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Interactions between Nuclear 
Fuel and Water at the 
Fukushima Daiichi Reactors

CHARACTERISTICS OF THE REACTORS 
AND NUCLEAR FUELS
There are six boiling water reactors (R1–R6) at the 
Fukushima Daiichi nuclear power plant. Four reactors (R1–
R4) were destroyed by the accident: the three reactors (R1–
R3) operating at the time of the earthquake and the 
neighboring reactor, R4, whose fuel had been removed and 
stored in cooling ponds. The cores of R1–R3 contained 
about 256 metric tons of nuclear fuel (400 fuel assemblies 
in R1 and 548 assemblies in each of R2 and R3; one 
assembly contains 60 fuel rods, each 3.70 m long, and each 
assembly weighs about 170 kg). Reactors R5 and R6 were 
shut down for routine inspection. In September 2010, 32 
of the fuel assemblies in the core of reactor R3 were mixed-
oxide (UO2 + PuO2) MOX fuel (IAEA 2011) totaling about 
5.5 tons. The other assemblies were uranium oxide fuels, 
UO2 (named UOX fuels). The spent fuel storage tanks 
located in the four destroyed reactor buildings contained 
an additional 461 tons of nuclear fuel, including 395 tons 

of discharged irradiated fuel and 
66 tons of unirradiated UO2 fuel 
waiting to be loaded into the 
reactors. 

When reactors 1–3 shut down 
automatically after the earth-
quake, about 89% of the 6.1 giga-
watts (GWth) of thermal nuclear 
fi ssion energy being produced was 
immediately interrupted, i.e. the 
kinetic energy of fi ssion products, 
neutrons, and photons. However, 
11% of the energy remained in the 
cores of R1–R3 after shutdown, 6% 
(360 megawatts) in the form of 
beta decay heat essentially from 
fi ssion products (SEE FIG. 1A) and 
5% in the form of antineutrinos. 
Initially, this energy was rapidly 
released, and later, more slowly. 
Indeed, spent nuclear fuel is 
considered to be an important heat 
source for thousands of years in 
most concepts of geological 
disposal (FIG. 1B). 

The radiotoxicity of the used fuel 
is in part due to the accumulation 

of the radioacti ve isotopes (“fi ssion products”) that were 
generated by the nuclear fi ssion of uranium and plutonium 
atoms during reactor operation. It is also due to the trans-
uranium elements (actinides beyond uranium in the peri-
odic table) created by neutron capture on 238U in the fuel. 
These radionuclide inventories depend on the length of 
time the fuel was “burned” in the nuclear reactor, i.e. on 
the “burnup,” which is the energy released expressed in 
gigawatt-days per metric ton of uranium and plutonium 
(GWd/t). After a typical burnup during reactor operation 
for some years, the radioactivity of the fuel has increased 
by a factor of a million (1017 becquerels/metric ton of fuel). 
One year after discharge from a reactor, the dose rate 
measured one meter from the fuel assembly is one million 
millisieverts per hour (for comparison, the natural back-
ground dose is on the order of three millisieverts per year). 
A person exposed to this level of radioactivity at a distance 
of one meter would receive a lethal dose in less than a 
minute (Hedin 1997; Bruno and Ewing 2006). Fission-
product inventories are roughly proportional to burnup, 
while actinide-element inventories (Pu, Am, Np, Cm) are 
more complicated functions of burnup because the fi ssile 
transuranium elements are partly consumed at high 
burnups and the production rates of higher actinides (Am, 
Cm) increase with burnup. 

Used nuclear fuel is a redox-sensitive semiconductor consisting of 
uranium dioxide containing a few percent of fi ssion products and up 
to about one percent transuranium elements, mainly plutonium. The 

