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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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GEOLOGY OF THE FRESH GROUND-WATER BASIN
OF THE CENTRAL VALLEY, CALIFORNIA,
WITH TEXTURE MAPS AND SECTIONS

By R. W. PAGE

ABSTRACT

The Central Valley of California, which is about 400 miles long
and averages about 50 miles wide, comprises about 20,000 square
miles. Geologically, the valley is a large asymmetric trough that is
bounded by granitic, metamorphic, and marine sedimentary rocks of
pre-Tertiary age. The trough has been filled with as much as 6
vertical miles of sediment in the San Joaquin Valley and as much as
10 vertical miles of sediment in the Sacramento Valley; these sedi-
ments range in age from Jurassic to Holocene.

Some volcanic rocks and deposits crop out in the valley, but of
those only the Tuscan Formation in the northeastern part of the
Sacramento Valley is of major importance to the fresh ground-water
basin.

Post-Eocene continental rocks and deposits contain most of the
fresh water in the Central Valley; they crop out virtually over the
whole valley and in most places overlie or contain saline water at
depth.

Continental rocks and deposits of Tertiary age include the Mehr-
ten Formation. The Mehrten is of great importance to the fresh
ground-water basin of the Central Valley and yields large quantities
of water to wells.

Although continental rocks and deposits of Tertiary and
Quaternary age compose a number of formations and informal deposits,
in total they constitute the major aquifer of the Central Valley. In
most places, similarity in sediment type between the
continental deposits and some underlying rocks and deposits and even
between separate units of continental rocks and deposits makes
mapping of subsurface geologic contacts difficult if not practically im-
possible. In this respect, a unit that can be mapped on the
surface is difficult to delineate in the subsurface, and, although such
a unit can be called an aquifer, it merges with similar units in the
subsurface to form a major, widespread aquifer.

Continental rocks and deposits of Tertiary and Quaternary age
include (1) the Kern River Formation; (2) the Laguna Formation; (3)
the Tulare Formation; (4) the Tehama Formation; and (5) a number
of younger formations, as well as some informally named deposits.
These deposits and formations also include lacustrine and marsh
deposits, which are much thicker and more extensive in the San
Joaquin Valley than in the Sacramento Valley. These continental
rocks and deposits generally crop out as wide belts along the flanks
of the Central Valley and range in thickness from 0 foot along the
flanks to about 15,000 feet in the extreme southern part. In general,
the rocks and deposits consist of a heterogeneous mixture of general-
ly poorly sorted clay, silt, sand, and gravel; in some places they
consist of more consolidated sediments, such as mudstone and
sandstone. Yields to wells from these rocks and deposits, except the
lacustrine and marsh deposits, range from about 20 gallons per
minute to 4,500 gallons per minute.

Lacustrine and marsh deposits crop out in the San Joaquin
Valley but not in the Sacramento Valley. Beneath Tulare Lake bed
in the San Joaquin Valley, the lacustrine and marsh deposits, which
constitute a thick plug of clay and silt from which lenses of clay and
silt emanate at irregular intervals, are in places more than 3,600 feet
thick. The lens mapped as the E Clay in the San Joaquin Valley is
the most extensive lacustrine clay in the entire Central Valley and
includes the Corcoran Clay Member of the Tulare Formation. More
recent mapping has shown that the E Clay in the extreme southern
part of the valley is shallower than previous reports had indicated;
therefore, in this report the clay is referred to as the modified E Clay.
Perhaps the expansion of lakes and the resulting deposition of
extensive clays in the San Joaquin Valley occurred principally
because of a large downwarping basin beneath an area known as
Tulare Lake bed, and perhaps a similar expansion and deposition did
not occur in the Sacramento Valley because a similar downwarping
basin probably had not developed there.

Continental deposits of Quaternary age crop out chiefly along the
major rivers and streams of the valley as well as other low-lying
areas; the deposits include river deposits, flood-basin deposits, and
sand dunes. River deposits, including channel and flood-plain depos-
its, are considered to be the most permeable deposits in the valley; in
general, they are not tapped by wells. Flood-basin deposits consist
largely of fine-grained beds that restrict the vertical movement of
water. Sand dunes are not considered important aquifers because
they generally lie above the water table.

The large, asymmetrical, northwestward-trending structural
trough of the Central Valley is the principal structure controlling the
occurrence and movement of ground water in the area. Because the
flanks of the valley are higher than its axis, recharge from tributary
rivers and streams has caused heads in the ground water along the
flanks to be higher than those along the axis. Therefore, the overall
ground-water movement in the Central Valley is from the flanks
toward the axis and from there toward the delta area. Secondary
structures in the valley, such as arches and faults, also influence the
occurrence and movement of ground water.

As it is used in this report, "texture” means the proportion of
coarse-grained to fine-grained sediment in sedimentary rocks and
deposits. In the Central Valley, most of the deposits for which data
are available generally contain no more than 40 to 60 percent of
coarse-grained sediment, where coarse-grained sediment includes
clayey and silty sand and gravel. Texture columns, maps, and
sections, in depth intervals of 300 feet, show that the alluvial
deposits of the Central Valley are a heterogeneous mixture whose
character ranges over short distances and depths from chiefly
fine-grained to chiefly coarse-grained and vice versa. Nevertheless,
some areas are underlain chiefly by fine-grained sediment and others
by coarse-grained sediment; sediments of like size in an area indicate
that sources and depositional environment probably were similar for
long periods of time.

Cl1
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INTRODUCTION

This report is the product of the Central Valley
aquifer-systems analysis project, which is part of the
National Regional Aquifer-System Analysis Program.
Several other studies are planned for this project (Ber-
toldi, 1979, p. 15); a report of the geochemistry of
ground water in the valley has been published (Hull,
1984).

PURPOSE AND SCOPE

The purpose of this report is to describe the late
Cenozoic subsurface geology of the Central Valley (fig.
1). Such knowledge is necessary for proper manage-
ment of the ground-water resources of the valley,

The report summarizes and describes those rocks
and deposits that are pertinent to the fresh ground-
water basin of the Central Valley and shows the rela-
tive proportions, both laterally and vertically, of
coarse-grained to fine-grained sediments in those rocks
and deposits. Thus, this report pertains chiefly to the
post-Eocene continental rocks and deposits of the
Central Valley with a particular reference to some
of their textural features. The investigation did not
include any surface mapping of geologic units, so
that discussion of geologic units in this report relies
chiefly on the work of others.

Older rocks and deposits are discussed as they
pertain to the ground-water basin. In addition, some
of the general hydrologic properties of both the older
and younger rocks and deposits are discussed.

LOCATION AND GENERAL FEATURES

The Central Valley comprises about 20,000 mi? and
extends from near Red Bluff on the north to near
Bakersfield on the south, a distance of about 400 miles
(fig. 1). The average width of the valley is about 50
miles, and the valley is bounded on the north by
low-lying hills; on the northeast by a volcanic plateau
of the Cascade Range; on the west by the Coast
Ranges, which in places rise to altitudes of about 4,000
feet; on the east by the Sierra Nevada, which in places
rise to altitudes of more than 14,000 feet; and on the
south by the Coast Ranges and the Tehachapi Moun-
tains (figs. 1 and 2). Roughly the northern one-third of
the valley is known as the Sacramento Valley and the
southern two-thirds as the San Joaquin Valley.

Mean annual precipitation in the Sacramento
Valley ranges from about 25 inches along the flanks
to about 14 inches near Sutter Buttes (Rantz, 1969).
Mean annual precipitation in the San Joaquin Valley

ranges from about 15 inches along the eastern flank
of the valley to about 5 inches just west of Bakersfield.
Mean annual precipitation in the Sierra Nevada is
significantly higher, and some areas in the northern
part average 90 inches (Rantz, 1969). Most of the
precipitation in the Central Valley falls from late
autumn through early spring. Hot and dry summers
and cool and moist winters are the norm in the valley.

The Sacramento River flows southward through the
Sacramento Valley to join the San Joaquin River in the
delta area east of Suisun Bay (fig. 2). Major tributaries
of the Sacramento River, including the Feather River,
flow westward from the Sierra Nevada; smaller tribu-
taries flow eastward from the Coast Ranges. The San
Joaquin River enters the San Joaquin Valley just
northeast of Fresno, and it flows westward before
turning northward to join the Sacramento River in the
delta area. All the major tributaries of the San Joa-
quin River originate in the Sierra Nevada (fig. 2).
Farther south, the Kern River enters the San Joaquin
Valley from the Sierra Nevada.

Just south of Fresno is an area of interior drainage
dominated by the low-lying Tulare Lake bed; Buena
Vista and Kern Lake beds are also part of this area.
Because Tulare Lake bed is the largest bed in the area
and lies at the lowest altitude, about 180 feet, the
whole area is commonly referred to as the Tulare Lake
drainage basin. In some wet years, water fills the
Tulare Lake bed and spills northward toward the San
Joaquin River.

Within the Central Valley the most extensive
geomorphic units include (1) dissected uplands, (2) low
alluvial plains and fans, (3) river flood plains and
channels, and (4) overflow lands and lake bottoms (fig.
2) (Davis and others, 1959, pl. 1; Olmsted and Davis,
1961, pl. 1). The most prominent geomorphic unit is
Sutter Buttes.

Dissected uplands lie along the flanks of the valley
near the borders of the mountains. They commonly
show forms characteristic of alluvial fans but range in
form from dissected hills where relief is several hun-
dred feet to gently rolling lands where relief is only a
few feet.

Low alluvial plains and fans, which constitute the
belt of coalescing alluvial fans of low relief between the
dissected uplands and the valley trough, range in relief
from nearly flat to slightly dissected where they merge
with the dissected uplands.

River flood plains and channels lie along the trunk
streams and their major tributaries (fig. 2). Some of
the tributary rivers are incised below the general land
surface and have well-defined flood plains; in the axial
trough of the valley, the rivers are flanked by low-
lying overflow lands, and natural levees confine the
flood-plain and channel deposits to stream channels.
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Figure 1. Subregions and landforms of California and adjacent areas.

Overflow lands and lake bottoms include Buena
Vista, Kern, and Tulare Lake beds. They are charac-
terized by very gentle slopes of the land surface, and
during times of highest flooding they are wholly or
partly inundated.

The volcanic Sutter Buttes, which seem to burst
from the plain of the Sacramento Valley, are a small
mountain range of sharp relief that is about 10 miles in
diameter and about 2,000 feet in altitude.

PREVIOUS REPORTS

Mendenhall and others (1916) wrote the first com-
prehensive report on ground water in the San Joaquin
Valley, which included a brief discussion of the geology
of the valley and the surrounding mountains and a
discussion of the origin of land forms.

Bryan (1923) wrote the first comprehensive report
on geology and ground water in the Sacramento Val-
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ley. He discussed the geology of the valley and its
relation to the occurrence of ground water and yield to
wells. He also discussed land forms.

Forbes (1931) discussed the geology and ground-
water storage capacity of the San Joaquin Valley but
did not include a geologic map.

Hoots and others (1954) wrote a geological sum-
mary of the San Joaquin Valley. The report discusses
the structure and general stratigraphy of the valley.
The report also includes eight paleogeographic maps
that show the distribution and thickness of sediments
ranging in age from Paleocene to Pleistocene.

Davis and others (1959) wrote a comprehensive
report on the geology, geomorphology, and ground
water of the San Joaquin Valley; they did not include a
geologic map but did discuss the geologic history of
the San Joaquin Valley in some detail. They also
discussed the occurrence of a diatomaceous clay that
underlies a large part of the San Joaquin Valley.

Repenning (1960) discussed the general stratigra-
phy of the Central Valley, and in his report included a
map showing the thickness of sedimentary rocks in the
valley and seven maps showing the distribution and
thickness of sediments ranging in age from Paleocene
to Pleistocene.

Olmsted and Davis (1961) wrote a comprehensive
report on the geology, geomorphology, ground water,
and geologic history of the Sacramento Valley. The
geologic map included in their report is considered to
be the best reference for the Sacramento Valley on
geology pertaining to ground water.

Hackel (1966) described the general stratigraphy
and structure of the Central Valley and included
Repenning’s maps in his report.

Croft (1972) mapped the subsurface geology of the
upper Tertiary and Quaternary water-bearing deposits
of the southern part of the San Joaquin Valley. He
also mapped three extensive clays that function as
confining beds.

Redwine (1972) discussed the subsurface geology of
the Sacramento Valley and mapped geologic units on
six cross sections. His discussion of some of the
stratigraphic units occurring in the subsurface of the
Sacramento Valley is extensive.

Page (1974) mapped the base and thickness of the
post-Eocene continental deposits in the Sacramento
Valley. Included in his report is a structure-contour
map of the base of those deposits.

The California Department of Water Resources
(1978) wrote another comprehensive report on the
geology, geomorphology, and ground water of the
Sacramento Valley. That report includes a discussion
of soils and of geologic structures that affect the
movement of ground water.

Harwood and Helley (1982) mapped the major late
Cenozoic structural features and depth to the base-
ment of the Sacramento Valley.

Numerous other reports also have been written
concerning the geology of local areas in the Central
Valley, including a number of recently published maps
and reports. Many of those reports are listed under
”Selected References”.

WELL-NUMBERING SYSTEM

Wells are identified according to their location in the
rectangular system for the subdivision of public lands.
For example, in the number 12N/1E-34Q1, the part
of the number preceding the slash indicates the town-
ship (T. 12 N.); the number atter the slash, the range
(R. 1 E.); the digits after the hyphen, the section
(sec. 34); and the letter after the section number,
the 40-acre subdivision of the section, as indicated
on the diagram below.

D|€C|B|A
E | E|G

M|L|K|]
Ni| P [ €Q "R

Within each 40-acre tract the wells are numbered
serially as indicated by the final digit of the well
number. For example, well 12N/1E-34Q1 was the
first well to be listed in the SW4SEY% sec. 34.
The final digit has been omitted for wells not field
located by the Geological Survey.

