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CONVERSION FACTORS

For this report, the dInch-pound system of units was used. For those
readers who may prefer metric (Internmational System) wunits rather than
inch-pound wunits, the conversion factors for the terms used in this report
are listed below:

Multiply inch-pound unit By To obtain metric unit
acres 4,047 square meters
‘acre-ft (acre-feet) 1,233 cubic meters

ft (feet) 0.3048 meters

ft/d (feet per day) 0.3048 meters per day

ft3/s (cubic feet per second) 0.0283 cubic meters per second
ft/s (feet per second) 0.3048 meters per second
ft/yr (feet per year) 0.3048 meters per year
inches 25.4 millimeters

in/yr (inches per year) 25.4 millimeters per year
mi (miles) 1.609 kilometers

mi? (square miles) 2.590 square kilometers

Conversion Factors V



DIRECTIONS AND RATES OF GROUND-WATER MOVEMENT IN THE VICINITY OF

KESTERSON RESERVOIR, SAN JOAQUIN VALLEY, CALIFORNIA

By R.J. Mandle and A.L. Kontis

ABSTRACT

A three-dimensional ground-water flow
model was used to simulate ground-water
flow for a 124 square-mile area in the
vicinity of Kesterson Reservoir in the
San Joaquin Valley, California. Avail~
able data were used to calculate a
probable range of ground-~water flow
rates, but calibration and sensitivity
analysis were not done for this model.

Flow directions, as 1inferred from
measured ground-~water levels and simu-
lated hydraulic heads from all model
gimulations, indicate that regional
ground-water flow is from the south to
north. Kesterson Reservoir acts as a
recharge mound superimposed on the
regional-flow system. Ground water moves
in the horizontal and vertical direction
away from Kesterson Reservoir. Mud and
Salt Sloughs act as ground-water dis-
charge areas. Simulated ground-water

flow from Kesterson Reservoir did not
flow beyond these sloughs. Ground water
from west of Mud Slough seems to flow
west toward Los Banos Creek and east
toward Mud Slough. Ground water that
travels toward Salt Slough from Kesterson
Reservoir probably 1s lost by evapotrans-—
piration near the surface before reaching
Salt Slough. Ground water between Salt
Slough and the San Joaquin River seems
to flow north and toward Salt Slough and
the San Jodquin River. The canals and
duck ponds generally act as sources of
ground~water recharge.

A method was developed for determining
flow directions and distance traveled
in three dimensions for discrete time
increments using simulated ground-water
fluxes. Simulated average horizontal
pore velocities away from Kesterson range
from less than 0.0l to 140 feet per year.
The simulated average vertical pore
velocities range from 0.01 to 14.7 feet
per year.

Abstract 1



INTRODUCTION

Kesterson Reservoir consists of a
series of 12 evaporation ponds that are
used to store agricultural drainage
water. The agricultural drainage water
is from subsurface tile drains that carry
irrigation-return flow from about 8,000
acres of farmland. The drainage water
contains high levels of salts and trace
elements, particularly selenium, which
has caused high incidences of mortality

and birth defects in waterfowl at
Kesterson Reservoir (U.S. Bureau of
Reclamation, 1984). Drainage water that

seeps from Kesterson Reservoir to under-
lying ground water is of concern because
of possible contamination of nearby
domestic wells or surface water,
including the San Joaquin River,

The purpose of this study was to char-
acterize the ground-water flow system
in the vicinity of Kesterson Reservoir
using existing data. The approach used
was to develop a three-dimensional
ground-water flow model to simulate
hydraulic heads and rates and directions
of ground-water flow. Such a model is
a useful tool for extracting as much
information as possible on the ground-
water flow system from data that are
already available and do not require
costly field investigations to collect.
The data available for the study, how-
ever, were not sufficient to allow for
model calibration and verification, or
detailed sensitivity analysis. Thus, the
model developed and described in this
study is a first approximation of the
ground-water flow system in the vicinity
of Kesterson Reservoir and 1is not
intended for quantitative predictions.
This study is one of a series of hydro-
logic investigations of the San Joaquin
Valley being done by the U.S. Geological
Survey, 1in cooperation with the U.S.
Bureau of Reclamation, and as part of the
U.S. Geological Survey Regional Aquifer
Systems Analysis (RASA) program. These
investigations focus on assessing the
sources, distribution, movement, and fate

of selenium and other trace elements in
the hydrologic system of the San Joaquin
Valley, particularly the western part.

WELL-NUMBERING SYSTEM

Wells are identified according to their
location in the rectangular system for
the subdivision of public lands. Their
identification consists of the township
number, north or south; the range number,
east or west; and the section numbers.
Each section is further divided into
sixteen 40-acre tracts lettered consecu-
tively (except I and 0), beginning with A
in the northeast corner of the section
and progressing in a sinusoidal manner to
R in the southeast corner. Within the
40-acre tract, wells are sequentially
numbered in the order they are inven-
toried. The final 1letter in a well
identification number refers to the base
line and meridian. All wells in the
study area are referenced to the Mount
Diablo base line and meridian (M). The
illustration below shows how the well
number 7S/9E-35J1M is derived.

7S/9E-35J1M
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DESCRIPTION OF STUDY AREA

Kesterson Reservoir is in the Kesterson
National Wildlife Refuge on the west side
of the San Joaquin Valley, California
(fig. 1). The wildlife refuge is east of
the city of Gustine, and west of the San
Joaquin River. This area 1lies on the
flood plain of the San Joaquin River and
is subject to infrequent flooding. The
study area has a flat topography ranging
in altitude from less than 60 to 90 feet.
Remnants of the meandering San Joaquin
River and its tributaries traverse this
area in many places. Kesterson Reservoir
is bordered by two tributaries of the San
Joaquin River. Mud Slough 1s on the
immediate west side and Salt Slough is 1
to 2 miles to the east. The San Joaquin

River lies beyond Salt Slough, another
1 to 2 miles to the east,

The study area has very hot, dry
summers and mild, damp winters. The San

Joaquin Valley 1is in the rain shadow of
the Coast Ranges and because of this,
annual precipitation averages only 10 to
15 inches. Most of this precipitation
occurs during the winter months. The
estimated pan evaporation from pasture-
land near Kesterson Reservoir was 52.5
inches per year (California Department of
Water Resources, written commun., 1967).
Most of this evaporation takes place
during the summer months and decreases
substantially during the winter.

Geology

Continental rocks and deposits of
Quaternary and Tertiary age derived from
the Coast Ranges and Sierra Nevada make
up the bulk of the valley-fill material
in the San Joaquin Valley. These depos-
its range in thickness from virtually

0 to about 3,000 feet (Hotchkiss and
Balding, 1971, pl. 1, and Miller and
others, 1971, pl. 4). The Tertiary

sediments are predominately alluvial-fan,
flood-plain, river-channel, 1lacustrine,

and marsh deposits. These
deposits consist of sand,
and clay. The finer grained flood-plain,
lacustrine, and marsh deposits underlie
most of the study area.

types of
gravel, silt,

Where present, fine-grained deposits
would restrict vertical movement of
ground water. However, past -studies and
available data indicate that the near-
surface deposits consist of discontinuous
silts and clays and that few intervening
clay layers are between the fine-grained
surficial deposits and the underlying E
clay of Croft (1972). Miller and others
(1971, p. 28) reported that near-surface
deposits laid down in flood basins by the
overflow of the San Joaquin and Kings
Rivers consist largely of a discontinuous
layer of impervious clay and clay adobe
intermixed with river-channel deposits of
sand and gravel. In contrast, the older
and deeper flood-plain deposits are
coarser and contain less clay.

Lithologic logs from auger holes pre-
viously drilled throughout the Kesterson
National Wildlife Refuge by the U.S.
Bureau of Reclamation and the California
Department of Water Resources (U.S.
Bureau of Reclamation, written commun.,
1985) show that at numerous locations,
alluvial deposits consist entirely of
silty sand, however, at other locations,
clayey and silty beds at land surface may
be 20 feet or greater in thickness.
Below the surficial flood-plain deposits,
the older continental deposits consist
predominately of coarse-textured sands
with some silt and clay (U.S. Bureau of
Reclamation, written commun., 1985). The
only continuous clay layer found in this
area 1s the E clay mapped by Croft
(1972). Croft's E clay includes the
Pleistocene Corcoran Clay Member of the
Tulare Formation. It ranges 1in depth
from 180 feet just east of the San
Joaquin River to about 260 feet in the
western part of the study area; and
ranges in thickness from about 60 to 100
feet (R.W. Page, U.S. Geological Survey,
written commun., 1985).

Description of Study Area 3















ground-water levels are higher during the
winter (fig. 2) than during the summer
(fig. 3) and the gradient away from
Kesterson Reservoir 1s greater during
summer than the winter.

This seasonal trend 1is evident in
all of the hydrographs examined for the
Kesterson area. Figure 4 shows a hydro-
graph of water levels measured in well
8S/10E-21L4M by the U.S. Bureau of
Reclamation. The water levels fluctuate
seasonally, with highest levels generally
occurring during the late winter months
and lower levels occurring during the
late summer months. These seasonal fluc-
tuations may be largely attributed to the
cycle of flooding surrounding duck ponds
in the early fall and draining them in
the spring. Additional causes of water-

level declines from spring to fall may be
by ground-water loss through evapotrans-
piration or any undocumented ground-water
pumping in the area. As can be seen from
figure 4, this seasonal trend has taken
place for more than 30 years starting
prior to the construction of the
Kesterson Reservoir (1972) and has con-
tinued since then. Also evident 1is a
long-term rise in water levels that might
be attributed to the increase in regional

application of surface water to land
surface in the form of irrigation, sea-
sonal flooding of duck ponds, drainage

water stored in Kesterson Reservoir, or
recovery from regional pumping. This
rise in shallow water levels was measured
previously in much of the trough area on
the west side of the San Joaquin Valley
(Hotchkiss and Balding, 1971).
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FIGURE 4. Water levels measured in well 8S/10E-21L4M, 1950-85.
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MODELING GROUND-WATER FLOW

A ground-water flow model is wused to
simulate the distribution of hydraulic
head and volumetric flow rates in the
modeled area. This is done by solving
the ground-water flow equation, given
estimates of hydraulic properties of
porous materials, hydraulic stresses on
the ground-water system, and initial and
boundary conditions for the modeled area.
Details concerning the model computer
program may be found in McDonald and
Harbaugh (1984).