rapid increase in temperature in the cores of the Fukushima reactors was 
caused by the loss of coolant in the aftermath of the damage from the 
tsunami. Temperatures probably well above 2000 °C caused melting of not 
only the UO2 in the fuel but also the zircaloy cladding and steel, forming a 
quenched melt, termed corium. Substantial amounts of volatile fi ssion prod-
ucts, such as Cs and I, were released during melting, but the less volatile 
fi ssion products and the actinides (probably >99.9%) were incorporated into 
the corium as the melt cooled and was quenched. The corium still contains these  
radionuclides, which leads to a very large long-term radiotoxicity of the molten 
reactor core. The challenge for environmental scientists is to assess the long-
term interactions between water and the mixture of corium and potentially 
still-existing unmelted fuel, particularly if the molten reactor core is left in place 
and covered with a sarcophagus for hundreds of years. Part of the answer to 
this question can be found in the knowledge that has been gained from research 
into the disposal of spent nuclear fuel in a geologic repository. 
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Typical end-of-life burnups are about 40 GWd/t, which are 
achieved after 3 to 4 years in the reactor. Due to the replace-
ment of only a part of the used fuel by unirradiated UO2 
fuel in normal reactor operation, a reactor core is always 
a mix of old and rather fresh fuel, and burnups for indi-
vidual fuel assemblies range from 3 GWd/t to 41 GWd/t. 
The average burnup of the Fukushima Daiichi reactors is 
assumed to be about 20 GWd/t. The average burnup has 
not been reported “offi cially,” but the “offi cial” total 137Cs 
inventory of reactors 1–3 can be calculated from the release 
fractions and total releases given in IAEA (2011) as 
7.1 × 1017 Bq. This would correspond to an average burnup 
of about 23 GWd/tU. Endo et al. (2011a) estimated an 
average burnup of 17.2 ± 1.5 GWd/tU, based on the average 
ratio of 134Cs/137Cs (0.996 ± 0.07) measured in soils within 
a radius of 100 km. Average core burnups were reported in 
the same publication as 25.8, 23.2 and 21.8 for reactors R1, 
R2, and R3, respectively, closely matching the value of 
23 GWd/tU derived from the IAEA (2011) data. The lower 
burnup calculated by Endo et al. (2011a) may be due to 
the postulated core meltdown (i.e. differences in the degree 
of damage and associated Cs release for the fuel in the 
center of the core versus at the periphery) or to greater 
damage of once-burned fuel due to its higher temperature. 
The presence of MOX fuel in reactor 3 was considered in 
the world press to be a strong additional risk factor due to 
the higher plutonium content. For a given burnup, MOX 
fuel is more toxic than conventional fuel, but the short 
residence time in the reactor—only 5 months—means that 
the average fi ssion-product inventories and associated 

toxicities of this type of fuel are probably lower than the 
average inventories of a pure UO2 fuel. But the Pu inven-
tory of MOX fuel is much higher. Endo et al. (2011a) report 
a value of 3.9 wt% Pu in the MOX fuel in reactor 3. 
Considering that UOX fuel with an average burnup of 
23 GWd/tU contains about 0.8 wt% Pu and that only about 
6% of the fuel in reactor 3 was MOX fuel, the total loaded 
inventory of Pu in this reactor was about 0.98 ton, roughly 
30% greater than the 0.75 ton (0.8% of 95 tons of fuel) in 
reactor 2, which contained a similar total fuel mass but 
without MOX. 

As an example of the evolution of toxicity over time, 
FIGURE 2 shows the toxicity inventory of one ton of spent 
nuclear fuel (UO2) for a rather high burnup of 47.5 GWd 
per ton of the initial uranium inventory (calculations were 
made as part of the MICADO project; Grambow et al. 
2010). Indeed, even for this UO2 fuel, the Pu inventory 
dominates the long-term toxicity; therefore, the greater Pu 
inventory of the MOX-containing reactor would increase 
the long-term toxicity by about 30%. However, this does 
not directly represent the potential impact since the 
toxicity also depends on the mobility of plutonium, which 
can be very low depending on the chemical conditions (for 
instance in a reducing environment or in the presence of 
organics). 

Considering that the dose limit for ingestion according to 
regulations in Europe is 1 mSv/y (millisievert per year), the 
high toxicity of the radionuclides in the damaged fuel cores 
requires isolation well beyond hundreds of thousands of 
years in order to avoid exposing the fuel cores to natural 
waters, which might lead to the release of toxic radionu-
clides into the food chain. Isolation for such long times is 
also necessary to avoid exposing people in the vicinity of 
the damaged cores to lethal doses of external gamma 
radiation.

FIGURE 2 Evolution, in years, of the long-term toxicity (by inges-
tion) of one ton of spent nuclear fuel with a burnup of 

47.5 GWd/tU, expressed in sieverts (Sv) per ton of UOX. The total 
toxicity of the 3 reactor inventories (not including fuel storage 
ponds) is about 100 times greater (256 tons of fuel with an average 
burnup of 23 GWd/t U) than the values in this fi gure. The data 
were calculated using the CESAR code (Samson et al. 1998) for 
fuel evolution.

FIGURE 1 (A) The residual thermal power (in megawatts per ton 
of uranium) of the nuclear reactors calculated as a 

function of time after shutdown for the two types of spent fuel 
present in the Fukushima reactors, BWR UOX fuel (3.1% initial 
enrichment) and BWR MOX fuel (6% initial Pu content), assuming a 
mean burnup of 30 thermal gigawatt-days per ton uranium or 
plutonium (GWd/t) (calculated with the DARWIN code, using the 
CEA2005V4 database). (B) Relative residual thermal power of repre-
sentative fuels over the geological timescale (data calculated with 
the CESAR code, Samson et al. 1998). 1E+0 = 1.0, 1E-1 = 0.1, etc.

