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A PLAN TO STUDY THE AQUIFER SYSTEM OF THE 

CENTRAL VALLEY OF CALIFORNIA 

By Gilbert L. Bertoldi 

ABSTRACT 

Unconsolidated Quaternary alluvial deposits comprise a large complex 
aquifer system in the Central Valley of California. Millions of acre-feet of 
water are pumped from the system annually to support a large and expanding 
agribusiness industry. Since the 1950's, water levels have been steadily 
declining in many areas of the valley and concern has been expressed about 
the ability of the entire ground-water system to support agribusiness at 
current levels notwithstanding its ability to function at projected expansion 
levels. At current levels of ground-water use, an estimated 1.5 to 2 million 
acre-feet is withdrawn from storage each year; that is, 1.5 to 2 million acre-
feet of water is pumped annually in excess of annual replenishment. The 
U.S. Geological Survey has initiated a 4-year study to develop geologic, 
hydrologic, and hydraulic information and to establish a valleywide ground-
water data base that will be used to build computer models of the ground-
water flow system. Subsequently, these models may be used to evaluate the 
system response to various ground-water management alternatives. This 
report describes current problems, objectives of the study, and outlines the 
general work to be accomplished in the study area. 
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INTRODUCTION 

Many areas of the United States are dependent upon ground water either 
as a large part of or as their total water supply. National recognition of the 
importance of ground water to the economy of the United States was 
heightened by the energy crisis when it was discovered that the principal 
untapped source - of water that could be used for expanded development of the 
vast coal reserves of the Northern Great Plains was a little-studied limestone 
aquifer known as the Madison Limestone. In 1975 the U.S. Geological Survey 
initiated a study of the Madison Limestone aquifer as part of its activities in 
support of the national energy program. In 1976 and 1977, the western part 
of the United States experienced major drought, and again the importance of 
ground water reached the national limelight. So important were the concerns 
over this national resource, the United States House of Representatives issued 
Committee Report Number 95-392 on June 6, 1977. This report introduced a 
national program for the analysis of regional aquifer systems and stated that 
"the committee expects the U.S. Geological Survey to press this program 
vigorously." 

The Central Valley aquifer analysis project is a part of the National 
Regional Aquifer Systems Analysis Program. Although the Central Valley lies 
entirely within the State of California, its long history of ground-water 
development and the complexity and immensity of the economic ties related to 
ground-water development make it among the first areas in the United States 
considered for study. This document is a work plan that defines the general 
problem, states the purpose of the study, and outlines the study approach. 

The Area 

The Central Valley of California is one of the most notable structural 
depressions in the world. Surrounded by mountains and filled with alluvium 
derived from the mountains, the valley extends about 500 miles from Red 
Bluff in the north to the Tehachapi Mountains in the south (fig. 1). It 
varies in width from about 20 to 50 miles and covers about 16,000 square 
miles. Thomas (1976) subdivided the Central Valley into four parts--
Sacramento Valley, Delta, San Joaquin Valley, and Tulare Basin (fig. 1). 
Topographically, except for Sutter Buttes, the Central Valley has little areal 
relief. Most of the valley lies close to sea level in elevation, but along its 
margins it is higher. Maximum elevation in the valley is about 1,700 feet near 
the apexes of some alluvial fans in the southern part of Tulare Basin. Most 
of the valley boundary along the eastern edge is about 500 feet above sea 
level and most of the western boundary ranges from 50 to 350 feet above sea 
level. The valley has only one natural outlet, Carquinez Strait, through 
which the combined discharge of the Sacramento and San Joaquin Rivers flows 
on its way to San Francisco Bay. 
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OREGON 

EXPLANATION 

SUBREGIONS 

NC — NORTH COASTAL 
SF — SAN FRANCISCO BAY 
CC — CENTRAL COASTAL 
SC — SOUTH COASTAL 
S ' — SACRAMENTO 
D — DELTA CENTRAL VALLEY 
SJ — SAN JOAQUIN DRAINAGE AREA 
T — TULARE 
NL — NORTH LAHONTAN 
SL — SOUTH LAHONTAN 
CD — COLORADO DESERT 

i) CENTRAL VALLEY GEOMORPHIC 

AND GROUND-WATER PROVINCE 

Albers equal-area projection 
SCALE 

100 200 MILES 

FIGURE 1.--Subregions and Iandforms of the California Region. 
(Modified from Thomas, 1976) 
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Climate in the valley is arid to semiarid with average annual precipitation 
ranging from 14 to 20 inches in the Sacramento Valley and 5 to 14 inches in 
the San Joaquin-Tulare Basin parts of the valley (Rantz, 1969). Soils are 
deep and fertile and the growing season is long, allowing much of the valley 
to be double or triple cropped. 

