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CONVERSION FACTORS

For readers who may prefer to use the International System of Units rather 
than inch-pound units the conversion factors for the terms used in this report 
are listed below:

Multiply By

acres 0.4047 
ft (feet) 0.3048 
inches 25.4 
mi (miles) 1.609 
mi2 (square miles) 2.590 
|jmho/cm at 25°C 1.000

(micromhos per
centimeter at 25° Celsius)

To obtain

ha (hectares)
m (meters)
mm (millimeters)
km (kilometers)
km2 (square kilometers)
pS/cm at 25°C

(microsiemens per
centimeter at 25° Celsius)

Degrees Fahrenheit are converted to degrees Celsius by using the formula 
Temp °C = (temp °F - 32)/I.8.

National Geodetic Vertical Datum of 1929): A geodetic datum derived from a 
general adjustment of the first-order level nets of both the United States 
and Canada, formerly called mean sea level. The datum is shown as sea level 
in the geologic sections.
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GEOLOGY OF THE TULARE FORMATION AND OTHER CONTINENTAL DEPOSITS, 

KETTLEMAN CITY AREA, SAN JOAQUIN VALLEY, CALIFORNIA,

WITH A SECTION ON 

GROUND-WATER-MANAGEMENT CONSIDERATIONS AND USE OF TEXTURE MAPS

By R. W. Page

ABSTRACT

The Tulare Formation and other continental deposits of Pliocene to 
Holocene age crop out over most of the 1,040 square-mile area near Kettleman 
City in the San Joaquin Valley of California. These deposits range in thick­ 
ness from 0 to more than 4,000 feet and overlie the upper Mya zone of the San 
Joaquin Formation of Pliocene age. Some features of the base, which ranges in 
depth from 0 to more than 4,000 feet, include a trough in the central part of 
the area, a steep, northeastward-sloping surface in and near the Kettleman 
Hills, and a deep, northwestward-trending trough just east of the hills. 
These features reflect structural deformation during Quaternary time.

Many freshwater fossils are found in the Tulare Formation itself, includ­ 
ing the largest fossil assemblage of clams and snails known on the Pacific 
Coast.

Sediments in the Tulare Formation and other continental deposits consist 
mainly of unconsolidated deposi'ts of clay, silt, sand, and gravel. In the 
study area, these sediments have been deposited as alluvial-fan, deltaic, 
flood-plain, lake, and marsh deposits.

Texture maps of the Tulare Formation and other continental deposits show 
that most of the sandy and gravelly coarse-grained sediment lies beneath the 
northern, eastern, and southern parts of the study area to depths greater than 
1,800 feet. Most of the silty and clayey fine-grained sediment lies beneath 
the western and central parts of the area to depths of about 1,400 feet. 
Below 1,400 feet the fine-grained sediment becomes more widespread, and at 
depths of 2,400 to 2,800 feet it underlies most of the area.

Texture maps made during this study can be useful in making water- 
management decisions, such as where to drill wells in order to get large 
yields. The maps also can be used by ground-water modelers for determining 
relative values for hydraulic conductivity and storage coefficient.

Other factors involved in making water-management decisions in the area 
include the gas that occurs in the Tulare Formation and other continental 
deposits, and saline water that underlies the entire area.



INTRODUCTION

Purpose and Scope

The purpose of this report is to compile the available geologic 
information on the Kettleman City area of the Central Valley that would aid 
others in the proper management of the valley's ground-water resources.

The scope of the study included the collection, assembly, and evaluation 
of data (1) to determine the depth to the base and the thickness of the Tulare 
Formation of Pliocene and Pleistocene age and other continental deposits of 
Pliocene to Holocene age; (2) to describe the types of sediment in those 
deposits; (3) to show the relative proportions of coarse-grained to fine­ 
grained sediment in the Tulare Formation and other continental deposits; and 
(4) to consider the geology as related to the management of ground water and 
the design of hydrologic models in the area. The investigation did not 
include any fieldwork.

Location and General Features

The study area comprises about 1,040 square miles in the Kettleman City 
area of the San Joaquin Valley (fig. 1). Boundaries of the area were deter­ 
mined by the extent of a fossil zone in the underlying San Joaquin Formation 
of Pliocene age (see p. 7). Lake bottoms, or beds, are the principal land- 
forms in the area (fig. 2) and are characterized by very gentle slopes of the 
land surface (Davis and others, 1959, p. 29). At times the lake bottoms are 
flooded, but throughout most of the year they are farmed. Davis and others 
(1959, pi. 1) mapped overflow lands and lake bottoms as one unit, but their 
text (p. 28-29) indicates that Tulare Lake bed is the principal landform in 
the study area. Other landforms in the area are Goose Lake bed and overflow 
lands to the south, low alluvial plains and fans that bound the lakebeds on 
the north, east, and west, and dissected uplands that lie along the western 
and southern edges of the area (fig. 2). The Kettleman Hills, lying along the 
northwestern boundary of the area, have been mapped by Davis and others (1959, 
pi. 1) as part of the Coast Ranges. Summers in the area are hot and dry, and 
winters are cool and relatively moist (table 1).
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TABLE 1. - Normal 1 temperature and precipitation, Kettleman Station 

