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STUDIES OF LAND SUBSIDENCE

LAND SUBSIDENCE DUE TO GROUND-WATER WITHDRAWAL IN

THE LOS BANOS-KETTLEMAN CITY AREA, CALIFORNIA
PART 1. CHANGES IN THE HYDROLOGIC ENVIRONMENT
CONDUCIVE TO SUBSIDENCE

°

By WiLrLiam B. BuLL and RaymMonDp E. MILLER

ABSTRACT

About 500 to 2,000 feet of unconsolidated flood-plain, alluvial-fan,
lacustrine, deltaic, and marine deposits are compacting at accelerated
rates because of man’s changes in the hydrologic environment in the
west-central San Joaquin Valley. Ground-water pumping has in-
creased the stresses tending to compact the deposits by as much as 50
percent.

Three basic hydrologic units comprise the ground-water reservoir
between Los Banos and Kettleman City. An upper-zone aquifer sys-
tem, 100-900 feet thick, extends from the land surface to the top of the
second unit. It is a lacustrine confining clay. The upper zone consists
mainly of poorly permeable alluvial-fan deposits derived from the
Diablo Range that contain semiconfined water of poor quality. Little
water is pumped from the fan deposits; however, water of good quality
is pumped from an extensive wedge of arkosic, micaceous sands. These
sands are flood-plain deposits derived from the Sierra Nevada that
extend 4-10 miles west of the valley trough along the full reach of the
area.

The lacustrine aquiclude, the Corcoran Clay Member of the Tulare
Formation, extends beneath the entire study area except for the
southwestern part adjacent to the Diablo Range.

The third hydrologic unit, the confined aquifer system of the lower
zone, supplies about three-fourths of the ground water pumped and is
the zone in which 50-95 percent of the compaction causing the subsi-
dence occurs. The lower zone consists mainly of flood-plain deposits in
the northern part, alluvial-fan deposits in the southern part, and
diverse continental to marine deposits in the central part of the area.

The thickness of the fresh-water bearing deposits and the perfo-
rated interval of the deposits below the Corcoran rarely are the same.
Some wells that have sufficient yields bottom 1,000 feet above the
base of the fresh water. In other areas, 3,000-foot wells obtain a
sufficient yield only by withdrawing part of their water from deep
brackish-water-bearing marine deposits.

The sodium-sulfate water of the lower zone indicates that the con-
nate water has been flushed out of the marine and Sierra sands.
Maximum concentrations of dissolved solids in the well water occur
opposite the mouths of the two major streams and in the area of
pumping from the marine sand.

Initially the lower-zone potentiometric surface sloped gently from
the bordering mountains to the valley trough where it was more than
20 feet above the land surface.

Agricultural development has resulted in more than a million
acre-feet of water being pumped from the ground-water reservoir each
year since 1951; has lowered the potentiometric surface as much as
600 feet; has reversed an eastward gradient in the study area of 2-5
feet per mile to a westward gradient of 30 feet per mile; and has caused
water levels to decline below the base of the Corcoran adjacent to the
Diablo Range.

The steep westward gradient of the lower-zone potentiometric sur-
face has increased the recharge to the area. Pumpage stopped increas-
ing in the early 1950’s when most of the land had been developed. By
the early 1960’s, 4 rough balance between the amount of water being
pumped from the lower zone and the amounts of water derived from
compaction, recharge, and storage was obtained for most of the area.
The potentiometric surface did not steepen further, and artesian-head
decline ceased or decreased to rates of less than 5 feet per year in most
of the area.

Applied stresses on the lower zone have been greatly increased by
the large historic decline of artesian head but have not been affected
appreciably by water-table changes. Water-table rises of as much as
100 feet and declines of as much as 350 feet locally have caused large
changes in applied stress on the upper-zone deposits. Water-table rise
or decline causes little net change in applied stress on the lower zone
because concurrent seepage stress changes more than offset the ef-
fects of buoyancy change and the effects of change in the stress condi-
tion of part of the contained water that occur when the degree of
saturation is changed.

Change to a water-table condition below the Corcoran decreases the
future rate of increase in applied stress from 1.0-0.8 foot of water per
additional foot of lower-zone water-level decline.

INTRODUCTION

By increasing the stress tending to compact the un-
consolidated deposits by as much as 50 percent, man has
created what is believed to be the world’s largest area of
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intense land subsidence in the west-central part of the
San Joaquin Valley. Withdrawal of ground water for
agriculture has caused more than 2,000 square miles to
subside more than 1 foot. As of 1966, the area that had
subsided more than 10 feet was 70 miles long and ex-
tended 500 square miles. Maximum subsidence was 26.
feet.

Water-level changes in the aquifer systems have in-
creased the applied stresses on the deposits and have
caused compaction of the aquifer systems. Detailed
knowledge of the interrelations of water-level change,
change in thickness of the aquifer system, and the con-
current changes in the altitude of the land surface is
necessary for a more complete understanding of the
mechanics of aquifer systems, compaction of sediments,
and for the development of adequate criteria for the
prediction of future land subsidence.

The hydrologic environment and the changes man
has made in it to cause land subsidence—which are the
main topics of this paper—will be presented for one of
four major areas of intense land subsidence caused by
ground-water withdrawal in California. The general
location of the Los Banos-Kettleman City subsidence
area, and its geographic relation to the three other
subsidence areas is shown in figure 1.

The topographic and cultural features of the Los
Banos-Kettleman City area and part of the area to the
northeast of the study area of this paper are shown in
figure 2. All the place names used in this paper also are
shown in figure 2.

The boundaries of the Los Banos-Kettleman City
study area and the lines of sections and profiles referred
to in this paper are shown in figure 3. The boundary of
deformed rocks at the edge of the Diablo Range foothills
is the southwestern boundary of the study area, al-
though small parts of the area of deformed rocks sub-
sided 1-2 feet during the 1943-66 period. The south-
eastern boundary of the area is State Highway 41 on the
northwest side of Tulare Lake bed between Kettleman
City and Stratford. Small amounts of subsidence have
occurred farther to the east between the Los Banos-
Kettleman City and Tulare-Wasco subsidence areas
(fig. 1). The northern boundary of the study area is State
Highway 152 which passes through the town of Los
Banos. The northeastern boundary, as originally
defined (Inter-Agency Comm., 1958), for most aspects of
this paper is the San Joaquin River, Fresno Slough, and
the Kings River.

However, as much as 8 feet of subsidence has occurred
east of the trough of the valley. Therefore, in discussions
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of the amount and extent of subsidence, the 1-foot sub-
sidence line shown in figure 4 provides a better
definition of the eastern boundary of the system being
affected by appreciable compaction. Geologic and hy-
drologic aspects east of the valley trough will be dis-
cussed also.

The effects of land subsidence have become increas-
ingly costly in the study area, which is traversed by
several canals of large capacity and low gradient. One
canal, the San Luis Canal, is part of the California
Aqueduct, which is the major canal for transporting
water from areas of abundant water in northern
California to areas needing water in the San Joaquin
Valley and southern California. The amounts, rates,
and distribution of subsidence pose serious problems in
the construction and maintenance of the canals and
their extensive distribution systems. Subsidence also
poses problems for local water-distribution, sewage dis-
posal, and drainage systems. A major drain just west of
the present trough of the valley will be built to remove
drainage water of poor quality and to assist in main-
taining a salt balance. Another major expense resulting
from subsidence is the damage that occurs to well cas-
ings as the sediments adjacent to the wells compact to
cause compressional casing failures.

INTER-AGENCY COMMITTEE ON LAND SUBSIDENCE

As a result of the problems posed by subsidence, the
Inter-Agency Committee on Land Subsidence in the
San Joaquin Valley was formed in 1954 with J. F. Po-
land of the U.S. Geological Survey as its chairman. The
purpose of the committee was to plan and coordinate a
program that would provide information about the ex-
tent, magnitude, rates, and causes of the various types
of land subsidence in the San Joaquin Valley (Inter-
Agency Committee, 1958, p. 21). Other objectives of the
program were to estimate future subsidence under as-
sumed conditions and to suggest ways of alleviating
subsidence. Representatives from the Geological Sur-
vey, U.S. Bureau of Reclamation, U.S. Coast and Geo-
detic Survey, (now National Geodetic Survey of the
National Ocean Survey), U.S. Army Corps of En-
gineers. Soil Conservation Service, the California
Department of Water Resources, California Division of
Highways, University of California at Davis, and Stan-
ford University composed this committee.

A proposed program of investigation was prepared by
the Inter-Agency Committee (1955), and in 1958 a prog-
ress report on land-subsidence investigations in the San
Joaquin Valley was published.
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COOPERATIVE AND FEDERAL SUBSIDENCE PROGRAMS

One result of the inter-agency cooperation was the
initiation in 1956 of an intensive study of land sub-
sidence in the San Joaquin Valley, by the Geological
Survey, in financial cooperation with the California
Department of Water Resources. The objectives of the
cooperative subsidence program, of which this report is
one result, were to define the rate, magnitude, and ex-
tent of subsidence through a vertical-control measure-
ment program; to determine the various causes of sub-
sidence, and the depth intervals in which the compac-
tion was occurring; to furnish criteria for the prediction
of future subsidence; and to determine whether any part
of the subsidence is reversible, and, if so, to what extent.

In 1956, the Geological Survey also began a federally
financed investigation of the mechanics of aquifer sys-
tems: the fieldwork was concentrated chiefly in the San
Joaquin and Santa Clara Valleys in California. It was
recognized that those areas of active subsidence due to
water-level change offered an unexcelled opportunity to
study compaction of sediments in response to increase
in effective stress. Objectives of the Federal program
were to determine the principles controlling the change
in aquifer-system thickness resulting from change in
grain-to-grain load, and to appraise the meaning and
utility of the storage coefficient in compactible aquifer
systems. Within the Los Banos-Kettleman City area,
both the change in stresses causing compaction of the
saturated deposits and the change in thickness of the
deposits can be measured at many sites.

SCOPE OF FIELD AND LABORATORY WORK

Many of the results of the cooperative and federally
funded investigations are of mutual benefit, as is evi-
dent from the following brief description of types of facts
gathered to assess compaction of saturated deposits due
to changes in water levels.

F1ELD PROGRAM

A vital supporting program for the subsidence inves-
tigations has been the periodic surveying of a network
of bench marks by the Coast and Geodetic Survey to
determine changes in altitude. Starting in 1955 and
continuing until 1959, the network was surveyed every
2 years, and since 1959 the bench marks have been
surveyed every 3 years.

A method (see section on “Compaction”) was de-
veloped for the measurement of compaction within
specified depth intervals. Both unused irrigation wells
and specially drilled wells were used for this purpose.

The well-numbering system identifies wells accord-
ing to their location in the township and range grid used
for subdivision of public land. For example, well
14/13-11D6 designates the sixth well assigned a
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number in the NW of the NW4 of section 11, Town-
ship 14 South, Range 13 East. The letters that are used
to indicate the 40-acre subdivision of the section are as
follows.

D|C|B|A
E|F|G|H
M|L|K|J
N|P|Q|R

Because all the wells within the study area are south
and east of the Mount Diablo base and meridian, the
foregoing abbreviation of the township and range is
sufficient.

A well canvass was made in the study area west of the
San Joaquin River and Fresno Slough. The descriptions
of the 3,600 wells that were canvassed have been tabu-
lated by Ireland (1963).

Periodic water-level measurements have been made
at the times of the winter or spring recovery highs to
determine the position of the potentiometric surface of
the principal confined aquifer system in the study area.
Water levels were measured each year during the
1950’s and bench-mark surveys during the winters in
the 1960’s.

A problem peculiar to land-subsidence areas is that
the altitude of the reference point changes with time for
all water-level, electric log, core hole, and other data.
Errors in data, such as altitudes of geologic or hy-
drologic horizons, could be partially corrected by estab-
lishing for each data site a history of reference-point
altitude change. However, this procedure is not practi-
cal and would introduce additional problems. One prob-
lem would be how to prorate the depth to geologic hori-
zons at different depths in a system in which the unit
compaction varies with depth. Subsidence corrections
would also lead to misinterpretation of data. For exam-
ple, ifthe depth to the water table at a subsiding site did
not change over a long time period, a hydrograph of the
altitude of the water table, if corrected for subsidence
during the period of record, would show an apparent
decline in the water table and could be interpreted er-
roneously as a decrease in storage.

One possible procedure is to make an altitude ad-
justment for the measuring points of wells at the time of
each releveling. However, this method results in dis-
placement of the plot of water-level altitude at each
time of adjustment.

The approach of the Geological Survey has been to use
the land-surface altitudes established on topographic
maps made in the 1920’s as the reference altitudes for
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all measuring points. This approach introduces a
gradually increasing error in all maps, sections, and
hydrographs dependent on altitude that is equal to the
amount of subsidence since the 1920’s. The error is of
little concern in areas of less than 10 feet of subsidence
when one considers the general order of accuracy of
altitude of a rapidly changing potentiometric surface or
the altitude of the top of the confining clay. The problem
can be circumvented; for example, indicate the change
in the position of the water table by using change in
depth instead of change in altitude.

Observation wells are measured by the Geological
Survey throughout the study area to obtain information
about the changes in the water table and the poten-
tiometric levels in the confined aquifer systems above
and below the principal confining bed. Some of the ob-
servation wells are unused irrigation wells, but many
are wells that have been drilled by the Survey and other
agencies to obtain a specific type of water-level informa-
tion. At least one observation well is situated at each
compaction-recorder site. The wells that are referred to
in this paper are shown in figure 3.

Another major source of water-level information has
been the records of the Pacific Gas and Electric Co.
These records have provided long-term histories of
water-level declines based on both static and pumping
measurements. Many of the hydrographs used in this
paper are based on these records. Measurements usu-
ally are made at least once a year. The time of meas-
urement may be anywhere in the seasonal fluctuation
range but most commonly is during the summer pump-
ing season. The measurements selected for the hydro-
graphs in this paper are those made at the times of
low-water levels—the times of maximum applied stress
on the aquifer system. Since 1964, the power-company
measurements have been supplemented by measuring
selected wells at the time of the summer low-water level
in late August.

Regional geologic studies also were made of the Los
Banos-Kettleman City area and the adjacent foothill
belt to provide an appropriate framework for the studies
of compaction and land subsidence. The classification
and correlation of the subsurface geologic and hy-
drologic units tapped by wells and the mapping of the
continental deposits exposed in the foothills adjacent to
the study area are described in detail in a report by
Miller, Green, and Davis (1971). In addition to estab-
lishing the areal extent of the various components of the
aquifer systems, the regional geologic studies provided
valuable basic information about the lithology, source,
and mode of deposition of the deposits.

In order to provide additional information about the
petrology, and mode and source of deposition of the
sediments, four core holes were drilled along the axis of
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the subsidence trough at the Oro Loma, Mendota, Can-
tua, and Huron sites by the Inter-Agency Committee.
These multiple-purpose holes were also used to obtain
electric logs and caliper logs.

LABORATORY PROGRAM

A laboratory program that was part of the Federally
financed investigation was conducted at the Geological
Survey’s hydrologic laboratory on cored samples to pro-
vide information about the physical, hydrologic, and
engineering properties of the sediments that are com-
pacting in this and the three other subsidence areas
shown in figure 1. Some of the test results most applica-
ble to the studies of land subsidence are particle-size
analyses, specific gravity and unit weight, porosity and
void ratio, consolidation and rebound, and permeabil-
ity. The results are reported by Johnson, Moston, and
Morris (1968).

The core samples also provided abundant samples for
laboratory petrographic examination. The general pe-
trology of the deposits and the details of the clay
mineralogy are discussed by Meade (1967). In a major
contribution, Meade (1968) relates the variations in
overburden load and petrologic factors to the variations
in pore volume and fabric of the sediments of several
subsidence areas in central California.

PURPOSES OF REPORT

This report is part 1 of a series of three reports con-
cerned with land subsidence due to ground-water with-
drawal in the Los Banos-Kettleman City area. It de-
scribes the subsurface hydrologic environment in 2,000
square miles of the west-central San Joaquin Valley.
Within this scope, the report has two specific purposes.
The first is to describe the extent, thickness, and hy-
draulic character of the deposits comprising the two
principal aquifer systems and the confining clay that
separates them. The second purpose is to assess the
changes caused by man in the hydrologic environment
that have been responsible for the increase in applied
stress, the compaction of the ground-water reservoir,
and the concurrent subsidence.

