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CONVERSION FACTORS

The inch-pound system of units is used in this report. For readers who
prefer metric units, the conversion factors for the terms used in this report
are listed below:

Multiply By To obtain

acre 0.4047 sguare hectometer

acre-ft (acre-foot) 0.001233 cubic hectometer

acre-ft/yr (acre-foot 0.001233 cubic hectometer per
per year) year

ft (foot) 0.3048 meter

ft/d (foot per day) 0.3048 meter per day

(ft/d)/ft (foot per day 0.3048 meter per day per meter
per foot)

ft2/d (foot squared per day) 0.0929 meter squared per day

ft/mi (foot per mile) 0.1894 meter per kilometer

ft3/s (cubic foot per second) 0.02832 cubic meter per second

ft/s (foot per second) 0.3048 meter per second

(gal/d)/ft (gallon per 0.01242 meter squared per day
day per foot)

gal/min (gatlon per minute) 0.06309 liter per second

(gal/min)/ft (gallon per 0.207 liter per second per
minute per foot) meter

in (inch) 25.4 millimeter

in/yr (inch per year) 25.4 millimeter per year

mi (mile) 1.609 kilometer

mi2 (square mile) 2.590 square kilometer

National Geodetic Vertical Datum of 1929 is a geodetic datum derived from the
average sea level over a period of many years at 26 tide stations along the
Atlantic, Gulf of Mexico, and Pacific Coasts and as such does not necessarily
represent local mean sea level at any particular place. To establish a more
precise nomenclature, the term "NGVD of 1929" is used in place of "Sea Level
Datum of 1929" or "mean sea level."
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DEVELOPMENT AND USE OF A MATHEMATICAL MODEL OF THE

SAN BERNARDINO VALLEY GROUND-WATER BASIN, CALIFORNIA

By William F. Hardt and C. B. Hutchinson

ABSTRACT

A considerable part of the San
Bernardino urbanized area overlies
formerly swampy lands with a history
of flowing wells. This area, up-
gradient from and adjacent to the San
Jacinto fault, contains a zone in an
alluvial ground-water basin that is
under artesian pressure. Since about
1945, withdrawals have exceeded re-
charge and caused head declines of
more than 100 feet.

Artificial recharge of imported
northern California water in the up-
gradient areas may cause ground-
water levels to rise, which could
cause abandoned but unplugged arte-
sian wells to resume flowing. If this
should happen, structures, partic-
ularly building foundations and base-
ments, could be subject to damage.

A two-layer Galerkin finite-element
digital mode! was used for predicting
the rate and extent of the rise in
water levels from 1975 to 2000. Six
hydrologic conditions were modeled
for the basin. Artifical recharge of
one-half entitlement and full entitle-
ment from the California Aqueduct
were each coupled with low, average,
and high natural recharge to the
basin.

According to model predictions, the
greatest water level rises will be
along the San Bernardino Mountain
front. This area encompasses the
artificial recharge sites and also has a
thick section of unsaturated sediments
for storing ground water. The for-
merly swampy lands between Warm
Creek and the Santa Ana River ad-
jacent to the San Jacinto fault have
little additional storage capacity, and
water levels could rise to the land
surface as early as 1983 under maxi-
mum recharge conditions and 1970-74
average pumping conditions. iHf
pumping rates are reduced in the
Warm Creek area, water levels may
rise to land surface prior to the dates
predicted by the mode!, regardless of
the artificial-recharge program.

INTRODUCTION

The San Bernardino Valley (fig. 1)
is in the service area of the Cali-
fornia Water Project. The Project
comprises a major system of storage
and conveyance facilities for ex-
porting water from northern California
to water-deficient areas elsewhere in
the State (California Department of
Water Resources, 1957). The arti-
ficial recharge of this water imported
to the valley could create problems
for the current basin water-
management program, and it is imper-
ative that the potential effects on the
natural hydrologic system be known.

Historically, the wvalley has had an
ample supply of ground water derived
from stream runoff, primarily from
the San Gabriel and San Bernardino
Mountains. This water moves toward
the southwestern part of the valley
where the San Jacinto fault acts as a
barrier to ground-water flow. This
barrier causes upward movement of
ground water that, prior to extensive
pumping, resulted in about 10 mi? of
marshland northeast of the fault.