Given the amenable climate and fertile soils, it is no wonder that the 
Central Valley boasts one of the greatest agricultural economies in the world. 
Four of the nation's top five agricultural counties (in terms of the value of 
crops sold, 3.1 billion dollars) lie in the San Joaquin Valley and Tulare Basin; 
and approximately 40 percent of the nation's fruits, nuts, and vegetables 
(1976 value about 1.5 billion dollars) are grown in the Central Valley (U.S. 
Agricultural Crop Reporting Service, written commun., 1976). 

Problems 

For the purpose of this document, water problems in California can be 
discussed under three broad headings: (1) problems of natural distribution, 
(2) political, legal, and social problems, and (3) technical-hydrologic 
problems. Categories (1) and (2) will be cursorily treated because these 
categories have been discussed or documented at great length in papers that 
are referenced herein. 

The natural distribution of water in California is the root of all water 
problems within the Central Valley. Most simply stated, the Central Valley 
has an average annual water deficiency under natural conditions (precipitation 
minus evapotranspiration) as great as 40 inches; whereas the bordering Sierra 
Nevada, Klamath Mountains, and Cascade and northern Coast Ranges have an 
average annual surplus of water (fig. 2). Paradoxically, agricultural 
development and human population are concentrated in the precipitation-
deficient valleys. If an applied irrigation-water requirement of 30 inches is 
added to the annual natural deficit, the average annual water deficiency in 
the valley may be as much as 70 inches. 
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EXPLANATION 

) CENTRAL VALLEY GEOMORPHIC ANDS 
GROUND-WATER PROVINCE 

ANNUAL WATER DEFICIENCY 
(precipitation less than evapotranspiration) 

0-20 in 20-40 in. >40 in 

116° 

O 

350 

1200 

Albers equal-area projection 
SCALE <a 

200 MILES 

FIGURE 2.--Water-surplus and water-deficient areas in the California Region. 
(Modified from Thomas, 1976) 
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The natural distribution of ground water in the valley is different from 
that of precipitation or surface water in that there is ground water stored 
everywhere in the valley, even where little rainfall normally occurs. Prior to 
intensive development, the presence and use of ground water in the Central 
Valley was documented by Mendenhall, Dole, and Stabler (1916, p. 31, 35) 
when they reported "along the axis of the valley a zone with an area of 
4,300 square miles within which flowing waters are available," and that about 
half of the 1,122 wells in the San Joaquin Valley in 1905-06 were flowing 
artesian wells. In 1912, Harding and Robertson (1912, p. 172) estimated a 
total pumpage for the San Joaquin Valley of about 250,000 acre-feet. In the 
Sacramento Valley about 1,660 wells were in use in 1913 (Bryan, 1923, 
p. 5), and the majority of these were hand augered or hand dug because 
"throughout the valley the alluvium at a depth of a few feet is saturated with 
water." About 112,000 acre-feet of ground water was being pumped from 
aquifers of the Sacramento Valley in 1913. Total pumpage for the Central 
Valley for 1913 is estimated to have been 362,000 acre-feet. 

In the early 1950's the State of California and the U.S. Geological 
Survey cooperated in a series of ground-water reconnaissance studies that 
revealed nearly continuous annual declines of water levels for large areas of 
the San Joaquin Valley and for some interstream areas of the Sacramento 
Valley. In the Central Valley, the average annual pumpage has increased 
from its 1913 beginnings of about 362,000 acre-feet to about 12 million 
acre-feet. Pumpage in years of severe drought has been about 18.5 million 
acre-feet (California Department Water Resources, 1977a, p. 126). In many 
parts of the valley, the water withdrawn has been replenished within months 
by percolation of precipitation and stream losses; in other areas, replenish-
ment of aquifers has been ample in years of abundant precipitation and 
streamflow, but in years of subnormal rainfall or drought there is no 
replenishment. In some parts of the Central Valley, pumping has caused 
progressive decline of water levels in wells and depletion of ground-water 
storage (fig. 3). 