The bulk of the information presented in this paper
concerns events that occurred before April 1966 which
was the time of completion of a complete leveling of the
bench-mark network by the Coast and Geodetic Survey.
Some 1966-68 data are presented and discussed, but
only to present facts that cannot be demonstrated with
the earlier data.

The authorship of this report is as follows. Mr. Miller
prepared most of the section, “Description of the
Ground-Water Reservoir.” Mr. Bull is responsible for
the rest of the paper. Mr. Miller’s detailed and careful
study of the geologic and hydrologic framework of the
study area (Miller and others, 1971) has been very
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helpful in the preparation of all subsequent reports on
the Los Banos-Kettleman City area.

Two other papers on the Los Banos-Kettleman City
area were prepared by W. B. Bull as companion reports
to this paper. Part 2 (Bull, 1974) “Subsidence and Com-
paction of Deposits”) describes the subsidence due to
artesian-head decline, and compaction of the ground-
water reservoir; the paper also discusses the geologic
factors influencing compaction of the saturated de-
posits. Part 3 (Bull and Poland, 1974, “Interrelations of
Water-Level Change, Change in Aquifer-System
Thickness, and Subsidence”) uses the data and in-
terpretation in Parts 1 and 2 as a basis for discussing
some of the principles of mechanies of aquifer systems.
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DEFINITIONS

The geologic and engineering literature contains a
variety of terms that have been used to describe the
processes and environmental conditions involved in the
mechanics of stressed aquifer systems and of land sub-
sidence due to withdrawal of subsurface fluids. The
usage of certain of these terms in reports by the U.S.
Geological Survey research staff investigating
mechanics of aquifer systems and land subsidence is
defined and explained in a glossary published sepa-
rately (Poland and others, 1972). Several terms that
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have developed as a result of the Survey’s investiga-
tions are also defined in that glossary.

The aquifer systems that have compacted sufficiently
to produce significant subsidence in California and
elsewhere are composed of unconsolidated to semicon-
solidated clastic sediments. The definitions given in the
published glossary are directed toward these types of
sediments; they do not attempt to span the full range of
rock types that contain and yield ground water. In
defining the components of the compacting stresses, the
contribution of membrane effects due to salinity or elec-
trical gradients has been discounted as relatively
insignificant in the areas studied.

In this series of research reports, pressures or stresses
causing compaction are usually expressed in equivalent
“feet of water head” [1 foot of water =0.433 psi (pounds
per square inch)}.

A committee on redefinition of ground-water terms,
composed of members of the Geological Survey, recently
issued a report entitled “Definitions of Selected
Ground-Water Terms” (Lohman and others, 1972). The
reader is referred to that report for definitions of many
ground-water terms.

GEOGRAPHIC SETTING

The area included in this paper includes about 2,000
square miles of the west side of the San Joaquin Valley
adjacent to the Diablo Range in central California (figs.
2, 3). Most of the discussions will concern sites in the
1,500 square miles west of Fresno Slough, and the San
Joaquin River between the towns of Los Banos and
Kettleman City. However, the subsidence bowl extends
far to the east of the trough of the valley (fig. 4). Between
the trough of the valley and the Diablo Range to the
southwest is a belt of coalescing alluvial fans 12-22
miles wide. The altitude at the base of this bajada
ranges from 150 to 200 feet, from which the alluvial fans
rise to altitudes of about 500--900 feet at their apexes.
The slopes range from about 5 feet per mile near the
base of the larger fans to about 150 feet per mile on the
upper slopes of some of the small fans. Local relief gen-
erally is less than 5 feet, except where stream channels
are incised 10-40 feet.

The Diablo Range to the southwest of the study area
consists of several groups of foothills bordering the San
Joaquin Valley and the main range, which rises to al-
titudes of more than 5,000 feet about 10-15 miles from
the valley. The core of the anticlinal part of the main
range consists of deformed and slightly metamorphosed
shale and graywacke of the Franciscan Formation of
Jurassic to Late Cretaceous age and of ultrabasic rocks.
The east flank of the range consists mainly of 20,000
feet of Cretaceous marine mudstone and sandstone. The
foothill belt is underlain by anticlinally and monocli-



CHANGES IN THE HYDROLOGIC ENVIRONMENT CONDUCIVE TO SUBSIDENCE

nally folded Cretaceous marine rocks, by easily eroded
Tertiary marine rocks, and by Pliocene and Quaternary
unconsolidated sediments.

LAND SUBSIDENCE

Changes in bench-mark altitudes in the Los Banos-
Kettleman City area during the past five decades have
been affected by tectonic movements, pumping of pe-
troleum, and compaction due to wetting of
moisture-deficient alluvial-fan deposits, but mainly
have been caused by compaction of saturated deposits as
a result of water-level change.

The compaction due to wetting causes near-surface
subsidence, which is superimposed on the compaction of
the saturated deposits. About 130 square miles (fig. 4)
have subsided; 3-10 feet of near-surface subsidence is
common, and 10-15 feet of compaction due to wetting
has occurred locally. Near-surface subsidence results
chiefly from the compaction of deposits by an overbur-
den load as the clay bond supporting the voids is
weakened by water percolating through the deposits for
the first time since burial. The amount of compaction
due to wetting is dependent mainly on the overburden
load, natural moisture conditions, and the type and
amount of clay. Reports about near-surface subsidence
within the study area include those by Lofgren (1960),
and Bull (1964, 1972). Both the magnitude and extent
of the subsidence due to artesian-head decline are
larger than for the near-surface subsidence. Figure 4
shows the subsidence in the Los Banos-Kettleman City
area between the time of the first topographic mapping
in the early 1920’s, and the 1966 bench-mark leveling.
The subsidence pattern is an elongate oval that is 90
miles long and 24 miles wide. As of 1966, more than
2,000 square miles had subsided more than 1 foot, and
the area that had subsided more than 10 feet was 70
miles long and 7 miles wide. A maximum subsidence of
about 26 feet had occurred 10 miles southwest of Men-
dota.

The histories of subsidence rates show that the rate of
subsidence increased until about the mid-1950’s, but
since then the rate of subsidence has decreased, but not
so rapidly as the decrease in the rate of artesian-head
decline. During the 1959-63 period, 480 square miles
was subsiding more than 0.5 foot per year, and 63
square miles was subsiding more than 1.0 foot per year.

An example of the change in land-surface altitude
caused by artesian-head decline is shown in figure 5.
Subsidence rates in the vicinity of bench mark GWM59
increased between 1940 and 1955 but since 1955 have
undergone a continuing decrease in rate. The plot of
artesian-head decline reveals a parallel history of ac-
celerating and then decelerating rate of head decline.
Since 1960 the summer low-water levels have shown
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little decline, but subsidence has continued at a moder-
ately rapid rate. Much of the subsidence since 1960 is
interpreted as being the result of delayed compaction
resulting from continued expulsion of water from
fine-grained beds of low permeability years after pore-
pressure decline had occurred in the aquifers adjacent
to the aquicludes and aquitards (Bull and Poland,
1974).
COMPACTION

Special recorders operating in wells have been
measuring most of the decrease in thickness of the
aquifer system that has been responsible for the land
subsidence. A diagrammatic sketch of one of the com-
paction recorders is shown in figure 6. At well
19/16-23P2, the recorder is actually measuring casing
shortening that results from the compaction of the adja-
cent deposits. At other sites the anchor weight is set
below the bottom of the casing, thereby allowing the
compaction to be measured independently of the casing.
For the recorder system shown in figure 6, a 300-pound
anchor was set on the cement plug with a cable that was
passed over sheaves at land surface, counterweighted,
and linked to a recorder by a fine wire attached to the
cable. The %-inch, 1 x 19 stranded, reverse-lay, un-
coated stainless-steel cable resists corrosion, has low
stretch and casing-cable friction characteristics, and
has little tendency to untwist. Friction has been re-
duced at the land surface by mounting ball-bearing
sheaves in a teeter bar that can pivot about a fulerum
for short distances. The fine wire is passed over the drive
sheave of a recorder, which records changes in the posi-
tion of the cable clamp (fig. 6) relative to the concrete
slab at a 1:1 scale. A 24:1 expanded-scale record is
obtained by a second recorder (not shown in fig. 6)
linked to the first by gears. A float-operated water-level
recorder (not shown in fig. 6) is set on the table below the
compaction recorders. The tension in the compaction
cable is uniform only above the uppermost point of con-
tact between the casing and the cable. In wells that have
casing-cable friction, tension is less below the upper-
most friction point than above it during compaction and
is more during the periods of aquifer-system expansion.
Thus, casing-cable contact not only introduces friction
into the recorder system, but it also introduces a
mechanical lag at those times when the direction of
movement of the cable, relative to the casing, is re-
versed. The mechanics of the compaction-recorder sys-
tems and the locations of the compaction recorders and
observation wells operated by the Geological Survey in
the study area are described in Bull (1974).

The proportion of the subsidence that is being mea-
sured has decreased at some compaction-recorder sites.
For example, at the Cantua site, the 2,000-foot compac-
tion recorder measured 99 percent of the compaction
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causing subsidence between 1959 and 1963 and 88 per-
cent between 1963 and 1966; it measured 79 percent of
the subsidence that occurred between March 1966 and
November 1967. The change in the percentage of sub-
sidence measured suggests that pore-pressure decline
and compaction are occurring at progressively greater
depths below the anchor weight.

The compaction rates are seasonal, they are most
rapid during the late winter and the summer when
water levels are drawn down.

The use of multiple compaction recorders at a site
permits a determination of the unit compaction occur-
ring at specific depth intervals. The annual unit com-
paction has varied from zero for the 350-500 foot depth
interval at the Oro Loma site to 0.00115 foot per foot per
year in the 503-703 depth interval at the Cantua site.

Casing-failure studies (W. E. Wilson, written com-
mun., April 1968) indicate that little compaction is oc-
curring in the upper 300 feet of deposits; that maximum
unit compaction is occurring between 100 feet above the
Corcoran and 400 feet below the Corcoran; and that only
moderate amounts of unit compaction occur below a
depth of 400 feet below the Corcoran.

Many geologic factors influence the amounts and
rates of compaction (see Part 2). The following geologic
conditions promote large amounts of rapid compaction:
a confined aquifer system that is undergoing large de-
clines in head; a minimum overburden load that has
compacted the deposits in the geologic past; many thin
beds of montmorillonite clay with absorbed sodium in-
terbedded with permeable, highly micaceous sands that
have a large lateral extent. Meade (1968, p. 28) also
points out that the presence of diatoms increases the
compressibility of the deposits.

STRESSES TENDING TO CAUSE COMPACTION

The stress tending to cause compaction of all deposits
is the grain-to-grain load that is transmitted to a given
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bed as the result of the sum of all stress-producing
factors in the overlying stratigraphic section. In the Los
Banos-Kettleman City area and elsewhere, stress
changes caused by man’s changes of the hydrologic en-
vironment are superimposed on the natural stresses
tending to compact the deposits. The ratio of manmade
to natural applied stress varies considerably with geo-
graphic area and depth, but it can be large. For exam-
ple, the natural applied stress at the 600-foot depth at
the Cantua recorder site was increased from about 330
to about 500 psi as the result of about 400 feet of
artesian-head decline. About a 52 percent increase in
applied stress has occurred as a result of man’s change
in the hydrologic environment at the 600-foot depth
level. However, at the 200-foot depth, no change in
applied stress has occurred. The 200-foot depth is about
10 feet below the water table which has not changed
position appreciably at the site during the past 60 years.

Water-level changes in both the confined and
unconfined parts of the aquifer systems have altered the
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preexisting distribution of stresses. Changes in applied

stress that result from changes in the hydrologic envi-

ronment are concurrent with the water-level changes.

Applied stresses become effective stresses only as

rapidly as water can be expelled from a bed of a given

lithology.

A stress that does not tend to cause compaction is a
neutral or hydrostatic stress. This stress, which is the
weight of the interstitial water, is transmitted down-
ward through the water between the grains. The hydro-
static stress is considered neutral because, although it
tends to compress each grain, it does not tend to change
the grain-to-grain relationships significantly.

The basic theory regarding the stresses produced by
water-level change within an aquifer system has been
discussed in detail by Lofgren (1968) and by Poland and
Davis (1969). The computation of change in applied
stress in the Los Banos-Kettleman City area studies is
different with respect to item 4 in the following para-
graph than the mode of computation used by Lofgren.
For a complete discussion of the analysis of stress
changes resulting from water-level change within the
study area, the reader is referred to Part 3 (Bull and
Poland, 1974). The following summary is included here
in order to provide the reader with a brief background
regarding the four components of change in applied
stress and to demonstrate the need for detailed informa-
tion about changes in water level in subsidence areas.

Changes in water level resulting from pumping of
ground water and irrigation have changed the applied
stress tending to compress the deposits in several differ-
ent ways. Change in total stress applied to a confined
zone is the algebraic sum of the following stresses:

1. Aseepage stress that is equal to the head differential
caused by change in artesian head within the
confined zone.

2. Aseepage stress that is equal to the head differential
caused by change in the position of the water table.

3. A stress caused by change in buoyancy of the de-
posits within the depth interval that is being de-
watered, or saturated, as a result of water-table
change.

4. A stress caused by part of the pore water being
changed from a condition of neutral stress to ap-
plied stress, or vice versa, that occurs within the
depth interval being affected by water-table
change.

The magnitudes of the various stress components on the

confined zone, expressed in feet of water (1 foot of water

= 0.43 psi), are as follows: an assumed porosity of 0.4, a

specific gravity of 2.70, and an average moisture con-

tent of the dewatered deposits of 0.2 the volume. Seep-
age stresses resulting from either artesian-head change
or change in water-table position cause 1 foot of change
in applied stress per foot of change in head differential.
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Buoyant changes cause 0.6 foot of change in applied
stress per foot of water-table change. Change in the
stress condition of part of the pore water causes 0.2 foot
of change in applied stress per foot of water-table
change. The effects of changes in buoyant support and
in the stress condition of the pore water tend to cancel
the effect of change in seepage stress caused by water-
table change. The net effect of water-table change on
the applied stress on the confined zone is an increase of
0.2 foot of water per foot of water-table rise and a de-
crease of 0.2 foot of water per foot of water-table decline.

DESCRIPTION OF THE
GROUND-WATER RESERVOIR

GENERAL FEATURES

The 500 to more than 3,000 feet of poorly to moder-
ately consolidated sediments that form the ground-
water reservoir in the Los Banos-Kettleman City area
was deposited in the San Joaquin Valley geosynclinal
trough since late Pliocene time. As shown in figure 7,
these sediments consist primarily of flood-plain,
alluvial-fan, and lacustrine deposits. Some deeply
buried deltaic sediments occur in the southern part of
the area. Most of these deposits are part of the Tulare
Formation, which is overlain by additional alluvium
and underlain by Pliocene littoral and estuarine de-
posits of the San Joaquin and Etchegoin Formations.
The Pleistocene deposits accumulated rapidly as a re-
sult of uplift and erosion in the Diablo Range and uplift
and glacial scouring in the Sierra Nevada. The rapid
rate of deposition is one reason for the poorly consoli-
dated nature of most of the deposits.

The subsurface geology of the fresh-water-bearing
deposits is complex when the deposits are differentiated
with respect to source, environment of deposition, and
lithology. The subsurface geology is described by Miller,
Green, and Davis (1971).

Fortunately, the hydrologic units are not so complex
as the geologic units. As pointed out by Davis and Po-
land (1957, p. 421), a general threefold hydrologic sub-
division of the continental fresh-water-bearing deposits
can be made as follows: An upper unit, extending from
the land surface to the top of the relatively impervious
Corcoran Clay Member of the Tulare Formation at a
depth ranging from less than 100 to 900 feet below the
land surface; the Corcoran Clay Member ranging in
thickness from a featheredge to 120 feet, which sepa-
rates waters of substantially different pressures and
chemical qualities; and a lower unit, 400 to more than
2,000 feet thick that extends down to the main saline
water body. The two fresh-water-bearing units are re-
ferred to as the upper zone and lower zones, and the
lacustrine clay that separates the two zones is com-
monly referred to as the Corcoran.
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FIGURE 7.—Cross sections showing well-yield factors and depositional environments of the aquifer systems. Lines of sections shown in figure 3. (From Miller and others, 1971, fig. 15.)

