  
p o llu tio n  and s o  on. H o w e v e r ,  it  s e e m s  to m e  that the q u e s t io n s  w h ic h  can  
b e s t  b e  h a n d le d  by th is  m e a n s  a r e  b a s i c  i s s u e s  s u c h  a s  o p t im u m  m o n i t o r in g  
and m o d e l l in g  m e th o d s ,  r a t h e r  than s p e c i f i c  q u e s t io n s  at r e g i o n a l  l e v e l .
T h e  i n v e s t i g a t i o n  o f  r e g i o n a l  p r o b l e m s  i s  c l e a r l y  depend en t on the s p e c i f i c  
lo c a t io n ;  f o r  e x a m p l e ,  and a n a l y s i s  o f  the s i t u a t io n  in  the  U p p e r  Rhine 
v a l l e y  w i l l  y i e l d  v a s t l y  d i f f e r e n t  r e s u l t s  f r o m  one co n d u c te d  in the  v a l l e y  o f  
the S e i n e .
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P .  P E L L E R I N :  T h e  i n t e r n a t io n a l  r e f e r e n c e  c e n t r e  o p e r a t e d  b y  the  W o r ld  
H e a lth  O r g a n i z a t i o n  h a s  u n d e r ta k e n  the stu d y  of  fo od  c o n ta m in a t io n  at 
in t e r n a t i o n a l  l e v e l .  W o r k  i s  w e l l  u n d e r  w a y  a s  r e g a r d s  the in v e s t i g a t i o n  o f  
m i l k  in  v a r i o u s  p a r t s  of  the w o r l d ,  and a tte n t io n  i s  now b e in g  t u r n e d  to the  
c o m p o n e n ts  of  the diet  a s  a  w h o le .  A s  ca n  b e  i m a g i n e d ,  the  d e g r e e  o f  
v a r i a t i o n  b e tw e e n  one c o u n t r y  and a n o t h e r  is  e n o r m o u s ,  and a d d s  to the 
c o m p l e x i t y  o f  the p r o b l e m .

H. J A M M E T  ( C h a ir m a n ) :  W ith  r e f e r e n c e  to w hat M r .  S c h i k a r s k i  h as  
j u s t  s a i d ,  I s h o u ld  l i k e  to m a k e  i t  c l e a r  that the  E u r o p e a n  t e a m  to  w h ic h  I 
r e f e r r e d  i s  not e n g a g e d  on the  s tu d y  of p r o b l e m s  p e c u l i a r  to a g iv e n  f a c i l i t y ,  
but d e v o t e s  i t s  e f f o r t s  to the  c o l l e c t io n  of  p a r a m e t e r  v a l u e s  and to g e n e r a l  
m e t h o d o lo g i c a l  r e s e a r c h .

Q u e s t i o n  N o . 10, b y  M . J . A .  D e l p l a

A t  S e s s i o n  VI on T h u r s d a y  m o r n i n g ,  f o u r  o f  o u r  U n ited  S t a te s  c o l l e a g u e s  
g a v e  a  d e t a i l e d  a c c o u n t  o f  t h e i r  m e th o d s  of  e v a lu a t in g  i r r a d i a t i o n  d o se  
to the  p o p u la t io n  due to  n u c l e a r  i n d u s t r y .  One of  t h e m  j u s t i f i e d  the 
c o n s i d e r a b l e  e f f o r t  in v o lv e d  on g r o u n d s  o f  the n e e d  to r e a s s u r e  the 
p u b l ic .
D o e s  the  P a n e l  c o n s i d e r  that the s u b s t a n t ia l  s u m s  o f  m o n e y  d e v o t e d  to 
t h i s  p u r p o s e  a r e  w e l l  s p e n t  in  t e r m s  o f  p u b l ic  h e a lth  b e n e f i t ?

Q u e s t i o n N o . i l ,  b y  G .  C a n t i l lo n

T h e  p u b l ic  h e a lth  a u t h o r i t i e s  e v e r y w h e r e  h a v e  to f a c e  an  o r g a n i z e d  
n u c l e a r  o p p o s i t io n  m o v e m e n t  w h o s e  m o t i v e s  a r e  not a l w a y s  f u l l y . c l e a r .  
C o u ld  not the  W o r l d  H e a lth  O r g a n i z a t i o n ,  a s  a u n i v e r s a l  a u t h o r i t y  in 
m a t t e r s  of the h e a l t h  o f  m a n k in d ,  u n d e r t a k e  th e  p r e p a r a t i o n  o f  a 
p u b l ic a t io n  in w h ic h  the a r g u m e n t s  o f  the 1 o p p o s it io n '  w o u ld  b e  a n a l y s e d  
a n d  r e p l i e d  to in an a p p r o p r i a t e  m a n n e r ?