(from [U.S.] National Oceanic and Atmospheric Administration 1979, p. 4 and 18)

.. ,_, Temperature Precipitation .. . Temperature Precipitation
Month *. 0_ N ,. * . Month >0_. f . t_ ,

(°F) (inches) (°F) (inches)

January
February
March
April
May
June

Total---

47.3
52.2
56.3
62.5
69.6
77.0

1.17
1.26
.88
.67
.26
.03

July
August
September
October
November
December

84.5
82.5
77.6
68.1
56.7
47.9

0.02
.04
.05
.21
.68
.85

6 1 o

1Normals are climatological normals based on the period 1941-70 
([U.S.] National Oceanic and Atmospheric Administration, 1979, p. 27).

Previous Reports

In any study of an area, a knowledge of the works of others is essential 
for gaining an understanding of that area and for ensuring that work is not 
duplicated. Geologic reports pertinent to the study area include the 
following:

American Association of Petroleum Geologists, 1958, geologic section
through the eastern part of the study area; 

Croft, 1972, discussion of geology, maps showing the structure of three
extensive clays; 

Croft and Gordon, 1968, discussion of geology, geologic map, and geologic
sections in northern part of area; 

Davis and others, 1959, discussion and map of landforms, discussion of
geology, map of an extensive lake clay, and geologic sections; 

  Frink and Kues, 1954, discussion of a lake clay of Pleistocene age; 
Hill, 1964a and b, discussion of geology, structure map of the upper Mya

zone--a fossil zone containing clams, and geologic sections in the
central part of the area; 

Hilton and others, 1963, discussion of geology, and geologic sections in
southeastern part of area;

Hoots and others, 1954, structural contour map of the lower Pliocene; 
Kaplow, 1940, discussion of geology, structure maps of the upper Mya

zone, and geologic sections in the central and southern part of area; 
Lofgren and Klausing, 1969, discussion of geology and geologic sections

in eastern part of area; 
Miller and others, 1971, discussion of geology, and geologic sections in

northeastern part of area; 
Page, 1981, basic-data report for the upper Mya zone in the study area;

and Woodring and others, 1940, discussion of geology, geologic map,
and geologic sections of the Kettleman Hills along the northwestern
part of the study area.



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 
26S/23E-6J, the part of the number preceding the slash indicates the township 
number (T. 26 S.); the number after the slash indicates the range (R. 23 E.); 
the number after the hyphen indicates the section (sec. 6); and the letter 
after the section number indicates the 40-acre subdivision of the section as 
indicated on the diagram below. Locations of most wells were taken from 
published maps and reports (Page, 1981a). Wells were not field located by the 
Geological Survey except for wells 23S/23E-33A1 and 27S/23E-1R1. The final 
digit in those well numbers indicates that the wells were the first to be 
field located in their particular 40-acre subdivision. The entire study area 
is south and east of the Mount Diablo base line and meridian.
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GEOLOGY OF THE TULARE FORMATION AND OTHER CONTINENTAL DEPOSITS

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 of Pliocene age (Woodring and others, 1940, p. 13-14). 
Upper Mya zone refers to the uppermost strata in which the burrowing 
pelecypod, or clam, Mya occurs in the San Joaquin Formation. This base marks 
a change from a dominantly marine environment to a continental environment of 
lakes, swamps, and streams. The upper Mya zone can be traced with a 
reasonable certainty over a considerable distance in the Kettleman Hills 
(Woodring and others, 1940, p. 13-14).

Kaplow (1940, pis. 3 and 5) mapped the base of the Tulare Formation as 
the top of the San Joaquin clay of Barbat and Galloway (1934) of Pliocene age. 
This clay lies about 500 feet above the Mya zone in the area of Buttonwillow 
and Semitropic Ridges (fig. 2). Kaplow (1940) did not mention an environ­ 
mental change at the top of the upper Mya zone, but he did say that the upper 
Mya zone was by far the best subsurface marker in the area.

Later, Hill (1964a, p. 14), following the lead of Woodring and others 
(1940), defined the upper Mya zone in parts of T. 23 S. , Rs. 21 and 22 E. as 
the top of the San Joaquin Formation, and the base of the Tulare Formation as 
the layer just above that zone. He indicated that the top of the upper Mya 
zone marked the greatest environmental change in the area and assumed that the 
contact between the San Joaquin Formation and the Tulare Formation was con­ 
formable (Hill, 1964a, p. 14), suggesting only slight erosional or structural 
changes over time between the two formations.

