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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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CONVERSION FACTORS

For readers who wish to convert measurements from the inch-pound system of units to the metric
system of units, the conversion factors are listed below:

Multiply By To obtain

acre 0.4047 square hectometer
acre-ft (acre-foot) 0.001233 cubic hectometer
acre-ft/yr (acre-foot per year) 0.001233 cubic hectometer per year

ft (foot) 0.3048 meter
ft/d (foot per day) 0.3048 meter per day
gal/min (gallons per minute) 0.06308 liter per second
(gal/min)/ft (gallons per minute per foot) 0.2070 cubic meter per second per meter
in. (inch) 254 millimeter
in./yr (inch per year) 25.4 millimeters per year
mi (mile) 1.609 kilometer
mi? (square mile) 2.590 square kilometer

In this report, “sea level” refers to the National Geodetic Vertical Datum (NGVD) of 1929—a
geodetic datum derived from a general adjustment of the first-order level nets of both the United
States and Canada, formerly called the Sea Level Datum of 1929.



REGIONAL AQUIFER-SYSTEM ANALYSIS—CENTRAL VALLEY, CALIFORNIA

GROUND WATER IN THE CENTRAL VALLEY, CALIFORNIA —
A SUMMARY REPORT

By GiLerT L. BERTOLDI, RiIcHARD H. JoHNSTON, and K.D. EVENsON

ABSTRACT

The agricultural productivity of the Central Valley depends on
irrigation. Half of the 22 million acre-feet of irrigation water applied
annually is ground water. The valley is a long, narrow structural trough
filled with about 32,000 feet of sediment in the south and as much as
50,000 feet in the north. Nearly all the fresh ground water is contained
in the continental rocks and deposits younger than Eocene age.
Streamflow, an important factor in recharging the aquifer system, is
influenced by precipitation in the mountains surrounding the valley.
The majority of recharge from infiltration of streamflow occurs on the
east side of the valley.

Ground-water pumpage, which greatly exceeds the natural re-
charge rate, has dramatically altered the ground-water flow in the
Central Valley. During the 1960’s and 1970’s, the recharge rate was
more than five times that of the predevelopment period and was largely
derived from percolation of imported surface water or recirculated
pumped ground water rather than precipitation and recharge from
streams. Prior to development, most ground water was discharged as
evapotranspiration; however, in recent years, most discharge has been
well pumpage. Computer simulation of the Central Valley aquifer
system suggests that the total flow through the system has increased
from about 2 million acre-feet per year to nearly 12 million acre-feet per
year. The vertical movement of ground water has been artificially
enhanced by many of the 100,000 irrigation wells that contain long
intervals of perforated casing. When unpumped, these wells permit
vertical flow between permeable layers within the aquifer system.

The total fresh ground water presently (1986) in storage in the
upper 1,000 feet of the aquifer system is about 800 million acre-feet.
During the 1960’s and 1970’s, ground water in storage was depleted at
an average rate of 800,000 acre-feet annually.

In the San Joaquin Valley from the 1940’s to the late 1960’s,
substantial withdrawals of ground water were accompanied by hun-
dreds of feet of head decline. This head decline caused inelastic
compaction of fine-grained beds, resulting in land subsidence that is
unequaled anywhere else in the world. More than one-half of the San
Joaquin Valley (or about 5,200 square miles) underwent subsidence of
more than 1 foot. In one location, subsidence exceeded 29 feet. Within
the areas of heavy withdrawals, subsidence is greatest where the
aquifer system contains thick sections of montmorillonite clay. Land
subsidence created engineering and economic problems, including
damage to canals and drainage systems, and loss of irrigation wells
caused by casing failure.

More recently (since the drought of 1976-77), surface-water
imports have increased, ground-water pumpage has decreased, and in
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places, ground-water levels have recovered. Land subsidence has
virtually ceased; however, it could resume with increased pumpage, if
water levels decline below previous lows.

Ground-water quality in the Central Valley is generally influenced
by the water from streams that are a major source of recharge. In
general, water on the east side of the valley and from east-side streams
contains low concentrations of dissolved solids compared to water on the
west side and from west-side streams. Concentrations of dissolved
solids in ground water generally are lower in the northern part of the
valley than in the southern part. There are, however, localized
exceptions in many places through the valley. Local concentrations of
boron, chloride, and nitrate in the ground water of the Central Valley
are large enough to be a problem either to crops or humans.

Human activities have some influence on the concentration and
location of water-quality problems in the valley. Significant increases in
concentrations of dissolved solids and, specifically, dissolved nitrate
indicate that ground-water quality is degrading as a result of increasing
application of fertilizer in agricultural areas and the growth of urban
population. Pesticides such as dibromochloropropane (DBCP) as well as
selenium and other trace elements in agricultural drainage water cause
ecological and health problems in the San Joaquin Valley.

INTRODUCTION

In 1978 the U.S. Geological Survey began a series of
ground-water investigations, the Regional Aquifer-Sys-
tem Analysis Program (RASA), as described in the
“Foreword.” The aquifer system in the Central Valley of
California is one of 28 major aquifer systems in the
country. It was selected for study because of the valley’s
long history of ground-water development and the im-
portance of the area’s agricultural production to the
national economy (Bertoldi, 1979). Information needed
for effective management of this aquifer system in the
future includes (1) hydrogeologic framework of the val-
ley, (2) hydraulic characteristics of the porous media
(alluvium) through which ground water flows, (3) under-
standing of the ground-water-flow system including sour-
ces and rates of recharge and discharge, (4) chemical
character of the ground water, (5) processes that control
ground-water chemistry, and (6) effects of past and
current human activities on the aquifer system.