Governing Equation

The ground-water flow equation that is
solved, 1s for three-dimensional ground-
water flow of a homogeneous compressible
fluid through a nonhomogeneous aniso-
tropic aquifer. It is described by the
following partial differential equation
(McDonald and Harbaugh, 1984, p. 7):

3 oh 9 3h
% Kxx 3% 3 Ky 3y
3 oh dh
+ T (Kzz % S I + W (1)
where
K, K , K are the hydraulic
xx’ yy & zz

conductivity values along the
principal coordinate axes of
the hydraulic conductivity
tensor (L/T),

X,y¥,z are the cartesian coordinates
aligned with the principal
coordinate axes (L),

h is the hydraulic head (L),

SS is the specific storage (1/L),

t is time (T), and

W is a source or sink term represent-
ing volumetric fluxes per unit
volume (1/T).

This flow equation describes the flow
of ground water and does not account for
transport of solutes in the ground-water
flow system.

Boundary Conditions

Three types of boundary conditions may
be used in this model, prescribed head
(Dirichlet), prescribed flux (Neumann) or
head dependent flow (Cauchy) boundaries.
For a prescribed head boundary, a
measured or estimated hydraulic head is
assigned to boundaries where the hydrau-~
lic head in the aquifer does not change
over time. At prescribed flux bound-
aries, an estimated flux 1is assigned.
This value may represent flow into or
out of the modeled area. Head-dependent
sources or sinks are a flux boundary that
is allowed to vary as a function of the
head in the aquifer.

Head Dependent Ground-Water Sources
and Sinks

The rate of ground-water flow from
sources or to sinks may be dependent on
the difference between hydraulic head in
the aquifer and some other datum such as
the hydraulic head in a stream or drain,
or depth below land surface altitude.
These are referred to as head dependent
ground~water sources or sinks and are
used in the Kesterson model. A discus-
sion of the functioning of these head-
dependent ground-water sources and sinks
is included to explain to the reader how
water 1s added or extracted from the
ground-water system and the general
limitations of these methods.

The exchange of ground water between
a surface-water body such as a river,
canal, or pond, and the adjacent aquifer
system is controlled by the difference
in hydraulic head in the aquifer system
and the hydraulic head in the surface-~
water body, and the conductance of the
porous material between the two. The
equation representing this exchange of
ground water is (McDonald and Harbaugh,
1984, p. 209):

Modeling Ground-Water Flow 9



Q = X (ir1v - maQ) (2)

where

Q is volumetric flux between the
surface-water body and the
underlying aquifer (L/T),

K' is vertical hydraulic conductivity
of material at bottom of surface-
water body (L/T),

L is length of surface-water body (L),

W is width of surface-water body (L),

M is thickness of material at bottom
of surface-water body (L),

HRIV is hydraulic head in the surface-
water body (L), and

HAQ is hydraulic head in the underlying
aquifer (L).

Figure 5 shows a conceptualization of
the model representation of a duck pond
or river. Figure 6 illustrates how this
representation functions in the model.
If the hydraulic head in the aquifer is
above the hydraulic head in a surface-
water body, water moves out of the
aquifer at rates controlled by this head
difference and bottom-material con-
ductance. As the head in the aquifer
declines, the flow rate decreases until
the head in the aquifer equals the head
in the surface-water body. At this
point, there is no exchange of water. As
the head in the aquifer declines below
the hydraulic head in the surface-water

body, water leaks into the aquifer. The
rate of 1leakage increases until the
HEAD IN FINITE-DIFFERENCE BLOCK
POND OR
RIVER SURFACE
. . .
.. . " . :
.' [
.' L] v . A .
. [ ]
. ° .
. - L]
. . - M L]
. . * -
o .

FIGURE 5. Model representation of a duck pond or
river (adapted from McDonald and Harbaugh,
1984, fig. 34a).

hydraulic head in the aquifer declines
below the altitude of the bottom of the
surface-water body. The rate of leakage
into the aquifer remains constant as long
as the hydraulic head is less than the
altitude of the bottom of the surface-
water body. Water released from storage
from the bottom materials of the surface-
water body and hydraulic head change in
the surface-water body due to inflow or
outflow of water are not accounted for.

Another head-dependent ground-water
sink function used in this model
describes evapotranspiration losses. The
evapotranspiration rate from an uncon-
fined ground-water system may be depend-
ent on depth of hydraulic head in the
aquifer below land surface.

The equation describing evapotranspira-
tion as a head-dependent function (from
McDonald and Harbaugh, 1984, p. 318) is:

Qet = ETRATE (Ha - (SURF-EXDP))/EXDP (3)

where

Qet is rate of evapotranspiration
(L/T),
Ha is hydraulic head in the
aquifer (L),
ETRATE is maximum rate of evapotrans-
piration (L/T),
SURF is elevation of evapotranspira-
tion surface (L), and
EXDP is depth below the evapotrans-
piration surface at which
evapotranspiration ceases (L).

Figure 7 illustrates that when the
hydraulic head in the aquifer is at or
above the evapotranspiration (ET) sur-
face, ground water is lost at the maximum
ET rate. As the hydraulic head in the
aquifer declines, the ET rate decreases
until the critical ET depth (EXDP) is
reached. When the head in the aquifer
is at or below this depth, there is no
evapotranspiration. The source of water

lost through ET is the ground-water
reservoir. The model does not extract
evaporation from surface water and

thereby decrease the water level in the
surface-water body.

10 Ground-Water Movement, San Joaquin Valley, California



HEAD (h) IN THE FINITE-DIFFERENCE BLOCK

h >HRIV

RBOT< h < HRIV

RBOT

h< RBOT

Stage in duck pond or river

Slope is conductance of
bottom material in duck
pond or river

Altitude of bottom
of duck pond
or riverbed

Into the aquifer

Out of the aquifer

LEAKAGE THROUGH BOTTOM OF DUCK POND OR RIVERBED

EXPLANATION

HRIV is head (stage) in the duck pond or river
RBOT is altitude of the bottom of duck pond or riverbed

FIGURE 6. Head dependent ground-water source or sink function (adapted from
McDonald and Harbaugh, 1984, fig. 37).
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T\Maximum ET rate

ET surface

™~ ET rate

Maximum ET rate
Extinction depth

Slope =

:4—— Extinction depth —»I

Extinction elevation

HEAD (h) IN THE FINITE-DIFFERENCE BLOCK

l«—FET rate=0

EVAPOTRANSPIRATION (ET)

FIGURE 7. Evapotranspiration as a function of head in the aquifer
(from McDonald and Harbaugh, 1984, fig. 42).
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Numerical Methods

In problems where aquifer geometry and
hydraulic properties cannot be idealized,
an exact solution to equation 1 cannot be
found. An approximate solution can be
obtained using numerical methods such as
finite differences. The derivations of
the finite~difference approximation to
equation 1 1is found in McDonald and
Harbaugh (1984).

The slice-successive-over-relaxation
(SSOR) method and the pre-conditioned
conjugate gradient (PCG) method were used
to solve the finite-difference equations
numerically. The PCG method was used in
certain transient simulations in which
SSOR failed to converge. A description
of the SSOR method is in McDonald and
Harbaugh (1984, p. 432) and the PCG
method is in Kuiper (1981).

MODEL DESIGN AND DEVELOPMENT

Finite-Difference Grid

The modeled area is shown in figure 8.
The modeled area covers 124 square miles
and includes more than just the area in
the immediate vicinity of Kesterson
Reservoir. This was done to include more
of the regional ground-water flow system
in the model.

The finite-difference grid used for
this model (fig. 8) consisted of 78 rows
by 67 columns, or 5,226 nodes per layer.
A variable grid spacing was used so that
a small grid spacing of 500 feet could be
used in the Kesterson Reservoir area and
increased to 4,000 feet in outlying areas
where a high degree of detail was not
required.

Three layers were used to represent the
unconsolidated material above the E clay.
The thickness of material above the
E clay ranges from 180 feet to about 260
feet. An average thickness of 220 feet
was used to represent an approximate
total thickness of deposits above the E
clay. One layer was used to represent
about 20 feet of fine-grained unconsoli-

dated materials found at or near 1land
surface. The 20-foot thickness is an
approximation. Lacustrine and marsh
deposits in this area may be greater than
20 feet in some instances, but may not
exist in others. Each of the bottom two
layers were 100 feet thick to represent
the remaining coarser-grained material
above the E clay. -

Estimation of Vertical Hydraulic
Conductivity for Streambeds,
Canals, and Pond Bottoms

Estimates of vertical hydraulic conduc-
tivity (Kv) for the canals, streambeds,
and pond bottoms represented in the model
were derived from infiltrometer tests
done by the U.S. Bureau of Reclamation
and the California Department of Water
Resources. Other sources of estimates
were from calibration results from two
model studies in the San Joaquin Valley
by the U.S. Geological Survey and seepage
studies done at Kesterson Reservoir by
the U.S. Bureau of Reclamation.

Fifty-six infiltrometer tests were made
by the California Department of Water
Resources. Nineteen l-foot diameter
infiltrometers were placed in existing
small duck ponds in the study area. They
were then filled with water from the pond
so that a head differential of about
1 foot existed between water inside and
outside. Several measurements usually
were made during a period of 5 to 10
days. The remaining 37 infiltrometers
were placed in areas not covered by duck
ponds. Water for these infiltrometers
was taken from Salt Slough. All water
used in the infiltration studies was
assumed not to appreciably affect soil
permeability.