In this report, the base of the Tulare Formation is considered to be just 
above the upper Mya zone, except in the subsurface along the eastern side of 
the area where sediments from the Sierra Nevada have been deposited (fig. 3). 
The Tulare Formation is considered by most workers to include only that sedi­ 
ment derived from sources on the west side of the valley (Davis and others, 
1959, p. 52); whereas, in the study area, sediments derived from the east side 
of the valley have, as yet, not been formally defined. The American 
Association of Petroleum Geologists (1958), however, showed that the eastern 
part of the study area is underlain by the Tulare Formation or the Kern River 
Formation, which is probably equivalent to the upper part of the Kern River 
Series of Diepenbrock (1933).

Nevertheless, without attempting to define the eastern extent of the 
Tulare Formation, the Tulare and sediments from the east side of the valley 
are here grouped as the Tulare Formation and other continental deposits. They 
crop out over most of the area (pi. 1). This grouping also includes the 
younger alluvium of Holocene age and the older alluvium of Pleistocene age 
that overlie the deformed Tulare Formation in the Kettleman Hills (Woodring 
and others, 1940, p. 13). Beneath Tulare Lake bed these two alluvial units 
cannot be easily distinguished from the Tulare Formation because of 
similarities in sedimentary material.
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Depth, Thickness, Base, and Structure

The depth to the base of the Tulare Formation and other continental 
deposits (pi. 1) was mapped on the basis of 292 identifications of the upper 
Mya zone in the study area (Page, 1981), structure-contour maps and geologic 
sections showing the upper Mya zone by Hill (1964a, pi. 2; 1964b, pis. 3 and 
4) and Kaplow (1940, pis. 2, 3, 5, and 7), as well as areas where the base of 
the Tulare Formation is exposed in the Kettleman Hills (Woodring and others, 
1940, pi. 3). Because the depth to the base of these deposits is measured 
from land surface, their present thickness is also defined. Thus, the Tulare 
Formation and other continental deposits range in thickness, as well as depth 
to base, from zero where the Tulare Formation lies in contact with the San 
Joaquin Formation in the Kettleman Hills to more than 4,000 feet just east of 
the hills (pi. 1). In both of those areas, the Tulare Formation is the 
principal deposit.

It should be mentioned that, because the Tulare Formation was eroded as 
the Kettleman Hills were being uplifted, its present thickness in this area is 
not its original thickness, and that its thickness of 0 foot at its contact 
with the San Joaquin Formation does not indicate that the Tulare Formation 
pinched out in the area of the Kettleman Hills. On the contrary, Woodring and 
others (1940, p. 16-22) described thick sections of the Tulare on both the 
east and west flanks of the Kettleman Hills, indicating that the Tulare 
Formation was quite thick prior to uplift and erosion of the hills. For 
example, on the east flank of the Kettleman Hills the exposed Tulare is as 
much as 1,700 feet thick, and on the west flank it is as much as 3,500 feet 
thick (Woodring and others, 1940, p. 14).

Some of the features of the base of the Tulare Formation and other conti­ 
nental deposits are (1) a trough near Wilbur Ditch in the north-central part 
of the area, (2) two rather shallow areas at Buttonwillow and Semitropic 
Ridges, (3) a fairly shallow area between the Homeland Canal and the Liberty 
Farms East Canal, (4) a steep, northeastward-sloping surface in and near the 
Kettleman Hills, and (5) a deep, northwestward-trending trough just east of 
the Kettleman Hills (fig. 2; pi. 1). In addition, the base slopes south- 
westward near the southern part of the area and northwestward along the long 
axis of the area (pi. 1). Although a depth and thickness map cannot be used 
to properly interpret structure, the features shown on plate 1 reflect some of 
the structure in the area. Furthermore, it is assumed that the top of the 
upper Mya zone can be used as a structural datum because in the study area it
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has been used to successfully define the structure of five gas fields (Hill, 
1964a, 1964b, and Kaplow, 1940). Thus, the two shallow areas at Buttonwillow 
and Semitropic Ridges reflect the structure of two elliptical domes in that 
area (Kaplow, 1940, pi. 2); the shallow area between the Homeland Canal and 
the Liberty Farms East Canal partially reflects the structure of a dome and an 
anticlinal nose (Hill, 1964a, pi. 2); the rather steep, northeastward-sloping 
surface in and near the Kettleman Hills reflects the uplift that occurred at 
the close of the deposition of the Tulare Formation in Quaternary time (Hoots 
and others, 1954, p. 128); and the deep, northwestward-trending trough just 
east of the Kettleman Hills reflects a syncline, or downwarping, that also 
occurred as an effect of that uplift (Hoots and others, 1954, p. 129, pi. 5).

Furthermore, Davis and Green (1962, p, 90) postulated that the Tulare 
Lake area is an area of downwarping. Parts of the area have not only been 
sinking structurally, they also have been subsiding as fine-grained beds 
compacted because of ground-water overdraft (Poland and others, 1975, figs. 1, 
5, and 12-17).

