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CONVERSION FACTORS

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

Multiply By To Obtain

inches 25.40 millimeters

acre-ft (acre-feet) 0.001233 cubic hectometers

acre-ft/yr (acre-feet 0.001233 cubic hectometers
per year) per year

miles 1.609 kilometers

mi? (square miles) 2.590 square kilometers

feet 0.3048 meters

ft/d (feet per day) 0.3048 meters per day

ft3/s (cubic feet per 0.02832 cubic meters per
second) second

pmho/cm (micromhos per 1.0 microsiemens per
centimeter) centimeter

°F (degrees Fahrenheit) °C = 5/9 (°F-32) degrees Celsius

TRADE NAMES

Use of trade names in this report is for identification purposes only and
does not imply endorsement by the U.S. Geological Survey.

ALTITUDE DATUM

National Geodetic Vertical Datum of 1929: A geodetic datum derived from
a general adjustment of the first-order level nets of both the United States
and Canada, formerly called '"mean sea level."

VI



GROUND-WATER-QUALITY MONITORING NETWORK DESIGN FOR THE

SAN JOAQUIN VALLEY GROUND-WATER BASIN, CALIFORNIA

By William E. Templin

ABSTRACT

Ideal and actual ground-water-quality monitoring networks are proposed
for the San Joaquin Valley basin in California. The ideal network, which
comprises several subnetworks, provides direction in the development of an
actual network of wells currently monitored by known operating agencies. The
ideal network can serve as a basis for the future expansion of the actual
network as more wells are included in the inventory of active monitoring
networks. The management objectives of these networks are to develop a gen-
eral baseline of ground-water quality, to identify temporal and spatial trends
in ground-water quality, and to identify large-scale sources of contamination
of ground water. The networks are based on an information structure that
includes land use, surface and subsurface geology, ground-water levels,
surface- and ground-water quality, possible sources of contamination, and
active ground-water-quality monitoring networks. Development of the cate-
gories and subcategories of network objectives, which are needed to describe
the quality of the ground water in the basin, makes clear the inadequacy of
the currently operated networks. The expansion of ground-water-quality moni-
toring in the San Joaquin Valley, therefore, would be necessary to approximate
adequately the ideal network.



INTRODUCTION

Since the early 1900's, researchers have been studying the ground water
of the San Joaquin Valley basin, the first extensively documented study being
Mendenhall (1908). Bertoldi (1979) included more than 500 bibliographic
citations in his study of the ground water of the Central Valley, of which the
San Joaquin Valley comprises about two-thirds (fig. 1). The present report
cites 144 references actually used in this study. Many studies have made
important contributions toward the design of a regional ground-water-quality
monitoring network, but none of the reports deals with network design for the
entire basin. The present report coordinates and consolidates the various
general, regional, and local reports on geology, hydrology, land use, water
quality, ground water, and network design.

In 1978 the U.S. Geological Survey began a series of studies in coopera-
tion with the California State Water Resources Control Board to identify,
inventory, and evaluate active networks in specific California ground-water
basins. The ultimate objective of these studies was to integrate active
monitoring networks to provide the best possible basinwide surveillance of
ground-water quality at the lowest possible cost.

The present report outlines two networks designed for the San Joaquin
basin. The first network represents an ideal compilation of sampling sites
selected for optimal monitoring of regional ambient ground-water quality,
regional effects of all known sources of contamination, and trends in regional
ground-water quality. This "ideal" network is presented as a model or goal,
which may need reassessment and modification during the network operation and
evaluation stages. The second network is an attempt to approximate the ideal,
using wells from active networks, supplemented in some cases with historically
identified wells that are not currently known to be monitored.

A variety of factors were considered in network development, including
the basin's known surface and subsurface characteristics, both natural and
manmade, that might affect ground-water quality. Five stages of development
were identified (fig. 2) to guide the network design and reevaluation process.
This report discusses these factors and applies this information to the design
of the ideal and actual monitoring networks. Knowledge of conditions and
influences is, of course, incomplete, and in fact the purpose of the network
is largely to obtain this knowledge. Network design, therefore, should be
considered a continuous and cyclic process in which updating the information
is crucial to the network's value as a valid scientific instrument.

Location

The San Joaquin Valley comprises the southern two-thirds of the Central
Valley of California (fig. 1). The San Joaquin Valley ground-water basin,
which is virtually coextensive with the flatlands of the valley, is bounded on
the east by the Sierra Nevada; on the west by the Coast Ranges; on the south
by the Tehachapi Mountains; and on the north by the Sacramento-San Joaquin
River Delta area, roughly along the northern boundary of San Joaquin County.
The basin is approximately 250 miles long, ranges in width from 30 miles near
Stockton to about 70 miles near Tulare, and covers about 13,500 mi2. The
basin includes parts of San Joaquin, Alameda, Contra Costa, Stanislaus,
Merced, Madera, Fresno, Kings, Tulare, and Kern Counties.
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FIGURE 1. — Location of study area.
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Well-Numbering System

Wells are identified according to their location in the rectangular
system for the subdivision of public lands. Identification consists of the
township number, north or south; the range number, east or west; and the
section number. Each section is further divided into sixteen 40-acre tracts
lettered consecutively (omitting the letters I and 0), beginning with A in the
northeast corner of the section and progressing in a sinusoidal manner to R in
the southeast corner. Within the 40-acre tract, wells are numbered sequen-
tially in the order in which they are inventoried. The final letter of the
identification signifies the base line and meridian to which the well location
refers. All wells in the San Joaquin Valley ground-water basin refer to
either the Mount Diablo or San Bernardino base line and meridian. Thus, the
final letter in the official State well number of all wells in this report is
either M (Mount Diablo) or S (San Bernardino). The derivation of well number
1S/4E-9A1IM (001SO04EQ09AQ1M in Survey format) is shown in the diagram of the
well-numbering system.

The California Department of Water Resources has sole authority for
assigning official State well numbers following these procedures. All indivi-
duals and agencies monitoring wells, therefore, are requested to locate accu-
rately their wells on 7.5-minute U.S. Geological Survey quadrangle maps and
send that location along with construction information, such as a completed
driller's log, and any other local agency numbers to the nearest California
Department of Water Resources office for official State well-number assign-
ment. Care should be taken to be sure that locations and other information
are correct. Confusion of wells in a local area is a common problem that can
be avoided by this procedure.
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APPROACH

Concepts of Regional Ground-Water-Quality Monitoring Network Design

As early as 1972, the U.S. Geological Survey was describing the design of
ground-water monitoring networks in California (Dutcher, 1972). Dutcher
recognized that ground water is not an isolated resource, that each ground-
water basin should be considered separately, that the need for data is related
to the stresses imposed on the system, and that the data collected should
facilitate the construction of historical record and the evaluation of para-
meters computed from the data. He suggested that the data-collection program
for each basin include the following:

A bibliography of pertinent geologic and hydrologic literature
A catalog of hydrologic data

A catalog of active and planned data collection of all relevant
agencies

A catalog of probable stresses to ground-water basins

Design of a program for additional needed data collection.

o W N =

Dutcher attempted to establish a method for planning data collection. He
stated that the problem grew more complex as the number of design constraints
increased and that, no matter how sophisticated the design, no data-collection
program can be considered final. New tools and techniques create demands for
new or different types of data, or they may solve problems using fewer data.
An important factor in design, therefore, is a mechanism for periodic updating
of the monitoring network. Dutcher identified many of the design problems
that have recently been discussed in Everett and Schmidt (1978) and National
Water Well Association (1981-83). The present report also takes account of
these concepts and problems in its approach to designing a monitoring network
that would identify and quantify the stresses on ground-water quality that are
present in the San Joaquin Valley basin.

