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FOREWORD

The Ground Water Atlas of the United States presents a comprehensive summary of the
Nation's ground-water resources, and is a basic reference for the location, geography, geology,
and hydrologic characteristics of the major aquifers in the Nation. The information was col-
lected by the U.S. Geological Survey and other agencies during the course of many years of
study. Results of the U.S. Geological Survey's Regional Aquifer-System Analysis Program, a
systematic study of the Nation's major aquifers, were used as a major, but not exclusive, source
of information for compilation of the Atlas.

The Atlas, which is designed in a graphical format that is supported by descriptive discus-
sions, includes 13 chapters, each representing regional areas that collectively cover the 50
States and Puerto Rico. Each chapter of the Atlas presents and describes hydrogeologic and
hydrologic conditions for the major aquifers in each regional area. The scale of the Atlas does
not allow portrayal of minor features of the geology or hydrology of each aquifer presented, nor
does it include discussion of minor aquifers. Those readers that seek detailed, local information
for the aquifers will find extensive lists of references at the end of each chapter.

An introductory chapter presents an overview of ground-water conditions Nationwide and
discusses the effects of human activities on water resources, including saltwater encroachment

and land subsidence.
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CONVERSION FACTORS ATLAS ORGANIZATION
For readers who prefer to use the International System (SI) units, rather than the inch- The Ground Water Atlas of the United States is divided into 14 chapters. Chapter A presents
pound terms used in this report, the following conversion factors may be used: introductory material and nationwide summaries; chapters B through M describe all

principal aquifers in a multistate segment of the conterminous United States; and chapter
N describes all principal aquifers in Alaska, Hawaii, and Puerto Rico.

Multiply inch-pound units By To obtain metric units
Hydrologic
Length Segment Chapter content Atlas
inch (in) 25.4 millimeter (Mm) Number Chapter
foot (ft) 0.3048 meter (m)
mile (mi) 1.600 kilometer (km) — Introductory material and nationwide summaries 730-A
i) California, Nevada 730-B
Area ) ;
square mile (mi?) 2590 square kilometer (km?) 2 Arizona, Colorado, New Mexico, Utah 730-C
3 Kansas, Missouri, Nebraska 730-D
Volume
] : 4 A4 Oklahoma, Texas 730-E
gallon per minute (gal/min) 0.06309 liter per second (L/s) o ~Ss )
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m?/s) 5 Arkansas, Louisiana, Mississippi 730-F
billion gallons per day (Bgal/d) 3.785 million cubic meters per day (Mm?/d) 6 Alabama, Florida, Georgia, South Carolina 730-G
acre-foot 1,233 cubic meter (m?) 7 Idaho, Oregon, Washington 730-H
Flow 8 Montana, North Dakota, South Dakota, Wyoming 7301
cubic foot per second (ft*/s) 0.02832 cubic meter per second (m?®/s) 9 lowa, Michigan, Minnesota, Wisconsin 730-J
acre-foot per year 0.00003909 cubic meter per second (m?3/s) 10 Illinois, Indiana, Kentucky, Ohio, Tennessee 730-K
Transmissivity 11 Delaware, Maryland, New Jersey, North Carolina, 730-L
foot squared per day (ft?/d) 0.0929 meter squared per day (m?/d) Pennsylvania, Virginia, West Virginia
Temperature 12 Connecticut, Maine, Massachusetts, New Hampshire, 730-M
. . New York, Rhode Island, Vermont
degree Fahrenheit (°F) 5/9(°F)-32=°C degree Celsius (°C)
13 Alaska, Hawaii, Puerto Rico 730-N

Sea Level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD
of 1929) —a geodetic datum derived from a general adjustment of the first-order level nets of both
the United States and Canada, formerly called Sea Level Datum of 1929.
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Figure 1. Segment I has
diverse climate types that range
from cool and moist in coastal
northern California to hot and
dry in the deserts of Nevada
and southern California.
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INTRODUCTION

California and Nevada compose Segment 1 of the Ground
Water Atlas of the United States. Segment 1 is a region of
pronounced physiographic and climatic contrasts. From the
Cascade Mountains and the Sierra Nevada of northern Califor-
nia, where precipitation is abundant, to the Great Basin in
Nevada and the deserts of southern California, which have the
most arid environments in the United States, few regions ex-
hibit such a diversity of topography or environment.

Since the discovery of gold in the mid-1800’s, California
has experienced a population, industrial, and agricultural
boom unrivaled by that of any other State. Water needs in
California are very large, and the State leads the United States
in agricultural and municipal water use. The demand for water
exceeds the natural water supply in many agricultural and
nearly all urban areas. As a result, water is impounded by
reservoirs in areas of surplus and transported to areas of scar-
city by an extensive network of aqueducts.

Unlike California, which has a relative abundance of water,
development in Nevada has been limited by a scarcity of re-
coverable freshwater. The Truckee, the Carson, the Walker, the
Humboldt, and the Colorado Rivers are the only perennial
streams of significance in the State. The individual basin-fill
aquifers, which together compose the largest known ground-
water reserves, receive little annual recharge and are easily
depleted. Nevada is sparsely populated, except for the Las
Vegas, the Reno-Sparks, and the Carson City areas, which rely
heavily on imported water for public supplies. Although impor-
tant to the economy of Nevada, agriculture has not been de-
veloped to the same degree as in California due, in large part,
to a scarcity of water. Some additional ground-water develop-
ment might be possible in Nevada through prudent manage-
ment of the basin-fill aquifers and increased utilization of
ground water in the little-developed carbonate-rock aquifers
that underlie the eastern one-half of the State. The potential
problem of withdrawals in excess of natural recharge, however,
will require careful management of ground-water withdrawals.

CLIMATE

The diverse physiography and north-south extent of
Segment 1 result in marked climatic contrasts within the re-
gion. Five climate types in the Segment are based primarily
on differences in temperature and rainfall (fig. 1):
¢ Temperate Oceanic—Adequate precipitation in all seasons,
moderate summers and mild winters, cloudy conditions
prevail

¢ Highland—Altitude, for the most part, controls the weather,
large amounts of precipitation as rain and snow in the
mountains (fig. 2), large diurnal temperature ranges, rain
shadows present on the leeward sides of mountain ranges

® Mediterranean (Subtropical Dry Summer)—Modest precipi-
tation in winter, warm summers and mild winters, abun-
dant sunshine

e Steppe (Semiarid)—Little precipitation, falling mostly in win-
ter, large annual temperature range

¢ Desert (Arid)—High temperature, scant precipitation, large
diurnal and annual temperature ranges, low relative hu-
midity, little cloud cover

Precipitation and Temperature

In California, much of the climatic variation results from
the patterns of global weather systems. Precipitation is greater
in the northern part of the State than elsewhere (fig. 3). How-
ever, prominent mountain ranges in California and western
Nevada also have an important influence on moisture distri-

Base modified from U.S. Geological Survey

bution in the region. Temperatures are cooler in the higher
altitudes of the mountains. As eastward-moving, moist, un-
stable air masses rise up the western slopes of the mountains,
the air is cooled and water vapor condenses and falls as rain,
snow, or ice. When these air masses descend the eastern
slopes, they become warmer and more stable and thus retain
most of the remaining moisture. Consequently, precipitation
amounts are much greater on the western slopes of the north-
south-trending mountain ranges of western and eastern Cali-
fornia, whereas semiarid to arid conditions prevail east of the
mountains, as in much of Nevada and in central and southern
California.

Storms that bring moisture to the region are most frequent
in winter; about 80 percent of the annual precipitation falls
between October and April. The extreme northern part of
California has slightly wetter summers than the rest of the
segment. However, amounts of precipitation vary greatly from
year to year; for example, from 1860 to 1980 the average
annual precipitation of Sacramento, Calif., was 18 inches, but
precipitation ranged from 35 to 195 percent of the average
annual precipitation (fig. 4), or from about 6 to 35 inches per
year. Fog occurs frequently on the coast and provides some
additional moisture that is used primarily by vegetation.

Mountain ranges that parallel the coast also affect tem-
perature distribution. Seaward of the mountains, temperature
is moderated by the ocean, and the range between daily high
and low temperatures is usually less than 20 degrees Fahren-
heit. Winters are cool, but they are not generally cold in coastal
areas, although temperatures drop sufficiently in the coastal
part of northern California to cause some frost and a dormant
season for plants. Summers in coastal areas are mild, but tem-
peratures occasionally become hot in southern California. In
contrast, the valleys east of the coastal mountains experience
much greater temperature extremes. In these valleys, summer
daytime temperatures can be greater than 90 degrees but fall
to 55 degrees or less at night. Winters in the interior valleys
are relatively mild, and freezes are uncommon.

Temperature ranges in the mountains of western Califor-
nia and eastern Nevada, as well as in the desert parts of Ne-
vada and southern California, are much greater than in other
parts of Segment 1. In the mountains and deserts very little
moisture is in the air to absorb the rays of the sun, or to retain
heat at night. Consequently, solar radiation is intense during
the day, but the heat stored in the ground is released rapidly
after sunset. Temperature extremes are hotter and colder in the
desert than in other lowland areas elsewhere in the segment,
but mountainous areas are warm in summer and extremely
cold in winter.

Runoff

Runoff is the amount of water left from precipitation that
can be measured as streamflow after losses to evaporation,
transpiration by plants, and the replenishment of storage within
the aquifers. The areal distribution of runoff from 1951 to 1980
(fig. 5) closely followed the areal distribution of precipitation
for the same period (fig. 3), but the relative amounts of run-
off varied as a result of climatic conditions. Runoff is greatest
in the mountains, where the majority of precipitation falls as
snow, which melts in the spring and runs off with minimal
evapotranspiration (the process by which liquid water is con-
verted to water vapor either by evaporation or by transpiration
from plants). Runoff is greater than 40 inches per year in many
mountainous areas. The basins in the arid parts of Nevada and
southeastern California have virtually zero runoff because most
precipitation that falls is evaporated almost immediately. How-
ever, high-intensity storms or rapid snowmelt in the mountains
that border the basins may cause flash floods that reach the
floors of the basins. Coastal areas have a direct relation be-
tween the amount of precipitation and runoff.

Modified from
digital data, 1:2,000,000, 1972 Trewartha, 1968

Figure 2. Annual snow-
fall in the mountains of eastern
California and western Nevada
can total 400 inches or more.
Runoff from melting snow is
the primary source of recharge
for many of the aquifers in Seg-
ment 1.

Figure 3. Precipitation

in Segment 1 is unevenly
distributed. The northern
California coast and the in-
land mountainous areas
receive large amounts, where-
as desert areas are very dry.
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Figure 5. The distribution
of average annual runoff in Seg-
ment 1 closely follows that of
precipitation. The climatic con-
ditions of each area control the
relative amount of precipitation
that runs off as streamflow.
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Water Surplus and Deficit

The relation between precipitation and evapotranspira-
tion is a major factor in water availability. Generally, if annual
precipitation exceeds annual potential evapotranspiration, then
there is a net surplus of water and streamflow is perennial.
However, annual potential evapotranspiration can exceed an-
nual precipitation, which causes a net deficit of water. A net
annual moisture deficit is present almost everywhere in Cali-
fornia and Nevada (fig. 6). The only areas with an annual
moisture surplus are the northern California coast, which re-
ceives considerable rainfall from winter storms, and the moun-
tainous regions of northern and east-central California, where
condensation of water vapor in rising, moist air masses results
in abundant rain or snow. Water is available to recharge aqui-
fers only at times when precipitation or snowmelt is greater
than actual evapotranspiration. Thus, not all areas mapped as
having a net water surplus in figure 6 are recharge areas.

In most of Nevada and in southern California, nearly all
streams that head in the mountains are ephemeral and lose
flow to alluvial aquifers within a short distance of where the
streams leave the mountains and emerge onto the valley floors.
In much of northern California and in the Humboldt, the
Truckee, the Carson, and the Walker River drainages of Nevada,
however, runoff is sufficient to support perennial streams. The

Figure 7. An extensive
aqueduct system in California
transports water from impound-
ments in areas of water abun-
dance to population and agri-
cultural centers in areas of
water deficits.

Colorado River is supplied primarily by runoff from the Rocky
Mountains. Before the inception of agriculture, the largest riv-
ers in the vast Central Valley of California overflowed their
banks during periods of peak winter flows and formed exten-
sive marshlands. An elaborate flood control system and the
lowering of the water table by withdrawals for irrigation now
keep these rivers within their banks.

The geographical distribution of moisture in Segment 1
greatly influences patterns of agricultural and urban develop-
ment. Much of Nevada receives little precipitation, and, con-
sequently, ground- and surface-water supplies are limited. This
limitation has severely restricted urban development and has
put constraints on agricultural development. Las Vegas, the
largest urban area in the State, obtains most of its water from
the Colorado River, which is many miles away.