The three hydrologic units are shown in figures 8 and report (Miller and others, 1971).
9, and the location of the sections is shown in figure 3. Most of the ground water pumped in the Los Banos
The detailed geologic sections on which these sections —Kettleman City area is withdrawn from the lower
are based have been presented by Miller in another zone. An accurate estimate of the proportion of water
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pumped from the upper zone cannot be made with the
data available because many wells tap both zones and
because water moves between the zones through well
casings and gravel envelopes around the casings. How-
ever, study of the spacing and number of wells, perfo-
rated intervals, and relative aquifer-system produc-
tivities suggests that at least 75 percent and possibly 80
percent of the overall pumpage is from the lower zone.

The general variation in the amount of water pumped
from the lower zone or its stratigraphic equivalent is
shown in figure 10. The proportion of lower-zone water
pumped increases from east to west. The western mar-
gin of the 50-75 percent area coincides with the western
margin of the highly permeable, upper-zone sands de-
rived from the Sierra Nevada (fig. 11). The amounts of
upper-zone water pumped increase to the east of the
western margin of these sands because the thickness of
the Sierran micaceous sands increases towards the east.
Southeast of Mendota, brackish water unfit for agricul-
ture occurs in the upper zone (figs. 7, 9, 10, 11), and
virtually all the water pumped within this local area is
from the lower zone.

The areas of less than 50 percent pumpage from the
lower zone are large, but much of the agricultural water
supply for these areas is derived from imported surface

waters. Surface-water imports reduce the amount of
ground water pumped, thereby reducing the water-
table or head decline when compared with areas totally
dependent on ground water for agriculture.

UPPER ZONE

The upper zone has a water table, and locally the
water is unconfined. In general, however, ground water
in this zone is semiconfined to confined. Under condi-
tions of pumping draft, head differentials of 100-400
feet have developed between the water table and the
water levels in wells tapping the base of the upper zone
immediately above the Corcoran. For example, see
figure 28. Hence, confinement is known to be substan-
tial in some parts of the area, but in places where the
deposits are coarse grained and have a large vertical
permeability, differences in head are not great. In the
northern and central parts of the study area the upper
zone consists of many semiconfined aquifers and
aquitards. In the southeastern part of the area, most of
the upper zone is as well confined as the lower zone
because of extensive lake clays that occur at various
depths. In the southwestern part of the area, lake clays
(including the Corcoran) are absent, and where the de-
posits are sufficiently coarse grained, unconfined condi-
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tions prevail for the upper deposits. Considered as a
unit, the upper zone is termed a semiconfined aquifer
system in this report.

PHYSICAL CHARACTER

The upper zone, which includes the upper part of the
Tulare Formation and younger alluvium, ranges from
about 100 to 900 feet in thickness. The primary upper-
zone aquifer is a micaceous sand, which was deposited
over 645 square miles of the Los Banos—Kettleman City
area (fig. 11) as flood-plain deposits of streams draining
the Sierra Nevada. The thickness of the micaceous sand
ranges from a featheredge along its western margin to
about 580 feet under the present valley trough. In the
northern half of the area, volcanic glass and pumice
fragments occur in the micaceous sand in the basal part
of the aquifer. In the southern part of the area, many of
the deep irrigation wells tapping the lower zone are also
perforated opposite lacustrine sands associated with the
Corcoran Clay Member. Most of these sands are in the
upper zone and are from 100 to over 200 feet thick. The
lacustrine sands have a low clay content, are well
sorted, and are highly permeable.

The alluvial-fan deposits in the upper zone are not
productive aquifers except in a small area southwest of
Los Banos, in the extreme northern part of the Los
Banos-Kettleman City area. The sediments deposited
by Los Banos Creek consist primarily of gravel; shallow
wells, 100-250 feet deep, provide sufficient water for
irrigation. South of the Fresno-Merced County line, the
alluvial-fan deposits have a low permeability and con-
sist of clayey sand layers with interbedded poorly sorted
silt and clay.

The alluvial-fan deposits are derived from the Diablo
Range and are easily recognized in well cuttings or in
cores by their yellowish to brownish color. They are
calcareous and gypsiferous and locally contain small
calcareous concretions, serpentine, glaucophane schist,
fragments of siliceous shale, chert, and jasper
—Ilithologies that are typical of Diablo Range source

areas.
PRODUCTIVITY

The most permeable aquifers in the Los Banos
~Kettleman City area are in the upper zone. These
aquifers, however, are of limited extent. A comparison
of yield factors! (Poland, 1959, p. 32), which are approx-
imate measures for the overall permeabilities of the
water-bearing materials tapped by wells, indicates that
the gravels forming the Los Banos Creek alluvial-fan

Specific capacity (gallons per minute per foot of drawdown) x 100
Yield factor =

Thickness of deposits, in feet, tapped by perforated interval of well casing
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TABLE 1.—Relation of yield factors to types of upper-zone deposits

Townships Mean Number
represented yield of wells
Area (Township/Range) factor represented
Wells tapping only upper zone alluvial-fan deposits:
Los Banos - ___.________________________ 105/10; 95 5
South of Fresno-Merced County line____ 16S/15E; 18S/17E 4 3
Wells tapping only upper zone Sierra micaceous sands:
West of San Joaquin River ___________ 108/12E; 115/13E; 50 4
125/14E; 13S/15E
West of Fresno Slough ___.____________ 155/15E; 15S/16E; 21 13
165/16E; 16S/17E
175/16E; 17S/17E;
175/18E; 175/19E;
185/18E
East of Fresno Slough ________________ 14S/17E; 15S/17E; 100 15

165/18E; 165/19E

deposits are the most permeable. (See table 1.) These
deposits are two to five times more permeable than the
Sierra micaceous sands which form the primary upper-
zone aquifer in the eastern part of the study area. The
upper zone alluvial-fan deposits south of the Merced
County line which are derived from the Diablo Range,
have low permeabilities as indicated by the low produc-
tivity of the few wells that tap only these deposits.

A fivefold variation in mean yield factors of the upper
zone Sierra micaceous sands occurs within the study
area. A comparison of mean yield factors indicates that
the Sierra micaceous sands are twice as permeable west
of the San Joaquin River than west of Fresno Slough.
Many shallow wells tapping these deposits west of the
San Joaquin River yield about 1,400 gallons per min-
ute. If the Sierra micaceous sands are present and are
less than 200 feet thick, most irrigation wells tap both
the upper and lower water-bearing zones. In the area
west of the Fresno Slough, where sodium chloride water
occurs in the upper zone (shown in fig. 11), wells are
perforated only opposite the lower zone. Mean yield
factors of wells 3-4 miles east of the Fresno Slough
indicate that the micaceous sands are five times as
permeable as the sands west of the slough.

CHEMICAL CHARACTER OF WATER

Ground waters of the upper zone generally contain
high concentrations of calcium and magnesium sulfate.
Pronounced changes in the chemical characteristics of
these waters occur in adjacent areas along the eastern
and western margins of the area, and gradational
changes occur with increasing depth (Davis and Poland,
1957, p. 457-458).

The calcium and magnesium sulfate ground waters
occurring to a depth of 200-300 feet average about 3,000
mg/l (milligrams per liter) of dissolved solids and have
about 35 percent sodium. An abrupt change, however,
occurs along the border of the area, where the water
from the west side with high sulfate concentrations
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merges with the calcium and sodium-bicarbonate
ground water of low dissolved solids from the east side of
the San Joaquin Valley.

The chemical character of the waters contained in the

"deposits from a depth of 300 feet to the top of the Corco-

ran can be distinguished from the overlying waters by
their decrease in total dissolved solids to about 1,500
mg/l and an increase in the percent sodium to about 55.

West of the Fresno Slough the water in the micaceous
sand immediately overlying the Corcoran Clay Member
(with the exception of the brackish water area shown in
fig. 11) has a mean total dissolved solids of around 850
mg/l, and the percent sodium is about 60.

CORCORAN CLAY MEMBER OF THE TULARE FORMATION

A widespread diatomaceous clay stratum in the upper
part of the Tulare Formation was first described by
Frink and Kues (1954, p. 2357-2370) and has been
named the Corcoran Clay Member of the Tulare Forma-
tion (Inter-Agency Committee, 1958, p. 120). This
lacustrine clay extends beneath the entire Los Banos
—Kettleman City area (fig. 12) except for a narrow zone
adjacent to the hills in the southwestern part of the area
where, as is shown in section E-E’ (fig. 7), it feathers
out, presumably along a contour of the ancestral Los
Gatos Creek fan.

The Corcoran has two lithologies. The upper two-
thirds of the Corcoran consists of thin-bedded clayey silt
and silty clay. The lower third of the unit commonly is
coarser grained, consisting of interbedded sand-silt-
clay and clayey silt. The greenish-blue color indicates
that the Corcoran is reduced, except in the extreme
western part of the study area where it has been uplifted
and partially oxidized to brown or red.

The Corcoran Clay Member of the Tulare Formation
is the principal confining layer throughout much of the
San Joaquin Valley. The vertical permeability of the
Corcoran which, based on results of consolidation tests
under a simulated natural overburden load, ranges
from 410 -3 gpd (gallons per day) per square foot (0.002
feet per year) in the more sandy parts near the top and
base to as low as 6 X108 gpd per square foot (0.0003 feet
per year) in the less permeable middle section (Johnson
and others, 1968, table 9). By 1960, the difference in
head in aquifers above and below the Corcoran was as
much as 200 feet.

The Corcoran was deposited in a fresh-water lake
that was 10-40 miles wide and more than 200 miles long
(Davis and others, 1959, p. 77 and pl. 14). Evidence
presented by Janda (1965) indicates that the lake ex-
isted in Pleistocene time about 600,000 years ago. The
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longitudinal axis of the lake in which the clay was
deposited was approximately 5-10 miles west of the
present topographic axis of the valley. The exact west-
ern areal extent of the Corcoran is difficult to deter-
mine, because as it thins, it bifurcates and its sand and
silt content gradually increases until it is not discerni-
ble in electric logs from the littoral sands which occur
along its west edge.

The thickness of the clay varies considerably. The
maximum known thickness of the Corcoran in the study
area occurs 5 miles northeast of the mouth of Panoche
Creek, where an electric log shows the Corcoran to be
120 feet thick (Miller and others, 1971, fig. 11). Adjacent
to Monocline Ridge and Ciervo Hills, the Corcoran is
less than 20 feet thick and is more than 900 feet below
land surface. In most of the area the Corcoran is 30-60
feet thick. '

The map showing the structure of the Corcoran (fig.
13) indicates that there has been gentle postdeposi-
tional folding and warping of this lacustrine clay bed.
The shift in the structure contours in the Huron-
Westhaven area occurs where contours are shown for
the lower clay stratum in an area where the upper clay
layer is absent.

LOWER ZONE

The lower zone is effectively confined by the Corcoran
except in the southwestern part of the Los Banos
—-Kettleman City area where the Corcoran is absent and
confinement is poor or lacking. The lower zone supplies
about three-fourths of the ground water for irrigation in
the Los Banos-Kettleman City area. )

If an aquifer is defined as a permeable deposit that
will yield water to wells, the entire lower zone can be
considered an aquifer. Permeable sand units can also be
considered as aquifers separated hydraulically to vary-
ing degrees by the finer grained interbeds of silt and
clay. Silt and clay, especially clay, are much more com-
pressible than sand when compressive stresses are in-
creased owing to artesian-head decline. Therefore, it is
important in the study of compaction of deposits under
increased effective stress to differentiate between a
water-bearing unit that is composed entirely of perme-
able material such as clean sand and one that contains
many fine-grained beds of silt and clay. For purposes of
differentiation in the studies of compaction and subsid-
ence, a water-bearing unit that has hydraulic con-
tinuity but that contains many fine-grained beds is
termed an aquifer system. Under this definition, the
lower water-bearing zone is a confined aquifer system.
The beds of silt and clayey silt that impede ground-
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water movement may transmit appreciable water be-
tween adjacent aquifers—they are called aquitards.
Throughout most of the area the lower zone has good
hydraulic continuity both laterally and vertically. The
degree of hydraulic continuity is shown at four sites in
figure 14. Lack of hydraulic continuity in the northern
part of the area is shown by the marked separation in
head and difference in water-level trends in wells
12/12-16H5 and 12/12-16H6 at the Oro Loma site. A
second confining clay occurs about 300 feet below the
Corcoran in this part of the area, and at the site of these
wells it is 38 feet thick. Head differences of 60-75 feet
occur between the two lower-zone aquifers, and the
greater amount of seasonal fluctuation shown by the
record of the deeper well suggests that most of the
lower-zone wells in the vicinity are perforated mainly

below the lower confining clay. The degree of hydraulic
separation shown by the records of these two wells ex-
tends about as far south as the southern part of town-
ship 13 south.

Hydrographs of two lower-zone wells at the West-
haven site in the southern part of the area show a
marked difference in the degree of hydraulic continuity
when compared with those at the Oro Loma site. Well
20/18-11Q2 is perforated from 755 to 805 feet, and well
20/18-11Q3 is perforated from 1,885 to 1,925 feet; yet
the records show similar water levels and amounts of
seasonal fluctuation. The difference in artesian head
between the two lower-zone wells has not exceeded 25
feet, although the seasonal fluctuation of head has been
as much as 80 feet.

The other two sets of hydrographs in figure 14 are
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comparisons of water levels in observation wells perfo-
rated in an aquifer a short distance below the base of the
Corcoran and nonpumping water levels in nearby irri-
gation wells. The irrigation wells are perforated to
depths 1,000-1,700 feet deeper than the observation
wells and are within a third of a mile of the observation
wells. The small differences in head in each set of hy-
drographs show that good hydraulic continuity exists
throughout the lower zone for these sites in the central
and southern part of the study area. The records also
indicate that the shallow observation wells have water
levels that are representative of nearby deep irrigation
wells.

PHYSICAL AND HYDROLOGIC CHARACTER

In most of the study area, the fresh-water-bearing
deposits below the Corcoran consist of poorly.consoli-
dated alluvial fan, flood-plain, deltaic, and lacustrine
deposits of the Tulare Formation. In the southern part
of the area, the basal lacustrine deposits of the Tulare
are moderately consolidated and contain brackish
water.

The productivity of the Tulare is generally inade-
quate for irrigation purposes in a 3- to 7-mile wide belt
along the margin of the valley between the towns of
Huron and Cantua Creek. Northwest of the Five
Points-Coalinga Road, deep wells extend into the mod-
erately consolidated Pliocene marine littoral and es-
tuarine sands and silty clays of the pre-Tulare San
Joaquin and Etchegoin Formations. To the south, the
deeper wells tap the upper part of the San Joaquin
Formation.

The wells tap those parts of the marine section that
have been largely flushed of their connate water. From
some wells brackish water of poor quality is pumped
from the pre-Tulare Pliocene deposits, but when the
poor quality water is mixed with better quality water
being drawn through the perforations higher in the
well, the quality is improved, and the net result is to
increase the yield of the well to an amount that is
adequate to irrigate the land in the vicinity. Pore-
pressure decline and compaction occur regardless of the
quality of the water being removed from unconsolidated
or partly consolidated deposits.

The areas where water is being pumped from pre-
Tulare formations of Pliocene age are shown in figure
15. Although deposits that are considered to be Pliocene
in age are tapped in a large area near the foothills of the
Diablo Range, only the area adjacent to the Big Blue
Hills and Anticline Ridge is largely dependent on
ground-water supplies from the older deposits.

In the northern area where Pliocene deposits are tap-
ped, most of the ground water is pumped from
flood-plain deposits in the first few hundred feet below

E23

the Corcoran. A few wells are perforated in the upper
part of the Kreyenhagen Formation of Eocene and
Oligocene age, and many wells tap the deposits im-
mediately above the Kreyenhagen-—deposits that have
been described by Miller, Green, and Davis (1971) as
Pliocene continental deposits. The electric logs suggest
considerable variation in lithology and water quality of
the Pliocene continental deposits. Differences in the
temperature of the well water being pumped are not
apparent between wells that in part tap Pliocene conti-
nental deposits and those that do not. Since 1960, the
new wells have been tapping shallower zones.

As much as 2,000 feet of pre-Tulare Pliocene deposits
is tapped by water wells adjacent to the Big Blue Hills.
In general, the water being pumped from the pre-Tulare
Pliocene deposits in this area is distinctly hotter than
the water being pumped by nearby wells that tap only
the overlying Tulare Formation. Many of the wells tap-
ping the San Joaquin and Etchegoin Formations have
water temperatures of more than 38°C (100°F), and
temperatures as high as 45°C (114°F) have been re-
corded. Adjacent to the northern part of the Big Blue
Hills, most of the water being pumped within 5 miles of
the foothills probably is coming from the pre-Tulare
Pliocene formations. The Tulare is so clayey that some
wells are not perforated above a depth of 2,000 feet, and
one well was perforated to a depth of 3,800 feet. Well
yields generally are less than in areas where wells tap
only the Tulare Formation.