Most of the study area lies north or south and east
or west of the Mount Diablo base line and meridian
(M). A small area at the southern part of the valley lies
north and west of the San Bernardino base line and
meridian (S), but no wells in the study area are referred
to this base line.

GEOLOGY

The Central Valley is a large, northwestward-
trending, asymmetric structural trough that has been
filled with as much as 6 vertical miles of sediment in
the San Joaquin Valley and as much as 10 miles of
sediment in the Sacramento Valley; these sediments
range in age from Jurassic to Holocene and include
both marine and continental rocks and deposits (fig. 3)
(Repenning, 1960, p. 7, fig. 2). The sediments beneath
part of the eastern side of the valley are underlain by
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Figure 3. Generalized geologic section and view of part of the Central Valley.

granitic and metamorphic rocks of pre-Tertiary age.
Beneath the western side and part of the eastern side,
the sediments are thought to be underlain by a mafic
and ultramafic complex of pre-Tertiary age (Cady,
1975, p. 17-19; and Suppe, 1978, p. 7). Granitic and
metamorphic rocks crop out along most of the eastern
and southeastern flank of the Central Valley (pls. 1 and
2). Marine rocks of pre-Tertiary age crop out along
most of the western flank of the valley, and marine
rocks and deposits of Tertiary age crop out around
Sutter Buttes and along the western, southwestern,
southern, and southeastern flanks of the valley (pls. 1
and 2). Volcanic rocks and deposits of Pliocene age
crop out along the northeastern flank (pl. 1).

The post-Eocene continental rocks and deposits
contain most of the fresh ground water in the Central
Valley and crop out over virtually the whole valley (pls.
1 and 2, tables 1 and 2). In most places, the continental
rocks and deposits overlie or contain saline water at
depth (Berkstresser, 1973; Page, 1973); saline water, as
defined here, has a minimum dissolved-solids concen-
tration of 2,000 mg/L.

GRANITIC AND METAMORPHIC ROCKS
(PRE-TERTIARY)

The granitic and metamorphic rocks crop out most-
ly along the eastern flank of the valley (pls. 1 and 2). In
places, some mafic intrusive rocks are included with

the granitic rocks. Metamorphic rocks contain
metasedimentary, metavolcanic, and undifferentiated-
metamorphic rocks. These rocks form an almost im-
permeable boundary for the ground-water basin, but
fractures and joints permit small yields of water to
wells. The granitic and metamorphic rocks slope gent-
ly southwestward from the outcrops in the Sierra
Nevada to depths of more than 15,000 feet in the
Central Valley (Smith, 1964).

MARINE ROCKS (PRE-TERTIARY)

Marine rocks of pre-Tertiary age crop out mostly
along the western flank of the valley, although some
marine rocks crop out along the eastern flank, and
a small outcrop occurs in Sutter Buttes where the
marine rocks were intruded by a volcanic plug (pls.
1-3). The marine rocks are composed mostly of con-
glomerate, sandstone, siltstone, mudstone, and shale.
Where saturated, these rocks generally contain saline
water and would yield only small quantities of water
to wells.

Beneath the north-central part of the valley, the
marine rocks, together with some lower Tertiary rocks,
lie at depths of more than 1,500 feet, and from north to
south they lie at generally ever greater depths and
thus define the southerly tilt of the Central Valley (pls.
1-3) (Ross and McCulloch, 1979; Suppe, 1978). Marine
rocks of Cretaceous age are as much as 25,000 feet
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thick in the Sacramento Valley, and in the San Joaquin
Valley they are as much as 20,000 feet thick (Repen-
ning, 1960, p. 10, fig. 4).

MARINE ROCKS AND DEPOSITS (TERTIARY)

Near the close of the Late Cretaceous, tectonic
movements elevated many Coast Range areas, includ-
ing those adjacent to the Sacramento Valley and the
northern San Joaquin Valley; these movements creat-
ed the ancestral Tertiary San Juaquin and Sacramento
basins as restricted troughs of deposition lying be-
tween the emerging Coast Ranges and the eastern
Sierra Nevada (Hackel, 1966, p. 223). Both marine and
continental rocks and deposits, ranging in age from
Paleocene to Pliocene, were deposited into these con-
tinually evolving basins. As indicated by Repenning
(1960, figs. 5-11), marine rocks and deposits were
dominant in the Central Valley from the Paleocene to
the beginning of the Miocene; during the early Mio-
cene, marine rocks were restricted to the southern part
of the San Joaquin Valley; during the middle Miocene,
marine rocks and deposits were still restricted to the
southern part of the San Joaquin Valley except near
Suisun Bay; during the late Miocene, marine rocks and
deposits were laid down around Suisun Bay along the
western flank of the San Joaquin Valley and through-
out most of the southern part of the valley; and, by
Pliocene time, marine rocks and deposits were again
restricted to the southern part of the San Joaquin
Valley. During the Pleistocene and Holocene, the seas
had retreated, and only continental rocks and deposits
were being laid down.

Marine rocks and deposits of Tertiary age,
therefore, underlie large parts of the Central Valley;
they crop out around Sutter Buttes and along the
southwestern flank of the Sacramento Valley as well as
along the western, southwestern, southern, and south-
eastern flanks of the San Joaquin Valley (pls. 1 and 2).

Because of their varied history of deposition, the
marine rocks and deposits differ greatly in sediment
type, sorting, and thickness, and they have been given
many names by petroleum geologists (Sacramento
Petroleum Association, 1962, figs. 6, 7, 10, 20, and 27,
table 2; Park and Weddle, 1959, pl. 3). The marine
rocks and deposits were, in part, the source rocks for
some of the deposits in the fresh ground-water basin;
some of the saline water they contain has migrated
into adjacent and overlying continental deposits (pl. 3).

In a few places in the San Joaquin Valley, however,
the marine rocks and deposits have been flushed of
saline water, and they now contain fresh water, which
they yield to wells. In the Sacramento Valley, marine
rocks and deposits have not been reported as yielding
fresh water to wells, although Olmsted and Davis

(1961, p. 134) said that locally marine rocks have been
flushed of connate water.

Hilton and others (1961, p. 28, table 3) reported that
the Vedder Sand, the overlying Pyramid Hill Sand
Member of the Jewett Sand, and the Olcese Sand,
which overlies the Pyramid Hill Sand Member, were
potential sources of fresh ground water in the Rich-
grove area along the southeastern flank of the San
Joaquin Valley (pl. 2, table 2). In this report area, the
Vedder Sand of Oligocene age (Bartow, J. A., and
McDougall, K. A., U.S. Geological Survey, written
commun., 1982) and the overlying Pyramid Hill Sand
Member of the Jewett Sand of Miocene age consist, in
aggregate, of (1) a lower bed of alternating fine-grained
marine sand and nonmarine gritty sand and gravel and
(2) an upper bed of olive-brown, very clayey sand with
black pebbles at the base (Hilton and others, 1961,
table 3). The Vedder Sand in this area is described as
being partly nonmarine (Albright and others, 1957,
table 3). These sands range in thickness from 0 to
about 300 feet. The Vedder Sand and the Pyramid Hill
Sand Member of the Jewett Sand are separated from
the Olcese Sand by the Freeman Silt of Miocene age.
This silt consists of a hard, compact siltstone and silty
sand, and in the Richgrove area it ranges in thickness
from 0 to about 1,100 feet (Hilton and others, 1961,
table 3). The Olcese Sand of Miocene age consists of
unconsolidated medium- to coarse-grained sand con-
taining few pebble and siltstone beds; it crops out near
Poso Creek and ranges in thickness from 0 to about
600 feet. In the Richgrove area, the Round Mountain
Silt of Miocene age overlies the Olcese Sand. The
Round Mountain Silt consists mostly of a firm gray
and brown siltstone that contains beds of diatomite
and silty sand (Hilton and others, 1961, table 3; Alb-
right and others, 1957, table 1). In the Richgrove area,
this silt ranges in thickness from 0 to about 200 feet.

Overlying the Round Mountain Silt is the Santa
Margarita Formation of Diepenbrock (1933) of Mio-
cene age as used by Hilton and others (1961), which in
the Richgrove area is a major aquifer that reportedly
yields as much as 1,950 gal/min to wells (Hilton and
others, 1961, p. 51). Croft (1972, p. 13) reported that
the formation also yields water to wells in the foothills
southeast of Bakersfield, where it has been mapped as
the Santa Margarita Formation of Hoots (1930) (Bar-
tow and Doukas, 1978). In the Richgrove area, the
formation, which ranges in thickness from 0 to about
600 feet (Hilton and others, 1961, table 3), consists of
an upper bed of fine, silty, fairly well-sorted to well
sorted gray sand and a lower bed of brownish-gray and
brown fossiliferous micaceous sandy siltstone.

All marine beds in this area thicken and dip gently
in a westerly direction (Lofgren and Klausing, 1969,
figs. 4 and 5).
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CONTINENTAL AND MARINE ROCKS
AND DEPOSITS (TERTIARY)

During the time of deposition of marine sediments
of Tertiary age in the Central Valley, continental rocks
and deposits also were laid down. As the seas ad-
vanced and retreated, some rocks and deposits became
a mix of both continental and marine sediments. In
general, these types of rocks and deposits are not
important to the fresh ground-water basin of the Cen-
tral Valley, but locally in the San Joaquin Valley some
of them yield large quantities of fresh water to wells.

As mentioned in the previous section, the Vedder
Sand contains some continental and marine sediments
that are potential sources of water along the southeast-
ern flank of the San Joaquin Valley. On the northwest-
ern side of the San Joaquin Valley in the Tracy-Dos
Palos area (pl. 2), a few wells reportedly yield fresh
water from the upper part of the San Pablo Formation
or Group of Miocene age (Hotchkiss and Balding,
1971, p. 15). The San Pablo Formation, which uncon-
formably overlies the marine Kreyenhagen Formation
of Eocene age, consists of volcanic gravel, sand, and
clay. Much of the San Pablo in the northwestern part
of the valley was deposited in a fresh water or subaerial
environment; locally, marine fossils are found in the
formation (Miller and others, 1971, p. 13). Farther
south in the Los Banos-Kettleman City area, the Etch-
egoin Formation of Miocene and Pliocene age and the
overlying San Joaquin Formation of Pliocene age are
also partly continental and partly marine. Both of
these formations crop out along the hills in the area
and dip gently northeastward beneath the valley (pl. 2,
table 2). Miller and others (1971) made a detailed study
of the geology in the area, and the following discussion
is based largely on their work.

The sediment type of the Etchegoin Formation
varies considerably, ranging from clay and silt to sand,
gravel, and sandstone. It ranges in thickness from a
few tens of feet to more than 2,000 feet. Further,
marine fossils in the formation are more abundant in
the southern part of the Los Banos-Kettleman City
area than in the northern part. Several wells near the
foothills and a few deep wells in the valley derive fresh
water from the Etchegoin; however, its depth of more
than 3,000 feet beneath most of the valley prevents it
from being considered an important source of water.

The San Joaquin Formation also has different sedi-
ment types, but much of it contains silt and silty
sandstone; in the Kettleman Hills, a basal conglomer-
ate is part of the formation. In the deep subsurface of
the valley northeast of the Kettleman Hills, the depos-
its are considered a shoreline phase of the San Joaquin
Formation. The formation there is coarser and more
permeable than in the Kettleman Hills and yields fresh

water to many wells. Southeast of the areain T. 23 S,
Rs. 21 and 22 E., at depths of about 2,700 feet, the San
Joaquin Formation is considered marine rather than a
mix of continental and marine sediments (Hill, 1964a,
b). The San Joaquin is the youngest formation in the
Central Valley that contains deposits of marine origin.

VOLCANIC ROCKS AND DEPOSITS

In the Sacramento Valley, volcanic rocks and depos-
its of Miocene and Pliocene age (table 1) crop out in the
northeastern and western parts (pl. 1), and volcanic
rocks and deposits of Pliocene and Pleistocene age
(table 1) crop out around Sutter Buttes. In the San
Joaquin Valley, volcanic rocks of Miocene and Pliocene
age (table 2) crop out in the northeastern and southern
parts (pl. 2).

The volcanic rocks and deposits around Sutter
Buttes are similar to both the Mehrten Formation of
Miocene to late Pliocene age (see "Mehrten
Formation”) and the Tuscan Formation of Pliocene
age; they are locally important sources of water
(California Department of Water Resources, 1978, p.
21). These rocks and deposits are not discussed further
in the present report. Of all the other volcanic rocks
and deposits, only the Tuscan Formation in the north-
eastern part of the Sacramento Valley is of major
importance to the fresh ground-water basin of the
Central Valley.

TUSCAN FORMATION

The Tuscan Formation crops out virtually contin-
uously from northeast of Red Bluff to just north of
Oroville (pl. 1, table 1). Harwood and others (1981)
mapped the Tuscan in the northeastern part of the
Sacramento Valley. Furthermore, Olmsted and Davis
(1961, p. 67-72) and the California Department of
Water Resources (1978, p. 22-25) discussed the Tuscan
in detail with respect to ground water, and the follow-
ing discussion is based largely on their work.

The major part of the Tuscan Formation lies east of
the Sacramento Valley beneath a volcanic plateau of
the Cascade Range. West of the Chico monocline, the
formation continues to dip southwestward and under-
lies the Sacramento Valley, where it extends in the
subsurface to a distance of about 5 miles west of the
Sacramento River. Throughout much of the subsur-
face in this part of the valley, the Tuscan is separated
from marine rocks by a dense, impervious basalt flow
(Ellsworth, 1948), Unlike most other rocks and depos-
its on the eastern side of the valley, the Tuscan Forma-
tion thins from east to west; in the Cascade Range its
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maximum thickness is about 1,600 feet (Lydon, 1969),
and beneath the valley it thins to about 300 feet; west
of the Chico Monocline it is about 1,000 feet thick
(California Department of Water Resources, 1978,
table 1). There, the Tuscan consists largely of black
volcanic sand, gravel, and tuffaceous clay, which prob-
ably were derived from beds of tuff breccia reworked
by streams. Some beds of tuff breccia underlie the
valley at distances of 5 to 10 miles from the outcrop of
the Tuscan.