The 5-year Central Valley aquifer study included the
collection, analysis, and evaluation of data and prepara-
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tion of preliminary reports on water quality by Fogelman
(1982a, 1982b, 1983); water use by Williamson (1981) and
Diamond and Williamson (1983); hydrogeology by Page
(1981, 1983), French, Page, and Bertoldi (1982, 1983),
Page and Bertoldi (1983), French, Page, Bertoldi, and
Fogelman (1983), and Berkstresser and others (1985);
and ground-water hydraulics, regional flow, and aquifer
mechanics by Williamson and Prudic (1986) and Prudic
and Williamson (1986). In addition, Nady and Larragueta
(1983a, 1983b) and Mullen and Nady (1985) described
streamflow and irrigation development.

PURPOSE AND SCOPE

The purpose of Professional Paper 1401 is to deseribe
major aspects of the geology, hydrology, and geochem-
istry of the Central Valley aquifer system. These descrip-
tions are derived largely from the study results and
preliminary reports of the 5-year study; however, they
also utilize the extensive hydrologic literature on the
California Central Valley (see references cited in chap-
ters A-D).

Professional Paper 1401 consists of the following chap-
ters:

Chapter A (this report) summarizes the important
aspects of the geologic framework, regional ground-
water flow, effects of development, and ground-water
quality in the Central Valley.

Chapter B (Hull, 1984) describes the geochemistry of
ground water in the Sacramento Valley.

Chapter C (Page, 1986) describes the geologic frame-
work of the Central Valley, with emphasis on textural
changes in the alluvial deposits that constitute the
aquifer system.

Chapter D (Williamson and others, 1989) discusses
ground-water hydraulics, with emphasis on an analysis of
regional ground-water flow prior to and after extensive
ground-water withdrawals. This regional analysis is
based on computer simulation and presents a new,
somewhat different concept of the aquifer system.

BASIN ENVIRONMENT

The Central Valley of California, viewed from the air
or on a shaded relief map (fig. 14), stands out as a notable
topographic basin. It is about 400 mi long and averages
about 50 mi in width. Surrounded on all sides by
mountain ranges, the valley has only one natural outlet
through which surface water drains. That outlet, the
Carquinez Strait, cuts through the central Coast Ranges
(fig. 14) on the west boundary of the valley. In this
study, the boundary of the Central Valley represents the
areal extent of the valley’s aquifer system rather than a
physiographic boundary. The aquifer system’s boundary
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is defined as coincident with the topographically highest
occurrence of alluvial fan or alluvial plain deposits (allu-
vial boundary) of Pleistocene or Holocene age. In the
northern part of the valley, discordant with the uniform
flatness of the landscape, is the only notable topographic
feature, Sutter Buttes (figs. 14 and 2). There, north and
south Buttes, remnants of an ancient voleanic plug, rise
to altitudes of 1,860 and 2,130 ft above sea level,
respectively.

The Central Valley is composed of parts of four
hydrographic subregions or drainage basins named for
the major natural surface-water feature in each subre-
gion (fig. 14). Sacramento Valley, the northernmost
third of the Central Valley, has an area of about 4,400 mi®
and is drained by its namesake, the Sacramento River. Of
the four hydrographic subregions, the Sacramento Valley
is the least intensively developed. San Joaquin Valley,
the southern two-thirds of the Central Valley, is made up
of parts of two subregions: the San Joaquin Basin and, at
the southern end, a basin of interior drainage called the
Tulare Basin after a Pleistocene lake that occupied most
of the area. The fourth hydrographic subregion is the
Delta, a low-lying area that drains directly to the
Sacramento-San Joaquin Delta rather than to either river
(fig. 1A). The lower part of the Delta subregion consists
of wetlands interspersed with hundreds of miles of
channels and numerous islands.

Climate in the Central Valley is the Mediterranean
type (Blair and Fite, 1957, p. 323). Average annual
precipitation ranges from 13 to 26 in. in the Sacramento
Valley and from 5 to 16 in. in the San Joaquin Valley.
About 85 percent of the annual precipitation occurs from
November to April. Summers are hot; winters are mild,
allowing a long growing season. In contrast to the low
precipitation in the valley, mean annual precipitation in
the adjacent Sierra Nevada increases with altitude and
ranges from 40 to more than 90 in. (Rantz, 1969). Much
of the precipitation in the mountains is snow, especially in
the higher southern Sierra Nevada. Variations in the
volume of snowpack and delays in its melting produce
differences in the timing of runoff in the two valleys.
Peak runoff into the Sacramento Valley generally lags
peak precipitation in the surrounding mountains by 1 to
2 months whereas peak runoff in the San Joaquin Valley
generally lags peak precipitation by 5 to 6 months (fig. 3).