The principal areas of storage depletion, as of 1977, are shown in 
figure 3. Pumping depressions in the Central Valley are noteworthy because 
water levels have declined more than 100 feet under extensive areas. Water 
levels reached record lows in many wells during the 1960's, especially in 
1961 and 1966, which were the driest years of the decade. Levels were 
rising during the wetter years, 1969 and 1970, although they continued to 
decline in areas near Sacramento and Stockton and in the southern part of 
the Tulare Basin (California Department of Water Resources, 1971a). In 
several irrigation districts of the Tulare Basin and in parts of Fresno County 
in the San Joaquin Basin, water levels in wells have risen more than 65 feet 
since 1951, following the availability of irrigation water from the Friant-Kern 
Canal. In western Fresno County water levels have risen about 200 feet 
since 1969 following the arrival of irrigation water from the California 
Aqueduct. If 1977 drought conditions had continued into 1978, the California 
Department of Water Resources estimated that there would have been a 
decrease in ground-water storage, in the Central Valley, of 8 million acre-feet 
(California Department of Water Resources, 1977b, p. 130). 
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\ CENTRAL VALLEY GEOMORPHIC AND 
GROUND-WATER PROVINCE 
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FIGURE 3. --Pumping depressions (caused by pumping from wells) indicating 
depletion of storage. (Modified from Thomas, 1976LIBRARY 
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From an examination of figures 1 and 2 it seems that the general solution 
to the ground-water problem would be a regional plan that entails the con-
junctive use of ground water and surface water. Scientists have long 
recognized the desirability of conjunctive use of ground water and surface 
water in the valley, as evidenced by studies made during the formulation of 
the California Water Plan (primarily a plan to distribute excess surface water) 
in the early 1950's. Those studies indicated that the objectives of the plan 
could not be achieved without full, careful, and coordinated use of ground-
water resources (California Department of Water Resources, 1957). Several 
years earlier, the U.S. Bureau of Reclamation (1949, p. 214) in relation to 
the development of the Central Valley Project stated, "* * * special attention 
must be given to the problem of using ground-water reservoirs to best 
advantage. Only by the full use of these underground basins can the 
irrigable areas of the east side of the San Joaquin Valley be developed 
completely." 

Why then has coordinated use of surface and ground water never really 
been implemented? The answer lies partially within the realm of the political, 
legal, and social institutions (Problem Heading 2, p. 4) of California. Thomas 
(1976, p. E45, E46) summarized the problem in the following passages: 

"In California, however, private property rights have been 
asserted and protected, particularly as to ground water, stemming 
from the common-law maxim 'Cujus est solum ejus est usque ad 
coelum et ad infernos'--roughly, the landlord owns everything above 
and beneath his land from heaven to hell. Federal or State agencies 
thus can lose control of and title to the water they put into 
ground-water reservoirs: 'Leakage from the canal would be quite 
effective, but how would we collect for it?' (Bain and others, 1966, 
p. 414). The Bureau of Reclamation, supplying water under contract 
to several local agencies in San Joaquin Valley, necessarily lines its 
canals with concrete where they traverse the natural recharge areas 
of ground-water reservoirs, to prevent 'loss' by seepage. 

"Nor do State agencies have managerial authority over 
ground-water reservoirs. At a panel discussion of practical consider-
ations in implementing public policy (McGauhey, 1967, p. 78), 
moderator Harvey Banks asked John Teerink, Deputy Director of the 
California Department of Water Resources: 'How can we bring about 
the necessity of coordinated operation of long aqueducts and ground-
water basins to even out aqueduct flows without undue interference 
with local control of ground-water basihs?' Mr. Teerink replied: 'In 
determining the need for regulatory storage along the California 
Aqueduct, we looked for surface storage reservoir sites. We did 
consider that ground storage was a real possibility. But there did 
not exist, and there does not exist today, any means by which the 
State can involve itself in ground-water basin management, so we 
had to go to surface storage.' 
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11 * * * Eight years later the California Water Plan still faced the 
same impediment (California Department of Water Resources, 1970a, 
p. 72): 'Full realization of such integrated surface water-ground 
water system operations in areas where the ground water resource is 
available will require legal and legislative action and social and 
political acceptance.' 