Methods
Prior Work

This project has been in progress since 1978. Phase 1 of the project,
conducted between November 1978 and January 1979, was a preliminary inventory
of ground-water-quality monitoring networks. The result was a tabulation of
24 networks active at that time. The information in the tables included the
following:

Network identification number (sequential 1-24)
Townships in which wells were located

Number of wells in each network

Type of water-quality data monitored

Reason for monitoring

Monitoring agency (contact person, phone, and address)
Data-storage type and location

Anticipated duration, frequency, and analysis of samples.

NV SN



Phase 2, conducted between February 1980 and February 1981, was a compre-
hensive, computer-generated catalog of the networks identified in phase 1,
together with networks identified since phase 1's completion. The catalog
(Glass and others, 1981) contained, as available, all or part of the following
information for each well in each network:

1. Township-range-section (State well number)

2. Latitude and longitude

3. County

4. Responsible agency (California Department of Water Resources
agency number)

5. Analyses performed

6. Responsible laboratory (California Department of Water Resources
laboratory number)

7. Year of first sample and sample frequency

8. Data source (Geological Survey source-agency code number)

9. Data location (computer or office files)

10. Well information:

a. Depth

b. Perforated intervals

c. Geohydrologic unit(s) tapped

d. Location of seals (if present)

e. Well classification (based on usefulness as a monitor well).

Present Work

The present report attempts to design an ideal network according to the
principles set forth by Dutcher (1972); the suggestions of Moss (1979), Koryak
(1980), Sanders (1980), and U.S. Geological Survey (1980c); and the require-
ments of the California State Water Resources Control Board and California
Regional Water Quality Control Board, Central Valley Region. The ideal net-
work ignores normal constraints, such as costs or drawbacks of existing wells,
in order to design the best possible monitoring system. The design of the
actual network derives from a comparison of this ideal network with the cata-
log of active networks compiled by Glass and others (1981). The selection
criteria for the wells included location, construction, constituents currently
sampled, and past and projected period of record. The differences between the
ideal and actual networks become evident by comparing table 11 with table 12
and plate 11 with plate 12.

Monitoring networks change rapidly, for they are sensitive to changing
scientific and managerial needs for data. Even over short time periods,
networks are expanded, cut back, or terminated, and entirely new ones are
developed. A valid inventory must be updated continually. During the 1-year
hiatus between phases 1 and 2 of this project, the monitoring networks origi-
nally identified changed somewhat, so that the present report has had to
reflect those changes to the extent allowable with information currently
available.



Limitations

Virtually any network design has some shortcomings. Objectives of the
individual active networks may not match those of the regional network, so
that the type, amount, and quality of data may not be adequate. Some wells,
for example, are monitored for compliance with issued permits and other legal
requirements, and information such as well depth and construction is not
available. For such wells, explicit requirements are limited in some cases to
little more than the extent of monitoring. The importance of the monitoring
to the sponsoring agency is commonly reflected in the qualifications of the
individuals in charge and the analytical methods used. Information on well
construction provided by drillers' logs is highly variable and subjective.
The well-class entries of the tables presented in the phase 2 inventory (Glass
and others, 1981) reflect the type and adequacy of information that was avail-
able on each well, but the quality of the drillers' logs could not always be
determined and was not noted.

The sheer size of the San Joaquin Valley and the extensive development of
its ground water create difficulties in identification of active networks as
well as collection and reduction of data to computer-readable format. Infor-
mation provided by some agencies, moreover, is sometimes inconsistent and
contradictory. Lack of time for field verification of well location and
construction may also result in reduced accuracy, even though attempts were
made to provide the best information possible by repeated contacts with
operating agencies for further clarification.

The San Joaquin Valley ground-water basin is by far the largest in
California. The intensive agricultural and other land uses in the valley
create a very complex and interrelated set of problems. By itself, the iden-
tification of present and potential water-quality problems is an enormous job
that requires continuous updating. The size of the valley has led to the
common practice of subdividing it into smaller study areas. Inconsistencies
and inadequacies in the resultant information come to light when the various
area reports are combined to form a complete picture. Furthermore, the boun-
daries of the subdivided areas have varied from study to study, and some areas
are routinely studied more than others.

Finally, the assumption in the present report of comparability of data
taken from various sources and from different time periods is questionable,
and it should be tested statistically. Means are available to quantify the
adequacy of data for different areas and variables (Moss, 1982), but funds and
time for such quantitative analyses were not included in this first network-
design effort. The networks that result from this effort should be reviewed
and revised as funding becomes available. Uniform analytical methods and
standards also need to be established and utilized.



GENERAL FEATURES

Physiography

The San Joaquin Valley is an elongated, southeast-trending, structural
trough that lies between the westward-tilted Sierra Nevada and the Coast
Ranges. The valley ends in the south at the Tehachapi Mountains and in the
north at the delta of the San Joaquin and Sacramento Rivers. Altitudes in the
valley range from near sea level in the north to about 1,700 feet above sea
level near the apexes of some of the alluvial fans in the south. The basin
includes the area between the foothills of the surrounding ranges and south of
the northern boundary of San Joaquin County (California Department of Water
Resources, 1975, p. 64).

Historically, the study area has been divided into three major subareas:
the Delta basin, the San Joaquin basin, and the Tulare Lake basin. The
California State Water Resources Control Board uses similar subdivisions. One
of the problems in attempting to consolidate information from a variety of
sources is that no two agencies use the same boundaries for the areas of their
studies. The boundaries of the study area in this report are those of
California Department of Water Resources (1975), which the California Depart-
ment of Water Resources was using when this project began. To remain consis-
tent with other phases of this project, the author has kept the same system of
boundaries, even though the California Department of Water Resources has
changed its own system.

The principal streams draining into the San Joaquin Valley ground-water
basin include the Kings, Kaweah, Tule, and Kern Rivers, and the San Joaquin
River and its tributaries, which include the Fresno, Chowchilla, Merced,
Tuolumne, Stanislaus, and Mokelumne Rivers. All these streams drain primarily
from the Sierra Nevada. The San Joaquin River and its tributaries flow north
towards the Delta; the others drain into the Tulare Lake basin, a closed basin
for surface runoff except during the wettest years. Many small, intermittent
creeks drain from the Coast Ranges along the west side of the valley. The
volume of water from the Coast Ranges is small compared to that from the
Sierra Nevada. Creeks draining the Tehachapi Mountains and the Coast Ranges
are intermittent.