Streamflow, a very important factor in the water
supply of the Central Valley, is almost entirely depend-
ent on precipitation in the Sierra Nevada and part of the
Klamath Mountains in the north (fig. 1A4). No perennial
streams of any significant size enter the valley from the
west, except for Stony Creek, Cache Creek, and Putah
Creek at the northwest end of the valley (fig. 1B). Mean
annual streamflow entering the Central Valley around its
perimeter is 31.7 million acre-ft.

































The Central Valley aquifer system contains numerous
fine-grained (clay and silt) randomly distributed lenses
that, in general, constitute over 50 percent of the total
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Generalized section of geologic units. Reported maximum thickness,
in feet, is in parentheses (adapted from Page, 1986, table 1)

Hydrologic unit used in
many reports such as
Bloyd (1978)

A13

thickness of the system. Because of the large percentage
of fine-grained sediments, Williamson and others (1989,
table 7) concluded that the part of the aquifer system

Layers in digital flow
model (Williamson
and others, 1989)

Flood basin deposits (160) -- Primarily clay, silt, and some sand; include
muck, peat, and other organic soils in Delta area. Restrict yield to wells
and impede vertical movement of water.

River defosits (115) -- Primarily gravel, sand, and silt; include minor
amounts of clay. Among the more permeable deposits in valley.

Tertiary and Quaternary Quaternary

Continental rocks and deposits (3,000 ) -- Heterogeneous mix of poorly
sorted clay, silt, sand, and gravel; include some beds of claystone, siltstone,
and sandstone. Younger deposits (Pliocene to Holocene) form major aquifer
system in valley. Older deposits (Eocene to Pliocene) include breccia, con-
F omerate, and some volcanic rocks and dei)os_its. Older deposits close to
and surface on east side are generally small yield aquifers.

Volcanic rocks and dez!)osits (1,000) -- Younger (Pliocene and Pleistocene)
rocks and deposits include tuff and tuff breccia associated with Sutter
Buttes; loca]ly important source of water. Older (Miocene and Pliocene)
volcanic rocks and deposits include andesite, obsidian, pumice, tuff, volcanic
breccia, gravel, sand, volcanic mud flows, and some basalt, The rocks and
deposits are important aquifers in the northeast part of valley where close

to land surface.

Unconfined to locally
confined aquifer

Layer 4

Most wells tap this
layer; unconfined
storage

Layer 3

Some wells tap this
. layer; elastic and
inelastic confined storage

Layer 2

. No wells; elastic and
inelastic confined storage

Layer 1

No wells; elastic
confined storage

Generalized section of geologic units. Reported maximum thickness,
in feet, is in parentheses (adapted from Page, 1986, table 2)

Hydrologic unit used in
many reports such as
Poland and Lofgren (1984)

Layers in digital flow
model (Williamson
and others, 1989)

Flood basin deposits (100) -- Primarily clay, silt
muck, peat, and other organic soils in Delta area.
impede vertical movement of water.

River deposits (100%) -- Primarily gravel, sand, and silt; include minor
amounts of clay. Among the more permeable deposits in valley.

and some sand; include
Restrict yield to wells and

Upper water-bearing
zone }; unconfined
to semiconfined

Principal

Lacustrine and marsh deposits (3,600+) --Primarily clay and silt; include
some sand. Thickest beneath Tulare Lake bed. Include three widespread
clay units -- A, C, and modified E clay. Modified E clay includes the
Cfgrco::n Clay Member of the Tulare Formation. Impede vertical movement
of water.

Continental rocks and deposits (15,000) -- Heterogeneous mix of poorly
sorted clay, silt, sand, and gravel; include some beds of mudstone, claystone,
shalehsxltstone, sandstone, and conglomerate. Form major aquifer system
in valley.

Layer 4

Many wells tap this
layer; unconfined
storage

(modified E clay),

Lower water-bearing zonel;
semiconfined to confined.
Extends to base of fresh-
water which is variable

Tertiary |Tertiary and Quaternary | Quaternary

Marine rocks and deposits -- Primarily sand, clay, silt, sandstone,,
shale, mudstone, and siltstone. Locally yield fresh water to wells, mainly on
It_?clalsoutheast side of the valley but also on the west side near Kettleman

ills.

Below the depth of water

wells. In many areas,
post-Eocene deposits
contain saline water

Layer 3

Many wells tap this
layer; elastic and
inelastic confined storage

Layer 2

Some wells tap this
layer; elastic and
inelastic confined storage

Layer 1

No wells; elastic
confined storage

1The upper and lower water-bearing zones are undifferentiated where the modified E clay (includes Corcoran Clay Member of the Tulare Formation)

is absent.

B

FIGURE 9. —Geologic and hydrologic units and equivalent layers in digital flow model. A, Sacramento Valley. B, San Joaquin Valley.
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TABLE 1.—Laboratory values of selected hydraulic and physical properties of unconsolidated
sediment in the Central Valley

[ft/d, feet per day; <, less than; —, no data)

Average hydraulic

Number of ) conductivity?
umper of sampies . . .
Sediment size used to determine Specific yield"  Porosity’ (i)
. . . (percent) (percent)
specific yield and porosity .
Vertical O
zontal
19-35 31-65
Sand ...oevviiiiieniennen. 126 o7 40 11.5 14
Clayey sand .............. 28 101';328 283"752 — —
Sand-silt-clay ............ 9 2;—30 313-‘756 02 .02
Clayey Silt ......oonne.... 107 =L 20 i —
Silty sand co.eeeeeneeenn.. 137 e - BT
Sandy Silt ..oooeervrerrrs 49 e L~ RN - SR
ST 79 L M 00z —
Silty clay cooverrrerreenn.. 86 <=2 B2 o001 002
Clay ccoovreiviiieniinnnns 0 No pure clays analyzed — —

!Range of values above line; mean value below line. Specific yield and porosity values were compiled from Stearns and others (1930),
Piper and others (1939), Johnson (1967), and Johnson and others (1968).