The Tuscan Formation yields large quantities of
fresh water to wells; reported yields range from 900
gal/min to more than 3,000 gal/min (California Depart-
ment of Water Resources, 1978, p. 25; Olmsted and
Davis, 1961, p. 72). Because the Tuscan contains beds
of clay and tuff breccia, most ground water in the
Tuscan is confined (California Department of Water
Resources, 1978, p. 25).

CONTINENTAL ROCKS AND DEPOSITS

From the Paleocene through the Oligocene, conti-
nental rocks and deposits were restricted chiefly to the
northern, eastern, and southeastern parts of the Cen-
tral Valley; during the early and middle Miocene,
continental rocks and deposits occupied most of the
valley north of Fresno as well as narrow belts along the
southeastern and southern parts of the San Joaquin
Valley (Repenning, 1960, figs. 5-8). During the late
Miocene, continental rocks and deposits occupied the
central and eastern parts of the valley north of Merced
and a narrow belt along the eastern side of the valley
from Merced to just south of Fresno; they also oc-
cupied an area on the western side of the valley oppos-
ite Fresno and part of the southeastern San Joaquin
Valley (Repenning, 1960, fig. 10). By Pliocene time,
continental rocks and deposits occupied all of the
Sacramento Valley and most of the northern part of
the San Joaquin Valley, as well as wide belts along its
eastern and southern parts (Repenning, 1960, fig. 10).
After the Pliocene, only continental rocks and sedi-
ments were deposited in the valley. Further, after a
major uplift of the surrounding area during the middle
Pleistocene, the valley evolved to its present-day form,
which has contributed to erosion of many of the older
rocks and deposits and a more restricted area of depo-
sition for the younger deposits.

The older continental rocks and deposits crop out
along the flanks of the Central Valley, and the younger
deposits crop out along streams and along the flanks
and throughout the rest of the valley (pls. 1 and 2).

Because of their depositional history, these rocks
and deposits also differ greatly in sediment type,
sorting, and thickness. The types of deposit include

alluvial fan, deltaic, flood basin, lacustrine, marsh, and
river, as well as sand dunes. In places, volcanic rocks
and deposits of Tertiary age are associated with the
continental rocks and deposits. The continental rocks
and deposits range in thickness from 0 foot along the
flanks of the valley to more than 15,000 feet just north
of Wheeler Ridge in the southern part of the San
Joaquin Valley. There, rapid downwarping contributed
to this very thick section of post-middle Pliocene
continental rocks and deposits (de Laveaga, 1952,
p. 102). In this part of the valley, however, the base
of fresh water lies at a maximum depth of about 4,700
feet (Page, 1973); this is therefore the thickest section
that contains fresh water in the Central Valley.

CONTINENTAL ROCKS AND DEPOSITS (TERTIARY)

This part of the report includes a discussion of (1)
four units of continental rocks and deposits of Tertiary
age in the Sacramento Valley and (2) four units in the
San Joaquin Valley. The units are grouped by age and
some lithologic similarity; some units include more
than one formation or informal unit. Symbols of map
units (pls. 1 and 2) are included for clarity.

One of the units, continental rocks and deposits of
uncertain age (Tcu), occurs only in the Sacramento
Valley, and one, continental rocks and deposits of
Eocene to Miocene(?) age (Tcme), occurs only in the
San Joaquin Valley (pls. 1 and 2). Three of the units of
continental rocks and deposits in the Sacramento Val-
ley are also present in the San Joaquin Valley; they are
(1) of Eocene age (Tce), (2) of Oligocene and Miocene
age (Tcmo), and (3) of Miocene and Pliocene age (Tcpm)
(pls. 1 and 2; tables 1 and 2).

Older Tertiary continental rocks and deposits yield
some water to wells, but they are not important to the
fresh ground-water basin of the Central Valley. On the
other hand, some of the younger Tertiary rocks and
deposits yield large quantities of ground water to
wells.

Some of the older continental rocks and deposits of
Tertiary age are not of great importance to the fresh
ground-water basin of the Central Valley because they
contain saline water, or the nature of their sediments
prevents large yields to wells, or both. Included in this
group are the Ione Formation of Eocene age (Tce) and
the Valley Springs Formation of Oligocene and Mio-
cene age (Tcmo). The Oligocene and Miocene age of the
Valley Springs is based on the work of Marchand and
Allwardt (1981, p. 10). Brief discussions of these
formations are included herein.

Other Tertiary continental rocks and deposits are
generally of such limited extent that they are not of
great importance to the ground-water basin and are
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therefore not discussed further in this report; these
include, for example, the continental rocks and depos-
its of uncertain age (Tcu) in the eastern part of the
Sacramento Valley and the Bena Gravels of Miocene
age (Temo) in the southern part of the San Joaquin
Valley. Also omitted from discussion are rocks and
deposits that generally are not penetrated by water
wells, lie at extreme depths, and at depth contain
saline water—such as the Walker Formation of late
Eocene through early Miocene age (Tcme) and the
Zilch formation of informal subsurface usage, which is
considered to be the widespread continental equivalent
of the Temblor Formation of Oligocene and Miocene
age (Tm) (Hunter, 1952, p. 21; Repenning, 1960, fig. 8).
The Chanac Formation of Miocene age (Tcpm) (Bar-
tow, J. A., and McDougall, K. A., written commun.,
1982) probably belongs in this group, too, because it is
reportedly penetrated only by oil wells in the subsur-
face of the southern San Joaquin Valley (Wood and
Dale, 1964, p. 37).

On the other hand, the Mehrten Formation of Mio-
cene to late Pliocene age (T'cpm) is a unit of continental
rocks and deposits of Tertiary age that is of great
importance to the fresh ground-water basin of the
Central Valley.

IonE FORMATION

The Ione Formation crops out discontinuously
along the eastern flank of the valley from just south of
Chico to just north of Fresno (pls. 1 and 2, tables 1 and
2). In most areas of outcrop, it lies unconformably on
pre-Tertiary rocks and dips gently southwestward
beneath the Central Valley. The Ione is composed of
clay, sand, sandstone, and conglomerate. Where ex-
posed, it ranges in thickness from 0 to about 400 feet in
the Sacramento Valley and from 0 to 200 feet in the
San Joaquin Valley (California Department of Water
Resources, 1978, p. 20; Davis and Hall, 1959, p. 8).
Allen (1929) considered it largely deltaic in origin;
Piper and others (1939, p. 84) considered it largely
fluviatile with some lacustrine and lagoonal deposits.
Large parts of the Ione, however, were considered
marine by Redwine (1972, p. 100-104). Because of the
clay and consolidated rocks, the Ione Formation yields
only small quantities of water to wells, and in places it
reportedly yields saline water (California Department
of Water Resources, 1978, p. 21; Davis and Hall, 1959,
p- 8).

VALLEY SPRINGS FORMATION

The Valley Springs Formation crops out discontin-
uously along the eastern flank of the valley from just
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south of the Bear River to just north of the Chowchilla
River (pls. 1 and 2, tables 1 and 2). In most areas, the
formation lies unconformably over the Ione Formation
or the pre-Tertiary rocks and dips gently southwest-
ward beneath the valley. The Valley Springs is a
mostly fluvial sequence of chiefly sandy clay, quartz
sand, rhyolitic ash, and siliceous gravel (Davis and
Hall, 1959, p. 8-9); east of Modesto the Valley Springs
was believed by Page and Balding (1973, p. 17) and the
U.S. Bureau of Reclamation (written commun., 1958
and 1959) to be composed chiefly of rhyolitic tuff and
some siltstone and claystone. Bartow (1982) consid-
ered the Valley Springs to have been deposited on a
poorly drained coastal plain that was occasionally
blanketed by ash deposits. Where exposed or where
recorded on well logs, the Valley Springs ranges in
thickness from 0 to about 200 feet in the Sacramento
Valley and from 0 to about 450 feet in the San Joaquin
Valley (California Department of Water Resources,
1978, p. 78; Piper and others, 1939, p. 77).

Because of its fine ash and clay matrix, the Valley
Springs is generally a small-yield aquifer, although one
well in the Modesto area yielded 710 gal/min (Page and
Balding, 1973, p. 17).

MEHRTEN FORMATION

The Mehrten Formation crops out discontinuously
along the eastern flank of the valley from just south of
the Bear River to just south of the Chowchilla River
(pls. 1 and 2; tables 1 and 2). It overlies the Valley
Springs Formation and in places lies uncomformably
on pre-Tertiary rocks (pls. 1 and 2). The Mehrten dips
gently southwestward beneath the valley, and there it
is considered to interfinger with marine and non-
marine facies of the Neroly Formation of Miocene age
(Davis and Hall, 1959, p. 10).

Piper and others (1939, p. 61-71) were the first to
describe the Mehrten Formation; they designated its
type section as being in the NEY4 SW' sec. 5, T. 4 N.,
R. 9 E. There, the Mehrten is composed of about 190
feet of clay and silt and andesitic sandstone and brec-
cia (Piper and others, 1939, p. 62).

In the Sacramento Valley, the Mehrten can be
divided into two units: (1) an overlying unit composed
mostly of unconsolidated black sands interbedded with
blue-to-brown clay and (2) an underlying unit of hard,
very dense tuff breccia (California Department of
Water Resources, 1978, p. 21). Where exposed in the
Sacramento Valley, the Mehrten is as much as 200 feet
thick, and in the subsurface it ranges in thickness from
400 to 500 feet. In the northeastern part of the San
Joaquin Valley, Davis and Hall (1959, p. 10) divided
the Mehrten into three units: a lower unit of scoria-
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ceous and pumiceous sand and conglomerate that has a
maximum thickness of about 40 feet where exposed; a
middle unit of alternating andesitic gravel, sand, and
silt that has an estimated thickness of about 400 feet
where exposed; and an upper unit of soft clay, silt,
sand, and minor amounts of gravel that has an aggre-
gate thickness of about 300 feet where exposed. Fur-
ther, they indicated that the Mehrten attains a max-
imum thickness of about 1,200 feet in the western part
of the Modesto area where it lies at a depth of about
1,100 feet (Davis and Hall, 1959, pl. 3). There, how-
ever, the Mehrten contains saline water (Page and
Balding, 1973, fig. 6). Marchand and Allwardt (1981,
p. 10) stated that the Mehrten in the Modesto-Merced
area consists of claystone, siltstone, sandstone, and
conglomerate; they also observed a general decrease in
mean grain size in the Mehrten from the Stanislaus
River on the north to near the Fresno River on the
south. The Mehrten Formation is considered to have
been laid down by streams carrying andesitic debris
from the Sierra Nevada (Marchand and Allwardt,
1981, p. 10).

Generally, the Mehrten Formation yields large
quantities of water to wells, although hydraulic con-
ductivity in the Mehrten varies from place to place
(Page and Balding, 1973, p. 22). Ground water in the
Mehrten is probably confined in places by consolidated
rocks.

CONTINENTAL ROCKS AND DEPOSITS
(TERTIARY AND QUATERNARY)

Although continental rocks and deposits of Tertiary
and Quaternary age (tables 1 and 2) constitute a num-
ber of formations and informal units, in total they
compose the major aquifer in the Central Valley, and in
general consolidated sediments are fewer than in the
Tertiary continental rocks and deposits. For example,
Croft (1972, p. 13) said that in the San Joaquin Valley a
gradational change probably occurs between the con-
solidated rocks and the overlying, unconsolidated
deposits. _

In most places in the Central Valley, the similarity
in sediment type of the continental rocks and deposits
of Tertiary and Quaternary age and some underlying
rocks and deposits, and even between separate units of
continental rocks and deposits, makes mapping of
subsurface contacts with any degree of certainty dif-
ficult if not practically impossible. In this respect, a
unit that can be mapped on the subsurface is difficult
to delineate in the subsurface, and although in the
Central Valley such a unit can be considered a separate
aquifer, in the subsurface it merges with similar units
to form a major widespread aquifer. In places, this

Cl1

aquifer is separated by confining beds (see 'Lacustrine
and Marsh Deposits’’), and there ground water occurs
under both unconfined and confined conditions.

Dale and others (1966, p. 21) in their report on the
Kern River area indicated that, although units of
continental rocks and deposits could be differentiated
and mapped on the surface by using physiographic and
weathering criteria, the subsurface equivalents of
these units could not be mapped because there was no
apparent difference in lithology. Furthermore, E. J.
Helley of the U.S. Geological Survey (oral commun.,
1982) said that new geologic maps of the valley differ
significantly from the old maps because of recent
dating of tuffs and new mapping of the continental
rocks and deposits in the Central Valley; subsurface
equivalents of these newly mapped units, however, are
still difficult to determine. Some of these new maps
are available (see "Previous Reports’).

For this report, continental rocks and deposits of
Tertiary and Quaternary age and some of the deposits
of Quaternary age have been grouped as the continen-
tal rocks and deposits of Tertiary and Quaternary age
(QTec) (pls. 1 and 2; tables 1 and 2). They are discussed
as a group because (1) some of the new maps, correla-
tions, and interpretations are not yet available; (2)
subsurface contacts between units of the group are
difficult to determine; and (3) they compose in total the
major, widespread aquifer of the Central Valley.
Lacustrine and marsh deposits are discussed sepa-
rately in this report.

The continental rocks and deposits of Tertiary and
Quaternary age crop out virtually continuously along
the flanks of the Central Valley and dip gently toward
the valley trough (pls. 1 and 2). They include the Kern
River Formation of Miocene to Pleistocene(?) age,
which crops out in the Bakersfield area; the Laguna
Formation of Pliocene age, as mapped by Marchand
and Allwardt (1981, p. 19, pl. 1); the Tulare Formation
of Pliocene and Pleistocene age, which crops out along
the western part of the San Joaquin Valley; the Teha-
ma Formation® of Pliocene to Pleistocene age (Page
and Bertoldi, 1983, p. 17), which crops out along the
western and northwestern part of the Sacramento
Valley; and the Red Bluff Formation of Pleistocene
age, which crops out in the Sacramento Valley. They
also include the Turlock Lake Formation, the River-
bank Formation, and the Modesto Formation, all of
Pleistocene age, which crop out in both the Sacramento
and San Joaquin Valleys. In addition, they include
informal units, such as continental deposits of Tertiary
and Quaternary age, older alluvium of Pleistocene and
Holocene(?) age, and probably younger alluvium of
Holocene age. These informal units undoubtedly con-
tain some of the formal units that already have been
mentioned.

