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ABSTRACT

The computer model UNSAT2 for unsaturated water flow is used to

complement a field study conducted at the University of Arizona Water

Resources Research Center Field Laboratory during influent seepage

along the Santa Cruz River during the runoff events on the Winter of

1967-1968. Field measurements accomplished by a neutron moisture

logger showed that the hydrogeologic characteristics governing the

mcvement and storage of subsurface flow are somewhat uniform throughout

the area. The mathematical model provides a two-dimensional transient

saturated-unsaturated analysis of the subsurface flow at the field

site. The results attained using a conceptualized flow region proved

to be an acceptable aid to a unified interpretation of the field

measurements. Because boundary conditions are time and space depen-

dent, the sensitivity to boundary conditions prevented the successful

model calibration, although not its applicability. This, together with

more serious limitations  on data availability and computer capacity,

precluded the imminent use of the computer model UNSAT2 for this

individual research site.
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CHAPTER 1

INTRODUCTION

In recent years, computer-based numerical solutions of the

differential equation governing the movement of water in unsaturated

porous materials have permitted a wide range of unsaturated systems

with complex material properties to be assessed. Vadose zones are more

complex than uniform soil systems for which most of the unsaturated

flow studies have been attained over the years. In reality, it is

difficult, if not impossible, to find a soil system without a layered

profile or otherwise with homogeneous and isotropic conditions.

Soil stratification will affect the flow through the unsat-

urated profile as water percolates down. During non-steady state flow,

tensional forces will develop somewhere in the profile even though the

moisture content is near saturation. Flow rates can be influenced by

tensions in the less permeable layers because the hydraulic conduc-

tivity of the limiting layers is not constant, but rather it is a

function of the water content. For coarser materials, the hydraulic

conductivity decreases rapidly as the moisture content decreases below

field saturation.

Groundwater hydrologists have long studied processes involved

during infiltration and later percolation  of water in different layered

profiles by analytical, experimental, or numerical procedures.  For

example, Srinilta et al. (1969) developed an analytical solution to

obtain soil water pressure distribution in a stratified profile. Aylor

et al. (1973) presented an analytical model which describes vertical
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infiltration into a layered profile. The only disadvantage with these

solutions is that both are restricted to soil systems having two

horizontal layers.

Eagleman and Jamison (1962), Behnke and Bianchi (1965), Dane

and Wierenga (1975), Diment and Watson (1985), and more recently

Stauffer and Dracos (1984, 1986) and Wilson (1986) have presented the

results of experiments conducted using stratified soil systems.

Numerical solutions of the general flow equation describing water

movement in layered soils have been reported by Hanks and Bowers

(1962), Keulen and Beek (1971), Zaslavsky and Irmay (1981), Stauffer

and Draoos (1986), and Wilson (1986).

The present study deals with a numerical simulation of a

homogeneous, anisotropic stratified soil system encountered at the

University of Arizona Water Resources Research Center field laboratory

along the Santa Cruz River near Tucson, Arizona. Such a system shows a

relatively impermeable thin layer (2 to 4 feet thick) bounded by two

thicker and somewhat coarser sediments. Apparently, due to the aniso-

tropic nature of the alluvial deposits, water infiltrated from the

river moves laterally through the overlying coarse zone, and because

the vertical permeability of underlying sediments is less, a perched

water table is created. Consequently, as the water drains from the

perched zone, it forms a mound above the water table. Incorporating

the effects of the diverse physical-hydraulic properties of the soils,

the presence and the effect of large stones or boulders, and the

boundary and initial conditions, make mcdeling water movement in the

vadose zone difficult.
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Scope of the Investigation

The overall purpose of this thesis is to test the applicability

of the two-dimensional saturated-unsaturated subsurface flow model

UNSAT2 (Neuman et al. 1974, Davis and 1 n11iman, 1983) against field

measurements from a highly layered vadose zone flaw system, based on

observation of the subsurface flow patterns below the Water Resources

Research Center field laboratory along the Santa Cruz River and its

tributaries produced by influent seepage during the flood events of

Winter 1967-1968.
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CHAPTER 2

LITERATURE REVIEW

Flow in the Unsaturated Zone

Unlike saturated flow, where the driving force results fiLuL

gradients of gravity and positive pressure, unsaturated flow zone has

driving forces which result from gradients of gravity and soil suction.

Mass transfer of water in the vapor state also occurs in response to

gradients of temperature and vapor pressure which may be the dominant

mechanisms in very dry soils.

The movement of water into and through the vadose zone is a

complex process because the water transmitting properties of an

unsaturated soil are highly dependent upon soil water content which

often changes with time.

Soil Mbisture Retention

Natural soils contain particles which range in composition,

size, shape, and orientation. They also have different pore sizes and

geometries, and each pore has unique characteristics. As water drains

from a saturated soil the largest pores drain first. As drainage

continues, progressively smaller pores will empty, and at higher values

only the very small pores retain water (Hillel, 1982). In general, the

pores have different dimensions and therefore will not empty at the

same suction. The larger pores (or those with larger channels of

entry) will empty at low suctions, while those with narrow channels of

entry will empty at higher suctions (Bear, 1979).
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The way in  which  the pores in a soil fill or drain, and the

disLiibution or filled pores at a specified equilibrium suction are

unique characteristics  of that soil and thus reveal mudh about its

properties. A number of standardized laboratory procedures are used to

develop a soil-moisture characteristic curve, which is a graphical

representation of the equilibrium water content that results when a

series of suctions are applied step-wise. The resulting graph can be

related to important soil properties such  as relative hydraulic

conductivity, infiltration rates, soil texture, and sorting.

The General Flow Equation

In 1856, Darcy derived an empirical equation for water movement

in saturated soil. This equation can be written as:

= Q/At = -KAJD 	 (1)

where v is the water flux density, Q is the volume of water flowing

through a cross-sectional area A per unit time t, 0 is the driving

force or potential gradient, and K is the hydraulic conductivity which

is a function of the medium as well as the fluid.

Childs and Collis-George (1950), working with unsaturated

sands, verified that Darcy's law was valid for uniform water contents.

The validity of Darcy's law in unsaturated media and the assumption

underlying the equation were discussed by Klute (1952), who pointed out

that with decreasing water content the cross-sectional area for flow

decreased. In unsaturated media, K is, therefore, dependent on the
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water content, decreasing strongly with decreasing moisture content

(Gardner et al. 1951; Gardner, 1956; and Klute, 1952).

The total potential, (1), is generally considered as the sum of

two components, the pressure potential, T p , and the gravitational

potential, T g . The term (1 , , often called the hydraulic potential,

implies the existence of a corresponding potential field, with the

potential quantity defined in such a way that it is valid both above

and below the water table. Such a quantity is the hydraulic potential

(L 2 /T)

= gz + (p - p p ) /p	 (2)

where g is acceleration due to gravity (cm/s 2 ), z is elevation above

basal datum (cm), p is pressure (dynes/cm 2 ), p o is atmospheric pressure

(dynes/art 2 ) , and P is density of the fluid (gice). If a value of

zero is assigned to 106, with p= pglp, then

H= (1)/ g = z +
	

(3)

where z is the elevation head, 	is the pressure head and H the

hydraulic head.

Darcy's law for flow in the x-direction of an x,  y , z coor-

dinate system can be written as:

= - K PS H /6 xj 	 (4)
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Similar expressions can be written for flow in the other coordinate

directicns.

For unsteady flow of a canpressible fluid, the equation of

continuity is:

-[(5(P v.)/6x + 6( P VOPY + 6( p	z] = 6/ót (p9)
	

(5)

where 8 is the volumetric water content. Substituting the appropriate

form of Darcy's law (4) into (5), and assuming that water is incompres-

sible for unsaturated-unsteady flow, that is P = constant and 6P/

St = 0, the general flow equation describing transient flow in a soil

becomes:

D/D x (	H /D x) + a/D y (	DH /3 y) +

+ a/ az ( 	a H / az) =®/ tt

or

/ Dx (IÇDtp/D x) + D/ Dy (  KDip/ DY) + D/ Dz (  K  ll)/ a z)

/ Dz = ao/a t

which is Richards equation (Marshall and HoLles, 1979).

Solution of Richards equation requires that both initial and

(6)

(7)

boundary conditions be specified. Like most other foin of Richards
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equation, Equation 7 is non-linear because the coefficient K strongly

depends upon 0 or T. Non-linearity, irregularity of boundaries,

hysteresis, and the fact that K(e) and T (G ) are available only as

experimental relationships, preclimigls exact analytical solutions of

most unsaturated flow problems (Bear, 1979), necessitating numerical

methods.

Infiltration

Infiltration is defined as the passage of water through the

ground surface into the soil together with the associated downward

flow. It generally leads to the development of a moisture profile

characterized by three zones: (1) a nearly saturated transmission zone,

(2) a wetting zone with rapidly changing water content, and (3) a

wetting front which is at the limit of infiltrated water penetration

(Wilson, 1979).  Infiltration can be caused by rain, seepage from

streams or sanitary landfills, etc. If the soil is initially unsat-

urated, the infiltrated water will fill the "pores" or "voids" of the

soil and percolate downward. When a flooded condition exists at the

soil surface, infiltration of water and the expulsion of air causes a

portion of the soil system to become saturated. As a result, the

saturated portion under positive pressure generates a hydraulic

gradient which causes the water to move into the unsaturated materials.

In this zone, subsurface flow takes place in both the horizontal and

the vertical directions under the combined effects of: (a) gravita-

tional potential, (b) negative hydrostatic  potential, (c) osmotic

pressure potential due to varying concentration of solutes in the soil
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solution, (d) adsorption potential due to attractive forces between

water and soil particles, and (e) thermal potential due to temperature

(Ramon et al., 1971). For liquid flow, thermal potential effects are

usually negligible in comparison to other potentials. Commonly, the

force potentials due to capillary suction, and adsorption are combined

under the term "matric potential". However, adsorption is negligible

for normal soil moisture conditions, and capillary suction dominates

OGMOSiS in non-shrinking soils.

The infiltration rate has been described by many empirically

and theoretically based equations. Knapp (1980) and Hillel (1982)

indicated that several factors are known to influence the actual

infiltration rate, including: (1) the time since infiltration began,

(2) the amount of water available at the soil surface, (3) the ante-

cedent moisture of the soil (the dryer the soil the greater the

infiltration rate, compared to a wetter soil), (4) the nature of the

soil such as layering, crusting, and structure, (5) the ability of the

soil to conduct water away from the surface, (6) biological activity,

and (7) air entrapment.

The ability of a soil to admit water depends on the size,

number, and interconnection of voids and their potential change in size

due to swelling of clay minerals upon wetting. Water will only enter

the soil body when a water film exists at the voids entrances. If the

soil is too dry then it must be wetted before infiltration can really

commence, except for infiltration into macrovoids. Soil with large

structural units whose major axis lies in the horizontal plane will be

particularly restrictive to infiltration.  For any soil, the antecedent
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moisture content is important as it determines the initial pressure

potential difference across the soil surface. Other factors aside, a

fairly dry soil will have a higher initial infiltration capacity than

the same soil with a higher moisture content.

Soil structure influences the infiltration rate. For example,

colloidal properties can cause the soil to swell as it becomes wet,

thereby, reducing the size of the pores and the flow rate. After a

period of time, bacterial and algal growths may clog soil pores and

decrease infiltration rates. Air entrapped behind the wetting front

prevents water from entering some of the pores until the air slowly

dissolves in the water, or the air bubbles are flushed from the pores

by the flow of water. This process may be very important at early

times where a large area is inundated. Consequently, natural infiltra-

tion from stream channels may be affected by entrapped air during the

flood event, although its extension is unknown.

Recent findings by Akan and Yen (1979) demonstrated that

infiltration rate into a soil that is relatively dry, depends not only

on the hydraulic conductivity of the soil, but also on the pressure

head applied on the soil surface. Thus, the higher the pressure head

imposed on the surface, the higher the infiltration rate, or vice

versa. In non-uniform soils (i.e., stratified), the downward movement

of water may be obstructed by zones of low permeability and the water

may extend laterally over consiaPrable distances before continuing

downward. Nevertheless, gravity eventually becomes the dominant

driving force in uniform soils and the vertical flow component becomes

more pronounced than the horizontal component. While infiltration
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continues, the saturated region around the flooded area propagates. If

the rate of infiltration is high, this saturated region may reach the

water table, but it might stabilize above it if the infiltration rate

is low and will eventually extend down to the water table.