Q u e s t io n  N o . 12 ,  b y  C . A .  M a w s o n

M a n y o f  o u r  p u b l ic  r e l a t i o n s  d i f f i c u l t i e s  a r e  due to o u r  own a p p r o a c h  to 
s a f e t y  c a l c u l a t i o n s .  W e  m a k e  ' c o n s e r v a t i v e '  a s s u m p t io n s  w h ic h ,  we 
p r o u d l y  s a y ,  a r e  e x t r e m e l y  p e s s i m i s t i c .  W e  know  t h e y  a r e  not 
r e a l i s t i c  — e a c h  h a s  a  l a r g e  f a c t o r  o f  s a f e t y  added to i t .  W h en  w e  m u l t i 
p l y  t h e m  t o g e t h e r  th e  r e s u l t  y i e l d s  an a s t r o n o m i c a l  f a c t o r  o f  s a f e t y  to 
w h ic h  the  p u b l ic ,  a n d  o fte n  the  r e g u l a t o r y  b o d i e s ,  then a p p ly  a f u r t h e r  
f a c t o r  o f  s a f e t y .  I f  y o u  put s tu p id  n u m b e r s  into a c o m p u t e r  i t  w i l l  
d e l i v e r  a s tu p id  r e s u l t .
S h o u ld  w e  not put r e a l i s t i c  n u m b e r s  into  o u r  c a l c u l a t i o n s ,  m a k e  r e a l i s t i c  
a s s u m p t i o n s  r e g a r d i n g  w hat we r e a l l y  b e l i e v e  w i l l  happen, and then  at 
th e  end of the p r o c e s s  a p p ly  a kn ow n  and c l e a r l y  s t a t e d  s a f e t y  f a c t o r ?
I c o n s i d e r  th is  to  b e  th e  o n ly  w a y  to a v o i d  f a n t a s t i c a l l y  p e s s i m i s t i c  
a s s u m p t i o n s  w h ic h  l e a d  to p u b l ic  p a n ic  and w a s t e  o f  p u b l ic  m o n e y  on 
u n j u s t i f i e d  ca u t io n .

H. J A M M E T  ( C h a ir m a n ) :  W e  h a v e  d e c i d e d  to c o n s i d e r  t h e s e  q u e s t io n s  
l a s t  b e c a u s e  we b e l i e v e  th e y  m a k e  th e  w i d e s t  g e n e r a l  a p p e a l .

P .  P E L L E R I N :  I w i l l  t r y  to r e p l y  to e a c h  o f  t h e m  in  tu r n .
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F i r s t ,  t h e r e  i s  s c a r c e l y  an y  n e e d  f o r  m e  to s a y  o n c e  a g a in  how  e n t i r e l y  
I a g r e e  w ith  M r .  D e lp la  that  w e  s o u ld  not sp en d  on r a d ia t io n  p r o t e c t i o n ,  in 
p a r t i c u l a r  r a d ia t io n  p r o t e c t i o n  a r o u n d  n u c l e a r  p o w e r  s t a t io n s ,  m o r e  than 
we s p en d , a s  a m a x i m u m , on m e a s u r e s  to p r o t e c t  p u b l ic  h e a lth  a g a in s t  
r o u g h l y  e q u iv a le n t  n o n - r a d i o a c t i v e  h a z a r d s  (and I f e a r ,  i n c id e n t a l l y ,  that 
that m a x i m u m  i s  in  f a c t  not a l w a y s  sp en t) .

A s  r e g a r d s  M r .  C a n t i l l o n 1 s s u g g e s t i o n ,  I a m  e x t r e m e l y  p l e a s e d  to h e a r  
p r o p o s a l s  a lo n g  t h e s e  l i n e s  b e c a u s e  I h a v e  on a n u m b e r  o f  o c c a s i o n s  s t r e s s e d  
the n e e d  f o r  an i n t e r n a t i o n a l  o r g a n i z a t i o n  r ig h t  o u t s id e  th e  f i e l d  o f  n u c l e a r  
e n e r g y  to  p u b l is h  i t s  v i e w s  on th is  s u b j e c t .  C l e a r l y  W H O i s  e m in e n t l y  
s u i t e d  to c a r r y  out t h i s  fu n ct io n .  I h a ve -n o  doubt that M r .  C a n t i l l o n ' s  
s u g g e s t i o n  w i l l  e v o k e  l i v e l y  i n t e r e s t  at W H O  H e a d q u a r t e r s .  W H O i s  a l l  the 
m o r e  s y m p a t h e t ic  to the  r a p id  d e v e lo p m e n t  of  n u c l e a r  p o w e r  in that e n e r g y  
f r o m  the a to m  i s  e s s e n t i a l l y  kind to the e n v i r o n m e n t .  T h i s  is  now b e y o n d  
d is p u te  — e x c e p t  o f  c o u r s e  in the e y e s  o f  th o s e  who d is p u te  e v e r y t h i n g .