"This action may be delayed yet awhile. Fortunately, the 
California Legislature has generally supported local initiative in 
ground-water basin management and also the conjunctive use of 
surface and ground water. * * * Conjunctive use of surface and 
ground water currently depends heavily upon the conjunctive 
operations of local agencies, whose dominant concern is ground 
water, and Federal and State agencies, whose dominant concern is 
surface water." 

Although political, social, and economic action are probably very neces-
sary to the implementation of ground-water/surface-water conjunctive-use 
plans at any level of government, no conjunctive-use planning can be done 
without basic data upon which to describe the hydrologic system and quanti-
tatively define the technical hydrologic problems (Problem Heading 3, p. 4). 
Because the 300 water agencies in the Central Valley have been concerned 
mostly with delivery of surface water, they have until recently abdicated 
responsibility for the development of technical ground-water information to 
Federal or State agencies. 

Federal and State agencies, in turn, have not placed much emphasis on 
quantification because legal authority for management of ground water is 
vested in local agencies. In recent years some of the more progressive local 
agencies have turned to the Federal or State agencies for specific quantitative 
ground-water information, only to find that the scientific data that would 
allow formulation of ground-water management plans were unavailable. 

Purpose and Scope 

Historically, hydrologic studies in the Central Valley have been made 
within limited geographic areas or with the purpose of attempting to define 
only a part of the system. Water-supply problems in the Central Valley are 
not limited to single localized areas but affect the entire valley (region)--a 
decision to increase pumpage in the city of Modesto may have an effect as far 
away as Fresno. Therefore, the purposes of the Central Valley aquifer 
investigation are to gather, interpret, and verify hydrologic information from 
widely scattered sources and to develop ways to evaluate aquifer responses to 
changes in ground-water management practices. The scope of the project will 
include investigations in the five subject areas, and their subareas, listed 
below: 
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I . Physical aquifer parameters 
A. Distribution of clay, including aquitards and aquicludes (as used 

by Poland, Lofgren , and Riley, 1972) 
B . Distribution of potentiometric heads 
C. Storage coefficients 

1. Confined 
2. Unconfined (specific yield) 

D. Hydraulic conductivities, transmissivities 
E. Hydraulic boundaries 
F. Subsidence, water of compaction, changes in specific storage 

II. Elements of recharge 
A. Climate 

1. Types and location 
2. Precipitation 
3. Trends 

B . Infiltration from streambeds 
1. Tributaries from Sierra Nevada 
2. Tributaries from Klamath Range 
3. Tributaries from southern Coast Ranges 
4. Tributaries from northern Coast Ranges 

C . Infiltration on soils 
1. Distribution and infiltration characteristics of canals 
2. Infiltration of applied irrigation water 
3. Deep percolation of precipitation 

(a) Soil barriers to vertical flow 
(b) Rate of movement 

D. Ground-water flow entering at boundaries of the valley and inter-
flow among aquifers 

Elements of discharge 
A . Pumpage 

1. I rrigation 
(a) Land use 
(b) Evaporation potential of soils, ponds, lakes, and 

canals 
(c) Cropping trends 

2. Drainage 
3. Industrial and public supply 

B. Ground-water outflow 
C . Streamflow 

1. San Joaquin River at Vernalis 
2. Sacramento River at Hood 
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IV. Elements of ground-water quality 
A. General inorganic character of currently used aquifers 
B. Areas of potential degradation 
C. Natural sources of pollution 
D. Character and extent of saline aquifers 
E. Possible changes in water quality of currently used aquifers in 

relation to expected changes in storage 
F. Base of potable water 
G. Effects of irrigation on water quality 
H. Effects of solid and liquid wastes on ground water 

V. Energy considerations and ground water 
A. Availability and quality for nuclear powerplant cooling 
B. Power consumption related to changes in pumping levels 

Approach 

Products of the study will be a series of reports that describe the 
Central Valley aquifer system, as it was before development of ground water, 
as it is currently, and what may happen to the system with further develop-
ment. For the reports to be meaningful, attempts will be made to extract 
quantitative data by using simulation and statistical models to analyze the 
system. Information input to the model will be developed from existing data 
where possible. There is a scarcity of geologic data for the Pleistocene and 
Pliocene alluvium in the Sacramento Valley and no recent water-quality data 
for parts of both the Sacramento and San Joaquin Valleys. To correct these 
deficiencies and others that may be discovered, special one-time field 
collections will be made. 