The 33 infiltration tests made by the
U.S. Bureau Reclamation were done by
their standard methods, as described in
U.S. Department of the Interior (1978,
p. 81-93). 1In this technique, a 42-inch
diameter hole is excavated to the test

zone. The test area is inside an 18-inch
cylinder. Two piezometers and two
calibrated tensiometers are wused for
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checking water levels and the degree of
saturation. A float apparatus is in-
stalled for maintaining a constant 6-inch
head in the cylinder. Estimates of Kv
from all infiltrometer tests ranged from
1.3x10° 8 to 1.4x10™* ft/s.

Another estimate of Kv was made by the
U.S. Bureau of Reclamation (written
commun., 1984) by determining seepage
rates out of individual ponds at Kester-
son Reservoir. Estimates of pond seepage
were calculated by subtracting estimated
net evaporation from measured changes in
pond storage.

Changes in pond storage were estimated
using preliminary area-capacity curves.
Net evaporation was estimated by the U.S.
Bureau of Reclamation to be 3 to 4.5
ft/yr based on pan-evaporation measure-
ments at Kesterson. During 1982, the
total seepage from Kesterson was esti-
mated to be 4,200 acre-feet (U.S. Bureau
of Reclamation, written commun., 1984).
The total pond area is about 1,200 acres.
The seepage rate was calculated to be

1.1x10 ft/s. More recent estimates
(U.S. Bureau of Reclamation, written
commun., 1985) indicate that seepage

rates from Kesterson Reservoir may be
1.4x10" 7 ft/s.

Estimates of Kv for river and slough
bottom material were obtained from Page
(1977) and Londquist (1981). These range
from 5.2x10° 8 to 5.2x10 % ft/s and were
derived from calibration of digital
flow models on the east side of the San
Joaquin Valley.

A range of Kv values including the
results of the infiltrometer tests and
the seepage studies at Kesterson Reser-
voir were used in the model for the fine-
grained material in the top 20 feet of
sediment. This included the bottoms of
ponds at Kesterson Reservoir, unlined
canals, and duck ponds. These range from
1.3x10 8 to 1.4x10""* ft/s. The values of
vertical hydraulic conductivity used for
the river and slough bottom material were
those derived from Page (1977) and Lond-
quist (1981). All values for Kv used in
the model are included in table 1.

TABLE 1.--Values of horizontal (Kh)
and vertical (Kv) hydraulic
conductivity used in model
simulations

Hydraulic conductivity

Model parameter (ft/s)
Low High
Kh £0r 1a¥er 1 vevvvovvsonecnns 5.8x10°7 ' 1.8x10”*%
Kh for 1ayer 2 .ceeeeececcoanas 1.2x10° 3 9.9x10™ *
Kh for layer 3 ....ceevveneenns 1.2x107° 9.9x107%
Kv/b between layers 1 and 2 ... 4.6x10° 2 9.6x10" 7
Kv/b between layers 2 and 3 ... 1.2x1078 9.9x10" 7
Kv for ponds and canals ....... 1.3x1078 1.4x107%
Kv for rivers and sloughs ..... 5.2x10 8 5.2x10° "

Estimation of Horizontal and Vertical
Hydraulic Conductivity for Model
Layers 1, 2, and 3

The estimates of horizontal hydraulic
conductivity of the alluvial deposits
were obtained from auger tests made with-
in the model area and from calibration
results of digital models developed for
the San Joaquin Valley. Fifty-two auger

tests were done in the wvicinity of
Kesterson Reservoir by the California
Department of Water Resources (written

commun., 1967). Because of the instabil-
ity of the saturated soil material, some
boreholes collapsed, making open borehole
permeability tests difficult. In these
cases, the permeability tests were domne
using 2-inch diameter well points pushed
into the material in the bottom of the
auger hole. As a result, the material
measured in these tests represent an
aggregate of material penetrated by the
auger hole. The method of conducting
the permeability test in the open auger
hole consisted of pumping two or three
bore-hole volumes of water out of the
auger hole to remove the smearing on
the bore-hole wall caused by the auger.
After water levels had stabilized, the

"bore hole was pumped dry and the water-

level recovery with time was measured.
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Gravity or low pressure permeability
tests were done in the 2-inch diameter
piezometers installed in the auger holes.
In this test, a known head or quantity
of water is added to the static column of
water in the well. The quantity of water
added to keep water levels constant with
time or the decline in water levels with
time is recorded.

The values of Kh estimated from the
auger tests ranged from 5.8x10 7 to
1.8x10" % ft/s. Most of these tests were
conducted in the top 20 feet of sediment
with only a few tests measuring the
hydraulic conductivity of the deeper
material. From this limited data there
does not seem to be a vertical trend to
these estimates. Low and high values of
Kh were in the shallow and deeper sedi-
ments. Low values of Kh were assigned to
the finer grained surface material and
higher values to the deeper material
since it tends to be more coarse grained.
This was based strictly on gross 1litho-
logic variations and not a statistical
analysis of data. A single value of
hydraulic conductivity was assigned to
each aquifer layer because information
was not available to identify spatial
trends in Kh within any aquifer layer.

Hydraulic conductivity values ranging
from 5.8x10° 7 to 1.8x10 * ft/s from the
auger tests were used for aquifer layer
1, and 1.2x10°° to 9.9x10"* ft/s, from
the auger tests and digital models
(Londquist, 1981 and Williamson and
others, 1985) were used for aquifer
layers 2 and 3. The vertical hydraulic
conductivity for each model layer in the
model was assumed to be one-tenth the
horizontal hydraulic conductivity used
for that simulation. Data were not
available to describe the ratio of verti-
cal to horizontal hydraulic conductivity.
This anisotropy ratio was based on the
lithologic description of the unconsoli-
dated deposits. These deposits consist
predominately of sand with some salt and
very few clay zones.

Estimation of Vertical Hydraulic
Conductivity for E clay

Estimates of Kv for the E clay were
obtained from Page (1977). A value of
1.1x107 10 ft/s was used in the prelimi-
nary model for Modesto, California (Page,
1977). Other estimates of Kv for the
E clay were obtained from consolidation
tests on cores from well KR-205A. These
values were 2.2x10710 and 6.6x10° 1! ft/s.
The value of vertical hydraulic conduc-
tivity from Page (1977) was wused in
estimating the vertical flux across the
E clay from the lower-zone aquifer to the
upper-zone aquifer.

Estimation of Specific Yield

Estimates of specific yield are needed
for simulations in which the hydraulic
head in the aquifers varies with time.
Estimates for specific yield from aquifer
tests are mnot available in the study
area. Specific yield is generally 0.0l
to 0.30 (Freeze and Cherry, 1979).
Londquist (1981) and Page (1977) used a
specific yield of 0.07 to 0.17. Specific

yield estimates used 1in the Central
Valley model (Williamson and others,
1985) ranged from 0.10 to 0.15. 1Initial

estimates used in the Kesterson model are
0.10 for all aquifer layers, and were not
varied during subsequent simulatioms.

Boundary Conditioms

Prescribed flux boundaries were used
around the entire perimeter of the model-
ed area (fig. 8). Boundary fluxes were
estimated from water-level maps prepared
by the California Department of Water
Resources for the years 1981 through
1983. Head gradients across model bound-
aries were estimated from these maps,
assuming  the same  horizontal head
gradient for each model 1layer. These
head gradients, together with estimates
of thydraulic conductivity and cross-
sectional area of the model boundaries
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were used to calculate ground-water flow
rate across the model boundaries wusing
the following equation:

3

- L -
Q = f (K A) T L=1234 (4)

where

Ql is flow rate across 2th model
boundary (L3/T),

A 1is cross-sectional area of the nth
model layer (L2?),

K is initial estimate of hydraulic

conductivity for aquifer layer n
(L/T), and

dH

T is head gradient across 2th model
boundary (dimensionless).

Estimates of seasonal ground-water flow
across model boundaries were calculated.
These estimates varied slightly from year
to year and from season to season. Flow-
rate estimates were slightly greater for
fall than for spring. Average flow rates
(shown in table 2) were calculated for
1981-83 because flow differences between
seasons were small and not consistent
along all boundaries.

TABLE 2.~--Average ground-water flow
rates for each model boundary

Flow rate

Boundary No. (££3/s)

0.18
.39
-.08
.92

AW -

The top of the E clay makes up the
bottom boundary of the model. This clay
is not impermeable but has a relatively
low vertical hydraulic conductivity. The
magnitude of flow rates across this clay
will be controlled primarily by this low
vertical hydraulic conductivity. The
direction of flow will depend on the
relative head differences above and below

the E clay. In the study area, four sites
at which wells were completed were above
and below the E clay. These were well

numbers 8S/10E-6R23M, -6R22M, -5P21M,
-5P20M; KR-203A-B and KR-205A-B. of
these, only wells 8S/10E-6R23M, -6R22M,

-5P21M, and -5P20M were measured at the
time of this study. Head data from these
four wells show that the head gradient
across the E clay is from above the clay
to below the clay, indicating downward
flow. The vertical head difference
ranged from 0.6 to 10.4. Hydraulic-head
measurements from these wells are listed
in table 3. These data show a seasonal
trend in the head gradient across the
E clay. The minimum value was in April
and the maximum in July. There may be a
recovery in hydraulic head below the E
clay during winter months so that the
head gradients reverse and ground-water
flow is upward through the E clay. Water
levels had not been measured in the wells
for the winter months at the time of this
study.