According to Kuchler (1977), the natural vegetation of the San Joaquin
Valley is predominantly California prairie grass (Stripa, spp.) and Tule marsh
(Scirpus-Typha communities) and subordinately San Joaquin saltbrush (Atriplex
polycarpa), Riparian forest ( Populus fremontii), and valley oak savanna
(Quercus-Stipa communities). Although most areas of the valley have undergone
conversion to intensive agriculture, in some areas natural vegetation is still
noticeable. Kuchler's portrayal of the natural vegetation may help in under-
standing historical conditions in the valley, especially surface-water distri-
bution. Similarly, soil group areas (U.S. Department of Agriculture, 1973)
may provide helpful clues to currently observed conditions of ground-water
quality through their relations to their soil parent-material characteristics
and the regional variations in vertical pollutant transport.
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Land Use

According to Sgambat and others (1978, p. 183), the two primary purposes
of monitoring regional and ambient conditions are (1) to provide information
on the changes in character and usefulness of the subsurface reservoir and (2)
to relate water quality to land use, so that a data base for planning deci-
'sions can be maintained and used. Anderson and others (1976, p. 4) stated,
"There are different perspectives in the process of land-use classifications,
and the process itself tends to be subjective, even when an objective numer-
ical approach is used; therefore, there probably is no single ideal classifi-
cation of land use and land cover, and it is unlikely that one could ever be
developed."

The U.S. Geological Survey's land-use and land-cover map series, intended
for use with remote-sensing data, are useful in designing ground-water-quality
monitoring networks for regional areas. These maps are available for the
entire San Joaquin Valley, some at a scale of 1:100,000 and others at a scale
of 1:250,000. For the present report, copies of these maps were reduced to a
common scale (1:500,000), combined, and generalized. The general land-use
categories shown on the land-use map (pl. 1) meet two criteria: to show land
uses that might significantly affect ground-water quality and to mark the
boundaries of the land-use categories on the scale of the base map for this
study (1:500,000) within the limitations of available drafting and publication
methods. More detailed maps of land use (scale 1:24,000) are available for
this area from the California Department of Water Resources; examples are
shown in California Department of Water Resources (1970, p. 24-31; 1971a).

The selected land-use categories--urban, general agriculture, orchards
and vineyards, confined feeding areas, rangeland, forest land, water, wet-
lands, and mining areas--were in some cases combined from more than one of the
original classifications used by the Geological Survey (table 1). Aside from
combining the categories, the only other major modification of the original
was to enlarge the confined-feeding and mining areas enough to show at the map
scale. The importance of the selected land-use categories is more obvious
when they are compared with the information on other plates, such as geology,
water levels, and locations of point and regional potential problem areas.

The major cities on the land-use map in the San Joaquin Valley (from
north to south) are Stockton, Modesto, Merced, Madera, Fresno, Hanford,
Visalia, and Bakersfield. These cities are the county seats for San Joaquin,
Stanislaus, Merced, Madera, Fresno, Kings, Tulare, and Kern Counties, respec-
tively. Other communities that show sizeable areas of urban development on
the land-use map (pl. 1) are the Pittsburg-Antioch area in Alameda County;
Lodi, Tracy, and the Lathrop-Manteca area in San Joaquin County; the
Riverbank-0Oakdale area and Turlock in Stanislaus County; Atwater and Los Banos
in Merced County; Chowchilla in Madera County; Fowler, Selma, Kingsburg,
Sanger, Reedley, and Coalinga in Fresno County; Dinuba, Tulare, Corcoran, and
the Lindsay-Strathmore area of Tulare County; Lemoore in Kings County; and
Delano, Wasco, Shafter, and Taft in Kern County.
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TABLE 1. - Land-use and land-cover classification system

for use with remote-sensing data

[Modified from Anderson and others, 1976]

Level 1 Level 2
1. Urban or built-up land. 11. Residential.

12. Commercial and services.

13. Industrial.

14. Transportation, communi-
cations, and utilities.

15. Industrial and commercial
complexes.

16. Mixed urban or built-up land.

17. Other urban or built-up land.

2. Agricultural land. 21. Cropland and pasture.

22. Orchards, groves, vineyards,
nurseries, and ornamental
horticultural areas.

23. Confined-feeding operations.

24. Other agricultural land.

3. Rangeland. 31. Herbaceous rangeland.
32. Shrub and brush rangeland.
33. Mixed rangeland.
4. Forest land. 41. Deciduous forest land.
42. Evergreen forest land.
43. Mixed forest land.
5. Water. 51. Streams and canals.

52. Lakes.

53. Reservoirs.

54. Bays and estuaries.

6. Wetland. 61. Forested wetland.

62. Nonforested wetland.

7. Barren land. 71. Dry salt flats.

72. Beaches.

73. Sandy areas other than
beaches.

74. Bare exposed rock.

75. Strip mines, quarries, and
gravel pits.

76. Transitional areas.

77. Mixed barren land.

8. Tundra. 81. Shrub and brush tundra.

82. Herbaceous tundra.

83. Bare ground tundra.

84. Wet tundra.

85. Mixed tundra.

9. Perennial snow or ice. 91. Perennial snowfields.

92. Glaciers.
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Water Supplies

The climate of the San Joaquin Valley is arid, characterized by hot
summers and cool winters. The rainy season usually extends from October to
April, but the strength and frequency of storms can have great annual varia-
tion. The remainder of the year constitutes most of the growing season,
during which rainfall is scarce. According to Bertoldi (1979, p. 4), "The
natural distribution of water in California is the root of all water problems
within the San Joaquin Valley." Thomas and Phoenix (1976, p. E5) reported
that most of the San Joaquin Valley ground-water basin has an average annual
water deficiency of 20 to 40 inches. Supplemental water, therefore, is
required to meet demand in the San Joaquin Valley. All sources of water are
used in this area, including surface water, both natural and imported, and
ground water. Because mean annual precipitation in the basin ranges from near
20 inches in the north to 5 inches in the south (Rantz, 1969), imported water
and the related transport system play an important role in the water supplies
of the basin.

Surface Water

Surface water accounts for about 60 percent of the annual water supply to
the San Joaquin Valley and amounts to about 7.2 million acre-feet (San Joaquin
Valley Interagency Drainage Program, 1979, p. 2.3). On the average, the
surface-water supplies for the entire basin are made up of two-thirds natural
runoff and one-third imported water. Agriculture accounts for more than
95 percent of the valley's water use (California Department of Water
Resources, 1970b, p. 121). All the major streams entering the valley from the
Sierra Nevada are controlled by retention reservoirs for the purposes of flood
control, water supply, recreation, and sometimes hydroelectric generation.
The two major sources of imported water are the Federal Central Valley Project
(CVP) and the State Water Project (SWP) (California Department of Water
Resources, 1974, p. 2-8). In the following summary of the larger water-
importing facilities, each canal name is followed by the abbreviation of the
project with which it is associated (CVP or SWP).