California receives relatively abundant precipitation.
However, the precipitation is concentrated in areas of the State
remote from most of the large urban centers and major agri-
cultural areas. A further complication is the unpredictability
of precipitation on an annual basis, which can often make
surface-water supplies undependable. To provide a depend-
able, year-round supply of water to areas where it is most
needed is a full-time, massive undertaking, and is accom-
plished by careful water management and an extensive water-
transportation network (fig. 7).

PHYSIOGRAPHY AND LAND USE

The physiography of the region (fig. 8) is a product
of the geologic history of the area. Several coastal mountain
ranges underlain by severely folded, faulted, commonly meta-
morphosed marine and continental sediments, form the Pa-
cific Border and the Lower Californian Physiographic Prov-
inces. In the interior, the granitic rocks that underlie the fault
blocks of the Sierra Nevada and the volcanic rocks of the
southern Cascade Mountains join to form the eastern border
of the low-lying California Trough, which contains the Central
Valley. East of the Sierra Nevada, the land is characterized by
a series of low, north-south-trending mountain ranges and
intervening valleys (fig. 9); the ranges and valleys were cre-
ated by faulting that resulted in the horst and graben structures
that form the Basin and Range Physiographic Province. In the
extreme northeastern part of Nevada, the southernmost ex-
tent of the Columbia Plateaus Physiographic Province is
formed by basalt lava flows.

Land use in Segment 1 is directly related to topogra-
phy and the availability of water. Major land uses in California

Figure 9. The alternating
valleys and low mountain
ranges of Nevada contrast
sharply with the high, rugged
California mountain ranges that
surround the low-lying Central
Valley.
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and Nevada are shown in figure 10. The flat floor of the Cen-
tral Valley of California, one of the Nation’s most important
agricultural areas, is used almost entirely for growing crops.
Most of the cropland, however, must be irrigated. The moun-
tains that surround the Central Valley are areas of rugged to-
pography and, accordingly, are used predominantly as forest
and woodland, even though they receive large amounts of
precipitation. Almost all of Nevada and large parts of south-
ern California receive little precipitation; accordingly, most of
the land in these areas is desert shrubland (compare figs. 5
and 10), although sufficient water is available to allow livestock
to be grazed in some places.

The major cities in the coastal areas of California ap-
pear as large areas of urban sprawl on figure 10. Although
coastal California receives moderate to large amounts of pre-
cipitation, surface-water and ground-water supplies in those
urban areas are not sufficient to provide the water needs of the
population. As a result, a huge network of reservoirs, canals,
and aqueducts has been constructed in California to transport
water to these urban areas and other areas of water deficit.

Modified from Thelin
and Pike, 1990

Figure 6. In most areas of

Segme.

spiration is in excess of precipi-

tation,

ture deficit.

Figure 8. The physiography
of Segment 1 is dominated by
mountain ranges and alluvial

basins.
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Figure 10. Most of the land
in Nevada and southern Califor-
nia is desert shrubland, because
these areas receive little precipi-
tation. By contrast, wetter areas
of central and northern California
are forested where mountainous
and developed as farmland or
urban areas where flalter.
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Figure 11. The aquifers in Segment 1 have been grouped into five
major aquifers or aquifer systems. Although four of the aquifers consist of

OREGON

basin-fill deposits, the characteristics of these deposits vary, depending

on differences in geology, physiography, and climate.

MAJOR AQUIFERS

Ground water in Segment 1 is contained in five major
aquifers (fig. 11), four of which consist primarily of basin-fill
deposits that occupy structural depressions caused by defor-
mation of the Earth’s crust. The four basin-fill aquifers are the
Basin and Range aquifers, the Central Valley aquifer system,
the Coastal Basins aquifers, and the northern California basin-
fill aquifers. The fifth major aquifer is the northern California
volcanic-rock aquifers. Few of these aquifers extend over an
area large enough to be termed “regional.” An exception is the
Central Valley of California, which is a very large basin-fill
aquifer best described as a “regional” aquifer. Some water in
Segment 1 is obtained from areally-extensive volcanic and
carbonate rocks, but water within these rocks is mostly in frac-
tures or solution openings and, consequently, the rocks gen-
erally yield little water. One notable exception is in eastern
Nevada, where some alluvial basins are hydraulically con-
nected by widespread deposits of permeable carbonate rocks
that underlie the alluvium. In some places, consolidated rocks
are hydraulically connected to overlying unconsolidated depos-
its and, thus, are part of the same aquifer or aquifer system.

Because of the scattered, local nature of most of the aqui-
fers, it is difficult to classify them. The grouping used herein is
based on geology, physiography, and climate but is not the

only one possible. The areas designated “not a principal aqui-

fer” lack sufficient basin-fill sediments or permeable consoli-
dated rock to yield significant amounts of water to wells.
The Basin and Range aquifers are located in an area that
comprises most of Nevada and the southern California desert
(fig. 11). The water-yielding materials in this area are in val-
leys and basins, and consist primarily of unconsolidated allu-
vial-fan deposits, although locally flood plain and lacustrine
(lake) beach deposits may yield water to wells. Also, the con-
solidated volcanic and carbonate rocks that underlie the un-
consolidated alluvium are a source of water if the consolidated
rocks are sufficiently fractured or have solution openings. Many
of these valleys and basins are internally drained; that is, water
from precipitation that falls within the basin recharges the
aquifer and ultimately discharges to the land surface and
evaporates within the basin. Ground water is generally under
unconfined, or water-table, conditions at the margins of the ba-
sins, but as the unconsolidated deposits become finer grained
toward the centers of the basins, the water becomes confined.
Rarely, basins might be hydraulically connected in the subsur-
face by fractures or solution openings in the underlying bed-
rock. These multiple-basin systems end in a terminal dis-
charge area, or sink, from which water leaves the flow system
by evaporation. Also, several basins or valleys may develop
surface-water drainage that hydraulically connects the basins,
and ground water flows between the basins, mostly through the
unconsolidated alluvial stream/flood plain sediments.
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MAJOR AQUIFERS — Continued

The Central Valley aquifer system (fig.11) occupies most
of a large basin in central California between the Sierra Ne-
vada and the Coast Range Mountains. The Central Valley is the
single most important source of agricultural products in the
United States, and ground water for irrigation has been essen-
tial in the development of that industry. The basin contains a
single, large, basin-fill aquifer system, the largest such system
in the Nation. Although the valley is filled with tens of thou-
sands of feet of unconsolidated sediments, most of the fresh
ground water is at depths of less than 2,500 feet. Ground water
in the valley is under unconfined to confined (artesian) con-
ditions, primarily depending on depth; most of the shallow
ground water is unconfined.

The Coastal Basins aquifers occupy a number of basins
in coastal areas from northern to southern California (fig. 11).
These basins have similar morphology and a Mediterranean
climate. All are in structural depressions formed by folding and
faulting, all are filled with marine and alluvial sediments, and
all are drained by streams that contain water at least part of
the year. Nearly all the large population centers in Segment 1
are located in these basins, and the available ground water is
used primarily for municipal supplies. In most of the basins,
however, population has grown to such an extent that local
ground-water supplies are no longer adequate, and surface
water must be transported from distant sources to meet de-
mand. Ground water in the basins is under unconfined to con-
fined conditions, and two or more vertically sequential aqui-
fers can be present in a basin, separated by confining units that
consist of fine-grained sediments. In nearly all basins that
contain more than one aquifer, however, the aquifers are hy-
draulically connected to some degree. Seawater intrusion is a
common problem in nearly all the Coastal Basins aquifers.

Interior northern California is sparsely populated, and
most ground-water demand is for agricultural irrigation. The
most productive and highly-utilized aquifers in the area are the
northern California basin-fill aquifers (fig. 11). These aquifers
are in unconsolidated alluvial sediments. However, in some ba-
sins, wells drilled into underlying volcanic rocks might produce
large quantities of water, often more than wells completed in
the unconsolidated sediments.

The northern California volcanic-rock aquifers consist of
volcanic rocks that yield water primarily from fractures and
locally from intergranular spaces in porous tuffs. Because
water-yielding zones in these rocks are unevenly distributed,
wells that yield water are outnumbered by dry holes; however,
in some areas, wells completed in the volcanic-rock aquifers
yield large volumes of water. The northern California volcanic-
rock aquifers are relatively unexplored and undeveloped.

GEOLOGY AND GEOLOGIC
HISTORY

Rocks and deposits exposed at the surface in Segment 1
range in age from Precambrian to Quaternary (fig. 12). They
consist of igneous intrusive rocks, pyroclastic and extrusive
volcanic rocks, and marine and continental sediments, many
of which, particularly the older rocks (pre-Mesozoic) have been
intensely metamorphosed, folded, and faulted.

The principal water-yielding units are unconsolidated con-
tinental clastic deposits of Cenozoic age that partly fill struc-
tural basins created by faulting. Volcanic rocks, which are
principally lava and pyroclastic flows of Cenozoic age, are
important aquifers in scattered areas. Paleozoic limestones and
dolomites associated with basin-fill Cenozoic clastic deposits
in eastern Nevada are the only older rocks with significant
water-yielding potential.

During Precambrian time and the Paleozoic Era, an almost
uniform thickness of approximately 40,000 feet of marine
sediments was deposited in the Cordilleran geosyncline. This
geosyncline was an elongated trough that extended north to
south in western North America and included the area that is
now eastern Nevada and southern California. Sedimentation
was marked by two periods of alternating clastic and carbon-
ate deposition that resulted in the following sequence: quartzite
and siltstone, limestone and dolomite, argillite and quartzite,
and limestone.

At the end of the Paleozoic Era, volcanoes were active on
a grand scale in eastern California and western Nevada. This
volcanism marked the beginning of igneous activity that was
to become increasingly important during Mesozoic time.

A number of shallow marine invasions inundated parts of
the region during the Mesozoic Era. Conditions were such that
marine formations alternated with nonmarine deposits derived
from erosion of rocks in the continental interior. During this
time, a coastal strip as much as 400 miles wide was formed
by a combination of marine sedimentation and igneous activ-
ity, granitic intrusions, and subaerial volcanism, and was
welded to the western margin of the preexisting continental
mass.

The early Mesozoic seas spread inland as far as central
Utah and Wyoming but were soon blocked by a narrow uplift
in central Nevada. During the remainder of the Mesozoic Era,
only intermittent subaerial deposition took place east of this
uplift. West of the uplift, a thick sequence of Mesozoic marine

Total withdrawals
41 billion gallons per day

Data from U.S. Geological
Survey, 1990
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Figure 13. Ground water accounted for nearly 40 percent
of all freshwater used in Segment 1 during 1985.
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Figure 12. The complex geology within Segment 1 is the result
of repeated periods of mountain building alternating with periods \
of erosion. Most of the basins in the segment are bounded by faults

and contain rocks of Cenozoic age. The mountains that separate the
basins are formed on rocks of various ages.

and continental sediments was deposited, interspersed with
lava flows, volcanic breccia, and tuff.

The close of middle Mesozoic time culminated in the first
great orogeny in the western part of North America since Pre-
cambrian time. As mountain ranges rose, the marine, conti-
nental, and volcanic deposits of the Pacific Coast were folded,
metamorphosed, and complexly faulted. Intense deformation
of the older rocks spread eastward across most of Nevada. Late
in the Mesozoic Era, the Pacific coastal region was again
downwarped and the sea intruded.

During the Cenozoic Era, volcanic rocks and sedimentary
deposits accumulated over wide areas of Segment 1, to thick-
nesses of as much as 50,000 feet. Early in the Cenozoic Era,
the Basin and Range area was a high mountain surface with
external drainage. During middle to late Cenozoic time, how-
ever, large-scale block faulting formed the Coast Range Moun-
tains, the California Trough, and the Sierra Nevada and caused
the Basin and Range structures. These structures are a se-
quence of alternating horsts and grabens that trend north-
south and are reflected in the present-day topography. Volca-
nism, which still continues today, formed much of the Cascade
Mountains.

In late Cenozoic time, the California Trough and the struc-
tural basins in the Coast Range were filled with marine and
terrestrial deposits that ranged from a few thousand to as much
as 50,000 feet in thickness. The grabens of the Basin and
Range were filled with continental deposits and minor lava
flows to thicknesses of generally less than 2,000 feet, but lo-
cally as much as 50,000 feet. The late Cenozoic also was the
time of development of basins in the mountains of northern
California and Nevada. These basins were filled with clastic
sediments and numerous basaltic lava flows.