! The Pliocene and Pleistocene age of the Tehama Formation as used in this
report does not conform to the Pliocene age of the Tehama as used by the U.S.
Geological Survey.
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In the northeastern part of the Sacramento Valley,
the continental rocks and deposits of Tertiary and
Quaternary age are chiefly of Pleistocene age (Har-
wood and others, 1981) and were derived largely from
the Tuscan Formation. The continental rocks and
deposits in this area dip gently southwestward. They
consist in part of a heterogeneous mix of gravel, sand,
silt, and clay, and in large part they have been desig-
nated as fanglomerate because they are cemented in
places and contain beds of sandstone and conglomer-
ate (California Department of Water Resources, 1978,
p. 26, pl. 2; Olmsted and Davis, 1961, p. 89). Thicken-
ing from east to west, the fanglomerate ranges in
thickness from less than 150 feet north of Pine Creek
to more than 600 feet west of Chico (Olmsted and
Davis, 1961, p. 88-89). For wells pumped exclusively
from the fanglomerate, yields ranged from 400 to 2,800
gal/min, although overall the fanglomerate is not very
permeable (California Department of Water Resources,
1978, p. 26; Olmsted and Davis, 1961, p. 90).

Along the eastern flank of the Central Valley, from
near Oroville to near Merced, the continental rocks and
deposits dip gently southwestward (pls. 1 and 2) and in
places successively overlie the pre-Tertiary rocks, the
Ione, the Valley Springs, and the Mehrten Formations.
Derived in large part from the pre-Tertiary rocks of the
Sierra Nevada, they include the Laguna Formation
and consist of a heterogeneous mix of generally poorly
sorted clay, silt, sand, and gravel. Olmsted and Davis
(1961, p. 84) said that in the Sacramento Valley the
Laguna Formation contains abundant beds of some-
what clayey silt to silty fine sand, some well-sorted
sand in relatively thin zones, and scarce, poorly sorted
gravel beds. Marchand and Allwardt (1981, p. 21-28),
however, noted that in the northeastern part of the San
Joaquin Valley the Laguna contains a number of
coarse-grained beds.

The California Department of Water Resources
(1978, fig. 6) showed that near the Sacramento River in
the southeastern part of the Sacramento Valley the
continental rocks and deposits overlie the Mehrten
Formation and attain a maximum thickness of more
than 2,500 feet. In the Modesto-Merced area of the
San Joaquin Valley, the continental rocks and deposits
range in thickness from less than 50 feet to more than
1,000 feet, where they are considered as equivalent to
the older alluvium and the continental deposits of Page
and Balding (1973, fig. 6). Moreover, in the western
parts of these areas, the continental rocks and deposits
in part contain saline water (pl. 3) (Page and Balding,
1973, fig. 6).

In the Sacramento Valley, yields to wells in this area
ranged from about 100 to 3,700 gal/min and, in the San
Joaquin Valley, from about 20 to about 4,500 gal/min
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(Page and Balding, 1973, p. 28). In the Modesto-
Merced area,both the mean and median yield to 96
large wells in the unit mapped as older alluvium was
1,900 gal/min (Page and Balding, 1973, fig. 5, p. 28).

From near Merced to near Richgrove, the continen-
tal rocks and deposits along the eastern flank of the
valley lie unconformably over the pre-Tertiary rocks of
the Sierra Nevada; south of Richgrove to the extreme
southeastern part of the valley, they lie unconformably
over pre-Tertiary rocks and also over marine rocks and
deposits of Tertiary age (pl. 2). In the subsurface the
continental rocks and deposits dip gently southwest-
ward and overlie pre-Tertiary rocks, marine rocks and
deposits of Tertiary age, undifferentiated marine and
continental rocks and deposits of Tertiary age, and
such continental rocks and deposits of Tertiary age as
the Mehrten Formation (Croft, 1972, pls. 1 and 3; Croft
and Gordon, 1968, pls. 4 and 7; Lofgren and Klausing,
1969, figs. 4 and 5; Mitten and others, 1970, pl. 1; Page
and Balding, 1973, fig. 6).

In this area, the continental rocks and deposits of
Tertiary and Quaternary age consist of lenses of clay,
silt, sand, and gravel that were derived chiefly from the
Sierra Nevada and that are largely arkosic, generally
poorly sorted, and in places cemented; they also con-
sist of mudstone, sandstone, and conglomerate (Bar-
tow and Doukas, 1978). Croft and Gordon (1968, pl. 4)
showed that in the Hanford-Visalia area (pl. 2) the
continental rocks and deposits grade from oxidized
deposits of brown and reddish-brown beds to reduced
deposits of bluish-green beds, which indicates a change
from subaerial to subaqueous deposition. In the Fres-
no area and in part of the Hanford-Visalia area, an
abrupt change on electrical logs from high resistivities
in the upper part of the continental rocks and deposits
to low resistivities in the lower part was interpreted as
a change from mostly coarse-grained sediment in the
upper part to mostly fine-grained sediment, respective-
ly (Page and LeBlanc, 1969, fig. 4). In these areas, the
coarser sediment was mapped as older alluvium, and
the finer sediment as continental deposits by Croft and
Gordon (1968, p. 23, pls. 4-7) and Page and LeBlanc
(1969, p. 14-15, pls. 4 and 6).

In the Fresno area (pl. 2), yields to wells in the upper
part of the continental rocks and deposits—mapped as
older alluvium by Page and LeBlanc (1969, p. 21, pls. 4
and 6)—ranged from about 20 to 3,500 gal/min and
averaged about 900 gal/min. In this area, water wells
generally do not penetrate the lower part of the conti-
nental rocks and deposits, which were mapped as
continental deposits by Page and LeBlanc (1969, p. 14,
pls. 4 and 6). In the Hanford-Visalia area, yields to
wells in the upper part of the continental rocks and
deposits were not estimated, but yields to wells in the
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lower part reportedly ranged from 500 to 2,500 gal/min
in the reduced parts and from 100 to 500 gal/min in the
oxidized parts (Croft and Gordon, 1968, p. 18-19). In
the Richgrove area, the continental rocks and depos-
its—mapped as continental deposits by Hilton and
others (1961)—were reported as moderately to highly
permeable and a major source of water; farther south,
they were reported as only moderately permeable (Hil-
ton and others, 1961, table 2; Wood and Dale, 1964, p.
38).

In the extreme southwestern part of the San Joa-
quin Valley and along most of its western flank, the
continental rocks and deposits make up the Tulare
Formation, which in many places is overlain by young-
er deposits (pl. 2, table 2). There, the continental rocks
and deposits dip gently northeastward beneath the
valley.

Woodring and others (1940, p. 13) defined the Tulare
Formation as the youngest folded strata exposed in
the Kettleman Hills. They defined the base of the
Tulare Formation as the layer just above the upper
Mya zone of the San Joaquin Formation (Woodring
and others, 1940, p. 13-14). Upper Mya zone refers to
the uppermost strata in which the burrowing pelecy-
pod (clam, Mya) occurs in the San Joaquin Formation.
The folded strata and upper Mya zone have been used
by other workers for mapping the Tulare either along
the western flank of the valley or in the subsurface, but
where these criteria are absent most workers have
found it very difficult to map either the upper or the
lower contact of the Tulare Formation (Hotchkiss and
Balding, 1971, p. 18-19; Miller and others, 1971, p. 21;
Wood and Dale, 1964, p. 38-39; Wood and Davis, 1959,
p. 22-23).

The Tulare Formation conformably overlies the San
Joaquin Formation just above the upper Mya zone in
the Kettleman Hills and in the subsurface east of the
Hills, but where it is exposed elsewhere in the Coast
Ranges, it generally lies unconformably on Pliocene
and older formations. In the southwestern part of the
San Joaquin Valley, the exposed Tulare ranges in
thickness from a few tens of feet to more than 4,000
feet (Wood and Dale, 1964, p. 39); beneath the valley in
this area, the thickness of the Tulare Formation and
overlying deposits was not estimated. Northward
from the Elk Hills to the Kettleman Hills, the exposed
Tulare ranges in thickness from a few tens of feet along
the western flank of the valley to about 3,500 feet in
the Kettleman Hills (Wood and Davis, 1959, p. 23;
Woodring and others, 1940, p. 14). Beneath the valley
in this area, the thickness of the Tulare Formation and
overlying deposits is not well known, but data com-
piled by Wood and Davis (1959, table 4) indicate that
the thickness of the Tulare Formation ranges from
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about 200 feet at North Belridge to about 5,000 feet
beneath the Kettleman Plains. Beneath the Kettleman
Plains, the Tulare Formation and overlying deposits
are as much as 6,500 feet thick (Woodring and others,
1940, p. 51). Miller and others (1971, p. 23) said that
the exposed Tulare has a maximum thickness of about
2,600 feet in the northern part of the Kettleman Hills
and that north of the Hills the thickness of the exposed
Tulare does not exceed 350 feet. In the subsurface, the
Tulare Formation, together with overlying deposits
and some interbedded deposits from the Sierra Neva-
da, ranges in thickness from about 3,300 feet in the
southern part of the Los Banos-Kettleman City area to
about 900 feet in the northern part (Miller and others,
1971, pl. 3). Hotchkiss and Balding (1971, p. 18-19, pl.
1) estimated that in the Tracy-Dos Palos area the
Tulare Formation and overlying deposits range in
thickness from 0 to about 1,100 feet.

Most of the continental rocks and deposits along the
western flank of the San Joaquin Valley consist of
reworked sedimentary material that was derived from
the older rocks of the Coast Ranges and deposited as
alluvial-fan, flood-basin, deltaic, or lacustrine and
marsh deposits. Miller and others (1971, pl. 4) showed
that in the Los Banos-Kettleman City area the conti-
nental rocks and deposits derived from the Coast
Ranges overlie and are interbedded with arkosic conti-
nental rocks and deposits from the Sierra Nevada. In
the Los Banos-Kettleman City area and perhaps other
parts of the valley, the gradual eastern extension of
sediments from the Coast Ranges indicates that the
topographic axis migrated eastward (Miller and oth-
ers, 1971, p. 24, pl. 4).

The continental rocks and deposits in this part of
the San Joaquin Valley consist principally of uncon-
solidated, generally poorly sorted deposits of clay, silt,
sandy clay and silt, sand, clayey sand and silty sand,
gravel, and clayey, silty, and sandy gravel. Locally,
the Tulare Formation consists of consolidated sedi-
ment such as conglomerate and sandstone, and the
lower part of the formation in the Kettleman Hills
contains abundant pyroclastic material (Woodring and
others, 1940, p. 13). Furthermore, ths continental
rocks and deposits consist in part of widespread silt
and clay deposits of chiefly lacustrine origin (see
“Lacustrine and Marsh Deposits”).

Along the western side of the valley south of the
Tulare Lake bed, the continental rocks and deposits
contain mostly saline water, and north of Tulare Lake
bed they contain mostly fresh water (Hotchkiss and
Balding, 1971, p. 18; Miller and others, 1971, pls. 3
and 4; Page, 1973). As a consequence, in the south-
western part of the San Joaquin Valley, few deep-water
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wells penetrate the continental rocks and deposits, and
not much is known about yields to wells.

Nevertheless, 344 water wells were investigated in
this area, and the reported average yield to irrigation
wells was about 600 gal/min from alluvium of Pleisto-
cene and Holocene age as mapped by Wood and Davis
(1959, p. 28 pl. 1).

Along the western flank of the valley, from Anti-
cline Ridge to Cantua Creek in the Los Banos-Kettle-
man City area, alluvialfan deposits of the Tulare
Formation were drilled through as much as 2,800
feet in order to tap more permeable deposits in the
underlying San Joaquin and Etchegoin Formations
(Miller and others, 1971, p. 28). Northwest and south-
east of this area the deposits are coarser grained and
more permeable. In the Tracy-Dos Palos area (pl. 2),
yields to wells, mostly from the Tulare Formation,
ranged from about 40 gal/min to 3,300 gal/min; most
wells in the area averaged much more than 1,000
gal/min (Hotchkiss and Balding, 1971, fig. 7).

In the northern, northwestern, and western Sac-
ramento Valley, most of the continental rocks and
deposits constitute the Tehama Formation. In turn,
the Tehama is overlain in many places by younger and
much thinner deposits, including the Red Bluff Forma-
tion. As in most other areas in the Central Valley, the
subsurface contact between these units is difficult to
determine. Near its base, however, the Tehama For-
mation, as well as the Tuscan Formation (see "Tuscan
Formation”), in places contains the Nomlaki Tuff
Member of late Pliocene age. Where present, the tuff
serves as an excellent marker bed. Nevertheless, be-
cause the lithology of the Tehama is similar to that of
some older rocks and deposits in the valley, the basal
part of the Tehama as mapped in the subsurface
probably contains some of these older units. The
maximum thickness of the continental rocks and
deposits is more than 2,000 feet in the northern part of
the Sacramento Valley and about 3,000 feet in the
south-central part; in these areas, the Tehama Forma-
tion constitutes the thickest part (California Depart-
ment of Water Resources, 1978, fig. 6). Throughout
most of the western side of the Sacramento Valley, the
Tehama averages about 2,000 feet in thickness
(California Department of Water Resources, 1978, p.
25). At depth, the continental rocks and deposits,
including the Tehama Formation, contain saline water
(pl. 3) (Berkstresser, 1973; California Department
of Water Resources, 1978, fig. 6).