Vertical Infiltration of Water Into a Stratified Soil

Infiltration into and percolation through originally unsat-

urated soil has been studied by several researchers, e.g.: Miller and

Gardner (1962), Hanks and Bowers (1963), Whisler and Klute (1965,

1969), Strcosnijder et al. (1972), Talma (1978), Yamada et al. (1984),

Stauffer and Dracos (1984), and more recently by Diment and Watson

(1985), Wilson (1986), and Wilson et al. (1987). A numerical calcula-

tion published by Stroosnijder et al. (1972) shows the results obtained

for vertical infiltration into a layered soil (fine textured soil with

low hydraulic conductivity overlying a coarser textured soil with large

hydraulic conductivity). They have successfully compared their

numerical results with experimental results obtained by Vachaud et al.

(1972).

The effect of local infiltration into layered systems and the

numerical simulation of such flow processes have been studied by Yamada

et al. (1984) and Stauffer and Dracos (1984, 1986). One of the

experiments conducted by Yamada et al. (1984) dealt with saturated

subsurface flow above the interface with an impeding (or less perme-

able) layer of soil. They concluded that the unsaturated vertical

infiltration into the less permeable layer within an idealized isotro-

pic system has been numerically solved by using the  Green-Ampt model,
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and obtained an approximate expression for the infiltration rate which

approaches the saturated hydraulic conductivity as the limiting

infiltration rate.

Stauffer and Dracos (1984, 1986) have considered two-dimen-

sional vertical flow with special attention to the influence of the

hysteresis in the water content characteristics on the subsurface flow.

Comparison of the results showed that hysteresis strongly affects the

response of the pressure in the saturated zone when the drying curve is

used. The slowest reaction would occur if the initial state corre-

sponds to the boundary wetting curve.

Badman and Colman (1943) were the first to describe the typical

profile during infiltration, which was later modified by Philip

(1957a). Bodman and Colman observed that the rate of infiltration was

reduced with time. This appeared to be primarily due to a decrease in

the soil water potential gradient within the transmission zone. Miller

and Gardner (1962) have indicated that when the wetting front encoun-

ters an interface between layers of different texture, the rate of

infiltration is reduced. Eagleman and Jamison (1962) concluded from

experiments that the water movement from a system containing small

pores to a system containing larger pores is generally restricted at

the contact zone. On the other hand, they found no restriction if the

differences in pore size of the two systems are not extreme and if the

pore volumes are about the same.

Hanks and Bowers (1962) found that infiltration was largely

governed by the soil properties near saturation, but slightly by the

soil properties at drier conditions. Because the water content in the
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transmission zone is approximately constant, flow takes place under a

unit gradient, whereas at the wetting front, a very high potential

gradient is maintained. The steeper the decrease in hydraulic conduc-

tivity with decreasing moisture content, the steeper is the moisture

gradient at the wetting front (Philip, 1957a).

Advance of the Wetting Front

As water is made available on the ground surface, a thin layer

of soil near the surface soon becomes saturated and a distinct wetting

front forms. The wetting front extends deeper into the soil with time.

The rate of propagation decreases continuously because the available

hydraulic gradient is reduced with increasing wetted depth. Miller and

Gardner (1962) pointed out that the rate of advance of the wetting

front is sharply reduced when the front reaches an interface between

two soil materials with different physical-hydraulic properties.

Whisler and Klute (1965) and Wbisler and Watson (1969) demon-

strated that if only drying curve relationships are used, the advance

of the wetting front is overpredicted, but underpredicted if only

wetting curve relationships are taken into account. The authors

suggested that for many practical purposes the use of the wetting curve

was acceptable for the prediction of the advance of the wetting front

during infiltration. Similar findings were reported by Dane and

Wierenga (1975), who did an experiment using a layered column. Their

results demonstrated that measuralwlues agreed well with the computed

values utilizing the wetting curve relationship.
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Philip (1957a) related the rate of advance of the wetting front

to a storage effect. This concept was later proved by Dane and

Wierenga (1975). They observed that the advance of the wetting front

was abruptly diminished when water passed from a less permeable (fine)

to a more permeable (coarse) soil layer. They attribute this decrease

to the fact that "more space had to be filled with water below the fine

layer to establish similar fluxes."

Later findings by Cheraghi (1987) using a two-layered sand

column as a two-dimensional physical model, indicated that the magni-

tude of the negative pressure at the interface between fine and coarse

soil increases as the saturated hydraulic conductivity ratio between

the lower and upper layer increases. The movement of the wetting front

across the interface and through the lower layer was uniform and stable

until a saturated hydraulic conductivity ratio of 20 (between the

layers) was found to be the point at which the wetting front broke into

narrow wet columns or "fingers" in the coarse lower layer.

Redistribution of Soil-Water after Infiltration

Downward movement takes place under the influence of gravity

and suction gradients. When infiltration of water into a soil ceases,

there follows a prolonged period of redistribution in which relatively

dry areas of soil (beyond the wetting front) draw water from wetted

areas near the infiltration source. The rate of water flow and the

moisture content at a point in time and space during redistribution are

affected by hysteresis and depend upon the following factors (Hillel,

1982):
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(1) antecedent moisture conditions; the greater the

contrast in water content across the wetting front, the

faster the rate of redistribution,

(2) initial wetting depth (i.e. the thickness of wetted

soil); the thinner the wetting depth, the greater the

gradient and hence the faster the rate of

redistribution,

(3) the hydraulic oanductivity of the soil versus water

content function; this is unique for each soil and is

related to its texture, and

(4) evapotranspiration; the rate and pattern of the upward

extraction of water can affect gradients and flow

directions in the soil and thus modify redistribution.

The redistribution process is initially rapid, but slows as the

water content in the soil nears uniformity and gravity provides the

sole driving force. In spite cl this, results obtained during experi-

ments conducted by Feodoroff (1966) are in contradiction to the

classical theory of redistribution. He concluded that "at least in

'non-inert' materials (i.e., loamy soils), gravity has practically no

influence during  redis U.

Youngs (1958b) showed that drainage is a continuous process.

He agreed that the downward water movement during redistribution was

slower because of the hysteresis effect. Staple (1966) also computed

profiles during redistribution considPring either wetting, drying, or

hysteresis dependent values of pressure head and hydraulic conduc-
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tivity. He concluded that the rate of novaient  was faster using

wetting data and slower using drying data when pressure heari  and

hydraulic conductivities from scanning curves were used.

Miller and Gardner (1962) and Hanks and Bowers (1962) observed

during water movement in stratified soils, a large discontinuity in

water content at the boundary of the soil layers, but no discontinuity

was observed in the soil water potential (pressure head). This has

been confirmed by Reichardt et al. (1972), who did a computer analysis.

Miller and Gardner (1962) and Miller (1969) showed that for a fine

textured soil on top of a sand, water passing through the initially dry

sand layer wetted the sand in only a few places and restricted liquid

movement through the sand to water-filled channels.

Dane and Wierenga (1975) have demonstrated that once the

infiltration process ceased, water first drained from the soil near the

surface. This produced a zone of relative maximum water content, which

first existed at infiltration depth, but then moved down the profile

with increasing time and gradually diminished.

Occurrence of  Perched Groundwater

The presence, nature, and extent of  perched saturated zones

have been a concern for groundwater hydrologists in recent years.

Quantitative knowledge of the formation, dissipation, and equilibrium

positions of groundwater mounds below and adjacent to hazardcus waste

sites, recharge basins, sanitary landfills, and influent seepage from

streams are important in establishing a criterion to maximize natural

or artificial groundwater recharge or to minimize the movement of water
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contaminants away from the source before they reach the regional

saturated zone.

Everett et al. (1978, 1984) stated that perched groundwater is

commonly assumed to be created by a relatively impermeable layer which

impedes vertical water movement. Albeit this concept is true, perched

groundwater may also develop at the interface between two layered

systems which individually may be quite permeable. In addition to this

concept, permanent or seasonal zones of perched water occur in areas

where material properties vary with depth and the infiltration rates

exceed the rate of vertical seepage which can be attained through a

particular layer under unsaturated conditions (Poeter, 1988).

Figure 1, reproduced from Bear (1972), shows the pressure

distribution at the passage from a more permeable soil-layer to a less

permeable soil-unit. The formation of a perched groundwater region is

observed in the soil-layer with a higher hydraulic conductivity. In

the first case, the downward specific discharge (q) is less than the

hydraulic conductivity (K 2 ) of the underlying soil-unit. A second case

shows that when 'q' is equal to K 2 , the soil water pressure is atmo-

spheric. In the third case, the flow rate (q) is greater than 1(. 2 and

thus a zone of positive water pressure is present at the interface of

the layered system.

Formation of perched saturated zones has been studied for many

decades by many researchers. Baumann (1952) commenced the study of

formation of grcxirid water Later on, Haskell and Bianchi (1965),

Bianchi and Haskell (1966, 1968), and Hantush (1967) contributed to the

theory of groundwater mounds. They based their theories on Dupuit-
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Figure 1. Pressure head distribution at the passage fran a more
permeable layer to a less permeable one ( fran Bear, 1972).
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Forchheimer assumptions. Recently, Wilson (1971), McWhorter and

Brookman (1972), and Everett et al. (1978), have presented field data

on the growth and dissipation of perched mcunds. Wilson (1986) devel-

oped a two-dimensional model that solves Laplace's equation using a

Galerkin finite element technique. His purpose was to simulate the

development of perched groundwater mounds formed in response to the

percolating effluent below the seepage bed of a septic tank-filter

field system. He concluded that his solution can be considered accept-

able for modeling a perched water table under steady state conditions

based on the maximum and minimum saturated hydraulic conductivities

anticipated.

On the other hand, Poeter (1988) showed that the gamma-gamma

(GG) and neutron-epithermal neutron (NN) geophysical logs can assist in

evaluating perched conditions. Perched zones are often indicated by

the occurrence of a direct relationship between the OG and the NN logs

above an inverse relationship between the same logs. Nevertheless, she

emphasized that to identify the presence or absence of perched zones,

more valuable information is gathered when using logs along with

hydrologic and geologic data,  otherwise, results could not be totally

conclusive because interpretation of geophysical logs is nonunique.

Occurrence of Lateral Water Mlovement

In general, in  multidimensional  flow problems in a non-satu-

rated soil system a horizontal flow component may exist which leads to

a number of phenomena as yet unexplained or, at best, poorly explained

(Zaslavsky and Sinai, 1981). The concept of lateral flow in the vadose
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zone has been introduced by Zaslavsky (1970). According to this

concept, lateral flow is not caused by the boundary conditions such as

the position of the water table, but by soil anisotropy caused by soil

layering. When the layers are horizontal, the main driving force

(gravity) is normal to the layers, so the flow is straight down. This

concept seems to be in contradiction with the experimental findings by

Everett et al. (1978), Wilson (1971), Wilson and DeCOok (1968), and

MOWhorter (1972), who found that in a stratified soil system showing

horizontal-parallel layers, lateral flow of water takes place in

response to the hydraulic gradients and to the effect exerted on the

downward water movement by the low permeability layer which underlies a

coarse-grained layer.

On the other side, Whipkey and Kirkby (1980) emphasized that

flow within the matrix of a soil is mainly laminar, thus obeying

Darcy's law. Furthermore, in an anisotropic soil system, the vertical

and the horizontal hydraulic conductivities increase with soil water

content as larger and larger pores are filled, and most of the flow

occurs in the largest filled connecting pores. Subsequently, a coarse-

textured soil may carry a large and rapid flow when saturated (or

nearly so), while a fine-textured soil with no large pores carries a

lesser flow. However, Knapp (1980) stated that under drier conditions

at a higher soil-moisture tension the interconnected pores in the fine-

textured soil may still be saturated so that its flow is as high as

before; scarcity of such fine pores in the coarser soil allow it to

carry only a much smaller flow.
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Despite the fact that the hydraulic conductivity in Darcy's

equation is not generally expressed as a function of the water content

for saturated media, it is necessary to account for possible variations

in the hydraulic conductivity depending on the direction of flow

(Bouwer, 1978; Everett et al., 1984; and Taylor et al., 1987). For

instance, Everett et al. (1984) maintain that in layered alluvial

deposits the horizontal hydraulic oonductivity was generally greater

than the vertical direction. Mbreover, Taylor et al. (1987) reported

that vertical hydraulic conductivities, obtained via experiments in a

unconfined sand aquifer, were an order of magnitude lower than those

measured along the horizontal direction. In both cases, the horizontal

flow component is greater than the vertical component and thus, lateral

water movement takes place at a greater rate than the downward water

movement. These principles coupled to the concept of perched mounds

dominate vertical water movement; therefore, horizontal flow becomes

more important. Further, Poeter (1988) points out that if a perched

zone is continuous, it may provide a pathway for significant lateral

movement of either water or contaminants (or both) before they reach

the principal water-bearing soil system (saturated zone).