A

B
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HOW MUCH WAS RELEASED FROM 
THE REACTORS? HOW MUCH REMAINS? 
Toxicity is not identical to risk. Risk depends on the acces-
sibility of radionuclides to humans and to their mobility 
in the environment. In the future, important measures 
will have to be taken in order to reduce the short- and 
long-term risks of the highly toxic inventory of the reac-
tors, for example, by strict confi nement and/or geological 
disposal of the fuel. Today, the largest risk stems from those 
fractions of the toxicity inventory that have been released 
to the environment, i.e. 2.2% and 2.5%, respectively, of 
the total 137Cs and 131I inventories in the reactor cores 1–3 
(IAEA 2011, attachment IV-2). Recent data (IRSN 2011) 
indicate that actual releases might have been even higher. 
Latest estimates by TEPCO (2012) give release fractions of 
1.9% for 137Cs and 8% for 131I. For the most volatile 
elements, as indicated by 133Xe data, the release is estimated 
to be close to 100% (Stohl 2011; IAEA 2011). However, the 
information is not yet suffi cient to conclude that the entire 
cores in reactors 1–3 have melted. Indeed, considering that 
the diffusion of Cs or Xe is similar to that of I, which is 
governed by a diffusion coeffi cient of ~2.5 × 10-11 cm2/s at 
2200 °C, at the high temperature encountered in the acci-
dent (~2200 °C), Cs would diffuse at a velocity of 1 mm 
per day, which is much greater than the grain size (~8 µm) 
of the fuel. 

The situation is quite different for the transuranium 
elements (Pu, Am, Np, Cm). These elements are responsible 
mainly for long-term toxicity (SEE FIG. 2) since they are 
long-lived alpha emitters (in case of ingestion, alpha parti-
cles, 4He2+, cause more damage to human cells due to their 
larger size). But the actual risk originating from these 
nuclides is much lower since, even in the immediate 
vicinity of the damaged reactors, for example, at a distance 
of 500 m, Pu concentrations in the soil (239/240Pu activities 
are 0.055 ± 0.029 Bq/kg) are identical to the Pu concentra-
tions in Japanese soil that resulted from atmospheric 
testing of nuclear weapons (0.02–0.4 Bq/kg for 239/240Pu) 
(Hirose et al. 2003). 

The activities of plutonium and other nuclides measured 
by the Tokyo Electric Power Company (TEPCO) over a 
period of 8 months are shown in FIGURE 3 (original data 
taken from a series of Web references from TEPCO 2011: 
www.tepco.co.jp). These data can be used to compare the 
ratios of the measured activities to the activity ratios of 
fi ssion products and actinides in the nuclear fuel in the 
reactor. The large symbols in FIGURE 3, corresponding to 
the date of the accident, represent reference values (see 
explanation in the caption). As can be seen, the measured 
activities still have, with an uncertainty of about a factor 
of 2, the signature of the inventory ratios in the original 
fuel as far as the releases of 137Cs, 131I, 110mAg, and 129m Te 
are concerned, when corrected, as in the case of 131I, for 
radioactive decay since the date of release (March 15) from 
the reactors. In contrast, measured activities of the alkali 
earth element nuclides, such as 140Ba and 90Sr, are about a 
thousand times lower than the reference value of the 
activity ratios in the fuel. Finally, for the actinides 241Am, 
242Cm, and 238Pu, the measured activities are about 5 orders 
of magnitude lower than the reference values in the nuclear 
fuel. Comparing the concentrations of the actinides with 
each other, their measured activity ratios correspond to 
their inventory ratios in the fuel, indicating a similarly 
slow mechanism of release for all actinides. 

Thus, for the Pu inventory in the reactor, about 105 times 
less is released to the environment as compared with the 
Cs inventory. Considering this low release of Pu, even fuels 
of higher Pu content, such as MOX fuel, will release very 

little Pu. Thus, no signifi cant additional short-term risk 
will arise from Pu release from the MOX fuel. In contrast, 
long-term risks depend on Pu inventories, particularly if 
Pu release from the reactor is increased by oxidizing 
groundwater coming into contact with the fuel. 

