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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started in
1978 following a congressional mandate to develop quantitative appraisals of
the major ground-water systems of the United States. The RASA Program
represents a systematic effort to study a number of the Nation’s most
important aquifer systems, which in aggregate underlie much of the country
and which represent an important component of the Nation’s total water
supply. In general, the boundaries of these studies are identified by the
hydrologic extent of each system and accordingly transcend the political
subdivisions to which investigations have often arbitrarily been limited in the
past. The broad objective for each study is to assemble geologic, hydrologic,
and geochemical information, to analyze and develop an understanding of the
system, and to develop predictive capabilities that will contribute to the
effective management of the system. The use of computer simulation is an
important element of the RASA studies, both to develop an understanding of
the natural, undisturbed hydrologic system and the changes brought about in
it by human activities, and to provide a means of predicting the regional
effects of future pumping or other stresses.

The final interpretive results of the RASA Program are presented in a series
of U.S. Geological Survey Professional Papers that describe the geology,
hydrology, and geochemistry of each regional aquifer system. Each study
within the RASA Program is assigned a single Professional Paper number,
and where the volume of interpretive material warrants, separate topical
chapters that consider the principal elements of the investigation may be
published. The series of RASA interpretive reports begins with Professional
Paper 1400 and thereafter will continue in numerical sequence as the interpre-
tive products of subsequent studies become available.

Dallas L. Peck
Director
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REGIONAL AQUIFER-SYSTEM ANALYSIS—CENTRAL VALLEY, CALIFORNIA

GROUND-WATER FLOW IN THE
CENTRAL VALLEY, CALIFORNIA

By ALEX K. WILLIAMSON, DAVID E. PRUDIC, and LINDSAY A. SWAIN

ABSTRACT

The agricultural productivity of the Central Valley is dependent on
the availability of water from irrigation. About 7.3 million acres of
cropland in the Central Valley receives about 22 million acre-feet of
irrigation water annually. One half of this irrigation water is supplied
by ground water, which amounts to about 20 percent of the Nation’s
ground-water pumpage. Ground water is important as a stable supply
of irrigation water because of the high variability of surface-water sup-
plies in the Central Valley. This large ground-water development
during the past 100 years has had major impacts on the aquifer system,
such as decline in water levels, land subsidence, depletion of the aquifer
storage, and increase in recharge. The flow conditions before and
during development were simulated on a regional scale using a three-
dimensional finite-difference flow model.

The Central Valley is a large (20,000-square-mile) structural trough
filled with poorly permeable marine sediments that are overlain by
coarser continental sediments. In general, previous investigators have
conceptualized the northern one-third of the valley—the Sacramento
Valley—as a water-table aquifer and the southern two-thirds—the San
Joaquin Valley—as a two-aquifer system separated by a regional con-
fining clay layer. A somewhat different concept of the aquifer system
was suggested during this study by analyses of water-level measure-
ments, texture of sediments interpreted from electric logs, and flow-
model simulations. Vertical hydraulic head differences are found
throughout much of the Central Valley. Early in development, flowing
wells and marshes were found thropghout most of the central part
of the valley. More than 50 percent of the thickness of the continen-
tal sediments is composed of fine-grained lenticular deposits that are
discontinuous but are distributed throughout the stratigraphic sec-
tion in the entire Central Valley.

The concept presented in this report considers the entire thickness
of the continental deposits as one aquifer system which has varying
vertical leakance that depends on several factors, including amount
of fine-grained sediments. The average horizontal hydraulic conduc-
tivity is about 6 feet per day, and the average thickness of the con-
tinental deposits is about 2,400 feet.

Irrigation use, which averaged 22 million acre-feet of water per year
during 1961-77, increased evapotranspiration about 9 million acre-
feet per year over its predevelopment value. This is a large figure com-
pared with the average annual surface-water inflow to the Central
Valley of 31.7 million acre-feet per year. Precipitation on the valley
floor is mostly lost to evapotranspiration. The overall postdevelopment
recharge and discharge of the aquifer system was about 6 times greater
than the predevelopment estimated values. The increases of pumpage
associated with development mostly in the San Joaquin Valley have
caused water-level declines that exceed 400 feet in places and have
resulted in the largest known volume of land subsidence due to fluid

withdrawal in the world. Water in aquifer storage declined about 60
million acre-feet from predevelopment to 1977; 40 million acre-feet
were derived from the water-table zone, 17 million acre-feet from com-
paction of sediments, and 3 million acre-feet from elastic storage.
During 1961-77, ground water withdrawn from aquifer storage
averaged about 800,000 acre-feet per year.

The flow model constructed during this study was calibrated prin-
cipally in accordance with the hydrologic data observed during 1961-75
because little predevelopment data were available for analysis. An
explicit algorithm to simulate land subsidence was developed and
calibrated. The simulated land subsidence was within 6 percent of the
estimated observed volume; however, the time lag associated with this
type of subsidence was not adequately simulated. Simulated water-
level changes averaged 2.6 and 12 feet higher than observed water-
level changes for the water table and the lower pumped zones, respec-
tively, and the standard deviation of the simulated changes minus the
observed change was 22 and 27 feet, respectively. The flow model was
tested for the period of 1976-77 drought with good results. The simula-
tions indicated that vertical leakance greatly increased from the
predevelopment values as a result of water flowing through some of
the more than 100,000 irrigation well casings that are open to different
aquifer layers.

The simulation results are shown on maps for comparison with
observed hydrologic data. A description of the computer-tape file, which
contains estimates of recharge/discharge, and the aquifer properties
used in the simulation are included in appendix A and B, respectively.
The theoretical basis of calculating borehole hydraulic conductance
of multilayer wells which cause increases in vertical leakance during
the post-development period is discussed in appendix C.

INTRODUCTION

The Central Valley of California (fig. 1) has fertile soil
and a long growing season, conditions that are conducive
to farming. Almost 40 percent of the total U.S. produc-
tion of vegetables, fruits, and nuts come from this valley
(U.S. Department of Commerce, 1978). The valley floor,
where agricultural production is most intense, has an
average water deficiency (precipitation minus potential
evapotranspiration) under natural conditions of as much
as 40 in/yr (Thomas and Phoenix, 1976, p. 2). Thus,
agricultural development in the valley is dependent on

water from sources other than direct precipitation.
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The water needed for agricultural production is ob-
tained from two sources. The first source is streams and
rivers that enter the valley from the surrounding moun-
tain ranges, where there is a surplus of water. The sur-
face water is diverted by canals to areas of farming. The
second source is ground water, which is used primarily
where surface-water supplies are not available or are
not sufficient or dependable enough to support agri-
cultural activities.

The amount of water required to support agriculture
averages about 22 million acre-ft/yr. Ground-water
withdrawals in the Central Valley account for about one-
half of the total water used. This amount is equal to 74
percent of the total annual ground-water pumpage in
California (Kahrl, 1978) and is more than 20 percent of
the total annual ground-water pumpage for the entire
United States (Murray and Reeves, 1977).

This large demand for ground water has placed con-
siderable stress on the aquifer system within the valley.
Ground-water pumpage has exceeded recharge in
several parts of the valley and has caused water levels
to decline more than 400 ft. In some areas, water levels
have declined below sea level (Thomas and Phoenix,
1976; Bertoldi, 1979). The effect of excessive pumpage
in the valley has been the greatest volume of land sub-
sidence due to fluid withdrawal recorded anywhere in
the world (J.F. Poland, U.S. Geological Survey, oral com-
mun., 1982). More than 5,200 mi? of land surface has
subsided more than 1 ft, and at one location subsidence
exceeds 29 ft (Ireland and others, 1984).

PURPOSE AND SCOPE

The Central Valley aquifer system was studied as part
of the nationwide Regional Aquifer-System Analysis
(RASA) program of the U.S. Geological Survey. The
valley was chosen for study because of (1) its long history
of intensive ground-water development, (2) its
dependence on ground water to maintain agricultural
productivity, (3) previous studies of the aquifer system
were limited to localized geographic areas or to defining
only part of the system, and (4) the large size (20,000
mi*) and complexity of the system. The scope of the
overall project was to collect, interpret, and verify
hydrologic information from numerous sources with the
goal of quantifying the hydrologic conditions of the en-
tire system and to develop methods of evaluating aquifer
responses to changes in ground-water-management prac-
tices (Bertoldi, 1979, p. 9). The purposes of the study
reported herein, which is part of the overall Central
Valley RASA project, are to (1) evaluate the aquifer
system on a regional basis, mainly through the use of
a mathematical (computer) model, (2) simulate condi-
tions that existed before development of the ground-
water resources (prior to 1870), (3) simulate present con-

ditions, and (4) identify changes in the ground-water
system caused by development of the valley’s water
resources. Simulation of the aquifer system using a
mathematical model was chosen as a method for
analysis because it integrates large amounts of diverse
types of data, testing both the conceptualization of the
system and the aquifer characteristics.

Only those aspects that directly apply to the analysis
of aquifer properties and to ground-water flow within
the system between Red Bluff in the north and
Bakersfield at the south end of the valley (fig. 1) are in-
cluded in this report. Detailed descriptions of the water
quality and geology of the Central Valley are discussed
in separate reports, as is information that pertains to
the drilling of test holes. This report presents informa-
tion on recharge, evapotranspiration, and pumpage. The
methods of computation of these hydrologic variables are
discussed in detailed reports by Diamond and William-
son (1983) and Williamson (1982).

PREVIOUS INVESTIGATIONS

No comprehensive report on the modeling of ground-
water flow of the entire Central Valley of California has
been published. The Central Valley has been studied or
modeled in different areas by several investigators since
about the late 1880’s. The earliest reliable systematic
study was by W. Hammond Hall (1886), the California
State engineer from 1878 to 1889. Hall’s work, together
with Mendenhall and others’ (1916) study of ground-
water resources of the San Joaquin Valley and Bryan’s
(1923) study of the Sacramento Valley, helped formulate
the concepts of the aquifer system in the valley during
a period when there was little stress on the system.

Between 1923 and the end of World War II (1945),vir-
tually no quantitative investigative reports for the Cen-
tral Valley were published; however, ground-water data
were being accumulated. It was during the period
1923-45 that hundreds of exploratory gas and oil wells
were drilled and logged in the valley, and these logs pro-
vided basic information on the lithologic character of the
aquifer system, including the lower boundary of al-
luvium, the distribution of coarse- and fine-grained
materials, and the distribution of minerals.

Post-World War II agricultural growth and attendant
ground-water use in the valley increased so rapidly that
by 1950 California pumped nearly 50 percent of all the
ground water pumped in the United States. With
this increased pumping, virtually tens of thousands of
wells were drilled in the Central Valley, making
available a greatly expanded set of data upon which to
renew scientific investigation of the ground-water
resources. The new data allowed Croft (1968, 1972) to
map an important confining bed that extends over
nearly 5,000 mi? of the San Joaquin Valley and four

































MODEL DEVELOPMENT

mi? near the confluence of the Sacramento and San Joa-
quin River systems (Poland and Evenson, 1966, and
fig. 9). Based on a map by Newmarch (1981), an area
of about 170 mi® has subsided at least 10 ft since
reclamation began to 1980. Drainage for cultivation of
this low-lying area began in 1850, and by at least 1922
the entire area was under cultivation (Weir, 1950).
Today, the area is a complex system of manmade islands
and channels. Prior to development much of the marsh-
land was at or above sea level, but since development
much of the area is below sea level and is continuing
to subside about 3 in/yr (Newmarch, 1981). In some
places as much as 40 ft of loose organic peat overlies the
sediments. Weir (1950) estimated that subsidence in the
lower Jones Tract was 4.5 ft for the period 1902 (when
the tract was first drained) to 1917. Poland and Even-
son (1966) reported that subsidence on one island was
more than 9 ft from 1922 to 1955, and Newmarch (1981,
p. 135) reported a maximum of 21 ft on one island as
of 1980.

Perhaps the most critical problem in the area near the
confluence of the Sacramento and San Joaquin Rivers
is that the peat lands continue to subside. To allow
farming, the water table in the islands has to be lowered
by pumping water out of drains and discharging into the
rivers, thus increasing the hydraulic gradient from the
river toward the island.

Compaction of deposits above the water table after
water was applied at the surface (called hydrocompac-
tion) has been documented in a few areas on the west
and south ends of the San Joaquin Valley (Bull, 1964;
Lofgren, 1969; Poland and others, 1975, p. H8). The total
area that was affected by hydrocompaction in the San
Joaquin Valley is about 210 mi? (fig. 9). Subsidence of
5 to 10 ft is common in these areas and, locally, sub-
sidence of 15 ft has been observed (Poland and Evenson,
1966, p. 244).

Compaction of deposits beneath the aquifer system
caused by fluid withdrawal from oil and gas fields may
cause local land subsidence. Lofgren (1975, p. D33) noted
that subsidence around oil fields south and west of
Bakersfield was generally less than 1 ft during the
period of leveling from 1935 to 1965. However, the max-
imum amount of subsidence may have occurred earlier
because peak production from these fields was before
1935. Lofgren and Ireland (1973) noted that some sub-
sidence caused by fluid withdrawal from oil and gas
fields in the Sacramento Valley may have also occurred,
although data are sparse. Similarly, Newmarch (1981,
p. 140) indicated that as much as a foot of subsidence
could be attributed to the removal of fluids from a few
gas fields near the Delta and noted that the subsidence
was probably limited to areas close to the fields.