TABLE 3.--Measured hydraulic heads
in piezometers above and below
E clay

Above E clay Below E Clay

(feet) (feet) Difference

L (feet)
ocation No. . 8S/10E-6R23M  8S/10E-6R22M

USBR No. ....... KR-201B KR-201A

Depth (feet) 206.5 324.3

4-30-85 ...0cene 67.4 66.8 0.6
5-29-85 ..iiunnn 65.5 60,2 4.3
6-25-85 ......0 64.6 57.4 7.2
7-31-85 ceoenann 64.0 53.6 10.4

TABLE 3.--Measured hydraulic heads
in piezometers above and below
E clay--Continued

Above E clay Below E Clay

(feet) (feet) Difference

Location No. ... 8S/LOE-SP2IM  8S/1OE-5P20M (feet)
USBR NO. ..cvn.. KR-202B KR-202A

Depth (feet) ... 216.0 324.7

4-30-85 .enn... - 66.0 -
5-29-85 ........ - 60.7 -
6=25-85 unren.. 66.3 58.5 7.8
7-31-85 eennn... 65.4 55.4 10.0
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The flux across the E clay for each

node in the bottom model layer was
calculated by:
AH
= * * ——
U,5,3 K F A Y ® (5)
where
Qi . is flow rate assigned to node
533

i,j, in layer 3 representing
flow across the E clay (L3/T),

K 1is estimated vertical hydraulic
conductivity of the E clay

(L/T),
Ai , 1s surface area of finite-
+J difference block i,j (L?), and
AH

T is hydraulic head gradient across
E clay (dimensionless).

An estimated vertical hydraulic con-
ductivity of 1.1x10710 ft/s, a total
surface area of 3.5x10 ° ft2? (124 mi2?),
an average vertical head difference of
5.62 feet (wells KR-201B and KR-201A),
and a distance between measuring points
of 118 feet yields a total flow across
the E clay of 0.02 ft3/s. This represents
flow out of the upper-zone aquifer.

Head Dependent Ground-Water Sources
and Sinks

Rivers, Sloughs, and Canals

The San Joaquin River, Mud and Salt
Sloughs, Los Banos Creek, Santa Fe, Fre-
mont, and San Luis Canals cross the study
area. Streamflow and stage—altitude data
are not available to detail seasonal flow
in any of these surface waterways. 1In
the San Joaquin Valley, seasonal surface-
water flow characteristics are such that
flows and stages are probably highest
during the winter and spring months and
lowest during the summer and fall months.
These surface-water features were modeled
as head-dependent sources or sinks that
are present during the entire year. The
part of the San Luis Canal that delivers
water to Kesterson Wildlife Refuge
during the winter months is dry during

so that it 1is not
included in simulations covering that
time of year. Since few of the data
needed to simulate these surface-water
bodies as head-dependent functions are
available, these data had to be esti-
mated. These data are the stage of the
water body at different locations, the
altitude of stage above the channel bot-
tom, the vertical hydraulic conductivity
of the channel-bottom material, and the
surface area of the channel contained in
each finite-difference block.

the summer months,

The stage altitude and the surface area
of each of the rivers and canals were
estimated from 7.5-minute topographic
maps and from the results of elevation
surveys done for the U.S. Bureau of
Reclamation. Errors in these stage-
altitude estimates are probably within 3
to 4 feet of actual stage altitudes. The
elevation of water levels in the channels
above channel bottoms was assumed to
average 4 feet. The stage altitude,
channel area, and channel depth estimates
did not change from initial estimates
during subsequent simulations. Seasonal
stage fluctuations undoubtedly occur, but
because they were unknown, stages in
these surface-water bodies were assumed
to remain constant with time. The verti-
cal hydraulic conductivity estimates for
the canals were assumed to be the same
as results of the infiltrometer tests
and those estimated from seepage studies
at Kesterson Reservoir (table 1). The
values of vertical hydraulic conductivity
used for bottom material in the San
Joaquin River, Los Banos Creek, and Salt
and Mud Sloughs were taken from model
studies in the San Joaquin Valley (Page,
1977 and Londquist, 1981).

Estimates of channel-bottom conductance
are needed for each finite-difference
block containing a river or canal in the
model. These were calculated by multi-
plying vertical hydraulic conductivity
by the channel area in each finite-
difference block and dividing by the
channel-bottom thickness, which was
assumed to be 1 foot.
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Duck Ponds

Duck ponds cover about 18 percent of
the land surface in the study area during
the winter months. These ponds are
flooded areas that are low lying or have
earth embankments to hold in water.
These ponds are filled with imported
water in early fall and drained some time
in the spring, after duck-hunting season.
The source of this water is from irriga-
tion canals and agricultural drainage.

modeled as head-
dependent sources or sinks that are
present only part of the year. The
direction of ground-water flow depends on
the head difference between water levels
in the duck ponds and the hydraulic head
in the underlying aquifer. The rate of
flow is largely dependent on the vertical
hydraulic conductivity of the material
making up the bottom of the duck ponds.
The water levels of the duck ponds were
unknown for the 124 mi? surrounding
Kesterson Reservoir. Using 7.5-minute
topographic maps, altitude surveys done
for the U.S. Bureau of Reclamation, and
aerial photographs, the average altitude
of land surface and areal extent of each
duck pond were estimated. There was some
uncertainty in determining whether all
flooded areas should be explicitly simu-
lated in the model. Certain low-lying
areas flood during the winter and spring
months because of ground-water seepage or
overland runoff. These areas, covering
about 10 percent of the land surface in
the study area, were not simulated using
head-dependent source or sink functions.
Instead, these areas remained active and
simulated hydraulic heads were allowed to
rise above land surface.

Duck ponds were

Each duck pond, when full, was assumed
to contain an average of 1.5 feet of
water. The water level in each duck pond
was then estimated by adding 1.5 feet to
the average land-surface altitude for
each pond. The vertical hydraulic
conductivity for the bottom material of
the ponds were taken from table 1. The
vertical hydraulic conductance was cal-
culated by multiplying vertical hydraulic

conductivity by the area of the finite-
difference block covered by the duck pond
and dividing by the thickness of the
bottom material. This thickness was
assumed to be 1 foot.

Kesterson Reservoir

Kesterson Reservoir 1is made up of
12 evaporation ponds that are operated
throughout the year. On the average,
stage measurements made in each pond
since 1982 show that highest water levels
are generally during the winter and
spring months (U.S. Bureau of Reclama-
tion, written commun, 1984). This is the
same time of year that duck ponds cover-
ing large areas surrounding Kesterson are
flooded to attract migratory waterfowl.
After the migratory season is over, the
flooded areas are drained and the land is
used for pasture during the summer
months. Water levels in the reservoirs
generally decline and in some instances
the reservoirs were reported to be dry.

The ponds at Kesterson were modeled as
head-dependent sources that are in opera-
tion during the entire year. As with the
rivers, canals, and duck ponds, the
quantity of ground-water recharge is
dependent on the difference between water
levels in the reservoirs and hydraulic
head in the underlying aquifer. Ground-
water flow rates are largely controlled
by the vertical hydraulic conductivity of
the bottom material of the reservoirs.
The water levels in reservoirs were
obtained from weekly measurements made
by the U.S. Bureau of Reclamation since
1982, The water-level measurements used
for each pond were averaged for November
through April and May through October,
representing average winter-spring and
summer-fall conditions. Average water
levels used for the winter-spring condi-
tions are higher than those used for
summer~fall conditions for the same pond.
These average pond levels are listed in
table 4. Water levels in both cases are
higher than water levels in surrounding
duck ponds (winter only) or land-surface
elevation.
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TABLE 4.-- Average water levels in
Kesterson Reservoir ponds used
for winter-spring and summer-
fall flow simulations

Average water levels (ft)

Pond Winter- Summer-
No. spring fall
1 77.3 76.6
2 77.4 76.7
3 76.8 75.5
4 76.4 75.5
5 76.0 75.1
6 76.0 74.5
7 75.2 73.7
8 75.5 73.8
9 74.5 73.0
10 74.9 72.6
11 72.9 71.2
12 72.9 71.2

Evapotranspiration

Estimates of potential evapotranspira-
tion from grass or pasture in the Central
Valley are 52.5 in/yr (California Depart-
ment of Water Resources, written commun.,
1967). Based on average monthly evapora-
tion data, about 77 percent of annual
evapotranspiration occurs between mid-
April through mid-October. This amounts
to 40.3 inches during a 6-month period or
2.1x10" 7 ft/s. The total evaporation for
mid-October through mid-April is about
12.2 dinches. Precipitation (10 to 15
inches) occurs during this time period.
Precipitation approximately balances
evaporation so that loss of water through
evapotranspiration does not occur during
this time period.

Data needed to simulate evapotranspira-
tion are evapotranspiration rate, land-
surface altitude, and an extinction depth
below land surface at which ground-water
loss through evapotranspiration ceases.
The evapotranspiration rate was deter-
mined as described above. Land-surface

altitude was estimated from 7.5-minute
topographic maps. The extinction depth
was assumed to be 10 feet below land
surface, based on ground-water studies in

progress in southern California (W.R.
Danskin, U.S. Geological Survey, oral
commun., 1985). Evapotranspiration was

extracted only from non-ponded areas.

MODEL SIMULATIONS

Two time periods and two types of model
simulations were used to investigate the
probable seasonal change in ground-water
flow conditions. The first set of simu-
lations was assumed to be steady-state
winter-spring conditions for the purpose
of assessing average ground-water flow

conditions during the winter-spring
season, The second set of simulations
was of transient conditions during a

3-year period (April 1982 to March 1985)
for the purpose of assessing the seasonal
response of the aquifer system to the
changing water levels in Kesterson Reser-
voir, to the draining and flooding of
duck ponds surrounding Kesterson, and to
ground-water losses through evapotran-
spiration. This 3-year period is a time
period during which Kesterson Reservoir
was receiving agricultural drainage
water.