Imported water enters the southeast Delta area from the American River
drainage east of Sacramento via the Folsom South Canal (CVP). During the
winter and spring, Sacramento River water is helped to pass through the Delta
via the Delta Cross Channel to the pumping plants of the Delta-Mendota Canal
(CVP) and the California Aqueduct (CVP-SWP). The Delta-Mendota Canal delivers
water to the San Luis Reservoir (CVP-SWP) west of Los Banos for release into
the San Joaquin River, where it replaces the natural flows of the river
diverted by the Madera Canal (CVP) and the Friant-Kern Canal (CVP) upstream at
the Friant Dam. The Madera Canal carries water northwest into the Chowchilla
River drainage, and the Friant-Kern Canal carries water south to the
Bakersfield area. The California Aqueduct (CVP-SWP) also carries water south
to the San Luis Reservoir during the winter and spring, where it is held until
the summer and autumn for delivery farther south to the southern San Joaquin
Valley and southern California (California Department of Water Resources,
1974, p. 2-11). For a more detailed review of water importation and distri-
bution systems in the San Joaquin Valley, readers are referred to Nady and
Larragueta (1983).
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Ground Water

Ground water accounts for about 40 percent of the annual water supply to
the San Joaquin Valley, which totals about 4.8 million acre-ft (San Joaquin
Valley Interagency Drainage Program, 1979, p. 2.3). However, extractions of
ground water increased from 3 million acre-ft in 1942 to at least 10 million
acre-ft in 1966 (Ireland and others, 1982, p. 17). Ground-water pumpage
steadily increased in the San Joaquin Valley from 9.5 million acre-ft in 1974
to 13 million acre-ft during the 1977 drought (Harris, 1977), but, since then,
above-normal rainfall and surface-water availability have probably allowed
ground-water use to decrease. Ground-water levels fluctuate seasonally and
annually, depending respectively on agricultural use and annual rainfall. Of
the 15 ground-water basins that California Department of Water Resources
(1980c, p. 39) identified in the San Joaquin Valley (fig. 3), 8 were consid-
ered subject to critical conditions of overdraft: Eastern San Joaquin County,
Chowchilla, Madera, Kings, Kaweah, Tulare Lake, Tule, and Kern County.
According to California Department of Water Resources (1980c, p. 11), "A
basin is subject to critical conditions of overdraft when continuation of
present water management practices would probably result in significant ad-
verse overdraft-related environmental, social, or economic impacts." This
definition is paralegal and does not consider the hydraulic and hydrologic
concepts of "capture" as defined and discussed by Theis (1938), Bredehoeft and
Young (1970), and Bredehoeft and others (1982, p. 51-57).

In 1905-6, between 500 and 600 flowing wells and a somewhat greater num-
ber of pumping plants yielded about 300 ft3/s (217,190 acre-ft/yr) (Mendenhall
and others, 1916, p. 31). In the valley today, there are about 50,000 pri-
vately owned wells, and no public agency has basinwide authority to regulate
ground-water pumping, according to the California Department of Water
Resources (1980b, p. 7), which sums up the situation as follows:

"Although the California Water €ode. gives State courts the
power to restrict ground-water pumping anywhere in California to
prevent damage to ground-water sources, to date no magistrate has
exercised this power in the valley--largely because valley residents
do not favor governmental restriction. Rather than promote legal
restraints on ground-water pumping, valley growers have responded to
the continuing overdraft by stepping up artificial-recharge efforts
and calling for additional surface supplies. Currently, the amounts
of water available for artificial recharge are limited, unless addi-
tional facilities to import surface supplies are developed. If
nothing is done, and water demands continue to spiral, the average
annual overdraft could reach 3.6 million acre-ft by the year 2000.
Combined with rising energy costs, the lowered ground-water levels
resulting from this large-scale overdrafting may eventually force
many farming operations out of business."
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GECHYDROLOGY

Geologic Units and Their Water-Bearing Character

Geologic units within the San Joaquin Valley ground-water basin can be
divided into two general types, consolidated rocks and unconsolidated or
semiconsolidated deposits. Consolidated rocks form the boundaries beneath and
on the flanks of the productive ground-water reservoir in the unconsolidated
deposits (Poland and Evenson, 1966, p. 241). The generalized geologic map
(pl. 2) shows a distribution of the surface geologic units, by which one can
see the complexity of the geologic environment in this basin. Compilation of
the generalized stratigraphic units in the basin (table 2) indicates the
vertical variation in geology and the water-bearing character of the various
strata.

Geologic Structure

The conventional geographic divisions of the San Joaquin Valley are the
Delta, the San Joaquin basin, and the Tulare Lake basin. Between the Delta
and the San Joaquin basin, the division is usually made at the San Joaquin-
Stanislaus County boundary, and between the San Joaquin and Tulare Lake basins
the division is near the southernmost reach of the San Joaquin River, just
north of Fresno. According to Mendenhall and others (1916, p. 21), the struc-
tural control of the drainage separation between the San Joaquin and Tulare
Lake basins resulted from the growth of alluvial fans that dammed the valley.
Subsequent studies have indicated that the Tulare Lake Bed (pl. 2) is probably
the site of a structural downwarp and that active tectonic subsidence is the
actual cause of the topographic depression of the Tulare Lake basin (Davis and
Green, 1962, p. D89). Further division of the valley is usually made along
political rather than structural boundaries, as are those currently used by
the California Department of Water Resources (1980c).

The San Joaquin Valley is a structural downwarp between the tilted block
of the Sierra Nevada on the east and the complexly folded and faulted Coast
Ranges on the west (Davis and others, 1959, p. 2). The subsurface features of
the San Joaquin Valley are intimately related to the geologic events in the
adjoining mountains. The structurally downwarped geologic strata form a
trough, which has filled with sediments to form the valley's aquifer systems.
The generalized geologic sections (fig. 4) (Davis and others, 1959) indicate
that the trough is asymmetrical. The axis of the trough is near the western
edge of the basin, so that, although the thickness of the sediments is not
fully known, the thickest parts probably lie nearer the western edge, as well.
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TABLE 2.--Generalized Stratigraphic Units of the San Joaquin Valley Ground-Water Basin

[Geologic age after Page (1984, in press)]

Geologic unit

G . Thickness General Water-bearing
eologic age (and map symbol (feet) character roperties Source
on plate 2) prop
Dune sand (Qs) 0-30 Well-sorted sand Moderately permeable, Davis and Hall
above water table in (1958, p. 22);
most places Page and LeBlanc
E o (1969, p. 25)
=]
2 3 Alluvium and 0-100, Sand, silt, clay, Highly to poorly Page and LeBlanc
= S stream-channel depth and gravel permeable, varies (1969, p. 24);
R deposits (Qr) varies locally Page and Balding
& locally (1973, p. 13)
Basin deposits 0-50 Clay, silt, sand, Moderately to poorly Hotchkiss and
(Qb) and gravel permeable Balding (1971,
p- 13)
o o] Lake deposits 0-1,000 Silt, clay, and Poorly permeable Croft and Gordon
g Bl (QT1) fine sand (1968, p. 15)
U o v
© & O
] —
— (o]
I,
e
g Fan deposits 0-1,000 Sand, silt, clay, Highly to moderately Croft and Gordon
5 (QTc) and gravel permeable, major (1968, p. 15)
= aquifers
2| &
Y Nonmarine terrace 0-120 Clay, silt, sand, Highly permeable to Hotchkiss and
% S deposits (QTc) and gravel permeable, generally Balding (1971,
E = above water table p. 13)
<
= + Pleistocene non- 0-100 Clay, silt, sand, Moderately to poorly Hotchkiss and
=] o marine deposits and gravel permeable Balding (1971,
& § (QTc) p. 13)
-
= Pleistocene and 0-650 Poorly to well- Highly permeable Hotchkiss and
Pliocene nonmarine sorted deposits of to impermeable Balding (1971,
deposits (QTc) clay, silt, sand, p. 13)
and gravel
o o| Pliocene nonmarine 0-1,200 Unconsolidated and Highly permeable to Hotchkiss and
2o &| deposits (Tcpm) consolidated clay, impermeable, major Balding (1971);
858 silt, sand, and aquifers Page and Balding
= E gravel (1973)
D
g S o o] Tertiary marine 0-15,000 Consolidated and Generally low perme- Wood and Davis
g2 |%s s rocks, undivided semiconsolidated ability, usually (1959, p. 21 and
21888 (Tm) sediments of contain connate water pl. 1)
~= 5 marine origin
[T
o -
[ VI Vo]
o ga
(o3 VAN )
=R
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Arches (cross-valley anticlines), folds (anticline-syncline series trend-
ing in directions similar to the valley trough), and faults in the subsurface
can also influence ground-water flow. Two arches (pl. 2) have been identified
in the valley, the Stockton arch and the Bakersfield arch (Hackel, 1966,
p. 224). In the vicinity of the Stockton arch, manmade disruptions of the
normal ground-water flow paths overshadow any possible effects of the faulting
or folding (California Department of Water Resources, 1967, p. 5). In the
vicinity of the Bakersfield arch, however, three faults may affect ground-
water movement (California Department of Water Resources, 1977a, p. 3). All
the faults believed to restrict ground-water movement in the San Joaquin
Valley are in Kern County (California Department of Water Resources, 1981b,
P.- 23) and are shown on plate 2. Ground-water movement is also restricted by
three series of folds in Kern and southern Kings Counties (pl. 2). The gener-
alized geologic sections (fig. 4) also give an overview of the variations in
the subsurface geologic structure observed from the northern to the southern
parts of the valley. Section C-C' (fig. 4) shows the folding along the west
side and the faulting along the east side that have occurred in the southern
part of the valley near Bakersfield. For more detailed discussion of the
geomorphological history of the valley, the reader is referred to Hackel
(1966) and Davis and others (1959). The sources listed in table 2 provide
more detailed geologic sections. The inconsistencies of the stratigraphic
nomenclature used by various authors of geologic reports for the valley are
reflected in plate 2 and figures 4 and 5 of this report.