Little information is available for the rates of tectonic
downwarping in the Central Valley. Lofgren (1975) in-
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dicated that structural downwarping has been uniform
since the Pleistocene in the southwestern part of the San
Joaquin Valley based on calculations of average deposi-
tional rates from carbon-14 dates and that the rate of
downwarping is sufficiently slow that it has not affected
the historical span of leveling. Newmarch (1981, p. 138)
estimated a rate of tectonic downwarping of 0.006 in/yr
for the southern end of the Sacramento Valley, assuming
that downwarping began 6 million years ago, that the
approximately 3,000 ft of alluvial materials were
deposited at sea level, and that the base of these deposits
moved downward owing to tectonic downwarping.
Evidence of tectonic movement was noted by Poland and
others (1975, p. H8) in the southern Coast Ranges near
the southwestern end of the Central Valley and in the
Tehachapi Mountains to the south, where apparent
movements of as much as 0.8 ft have been measured at
bench marks. During the period of development in the
Central Valley (about 130 years), the overall effect of
this process on the total observed land subsidence has
been minimal compared with the effect of other
processes.
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MODEL DEVELOPMENT

A three-dimensional ground-water-flow model,
developed for this study, was used to analyze the aquifer
system in the valley. This section describes (1) the con-
cepts and development of the flow model, (2) the initial
estimates of recharge, discharge, and hydraulic proper-
ties of the aquifer system used in the model, and (3) the
procedure used to calibrate the flow model by modifying
the initial estimates of recharge, discharge, and aquifer
properties.

SIMULATION OF GROUND-WATER FLOW

Ground-water flow in the Central Valley was
simulated with a finite-difference model. A finite-
difference model is a set of ground-water-flow equations
with representative aquifer properties which can
describe ground-water flow in the aquifer system. The
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set of ground-water-flow equations then can be solved
simultaneously with the aid of a computer. A computer
program written by Trescott (1975) and modified by
Trescott and Larson (1976) and Torak (1982) was chosen
for this study because (1) it simulates ground-water flow
in three dimensions, (2) it has been successfully used to
simulate ground-water flow in many aquifer systems,
and (3) it has been successfully modified to incorporate
the effects of inelastic compaction of fine-grained
sediments in an aquifer system near Houston, Tex.
(Meyer and Carr, 1979). The three-dimensional ground-
water-flow equation the program solves simultaneously
can be written as follows (Trescott, 1975, eq. 3):

3h 3 L) 3 ah
9% L wlx,y,z2,) = Zf Kex 22 ) + 2 Kyy 22Xt
oY Y ax( ax) ay( 7 oy

d dh
2§ Kz 72 (1)

+ dz dz

where
h = hydraulic head, in feet;
Ss = specific storage, in feet—?;
w = volumetric flux of recharge/discharge per
unit volume, in seconds—?,

t = time, in seconds;
Kxx,Kyy = hydraulic conductivity in the principal
horizontal directions, in feet per second;
Kzz = hydraulic conductivity in the vertical
direction, in feet per second, and
x,y,2 = cartesian coordinates.

To solve the three-dimensional ground-water-flow
equation, Trescott’s program replaces the continuous
derivatives in the flow equation with finite-difference
approximations at a point or node. An example of a
group of nodes used in the finite-difference approxima-
tion is shown in figure 10. Surrounding each node is a
block with dimensions x, ¥, and z in which the hydraulic
properties are assumed to be uniform. The result is N
number of unknown head values at N nodes, which
results in N number of equations, where N is the number
of blocks that represent the aquifer system.

In Trescott’s program, the time derivative 2 is ap-
proximated by the backward-difference technique (Rem-
son and others, 1971, p. 78). The approximation for each
node may be given as

O _ (hi=ho), @)
at At
where
h, = the hydraulic head in a node at the beginning

of a time step, in feet;
h; = the hydraulic head in a node at the end of a time
step (unknown), in feet; and
the time-step interval, in seconds.
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FIGURE 10.—Node array for finite-difference formulation showing
model block associated with node i, j, k. (From Bennett and others,
1982.)

The program solves the unknown head for each time
step using the strongly implicit procedure (Trescott,
1975, p. 11). This is done by iterating through the finite-
difference equations for each node until the head change
between the previous iteration and the current iteration
is less than a specified amount for all nodes. Once this
criterion is met, the program advances to a new time-
step interval and the process of computing head values
at each node is repeated. Both the ground-water-flow
equation and the numerical technique are discussed in
detail in Trescott (1975) and Trescott and Larson (1976).
In the following paragraphs, the basic concepts and
structure of the model are described.

GENERAL CONCEPTS AND
FEATURES OF THE MODEL

In general, ground water moves from the margins of
the valley toward the center and, since development, to
major pumping centers. A simplified section (fig. 114)
shows the general patterns of recharge, discharge, and
ground-water flow at present (1983) in the Central
Valley aquifer system. The computer model can
simulate many elements of the real aquifer system, as
shown in figure 11B, including recharge from precipita-
tion, streams, and irrigation return flow, and discharge
as evapotranspiration, to streams as baseflow, and to
wells as pumpage. The aquifer system is heterogeneous
and consists of many discontinuous beds of clay, silt,
sand, and gravel. The model simulates the heterogeneity
in the aquifer system by (1) varying the aquifer proper-
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where
Qr = recharge volume in the specified time period, in
acre-feet;

= infiltration rate, in feet per year;

wetted area for infiltration, in acres; and
time duration of infiltration during the time
period, in years.

The infiltration rate (i), if measured, is measured for a
short time and in a small area, and involves a small
measured water budget (such as a stream-seepage
measurement or a percolation test). This rate must be
extrapolated in time and space, which is difficult owing
to its high variability and its poor relation to other
conditions.

3. Ground - water flow. — The ground- water - flow
method assumes that the flow across a plane, as
calculated by Darcy’s law, is equal to the net recharge
upgradient from that plane. This calculation is made by
analytical techniques or simulation-model calibrations.
This also assumes that the flow system is in equilibrium
(steady-state condition) and that the aquifer properties
are estimated correctly. This would be a poor method
to use for input to a flow model because it violates the
principle of independence.

4. Water budget.—The water-budget method is based
on the continuity equation:

i
A
t

¥ Inflows — X Outflows + A Storage = 0 (4)

The terms in this basic equation have been divided
by many investigators in various ways. Net
recharge/discharge is a component of one of the terms.
It is assumed that all the significant components of each
of these terms, except net recharge/discharge, can be
measured or estimated. The equation is then used to
solve for the dependent variable, net recharge/discharge,
which is sometimes referred to as a residual quantity.
In this type of equation, in which the dependent
variable, net recharge/discharge, is equal to the dif-
ference of the independent terms, the random error in
the dependent variable will be large if the difference be-
tween the independent terms is small relative to the size
of the terms themselves.

There are also various ways to extrapolate the results
of the methods described above to other locations or
other time periods. These include other types of regres-
sion models that relate net recharge/discharge to flow,
storage, or conveyance properties of water sources.

The water-budget method was the principal method
used in this study because budgets could be designed to
minimize the random error by adhering to the following
guidelines:

1. Categorizing components so that recharge was
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relatively large compared with the other terms in the
equation.

2. Choosing budget-unit boundaries at points where:
a. reasonably accurate data for flows across boundaries
were available;

b. the number of significant flow components was
minimal;

¢. boundaries are compatible with other flow components
such that water is not missed or counted twice; and
d. the geographic units for which average flow com-
ponents are calculated are similar in size to the nodal
spacing for the ground-water model.

Recharge and discharge values were estimated for the
17-year period 1961-77 by several types of water
budgets. This period was chosen because recent data
were available and because it includes a variety of dry
and wet conditions as well as changes in water develop-
ment. These stresses on the ground-water system aid in
understanding the flow system because they require a
more rigorous test of the simulation and the concepts
upon which it is based. The estimates of the various com-
ponents of recharge and discharge are given in appen-
dix A.

The model does not automatically adjust certain com-
ponents of recharge and discharge, as might be desired
for head-dependant functions such as river leakage or
evapotranspiration. By regression analysis, the authors
found that the dominant factors affecting recharge and
discharge rates in the aquifer system are the amount
of surface-water flow, land use, and canal systems; these
factors affect net recharge/discharge more than the head
change in the aquifer. Therefore, the authors did not use
the head-dependent function for net recharge/discharge
in the model.

STREAMFLOW

Streamflow losses (ground-water recharge) and
streamflow gains (ground-water discharge) were
estimated by Mullen and Nady (1985) using the water-
budget method. This was done for all major streams, for
each reach bounded by gages, according to the following
equation:

Loss = Q,,, + Q,, — ET - D, — Q, (5)

where (all in acre-feet per year):

Qups = flow at the upstream gage;
Q,, = inflow from tributaries or drains;
ET = evapotranspiration from the channel and
riparian vegetation;
D, = diversions for irrigation; and
Q4,, = flow at the downstream gage.

Generally, all of these terms except ET are measured
quantities, except where part of the record has been
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estimated. Evapotranspiration cannot be measured from | native vegetation by the California Department of

riparian vegetation with any degree of accuracy.

Evapotranspiration from streams and riparian vegeta-
tion was not estimated because of uncertainty about the
width of the channel and adjacent land with riparian
vegetation and uncertainly about the evapotranspira-
tion rate. Therefore, the stream-loss values estimated
for the simulation model include evapotranspiration
from the stream surface and from riparian vegetation.
This error was considered in the calibration process,
which is described later. The stream-loss values also in-
clude some unmeasured accretions (gains) from surface
drains and unmeasured diversions for irrigation. In the
Sacramento River, unmeasured gains from small creeks
are of significant size. This causes an underestimate of
stream losses and a corresponding overestimate of
ungaged runoff infiltration. The Tule River also has
unmeasured diversions that are significant. This causes
an overestimate of stream losses and a corresponding
underestimate of irrigation return flow.

The results of the stream-water budgets for 69 reaches
of 20 major streams are summarized by Mullen and
Nady (1985) and in table 1. The total length of the gaged
reaches of major stream channels (accounting for 30.1
of the 31.7 million acre-ft/yr mean inflow) in the valley
is about 1,200 mi. Average annual rates of exchange in
the different reaches ranged from a gain of 13,400 to a
loss of 23,800 acre-ft/yr per mile of channel. The sum
of gaining reaches was 1,300, and the sum of losing
reaches was 1,650 acre-ft/yr. These values were prorated
and summed for each model block on the basis of the
proportion of the length of the reach in the model block.

The minor streams that are gaged account for 7 per-
cent (2.1 million acre-ft/yr) of the valley’s inflow. Other
minor streams that are not gaged account for less than
1 percent of the total inflow (Nady and Larragueta,
1983b). Ungaged flow was estimated by a multiple-
regression analysis based on 60 gaged small streams.
Most of the flow of the ungaged minor streams is applied
on fields as artificial recharge.

PRECIPITATION

Ground-water recharge by precipitation occurs when
precipitation is greater than the potential
evapotranspiration and when the soil-moisture storage
capacity is full. In general, precipitation exceeds poten-
tial evapotranspiration in the winter while the reverse
is true in the summer; thus, most of the ground-water
recharge from precipitation occurs during the winter and
spring months. The method of estimating ground-water
recharge from precipitation is described below.

Estimates of monthly soil-moisture budgets for the
50-year period 1922 through 1971 were computed for

Water Resources and the U.S. Bureau of Reclamation
(John Renning, U.S. Bureau of Reclamation, written
commun., 1979). They assumed 2-, 3-, and 4-ft rooting
depths for the Sacramento Valley, Delta, and San Joa-
quin Valley areas, respectively, and a moisture-holding
capacity of 1.5 in per foot of root depth to determine
soil-moisture storage capacity. The monthly precipita-
tion that exceeds monthly potential evapotranspiration
is added to soil-moisture storage until the capacity is
filled. Excess precipitation for any month is accumulated
with the excess precipitation from previous months of
that year and becomes a recharge value for the ground-
water system. The soil-moisture storage is carried over
into the summer, when it is depleted because the poten-
tial evapotranspiration exceeds precipitation. Linear
regressions for the three areas were computed, relating
excess precipitation to annual precipitation. The results
are shown in table 2. Total precipitation on the valley
floor averages about 12.4 million acre-ft/yr. Excess
precipitation, which averages 1.5 million acre-ft/yr, in-
cludes ground-water recharge and surface runoff. The
surface runoff is not added in any other water-budget
term, so it is counted here even though it may actually
become recharge downgradient in the valley. Total an-
nual precipitation for each model block was estimated
on the basis of mean annual precipitation (fig. 4) and
measured ratios of annual to mean annual precipitation
for each year during the period 1961-77.

IRRIGATION

Recharge and discharge resulting from irrigation is
very important in understanding the aquifer system in
the Central Valley because 57 percent of the total area
of 20,000 mi? is irrigated. During 1961-77, water use
for irrigation averaged about 22 million acre-ft/yr.

To determine net recharge/discharge from irrigated
areas and unlined canals, a water budget was designed
to examine the artificial components (such as canal
losses and irrigation return flow) of the hydrologic cycle,
which have greater values than the natural components
because of extensive agricultural development. A ma-
jor component in many areal water budgets is
evapotranspiration. Estimation of evapotranspiration is
difficult and subject to large errors. However, evalua-
tion of the artificial components of the cycle allows the
use of evapotranspiration values from irrigated
agriculture, where the environment is much more
uniform. The relatively uniform agricultural
evapotranspiration contributes less variation and uncer-
tainty to the water-budget analysis.

The spatial boundaries chosen for a water budget of
irrigated lands are land surface at the top and the depth
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of crop roots at the bottom and, horizontally, the model
block boundaries or the boundaries of geographic units
of similar size whose data could be translated to model
blocks by an areal proportion.
The water budget is defined as follows:
Iutlow Outtlow

(SW + GW) — (ETAW + GWR,) £ ASMS = 0, (6)

where
SW = surface inflow, measured at the diversion
point to an area, minus surface outflow, if
any, from that area;
GW = pumped ground water;
ETAW = evapotranspiration of applied water;
GWR, = recharge to the top layer (layer 4); and
ASMS = change in soil moisture storage in time

(using 1-year intervals, ASMS is assumed to

be zero).
This calculation includes recharge from irrigated areas
with recharge from unlined distribution canals; this ap-
proach has several advantages in addition to making it
possible to consider one less term. A regional scale
analysis does not require detailed separation of
hydrologic features. Flow measurements of smaller,
unlined distribution canals (such as ditchtender records)
usually are approximate and may contain significant er-
rors. This equation also makes GWR, as large as pos-
sible compared with the other terms, and this tends to
minimize the effects of errors in the smaller terms.