Russell (1931, p. 27 and 31) considered the Tehama
Formation to be of fluvial origin, and, because the
fine-grained beds dominate, he concluded that the
sediments were deposited under flood-plain conditions.
The Tehama consists of poorly sorted deposits of clay,
silt, clayey silt, sandy silt and clay, and silty sand
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containing generally thin lenses of gravel and sand; in
areas of outcrop, it consists chiefly of siltstone, sand-
stone, and conglomerate (Helley and others, 1981, p.
11). However, in U.S. Geological Survey test hole
12N/1E-34Q1, which was drilled to a depth of 2,500
feet and which probably penetrated the total thickness
of the Tehama Formation, virtually no consolidated
sediments were found above a depth of 2,000 feet
(French and others, 1982, table 2). This difference in
consolidation between beds in areas of outcrop and
beds in the deep subsurface indicates that, for some
beds at least, consolidation probably was the result of
exposure and weathering; however, farther out in the
valley, beds in the subsurface generally have not had
as much exposure or weathering. A simple example is
shown by cores of clay taken from well 34Q1. When
these cores were examined as they came from the
borehole, the clays were saturated and plastic, but
after'a few months in storage they were dry and hard.

Younger deposits within the continental rocks and
deposits consist of heterogeneous mixes of clay, silt,
sand, and gravel, which in places are cemented and
contain hardpan. Alluvial deposits underlying the
Stony Creek alluvial fan are coarser grained than in
any other place in the Sacramento Valley (California
Department of Water Resources, 1978, p. 30), and the
proportion of sand and gravel to depths of 200 feet
averages about one-third (Olmsted and Davis, 1961, p.
106). Between Willows and Williams (pl. 1), alluvial-
fan,deposits are finer grained than those to the north,
and wells must penetrate the underlying Tehama to
get significant yields of water (California Department
of Water Resources, 1978, p. 30). South of Williams to
Cache Creek, the alluvial-fan deposits consist mostly of
fine-grained sediments containing some lenses of poor-
ly sorted sand and gravel. Farther south, both Cache
and Putah Creeks have deposited extensive beds of
sand and gravel, but, even in these areas, sand and
gravel in the upper 200 feet make up only 25 to 30
percent of the deposits (Olmsted and Davis, 1961, p.
106-107).

In the Sacramento Valley, yields to wells from the
Tehama Formation differ considerably. The California
Department of Water Resources (1978, p. 25) reported
the following yields: west of Red Bluff and Corning,
yields to wells ranged from about 500 to 950 gal/min;
in T. 25 N., R. 3 W., from about 500 to 2,200 gal/min;
west of Artois, from about 950 to 1,900 gal/min; and,
near Arbuckle, irrigation wells were reported to yield
from about 1,900 to 4,000 gal/min. Yields to wells from
the overlying deposits also differ, and, in places along
the western flank of the Sacramento Valley, some of
the deposits are unsaturated. Average yields to wells
in the Stony Creek area are about 2,000 gal/min. One
well in the Cache Creek area yielded 1,400 gal/min from
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the alluvial-fan deposits; this yield was not considered
to be unusual (Olmsted and Davis, 1961, p. 106).

LLACUSTRINE AND MARSH DEPOSITS

Lacustrine and marsh deposits crop out in the San
Joaquin Valley beneath Buena Vista, Kern, and Tulare
Lake beds, and also along the western flank of the
valley just west of Los Banos (pl. 2, table 2). They do
not crop out in the Sacramento Valley.

If it were possible to open the earth and look at the
lacustrine and marsh deposits beneath Tulare Lake
bed, they would appear as a thick plug of mostly
blue-green or gray clay and silt, from which lenses of
clay and silt emanate at irregular intervals (pl. 3).
Sediment from test holes less than 100 feet deep
indicated that at least one fine-grained deposit beneath
Tulare Lake bed is a distal part of an alluvial-fan
deposit derived from the Coast Ranges (B. F. Atwater,
U.S. Geological Survey, oral commun., 1983). Some
fine-grained beds probably include flood-basin depos-
its. Nevertheless, this plug of chiefly lacustrine and
marsh deposits and its related lenses probably warrant
formational status. If recognized as a formation, the
various lenses would be members, and instead of the
Corcoran Clay Member (Pleistocene) being a member
of both the Tulare Formation (Pliocene and
Pleistocene) and the Turlock Lake Formation
(Pleistocene), as indicated below, it would be a member
of only one formation. Furthermore, instead of the
other lenses possibly being named members of various
formations, these lenses would be members of only one
formation, and their origin would be more readily
apparent.

In the SW¥4 T. 23 S., R. 20 E., the lacustrine and
marsh deposits are more than 3,600 feet thick. Croft
(1972, pls. 1-6, p. 17-21) mapped six of the lenses and
designated them from youngest to oldest by the letters
A through F. The A, C, and E clays of Quaternary age
are the more extensive. In fact, the E clay in the San
Joaquin Valley is the most extensive lacustrine clay in
the entire Central Valley.

Beneath Buena Vista and Kern Lake beds, flood-
basin deposits and fine-grained facies of alluvium have
been included with the lacustrine and marsh deposits;
those deposits are composed chiefly of silt, silty clay,
sandy clay, and clay, interbedded with some sand
lenses (Wood and Dale, 1964, p. 43). In that area, such
deposits are considered to be at least 1,000 feet thick.

Elsewhere in the Central Valley, aside from the
widespread A, C, and E clays and the deposits beneath
Tulare Lake bed, lacustrine and marsh deposits are
considerably thinner and are reported only in local
areas (Redwine, 1972, p. 157; Russell, 1931, p. 27; Page
and Bertoldi, 1983, p. 16-17).
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Moprriep E cLay—The E clay of Pleistocene age
includes the diatomaceous clay of Davis and others
(1959, pl. 14) and an extension of that clay mapped by
Croft (1972, p. 19, pl. 4) in the area of Buena Vista and
Kern Lake beds. In turn, the diatomaceous clay is
considered equivalent to the Corcoran Clay Member of
the Tulare Formation. In the northeastern part of the
San Joaquin Valley, where virtually all the continental
deposits were derived from the Sierra Nevada, Marc-
hand and Allwardt (1981, p. 34) considered the Corco-
ran Clay Member of the Tulare Formation also to be a
member of the Turlock Lake Formation. Janda and
Croft (1967, p. 164) reported that a volcanic ash and
pumice, the Friant Pumice Member of the Turlock
Lake Formation (Marchand and Allwardt, 1981, p. 34),
can be traced discontinuously from near Friant, where
it is exposed, to beneath the axis of the San Joaquin
Valley, where it conformably overlies the Corcoran
Clay Member. G. B. Dalrymple (Marchand and All-
wardt, 1981, p. 34) dated two separate collections of
the Friant Pumice Member as 612,000+31,000 years
and 618,000%=31,000 years before the present.

Croft (1972, p. 19, pl. 4) mapped the E clay in the
area around Buena Vista and Kern Lake beds. Dia-
toms in that area have not been reported in the clay.
Later, R. E. Brown (California Department of Water
Resources, written commun., 1981) compiled eight
geologic sections for the area at and around Buena
Vista and Kern Lake beds and correlated an extensive
clay bed by using electric logs and by intensive check-
ing of his sections and Croft’s mapping. Brown con-
cluded that, in the area at and around Buena Vista
Lake bed, the E clay lies from 100 to 300 feet above the
depth that Croft mapped it. Inasmuch as a great many
more electric logs, as well as additional drillers’ logs,
were available to Brown than to Croft, Brown’s data
were used in mapping the depth to his E clay, herein
called the modified E clay at and around Buena Vista
and Kern Lake beds (pl. 4).

The modified E clay ranges in depth from 0 foot at
the outcrop along the western flank of the valley to
about 900 feet beneath Tulare Lake bed (pl. 4). In some
areas, such as near Little Panoche Creek and the
Fresno River, the modified E clay may have been
eroded, as indicated by the truncated depth contours.
Although the depth map properly cannot be used as a
structural contour map, the gentle relief of the San
Joaquin Valley permits some structural interpretation
of the map. The most striking features shown on plate
4 are (1) the number of basins in the clay, (2) a general
deepening from north to south, and (3) a trough that
underlies virtually the entire western part of the San
Joaquin Valley. Some of the deeper parts of the an-
cient lake probably are indicated in areas where the
basins approximately coincide with thicker sections of
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the clay, such as near Cantua and Panoche Creeks and
beneath parts of Tulare Lake bed (pls. 4 and 5); these
and other basins may also be the result of structural
deformation. The trough reflects the syncline that
underlies the western part of the San Joaquin Valley
(Hoots and others, 1954, pl. 5).

The modified E clay ranges in thickness from less
than 10 feet in places near its edge to more than 160
feet beneath the western part of Tulare Lake bed (pl. 5).
Where the modified E clay is bifurcated (pl. 5), an
upper bed of clay or silty clay is separated from a
similar lower bed by a bed of coarser grained sediment
that ranges in thickness from about 5 to 70 feet and
averages about 20 feet.

The E clay, or modified E clay, may have been
deposited in a large lake that was coeval with glacia-
tion in the Sierra Nevada (Janda and Croft, 1967, p.
168), but Davis and others (1977, p. 389) suggested
that the E clay may represent an interglacial stage.

A anp C cLays—The C clay of Pleistocene age was
mapped as being beneath the San Joaquin Valley from
about Mendota on the north to Goose Lake bed on the
south (Croft, 1972, pl. 5; Page and LeBlanc, 1969, pl.
9). It underlies the topographic axis of the valley and
ranges in depth from about 100 to 330 feet and in
thickness from about 5 to 45 feet. The C clay may have
been deposited in a large lake in the valley coeval with
a glacial stage in the Sierra Nevada (Janda and Croft,
1967, p. 168; U.S. Geological Survey, 1965, p. A100),

The A clay of Pleistocene and Holocene(?) age
(Croft, 1972, p. 21) was mapped as being beneath the
San Joaquin Valley from near Mendota on the north to
Kern Lake bed on the south (Croft, 1972, pl. 6; Page
and LeBlanc, 1969, pl. 9); it also underlies the topo-
graphic axis of the valley. The A clay ranges in depth
from less than 10 to about 70 feet and in thickness
from about 5 to 70 feet. Janda and Croft (1967, p. 168)
considered the A clay to have been deposited in a large
lake coeval with the Wisconsin glaciation. Radiocar-
bon dates for wood collected 3 feet beneath the A clay
and for wood within the upper part of the clay are
26,780%600 years and 9,040+300 years, respectively
(U.S. Geological Survey, 1965, p. A99-A100; Croft,
1972, p. 20-21).

Fine-grained beds, such as the A, C, and E clays, do
not yield much water to wells, unless compacted;
instead, they impede the vertical movement of water
and function as confining beds—that is, where underly-
ing sediments are fully saturated, ground water is at
greater than atmospheric pressure.

LACUSTRINE-CLAY DISTRIBUTION—AS mentioned, at
least two extensive lacustrine clays (E and C clays) of
Pleistocene age and one (A clay) of Pleistocene and
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Holocene(?) age underlie the San Joaquin Valley; simi-
lar extensive clays have not been found in the Sac-
ramento Valley. Probably the absence of an active
basin-forming structural depression similar to that
underlying the Tulare Lake bed area of the San Joa-
quin Valley accounts for the lack of widespread lacus-
trine deposits in the Sacramento Valley. Three major
structural depressions, however, have been designated
as the three Tertiary depocenters of the Central Valley;
they underlie the Tulare Lake bed and Buttonwillow
area, the Kern Lake bed area, and the delta area
(Zieglar and Spotts, 1978, fig. 7). Only the depocenter
underlying the Tulare Lake bed area contains a
thick—more than 3,600 feet—virtually continuous sec-
tion of continental sediments of silt and clay. Depocen-
ters underlying the other areas contain fine-grained
sediments that are not nearly as thick and that are
interbedded with coarse-grained sediments.

. Many workers have suggested that, in the Tulare
Lake bed area, damming by the growth of alluvial fans
from the Kings River on the east and Los Gatos Creek
on the west was the cause of the interior drainage there
(Mendenhall and others, 1916, p. 21; Davis, 1933, p.
224; Hinds, 1952, p. 150). Davis and Green (1962, p.
82-91), however, showed that Tulare Lake bed is an
area of structural downwarping and that active tecton-
ic subsidence is the cause of the basin. That basin is
underlain chiefly by fine-grained lacustrine and marsh
deposits more than 3,600 feet thick. Those deposits
range in age from late Pliocene to Holocene (Croft,
1972, p. 18); therefore, lakes and marshes have existed
in this area for more than 2 million years. Being
structurally downwarped, the area has been and is a
basin to which water flows through large and small
streams from the surrounding area. Deltaic depositsin
the deep subsurface are further evidence that this
basin has been receiving water from surrounding areas
for an extremely long time. For example, Miller and
others (1971, p. 28, pl. 4) mentioned that deltaic depos-
its just north of Tulare Lake bed begin 350 feet below
the surface and are about 2,000 feet thick. In the past,
and even today, lakes in the area have expanded and
contracted, as indicated by the A, C, and E clays and
by flooding of the lake bed in recent times. These clays
probably represent times when large quantities of
water drained into the ancient Tulare Lake bed area
and expanded the existing lake.

The expansion of the lakes and the resulting clays
might have occurred in two ways: (1) as water from the
surrounding area drained into the ancient basin, the
lake expanded; and (2) streams to the north formed, or
had already formed, dams by building alluvial fans out
into the axis of the valley, so that an expanding lake
may have been dammed by alluvial fans. Recently, B.
F. Atwater, W. R. Lettis, and David Adam of the U.S.
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Geological Survey (written commun., 1982) suggested
that large lakes in the basin may have formed as a
result of high dams (50 feet) built by brief pulses (less
than 10,000 years) of aggradation by large rivers, and
that smaller lakes may have resulted from lesser ag-
gradational events, perhaps with the aid of tectonic
subsidence at the lake site. Shlemon (1971, p. 436) said
that studies of alluvial sequences in the Central Valley
have shown that periods of alluvial-fan formation prob-
ably correlate with glacial advances in the Sierra Neva-
da, and that relative landscape stability and soil forma-
tion occurred during interglacial time. Atwater, Let-
tis, and Adam (written commun., 1982) said that gla-
cially induced dams apparently persisted into intergla-
cial periods.