Whipkey et al. (1980) stated that conditions for throughflow in

layered systems are readily met. They showed that if, for instance, a

coarse soil overlies a fine-textured layer at a gently sloping site,

then at high rates of steady percolation from rainfall, seepage from

canals etc., the coarse soil readily allows infiltration at a low

moisture tension. Below the contact, even saturated infiltration in

the fine layer is likely to be less rapid than the seepage rate or the
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rainfall intensity; thus, the fine material builds up to saturation and

a saturated layer backs up within the coarse material (Figure 2).

Under the gravity gradient of a gentle slope, some lateral subsurface

flow is in all layers, but the majority of the subsurface discharge

will come from immediately above the contact where the largest pores

are water filled because the soil is both saturated and coarse grained.

This theory has been numerically and experimentally proven for soil

systems with slightly inclined layers (Zaslavsky and Irmay, 1981).

Some other researchers (e.g., Stauffer and Dracos, 1986; Wilson, 1986)

have reported similar results, although their experiments were con-

ducted using a soil system with non sloping layers.
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CHAPTER 3

PHYSICAL-GEOLOGIC DESCRIPTION OF THE EXPERIMENTAL SITE

Field studies were  conducted by the  University  of Arizona Water

Resources Research Center (WRRC) field laboratory staff during the

winter of 1967-1968 at an instrumented research site near Tucson,

Arizona. The purpose was to characterize changes of water content

within the stratified alluvial sediments at the field site during

influent seepage from the Santa Cruz River and its tributaries to infer

patterns of subsurface water movement and storage.

Location of the Experimental Site

The WRRC field site is along the Santa Cruz River channel near

the northwestern limits of the city of Tucson (Figure 3). The river

channel was divided into two sections: (a) a low-flow channel and (b) a

high-flow channel. The low-flow channel was 28 feet wide in its lower

part (channel bed) and 40 feet in the highest part (high-flow channel

bed). The base of its channel was approximately at 14 feet below land

surface. The width of the high-flaw channel taken from the center of

the low-flow channel was 150 feet. The river bank forms an angle of

120 degrees measured clockwise from the horizontal. The average depth

to the water table was 70 feet below the low-flow channel. A detailed

picture displaying the stream channel characteristics is given in

Figure 4.
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Figure 3. Location of the  University  of Arizona Water Resources
Research Center Field Laboratory.
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Geologic Setting

The experimental site is within the Basin and Range Physic-

graphic Province. This province extends throughout Nevada and Arizona

and a portion of Utah between the Sierra Nevada and Colorado Plateau.

The province is characterized by northwest-southeast trending mountain

blocks and intervening basins. The basins were filled or partially

filled with sediments from the mountain blocks during Tertiary times

(Everett  et al., 1978). Typically, the sediments are highly layered,

favoring the formation of perched groundwater at the interface between

lithologic units.

Sedimentation in Stream Environments

Field investigations conducted to study the processes of

sedimentation in stream environments have demonstrated a large varia-

tion in both particle size and size distribution (Matthews, 1974).

This variation results from the wide range of sedimentation conditions

that predominate in the area at varying times throughout the year.

During floods, sediment supply is large and the accumulation beneath

the main flow of water is coarse-grained and poorly sorted. This is

also the time of occasional flooding of the higher terrace levels of

the river valley (i.e., high-flow channel). Flood waters reaching

these higher levels are relatively slow-moving and deposit only silt

and clay. At low stages of the river, sediment supply is also low.

Stream power is insufficient to transport the gravels and pebbles of

the longitudinal (bar) deposits. Whereas the flood waters are

extremely muddy, low-stage water is likely to be crystal clear. At
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this time, only sand-sized material is being transported and resedi-

mented. Matthews (1974) concluded from some particle analyses that

medium to fine sand are the best-sorted sediments to be found in the

environment. Figure 5 portrays lateral facies relaticnships within any

single stream bar-channel complex. Transitions from poorly-sorted bar

gravels to well-sorted channel sand can occur within a matter of a few

meters. Channels that lie dormant will eventually be filled with silt

and clay, and the entire area will become vegetated unless fluvial

processes reoccupy the area within a year or so.

Stratigraphyof the Experimental Site

A stratigraphic study was conducted at the experimental site to

characterize the principal sedimentary units and to analyze the

hydrogeologic features of each unit (Wilson and DeCook, 1968; Osborne,

1969). Analysis of drill cuttings from the observation and recharge

wells and interpretation of drillers' logs from these wells and  other

wells in the area proved the presence of an alluvial unit overlying and

abutting basin fill 'materials. The alluvial unit which extends from

land surface to a depth of about 30 feet, consists of fine-grained

sediments in the upper 10 feet. The lower 20 feet is dominated by beds

of sand, gravel, and pebbles. About 70 percent of the materials in the

unit appeared to be of volcanic origin and 30 percent of granitic

origin (Osborne, 1969). Basin fill materials extending from 30 to 80

feet are composed of beds of fines, sand, gravel and pebbles. These

sediments are less permeable than the overlying alluvial unit. Osborne

(1969) indicated that an increase in fines on the samples from all
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wells to a depth of 75 to 80 feet is evident. He also showed that the

percentage of gravel-pebbles was maximum at a depth of 30 to 35 feet

where the percentage commenced to decrease. Furthermore, grain-size

analyses showed that the zone within the alluvial unit between 25 and

30 feet had the maximum percentage of silt and clay and the highest

sorting coefficient (poorly sorted). Dumeyer (1966) and Percious

(1969) presented a detailed stratigraphic description of these sedimen-

tary units. A fence diagram (Figure 6, see also Figure 3 as reference

for location) was constructed based on the precedent stratigraphic

studies to fully represent the flow system to be simulated. Figure 6

also shows the location of the transect A-A', the access tubes 7, 8,

and 9, and the observation wells.

Effects of Stream Sedimentation Patterns on Infiltration

Geologic logs and stratigraphic studies of the Tucson basin

illustrate the presence of two sedimentary units, an alluvial unit

underlain by a basin fill unit. The alluvial unit appears to be

hydraulically connected to the river channel sediments (Wilson and

DeCook, 1968). Water movement through the alluvial deposits and basin

fill matPrials in the Tucson basin during influent seepage processes

are not well understood because there is not enough information on

subsurface flow patterns in the complex stratigraphic units of the

basin. Conceptually, water percolating beneath a stream channel flows

first into the permeable alluvial unit and then into the adjacent basin

fill unit, which is somewhat less permeable. As a result, lateral flow

takes place. Wilson and DeCbok (1968) showed that during flood events,
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lateral flow velocities in the alluvium unit were between 100 and 150

ft/day. The permeability of the stream-braided formations may limit

the vertical transmission rates into the shallow deposits as the

percolated water approaches the interface between the layers with

different permeabilities. This interface will reduce intake rates as

the water-holding capacity of the shallow materials is approached.

Regardless of the lateral flow generated within the alluvium unit, the

intake rate during sustained infiltration periods diminishes in

response to the water being accumulated in the alluvial deposits. As a

consequence of the high rate of water supplied, the soil system

responds by transferring more water downstream. If the  supply per-

sists, water may not only begin to travel further laterally, but also

longitudinally and downgradient, in the more permeable alluvial

materials.

Influent seepage from the Santa Cruz River is also greatly

affected by the nature of the local layered deposits in the unsaturated

soil system (see Figure 5). This figure shows uneven alternating

layers of fine-grained materials and coarse-textured sediments which

might be the case underneath the WRRC field site. Such layering

impedes the free vertical drainage of water in the vadose zone promot-

ing lateral flow. Hanks and Bowers (1962) demonstrated numerically

that infiltration is retarded by the presence of a near-surface layer

of fine materials.
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Experimental Facilities

The experimental facilities at the field laboratory in 1967-

1968 are essentially the same as now and consist of three observation

wells, two batteries of piezometers, and 10 access tubes for a neutron

moisture logger (Wilson and DeCOok, 1968; and Wilson, 1971). Distribu-

tion and identification of the facilities is shown in Figure 3. One of

the observation wells located 300 feet northwest of access well 7 is

not displayed in the figure. The ten 1 3 / 4 -inch I. D. access tubes are

used in conjunction with a moisture logger to obtain data on the

volumetric water content of subsurface materials. The average depth of

the access wells is 100 feet below ground surface. Consequently, water

content profiles may be obtained in materials of the 80 feet thick

unsaturated (aeration) zone underlying the site during growth and

dissipation of groundwater mounds in this region. The wells were

installed by a rotary drilling technique. Tubes 9, 7, and 8 in the

western transect A-A' (Figures 3 and 6) are respectively 412, 487, and

557 feet from the center of the low-flow channel.

The moisture logger (manufactured by Well Reconnaissance, Inc.

of Dallas, Texas) provides, during continuous logging, the water

content-depth relationships of the materials around each access well

(Wilson and DeCOok, 1968; Wilson, 1971). The downhole unit contains a

high voltage source and preamplifier, a 100  no (millicurie) source of

Americium-Beryllium, and a thermalized neutron detector. The source is

at the base cf the downhole unit; the detector, a Lithium iodide

crystal, is located directly above the source. The neutron flux from

the source is 2.31 x 10 5 neutrons per second (Osborne, 1969). The
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neutron moisture logger its high speed neutrons. Hydrogen atoms in

water contained within the soil matrix thermalize and deflect these

neutrons. The Lithium iodide crystal is sensitive to thermalized

neutrons. The greater the moisture content, the greater the number of

slow neutrons that will be detected. The crystal emits a signal the

strength of which depends an the amount of slow neutrons received by

the crystal. The signal is amplified and sent to the surface unit.

The surface unit is a solid state counter and integrator with a

"Rustrak" recorder. The instrument is calibrated by using two plastic

blocks which simulate given volumetric moisture contents. Figures 7 to

12 depict some of the water content profiles obtained by the neutron

logger during a series of flood events in the ephemeral Santa Cruz

River during the winter of 1967-1968. The floods occurred from

December 15 to December 25, 1967. More details about the storm events

are given in the next chapter.

Three eight-inch, 150 feet deep, observation wells were

installed at the site to facilitate monitoring groundwater levels

during influent seepage from the Santa Cruz River (Wilson and DeCook,

1968). The steel casing of each well was perforated from 15 to 140

feet below ground surface.  Observation wells are respectively, 30 feet

west and 175 feet southwest from the access tube 7.

Two batteries of 2-inch diameter piezaneter-water sampling

wells were installed east the access tube 7 (Wilson, 1971). Each well

is grout-encased to prevent side leakage, and contains a screened well

point. The depths of individual units in each battery are: 25, 50, 75,

and 100 feet below ground surface. The upper three wells terminate
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Figure 7. Water content profiles obtained from access well 7 by a
neutron logger during winter 1967-68 (courtesy of Dr. L.G.
Wilson, 1988).
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Figure 8. Water content profiles obtained from access well 7 by a
neutron logger during winter 1967-68 (courtesy of Dr. L.G.
Wilson, 1988).
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Figure 9. Water content profiles obtained from acces well 7 by a
neutron logger during winter 1967-68 (courtesy of Dr. L.G.
Wilson, 1988).
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Figure 10. Water content profiles obtained from access well 8 by a
neutron logger during winter 1967-68 (courtesy of Dr. L.G.
Wilson, 1988).
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Figure 11. Water content profiles obtained from access well 8 by a
neutron logger during winter 1967-68 (courtesy of Dr. L.G.
Wilson, 1988).
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Figure 12. Water content profiles obtained from access well 8 by a
neutron logger during winter 1967-68 (courtesy of Dr. L.G.
Wilson, 1988).
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within normally unsaturated materials above the water table. These

tubes are used for the measurement of piezometric levels and for the

procurement of water samples when saturation exists during recharge.

The 100-foot tubes terminate within water bearing materials.
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CHAPTER 4

STUDY APPROACHES AND METHODS OF ANALYSIS

Conceptualization of the Flow System

A conceptual model of the subsurface flow system at the WRRC

field site was developed based on data published by Wilson and DeCook

(1968), Everett et al. (1978), and Osborne (1969). The first two

reports included copies of the neutron moisture logs obtained during

flood events in 1967-1968. The third report included the analyses for

the grain-size disLribution and layered conditions at the study site.