Ground Water

Occurrence

The heterogeneity of the sedimentary deposits in the San Joaquin Valley
ground-water basin complicates the subsurface conditions. Croft's interpre-
tation of conditions just south of Hanford (Croft, 1972, pl. 1) is an example
of the interbedding of subsurface sediments (fig. 5). Local clay lenses,
described by Page and LeBlanc (1969, p. 27) and Page and Balding (1973,
p. 38), and the unknown integrity of confining beds also add to the complexity
of the ground-water conditions within the basin.

The permeable subsurface of a ground-water basin is broadly divided into
unsaturated and saturated zones. In the unsaturated zones, interstices
between particles are occupied partly by water and partly by air, except
during periods of recharge, when saturation may temporarily occur (Todd, 1980,
p. 31). Water in these unsaturated zones can provide early warning of poten-
tial ground-water pollution from surface sources (Wilson, 1981, p. 32).
Changes in the thickness of the unsaturated zone reflect the local response of
a water table to recharge or discharge and the locations of confining layers.
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In the saturated 2zone, perched aquifers are found regionally in the
proximity of a shallow, fine-grained layer, which Croft (1972) called the
A clay (Wilson and Schmidt, 1978, p. 138). Plates 3a, 3b, and 3c show the
extent of the A clay, C clay, and E clay, respectively (Croft, 1972), and
plate 4 shows the boundary of present and potential drainage problem areas in
the San Joaquin Valley (California Department of Water Resources, 1977b).
Perched or semiperched conditions may also exist locally in the vicinities of
unmapped local clay lenses that create similar conditions. Perched zones are
discussed in more detail in Piper and others (1939, p. 216), Croft and Gordon
(1968, p. 22 and 36), Page and LeBlanc (1969, p. 28 and 41), Mitten and others
(1970, p. 18 and 25), and Hotchkiss and Balding (1971, p. 47 and 69).
Figure 5 shows the six confining layers suggested by Croft (1972, p. H17). 1In
addition to the A clay, five other clay tongues (B through F) are shown.
Croft did not map the B, D, and F clays because he felt that they were of
limited extent and difficult to correlate consistently on electric logs.
Within the boundaries of the various clay layers are semiconfined and confined
aquifers that are a primary source of ground water. Outside these boundaries
the aquifers are generally unconfined. The size of the San Joaquin Valley
makes discussion of regional ground-water conditions difficult, as do the
local variations of conditions caused by the differences in timing of sedimen-
tary deposition. For discussions of the local occurrence of ground water in
the basin, the reader is referred to the various area reports used as
references throughout this report, especially in table 2. In the San Joaquin
Valley, the approximate storage capacity of the underground reservoirs to a
depth of 200 feet has been estimated as 100 million acre-ft (Davis and others,
1959, p. IV). The estimated storage to a depth of 1,000 feet is more than 570
million acre-ft, but the estimated usable storage capacity is about 80 million
acre-ft because of limitations of water quality and cost of pumping
(California Department of Water Resources, 1975, p. 65).

Recharge

The quality of water recharging the alluvial aquifers of the San Joaquin
Valley is important to ground-water management and design of a water-quality
monitoring network. According to Todd (1980, p. 16), "Principal sources of
natural recharge include precipitation, streamflow, lakes, and reservoirs."
Todd also identified two other types of recharge, incidental and artificial.
Incidental recharge results from human activity not purposely related to
artificial recharge of ground water. Examples of incidental recharge sources
are irrigation, cesspools, septic tanks, leaky water mains, sewers, landfills,
waste-disposal facilities, and canals. A variety of methods of intentional
artificial recharge have been developed to augment the natural movement of
surface water into underground formations, including water spreading, recharg-
ing through pits and wells, and pumping to induce recharge from surface-water
bodies.

Recharge infiltration rates have been estimated for the San Joaquin
Valley to range from less than 1.5 to about 3 ft/d by the California Region
Framework Study Committee (1971, p. 205) and to range from 0.3 to 1.6 ft/d by
Todd (1980, p. 461). These estimates diverge, but within a basin the size of
the valley some areas are bound to be more receptive to recharge than others.
In fact, Johnson and others (1968, p. A24) found that coefficients of vertical
permeability (currently designated as hydraulic conductivity, K) for 205
samples from core holes ranged from 0.000009 to 49 ft/d in the Los Banos-
Kettleman City area and for 138 samples ranged from 0.00003 to 87 ft/d in the
Tulare-Wasco area.
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Davis and others (1964, p. 27) delineated favorable areas for artificial
recharge in the San Joaquin Valley, which include the larger alluvial fans in
the vicinities of the Kern, San Joaquin, Kings, Merced, Tuolumne, and
Stanislaus Rivers. They identified specific depth zones that might be more
receptive, in the ranges of 10-50, 50-100, and 100-300 feet below land sur-
face. Potential areas for artificial recharge in San Joaquin County are
discussed in California Department of Water Resources (1967, p. 127) and
Mitten (1982, p. 27). These areas are mainly located along the east side of
the county in the vicinity of the Mokelumne and Calavaras Rivers. The average
annual volume of intentional artificial recharge between 1966 and 1973 in the
San Joaquin Valley was 1.3 million acre-ft (L. Dillingham, U.S. Bureau of
Reclamation, oral commun., Sept. 1, 1982). Since 1973, those data are no
longer being compiled (John Gostanian, California Department of Water
Resources, oral commun., Sept. 1, 1982). However, the California Department
of Water Resources (1977c, p. 10) found that much more emphasis should be
given to the study and practice of artificial recharge in the San Joaquin
Valley as well as to the quality and consistency of reporting methods.