Because of uncertainty in estimates of
horizontal and vertical hydraulic con-
ductivity, and ground-water recharge and
discharge rates, two model simulations
were made to approximate a range of
probable ground-water flow rates for the
steady~-state winter-spring, and 3-year
transient simulations. The first simula-
tion used the lowest estimates of hori-
zontal hydraulic conductivities (table 1)
for each aquifer 1layer and vertical
hydraulic conductivity for the bottom
materials at Kesterson Reservoir, duck
ponds, rivers, sloughs, and canals. The
second simulation used the highest
estimates of horizontal and vertical
hydraulic conductivity (table 1). The
estimates of Kh for aquifers and Kv for
fine-grained surface materials used in
the model are shown in table 1.
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Simulation of Steady-State Winter-Spring
Flow Conditions

The winter-spring simulation included
about 6 months during which the duck
ponds are flooded and water levels 1in
Kesterson Reservoir and ground-water
levels are generally at their highest
level. Long-term average winter-spring
flow conditions are assumed to represent
steady-state conditions. These winter-
spring flow conditions were simulated
using the higher stage altitudes 1in
Kesterson Reservoir, flooded duck ponds,
no evapotranspiration, and zero specific
yield. During any year, there are no
periods during which water levels are not
changing, so that actual steady-state
conditions are not reached. But, average
winter ground-water flow conditions prob-
ably approach steady-state because the
vast quantity of imported water flooding
the duck ponds cause ground-water levels
to rise to near land surface. In low-
lying areas, water 1levels are actually
above land surface. Additional rises in
ground-water levels with time would be
small even if the duck ponds remained
filled for longer periods of time. The
difference 1in hydraulic head between
simulated winter steady-state conditions
and average winter field conditions
should then be small.

The results of the winter-spring sim-
ulations are shown as maps of hydraulic
head for model layer 1 (figs. 9 and 10).
The simulated hydraulic head distribution
for the lower model 1layers 1is similar
although somewhat smoother than the
hydraulic-head distribution for model
layer 1. For this reason, they are not
shown. The direction of ground-water
movement can be inferred from hydraulic-
head gradients. Ground water moves from
areas of high hydraulic head to areas
where the hydraulic head is lower.
Simulated hydraulic heads and inferred
ground-water flow directions for the low
and high values of hydraulic conductivi-
ties are generally similar. The major
differences are in the top model layer
(figs. 9 and 10).

Generally, the simulated hydraulic
heads decrease from south to north (figs.
9 and 10). Regional ground-water flow
directions are from the south and west
toward the north and east to the San Joa-
quin River. In the study area, ground-
water movement is from 1local recharge
areas, such as Kesterson Reservoir, duck
ponds and canals to local discharge areas
such as Mud and Salt Sloughs, Los Banos
Creek, and the San Joaquin River. .

Ground-water flow, as inferred from the
simulated hydraulic heads, is away from
the Kesterson Reservoir in all directioms
(figs. 9 and 10). East of Kesterson
Reservoir, the head gradient is away from
Kesterson Reservoir to the east—-northeast
where it seems that ground-water flow is
intercepted by Salt Slough. To the
south, ground water seems to be flowing
in a northerly direction. These simula-
tions show ground-water flow from pond 1
to the south (figs. 9 and 10). All
along the western border of Kesterson
Reservoir, the simulated direction of
flow is toward Mud Slough. The simulated
hydraulic-head gradients are relatively
steep in this area. Ground-water flow
rates are greatest here as a result.
These simulations do not show any ground-
water flow from Kesterson that moves
beyond Mud or Salt Sloughs. Ground water
flows in a northerly direction beneath
Kesterson Reservoir. This is due primar-
ily to the water-level gradient in the
Kesterson Reservoir ponds which decrease
from south to north. North of Kesterson
Reservoir, ground-water flow directions
are to the northwest toward Mud Slough
and north toward the San Joaquin River.
These flow directions are consistent with

hydraulic-head data measured around
Kesterson Reservoir (fig. 2).
Vertical directions of ground-water

flow between water bodies at land surface
and the underlying aquifer and between
model layers also were simulated. Simu-
lated vertical ground-water flow is gen-
erally downward from Kesterson Reservoir
and the duck ponds and canals to the
underlying aquifer. Simulated directions
of vertical ground-water flow beneath Mud
Slough, Salt Slough, San Joaquin River,
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and Los Banos Creek are upward from the
underlying aquifer. Ground-water flow is
also upward to low-lying areas that were
not simulated as duck ponds and to cer-
tain duck ponds whose stage was lower
than that of surrounding surface-water
bodies. Using the higher values of ver-
tical hydraulic conductivity for the bot~
tom materials in the San Joaquin River,
Mud Slough, Salt Slough and canals, these
surface-water bodies exert a dominant ef-
fect on simulated hydraulic heads and on
vertical ground-water flow rates. Using
the lower values of hydraulic conduc-
tivity, simulated vertical ground-water
flow is less because of the lower values
of vertical hydraulic conductivity.

Comparison between simulated hydraulic
heads for winter-spring flow conditions
and measured winter-spring hydraulic
heads 1is an indication of how well the
model simulates average winter-spring
flow conditions. Measured hydraulic heads
were averaged for the winter and spring

months for May 1982 to March 1985. These
comparisons are shown in table 5. The
location of wells where water—level mea-
surements were made are in figure 11.

Simulated hydraulic heads are generally
distributed evenly above and below the
average measured heads. The maximum
difference between simulated and average
measured heads is about 6 feet for both
simulations. The average absolute value
of the difference between simulated and
average measured heads is 1.5 feet for
the lower values of hydraulic conductiv-
ity and 1.6 feet for the higher values of
hydraulic conductivity. There does not
seem to be a spatial explanation for sim-
ulated heads above and below the average
measured heads. All observation wells
are located near surface-water bodies.
If the stage altitude used to simulate
these surface-water bodies are too high
or too low, the simulated heads will also
be either too high or too low. Estimated
water budgets were mnot available to
compare with simulated flow volumes.

TABLE 5.-- Comparison of simulated winter-spring hydraulic heads with
measured hydraulic heads averaged for winter and spring months,

May 1982 to March 1985

Hydraulic heads

Difference between columns

Location USBR Average Simulated Simulated
No. No. ~ measured ysing bionfy  land2 land3 2 and 3
(1) (2) (3)
7S/9E-35J1M  AP-198 68.2 67.6 69.0 0.6 ~0.8 ~1.4
-35NIM G-11 68.1 65.0 65.1 3.1 3.0 -0.1
-36J1IM ER-81IM 66.0 65.3 65.5 0.7 0.5 -0.2
-36LIM  1ID-513 66.4 67.2 68.4 -0.8 -2.0 ~1.2
-36N2M  AP-205 68.8 70.2 70.9 ~1.4 -2.1 -0.7
-36N3M DH-754 67.2 69.9 70.8 ~2.7 ~3.6 -0.9
7S/10E-31BIM AP-325 61.5 61.0 60.9 0.5 0.6 0.1
-31CIM AP-324 62.1 61.9 61.8 0.2 0.3 0.1
-31HIM AP-307 62.5 61.2 61.1 1.3 1.4 0.1
-31INIM AP-300 57.9 64.2 63.7 -6.3 -5.8 0.5
-32CIM 32C1 63.6 60.1 60.0 3.5 3.6 0.1
-32FIM G-14 61.9 61.1 61.2 0.8 0.7 -0.1
-32Q1M ER-76G 67.1 61.6 62.0 5.5 5.1 -0.4
8S/9E-11C2M  SF-2 68.5 72.9 73.9 ~4.4 -5.4 -1.0
-24C2M  SF-6A 74.2 74.9 75.5 -0.7 -1.3 -0.6
8S/10E-4DIM  4D1 65.8 62.0 63.2 3.8 2.6 -1.2
-4LIM  AP-249 67.5 63.1 64.7 4.4 2.8 -1.6
-4MIM  AP-277 66.2 64.6 68.8 1.6 ~2.6 -4,2
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TABLE 5.-- Comparison of simulated winter-spring hydraulic heads with
measured hydraulic heads averaged for winter and spring months,
May 1982 to March 1985--Continued