From these a site-specific flow system was selected to reflect

the conditions prevailing in the area during the period from December

15, 1967 to January 12, 1968. With respect to geology, the s ati-

graphic features within the vadose zone were adjusted according to the

analyses performed by Osborne (1969), Wilson and DeCook (1968), and

Dumeyer (1966). Based on their stratigraphic studies, particle-size

analyses and geophysical logs, three major strata were identified

within the internal structure of the unsaturated zone. The uppermost

stratum, which extends from 0 to 28 feet below ground surface and is

considered the most permeable layer, consists of beds of fine-grained

material, gravel, and pebbles. The middle layer, considered as the

perching layer, consists of pebbles with a clay matrix. Its thickness

ranges from 2 to 4 feet. The lowermost unit consists of beds of silt,

sand, gravel, and boulders, and seems less permeable than the uppermost

stratum. The configuration of the strata and their interfaces are
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displayed in Figure 4. Further description of the physical-hydraulic

properties of the soils are given in the next section.

The shape of the river channel during this period was important

during the simulation because low and high flows needed to be modelled.

Based on the examination of existing maps and aerial photographs in the

WRRC map collection, the river channel was divided into: (1) a low-flow

channel, and (2) a high flow channel. Because documented historical

data were not available, the geometric features of the river channels

were decided based upon experiences by the  University  of Arizona and

the  United  States Geological Survey (USGS) scientists (Wilson et al.,

1986). As a consequence, the low-flow channel and the river channel

widths were determined to be 56 and 300 feet, respectively. The flow

field is considered symmetric about the vertical axis (center line) of

the river channel in all the simulations. Thus, only half of the flow

system is used. By simulating only half of the unsaturated field,

omputational effort and memory are greatly reduced.

The final system boundaries are depicted in Figure 4. The

total width of the entire half-section (from the center line of

symmetry), is 690 feet. The thickness of the system is 83 feet includ-

ing 3 feet below the water table which permits flow to enter into the

saturated system. Consequently, the water table is 66 feet below the

low-flow channel bed. The inclined sides of the low-flow channel and

the river channel measured counterclockwise from a horizontal plane are

15 and 60 degrees, respectively. The river (high-flow) channel was

taken to be 11 feet below ground surface and the low-flow channel bed

was taken to be 14 feet below land surface.
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Runoff Characteristics of the Santa Cruz River

The Santa Cruz River is one of the principal drainage channels

in the Tucson basin which promotes natural infiltration during flood

events. This river is considered as an ephemeral stream because it

flows in response to runoff produced by rainfall (Davidson, 1973). The

'Santa Cruz at Tucson USGS gaging station' is about 2.5 miles upstream

from the WRRC field site. Data from the 'Tucson Arroyo at Vine Avenue

USGS gaging station' are also of interest because it flows into the

Santa Cruz River southwestern from the afore1ention9d gaging station.

The total drainage area of the Santa Cruz River watershed, including

the Tucson Arroyo area, is 2230 square miles, out of which 395 square

miles are in Mbxico. The total monthly discharge (acre-feet) at these

stations since 1932 shows that most of the flow occurs during two

precipitation seasons: (1) the predominant Summer flow season, and (2)

the insignificant winter flow season (Keith, 1981). However, the

winter flow season became important during 1960, when flows commenced,

especially extreme events (i.e., 1965, 1967, 1978, 1979, and 1983).

The mean ratio for the total average annual flow between the summer and

the winter seasons is 3:1 (Davidson, 1973).

The total discharge of the river during December 1967 was 35522

acre-feet. The corresponding dates and peak discharge are: December

15, 3685 cfs and December 20, 16100 cfs. The hydrograph for the

longest period of sustained discharge (December 15 to 25) is shown in

Figure 13. For this model, natural infiltration during flood events is

induced by maintaining a constant head of water in the river channel.

This constant head of water (positive pressure head) indicates the
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stage height (depth) of the river. The discharge data from the 'Santa

Cruz at Tucson' and the 'Tucson Arroyo at Vine Avenue' USGS gaging

stations, represented by the hydrograph depicted in Figure 13, was used

to calculate the head-discharge relationship in the river at the WRRC

field site via the Chezy-Manning's formula (Linsley et al., 1982):

Q = 1.49 / n [ A R 0 . 66 S °-5  ]	 (8)

where Q is discharge (cfs), n is the roughness coefficient, A is the

cross-sectional area, R is the hydraulic radius (A divided by the

wetted perimeter), and S is the channel slope. Estimates of the

channel geometry were used to calculate values for the cross-sectional

area and the hydraulic radius of the channel during the distinct flow

events. According to Helmerson (1985), an appropriate value for

Manning's coefficient of roughness "n" for the Santa Cruz River is

0.40. The channel slope in the area of interest was set to 0.00364.

Using these values, information obtained from the USGS office at

Tucson, and a trial and error method, Chezy-Manning's formula was

solved. The stage-height discharge relationship obtained for the Santa

Cruz River channel section is displayed in Figure 14. As expected, at

low discharge rates the stage height in the stream is low. Once the

depth of the water in the river channel is greater than 3 feet, the

discharge rate is greatly increased.
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Unsaturated-Saturated  Flow SystemAncroach

The problem of infiltration during streamflow can be solved and

analyzed using the saturated-unsaturated flow approach. The UNSAT2

computer mcdel is used to evaluate the effects of unsaturated flow

during natural infiltration events. The layered conditions observed in

a non-saturated profile affect the subsurface flow patterns. In the

vadose zone, the pores in the soil matrix are generally filled with

water and air. When all of the pores are completely filled with water,

the soil is said to be saturated; otherwise, it is considered unsat-

urated. It is usually assumed that the liquid phase is continuous

throughout the porous media. If air is trapped as bubbles in the soil

matrix, the air phase is discontinuous. Nevertheless, in most unsat-

urated soil systems the air phase is assumed to be continuous. When

any of these fluids becomes discontinuous throughout the entire flow

domain, no flow of that fluid can take place (Bear, 1972).

Water is held in unsaturated media by capillarity and adsorp-

tion. Capillarity is caused by surface tensional forces acting on a

curved air-water interface (miniscus); adsorption responds to polar

water molecules attracted to soil particles by electrostatic force

fields. Water pressure, p, and hence pressure head, Y, is less than

atmospheric in unsaturated soil, zero at the water table, and greater

than zero below the water table. If atmcspheric pressure is taken to

be zero gage pressure, fluid pressure will be negative and water in the

unsaturated soil is said to be under tension (suction). When suction

is low (i.e., less than 1 bar), the amount of water in the pores

depends primarily on capillary forces, while at greater suctions, the
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adsorption mechanism is more significant, especially in clayey soils

(Hillel, 1982). In the problem considered in this study, soil suction

ranges from 0 to 1.04 bars; thus, adsorption forces are relatively

small. As mentioned in Chapter 2, when a soil is being wetted the

large pores fill last, but as a saturated soil is drained, the large

pores empty first, hence, at the same suction a given soil may show

different water content depending an whether the soil is draining or

wetting. This phenomenon, called hysteresis, is shown in the pressure

head-volumetric moisture content curve in Figure 15. The effect

produced by this phenomenon is greatly reduced if the wetting curve is

used (Whisler and Klute, 1965; Whisler and Watson, 1969; and Stauffer

and Dracos, 1986). Although the hysteresis effect cannot be incor-

porated into UNSAT2, only the wetting curves were used during these

simulations.

The UNSAT2 Computer Model

The UNSAT2 computer model, developed by Dr. Shlomo P. Neuman

(currently professor at the University of Arizona, Hydrology Depart-

ment), and originally documented in Neuman et al. (1974), was utilized

for the simulations. A variety of applications with exceptional

results has been reported by Zaslavsky and Sinai (1981) and Stauffer

and Dracos (1984, 1986).

The model solves a head based form of Richards equation, using

a lumped-mass Galerkin finite element scheme. This finite element

method requires the two-dimensional section of the flow region to be

divided into discrete quadrilateral and triangular elements. The model
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VOLUMETRIC WATER CONTENT,

Figure 15. Soil moisture retention curve showing the hysteresis
effect.
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can simulate different types of saturated and unsaturated flow systems.

It can handle a large range of boundary geometries such  as stream

channels with varying shapes and large layered soil systems. The

simulations  require  the following input parameters for  each material

within the unsaturated flow system. (1) saturated hydraulic conduc-

tivity, (2) relative hydraulic omaictivity, (3) volumetric moisture

content as a function of pressure head (suction), and (4) porosity.

The program can also accomodate different boundary conditions such  as

impermeable (no-flow) boundaries, prescribed head, and prescribed flux

boundaries. However, UNSAT2 can not handle transitional interfaces

between two different stratig/aphic units; the limit between the soils

has to be well delineated.

By solving Richards equation, UNSAT2 calculates water content,

total head, and pressure head at each node In the flow region. If

 rates are computed for  each node where a constant head (posi-

tive pressure) is imposed. Likewise, during the simulation, the

cumulative inflow into the system is calculated.

Simulation of the Flow System

The implementation of UNSAT2 for the simulation requires the

user to design a finite element mesh which subdivides the flow region

into discrete triangular and quadrilateral subregions (elements). Then

physical and hydraulic properties of the soil are assigned to these

subregions. The pressure head distribution must be prescribed at the

beginning of the simulation, and the boundary conditions assigned along

the border of the flow field. During the initial stage of the simu-



64

lated infiltration process, the size of the time steps to be employed

has to be small enough to acquire stable solutions. In the later

stages, the time steps can be chosen larger, but bearing in mind that

the convergence criterion has to be fulfilled.

Finite Element Mesh Discretization

In order to simulate natural infiltration as a response to a

constant head of water on the stream channel using the finite element

method, subdivision  of the flow domain into discrete subregions about

nodal points is necessary. The flow field is symmetric in all simula-

tions about the vertical axis of the river channel which is considered

as a line of symetry; the real physical conditions at the field site

are unknown. Since the outer position of the flow region is restricted

(in terms of number of nodes and elements) by computer limitations, a

wise decision has to be made about the positioning of this impermeable

(no-flow) boundary. The UNSAT2 user must: (1) design the mesh large

enough so that the flow field is not significantly hindered by the

outer boundaries at some distance from the stream channel, and (2)

limit the size of the grid accordingly to the capacity (memory) of the

computer in which the simulations are to be performed.

Mesh design along with the uia-r-specified tolerance are perhaps

the most important factors in obtaining good results. The solution of

the governing partial differential equation relies on the tolerance.

The smaller the tolerance the better the numerical solution, but of

course it is time consuming. On the other hand, using hydrologic

knowledge to anticipate the flow regime will enable the user to select
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the appropriate position of the nodes and size of the elements. In

general, nodes should be closely spaced where maximum pressure head

changes and accurate infiltration rates are desired. However, by

reducing the volume (size) of the elements, the number of canputaticns

performed by the computer increases.

In its final form, the finite element grid utilized in the

performance of the simulations is shown in Figure 16. The cross-

section corresponds to the 80 foot region from land surface to above

the water table, extending inland about 690 feet from the center line

of the river channel. The left side of the flow system is a mirror

image of the right side and is deleted for simplicity. The total

number of nodes used in the simulation was 1837. The correspcndirxg

number of quadrilateral and triangular elements was 1758. The mesh was

made finer where accurate flow rates are needed and where the greatest

changes in pressure head were expected (i.e., near the river channel

bed and close to the interfaces between two different lithologic

units). This method of construction ensures that the canputation of

the pressure head, total head, and moisture content distribution will

be efficiently calculated throughout the entire flow domain.

Physical-Hydraulic Material Properties

For many centuries, complex sedimentation processes along the

Santa Cruz River have caused the formation of highly-stratified

sediments, as demonstrated by Matthews (1974). As a result, hydrologic

processes, such as natural infiltration during runoff events, are

affected by the presence of a sequence of braided alluvial deposits in
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which the physical-hydraulic properties of the materials change foot by

foot, and from material to material. Knowing the existence of these

highly layered deposits, an attempt is done to simulate flow along a

specific region of the Santa Cruz River at the Water Resources Research

Center field laboratory using subsurface flow data presented by Wilson

and DeCook (1968), Everett et al. (1978), and Wilson (1971), along with

sUatigraphic data reported by Osborne (1969) and Dumeyer (1966). In

order to simulate the aforementioned real-world results showing the

presence of two distinct flow regimes, a clear picture of the nature of

the stratified materials at the site is necessary. Certain geological

and stratigraphic properties permit the development of an upper water-

bearing zone, the exact nature of these properties is unknown. Cbnse-

quently, for the conceptual model developed in the above sections, the

interface between the upper and the lower flow regions which impedes

free vertical flow during infiltration was hypothesized to cause

lateral flow.