Removing ASMS from equation 6 and solving for

GWR,,

GWR, = SW + GW — ETAW. (7

Separating GW into layers of origin, layer 4 (top) and
layer 3 (deeper),

GWR, = SW+ GW, + GW, — ETAW. (8)

For a water-table aquifer, assuming the time lag for
recharge is less than the periods of interest for modeling,
the net recharge between the upper land surface and the
water table is the desired result. This assumption was
tested by checking response-time lags in water-table well
hydrographs; it appears to be valid for simulation
periods of 6 months to 1 year for much of the valley. The
net recharge/discharge to the water table (net R/D,) is
then

NetR/D, = GWR, — GW,. 9
Substituting equation 8 into equation 9 gives

NetR/D, = (SW + GW, + GW, — ETAW) —GW,. (10)

GW, cancels out, yielding
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NetR/D, = SW — ETAW + GW.. 11

The net recharge/discharge (net R/D,) for the lower
pumped zone (model layer 3) is

NetR/D, = —GW,. 12)

Equations 11 and 12 indicate that pumpage from the
lower zone (layer 3) can be represented in the water
budgets as a transfer of water to the water table (layer
4). Adding these two equations together shows that
where the layer definition can be ignored, the composite
net flow (net F) is

NetF = NetR/D, + NetR/D, = SW — ETAW. (13)
Equation 13 has the advantage of having only one com-
ponent that needs to be estimated because net surface
inflow (SW) is measured.

Ideally, all components should be calculated for iden-
tical areas. However, the most accurate land-use and
surface-water data are not collected or summarized for
areas that have coincidental boundaries. Therefore, it
was necessary to apportion the data values among model
blocks on the basis of the area in that model block.

Surface-water-delivery data for the San Joaquin
Valley and southern Delta areas were collected as ir-
rigation district totals and prorated to the model blocks
in each district. The evenness of distribution within a
district varies from one district to another, but the
distribution was compared in the Turlock Irrigation
District against more detailed records of deliveries. In
that district, which is large and has a large supply of
surface water, the assumption of uniform distribution
was adequate for the water years tested, 1962 and 1970.

In the Sacramento Valley, surface-water-delivery data
are often misleading. Because of the abundance of water,
much of the water delivered drains off one field to
another field or to another irrigation district downslope.
There is very little detailed data for drain flows.
Therefore, it is possible to count water delivered to crops
more than once. The most detailed surface-water-use
data available are estimated from land use and unit
applied-water values (Bloyd, 1978, p. 120). Another
source of error in these data is the practice of deter-
mining from aerial photographs whether the fields are
irrigated by surface water or ground water. Many fields
are equipped for both types of irrigation, so it is difficult
to determine which is used primarily. To make ad-
justments for these errors, water budgets for subareas
12 to 15 (fig. 27) were developed.

From these subareas, the ratios of net surface water
used to total delivered average 77, 47, 57, and 83 per-
cent, respectively. These ratios were used to adjust
downward the total surface-water delivery presented by
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TABLE L.—Summary of major stream losses and gains
[Totals may not agree because of rounding|

1961-77 mean

d
Stream Upstream Reach Inflow Diversion Losse? Sta?daf Unit loss
Reach length (negative deviation
name gage (mi) shows gains) of loss (1000 (acre-
&2 ft/yr)/mi)
(1000 acre-ft/yy)
Kern River 1 Below Isabella Dam 19.9 646.0 0.0 12.7 14 0.6
2 Near Democrat Springs 23.8 636.3 0.0 -24.0 28 -1.0
3 Near Bakersfield 20.7 678.1 427 67.3 89 3.3
64.4 427 56.1 0.9
Tule River 1 Below Success Dam 11.9 141.8 69.1 18.2 8.7 1.5
2 Below Porterville 2.7 54.5 0.0 20.1 21 7.5
3 At Oettle Bridge 23.0 34.4 0.0 18.4 27 0.8
4 Porter Slough at Porterville 5.9 15.1 2.0 6.4 9.3 1.1
5 Porter Slough near Porterville 3.7 6.9 0.0 2.1 5.4 0.6
47.2 71.1 65.3 1.4
Kaweah River 1 Below Terminus Dam 2.8 421.3 71.7 -11.8 6.4 -4.2
2 Below McKays Point 4.5 215.2 82.5 -2.0 5.5 -0.5
3 Below Peoples Ditch 9.5 158.1 117 20.2 4.9 2.1
4 St. Johns below Mckays Point 27.1 202.3 90.1 46.7 29 1.7
43.9 362 53.0 1.2
Kings River 1 Below Pine Flat Dam 21.9 1,707 956 -53.8 34 -2.5
2 At Reedly Narrows 13.0 805.4 184 16.5 27 1.3
3 Below Peoples Weir 16.9 605.4 263 65.9 15 3.9
4 Below Lemoore Weir 5.4 276.5 90.2 10.1 4.5 1.9
5 North Fork below Island Weir 5.3 176.2 17.0 4.9 7.1 0.9
6 Fresno Slough below

Crescent Weir 9.5 154.2 6.7 11.2 14 1.2
7 Fresno Slough at Stinson Weir 18.1 136.3 3.2 4.6 12 0.3
8 South Fork below Army Weir 37.6 86.7 59.0 4.5 11 0.1
127.7 1,578 63.9 0.5
San Joaquin River 1 Below Friant Dam 64.9 2,697 2,250 165 30 2.5
2 Near Mendota 20.7 283.4 164 6.9 16 0.3
3 Chowchilla Bypass at Head 81.0 458.1 0.0 147 92 1.8
4 Near Dos Palos 46.8 379.6 0.0 -42.2 35 -0.9

5 Near Stevinson 7.3 510.1 0.0 157 530 21

6 At Fremont Ford 7.0 1,124 1.6 157 260 22
7 Near Newman 9.9 1,006 7.1 -44.8 38 -4.5
8 At Crows Landing Bridge 9.5 1,590 63.1 -62.1 11 -6.5
9 At Patterson Bridge 20.7 1,610 107 -44.2 130 ~2.1
10 At Maze Road Bridge 5.1 2,570 10.7 -47.1 92 -9.2
272.9 2,600 392 1.4
Fresno River 1 Near Daulton 14.8 107.9 54.4 3.4 14 0.2
2 At Madera 8.2 51.8 0.0 9.7 8.9 1.2
23.0 54.4 13.1 0.6
Chowchilla River 1 Below Buchanan Dam 13.0 164.0 0.0 4.9 17 0.4
Merced River 1 Below Merced Falls 7.3 867.0 534 -0.5 18 ~0.1
2 Below Snelling 18.7 320.0 31.7 -60.2 20 -3.2
3 Near Cressey 23.6 362.1 17.6 -43.9 10 -1.9
49.6 584 -104.6 -2.1
Tuolumne River 1 Below Lagrange Dam 20.7 1,488 898 -90.7 42 ~4.4
2 At Hickman Bridge 16.3 756.7 1.3 -33.9 32 -2.1
3 At Modesto 13.0 790.7 6.5 -44.1 47 -3.4
50.0 906 -168.7 -3.4



MODEL DEVELOPMENT

TABLE 1.—Sunumary of major stream losses and gains—Continued
[Totals may not agree because of rounding ]
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1961-77 mean

Standard
Stream Upstream Reach Inflow Diversion Losse§ a? af Unit loss
Reach length (negative deviation
name gage - K (1000 (acre-
(mi) shows gains) of loss i
ft/yr)/mi)
(1000 acre~ft/yr)
Stanislaus River 1 At Goodwin Dam 11.0 1,054 519 -40.7 33 -3.7
2 At Orange Blossom Bridge 13.6 575.7 1.5 -3.2 37 -0.2
3 At Riverbank 16.7 585.9 3.6 -67.2 38 -4.0
4 At Ripon 6.7 658.2 3.6 -2.6 38 -0.4
48.0 528 ~-113.6 -2.4
Calaveras River 1 Below New Hogan Dam 6.8 139.2 0.0 -1.5 1.5 -0.2
2 At Jenny Lind 11.1 249.0 2.7 13.7 18 1.2
3 At Bellota 16.8 30.1 2.8 17.7 7.1 1.1
34.7 5.5 29.9 0.9
Mokelumne River 1 Below Comanche Dam 24.3 499.8 118.1 48.0 17 2.0
Comsumnes River 1 At Michigan Bar 25.5 346.4 9.8 2.5 17 0.1
American River 1 At Fair Oaks 16.0 2614 34.6 382 140 24
Yuba River 1 Below Englebright Dam 17.8 1848 188 -49.0 71 -2.8
Feather River 1 At Oroville 15.6 4,310 582 -10.9 57 -0.7
2 Near Gridley 21.7 3,550 42.0 ~-178 120 -8.2
3 At Yuba City 5.0 5,391 0.7 -3.9 130 -0.8
4 Below Shanghai Bend 13.8 5,738 56.6 -186 220 -13
56.1 681 -378 -6.7
Sacramento River!?! 1 Near Red Bluff 43.2 -- -- 44.0 58 1.0
2 Near Vina Bridge 17.0 -- -- -5.3 44 -.31
3 At Hamilton City 18.7 -- -- 22.0 56 1.2
4 At Ord Ferry 15.0 -- -- -1.6 64 -.11
5 Butte City 26.4 - - 1.5 54 .06
6 At Colusa 26.5 -- - -30.3 66 -1.1
7 Below Wilkins Slough 28.9 -- -- -106 54 -3.7
8 At Knights Landing 14.4 - -~ 41.4 53 2.9
9 At Verona 19.0 -- - -16.6 74 -.87
209.1 -51 -0.2
Stony Creek 1 Below Black Butte Dam 18.5 421.5 72.7 49.1 18 2.7
Cache Creek 1 At Rumsey 21.3 507.6 0.0 -0.2 19 0.0
2 Near Capay 20.3 530.1 134 23.2 18 1.1
41.6 134 23.0 0.6
Putah Creek 1 Near Winters 10.9 346.2 181 13.9 5.6 1.3
2 Below Winters 4.3 111.3 0.1 1.3 5.6 0.3
3 Above Davis 5.6 110.0 0.0 3.2 4.6 0.6
20.8 181 18.3 0.9
TOTAL -~---=-~-=—emmmmm——— 1,204.1 - 336 0.3

1Sacramento River flows are for the April to October (7 month) period;

diversions not listed.

they are not

annual figures.

Inflow and
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Bloyd (1978, p. 130-132). Though reported by Bloyd as
totals for townships (36 mi?), these data were available
on a quarter-township basis (Phil Lorens, California
Department of Water Resources, unpub. data, 1978).
These values were available only for 1961 and 1970;
therefore, they were adjusted for other years on the basis
of a regression of known surface-water diversions for the
other major streams (Mullen and Nady, 1985). This
regression accounted for variation from wet years to dry
years and for long-term trends. Evapotranspiration (ET)
of applied water values was calculated on the basis of
land-use data, which are summarized for 7.5-minute
quadrangles of latitude and longitude, and unit ET
values. Each quadrangle includes an area about 1.64
times the area of a model block. Details of estimating
evapotranspiration of applied water are presented by
Williamson (1982). Average unit ET of applied-water
values was used, causing an overestimate in wet years
and an underestimate in dry years. The variation in ET
between dry and wet years, however, is small.

Pumpage data were collected for quarter township
areas (0.25 times the area of the model block). Pumpage
data were estimated from power consumption records
and from pumping plant efficiency tests (Diamond and
Williamson, 1983). Data for missing years were
estimated by regression analysis. Estimates were not
available for most of the Delta area. Pumpage in the
Delta area was estimated for the simulations by the
water-budget method assuming an irrigation efficiency
of 55 percent, estimated values of crop needs (ET of ap-
plied water), and amounts of surface water diverted for
irrigation.

There is some error in all the prorations. The effect
of these errors is equivalent to a transfer of a volume
of water from a model block to an adjacent model block.
For this reason, constant additive adjustments to net
recharge estimates were calibrated for each model block
to account for balancing the errors in the volumes be-
tween adjacent model blocks.

The proportion of pumpage from the deeper zone in
the aquifer was estimated by several methods. These
methods assume that the proportion of flow from dif-
ferent zones into a well is proportional to the length of
perforations in that zone. In the Central Valley, irriga-
tion well casings are usually perforated throughout the
lower two-thirds of the well depth. Construction data for
more than 3,300 irrigation and public-supply wells were
used to calculate the proportion of perforated intervals
in each zone for each model block. To extend this
analysis, discharge water temperature measurements
for 35,000 pumping plant efficiency tests from about
13,000 wells were analyzed. Temperature data from
3,000 wells having construction information established
arelation between temperature and perforated interval.
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TABLE 2.—Regression results—FExcess precipitation
(PPT.,) as a function of annual precipitation (PPT)

equation: PPT =m PPT + b
ex
Area Slope(m) Intercept(b) R2
Sacramento 0.64 -9.1 0.85
Delta 0.63 -7.3 0.79
San Joaquin 0.64 -6.2 0.64

This relation was used to approximate perforated
intervals for each of the 13,000 wells. These
approximate predicted perforated intervals were used
to estimate the proportion of perforated intervals in
each zone. These proportions were averaged with those
previously determined using appropriate weighting
factors. Where no data existed, the proportion was
interpolated from adjacent areas. The effect of errors in
estimating these proportions is discussed in the section
“Changes in Recharge and Discharge.”

ESTIMATES OF AQUIFER PROPERTIES

The methods used to estimate aquifer-system proper-
ties such as thickness, hydraulic conductivity, and
storage are described in the following sections. The same
principle of using consistent methods for the entire
valley, as previously described, was applied. Some
measures (such as the mean) of the estimates made are
given in this section; others are given in the sections on
predevelopment and postdevelopment ground-water
flow. These estimates were adjusted during calibration
of the model. The complete data set of final values after
calibration is given in appendix B.