120°

SAN FRANCISCO[D
SAN MATEOQ

e)

EXPLANATION

Fresh ground-water
withdrawals during
1985, in million gallons ©
per day

(=
(g}
-
—r
-

SCALE 1:7,500,000
0 25 50 MILES

0 2550 KILOMETERS \

Base modified from U.S.

Geological Survey digital

data, 1:2,000,000, 1972
Figure 14. Central and southern California withdraw far more
ground water than most of the rest of the areas in Segment 1.
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FRESH GROUND-WATER
WITHDRAWALS

Ground water is an important resource in California and
Nevada and accounted for nearly 40 percent of all freshwater
used in the two States during 1985 (fig. 13). Fresh ground-
water withdrawals in California during this period were about
16 times as much as those in Nevada. In Segment 1, irrigated
agriculture accounts for the greatest amount of ground-water
use, followed by withdrawals for public supplies. More than 25
million people, or about 66 percent of the population of the
two-State area, depend on publicly supplied ground water.

Total withdrawals of fresh ground water during 1985, by
county, are shown in figure 14. Counties with the largest with-
drawals are those where vast areas are irrigated, such as the
Central Valley of California, or counties having large popula-
tion centers. The large withdrawals shown for central Nevada
and some southern California counties are somewhat mislead-
ing. These areas are largely desert, and because of the ex-
tremely large size of some of the counties, small withdrawals
in scattered pumping centers plot as unrealistically large with-
drawals when totalled for counties that contain hundreds of
thousands of square miles.

The Central Valley aquifer system had the largest ground-
water withdrawal in Segment 1 during 1985 (fig. 15). Approxi-
mately 9,000 million gallons per day (about 10 million acre-
feet per year) was withdrawn from the Central Valley aquifer
system. Of that amount, approximately 8,000 million gallons

Data from U.S. Geological

Survey, 1990

Base modified from U.S.
Geological Survey digital
data, 1:2,000,000, 1972

Modified from King
and Beikman, 1974

per day, or 8.9 million acre-feet per year, was withdrawn for
irrigation and accounted for about 11.5 percent of all ground-
water withdrawals in the United States. One acre-foot, or
43,560 cubic feet of water, is the volume of water that will cover
an area of 1 acre to a depth of 1 foot.

The Coastal Basins aquifers supply the largest population
centers in Segment 1 and are second only to the Central Val-
ley aquifer system in total ground-water withdrawals (fig. 15).
Much ground water is withdrawn for agricultural use in these
coastal basins, but public supply accounted for about 54 per-
cent of the approximately 4,370 million gallons per day (about
4.9 million acre-feet per year) withdrawn during 1985; this is
due primarily to the large population in the coastal cities of

southern California that depend heavily on ground water for

public supply.

Irrigated agriculture is the largest user of fresh ground
water withdrawn from the Basin and Range aquifers. Although
ground water is a significant source of water for public supplies,
large population centers, such as Las Vegas, the Carson City
area, and the Reno-Sparks area, depend heavily on surface
water for their public supplies. The desert basins receive little
precipitation during the year, and surface and ground water are
scarce, which limits population growth in the region.

The northern California volcanic-rock aquifers and the
northern California basin-fill aquifers together supplied only 5
percent of the total fresh ground water withdrawn in Segment
1 during 1985. These aquifers compose only a small part of
the segment, and the demand for ground water in northern
California is not great.

EXPLANATION
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Figure 15. Water use in the Central Valley aquifer system of
California is more than that of the other Segment 1 aquifers com-

bined and far more than that of any other single aquifer system

in the United States.
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INTRODUCTION

The part of Segment 1 east of the Southern Cascade
Mountains, the Sierra Nevada, and the smaller mountain
ranges east of the Los Angeles-San Diego area is called the
Basin and Range Physiographic Province (fig. 16) and contains
three principal aquifer types collectively referred to as the
“Basin and Range aquifers.” These aquifers underlie most of
Nevada and parts of eastern and southern California, western
Utah, southern Arizona, southwestern New Mexico, and south-
ern Oregon and Idaho; their extent is approximately, but not
exactly, the same as that of the physiographic province. The
aquifers are formed of volcanic and carbonate rocks and un-
consolidated to consolidated basin-fill deposits. The basin-fill
deposits form the most productive aquifers and are generally
in individual alluvial basins that are drained internally and are
separated by low mountains (fig. 17). Except for small areas
that drain to the Colorado River, no streams that rise within the
Basin and Range Province carry water to the oceans. Practi-
cally all the precipitation that falls in the area is returned to
the atmosphere by evapotranspiration, either directly from the
soil or from the lakes and playas that occupy the lowest points

Figure 16. The Basin and Range aquifers extend
through parts of seven States. In Segment 1 they underlie
most of Nevada and a large part of southeastern California.
This area is characterized by internally drained basins,
except for small parts that drain to the

Colorado and the Columbia Rivers.
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within the basins and that are discharge areas for the alluvial
aquifers.

The Basin and Range Province is the most arid area in the
Nation; the potential annual water loss through evapotrans-
piration exceeds the annual water gain from precipitation even
at the higher elevations (fig. 18). Clear skies and low humid-
ity cause extreme daily and seasonal temperature ranges as
the sparsely covered land surface is heated quickly by solar
radiation and then rapidly cools at nightfall. In more humid
climates, the denser vegetative cover uses energy derived from
solar radiation to drive the process of evapotranspiration, thus
moderating diurnal and seasonal temperature variations.

Each of the large desert basins has an area where the land
slopes toward a central depression, and each has a main
drainageway that is dry most of the time. Many of the valleys
have playas in their lowest depressions (fig. 19). The playas
are left by the evaporation of intermittent lakes. Parts of some
of the valleys have become encrusted to a depth of several
inches with alkaline salts, which cover the surface as a pow-
dery crust. However, in some valleys, permanent lakes that
have no outlets are fed by surface drainage and contain sa-
line or alkaline water, produced when dissolved minerals are
concentrated by evaporation of the lake water.

Figure 17. The basin-ill deposits of the Basin and Range
aquifers are in basins that are separated by low mountains.

Humid continental climate
Twin Lakes, California

Subhumid continental climate
Lamoille, Nevada

Figure 18. A comparison i

of seasonal water surplus and
deficit for several climatic zones
indicates that desert areas at
low altitudes have the greatest
water deficit and the shortest
period of soil-moisture recharge.
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Fig ure 19. Playas, or dry lake beds, are in the central parts
of many alluvial basins. The surface of this playa, northwest of
Las Vegas, Neu., is a fine clay.
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Figure 20. Basin and Range aquifers consist primarily

of unconsolidated basin-fill sand and gravel, but fractured

carbonate and volcanic rocks also underlie some basins and

from important aquifers.
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GEOHYDROLOGIC dNITS

Within the Basin and Range Province, aquifers are not
continuous, or regional, because of the complex faulting in the
region. Three principal aquifer types collectively called the
Basin and Range aquifers in this report are volcanic-rock aqui-
fers, which are primarily tuff, rhyolite, or basalt of Tertiary age;
carbonate-rock aquifers, which are primarily limestones and
dolomites of Mesozoic and Paleozoic age; and basin-fill aqui-
fers, which are primarily unconsolidated sand and gravel of
Quaternary and Tertiary age (fig. 20). Any or all three aquifer
types may be in, or underlie, a particular basin and constitute
three separate sources of water; however, the aquifers may be
hydraulically connected to form a single source. Other rock
types within the region have low permeability and act as
boundaries to the flow of fresh ground water. The aquifers in
the Great Basin part of the Basin and Range Province (fig. 16)
were studied as part of the U.S. Geological Survey’s Regional
Aquifer-System Analysis (RASA) Program.

Volcanic-Rock Aquifers

The volcanic-rock aquifers (fig. 20) can be separated into
three categories—welded tuffs, bedded tuffs, and lava flows.
The different characteristics for the storage and transmission
of water in each category depend on the presence of primary
and secondary porosity. Physical characteristics that affect the
movement of ground water include the number and degree of
interconnection of joints, the relation of joint density to degree
of welding and compaction, the horizontal partings within tuffs,
the development of rubble zones between lava flows, and the
interconnection of vesicles in the lavas.

EXPLANATION
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Figure 21. Joint density (A) in the ash-flow tuff pictured (B) is “~_

related to the degree of welding of the tuff; well-defined joints are
common in the middle, densely welded part but are sparse to
absent in the partially welded and nonwelded parts of the rock.
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Ash-flow tuffs are consolidated deposits of volcanic ash,
which were emplaced by flowage of a turbulent mixture of gas
and pyroclastic materials. Ash-flow deposits consist principally
of glass shards and pumice fragments that are usually less than
0.15 inch in length, although some flows consist of ejecta of
larger size. Typically, the deposits are nonsorted and do not
exhibit bedding, in contrast with the generally pronounced
bedding of ash-fall tuff deposits. In general, ash flows are tens
of feet thick, but some are only a few feet thick, whereas others
are hundreds of feet thick. After emplacement of an ash flow,
compaction or welding of the ash can result in an average 50-
percent reduction in the porosity of the original flow.

Welding within a single ash flow is variable, and each ash
flow can be categorized by three distinct orders of welding—
none, partial, or dense. Commonly, a zone of dense welding
is underlain and overlain by zones of partial welding, which are,
in turn, underlain and overlain by zones of no welding (fig. 21).
However, in some thin, exceptionally hot flows, the entire unit
of tuff can be densely welded. The degree of welding directly
affects the interstitial porosity of the ash-flow tuff. In the
nonwelded base or top of a fresh ash flow, the interstitial po-
rosity can be greater than 50 percent; in the densely welded
part, it can be less than 5 percent.

Columnar jointing characterizes the zones of dense and
partial welding; these joints form in response to tensional
forces that develop as the flow cools. Columnar-joint spacings
range from a few tenths of an inch to many feet; the more
closely spaced joints are usually in the zone of most intense
welding. The joints are usually vertical, but departures from
the vertical are common. Cooling joints are not common in the
nonwelded parts of the ash flow (fig. 21).

l v"‘m‘g!‘k.

Winograd and Thordarson, 1975



Volcanic-Rock Aquifers— Continued

The joints in outcrop in the ash-flow tuffs are polygonal
joints that formed as the flow cooled and other joints that
formed after cooling as a result of compaction of underlying,
porous, bedded tuff or from regional tectonic stresses. Both
types of joints are restricted mostly to the dense, brittle, welded
tuff and die out or markedly decrease within the underlying and
overlying partially welded zone (fig. 21). The polygonal struc-
ture is generally obscured by the joints that formed after cool-
ing, except in the youngest welded tuffs. Horizontal partings
are locally a few tenths of an inch wide and tens of feet long.
Because the partings parallel the foliation within the welded
zone or the contact between flows, they may represent break-
age along a plane of primary weakness after the removal of
overburden; therefore, the partings are not likely to be open
at depth and are limited in extent.

The bedded-tuff aquifers are ash-fall tuffs that consist of
poorly to well sorted, friable particles the size of fine sand to
granules. Locally, the ash-fall tuffs either have been reworked
by running water or were originally deposited in standing wa-
ter. The friable nature of these rocks prevents the formation
of open joints or faults within them; as an example, open frac-
tures were not seen in hundreds of feet of tunnels dug through
these rocks beneath Rainier Mesa on the Nevada Test Site near
Las Vegas. Where glass shards are altered to clay minerals, the
permeability of the ash-fall tuffs is reduced by several orders
of magnitude.

The lava-flow aquifers consist of basalt or rhyolite and
have not been studied in detail. No laboratory determinations
for porosity and permeability have been done on these aqui-
fers because the movement of ground water through them is
controlled mostly by porosity developed along cooling joints
and in rubble zones between individual lava flows. Basalt flows
might be a texturally heterogeneous mass that laterally and
vertically ranges from congealed, dense, impermeable lava to
highly porous zones that consist of loosely consolidated cin-
ders. The texture depends, for the most part, on the amount
of gas present in the lava when the flow erupted. Permeable

zones, which consist of masses of basalt rubble, are at the tops -

of some dense lava-flow surfaces and are overlain by subse-
quent flows or by sediments. The dense lava flows, which have
minimal primary permeability, might be fractured by regional
stresses, resulting in high secondary permeability. When frac-
ture systems interconnect with highly permeable rubble and
cinder zones, the rock mass tends to be highly transmissive.

Carbonate-Rock Aquifers

Thick sequences of Mesozoic and Paleozoic carbonate
rocks underlie many of the alluvial basins in southeastern
California and eastern Nevada within the Basin and Range
Province; these rocks also extend into western Utah and south-
eastern Idaho. Results of deep drilling indicate that intervals
of cavernous carbonate rock are as deep as 5,000 feet and
might locally extend to depths of 15,000 feet. In some test
wells, circulation of drilling fluid has been extremely difficult
to maintain and, in a few, the downhole drilling equipment has
suddenly dropped. Both conditions indicate that the carbon-
ate rock is cavernous.