In order to accommodate variable saturated flow, UNSAT2

requires information about the unsaturated properties of each material

encountered within the simulated region. These specific properties

are: (1) the pressure head versus volumetric moisture content relation-

ship, (2) the relative hydraulic conductivity versus volumetric water

content, and (3) the specific moisture capacity versus moisture content

for the selected vadose zone sediments. The relative hydraulic conduc-

tivity of a soil is defined as the ratio of the unsaturated hydraulic

conductivity at a given water content to the saturated hydraulic

conductivity of the soil. The specific moisture capacity is the
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inverse of the derivative of the pressure head-water content curve. It

is defined as the volume of water the soil absorbs when pressure head

(suction) decreases by one unit. The specific moisture capacity-

volumetric water content curves for the three representative soils are

displayed in Figure 17.

In nature the wide ranges of the physical-hydraulic properties

are well known. Mbalem (1976) catalogued hydraulic properties for a

large number of soils according to principal grain size and soil

texture class. Mbst of the soil properties were determined by labora-

tory tests on field samples. This reference proved to be an invaluable

tool to conveniently determine the range of soil hydraulic properties

likely to be encountered in the field for sands, silts, and clays.

Pressure Head vs. Water Content Relationships

Pressure head versus volumetric moisture content relationships

for soils are usually obtained by means of laboratory analyses on

samples collected in the field using different methods such as the

Potsherd Plate or the Pressure Membrane. For this study, drillers'

logs from observation wells A, B, and C at the Water Resources Research

Center field site collected from Osborne (1969) are included in Table

1. Neutron logs obtained from access tubes 9, 7, and 8 during the

winter 1967, served to support the textural logs. Based on these logs,

the nature of the layered materials were taken as follows: (1) the

uppermost layer consists of a Sandy Loam (Soil A), the middle (perch-

ing) layer consists of a bed of gravel-boulders with a clayey matrix

(Stony Soil, Soil B), and (3) the lowermost unit consists of a Loam
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Figure 17. Specific moisture capacity versus water content for three
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Table 1. Drillers' logs of observation wells at the Water Resources
Research Center field site (from Osborne, 1969)

Well A
(Water table at 83 feet)

O - 5 feet
	

Silty soil
5 - 45 feet
	

Sand and gravel boulders
45 - 80 feet
	

Sand, gravel and clay
80 - 150 feet
	

Gravel and clay - hard

Well B
(Water table at 74 feet)

O - 7 feet
	

Silty soil
7 - 45 feet
	

Sand, gravel and boulders - loose
45 - 83 feet
	

Gravel and clay - hard water 65 ft.
83 - 150 feet
	

Cemented boulders - hard

Well C
(Water table at 80 feet)

O - 15 feet
	

Silty soil
15 - 60 feet
	

Sand, gravel, boulders - loose
60 - 80 feet
	

Gravel and boulders - hard
80 - 150 feet
	

Cemented gravel - water 90 ft.
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(Soil C). From now on, these soils will be referred to as Soil A, Soil

B, and Soil C, for simplicity.

The primary soils chosen possess the properties of the Gilat

Sandy Loam (Soil A) and the Gilat Loam (Soil C) described in MUalem

(1976). The pressure head-water content curves for these soils are

shown in Figure 18. For vadbse zones containing very coarse-textured

deposits (including boulders), the effect of the coarser material on

the hydraulic properties of the media must be considered. To alleviate

this problem, the approach described by Bouwer and Rice (1984) is

utilized. The clayey matrix of Soil B possesses the properties of the

Yolo Light Clay described in MUalem (1976). The volume fraction of

boulders in Soil B was taken to be between 30 and 35 percent. Knowing

this, the volumetric water content of the Stony Clay, at all suctions,

is calculated by the relationship given by Bouwer and Rice (1984) (see

Appendix A).

Relative Hydraulic Conductivity vs. Water Content Relationships

The hydraulic conductivity VETSUS volumetric moisture content

for Soils A and B were taken from MUalem (1976). The fact that most

natural soils are anisotropic due to stratification or soil matrix

particles having preferred orientation due to their elongated or plate-

like shapes must be kept in mind.

Anisotropic soils are known to have a hydraulic conductivity

that depends on direction. For instance, in a thick sequence contain-

ing many thin horizontal layers of sand, silt, and clay, the hydraulic

conductivities averaged over a region much larger than any individual
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layer would be greater in the horizontal than in the vertical direc-

tion. Groundwater hydrologists have studied anisotropy of saturated

porous media in some detail. Muskat (1937) found that in 65 pairs of

sand samples, more than two-thirds had a higher permeability in the

direction parallel to the bedding plane than normal to it, and the

ratio of horizontal to vertical permeability ranged from 1 to 65.

Taylor et al. (1987) found that in an unconfined sand aquifer the

vertical permeability was an order of magnitude smaller than the

permeability in the horizontal direction. Bouwer (1978) conducted

studies in alluvial deposits and reported anisotropic values in which

the ratio of the vertical to the horizontal hydraulic conductivities

ranged from 1:5 to 1:10. Based on this information, anisotropic

conditions better represent the natural conditicns prevailing in the

alluvial deposits at the WRRC field site along the Santa Cruz River.

The (K-vertical/K-horizontal) ratios chosen for Soils Ai, B, and C were

respectively: 1:10, 1:100, and 1:20. These ratios were changed later

during the calibration procedure. The corrected hydraulic properties

for Soil B (Stony Clay) were obtained utilizing Bouwer and Rice's

(1984) approach as explained in Appendix A. The final hydraulic

conductivities versus water content relationships for the representa-

tive soils are depicted in Figure 19. The values of saturated K-

vertical and K-horizontal for the homogeneous, but anisotropic, flow

system at initial stages of the calibration process are for Soil A, 2.2

ft/day and 22.0 ft/day; for Soil B, 0.02 ft/day and 2.0 ft/day; and for

Soil C, 0.6 ft/day and 12.0 ft/day.
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Initial Water Content

The initial volumetric moisture content distribution within the

flow system has to be specified before running UNSAT2. The water

content profiles obtained by a neutron moisture logger from access well

8 on December 13 and 20, 1967 (see Figures 7 and 10) demonstrate that

the vadcse zone was essentially drained. Given this situation, the

system is assumed to be at field capacity. "Field capacity" is usually

defined as the value of water content remaining in a unit volume of

soil after downward gravity drainage has stopped, or materially done

so. For example, if a uniform soil is completely saturated and then

permitted to drain for a long period of time, the "final" water content

represents the field capacity.

During the early stage of the simulations, the volumetric

moisture content domain was restricted. Since the initial water

content was close to residual at the top of Soil C and in the upper

layers (Soils A and B), the pressure distribution in this region was

replaced by a uniform distribution of -35 feet, corresponding accord-

ingly to Figures 18 and 19, to a volumetric moisture content equal to

13 percent. One of the ideas behind this procedure was to reduce

computational effort. In the region of the lower part of Soil C,

bottom 35 feet, the initial pressure distribution was taken as hydro-

static. The initial water content distribution throughout the profile

is very close to the overall value of moisture content obtained by

Everett  et al. (1978) at the WRRC field site on December 13, 1967.
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CHAPTER 5

RESULTS

Seven simulations were performed in an attempt to calibrate the

UNSAT2 computer model (see Table 2). Results of the simulations were

thoroughly examined in order to compare them with field measurements

obtained from December 1967 to January 1968 at the WRRC field site.

The experimental results showed that groundwater flow in the unsat-

urated-saturated soil system at the site, during streamflow infiltra-

tion, is characterized by two water-bearing zones: an upper perched

mound, and a mound above the initial water table.

Simulations using the UNSAT2 computer model were executed at

the  University  of Arizona CDC CYBER-175 system through the VAX's

Cluster system. A sample of the input and the restart data files is

given in Appendix B. The final simulation was accanplished for both the

10-day flood event (December 15 to 25, 1967) and the 18-day dry

(recession) period (December 26, 1967 to January 12, 1968) thereafter.

The foremost simulations were run for the first 72 hours of the flood

event while calibration procedures were performed by means of adjusting

the flexible input parameters. In acquiring the calibration, special

consi.e .ration was conceded to three of the adjustable input parameters:

(1) the horizontal saturated hydraulic conductivity in each of the soil

units, (2) the vertical hydraulic conductivities in the three forma-

tions, and (3) the user-specified tolerance, which is directly related

to the convergence criterion. Mbre computer time is required to obtain

more accurate results when using small tolerance values. At this
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point, a trade-off among user-accuracy-amputer time is vital. The

fixed parameters during the calibration process were: (1) the porosity

of the sandy loam (Soil A) and the loam (Soil C), (2) the modified

porosity of the perching layer (Soil B), (3) the daily constant head in

the stream, and (4) the relative hydraulic conductivity-pressure head-

water content relationships for each stratigraphic unit.

The final aspect to be discussed in this section is in regards

to the computer output. The output of UNSAT2 is comprised of tables of

total head, pressure head, and moisture content at each node within the

flow domain. Infiltration rates are computed at each nodes were a

positive pressure head is imposed. Cumulative inflow into the flow

domain is also computed. These computations are executed after each

time step during the simulations. The infiltration rate of water

throughout Node 161, located at 18 feet from the center of the low-flow

channel (see Figure 16), and the cumulative infiltration during the

entire flood event are analyzed in a more detailed fashion In succes-

sive sections.

Infiltration of Water into a Layered Profile

During the performance of the simulations, the infiltration

rate is relatively large in the early part of the computations when

hydraulic gradients are the largest, then it gradually decreases to a

constant lower value. Several factors are known to influence the

infiltration rate of water across soil surfaces, as mentioned in

Chapter 2. A/though soil structure, biological activity, and air

entrapment are not considered in the amputcm - mcdel UNSAT2, it does not
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necessarily imply that such factors are negligible in the field.

Infiltration rates through Node 161 (see Figure 16) for the seven

simulations are given in Table 2. These values correspond to infiltra-

tion rates at the end of the third day after the flood event commenced.

Their values reflect the varying hydraulic conductivities specified for

Soil A utilized during the simulations. These results support the

findings by Bodman and Colman (1943), Knapp (1980), Billel (1982) and

Linsley et al. (1975), who indicated that the variation in the infil-

tration capacity (rate) is dependent on the ability of the soil to

conduct water away from the surface.

The final intake rate through Node 161 at the end of the

simulated 10-day flood event (Simulation 7) is 4.48 ft/day. Keith

(1981) mentioned that reported absolute values for infiltration rates

on the Santa  Cruz River bed sediments ranged from 4.2 to 5.0 ft/day;

therefore, the computed value is a satisfactory result. The shape of

the infiltration curve (Figure 20) portrays the classical decline In

the infiltration rate as the soil increases its wetness. The fluctuat-

ing fashion in the infiltration rate curve coincides with the peaks of

the flood event. For instance, between 48 and 72 hours after the

infiltration started, the intake rate decreases, although slightly, In

response to the low stream channel head of 1.2 feet. As the simulation

continued, the infiltration rate increased progressively from 72 to

approximately 125 hours. Between 120 and 125 hours, the intake rate

rises sharply to 5.45 ft/day, which confirms the peak discharge of 7768

cfs (head equal to 13.2 feet) on December 20, 1967. Such a behavior is

supported by the conclusion reported by Akan and Yen (1979), who
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clearly illustrated that head on the surface influences the intake

rate; however, it is in contradiction to the theory by Linsley et al.

(1975), who believe that the lower limit of the infiltration capacity

is controlled exclusively by the soil permeability.

Finally, I should mention that during all stages of the

reported simulation, the effect of gravity was promoting the rate of

infiltration until about 132 hours. At this point, the dominant

direction of flow changes from vertical to horizontal in the  proximity

of the water table.

Cumulative Inflow into the System

The cumulative intake for the seven cases during the first 72

hours of the 10-day runoff event simulations during the winter 1967-

1968 are displayed in Table 2. The cumulative infiltration at the

cessation of the 240-hour simulation is 9833 cubic feet (Figure 21).

The influence of the variable head in the river channel is readily

visible.  Note that the slope of the curve between 48 and 96 hours is

the lowest. This reflects the low height in the river during the early

stages of the winter flood event. In addition, the inclination of the

curve is the greatest between 110 and 144 hours. This imitates the

highest stage height during the 10-day runoff event. As the simulation

proceeded, about 192 hours, while law constant heads in the stream

progressively decreased, the slope of the curve also commenced to

decrease. These results are supported by the numerical solution

obtained by Hanks and Bowers (1962). Their findings showed that the

cumulative intake for a coarse-over-fine layered soil has the same
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Figure 21. Cumulative infiltration into the system at the end of the
runoff event.
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cumulative infiltration curve as the coarse soil initially , since only

the coarse soil is being wetted. Once the wet front reaches the

boundary, the curves separate, with the cumulative infiltration

decreasing for the coarse-over-fine layered soil.