Several management alternatives are currently being considered by the 
State of California as outlined in the report of the Governor's Commission to 
Review California Water Rights Law (Wright, 1978). All these management 
alternatives are currently being approached with caution because, as the 
Governor's Commission (p. 164) stated, "Uncertainty exists in most places 
regarding the extent of rights to ground water and the extent of present and 
local needs for ground-water resources. Reliable data on the effect of a 
transfer upon these rights and needs is generally unavailable." Hopefully, 
models developed during this study will provide the instrument through which 
planners at all levels of government may assess the effect of the various 
suggested management plans. 
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PLAN OF STUDY 

The Central Valley aquifer study will include the study of a series of 
post-Eocene continental deposits consisting of intercalated beds of gravel, 
sand, silt, clay, tuff, conglomerate, sandstone, siltstone, and claystone. 

In the San Joaquin Valley, at least two aquifers have been defined, 
separated by an extensive lacustrine clay known as the Corcoran Clay Member 
of the Tulare Formation of Pleistocene age. All potable fresh water in the 
San Joaquin Valley is in continental deposits, of late Tertiary and Quaternary 
age, that range in thickness from a few feet along the valley boundaries to 
16,000 feet in the south-central part of the Tulare Basin. The thickest 
sections occur along the axis of the valley trough. 

Information on alluvial fill in the Sacramento Valley is scarce; therefore, 
the number of aquifers present is not known, and most authors have assumed 
that water-table conditions exist throughout the saturated thickness of the 
system. Hydrographs from several deep wells and discrepancies in water-
level measurements among several closely spaced wells of varying depth imply 
that there may be several aquifers in the Sacramento Valley. 

In the Sacramento Valley, Oligocene and younger rocks will be studied in 
an attempt to define confining beds and aquifers and the hydraulic relations 
among them. The Central Valley aquifer study began in fiscal year 1978 and 
will continue through fiscal year 1981. 

Administration 

A table of organization for the project has been established and all 
positions have been filled. 

The administrative work consists of five elements: (1) plans and staff, 
(2) contracts, (3) special reports, (4) technical reports, and (5) special 
interagency liaison. All elements of administration have been established and 
are functioning. This report constitutes the final overall work plan for the 
study; first contract specifications have been drafted and let for bid; a 
special committee comprising members from the private and governmental 
sectors has been formed as an information dissemination medium. 
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Data 

During the first 18 months of this study, data will be gathered from 
Federal, State, local, and private agencies. The data will be coded for 
computer processing and subsequently stored for further analytical use. Data 
will be stored in the U.S. Geological Survey WATSTORE computer system to 
assure maximum accessibility, ease of updating, and interfacing capabilities 
with other Survey analytical computer programs. 

After the available data are collected and stored, maps showing the 
areal distribution of the data will be computer generated, and statistical 
analyses will be made to determine the variation in distribution. From_these 
analyses, gaps in the data matrices will be detected and direction for field 
collection of data to fill those gaps can be obtained. 

For the Central Valley it is expected that data for water levels, 
precipitation, soils, pumpage, land use, and streamflow are adequate. It is 
already known that recent water-quality data are inadequate for the San 
Joaquin Valley and nonexistent for one 400-square-mile area of the Sacramento 
Valley. Geologic data, primarily aquifer boundaries and characteristics, are 
not sufficient to define parts of the aquifer system in the Sacramento Valley. 

All the data matrices will provide initial input to the digital model. By 
comparing calculated responses with measured responses in the aquifer 
system, sensitivity of given parameters may be tested and the need for 
further refinement of the data matrices can be evaluated. In addition, the 
data base may be helpful in checking concepts used to build the flow model 
and, if necessary, aid in making changes to these concepts so that predictive 
capabilities can be improved. 