Quartzite, shale, siltstone, sandstone, and some limestone
and dolomite of Early Cambrian and late Precambrian age
underlie the carbonate rocks in the eastern part of the Basin
and Range Province. However, these rocks have minimal pri-
mary and secondary permeability, and probably form the lower
boundary of the carbonate-rock aquifers.

The carbonate-rock aquifers can be divided into two
parts—an upper rock sequence of Late Triassic to Early Mis-

Figure 25. Four types of basins
have been identified in the Basin and
Range area and are classified on the basis
of differences in ground-water flow.

Table 1. Basin types in the Basin and Range are distinguished
by their recharge-discharge relations

sissippian age that consists primarily of limestone with minor
amounts of dolomite, interbedded with shale and sandstone,
and a lower sequence of limestone and dolomite of Middle
Devonian to Middle Cambrian age that contains little clastic
material. The total thickness of carbonate rocks may be greater
than 15,000 feet, but, as a result of the combination of deep
erosion and structural deformation, this thickness is rare in any
one location. The saturated thickness of the carbonate strata
ranges from a few hundred to more than 10,000 feet and de-
pends on the combined influence of geologic structure, ero-
sion, and depth to water. In general, because of the great
aggregate thickness and stratigraphic position of the rocks that
compose the carbonate-rock aquifers, several thousand feet
of an individual aquifer is within the zone of saturation through-
out most of the areal extent of the aquifers. Such an aquifer is
completely unsaturated only in the vicinity of its outcrop area
and is totally absent only atop buried structural highs.

The carbonate rocks are highly fractured and are locally
brecciated (fig. 22). Individual outcrops of the aquifers can
exhibit three or more sets of joints, one or more high-angle
faults, and one or more brecciated zones. For example, in the
Nevada Test Site area near Las Vegas, Nev., the joints and most
of the faults in the carbonate rocks are steeply inclined frac-
tures. Brecciation commonly occurs along faults showing only
a few feet of displacement and does not necessarily reflect
movement of large magnitude. Joint density bears a strong
relation to rock type; fine-grained carbonate rocks have the
greatest joint density. Generally, the joints divide the rock into
blocks that range from 1 inch to a few inches on a side. Me-
dium-grained carbonate rocks are divided into blocks that
range from a few inches to 1 foot on a side, whereas blocks
of coarse-grained carbonate rocks commonly range from 6
inches to 2 feet on a side.

In outcrop, secondary openings are locally along bedding
planes in the carbonate rocks, but no widespread connection
of such openings is known. Some of the bedding-plane open-
ings might have formed entirely by subaerial mechanical and

Winograd and Thordarson, 1975

Figure 22. Intensely fractured dolomite illustrates the potential
for the production of large volumes of water from the carbonate-rock
aquifers. Dissolution along bedding planes has greatly increased
this potential.

[Modified from Eakin and others, 1976]

Basin type

Description

Single, undrained
closed basin
center, or low part, of valley.
Terminal sink
basin
a large volume of saline ground water.
Drained, closed
basin
Partly drained,
closed basin

table prevents evapotranspiration.

subsurface outflow, if wells are strategically located.

Connected basin
flow system

streams.

Basin has no surface flow across boundary; all ground-water discharge is ultimately by evapotranspiration.Typified
by valleys with wet playas and phreatophyte stands in shallow ground-water areas. Ground-water gradient is toward

Basin has surface and (or) subsurface inflow across boundaries. All ground-water discharge ultimately is by
evapotranspiration. Most sinks have playas that are large in proportion to the size of the area. Valley can contain

Basin has no surface flow across boundary. Almost all ground-water discharge is by subsurface outflow; the deep water

Basin has no surface inflow or outflow. Valley has moist playa and stand of phreatophytes. Area of ground-water
discharge can be small in comparison to undrained basins of similar size. Ground-water gradients may indicate

Basin system has surface and (or) subsurface outflow and (or) inflow that links several individual basins. Ground water
discharges to playas and (or) springs or streams. Surface inflow and outflow is by ephemeral and perennial

chemical weathering, but some might have formed by partial
dissolution of the rock. Dissolution, presumably in the subsur-
face, has created small, smooth, tabular openings along oth-
erwise tightly closed bedding and joint planes (fig. 22).

Basin-Fill Aquifers

Before the most recent period of tectonic activity, which
began in middle Miocene time (about 17 million years before
present), the Basin and Range region was characterized by
moderate relief, and streams in the region did not have enough
power to transport large volumes of sediments. As the moun-
tains were uplifted, however, stream gradients increased and
the transporting power of the streams greatly increased. Steep,
narrow canyons and gulches were incised into the sharp es-
carpments that bounded the mountain ranges and enormous
volumes of material were eroded from the mountains. In some
places, blocks of sandstone greater than 10 feet in diameter
were transported several miles from their outcrop areas onto
flat areas beyond the mouths of canyons. The sediments
eroded, transported, and deposited by the streams are the
principal material of basin-fill aquifers (fig. 23). Some of the
older basin-fill deposits (Miocene and Pliocene age) are con-
solidated; however, the basin fill consists mostly of unconsoli-
dated deposits of Pliocene through Holocene age.

The most permeable basin-fill deposits are present in the
depressions created by late Tertiary to Quaternary block fault-
ing and can be classified by origin as alluvial-fan, lake-bed,
or fluvial deposits. At the time of major deposition, the climate
was more humid than the modern climate. Lakes were in most
of the closed basins and some basins were connected by
streams. In general, the coarsest materials (gravel and boul-
ders) were deposited near the mountains, and the finer mate-
rials (sand and clay) were deposited in the central parts of the
basins or in the lakes. Occasionally, torrential storms produced
heavy runoff that carried coarse material farther from the

mountains and resulted in the interfingering of fine and coarse
material. The distribution of sediment size is directly associ-
ated with distance from the mountains. Three geomorphic
landforms can be distinguished on the basis of the gradient of
the land surface. Alluvial fans border the mountains and have
the steepest surface slopes and the coarsest sediments (fig.
24). Basinward, individual alluvial fans flatten, coalesce, and
form alluvial slopes of moderate gradient. A playa, or dry lake
bed with a flat surface, is present in the lowest part of the
basin, usually at or near the center of the basin (fig. 19), and
most of the sediment deposited on the playa is fine grained.

The most important hydrologic features of the basins are
the alluvial fans. The basin fill receives most of its recharge
through the coarse sediments deposited in the fans. These
highly permeable deposits allow rapid infiltration of water as
streams exit the valleys that are cut into the almost imperme-
able rock of the surrounding mountains and flow out onto the
surface of the fans. The coarse and fine sediments within the
alluvial fans are complexly interbedded and interfingering
(fig. 24) because the position of the distributary streams that
transported the sediments continually shifted across the top
of the fan.

Material deposited in perennial lakes or in playas consists
principally of clay and silt with minor amounts of sand and is
present in all of the basins. In most places, these sediments
include some salts deposited by evaporation. The clay and salt
deposits merge laterally into coarse-grained deposits of the
alluvial slopes. Minor well-sorted beach sand and gravel locally
are in the subsurface near the shores of once perennial lakes.

Fluvial deposits of Holocene age in the basins consist
primarily of alluvial sand and gravel and are present along the
courses of modern or ancestral streams that generally paral-
lel the long axes of the basins. Quaternary fluvial deposits in
stream channels usually exhibit a greater degree of sorting
than the alluvial-fan deposits.

Figure 23. Alluvial fans
border the mountains at the
outlets of stream channels and
contain mostly coarse-grained
sediments.

Alluvial fan

NOT TO SCALE

Figure 24. A diagrammatic hydrogeologic section of a basin

shows the interlayering of fine and coarse sediments from the edge
to the center. Although the coarsest materials are at the edge of the
basin, extreme depth to ground water may prevent efficient water-

supply development.
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GROUND-WATER FLOW SYSTEMS

The ground-water flow systems of the Basin and Range
area are in individual basins or in two or more hydraulically
connected basins through which ground water flows to a ter-
minal discharge point or sink. Except for relatively small ar-
eas that drain to the Colorado River, water is not discharged
to major surface-water bodies but is lost solely through evapo-
transpiration. Each basin has essentially the same character-
istics—the impermeable rocks of the mountain ranges serve
as boundaries to the flow system, and the majority of the
ground water flows through basin-fill deposits. In the area
where carbonate rocks underlie the basins, substantial quan-
tities of water can flow between basins through the carbonate
rocks and into the basin-fill deposits, but this water also is
ultimately discharged by evapotranspiration. Most recharge to
the basin-fill deposits originates in the mountains as snowmelt,
and, where the mountain streams emerge from bedrock chan-
nels, the water infiltrates into the alluvial fans and replenishes
the basin-fill aquifer. Intense thunderstorms may provide some
direct recharge to the basin-fill deposits, but, in most cases,
any rainfall that infiltrates the soil is either immediately evapo-
rated or taken up as soil moisture; little water percolates down-
ward through the unsaturated zone to reach the water table in
the valleys. In mountain areas underlain by permeable carbon-
ate rocks, most of the recharge may enter the carbonate rocks
and little water remains to supply runoff.

Because regional aquifers are not continuous within the
Basin and Range area, the individual basins, which are en-
circled by topographic drainage divides, have been classified

vertical movement

as one of four types based on similar recharge-discharge re-
lations (fig. 25 and table 1). The simplest type is the
“undrained, closed basin,” a single valley in which the under-
lying and surrounding bedrock is practically impermeable and
does not allow interbasin flow, and all recharge is discharged
at a sink represented by a playa near the center of the basin.
Basins underlain by permeable bedrock commonly are hydrau-
lically connected as multiple valley systems. The “partly
drained, closed basin” is underlain or surrounded by bedrock
that is moderately permeable and allows some ground water
to flow out of the basin. In this type of basin, some water is
evaporated or transpired at the upgradient side of a playa, but
most of the water continues to flow past the downgradient side
of the playa and leaves the basin. The “drained, closed basin”
has a deep water table that prevents evapotranspiration. The
bedrock is sufficiently permeable to allow all recharge to flow
through it and out of the basin. The “terminal sink basin” is
underlain or surrounded by bedrock that is sufficiently perme-
able to conduct flow into the basin, and the playa in the basin
is the discharge point for recharge from several connected
basins.

In some places, an existing or ancestral stream course
connects several basins that are not closed. The individual ba-
sins connected by such streams can also be classified as partly
drained, drained, or terminal sink.

Examples of the individual type basins follow, except for
the drained closed basin. With the exception that the water
table in the drained closed basin is far below the playa, the
partly drained and drained closed basins are sufficiently similar
that discussion of each type is not warranted.
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GROUND-WATER FLOW
SYSTEMS — Continued

Single, Undrained, Closed Basin

Antelope Valley, Calif., which is an example of a single,
undrained, closed basin, is a large topographic and ground-
water basin in the western part of the Mojave Desert in south-
ern California. Antelope Valley occupies part of a structural
depression that has been downfaulted between the Garlock and
the Cottonwood-Rosamond Faults and the San Andreas Fault
Zone (fig. 26). Consolidated rocks that yield virtually no water
underlie the basin and crop out in the highlands that surround
the basin. They consist of igneous and metamorphic rocks of
pre-Tertiary age that are overlain by indurated continental
rocks of Tertiary age interbedded with lava flows.

Alluvium and interbedded lacustrine deposits of Quater-
nary age are the important aquifers within the closed basin and
have accumulated to a thickness of as much as 1,600 feet (fig.
27). The alluvium is unconsolidated to moderately consoli-
dated, poorly sorted gravel, sand, silt, and clay. Older units of
the alluvium are more compact and consolidated, somewhat
coarser grained, more weathered, and more poorly sorted than
the younger units. The rate at which water moves through the
alluvium (the hydraulic conductivity of the alluvium) decreases
with increasing depth.

During the depositional history of Antelope Valley, a large
intermittent lake occupied the central part of the basin and was
the site of accumulation of fine-grained material. The rates of

Figure 26. A generalized diagram of the block-fault
system of Antelope Valley, Calif., shows the mountain
ranges that border the basin-fill sediments and the
probable pattern of faulting. The view is to the northwest.
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deposition varied with the rates of precipitation. During peri-
ods of relatively heavy precipitation, massive beds of blue clay
formed in a deep perennial lake. During periods of light pre-
cipitation, thin beds of clay and evaporative salt deposits
formed in playas or in shallow intermittent lakes. Individual

* beds of the massive blue clay can be as much as 100 feet thick

and are interbedded with lenses of coarser material as much
as 20 feet thick. The clay yields virtually no water to wells, but
the interbedded coarser material can yield considerable vol-
umes of water.