Hydraulic heads

Difference between columns

Location USBR Average Simulated Simulated
No. No.  measured  using ;’EéﬁgK land 2 1land3 2 and 3
(1) (2) (3) )
8S/10E-4M2M  AP-407 66.6 63.1 68.4 3.5 ~1.8 -5.3
=5AIM  AP-247 67.1 62.0 62.8 5.1 4.3 -0.8
-5EIM  AP-284 65.9 64.9 65.2 1.0 0.7 -0.3
~5GIM  AP-285 65.2 64.1 65.7 1.1 -0.5 ~-1.6
-5KIM  AP-346 67.0 66.2 69.1 0.8 -2.1 -2.9
-5LIM  AP-345 67.4 66.9 68.2 0.5 -0.8 -1.3
~-5MIM  AP-281 68.1 65.4 66.1 2.7 2.0 ~-0.7
-6CIM  AP-239 67.6 70.7 71.5 -3.1 -3.9 ~-0.8
-6HIM  AP-400 65.5 64.7 64.5 0.8 1.0 0.2
~-6LIM  AP-233 69.1 69.3 70.2 -0.2 -1.1 -0.9
-6R1IM  AP-273 66.8 66.2 66.3 0.6 0.5 -0.1
-6R2M  AP-381 66.9 66.4 65.9 0.5 1.0 0.5
-6R3M DH-760 65.7 67.0 67.0 -1.3 -1.3 0.0
-6R4M  ROW-El 67.5 67.8 68.7 -0.3 -1.2 -0.9
-7A2M  KR-5 68.7 64.4 64.5 4.3 4,2 -0.1
-7H4M  KR-6 68.5 64.7 69.7 3.8 -1.2 ~-5.0
-7H5M  KP-12 70.0 72.1 72.9 -2.1 -2.9 -0.8
-8CIM  AP-265 70.1 69.6 70.9 0.5 -0.8 -1.3
-8E2M  HA-1 71.4 72.7 72.9 -1.3 -1.5 -0.2
~-8FIM  AP-264 70.6 70.7 71.9 -0.1 -1.3 -1.2
-8K3M ROW-E2 72.3 74.1 74.5 -1.8 -2,2 -0.4
-8K4M  ROW-E2A 72.7 73.1 73.6 -0.4 -0.9 -0.5
~-8K5M ROW-E2B 72.2 72.6 73.1 -0.4 -0.9 -0.5
~-8K21M WQ-4 68.2 73.4 73.8 -5.2 -5.6 -0.4
-8NIM  AP-103 71.6 72.7 72.9 -1.1 -1.3 -0.2
~-8P2M  HA-3 73.2 74.7 74.9 -1.5 -1.7 -0.2
-9L3M  AP-405 68.9 70.1 72.3 -1.2 -3.4 =-2.2
-9NIM  AP-255 71.2 72.8 72.7 ~-1.6 -1.5 0.1
-9PIM  AP-251 71.9 71.4 72.3 0.5 -0.4 -0.9
-9QIM  AP-404 71.0 71.5 72.6 -0.5 -1.6 -1.1
-16B1M AP-403 69.1 72.2 73.2 -3.1 -4.1 -1.0
~16F3M ROW-E4 73.7 74.6 75.0 -0.9 -1.3 -0.4
-16F4M ROW-E4A 73.0 74.3 74.9 -1.3 -1.9 -0.6
~16F5M ROW-E4B 74.2 74.3 75.0 -0.1 -0.8 -0.7
~16L3M KR-21 74.2 75.4 75.8 -1.2 -1.6 ~-0.4
-17A4M ROW-E3 73.1 75.0 75.2 -1.9 -2.1 ~0.2
~-17BIM AP-168 73.1 74.8 74.9 -1.7 -1.8 0.1
~17D2M AP-139 70.8 67.1 71.7 3.7 -0.9 ~4.6
~17D3M HA-2 ~ 71.8 71.5 72.1 0.3 -0.3 -0.6
~-17E2M KR~7 72.7 72.0 73.5 0.7 -0.8 -1.5
-17E3M HA-4 72.7 75.1 75.5 ~2.4 -2.8 -0.4
-17G4M D9-W1 74.7 74.8 74.8 ~-0.1 -0.1 0.0
~-17G5M D9-W2 74.7 74.8 74.9 -0.1 -0.2 -0.1
~-17G6M D9-W3 74.8 74.8 74.9 0.0 -0.1 -0.1
-17G7M D9-W4 75.1 74.8 74.9 0.3 0.2 -0.1
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TABLE 5.-- Comparison of simulated winter-spring hydraulic heads with
measured hydraulic heads averaged for winter and spring months,
May 1982 to March 1985--Continued

Hydraulic heads

Difference between columns

Location USBR Average Simulated Simulated
No. No. measured ysing ﬁi;ﬁgx land 2 land3 2 and3
(1) (2) (3)

8S/10E-17J3M HA-6 76.8 75.5 75.5 1.3 1.3 0.0
-17M2M KR-8 72.7 71.7 72.4 1.0 0.3 -0.7
-17M3M HA-5 73.0 69.3 74.0 3.7 -1.0 -4.7
-17N3M KP-6 73.0 69.9 71.3 3.1 1.7 ~-1.4
-17PIM G-21 73.1 72.5 73.6 0.6 -0.5 -1.1
-18P1IM G-17 74.4 72.5 72.5 1.9 1.9 0.0
-20B1M AP-122 74.4 75.2 75.5 -0.8 -1.1 -0.3
-20B2M KR-10 74.9 75.3 75.6 -0.4 -0.7 -0.3
-20B3M COMPOUND 75.1 75.1 75.3 0.0 -0.2 -0.2
-20B4M KR-D4 74.9 75.2 75.5 -0.3 -0.6 -0.3
-20CIM KR-9 73.3 73.4 73.4 -0.1 -0.1 0.0
-20C2M KR-9A 68.7 72.7 72.8 -4.0 =4.1 -0.1
-20H2M KR-12 74.4 75.3 75.4 -0.9 -1.0 -0.1
-20H3M KR-D3 75.2 76.4 76.7 -1.2 -1.5 -0.3
-21B3M KR-20 74.9 76.0 76.5 -1.1 -1.6 -0.5
-21C1IM G-36 76.2 76.4 76.8 -0.2 -0.6 -0.4
-21C2M D2-W1 76.7 77.3 77.4 -0.6 -0.7 -0.1
-21C3M D2-W2 76.9 76.7 77.0 0.2 -0.1 -0.3
-21C4M D2-W3 76.9 76.6 76.9 0.3 0.0 -0.3
-21C5M D2-W4 77.1 76.6 76.9 0.5 0.2 -0.3
-21E2M D3sS1 75.5 76.5 76.8 -1.0 -1.3 -0.3
-21F1M D3S2 75.6 76.7 76.8 -1.1 -1.2 -0.1
-21GIM MD-J11 75.4 76.8 77.1 -1.4 -1.7 -0.3
-21G21M WQ-5 74.9 76.5 77.0 -1.6 -2.1 -0.5
-21H3M KR-19 75.0 76.4 76.9 -1.4 -1.9 -0.5
-21K5M KR-15 75.4 76.3 76.4 -0.9 ~-1.0 -0.1
-21K6M D1wWl 75.2 77.2 77.3 -2.0 -2.1 -0.1
~21L4M  21D4-N 75.6 72.5 76.8 3.1 -1.2 =4.3
-21NIM KR-13 75.6 75.4 75.4 0.2 0.2 0.0
-21RIM SEC-21 73.4 77.0 77.0 -3.6 -3.6 0.0
-22AIM G-26 70.0 71.8 72.1 -1.8 -2.1 -0.3
-22L1IM KR-~17 74.5 76.0 77.2 -1.5 -2.7 -1.2
-22M2M AP-135 76.6 76.7 77.2 -0.1 -0.6 -0.5
-22M5M KR-16 76.3 76.8 77.1 -0.5 -0.8 -0.3
-22M6M KR-18 74.5 76.5 77.1 -2.0 -2.6 -0.6
-22M7M D181 76.3 77.2 77.3 -0.9 -1.0 -0.1
-26PIM 26P1 74.9 76.9 79.6 -2.0 ~4.7 -2.7
-27AIM MD-J13 74.2 75.1 77.8 -0.9 -3.6 -2.7
-27A2M 27A2 - . 74.6 75.0 77.6 -0.4 -3.0 -2.6
-27A21M WQ-6 74.1 75.1 77.5 -1.0 -3.4 -2.4
-28CIM KR-14 74.3 75.6 75.9 -1.3 -1.6 -0.3
-30EIM SF-8 74.8 76.1 76.1 -1.3 -1.3 0.0
Absolute value of average difference 1.5 1.6 0.9
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Three-Year Transient Simulation

The model simulations were for a 3-year
period (April 1982 to March 1985) during
which water levels in Kesterson Reservoir
fluctuated seasonally and duck ponds were
alternately flooded and drained. During
this 3-year period drainage water was
placed in Kesterson Reservoir. The 3-year
transient simulation was done to simulate
the seasonal change in ground-water
levels and flow rates. Again, two sets
of values of hydraulic properties were
used in separate simulations to reflect
uncertainty in those data. Adjustment
of hydraulic conductivities or specific
yield were not made in an attempt to
calibrate the model.

A measure of the reliability of a
ground-water flow model i1is how well it
simulates hydrologic conditions observed

in the field. Specifically, this would
include  reproducing fluctuations in
hydraulic head due to change in the

hydrologic system or estimated recharge
or discharge rates from surface-water
bodies. The comparisons made between
simulated results and field conditions
were (1) comparing measured hydraulic
head fluctuations from April 1982 to
March 1985 with simulated fluctuations
during the same time period, and (2) com-~
paring simulated summer-fall hydraulic
heads with summer-fall hydraulic heads
averaged for April 1982 to March 1985.
Except for Kesterson Reservoir, compari-
sons between simulated flow volumes and
measured or estimated seepage in or out
of any of the creeks, sloughs, canals,
and duck ponds could not be made. These
data were not available. Seepage esti-
mates were compared with model results
for Kesterson Reservoir.

Comparison between measured hydraulic
head fluctuation for May 1982 to March
1985 with simulated hydraulic head fluc-
tuations that correspond to the same
time period are shown for 19 selected
observation wells (fig. 12).

The fluctuations in simulated hydraulic
heads generally coincide with measured
hydraulic-head fluctuations. In most
instances, the amplitude of the simulated
head fluctuation is less than the fluctu-
ation in measured head. Measured ground-
water levels fluctuate in response to
(1) draining and flooding the numerous
duck ponds in the study area, (2) change
in stage at Kesterson Reservoir, and any
other surface-water body, (3) evapotrans-
piration, and (4) any undocumented local
ground-water pumping. In the model, duck
ponds were alternately drained and
flooded from summer to winter, the stage
at Kesterson Reservoir fluctuated sea-
sonally, and ground-water losses from
evapotranspiration were included for the
summer-£fall simulation. Any other stress
on the ground-water flow system, such as
undocumented local pumping, that might
affect ground-water levels was not
accounted for.