In the 1870's, test drilling revealed
that the aquifer underlying the marsh-
land was under artesian pressure and
that wells would flow with heads more
than 50 ft above land surface. This
abundant supply of flowing water led
to increased agricultural development.
In the late 1940's a combination of
below-normal precipitation and in-
creased ground-water pumping re-
sulted in a lowering of the potenti-
ometric head. The artesian water
levels are currently (1979) 50 to 150
ft below land surface, and the
swampy areas are dry.
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A considerable part of the urban-
ized San Bernardino area is built over
the formerly swampy lands that con-
tained flowing wells. Many wells in
this area were abandoned but were
not plugged or destroyed. Some
wells are presumed to be buried be-

neath buildings and roads. Serious
problems could occur if artificial re-
charge of imported water, combined

with natural recharge, resulted in the
artesian heads in these wells again
extending above the land surface. |If

abandoned wells flow or if the soil
becomes waterlogged, buildings, pu-
blic works, and utilities could be
damaged. The potential for lique-

faction from seismic shaking eXists in
all alluviated parts of the study area,
but this danger is of concern particu-
larly in sandy and silty soil within
the swampy area if water levels ap-
proach land surface (Fife and others,

1976, p. 10).
In 1954 the San Bernardino Valley
Municipal Water District (SBVMWD)

was organized to provide supplemental
water for the San Bernardino area to
alleviate the depletion of local ground-
water supplies. The Water District
contracted with the California Depart-
ment of Water Resources for a maxi-
mum entitlement of 48,000 acre-ft of
imported water in 1973, increasing
annually to 102,600 acre-ft by 1990.
By controlling the quantity and dis-
tribution of this imported water for
artifical recharge, the Water District
plans to optimize the storage in the
basin. Overfilling the basin must be
avoided to prevent damage from rising
ground water.

Purpose and Scope

This study was done in cooperation
with the SBVMWD. The primary pur-

pose was to evaluate the aquifer re-
sponse (rising ground-water levels),
with time, caused by the combined
effects of natural recharge to the
valley, artificial recharge of imported
water, and ground-water pumping,
particularly in the confined area of
the San Bernardino Valley. The tool
used to evaluate these hydrologic re-
lations is a finite-element mathematical
model. The model provides the infor-
mation necessary to define water-
management alternatives pertaining to
distribution, location, and amount of
recharge and pumping in order to
avoid the possibile detrimental effects
of ground-water levels rising to near
land surface in urbanized San Ber-
nardino.

An initial effort to evalute the
aquifer response was developed by
Durbin and Morgan (1978). They de-
scribed the development and use of a
mathematical well-response model.
The model simulates water-level
changes that would occur in selected
wells as the result of artificial re-
charge to the ground-water basin.
The well-response model was used to
generate a series of water-level hy-
drographs representing the response
of ground water in the basin to vari-
ous combinations of pumping rates,
artificial-recharge rates, and natural-
recharge rates.

The scope of this study involved
three phases of activity: (1) Orga-
nizing and evaluating the geohydro-
logic data in order to develop a con-
ceptual model of the ground-water
basin of the San Bernardino Valley;
(2) developing a steady-state and
transient-state digital-computer model
of the basin; and (3) using the com-
puter model to predict ground-water
levels under selected management
schemes, primarily in the artesian
areas of the basin.




Location and General! Features

San Bernardino Valley is a semiarid
inland valley in southwestern San
Bernardino County, about 60 mi east
of Los Angeles. The term "San Ber-
nardino Valley" was first used by
Mendenhall (1905, p. 9) for an area of
indefinite limits beyond the San Ber-
nardino area. Eckis (1934, p. 153)
applied the term to that part of the
upper Santa Ana Valley east of the
San Jacinto fault. Dutcher and
Garrett (1963, p. 17) further re-
stricted the term to the area used
and defined for this study. The
model area covers about 120 mi? and
lies in a northwest-pointing wedge
formed between the San Andreas and
San Jacinto faults (fig. 1). The
valley is bordered on the northwest
by the San Gabriel Mountains, on the
northeast by the San Bernardino
Mountains, on the south by the Bad-
lands and the Crafton Hills, and on
the southwest by a low east-facing
escarpment of the San Jacinto fault.
Broad alluvial fans, which extend
from the base of the mountains and
hills that surround the valley, co-
alesce to form a broad, sloping allu-
vial plain in the central part of the
valley. The land surface slopes gen-
erally to the southwest with gradients
ranging from 75 to 150 ft/mi on the
edges of the basin and from 30 to
50 ft/mi in the central part near the
San Jacinto fault.