Advance of the Wetting Front

The advance of the wetting front within the unsaturated flow

region along with the computed pressure head disLLitUtiCn contours for

various dates are displayed in Figures 22 to 40. The contour lines are

given in terms of equal volumetric moisture content and pressure

(suction) distribution exclusively for the region between 412 and 557

feet where the access wells 9, 7, and 8 are encountered (see Figure

16). With the potential gradient at the wetting front within the flow

domain decreasing with time, the gravitational forces and thus the

hydraulic conductivity values gained importance. Figure 41 shows that

the vertical advance of the wetting front as a function of time

decreased sharply when water started to enter into Soil 13 (perching

layer). This agrees well with the results reported by Philip (1957a)

and Dane and Wierenga (1975), albeit they attributed this to storage

effect; greater amounts of voids needed to be filled with water below

the interface than above it to establish similar fluxes (specific

discharges). Philip (1957a) demonstrated that the steeper the decrease

in hydraulic conductivity with decreasing moisture content, the steeper

is the moisture gradient.

During early times of the ccmputations, the advance of the

wetting front is vertical. Nevertheless, lateral flow occurs through



84



85

Cg

d
o

o

o

o

o

6

o

o
o

o

o

o

o

••

o

6

0

i 1	 V	 f d0	 0	 0
N	 0	0	1...

133d '3ovA8ns ONV1 M0138 N1630

0



86



ors
o

o

o
co

Z

0

•-n 41n3-.

°

se)

o

o

o

o

133d 30V.41:111S ONV	M0138 H1d3C1

87



0

o

o

o

6

n .11•••

n o

C-,

-ct

17,

o

o

d

" 0	 — —
• Z

-r

0	0	0 0	0	0	0	0	0
CD	 CD

133	. 33VAI:JOS ONV1 M0138 Nic130

8 8

o

o

o



Cy

89

•••n •n•••

0
Z

cr,

o

o

8
	

I	ô	o

133	'3DVAI:inS CINV1 M013 Ei H1d30

n ••••-•,)
Z

0

o
co

o



90

o

N
o

.••n •n

o

o

•
0	Cg	 I0

	
CD

0	0

133 J 3DvJans O NV1 M0138 H1d30



o

6

o

o

o

o

v.»

6

0

o

(%)	ro	 to	4o

1333 `30V313f1S ONV7 M0 138 H1d3C1

CsJ

d

•nnn ••

0

§.4

8

t-
o

91



92

6

-r

El

o

o

o

as

t-

M0138 H1d30



r—
co

c\J

0
re)

133J . 30VJ8r1S ONV1 M01313 H1d30

OD

o

Lr)

U")

o

0

0

93



94

Cg

0	0	0	0	o 0	0	0
—	CV	re)	cr.	to	to	r•-•

133 A . 30VA IdrIS ONV1 PA0138 H1d30

0
o
<



1	

o

o

95

o

o

U")

Cn1

0	
1
0 6

co

1333 1 3olidans ONV1 M0138 Hic130



133 '30 VA 10S ONV1 M0139 H1d30

96

o

o

til

(r)

o

o

o

o
u-)

-

6	o
cNi	ri)	 •cr	 tL, (1)



1 33A 3ovAans CI NV1 M0138 1-11d30

Lc)

0
(•.1	 çr	 r-	co

97

o

V)

o

o

4

o

tr)
7

o
o

k
o



r-

til

(v

a--

98

0
-

U)

It)

0
-

It)

—1__ J_-:

-n

-

8o	o	 8	o	6	 ,e	
o o

_	c..,	to	 .cr	to	 co	 r-	a>

133A 1 33V32:11-1S ONV1 M0138 H1c130

In

-



99

o
U")
CV I.0

<

U)

oc.,

Q

0
0

0
.0
7
-

1'-

0 • --" -3—	
0

Z

o—
1

o

-

oc.,

- -

ll,

-

Ul

<

0
.0
0

o
7

-

o
-

o
I

0
-

-

— — ,— N
—

—, — vr

6	6	I ,s 
0 
	̀lr

0
Cr	 it,	 WI	 r...	 oa

133 d i 3OVJHrIS CI Ntil M0138 Hid30

-

0
N

6
ro



o
cv

.—.11.

W)

0
cv

1

o
T

W)
-

—

a

in

LO—

-

I	 I	 1
0	0	0	0	0	0	0	0

—	CV	 re')	 .:1-	 in	to	t---	 co

1.33.4 13o v3a ns 0 NV1 M0138 H1d30

-

o

-

100

In
CV
t



101

o

o

IC)

o

tO

o

••n

0	0	0	 0	 0	0	 0	0	0
fnJ	 r41	 az

133 1 33VJUflS ONV1 M0138 H1d3G

o
o



133A '33 v38ns aNvi M0138 H1d30

102

IL)

o
4-)

t3)

8

o

0
ro

0

0

11)

to	 0

11)

—

o	6	6
•	

to	 r-	co



o

103

11.0 —

Advance of the wetting front
front below node 161:

Vertical velocity from 0 to 10 feet is 21.5 Ft/hr
Vertical velocity from 10 to 12 feet is 0.04 Ft/hr

10.5

10.0 —

9.5 —

9.0 —

8.5 —

8.0 Ii	III I III
0.0	0.5	1.0	1.5	2.0	2.5	3.0	3.5	4.0	4.5

Time
	

in	hours

Figure 41. Position and advance of the wetting front below node 161
after 3 hours of simulation.
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the low-flow channel and the river banks. Although not shown on any

figures, the wetting front and the region of saturation (zero pressure

head) reached the water table below the low-flow channel at 132 hours.

Thus, the wetting front moves vertically within Soil C at a rate of

0.66 ft/hour. Apparently, below the river bed the profile is saturated

or nearly so. Figure 23 clearly depicts at the lower-left side of the

region that lateral water movement took place, but it ceases due to the

sharp reduction of head in the river channel. In addition to the fLunt

movement in the loamy soil (Soil C), the vertical wetting front

velocities computed from the simulation for Soils A and B are 21.5 and

0.04 ft/day, respectively. The high speed of the wetting front within

the domains of Soil A is directly related to the 8.3 feet constant

pressure head applied on the soil surface and to the initial 13 percent

moisture content considered in the system. These results resemble the

conclusion given by Akan and Yen (1979) while performing some computer

simulations. They showed that the wet front velocity within a rela-

tively dry soil depends on both the hydraulic conductivity of the soil

and the constant pressure head applied on the surface. The difference

in wetting front velocities permits one to conclude that the effect

produced by the perching layer is considearable. Similar results that

support these findings were presented by Eagleman and Jamison (1962)

and Miller and Gardner (1962). I should emphasize that the hydraulic

properties of the soil during the simulations were extracted from the

experimental data given by MUalem (1976) using the wetting curves.

This ensures that the prediction of the wetting front during the

infiltration process is fairly acceptable for many practical purposes.
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Table 2 gives the position of the front, denominated for

purposes of this study as "perched mound position", for the seven

computer runs during the Deomber 15 to December 18, 1967 event. This

"perched mound position" was the key control parameter during the

calibration procedure. Based on the distance traveled by the mound

during the 3-day trial simulations, it was decided to detain or

continue with the computations. The idea behind this is that if the

mound was already more than half way along the perching layer (i.e.,

more than 400 feet), the execution of the program was stopped before

the onset of the "Bathtub effect". This phenananan will be thoroughly

addressed within the next two sections.

Redistribution of Soil-Water

Computed water content and pressure head distribution at

various times after the start of the final simulation (Figures 22-40)

showed that after the cessation of induced infiltration at the end of

the 10-day flood event, water drained initially from the soil near the

surface. This caused a zone of relative maximum water content, ini-

tially at infiltration depth, moving down the profile with increasing

time and gradually diministrUxj, as it was stated by Dane and Wierenga

(1975). Youngs (1958b) pointed out that the amount of water draining

from initially wetted top soil was less with steeper slopes of the

pressure head-hydraulic conductivity-water content relationships. This

effect is displayed in Figures 23-25 and 32-34. The wetted parts of

the profile at depths between the 20-35 and the 70-80 foot regions are

saturated or nearly so. While the lower saturated region of these
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profiles dissipates quickly, the wetness in the upper part of the

profile remains for a longer period, but mainly as a response to the

perching layer effect, rather than to the slope of the characteristic

curves. Since only wetting data for the hydraulic conductivity-

pressure head-moisture content relationships were used during the

simulations, then the rate of downwand novenent stated by Staple (1966)

holds during redist.Libution stages. These results contradict the

experimental findings by Feodoroff (1966) who stated that in 'non-

inert' materials such as a loamy soil gravity has practically no

influence during infiltration.  Nevertheless, based on these results,

it seems evident that gravity strongly influences the redistribution

process.

During the movement of water within a layered profile, it is

observed that the moisture content is not continuous at the interfaces.

Haaever, the pressure head distribution (Figures 31-40) is continuous

throughout the entire flow domain. Similar results were reported by

Miller and Gardner (1962); Hanks and Bowers (1963); and Reichardt et

al. (1972). Moisture profiles and equal pressure head contours

(Figures 27-29 and 37-39) depict that as redistribution continues, the

water mound formed above the perching layer remains draining. At the

end of the simulation on January 12, the moisture and pressure head

profiles portrayed on Figures 30 and 40 are completely drained except

for the zone between 26 and 30 feet below ground surface; this area

showed a water content between 15 and 16 percent.
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The "Bathtub Effect" 

The bathtub effect is applicable to the computed results during

a given simulation. Due to the capacity of the active memory at the

CDC CYBER-175 system used, the accanplishment of this investigation was

restricted to the design of the finite element grid to be used during

the simulation. The number of nodes and the number of elements (quad-

rilaterals and/or triangles) could not exceed a specific calculated

limit. Based upon this, the size of the flow domain to be investigated

by UNSAT2 was defined. Thus, the lower boundary is placed a few feet

below the water table, the upper boundary is delineated by the stream

and the ground surface, the left side boundary is defined by the

vertical axis of the river, and the right hand side boundary demarcated

at a finite distance from the center of the stream. All of these

procedures made the system closed. If the simulation is performed for

a long period of time the artificial boundaries will preclude water

from leaving the modelled area through the bottom and the sides (Wilson

et al., 1987). The bathtub effect also occurs in nature (but probably

to a lesser extent), when subsurface flow in channel alluvium is

restricted by adjacent less permeable materials.

Analyses of the results obtained from the first six trial

simulations showed that if further computer runs are attempted, this

effect will take place and thus the results could be misinterpreted.

However, a close analysis of the results obtained from the seventh

simulation shows this effect at about 165-175 hours, that is at the end

of the 240-hour flood event when the head on the river is in the

recession stage. Based on the extension of this effect, it seemed to
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me that the results were just barely affected by the imminent, but not

prolonged, artificial accumulation of water.

Comparison of  Experimental versus
Simulated Moisture Profiles

The most important objective pursued in this study is thor-

oughly examined in this section. The primary points are dedicated to

the comparison of the water content profiles obtained during an

experiment versus the  as obtained from the computer model UNSAT2.

Moisture content profiles in materials immediately beneath the WRRC

field site were obtained by way of access wells 7 and 8. The profiles

were acquired using a neutron moisture logger before the runoff event

commenced in the Santa Cruz River during December 1967-January 1968.

The experimental profiles showing the water content distribution (cubic

feet/cubic feet) are given as a continuous function of depth below land

surface in Figures 7 to 12. Because of the long dry period before

start of influent seepage from the stream, equilibrium profiles were

possible to obtain. These equilibrium profiles were considered to be

the initial condition during the simulations. Steady wetness profiles

in the unsaturated flow system were acquired on December 13 and 20,

1967 via access well 8.

The water content in the drained profiles is uniform throughout

the entire column (about 13 percent), except at 17 and 38 feet where it

shows a moisture content of 15 percent (Figure 10). An increase in

wetness immediately underneath ground surface was produced by infiltra-

tion during rainfall events. Although UNSAT2 is capable of accounting
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for precipitation events, the effects produced an subsurface flow is

minimum and thus is neglected during the computer simulations. Subse-

quent logs obtained for various dates from December 22 to January 12

include the progressive and the recessive alterations during the 10-day

flood event and also the redistribution and drainage of soil-water

thereafter. Depth to the water table was about 80 feet below ground

surface when the experimental profiles were acquired.