Fossils

Many freshwater fossils are found in the Tulare Formation itself. 
Woodring and others (1940, p. 104) said that the lower part of the Tulare 
Formation contains the largest fossil assemblages of freshwater mollusks, 
chiefly clams and snails, known on the Pacific Coast. Hill (1964a, table 1) 
showed that in parts of T. 23 S., Rs. 21 and 22 E. the freshwater clam 
Anodonta, the freshwater and brackish-water snail Amnicola, and the fresh­ 
water snails Fluminicola, Planorbis, and Pyrgulapsis occur in the Tulare 
Formation. And Croft (1972, p. 22) reported that the freshwater clam 
Sphaerium kettlemanense (Arnold), and the freshwater snails Valvata utahensis 
(Call), Lithoglyphus seminalis (Hinds), and Tryonia? occur about 50 feet above 
the E clay of Pleistocene age at a depth of 600-602 feet in sec. 31, T. 20 S., 
R. 19 E.

Lohman (1938, p. 88) identified 136 species and varieties of diatoms that 
were found in the Tulare Formation in the Kettleman Hills. Further, Davis and 
others (1959, p. 78, pi. 14) said that Lohman identified 113 species of dia­ 
toms that were found in their diatomaceous clay, which underlies a large part 
of the San Joaquin Valley. According to Lohman these species represent a 
dominantly freshwater to somewhat brackish-water flora (Davis and others, 
1959, p. 78-79).
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Sedimentary Material

Sedimentary material in the Tulare Formation and other continental 
deposits consists principally of unconsolidated clay, silt, sandy clay and 
silt, sand, clayey and silty sand, gravel, and clayey, silty, and sandy gravel 
(fig. 3). Locally, the deposits consist of more consolidated material such as 
conglomerate and sandstone. Hill (1964a, p. 14) mentioned the occurrence of 
conglomeratic deposits in parts of T. 23 S., Rs. 21 and 22 E., but most of 
the deposits in that area consist of clay, sand, and gravel (Hill, 1964a, 
table 1). In the Kettleman Hills, the Tulare Formation consists principally 
of sandstone, most of which is cross-bedded, silty, and pebbly, and conglom­ 
erate (Woodring and others, 1940, p. 13). There, most of the conglomerate and 
sandstone is poorly consolidated (Woodring and others, 1940, p. 13); thin- 
bedded, fine-grained sediments of silt, fine-grained sandstone, tuff, and 
limestone are also present. Miller and others (1971, p. 21) reported that in 
the northern part of the Kettleman Hills the Tulare Formation consists prin­ 
cipally of sand, much of which is silty, pebbly, and crossbedded; it also 
contains some gravel, apparently laid down as stream deposits. Beneath Tulare 
Lake bed, the Tulare Formation and other continental deposits consist prin­ 
cipally of silt and clay. Croft (1972, p. 13) considered the boundary between 
the upper Mya zone and the overlying deposits as probably representing a 
gradational change from mostly consolidated rocks, such as shale and 
sandstone, to mostly unconsolidated deposits, such as clay and sand.

Source and Depositional Environment

All the continental sedimentary material in the study area was derived 
chiefly from either the Sierra Nevada on the east or the Coast Ranges on the 
west (figs. 1 and 3). Some material probably was derived from those parts of 
the Sierra Nevada and Coast Ranges that form the southern border of the San 
Joaquin Valley. The type of material deposited is dependent on controls such 
as (1) type of rock in the source area, (2) competence of the streams that 
transported the sediments, and (3) environment of deposition.

The Sierra Nevada are composed of igneous and metamorphic rocks. Sedi­ 
ments derived from them have abundant feldspar, mica, and quartz. The Coast 
Ranges are composed of gypsiferous marine shale, sandstone, and volcanic 
rocks. Sediments derived from them are gypsiferous, and contain more rock 
fragments and are darker than those from the Sierra Nevada (Meade, 1967, 
p. 5). Sediments derived from the Sierra Nevada were transported mostly by 
major perennial streams; those derived from the Coast Ranges were transported 
mostly by ephemeral streams of intermediate to small size (Bull, 1964a). As a 
result of stream competence and source, sediments derived from the Sierra 
Nevada are, except for rock fragments, generally coarser than those derived 
from the Coast Ranges. Climatic change and uplift during the Quaternary have 
also influenced the competence and capacity of the streams (Croft, 1972, 
p. 15, and Mack, 1969).

In the study area, sediments have been deposited as alluvial-fan, flood- 
basin, lake, and marsh deposits (figs. 4 and 5), as well as deltaic deposits 
(not shown).

12



a/,

FIGURE 4.   Idealized alluvial fan.

Flood overflow 
Buena Vistc

Flood
and marsh

Block diagram by Dale and others(1964, fig. 7) 
Modified by R.W. Page, 1980

FIGURE 5.   Generalized geologic section and view of part of the Central Valley.