Recently, careful activity measurements were reported at 
15 soil-sampling points between 5 and 60 km from the 
Fukushima plant (Endo et al. 2011b). Using these data, the 
activity ratios 129mTe/137Cs, 131I/137Cs, and 140Ba/137Cs were 
calculated to be 1, 20, and 0.06, respectively, which can 
be compared with the same ratios in the original spent 
fuel, i.e. 0.7, 12, and 22, respectively. This corroborates the 
previously discussed measurements made in close prox-
imity to the Fukushima plant: 129mTe, 131I, and 137Cs show 
similar release behaviors, whereas about 1/400th as much 
140Ba is released as Cs. These fi ndings confi rm that the data 
obtained in the vicinity of the Fukushima plant are repre-
sentative of the general release patterns.

The relative behavior of the different nuclides near the 
Fukushima plant also matches very well with experimental 
results. In a Knudsen cell experiment, spent nuclear fuel 
fragments were heated stepwise in a closed, confi ned space 
to temperatures in excess of 2000 °C, and the stepwise vola-
tilization of the various elements were measured by mass 
spectrometry (Rondinella et al. 2008). FIGURE 4 presents a 
typical result obtained from MOX fuel samples. 
Volatilization starts at 1000 °C with the release of Te and 
He (produced by alpha decay), while Cs and I start to vola-
tilize at 1100 °C. Finally, uranium begins to volatilize above 
1600 °C. Interestingly, Ba shows an intermediate level of 
volatility. From these data, temperatures in the Fukushima 
reactors were probably high enough to cause the volatiliza-
tion of most of the Xe inventory and a large fraction of 
the Cs, but certainly not the actinides (U, Pu, and minor 
actinides such as Am, Cm, and Np). 

The confi nement of most of the actinides within the reac-
tors is, on one hand, reassuring, as these elements carry 
the highest long-term toxicity burden. On the other hand, 
a direct consequence of this confi nement is that the long-
term risk assessment requires the evaluation of the fate of 

FIGURE 3 Graphical representation of radioactivity measure-
ments, reported periodically by TEPCO (2011) 

between March and November 2011 for the Fukushima plant at 
soil-sampling locations (denoted “Playground”) located about 
500 m north-northwest of the stacks of Units 1 and 2. The large 
symbols at the date of the accident represent reference values, 
which correspond to hypothetical activities for the case in which all 
nuclides have been released to the same extent (i.e. the same frac-
tion of reactor core inventory of a given nuclide) as that of Cs. 
Measured values lower than the reference value indicate a much 
lower extent of release than Cs.
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the remaining fuel in the reactor. How can we proceed 
with this assessment, considering the fact that due to high 
radiation fi elds direct access to the fuel will probably not 
be possible for at least a few decades? Some indirect infor-
mation on the release behavior of the radionuclides in the 
reactor core can be derived from chemical analyses of the 
cooling water collected from the three damaged reactor 
cores. A cooling circuit was installed by TEPCO in July 
2011, which runs decontaminated water through the three 
destroyed reactor cores and collects outfl owing contami-
nated water for decontamination and desalination, after 
which the decontaminated water is reinjected. 
Decontamination factors for 137Cs were 106, meaning that 
Cs activity in the water was a million times lower after a 
decontamination cycle than before. About 180,000 m3 of 
highly contaminated water were collected for decontamina-
tion, with a specifi c activity for 137Cs varying between 
1.8 Bq/mL in July 2011 to 0.7 Bq/mL in November 2011 
(data on the volumes collected and the associated activities 
are from TEPCO reports; TEPCO 2011). These data indicate 
a total release to the water of 1.7 × 1017 Bq, or about 27% 
of the total 137Cs inventory in the cores of reactors 1–3. 
However, some fraction of the volatile elements, such as 
Cs, may have recondensed in the coldest parts of the 
primary cooling circuits during the accident. This fi gure 
is therefore a minimum amount of Cs release from the 
fuel. Specifi c activities for the nuclides 89+90Sr were 6 × 105 
Bq/mL in July 2011. No data were reported for longer 
contact periods. The Cs/Sr activity ratio in water collected 
in July is about 10 times higher than in the fuel, indicating 
reduced mobility of Sr as compared with Cs. 