‘During deposition of the lacustrine deposits, alluv1al
material that was supplied from the San Gabriel Mountains
encroached upon the lake and forced it northward, which re-
sulted in a northward transgression of alluvium over lacustrine
deposits. The subsurface extent of the buried lacustrine de-
posits is shown in figure 27. The lacustrine deposits underlie
the central part of the basin and have a somewhat lenticular
shape. The thickest section is near the center of the basin, and
the deposits thin towards the edges of the basin. Near Little
Buttes and near the east and north edges of Rogers Lake, the
deposits pinch out (fig. 27, section B-B’). Along the north-
ern and southern boundaries of the basin, the lacustrine de-
posits are about 100 and 400 feet thick, respectively, where
they abut buried escarpments of consolidated rocks (fig. 27,
section A-A’). Near the southern limit of the basin, southeast
of Lancaster, the lacustrine deposits are buried beneath about
800 feet of alluvium, but near Rosamond Lake, they are ex-
posed at the surface (fig. 27, section A-A’).

Two aquifers, which are separated by the lacustrine de-
posits, are in the alluvial material (fig. 27). The upper aquifer
is the principal and most used aquifer and contains water under

NOT TO SCALE

unconfined, or water table, conditions. Where the lower, or
deep, aquifer underlies lacustrine deposits, it contains water
under confined, or artesian, conditions; elsewhere, unconfined
conditions prevail.

Transmissivity values for the principal aquifer (fig. 28) are
estimated to range from less than 1,000 to more than 10,000
feet squared per day. The transmissivity of an aquifer is a mea-
sure of how rapidly water will pass through the aquifer; the
greater the transmissivity, the faster the movement of the water
and the more water the aquifer will yield to wells. Where the
principal aquifer is thin, either near its boundaries or on the
uplifted parts of fault blocks, its transmissivity is low; where
the aquifer is thick or consists of coarse-grained deposits, or
both, the transmissivity is high.

The estimated transmissivity of the deep aquifer (fig. 29)
ranges from about 2,000 to 10,000 feet squared per day and
is greatest where the aquifer is thick. The transmissivity of the
deep aquifer varies less than that of the principal aquifer (com-
pare figs. 28 and 29) probably because the thickness of the
deep aquifer is more uniform than that of the principal aquifer.

Ground water in the Antelope Valley Basin moves from the
base of the San Gabriel and the Tehachapi Mountains toward
Rosamond Lake in the north-central part of the basin (fig. 30).
As ground water moves eastward across the western limit of
the lacustrine deposits, part of the water moves above the
lacustrine deposits to recharge the principal aquifer and part
moves below the lacustrine deposits to recharge the deep
aquifer. Major faults that cut the alluvial deposits in Antelope
Valley, especially the Randsburg-Mojave Fault (fig. 30), act
as partial barriers to the movement of ground water. Water-
level differences of more than 300 feet in the same aquifer are
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present across the Randsburg-Mojave Fault. Along several
other faults, the water table is several tens of feet higher on
the upgradient side of the fault than on the downgradient side.

An estimate of the shape of the predevelopment poten-
tiometric surface of the principal aquifer in 1915 (fig. 30)
shows that before extensive pumping began, the water table
was near the land surface in the central part of the basin;
ground water moved northward and northeastward, and dis-
charged by evapotranspiration at Rosamond Lake, which was
dry. Withdrawal of ground water from the principal aquifer and
the subsequent lowering of the water table reduced this natu-
ral discharge. By 1961, the direction of ground-water move-
ment in the principal aquifer had been reversed from
northeastward to southward and southeastward, toward the
center of the basin in the area immediately southeast of
Rosamond Lake (fig. 31). The main change in the potentio-
metric surface was the development of areas of low water levels
near the withdrawal centers and the resultant reversal in the
direction of ground-water flow near these areas.

Ground water leaks through the lacustrine deposits be-
tween the principal and deep aquifers even though the lacus-
trine deposits do not readily yield water to wells. Based on the
hydraulic heads for the two aquifers, water leaks downward
along the western and southern periphery of the lacustrine
deposits. In the north-central part of the area underlain by the
lacustrine deposits, water leaks upward. Because of the large
withdrawals from the principal aquifer, the area of upward leak-
age has expanded toward the areas of concentrated withdrawal
(fig. 31).

Tehachapi Mountains

m‘f&

Iock Fault

Modified from Johnson, 1911

Fi lgure 27. Most of the coarse-grained sediments that fill Antelope
Valley were deposited during episodic periods of flash flooding that
followed intense precipitation. A lacustrine clay confining unit
separates the sediments into two aquifers.
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Figure 28. Estimated transmissivity values for the principal
aquifer in Antelope Valley range from about 500 to 14,000 feet
squared per day.
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Fig ure 29. Estimated transmissivity values for part of the deep
aquifer under the clay layer in Antelope Valley range from about
1,700 to 14,000 feet squared per day.
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The aquifers in Antelope Valley are recharged primarily
by infiltration of streamflow that originates in the mountain-
ous areas that surround the valley. The average annual pre-
cipitation on the valley floor is less than 10 inches, and runoff
is minor. For the most part, streamflow that enters the valley
is intermittent. During storm periods, streamflow enters the
valley along its perimeter and moves across the surface of the
alluvial fans toward the playas at Rosamond and Rogers Lakes.
As the streams flow across the alluvial fans, all the streamflow
generally infiltrates the permeable surficial deposits on the
fans. Because of the desert conditions, much of the infiltrat-
ing water is quickly lost by evaporation or as transpiration by
riparian vegetation. The remainder of the water infiltrates
downward through the alluvial deposits until it reaches the
water table.

The drainage area tributary to Antelope Valley is about
385 square miles. Runoff from about 20 percent of this area
is measured and the collective average annual discharge at the
measured points is about 24,300 acre-feet. By calculating the
measured runoff per unit area and extrapolating this value to

Figure 30. The predevelopment potentiometric surface for the
principal aquifer in 1915 shows that the general pattern of ground-
water movement was from the edges of the basin to the playa at
Rosamond Lake. Water levels in the aquifer can be several
hundred feet different on opposite sides of faults such as the
Randsburg—Mojave Fault.
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unmeasured areas, the total runoff that enters the valley was
estimated to be 40,700 acre-feet.

Evapotranspiration is the major natural discharge of
ground water in Antelope Valley. Ground water generally dis-
charges by evaporation from the water table where the water
table is within 10 feet of the land surface, and, where vegeta-
tion is present, transpiration may also occur. Evaporation from
an open body of water in Antelope Valley was measured at
about 114 inches per year, which is an upper limit for evapo-
ration of ground water. Because evapotranspiration from the
ground-water system is complex, exact values cannot be de-
termined.

The use of ground water for agriculture in Antelope Valley
began about 1880, when wells were drilled near the center of
the valley and yielded flowing water in quantities sufficient for
irrigation. In 1891, more than 100 wells were in use, but most
had stopped flowing. About 1915, intense use of ground water
began when a large number of wells were drilled and equipped
with pumps. An estimate of annual withdrawal rates from 1915
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Figure 32. Estimated withdrawals from 1915 to 1975 for the
principal aquifer in Antelope Valley ranged from zero during 1915
to a maximum of over 400,000 acre-feet per year during 1950, com-
pared to average annual runoff of 40,700 acre-feet that entered the
valley. Withdrawals in excess of recharge resulted in water-level de-
clines, which required a reduction in withdrawals after 1950.

Partly Drained, Closed Basin

The Pahrump Valley, an example of a partly drained,
closed basin, covers about 1,050 square miles in Nye and
Clark Counties, Nev., and Inyo and San Bernardino Counties,
Calif. (fig. 35). The Spring Mountains, which form the north-
eastern border of the basin, are the dominant topographic
feature and are the source of all the water that enters the ba-
sin. The southwestern side of the Spring Mountains is charac-
terized by large alluvial fans that head high in the canyons that
lead from Charleston Peak. The most prominent of these fans
have coalesced to form the Pahrump and the Manse Fans.
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Figure 35. The Pahrump Valley, which is an example of a
partly drained, closed basin, straddles the Nevada—California
State line and is bordered on the northeast by the Spring Moun-
tains and on the southwest by the Resting Springs, the Nopah,
and the Kingston Ranges.
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Figure 33. Natural discharge by evapotranspiration from the
principal aquifer in Antelope Valley declined from a maximum of

about 39,000 acre-feet per year before 1919 to zero during 1950 as
the water table declined as a result of ground-water withdrawals.

The Pahrump Valley is part of an intervalley ground-wa-
ter flow system. The regional movement of ground water is
generally southwestward to low areas adjacent to the
Amargosa River. The major areas of ground-water discharge
downgradient from the Pahrump Valley are between the towns
of Tecopa and Shoshone, Calif., which are 10 to 15 miles
southwest of the topographic boundary of the Pahrump Val-
ley (fig. 35).

Mountain-building activity in southern Nevada has af-
fected the ground-water flow system in the Pahrump Valley.
Several large thrust faults are exposed in the Spring Mountains
and at the northern end of the Nopah Range (fig. 36). In some
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to 1975 is shown in figure 32. The maximum rate of withdrawal
of about 400,000 acre-feet per year is about 10 times the
estimated annual recharge to the basin. Water removed from
storage in the aquifers was a major part of the ground-water
withdrawals, and severe water-level declines resulted. By about
1950, studies showed that ground-water withdrawals in the
valley were greatly in excess of natural recharge and withdraw-
als were curtailed.

The geographic distribution of withdrawals was generally
unchanged between 1915 and 1960. After 1960, withdrawals
were redistributed by abandoning some wells and adding some
new wells. With the new distribution, the center of withdrawal
was split into two areas; one was approximately 5 miles south-
east, and the other approximately 10 miles southwest of Rosa-
mond Lake (fig. 31).

Withdrawals from the deep, or confined, aquifer in Ante-
lope Valley have caused an increase in leakage to the deep
aquifer from the principal aquifer along the western and south-
ern peripheries of the lacustrine deposits. This leakage has

Figure 31. The potentiometric surface for the principal aquifer
in 1961 showed the effects of development. The pattern of ground-
water movement changed from predevelopment conditions, and
much of the ground water flowed toward two depressions in
the potentiometric surface, which are centered around
withdrawal sites south and west of Rosamond Lake.

locally lowered the water table in the principal aquifer and has
resulted in the reduction of natural discharge from the aqui-
fer. Most of the declines in the principal aquifer, however, are
the consequence of withdrawals from that aquifer. Field data
are not available to show the effects of water-level declines on
the amount of natural discharge, but the results of a digital flow
model indicate that most of the natural evapotranspiration from
the center of the valley might have ceased by 1950 (fig. 33)
because water levels in the principal aquifer were too deep to
allow evaporation or transpiration.

Ground water in closed basins is commonly highly min-
eralized because discharge by evapotranspiration increases the
concentrations of minerals in the water. Some of the minerals
might precipitate at or near the center of the basin. However,
dissolved-solids concentrations in ground water remained prac-
tically the same or decreased slightly in Antelope Valley be-
tween 1908 and 1955 (fig. 34); this was probably caused by
the reduced evapotranspiration that resulted from declining
water levels in the principal aquifer.
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Figure 34. A comparison of ground-water quality for 1908 and
1955 shouws little change in Antelope Valley; this was possibly the
result of a reduction in evapotranspiration.
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places, low-permeability clastic rocks have been displaced by
the faulting so that they are above or adjacent to water-yield-
ing carbonate rocks and thus restrict ground-water movement
in the carbonate rocks. Under some conditions, permeable
zones of broken rock along the fault planes might be conduits
for ground water. Springs and stands of mesquite along the
northwestern sides of these faults, however, suggest that the
faults are barriers to ground-water flow and that the ground
water moves upward along the barriers until it emerges at the
land surface. Folding, associated with the faults, produced
joints and fractures in some of the rocks, resulting in signifi-
cant secondary permeability.
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Figure 36. The geology of the Pahrump Valley is complex

because of the mountain-building activity in the area.
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Partly Drained, Closed Basin —
Continued

Two distinct aquifers are in the Pahrump Valley—the car-
bonate-rock aquifer, formed of carbonate rocks that bound and
underlie the valley, and the basin-fill aquifer, which consists of
unconsolidated deposits that have accumulated in the struc-
tural depression of the valley (fig. 37). The carbonate rocks
transmit water readily and carry significant ground-water flow
from the Pahrump Valley into the adjacent Chicago and
Amargosa River Valleys to the southwest. The carbonate-rock
aquifer is virtually undeveloped and significant future develop-
ment is improbable because it is necessary to drill wells to
great depths in order to obtain adequate yields. The basin-fill
aquifer is, therefore, the source of virtually all withdrawals.