THICKNESS

Post-Eocene deposits of continental origin constitute
the primary ground-water reservoir in the Central
Valley. The thickness of these deposits (fig. 8) was
estimated by R.W. Page (Page, 1974; U.S. Geological
Survey, written commun., 1981) from interpretation of
electric logs and from published reports. The thickness
of these deposits averages about 2,400 ft and increases
from north to south, with a maximum thickness of more
than 9,000 ft near Bakersfield. However, the contact be-
tween continental deposits and the underlying marine
deposits is not always certain because the two types of
deposits interfinger in some places, particularly near the
southern end of the valley. For example, de Laveaga
(1952, p. 102) suggested that the continental deposits
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may be as much as 15,000 ft thick in places where 9,000
ft is shown in figure 8. Thus, the thickness of continen-
tal deposits in the Central Valley, particularly in the
southern part, used in the analyses of the system may
be less than what is actually present. Excluding the
deeper continental deposits (which interfinger with
marine deposits) probably does not greatly affect the
analyses of ground-water flow in the Central Valley
because the amount of flow in the deeper parts of the
continental deposits is considered small.

HYDRAULIC CONDUCTIVITY

The hydraulic conductivity (K) of a saturated, porous
medium is the volume of water it will transmit in a unit
time, through a cross section of unit area, under a
hydraulic gradient of a unit change in head through a
unit length of flow (Lohman, 1972, p. 6). In this report,
hydraulic conductivity is expressed in units of feet per
day.

HORIZONTAL

Two sources of data were considered to estimate
horizontal hydraulic conductivity (Kk) values—specific-
capacity data from power company pump-efficiency tests
and drillers’ logs. Because pump-efficiency tests are not
available for the entire valley, that source was used only
to spot check the results of the other methods.

Drillers’ logs contain descriptions of the formations
drilled through in each depth interval. Each formation
description was assigned to one of five categories of for-
mations with similar properties described by Davis and
others (1959, p. 202-206). The depth interval and the
category was coded for each well log for computer tabula-
tion. More than 10,000 well logs in the Sacramento
Valley and more than 7,400 logs in the San Joaquin
Valley were coded for the analysis.

D27

Hydraulic conductivities were assigned to formation
categories that were characterized by grain size using
values determined by Johnson and others (1968), Mor-
ris and Johnson (1967), and the California Department
of Water Resources (1966, p. 137). Although there is con-
siderable variation in Kh values within a category, the
method should still give a good indication of relative dif-
ferences in Kh because of the large sample size. Table
3 shows the categories and their corresponding Kh
values and specific yields which are discussed in the sec-
tion on “Aquifer Storage.”

An equivalent Kh value was computed for each seg-
ment of each well which corresponded to the appropriate
model layer, by the following equation:

Kh, _ =KW (14)
o b
where
Kh,, = equivalent horizontal hydraulic conductivity,
b = thickness of the interval reported on the
drillers’ log, and
Kh = horizontal hydraulic conductivity of the

interval.
These equivalent Kh values for individual wells were
averaged for each layer in each model block. Values for
model blocks having no data were interpolated and ex-
trapolated from nearby model blocks. The resulting KA
values for all of the model blocks have a mean of 25 ft/d
and a standard deviation of 13 ft/d. The resulting Kh
values were compared with values reported by other in-
vestigators. The comparison showed that estimates of
Kh obtained in the above manner were not consistently
larger or smaller than other estimates. It also showed
that in 57 percent of the 244 model blocks that could
be compared, the present estimates are within a ratio
of 0.6 to 1.67 of the other estimates. Estimated values
were also compared with values estimated from specific-

TABLE 3.—Hydraulic conductivity and specific yield values used for aguifer
materials for initial estimates

[Hydraulic conductivities were reduced by a factor of 4 during model calibration]

. Hydraulic Specific
Aqulfgr cozductivity gield
material (ft/d) (percent)
Bedrock 0.0 0.0
Clay .00053 3
Sandy clay 1.1 5
Fine sand 11 10
Sand and gravel 110 25
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capacity data collected by utility companies in pump-
efficiency tests. In two-thirds of the 251 model blocks
that could be compared, the values from drillers’ logs
were larger than those estimated from specific capacity.
Only 46 percent of the model blocks were within the
ratios discussed on p. 27.

VERTICAL

The aquifer system is composed of many interbedded
lenses of coarse- and fine-grained deposits in which the
vertical hydraulic conductivity varies according to the
type of deposit. Because it is impossible to model every
lens in the aquifer system, an equivalent vertical
hydraulic conductivity of the lenses in each model layer
in each block was calculated by applying the principle
of conductances in series as

b
Kz = ' (15)
v _l_)L + ,bi + + n
Kz, Kz, ' z,
where
Kz,, = equivalent vertical hydraulic

conductivity;
b = total thickness between the centers
of two adjacent model layers;
b,,b,,b, = thickness of individual lenses; and
Kz,Kz,,Kz, vertical hydraulic conductivity of
corresponding lenses in the aquifer
system.
The lenses were categorized into coarse- and fine-
grained deposits. This simplified equation 15 is as
follows:

I

K = 6
Zeq = b, Ebf (16)
+
Kz, Kz,
where
EbC,Ebf = sum of the thicknesses of coarse and fine

beds, respectively, and
Kz,Kz, = vertical hydraulic conductivities of coarse
and fine sediments, respectively.
In general, the vertical hydraulic conductivity of the
fine-grained lenses is much less (by at least two orders
of magnitude) than that of the coarse-grained lenses, and
this causes the term b, /Kz, to be negligible. Thus,
equation 16 can be simplified to

b Kzf
Ebf

Kz =

eq

an

The ground-water-flow model used in this investiga-
tion incorporated the vertical hydraulic conductivity into
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the term known as leakance. Leakance (Tk) is defined
by Lohman (1972, p. 30) as the ratio of Kz to the
thickness of the confining beds. In an aquifer system
composed of many interbedded lenses of coarse- and fine-
grained deposits, an equivalent Tk can be computed as

Kz
Tk . (18)

eq = vb

where Tk, is equivalent leakance.
Substituting the right side of equation 17 for Kz,, in
equation 18 yields

Kz
Th, = (19)

Thus, the flow between model layers is controlled by the
vertical hydraulic conductivity of the fine-grained
deposits divided by the thickness of the fine-grained
deposits.

Tk values were calculated for each well using equa-
tion 19 on the basis of thicknesses of coarse- and fine-
grained beds developed by Page (1986, p. 20) from 690
electric logs, selected at a density of one per quarter
township (9 mi?). The initial value of Kz used for fine-
grained beds was 1x10°* ft/d. These equivalent Tk
values for individual wells were averaged for each model
block.

Laboratory values of vertical hydraulic conductivity,
given by Johnson and others (1968), were tested in the
early phases of calibration, but they were not used
because they represent point data rather than areal and
depth integrated averages necessary in the regional
model.

In some areas, many wells are perforated for long in-
tervals across two adjacent model layers. Bennett and
others (1982) discuss this problem, noting that where
wells penetrate two adjacent layers, by using the Thiem
equation, Tk, values for the wells can be calculated.
All of the well Tk,, values can be summed with the
aquifer Tk,, because the flows are parallel. Because of
the large variation in values and the model’s high sen-
sitivity to Tkeq, these values were substantially adjusted
in the calibration process. This is further discussed in
the section, “Changes in Ground-Water Flow.”

AQUIFER STORAGE

The term ‘“‘storage coefficient” is used to describe
water that is released from or taken into storage. Theis
(1938, p. 894) defined it as the volume of water (in cubic
feet) released from storage in each column of the aquifer
having a base 1 ft? and a height equal to the thickness
of the aquifer when the water table or the piezometric
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surface is lowered 1 ft. The storage coefficient is equal
to the specific storage times the thickness of the aquifer,
where the specific storage of a saturated aquifer is the
volume of water that a unit volume of aquifer releases
from storage under a unit decline in hydraulic head.
Jacob (1940) noted that water released from an elastic
artesian aquifer was derived from three sources: (1) ex-
pansion of the water, (2) compression of the aquifer, and
(3) compression of the adjacent and included clay beds.
Poland (1961) assumed that the third source of water
was caused by inelastic compaction of the adjacent and
included clayey beds. Water is also released from the
shallow part of the aquifer by gravity drainage when
the water table is lowered (known as specific yield).
However, the volume of water released by gravity
drainage, or the aquifer’s specific yield, is usually much
greater than the volume released from the other sources.
Thus, for the upper part of the aquifer system in the Cen-
tral Valley, specific yield was used as the storage coef-
ficient. Specific yield was estimated by the same method
of weighted averages as described in the sec-
tion on “Hydraulic Conductivity.” except specific
yield replaced horizontal hydraulic conductivity. The
values used for each formation are given in table 3. The
mean specific yield is 0.09 and the standard deviation
is 0.03.

Jacob (1940) concluded that in an elastic artesian
aquifer, the water released from compression of the ad-
jacent and included clayey beds was the chief source of
water released from storage in the aquifer. In the
analyses of the Central Valley aquifer system, the
system below the uppermost part was considered con-
fined in the sense that the vertical permeabilities of the
sediments are much lower than the horizontal
permeabilities, a condition that restricts the vertical
movement of water.

Jacob (1940), in defining the elastic-storage coefficient
for an uncemented granular material, assumed that
water stored in clayey beds was released instantly so
as to avoid mathematical complications (although Jacob
recognized there would be a time delay between the
lowering of the head in the aquifer and the release of
water from the clays because of their low permeability):

1 1 c
S:vem( . -

. (20
Ew T OEs T Eec

storage coefficient, dimensionless;
v = specific weight of water (0.434 pound per square
inch per foot);

© = porosity of the sediments, dimensionless;
m = thickness of the aquifer, in feet;
Ew = bulk modulus of elasticity of the water (3x10°

pounds per square inch);
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Es = bulk modulus of elasticity of the aquifer matrix,
in pounds per square inch;
Ec¢ = modulus of compression of clay beds, in pounds
per square inch; and
¢ = a dimensionless quantity that depends largely

on the thickness, configuration, and distribution
of the clay beds.
Replacing the storage coefficient with specific storage
(Ss), and rearranging terms, the equation can be

vOc
+ .
m FEw Es

21
Fe 21

The elastic specific storage (Ss,) of the aquifer system
is equal to
vO Y

Sse “Ew + Eas ’ (22)
where Eas is the weighted average bulk modulus of
elasticity of the aquifer system, in pounds per square
inch.

Estimates of the elastic-storage term were calculated
by adding the product of the thickness of coarse-grained
deposits times its specific storage to the product of the
thickness of the fine-grained deposits times its specific
storage. Values of the elastic specific storage of the
coarse- and fine-grained deposits were obtained from
Poland (1961), Riley and McClelland (1972), and Helm
(1978).

Poland (1961, p. B53) assumed that release of water
from storage during short-term pumping tests was
primarily caused by the expansion of water and the
elastic compression of the coarse-grained part of the
aquifer. He approximated the contribution of water
derived from each of the two mechanisms for the aquifer
system in the southwestern part of the San Joaquin
Valley. In the calculations, he used an aquifer thickness
of 700 ft and a storage coefficient of 0.001, which is the
average of aquifer tests of wells for the area studied by
MecClelland (1962). Clayey interbeds were not included
in Poland’s calculations and they accounted for another
300 ft of the aquifer system. The estimated elastic
specific storage value of the coarse-grained deposits in
the aquifer system was 1.4 X 10~ per foot, with about
40 percent contributed by the expansion of water and
60 percent contributed by the elastic compression of the
aquifer matrix. Similarly, Riley and McClelland (1972,
p. 77d) estimated the elastic specific storage of the more
permeable layers (coarse-grained deposits) in the aquifer
system near Fresno to be between 0.7x 10 and 1 x 108
per foot. These results were based on several detailed
aquifer tests.

In contrast, Helm (1978, p. 193) calculated an elastic
specific storage value of the fine-grained (clayey) deposits
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at seven sites in the San Joaquin Valley. The values
ranged from 2.0 x 10 ~¢ to 7.5 x 10 ¢ per foot, with an
average value of 4.5 x 10 ¢ per foot. Thus, on the basis
of somewhat limited information, the range of elastic
specific storage for the Central Valley aquifer system
was estimated to be between 1 x 10 ~¢ per foot for parts
of the aquifer system that are all coarse-grained deposits
to 4.5 x 10 ~© per foot for parts of the system that are all
fine-grained deposits. This results in an average elastic
specific storage value of about 3 x 10~ ¢ per foot where
the deposits are one-half coarse grained and one-half fine
grained.

Poland (1961) estimated that the volume of stored
water released by the inelastic compaction of clayey beds
in the highly compressible aquifer system was 50 times
greater than the volume of water released by the elastic
expansion of water and the elastic compression of the
aquifer system. In the southwestern part of the San Joa-
quin Valley the ratio of subsidence to head decline
ranged from 0.04 to 0.1. Poland concluded that land sub-
sidence in areas of heavy ground-water pumpage was
caused almost totally by ““. . . the compaction of the clay,
silty clay, and clayey silt beds, both by plastic deforma-
tion and mechanical rearrangements of grains, and to
that extent is inelastic and permanent.” However, water
is not always released from the compaction of the clayey
beds, but is dependent on the change in head in the
aquifer system. The theory and mechanics of how the
clayey beds in an aquifer system compact, causing land
subsidence, is presented in detail by Lofgren (1968) and
Poland and Davis (1969).

Estimates of inelastic (compaction) storage were
calculated by (1) estimating the thickness of fine-grained
beds in the aquifer system and (2) multiplying that value
by the mean inelastic specific storage of 3 x 10~* per
foot. The mean inelastic specific storage value was
calculated by Helm (1978, p. 193), who estimated an in-
elastic specific storage value at each of seven sites in
the San Joaquin Valley, where the values ranged from
1.4x10~*to 6.7 x 10 ~* per foot. Another estimate of the
inelastic specific storage was calculated from Poland
(1961) to be about 2 x 10 ~* per foot assuming a 300-ft-
thick clayey section in the aquifer system and an in-
elastic storage coefficient calculated by Poland of
5x 1072 This value is reasonably close to the mean
value estimated by Helm (1978).

WATER-LEVEL ANALYSIS

Two major data bases of water-level measurements
were accessed and analyzed to provide estimates of
model-block-averaged water levels during the calibra-
tion period and also during predevelopment.