The area adjacent to the Big Blue Hills and Anticline
Ridge has experienced as much as 500 feet of artesian-
head decline, but the amounts of subsidence in those
parts of the area where wells derive most of their water
from the pre-Tulare Pliocene formations have been
minor, presumably because of the partly consolidated
nature of the deposits. Only 1 foot of subsidence has
occurred in the area of 500 feet of head decline.

The lower zone alluvial-fan deposits are derived from
the Diablo Range and have low permeabilities. They are
similar in lithology to the upper-zone fan deposits south
of the Merced County line. In the southern part of the
area, as shown on section E-E’ (fig. 7), most of the lower
zone tapped by wells consists of alluvial-fan deposits,
but 20 miles to the northwest (section C-C’, fig. 7) fan
deposits form less than one-eighth of the lower-zone
aquifer system.

The moderately permeable flood-plain and deltaic de-
posits which form the major part of the lower zone in
sections C-C' and E-E’ (fig. 7) were derived from the
granitic rocks of the Sierra Nevada. Consequently, they
are arkosic in composition and can be recognized in drill
cuttings or core samples by their mica content. They are
generally grayish green or blue green.

The lower zone in the area of section B-B' (fig. 7) is
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TABLE 2.—Relation of yield factors to types of lower-zone deposits

Townships Mean Number
represented ield of wells
Area (Township/Range) actor represented
Wells tapping only flood-plain deposits derived from the Diablo Range:
South of Los Banos Creek to vicinity of Fresno-Merced County line __________ 12S/11E; 125/12E 24 6
Vicinity of Fresno-Merced County line to Panoche Creek ____________________ 12S/11E; 12S/12E; 9 26
13S/12E; 13S/13E;
14S8/12E
Wells tapping only flood-plain deposits derived from the Sierra Nevada:
West of Fresno Slough ____________________ o 14S/14E; 14S/15E; 11 9
15S/14E; 15S/15E;
175/16E; 185/17E
Wells tapping only deltaic deposits derived from the Sierra Nevada.:
West of Kings River ______ . ____________ 20S/19E 9 2
Wells tapping intermixed flood-plain deposits derived from the Diablo Range and the Sierra Nevada:
North of Monocline Ridge ________________ . 13S/13E; 13S/14E; 6 23
14S/13E; 14S/14E;
15S/13E; 155/14E
Wells tapping only alluvial-fan deposits derived from the Diablo Range:
Vicinity of Los Gatos Creek _____________________ 19S/16E; 19S/18E 3 2

Wells tcg{)lping intermixed alluvial-fan deposits derived from the Diablo Range and flood-plain and deltaic deposits derived from the Sierra

Neva
Tulare Lake bed to 12 miles northwest of Cantua Creek

16S/14E; 16S/15E; 4 72
17S/15E; 17S/16E;
18S/16E; 18S/17E;
19S/17E; 19S/18E;
20S/19E

composed chiefly of flood-plain deposits derived from the
Diablo Range. These deposits which form the bulk of the
lower-zone deposits in the northern part of the Los
Banos-Kettleman City area have low to moderately
high permeabilities. They are greenish gray to greenish
black and are characterized by andesitic and basaltic
detritus, serpentine, chert, and other rock fragments
derived from the Diablo Range. They are slightly to
moderately micaceous, in contrast to the generally
nonmicaceous character of the alluvial-fan deposits de-
rived from the Diablo Range. This characteristic would
suggest that the flood-plain deposits were derived from
a different or larger source terrain than the overlying
nonmicaceous alluvial-fan deposits.

A variety of depositional environments are rep-
resented by the deposits in the central part of the study
area. Flood-plain and alluvial-fan deposits derived from
the Diablo Range interfinger with flood-plain deposits
derived from the Sierra Nevada and with lacustrine
sands and clayey silts.

PRODUCTIVITY

The deposits forming the lower-zone aquifer system
in the Los Banos —-Kettleman City area locally are less
permeable than the deposits forming the semiconfined
aquifer system of the upper zone. However, because of
the greater thickness of the lower-zone deposits and the

general poorer quality of the water in the upper zone
west of the Sierra sands (fig. 11), at least 75-80 percent
of the irrigation water pumped in the Los Banos-
Kettleman City area is from the lower zone.

The yield factors of the lower water-bearing zone de-
posits given in table 2 and the areal distribution shown
in figure 16 indicate that where wells produce from only
one type of lower-zone deposit, the flood-plain deposits
derived from the Diablo Range are slightly less perme-
able than the flood-plain deposits derived from the
Sierra Nevada. However, yield factors indicate that
where wells produce from lower-zone deposits which
consist of Sierra flood-plain deposits interfingered with
finer grained Diablo flood-plain deposits, the relative
permeability is considerably lower. The general area
where this interfingering occurs is in a north-south
trending belt 8-9 miles wide which extends 18-25 miles
north from Monocline Ridge.

In the western part of the Los Banos-Kettleman City
area, between the towns of Cantua Creek and West-
haven, alluvial-fan deposits occur between the Corco-
ran and the lower-zone Sierra flood-plain deposits.
Wells in this area producing from the lower zone and
with approximately 20-50 percent of their perforated
intervals opposite alluvial-fan deposits have yield fac-
tors ranging from less than 1 to a maximum of 9. The
average yield factor of lower-zone wells in this area is 4.
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Only two wells, both located in the Los Gatos Creek area
north and east of Huron, are known to tap only lower-
zone alluvial-fan deposits. The yield factors of both of
these wells is between 2 and 3. A comparison of yield
factors suggests that in general the lower-zone
flood-plain and deltaic deposits are 3-5 times as perme-
able as the lower-zone alluvial-fan deposits but only
one-half to one-fifth as permeable as the upper-zone
flood-plain deposits (Sierra micaceous sands of table 1).

The yield of wells throughout the Los Banos
~Kettleman City area does not vary much with the
average permeability of the deposits tapped, because
the yield needed for irrigation purposes is only from
1,000-2,000 gallons per minute, and yields within this
range can be obtained in most of the area. Wells tapping
the highly permeable upper-zone Sierra sand near
Fresno Slough may be only 150-200 feet deep and yield
1,500 gallons per minute. In the western part of the area
where the upper-zone deposits have low permeabilities
and the majority of the lower-zone deposits consist of
alluvial-fan deposits, wells must be 2,500-3,500 feet
deep to obtain 900-1,200 gallons per minute. Thus,
where average permeability is low, as indicated by the
low yield factor, the discharge capacity needed for irri-
gation can be obtained either by drilling wells to tap
greater thicknesses of the deposits, or by installing
pumps to operate with greater drawdowns from static
level, or both.

The thickness of the fresh-water-bearing deposits of
the lower zone (fig. 17) has been compiled from two
maps. One map shows the altitude of the base of the
Corcoran (Croft, 1969, pl. 4). The other shows the al-
titude of the base of fresh water determined from ex-
amination of several hundred electric logs, using 3,000
micromhos specific conductance (approximately
2,000mg/1 dissolved solids) as the upper limit of fresh
water (R. W. Page, 1971). Thus, the thickness map (fig.
17) represents the difference between the two altitudes.

Comparison of figure 17 with the geologic sections
showing the base of fresh water (Miller and others,
1971) indicates that the lower-zone thicknesses in
figure 17 are, in general, several hundred feet less than
in Miller’s geologic sections. Thus, the base of fresh
water shown by Page in his appraisal of electric logs for
water-chemistry purposes is several hundred feet above
the base shown by Miller in his studies for geologic
correlation purposes because Page used different
criteria than Miller.

The thickness of the fresh-water-bearing deposits of
the lower zone (fig. 17) varies considerably in the north-
ern, central, and southern parts of the study area. In the
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northern part of the area, deposits that contain fresh
water are 200-600 feet thick, and the maximum thick-
ness occurs about halfway between the San Joaquin
River and the Diablo Range.

The thickness of fresh-water-bearing deposits in the
central part of the area is highly variable. Near Fresno
Slough the deposits are only 600 feet thick, but they
thicken westward abruptly, and opposite the Big Blue
Hills the thickness exceeds 1,600 feet in an extensive
area, and locally is 2,200 feet.

In general, the fresh-water-bearing deposits are the
thickest in the southern part of the area, where thick-
nesses range from 800 to more than 2,000 feet. The
thickness increases progressively froin Five Points to-
ward Tulare Lake bed.

The thickness of the fresh-water-bearing deposits
does not define the thickness of deposits being subjected
to large amounts of pore-pressure decline and concur-
rent compaction. In parts of the area, sufficient yields
can be obtained by wells without having to drill to the
base of the fresh-water-bearing deposits. In other parts
of the area, sufficient yields can be obtained only by
pumping part of the water from underlying deposits
that contain water of poorer quality than 2,000 mg/l.

The maximum thickness of the perforated interval of
the lower zone, and locally of subjacent deposits con-
taining saline water, provides useful information for
subsidence-study purposes. Reduction of pore pressure
may occur several hundred feet below the lowest per-
forations in deposits that have hydraulic continuity.
This factor is not taken into account in this study be-
cause detailed information about hydraulic continuity
is not known for the base of the lower zone. Further-
more, the fine-grained lacustrine and deltaic deposits
near the base of the lower zone are likely to cause poor
hydraulic continuity in that part of the aquifer system
in much of the study area. An alternative approach is to
use the maximum depth of well perforations to approx-
imate the depths to which pore-pressure decline is oc-

“curring. Maximum pore-pressure decline may be occur-

ring higher in the aquifer system where the greatest
abundance of well perforations occurs. However the use
of the maximum depth of the perforations partly takes
into account pore-pressure decline that is occurring
below the base of wells that bottom higher in the aquifer
system. Maximum depths were not used if only a few
deeply perforated wells were present in a township or if
the depths appear to be anomalously deep. The max-
imum thickness of the lower-zone perforated interval is
based on the well tabulation compiled by Ireland (1963):
this table lists the perforated-interval data for wells



Base from U.S. Geological Survey Central
Valley map, 1:250,000, 1958

FiGure 17.—Thickness of the fresh-water-bearing deposits of the lower zone. (Compiled by J. F. Poland.)
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CHANGES IN THE HYDROLOGIC ENVIRONMENT CONDUCIVE TO SUBSIDENCE

drilled before 1962. Since 1960 fewer wells have been
tapping the brackish waters that occur below the base of
the lower zone.

The maximum thickness of the perforated interval of
the lower zone is shown in figure 18. The thickness of
lower-zone deposits being tapped ranges from less than
400 feet to more than 2,400 feet. The general pattern is
one of overall increasing thickness of perforated inter-
val toward the southwest. Thicknesses of more than
1,800 feet occur in the areas of pumping from the Etch-
egoin Formation.

Comparison of figures 17 and 18 reveals some in-
teresting differences for the various parts of the study
area. In the northern part of the area, the perforated
interval exceeds the thickness of the fresh-water-
bearing deposits by 200-400 feet near the San Joaquin
River. Toward the Diablo Range, however, wells tap
progressively more of the underlying sediments con-
taining brackish water; as is shown by the greater dis-
parities between the thickness lines of the two maps. A
maximum disparity of 1,000 feet locally is attained east
of Panoche Hills.

In the central part of the area, the overall patterns of
lines in figures 17 and 18 bear little resemblance. The
wells do not extend to the base of the fresh water in the
eastern part of the subarea: they do extend as much as
200 feet below the base of the fresh water in the area
that is dependent on water yielded from the Pliocene
marine sands.

In the southern part of the area, the productivity of
the lower zone is sufficiently high that farmers do not
need to drill wells to the base of the fresh-water-bearing
deposits. South of Five Points, comparison of figures 17
and 18 shows that in nearly all the area the wells do not
reach the base of fresh water. East of Westhaven, the
thickness of the lower zone exceeds the thickness of
perforated interval by as much as 1,000-1,400 feet.

Pore-pressure decline is also occurring below the base
of the well perforations in the vicinity of Fresno Slough
and Kings River as a result of the large amounts of
water being pumped from the deeper aquifers farther
west. An example of this type of head decline is shown in
figure 24 at the Yearout site (13/15-35D).

CHEMICAL CHARACTER OF WATER

Lower-zone ground waters are effectively separated
by the Corcoran Clay Member from upper-zone water
throughout most of the study area. The chemical
character of the water has been discussed in some detail
by Davis and Poland (1957, p. 459-460). Analyses of
samples taken in August 1951 from wells with perfora-
tions restricted to the lower zone and of samples from
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older wells in that zone that were not gravel packed
provide useful information about the chemistry of the
lower-zone water. It is primarily a sodium sulfate
water, with noticeably more bicarbonate than in the
upper-zone waters. The chloride concentration of the
water is generally 100 mg/l or less.

The uniform salinity of the lower-zone water at a
given site can be demonstrated by examination of spon-
taneous potential electric logs. The mud used when
drilling a well commonly is mixed with water from a
nearby irrigation well, thereby causing a minimum of
contrast between the resistivities of the formation fluids
and the drilling mud. Under such conditions, the spon-
taneous potential log will be virtually featureless un-
less the salinity of the contained waters varies from bed
to bed. The featureless spontaneous potential logs of the
study area indicate that lower-zone salinities are very
uniform or undergo change with depth in a gradual
manner.

The chemical character of the water in the lower zone
has been influenced by variations in time and place of
streamflow from the Coast Ranges, by the initial
sources of the deposits and their contained waters, by
the presence or absence of the Corcoran as a control for
percolation to the lower zone, and by the activities of
man. The variations in dissclved solids of lower-zone
water shown in figure 19 probably have been little af-
fected by man. The data for the map were taken from
values of sums of determined constituents given by
Davis and Poland (1957, tables 2 and 3). Some of the
data were from wells that are perforated for short dis-
tances immediately above the Corcoran, but sums of
determined constituents for these wells do not differ
appreciably from those for nearby wells perforated only
below the Corcoran.

The map showing the chemical character of the water
in figure 19 is representative, in general, of the fresh-
water-bearing section of the lower zone as shown in
figure 17. The map is biased toward mean or minimum
sums of determined constituents for two reasons.
Anomalously high values could be the result of two
causes: (1) The basal part of the perforations of some
wells were known to extend below the base of the fresh
water; and (2) the presence of poorer quality water in
some wells was thought to have been the result of lack of
prolonged pumping before sampling in wells that are
perforated for a short distance above the Corcoran. In
such wells, when the pump is idle, poorer quality
upper-zone water may flow down the well and gravel
pack and replace the lower-zone water immediately

adjacent to the well.
The concentration of dissolved solids in the lower-
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zone water increases toward the Coast Ranges. Max-
imum concentrations occur opposite the mouths of
Panoche, Cantua, and Los Gatos Creeks where more
than 2,000 mg/1 of dissolved solids occur in the water.
The absence of the Corcoran west of Huron may have
contributed to the high concentration of dissolved solids
because of possible recharge of the lower zone by
streamflow (Davis and Poland, 1957, p. 459). A concen-
tration of dissolved solids is not present opposite the
mouth of Little Panoche Creek, but streamflow from
this drainage area did not discharge at this point until
after the deposition of the Corcoran lake clay.

The area of high concentration of dissclved solids
near the mouth of Cantua Creek is due, in part, to
pumping of water from marine deposits below the base
of the fresh-water-bearing deposits. Also, the area of
high concentration opposite the mouth of Panoche
Creek conforms with an area in which perforated inter-
vals in the deeper wells extend below the base of the
fresh water.

Areas of low concentration of dissolved solids occur
between the mouths of the large streams. The dissolved
solids are less than 1,000 mg/l opposite Monocline
Ridge, the Ciervo Hills, the southeast end of the Big
Blue Hills, and the Kettleman Hills. These areas have
received little recharge from streamflow or rainfall
since the deposition of the Corcoran.

Electric logs and analyses of well waters suggest that
the water from the Pliocene sands that underlie the
Tulare Formation has a relatively high dissolved solids
content. Water temperatures in excess of the normal
temperature gradient with depth in the Tulare and
older formations indicate a present lack of circulation of
the water in this zone. Recharge of stream water from
the Diablo Range into the Pliocene sands is not expected
to be rapid because the estuarine deposits have been
overlapped by the alluvial silts and clays of the Tulare
Formation.