2[a),boratory determinations of hydraulic conductivity values were obtained from the U.S. Bureau of Reclamation, Sacramento,

California, and Johnson and others (1968).

below the upper few hundred feet should be considered
confined in the sense that the vertical permeabilities of
sediments are much lower than the horizontal permeabil-
ities. In the confined aquifers, water released by com-
pression of fine-grained lenses, rather than that released
from dewatering of pore space, may be the major source
of water release from storage (Jacob, 1940). Therefore, it
is necessary to define and measure another storage
parameter, specific storage (S,). This parameter is the
volume of water released from or taken into storage per
unit volume of aquifer material per unit change in head
(Lohman and others, 1972, p. 13). Below the zone of
water-table fluctuation, only S, and the thickness of the
aquifer are used to calculate water in storage. However,
when effective (grain-to-grain) stress is increased, some
of the fine-grained lenses undergo reorientation and
deformation. Therefore, S, has two significant values. If
water released from storage is due to the expansion of
water and compressibility of the aquifer in response to a
decrease in hydraulic head, the specific storage is elastic.
Conversely, if a decrease in hydraulic head causes
deformation and reorientation of sediments in fine-

grained lenses, the specific storage is inelastic. The
coefficients of elastic and inelastic specific storage de-
rived from field tests and computer simulation are shown
in table 2. Note that values of inelastic specific storage
are much larger than those of elastic specific storage. For
their simulation of regional ground-water flow, William-
son and others (1989) used the average specific-storage
values in table 2.

HYDRAULIC CONDUCTIVITY

The term “hydraulic conductivity” (K) allows relative
comparison of the transmission properties of different
aquifers or parts thereof. The hydraulic conductivity of a
saturated porous medium (aquifer material) is the volume
of water that the material will transmit in a unit of time
through a cross section of unit area, under a hydraulic
gradient of unit change in head through a unit length of
flow (Lohman and others, 1972, p. 6).

Average horizontal hydraulic conductivity (K,) in the
valley ranged from 14 ft/d for sand to 0.002 ft/d for silty
clay (table 1) as determined from laboratory tests of core
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TABLE 2. —Specific-storage values (S,) for aquifers in the Central Valley

Specific-storage
coefficient
(per foot)
Source of data Remarks
Fine Coarse
grained grained
Elastic

Poland — 1.4x107° Assumed 1,000 ft of

(1961, p. B53) aquifer thickness
of which 700 ft is
coarse and 300 ft
is fine. Estimate is
for coarse material
only.

Riley and — 0.7 to 1x10°¢ Detailed leaky-aqui-
McClelland fer analysis of
1972, p. 77) pumping tests near

Fresno, San Joa-
quin Valley.

Helm 4.5x107¢ — Average of several
(1978, p. 193)) model runs.

Inelastic

Poland 2x10™ — For 300 ft of clay

(1961, p. B53) with inelastic stor-
age coefficient of
5x1072,

Helm 3x10™ — Average for seven

(1978, p. 193)

sites; range,
1.4x107* to
6.7 x10™.

samples. However, the average K, of the entire Central
Valley aquifer system is estimated to be 6 ft/d based on
calibration of a regional ground-water flow model
(Williamson and others, 1989). This value is somewhat
less than the average value for sand but probably reflects
the lateral discontinuity of sand beds and more accurately
represents the conductivity that controls ground-water
flow on a regional scale. The average hydraulic conduc-
tivity of the Sacramento Valley is about one-half the
average for the San Joaquin Valley, probably because of
more fine-grained volcanic-derived sediments in the
Sacramento Valley (Williamson and others, 1989).

GROUND-WATER FLOW SYSTEM

REGIONAL FLOW

Regional ground-water flow in the Central Valley is
strongly influenced by the numerous clay and silt lenses

that are present in the aquifer system. Different view-
points on the role of the fine-grained lenses have resulted
in two concepts of the aquifer system, as follows:

1. Until recently, most investigators considered the
Sacramento Valley as containing one unconfined
aquifer (Bloyd, 1978) and the San Joaquin Valley as
containing two aquifers separated by a regional
confining unit. The San Joaquin sequence was de-
seribed in descending order by Poland and Lofgren
(1984) as a semiconfined aquifer (upper water-bear-
ing zone), a regional confining unit (Corcoran Clay
Member of the Tulare Formation), and a confined
aquifer (lower water-bearing zone).

2. More recently, Williamson and others (1989) pro-
posed the concept of a single heterogeneous aquifer
system for the Central Valley. This concept is that
“the entire thickness of continental deposits is one
aquifer system that has varying vertical leakance and
confinement depending upon the properties of fine-
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grained sediments.” Below the upper few hundred
feet everywhere, they consider the aquifer to be
virtually confined. These two concepts of the aquifer
system in the Central Valley are shown in figure 10.