A statistical analysis of the data was chosen over the
more traditional method of drawing contour maps for
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each time period of interest. Contour maps of water
levels were available from the California Department
of Water Resources but were used only for verification
of the estimates because of the following limitations:

1. Water levels of the entire valley were not mapped,
and only one depth zone was mapped in any area.

2. Temporal trends determined by using values inter-
polated from successive contour maps can be erroneous
owing to the cumulative effect of variation of subjective
input in compiling each map.

3. It was unclear which wells were used for the water-
level mapping and what well construction information
was available.

4. Confinement exists in areas where no extensive clay
layers have been mapped, because numerous discon-
tinuous clay layers collectively act as confining units.
The absence or presence of clay layers was not con-
sidered in compiling the water-level maps.

5. Only a part of the data was used because of the time
required to incorporate a large volume of available data.

The data base from the California Department of
Water Resources was copied, edited, and analyzed; more
than 460,000 ground-water-level measurements were
available from more than 18,000 wells for the years be-
tween 1920 and 1979. Depth and (or) construction in-
formation was available for about 8,000 of the wells,
which allowed assigning the wells to the depth zones in
the model. About 32 percent were in the top (water table)
zone, 6 percent were in the next two lower layers, 10
percent possibly spanned the top two layers, and 52 per-
cent were of unknown depth. Most of the wells were
measured biannually, though about 6 percent were
measured at least monthly. Of the biannually measured
wells, the autumn measurements were almost always
taken in October. Most of the spring measurements were
taken during March in the Sacramento Valley and Delta
areas, during February in the upper San Joaquin Valley
area, and during January in the Tulare area. These
times of measurement cause a slight problem because
the usual months of high and low water levels are
February and August, respectively. The effect of the
water level in spring is slight because the monthly
change is small, but the effect in the autumn is sub-
stantial because the recovery of water levels is very
rapid at the end of the pumping season. This condition
occurs because water levels in the aquifer systems re-
spond fastest immediately following a change in stress,
with the rate of change decreasing with time. Therefore,
a measurement taken early will more accurately reflect
the seasonal maximum or minimum than one taken
late, after the next change in stress occurs. Often by the
time of the autumn measurement, more than half of the
postseason recovery has taken place. More measure-
ments are taken in spring (57 percent) than in autumn
(43 percent). The Bureau of Reclamation has a ground-
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water-level data base that was used as a supplement.
Many, but not all, of the 112,000 measurements in the
Bureau of Reclamation file are duplicates of measure-
ments found in the California Department of Water
Resources file.

In order to use the large file of data, several steps were
taken. First, depth and well-construction information
was added for about 2,000 wells that had drillers’ logs
available. Then, the data were plotted by making
computer-generated hydrographs for the period 1960-80
with all of the wells in a township plotted on the same
page using different symbols. This allowed easy location
of large errors and comparison of adjacent well
hydrographs. Because well-construction information and
depth zones were assigned to some of the wells, other
wells could be seen to have similar responses and were
coded to depth zones accordingly. They were assigned
only if there was substantial evidence to indicate
similarity.

The next step was to convert all of the records to
seasonal values, whether the actual data were monthly
or biannual. Means were calculated for each group of
water-level measurements within the same year, season,
and model block. These means were plotted on the same
page with all of the depth zones of one model block. The
hydrographs were compared with the California State
Department of Water Resources contour map for specific
times as a check for the spatial variation of water levels
among blocks.

The data were also averaged by area and subarea to
determine long-term trends. If a block contains rolling
terrain, the average depth to water showed trends more
consistently than the average altitude of water levels
within the block, because some wells may be measured
in one year and may not be measured in other years.
The results are described in the sections, ‘“Effects of
Development” and “Change in Aquifer Storage.”

SEQUENCE OF CALIBRATION
OF THE MODEL

Calibration of a ground-water-flow model is achieved
by adjusting the values of one or more aquifer properties
or recharge/discharge such that the computer-simulated
hydraulic heads match (within the limits of the in-
vestigation) the observed heads in the aquifer system.
The normal sequence of calibration of most model
studies is to first adjust values of aquifer properties
(usually terms that incorporate vertical and horizontal
hydraulic conductivity) assuming steady-state conditions
(no head change with time) and to then adjust values
of aquifer properties (usually the storage term) assuming
transient conditions (changes in head with time).
However, in the Central Valley, the system as a whole
hasbeen in a state of continual change since agricultural
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development began in the late 1800’s. Few data are
available for the natural recharge rates to and discharge
rates from the ground-water system or for the distribu-
tion of hydraulic heads before agricultural development
began. Thus, the computer model that numerically
represents the Central Valley aquifer system was
calibrated under transient conditions.

Transient simulations were run for the period spring
1961 to autumn 1977 because there were for this period
(1) both natural variations in recharge and discharge to
the system and changes in man’s operation of the water
system and (2) adequate data for the distribution of head
in the aquifer system and for estimates of recharge from
precipitation, streams, and applied irrigation water and
discharge from evapotranspiration and pumpage. These
data were compiled for water years (October 1 to
September 30) and were allocated to 6-month (spring-
autumn and autumn-spring) periods. All river recharge
and discharge and precipitation recharge was assumed
to occur in the autumn-spring period. Municipal pump-
age was divided equally between the two 6-month
periods. All of the agricultural pumpage was assumed
to occur in the spring—autumn period. Analysis of well
hydrographs indicates that irrigation return flow
reaches the water table after about 6 months; therefore,
recharge from irrigation was assumed to occur in the
autumn-spring period. Because of a data-manipulation
difficulty, this recharge was allocated to the winter
season before the irrigation season instead of after.

Calibration of the model of the Central Valley aquifer
system was done in three phases. In each phase, pump-
age in the lower pumped zone (model layer 3) was held
constant (the values were assumed correct), while one
set of values (transmissivity, leakance, storage, or
recharge) was adjusted at a time. Repeated adjustments
were made to each of the sets of values. A discussion of
each phase is presented in the following paragraphs.

In the first phase of model calibration, the simulation
period 1961-76 was divided into two separate periods:
spring 1961 to spring 1970 and spring 1970 to spring
1976. The rates of recharge and discharge during the
6-month period were summed and averaged for the par-
ticular period. These periods were selected because (1)
in the west side of the San Joaquin Valley, hydraulic
heads during the earlier period (1961-70) declined as
much as 60 ft because of heavy pumpage and the land
subsided as much as 8 ft, and (2) in the same area,
hydraulic heads during the latter period (1970-76)
recovered as much as 120 ft following deliveries of sur-
face water from the California aqueduct. The modifica-
tion of the computer program that automatically
changed the storage term from elastic to inelastic de-
pending on the head in the aquifer system was not used
during the first phase of calibration. Instead, the storage
term for blocks that correspond to areas actively sub-
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siding were assigned an inelastic-storage value. The
inelastic-storage value was estimated by dividing the
amount of observed land subsidence in the model block
by the observed head decline during the particular
calibration period. An elastic-storage value was assigned
to all other blocks that were outside the areas of active
subsidence. The storage term was held constant
throughout the first phase of calibration.

During early calibration of the model, it was obvious
that the model-computed heads were more sensitive to
the leakance (Tk) value than to any other value.
Therefore, the sequence of calibration in the first phase
was to uniformly adjust all vertical hydraulic conduc-
tivities (incorporated in the Tk values) and then, on the
basis of a relation between observed and computed ver-
tical head differences, to individually adjust the values
of Tk for each block. The relation is expressed in the
following equation:

AHV, .
Tknew = Tkold FAC ’
AHV

(23)

obs

where

AHV,_ . = the computed difference between model
layers 4 and 3 at the end of the pumping
period;

AHV,_ = the observed vertical head difference be-
tween the water-table zone (model layer 4)
and the lower pumped zone (model layer 3);
Tk,,, = the adjusted leakance value;
Tk,,; = the previous leakance value; and

FAC = 0.9 when the ratio of AHV,, ;to AHV , is
less than 1, and 1.1 when the ratio is
greater than 1.

Second, horizontal hydraulic conductivities were ad-
Jjusted uniformly throughout all layers to achieve the
best fit of horizontal hydraulic gradients. At this point,
it became obvious that the net recharge/discharge from
streams was in error because simulated heads were
either too high or too low at points that correlated with
the stream values. Because no reasonable change in any
other parameter could solve this problem, all net
recharge/discharge values calculated from stream
budgets were divided by 5. The best results in fitting
horizontal head gradients were obtained when the in-
itial estimates of horizontal hydraulic conductivity were
reduced by a factor of 4.

Next, the amounts and distribution of recharge and
discharge in the uppermost model layer (layer 4) were
adjusted in blocks whose heads could not be matched by
changing the other model values. Simple linear regres-
sion analysis showed that for a 1 ft change in head at
the end of the 15-year simulation period, a 0.25 ft/yr

REGIONAL AQUIFER-SYSTEM ANALYSIS—CENTRAL VALLEY, CALIFORNIA

change in net recharge/discharge in the top layer was
required. The recharge and discharge adjustments were
made for the two calibration periods and the differences
in the adjustments between the two calibration periods
were averaged at each block. The result was a reduc-
tion in the overall amount of recharge to the uppermost
layer by 20 percent and, in places, a substantially dif-
ferent distribution of recharge and discharge. The result
of the first phase of model calibration was a model that
simulated the overall changes in head in the aquifer
system from 1961 to 1970 and from 1970 to 1976.

In the second phase of model calibration, the two
calibration periods remained the same but the computer
program was modified to account for water released
from compaction of the clay beds. The inelastic-
(compaction-) storage term was then calibrated for the
period 1961 to 1970, first by uniformly adjusting the
inelastic-storage term throughout layers 2 and 3, and
finally by adjusting individual values assigned to the
blocks. Individual adjustments occurred mostly in the
Westside subarea (see fig. 27). In addition to adjusting
values of inelastic storage, minor adjustments were
made for both horizontal and vertical hydraulic conduc-
tivity values, particularly where individual adjustments
of inelastic storage were made to improve model results.

The third and final phase of model calibration was
done while simulating 6-month periods from spring 1961
to spring 1976. The simulations included the modified
version of the computer program that accounted for sub-
sidence. These simulations were used to calibrate the
elastic-storage term and to slightly readjust all other
values in the model. In general, the adjusted elastic-
specific-storage values were a factor of 2 times greater
than the average initial estimate discussed in the sec-
tion on “Aquifer Storage,” except in the Westside
subarea, where the adjusted values approximated the
initial specific storage estimates. The results obtained
from this calibration phase and the sensitivity of aquifer
properties are discussed in following sections.

PREDEVELOPMENT GROUND-WATER FLOW

Water development for irrigation began in 1850 in the
Central Valley. This irrigation development affected the
ground-water system, which previously had been in
hydrologic equilibrium (also referred to as a ‘“steady-
state condition” because there was no trend of changing
aquifer storage with time). Consequently, most of the
hydrologic data were collected after changes had already
taken place in the system. However, some water-level
measurements made by the State engineer’s office before
development were available, and they are a good indica-
tion of what ground-water conditions were like in those







































POSTDEVELOPMENT GROUND-WATER FLOW D45

users. It was in response to this need that the Federal
government became involved with irrigation and was
responsible for construction of substantial
storage, pumping, and conveyance facilities in Califor-
nia, beginning in the 1940’s. Tables 4 and 5 summarize
the development of major water facilities in the valley.

The Bureau of Reclamation’s Central Valley Project
(CVDP) is one of these large-scale projects. The CVP, con-
sisting of major storage and conveyance facilities, is a
major conservation and reclamation project designed to
be a multipurpose development to supply water for ir-
rigation, municipal, industrial, and other uses. The proj-
ect has several key features. Shasta Dam on the upper

Sacramento River was built to store winter flows to be
released during the summer irrigation season and the
following year, if necessary. Sacramento River water is
diverted from the Delta south through the Delta-
Mendota Canal to meet irrigation needs in the southern
San Joaquin Valley (see fig. 3). This allows diversion of
San Joaquin River water from below Friant Dam, north
in the Madera Canal, and south in the Friant-Kern
Canal.

In the late 1950’s and early 1960’s, the California
State Water Plan (SWP) was initiated. Because of the
great cost, this project was an effort of the entire State.
A major project of the SWP is the Oroville Dam on the

TaBLE 4.— Surface-water stordage reservoirs in the Central Valley

[Abbreviations: USBR, U.S. Bureau of Reclamation: CoE, U.S. Army Corps of Engineers; SWP, California Department of Water
Resources State Water Project; Priv., private]

Average Storage Year
annual flow Dam/Reservoir capacity com- Owner
(acre-ft/yr) (acre-ft) pleted
Putah Cr. 373,000 Monticello Dam/ 1,592,000 1957 USBR
Lake Berryessa
Stony Cr. 458,600 Black Butte 147,600 1963 CoE, USBR
Sacramento R. 6,223,000 Shasta 4,436,000 1949  USBR
Feather R. 4,263,000 Oroville 2,685,000 1968 SWP
Yuba R. 1,800,000 Englebright 70,000 1941 CoE
North Yuba R. 112,300 New Bullards Bar 727,400 1969  Priv.
Bear R. 326,700 Camp Far West 102,200 1963  Priv.
American R. 2,714,000  Folsom 1,010,000 1956  USBR
Mokelumne R. 577,400 Camanche 431,500 1963  Priv.
Calaveras R. 158,700 New Hogan 323,700 1963 CoE
Stanislaus R. 974,500 New Melones 2,420,000 1978 USBR
Tuolumne R. 1,826,000 New Don Pedro 2,030,000 1970  Priv.
Merced R. 969,400 New Exchequer Dam/ 1,024,000 1967  Priv.
Lake McClure
Chowchilla R. 71,870 Buchanan Dam/ 150,600 1975 CoE
Eastman Lake
Fresno R. 78,970 Hidden Dam/ 85,300 1975 CoE
Hensly Lake
San Joaquin R. 1,721,000 Friant Dam/ 503,200 1942 USBR
Millerton Lake
Kings R. 1,655,000 Pine Flat 1,001,000 1951 Priv., CoE
Kaweah R. 475,300 Terminus Dam/ 142,900 1962 Priv., CoE
Lake Kaweah
Kern R. 668,000 Isabella 567,900 1954  Priv., CoE
Tule R. 134,800 Success 81,700 1961 Priv., CoE
Calif. Aqueduct! N/A San Luis 2,040,000 1967 SWP, USBR
TOTAL 25,580,000 21,572,000

INot a river, but a major water conveyance connected to large reservoir.
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TABLE 5.—Major water-conveyance fucilities in the Central Valley
[Abbreviations: USBR, U.S. Burean of Reclamation; CoE, U.S. Army Corps of Engineers:  SWP, California Department of Water
Resources State Water Project; Priv.. private]

Average 1 Year
Normal flow
Stream annual flow Canal (acre-ft/yr) com- Owner
(acre-ft/yr) - pleted
Sacramento R. 9,629,000 Tehama-Colusa 2509,500 1971 USBR
Sacramento R. 11,510,000 Glenn-Colusa 811,200 1905 Priv.
Putah Cr. 373,100 Putah So. 222,500 1959 USBR
Delta N/A Delta-Mendota 2,348,000 1951 USBR
Delta N/A Calif. Aqueduct 1,510,000 1968 SWP, USBR
San Joaquin R. 1,721,000 Madera 226,000 1944 USBR
San Joaquin R. 1,721,000 Friant-Kern 1,002,000 1949 USBR
TOTAL ------c-eccmeccre e e r e m e e 6,630,000

1
Based on a near-normal year, 1975.

2Based on 1978-81 average.