SALINE WATER BODY

A saline water body occurs beneath all the fresh
ground-water reservoir in the Los Banos-Kettleman
City area. Along the east side of the area, northwest
from about the town of San Joaquin, the saline water
body occurs at depths of 800-1,500 feet below the land
surface. (See generalized sections B-B’ and C-C', fig. 9.)
Five miles west of Mendota the chloride content of this
water has been estimated to be about 7,700 mg/1 (Davis
and Poland, 1957, p. 462). The position of the top of this
high chloride water is only approximately known be-
cause only a few wells were drilled into the saline
water-bearing beds. The upper surface of the saline
water body dips steeply westward. (See fig. 9, section
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C-C', beneath Fresno Slough.) Wells drilled along the
western margin of the valley in 18/15-1 and 2 reach the
saline water at a depth of 3,150 feet.

The brackish-water body above the base of the Tulare
Formation in the southeastern part of the study area
(generalized section E-E’, fig. 9) contains fresh-water
fossils. Its present salinity is thought to be a secondary
feature such as Pleistocene lake evaporation (Miller
and others, 1971). Chloride analyses of core samples
from core hole 19/19-17P show a range of chloride con-
centration in this zone of 2-60 grains per 1,000 cubic
centimeters of core sample.? Porosities in this zone are
thought to average about 40 percent.

This would indicate an approximate chloride con-
centration of the water of 320-9,700 mg/l. Core samples
in the main saline water body below the base of the
Tulare Formation to a depth of 3,735 feet below land
surface have chloride concentrations that range from
2-106 grains per 1,000 cubic centimeters of core sample.
If a 40 percent porosity is assumed for these samples,
the chloride content of this water ranges from about
320-17,000 mg/l.

NATURAL FLOW SYSTEM

Natural flow conditions in the ground-water reser-
voir in the central part of the San Joaquin Valley were
greatly different before agricultural development of the
area. Consideration of the entire hydrologic system,
from the Diablo Range to the Sierra Nevada, provides
useful information about the natural flow system and
the changes of the general flow pattern that have been
made by man. Early measurements made by the
Geological Survey in 1906 (Mendenhall and others,
1916) form the basis of appraisal of the original condi-
tions. ’

The extent of the lower-zone confinement and the
change in flow conditions for the northern halfofthe Los
Banos-Kettleman City area and the area to the east are
shown in figure 20. The great extent of the Corcoran is
demonstrated in figure 20A. The only sources of poten-
tial recharge to the lower zone, under natural condi-
tions, were along the eastern and western boundaries of
the confining clay. The amounts of water percolating
into stratigraphically lower deposits in the Diablo
Range probably have always been small in the northern
half of the study area. In the southern part of the study
area, the boundary of the Corcoran is east of the moun-
tain front, and the potential for recharge from the Di-
ablo Range is much greater.

2Shell Oil Co., 1929, unpublished report, Results of core drilling on the Boston Land Co.
property.
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The largest recharge area for the deposits below the
Corcoran is the 10- to 20-mile-wide belt of the San
Joaquin Valley west of the Sierra Nevada. Major
streams such as the San Joaquin River have supplied
large amounts of water to the lower zone. Recharge
directly from rainfall before the advent of irrigation
probably was insignificant.

Flow conditions in about 1900 are shown in figure
20B. Waters of markedly different chemical quality
from the two source terrains moved under the Corcoran
and migrated to the trough of the valley. General circu-
lation and upward movement through the Corcoran
occurred at very slow rates because of the exceedingly
low permeability and large thickness of the lacustrine
confining clay. As a result, the lower-zone potentiomet-
ric surface was more than 20 feet above land surface in
the valley trough area. The slope of the potentiometric
surface toward the trough of the valley was only 3-4 feet
per mile.

The large-scale agricultural development of the west
side of the valley resulted in the change in flow shown in
figure 20C. The potentiometric surface, instead of being
above the land surface, was below sea level in most of
the area west of Fresno Slough in 1966. Near the Diablo
Range, lower-zone water levels were below the Corco-
ran, and water-table conditions existed. The slope of the
potentiometric surface has been reversed to a major
degree. Under the initial flow conditions, the poten-
tiometric surface sloped to the east in all the area west
of Fresno Slough. By 1966, a beit that was only a few
miles wide adjacent to the Diablo Range was still an
area of eastern gradient for lower-zone water move-
ment.

Upper-zone conditions were not changed as much as
the lower-zone conditions in the northern part of the
study area because of the limited pumping of these
waters. Recharge to the ground-water reservoir from
the surface was occurring—in contrast to the times be-
fore agricultural development—as a result of irrigation
water percolating below the root zone. Upper-zone
changes have been much greater in the central and
southern parts of the area where the semiconfined and
confined aquifer systems have been pumped heavily.

CHANGES IN THE HYDROLOGIC
ENVIRONMENT CAUSED BY MAN

Man has greatly disrupted the natural flow system.
Water-level changes have occurred in the different
parts of the ground-water reservoir—the water table,
the semiconfined aquifer system, and the confined
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aquifer system. Significant hydrologic changes are re-
sponsible for the increased applied stress that has
caused land subsidence.

HISTORY OF GROUND-WATER DEVELOPMENT

The early settlers used the Los Banos-Kettleman
City area for the grazing of cattle, sheep, and horses.
The first canal diversions of surface water in the 1870’s,
and the first artesian wells put down in the 1880’s were
primarily for watering of livestock and for irrigation of
land for pasture. The land was not irrigated and farmed
on a large scale until the First World War.

Although some wells were drilled for stock and
domestic water supply as early as 1870 (Mendenhall
and others, 1916, table 45), the first known artesian
well in the Los Banos-Kettleman City area was drilled
in 1886. At the time of the first Geological Survey well
canvass in the San Joaquin Valley in 1905-6, 14 flowing
artesian wells were reported in the area. In 1905, a well
2 miles west of Tranquillity was described as having a
head sufficient to raise a column of water at least 22 feet
above land surface. In 1914, artesian flows of more than
1,000 gallons per minute were measured from wells in
the trough of the valley. In 1919, the water level in the
San Joaquin City well was 19 feet above the land sur-
face. These facts suggest that artesian-head decline was
minor in the valley trough between 1905 and 1919.

The use of ground water for irrigation expanded
rapidly in the early 1920’s, initiating a rapid decline in
artesian pressures. The last report of a flowing well in
the Los Banos-Kettleman City area was in the winter of
1925-26. By this time 170 wells had tapped the confined
aquifer system. In sec. 28, T. 19 S., R. 19 E., where there
had been a flowing well in 1905, the static level was at a
depth of 50 feet in 1926, indicating a mean head decline
of about 3 feet per year.

The first areas to use ground water for diversified
agriculture were near Oro Loma, Mendota, Westhaven,
and along Fresno Slough. The general areas of early
ground-water development are shown in figure 21. In
1915, the area to the west of Oro Loma was subdivided
into small tracts which were irrigated with water from

12 wells.
In 1917, the Boston Land Co. began irrigation of

10,000 acres near Westhaven in the southern part of the
area, and by 1924, 54 irrigation wells had been drilled
on the property. Information about these wells is avail-
able in an unpublished report made by H. L. Haehl and
Hyde Forbes for the Boston Land Co. in 1926.

In 1926, more than 170 wells had tapped the lower-
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TaBLE 3.—Estimated ground-water pumpage, 1935-66, Los Banos - Kettleman City area

[Pumpage in thousands of acre-feet; for agricultural year beginning April 1 and ending March 31; data chiefly from Pacific Gas and Electric Co. Northern district is area from Fresno-
Merced county line to north line of T. 16 S.; Southern district is area from north line of T. 16 S. to Kettleman City. East boundary is San Joaquin River, Fresno Slough, and

Kings River]
Northern Southern Northern Southern

Year district district Total Year district district Total
1935-36 20 135 1951-52 ____________ 245 805 1,050
1936-37 30 160 1952-53 ____________ 340 935 1,275
1937-38 75 215 1953-54 ____________ 350 840 1,190
1938-39 110 260 1954-55 ____________ 315 750 1,065
1939-40 130 275 1955-56 ____________ 405 725 1,130
1940-41 130 270 1956-57 ____________ 430 775 1,205
1941-42 ___ 145 280 1957-58 __ - 385 775 1,160
1942-43 ___ 170 320 1958-59 _ 405 700 1,105
1943-44 ___ 175 340 1959-60 _ 375 765 1,140
1944-45 175 350 1960-61 ____________ 370 720 1,090
1945-46 190 370 1961-62 ____________ 345 685 1,030
1946-47 255 455 1962-63 ____________ 375 730 1,105
1947-48 355 595 1963-64 ____________ 360 685 1,045
1948-49 410 645 1964-65 ____________ 330 780 1,110
1949-50 590 845 1965-66 ____________ 310 675 985
1950-51 695 1,000

zone waters in the Los Banos-Kettleman City area. By
1937, about 250 wells were pumping from the lower
zone, and by 1942 the number had increased to at least
350. In 1960, there were about 1,100 active irrigation
wells, most of which were pumping from the lower zone.

Irrigation with ground water expanded rapidly dur-
ing the early 1920’s, but a low level of commodity prices
in the late 1920’s and early 1930’s discouraged further
agricultural expansion. After 1936, a renewed expan-
sion occurred, and pumpage increased rapidly until
World War IL

The increase in the irrigated area since about 1940 is
shown in figure 22. The growth of the ground-water
service areas expanded most rapidly between about
1940 and 1950. Most of this expansion was associated
with the high prices paid for crops after World War II.
By 1955, most of the available land had been placed
under cultivation. Since 1955, the irrigated area has
edged closer to the foothills of the Diablo Range, par-
ticularly in T. 14 S,, R. 12 E., and T. 16 S, R. 14 E.

TRENDS IN TOTAL GROUND-WATER PUMPAGE

The total amount of ground water pumped in the
study area increased until the early 1950’s. Early in the
development of the area, the Boston Land Co. pumped
an average of 12,500 acre-feet of water per year between
1917 and 1926 (Haehl and Forbes, 1926, unpub. rept.).
In 1924, the total annual pumping draft from the area
was about 35,000 acre-feet (Davis and Poland, 1957, p.
431).

The ground-water pumpage in the Los Banos
—-Kettleman City area (excluding the small area north
of the Merced County line) is shown in table 3 and figure

23 for the period 1935-65. Pumpage for a northern and
southern district is shown, in addition to the total
pumpage, in order to illustrate the rapid growth of
pumpage in the southern district from 1945 to 1953.
Pumpage in the area north of the Fresno-Merced
County line was not included because the available
figures for electric-power consumption included power
used for many surface-water booster plants.

The data for years 1935-36 through 1961-62 were
compiled largely by E. J. Griffith, Pacific Gas and Elec-
tric Co., Fresno, and were made available through the
cooperation of the San Joaquin Power Division, Pacific
Gas and Electric Co. The ground-water withdrawals
were computed chiefly from the total power consump-
tion per customer per year; and this amount was divided
by an average figure for kilowatt hours per acre-foot for
each customer as determined from pump efficiency tests
for that customer. Pumpage from 1962-63 through
1965-66 has been compiled from a report by Ogilbee and
Rose (1969).

Before 1940, most of the ground water was pumped in
the northern district, but the rapid expansion of ag-
riculture in the southern district after 1945 caused the
pumpage in that district to surpass pumpage in the
northern district, and, since 1948, pumpage in the
southern district has been about double that of the
northern district (table 3).

The total pumping rate increased until 1952-53 when
1,275,000 acre-feet of water was pumped. Since then the
total pumpage has declined gradually to about
1,000,000 acre-feet in 1965-66. The end of the period of
accelerated pumping coincided roughly with a sharply
reduced rate of agricultural expansion. Although some
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crop and has required fewer wells because water can be
readily transported several miles in pipelines.

The tripling of the overall pumpage since 1945 has
resulted in a large overdraft, declining water levels in
the zones from which water is being withdrawn, and
large amounts of subsidence as water is expelled from
unconsolidated sediments to furnish about one-third of
the water pumped.

CHANGES IN GROUND-WATER LEVELS

Pumping of ground water and irrigation has changed
the water table as well as the water levels in the
semiconfined aquifer system above the Corcoran Clay
Member and in the confined lower zone. Water-level
change varies greatly for the different depth zones of the
ground-water reservoir and in the different parts of the
area.

The low permeability of the upper-zone deposits, and
in some places the inferior quality of the upper-zone
water, makes the upper zone generally undesirable as a
source of irrigation water. However, in a belt parallel-
ing the trough of the valley from Tranquillity to Strat-
ford, permeable upper zone sands derived from the
Sierra Nevada yield good quality water. Many of the
wells in this belt are completed only in the upper zone,
and they yield ample supplies of irrigation water. Else-
where in the area many lower-zone wells are perforated
opposite sands for a short distance above the
Corcoran—a situation that is most common in the
southern part of the area.

Water-level trends in three Bureau of Reclamation
piezometers east of Mendota at the Yearout site are
shown in figure 24 to illustrate water-level trends in the
main hydrologic units in the study area. The winter
high and the summer low water levels are shown for the
period 1951-66. Well 13/15-35D1 reflects the water
level of the water table and the upper part of the
semiconfined zone. Well 35D2 reflects the water levels
in a confined zone above the Corcoran. Well 35D3
reflects lower-zone water-level changes.

Most of the irrigation wells in the vicinity of the
Yearout site are perforated only in the upper zone, but a
few are perforated in both the upper and lower zones.
The result is a 40-foot seasonal fluctuation in the pie-
zometer tapping the upper-zone confined aquifer. The
large seasonal fluctuation and the degree of separation
between the water levels at well points 100 and 300 feet
deep suggest that confinement is good. Water levels in
the confined part of the zone did not decline during the
early part of the period of record but have declined 8 feet
since 1958.

The water level in well 35D1 remained about the
same until 1960, but since then it has declined steadily
with small seasonal fluctuations. The water-level trend
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Ficure 24.—Hydrographs of upper- and lower-zone piezometers at the Yearout site. Data
from the U.S. Bureau of Reclamation.

may be representative, but the seasonal fluctuations in
well 35D1 are much smaller than in irrigation well
34A1 (325 ft west of 35D1 and perforated at depths of
100-276 ft). Apparently, well 35D1 has limited hy-
draulic continuity with the adjacent aquifer.

The water levels in the lower-zone well, 35D3, have
shown the steadiest and largest decline despite the fact
that few wells in the area are perforated in the lower
zone. The lack of nearby pumping from the lower zone
accounts for the small amounts of seasonal fluctuation
of water level. The high winter levels in 1956 and 1958
were coincident with two of the wettest winters since
1870. The 60-foot head decline in 14 years most likely is
related to intensive lower-zone pumping farther west.
This intensive pumping has produced a steep gradient
on the east side of the Los Banos-Kettleman City area
which has induced recharge from the east side of the
San Joaquin Valley. Hydrographs of wells such as
35D3, from east of Mendota to Stratford, have histories
of head decline resulting from the increase in gradient.
In most of the project area, the seasonal fluctuation has
been larger in the lower than in the upper zone, and
water levels have declined more.

THE WATER TABLE

The surface of the unconfined water—the water
table—in the Los Banos-Kettleman City area is
difficult to define. Very few wells tap only the upper
10-50 feet of the saturated deposits. The lensing,
heterogeneous character of the alluvium results in
water levels that are not truly indicative of the water
table in those wells that tap more than 50-100 feet of
saturated alluvium. For example, a 200-foot well may
have a gradually rising water level during a 10-year
period suggestive of a rising water table that is receiv-
ing irrigation water that percolates below the root zone.
A nearby 100-foot well may have a more rapidly rising
water level, thereby suggesting that it is more indica-
tive of water-table conditions than the 200-foot well.
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The minor differences in permeability of adjacent
water-yielding beds are such that differences in head
can exist between shallow wells during times of heavy
pumping. Many of these shallow wells recover to the
level of the water table during times of little pumping.

Both semiconfined and perched conditions occur in
various degrees. Apparent depths to the water table
that are too deep are the result of semiconfinement of
part of the beds penetrated by a well. Apparent depths
that are too shallow result when the well is tapping a
water body that is perched on a lense of fine-grained
alluvium. Perched conditions occur where a
fine-grained lense allows only part of the water to perco-
late through it, has unsaturated deposits below it, and
saturated deposits above it.

In order to be able to analyze the change in effective
stress that causes the subsidence, it is necessary to have
knowledge of the changes in the position of the water
table as well as the change in conditions in the
semiconfined and confined aquifer systems. A rising or
falling water table not only can cause expansion or
compaction of the unconfined deposits, but also affects
the effective stress on the deposits in the confined zone.