Comparisons for some instances are not
very good. These discrepancies may be
attributed to the model simulating aver-
age winter and summer flow conditions so
that seasonal variations in stresses are
not included in the simulation. Where
local flow conditions, such as local
variation in surface-water stage, deviate
from these average flow conditions, the
simulated hydraulic heads do not compare
favorably with measured hydraulic heads.
This is true to some extent with each of
these hydrographs. Other possible rea-
sons for the difference between measured
and simulated hydraulic heads may be (1)
errors in estimating the stage of duck

ponds, canals and sloughs (wells 8S/9E-
11C2M and 8S/10E-16F3M, -8K3M, -17A4M,
-20B1M), (2) not accounting for stage
fluctuations in surface-water bodies

other than Kesterson Reservoir and the
duck ponds (wells 8S/10E-4DIM, -9F2M,
-22A1M), (3) any undocumented ground-
water pumping (wells 8S/9E-11C2M, 8S/10E-
21L4M), or (4) fluctuations in boundary
fluxes due to stresses on the aquifer
system outside the model area (wells
8S/9E-11C2M, 8S/10E-21L4M). Where hy-
draulic head comparisons are good, the
dominant factors that affect ground-water
levels have probably been accounted for.
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FIGURE 12. Comparison of measured and simulated hydraulic heads for selected observation wells,
May 1982 to March 1985.
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FIGURE 12. Comparison of measured and simulated hydraulic heads for selected observation wells,
May 1982 to March 1985 --Continued.
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In general, the simulation with the
high values of hydraulic conductivity
match measured hydraulic-head fluctua-
tions better than the simulation with the
low values of hydraulic conductivity.
The simulations with the high values of

hydraulic conductivity respond much
faster to changes 1in model stresses
represented by head dependent ground-

water sources or sinks. Specific yield,
which was 0.10, was not varied in an
attempt to improve the comparison with
measured  hydraulic-head fluctuations.

Comparison of these hydrographs indi-
cates that the simulation using the high
values of hydraulic conductivity gener-

ally results in a better match with
measured water levels. Differences
between simulated hydraulic heads for

the two simulations were often greater
than differences between simulated and
measured heads. Errors in estimating
stage altitudes and fluctuations are the
probable reason for discrepancies in the
amplitude and phase of the simulated
hydrographs relative to the measured
hydrographs and may result in errors in
simulated flow directions. Uncertainty
in estimating hydraulic conductivity does
not always result in large variations in
simulated head. However, the resulting
simulated ground-water rates may vary
considerably.

The only estimates of seepage fluxes
between surface-water bodies and the
underlying ground-water system that were
made in the study area are the estimated
seepage rates from Kesterson Reservoir.
Documented seepage studies are not avail-
able for Mud Slough, Salt Slough, the
canals in the study area, Los Banos
Creek, or that part of the San Joaquin
River that is included in the study area.
Not only are seepage rates unknown, but
~ the direction of seepage is unknown for
all cases, since ground-water levels and

surface~water stage are unknown along
each of the surface-water bodies.

Using the low values of vertical
hydraulic conductivity, the simulated

seepage fluxes out of Kesterson Reservoir

were 0.22 ft/yr. Seepage fluxes of 11.68
ft/yr were calculated using the high val-
ues of wvertical hydraulic conductivity.
These model-estimated fluxes bracket the
seepage flux estimated from measured
water-~budget data. The water-budget
estimate of the seepage flux described
earlier is 1.4x10°7 ft/s, or 3.5 ft/yr,
which is in between the low and high
hydraulic conductivity simulations.
Because of the variability in texture of
materials making up the bottom of ponds
at Kesterson, variations in the rate of
vertical flow will be great from differ-
ent parts of these ponds. In areas where
fine~grained materials predominate, the
rates will be low, close to 0.22 ft/yr.
In areas where there are coarse-grained
deposits, the vertical flux will be
closer to 11.68 ft/yr. Neither flux
applies uniformly to the entire area
covered by Kesterson Reservoir.

Simulation of Summer-Fall Flow Conditions

Ground-water flow conditions, typical
of late summer and early fall in this
area, were simulated during the transient
simulation just described to show ground-
water flow conditions when the ground-
water levels are generally lowest. In
the late spring, duck ponds throughout
the Central Valley are drained and much
of the land that was covered by these
duck ponds is used as pastureland during
the summer months. Water levels decline
in response to the draining of duck
ponds, evapotranspiration, declines in
pond stages at Kesterson Reservoir, and
probable declines in stage of the San
Joaquin River and Mud and Salt Sloughs
and any undocumented ground-water pump-
ing. During this transient simulation,
that part of the San Luis Canal that
delivers water to the Kesterson Wildlife
Refuge is dry and is not included.

The simulated summer-fall results are
shown as a map of hydraulic head for
model layer 1 for the high values of
hydraulic conductivity and for the
low values of hydraulic conductivity
(figs. 13 and 14).
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MODEL LIMITATIONS

All mathematical models which simulate
natural systems have basic limitations
when applied to hydrologic assessment.
These limitations result from such
factors as oversimplification imposed by
model assumptions and insufficient data
to reliably evaluate model accuracy.
Important limitations of the model
described in this report, which should be
carefully considered by those inter-
preting model results, are listed below.

(1) The hydrologic system has been sub-
divided into discrete space and time
increments. The minimum model grid spac-
ing is 500 feet and the minimum time step
size is 3 months. Hydrologic conditions
are spatially averaged for each finite-
difference block and averaged with time
for each time step. Ground-water flow
conditions that occur on space and time
scales that are smaller than these cannot
be simulated with this model.

(2) The uncomnsolidated continental and
flood-plain deposits have been combined
into three layers, each with uniform
hydraulic properties. In reality, heter-
ogeneities in these deposits will cause
ground water to flow at different rates
within each model layer. This will
result in differential movement of water
that seeps into the ground-water flow
system from Kestersomn. To investigate
the 1likely range of flow rates in the
real system, the vertical and horizontal
hydraulic conductivity were varied for
the range of values from field tests.
This was a simple attempt to account
for the possible influence of the
heterogeneity of these deposits.

(3) This model is not calibrated.
Model results must be viewed as only an
approximation of ground-water flow condi-
tions in this area. The large number of
head-dependent functions in this model
tend to force simulated heads to approxi-
mate regional trends and fluctuations in
the fixed heads in those head-dependent
functions. This is true to some extent
even with different values of hydraulic
conductivity. As a result, comparing

simulated hydraulic heads and measured
ground-water levels is not an adequate
test of the accuracy of the model.
Simulated flow rates need to be compared
with measured or estimated flow rates.
This was not done for the duck ponds,
sloughs, creeks, and canals since inde-
pendent estimates of flow rates were not
available. Comparisons were made for
Kesterson Reservoir.

(4) The accuracy of the simulation
results is highly dependent on the reli-
ability of model input data. The data
required by the model were derived from
field measurements or estimated from
other sources of information. Values of
horizontal and vertical hydraulic conduc-
tivity were varied over the range of
values estimated from field studies.
Errors in estimating the range in hydrau-
lic conductivity will result in greater
errors in simulated ground-water flow
rates than in simulated hydraulic heads.
Ratios of horizontal to vertical conduc-
tivity greater than 10 to 1 will result
in less vertical flow. Lower ratios will
result in more vertical flow. Water
levels and fluctuations were known only

for Kesterson Reservoir. Other stage
data required in the model were
estimated. An attempt was not made to

account for fluctuations in stages with
time. Error in estimating water levels
or not accounting for real seasonal fluc-
tuations in water levels will result in
error in calculating ground-water flow
rates. More importantly, simulated local
flow directions possibly could be in
error because of errors in relative head
differences between duck ponds, canals,
sloughs, and the ponds at Kesterson
Reservoir. Errors in estimating effective
porosity will directly affect calculated
velocities. As an example, if effective
porosity was 20 percent instead of 40
percent, the calculated pore velocities
would be twice as fast.

(5) The model program used in this
study simulates hydraulic heads and
ground-water flow rates in three dimen-
sions. The governing equation that is
solved does not include the transport
of solutes. But, if the solute is non-
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reactive and the ground-water flow model
is calibrated, so that pore velocities
are known, the results of the flow model
may be used to approximate average
contaminant travel velocities and flow
paths. Such an approximation does not
include the effects of dispersion and
diffusion on the contaminant concentra-
tion. As a result, the flow-path analy-
sis in this report does not necessarily
approximate the first arrival time of the
contaminant. In order to accurately
simulate non-reactive contaminant trans-
port, ground-water pore velocities must
be accurate. This requires a better
definition of sand and clay lenses in
the aquifer, knowledge of the effective
porosity of the material the contaminant
flows through, and a knowledge of the
horizontal and longitudinal dispersivity
of the porous media. For reactive con-
taminants, it is necessary to determine
the chemistry of species of interest in
an aqueous solution in the presence
of different dissolved ions, and in
solid-phase minerals.

SUMMARY AND CONCLUSIONS

A three-dimensional ground-water flow
model was used to simulate ground-water
flow in the vicinity of Kesterson
Reservoir in the San Joaquin Valley,
California. The purpose of this study
was to use available data to calculate a
probable range of ground-water flow rates
and directions of ground-water flow. The
model was not calibrated or tested by
comprehensive sensitivity analysis.

The model was used to simulate hydrau-
lic heads and ground-water flow rates for
(1) ground-water flow conditions typical
of winter-spring months during which
ground-water levels are highest, (2) a
3-year period during which agricultural
drainage water flowed into Kesterson
Reservoir, and (3) average ground-water
conditions measured during summer-fall
months during which ground-water levels
generally are at their lowest level.

Flow directions, as inferred from mea-
sured hydraulic head data and simulated
hydraulic heads from all model simula-
tions, show that regional ground-water
flow is from the south to north. Kester-
son Reservoir acts as a recharge mound
superimposed on the regional-flow system.
Ground water moves in the horizontal and
vertical direction away from Kesterson
Reservoir. Mud and Salt Sloughs act as
ground-water discharge sites. The sim-
ulations indicate that water does not
flow from Kesterson Reservoir beyond
either of these sloughs. Ground water
from west of Mud Slough seems to flow
west toward Los Banos Creek and east
toward Mud Slough. Ground water between
Salt Slough and the San Joaquin River
appears to flow north and toward Salt
Slough and the San Joaquin River, but
the part that moves toward Salt Slough
probably discharges at the land surface
before reaching the slough. The canals
and duck ponds generally act as sources
of ground-water recharge.