Due to the very high temperature during the meltdown, 
fuel pellets, as well as the zircaloy cladding and steel, 
melted and mixed, yielding an ill-defi ned material called 
corium. Earlier work, as in the French VULCANO experi-
ments or the characterization of the core of reactor 2 at 
Three Mile Island, demonstrated that corium consists of 
several phases: an oxic phase and one or two metallic 
phases, depending on the accident conditions, which can 
cause the separation of the heavier and lighter metallic 
elements. How can we estimate the long-term stability of 
corium? In laboratory experiments performed on simulated 

corium, Pontillon and Durcos (2010) identifi ed four groups 
of released elements:

1. Volatile fi ssion products, including fi ssion gases (Xe, 
Kr), I, Cs, Sb, Te, Cd, Rb, and Ag 

2. Semivolatile fi ssion products, including Mo, Rh, Ba, Pd, 
and Tc 

3. Low-volatility fi ssion products, such as Ru, Ce, Sr, Y, Eu, 
Nb, and La 

4. Nonvolatile radionuclides, including Zr, Nd, Pr, and 
some of the actinides (U, Pu, Np, Am, Cu)

These laboratory results are consistent with the behavior 
of the measured radionuclides at the Fukushima plant: 
group 1 corresponds to radionuclides that have been signifi -
cantly released (30 to 100%) into the cooling water (Cs) 
and into the environment (Xe, Cs, I, Te); groups 2 and 3, 
as indicated by Ba and Sr, seem to have been signifi cantly 
released from the fuel (0.01%; see the discussion related 
to FIG. 3), but only a small part of these elements has 
reached the environment, probably due to their lower vola-
tility and their propensity to recondense within the 
primary circuit (SEE FIG, 3); and group 4 essentially was not 
released from the fuel (99.9999% retained). 

LONG-TERM CORIUM ALTERATION 
IN WATER

Characteristics of the Two Main Alteration 
Mechanisms
Oxic corium is a solid solution with a tetragonal structure. 
Although it has not been demonstrated that corium is a 
single phase, it may be possible to consider the oxic corium 
as hyperstoichiometric UO2+x: stoichiometric deviations of 
the fuel were about x = 0.14 for samples obtained from the 
molten core of the Three Mile Island Unit 2 reactor 
(Bottomley and Coquerelle 1989). This value is lower than 
the threshold value of x = 0.25, which corresponds to U4O9. 
Corium compositions obtained from fuel treated in the 
PHEBUS severe-accident facility (Barrachin et al. 2008) 
were close to U0.99Zr0.01O2.23 and U0.86Zr0.12Fe0.005Cr0.001

Nd0.006Pu0.004Ce0.004O2.42 for irradiated fuel and to 
U0.95Zr0.04Fe0.001O2.32 for nonirradiated fuel. In the latter 
cases, these compositions correspond to an average devia-
tion of x = 0.33 from the normal stoichiometry. 

Considering corium as hyperstoichiometric UO2+x allows 
the use of certain analogue materials for assessing the long-
term behavior of corium in contact with natural waters. 
Indeed, many studies have been performed worldwide over 
at least 30 years on different types of uranium oxides in 
order to assess the long-term behavior of spent nuclear fuel 
under geological repository conditions. For instance, solid–
water reactions have been studied for different solid solu-
tions, such as UO2+x; partly oxidized or fresh spent nuclear 
fuel; pure UO2; oxidized UO2; alpha-doped UO2 simulating 
long-term irradiation fi elds; and natural uraninite (Forsyth 
1995; Grambow et al. 1996, 2000; Stroes-Gascoyne et al. 
1997; Röllin et al. 2001; Ollila et al. 2003; Werme et al. 
2004; Poinssot et al. 2005; Ollila 2008). The European-
funded MICADO project (Grambow et al. 2010) recently 
assessed the uncertainties in the different models describing 
the dissolution processes of spent nuclear fuel disposed of 
in a deep repository for geological periods. Based on this 
knowledge, some key issues can be considered.

First, as for UO2-derived solids, two radionuclide fractions 
can be distinguished: (1) fast-dissolving radionuclide 
inventories (the so-called “instant release fraction,” or IRF), 
which correspond to radionuclides that are not bound into 

FIGURE 4 Knudsen cell analysis of the volatile release of radionu-
clides during heating of irradiated MOX fuel beyond 

normal conditions, from the European project NF-PRO. “M.S.” 
means “mass signal”; for the present discussion, only relative values 
are of importance. The left scale applies to all radionuclides except 
Xe and UO2, which are plotted against the scale on the right. 
Modifi ed from Rondinella et al. (2008)
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the matrices (either corium or spent fuel); (2) a slow-release 
fraction of radionuclides, which are located in the matrices 
(corium or spent fuel) and released as the corium matrix 
dissolves. 

Instant Release Fraction (IRF) 
The so-called IRF release is not governed by any mecha-
nism but corresponds to radionuclides that are dissolved 
fast upon fuel–water contact. Therefore the only issue to 
address is the quantity of fast release upon water contact. 
No experimental data are available for corium. For spent 
fuel, IRF values are in the range of 5–10% of the total 
inventory, depending on the radionuclides (Ferry et al. 
2007). Considering the typical corium-formation scenario 
(a transient event at very high temperature, >2300 °C, 
followed by a decade-long phase during which the corium 
is cooled under water), it is likely that a large part of the 
unbound radionuclides has already been released in the 
reactor core and to the cooling water and that these radio-
nuclides are no longer retained in the fuel matrix. The 
remaining long-term IRF fraction in the corium is therefore 
anticipated to be very limited.