13



Alluvial-Fan Deposits

Alluvial-fan deposits generally grade from coarse-grained material near 
the head of the fan to finer-grained material near the toe. Depending on 
source areas, there are boulders, cobbles, gravel, and sand, mixed with some 
silt and clay, near the fan head. Near the middle of a fan may be found more 
sand and gravel with clay and silt; near the toe may be found sand, silt, and 
clay with some gravel. Within any segment of a fan can be found coarse­ 
grained deposits, representing a bar or a main channel of a stream, and finer- 
grained deposits representing natural levees and overbank deposits. Further­ 
more, through time the main channel of a stream changes course and cuts and 
fills across previous deposits. Also, alluvial fans may join together out in 
the valley. Thus, deposits within alluvial fans comprise a heterogeneous 
mixture of coarse- and fine-grained material; these deposits tend toward hues 
of brown, red, and yellow because of oxidizing in subaerial environments.

Alluvial deposits in the study area were formed near the toes of alluvial 
fans. Miller and others (1971, pis. 3 and 4) showed that alluvial deposits 
near the northern part of the study area are as much as 1,950 feet deep and 
1,650 feet thick. These deposits, as in other parts of the area, are inter- 
bedded with and overlie deltaic, flood-plain, lake, and marsh deposits. 
Woodring and others (1940) described beds of dark brown clay and silt, and 
beds of yellow and yellowish-brown sandstone as occurring in the Kettleman 
Hills; these beds probably were deposited as alluvial fans. Lofgren and 
Klausing (1969, fig. 5) showed that alluvial-fan deposits are as much as 
1,050 feet deep and 1,000 feet thick in the eastern part of the area, and 
Croft (1972, pi. 1) showed that alluvial-fan deposits are as much as 
1,050 feet deep and 980 feet thick in the southeastern part. Furthermore, 
alluvial-fan and some deltaic and lake deposits are indicated in the log of 
test hole 27S/23E-1R1 (depth 1,160 feet) from depths of 0 to about 890 feet 
(H. B. Goldman, U.S. Bureau of Reclamation, written commun., 1953).

Deltaic Deposits

Deltaic deposits were formed where the streams of alluvial fans dropped 
most of the remainder of their coarse-grained load as they entered lakes or 
marshes in the low-lying area, with the lakes and marshes, as well as the 
flood plains, receiving large quantities of fine-grained material. Miller and 
others (1971, p. 28) indicated that in the Tulare Formation near the northern 
part of the study area deltaic deposits consist primarily of bluish-green or 
greenish-gray, medium to well-sorted sand that is crossbedded and has 
depositional dips of 10°-40°.
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Miller and others (1971, p. 28, pi. 4) mentioned that sandy deposits of 
presumably deltaic origin begin just north of the study area at a depth of 
about 350 feet and are about 2,000 feet thick. Woodring and others (1940, 
p. 13-26) did not mention deltaic deposits. Lofgren and Klausing (1969, 
pis. 4 and 5) also mapped reduced flood-plain and lacustrine deposits in the 
eastern part of the area; presumably, parts of these deposits are of deltaic 
origin. Croft (1972, p. 23) mentioned reduced deposits of alluvium that are 
bluish-green, fine to coarse sand, silt, and clay that interfinger with flood- 
basin, lake, and marsh deposits beneath Tulare Lake bed. Presumably, some of 
these reduced deposits of alluvium are of deltaic origin. Logs of test holes 
23S/23E-33A1 (depth 1,200 feet) and 27S/23E-1R1 indicate beds of olive-gray, 
greenish-gray, and dark-greenish-gray well sorted sands, as well as some other 
material, from depths of 255 to 1,200 feet and 890 to 1,160 feet respectively 
(H. B. Goldman, U.S. Bureau of Reclamation, written commun., 1953). Although 
crossbedding is not mentioned, most of these beds probably are of deltaic 
origin as indicated by their color, sorting, and chiefly sandy nature.

Flood-Plain, Lake, and Marsh Deposits

Flood-plain, lake, and marsh deposits consist primarily of olive-brown, 
bluish-green, and greenish-blue beds of sand, silt, and clay. Miller and 
others (1971, p. 28) reported that flood-plain deposits in the Tulare 
Formation are coarser than those now being laid down on the central floor of 
the valley. Furthermore, lake and marsh deposits are more homogeneous than 
flood-plain deposits and generally are fine-grained except where mixed with 
deltaic sands from the Sierra Nevada (Miller and others, 1971, p. 28 and 30). 
The fine-grained deposits underlying the SW% T. 23 S. , R. 20 E. are more than 
3,600 feet thick, and their base lies at a depth greater than 3,600 feet 
(pl. 2).