Special Investigations 

Information for many of the variables needed to build a flow model is 
already available from existing data. Geologic information for much of the 
Sacramento Valley for the part of the aquifer from 100 feet below land surface 
to the Pliocene Tehama Formation, or about 2,500 feet below land surface, is 
not available. This situation has developed mainly because surface water has 
been abundant in the past and few deep water wells were drilled. Most water 
wells that were drilled are generally less than 100 feet deep and therefore 
yielded no information on most of the aquifer system. Three deep, 
exploratory wells will be drilled for the purpose of obtaining (1) geologic 
logs, (2) core samples, (3) electric logs, (4) sonic logs, (5) formation water 
samples, and (6) water-level measurements. 
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These items will be used to ascertain porosity and age of deposits, lithologic 
sequences, specific yields, hydraulic conductivities, mineral composition, 
thermal gradients, water quality, and head differentials. 

A second special study will involve use of the mineral and water-quality 
analyses from the test wells in the Sacramento Valley, plus similar data from 
U.S. Bureau of -Reclamation test wells in the San Joaquin Valley, and thermo-
dynamic calculations to determine the minerals with which water is in 
equilibrium--for the purpose of determining the geochemical controls on water 
quality. For clay minerals, data can be analyzed using stability plots. The 
state of mineral equilibrium in the aquifer system is of particular importance 
in the study of the change in water type from calcium bicarbonate to sodium 
bicarbonate as water moves across the valley. Ion-exchange and ion-
dissolution mechanisms have been offered as hypotheses for the change in 
water type, but until now they have not been tested with field data. 
Techniques now available should make it possible to determine whether an 
ion-exchange or ion-dissolution mechanism is responsible for the change of 
water types across the valley. 

Computer Models 

A large-scale (36-square-mile nodal area) flow model of the regional 
system will be made from existing data and refined as additional data are 
collected or qualified for use. Calibration of the large-scale model is possible 
with available data. In addition to the large-scale model, small-scale sub-
system models can be built to provide more detailed analyses in selected 
areas. 

The selection of areas for subsystem modeling will depend primarily on 
the availability of data and the length of record. Computer models have been 
developed for parts of Kern, Fresno, and Sacramento Counties, the cities of 
Merced, Modesto, and Madera, and parts of the Sacramento Valley. 

A steady-state (natural condition) model will be attempted as the first 
step in the modeling process. The objective of the steady-state model will be 
to evaluate predevelopment flow patterns and, most importantly, refine or 
narrow the range of values of hydraulic conductivities throughout the system 
until they are hydrologically rational. 
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Once a steady-state model is completed, the next phase in the modeling 
effort is to build a transient-state model (that simulates changes imposed by 
manmade stresses) of the system using transmissivities obtained from the 
steady-state model. This technique reduces the number of hydraulic para-
meters that the modeler has to adjust during calibration of the transient-state 
model. 

The third phase in the modeling process is to use the verified transient-
state model to predict the effects of various stresses that might be applied to 
the system. In that regard, both the regional model and the subsystem 
models will be used to simulate various ground-water management alternatives. 
Management alternatives will be taken from various plans of local, county, and 
State agencies. The simulation will assess the impact on the ground-water 
supply and aid planners in making major water-use decisions. The models 
will be available for analysis of all management alternatives that might be 
suggested in the future. 

Reports 

Several reports are planned as products of this investigation. Most of 
the early ones will be map reports covering subjects such as: 

1. General quality of currently used ground water 
2. Thickness and areal extent of major confining beds 
3. Recharge from applied water 
4. Infiltration from ungaged and gaged streams 
5. Areas and sources of ground-water degradation 
6. Variation in aquifer hydraulic characteristics 
7. Areal extent of aquifers 
8. Historical and recent water levels 

In addition to map reports, it is expected that several reports discussing 
specific techniques used in the various subinvestigations will be prepared. 
Final reports consisting of analyses of the entire system will be published. 
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A bibliography of about 600 references, chosen by scanning abstracts 
and making computer searches (private industry and Federal agencies), and 
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The bibliography is in current U.S. Geological Survey format with entries 
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