F i n a l l y ,  I e n t i r e l y  s h a r e  M r .  M a w s o n 1 s b e l i e f  that,  i f  you a r t i f i c i a l l y  
s t a c k  up a l l  the u n fa v o u r a b le  f a c t o r s  and  p e r f o r m  y o u r  c a l c u l a t i o n s  on that 
b a s i s ,  then  you end up in  a s i tu a t io n  w h ic h  i s  v i r t u a l l y  r i d i c u l o u s .  I a m  
g l a d  to  s e e  that at t h is  S y m p o s i u m  — un like  at s o m e  r a d ia t i o n  p r o t e c t io n  
m e e t i n g s  — t h e r e  h a s  b e e n  a c o m m e n d a b le  a b s e n c e  o f  m a t h e m a t i c a l  o v e r 
r e f i n e m e n t  and of  q u e s t io n a b le  p u r s u it  o f  m in u te  f r a c t i o n s  o f  m i l l i r e m s .  
R a t h e r  w e  h a ve  b e e n  show n  h e r e ,  p a r t i c u l a r l y  b y  M r .  B a r r y  a s  I r e c a l l ,  that 
s i m p l e  data  a p p l ie d  w ith  c o m m o n  s e n s e  and in the  l ig h t  o f  a w e a l th  of  
e x p e r i e n c e  can  g i v e  r e s u l t s  that  a r e  often  m u c h  m o r e  r e l i a b l e  than  th o s e  
o b ta in e d  w ith  h i g h l y  s o p h i s t i c a t e d  c a l c u l a t i o n s .  A s  M r .  M a w s o n  p oin ts  out, 
a c o m p u t e r  i s  a s tu p id  a n im a l ,  and i f  the input i s  s tu p id , then  s o  w i l l  be  the 
output.  H o w e v e r ,  I th in k  it  r e a s o n a b l e  to a s s u m e  that m o s t  of the r a d ia t i o n  
p r o t e c t io n  e x p e r t s  p r e s e n t  h e r e  a r e  m u c h  m o r e  i n t e l l ig e n t  tha n  th e  m o s t  
p e r f e c t  o f  c o m p u t e r s !

K .  E .  C O W S E R :  M a y  I s a y  a w o r d  in d e fe n c e  o f  m o d e l s .  In m y  opinion  
th e y  h a v e  a r e a l  v a l u e ,  e s p e c i a l l y  w hen  one i s  c o n c e r n e d  w ith  c o m p l i c a t e d  
r e g i o n a l  s y s t e m s  o r  the h an dling  of l a r g e  a m o u n ts  of  d a ta .  A s  M r .  M a w s o n  
p o in ts  out, w e  a r e  not a l w a y s  s u r e  that we h a v e  the c o r r e c t  input in fo r m a t i o n .  
H o w e v e r ,  in su ch  c a s e s  a s e n s i t i v i t y  a n a l y s i s  c a n  b e  m a d e  that i s  i n f o r m a t i v e  
a s  to w h ic h  p a r a m e t e r s  a r e  the  m o s t  i m p o r t a n t .

F r o m  a f in a n c i a l  v ie w p o in t  I f e e l  that the ju d ic io u s  u s e  of  m o d e l l i n g  to 
d e t e r m in e  the  n e e d  f o r  c o n tr o l  s y s t e m s  p r i o r  to o p e r a t io n  w o u ld  be  l e s s  
e x p e n s i v e  than a d d in g  t h e  c o n t r o l  s y s t e m s  at a l a t e r  d a te .