Lithologic studies described in chapter C (Page, 1986)
show that the aquifer system contains many isolated
lenses of sand, silt, and clay. The fine-grained lenses,
although limited in lateral extent, constitute more than
50 percent of the system and have an aggregate thickness
of as much as several thousand feet. In contrast, the
Corcoran Clay Member, a confining unit, ranges in
thickness from zero to 160 ft and has an average thickness
of 556 ft (Williamson and others, 1989). Vertical head
differences are present nearly everywhere in the Central
Valley. Head differences, as much as 400 ft, were
observed in wells of different depths in some areas on the
west side of the San Joaquin Valley. These large head
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differences result from very heavy pumpage in the lower
zone combined with the resistance to vertical flow
provided by the fine-grained lenses in the aquifer system.
Although some head difference in wells is observed
across the Corcoran Clay Member, an even greater head
difference occurs in wells that tap the intervals above and
below the Corcoran. In addition, numerous wells that
contain perforated sections both above and below the
Corcoran Clay Member show little vertical head differ-
ence. Thus, the Corcoran is much less important than the
combined effect of the many fine-grained lenses in
controlling vertical flow. In summary, the concept of a
single heterogeneous aquifer system is supported by the
presence of numerous fine-grained lenses and the hy-
draulic response of the system to pumping.

The concept of a single, mostly confined, heterogeneous
aquifer system was used as the basis for the computer
simulation of regional ground-water flow described in
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FIGURE 10.—Concepts of Central Valley aquifer system. A, Concept of aquifers used in many hydrologic reports of the Central Valley;
Sacramento Valley (adapted from Bloyd, 1978); and San Joaquin Valley (adapted from Poland and Lofgren, 1984). B, Concept of single
heterogeneous aquifer with varying vertical leakance and confinement (adapted from Williamson and others, 1989).
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withdrawals of ground water from the west side of the
San Joaquin Valley have profoundly affected hydraulic
gradients and flow patterns there. The heads in the lower
zone (originally above land surface) are now below sea
level and the direction of lateral ground-water flow has
been reversed (Bull and Miller, 1975). Water in the lower
zone previously flowed toward the center of the valley
and discharged in the slough near the San Joaquin River
(fig. 14). However, by the 1960’s, flow was mostly toward
the pumping center on the west side of the valley.

The total flow through the aquifer system has in-
creased from about 2 million acre-ft/yr prior to develop-
ment to nearly 12 million acre-ft/yr after development
(Williamson and others, 1989). The increased pumpage is
supplied largely by increased recharge, mostly from
imported surface water or recirculated pumped water.
Increased pumpage of ground water has not only changed
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the amount of regional flow, it has also decreased the
amount of water in storage and caused the land surface to
subside over a large area. These effects are discussed in
the section “Effects of Ground-Water Withdrawal on the
Central Valley Aquifer System.”

GROUND WATER IN STORAGE

The quantity of water in storage in the aquifers of the
Central Valley has been estimated by several investiga-
tors. All such estimates are based on use of average
values of specific yield for different lithologies and an
arbitrary thickness of the aquifer system. Earlier inves-
tigators restricted their estimates to the shallow part of
the aquifer system. Olmsted and Davis (1961) estimated
that there were 28 million acre-ft of water in storage in
the upper 200 ft of sediments in the Sacramento Valley.
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This estimate was based on dividing the sediments into
four lithologic groups (channel deposits, alluvial plain and
fan deposits, dissected alluvial deposits, and valley de-
posits) and assigning storage characteristics to each
group. Davis and others (1959) estimated that there were
121 million acre-ft in the upper 200 ft of the aquifer
system in the San Joaquin Valley.

As part of this RASA study, Williamson and others
(1989) estimated that there were about 830 million acre-ft
of freshwater in the upper 1,000 ft of the continental
deposits in the Central Valley (as of 1961). This estimate
was derived from a study of several thousand well logs,
in which values of specific yield were assigned to depth
intervals according to texture as mapped by Page (1986).
Average values of specific yield for designated aquifer
layers and subareas were then computed and are given in
table 7 of Williamson and others (1989). The thickness of
the aquifer system was taken as the difference between
the 1961 water table and the lesser of either the depth to
base of freshwater, or depth to the base of continental
deposits, or 1,000-foot depth. The product of the specific
yields and thicknesses, so derived, provided values of
ground water in storage as follows:

Volume of
e o it on v
(million acre-ft)
Sacramento Valley ..... 0.07 170
Delta ccoovveviniiininnees 0.08 130
San Joaquin Valley .... 0.10 160
Tulare Basin.............. 0.10 370
Central Valley .......... 0.09 830

As discussed in the section “Effects of Ground Water
Withdrawal on the Central Valley Aquifer System,”
ground water in storage was depleted at an average rate
of 800,000 acre-ft annually during the 1960’s and 1970’s.
Thus, the total ground water in storage as of 1986 was
probably about 810 million acre-ft.

GROUND-WATER DEVELOPMENT

HISTORY OF DEVELOPMENT

Ground-water development began in the Central Val-
ley about 1880. However, development of surface water,
primarily for irrigation, had been underway for the
previous 100 years. By 1900, an extensive system of
canals had been built to supply surface water to the
southern San Joaquin Valley, and ground water was
providing only a very small part of the irrigation water.