Slow-Release Fraction 
The dissolution process of the corium matrix in water is 
likely to be electrochemically controlled, as for spent fuel 
(see FIGURE 5 for spent fuel). Due to the large difference in 
uranium solubility under oxidizing and reducing condi-
tions (roughly 10-6.5 and 10-9.5 mol L-1, respectively), the 
corium matrix will probably undergo two competing disso-
lution mechanisms: (1) under oxidizing conditions, a rela-
tively fast surface-interaction-controlled dissolution and 
(2) under reducing conditions, a slow solubility-controlled 
dissolution. 

Under oxidizing conditions, spent fuel or UO2 leaching 
requires, fi rst, a surface oxidation of UO2 to a mixed U(IV)/
(VI) oxidation state of hyperstoichiometric UO2+x, with x 
> 0.33 (U3O7), and then complete oxidizing dissolution as 
dissolved U(VI) species. As measured on synthetic samples, 
the corium matrix is likely to be already oxidized so that 
its stochiometric deviation is given by x = 0.33, and no 
additional surface-oxidation step prior to oxidative leaching 
is probably necessary. One can anticipate a faster oxidation 
rate than for spent nuclear fuel. Oxidant infl ux is however 
necessary for transforming the remaining U(IV) into U(VI): 
oxygen may come from an external source under aerated 
conditions or from the radiolytic decomposition of water 
(oxidizing radiolysis products are H2O2 and O2). The frac-
tional release rates for fractured spent fuel rods under 
oxidizing conditions are between 10-5 and 10-7/day. The 
fractional release rates for corium may be underestimated 
due to the preoxidized state. Finally, the alteration rate 
strongly depends on surface areas, which are unknown 
and likely different from that of the original spent nuclear 
fuel. 

Under reducing conditions, corium stability is antici-
pated to be higher and governed, as for spent fuel, by the 
relative solubilities of the dissolving phases (UO2 in the 
case of spent fuel, UO2+x, x ≈ 0.33 for corium). This implies 
that equilibrium U concentrations would be lower than in 
the previous case, in the range of 10-9 to 10-10 M for spent 
fuel (Grambow et al. 2010). However, corium solubility 
will depend on the actual chemical state of the corium, 
and its solubility might be much higher than that of UO2. 
Due to the lack of information on the state of the corium, 
and for the sake of simplicity, all the radionuclides that 
have not been released into the cooling water and the envi-
ronment are assumed to be integrated into the corium 
matrix as solid solution components. This implies that 

equilibrium conditions will govern the maximum concen-
trations in the aqueous solution of uranium and other 
radionuclides (like actinides, fi ssion products, and activa-
tion products).

Whether oxidizing or reducing conditions prevail in the 
damaged reactor cores may be assessed by analyzing the 
concentrations of U and Pu in the cooling water and by 
studying solubility controls: high concentrations 
(>10-5 mol/L) are, for example, typical of oxidizing condi-
tions. The experimental database on the interaction of 
UO2-derived solids with water shows that temperature, the 
solubility limits of radionuclides, fuel-damage conditions, 
burnup, and the presence of remaining cladding play major 
roles in the effective radionuclide release from the corium 
matrix. Furthermore, the dissolution rates are not expected 
to be directly proportional to the specifi c surface areas. As 
far as water chemistry is concerned, redox potential and 
carbonate concentrations are key parameters (Bruno and 
Ewing 2006), whereas salinity (seawater versus freshwater) 
will play only a minor role in radionuclide release (Loida 
et al. 1994). Colloidal particles and dissolved organic 
matter are important for the transport of sparingly soluble 
radioelements such as Pu and Am (Kim and Grambow 
1999).

Potential Infl uence of Radiation Fields
The temporal evolution of the redox conditions at the 
corium–water interface has an important effect on the 
radionuclide release behavior. The evolution of this 
behavior will be quite different under oxic surface condi-
tions than under the reducing conditions in a deep geolog-
ical repository. Air ingress is indeed omnipresent under 
oxic surface conditions, but in a geological repository, it 
only occurs during the operations phase, and thereafter 
all remaining air is consumed by redox reactions, in partic-
ular, with the metal of the disposal containers. 