The ground-water reservoir in the
valley consists of alluvial deposits of
sand, gravel, and boulders inter-
spersed with lenticular deposits of silt
and clay. The maximum depth to
bedrock is about 1,200 ft below land
surface. In the southwestern part of
the wvalley, adjacent to the San
Jacinto fault, the unconsolidated de-
posits contain numerous clay layers

that act as leaky confining beds.
Previous investigators (Dutcher and
Garrett, 1963) acknowledged that in-

dividual sand and clay units could be

correlated for only short distances,
but they did recognhize three aqui-
fers, each separated by 50 to 300 ft
of clay and silt. A clay layer up-
gradient of the San Jacinto fault con-
fines the aquifer system over about
25 mi2 of the central part of the
valley. The position of the demar-
cation line between the confined and
unconfined parts of the aquifer
changes constantly because of the
varying recharge-discharge relation
within the ground-water basin. In
the confined area are the formerly
swampy lands, comprising about 10
mi2, near Warm Creek and the Santa
Ana River.

Mechanisms for recharging the
ground-water basin are infiltration
from streams, ground-water inflow

and percolation of irrigation returns,
and precipitation on the valley fioor.
Streams contribute most of the re-
charge to the basin, and irrigation
return has become less important as
agricultural lands become urbanized.
Three main tributary streams con-
tribute more than 60 percent of the
recharge to the ground-water system;
they are the Santa Ana River, Mill
Creek, and Lytle Creek. Lesser con-
tributors Iinclude Cajon Creek, Devil
Canyon Creek, Waterman Canyon-East
Twin Creek, City Creek, Plunge
Creek, and San Timoteo Creek.
Ground-water inflow, estimated to be
less than 10 percent of the total re-
charge, occurs only from the Bad-
lands in the southeastern part of the
study area. Precipitation on the
valley floor is of even less importance
to basin recharge.

Within the study area are several
faults and other barriers that restrict
ground-water movement, and water-
level differences across these restric-
tions are 50 ft or more. Some faults
are only partial barriers to ground-
water movement, such as the Loma
Linda fault in specific areas or Fault
K in the deeper part of the basin

(fig. 1).



Well-Numbering System

Wells are numbered according to
their location in the rectangular sys-
tem for subdivision of public land.
For example, in the well number
1S/1W-2P1, the part of the number
preceding the slash indicates the
township (T. 1 S.); the number and
letter following the slash indicate the
range (R. 1 W.); the number fol-
lowing the hyphen indicates the sec-
tion (sec. 2); the letter following the
section number indicates the 40-acre
subdivision of the section according
to the lettered diagram below. The
final digit is a serial number for weils
in each 40-acre subdivision. The
area lies entirely in the northwest
and southwest quadrants of the San
Bernardino base line and meridian.

D C B A

CONCEPTUAL MODEL

The development of a sound concep-
tual model of the San Bernardino
Valley ground-water basin is prereq-
uisite to the development of a repre-
sentative mathematical model. The
components of the conceptual model
include:

1. Definition of the aquifer sys-

tem--Thickness and areal extent of
aquifers and confining beds were esti-
mated from analyses of lithologic and
geophysical logs and published data.

2. Model boundaries--The peri-
meter of the aquifer system was se-
lected on the basis of its geologic and
hydrologic characteristics, partic-
ularly faults, and partitioned into
no-flow and constant-flow segments.

3. Aquifer parameters--Transmis-
sivity, storage, and Ieakage were
estimated from pumping tests of welis,
lithologic logs, and published data
from comparable areas.

4. Surface-water movement--The
amount and distribution of surface-
water inflow to and outflow from the
basin were determined from gaging-
station records and estimated for un-
gaged streams.

5. Ground-water
ment--The direction
ground-water flow were estimated
from water-level maps and a knowl-
edge of the hydraulic properties of
the aquifer system. Water-level data
for selected welis were obtained from
computerized historical records.

6. Wwater budget--Conditions  of
recharge, discharge, and storage in
the basin were estimated from stream-
flow, pumpage, weather, and water-
level records.

The components of the conceptual
model were idealized under steady-
state and transient-state conditions.
Calibration of the mathematical model
consisted of refining the estimates of
the components of the conceptual
model until model-generated water
levels matched observed water levels.

levels and move-
and amount of




Definition of the Aquifer System

For the purpose of this study, rock
units have been classified, according
to their ability to yield water, as (1)
consolidated rocks (basement complex)
that are virtually non-water-bearing,
(2) poorly consolidated alluvial and
lacustrine deposits that vyield small
quantities of ground water, and (3)
unconsolidated deposits of water-bear-
ing alluvium and river-channel fill
that yield large quantities of ground
water.