After 1900, the construction of wells and rate of
ground-water withdrawal increased slowly. By 1913,
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total well pumpage for the Central Valley was estimated
to be 360,000 acre-ft annually. During the 1940’s and
1950’s, the pumpage of ground water for irrigation
increased sharply. During the 1960’s and 1970’s, ground-
water pumpage averaged about 11.5 million acre-ft/yr
and was providing about 50 percent of the water used for
irrigation. This withdrawal rate represented about 20
percent of the total yearly ground-water pumpage in the
United States during that time. Pumpage for domestic
and industrial use rose slightly during the 1960’s and
1970’s, but by 1977, it constituted only 5 percent of the
total ground-water withdrawal. A summary of ground-
water pumpage in the Central Valley from 1961 to 1977
was provided by Diamond and Williamson (1983).

In the late 1960’s, increased importation of surface
water in some areas caused ground-water pumpage to
decline and many wells to be unused. However, a drought
in 1976 and 1977 decreased the availability of imported
surface water, and ground-water pumpage increased
sharply, reaching a maximum of 15 million acre-ft in 1977.
Thus, in recent years, annual ground-water pumpage has
fluctuated depending upon the availability of imported
surface water. The areal distribution of the relatively
light ground-water pumpage during the wet year of 1975
is compared with the heavy pumpage during the drought
year of 1977 in figure 15.

During the early 1980’s, ground-water pumpage de-
creased slightly from the 11.5 million acre-ft annual rate
of the 1960’s and 1970’s, and the 1980’s pumpage is about
equal to the estimated recharge. Pumping in the Central
Valley is seasonal, and most of the water is withdrawn
during the spring-summer growing season. The autumn-
winter period is usually a period of water-level recovery.
Historically, the highest withdrawal rates have been in
the drier areas—the south-central part of the San Joa-
quin Valley.

DEPTH AND YIELD OF WELLS

Most of the (approximately) 100,000 high-capacity
wells in the Central Valley are used for either irrigation
or public water supply. Yields in excess of 1,000 gal/min
are generally required and can be obtained nearly every-
where. The depth at which such yields can be obtained,
however, varies depending on the local geology. Poor-
quality water at shallow depths in some areas requires
deep wells.

Well depths in the Sacramento Valley are generally
less than those in the San Joaquin Valley, and they range
from an average depth of 120 ft in the highly permeable
areas to nearly 500 ft in the less permeable areas. An
analysis of performance tests on 2,783 wells reported by
Olmsted and Davis (1961) indicated that most of those
wells yielded 250 to 1,700 gal/min. For these wells,
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Two depth zones are recognizable in the axial trough.
In the lower zone, water types are generally sodium
bicarbonate, sodium chloride, and caleium sodium bicar-
bonate. Ground water in the upper zone is more variable
than in the lower zone.

Generally, sodium and calcium are the dominant cat-
ions of the axial trough ground water. In the northern
part of the valley, chloride and bicarbonate are the
dominant anions, and in the southern part of the valley,
sulfate and bicarbonate are the dominant anions.

There is also a large amount of areal and vertical
variability of water types on the west side of the San
Joaquin Valley; here, in places, the Corcoran Clay
Member of the Tulare Formation separates different
types of ground water. Water types in the zone above the
Corcoran Clay Member are less variable than those of the
axial trough. Sodium is the predominant cation in this
area with few exceptions. Sodium and sodium calcium
predominate in the south, and sodium and caleium sodium
predominate in the north. Sulfate is the predominant
anion in the zone above the Corcoran Clay Member in the
south (Davis and Poland, 1957; Wood and Davis, 1959;
Hotchkiss and Balding, 1971), whereas chloride and
bicarbonate predominate in the north. The presence of
bicarbonate in the north is attributed to recharge from
intermittent streams (Hotchkiss and Balding, 1971).

Chemical analyses for wells perforated below the
Corcoran Clay Member north of the Fresno-Merced
County line are limited, but the water type is probably
similar to that above the clay. South of this area to the
Tulare Lake bed, the water type below the Corcoran
Clay Member is generally sodium sulfate (Bertoldi,
1971). The few wells that are perforated below the
Corcoran Clay Member south of the Tulare Lake bed tap
ground water that is generally sodium chloride (Dale and
others, 1966).

PROBLEM COMPOUNDS

Local concentrations of boron, chloride, and nitrate in
the Central Valley are high enough to be a problem either
to crops or to humans. Other constituents, such as
pesticides and trace metals, have been investigated only
on a random basis and, with the exception of selenium in
the western San Joaquin Valley, are not known to be a
problem.

CHLORIDE

High chloride concentrations are generally not consid-
ered a health hazard. On the basis of taste preference, the
U.S. Environmental Protection Agency (1979) recom-
mends a limit of 250 mg/L for chloride in drinking water.
High chloride concentrations can be toxie to plants, but
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salinity usually impairs growth before chloride alone
reaches toxic levels. Water with chloride concentrations
up to 700 mg/L ean be used on most crops, depending on
soils and irrigation practices, without impairing growth
(National Academy of Sciences and National Academy of
Engineering, 1973).

Chloride concentrations of Central Valley ground wa-
ter generally are less than 250 mg/L; however, several
areas are notable for having higher chloride concentra-
tions.