H. J A M M E T  ( C h a ir m a n ) :  I a m  e x t r e m e l y  g r a t e f u l  to M r .  M a w s o n  fo r  
h a v in g  r a i s e d  a g a in  th e  q u e s t io n  o f  s a f e t y  f a c t o r s .  W hen the  I C R P  e s t a b l i s h e d  
i r r a d i a t i o n  d o s e  l i m i t s ,  it  d e fin e d  t h e s e  l i m i t s  a s  th o s e  that  r e p r e s e n t e d  an 
a c c e p t a b l e  r i s k .  T h e  a c c e p t a b l e  r i s k  c o n c e p t  i s  b a s e d  on p e s s i m i s t i c  
a s s u m p t i o n s ,  s o m e  o f  w h ic h  h a ve  n e v e r  b e e n  p r o v e d ,  a s  f o r  e x a m p l e  the 
a b s e n c e  o f  a t h r e s h o l d  and the l i n e a r i t y  o f  d o se  and e f f e c t .  T h e s e  a r e  
w o r k i n g  h y p o t h e s e s  and not p r o v e n  f a c t s .  I C R P  p r o c e e d e d  qu ite  c o r r e c t l y  in 
d e f in in g  the l i m i t s  in th is  w a y ,  b e c a u s e  m a x i m u m  s a f e t y  i s  t h e r e b y  
g u a r a n t e e d .  B u t ,  i f  in  e v e r y  c a s e  o f  t r a n s p o r t ,  d i s p e r s a l  o r  r e c o n c e n t r a t i o n  
you b a s e  y o u r  c a l c u l a t i o n s  on the m o s t  e x a g g e r a t e d l y  p e s s i m i s t i c  f i g u r e s ,  
y o u  a c h i e v e  a d e g r e e  o f  ca utio n  r e g a r d i n g  e s t a b l i s h m e n t  o f  a n u c l e a r  f a c i l i t y  
in  a g iv e n  a r e a  that i s  p o s i t i v e l y  g r o t e s q u e .  A p p ly in g  the s a m e  r a d i a t i o n  
h a z a r d  c r i t e r i a  to e v e r y d a y  l i f e ,  one w o u ld  a l w a y s  — ju s t  out o f  f e a r  o f  the 
m in u te  a d d it io n a l  c o s m i c  r a d i a t i o n  — in h ab it  the g r o u n d  f l o o r  o f  a  b u i ld in g

v
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and in no c i r c u m s t a n c e s  l i v e  h ig h  up in  a s k y s c r a p e r !  So I a s s o c i a t e  m y s e l f  
u n r e s e r v e d l y  w ith  M r .  P e l l e r i n  in  s a y i n g  that b y  a l l  m e a n s  le t  us be  c a u t io u s
— w e  a l w a y s  h a v e  b e e n  c a u t io u s  in f a c t  — but l e t  us not b e  r i d i c u l o u s .

C L O S I N G  O F  T H E  S Y M P O S I U M

H. J A M M E T  ( C h a i r m a n  o f  c o n c lu d in g  s e s s io n ) :  It n ow  r e m a i n s  f o r  m e 
to thank the  I n t e r n a t io n a l  A t o m i c  E n e r g y  A g e n c y ,  the N u c l e a r  E n e r g y  A g e n c y  
o f  the O E C D  and th e  W o r l d  H e a lth  O r g a n i z a t i o n  f o r  h a v in g  c o n v e n e d  the 
S y m p o s i u m  and g iv e n  us the o p p o r tu n ity  f o r  s u c h  a v a l u a b l e  e x c h a n g e  o f  
v i e w s  t h is  w e e k .

D . G .  J A C O B S  ( S c ie n t i f i c  S e c r e t a r y ) :  On b e h a l f  o f  the  t h r e e  s p o n s o r i n g  
O r g a n i z a t i o n s ,  I s h o u ld  l i k e  to thank th e  F r e n c h  G o v e r n m e n t ,  and e s p e c i a l l y  
the C o m m i s s a r i a t  à V E n e r g i e  A t o m i q u e ,  f o r  the  in v i t a t io n  to ho ld  the 
S y m p o s i u m  h e r e  at  A i x - e n - P r o v e n c e ,  and f o r  the  k i n d n e s s  and h o s p i ta l i t y  
w h ic h  h a v e  b e e n  a c c o r d e d  u s .  O u r  p a r t i c u l a r  a p p r e c i a t i o n  i s  due to the 
s t a f f s  o f  the F o n t e n a y - a u x - R o s e s  and C a d a r a c h e  N u c l e a r  R e s e a r c h  C e n t r e s  
f o r  t h e i r  v a l u a b l e  e f f o r t s  to m a k e  the  m e e t i n g  a s u c c e s s .

H. J A M M E T :  I n ow  d e c l a r e  the S y m p o s i u m  c l o s e d .
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