The carbonate-rock aquifer consists primarily of carbon-
ate rocks of Triassic to Cambrian age that crop out in the
Spring Mountains (fig. 36) and underlie the basin fill of the
Pahrump Valley (fig. 37). The aquifer extends westward and
southwestward through the Nopah and the Resting Springs
Ranges into the California and the Chicago Valleys (figs. 35
and 37). Because no well in the Pahrump Valley penetrates the
carbonate-rock aquifer, the hydraulic properties of the aquifer
are inferred from information obtained in other areas. Hydraulic
continuity in the carbonate-rock aquifer is the result of an
extensive network of interconnected fractures and, to a small
degree, of localized solution openings. Estimates of transmis-
sivity from nearby localities outside the valley ranged from 130
to 120,000 feet squared per day as determined from aquifer-
test data from 10 wells. The greater the transmissivity, the
more water the aquifer will yield. The wide range in estimated
transmissivity might not be randomly distributed and might
reflect variations that result from faulting as well as the num-
ber and size of solution openings.

The basin-fill aquifer consists of unconsolidated alluvial
and lacustrine deposits that partly fill the structural depres-
sion of the Pahrump Valley. Coarse-grained materials have
been deposited near the sides of the valley, and fine-grained
lacustrine materials are in the central parts of the valley (fig.
37). The approximate areal extent of the basin-fill aquifer is
650 square miles, or about two-thirds of the total area of the
Pahrump Valley. To the northeast, northwest, and southwest,
the aquifer is bounded by consolidated rocks of the Spring
Mountains and the Resting Springs, the Nopah, and the
Kingston Ranges. To the southeast, the aquifer is bounded by
a ground-water divide beneath a topographic high that sepa-
rates the Pahrump and the Mesquite Valleys. Because no
ground water flows across this divide, the ground-water flow
systems of the two valleys are separate.

WEells drilled into the basin-fill aquifer range from several
tens of feet to more than 1,000 feet deep. With the exception
of one or two wells near the margin of the aquifer, the wells

do not fully penetrate the basin fill. Therefore, the thickness
of the basin-fill aquifer was estimated from geophysical meas-
urements. The maximum thickness of the aquifer is about
4,800 feet in the central part of the valley (fig. 38). In gen-
eral, the thickest accumulations of basin fill parallel the axis
of the valley. The area of maximum thickness is offset slightly
toward the south end of the valley, suggesting some faulting
or folding in that area.

Estimates of the transmissivity of the basin-fill aquifer (fig.
39) are representative only of the upper 1,000 feet of the
aquifer, which is the part penetrated by most wells. Variations
in transmissivity are related to the deposition of the coarser
materials and the position of the water table. Transmissivity
values increase from the edge of the Spring Mountains, where
the saturated materials are thin, toward the center of the valley,
where the land surface is flatter, the water table approaches
the land surface, and the aquifer is thickest. The increase in
saturated thickness within the zone of coarse materials pro-
vides the highest transmissivity values; values are greater than
4,000 feet squared per day in the Pahrump and the Manse
Fans. Transmissivity values decrease in nearly parallel bands
across the valley to less than 1,000 feet squared per day as
the sediments become finer and the saturated thickness less-
ens near the mountains on the southwest side of the valley.
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Figure 37. A diagram-
matic hydrogeologic section
shows the two aquifers in the
Pahrump Valley—the carbon-
ate-rock aquifer and the basin-
fill aquifer.
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Figure 38. Theestimated 3
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Figure 39. Theestimated 3¢
transmissivity values for the
upper 1,000 feet of basin-fill
aquifer can be grouped into

a sequence of bands that par-
allel the Spring Mountains;
the highest values are in the
Pahrump and the Manse Fans.

0 5
0 5

Southwest Northeast

Chicago Valley Pahrump Valley

Potentiometric surface of
regional flow system

Evapotranspiration
Amargosa River Valley /£ \

Evapotranspiration /£

At

Modified from Harrill, 1986

116°15' 1162 115°45' 115°30'

30"

EXPLANATION

Estimated transmissivity
of basin-fill aquifer, in
feet squared per day

Less than 1,000

1,000 to 2,000

2,000 to 4,000
Greater than 4,000
No data

Carbonate-rock aquifer

SCALE 1:750,000

10 MILES

i
5 /—\\N/B E&R

Base modified from U.S. Bureau of the
Census TIGER/Line files, 1:100,000, 1990

NARD;?Nﬁ%

Modified from Harrill, 1986

10 KILOMETERS 3% =

40+

20

GROUND-WATER WITHDRAWAL
IN THOUSANDS OF ACRE-FEET PER YEAR

101

4 . 116°15' 116° 115°45" 115°30°
Figure 40. The estimated 36° — 6,000 . - - . - . . .
potentiometric surface of the basin- Bennetts Spring
fill aquifer before development
shows a general ground-water o 5,000 - -
s A <
flow direction from the Spring u - S
Mountains across the Pahrump o e oping
Valley and toward the mountain & 4,000 F Bennetts Spring cleaned -
ranges to the southuwest. m and deepened in 1941
(T
i
& 3,000 |- -
<
z
&
g 2,000 -
EXPLANATION z :
(%] K 3
Carbonate-rock aquifer 0 1,000 - :thdrawals R8s o
|
——2850—— Potentiometric contour—Shows |
altitude of reconstructed water 0 1 1 1 ] 1 1 1 1 1 1
levels for predevelopment 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970
e e g Modified from Harrill, 1986
Dashed where approximately
located. Contour interval 50 . . . )
feet. Datum is sea Jevel Figure 41. The annual discharge of the two largest springs in
the Pahrump Valley showed a marked decrease in response to
-> Direction of ground-water increased ground-water development.
movement
\ N
SCALE 1:750,000
w) S A W E &R
0 5 10 MILES 45" 5
Base modified from U.S. Bureau of the Modified from Harrill, 1986
0 5 10 KILOMETERS Census TIGER/Line files, 1:100,000, 1990

116°15'
36°

116° 115°45'

Virtually all the ground water in the Pahrump Valley is
derived from precipitation. Most ground-water recharge occurs
in the mountains, where percolating water moves through
bedrock fractures to the zone of saturation, and on the upper
slopes of the alluvial fans, where streamflow percolates through
the unsaturated basin fill downward to the zone of saturation.

115°30'

Figure 43. Ground-water
development in the Pahrump Valley
has caused more than 10 feet of
decline in water levels in a large
area southwest of the Pahrump and
Manse Fans and more than 100 feet
of decline in isolated areas of the
basin-fill aquifer .
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The general slope of the ground-water surface in the Pahrump
Valley before development (before 1913) is shown in figure 40.
This map was constructed by using the earliest measurements
available and shows the approximate configuration of the po-
tentiometric surface of the basin-fill aquifer. Ground-water flow
was generally from the principal recharge areas adjacent to the
Spring Mountains, southwestward across the valley towards the
Nopah Range. Water left the valley by evapotranspiration in the
areas of shallow ground water and by subsurface outflow be-
neath the Nopah Range. The contours in figure 40 suggest that
as ground water flowed southwest across the northwestern part
of the Pahrump Valley, it moved into and through outcrops of
carbonate rocks. The final discharge area for this water is not
known with certainty. The 2,600-foot contour in figure 40 in-
dicates that the hydraulic gradient in the northwestern part of
the valley is toward the Ash Meadows discharge area in the
Amargosa Desert north and west of the Pahrump Valley (fig.
35). However, the majority of the ground-water flow probably
moved to a discharge area along the Amargosa River between
the towns of Shoshone and Tecopa, which are southwest of the
Pahrump Valley.

Ground water has been developed to support agriculture
in the Pahrump Valley for many years. Two large springs,
Bennetts and Manse Springs (fig. 35), provided water to early
travelers and were soon developed as a source of supply for
irrigation. In the late 1800’s, Bennetts Spring reportedly dis-
charged about 7.5 cubic feet per second (5,430 acre-feet per
year), and Manse Spring, about 6 cubic feet per second (4,340

1980

1950

0
1910 1920 1930 1940 1960 1970 1980

Modified from Harrill, 1986

Figure 42. Ground-water withdrawals increased dramati-
cally after 1945 when the first large-capacity wells were installed
in the Pahrump Valley. Maximum yearly withdrawals during the
late 1960’s reached nearly 50,000 acre-feet.

ture. Spring flow decreased dramatically in 1913 when ground-
water withdrawals began. Bennetts Spring eventually ceased
to flow as the water table declined in response to withdrawals
(fig. 41), and Manse Spring ceased to flow during the 1975
irrigation season.

Ground water provides the water supply for virtually all
uses in the Pahrump Valley. The first well was drilled in the
valley in 1910 in an unsuccessful attempt to obtain a flowing
well. However, in 1913, three flowing wells were successfully
completed, and, by 1916, a total of 28 wells had been drilled,
15 of which were flowing. The number of new wells drilled and
the annual withdrawals increased slowly until the mid-1940’s
when large-capacity wells were installed. From the mid-1940’s
through 1962, the annual discharge from wells increased from
an estimated 4,000 to about 28,000 acre-feet (fig. 42).

From 1962 to 1975, population growth caused significant
change in land use in the Pahrump Valley. Ground-water with-
drawals increased rapidly between 1962 and 1968 (fig. 42) but
decreased after 1968 as agricultural land was taken out of
service and subdivided for residential use. Population of the
valley increased from about 250 in 1962 to nearly 1,500 in
1975, and, when this land becomes fully developed, ground-
water withdrawals could surpass those of 1968.

Between 1913 and 1975, nearly 700,000 acre-feet of
ground-water withdrawals and about 550,000 acre-feet of
spring flow had been discharged from the basin-fill aquifer in
the Pahrump Valley. The two most apparent effects of the dis-
charge were large ground-water level declines and a cessation
in spring discharge. Water levels have been declining since the
first wells were constructed in 1913. Variations in the annual
rate of decline and the net change between predevelopment
and 1975 water levels (fig. 43) among different locations de-
pend on the distribution of withdrawal, the hydraulic proper-
ties of the basin fill, and the depth of the well being measured.

acre-feet per year); most of this water was diverted to agricul-



Hydrographs of six wells are shown in figure 44 to illustrate

Figure 44. Water levels in individual wells have been drawn

Figure 45. The distribu-
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Figure 47. Ancient Lake
Cahuilla occupied the Imperial
Valley and carved shorelines
into the alluvial deposits that
partly filled the valley.
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Figure 48. Faults have :
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Fig ure 46. The Salton Trough in southern California is
divided by the Salton Sea into the Coachella Valley to the north
and the Imperial Valley to the south.

GROUND-WATER FLOW SYSTEMS — Continued

Terminal Sink Basin

The Salton Trough, which is a topographic and structural
trough that extends from southeastern California into Mexico,
is an example of a terminal sink basin. The Salton Trough is
divided into two parts by the Salton Sea—the Imperial Valley
to the south and the Coachella Valley to the north (fig. 46).
The Imperial Valley is the largest area of desert irrigation de-
velopment in the United States. Importation of water from the
Colorado River has transformed 500,000 acres of parched
desert lands into one of the most productive agricultural ar-
eas in the Nation. The Coachella Valley has experienced dra-
matic declines in ground-water levels due to public water sup-
ply demands for a growing population, stimulated by the at-
traction of the Palm Springs area.

The desert climate of the Salton Trough is characterized
by extreme aridity and high summer temperatures. Average
annual precipitation is slightly less than 3 inches on the valley
floor and about 40 inches at the crests of the San Jacinto
Mountains. Maximum summer temperatures commonly ex-

east, and the Peninsular Range of Baja California and south-
ern California borders it to the southwest. The floor of the valley
slopes northwestward from about sea level at the international
boundary to about 230 feet below sea level at the Salton Sea.
The Salton Trough was once occupied by prehistoric Lake
Cahuilla. In the eastern and western parts of the trough, sev-
eral ancient lake shorelines (fig. 47) are at elevations of 42 to
50 feet above sea level.