The approximate position of the water table was de-
termined by Davis, Green, Olmsted, and Brown (1959,
p- 147, 148, pl. 16) on the basis of 1951 measurements
and was supplemented by earlier measurements. The
approximate position was determined partly by mea-
surements in wells tapping unconfined and
semiconfined zones and was supplemented by estimates
of the top of the zone of saturation based on electric logs.
The depth to water was less than 10 feet in a large area
along the trough of the valley from Tranquillity to Los
Banos. In general, the depth to water increased from
east to west, and near the foothills of the Diablo Range
the depth to water was more than 300 feet. These au-
thors concluded that the position of the water table had
remained approximately constant, declining slightly in
some areas and rising some in others (p.147). A compari-
son of the altitude of the water table in 1951 (Davis and
others, 1959, pl. 15) with the altitude of the water table
in 1906 as plotted by Mendenhall (Mendenhall and
others, 1916, pl. 1) suggests less than 20 feet of change
in the position of the water table in the 46-year period.
The water table declined as much as 20 feet in the
southern part and rose as much as 20 feet in the north-
ern part of the Los Banos-Kettleman City area.

The Bureau of Reclamation has been obtaining more
recent information regarding the water table, as part of
projects to bring large amounts of surface water into the
area in the Delta-Mendota Canal and the San Luis
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Canal. The raising of the water table to near the land
surface will require that drainage systems be built in
order to continue growing crops. The Bureau of Recla-
mation has drilled or augered more than 100 shallow
wells to obtain information about water-levels in the
unconfined zone. As a result of these studies, post-1961
water-table information is available for most of the area
downslope from the San Luis Canal.

The depth to shallow ground water in 1965 is shown
in figure 25. Water levels in most of these wells approx-
imate the water table, but for many wells it is not
possible to determine the presence of perched or
semiconfined conditions that might affect the water
level to aminor degree. Most of the data northeast of the
San Luis Canal were obtained from the Bureau of Rec-
lamation. Electric logs of water wells drilled in the
mid-1960’s were used to determine the depth to the
water table in most of the area west of the canal.

The general pattern of the depth to water is much the
same as in 1951, with depths of more than 200 feet to
water suggested by the map in the western part of the
area. West of Huron, the depth to the water table ex-
ceeded 500 feet in 1965. The area of depths to water
greater than 400 feet at the mouth of Los Gatos Creek
coincides with an area of permeable coarse-grained de-
posits laid down on the ancestral alluvial fan of Los
Gatos Creek. Little confinement is present in this area,
and the great depth to the water table is the result of
water-table declines caused by pumping of wells perfo-
rated at depths of more than 1,000 feet. Davis and Po-
land (1957, p. 429-430) note that the low water temper-
atures and high sulfate content of the water suggests
that recharge from Los Gatos Creek is able to reach the
deposits tapped by wells. A similar situation probably
exists at the mouth of Cantua Creek.

Water levels were shallow in the eastern half of the
area, the depth to water north of Five Points being less
than 20 feet, and south of Five Points less than 50 feet.
The area in which the depth to water was less than 10
feet was larger than in 1951. )

The change in the depth to shallow water between
1951 and 1965 can be obtained in a general way by
comparing the 1951 and 1965 maps, as has been done in
figure 26. Considerable variation in the trends of shal-
low water levels are apparent in the different parts of
the area. In the northern part of the area, water levels
have risen from less than 25 feet to more than 100 feet.
A large area in which the water table has risen more
than 50 feet extends from the town of Cantua Creek to
15 miles west of Mendota. In 1951 the water table in this
area was generally at a depth of about 100-150 feet.
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Outflow of water accumulating in the upper zone occurs
as (1) movement of water toward Fresno Slough and the
San Joaquin River, (2) westward movement toward
areas of lower ground-water table that are present be-
cause of lesser amounts of water being received from
irrigation or because the water table has been lowered
by pumping; and (3) downward flow through the Corco-
ran in gravel packs around well casings and through
broken well casings.

Water-level rises have been much less along the
trough of the valley where many wells are perforated in
the upper zone. The water table has risen less than 30
feet in most of this area.

In the southern part of the area, the depth to shallow
water has increased southwest of Westhaven and has
decreased northeast of Westhaven. The areas in which
the depth to water was less than 40 feet in 1951 had a
shallower water table in 1965, but the rise has not been
large because the water table was close to the land
surface in 1951.

Water-table decline occurred in the area west of the
Corcoran. The effects of water-table decline west of the
Corcoran have resulted in water-table declines for as
much as 5 miles east of the western boundary of the
aquiclude and may have influenced the rates of water-
table rise for even greater distances to the east. The
area of 250 to more than 350 feet of water-table decline
at the mouth of Los Gatos Creek coincides with the area
of maximum depth to water shown in figure 25.

The overall pattern of water-table decline in the
southern part of the area and of water-table rise in the
northern part was the same as for the 1906-51 period.

Three hydrographs of water-table wells are shown in
figure 27. Each of these water levels is believed to be
representative of water-table conditions although part
of the perforations may be opposite beds in which the
water is semiconfined. Wells 14/13-11D3 and
16/15-34N5 are at the Mendota and Cantua recorder
sites. Well 12/13-32A2 shows the steady rising trend
that is characteristic of the water table in most of the
northern part of the area. Well 14/13-11D3 had a rising
water level until 1964; since then the water table has
declined. Well 16/15-34N5 has had a fairly constant or
slightly rising water table—a situation that apparently
has existed at the Cantua site since at least 1952 (fig.
27) and possibly since 1906 (Mendenhall and others,
1916, plate 1) when the depth to water in shallow wells
in the vicinity was about 165 feet.

THE UPPER-ZONE SEMICONFINED TO
CONFINED AQUIFER SYSTEM

Roughly 25 percent of the water pumped in the Los
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Ficure 27.—Hydrographs of wells perforated in the unconfined zone.

Banos-Kettleman City area is withdrawn from the
upper zone. The areal distribution of water withdrawal
is not uniform, as is shown by figure 10. In some areas,
water is pumped entirely from below the Corcoran, and
in other areas water is pumped entirely from above the
Corcoran. In most of the area, and particularly south of
Five Points, water is pumped from both the lower and
upper zones. Most of the lower-zone wells that have
perforations in the upper zone are perforated im-
mediately above the Corcoran. In general, there is an
improvement in water quality and an increase in per-
meability of the deposits with depth in the upper zone,
and in parts of the area the water obtained from im-
mediately above the Corcoran is as usable for irrigation
as the lower-zone waters.

In most of the area, a large downward head differen-
tial has developed across the Corcoran confining clay as
aresult of lower-zone pumping. Downward head differ-
entials of 100-200 feet may be common in much of the
northern part of the area. Water levels in wells tapping
the lower zone and the base of the upper zone can be
compared at two locations. Hydrographs for wells
15/14-15E3 (fig. 28), tapping the upper zone, and
15/14-14J1 (fig. 44), tapping the lower zone, suggest a
downward head differential of about 120 feet in 1965.
Farther east at the Tranquillity site, in 1967 the water
level in a well perforated a short distance below the
Corcoran was 120 feet deeper than a well tapping the
base of the upper zone.

However, in the southern part of the area, head de-
clines in the upper zone have been large where upper-
zone water has been pumped intensively for irrigation.
Observation wells tap both the upper and lower zones at
the Westhaven site (figs. 3 and 14). The well tapping the
sands (well 20/18-11Q1) immediately above the Corco-
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ran has a deeper water level than the lower-zone wells
(fig. 14). The record for well 11Q1 shows about the same
seasonal fluctuation as for the lower-zone wells. This
situation may represent pumping from a confined lense
of sand of limited extent that is not connected with
permeable beds leading to recharge areas. Upward
gradients across the Corcoran may be fairly common in
the southern part of the study area. At the Lemoore site,
downward gradients of as much as 40 feet are present in
the winter, but small upward gradients are present in
the summer.

The degree of confinement southwest of the edge of
the Corcoran is highly variable. The head differential,
as of 1943, between the water table and water levels in
deep irrigation wells suggests only moderate lower-
zone confinement in the area west of Huron (Bull, 1974).
Head differentials in this subarea ranged from less than
50 feet to more than 100 feet.

Hydrographs of three upper-zone Bureau of Reclama-
tion piezometers are shown in figure 28. The three rec-
ords are markedly different. The hydrographs illustrate
the differences of confinement and separation of water
bodies that occur in the upper zone as a result of
heterogeneous lensing deposits derived from different
sources. The summer low- and winter high-water levels
have been used for the hydrographs.

Well 15E1 shows little seasonal fluctuation and
shows a steady rise in water level. Although this well
taps both unconfined and semiconfined water, the rec-
ord represents chiefly semiconfined conditions. The
water table at the location has risen twice as much
during the same period.

Well 15E2 has a record of consistent seasonal
fluctuations of 10-20 feet. The overall trend has been
up, but the water-level rise has not been as much as in
well 15E1. Deposits within the depth interval tapped by
well 15E2 probably have a moderately good degree of
confinement, but the amount of seasonal fluctuation is
low because few nearby wells are perforated in this
interval.

Well 15E3 has a record of erratic seasonal
fluctuations that exceed 80 feet in some years. The
fluctuations indicate that water levels in this confined
depth interval are influenced by irrigation wells in the
vicinity that are pumping in part from the basal upper
zone. An overall decline of water levels has occurred for
this zone, which is immediately above the Corcoran.

The hydrographs in figure 28 show why it is impossi-
ble to make water-level maps, or water-level change
maps, for most of the upper zone, in an area that is as
large as the Los Banos-Kettleman City area. Even if
abundant water-level data were available for the many
different units within the upper zone, consistent results
could not be obtained for more than a few miles because
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Ficure 28.—Hydrographs of upper-zone piezometers at 15/14-15E. Data from the U.S.
Bureau of Reclamation.

of the many semiconfining beds of low permeability.

Hydrographs of two unused irrigation wells perfor-
ated in the upper zone are shown in figure 29. The rising
trend in the water levels of well 13/14-17N2 is a result
of recharge from irrigation water, which in this area is
obtained largely from surface-water sources. The shal-
low water level in 1959 appears to represent mainly
water-table conditions. Later in the same year, how-
ever, the water level rose rapidly to a depth of only 8
feet, probably as a result of a casing break that permit-
ted unconfined water to dominate the water level. The
abrupt rise in water-level indicates that the water
tapped by this well was semiconfined although the well
is only 196 feet deep.

Well 15/16-20R1 was initially drilled to pump from
both the upper and lower zones. Casing failures termi-
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Ficure 29.—Hydrographs of wells perforated in the upper zone.
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Ficure 30.—Hydrographs of wells perforated in both the upper and lower zones.

nated the use of this well for irrigation purposes and
apparently sealed off the lower-zone waters. Another
well, 1 mile away, that is representative of the lower
zone has a water level more than 100 feet deeper than
that of well 20R1.

The winter high- and the summer low-water levels for
well 20R1 have been obtained from a recorder that has
been operating continuously since 1952. The consistent
seasonal fluctuation of about 30 feet probably is rep-
resentative of the upper zone, which is heavily pumped
in the vicinity. The depth interval at which water moves
in and out of the well casing is not known, but the large
seasonal fluctuation indicates that the zone has good
confinement. In 1956 and 1958, the summer low-water
levels were abnormally high. These summers followed
exceptionally wet winters. In these 2 years, a surplus of
irrigation water from the Kings River was available for
use in the vicinity, and apparently little ground water
was pumped. The overall trend of the water level has
been down—declining 10-13 feet in 12 years.

Water levels in wells that tap both the upper and
lower zones are shown in figure 30. The large seasonal
fluctuation in well 17/17-21N2 is characteristic of ir-
rigation wells southwest of Five Points. A declining
trend of water levels is characteristic of the lower zone
in this part of the area (fig. 45B), but the record obtained
from well 21N2 is too short to show a well-defined
water-level decline. The availability of the unused well
probably was in part due to the fact that it was no longer
usable for irrigation purposes. Casing breaks that shut
off production from the deeper aquifers are common in
the area; therefore, the record for well 21N2 probably is

representative of a much higher depth interval than
indicated by the full perforated interval. As a result of
the record obtained from this and other unused wells
and the consistently high water levels noted in most
unused irrigation wells during well rounds, it has been
concluded that most unused wells are of dubious value
for obtaining representative water-level records in a
subsidence area.

The record for well 21/18-28M2 was obtained from
the California Department of Water Resources. This
well is adjacent to Kettleman Hills and near the west
edge of the Corcoran. Water levels in this area did not
decline until the early 1950’s when agricultural de-
velopment of the area near the Kettleman Hills ex-
panded rapidly and numerous wells were drilled. A
steady overall decline of about 6 feet per year has oc-
curred between 1955 and 1963, and hydrographs of
other wells in the vicinity (fig. 47) show that the decline
was continued at about the same rate through 1965.

In general, not many mixed-zone wells were moni-
tored because of the difficulty of determining the rela-
tive effects of the heads in the upper and lower zones.
The differences in head and permeability of the various
water-yielding beds make it difficult to use perforated
interval in more than a general way to determine the
effect of upper- or lower-zone head on the composite
water levels or on the amounts of seasonal fluctuation.

THE LOWER-ZONE AQUIFER SYSTEM

The Corcoran Clay Member of the Tulare Formation
provides excellent confinement for artesian pressures in
nearly all of the Los Banos-Kettleman City area (see
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fig. 12). The thick sequence of alluvial deposits below
the Corcoran furnishes roughly three-quarters of the
irrigation water pumped in the area. Overdraft has
resulted in large declines in head in the lower zone, and
it is here in the lower zone that three-fourths of the
compaction that causes subsidence occurs. Fortunately,
a large amount of water-level data is available for the
lower zone, and a measurement of a single well is likely
to be representative of the potentiometric head in the
vicinity because the hydraulic continuity within the
lower zone is good in most of the area (fig. 14).

CHANGES IN THE POTENTIOMETRIC SURFACE

The potentiometric surface was nearly flat prior to
the pumping of ground water. On the basis of measure-
ments made in 1906, Mendenhall, Dole, and Stabler
(1916) estimated that the potentiometric surface sloped
2-5 feet per mile to the east and had a northward com-
ponent of slope along the trough of the valley of about
1'% feet per mile.

By the time that Haehl and Forbes made their study
for the Boston Land Co. in 1926, the potentiometric
surface had been lowered, particularly in areas irri-
gated with lower-zone water. Generalized contours of
the potentiometric surface in the southern part of the
area as of 1926 are shown in figure 31. The three major
depressions of the potentiometric surface coincide with
the areas of early agricultural development (fig. 21).
Similar pumping depressions probably existed in the
areas of early development west of Mendota: these are
indicated by scattered measurements made in about
1929. Unfortunately, the density of the control points is
insufficient to permit contouring of the potentiometric
surface north of the area studied by Haehl and Forbes.

With the expansion of agriculture, measurements
were made available through the pump-efficiency tests
made by the Pacific Gas and Electric Co. The static and
10-minute recovery levels made by this company in
1943 are numerous enough to permit preparation of a
map of the lower-zone potentiometric surface (fig. 32).

The 1943 map shows that the trough of the poten-
tiometric surface in the southern part of the area had
moved west of the 1926 position and that a pronounced
trough in the potentiometric surface extended from
Tulare Lake bed to the Merced-Fresno County line. Part
of the potentiometric surface southwest of Firebaugh
had been depressed to below sea level. Pumping over-
draft within the area had established a recharge gra-
dient of 13-35 feet per mile along the east side of the
area.
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A widespread survey of the area was made by the U.S.
Coast and Geodetic Survey in 1943. Thus, the 1943
vertical control and water-level control provide a base
for comparison with more recent years.

By 1960 the gradient had steepened to 18-44 feet per
mile, and the trough of the pumping depression had
moved even further west (fig. 33). The westward migra-
tion of the trough of the pumping depression shown in
figures 31-33, 35, and 36 is in the same direction as the
increase in irrigated area shown in figure 22. By 1960
the potentiometric surface had been depressed below
sea level in virtually all the area, and much of the area
along the trough of deepest water levels was more than
250 feet below sea level.

Northwest of Mendota the potentiometric surface was
not at its historic low in 1960 because initiation of
surface-water deliveries by the Delta-Mendota Canal in
1954 had decreased the amount of ground water
pumped, thereby causing water levels to rise locally.
The minimum altitude of the potentiometric surface in
the area northwest of Mendota is based on historic
low-water levels measured prior to 1960—mainly in the
middle 1950’s.