Spent nuclear fuel and the corium short-term radiation 
fi eld mainly give off oxidizing gamma radiation, while over 
the very long term (>>100 years) the radiation fi eld is char-
acterized mainly by alpha-decay radiation. During the fi rst 
few hundred years, gamma radiation may strongly increase 

FIGURE 5 The various alteration mechanisms affecting spent 
nuclear fuel in contact with water as a function of the 

environmental redox conditions (oxidation potential, Eh). “RN” 
stands for “radionuclide.” The numbers refer to the consecutive 
steps in the alteration process. MODIFIED FROM POINSSOT AND GRAS (2008)
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the oxidation potential, even under oxic surface condi-
tions. Over the long term, many thousands of years, as for 
geological disposal, alpha radiation will locally produce at 
the solid–water interface oxidizing species that could 
signifi cantly increase the material dissolution rate, as has 
already been demonstrated on α-doped UO2 samples 
(Cachoir et al. 2005). However, the net effect is directly 
related to the overall balance at the local scale between 
the oxidants produced by the radiolytic decomposition of 
water [of which the primary oxidizing or reducing products 
are the radicals OH, OH2, e-(aq), and H, or molecular 
species like H2O2, and H2], the transport constraints 
involving the radiolytic producs, and the reactive reducing 
species that are present in the environment.

OPTIONS FOR CORIUM MANAGEMENT
From the available data on the total inventory of radionu-
clides that were released into the environment during the 
Fukushima accident, we have derived some important 
information regarding the potential state of the spent 
nuclear fuel in the three melted cores of the reactors. In 
particular, the relative behavior of the different radionu-
clides is consistent with the knowledge gained about fuel 
behavior at high temperature: volatile elements are released 
at much lower temperatures (<1300 °C) than actinides. This 
is consistent with the absence of a signifi cant release of 
actinides around the Fukushima site. The ratios of the 
activities of 137Cs, 131I, 110m Ag, and 129m Te reported for soil 
samples correspond to inventory ratios in the reactors, and 
the 131I content in soil samples is much larger than the 
value that would be expected if a large contribution came 
from the fuel storage ponds. The large quantity of radio-
nuclides released from the three reactors probably masks 
any contribution from the fuel storage ponds, which 
confi rms a much lower fuel alteration in the ponds. 

Furthermore, from the large data set that has been acquired 
in the last few decades about the long-term evolution of 
spent nuclear fuel in water, some insights may be gained 
about the behavior of the oxic corium, whether in a geolog-
ical repository or in long-term storage (such as within a 
protective sarcophagus). By comparison with spent nuclear 
fuels, after the passage of cooling water, oxic corium is 
anticipated to have a much lower IRF, potentially zero, and 
its radionuclide release behavior should be dominated by 
matrix alteration, which should be faster than for spent 
nuclear fuel. Three main options are therefore possible for 
corium management: 

  Recovery of the corium in order to condition it inside 
suitable containers without further treatment, as was 
done with reactor 2 at Three Mile Island, while waiting 
for subsequent disposal in a deep geological repository. 
However, the amount of fuel lost in the melted core at 
Three Mile Island in 1979 was about 30 tons, less than 
one-twentieth the inventory at Fukushima (reactors and 
pools). In this case, the long-term release behavior of 
the corium is anticipated to be less desirable than that 
of spent nuclear fuel, since the long-term alteration rate 
of the corium will be higher. However, little or no IRF 
is anticipated, which would be favorable since the IRF 
dominates the long-term impact of spent fuel in a 
repository.

  Treatment, in order to decrease long-term toxicity and 
to optimize the stabilization of corium in dedicated 
waste matrices. Indeed, the most toxic elements, such 
as the actinides, could be recovered by separation 
processes, such as hydrochemistry or pyrochemistry. 
Pyrochemical processes may be of great interest due to 
the presence of numerous metallic components and the 

anticipated refractory behavior of part of the corium. 
Such treatment may allow confi ning the most mobile 
radionuclides in a stable matrix instead of having them 
dispersed in the ill-defi ned corium matrix. In this 
option, the long-term release performance of the waste 
will depend on the specifi c matrix to be used. If vitri-
fi cation of corium is chosen, good performance for up 
to 106 years can be anticipated. 

  Finally, the site can be stabilized by creating some kind 
of protective sarcophagus. During a period lasting 
hundreds of years, natural waters will probably fi nd 
access to the corium inside the sarcophagus, and the 
corium will likely corrode and release radionuclides; 
these would have to be recovered and managed. This is 
not a long- term option (thousands of years), but it may 
be a solution for a time period during which institu-
tional control can be assured, which is intrinsically 
diffi cult to assess (what about the stability of current 
societies over hundreds of years?). 