Discharge

According to Davis and others (1964, p. 31), "Under natural conditions,
ground-water discharge in the San Joaquin Valley occurred as seepage and
evapotranspiration at the land surface near the low central part of the valley
where it then moved toward areas of natural surface discharge."” In the areas
where ground water is shallow (pl. 4) evapotranspiration is still a source of
ground-water discharge, but tile drains and dewatering wells are now used to
help lower the water levels and provide artificial means of additional dis-
charge (San Joaquin Valley Interagency Drainage Program, 1979, p. 3.4; and
Page and Balding, 1973, p. 42). According to the California Department of
Water Resources (1980b, p. 17), the streams in the Tulare subbasin lose water
to rather than gain from the subsurface; consequently, seepage is not a signi-
ficant source of ground-water discharge in that area. In the San Joaquin
subbasin, however, considerable quantities of water probably seep into the
San Joaquin River from the upper ground-water zone, especially during years of
low streamflow (California Department of Water Resources, 1960, p. 41).
Pumpage from wells is presently the chief form of ground-water discharge in
the San Joaquin Valley. About 55 percent of the irrigation in the San Joaquin
Valley currently is supplied from withdrawals of ground water, and nearly
two-thirds of all ground-water withdrawals for the entire State occur in the
San Joaquin Valley (Roots, 1978, p. 37). According to the California
Department of Water Resources (1980a, p. 39), 8 of the 15 ground-water sub-
areas identified in the San Joaquin Valley were subject to critical conditions
of overdraft because of extensive pumping from wells (fig. 3).

Water Levels

Water levels and depths to ground water are very important to the design
of ground-water-quality monitoring networks, for both conditions affect the
quality of ground water. According to Schmidt (1977, p. 130), '"Seasonal
changes in quality have been documented for water from wells in areas of
diffuse sources of pollution, such as agricultural-return flow and septic
tanks. These changes are primarily due to significant changes in depth to
water and vertical hydraulic-head gradient. Once the short-term and seasonal
trends are established, the optimal sampling approach can be determined in
order to establish long-term trends."
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Many agencies measure water levels in the San Joaquin Valley. The
California Department of Water Resources compiles the data and prepares the
semiannual water-level maps for the area, which were used in plates 5a, 5b,
and 5c. These maps are the best that are currently available, but their
adequacy has been questioned in terms of the timing of seasonal measurements
(A. K. Williamson, U.S. Geological Survey, Sacramento, Calif., oral commun.,
1981) and the densities of the wells measured (John Gostanian, California
Department of Water Resources, Fresno, Calif., oral commun., 1981). The
questions arise because all wells in the valley do not reach their minimum and
maximum water levels during the same months every year, as is observable in
hydrographs from continuous water-level recorders available in Ireland and
others (1982, p. 97-128); yet water levels are routinely measured during the
same spring and autumn months semiannually. Also, for large areas, water
levels are measured only during the spring, so that, during autumn periods of
low water levels, wells are too sparse to contour the water levels accurately.
Plate 5b shows the water levels measured in wells tapping the confined aquifer
during the spring of 1980, whereas plate 5c shows only the levels for wells in
the confined aquifer in Kern County because not enough wells are monitored in
the autumn to construct a water-level contour map for the rest of the basin
(mainly in the Westlands Water District, west of Fresno).

Depth to water

Depth to ground water in the San Joaquin Valley alluvial aquifers is
important because of the potential for rapid influence on ground-water quality
by man's activities at the land surface. The depth to ground water varies
greatly within the San Joaquin Valley ground-water basin because depth to
ground water is related to the local occurrence of various subsurface strata
and surface topography. According to the California Region Framework Study
Committee (1971, p. 205), "The minimum measured depth to ground water was
2 feet and the maximum was 842 feet." Plate 4 shows the boundary of the
present and potential drainage problem areas where depth to the perched
(shallow) water table ranges from 0 to 20 feet. Plates 5a and 5c show the
water-level contours for the unconfined aquifer for the spring and autumn of
1980, respectively, to indicate some of the seasonal fluctuations in the
valley during that year.

Depths to ground water in the unconfined aquifer can be obtained from
plates 5a and 5c by subtracting the altitude of the water level from the
altitude of the ground surface at the points where the water-level contours
and the land-surface contours intersect. If the same process is used on the
water-level contours of the confined aquifer (pl. 5b and in Kern County part
of pl. 5c) the resultant depth is to the potentiometric surface in those wells
and not the actual depth to the water in the confined aquifer. Maps showing
the potentiometric surface are actually maps of the hydraulic head in confined
aquifers (Freeze and Cherry, 1979, p. 49), and their contours are of an imagi-
nary surface indicating the wvariation in head pressure within a confined
aquifer. An important reason for mapping potentiometric surfaces is to deter-
mine direction of flow in ground water under confined conditions, provided
that flow under those conditions occurs from high to low head. Depths to
ground water for the San Joaquin Valley basin can also be obtained from peri-
odically published maps showing lines of equal depth to water in wells. The
most recent map of this type, which was published by the California Department
of Water Resources (1981a) for spring 1981, shows depths within 5 feet of land
surface near Gustine in Merced County and more than 700 feet below land
surface south of the White Wolf fault (pl. 2) in Kern County.
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Seasonal fluctuations

For the water levels of the San Joaquin Valley ground-water basin, the
degree and timing of seasonal fluctuations vary, depending on the specific
geographic area of concern, as is shown by the California Department of Water
Resources (1980g, pl. 2). Davis and others (1959, p. 4) discussed seasonal
and long-term trends in ground-water levels by dividing the San Joaquin Valley
into eight geographic regions:

"In the northeastern part of the valley * * * seasonal fluctuations
of water level register a general rise of the water table owing to
heavy applications of irrigation water in late spring and early
summer and a decline in autumn as irrigation decreases. In the
east-central part of the valley * * * substantial seasonal fluctu-
ations of water level occur as the ground-water storage is replen-
ished when surface water becomes available for recharge, and later
is depleted by pumping. Long-term trends of water level generally
agree with long-term trends in runoff. In the southeastern part of
the valley * * * water levels fluctuate in response to ground-water
withdrawals. The water table declines rapidly in late spring and
summer and recovers as pumping ceases late in autumn. In recent
years, imports of surface water through the Friant-Kern Canal have
supplied additional recharge to the ground-water reservoirs locally
and have caused a reduction in pumping draft, thereby reversing the
trend toward depletion. In the alluvial fan of the Kern River * * *
seasonal fluctuations of water level register changes in ground-
water storage in response to variations in the runoff of the Kern
River. In the southern fringe of the wvalley * * * withdrawals
greatly exceed the total replenishment, and water levels have de-
clined steadily as ground-water storage was depleted. Seasonal
fluctuations in water level register variations in pumping demand,
but the long-term water-level trend has been downward. The
southwest part of the valley is a desert, largely uncultivated and
used chiefly for grazing. The west-central part of the valley
constitutes an area of heavy overdraft. Water levels in the con-
fined aquifers have been drawn down rapidly in response to this
heavy overdraft. The seasonal fluctuations register variations in
pumping of ground water, but the year-to-year trends have been
consistently downward. In the northwestern area * * * water levels
stand near the land surface because surface water supplies are
generally more than adequate. Both seasonal and 1long-term
fluctuations are small." [Emphases added.]