If it were possible to open the Earth and look at the lake and marsh 
deposits, as well as some flood-plain deposits, in the study area they would 
appear as a thick plug of mostly clay and silt with discs of clay and silt 
emanating from the plug at irregular intervals (fig. 3). Croft (1972, 
pis. 1-6, p. 17-21) mapped six of these discs and designated them from 
youngest to oldest by the letters A-F. The A, C, and E clays of Quaternary 
age are the more extensive.
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In the study area, the E clay is equivalent to the Corcoran Clay Member 
(Pleistocene) of the Tulare Formation and the diatomaceous clay of Davis and 
others (1959, pi. 14, p. 76-81); it lies below most of the area (Croft, 1972, 
pis. 1, 3, and 4) (pi. 1). In the northeastern part of the San Joaquin 
Valley, where virtually all deposits were derived from the Sierra Nevada, 
Marchand and Allwardt (1981, p. 34) considered that the Corcoran Clay Member 
of the Tulare Formation was also a member of the Turlock Lake Formation of 
Pleistocene age. The age of the Corcoran Clay Member or E clay (Croft, 1972, 
p. 18) is approximately bracketed by two dates determined from K-Ar (potas­ 
sium-argon) dating techniques. Davis and others (1977, p. 388) reported that 
an ash found in the basal part of Croft's (1972, p. 18) E clay, in a test hole 
near Wasco, is about 725,000 years old. They considered this ash to be most 
probably the Bishop tuff (Davis and others, 1977, p. 388). In addition, they 
reported that a reversal in polarity occurred about 700,000 to 750,000 years 
ago represented by strata 12 feet below the ash at the base of the E clay 
(Davis and others, 1977, p. 388-389); this wide range in age is attributed to 
"a large margin of uncertainty" in the K-Ar dating of the ash and the sedi­ 
mentation rate of the clay between the ash and the reversal (Davis and others, 
1977, p. 388-389). Because of new decay constants for K-Ar dating techniques, 
the ash is now considered to be about 730,000 years old (Marchand and 
Allwardt, 1981, p. 33). The exact date of the reversal in polarity is still 
unknown. 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 conform­ 
ably overlies the Corcoran Clay Member. Using the new decay constants, G. B. 
Dalrymple (Marchand and Allwardt, 1981, p. 34) dated two separate collections 
of the Friant Pumice Member as 612,000131,000 years and 618,000131,000 years. 
Janda and Croft (1967) did not mention the Bishop tuff 1 as being in the area 
of the Friant Pumice Member, and Davis and others, (1977, p. 385) did not find 
the Friant Pumice Member in their test holes near Wasco. Therefore, the data 
concerning the bracketing of the age of the Corcoran Clay Member of the Tulare 
Formation and the Turlock Lake Formation is not conclusive. Nevertheless, 
because the Friant Pumice Member was found immediately above the Corcoran Clay 
Member near the axis of the San Joaquin Valley, and the reversal in polarity 
was found near the axis of the valley at the base of the Corcoran Clay Member, 
it can be inferred that the Corcoran Clay Member ranges in age from 
approximately 615,000 to 750,000 years before present time.

1Marchand and Allwardt (1981, p. 34) noted that "Considerable uncertainty 
exists as to whether the Friant Pumice Member is correlative with the Reds 
Meadows tuff of the upper San Joaquin drainage and with the Bishop tuff...," 
but if the Friant Pumice Member overlies the Corcoran Clay Member (Janda and 
Croft, 1967, p. 164) and if the probable Bishop tuff lies near the basal part 
of the Corcoran Member (Davis and others, 1977, p. 388) then the Friant Pumice 
Member and the probable Bishop tuff of Davis and others (1977, p. 388) are not 
correlative.
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Janda and Croft (1967, p. 168) suggested that some of the clays older 
than the A clay (Croft, 1972, p. 18-20) may have been deposited in large lakes 
that were coeval with glaciation in the Sierra Nevada (U.S. Geological Survey, 
1965, p. A100), but Davis and others (1977, p. 389) suggested that the E clay 
(Croft, 1972) may represent an interglacial stage.

The C clay of Pleistocene age was mapped beneath the northern, eastern, 
and southern parts of the area but was not identified beneath Tulare Lake bed 
because of similarities in sedimentary material (Croft, 1972, pis. 1, 3, and 
5) (pi. 1). As one of the older clays of Croft (1972), the C clay may have 
been deposited in a large lake during a glacial stage in the Sierra Nevada 
(Janda and Croft, 1967, p. 168, and U.S. Geological Survey, 1965, p. A100).

The A clay of Pleistocene and Holocene (?) age was mapped beneath the 
northern, northeastern, and southern edges of the study area (Croft, 1972, 
pis. 1, 3, and 6) (pi. 1). The A clay was not identified beneath Tulare Lake 
bed because of similarities in sedimentary material. Janda and Croft (1967, 
p. 168), said that the age of their youngest clay, the A clay of Croft (1972, 
p. 20-21), was bracketed by radiocarbon dating done by Meyer Rubin of the 
U.S. Geological Survey. These radiocarbon dates were from wood collected 
3 feet beneath the A clay and for wood within the upper part of the clay and 
are 26,780 ± 600 years and 9,040 ± 300 years respectively (Croft, 1972, 
p. 21). Janda and Croft (1967, p. 168) considered the A clay to have been 
deposited in a large lake coeval with the Wisconsin Glaciation.