The consolidated rocks underlie the
alluvium and river-channel deposits
and make up the bordering hills and
mountains. These rocks are nearly
impermeable except where fractured
or weathered and are not an impor-
tant source of ground water. They
are important to the aquifer system

because they surround the valley area

at higher altitudes and receive the
major part of the precipitation that
falls within the drainage area. The
runoff from these surrounding areas
flows onto the steep alluvial fans and
permeable unconsolidated deposits and
contributes the largest quantity of
recharge to the ground-water basin.
The poorly consolidated alluvial and
lacustrine deposits crop out in the
southern part of the study area be-
tween the San Jacinto fault and the
Crafton Hills. These deposits are
composed of sand, gravel, silt, and
clay but are older, more consolidated,
and vyield much less water than the
younger unconsolidated alluviali de-
posits. The hydraulic properties of
these deposits were described by
Dutcher and Fenzel (1972). well
yields were generally less than 400
gal/min, well specific  capacities
ranged from 1 to 10 (gal/min)/ft of
drawdown, and aquifer hydraulic con-
ductivity ranged from 7 to 29 ft/d.
The unconsolidated deposits con-
stitute the reservoir for storing large
quantities of water beneath the land
surface for later withdrawal by pump-
ing. These deposits consist of
younger and older alluvium composed
of gravel, sand, silt, and clay. In

general, the alluvium closer to the
mountains is coarser but more poorly
sorted than the alluvium farther from
the mountain front. The Dbetter
sorted zones of sand and gravel are
more permeable and, where saturated,
yield water freely to wells. The
river-channel fill overlies the alluvium
in the major stream channels. These
deposits are highly permeable, and as
a result, there are large seepage
losses from streams to the ground-
water basin. Sites where such de-
posits occur are therefore highly use-
ful as spreading grounds. The hy-
draulic properties of these deposits
were described by Dutcher and
Garrett (1963, p. 51-56). Well yields
were as much as 2,000 gal/min, well
specific capacities averaged 20 to 35
(gal/min)/ft of drawdown, and hy-
draulic conductivity ranged from 40 to
94 ft/d.

The base of the ground-water re-
servoir was determined from about 280
of the deepest of 1,300 water-well

drillers' logs examined (California
Department of Water Resources,
1971). The base was fixed either at

the consolidated basement-complex
rocks or at the unconsolidated de-
posits that, because of low-permeabil-
ity material such as clay or cemented
gravel, preciude withdrawal of large
quantities of water. From this in-
formation the thickness of the water-
bearing deposits within the alluvium
was compiled by Fife and others
(1976). Figure 2 is modified from the
work of these investigators and shows
the areas of greatest thickness of
water-bearing deposits.

The greatest thickness of water-
bearing deposits is more than 1,200 ft
and occurs adjacent to the northeast
side of the San Jacinto fault between
San Bernardino and the Santa Ana
River. This area coincides with the
formerly swampy land within the con-
fined area. From here the basin de-
posits generally become progressively
thinner northwest toward the San
Gabriel Mountains, north toward the
San Bernardino Mountains, and north-
east toward the Mill Creek area.



The general area of confined water
was originally defined by Mendenhall
(1905) and later by Dutcher and
Garrett (1963), based on their knowl-
edge of the hydrology and extent of
the confining clay bed. These inves-
tigators realized that the area of the
confining clay bed is not static but
varies depending on the variations in
inflow-outflow relations. The con-
fined area, as defined by Durbin and
Morgan (1978, p. 7), was used as a
guideline in this model in order to
utilize the same nodal points for con-

tinuity. For this study, however, a
detailed analysis was made of the
driller's logs to precisely define the
vertical and lateral extent of the

major confining clay bed in the Warm
Creek area. This analysis was of
primary importance to the basin hy-
drology and to the model because an
extensive confining clay layer sepa-
rates the upper and lower aquifers in
the central part of the valley. Figure
3 shows that this clay layer is more
than 300 ft thick in the central part
of the area of ground-water confine-
ment and thins toward the upland
parts of the wvalley. The surface of
the clay layer ranges from 1,200 ft
above sea level in the upper reaches
of the Santa Ana River valley to less
than 700 ft above sea level at the San
Jacinto fault, a slope of about 120
ft/mi to the southwest.