Subsequent to Davis and others (1959), a series of area reports was
written by various authors to cover the various regions in more detail, and
more water distribution systems were installed to transport water into and out
of the valley. The findings of these reports and the effects of the water-
distribution systems are briefly addressed in the following section on
historical trends.
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Historical trends

Northeastern area.--Early historical trends of water levels in the
northern part of the northeastern part of the San Joaquin Valley are discussed
in Stearns and others (1930) and Piper and others (1939). A map showing lines
of equal change in altitude of ground-water surface between autumn 1950 and
autumn 1964 (California Department of Water Resources, 1967, p. 78) indicates
that water levels decreased as much as 65 feet in a pumping depression east of
Stockton; this depression was still present in 1980 (pl. 5a and 5c). During
this period water levels generally declined in the whole eastern part of
San Joaquin County. A similar map (pl. 6) by the California Department of
Water Resources (1980h) shows the difference in water levels for most of the
San Joaquin Valley ground-water basin between spring 1965 and spring 1980.
Plate 6 also shows that water levels in the unconfined zone declined as much
as 50 feet in an area southwest of Fresno and rose as much as 30 feet near
Lindsay in eastern Tulare County. Changes in the confined zone ranging from a
decline of 80 feet in north-central Kern County to a rise of 200 feet near
Huron in southwestern Fresno County are also noticeable on plate 6. Page and
Balding (1973, p. 42) agreed with Davis and others (1959) that ground water is
seldom used for irrigation in the Stanislaus and Merced County parts of the
northeastern part of the valley, except during dry years. Page and Balding
(1973) also described the use of intentional dewatering to lower water levels
in the unconfined water body. They mentioned a pumping depression that
existed near El Nido, which also appears on the water level maps for spring
and autumn of 1980 (pl. 5a and 5c¢) where subsidence due to ground-water with-
drawal was reported. Water levels in the confined water body of this area
fluctuate seasonally with heavy irrigation pumping during spring and summer
and with decreased pumpage during autumn and winter.

An overview of the historical trends observed in the southern two-thirds
of the San Joaquin Valley is presented in California Department of Water
Resources (1980g, pl. 2), which shows water profiles in 1921, 1951, and 1979.

East central area.--Water-level hydrographs for the entire east-central
part of the valley are presented in Roots (1978, pl. 17-34) with a map showing
depth to ground water in spring of 1976. Mitten and others (1970, p. 25)
described the water-level fluctuations in the Madera County part of the area
as both seasonal and annual. The seasonal fluctuations were as great as
40 feet; annual fluctuations ranged from 14 to 30 feet. Since 1906, water
levels had declined from 40 to 55 feet in some unconfined water bodies in the
area. Page and LeBlanc (1969, p. 39 and 41) said that water levels in the
Fresno area fluctuated seasonally from 3 to 44 feet in the unconfined water
body, nearly parallel to confined water-body seasonal fluctuations. They
mentioned that water-level fluctuations near Orange Cove had decreased since
1949, following an increase in surface-water deliveries, but the seasonal
fluctuations in the perennial pumping depression near Fresno had increased
from 6 feet prior to 1949 to 10 feet or more after 1949. Water levels for
spring and autumn 1980 (pl. 5a and 5c) do not indicate much seasonal variation
in the Fresno area, but plate 6 shows water-level declines of 10 to 15 feet in
the same area between 1965 and 1980. Seasonal fluctuations between 30 and
70 feet for the confined water bodies in western Fresno County were described
by Page and LeBlanc (1969, p. 41).
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Southeastern area.--Croft and Gordon (1968) and Lofgren and Klausing
(1969) mentioned that water levels vary greatly, depending on the areas of
pumpage and applications of surface water from imported sources. Some wells
in the unconfined water bodies have shown water-level fluctuations of up to
40 feet, whereas other wells in confined water bodies have had water-level
fluctuations of more than 130 feet. Croft and Gordon (1968, pl. 11) and the
water-level maps for 1980 included in the present report (pl. 5a and 5c) show
pumping depressions northeast of Ivanhoe and southwest of Lindsay in Tulare
County. Subsequent to the delivery of canal water to the area in 1951, rises
in water levels approached 140 feet, and the cone of depression in the Lindsay
area migrated westward from its former center (Croft and Gordon, 1968, p. 40).
Greater differences were noted in the depth of water and the magnitude of
seasonal water-level fluctuations in the confined aquifer system than in the
semiconfined aquifer system, termed the '"principal pumped =zone'" and the
"shallow zone," respectively, by Hilton and others (1963, p. 89-105). Water-
level fluctuations in the semiconfined '"shallow zone" of this area were de-
scribed as "considerably irregular." Their hydrographs for some wells showed
very little change in 8 years and for others showed over 60 feet of change
yearly. They mentioned that, prior to the importation of surface water,
seasonal water-level fluctuations in the "principal pumped zone'" ranged from
static conditions to greater than 100 feet. They also reported that, as the
importation of water via the Friant-Kern Canal began, the water level in some
wells started to rise, while in others it continued to decline. A water-level
mound that they identified just north of Delano was also present in 1980
(pl. 5a, 5b, and 5c), but between spring 1965 and spring 1980 a water-level
decline of 20 feet was noted in that area (pl. 6). The area between Delano
and Pixley has experienced up to 12 feet of subsidence due to water-level
decline between 1926 and 1970 (Ireland and others, 1982, fig. 25).

Kern River fan area.--Dale and others (1966, p. 50-59), Core (1980,
p. 20-23 and 25-31), and Arvin-Edison Water Storage District (1979, p. 15-19)
reported that seasonal and annual fluctuations up to 80 feet are common in the
Kern River fan area, and ground-water recharge operations are raising water
levels in this area. Pumping depressions northwest of Oildale and west of
Wasco, which were identified by Dale and others (1966, p. 59), are noticeable
on the 1980 water-level maps (pl. 5a, 5b, and 5c).

Southern fringe area.--Wood and Dale (1964, p. 54-77), Lofgren (1975,
p. D19-D24), and Arvin-Edison Water Storage District (1979) reported pumping
depressions and seasonal water-level fluctuations of 13 to 25 feet in the
Edison area. The Edison fault (pl. 2) creates an offset (vertical displace-
ment) of about 300 feet in the surface of the main ground-water body and
impedes southward movement of water. South of the White Wolf fault (pl. 2)
seasonal water-level fluctuations of about 80 feet have been reported (Wood
and Dale, 1964, p. 70-71). Hydrographs provided in a report by Arvin-Edison
Water Storage District (1979, p. 18-19) confirm continued similar fluctuations
in those two areas. Lofgren (1975, pl. 4) reported that between 1926 and 1970
land subsidence associated with water-level declines had ranged from 1 foot in
the area south of Edison to 9 feet near Mettler. According to Ireland and
others (1982, p. 13 and fig. 31) some residual compaction has continued, even
though water levels have risen more than 150 feet. In the western part of the
southern fringe area, two pumping depressions are shown by Wood and Dale
(1964, pl. 5) that do not appear on the 1980 California Department of Water
Resources water-level maps (pl. 5a, 5b, and 5c). One pumping depression does
appear in Core (1980, pl. 2) near San Emigdio Creek (T32S/R26E); the minimum
water surface of the depression is about 80 feet higher than in 1964. The
California Aqueduct now runs through this area and probably influences the
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local ground-water levels. A map showing depths to water for most of the Kern
County part of the San Joaquin Valley ground-water basin is included in Core
(1980, pl. 1) and in the maps of the depths to ground water in the San Joaquin
Valley done by the California Department of Water Resources in 1981; these
maps are useful in establishing monitoring of ground-water quality in this
area.