Shlemon (1971, fig. 13) mapped three Pleistocene
river channels in the Mokelumne River area (pl. 1). He
inferred that the oldest channel deposits could be
correlated with sediments 100 miles to the south that
were dated as approximately 600,000 years old (Shlem-
on, 1971, p. 433); those sediments are undoubtedly the
Friant Pumice Member of the Turlock Lake Forma-
tion. Shlemon (1971, p. 434, fig. 3) said that at Lodi the
channel deposits lie at a depth of about 250 feet, and he
inferred that about 20 miles west of Lodi the channel
deposits lie at a depth of about 380 feet. The inferred
age of the channel deposits, of course, correlates with
the approximate age of the modified E clay (see “Modi-
fied E Clay”), and the depths of the channel deposits
approximate those of the modified E clay near Tracy
(pl. 4). While the ancient Mokelumne River was build-
ing its fan out toward the delta area, other rivers in the
Central Valley probably were building fans, too. Thus,
alluvial dams probably were present in the axis of the
Central Valley when the modified E clay was being
deposited in the lake that was expanding northward
from the Tulare Lake bed area. Perhaps northward-
flowing rivers breached the alluvial dams of rivers
south of Tracy and north of the Kings River, or per-
haps the expanding lake captured the water from these
rivers, breached a dam, and continued its northward
expansion.

Shlemon (1971) mapped a second channel in the
Mokelumne River area. The deposits of this channel lie
at a depth of about 90 feet beneath Lodi; 4 miles west,
the depth is about 120 feet. These deposits are inferred
to be between 75,000 and 300,000 years old (Shlemon,
1971, p. 434, fig. 3). The depths of these channel
deposits approximate those of the C clay, and the
deposits and the clay may be similar in age.

The third channel mapped by Shlemon (1971, p.
434-435, fig. 3) lies at a depth of about 40 feet beneath
Lodi; 3 miles west, the depth is about 50 feet. Shlemon
(1971, p. 435) considered the deposits of this channel to
be somewhat older than 27,000 years and perhaps

C17

correlative with the age-dated lacustrine sediments of
Janda and Croft (1967, p. 168), the A clay. Both the A
and C clays were mapped chiefly south of Mendota,
and there the lakes in which those clays were deposited
could have been dammed by alluvial fans of the ancient

San Joaquin or Kings Rivers.

The earliest indication that the Sacramento Valley
probably is not underlain by a widespread fine-grained
bed was given by Bryan (1923, p. 91), who said, "Only
a small number of flowing wells have been obtained in
Sacramento Valley, and of these only a few have
strong flows. There is no large area of artesian flow, as
in San Joaquin Valley.” Before Bryan’s study, Men-
denhall and others (19186, pl. 1) had mapped a large area
in the San Joaquin Valley that was underlain by
confined ground water and that is roughly comparable
to the area underlain by the modified E clay (pl. 4).
This lack of a "large area of artesian flow” in the
Sacramento Valley indicates the absence of a wide-
spread confining bed.

Between February 1979 and October 1980, the U.S.
Geological Survey drilled seven test holes in the Sac-
ramento Valley (pl. 1); well 5N/1E-34A was drilled by
the U.S. Army Corps of Engineers. The holes ranged
in depth from 900 to 2,500 feet. At test holes 12N/
1E-34Q1, 12N/3E-2G1, and 19N/1E-32G1, three poten-
tiometric tubes were placed in each hole and bottomed
at three different depths (French, Page, and Bertoldi,
1982 and 1983; French, Page, Bertoldi, and Fogelman,
1983). Fluctuations of water levels in those tubes
indicated that ground water was confined at most
depths. As numerous fine-grained beds underlie the
test-hole sites, landing a tube beneath any one of the
beds probably would result in recording some confine-
ment. If a fine-grained bed could have been correlated
from one test-hole site to another, then it could have
been shown that a widespread fine-grained bed existed
in the Sacramento Valley and that confinement of
ground water is of more than local extent.

One of the purposes of drilling the test holes was to
determine whether a diatomaceous clay of Pleistocene
age, cored in test hole 12N/1E-34Q1 near Zamora from
depths of 534 to 544 feet (Page and Bertoldi, 1983,
table 1), could be correlated with a diatomaceous clay
found at depths of 18 to 22 feet in test hole 5N/1E-34A
near the northern edge of the Montezuma Hills (pl. 1).
The diatomaceous clay near the Montezuma Hills was
thought to be comparable in age and deposited in an
environment similar to that of the Corcoran Clay
Member of the Tulare Formation (Olmsted and Davis,
1961, p. 74). It is not known whether the clay near the
Montezuma Hills is a northern extension of the Corco-
ran Clay Member.

Because no diatoms were found in any of the cores
taken from four test holes drilled between test holes
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12N/1E-34Q1 and 5N/1E-34A (pl. 2), the diatomaceous
clay found in 34Q1 was considered a separate clay
rather than an extension of the clay found near the
Montezuma Hills (Page and Bertoldi, 1983, p. 17). Nor
were diatoms found in test holes 12N/3E-2G1 near
Nicolaus and 19N/1W-32G1 near Butte City.
Therefore, the Pleistocene diatomaceous clay found in
12N/1E-34Q1 was considered to be of only local extent.

Furthermore, examination of more than 900 electric
logs indicated that thick, fine-grained lacustrine de-
posits like those underlying the Tulare Lake bed area
probably do not exist in the Sacramento Valley.
Thomasson and others (1960, p. 85), however, men-
tioned dominantly fine-grained zones underlying T. 8
N., R. 1 E., which they said represent possible lake or
flood-basin deposits; these zones also contain many
coarse-grained beds (Thomasson and others, 1960,
pl. 8). Olmsted and Davis (1961) and the California
Department of Water Resources (1978) do not mention
any thick, fine-grained lacustrine deposits in the
Sacramento Valley. Redwine (1972, p. 156-157) con-
sidered the Tehama Formation to have been deposited
chiefly on the west side of a broad, low-lying Sacra-
mento Valley in flood plains and streams and locally
in small, shallow, intermittent lakes, where diatoma-
ceous claystone accumulated. Considering these data,
a structural basin comparable to that beneath Tulare
Lake Bed in the San Joaquin Valley probably is not
present in the Sacramento Valley.

Although a structural depression exists in the delta
area (Zieglar and Spotts, 1978, fig. 9), available data
indicate that it probably did not contribute to the
forming of widespread lakes, as is inferred for the
structural depression in the Tulare Lake bed area.
Large lakes may not have formed in the delta area
because drainage from the Central Valley to the ocean
probably took place near there between 0.6 and 3.3
million years ago (SarnaWojcicki, 1976, p. 25).

In the Sacramento Valley, then, water from the
rivers of the surrounding area probably did not ac-
cumulate in a large, downwarping basin like the one in
the Tulare Lake bed area because such a basin, in
which large lakes could form and then expand, proba-
bly had not developed there. Instead, probably only
small lakes existed in the valley. Before any large
lakes could form, alluvial dams in the Sacramento
Valley probably were breached by a throughflowing
trunk stream comparable to the present-day Sac-
ramento River. Consequently, at a time when wide-
spread lacustrine clays were being deposited in large
lakes in the San Joaquin Valley, lacustrine clays of
only local extent probably were being deposited in
relatively small lakes in the Sacramento Valley.
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CONTINENTAL DEPOSITS (QUATERNARY)

Quaternary deposits are largely of Holocene age;
along their outer margins, however, some may be of
Pleistocene age. The deposits crop out chiefly along
the major rivers and streams of the valley, as well as in
other low-lying areas (pls. 1 and 2), and include river
deposits, flood-basin deposits, and sand dunes, all of
Holocene age. In places, they may include such depos-
its as the Modesto Formation of Pleistocene age.

River pEPOSITS (HOLOCENE)

The river deposits crop out along the major rivers
and streams of the Central Valley (pls. 1 and 2, tables 1
and 2) and include channel and flood-plain deposits.
The river deposits are still accumulating, except where
human activity intervenes. Channel deposits, which
consist chiefly of sand and gravel, range in width from
a few feet to nearly 1,000 feet. Flood-plain deposits
generally are finer grained than channel deposits and
consist chiefly of sand and silt, and they range in width
from a few hundred feet to more than 3 miles. Because
soil development and topography were the criteria for
mapping river deposits, subsurface contact with un-
derlying deposits is poorly defined. Olmsted and Dav-
is (1961, p. 109) defined the river deposits as the
predominantly coarse-grained deposits at relatively
shallow depth that appear to be hydraulically contin-
uous with the present stream channels, flood plains,
and natural levees. The California Department of
Water Resources (1978, p. 33) believed that the river
deposits attain a maximum thickness of about 115 feet
and that they are the most permeable deposits in the
Sacramento Valley.

FrLoop-BASIN DEPOSITS (HOLOCENE)

Flood-basin deposits crop out in low-lying areas
throughout the Central Valley (pls. 1 and 2; tables 1
and 2). They result from flood waters entering low-
lying basins and depositing mostly fine silt and clay
and some fine sand. Flood-basin deposits grade into
river deposits, rocks, and deposits of Tertiary and
Quaternary age, and lacustrine and marsh deposits.
As with most deposits of Quaternary age in the valley,
contact with underlying deposits is difficult to deter-
mine. The California Department of Water Resources
(1978, p. 32) stated, however, that the flood-basin
deposits in the Sacramento Valley consist of as much
as 160 feet of fine-grained sediments in the area west
and south of Sacramento and that the deposits north
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of the Sutter Buttes appear to be thinner, about 50 feet
thick. In the San Joaquin Valley, the deposits were
estimated to be as much as 100 feet thick (Page and
Balding, 1973, p. 37). Because of their fine-grained
nature, the flood-basin deposits would not yield much
water to wells and would impede the vertical move-
ment of water.

SAND DUNES (HOLOCENE)

Sand dunes crop out chiefly in the eastern part of
the San Joaquin Valley (pl. 2, table 2). They range in
thickness from 0 to about 140 feet and consist of
generally cross-bedded, well-sorted, medium-to-coarse
sand and some very fine to fine sand and silt (Page and
LeBlanc, 1969, p. 25; Wood and Dale, 1964, p. 44-45).
In most places, the sand dunes lie above the saturated
zone, but their permeability permits recharge from
stream runoff, precipitation, or irrigation return.

GEOLOGIC STRUCTURE

The large, asymmetrical, northwestward-trending
trough of the Central Valley is the principal structure
controlling the occurrence and movement of ground
water in the area. Along the flanks of the valley, which
are the flanks of the trough, deposits generally are
much thinner than those underlying either the topo-
graphic axis of the valley or the more westerly struc-
tural axis of the trough. In general, most of the
confinement of ground water occurs near the axis of
the valley as a result of more extensive confining beds
deposited there. Furthermore, because the flanks of
the valley are higher than its axis, recharge from
tributary rivers and streams, as well as from irrigation
return, has caused heads in the ground water along the
flanks to be higher than those along the axis, so that,
overall, ground water moves from the flanks toward
the axis and thence northward (San Joaquin Valley) or
southward (Sacramento Valley) toward the delta area
and points of ultimate discharge. And since develop-
ment, some ground water moves toward large pump-
ing depressions in various parts of the valley.

A number of secondary geologic structures in the
Central Valley also influence the occurrence and move-
ment of ground water. The Red Bluff arch at the
northern end of the Sacramento Valley is a series of
northeastward-trending anticlines and synclines that
result in a structural barrier to ground-water move-
ment (pl. 1) (California Department of Water Re-
sources, 1978, p. 39). Faulting in the area (Harwood
and Helley, 1982) may also affect ground-water move-
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ment. Although it probably is not a barrier to ground-
water movement, the Chico monocline on the north-
eastern flank of the valley accounts for the nearly
straight basin boundary that lies north of Pine Creek.
The northward-trending structure, which lies south of
the Red Bluff arch and which has been mapped as the
Corning anticline, is expressed on the surface by a
series of low-lying hills; in the subsurface it consists of
two domes (Harwood and Helley, 1982). An extension
of this structure is thought to have uplifted the Tuscan
Formation near the Red Bluff Diversion Dam because
the Tuscan lies at a shallower depth there than in
nearby areas (California Department of Water Re-
sources, 1978, p. 34). In the northwestern part of the
valley, pre-Tertiary marine rocks have been uplifted
along a fault at Orland Buttes; the fault and the rocks
are probably barriers to ground-water movement. The
Willows fault, which lies just southeast of the Orland
Buttes, has no surface expression, but its presence has
been inferred from changes in water level across the
structure (California Department of Water Resources,
1978, p. 39). In the central part of the valley, ground
water is diverted around the Sutter Buttes. Curtin
(1971, p. 51-53) suggested that the mound of saline
water on the south side of the Buttes (pl. 3) resulted
from saline water migrating upward along a fault from
underlying marine rocks. On the western side of the
Sacramento Valley, the Tehama Formation has been
folded by the uplift of the Dunnigan Hills anticline (pl.
1). Bryan (1923, p. 79, pl. 3) mapped a fault along the
east limb of this anticline, as did Harwood and Helley
(1982). The anticline and perhaps the fault extend
northwestward. Near Arbuckle, one or both of these
structures probably are barriers to ground-water
movement (California Department of Water Re-
sources, 1978, p. 39). The Plainfield Ridge lies south of
the Dunnigan Hills anticline and is an anticlinal struc-
ture, the surface expression of which is a series of low
hills; it lies parallel to the Dunnigan Hills anticline.
This structure is a barrier to the eastward movement
of ground water (California Department of Water Re-
sources, 1978, p. 39). The Montezuma Hills in south-
western Sacramento Valley represent a broad, gentle
uplift, which is reportedly modified by faulting (Olmst-
ed and Davis, 1961, p. 130-131). It is not known
whether the faults affect ground-water movement.