Feather River, which allows diversion of water in the
Delta (fig. 3) into the California Aqueduct. From the
Delta, water flows south, to San Luis Reservoir and then
to the southern San Joaquin Valley, and is pumped over
the Tehachapi Mountains (fig. 1) to southern California.

Figure 21 shows the increase in irrigated acreage in
California from 1870 to 1975 and in the Central Valley
and its subregions from 1959 to 1975. The proportion
of irrigation from ground water to irrigation from sur-
face water has changed greatly over the years, as well.
Until 1900, only a small amount of the irrigation was
from ground water. T.R. Simpson (Pacific Gas and Elec-
tric Co., unpub. rept., 1949) states that in the San Joa-
quin Valley, the combined capacity of wells south of
Chowchilla was 5.3 million acre-ft/yr in 1919 and about
14.9 million acre-ft/yr by 1929. The combined gross
pumpage of more than 35,000 wells in the San Joaquin
Valley south of Merced in 1948 was close to 6 million
acre-ft/yr. As the amount of ground water pumped in-
creased, so did its proportion of total irrigation because
surface-water use did not increase as much. Davis and
others (1964) reported that in the San Joaquin Valley
in 1952, gross diversion of surface water was about 8.5
million acre-ft/yr and ground-water pumpage for irriga-
tion was about 7.5 million acre-ft/yr.

During the period 1961-77, ground-water use ac-
counted for about 50 pércent of the irrigation supply in
the Central Valley. As shown in figure 22, the propor-
tion between surface water and ground water varies
substantially from dry to wet years. Many farms are
equipped to use either ground water or surface water.
Therefore, in wet years abundant and inexpensive sur-
face water is used, whereas in dry years (note 1976-77)
ground-water use is predominant. Most surface water

is distributed from the streams or Federal and State
canals or reservoirs to one of several hundred irrigation
districts that distribute to individual farms. Most of the
fields are irrigated by some type of flooding method
(border or furrow), but in about 20 percent of the area,
sprinklers are used (Stewart, 1975, p. 20). Based on the
number of agricultural power accounts in the late
1960’s, there were about 100,000 active irrigation wells
in the valley. The distribution of ground-water pumpage,
shown in figure 23, is more toward the southern and
eastern parts in the valley where irrigation is most ex-
tensive. The distribution and magnitude varies, as
shown by comparing the two dry years (1961 and 1977)
with the near-normal years (1962 and 1975). Trends
through the period are also evident. Well-construction
data for about 3,000 irrigation wells show that most
wells are perforated throughout the lower two-thirds of
their depth. The distribution of the approximate depth
to the weighted center of the pumped zone is shown in
figure 24. Variation in the depth of major production
zones is because of water quality and aquifer-yield con-
siderations. A more complete treatment of the distribu-
tion of ground-water pumpage is given by Diamond and
Williamson (1983).

DOMESTIC AND INDUSTRIAL

A small proportion of water used in the valley is for
domestic and industrial purposes. Ground-water pump-
age for domestic use increased about 3 percent per year,
from about 300,000 acre-ft in 1961 to about 490,000 acre-
ft in 1977 (Diamond and Williamson, 1983). Industrial
water use in 1970 was 132,000 acre-ft (California Depart-
ment of Water Resources, 1977c, p. 74, 75). This figure
includes both surface-water and ground-water use.
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simulations indicate that the predevelopment head dif-
ference between water-table altitudes and water levels
in the lower pumped zone was always less than 85 ft and
generally less than 25 ft. Irrigation development had two
effects on this head difference. First, canal losses and
deep percolation of water from irrigated fields added to
the recharge of the water table, which caused water-
table rises in several areas. Second, ground-water pump-
age, about one-half of which was withdrawn from the
lower pumped zone (layer 3), increased the discharge
from the deep zone. The cumulative effect of these
development impacts was to reverse the head gradient
in the center of the Central Valley so that the head gra-
dient was in a downward direction almost everywhere.
Some exceptions where the head gradient is still upward
in test holes with multiple piezometers are in the center
of the Sacramento Valley at Zamora (12N/1E-34Q, fig.
2) and Butte City (12N/3E-2G, fig.2), (French and others,
1982,1983b).

Vertical leakance values were determined largely by
model calibration. The division of the aquifer system
into layers was planned to minimize the complexities
of model calibration of leakance which is affected by
multilayer wells. Where possible, layer boundaries were
chosen so that the perforated interval of most wells was
entirely within onelayer. Where this was not possible,
boundaries were chosen so that perforated intervals of
wells would span no more than two adjacent layers. This
occurred between layers 3 and 4 in several areas of the
valley. In the Westside area, most well perforation in-
tervals spanned most of layers 2 and 3, but very few
spanned layers 3 and 4. The vertical leakance used in
the predevelopment simulations should reflect only the
undisturbed characteristics of the sediments. The
leakance used in postdevelopment simulations could
reflect substantial alterations due to interconnection by
multilayer wells and also due to compaction of
sediments. Using hydraulic parameters and well den-
sities typical in the Central Valley, trial calculations
show that the effect of multilayer wells should dominate
the postdevelopment values of leakance and should
result in a significant increase in that value over
predevelopment conditions.

Calculations of the multilayer well effect were made
using the method of Bennett and others (1982) (see ap-
pendix C). Using values typical of the Central Valley,
these calculations indicate that an irrigation well con-
necting two vertically adjacent model blocks should have
a vertical hydraulic conductance on the order of 800
ft?/day. In contrast, the natural vertical hydraulic con-
ductance (leakance times the area of the block) between
the centers of two adjacent model blocks should be about
4,000 ft*/day. Thus, in areas where the density of wells
reaches one per square mile (or 36 per block), the ver-

CUMULATIVE PERCENTAGE
LESS THAN RATIO

D83

100
90
80
70
60
50
40
30
20
10

0 1 1 1 1
1.0 10 100 1000 10,000 100,000

RATIO OF POSTDEVELOPMENT TO PREDEVELOPMENT
VERTICAL LEAKANCE
FIGURE 37.—Ratio of postdevelopment to predevelopment vertical
leakance between layer 4 and layer 3 in 51 model blocks where
predevelopment heads could be estimated. See figure 15 for block
locations.

tical hydraulic conductance provided by the wells could
be expected to be roughly seven times the natural ver-
tical hydraulic conductance of the clay beds between two
adjacent layers. The total hydraulic conductance is equal
to the sum of the two sources of conductance and
therefore would be about eight times its predevelopment
value. However, if the leakance of the sediments were
significantly reduced by compaction, as Helm (1976) in-
dicates is possible, the contribution of natural conduc-
tance under postdevelopment conditions could be re-
duced from small to negligible.

In general, the calibration results support the in-
ferences developed from the trial calculations described
above. Figure 37 shows the comparison of calibrated
postdevelopment and predevelopment leakance values
between layers 3 and 4 in 51 model blocks where
predevelopment heads could be estimated. The locations
of these model blocks are shown in figure 15. In 44 model
blocks the postdevelopment leakance was higher, while
in 7 blocks it was lower. The median ratio of the
postdevelopment to predevelopment leakance was about
6. Thus the median value agrees reasonably well with
the trial calculations of the effects of well inter-
connections.

This analysis of leakance also indicates that in the
Westside area of the San Joaquin Valley in the 1960’s
the flow of water from the water-table zone (layer 4)
down to the lower pumped zone (layers 2 and 3) as
described by Davis and others (1964, pp. 81-88), must
have been circulation within and between layers 2 and
3 instead. Using the estimated hydraulic conductance
of multilayer wells discussed above, 1,000 active irriga-
tion wells as estimated by Davis and others, and the ver-
tical head difference of 400 ft between layers , which was
common in the early 1960’s in the Westside area, the
estimated flow through the multilayer wells would be
about 10 times the leakage simulated in this study. This
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does not count leakage that could have occurred through
the 2,000 abandoned wells. This volume of leakage
would have dissipated the vertical head difference be-
tween layers 4 and 3 to about one-tenth of the observed
difference. In contrast, the head differences that occurred
within the lower pumped zone during the pumping
season, due to unequal pumping stresses, were on the
order of 40 ft, which is consistent with the well conduc-
tance estimates. Furthermore, nearly all of the non-zero
current meter measurements made in the 1964 study
were at depths well within the lower pumped zone (Davis
and others, 1964, table 13, p. 84).

LAND SUBSIDENCE

The extent and magnitude of land subsidence in the
San Joaquin Valley that exceeded 1 ft from 1926 to 1970
is shown in figure 38B. Comparing this figure with
figure 17, which shows the area of the Corcoran Clay
Member and areas of flowing wells in the late 1800’s,
it is noted that land subsidence occurs mostly where the
clay exists. Poland and others (1975, p. H8) separated
the subsidence area into three areas (fig. 38A): (1) the
Los Banos-Kettleman City area west of Fresno, where
a maximum subsidence of 29.6 ft was observed in 1977
(Ireland and others, 1984); (2) the Tulare-Wasco area be-
tween Fresno and Bakersfield, which includes two areas
where subsidence has exceeded 12 ft; and (3) the Arvin-
Maricopa area 20 mi south of Bakersfield, where max-
imum subsidence exceeded 9 ft as of 1970.

Man-induced subsidence in the Central Valley prob-
ably began in the middle to late 1800’s when the peat
soils of the Sacramento-San Joaquin Delta were drained
for cultivation. Weir (1950) noted that in 1922 the en-
tire Delta area was in cultivation, and that farmers in
the area were concerned about subsidence. Weir also
estimated that subsidence in the lower Jones Tract was
4% ft between 1902 (when the tract was first drained)
and 1917. This type of subsidence is caused mainly by
the oxidation and compaction of the organic peat soils
since the lands were drained (Weir, 1950; Newmarch,
1981). The peat lands had to be drained in order to
cultivate, which meant that the water table had to be
lowered. The draining of the lands is done by a series
of ditches that drain to a central location, from where
the water is pumped out into the nearby surface chan-
nels. During the summer growing season, water is
siphoned back into these same ditches to raise the water
level in the ground to within the root zone. However,
because the land continues to subside, the water table
must continually be lowered. The volume of water
removed from storage in this area is equal to the specific
yield times the change in the water table because the
removal of water is more a function of draining the
sediments than of water being released from compaction.

REGIONAL AQUIFER-SYSTEM ANALYSIS—CENTRAL VALLEY,CALIFORNIA

Subsidence caused primarily by compaction of the fine-
grained sediments in the aquifer system began in the
San Joaquin Valley in the middle 1920’s. However, the
cumulative volume of subsidence and hence the volume
of water released from compaction remained small until
after World War II (Poland and others, 1975). Subsidence
in the Sacramento Valley presumably began in the early
1950’s, although data are sparse (Lofgren and Ireland,
1973). This type of subsidence caused problems, such as
cracks in road and canal linings, changing slopes of
water channels, and ruptured well casings. During the
early 1960’s, in parts of the Westside area, large and
expensive irrigation wells had a useful life of about 7
years because of casing failures.

Figure 39 shows the cumulative volume of subsidence
in the San Joaquin Valley. The total volume of sub-
sidence in the San Joaquin Valley by 1970 was 15.6
million acre-ft (Poland and others, 1975, p. H9). Also in-
cluded in figure 39 are cumulative volumes of subsidence
for each of the three major subsiding areas. The volume
of subsidence in the Los Banos-Kettleman City area (fig.
38A) accounted for nearly two-thirds of the total volume
of subsidence as of 1970. From 1970 through 1975 there
was little subsidence in this area because of surface-
water imports from the California Aqueduct, which
greatly reduced the amount of ground-water pumpage.
However, subsidence recurred during the drought of
1976 through 1977 owing to an increase in ground-water
withdrawal. In addition to the cumulative volume of sub-
sidence, ground-water pumpage was also plotted for the
Los Banos-Kettleman City area. The correlation be-
tween pumpage and the volume of subsidence is good,
indicating that about one-third of the water pumped was
derived from compaction of the aquifer system (Poland
and others, 1975). The pumpage, however, included all
pumpage in the area (both shallow and deep). Bull and
Miller (1975) estimated that at least 75 to 80 percent
of the water pumped came from the lower pumped zone.
Assuming that compaction occurs only in the lower zone,
about 43 percent of the water pumped from the lower
pumped zone came from compaction of the fine-grained
beds. Similar comparisons of water pumped versus
volume of subsidence from 1926 to 1970 were not done
in the Tulare-Wasco or Arvin-Maricopa areas, mostly
because of the absence of pumpage data and partly
because the relation between pumpage and subsidence
is not as pronounced, as discussed in the section, “Fac-
tors that Affect the Relation of Subsidence to Pumpage.”