On December 20, 1967 the second largest flood event since 1905

(Keith, 1981) took place. The maximum discharge was 16100 cfs at 11:00

PM. At this time, the gage height was 17.24 feet. This extreme

phenomenon provoked drastic changes in the vadose zone. Two saturated,

or nearly saturated, regions above the water table prevailed even after

several months of the recession period (Wilson and DeCook, 1968;

Wilson, 1971; and Everett et al., 1978). These features are portrayed

in Figures 7 to 12. It is evident that in the intermediate vadbse zone

an upper and a lower mound became visible. The first mound extends

downward through the more permeable basal portion of the uppermost

stratigraphic unit into materials of the less permeable basin fill

unit. The second mound extends upwards from the water table into the

stratified material of the basin fill unit. A detailed analysis and

comparison of the simulated and the experimental moisture profiles is

presented in the next sections. The computed results of access well 9

were omitted because neutron logs were unavailable.
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Water COntent Profiles-Access Well 7

The nine moisture profiles showing the experimental (circles)

and the simulated (solid line) results obtained from tube 7 are

displayed in Figures 42 to 44. The access well is located at 487 feet

from the center of the low-flow channel. Although the simulation was

performed for the 240-hour event, cnly the profiles to be compared are

shown. The initial profile, before the flood event occurred, was not

obtained during the experiment. The moisture content log for December

20 (Figure 42) was obtained five days after the 10-day runoff event

cannenced. The experimental profile exhibits a "mound" of saturated

materials at the region from 70 to 80 feet, as a response to the

influent seepage from the stream. Furthermore, the  vase  zone above

it was drained. In comparison, the simulated water content log for the

same day, shows the formation of a mound right above the interface

between the two stratigraphic units (See Figures 6 and 42). Compared

with the experimental log, a lower mound above the water table is

formed from about 73 to 80 feet. The total depth of water in this

profile (measured with a planimeter) was 17.76 feet. The experimental

log shows an area of 15.82 feet.

The measured log on December 22, seven days after the start of

the runoff, depicts the creation of a saturated mound from 25 to 35

feet at the interface between the alluvial and the basin fill units. A

mound below the interface was present from 50 to 80 feet. The computed

profiles (Figure 42) exhibit a saturated upper mound above the perching

layer. It extends down from 20 to 35 feet. The lower saturated mound,

showing a slight water content increase, was present below about 68
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feet. The total depths of water, measured versus ccmputed, were 22.93

and 23.46 feet.

On December 23, 1967 the experimental moisture profile shows a

very small wetness change in the lower mcunds. The total depth of

water this time was 23.95 feet. By contrast, the simulated profiles

show a decrease in the lower mound to about 72 feet, however, slight

growth of the upper mound is present (Figure 42). This time the total

depth of water under the curve increases by 1.24 feet to 24.17 feet.

This log represented the maximum (equilibrium) water content profile

developed during the computer simulation.

The December 26 wetness profile (Figure 43) obtained from the

experiment on the day after the recession period started shows a slim

increase in the lower mound depth. It now extends to the water table

from about 54 feet below ground surface. The mound created at the

contact between the two upper stratigraphic units remained unchanged.

Total water depth barely increased to 25.00 feet. The modelled moist-

ness profile depicts the effect of the recession period. This effect

is marked by the reduction in the lower mound to about 78 feet and the

upper mound decrease from the 23 to 38 foot region to the 23 to 32 foot

zone. This fact proves that drainage after the peak on December 23

commenced. The maximum moisture content in the profile was about 40

percent. The total depth of water diminished to 20.91 feet.

Furthermore, the experimental profiles for various dates from

December 28 to January 12 (Figures 43-44), shows that the lower mound

increases gradually to a depth about 43 feet. At this point, the mound

is at its maximum development during the recession period. However,
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the upper mound is reduced from the 26 to 36 foot region to the 28 to

34 foot zone but it increased the moisture content to 44 percent (the

maximum attainable). The total depth of water diminishes slightly from

24.82 feet on December 28 to 23.95 feet on January 2. This demon-

strates that imminent drainage from the upper to the lower strati-

graphic unit is taking place at small rates.

In comparison with the experimental, the simulated December 28

to January 2 wetness profiles show that the upper mound at the inter-

face between the two lithologic units further reduces its moisture

content from a maximum of 35 to about 25 percent (see Figures 43 and

44). Further, drainage from this mound through the interface between

the two upper materials is notable. The lower mound remains somewhat

stable except for the January 2 profile which shows a slight increase

perhaps due to the drainage process. Water depth in the profiles is

reduced from 19.44 to 17.30 feet.

The last two moistness profiles (the e›:perimental logs), of

January 5 and 12, danonstrate that drainage of water from the profiles

occurred at higher rates. The upper mound is reduced from the 29 to 36

foot zone and shifted dammaa7ti below the interface to the 33 to 38 foot

region (Figure 44). The maximum wetness in these profiles for the

dates mentioned is about 41 and 25 percent, respectively. Drainage is

markedly affecting the redistribution of moisture in the vadose zone.

The lower mound, in contrast with the ones mentioned in the last

paragraph, reduces its depth from 43 to 47 feet below land surface.

That is, a saturated or almost saturated thickness of 37 and 33 feet
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was noticed above the water table. Total depth of water changed from

23.12 to 20.44 feet.

Finally, the January 5 and 12 water content profiles obtained

during the simulation responded in a similar manner as the experimental

ones. The upper and the lower mound further manifested the effect of

water percolation into the basin fill stratigraphic unit. Moisture

values of 23 and 18 percent were the maximum computed values. Total

depth of water for the dates shown was 15.85 and 14.83 feet, a decrease

of 1.45 and 2.47 feet, respectively.

Water Content Profiles-Access Well 8

Representative water content profiles obtained at access well

8, located at 557 feet from the center of the stream channel, and the

computed logs are exhibited in Figures 45 to 47. The circles depict

the experimental data and the continuous line delineate the moisture

values obtained from the computer simulation. The first moisture log

was obtained on December 13, 48 hours before the 10-day flood event

started. Note that the profile (Figure 45) was completely drained,

except for the region around 17 and 38 feet where moisture was 15

percent. The moisture distribution just before the onset of the

simulations is also shown in the same profile. This moisture distribu-

tion, as mentioned before, served as the initial water content during

the earliest stage of the simulation. The total water depth was 13.07

feet.

Subsequent water content profiles obtained for specific days

show a similar response to the runoff event as those pictured and
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described in detail in the foregoing section. For example, the

December 20 and 22 profiles (Figure 45) remained unchanged except for

an increase in moisture, at a depth of 35 feet, to about 15 percent,

and at the top to about 17 percent. The total depth of water in the

profiles was approximately 13.24 feet. In contrast to the measured

logs, the simulated profiles (Figure 45) for the same days show the

formation of an upper mound at the interface between the two upper

stratigraphic units. The maximum wetness at the region between 23 and

28 feet was 26 percent. This reflects not only the celerity of the

flow in the coarser materials, but also the lateral water flow motion

caused by the less permeable (perching) layer. The lower mound also

became apparent in December 20 and increases by December 22. The depth

to the mound at 168 hours after induced infiltration initiated was

about 73 feet. The total depth of water shows an increase of 5.65 feet

over the initial profile. Notice that the profile for December 20 was

taken during the largest stream discharge (16100  cf  s).

Further increases in water content are observed in the experi-

mental profiles from December 23 to December 30 (Figures 46 and 47).

The upper mound reaches its maximum development on December 28, three

days after the recession period commenced. At this point, the satu-

rated part of the mound was 7 feet thick and the thickness correspond-

ing to a water content of 26 percent was 12 feet. By contrast, the

simulated water content profiles (December 23 to 30) showed that the

upper mound at the interfacial region between the two upper layers

attained its maximum wetness (37 percent) one day after the flood event

ceased. However, the behavior of the lower mound was opposite to that
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of the upper mound because it grsaually diminished (Figure 47). The

depth of water for the same date was 18.8 feet. Thereafter, the upper

mound started to drain into the basin fill unit as is depicted on the

profiles for December 28 and December 30. The maximum water content of

the 25 to 29 foot region, on December 30, was 23 percent. For the same

period, the simulated maximum depth of water in the profile decreased

progressively from 18.8 to 15.42 feet. Further changes in the measured

water content profiles on January 5 and 12 are displayed in Figure 47.

The effect of the recessional period was more pronounced in the dissi-

pation of the former saturated upper mound to a region from about 33 to

39 feet with a maximum water content of 26 percent. While the upper

region drains, the lower mound decreases from a depth of 40 feet on

December 30 to about 50 feet on January 12. At last, the simulated

January 5 and 12 water content profiles are shown in Figure 47. The

region from about 25 to 30 feet contained a bulge of water on January

12 with a maximum moisture of about 17 percent. The lower mound

vanished at this time. The total simulated depth of water on the

January 12 log was 14.74 feet, an increase of 1.67 feet with respect to

the initial depth on December 15.

Discussion of the Simulated Water Content Profiles

The simulated results suggest that the formation of an upper

and lower mound is prevalent in the highly sLLatified alluvial deposits

underlying the WRRC field site as a response to the influent seepage

from the Santa Cruz River. As indicated before, because of the

hydraulic properties of Soil A, the wetting front underneath the stream



122

channel deposits moves very rapidly (see Figure 41). As a result, the

percolated water from the river reaches the perching layer (Soil B) in

less than an hour and its downward journey is impeded at this inter-

face. Consequently, greater energy gradients in the horizontal direc-

tion built up and lateral flow took place. The calculated lateral flow

rate, based on the pressure head distribution (Figures 31 to 40) and on

the moisture distribution contours (Figures 22 to 30), suggest that the

upper perched mcund moves above the interface at an approximate rate of

130 ft/day. Field observations within the same limits by Wilson and

DeCbok (1968), suggested that the celerity of the recharge wave during

influent seepage from the Santa Cruz River was between 100 and 150

ft/day. Later observations by Wilson (1971) reported that the lateral

flow rate at the front of the mound during a Pit Recharge test was

about 180 ft/day. Thus, the simulated velocity of 130 ft/day falls

between the observed values.

Furthermore, in later stages of the simulation, percolation of

water from the upper stratigraphic unit, even though at small rates,

joined the mound formed at the interface. At this time, water commen-

ces its downward movement until it reaches the water table where

gravity slightly diminishes its effect. As a result, horizontal

gradients became more important, and water starts traveling horizon-

tally in the lower stratigraphic unit. This process accelerates the

formation of a lower mound. Wilson (1971) observed that the region of

about 8 feet (i.e., Figure 47) between the two water formations, once

the lower mound was entirely developed, served only as transmission

zone. The simulation suggests that once the lower mound was at its
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maximum (i.e., Figure 42) the transmission zone was three times larger

(23 feet). In reality, this difference between the measured and the

computed values is explained by the presence of fine, less permeable

materials, not accounted for during the simulations, in the region from

70 to 80 feet (Osborne, 1969). Later on, Wilson (1971) found that free

downward movement into the water table may be impeded by this strati-

graphic unit (Soil C).

Meximum water content along the profiles were observed on

December 23 (Access well 7) and on December 26 (Access well 8). The

lateral extent of the upper mound reached its maximum at about 551 feet

on December 22, as depicted in the pressure head and water content

distribution contours (Figures 23 and 33). This equilibrium stage was

achieved two days after the maximum head was imposed on the stream

channel. The beginning of the recession period thereafter results in

the desaturation of the previously saturated materials in the vadose

zone, and in the reduction of the upper mound extent. Water drained at

relatively slow rates from the upper mound into the basin fill mate-

rials. However, after December 25, when the intake rate was discon-

tinued, the water drained much faster. The drainage rate in the lower

mound was much higher than that of the upper mound. This response is

clearly shown on the January 5 water content profiles (Figures 44 and

47). The upper mound was still draining while the lower mound had

already dissipated. By the end of the simulation, the water content

profiles corresponding to access well 7 and 8 were completely drained

except for the upper mound that remained at the interface between the

two lithologic units showing a maximum moisture content of 18 and 17
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percent, respectively. The total depth of water in the profiles, given

as the total area under the curve, was used only to compare the

increases and decreases in the subsurface flow regime during the

progressive and recessive stages of the infiltration process.
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

The two-dimensional saturated-unsaturated subsurface flow model

UNSAT2 was used to test its applicability based on measured subsurface

flow patterns from a stratified alluvial deposit. Water content

profiles were obtained at the WRRC field site during the floods of

Winter 1967-1968. It has been proven that accurate information for any

individual site is necessary to obtain acceptable simulated values.