First-order approximations of average
ground-water traveltimes and travel
distances away from Kesterson Reservoir
for a nonreactive dissolved constituent
were made using volumetric fluxes from
the ground-water flow model. Using a
range of hydraulic conductivities, a
range of volumetric fluxes were calcu-
lated. These volumetric fluxes represent
approximate long-term average flow con-
ditions for a given set of hydraulic
conductivity values. The flow direction
and velocity analyses were carried out
for a simulated time period of 100 years.
This analysis assumes that ground-water
flow conditions will not differ sub-
stantially from the average conditions
simulated by the model.

The results show movement away from
Kesterson Reservoir in all directions.
The direction of all simulated flow
paths are downward from the reservoirs
to the underlying shallow aquifer system.
Along the west side of Kesterson Reser-
voir, flow paths are relatively short.
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Movement is toward Mud
ground water discharges.
side of the reservoir, flow 1is toward
Salt Slough. Between Kesterson Reservoir
and Salt Slough, evapotranspiration of
ground water near the land surface causes
upward ground-water flow. The result
is that most ground water from Kesterson
is lost by evapotranspiration before
reaching Salt Slough. Simulated travel
paths to the south are short because of
regional ground-water flow from south to
north and because of discharge of ground
water near the land surface because of
evapotranspiration.

Slough where
Along the east
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APPENDIX A

Calculating Travel Distances

Rough approximations of ground-water travel times and travel distances may be made using
volumetric fluxes from a finite-difference ground-water flow model. In this type of approxi-

mation only advective transport is assumed. Dispersion and diffusion are not accounted for.

Flow rates calculated by the three-dimensional ground-water flow model (McDonald and
Harbaugh, 1984) for each finite~difference block, are between nodes i,j,k and i+l,j,k; i,j,k
and i,j+l,k; and i,j,k and 1i,j,k+l. These flow rates are actually through the finite-
difference block face that separate these nodes. The first assumption made is to assign the
flow rates through faces i+1/2,j,k, i,j+1/2,k and i,j,k+1/2 to node i,j,k. These flow rates
then represent the volumetric flux in the x,y and z directions. Thus, at every finite
difference node, the component of ground-water flow in the x,y and z direction is known. The
relationship between volumetric flux through block faces and the components of flow assigned
to a node are shown in figures 17a and 17b. Note that positive Qy is in the negative y-axis

direction and that z is defined as being positive downward.

To calculate Darcian velocity or specific discharge at each node, the volumetric flux is

divided by the cross=-sectional area to flow.

q =Q (6a)
%0k 1,5,k % 8%
q =Q (6b)
Vi,i0k  Ti,7,k/0% * 87

(6¢)

q =Q *
21,3,k zi,j,k/Axi By 4

It should be possible to calculate components of specific discharge in the x,y and z
directions for any x,y and z by interpolating between known values of qx,qy,qz at each finite

difference node.
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/ ifj+1/2, k

Qyi+1/2

in, j, K+1/2

a) Finite-difference block faces

i,j,k
Qi i, k

Qi § «
in, i, k

b) Finite-difference nodes

FIGURE 17. Relation of volumetric fluxes to
finite-difference block faces and finite-
difference nodes.
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The method that is proposed makes use of linear interpolation in three dimensions. The
value of a parameter at any location x,y,z can be found using the following expression
(Huyakorn and Pinder, 1983, p. 81, eq. 3.4.2.5a)

8
£(x,y,2) = L) N (x,5,2) £ (x,¥,,2,) (7

where
Nk(x,y,z) are basis functions for the 8 surrounding nodes evaluated at location (x,y,z),
f(xk,yk,zk) is the value of the parameter at node k, and

xk,yk,zk are the x,y,z coordinates of node k.

The property of these basis functions is that they sum to 1 (Huyakorn and Pinder, 1983,

p. 81).
# nodes .
k&1 N =1 (8)

The basis functions at each node are calculated by (Huyakorn and Pinder, 1983)

N = 1/g (1+ EE) (L + nn) (1 + zgy) 9

where

€,n,Z are called isoparametric coordinates.

In this isoparametric coordinate system, the coordinates are located at the corners of a
cube and have the values of *] depending on the quadrant the corner is located in. Figure 18
shows the transformation of a rectangle in the x,y,z coordinate system into a cube in the

isoparametric coordinate system.

So that at:

node 1 E =-13n =-~-1; ¢ = -1 (10a)
1 1 1

2 g =13 n =-13 0 = -1 (10b)
2 2 2

3 63 = 13 n3 = 13 ;3 = -1 (10c¢)

4 E =-1;n =1;¢0 = -1 (10d)
Y Y N

=-l; n = -1; =1

5 Es s 5 CS (10e)

6 =1;n =-1;¢ =1 £

EG n6 Cs (10£f)

7 = 1 = 13 =1 1

57 ’ n7 C7 ( Og)

8 E =-l;n =1;¢ =1 (10h)
8 8 8
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b) Same finite-difference cell in isoparametric
coordinate system

FIGURE 18. Transformation of a rectangle in the x, y, z
coordinate system into a cube in the isoparametric
coordinate system.
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And the equations for

for node 1

(g,n,L) are

N,

Np =

N3 =

Ng =

Ny =

Ng

1/4
1/g
/8
/8
/8
1/g
/g

l/g

(1

(1

(1

(1

(1

1

(1

1

basis functions become

+

+

+

+

£y

£)(1

£)(1

£) (1

£

£) (1

£) (1

£)(1

the coordinates

n) (1

- n)(l

+ n) (1

+ n)(1

- (1

- n)(l

+ n) (1

+ n) (1

-2)

-0

-0

- )

+7)

+0)

+ )

+z)

(1la)

(11b)

(11¢)

(11d)

(11le)

(11£)

(11g)

(11h)

of the particle location in the isoparametric coordinate

system. The transformation from cartesian (x,y,z) coordinates to local (&,n,Z) coordinates

is accomplished using the following equations

are

are

are

are

the coordinates of the parameter location in the cartesian

faal
]

3
[}

i
"

coordinate system,

X~X
1
1 -2+%*
X =X
2 1
y Yl
1 -2 %
y =y
b 1
z-z
5
1 -2 *
z -z
1 5

the X coordinates of nodes 2 and 1,

the y coordinates of nodes 4 and 1,

the z coordinates of nodes 1 and 5.
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With rectangular elements (finite-difference blocks)

o]
U
"
"

N
1
N
]

X =X
7 8

y7‘Y6:

z -z ,
4 8

All coordinate differences will give the same Ax, Ay, Az.

in the downward direction since the positive z direction is defined as being downward.

equations for the basis functions for each node evaluated at location x,y,z now become

N = 1/
N = /e
N, = /g
N, = /e
N = /g
N = 1/
N = g
N = 1/

P NI N N N I N i

[y

A, N, N NI i N i e IV

P S N N N N i W e )

p—

e N NI I N Nl Y S N Vo g

P, SN /\/\I\/\/\,\/W\W\/W\/\/\/\

—

—_

M= 1 M=

y

g
¢
¢
(

(
(

-

z-Z

-z

5

1

-

l\\‘_—//l I\\__,//I I\\___,/l (

‘\/| l\/J

o

\/\/\/w\/\/\/\/\/\/‘\/\,\/\/\,\/\/ NN

(13a)

(13b)

(13c)

Notice that Az is calculated

The

(14a)

(14b)

(1l4c)

(14d)

(l4e)

(14£)

(l4g)

(14h)
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These basis functions are then multiplied by the value of the parameter at that node

according to equation 7, to give the value of that parameter at the given x,y,z location. In

expanded form this becomes

i

f(x,y,2z N % f(x z )+ N * f(x z + N * f(x z
( sY> ) 1 ( 1’}'1) 1) 2 ( zyyzs 2) 3 ( 3)}73) 3)

+

N * f(x ,y 2 ) + N * f(x ,y ,z ) + N * f(x ,y ,z )

4 0y 5 575 "5 6 676 6
+ N * f(x z + N * f(x »2Z 15
. ( 7,}’7’ 7) 8 ( 8’y8 B) (15)

The x,y,z component of specific discharge can be calculated at any x,y,z coordinate

using equation 15 as follows

X,¥s2 N * + N * + N * + N * + N *
q, (x,¥,2) q , T, YN Fa  + N *a q

1 X1 5 X5

+ N * + N * + N * 16a)
6 qxe 7 qx7 8 qxs (

X,¥,2) = N * + N * + N * + N % + N *
qy( »¥s2) q ) dy, N R 5 d

1 Y1 ys

+N %q +N *q +N * 16b
6 qYG 7 qY7 8 qYB ¢ )

i
=4

*q +N *q +N *q +N *q + N *q

(%,y,2) =
A 1 z] 2 z) 3 z3 4 zy 5 zg

+ N * + N * + N * l6c
6 qZG 7 qZ? 8 qZB ( )

To calculate the average linear velocity, the specific discharge should be divided by

the effective porosity (ne) of the porous media, so that

Vx(x,y,Z) = qx(x,y,Z)/ne (17a)
Vy(x.y,Z) = qy(x,y,Z)/ne (17b)
vz(xsy;z) = qz(xs}’sz)/ne A (17(2)
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The distance a mass of water travels in a given time increment, At, may be calculated by

Ax = At * Vx(x,y,z) (18a)
Ay = At * i?y(x,y,z) (18b)
Az = At * Vz(x,y,z) (18c)

The choice of the time increment, At, should be such that At < Ax/Vx, Ay/Vy or Az/VZ.

The new location becomes

X ew = ¥01d + Ax (19a)
Ynew yold + by (19b)
Zew = Zold + Az (19¢)

At this point new basis functions are evaluated at the new x,y,z location, and the

procedure is repeated.
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