A near-surface deposit with low
hydraulic conductivity acts as a con-
fining member above the upper aqui-
fer in the confined part of the valley
in the Warm Creek area. This shal-
low clay cap was identified when wells
drilled only 50 to 100 ft yielded flow-
ing water. The confining member is

discontinuous; it may be absent,
thinner, or locally leaky near Warm
Creek (Dutcher and Garrett, 1963, p.
63).

To further define the aquifer sys-
tem for model representation, six geo-
logic sections were constructed by
interpreting selected water-well dril-
lers' logs (figs. 4-7). These sections
show the extensive confining clay
layer that was used to separate the
confined part of the basin into two
mode! layers. This confining unit is
predominantly clay but includes some
sand and gravel lenses. The upper
model layer (layer 1) is above the
clay layer, and the lower model layer
(layer 2) is below the clay layer. All
the sections show that the greatest
thickness of water-bearing deposits is
in layer 2 (beneath the clay layer as
represented by the Ilower model
layer).

Although a previous study (Dutcher
and Garrett, 1963) recognized two
artesian aquifers beneath the major
clay layer, all lower artesian aqui-
fers, if present, were grouped into
one system (layer 2) because of com-
puter limitations. This concept of
representing the basin by a two-layer
model was strengthened by a test well
(1S/4W-10B1) (figs. 2 and 3). This
well was drilled in the confined area
to a depth of 875 ft and bottomed in
bedrock. The alluvium was 825 ft
thick, and only two aquifers were
encountered. Unconfined to confined
conditions prevail in the aquifer from
land surface to a depth of 344 ft.
Between 344 and 616 ft a confining
clay bed was encountered, with con-
fined conditions in the aquifer below
616 ft.
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FIGURE 5.--Geologic sections C-C' and D-D'.
See figure 3 for location of sections.
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Boundaries

Two concepts apply to model bound-
aries. First, they define the geo-
graphic area to be considered. Sec-
ond, the conditions assigned at these
boundaries (specified flow or specified
head) affect the computed water
levels. The general boundary of the
model coincides primarily with faults
and other barriers consisting of
either no-flow segments along consoli-
dated-rock boundaries or constant-
flow segments in the unconsolidated
or poorly consolidated deposits where
ground water flows across or over the
faults. In areas where fault bound-
aries are missing and the unconsol-
idated and poorly consolidated de-
posits extend beyond the model study
area, the model boundaries were
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FIGURE 6.--Geologic section E-E'. See figure 3 for

chosen so the cause-and-effect rela-
tions (pumpage and recharge) outside
the model would have a minimal effect
on the flow system inside the model
area.

A no-flow boundary was assigned to
the front of the San Bernardino
Mountains along the San Andreas fault
zone, except where the numerous
streams enter the alluvial basin.
These streams are modeled as con-
stant-flow boundaries through which
surface flow and underflow enter the
model area as recharge. Barrier E
along the northwest side of the model
has an extremely low transmissivity
and was considered a no-flow bound-
ary (fig. 1). A barrier is defined as
a subsurface obstruction to the flow
of ground water that cannot be map-
ped because of the lack of surface
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evidence.

Constant-flow segments of the model
boundary were assigned for areas of
recharge or discharge. Discharge as
ground-water underflow across the
San Jacinto fault ranged from 14,300
to 18,000 acre-ft/yr in the period
1938-49 (Dutcher and Garrett, 1963,
p. 105). To simplify the model, a
constant outflow of 15,200 acre-ft/yr
was used. This was justified because
the vyearly differences in underflow
were small compared to the total basin
discharge. Recharge as ground-water
underflow across the Crafton fault
ranged from 8,150 to 5,350 acre-ft/yr
in the period 1927-67 (Dutcher and
Fenzel, 1972, p. 29).

Iin the unconsolidated water-bearing
deposits of the basin are other geol-
ogic configurations that affect ground-
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water flow and must be considered in
modeling. They include faults and
barriers, consolidated-rock highs or
lows, and extensive clay beds. Gen-
erally, the faults and barriers are
zones of low hydraulic conductivity
(permeability) and behave as dams to
ground-water flow. The interior
faults are modeled with different
transmissivities for layers 1 and 2,
depending on the measured water
levels across the impediment, the
depth to water, and the geologic envi-
ronment at the fault. Where the con-

solidated rocks are at or near land
surface the alluvial deposits are thin
and transmissivity is low. The con-

fining clay layer in the artesian area
separates the upper and lower model
layers. The bottom of the water-
bearing alluvium or the top of the
consolidated rocks is considered as
the bottom of the model on the basis
of permeability contrasts along this
interface.