The time of year in which the water levels are meas-
ured has a distinct influence on the altitude and
configuration of the potentiometric surface. The lower-
zone seasonal fluctuation within the study area ranges
from less than 10 feet to more than 150 feet, therefore it
is desirable to make water-level measurements in the
area either at the winter high-recovery level or at the
summer low-recovery level caused by intensive pump-
ing. Numerous and well-spaced static measurements
are much easier to obtain in December when most of the
wells are shut down—a factor that contributes to an
accurate map. Static measurements are not easy to ob-
tain in August when most of the wells are pumping, but
measurements made in August are more meaningful
because they are made at the times of maximum applied
stress and maximum compaction rates. Instead of
summer static measurements, static levels (actualiy
10-minute recovery levels) made by the Pacific Gas and
Electric Co. as part of pump-efficiency tests were used.
By using selected measurements made in those months
of the year in which there is intensive pumping (early
spring and the summer), the minimum altitude of the
potentiometric surface shown in figure 33 was obtained.
The 1960 measurements were supplemented in part by
measurements made in the summer of 1959, and in
areas where no Pacific Gas and Electric Co. measure-
ments were made, spring measurements made by the
U.S. Geological Survey were used. Most of the spring
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measurements were not made at times of maximum
pumping, and those parts of the map are dashed.

The 1943 map is also based on measurements made
by the Pacific Gas and Electric Co. The measurements
were made at various times of the year, but mainly
during times of maximum pumping. Thus, the 1943
map is more representative of the summer lows than of
the winter highs.

Although the decline had been large as of 1960,
sufficient pressure remained in the lower zone to cause
water levels in wells to rise above the base of the Corco-
ran in most of the area. The artesian head of the lower
zone as of May 1960—a time of seasonally high water
levels—is shown in figure 34. Artesian head of 300-500
feet above the base of the Corcoran still existed in most
of the study area. The amount of head present decreased
to the southwest. In the southern part of the area,
200-400 feet of head was still present at the western
boundary of the Corcoran. In the central part of the
area, the lower-zone head was less than 100 feet near
the mouth of Cantua Creek. The lower-zone water
levels were more than 200 feet below the base of the
Corcoran adjacent to the Diablo Range in the northern
part of the area where the Corcoran has been strongly
folded (fig. 13). Water-table conditions exist where the
lower-zone water levels have declined below the base of
the Corcoran if deeper confining beds are not present.

The decline of lower-zone water levels below the base
of the Corcoran does not greatly change the rate of
increase of stress being applied to the lower zone, how-
ever, the processes of stress increase are changed mark-
edly. During water-level declines under confined condi-
tions, increase in applied stress equal to 1 foot of water
will occur for each foot of additional decline in artesian
head. The process involved is one of increased seepage
stress equal to the magnitude of the head differential.
After the lower-zone water levels have declined below
the Corcoran, further decline in head does not cause
further increase in seepage stress. Instead the applied
stresses are increased as a result of two other types of
processes. Under the assumptions specified in the sec-
tion “Stresses Tending to Cause Compaction,” removal
of buoyant support of the grains in the aquifers during
the course of dewatering will cause an increase in ap-
plied stress equal to 0.6 foot of water for each foot of
additional water-level decline. Added to this stress in-
crease is 0.2 foot of water that results from part of the
intergranular water changing from a neutral to an ap-
plied stress condition—the amount being equal to the
water of specific retention. i

The overall effect of lower-zone water levels dropping

STUDIES OF LAND SUBSIDENCE

below the Corcoran and then continuing to decline is a
decrease in the rate of stress application of about 0.2 foot
per foot of additional water-level decline. The amount of
increase in applied stress under such conditions has
decreased from 1.0-0.8 foot of water per additional foot
of lower-zone water-level decline.

The 1962 map (fig. 35) is representative of the winter
high in the potentiometric surface, and all the mea-
surements were made in about a week. In most of the
area, the December 1962 potentiometric surface is
higher than in the summer of 1960.

The lowest part of the potentiometric surface was
northeast of the Big Blue Hills where the surface was
more than 325 feet below sea level. The gradient along
the east side of the area was more uniform and had a ‘
more gentle slope than in the summers of 1943 and
1960. In December 1962, the gradient ranged from 22 to
33 feet per mile. The trough of the potentiometric sur-
face was farther west than in earlier years, and it was
narrower than the troughs in the summers of 1943 and
1960.

The water-level measurements of December 1962 and
December 1965 were made 2-4 months before the
bench-mark network was releveled by the Coast and
Geodetic Survey. The potentiometric surface just before
the 1966 releveling of the bench-mark network, is
shown in figure 36. Comparison of the potentiometric
surfaces at the time of the winter highs of 1962 and 1965
shows that the configuration and altitude of the poten-
tiometric surface were virtually the same in 1965 as in
1962. All the maps for the previous years (most of which
are not included in this paper) show a progressive de-
cline of the potentiometric surface (figs. 39, 40), and a
westward migration of the trough of maximum depth to
the potentiometric surface. By 1965, winter water
levels were slightly higher in part of the area than in
1962.

The overall similarity of the 1962 and 1965 maps
suggests that a rough balance had been established
between total pumpage, the amount of water derived
from compaction, and the amount of subsurface re-
charge to the lower zone as a result of change in the
gradient of the potentiometric surface along the north-
east side of the study area.

The hydraulic gradient along the east side of the
study area has steepened as a result of increased pump-
ing of ground water to the west. Changes in the slope of
the potentiometric surface along two section lines have
been derived from maps of the potentiometric surface
and are shown in figures 37 and 38. Line G-G’, 4.3 miles
long, extends southwest from Five Points. Line F-F",
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7.7 miles long, extends to the southwest from a point
midway between Firebaugh and Mendota, but dis-
tances of 4.0 and 5.6 miles had to be used for some
periods. The location of the section lines are shown in
figure 33. The head differential for each period along
both lines has been corrected for the estimated
post-1906 subsidence.

Mendenhall, Dole, and Stabler (1916) estimated that
the slope of the lower-zone potentiometric surface in
1906 was 2-5 feet per mile to the east. A value of 4 feet
per mile to the east has been used in both figures.

Both graphs indicate that the amount of underflow
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from the east side of the San Joaquin Valley has in-
creased substantially since about 1916. Unfortunately,
as of 1968, the hydraulic conductivities of the lower-
zone deposits are not known so the amount of change in
underflow cannot be computed.

Along the span of section lines F-F' and G-G’, the
westward steepening of the potentiometric surface ap-
pears to have ceased in the early 1960’s—most likely
because a general equilibrium between underflow,
water of compaction, and withdrawal may have been
approached. The rate of steepening of the potentiomet-
ric gradient decreased about a decade after the increase
in total pumpage stopped (fig. 23). Part of the post-1960
change can be attributed to the fact that the 1962 and
1965 slopes were taken from maps of the winter high
potentiometric level. The surface has a steeper slope in
the summer than in the winter.

Profiles indicating the changes in the configuration of
the potentiometric surface in the northern and southern
parts of the area are shown in figures 39 and 40. All the
data, except the 1943 data, are for times of seasonal
recovery highs. The May recovery high is almost the
same as the December recovery high, and for some years
in the southern part of the area, May water levels are
higher than December water levels.

The altitude of the potentiometric surface for the line
of section between Tumey Hills and Mendota, measured
six times between 1943 and December 1965, is shown in
figure 39. A progressive deepening of the potentiometric
surface is shown by the profiles. In 1943 most of the
potentiometric surface was above sea level, but by 1966
the potentiometric level was as deep as 270 feet below
sea level. The 1943 profile is symmetrical, but the
1953-65 profiles have varying degrees of asymmetry.
The location of the troughs of the profiles have varied,
but the trend has been an overall westward migration of
the trough of the deepest water levels. The greater sep-
aration of the lines of profile in the western part of the
line of section shows that greater head declines occurred
between the various periods of measurement in the
western part than in the eastern part of the line of
section.

The altitude of the potentiometric surface for the line
of section between Anticline Ridge and Fresno Slough,
measured six times between 1943 and December 1965,
is shown in figure 40. In contrast to the previous set of
potentiometric levels shown in figure 39, the poten-
tiometric levels have not deepened uniformly here.
Most of the head decline occurred between 1943 and
1953. Since 1953 the overall trend has been toward a
slow decline in artesian head, but the depth to water
varies greatly for the individual years. All the profiles
are asymmetrical and have steeper slopes in the west-
ern parts of the line of section than in the eastern. Asin
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figure 39, the trough of deepest water levels has mi-
grated to the west, and the largest amounts of post-1943
head decline have been in the western part of the line of
section.

The change in the potentiometric surface between
1943 and 1960 is shown in figure 41. The maximum
head decline shown is northeast of the Big Blue Hills
where the potentiometric surface had dropped more
than 400 feet in the 17-year period—an average of about
25 feet per year. Areas of lesser head decline, such as
along the road southwest of Five Points near Anticline
Ridge, are largely the result of a low density of wells
where less water has been pumped than in adjacent
areas of more abundant wells.

In general, the decline in head was only 50-150 feet in
the eastern and northern parts of the area, but more
than 300 feet of head decline was common in areas close
to the Diablo Range.

The amounts of head decline are in part a function of

distance from the recharge area. The eastern and
northern parts of the area are closest to the area of
major recharge—the east side of the San Joaquin Val-
ley. Very little recharge is derived from the Diablo
Range, particularly lower-zone recharge. The areas
near the Diablo Range have had the most severe head
declines because they are farthest from the Sierra re-
charge water and because they are adjacent to a moun-
tain front that approximates an impermeable bound-
ary. Much of the recharge water from the east is inter-
cepted by wells before it reaches areas near the Diablo
Range.

In the southern part of the area, the maximum head
decline is nearer Huron than the Diablo Range. The
lower zone in the area between Huron and the Diablo
Range is receiving undetermined amounts of recharge
from intermittent flows of Los Gatos Creek. The Corco-
ran is poorly defined or absent in most of this area,
thereby permitting recharge of the lower zone. The
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1951-65 change in depth to water-table map (fig. 26)
shows that the area southwest of Huron has had the
maximum decline in the water table in the study area.
This indicates that water in beds that are stratigraphi-
cally equivalent to beds in the upper zone east of Huron
is moving down to partly recharge water withdrawn by
the deep wells.

Another reason for the lesser amounts of head decline
in the area west of Huron, as compared to the areas
adjacent to the Diablo Range farther north in the study
area, is the lack of an impermeable boundary. In this
area, the impermeable boundary is actually the south-
west side of Pleasant Valley because ground water can
move from Pleasant Valley to the San Joaquin Valley
through the gaps in the foothill belt.

In the area northeast of the Big Blue Hills and south-
west of the town of Cantua Creek, the head declines in

excess of 300 feet are due, in part, to the aquifers pene-
trated by the irrigation wells. The wells in this subarea
are perforated in the Tulare Formation below the Cor-
coran and in the marine sands of the Etchegoin Forma-
tion. Although fresh water has largely replaced the salt
water in the marine sands, very little recharge reaches
the sands compared to the amount of recharge to the
Tulare Formation. The lack of significant recharge to
the Etchegoin sands probably is the main reason why
this part of the study area has undergone the maximum
decline in head between 1943 and 1960.

The change in altitude of the lower-zone potentiomet-
ric surface between December 1962 and December 1965
is shown in figure 42. In marked contrast to large head
declines that occurred between 1943 and 1960, the re-
cent 3-year period has been one of rise, as well as de-
cline, in the potentiometric level. The extremes within
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the study area are 50 feet of head rise west of Firebaugh,
and 75 feet of head decline southwest of Huron. Locally,
in areas such as southwest of Huron, and adjacent to the
Big Blue Hills, lower-zone head decline was continuing
at rates similar to those in the early 1950’s—the period
of maximum rates of head decline for much of the area.
Between 1962 and 1965 pronounced head decline was
occurring in only about 25 percent of the area. Areas of
head rise of more than 25 feet totaled about 5 percent of
the study area; the remaining 70 percent had little
change in potentiometric level or underwent minor
amounts of head rise. The areas of maximum head de-
cline were farthest from the area of major recharge east
of Fresno Slough. In the rest of the area, arough balance
between pumpage and sources of ground water ap-
peared to have been achieved, as was noted in the dis-
cussion of the change in potentiometric slope.

SEAsONAL FLucTuaTIiION OF THE POTENTIOMETRIC LEVEL

The trend in seasonal changes in the lower-zone ar-
tesian head is roughly the same throughout most of the
Los Banos-Kettleman City area. After the summer,
pumpage decreases during the fall as many crops are
harvested. Some irrigation continues for the planting of
winter grains. The winter recovery high occurs most
commonly during the last part of December. Pumping
during the first months of the year for preirrigation of
summer crops causes the head to decline by the middle
of March to almost the same level as the summer low.
Little pumping occurs while the summer crops germi-
nate, and by early May water levels in much of the area
have recovered almost to the December high levels.
Summer is the time of maximum pumping, and the
lowest water levels usually occur during August. Thus,
the typical seasonal trend of the lower-zone water levels
has been to have two major fluctuations each year—low
levels in March and August separated by periods of
pronounced recovery that peak in May and December.

The pattern of seasonal head decline between De-
cember 1965 and August 1966 is shown in figure 43. In
general, the trough of maximum seasonal fluctuation,
about halfway between the topographic trough of the
valley and the Diablo Range, is largely controlled by the
density of well spacing. This is particularly true in the
northern half of the study area.

In the southern half of the area, the gross lithologic
properties of the lower zone are important in
influencing the extremely large amounts of seasonal
fluctuation. A lithofacies map (Part 2, fig. 68), based on
the mean resistivity of the lower-zone deposits corrected
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to 100°F and 1,000 mg/l NaCl salinity, shows a remark-
able similarity of pattern with the seasonal fluctuation
map of figure 43. The arc of seasonal fluctuation in
excess of 80 feet corresponds with an arc of minimum
resistivity of the lower-zone deposits. Thus, the large
seasonal fluctuations appear to be the result of the pres-
ence of thick fine-grained deposits of low permeability.
In order to get sufficient yields, many pumps have to be
operated with drawdowns of 50-100 feet. Northwest of
Tulare Lake bed, farmers prefer to operate the pumps in
this fashion instead of drilling wells 2,500-3,000 feet
deep to tap the deeper fresh-water-bearing deposits
(figs. 12, 17).

In the small area southwest of Mendota, seasonal
fluctuation in excess of 80 feet is also influenced partly
by lithology. This area is part of the area of intertongu-
ing fine-grained facies of the Sierra and Diablo
flood-plain deposits. It is also the area of lowest well-
yield factors in the northern part of the study area (fig.
16).

The seasonal fluctuation map indicates the variation
in applied stress during a given year. In those areas of
10-20 feet of seasonal fluctuation, the maps of the
potentiometric surface made at the times of minimum
applied stress, such as December 1962 and December
1965, are useful in determining the relation between
change in applied stress and compaction. However, in
much of the area, seasonal head declines of 60-150 feet
result in substantially greater stresses being applied to
the lower-zone deposits during times of maximum
pumping than during times of minimum pumping. For
this reason, the critical maps and hydrographs used in
this series of papers for studies of the interrelations of
hydrologic and geologic factors are based on changes
between summer water levels.

The variation in seasonal fluctuation from east to
west across the central part of the area is shown by the
records of lower-zone observation wells 15/16-34E1,
15/14-14J1, and 16/14-16N1 in figure 44. Well 34E1
shows a fairly consistent seasonal fluctuation of 10-15
feet, particularly since 1959. Few, if any, wells pump
from the lower zone in the vicinity. The seasonal
fluctuation and the overall decline in artesian head at
this site are chiefly the result of intensive lower-zone
pumping farther west. Well 14J1 is in an area which has
moderately high density of wells and where nearly all
the irrigation water is pumped from the lower zone. The
40-70 feet of seasonal fluctuation is typical of other
lower-zone wells in the vicinity that are deeper than
well 14J1. Well 16N1 is only a mile east of the Diablo
Range. The 40-50 feet of seasonal fluctuation is less
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FIGURE 44.—Variation in seasonal fluctuation of water levels in lower-zone wells in
the central part of the Los Banos-Kettleman City area.

than for well 14J1, despite the fact that well 16N1 is
farther from areas of potential recharge. The smaller
fluctuation at well 16N1 most likely is due to a lower
density of wells in the vicinity. There were no irrigation
wells west or southwest of well 16N1 during the period
of record.