Observed land subsidence in the San Joaquin Valley
reported by Poland and others (1975) and Ireland and
others (1984) was primarily dependent on periods when
detailed leveling lines were made in the areas of major
land subsidence. However, the level lines were not
always measured during the same years for each of the
major subsiding areas. The last detailed leveling for the
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the same. Although the major subsidence areas in the
San Joaquin Valley contain principally montmorillonite,
differences in the amount of compaction compared to
pumpage cannot be explained by differences in the types
of clay minerals. However, the absence of mont-
morillonite in other areas might contribute to a lesser
amount of subsidence.

The origin of deposition of the sediments may also con-
tribute to differences in the amounts of water con-
tributed to pumpage from compacting clays in the major
subsidence areas. Bull (1975) determined that in the Los
Banos-Kettleman City area the highest apparent com-
pressibility of the sediments in the lower pumped zone
coincides with the area of flood-plain deposits, as opposed
to areas of alluvial fan deposits, and that the bedding
of the deposits is an important factor controlling the
magnitude and rate of compaction. In the Arvin-
Maricopa area, the proportion of flood-plain or lacustrine
sediments is small (Lofgren, 1975, pl. 1), and in the
Tulare-Wasco area, the proportion of flood-plain or
lacustrine sediments increases to the west, where
beneath the present-day Tulare Lake bed the sediments
are largely lacustrine or flood plain in origin (Lofgren
and Klausing, 1969, p. B9). Also, Meade (1967, p. C27)
noted that the alluvial fan deposits in the Tulare-Wasco
area differed from those in the Los Banos-Kettleman
City area because the deposits in the Tulare-Wasco area
are generally coarser grained and contain fewer fine
clays. For these reasons, the variations in the amount
of water contributed to pumpage from compacting clays
may, in part, be explained by the depositional environ-
ment of the sediments.

Variations in the change in the effective stress among
major subsidence areas may also affect the proportion
of water contributed to pumpage from compacting clays.
The change in effective stress in a confined aquifer
system is proportional to the head difference between
the hydraulic head in the confined zone and the water
table (Lofgren, 1968). Thus, the greatest change in ef-
fective stress occurs when the hydraulic head in the
lower confining zone is declining and the head in the
water-table zone is rising or staying nearly constant.
However, when water levels in both the confining zone
and the water-table zone are declining, the change in
effective stress would be small. Thus, variations in well
construction or in the amount of water pumped that
came from the water-table zone in the major subsidence
areas may cause variations in the amount of water
released due to compaction.

Differences in well construction in the major sub-
sidence areas may in part explain the differences in the
ratio of the amount of water released from compaction
to the amount of water pumped. The amount of water
pumped per unit area in the Los Banos-Kettleman City
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area is smaller than it is in the Arvin-Maricopa area (see
fig. 23 for pumpage and fig. 38A for location), yet the
amount of water released from compaction compared
with pumpage is high (table 9). Most of the wells in the
Los Banos-Kettleman City area are perforated below the
shallow water-table zone because of poor quality water
in the water-table zone (Davis and others, 1959, p. 184;
Bull and Miller, 1975, p. E25). However, in the Tulare-
Wasco and the Arvin-Maricopa areas, water is obtained
from a greater interval of the aquifer system (Lofgren
and Klausing, 1969, p. 43; Lofgren, 1975, p. D44) and
the perforated intervals commonly extend from the
water-table zone into the lower pumped zone.

The effect of this type of well construction is threefold:
(1) some of the water pumped from the wells in the
Tulare-Wasco and the Arvin-Maricopa areas probably
came from the water-table zone, (2) the water levels in
both the water-table zone and the lower pumped zone
were lowered, thus reducing the vertical hydraulic gra-
dient and consequently the rate of compaction of the fine-
grained sediments, and (3) the wells with perforations
open to both the water-table zone and the lower pumped
zone essentially increased the vertical hydraulic conduc-
tance and hence the amount of circulation between the
water-table zone and the lower pumped zone, as
described in the section, “Changes in Ground-Water
Flow.”

In summary, the variations in the ratio of the amount
of water released during compaction to the amount of
water pumped can be explained by several factors. These
are the amount of fine-grained sediments, the types of
clay minerals, the environment of deposition of the
sediments, and the change in vertical hydraulic gradient
which is dependent on the perforated intervals of wells.

CHANGE IN AQUIFER STORAGE

Increase in discharge (such as pumpage) or decrease
in recharge causes decline in water levels, which in-
dicates release of water from storage in the aquifer
system. There are three types of release from aquifer
storage: (1) water-table release (water released from
storage is a result of gravity drainage of water stored
in pores of the sediments); (2) elastic release (water
released from storage is a result of the expansion of the
compressed water and sediments when the hydraulic
pressure is reduced); and (3) release from inelastic com-
paction, which occurs only when applied stress exceeds
preconsolidation stress so that the pores of the sediments
are rearranged and pore volume is reduced (the action
is irreversible, i.e., permanent).

The total estimated decrease in ground-water storage
from predevelopment conditions until 1961 was about
47 million acre-ft and through 1977, 60 million acre-ft.
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The decrease in aquifer storage for the period 1961
through 1977 was estimated to be about 13 million acre-
ft, or about three-quarters of a million acre-ft/yr. This
decrease in aquifer storage is due to discharge (mainly
pumpage) in excess of recharge. The amount of water
released from water-table and elastic storage were
calculated as the product of water-level changes, covered
area, and the appropriate storage coefficients. This
calculation probably is better than the calculation of
storage changes from a water-budget approach, because
small errors in recharge/discharge can cause large errors
in the calculations of aquifer-storage changes. It would
be desirable to determine aquifer-storage changes for
shorter time periods to see the status of the system
before and after the major water-importation develop-
ment began. However, it is not feasible to determine
aquifer-storage changes accurately for any shorter
period of time because of the high variability in climatic
conditions which overwhelms the short-term effects of
development.

The volume of aquifer-storage change is substantial;
however, it is still very small compared with the total
volume of water in aquifer storage (table 7). The storage
values shown in table 7 were calculated from the pro-
duct of the specific yield and the thickness determined
from the difference between the altitude of the 1961
water table and the shallower of (1) a depth of 1,000 ft,
or (2) the base of continental deposits, or (3) the base of
freshwater. There was more than 800 million acre-ft of
freshwater in storage in the aquifer system at depths
of 1,000 ft or less in the Central Valley as of spring 1961.

WATER-TABLE ZONE

The volumetric change in storage resulting from head
changes in the water-table zone was estimated by
analyzing the water-level data. The model-simulation
results were not used because slight differences in the
balance of recharge and discharge causing a small mean
difference in observed and simulated water levels would
substantially affect the simulated changes in aquifer
storage in the water-table zone.

Seasonal high or low water levels for each measured
well (usually spring high and autumn low) were
averaged for the four geographic areas of the Central
Valley (see fig. 27). December to May was used as the
spring season, and June to November as the autumn
season. Depth to water was chosen over water-level
altitudes because its variation was less dependent on the
selection of wells in a given season. Variation in water-
level altitude is largely related to variations in land-
surface altitude, and so it is dependent on the selection
of wells measured. Averages were made over large areas
to minimize the effect of outliers. The change in depth
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to water was multiplied by the land area where the
changes occurred and the average specific yield to ob-
tain the values of changes in aquifer storage in the
water-table zone. Using the average specific yield in-
troduces some errors if the specific-yield values are not
distributed evenly with respect to the distribution of
depth-to-water measurements. There were more than
2,000 water-level measurements for most of the spring
seasonal averages. Estimates of the change in aquifer
storage in the water-table zone were 34 million acre-ft
for the period from predevelopment until 1961, and
about 5.5 million acre-ft for 1961-77.

ELASTIC STORAGE

Elastic storage is a result of the expansion of water
and the compression of sediments because of change in
fluid pressure. Change in elastic storage is computed as
the product of the elastic specific storage, the thickness
of the confined aquifer, the aquifer area, and the decline
in head. This was calculated for each of the 484 model
blocks that had head declines, using the thickness of
layer 3, or the sum of the thicknesses of layers 2 and
3 in the 163 model blocks where many wells penetrated
layer 2. The thickness of layer 1 was ignored because
the drawdown was negligible. The change in elastic
storage in layer 4 is obscured by and included with the
change in water-table storage. The average estimated
elastic specific storage was 3x10~% per ft. The
estimates of elastic specific storage were increased by
a factor of two in most areas during calibration of the
model with 6-month time periods. The calibrated elastic
specific storage may be too large because allocating all
agricultural pumpage to the autumn period and
allocating all recharge to the spring period exaggerated
the seasonal change in stress. The average lower
pumped zone head decline was 80 ft. The amount of
water released from elastic storage was about 3 million
acre-ft from predevelopment to 1961.

The average head decline in the lower pumped zone
from spring 1961 to spring 1976 was small because in
many areas water levels declined; however, in other
areas, they rose sharply. Therefore, the net change in
elastic storage during that period was negligible.

WATER RELEASED FROM INELASTIC COMPACTION

The process of compaction of fine-grained sediment in
the aquifer system caused by head decline was discussed
in the sections on land subsidence. When the fine-
grained sediments in the aquifer are compacted, grains
are reoriented and there is a reduction in the pore space
within the compacted beds, thus releasing water. The
volume of water released by compaction is approx-
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imately equal to the volume of land subsidence observed
at the surface. Four other processes also cause land sub-
sidence in the Central Valley (Poland and others, 1975):
oxidation and compaction of peat soils, compaction of
moisture-deficient sediments near land surface when
water is first applied, compaction of deep deposits caused
by the withdrawal of gas and oil, and tectonic settling.
These processes cause only localized subsidence or a
small rate of subsidence compared with subsidence
caused by the decline of hydraulic heads within the
aquifer system. Thus, the amount of water that has been
released from compaction in the Central Valley was
estimated by the volume of land subsidence through
1977, which is 17 million acre-ft.

The loss of pore space is a loss of storage capacity in
the aquifer system. Therefore, if water levels recover to
their previous highest altitude, the amount of water
stored in the aquifer system is not the same as the
amount stored before compaction; it is less. Inelastic
compaction means permanent compaction. This type of
land subsidence represents a one-time withdrawal of
water from storage. However, the storage capacity of the
coarse-grained sediments is unchanged.

Table 10 compares the amounts of water released from
inelastic compaction to ground-water pumpage and
water released from the water-table zone. From 1961 to
1978, about 7.3 million acre-ft of water was released
from inelastic compaction, or about 4 percent of the total
estimated pumpage of 189 million acre-ft for the entire
Central Valley. Almost three-fourths of the water
released from inelastic compaction occurred between
1961 and 1970, a period of major subsidence in the Los
Banos-Kettleman City area (see table 9).

Most of the water released from inelastic compaction
occurred in the Tulare area (see fig. 27 for location). In
that area, the amount of water released from inelastic
compaction during the period 1961-70 was about 8 per-
cent of the estimated pumpage in the Tulare Basin (table
10). The amount of water released from inelastic com-
paction in the other areas during the same period was
3 percent or less. For the entire Central Valley, the
amount of water released from the water-table zone was
about 3 percent of the estimated pumpage for spring
1961 to spring 1978 (table 10). Thus, it can be concluded
that most of the water pumped from 1961-78 came from
increased recharge and decreased natural discharge.

MODEL LIMITATIONS

The model represents only the significant features of
the aquifer system. It grossly simplifies the system, both
in its temporal and spatial variability and in its pro-
cesses. The following discussion is intended to alert
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readers not to overextend conclusions drawn from
results of the simulations and to provide suggestions for
further study.

CALIBRATION

Calibration of the flow model during this study is
achieved by adjusting the values of one or more aquifer
properties or recharge/discharge such that the computer
simulated hydraulic heads match (within the limits of
the investigation) the observed heads in the aquifer
system. Calibration is a continuous process until a point
that the head difference between the simulated and
observed values reaches a preset value (a criteria set by
the authors). Further improvement is still possible
because of the vast number of values that can be ad-
justed. However, the process is constrained by the
amount of data available to determine how closely the
observed data can be reproduced by simulation. The dif-
ferences among observed and simulated water-level
changes from 1961 through 1975 are summarized in
table 11. The following are discussions of these
differences:

1. The errors in matching observed water-level
changes in layer 4 (the water-table zone) are less than
those in layer 3 (the lower pumped zone). This is not
surprising because the smaller elastic-storage coefficient
in layer 3 causes the hydraulic head in layer 3 to respond
faster to pumpage; hence, any head change is magnified.

2. Simulated water levels in layers 3 and 4 at the end
of the calibration period are too high, by a modelwide
average of 2.6 ft in layer 4 and 12.0 ft in layer 3. This
probably indicates that the estimates of recharge were
too high, or that the estimates of discharge were too low,
or both. This systematic error, which is cumulative, as
indicated by the increasing average observed minus
simulated head difference with time (fig. 42), could have
been adjusted by multiplying recharge and discharge
values by a factor. This adjustment was not made
because there is no hydrologic basis for it and because
it would not really add significantly tc the overall fit
or to the understanding of the system. This error appears
to have little relation to whether or not the block was
one where the observed water levels rose or declined.

3. Figure43 indicates that 80 percent of the simulated
minus observed water-level differences are within +23
to —26 ft for the water table, and +15 to —45 ft for the
lower pumped zone.

Comparison of observed and simulated water levels
would not have much meaning unless something is
known about the errors in estimating observed average
water level for a block at a time period. Because of the
size of the blocks chosen and the variability of water
levels in space, time, and depth, the accuracy of
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TaBLE 10.—Proportion of pumpage from water table and compaction storage

[Pumpage and water released from water table and compaction storage are in millions of acre-feet. Note that the main source of water for pumpage
s not storage, but increased recharge and decreased natural discharge. Locations of areas in the Central Valley are shown in figs. 1 and 27].

Estimated water released from or recharged
into aquifer storage!