Two bands of high chloride concentrations are located
in the Sacramento Valley. One band is adjacent to Salt
Creek near Williams; the other is adjacent to Petroleum
and Salt Creeks near Arbuckle. In these areas, high
chloride concentrations are attributed to the recharge
from local streams (Bertoldi, 1976). A third area of high
chloride concentrations is south of Sutter Buttes, in the
southwestern part of the Sutter basin. This area coin-
cides with a shallow saline water body previously de-
seribed by Berkstresser (1973), which is probably the
source of the high chloride concentrations.

The most notable locations of high chloride concentra-
tions in the San Joaquin Valley are in the northwestern
and north-central part of the valley along the course of
the San Joaquin River and adjacent lowlands. Within this
area, depth to the base of freshwater is shallower (500 ft
or less) than elsewhere in the valley. Ground-water flow
was upward prior to development and, currently, flow
remains upward locally in this area (Williamson and
others, 1989). Therefore, the most probable source of
high chloride in the shallow ground water is upward flow
of saline ground water. Sorenson (1981) mapped high
chloride concentrations adjacent to and west of the San
Joaquin River in San Joaquin and Contra Costa Counties.
Others mapped high chloride concentrations all along the
San Joaquin River (Page and LeBlane, 1969; Mitten and
others, 1970; Hotchkiss and Balding, 1971; Page and
Balding, 1973).

BORON

Boron is a critical element in irrigation water supplies.
In small quantities, boron is an essential micronutrient;
however, boron becomes toxic to sensitive plants at
concentrations as low as 0.75 mg/L and is toxic to most
crops at concentrations exceeding 4.0 mg/L. Within this
range, crops have been classified into three categories of
boron tolerance: sensitive (less than 1 mg/L), semitoler-
ant (1-2 mg/L), and tolerant (more than 24 mg/L)
(National Academy of Sciences and National Academy of
Engineering, 1973).

Boron is found in concentrations greater than 0.75
mg/L in several areas of the Central Valley. Small areas
of high boron concentrations have been observed in the
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extreme northern and extreme southern parts of the
valley. Fogelman (1983) delineated an area east of Red
Bluff where ground water had concentrations of boron
exceeding 0.75 mg/L. These high boron concentrations
are attributed to the nearby Pliocene Tuscan Formation
(Fogelman, 1983).

Wood and Dale (1964) reported concentrations of boron
generally greater than 3 mg/L in the area southwest of
Bakersfield and ranging from 1 to 4 mg/L in an area
southeast of Bakersfield. Dale and others (1966) noted
boron concentrations as high as 4.2 mg/L: near Button-
willow Ridge and Buena Vista Slough. The nearby
marine sedimentary deposits were the probable source of
the high boron concentrations of the west side, whereas
the east side concentrations were probably derived from
continental sedimentary deposits (Wood and Dale, 1964).

A large area of high boron concentrations in the
southwestern part of the Sacramento Valley extends
from Arbuckle on the north to Rio Vista on the south.
There is one band of low boron water extending through
the center of this area from Vacaville to West Sacra-
mento. High boron concentrations in this area were
attributed to marine deposits of the Upper Cretaceous
Chico Formation and Lower Cretaceous rocks of the
Coast Ranges, from which the recharge water is derived
(Fogelman, 1983).

Another large area of high boron concentrations, in the
northwestern part of the San Joaquin Valley, extends
from the northernmost edge of the valley west of the San
Joaquin River to the Kings-Fresno County line. Bertoldi
(1971) reported high boron concentrations in the lower
zone in the southern part of this area. Bertoldi also found
high boron concentrations near the Diablo Range, indi-
cating that these marine sediments of the range are the
likely source of the boron. Sorenson (1981) also attributed
high boron concentrations in the northern part of the
valley to the marine sediments of the Coast Ranges.

NITRATE

Nitrate toxicity usually does not affect adults, but it
can cause a blood disorder known as methemoglobinemia,
which is sometimes fatal in infants and young children.
The recommended maximum concentration in drinking
water for nitrate (as nitrogen) is 10 mg/L (National
Academy of Sciences and National Academy of Engineer-
ing, 1973).

Nitrate in irrigation water is usually considered an
asset because of its value as a fertilizer. However, some
crops such as sugar beets, apricots, grapes, citrus, and
avocados are sensitive and may be adversely affected by
high nitrate concentrations. Problems can result from
concentrations as low as 5 mg/L, and severe problems
result from concentrations above 30 mg/L (Ayers, 1977).

REGIONAL AQUIFER-SYSTEM ANALYSIS—CENTRAL VALLEY, CALIFORNIA

Concentrations of nitrate as nitrogen exceeding 30
mg/L are very rare and extremely localized in the Central
Valley. However, there are several areas where concen-
trations exceed 10 mg/L.

Several potential problem areas were delineated in the
Sacramento Valley with respect to nitrates in drinking
water (Fogelman, 1983). Hull (1984) estimated the max-
imum concentration of nitrate under natural conditions of
the Sacramento Valley to be 3 mg/L and considered that
areas having 5.5 mg/L or more are those in which nitrate
concentrations may be increasing. Forty wells in the
Chico-Corning area contained water in which nitrate-
nitrogen concentrations exceeded 5.5 mg/L, and 25
percent of these wells contained water with concentra-
tions exceeding 10 mg/L. In the Gridley-Marysville area,
21 wells contained water in which concentrations of
nitrate-nitrogen exceeded 5.5 mg/L, and 33 percent of
these contained water with concentrations exceeding 10
mg/L. In both areas, the wells containing high nitrate
concentrations are shallow, and surface contamination
from leaching of applied nitrate fertilizers, urban waste-
treatment facilities, or septic systems was suggested as
the probable cause (Fogelman, 1983).