In the San Joaquin Valley, anticlinal folds such as
Anticline Ridge, Guijarral Hills, Kettleman Hills, and
Lost Hills restrict the movement of ground water from
Pleasant Valley, Kettleman Plain, and Antelope Plain
(pl. 2). Farther south, the Elk Hills and the Buena
Vista Hills restrict the movement of ground water
from Buena Vista Valley. In the southern part of the
valley, the White Wolf fault is a barrier to ground-
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water movement, as is the Edison fault along the
southeastern part of the valley (Wood and Dale, 1964,
p- 28-29). Other faults are present throughout the San
Joaquin Valley, but they have not been shown definite-
ly to restrict ground-water movement.

TEXTURE

"Texture,” as used in the illustrations of this report,
means the proportion of coarse-grained to fine-grained
sediment in sedimentary rocks and deposits. Texture
was mapped only above the base of fresh water. In this
report, coarse-grained sediment is considered to con-
sist principally of sand, clayey and silty sand, gravel,
and clayey, silty, and sandy gravel; fine-grained sedi-
ment consists principally of clay, silt, and sandy clay
and silt. In order to determine texture, 685 geophysi-
cal logs mostly from oil and gas wells were used. These
logs show properties of sedimentary material and their
included fluid, such as resistivity and spontaneous
potential. The texture of sediments, as well as their
depth and thickness, can be determined from geophysi-
cal logs (Schlumberger Litd., 1972). In the sediments of
the Central Valley, for example, high resistivities are
interpreted as representing coarse-grained sediment
and low resistivities as representing fine-grained sedi-
ment (fig. 4). The spontaneous potential also is a guide
in determining coarse-grained and fine-grained sedi-
ment. Opposite a coarse-grained bed, the spontane-
ous-potential line, depending on water salinity in the
bed and fluid salinity in the borehole, moves either to
the right or left of a base line representing fine-grained
sediment. Although coarse-grained and fine-grained
sediment can be determined from geophysical logs, the
logs cannot be used to determine whether the coarse-
grained sediment is gravel or sand or whether a fine-
grained sediment is silt or clay. Furthermore, geo-
physical logs cannot be used to determine the degree of
cementation or sorting in a deposit; thus, some of the
coarse-grained sediment may consist of conglomerate
or sandstone, and some of the fine-grained sediment
may consist of siltstone or claystone.

Using geophysical logs and a computer program
written by H. T. Mitten of the Geological Survey
(written commun., 1980), texture maps of the sedi-
ments beneath the Central Valley were made by com-
puting and plotting the percentage of coarse-grained
sediment by quarter townships in depth intervals of
300 feet (figs. 5-21). Also, texture columns and sec-
tions for selected areas and graphs of the frequency of
occurrence of coarse-grained sediment by depth zones
were made for both the Sacramento and San Joaquin
Valleys (figs. 22-35). Many of the computations for
texture were for depths below 300 feet because the

REGIONAL AQUIFER-SYSTEM ANALYSIS

|
SPONTANEOUS RESISTIVITY CONDUCTIVITY |
POTENTIAL (ohms per squaremeter | / milliohms per meter=
(millivoits) = per meter) 1000 il
é ohms per square
T meter per meter
& | 18" NORMAL
10 o INDUCTION
= H +
50{2000 o
“"_ﬁi g§—
—18&
—
é g 4
|';
{
q
g = 5
| = %
5 ;
g{ﬁ=
5 —
| e
EXPLANATION
TEXTURE
Coarse-grained material

]
=

multiply by 0.3048

such as gravel, sand,
clayey and silty gravel,
and clayey and silty sand

Fine-grained material
such as clay, silt, sandy
clay, and sandy silt

To convert feet to meters

Figure 4. Geophysical logs for part of well 235/23E-25E.
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California Division of Oil and Gas requires that, before
an oil or gas well may be drilled, a casing must be set in
the ground from the surface to 10 percent of the total
depth of the well. This casing blocks the recording of
resistivity and spontaneous potential.

The maps and sections show texture down to the
base of fresh water (Berkstresser, 1973; Page, 1973).
They are not maps and sections for only one formation,
and undoubtedly many of the indicated depth zones
transgress formation contacts. In figure 35, the Sac-
ramento Valley is considered to include all the area in
the Central Valley from T. 1 N.(M) to T. 28 N(M), and
the San Joaquin Valley, all the area from T. 1 S.(M) to
T. 10 N.(S) (fig. 5).

The alluvial deposits of the Central Valley are a
heterogeneous mixture of sediments, which, over short
distances and depths, range from chiefly fine-grained
sediments to chiefly coarse-grained sediments, and
vice versa (figs. 6-34). Furthermore, the deposits do
not always grade from chiefly coarse-grained sedi-
ments near the flanks of the valley to chiefly fine-
grained sediments near its axis, although more gravel
is likely to be found along the flanks of the valley and
more sand near its axis. Nevertheless, some areas are
underlain chiefly by coarse-grained sediment and oth-
ers by fine-grained sediment, which indicates that
sources and depositional environment for areas con-
taining sediment of like size probably were similar for
long periods of time.

In the San Joaquin Valley near Tulare Lake bed, the
thick deposits of chiefly coarse-grained sediments at
depths ranging from less than 300 feet to about 3,000
feet (figs. 5-15) probably are largely of deltaic origin
(see "Lacustrine-Clay Distribution”) and were formed
where the streams of the alluvial fan dropped most of
their remaining coarse-grained load as they entered
lakes and marshes. West and southwest of Bakers-
field, the chiefly coarse-grained sediments were depos-
ited at depths ranging from less than 300 feet to about
3,900 feet (figs. 6-18) by the Kern River, its antece-
dents, and other streams in an area of rapid downwarp-
ing (de Laveaga, 1952, p. 102). Probably the sediments
are largely alluvial-fan deposits, but near Buena Vista
and Kern Lake beds some of the coarse-grained sedi-
ments are probably deltaic. Along the southeastern
flank of the San Joaquin Valley from north of Bakers-
field to T. 22 S., the mostly coarse-grained sediments
indicated at depths greater than about 1,500 feet (figs.
11-15)are largely flushed marine rocks and deposits,
such as the Santa Margarita Formation of various
authors (see “Marine Rocks and Deposits (Tertiary)”).

Some thick, mostly coarse-grained sediments un-
derlie the southeastern Sacramento Valley from the
American River south to the Calaveras River at depths
ranging from less than 300 feet to about 2,100 feet
(figs. 7-12). The sediments generally grade in a wester-
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ly direction from coarser to finer grained sediments
and in large part are probably alluvial-fan deposits laid
down by the American, Cosumnes, Mokelumne, and
Calaveras Rivers and their antecedents. Furthermore,
the great thickness of the mostly coarse-grained sedi-
ments, which extend from the basal part of the conti-
nental rocks and depostis to near land surface, indi-
cates that they have been deposited in parts of this
area for an extremely long time, probably much more
than 1 million years (pl. 3). Farther north, at depths
ranging from less than 300 feet to about 1,200 feet
(figs. 6-9), the mostly coarse-grained sediments under-
lying the immediate area around Sutter Buttes proba-
bly were derived for the most part from streams drain-
ing the Buttes, where the carrying power of the
streams increased as the rocks and deposits of the
Buttes were uplifted. North of Sutter Buttes, the
distribution of the mostly coarse-grained sediments at
depths ranging from less than 300 feet to about 1,200
feet (figs. 6-9) indicates that Big Chico Creek, Stony
Creek, the Feather River, and their antecedents proba-
bly have contributed proportionally more coarse-
grained sediment to the Sacramento Valley than has
the Sacramento River.

In the Central Valley, the thickest and most exten-
sive sections of fine-grained sediment underlie Tulare
Lake bed. There, the fine-grained sediments are more
than 3,600 feet thick in places and contain very few
coarse-grained beds. At depth, the sediments underlie
an area of nearly 1,000 mi®>. For the most part, these
chiefly lacustrine and marsh deposits are not shown on
the texture maps because they generally lie below the
base of fresh water and have been mapped for other
reports (Croft, 1972, pls. 3 and 4; Page, 1983b, fig. 10)
(plL 3).

Other areas in the Central Valley are also underlain
by mostly fine-grained sediments, but in those areas
the fine-grained sediments are interbedded with
coarse-grained sediments and are not nearly as thick or
homogeneous as the fine sediments underlying Tulare
Lake bed. Mostly fine-grained sediments lie along the
southeastern flank of the San Joaquin Valley between
Bakersfield and Portersville, at depths ranging from
less than 300 feet to about 1,500 feet (figs. 6-10); along
the western flank from north of the Kettleman Hills to
Los Banos and the area just to the east, at depths
ranging from less than 300 feet to about 2,700 feet
(figs. 6-14); and on the northwestern flank just west
and south of Tracy, at depths ranging from less than
300 feet to about 1,800 feet (figs. 6-11). Even in these
areas, however, some mostly coarse-grained sediments
are present (figs. 6-11). Many of these sediments prob-
ably were deposited in distal parts of alluvial fans or
along flood plains, and in some areas they may have
been deposited in small lakes and marshes. Further-
more, sediments derived from the Coast Ranges, such
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as most of those along the western side of the valley,
generally are finer grained than those derived from the
Sierra Nevada (Croft, 1972, p. 15) (figs. 6-12).

In the Sacramento Valley, mostly fine-grained sedi-
ments underlie areas along its northeastern flank just
south of Chico at depths ranging from about 600 feet
to about 900 feet (fig. 8) and along its southwestern
flank from just north of Cache Creek to T. 3 N. at
depths ranging from less than 600 feet to about 2,700
feet (figs. 8-12, and 14). The mostly fine-grained sedi-
ments near Chico may consist in part of tuffaceous
clay of the Tuscan Formation. As noted previously, the
Tehama Formation, which underlies most of the west-
ern part of the Sacramento Valley, is composed of
chiefly fine-grained sediments that for the most part
were probably deposited under flood-plain conditions.

Selected texture columns also indicate the
heterogeneity of the continental rocks and deposits
(fig. 22). In the NW, T. 24 N., R. 3 W., the percent-
age of coarse-grained sediments increases below
depths of about 600 feet; in the NW%, T.6 N, R. 3 E.,
the distribution of sediments has a more random pat-
tern but shows a general increase in mostly coarse-
grained sediment from depths of about 1,200 to 2,700
feet; and in the delta area in the NE%4, T. 3 N.,, R. 3 E.,
the percentage of coarse-grained sediments decreases
below a depth of about 1,200 feet. In the San Joaquin
Valley, the distribution of coarse-grained sediment is
fairly uniform in the SE'4, T. 20 S., R. 20 E., but the
percentage of coarse-grained sediment increases some-
what at depths between 1,500 and 2,400 feet; distribu-
tion of coarse-grained sediment also is fairly uniform in
the NWis, T. 28 S., R. 26 E., except for the smaller
percentage of coarse-grained sediment between depths
of 300 and 600 feet; distribution of coarse-grained
sediment in the SW¥, T. 28 S., R. 26 E,, is fairly
uniform except for the very large percentage of coarse-
grained sediment between depths of 300 and 600 feet;
and in the SW¥, T. 31 S,, R. 28 E., the distribution of
coarse-grained sediment is fairly uniform to a depth of
about 3,000 feet; below 3,000 feet the distribution is
fairly uniform, but the percentage of coarse-grained
sediment is smaller.

Obviously, local depositional environments have
had a great effect on the distribution of coarse- and
fine-grained sediments, as is indicated by the disparate
patterns of sediment distribution in the texture col-
umns for both the Sacramento and San Joaquin Val-
leys. The effect of local depositional environments also
is indicated by changes in distribution over relatively
small areas; for example, note the smaller percentage
of coarse-grained sediment in the NW%, T. 28 S., R. 26
E., compared with the percentage in the SW', T. 28
S., R. 26 E. (fig. 22). On the other hand, the effects of
regional events, such as glaciation in the Sierra Neva-
da, are not readily apparent in these columns, maps,
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and sections (figs. 6-34).

Texture sections also indicate the lateral and verti-
cal heterogeneity of the alluvial deposits in the Central
Valley (figs. 22-34). Most of the sections were drawn to
show changes in the percentage of coarse-grained sedi-
ment from high areas of present-day alluvial fans to
low areas. Section E-E’(fig. 25)indicates the percent-
age of coarse-grained sediment in a low-lying area of
the Sacramento Valley, where the percentage of
coarse-grained sediment is generally small. In using
the sections, it should be kept in mind that sediments
in zones of equal depth were not necessarily deposited
during the same time periods because depths of a given
bed can differ greatly, as indicated by the modified E
clay (pl. 4).

Many of the sections do not indicate a general
decrease in the percentage of coarse-grained sediment
from high to low areas, although deposits underlying
high areas generally contain more gravel, and those
underlying low areas, more sand. In both high and low
areas many of the deposits probably are poorly sorted
and are composed of clayey and silty sand or clayey,
silty, and sandy gravel. Some of the coarse-grained
sediment near the lower side of some sections probably
was deposited by either the Sacramento River or the
San Joaquin River, as in the SE%, T. 26 N, R. 3 W., in
section A-A’(fig. 23)or the NE%, T.1 N, R. 6 E,, in
section H-H’ (fig. 26). Near the lower side of some
sections, some of the fine-grained sediments are largely
lacustrine and marsh deposits, as in the SW4, T. 21 S,,
R. 21 E., and the SE¥%, T. 21 S., R. 2 E., in secton O-O’
(fig. 32)and in the SE4, T. 24 S., R. 22 E,, in section
P-P’ (fig. 33).

In the Central Valley, most of the deposits for which
data are available contain no more than 40 to 60
percent of coarse-grained sediment (fig. 35), where
coarse-grained sediment includes clayey and silty sand
and gravel. Bar graphs are shown for only those depth
zones that had 20 or more geophysical logs available.
For the most part, data for the thick fine-grained
sections underlying Tulare Lake bed were not included
in the computations (see ”Lacustrine and Marsh
Deposits”). By comparing depth zones in figure 35
with the appropriate texture map (figs. 6-16), the areal
distribution of the data used for the graphs can be
determined. For example, in the San Joaquin Valley, a
general increase in the percentage of coarse-grained
sediment between the depths of 1,500 and 2,700 feet
reflects in large part the influence of the mostly
coarse-grained sediment around Tulare Lake bed and
the Bakersfield area (figs. 11-14 and 35).