Aquifer Parameters

Values of transmissivity and storage
coefficient for the water-bearing de-
posits and leakage coefficient for con-
fining clay bed are required to model
this valley. Aquifer transmissivity
throughout the valley and storage
coefficient for the part of the valley
where the aquifer is unconfined were
derived by the California Department
of Water Resources (1971). Estimates
of transmissivity were based on well
specific-capacity tests. Storage coef-
ficient, which for an unconfined aqui-
fer is equated to specific yield, was
derived by assigning yield values to
the different materials recorded on a
driller's log and computing a total
value. About 1,100 well-drillers' logs
were used in these storage-coefficient
calculations. The storage coefficient
for the confined part of the valley
was determined from aquifer perform-
ance tests in the study area and
other areas with similar sediments. A
confined-aquifer storage coefficient
may be thousands of times smaller
than an unconfined-aquifer specific-
vield value and represents a pressure
response rather than a dewatering of
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the sediments. Leakage of water
through the confining bed was com-
puted by the mathematical model from
inputs of wvertical hydraulic conduct-
ivity (permeability) and thickness of
the bed as developed specifically for
this study.

Based on several interrogations of
the mathematical model, these initial
values of aquifer characteristics were
adjusted and refined during the cali-
bration period. The changes were
generally reasonable and the wvalues
were consistent with the prototype
system.

The final wvalues of aquifer trans-
missivity for the basin were reduced
in some areas by a maximum of about
20 percent from the initial wvalues.
Transmissivities ranged from 670 ft2/d
(5,000 [gal/d]/ft) along the San
Bernardino Mountain front to 66,800
ft2/d (500,000 [gal/d]/ft) in the
center of the basin in the confined
area. Where the faults are barriers
to ground-water movement, transmis-
sivities of less than 670 ft2/d were
modeled, based primarily on head
drop across the fault.

The aquifer transmissivity repre-
senting the total thickness of the
water-bearing alluvium was propor-

tioned to the two layers of the model.
Generally, in the unconfined part of
the basin where confining layers are
absent, the transmissivity values were
arbitrarily divided about evenly be-
tween the two layers. In the con-
fined zone in the south-central part
of the valley, the lower layer (layer
2) includes all water-bearing deposits
beneath the confining clay member
and has a higher transmissivity value
because of greater aquifer thickness.
Any decrease in permeability with
depth, due to compaction of inter-
bedded clays and silts, was con-
sidered to be insignificant.

Figures 8 and 9 show the configura-
tion and range of transmissivity va-
lues used in the model for the upper
(layer 1) and lower (layer 2) layers
respectively. The maps show that
the faults and barriers are charac-
terized by low transmissivities in the
lower layer. Some of the faults or
barriers do not reach the land sur-

face, and some ground water moves
over the top of the barrier through
permeable sediments, as represented
by the upper layer in the model.

The fault representations in the
model extend beyond the known oc-
currence of the actual faults in some
instances. Where the fault extension
is not presently warranted, the fault
and adjacent aquifers were modeled at
the same transmissivity values to ne-
gate improper influence of the fault
on the ground-water flow system. |If
future studies indicate that the fault
extends beyond its present limits, the
model transmissivity for the fault can
be changed.

Values of aquifer storage coef-
ficients used in the model ranged
from 0.15 in the unconfined part of
the wvalley to 0.0001 in the confined
aquifer (fig. 10). The storage coef-
ficients in the upper layer (layer 1)
are generally typical of unconfined
aquifers except in the central part of
the confined area. Here, clay beds
near the surface cause some confine-
ment, and the upper aquifer has stor-
age coefficients typical of confined
aquifers. The storage coefficients in
the lower layer (layer 2) are typical
of artesian conditions except on the
northwest and southeast edges of the
model where clay layers are absent
and unconfined conditions prevail at
depth. From the basin boundaries to
the center of the confined area be-
neath the clay body, the storage coef-
ficients are progressively smaller.

The confining bed is a semiperme-
able layer through which ground
water is conveyed or leaked between
the underlying (layer 2) and the
overlying (layer 1) aquifers. Leak-
age, expressed as the "leakance coef-
ficient," is the ratio of hydraulic con-
ductivity to the thickness of th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>