The central part of the Imperial Valley is a large area of
cultivated land entirely within the shorelines of prehistoric Lake
Cahuilla. Most of the central Imperial Valley is a monotonous
plain dissected by the Alamo and the New Rivers, which have
incised trenches as much as 40 feet deep in soft, silty lacus-
trine deposits. Much of the entrenchment took place during
1905 through 1907 when virtually the entire Colorado River
flowed uncontrolled in these channels and established the
present-day Salton Sea. Before 1905, the center of the trough
had been a playa. The lowest point of the surface of the trough

T an Ly ceed 104 degrees Fahrenheit, and winter minimums are sel- is beneath the southern part of the Salton Sea and is about
divided the upper Coachella < 7 p
Valley into four ground-water 34 N - dom below 32 degrees Fahrenheit. 275 feet below sea level.
subbasins. Water levels be- ‘,,e‘:o‘ : Sy The Salton Trough is about 130 miles long and as much The Coachella Valley in the northwestern part of the Salton

tween the subbasins might
differ by as much as 400 feet.
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as 70 miles wide (fig. 46). The trough is a landward extension
of the depression that is partially filled by the Gulf of Califor-
nia. The trough and gulf are separated by the broad fan-shaped
subaerial delta of the Colorado River. Much of the land surface
of the trough is below sea level and, before the delta was
formed, the trough may have been part of the Gulf of Califor-
nia. The lowest part of the trough is occupied by the Salton
Sea, whose surface is at an elevation of more than 200 feet
below sea level. Most of the surface drainage is intermittent and

Trough (fig. 46) extends from the east end of San Gorgonio
Pass southeastward to the Salton Sea. It is bordered on the
north and east by the Little San Bernardino Mountains and on
the southwest by the San Jacinto and the Santa Rosa Moun-
tains. The Whitewater River is the main drainage in the valley.

The Coachella Valley is affected by the San Andreas Fault
system, which is a complex strike-slip fault system that in-
cludes the Mission Creek, the Banning, the Garnet Hill, and the
Indio Hills Faults and associated folds (fig. 48). These faults

Fault and grotnd-waker bl g Basy is toward the Salton Sea in the central part of the valley. Sur- act as barriers to ground-water flow and, combined with con-

subbasin boundary ?/&Cath\edral City face water moves northwestward to the Salton Sea from the strictions in the basin width and changes in permeability of the

S ,} RN et boundary between the United States and Mexico and south- water-yielding units, have compartmentalized the Coachella

A "34, \‘qi‘i*\ o eastward from the San Gorgonio Pass. Valley into the Desert Hot Springs, the Mission Creek, the
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The Gulf of California and its landward extension, the
Salton Trough, are structural, as well as topographic, depres- oy
sions beneath which consolidated rock is thousands to tens of ) 11;70
thousands of feet lower than the consolidated rock in the bor- r‘ ‘
|

dering mountains. The Gulf of California and the Salton Trough Zj‘—

formed during late Cenozoic time as a result of spreading of
the ancient sea floor. _

The aquifer system in the Salton Trough ranges from
unconfined in the periphery of the trough to confined in the
central part. It consists of basin-fill deposits of Quaternary and
Tertiary age (fig. 49); these deposits of alluvium are under-
lain by rocks of pre-Tertiary age that are referred to as the
“basement complex.” Although the basin fill probably is more
than 20,000 feet thick, the water-yielding parts of the basin fill
extend only to depths of a few thousand feet. The water at
greater depths is too saline for most uses, and the hydraulic
connection between the shallow and deep deposits is poor.

Near the margins of the Imperial Valley, the basin-fill
deposits were derived from the adjacent mountains and are
mostly coarse sand and gravel. Deposits in the central part of
the valley consist mostly of fine-grained sand, silt, and clay that
were deposited by the Colorado River. In the eastern and west-
ern parts of the Imperial Valley, wells that are open to several
hundred feet of the basin-fill deposits yield moderate to large
volumes of water. Transmissivity values of 20,000 to 30,000
feet squared per day are characteristic of these deposits, and
wells that yield 50 gallons per minute or more per foot of draw-
down are attainable. In the central part of the Imperial Valley,
transmissivity values of 150 to 1,500 feet squared per day were
calculated from two aquifer tests of wells completed in the
upper 500 feet of the fine-grained deposits.

Aquifer material in the Coachella Valley is mostly coarse-
grained sediments, and the aquifer is generally unconfined.
These deposits are more than 3,000 feet thick, are moderately
to highly permeable, and yield large quantities of water to wells. o
Transmissivity is greatest in the central part of the valley from ERET R
Palm Springs to the Salton Sea because of the great thickness : ‘
of permeable deposits. Maximum transmissivity values of
about 25,000 feet squared per day are similar to those re-
ported from the Imperial Valley.

*Sorings ©

| '9(,
EXPLANATION
Quaternary dune sand

Quaternary alluvium—Basin fill

Upper Tertiary clay

Pre-Tertiary metamorphic rocks

Quaternary and Tertiary volcanic rocks

Pre-Tertiary intrusive igneous rocks

Fault—Dashed where location uncertain.
Dotted where concealed

\ \\ \\
\Salton =

vWSea
i »

Boundary of area shown in figure 50

S AN DI

|

N\

Modified from Brown, 1923

SCALE 1:1,000,000

Unlike the other valleys discussed above, the most impor- 0 10 20 MILES F b 45. SRR SRA B B et O P i
: I — L L aquifers in the Imperial Valley. The aquifers are bounded by a variety of

tant source of ground-water recharge to the Imperial and the 0 10 20 KILOMETERS Base modified from Digital Chart of the World, 1:1,000,000, 1992 igneous and metamorphic rocks with minimal permeability.

lower Coachella Valleys is the Colorado River, not runoff from

the surrounding mountains. Minor sources of recharge are

ground-water inflow from adjacent areas, infiltration of precipi-

tation that falls on the valley floor, and local runoff from the The Colorado River has been a source of recharge to the
mountains that border the area. aquifer system of the Imperial Valley since the river delta built

to a height sufficient to separate the Guilf of California from the

Salton Trough. As the delta was built, natural levees beside the

river channel kept the Colorado River above the land surface

115°15' 115° Figure 51. Average leak- it faltitude in_ much of the valley. Under natural _conditions, water

age from the All American Canal : rom the river seeped downward through the river bed and then

and the southeastern part of the 150 |/ moved laterally to recharge the aquifer in the Imperial Valley.

Coachella Canal totaled about / The water also moved into the Imperial Valley from the Mexicali

215,000 acre-feet per year Valley to the south and through a section of alluvium north-
during 1950 through 1967. east of the Cargo Muchacho Mountains.

Since 1901, recharge to the shallow part of the aquifer

Figure 50. dnlined canals
dug through porous sand allow
canal water to seep into the
ground and recharge underly-
ing aquifers. As a result of this
seepage, ground-water levels
have risen as much as 70 feet
between 1939 and 1960. The
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in figure 49. e \X o colation of water imported from the Colorado River beginning
\ ‘é 60 in 1901. Originally, water was diverted about 10 miles south-
o west of Yuma, Ariz., at the confluence of the Colorado River
East 3 40 and Mexico’s Alamo Canal, and was delivered to the Imperial
EXPLANATION Highline | E Valley through the Alamo and the New Rivers (fig. 46). The
Canal 5 20 N completion of the All American Canal (fig. 46), which permit-
Water-level rise, in feet % ted the diversion of Coloraro River water to the Imperial Valley
10 E through a canal located entirely in the United States rather than
> along a route that passed through the Mexicali Valley, greatly
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E increased the opportunity for ground-water recharge. The All
= = 7 American Canal became the sole means for diverting Colorado
50 Z River water to the Imperial Valley in February 1942. Six years
70 . S later, the Coachella Canal was completed and thereafter sup-
plied water to the lower part of Coachella Valley.
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0 5 10 MILES mounds to form beneath the canals, and, over time, ground-

0 5 10 KILOMETERS water levels rose to the water level in the canals. The leakage

also spread horizontally, thereby causing water levels to rise
over large areas. Water levels eventually rose to the point that
much of the leakage, especially from the All American Canal,
was discharged to drains and areas of natural discharge, rather
than continuing to add to the quantity of ground water stored
in the aquifer system.

The rise in water levels that resulted from leakage from
the easternmost canals between 1939 (before the canals were
completed) and 1960 is shown in figure 50. The water-level
rise along the All American Canal was generally more than 40
feet, and the rise along the Coachella Canal was about 40 feet
near the junction of the canal with the Colorado River and
gradually increased northward to more than 70 feet. Through-
out most of the length of the East Highline Canal, which be-
gan operating in 1942, the original water table was shallow, and
the water-level rise was small.

Water losses along selected reaches of the All American
and the Coachella Canals are shown in figure 51. The annual
flows are generally 3,000,000 to 4,000,000 acre-feet in the
reach of the All American Canal and are about 500,000 acre-
feet in the reach of the Coachella Canal. From 1950 through
1967, the average leakage from the two reaches was about
215,000 acre-feet per year.

The general direction of ground-water movement in the
basin-fill aquifer of the Imperial Valley and the lower part of the
Coachella Valley is shown by the arrows superimposed on the
water-level contour lines in figure 52. The contours were based
on water levels in 1965 in wells completed in the main water-
yielding zones.

The broad ground-water mound in the southeastern part
of the valley is the result of leakage from the All American and
the Coachella Canals. Between the canals, the direction of
ground-water movement is principally westward, but south of
the All American Canal, the movement is toward the Mexican
border. Away from the canals, ground water moves generally
toward the axis of the valley and then northwestward to the
Salton Sea. The principal area of discharge is the central,
cultivated part of the valley. Substantial amounts of ground
water are discharged to the Alamo River, as indicated by the
closely spaced contour lines on the eastern side of the river
and the change in direction of the contours which indicates that

SCALE 1:1,000,000 : y
Figure 52. The general movement of ground water in the Imperial the ground water flows primarily northward. Ground water also
acl 2DnLs Valley is from the bordering mountains toward the center of the valley, discharges to the New River, but the configuration of the con-

» MELONENhS Base modified from Digital Chart of the World, 1:1,000,000, 1992 zxazeg ftéﬁe??::;éﬁrsno[;zgﬁ{ fggvve‘a;lgaﬁffrﬁéﬁzkzgg f{,%rg ¥ canals tour lines, which show a relatively wider spacing and moder-
’ ate upstream displacement, indicates that considerably less

ground water moves to the New River than to the Alamo River.
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Figure 53. The movement of ground water in
the upper Coachella Valley in 1936 was primarily

controlled by several faults. Water-level differences 340

in the same aquifer were more than 300
feet across some of the faults.
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For ground water that moves from the adjacent moun-
tains toward the center of the valley, a wide range of contour
spacing can be seen in figure 52 that indicates changes in the
hydrogeologic conditions within the aquifer. Some of the seem-
ingly abrupt changes in contour spacing are caused by faults
that are barriers to ground-water flow. The closely spaced
contours west of the Coachella Canal, near Niland, and west
of the Salton Sea, near Salton City, result from ground-water
flow through deposits with low permeability.

Ground-water movement in and through the basin-fill
aquifer of the upper Coachella Valley is affected by the San
Andreas Fault System. Faults that are part of this system, as
well as constrictions in basin width and changes in permeabil-
ity of the water-yielding units, have compartmentalized the
valley into four ground-water subbasins (fig. 48).

The general direction of ground-water movement in the
upper Coachella Valley was determined from water-level con-
tour maps of the basin for 1936 and 1967 (figs. 53 and 54).
Water-level contours during the autumn of 1936 are shown in
figure 53. The water-level profile for 1936 (fig. 55) shows the
slope of the ground-water surface to be very steep in places
and to exceed 50 feet per mile from the San Gorgonio Pass to
Windy Point. This steep gradient decreased to less than 10 feet
per mile just south of Palm Springs because of the increased
width of the basin. From the Thousand Palms area southward,
the gradient was about 20 feet per mile.

A water-level profile for 1967 (fig. 55) shows that while
water levels declined in most places in the valley, the steep
water-level gradient from the San Gorgonio Pass to Windy Point
remained the same as in 1936. However, the water-level gra-
dient at the south boundary decreased to about 10 to 15 feet
per mile from the 1936 gradient of 20 feet per mile. The low-
ered water-level altitudes resulted from increased withdrawals
within the Whitewater River subbasin. Water levels for 1967
were about the same as those for 1936 in the extreme south-
ern part of the upper valley as a result of leakage from the
Coachella Canal.

The general direction of ground-water flow in 1967 is
shown in figure 54 by arrows that represent flow lines, which
are the shortest possible paths between adjacent water-level
contours. Ground-water movement in the Whitewater River
subbasin was primarily parallel to the axis of the valley from
Windy Point to Indio. The flow lines near the faults that mark
the borders of the subbasins indicate that ground water flowed
across the faults; exactly how much is unknown.

Ground-water development in the Salton Trough has been
primarily in the Coachella Valley. The growth of agriculture and,
since the early 1950’s, of tourism has drawn heavily on the
ground-water resources of the upper Coachella Valley. Ground-
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Figure 58. From 1936 to 1967, changes in
water levels in the upper Coachella Valley were
greatest in the Palm Springs area, where water
levels declined nearly 80 feet.
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water levels have declined as annual withdrawals increased
more than tenfold during 1936 to 1967 (fig. 56). In the lower
Coachella Valley, concern over the diminishing ground-water
supply as a result of agricultural development prompted the
construction of the Coachella Canal. Water delivery began in
1949 when large quantities of Colorado River water were
brought to the area between Indio and the Salton Sea. However,
the upper Coachella Valley received only small quantities of
the canal water and, consequently, water levels continued to
decline as ground-water use increased in that area.