History OF HEAD DECLINE

In an area as complex as the Los Banos-Kettleman
City area, the history of head decline is highly variable.
Factors influencing the patterns of lower-zone head de-
cline, as shown by hydrographs, include the rate of
agricultural development, changes in the types of crops
grown, recharge, hydraulic conductivity of the aquifer
materials, and the amount of imported surface water
available.

The trends of head decline within the area are separ-
ated into long-term and short-term records; the long-
term hydrographs show trends from as early as the
1920’s, and the short-term hydrographs show trends
from the late 1940’s through 1965. Nearly all the data
are from the Pacific Gas and Electric Co. Pumping
levels were used because they are much more abundant
than static levels. The drawdown between static and
pumping levels remains essentially the same for a given
well over a period of years. This is because the well yield
must be sufficient to supply the crop requirements of the
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fields being irrigated. If the yield declines because of
head decline, a larger pump is installed, and the
amounts of yield and drawdown for the well remain
about the same as previously. Only those measure-
ments made during times of widespread pumping were
used. Winter high measurements were not used because
not enough of them were available to show overall
water-level trends within ranges of seasonal fluctuation
as was done in figure 44. The use of occasional winter
measurements would distort the overall trend in water
levels. The use of summer and spring low pumping
measurements wherever possible permits a smoother
portrayal of the trends. Summer measurements also
permit the trends to be based on the times of the year in
which the potentiometric surfaces are at their lowest
levels, maximum stresses are being applied to the
aquifer system, and compaction rates are highest.

The five long-term hydrographs shown in figure 45
represent different trends, from the northern part of the
area in figure 45A, to the southern part of the area in
figure 45C. Additional long-term hydrographs have
been paired with subsidence graphs in Part 3.

The 1932-66 lower-zone head decline near the
Merced County line is shown in figure 454 (wells
12/12-34N1 and P1). The pre-1932 head decline in this
area is estimated to be about 150 feet. A period of rapid
decline ended in the late 1930’s. Between 1937 and 1951
the head declined only 25 feet. The rate of head decline
increased between 1951 and 1954. Since delivery of
Delta-Mendota Canal water in 1954, the head has con-
tinued to decline, but at a decreasing rate. In contrast to
the gradual decline in summer water levels since 1960,
the winter levels have risen about 0-25 feet in the
vicinity (fig. 42).

The other hydrographs shown in figure 45A are for
wells about 8 miles southwest of Mendota. Well
14/14-30E1 was one of the first wells to be drilled in this
part of the township, but several miles to the northeast
pumpage of lower-zone water had occurred prior to
1924. After World War II many additional wells were
drilled to the southwest, as agricultural development
expanded rapidly. Well 30E2 was drilled to replace well
30E1. The rate of head decline was rapid before 1946,
but it has been even more rapid since then. The 1937-63
head decline is almost 300 feet.

The hydrograph in figure 45B shows more than 200
feet of head decline in the 1937-56 period for the area
southeast of the town of Cantua Creek. The rate of
artesian-head decline increased fairly steadily between
1937 and 1952, and during the period 1946-52, the head
declined an average of about 23 feet per year. Since 1952
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the potentiometric level has declined at a slower rate, as
shown in figure 45B, and in the hydrograph for well
17/16-18Q2 (fig. 47).

The composite hydrograph of three wells southwest of
Five Points in 18/17-17 is shown in the bottom of figure
45C. Although water levels in these wells are, in gen-
eral, representative of the lower zone, a small portion of
the perforated intervals may be in the basal part of the
upper zone. The 1923 pumping level suggests that the
potentiometric surface was only 10-30 feet below its
estimated 1906 position. The record indicates that the
head has declined 400 feet at a fairly constant rate over
a 40-year period—about 10 feet per year.

The composite hydrograph of the three wells north of
Westhaven in 19/18 (fig. 45C) shows a different pattern
than that for the wells southwest of Five Points. North
of Westhaven, it is apparent that water levels declined
only moderately between 1918 and the end of World
War II. After World War II the rapid development of
nearby areas to the west and southwest caused the rate
of head decline to accelerate. Since 1957, the trend in
head decline has flattened. The measurements for the
1920’s are from the unpublished Haehl and Forbes re-
port. When pumping levels were only 100 feet below
land surface, the potentiometric surface probably was
about the same as in 1906. A similar long-term hydro-
graph for wells a few miles farther south has been
paired with a bench-mark graph and is shown in Part 3.

Long-term records are not available for the area of
heavy pumping from the marine sands of the Etchegoin
Formation. An 8-year record for a well tapping the
Etchegoin Formation adjacent to the Big Blue Hills is
shown in figure 46. The nonpumping water levelsin this
well ranged between 800 and 940 feet below land sur-
face. By the middle 1960’s, wells adjacent to the Big
Blue Hills were pumping from depths of more than
1,000 feet (see Part 3). Monthly measurements made
between May 1960 and February 1961 outline a sea-
sonal head recovery of 60 feet. Between December 1965
and August 1966, the seasonal head decline was 45 feet.
The overall trend of water levels during the 1960’s for
this well has been a large and steady decline. From
August 1960 to August 1967, the water level declined
64 feet—an average of 7 feet per year.

More than 600 feet of artesian-head decline has oc-
curred at the site of well 18/15-5E1. The altitude of the
land surface at the well is 529 feet, therefore the August
1967 static water level was at an altitude of —402 feet.

The trough of the San Joaquin Valley opposite the well

site has an altitude of 180 feet. The potentiometric sur-
face was at least 20 feet above the land surface in 1906.
Mendenhall, Dole, and Stabler (1916) reported that the
gradient of the potentiometric surface west of the valley

800
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FiGure 46.—Hydrograph of irrigation well tapping the Etchegoin and San Joaquin
Formations.

trough was only 2-5 feet per mile. Assuming an initial
gradient of 4 feet per mile to the east, the potentiometric
surface was 80 feet higher (an altitude of +280 feet) at
the well site than at the valley trough in 1906. Thus, in
declining from about +280 feet to —400 feet, the poten-
tiometric surface declined about 680 feet; if one as-
sumed that no gradient was present in the potentiomet-
ric surface in 1906, 600 feet of head decline occurred.

The short-term trends of lower-zone pumping levels
are shown in the 13 hydrographs in figure 47. These
hydrographs have been placed on the map in order to
facilitate comparison of the various trends and locations
of the wells. Four of the wells—15/14-9E1, 20/17-33N1,
20/18-24D1, and 21/18-35N1—have had steadily de-
clining water levels since 1951 or before. The continu-
ing agricultural expansion to the southwest of wells
9E1 and 33N1 probably has influenced the trends in
artesian head at these two sites. Well 35N1 is situated
where little recharge can reach the well. No recharge is
derived from the Kettleman Hills to the south and west,
and the thick sequence of lake clays beneath Tulare
Lake bed prevent recharge from the east. Recharge that
might move towards the well from the north would be
largely intercepted by other wells.

The other nine hydrographs all show a decreasing
trend in the rate of artesian-head decline.

Well 12/11-13D2 is in an area that has had a reversal
of pumping levels since 1958. The abrupt reduction in
the rate of artesian-head decline between 1953 and
1959 is associated with the delivery of surface water in
the vicinity of the well. Since 1953 ground water
pumped from well 13D2 has been used to supplement
the surface-water supply. In 1959 a large area to the
south of the well started receiving surface water (Bull

‘and Poland, 1974). The effect of surface-water imports

both in 1954 and in 1959 is clearly shown in the hydro-
graph of well 13D2.

The other eight hydrographs that show a decreasing
rate of artesian-head decline suggest a trend toward
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equilibrium between pumpage and the various sources
of water within the lower-zone aquifer system in most of
the Los Banos-Kettleman City area. If the amount and
distribution of pumpage within the area remained uni-
form, eventually the decline in water levels would es-
tablish a steep gradient that would permit sufficient
recharge to the lower zone from the east side of the San
Joaquin Valley to eliminate overdraft within the study
area. Water levels would remain at low levels and
would have large seasonal fluctuations in the areas of
large lower-zone pumping, and the steep gradient of the
potentiometric surface would be maintained around the
borders of the study area.

Table 3 and figure 23 show that the amount of total
pumpage within the area has not increased since 1952.
The maps of the potentiometric surface between 1926
and 1965 (figs. 31-33, 35, 36) show a progressive steep-
ening of the potentiometric surface along the east side of
the study area. Thus, the above figures and figure 47 all
support the conclusion that a strong tendency toward
reduction of overdraft within the lower-zone aquifer
system has been occurring.

SUMMARY AND CONCLUSIONS

The 500-3,500 feet of unconsolidated to poorly con-
solidated deposits that form the ground-water reservoir
in the Los Banos-Kettleman City area consist of
flood-plain, alluvial-fan, lacustrine, deltaic continental,
and littoral and estuarine marine deposits. The sedi-
ments were derived from both the Diablo Range and the
Sierra Nevada. The stratigraphy of such diverse genetic
units is complex, but a simple three-part hydrologic
classification can be made of the deposits penetrated by
wells.

The upper zone extends from the land surface to the
top of the principal confining clay. The upper zone,
100-900 feet thick, has a degree of confinement that
ranges from unconfined in thick bedded sands to excel-
lent confinement between extensive lacustrine clay
beds. Much of the zone consists of lensing deposits in
which the water is semiconfined. The primary aquifer
consists of micaceous arkosic sands derived from the
Sierra Nevada. The Sierra sands are almost 600 feet
thick under the present valley trough but pinch out
toward the west at distances of 5-15 miles from the
eastern margin of the Diablo Range. Diablo alluvial-fan
deposits make up most of the upper zone. Few wells tap
the poor quality water in these deposits of low permea-
bility. The upper-zone water, a calcium-magnesium sul-
fate water, commonly contains 3,000-4,000 mg/1 total
dissolved solids. Water quality improves with depth,
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and near the basal part of the zone, the total dissolved
solids are about 1,500 mg/l. Most of the pumpage of
upper-zone water is in the southeastern part of the
study area and along Fresno Slough, south of the town
of San Joaquin.

A widespread diatomaceous clay stratum, deposited
in a fresh-water Pleistocene lake 600,000 years ago, is
the second hydrologic unit. The Corcoran Clay Member
of the Tulare Formation extends beneath the entire
study area, except for an area adjacent to the foothills in
the southwestern part. The Corcoran is the principal
confining layer throughout much of the San Joaquin
Valley, and locally it separates waters of greatly differ-
ing quality and head.

The Corcoran provides effective confinement for the
third hydrologic unit—the lower zone. The lower zone,
which supplies about three-fourths of the ground water
in the study area, ranges from less than 500 to more
than 2,000 feet thick. Although the zone contains many
lensing aquitards, the overall hydraulic continuity be-
tween the basal and upper parts of the zone is good,
except in the northern third of the area where a wide-
spread clay layer acts as an effective separator within
the lower zone.

The lower zone consists chiefly of the alluvial-fan,
flood-plain, and lacustrine deposits of the Tulare For-
mation. In the southern part of the area, deltaic deposits
are tapped also. Along the western margin of the valley,
between the towns of Huron and Cantua Creek, wells
are drilled still deeper to tap estuarine and littoral
deposits of the San Joaquin and Etchegoin Formations.
The alluvial-fan deposits, derived from the Diablo
Range, consist of materials of low to moderate permea-
bility. Individual beds within the Diablo flood-plain de-
posits give this unit a moderate to high overall permea-
bility. Well-yield factors indicate that the flood-plain
deposits are 3-5 times as permeable as the alluvial-fan
deposits. The Sierra flood-plain deposits have the high-
est permeabilities because the sand beds are thicker,
and they make up a greater porportion of a given section
than do the Diablo flood-plain deposits.

The thickness of the fresh-water-bearing deposits and
the perforated interval of the lower zone both range
from 400 to more than 2,000 feet, but rarely are they the
same in a given part of the area. In some areas,
sufficient yields can be obtained without drilling to the

“base of the fresh water. Only 1,000-1,200 feet of the
more than 2,000 feet of lower-zone fresh-water-bearing
" deposits are tapped northwest of Tulare Lake bed. Adja-
cent to the Big Blue Hills, sufficient quantities of water
cannot be obtained from the continental deposits, and
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3,000-foot wells obtain part of their water from
brackish-water-bearing marine deposits to depths of as
much as 200 feet below the base of the fresh water.

The total dissolved solids in the lower-zone water in
most of the area west of the valley trough ranges from
800-1,500 mg/l, but locally they are more than 2,000
mg/l. The water is primarily a sodium-sulfate water
with more bicarbonate than the upper-zone water.

The chemical character of the water indicates that
water derived from the Diablo Range has flushed the
connate waters out of the marine and Sierra sands.
Maximum concentrations of dissolved solids occur op-
posite the mouths of Panoche and Los Gatos Creeks and
in the area of maximum dependency of pumpage from
the marine sands. Areas of low concentrations of dis-
solved solids occur between the mouths of the large
streams.

Before the agricultural development of the central
part of the San Joaquin Valley, the lower-zone poten-
tiometric surface sloped gently towards the valley
trough from both the Diablo Range and the Sierra
Nevada. Because of the low permeability of the Corco-
ran, upward movement of lower zone water probably
was very slow; and as a result, the potentiometric sur-
face was more than 20 feet above the land surface in the
valley-trough area.

Large-scale agricultural development has lowered
the potentiometric surface on the west side of the valley
to as much as 400 feet below sea level. Water-table
conditions now exist below the Corcoran near the Di-
ablo Range. The slope of the potentiometric surface has
been reversed. By 1966, a belt only a few miles wide
adjacent to the Diablo Range was still an area of eastern
gradient for lower-zone water movement. Farther east,
areas in which the potentiometric surface originally
sloped eastward, locally had a westward gradient of as
much as 40 feet per mile by 1960.

Disruption of the natural flow system by man has
resulted from the pumping of more than 1,000,000
acre-feet of irrigation water per year since 1950. In
1924, the total estimated pumpage was only 35,000
acre-feet. By 1945, pumpage was 370,000 acre-feet and
by 1953, 1,200,000 acre-feet. Total pumpage has not
increased since 1953. The increase in pumpage has
closely paralleled the agricultural growth in the area
from a few wells to irrigate pasture to a modern complex
of large-scale diversified farming that occupies nearly
all the area.

Changes in the upper-zone water levels have not been
pronounced in the northern and central parts of the
area, but in the southeastern part of the area, where
large amounts of upper-zone water is pumped, both the
water table and the water levels in the confined aquifer
system have declined. Locally the water table has de-
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clined more than 300 feet, and elsewhere the artesian
head at the base of the upper zone has declined more
than 300 feet. North of Five Points, the water table has
risen from less than 25 feet to more than 100 feet, and
much of the area may be threatened with insufficient
drainage for crops. In the northern area, water levels
representative of the semiconfined zone have risen in
some areas and have declined in others, depending on
local variations in the amount of water pumped in the
upper zone.

The changes in the hydrologic environment have
been the greatest in the lower zone. Flowing wells once
were common along the trough of the valley. In other
areas where the potentiometric surface initially was
less than 100 feet below the land surface, static levels
were at depths of about 500 feet by the 1960’s. Overall
head declines of 300 to more than 400 feet are common
in much of the area, and an estimated 600 feet of head
decline has occurred next to the Big Blue Hills.

The lower-zone aquifer system has responded to the
changes imposed by man by developing a steep gradient
in the potentiometric surface around the trough of max-
imum pumping. In 1906, the potentiometric surface
sloped 2-5 feet per mile to the east; by 1926, 6 feet per
mile to the west; by 1943, 14 feet per mile; and by 1960,
30 feet per mile to the west. As the gradient became
steeper and total pumpage stopped increasing, recharge
from the east side of the San Joaquin Valley increased
sufficiently to roughly balance the large overdraft from
the lower zone. As a result, the rate of head decline has
become progressively less since 1955 throughout most
of the area. The records of many wells for the 1960-66
period show a seasonal fluctuation of 60-120 feet but
less than 5 feet of year-to-year head decline.

Most of the compaction has occurred in the lower zone
as a direct result of the head decline that has occurred
within it. Water-table changes also have affected the
amounts of lower-zone compaction but only to a minor
extent. Lower-zone applied stresses and compaction
have been increased in areas of water-table rise and
have been decreased in areas of water-table decline.

Decline of the lower-zone water levels below the base
of the Corcoran decreases the change in applied stress
from 1.0-0.8 foot of water per additional foot of water-
level decline. The processes of applied-stress increase
are changed from that of seepage stress equal to head
differentials, to those of loss of buoyancy and transfer of
part of the contained water from a neutral to an
applied-stress condition as the deposits are dewatered.
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