Water Contributed Contributed
Pumpage? table to pumpage Compaction to pumpage
zone in percent in percent

Sacramento Valley - area 1

Spring 1961 to spring 1970 11.3 0.6 5 0.17 2
Spring 1970 to spring 1976 9.0 1.6 18 .12 1
Spring 1976 to autumn 1977 4.7 .6 13 .06 1
Autumn 1977 to spring 1978 €D -1.8 -- -- --
Spring 1961 to spring 1978 25.0 1.0 4 0.35 1
Delta Area - area 2
Spring 1961 to spring 1970 12.3 -0.6 -- * --
Spring 1970 to spring 1976 8.9 .05 1 -- --
Spring 1976 to autumn 1977 3.7 1.1 30 -= --
Autumn 1977 to spring 1978 % -1.0 -- -- --
Spring 1961 to spring 1978 24.9 -0.5 -- -- -
San Joaquin Valley - area 3
Spring 1961 to spring 1970 17.0 -0.02 -- 0.48 3
Spring 1970 to spring 1976 12.3 1.3 11 .18 1
Spring 1976 to autumn 1977 5.4 3.9 72 .08 1
Autumn 1977 to spring 1978 &) -2.3 -- -- --
Spring 1961 to spring 1978 34.7 2.9 8 0.74 2
Tulare Basin - area 4
Spring 1961 to spring 1970 58.9 -1.6 -- 4.7 8
Spring 1970 to spring 1976 32.1 .8 6 .89 3
Spring 1976 to autumn 1977 13.6 5.0 37 .54 4
Autumn 1977 to spring 1978 * -2.3 -- -- --
Spring 1961 to spring 1978 1.04.6 2.9 3 6.1 6

See footnotes at end of table.















SUMMARY AND CONCLUSIONS

The Central Valley is a large structural trough filled
with marine sediments that are overlain by continen-
tal deposits. More than half of the thickness of the con-
tinental sediments is composed of fine-grained
sediments. When development began in the 1880’s,
flowing wells and marshes were found throughout most
of the central part of the Central Valley. Most previous
investigators have conceptualized the northern one-third
of the valley, the Sacramento Valley, as one water-table
aquifer and the southern two-thirds, the San Joaquin
Valley, as a two-aquifer system separated by a regional
confining clay layer. A somewhat different conceptual
model of the aquifer system is suggested during this in-
vestigation by analysis of water-level measurements,
lithologic analysis, and the simulated flow conditions.
Vertical hydraulic-head differences are present nearly
throughout the valley. The new conceptual model
assumes that the entire thickness of the continental
deposits is one aquifer system that has varying vertical
leakance and confinement depending on the proportion
of fine-grained sediments.

The average horizontal hydraulic conductivity for the
Central Valley is about 6 ft/d and the average thickness
of the continental sediments is about 2,400 ft. The
average horizontal hydraulic conductivity for the
Sacramento Valley is about one-half of the average for
the San Joaquin Valley, probably because of the greater
amount of volcanic sediment found in the Sacramento
Valley. These conditions could be significant in
evaluating the potential for land subsidence in the
future. Saline water underlies the freshwater
throughout most of the Central Valley. The difference
in density between fresh and saline waters was not con-
sidered in the simulations during this investigation
because the aquifer system below the base of freshwater
is poorly understood.

During 1961-77, an average of 22 million acre-ft/yr
of water was used for irrigation; about one-half of the
water was ground water. This level of development has
increased evapotranspiration and decreased surface-
water outflow by about 9 million acre-ft/yr from its
predevelopment value (24 million acre-ft/yr). This is a
large value compared with the average annual surface-
water inflow to the Central Valley of 31.7 million acre-
ft. Precipitation on the valley floor (12.4 million acre-
ft/yr) is mostly lost to evapotranspiration. The overall
irrigation efficiency (an average of 59 percent) increased
during the 1961-77 period, apparently as the result of
water conservation. Overall, the postdevelopment
recharge and discharge values for the aquifer system
were about 6 times greater than the predevelopment
values. Postdevelopment average recharge came mostly
from irrigation return (83 percent), but also from
precipitation (13 percent) and infiltration from streams
(4 percent). The actual proportion from streams is prob-
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ably larger, but owing to the scale of the regional model
constructed during this investigation, some stream
recharge cancels with local discharge to other nearby
stream reaches.

The increases in pumpage because of agricultural
development, especially where little surface water was
available, have caused water-level declines that exceed
400 ft in places and have contributed to the largest
volume of land subsidence in the world due to ground-
water withdrawal. From predevelopment until 1977, the
volume of water in aquifer storage declined about 60
million acre-ft, with 40 million acre-ft from the water-
table zone, 17 million acre-ft from inelastic compaction
of fine-grained sediments, and 3 million acre-ft from
elastic storage. During 1961-77, ground water
withdrawn from storage averaged about 800,000 acre-
ft/yr. As of 1977, more than 800 million acre-ft of
freshwater was in aquifer storage in the upper 1,000 ft
of sediments. Aquifer storage greatly exceeds surface-
water storage, which is about equal to the average an-
nual surface-water inflow (31.7 million acre-ft). This was
evident during the 1976-77 drought, when surface
storage was depleted and many farmers switched to
ground water for irrigation.

The simulation model was calibrated principally ac-
cording to the hydrologic data observed during the
1961-75 period because little predevelopment data are
available. The simulated water levels were found to be
most sensitive to the leakance value. Of the five types
of causes that resulted in land subsidence occurring in
the valley, the most significant cause is that resulting
from withdrawal of ground water. Subsidence of this
type was incorporated into the flow model. The computer
program was modified to include both an elastic-storage
and an inelastic-storage coefficient, using the inelastic-
storage coefficient values only if the aquifer head for the
previous time step was lower than the estimated critical
head below which compaction of fine-grained sediments
would begin. The simulated volume of land subsidence
was within 6 percent of the total estimated volume.
However, the time lag associated with this type of sub-
sidence was not adequately simulated, nor was the sub-
sidence during periods when the aquifer head was not
lower than its previous lowest head (critical head) as oc-
curred at times during the 1976-77 drought. At the end
of the 196175 calibration period, simulated water-level
changes averaged 2.6 and 12 ft above observed water-
level changes for the water-table zone and the lower
pumped zone; the standard deviation was 22 and 27 ft,
respectively, which is nearly within the error of the
estimated average observed water-level changes in a
model block.

The simulations showed that vertical leakance greatly
increased from the predevelopment values as a result
of water flowing through some of the more than 100,000
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irrigation well casings that are open to different aquifer
layers. This may affect ground-water quality by allowing
poor quality water in one of the aquifer layers to mix
with good-quality water in another aquifer layer. The
simulations also showed that on a regional scale the
volume of vertical flow was more than horizontal flow,
despite the fact that vertical velocities are much lower.
This is due to the larger area of the aquifer in a horizon-
tal plane than in a vertical plane. These factors should
be considered in plans for improving and protecting
ground-water quality in the valley.

During 1961-77, only 7 percent of the annual pump-
age (11.9 million acre-ft) was being taken from aquifer
storage. The remainder was being supplied primarily by
recharge, from irrigation return flow but also from other
increased recharge and decreased natural discharge.
Only about 7 percent of the total freshwater in aquifer
storage in the upper 1,000 ft of the aquifer system had
been removed as of 1977. In addition, as water levels
decline, more recharge is captured and less discharge
to surface water bodies would occur. Therefore, at the
present level of development, the withdrawal from
aquifer storage will eventually diminish and the aquifer
system will reach a new equilibrium condition. However,
if ground-water development continues at an increasing
rate, the aquifer system will take a longer time to reach
a new equilibrium. The continuation of ground-water
development is one of the reasons that a goal of the U.S.
Bureau of Reclamation’s Central Valley Project to
eliminate depletion in aquifer storage has not been
reached. Although the Bureau of Reclamation imported
surface water into the Central Valley to decrease
ground-water pumpage in some areas, ground-water
development was allowed to continue in other areas.

There are other impacts from water-level declines that
need to be considered. Land subsidence continues to be
a problem in some areas of the Sacramento and San Joa-
quin Valleys, though the areas of greater subsidence
have been controlled by importing surface water and
decreasing ground-water pumpage. In these areas, the
recovery of lower pumped zone water levels to nearly
their predevelopment altitude may lead to an over-
estimate of the available ground-water resources in
those areas. If pumpage increases again, water levels
will drop rapidly toward the previous lows, as happened
in the Westside area during the 1976-77 drought. This
is because loss of aquifer storage capacity resulted from
the compaction of fine-grained sediments. Water-level
declines also cause increased energy consumption and
associated costs. The effect (if any) on the movement of
the deeper saline waters in response to water-level
declines is unknown and was not evaluated during this
study.

The regional aquifer-system analysis during this in-
vestigation indicates that, although there are local areas
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of severe aquifer depletion in the Central Valley, the
ground-water resources of the entire valley are sufficient
to meet the existing needs, assuming that development
is carefully planned and managed. Ensuring adequate
ground-water resources in the future will require a
cooperative effort by local water districts and State and
Federal agencies to monitor ground-water conditions in
the Central Valley.
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APPENDIX A: RECHARGE AND DISCHARGE VALUES USED IN SIMULATIONS

Recharge and discharge data consisting of 10 variables
for 529 nodes for a period of 17 years were stored on a
machine-readable magnetic tape in a standard sequen-
tial format. The volume of data is too large to be printed
here. Most of the data are not available elsewhere (at
least not in machine-readable form) and may be useful
to other investigators.

The tape-file format (on standard labeled tape) is as
follows: File number is 1, data set name is
APENDX.A.RECHARGE; tape is a high-density (6250
BPI) tape with EBCDIC coding; record format is fixed
blocked; logical record length is 80; block size is 4,000,
number of blocks is approximately 223; and number of
records is 11,107.

Each record contains 10 data fields, each field is of
length 8 in G8.0 format. The first 3 data fields are (1)

year as number past 1900 (for example, “77” is 1977),
(2) column in model grid, and (3) row in model grid. The
other 7 data fields, all in 1,000 acre-ft/yr are (1) excess
precipitation, (2) ungaged runoff from small streams, (3)
river losses (+, or positive) and gains (—, or negative),
(4) evapotranspiration of applied irrigation water, (5) sur-
face water diverted to irrigation districts, (6) agricultural
pumpage, and (7) municipal pumpage.

A duplicate of the tape (tape no. 112312) may be ob-
tained from

U.S. Geological Survey, WRD
ATTN: Computer Specialist
Federal Building, Rm. W-2234
2800 Cottage Way
Sacramento, CA 95825
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APPENDIX C: ESTIMATES OF BOREHOLE HYDRAULIC CONDUCTANCE OF MULTILAYER WELLS

Wells constructed with perforated intervals which
span across adjacent aquifer layers, whether or not they
are pumped, can have a major effect on the effective ver-
tical hydraulic conductance and therefore flow between
the layers. The well bores establish a direct hydraulic
link which bypasses the vertical resistance to flow of the
clay beds between the centers of the aquifer layers. Ben-
nett and others (1982) suggest that this hydraulic effect
can be evaluated approximately by adaptation of the
Thiem equation.

Let C, beborehole hydraulicconductance, which is the
increase in vertical hydraulic conductance caused by a
well open to aquifer layers above and below the clay
beds. Then, by definition,

- Q

C H —H, (25)
where @ is flow through the well casing, and H,, H, are
head in aquifer layers above and below the clay beds,
respectively, at some radial distance, R, from the well
assumed to be the limit of the local cone in the poten-
tiometric surface due to the influence of the well. R is
further defined below.

For the purpose of this discussion we assume that the
head in the aquifer layer above the clay beds is higher
than the head in the aquifer layer below the clay beds,
so that water will flow from the aquifer layer above and
recharge the aquifer below through the well openings.
The amount of the flow can be estimated by the Thiem
equation, if the following two assumptions are valid: (1)
well entrance losses and head losses within the well are
negligible when compared with head losses in the
aquifer, and (2) storage effects in the aquifers within the
cone of influence in each aquifer also are negligible. Ac-
cording to the Thiem equation, flow leaving the aquifer
layer above the clay beds can be described by the
equation,

2b, K (H, — h,)

uu w

(26)
In(R,/R,)

For flow recharging to the aquifer layer below the clay
beds, the Thiem equation is

_ 2nb,K,(h, — H,;)

@ In(R,/R )

27

w

[
where

R, = radial distance from center of the well
to a concentric circle along which the
head is assumed to be the average head
in the aquifer block, H, or H,
respectively,
radius of the well,
hydraulic conductivity of the aquifers
above and below the clay beds, respec-
tively, and,

by, by = thickness of the upper and lower

aquifer layers, respectively.

The right side of equations 26 and 27 can be equated,
and the resulting equation solved for hy,, because the
flow into the well out of the upper aquifer must equal
the flow out of the well into the lower aquifer. Thus,

=
=
T

— buKuHu + bIKIHl
© o buKu + blKl

(28)

Substituting equation 28 into either equation 26 or
equation 27, the following expression is obtained:

ZWbMKllbIKI( Hll - Hl)

= (29)
In(R/R,) (b K, + b,K,)

Q

Substituting equation 29 into equation 25,C,, isgiven
by

b K, bK,

Co = In(RJR.)(b,K, + bK,)

(30)

If K, =K,, then equation 30 can be simplified and is
given by (31).

_ 27TK bubl (31)
" In(R/R,) (b, + b,)

Cu

In the calculations for the Central Valley, R, was
assumed to be about 6,500 ft. The average irrigation well
radius R,, in the Central Valley is about 0.75 ft. The
thickness of aquifers above (layer 4) and below (layer
3) is about 250 ft and 1,000 ft, respectively. The
hydraulic conductivity (K) of both aquifer layers is about
6 ft/d (the valley average), so the conductance per well
(Cy) is estimated to be 830 ft/d.
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The conductance of the clay beds (C,) can be
estimated by the Darcy equation:

where

0

= v = =2 (32)

area of the model block, and
length over which the vertical head dif-
ference is measured.

Using 4.1 x 10~ per day (the model-calibrated average
for the Westside area) and A=10 ft?, C, is about 4,100
ft?*/d. According to these calculations, the conductance
of about five wells in one model block would be equal
to the conductance of the clay beds. There is a range of
conductance that can be computed with reasonable
variable values; however, this at least shows that wells
probably have a significant contribution to conductance
between layers.