These maps and sections could be used by ground-
water managers as a general guide for selecting test-
hole sites and by modelers for assigning values for
transmissivity and coefficient of storage with smaller
values being assigned to the fine-grained sediments.
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The maps and sections could also be used as a
general guide for locating areas and depths of potential
land subsidence. In alluvial basins where thick beds of
fine-grained sediment have been deposited, as in the
Central Valley, compaction of such beds results in land
subsidence. For example, the greatest subsidence in
the Central Valley has been in the Los Banos-
Kettleman City area on the western side of the San
Joaquin Valley (Poland and others, 1975, fig. 5). There,
the maximum subsidence as of 1977 was 29.6 feet in an
area about 10 miles southwest of Mendota (Ireland and
others 1984, p. 7). Very little compaction has taken
place in the upper 300 feet of the deposits in the Los
Banos-Kettleman City area; most of the compaction
has been between depths below land surface of about
300 and 1,100 feet. In this area, largely fine-grained
sediments occur at those depths (figs. 7-9). Land has
subsided in areas underlain by relatively coarse-
grained sediment, as in the extreme southern part of
the San Joaquin Valley, where a maximum subsidence
of about 9 feet occurred between 1926 and 1970 (Ire-
land and others, 1982, fig. 30; Lofgren, 1975, pl. 4).
There, however, some thick beds of clay and silt lie
below depths of about 400 feet (Lofgren, 1975, tables 2
and 3). Land subsidence has also taken place along the
western flank of the Sacramento Valley; from 1949 to
1964, for example, land at Zamora subsided more than
0.6 foot (Lofgren and Ireland, 1973, p. 18). Mostly
fine-grained deposits underlie this part of the valley
from depths of about 300 to at least 2,700 feet (figs.
7-14). Of course, other factors contribute to the
amount and rate of compaction, such as water-level
decline and the compressibility of the silt and clay
beds.

SUMMARY AND CONCLUSIONS

The Central Valley of California comprises about
20,000 mi® and is about 400 miles long and averages
about 50 miles wide. The valley contains the Sac-
ramento Valley on the north and the San Joaquin
Valley on the south. Within the Central Valley, the
most extensive geomorphic units are (1) dissected
uplands, (2) low alluvial plains and fans, (3) river flood
plains and channels, and (4) overflow lands and lake
bottoms. The most prominent geomorphic unit is
Sutter Buttes.

Geologically, the Central Valley is a large, north-
westward-trending, asymmetric structural trough that
has been filled with as much as 6 miles of sediment in
the San Joaquin Valley and as much as 10 miles of
sediment in the Sacramento Valley; these sediments
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range in age from Jurassic to Holocene. Granitic and
metamorphic rocks crop out along most of the eastern
and southeastern flanks of the Central Valley. Marine
rocks of pre-Tertiary age crop out along most of the
western flank of the valley, and marine rocks and
deposits of Tertiary age crop out around Sutter Buttes
and along the western, southwestern, southern, and
southeastern flanks of the valley. Volcanic rocks and
deposits of Pliocene age crop out chiefly along the
northeastern flank.

In a few places in the San Joaquin Valley, marine
rocks and deposits have been flushed of saline water
and contain fresh water, which they yield to wells. In
the Sacramento Valley, marine rocks and deposits
have not been reported as yielding fresh water to wells.

Of all the volcanic rocks and deposits, only the
Tuscan Formation, which crops out in the northeast-
ern part of the Sacramento Valley, is of major impor-
tance to the fresh ground-water basin of the Central
Valley.

The post-Eocene continental rocks and deposits
contain most of the fresh ground water in the Central
Valley and crop out over virtually the whole valley. In
most places, these rocks and deposits are underlain by
or contain saline water at depth. They range in thick-
ness from 0 along the flanks of the Central Valley to
more than 15,000 feet in the extreme southern part. In
the southern part, however, the base of fresh water lies
at a maximum depth of about 4,700 feet—the thickest
section of fresh water in the Central Valley.

Some of the continental rocks and deposits of Terti-
ary age are not of great importance to the ground-
water basin of the Central Valley because they com-
monly contain saline water, or the nature of their
sediments prevents large yields to wells, or both.
Included in this group are the Ione Formation and the
Valley Springs Formation.

On the other hand, the Mehrten Formation is a unit
of continental rocks and deposits of Tertiary age that
is of great importance to the fresh ground-water basin
of the Central Valley. The Mehrten crops out along the
eastern side of the Central Valley and yields large
quantities of water to wells.

Although continental rocks and deposits of Tertiary
and Quaternary age compose a number of formations
and informal deposits, in total they make up the major
aquifer of the Central Valley. In most places, the
similarity of sediment type between the continental
rocks and some underlying rocks and deposits and
even between separate units of continental rocks and
deposits makes mapping of subsurface geologic con-
tacts, with any degree of certainty, difficult. In this
respect, a unit that can be mapped on the surface is
difficult to delineate in the subsurface, and although
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such a unit can be called an aquifer, it merges with
other units in the subsurface to form a major, wide-
spread aquifer. In places, the aquifer is separated by
confining beds which include lacustrine and marsh
deposits that are much thicker and more extensive in
the San Joaquin Valley than in the Sacramento Valley.

In the Central Valley, the continental rocks and
deposits consist of heterogeneous mixes of gravel,
sand, silt, and clay, and in places they contain beds of
claystone, siltstone, sandstone, and conglomerate.
Yields to wells from these rocks and deposits, except
from the lacustrine and marsh deposits, differ greatly
from place to place and range from about 20 to 4,500
gal/min.

Lacustrine and marsh deposits crop out in the San
Joaquin Valley beneath Buena Vista, Kern, and Tulare
Lake beds; they do not crop out in the Sacramento
Valley. The expansion of the lakes and resulting depo-
sition of extensive clays in the San Joaquin Valley
might have occurred in two ways: (1) as water drained
into the ancient structural basin beneath Tulare Lake
bed, the existing lake or lakes expanded; and (2)
streams to the north formed, or had formed, dams by
building alluvial fans out into the axis of the valley, so
that an expanding lake in the San Joaquin Valley could
have been dammed by alluvial fans. In the Sacramen-
to Valley, water from the rivers of the surrounding
area probably did not accumulate in a large, down-
warping basin like the one in the Tulare Lake bed area
because such a basin, in which large lakes could form
and expand, probably had not developed there. Before
any large lakes could form behind alluvial dams, the
dams in the Sacramento Valley probably were
breached by a through-flowing trunk stream compara-
ble to the present-day Sacramento River. Consequent-
ly, while widespread lacustrine clays were being depos-
ited in large lakes in the San Joaquin Valley, lacustrine
clays of only local extent probably were being deposit-
ed in relatively small lakes in the Sacramento Valley.

Continental deposits of Quaternary age include riv-
er deposits, flood-basin deposits, and sand dunes. The
deposits crop out chiefly along the major rivers and
streams of the valley as well as in other low-lying
areas. River deposits include channel and flood-plain
deposits; channel deposits consist chiefly of sand and
gravel; and flood-plain deposits consist chiefly of sand
and silt. River deposits are among the more permeable
in the valley. Flood-basin deposits consist chiefly of
fine silt and clay with some fine sand. Because of their
fine-grained nature, the flood-basin deposits would not
yield much water to wells and would impede the verti-
cal movement of water. Sand dunes, which crop out
chiefly in the eastern part of the San Joaquin Valley,
consist of medium-to-coarse sand and some sand and
silt that is very fine to fine. In general, the dunes are
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unsaturated, but they permit recharge from stream
runoff, precipitation, or irrigation return.

The large structural trough of the Central Valley is
the principal structure controlling the occurrence and
movement of ground water in the area. As the flanks
of the valley are higher than its axis, recharge from
tributary rivers and streams, as well as from irrigation
return, has caused heads in the ground water along the
flanks to be higher than those along the axis. In the
Central Valley, therefore, the overall ground-water
movement is from the flanks toward the axis and from
there toward the delta area. Secondary structures in
the valley also influence the occurrence and movement
of ground water, for example the Red Bluff arch at the
northern end of the valley and the White Wolf fault at
the southern end.

Texture columns, maps, and sections in depth inter-
vals of 300 feet show that thick, chiefly coarse-grained
sediments lie just north of Tulare Lake and that large-
ly coarse-grained sediments lie in the central-eastern
part of the valley and in the extreme southern part of
the valley, as well as around and north of Sutter
Buttes.

The thickest and most extensive sections of fine-
grained sediment underlie Tulare Lake bed. There, the
fine-grained sediments are more than 3,600 feet thick
in places, and at depth underlie an area of nearly 1,000
mi®. Other areas in the valley are also underlain by
mostly fine-grained sediments, but in those areas the
fine-grained sediments are interbedded with coarse-
grained sediments and are not nearly as thick and
homogeneous as the fine sediments underlying Tulare
Lake bed. Such areas of mostly fine-grained sediments
lie along the southeastern, northeastern, and western
flanks of the valley.

The post-Eocene continental rocks and deposits of
the Central Valley, therefore, constitute a heterogene-
ous mixture in which texture differs over short dis-
tances and depths from chiefly fine-grained to chiefly
coarse-grained sediments and vice versa. Obviously,
local depositional environments have had a great effect
on the distribution of coarse- and fine-grained sedi-
ments, as indicated by the disparate patterns of sedi-
ment distribution in the texture columns, maps, and
sections. On the other hand, the effects of regional
events, such as glaciation in the Sierra Nevada, are not
readily apparent in these illustrations.

Although the texture of the continental rocks and
deposits differs greatly over short distances and
depths, some areas in the Central Valley are underlain
chiefly by coarse-grained sediment and others by fine-
grained sediment; for those areas that have like sedi-
ment size, sources and depositional environments
probably were similar for long periods of time. The
thick section of fine-grained sediments underlying
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Figure 6. Texture map of post-Eocene rocks and deposits above base of fresh water,
depth interval 0 to 300 feet.

Tulare Lake bed is an example. The distribution of grained sediment to the Sacramento Valley than has
thick, coarse-grained sediments north of Sutter Buttes the Sacramento River.

indicates that through time Big Chico Creek, Stony In the Central Valley, most of the rocks and depos-
Creek, the Feather River, and their antecedents proba- its contain no more than 40 to 60 percent coarse-
bly have contributed proportionally more coarse- grained sediment, where coarse-grained sediment in-
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cludes clayey and silty sand and clayey and silty
gravel.

The texture maps and sections could prove useful to
ground-water managers as a general guide for selecting
test-hole sites and to modelers for assigning values for
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transmissivity and coefficient of storage with smaller
values being assigned to the fine-grained sediments.
The maps and sections also could be used as a general
guide for locating areas and depths of potential land

subsidence.
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Figure 8. Texture map of post-Eocene rocks and deposits above base of fresh water,
depth interval 600 to 900 feet.

Although widespread lacustrine clays have been
deposited in the San Joaquin Valley, similar wide-
spread clays probably*have not been deposited in the
Sacramento Valley. As a result, ground water in the
San Joaquin Valley is confined over large areas

beneath widespread clays, in addition to unconfined
and locally confined conditions, but ground water in
the Sacramento Valley is confined probably over rela-
tively small areas beneath clays of only local extent.
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Figure 11. Texture map of post-Eocene rocks and deposits above base of fresh water,
depth interval 1,500 to 1,800 feet.
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Figure 12. Texture map of post-Eocene rocks and deposits above base of fresh water,
depth interval 1,800 to 2,100 feet.
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Figure 13. Texture map of post-Eocene rocks and deposits above base of fresh water,
depth interval 2,100 to 2,400 feet.
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Figure 14. Texture map of post-Eocene rocks and deposits above base of fresh water,
depth interval 2,400 to 2,700 feet.
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Figure 15. Texture map of post-Eocene rocks and deposits above base of fresh water,
depth interval 2,700 to 3,000 feet.



C36

T.28N.

T.25N.

T.20N.

T.15N.

T.10N.

T.5N.

T.IN.

T.18.

T.58.

T.10S.

T.15S.

T.20S.

T.258.

REGIONAL AQUIFER-SYSTEM ANALYSIS

: - . wi ui ui ui wi
2 8 ¢ 4 2 o S g g
o o o [ [+ o [+ [ o
I 1T TTTTTTT T T T TTTI T I T T T I T I T T T I T T T T 0]
B EXPLANATION _|r.28N.
= TEXTURE AND SYMBOLS: Texture is shown —
- as the percent coarse-grained material in a —I1.25N
- depth interval. Coarse-grained refers toj TR
— material such as gravel, sand, clayey and
— silty gravel, and clayey and silty sand. Tex- —]
l: ture symbols are plotted for each quarter |
township where data are available. “I1.20N.
= = 21-40 percent coarse-grained material  —
— + 41-60 percent coarse-grained material  —
~ + 61-80 percent coarse-grained material _|T.15N.
— .10
— —IT5N.
- Susun Bay il
= “Iran.
- _|T.18.
= “rss.
: Gust ]
[ “Ir.10s.
— —
: Panoche Cr. : T.158.
[ : ® Visalia, g ]
- oke wé"“ :
[ e “.20s.
rvlile
. T]r.2ss.
B Wasco® 2ir—.. =
= DAk
___ &“"!'A‘ékersﬁ ___ T.308S.
— Buena Vistol{uke Bed ‘“‘","*@! o
- o 20 40 60 MILES 5 &b:“ \ =.‘F?§ﬁ
k T T Tt - exture map . 5
: 0 20 40 60 KILOMETERS by R.W. Page and E.A. Siiver (1981) N — 1]}5:
LI et tri il
S - - = — - - T
i o« o o [+ - S o e
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