Several assumptions made during the simulation of the satu-

rated-unsaturated flow system have hidden the exact nature of some of

the complex processes involved in soil-water movement. Among the

assumptions made in this study were: (1) two-dimensional flow system,

(2) homogeneous, albeit anisotropic, material properties, (3) sharp

interfaces between any two lithologic units, (4) sparse characteriza-

tion of the stratigraphic units within the flow domain, and (5) daily

constant head on the river. Nbne of these conditions existed at the

WRRC field site.

Partially idealized physical and hydraulic properties within

the flow domain were used not only to simulate changes that occurred in

the subsurface water regime during the winter 1967-1968 at the field

site, but also to alleviate the problems caused by the aforementioned

assumptions. It is important to remember that, although the simulated

system was representing the field conditions as close as possible, the

main constraints that seem most significant are computer limitations,
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constraints on the calibration procedure, and field data available for

the ocialpixtermdel.

Even at this highly instrumented research site, data limita-

tions and lack of ability to characterize the medium properties impeded

an excellent calibration. Masurements of input parameters such as the

stratigraphic units and their positions were scattered. Although these

limitations may preclude the imminent use of a physically-based

saturated-unsaturated flow model at individual research sites, they

possibly do not impair their value at large regional scale hydrologic

problems.

General Conclusions

Despite the problems mentioned above, seven simulations were

performed using the UNSAT2 computer model. The first six simulations

were performed for the first 3-day flood event while the calibration

process was in progress. The final (seventh) simulation allowed the

compilation of the following general conclusions.

1) Two water-bearing zones were developed during the

simulated infiltration process. The uppermost water

mound was formed above the perching stratigraphic unit

at a depth of about 30 feet from the land surface.

(2) Induced infiltration was favored by the hydraulic

properties and the anisotropic nature of the upper

stratigraphic unit.

(3) The celerity of the upper mound, promoted by the high



horizontal hydraulic gradients, was calculated to be

130 ft/day.

(4) The recession period that commenced on December 21

showed that the maximum water content profiles were

obtained on December 23 (access well 7) and on December

26 (access well 8).

(5) The upper perched groundwater mound extended laterally

to a maximum distance of 551 feet from the center of

the stream on December 22, one day after the head in

the river channel was reduced.

(6) Head reduction on the stream promoted the reduction of

the volumetric water content in the upper region and

the increase in drainage rates. It was evident that

drainage rates in the lowermost zone were higher than

those in the uppermost LTegion. 	Once the induced

infiltration ceased, the dissipation of the lower mound

was exceptionally rapid.

(7) At the final stages of the simulation, the uppermost

water-bearing region almost disappeared, except for the

zone above the interface between the Alluvial and the

Basin Fill units at a depth of about 30 feet which

showed a maximum water content of 17 percent. Conse-

quently, the amount of water stored in the profile was

markedly reduced.
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Assessment of the Concluding Simulations

Many groundwater hydrologists, as well as soil scientists have

demonstrated, as mentioned in previous chapters, that saturated

hydraulic conductivities may fluctuate over several orders of magnitude

in relatively small areas. Keeping this in mind, the agreement between

the calibrated and the field measurements is reasonably acceptable.

Owing to the influence of small-scale heterogeneities not considered in

the simulations, the subsurface flow system portrayed by the computer

model UNSAT2 fails to reproduce the experimental water content pro-

files. I acknowledge that my calibration process has been less than

perfectly performed, but it is a good representation of what may be

achieved when a computer model is diligently applied to a field site

with suitable, but somewhat approximate, field data.
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APPENDIX A

BOUWER AND RICE'S (1984) APPROACH TO ACCOUNT FOR
CHANGES IN THE HYDRAULIC PROPERTIES OF A SOIL

DUE TO THE EFFECT PRODUCED BY STONES AND BOULDERS

The relation among hydraulic caNtactjmity, soil water pressure,

and water content of the Yolo Light Clay  was  used to estimate the

hydraulic properties of the Stony Clay (Soil B). In obtaining the

transformed relationship the following steps were taken.

(1) The saturated hydraulic conductivity, KS, of the Stony

Clay was calculated from the saturated hydraulic

conductivity of the Yblo Light Clay between the stones

and the void ratios of the Stony Clay and the Yolo

Light Clay alone using the following equation:

KSc Nc [ eb / es ] (A.1)

where K tic  is the hydraulic conductivity of the Stony

Clay, Et is the hydraulic conductivity of the Yolo

Light Clay alone, e b is the void ratio (volume of pores

divided by volume of solids) of the Stony Clay, and es

is the void ratio of the Yolo Light Clay.

(2) A graphical approach was used to convert the hydraulic

conductivity versus pressure head curve of the Yolo

Light Clay into a corresponding curve of the Stony

Clay. On log-log paper, the hydraulic conductivity, K,

versus soil water pressure, h, curve of the Yolo Light
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Clay was plotted. A second graph corresponding to the

relation between K and h of the Stony Clay is moved

upwards on the K versus h plot until its saturated

hydraulic conductivity (calculated in step 1) coincides

with the saturated hydraulic condUctivity of the Yolo

Light Clay. At this point, the Yolo Light Clay curve

was traced onto the graph representing the Stony Clay.

This new curve displays the hydraulic conductivity

versus pressure head of the Stony Clay (Soil B).

(3) The volumetric moisture content of the Stony Clay, W 1 ,

was calculated as:

W1 = ( 1 - V ) W 2	(A.2)

where V is the volume fraction of the stones in

the medium, and W2 is the water content (poros-

ity) of the Yolo Light Clay.

The hydraulic properties of the Yolo Light Clay and the Stony

Clay are given in detail below. The values utilized along with equa-

tions 1 and 2 are: (a) volume of stones, V, equal to 33 percent, (b)

porosity, 14 2 , equal to 0.495, (c) the hydraulic conductivity, K c , equal

to 1.453E-3 ft/day, (d) the void ratio, e b , equal 0.490 (0.33/0.67),

and (e) the void ratio, es , equal to 0.980 (0.495/0.505).



PRESSURE
HEAD

(ft H 2 0)

YOLO LIGHT CLAY

K* Kr	W2 K*

STONY CLAY

Kr

-35.00 1.43E-6	9.82E-4 0.238 7.13E-7 9.81E-4 0.159

-16.21 2.00E-6	1.38E-3 0.244 1.00E-6 1.38E-3 0.163

-13.12 3.66E-6	2.52E-3 0.257 1.83E-6 2.52E-3 0.172

-10.37 6.02E-6	4.15E-3 0.270 3.01E-6 4.14E-3 0.181

-8.27 8.85E-6	6.09E-3 0.283 4.42E-6 6.08E-3 0.190

-6.53 1.28E-5	8.78E-3 0.296 6.38E-6 8.78E-3 0.198

-5.28 1.96E-5	1.35E-2 0.308 9.79E-6 1.35E-2 0.206

-4.23 2.76E-5	1.90E-2 0.321 1.38E-5 1.90E-2 0.215

-3.28 4.36E-5	3.00E-2 0.334 2.18E-5 3.00E-2 0.224

-2.69 5.81E-5	4.00E-2 0.347 2.91E-5 4.00E-2 0.232

-2.40 7.99E-5	5.50E-2 0.360 4.00E-5 5.50E-2 0.241

-2.10 1.02E-4	7.00E-2 0.373 5.09E-5 7.00E-2 0.250

-1.84 1.30E-4	8.94E-2 0.386 6.50E-5 8.90E-2 0.259

-1.61 1.51E-4	1.04E-1 0.398 7.56E-5 1.04E-1 0.267

-1.41 1.85E-4	1.28E-1 0.411 9.27E-4 1.28E-1 0.275

-1.18 2.41E-4	1.66E-1 0.424 1.20E-4 1.65E-1 0.284

-1.08 3.31E-4	2.15E-1 0.437 1.56E-4 2.15E-1 0.292

-0.89 4.05E-4	2.79E-1 0.450 2.03E-4 2.79E-1 0.302

-0.72 5.47E-4	3.76E-1 0.463 2.73E-4 3.76E-1 0.310

-0.53 7.84E-4	5.40E-1 0.476 3.92E-4 5.39E-1 0.319

-0.26 1.18E-3	8.13E-1 0.489 5.91E-4 8.13E-1 0.328

0.00 1.45E-3	1.00E-0 0.495 7.27E-4 1.00E-0 0.332

Hydraulic conductivity, F4 values are given in ft/day.
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APPENDIX B

SAMPLE INPUT AND RESTART DATA FILES

USED DURINV THE SIMULATIONS
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INFILTRATION	INTO STRATIFIED ALLUVIUM
1837	31 1758	2 3	0 10	1 0	0

0	0 0	0 0	0 0	0 0	0
11	12 16	18 18	18 17	18 18

0.01 0.01 1.0 0.02 1.00
1.0 1.0

35.0 3.5 0.440 0.0
0.1 0.001 0.332 0.0

20.0 2.0 0.440 0.0
0.130 5.910e-5 0.160 2.270e-4 0.190 4.320e-4 0.230 3.275e-3
0.240 2.664e-2 0.280 5.000e-2 0.340 3.180e-1 0.380 5.450e-1
0.410 8.180e-1 0.420 9.090e-1 0.440 1.000e+0
0.130 35.00 0.160 23.43 0.190 16.73 0.230 11.38
0.240 10.04 0.280 6.69 0.340 3.35 0.380 1.67
0.410 0.84 0.420 0.70 0.430 0.50 0.440 0.00
0.135 0.0028 0.175 0.0045 0.215 0.0083 0.255 0.0114

0.2750 0.0159 0.295 0.0169 0.3150 0.0182 0.335 0.0200
0.3550 0.0233 0.375 0.0270 0.3850 0.0294 0.3950 0.0357
0.4050 0.0476 0.415 0.0714 0.4250 0.0500 0.4350 0.0200

0.130 9.810e-4 0.163 1.380e-3 0.190 6.080e-3 0.206 1.350e-2
0.224 3.000e-2 0.232 4.000e-2 0.241 5.500e-2 0.250 7.000e-2
0.259 8.900e-2 0.267 1.040e-1 0.275 1.280e-1 0.284 1.650e-1
0.292 2.150e-1 0.302 2.790e-1 0.310 3.760e-1 0.319 5.390e-1
0.328 8.130e-1 0.332 1.000e+0
0.130 35.00 0.163 16.21 0.172 13.12 0.181 10.37
0.190 8.27 0.198 6.53 0.206 5.28 0.215 4.23
0.232 2.69 0.241 2.40 0.259 1.84 0.275 1.41
0.292 1.08 0.302 0.89 0.310 0.72 0.319 0.53
0.328 0.26 0.332 0.00

0.1300 0.0010 0.1630 0.0029 0.1720 0.0033 0.1810 0.0040
0.1900 0.0070 0.1980 0.0076 0.2060 0.0119 0.2150 0.0233
0.2320 0.0269 0.2410 0.0304 0.2590 0.0324 0.2750 0.0350
0.2920 0.0700 0.3020 0.0421 0.3100 0.0412 0.3190 0.0368
0.3280 0.0259 0.3320 0.0115

0.130 3.318e-5 0.140 4.166e-5 0.160 1.375e-4 0.180 4.583e-4
0.200 1.208e-3 0.220 2.916e-3 0.240 6.460e-3 0.260 1.291e-2
0.280 2.583e-2 0.300 4.791e-2 0.320 8.335e-2 0.340 1.333e-1
0.360 2.083e-1 0.380 3.250e-1 0.400 4.791e-1 0.420 6.875e-1
0.440 1.000e-1
0.130 35.00 0.140 13.45 0.160 7.22 0.180 4.76
0.200 3.74 0.220 3.22 0.240 2.82 0.260 2.54
0.300 2.17 0.320 1.97 0.340 1.79 0.380 1.47
0.400 1.28 0.420 0.98 0.430 0.83 0.435 0.50
0.438 0.25 0.440 0.00
0.110 0.001 0.130 0.002 0.150 0.003 0.170 0.008
0.190 0.020 0.210 0.039 0.230 0.050 0.250 0.071
0.290 0.105 0.330 0.111 0.350 0.118 0.370 0.125
0.390 0.105 0.410 0.067 0.425 0.047 0.433 0.015
0.437 0.012 0.439 0.008

1	1 0.0 0.0 4.0 0.0
2	1 0.0 4.0 0.0
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