Sorenson (1981) reported nitrate -concentrations
greater than 5 mg/L over a large part of southern San
Joaquin County between Lodi and Stockton. These high
concentrations were attributed to agricultural practices.

In several other small areas of the San Joaquin Valley,
ground water contains concentrations of nitrate exceed-
ing 10 mg/L. Such an area south of Bakersfield was
identified by Wood and Dale (1964) and 2 years later
another such area slightly north of Bakersfield was
identified by Dale and others (1966). High concentrations
also have been reported around the Fresno metropolitan
area. In this area, nitrate concentrations decrease with
depth (Page and LeBlane, 1969), indicating surface
contamination. Sporadic high concentrations of nitrate
were also found near the foothills of the Sierra Nevada in
the Hanford-Visalia area (Croft and Gordon, 1968). Other
occurrences of nitrate-nitrogen exceeding 10 mg/L are
extremely localized and usually are attributed to localized
pollution sources such as septic tanks, dairies, or feed lots
(Sorenson, 1981; Bertoldi, 1971).

EFFECTS OF HUMAN ACTIVITIES

Temporal changes in dissolved-solids and nitrate con-
centrations in the Sacramento Valley were studied by
Hull (1984). Dissolved-solids concentrations were used as
an indicator of changes in the overall water quality, and
nitrate concentrations were used as an indicator of
human sources such as applied fertilizers or human
waste. Significant increases in concentrations of both
dissolved solids and nitrates were observed, indicating
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that ground-water quality is degrading as a result of
increasing application of agricultural chemicals and
growth of urban population.

The concentrations of dissolved solids increased signif-
icantly since the 1950’s throughout the Sacramento
Valley except for an area south of Sutter Buttes between
the Sacramento and Feather Rivers (Hull, 1984). How-
ever, increases in nitrate concentrations were found only
on the west side and in the southeastern part of the valley
(Hull, 1984). Hull (U.S. Geological Survey, oral com-
mun., 1984) indicated that the rate of nitrate build-up has
been increasing since 1912. He found that in 1912 to 1913,
2.2 percent of the wells had nitrate concentrations
greater than 5.5 mg/L; between 1960 and 1969, 4.9
percent had concentrations exceeding 5.5 mg/L, and from
1974 to 1978, 10.5 percent had concentrations exceeding
5.5 mg/L.

Studies to determine human impact on ground-water
quality in the San Joaquin Valley were not done, largely
because different time periods of sample collection and
the use of different analytical techniques make the
comparability of the existing data questionable. Because
agricultural practices in the San Joaquin Valley are
similar to those in the Sacramento Valley, it is likely that
ground-water quality in the San Joaquin Valley is also
degrading as a result of human activities. However,
differences in geology, soils, and irrigation techniques
could all affect the impact of human activities. Areas of
possible contamination of ground water due to human
activities in the San Joaquin Valley were mapped by
Templin (1984, pl. 8). Sources listed were industrial,
municipal and domestic solid-waste disposal sites, and
agricultural chemical build-up. This map suggests that
human-induced contamination exists throughout much of
the valley.

The use of pesticides is another possible impact on
ground water that has not been studied in detail.
Pesticides have been used intensively in the Central
Valley for many years and because dissolved-solids and
nitrate concentrations are increasing, it is likely that
pesticide concentrations in ground water also are increas-
ing.

The presence of dibromochloropropane (DBCP) in
ground water in the San Joaquin Valley was mapped by
Templin (1984, pl. 7D). The presence of this pesticide at
levels above 0.0005 mg/L near Bakersfield, Fresno,
Modesto, and north of Merced and Stockton coincides
with land-use patterns. More specifically, these areas are
occupied by orchards and vineyards, where DBCP is
commonly used. The presence of DBCP in the San
Joaquin Valley suggests that other pesticides have prob-
ably built up in ground water of the Central Valley.

Selenium, which is toxic to humans and animals at very
low concentrations, occurs naturally in the soils and
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ground water on the west side of the San Joaquin Valley
(Deverel and others, 1984). Ecological and health effects
of selenium and other trace elements in agricultural
drainage water on the west side of the San Joaquin Valley
have become subjects of extensive study since high
incidences of mortality and birth defects were observed
in waterfowl nesting in the area where drainage water is
discharged (U.S. Bureau of Reclamation, 1984). In a
preliminary study (Deverel and others, 1984), the areal
distribution of selenium and other inorganic constituents
was examined along the west side of the valley west of
Fresno. Selenium concentrations (median coneentrations
of 10-11 mg/L) were highest in the central and southern
parts (south of Los Banos and south of Mendota) of the
area studied. Extensive studies by U.S. Department of
Interior agencies (Bureau of Reclamation, Fish and
Wildlife Service, and the Geological Survey) and also
many studies by universities, State water resources
agencies, and concerned local agencies are still in
progress (1989).
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