Southwestern area.--Ground-water level conditions are discussed in Wood
and Davis (1959) and Core (1980), but the information on ground-water fluctua-
tions is limited by the small number of wells in the area. Ground-water data
for the Antelope Plain and Kettleman Plain areas are almost nonexistent;
plates 5a, 5b, and 5c do not show water-level contours for much of these
areas. Wood and Davis (1959, p. 29-47) provide the best available description
of the trends and fluctuations for water levels in the area. They mentioned
one pumping depression near the mouth of Antelope Valley (T26S/R18E). They
also found that the ground-water gradients in the Antelope and McLure Valleys
are about five times steeper than in the Kettleman Plain and the remainder of
their study area between Avenal and McKittrick. Another pumping depression
near the mouth of McLure Valley (T25S/R18E) probably prevented ground-water
flow out of that valley. Water levels in that area were described as declin-
ing, and recovery in the nonpumping season was negligible. A pumping depres-
sion between Kettleman Plain and Antelope Plain near Devils Den (T25S/R19E)
was expected to continue to control water-level conditions in that vicinity.
Basing their judgment on data available since 1936, Wood and Davis (1959,
p. 34) reported a marked decline of more than 100 feet in the water levels of
the southern Kettleman Plain area. In central Kettleman Plain (T23S/R18E),
declines of more than 40 feet between 1910 and 1928 were noted, and by 1955
recovery was about 10 feet short of the 1910 levels. South of Kettleman City
near the Avenal Gap, the water quality was reportedly so poor that wells were
not being used much, and water-level fluctuations were less than 2 feet.

West-central area.--Ground water in the Coalinga area (Pleasant Valley)
is such poor quality that it is not used for human consumption and rarely for
agriculture; consequently, water-level information is scarce. Davis and
Poland (1957, p. 466) reported that ground water in the area occurs in an
unconfined aquifer and that water levels had declined nearly 90 feet between
1905 and 1957. Ground water in the rest of this area is usually discussed in
terms of upper and lower zones, separated by the Pleistocene Corcoran Clay
Member of the Tulare Formation. According to Davis and Poland (1957, p. 433),
"Water in the upper zone is in part confined and in part unconfined, but there
is sufficient separation of aquifers within the upper zone that water stands
at different levels in wells of different depth." They also reported that
static water levels in wells tapping the lower part of the upper zone were
from 10 to 115 feet deeper than the water table, and that heavy irrigation
pumping near Five Points had caused a steep westward water-level gradient in
the opposite direction from the slope of the regional water table. The lower
zone supplies about three-fourths of the ground water for irrigation in this
area (Bull and Miller, 1975, p. E19). An elongated pumping depression in the
lower zone, mentioned by Davis and Poland (1957, p. 435), extends from north
of Mendota to south of Huron and correlates well with the region of maximum
(more than 28 feet) land subsidence that Ireland and others (1982, p. 8) have
identified in the San Joaquin Valley. Importation of surface water in the
late 1960's and 1970's significantly reduced the subsidence rate in this area,
but the drought of 1976-77, attended by increased pumping, resulted in renewed
subsidence (Ireland and others, 1982, p. 5).
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Besides being the chief area of land subsidence in the San Joaquin
Valley, the west-central area contains part of the present and potential
drainage problem area, which extends throughout most of the length of the
valley's axial trough (pl. 4). The complexity of the ground-water conditions
in this area exemplifies some of the conditions that can be typical of areas
in the San Joaquin Valley ground-water basin.

Northwestern area.--Ground-water level conditions in the area north of
Union Island and west of Stockton in the Delta area are almost unknown. Wells
are sparce, but Keeter (1980) included several in this area in her ground-
water-quality sampling. The California Department of Water Resources (1967,
p. 103-105) and Sorenson (1981) discussed the quality of ground water in this
area of more than 500 mi?, but water levels and subsurface confinement have
apparently not been studied in much detail. Hotchkiss (1972) reported on the
subsurface geology of the water-bearing deposits of the northern San Joaquin
Valley, but his study went only as far north as Union Island. Hotchkiss and
Balding (1971, p. 65-69) discussed the ground-water level conditions of three
water-bearing zones between Tracy and Dos Palos in terms of relative depth:
shallow, upper, and lower zones. 1In Hotchkiss and Balding's report, the
contours of the depth to the shallow water-bearing zone look much like those
in plate 4 of the present report, and water levels at that time were as shal-
low as 0.4 foot below land surface. The bottom of the shallow zone, between 5
and 25 feet below land surface, was used to approximate the top of the upper
zone. Seasonal fluctuations of water levels in the upper zone were generally
less than 20 feet. Low water levels are common during December in upper-zone
wells of the rangeland-wetlands areas (pl. 1), where water is used by hunting
clubs during waterfowl season, whereas lows in the lower zone are normally in
August or September because of agricultural demand. Seasonal water-level
fluctuations in the lower zones commonly exceed 60 feet but are usually about
20 feet. Long-term decline of water levels occurred prior to the completion
of the Delta-Mendota Canal in 1951. Since then, pumping overdraft of the
lower zone has reportedly ceased, and water levels in the upper zone rose as
much as 50 feet by 1967. Water-level changes between measurements made in
1965 and 1980 are shown on plate 6. Water-level rises of up to 10 feet are
indicated for this area. The California Department of Water Resources (1981a)
reported that depths to water in this area range from 10 to 20 feet near the
San Joaquin River on the east to more than 100 feet on the west near the
California Aqueduct and the Delta-Mendota Canal.

Direction of Movement

The design of monitoring networks must be based on knowledge of the rate
and direction of water movement (Pickering and Ficke, 1975). In laboratory
tests of core-hole samples taken from sites in the Los Banos-Kettleman City
and Tulare-Wasco areas, Johnson and others (1968, p. A24) determined values
for coefficients of vertical and horizontal permeability (currently designated
hydraulic conductivities, K). In the Los Banos-Kettleman City area, vertical
hydraulic conductivities for 62 paired samples ranged from 0.00003 to 35 ft/d,
and horizontal hydraulic conductivities ranged from 0.00003 to 44 ft/d. 1In
the Tulare-Wasco area, vertical hydraulic conductivities for 138 samples
ranged from 0.00003 to 87 ft/d, and horizontal hydraulic conductivities for 79
samples ranged from 0.00004 to 8.2 ft/d. The rate of ground-water movement is
therefore very site specific. There are also other variables in contaminant
movement because of dispersion diffusion, and concentration-gradient
phenomena.
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According to Davis and others (1959, p. 124), "Ground water moves in the
direction of the hydraulic gradient, perpendicular to the water-level con-
tours, from areas of recharge (indicated by ridges or mounds on the water
surface) to areas of discharge (indicated by depressions in the water sur-
face)." Review of the water-level maps provided in the Davis report and in
the semiannual reports of the California Department of Water Resources (simi-
lar to plates 5a, 5b, and 5c) indicates the direction of movement that ground
water in the San Joaquin Valley has taken historically. However, the rule
that ground water moves parallel to the hydraulic gradient and perpendicular
to the water-level contours holds true only in homogeneous, isotropic condi-
tions (Fetter, 1981, p. 28), which is rarely the case, particularly for undis-
turbed, unconsolidated alluvial materials (Todd, 1980, p. 78) like those found
in the San Joaquin ground-water basin. In the absenc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>