Croft (1972, p. 18) said that the flood-plain, lake, and marsh deposits 
range in age from late Pliocene to Holocene; therefore, deposition of these 
mostly fine-grained deposits has been going on for more than 2 million years. 
And, except for the expansion of the lake, as represented by the Corcoran Clay 
Member of the Tulare Formation (Croft, 1972, pi. 4), the ancient lakes and 
marshes of probable late Pliocene or early Pleistocene age occupied a much 
larger area for a longer period of time in the eastern and southeastern parts 
of the study area than later lakes and marshes, as evidenced by the thick 
deposits of fine-grained material at depths of 2,200 to 2,600 feet and below 
(pi. 2). Later, alluvial-fan and deltaic deposits from easterly sources 
encroached on the area formerly occupied by these lake and marsh deposits, as 
evidenced by the deposition of coarse-grained material above 2,200 feet 
(fig. 3; pi. 2).

Mack (1969, p. 2535) suggested a minimum rainfall of about 35 to 
45 inches per year at the beginning of the deposition of the Tulare Formation 
in the late Pliocene. Thus, a more abundant rainfall than at present 
(table 1) and a lower lying area (Hoots and others, 1954, p. 128) probably 
contributed to the expansion of the ancient lake in the eastern and south­ 
eastern parts of the area. In any event, the fine-grained deposits in the 
central part of the area (pi. 2) were laid down seemingly without interuption 
throughout the late Pliocene, the entire Pleistocene, and the Holocene. 
Beneath Tulare Lake bed these deposits would probably yield excellent paleo- 
climatic data in the form of fossil diatoms, mollusks, and pollens. In turn, 
paleoclimatic data can help to explain more about the expansions and 
contractions of this ancient lake.
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Texture of the Deposits

Texture as used in this report means the proportion of coarse-grained to 
fine-grained sedimentary material in the Tulare Formation and other conti­ 
nental deposits. In ordet to determine texture, geophysical logs, mostly from 
gas or gas-test wells, were used. These logs show properties of sedimentary 
material such as resistivity and spontaneous potential. Coarse-grained and 
fine-grained material, as well as their depth and thickness, can be determined 
from geophysical logs (Schlumberger Ltd., 1972). For example, in the study 
area high resistivities are interpreted as representing coarse-grained 
material, and lower resistivities as representing fine-grained material 
(fig. 6). The spontaneous potential also is a guide in determining coarse­ 
grained and fine-grained material. Opposite a coarse-grained bed, the 
spontaneous-potential line, depending on water salinity in the bed and fluid 
salinity in the borehole, will move either to the right or left of a base 
line representing fine-grained material. Although the presence of coarse­ 
grained and fine-grained material can be determined from geophysical logs, the 
logs cannot be used to determine if the coarse-grained material is gravel or 
sand, nor can they be used to determine if a fine-grained material is silt or 
clay.

Using geophysical logs and a computer program written by H. T. Mitten of 
the Geological Survey (written commun., 1980), texture maps of the sedimentary 
material beneath the study area were generated by computing and plotting the 
percentage of coarse-grained material in depth intervals of 200 feet (pi. 2). 
Most of the computations for texture were for depths below 400 feet because 
the California Division of Oil and Gas requires that before drilling an oil or 
gas well that a casing be set in the ground from the surface to a depth of 
10 percent of the total depth of the well. This casing blocks the recording 
of resistivity and the spontaneous potential.
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GROUND-WATER-MANAGEMENT CONSIDERATIONS AND USE OF TEXTURE MAPS

Texture maps (pi. 2) can be useful in. making water-management decisions 
in the study area. For example, coarse-grained material yields water to wells 
more rapidly and with less drawdown because in a given time it has a greater 
ability to take water into or release it from storage than fine-grained 
material and can transmit larger quantities of water. Using this fact, a 
water manager probably would not elect to drill wells in the central part of 
the Tulare Lake bed area because of the underlying thick section of fine­ 
grained sediment (pi. 2). Instead, he or she would limit well drilling to the 
northern, southern, or eastern parts of the area, and in those areas probably 
would limit wells to depths above the fine-grained sediment, as indicated on 
plate 2. In the southeast corner of T. 21 S., R. 20 E. (pi. 2), he might elect 
to drill wells through the fine-grained sediment indicated at depths of 400 to 
1,000 feet in order to test the coarse-grained sediment indicated at depths of 
1,000 to 1,200 feet and below. On the other hand, if he were considering 
injecting wastes, following all State and local regulations, he might consider 
that the thick and extensive nature of the fine-grained sediment indicated 
beneath the lakebed would serve as an effective cap.

The texture maps (pi. 2) also can be used by ground-water modelers. 
Virtually any model of a ground-water system requires values for hydraulic 
conductivity, or transmissivity, and the coefficient of storage. These values 
must be placed in discrete units, or nodes, throughout an entire model. By 
knowing that coarse-grained sediment has a greater ability than fine-grained 
sediment to take water into or release it from storage and can transmit water 
more readily, a modeler can use the texture maps (pi. 2) to assign relative 
values of hydraulic conductivity and storage coefficient to the model nodes. 
Values for the storage coefficient, of course, would depend on whether 
conditions were confined or unconfined.