Whether option 1 or 2 is chosen, only a preliminary esti-
mate of the long-term performance is possible based on 
the present knowledge of spent nuclear fuel behavior. 
Studies of real  corium samples from Fukushima will have 
to be performed, either to develop a treatment process or 
to characterize the radionuclide release properties of 
untreated corium. In the absence of relevant and robust 
experimental data, conservative assumptions in perfor-
mance assessment will probably lead to prohibitively 
expensive solutions.

Upper limits for radionuclide release predictions from the 
corium matrix can be obtained by developing a site-specifi c 
performance model for the Fukushima corium. Such a 
model could be created based on actual observations of 
the corium in the reactors in the presence of water. In the 
present study, we used the reported activities of 137Cs and 
90Sr in the outfl owing cooling water to conclude that about 
30% of the Cs inventory and about 3% of the Sr inventory 
were mobilized from the three reactors. In a similar way, 
one could analyze the evolution of the activities of other 
radionuclides (239Pu, etc.) in the cooling water of the 
reactor to assess the mobility of these nuclides in the core 
and to quantify source terms for water contact for the 
various conditioning and disposal scenarios. The continued 
fl ushing of the molten cores with water will in the long 
term also reduce the inventories of radionuclides that can 
be mobilized rapidly during disposal. 

CONCLUSION
Comparison of radionuclide release from the reactors with 
the radionuclide inventories remaining in the reactor and 
estimation of corium–water interaction from known spent 
fuel–water interaction provide important insight for devel-
oping assessment and management strategies for the 
molten fuel in the reactor cores. If corium is to be disposed 
of without treatment, models for corium stability and for 
radionuclide release from corium upon contact with water 
will have to be developed based on (1) analyses of radio-
nuclide activities in actual cooling waters, (2) chemical 
modeling of the analytical results in the context of the 
kinetics and thermodynamics of actinide and fi ssion 
product release (solubility constraints, redox states, etc.), 
and (3) comparison with spent fuel behavior and experi-
mental corium databases. If corium treatment is being 
considered in view of either confi ning it in a more stable 
matrix or even recovering the most radiotoxic radionu-
clides, specifi c processes will have to be developed based 
on the corium properties and the wide knowledge available 
about fuel treatment. 
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Call for Session Proposals for IMA 2014

Preparations are well under way for the 21st meeting of the 
International Mineralogical Association (IMA) in South Africa. 
The overall theme of the IMA 2014 meeting is “Delving Deeper 
– Minerals as Mines of Information.” The logo is symbolic of 
South Africa’s rich mineral resources, from which has sprung its 
dynamic mining heritage, also the 
backbone of the country’s eco-
nomy. The meeting will take place 
on 1–5 September 2014 at the 
Sandton Convention Centre, in the 
heart of Johannesburg, the City 
of Gold. 

The IMA 2014 meeting will be 
held under the auspices of the 
Geological Society of South Africa 
and the Mineralogical Association 
of South Africa, and is already generating sponsorship from the 
mineral industry, which will enable a professional, vibrant atmos-
phere for a memorable conference. South Africa’s sizeable com-
munity of mineralogists will contribute to the hosting of this fi rst 
IMA meeting on African soil, and all aspects of mineralogy will be 
covered. The Organizing Committee is headed by Dr Sabine 
Verryn as conference chair, along with Dr Desh Chetty as scien-
tifi c committee chair and Dr Craig Smith as fi nance chair. 

Proposals for sessions and topics to be covered are invited (e-mail: 
info@ima2014.co.za), and further information is available on the 
conference website (www.ima2014.co.za). Please register to 
receive updated information if you are not already on the com-
munications list. The Organizing Committee looks forward to 
welcoming everyone to South Africa in September 2014.

RARE MINERALS 
FOR RESEARCH

F
ROM our inventory of over 200,000 specimens, we can supply your research specimen 

needs with reliably identifi ed samples from worldwide localities, drawing on old, 

historic pieces as well as recently discovered exotic species. We and our predecessor 

companies have been serving the research and museum communities since 1950. Inquiries 

by email recommended.

Tuf ted cr ystal groups of cuprosklodowskite over malachite f rom the Musonoi Mine, 
Kolwezi, Katanga, Democratic Republic of Congo (formerly Shaba Province, Zaire). From 
the Photographic Guide to Mineral Species CD, a production of Excalibur Mineral Corporation

Excalibur Mineral Corp.
1000 North Division St. Peekskill, NY 10566 USA

Telephone: 914-739-1134; Fax: 914-739-1257
www.excaliburmineral.com | email: info@excaliburmineral.com
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