Through time, fine-grained sediment such as silt and clay can yield 
large quantities of water when the silt or clay is compacted because of an 
increase in effective stress (Lofgren, 1975, p. 35, pi. 5). Increased effec­ 
tive stress occurs when water levels in an aquifer are drawn down (Lofgren, 
1968, p. 222). Compaction of fine-grained beds has resulted in land subsi­ 
dence in parts of the Kettleman City area (Bull and Miller, 1975, fig. 4, and 
Lofgren and Klausing, 1969, fig. 50). Beds of silt and clay also can confine 
water under greater than atmospheric pressure and impede the vertical movement 
of water. In the study area, the A-F clays of Croft (1972, p. 17-21, 
pis. 1-6) function as confining beds. Anyone making decisions about recharge 
or discharge operations in the area should take these beds into account as 
well as the thick sections of fine-grained material (pis. 1 and 2). Most of 
the fine-grained material lies beneath the western and central parts of the 
study area to depths of over 1,400 feet (pi. 2). Below 1,400 feet the fine­ 
grained material becomes more widespread, and at depths of 2,400 to 2,800 feet 
it underlies most of the area. Below 2,800 feet all the mapped deep areas are 
filled chiefly with fine-grained material (pis. 1 and 2).
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Other factors involved in making water-management decisions in the study 
area include: (1) The gas that occurs in the Tulare Formation and other 
continental deposits, and (2) saline water that underlies the whole area. 
Corwin (1960, p. 7) reported the occurrence of gas in the Tulare Formation 
near the Kettleman Hills, and Hill (1964b, p. 18) reported that farmers in the 
Tulare Lake area used subcommercial volumes of gas produced from water wells 
for heating homes and running irrigation pumps. Because of the danger of 
drilling in gas zones, the California Division of Oil and Gas should be con­ 
tacted before drilling wells in the area. Finally, water with a dissolved- 
solids concentration in excess of 2,000 milligrams per liter underlies the 
area (Page, 1973) (pi. 1). Wells with screens in or near this zone would 
yield water with a large dissolved-solids concentration.

SUMMARY AND CONCLUSIONS

In the Kettleman City area the base of the Tulare Formation and other 
continental deposits marks a change from an underlying dominantly marine 
environment to a continental environment of lakes, swamps, and streams 
(Woodring and others, 1940, p. 13-14). The base is mapped as just above the 
upper Mya zone of the San Joaquin Formation. The eastern extent of the Tulare 
Formation is not defined. The Tulare has been grouped with continental 
deposits from the east side of the valley that interfinger with and overlie 
it; on the west side of the area the Tulare Formation has been grouped with 
younger deposits of similar material that overlie it.

The Tulare Formation and other continental deposits range in depth and 
thickness from zero in the Kettleman Hills to more than 4,000 feet just east 
of the hills. In both these areas, the Tulare Formation is the principal 
deposit. Prior to the uplift of the Kettleman Hills and erosion of all the 
exposed formations, the Tulare Formation in that area was quite thick, as 
indicated by measured sections of the Tulare on both the east and west flanks 
of the hills.

Some of the features of the base of the Tulare Formation and other conti­ 
nental deposits reflect geologic structures in the area. Two of the more 
prominent features are (1) the rather steep, northeastward-sloping surface in 
and near the Kettleman Hills that reflects the uplift that occurred at the 
close of the deposition of the Tulare Formation in Quaternary time, and (2) 
the deep, northwestward-trending trough that reflects a downwarping that 
occurred as an effect of that uplift.

Sedimentary material in the Tulare Formation and other continental 
deposits consists principally of unconsolidated deposits of clay, silt, sand, 
and gravel. These sediments have been derived chiefly from the Sierra Nevada 
on the east and the Coast Ranges on the west and have been deposited as 
alluvial-fan, deltaic, flood-plain, lake, and marsh deposits. Alluvial-fan 
and deltaic deposits, that contain most of the coarse-grained deposits in the 
area, underlie the northern, eastern, and southeastern parts. Flood-plain, 
lake, and marsh deposits of mostly fine-grained material underlie chiefly the 
central and western parts of the area to depths of 1,400 feet where they 
become more widespread. At depths of 2,400 to 2,800 feet they underlie most 
of the area.
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For most recharge and discharge operations, water managers in the area 
would choose those areas underlain by coarse-grained material, as indicated by 
the texture maps. The texture maps also can be used by ground-water modelers 
for assigning relative values of hydraulic conductivity and storage coeffi­ 
cient to model nodes. Fine-grained material, when compacted, can yield large 
quantities of water, but compaction of fine-grained beds in the area has 
resulted in land subsidence. Water managers in the study area would also have 
to consider the subcommerical quantities of gas that occur in the Tulare 
Formation and other continental deposits and the saline water that underlies 
the area. Drilling in gas zones, of course, poses a danger, and wells com­ 
pleted near the saline water would yield water with a large dissolved-solids 
concentration.
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