Water levels began to decline before 1945 (fig. 57) in the
southernmost part of the upper Coachella Valley but did not
change significantly in the remainder of the upper valley until
about 1945 when major withdrawals began (fig. 56). Water
levels continued to decline throughout most of the upper val-
ley through 1965 with the exception of an area near the south-
ern boundary where water levels had ceased to decline and
began rising. The rise is documented by observation wells 7
and 8 in 1949 and 1954, respectively (fig. 57). The water-level
rise in these two wells can be attributed to water from the
Coachella Canal leaking downward to the aquifer. The effect
of leakage appeared to be moving up the valley in 1955, as
indicated by the hydrograph of well 6 (fig. 57), in which water
levels ceased to decline, indicating recharge to the aquifer by
leakage. '

From 1936 to 1967, water-level changes in the upper
Coachella Valley (fig. 58) were most prominent in the White-
water River subbasin. The Palm Springs area in that subbasin
showed the largest water-level decline (nearly 80 feet) because
of a concentration of withdrawals in an area with a relatively
low aquifer storage capacity located near where the aquifer
abuts the nearly impermeable bedrock of the San Jacinto
Mountains. Decreases in water levels were probably amplified
between 1946 and 1967 because of a prolonged drought in
the upper Coachella Valley, as in most of southern California,
during those years. A representative plot of the departure from
average precipitation in the San Jacinto, the Santa Rosa, and
the San Bernardino Mountains (fig. 59) indicates that during
the dry period from 1947 through 1964 only four years were
wet—1952, 1954, 1957, and 1958. This extended dry period
greatly reduced the natural inflow available to the valley. The
other three ground-water subbasins showed very little water-
level decline because withdrawals in those subbasins were
small. A well field for the town of Desert Hot Springs on the
east side of the Mission Creek Fault showed some decline
because the storage capacity of the aquifer in that area is
limited by the juxtaposition of the aquifer with a relatively im-
permeable fault and the nearly impermeable bedrock of the
Little San Bernardino Mountains.
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Figure 56. Ground-water with-
drawals remained fairly constant
from 1936 until about 1945, when
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Valley resulted in an increase in
withdrawal. The highest annual
withdrawal rate was about 55,000
acre-feet during 1965.
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Fig ure 57. Hydrographs for wells in the
upper Coachella Valley show a general water-level
decline from 1936 to 1965. The exceptions are the
wells near the Coachella Canal, where imported
water locally raised ground-water levels.
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Connected Basin Flow Systems

Although most flow systems are confined to one or two
basins in the Basin and Range area, several basins are linked
together in an extended ground-water flow system in places
(fig. 60). In the majority of the basins, flow passes through the
basin-fill sediments that cover the valley floors, as in the
Humbolt system. However, where carbonate rocks underlie the
basins, data indicate that some basins are hydrologically linked
by the carbonate rocks and that large quantities of ground
water flow through them and discharge through the overlying
basin-fill sediments to large springs. Because few wells are
drilled into the carbonate rocks, data are scarce and several
assumptions have been made to account for flow in these
rocks. One assumption is that the carbonate rocks and the
basin-fill deposits form a single hydrologic unit. At locations
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These aquifer systems contain the closest approximation
to regional flow systems in the Basin and Range area. Flow is
transmitted along several valleys through the basin-fill and the
carbonate-rock aquifers. However, an insufficient number of
wells have been drilled in the carbonate rocks to permit a
complete description of the flow system. Discharge from large
springs in the alluvial basins is always in areas underlain by
carbonate rocks.

The most complete description of the carbonate-rock flow
system is from the ancestral White River/Muddy River Springs
area, which consists of 13 valleys in southeastern Nevada (fig.
62). During Pleistocene time, when the climate was more
humid than at present, the White River drained six of these
valleys and left a wash along its drainageway that is the low-
est point anywhere along the drainage system. Five of the
remaining seven valleys—Long, Jakes, Cave, Dry Lake, and
Delamar—are topographically closed and have no streams
that flow out of them. The Garden and the Coal Valleys form
a topographically closed unit, in which streams in the Garden
Valley drain into the Coal Valley. The entire 13-valley drainage
area is bounded by mountains that range in altitude from about
7,000 feet in the south to more than 9,000 feet in the north
(fig. 62).

Consolidated rocks (fig. 63) of Paleozoic and Tertiary age
form the boundaries of and underlie the basins, which are filled
with unconsolidated deposits of Tertiary and Quaternary age.
The principal water-yielding rocks of Paleozoic age are lime-
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stone and dolomite, which are bounded above and below by
confining units of shale, sandstone, and quartzite. The rocks
of Tertiary age are primarily tuff and welded tuff and gener-
ally transmit little water. However, in areas where the welded
tuffs have been fractured, they can yield large quantities of
water. The basin-fill deposits consist of coarse sand and gravel
at the valley margins and grade to fine silt and clay near the
center of the valleys. Valleys that were transversed by the White
River during Pleistocene time contain channel deposits of sand
and gravel in some places along the ancestral course of the
river near the center of the valley.

Data used to determine the movement of ground water in
the White River/Muddy River Springs area are from wells com-
pleted in basin-fill sediments and carbonate rocks, altitudes
of spring orifices, and several mine shafts in carbonate rocks
in the bordering mountains where water levels have been
measured. The overall pattern of ground-water movement is
shown in figure 64. Ground water moves southward from Long
Valley to the White River Valley. The White River Wash defines
the principal avenue of flow from the White River Valley to the
upper Moapa Valley. Springs issue at several places along the
White River Wash wherever the water table is at or near the land
surface. Valleys that border the main drainageway of the White
River—the Garden, the Coal, the Cave, the Dry Lake, and the
Delamar Valleys—do not drain directly to the main drainage-
way but rather to the south where the ground water leaves
them.

The topography of the drainage area controls the move-
ment of ground water at a regional scale. The flow is in a south-
erly direction along the axis of the valley as shown by the
decrease in water levels along the profile in figure 65, and is
generally within tens of feet of the land surface in the center
of the valleys. Three areas along this profile show that water
levels may be hundreds of feet below land surface. The deep
water table in Jakes Valley is caused by the high altitude of the
valley floor. Some interpretations of the flow system have iden-
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tified Jakes Valley as the northern limit of the White River/
Muddy River Springs flow system. The deep water table in the
Pahroc Valley and at the end of the Pahranagat Valley is thought
to be along faults where the fractured rocks have been either
cemented to form a barrier to flow or partly dissolved
downgradient of the faults so that the permeability is greater
and water is more quickly transmitted down-valley from the
faults.
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The intervalley ground-water flow pattern and the esti-
mated water budget for the flow system are shown in figure 66.
The estimated recharge to the valleys was based on the rela-
tion of altitude to annual precipitation (table 2). Because of
the orographic effect of the mountains, the amount of precipi-
tation increases as the altitude increases. Conversely, the
amount of evapotranspiration decreases as altitude increases,
as a consequence of lower temperatures at higher altitudes.
Because of higher altitudes and lower temperatures in the
northern one-half of the White River/Muddy River Springs
drainage area, about 70 percent of the recharge is estimated
to be in this one-half of the area. From measurements of spring
discharge, about 62 percent of the discharge of the system has
been determined to be in the Pahranagat and the upper Moapa
Valleys in the southern one-half of the area. This distribution
of recharge and discharge is additional evidence of interbasin
flow. The substantial amount of ground water that moves from
the northern to the southern one-half of the area must flow
through the carbonate rocks.

Interbasin flow within the carbonate rocks also is indicated
by the water chemistry of perennial springs. Three classifica-
tions of the types of flow systems that feed the springs have
been defined in the White River/Muddy River Springs area—
regional, large local, and small local. Chemical analyses of
water that discharges from perennial springs indicates that
increased concentrations of dissolved constituents associated
mostly with carbonate rocks are observed with regional sys-
tems characterized by long flow paths. Gypsum, anhydrite,
halite, and scattered clay minerals in the carbonate rocks are
dissolved more readily than carbonate minerals and they con-
tribute sodium, potassium, chloride, and sulfate ions to ground
water. Concentrations of these ions increase the longer the
ground water is in circulation through the carbonate rocks. At
each perennial spring that issues from the carbonate rocks,
an indication of the relative distance the water has traveled can
be determined by the concentration of these ions. Also, the
temperature of the water discharged from a spring indicates
the probable depth of ground-water circulation; higher tem-
peratures are associated with the deep circulation of regional
systems.

The concentration of tritium in water that issues from
perennial springs has been used to determine places where
ground water has had a short residence time in an aquifer.
Before 1954, tritium, a hydrogen isotope, was scarce in the
atmosphere. Beginning in 1954, detonation of thermonuclear
bombs released large concentrations of tritium to the atmo-
sphere in the northern hemisphere. Springs with water that
contains tritium in concentrations of 200 units or more (fig.
67) are likely to be discharging a large percentage of ground
water that has been in the aquifer for only a short time, per-
haps only a few months.

A plot of concentrations of sodium and potassium ions
against chloride and sulfate ions in water from the carbonate
rocks in Nevada (fig. 68) shows the relation of these ions to
the regional, large local, and small local flow systems. Regional
flow systems are characterized by interbasin flow, long flow
paths, and one or more local systems that feed the regional
system. Springs connected to these systems have large peren-
nial discharges and small seasonal ranges in discharge. Dis-
charge waters contain relatively large concentrations of so-
dium, potassium, chloride, and sulfate ions but have small
concentrations of tritium (fig. 68). Some springs discharge
thermal water (greater than 80 degrees Fahrenheit).

Large local flow systems are characterized by predom-
inantly interbasin flow and flow paths that are typically con-
fined to one basin. Springs connected to these systems have
moderate to large discharges and moderate seasonal ranges
in discharge. Discharge waters contain moderate concentra-
tions of sodium plus potassium and chloride plus sulfate (fig.
68) and no significant concentrations of tritium. Discharge
waters have temperatures that typically range from 50 to 60
degrees Fahrenheit.
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Figure 69. Agriculture (primarily irrigation) is by far the
greatest use of ground water withdrawn from the Basin and
Range aquifers.
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FRESH GROUND-WATER
WITHDRAWALS

An estimated 1,760,000 acre-feet per year of freshwater
was withdrawn from aquifers in the Basin and Range area
during 1985 (fig. 69). Withdrawals for irrigated agriculture ac-
counted for almost 77 percent of the total. Public supply ac-
counted for almost 18 percent of withdrawals. All other cat-
egories totaled less than 6 percent of fresh ground-water with-
drawals.

GROUND-WATER QUALITY

The quality of ground water in unconsolidated deposits in
the Basin and Range area varies from basin to basin; dissolved-
solids concentrations range from less than 500 milligrams per
liter (freshwater) to more than 10,000 milligrams per liter, as
shown in figure 70. Generally, at the basin margins and on the
slopes of alluvial fans, the ground water is fresh. Locally, sa-
line water is present near some thermal springs associated with
indurated sedimentary rocks or igneous rocks and in areas
where the basin-fill aquifers include large amounts of soluble
salts, such as in the upper and middle parts of the Humbolt
River Basin. In discharge, or sink, areas such as the Carson
and Salton Sinks and Death Valley, however, the dissolved-sol-
ids concentration can exceed that of ocean water (about
35,000 milligrams per liter). The ground water beneath pla-
yas in small closed valleys may be brackish, but ordinarily the
dissolved-solids concentrations are not as large as those in
water from the major terminal sinks. Although highly miner-
alized water is common beneath playas, a deeper freshwater
flow system might be present in some areas. For example,
water from a well 1,200 feet deep on the northern margin of a
playa in a valley near Tonapah, Nev. (fig. 70), has a dissolved-
solids concentration of less than 350 milligrams per liter. This
concentration apparently reflects deep freshwater circulation
in the basin-fill aquifer. In valleys with subsurface discharge into
an extensive ground-water system, the water throughout the
basin-fill aquifer is generally fresh.
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Figure 70. Dissolved-solids concentrations in water from the
unconsolidated basin-fill aquifers generally increase from the basin
borders, where the aquifers are recharged by the influx of water
from the mountains, to the center of the basins, where evapotran-
spiration concentrates the minerals dissolved in the ground water.
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fer system is divided into three subregions on the basis of surface-

water basins.

INTRODUCTION

The Central Valley of California (fig. 71) contains the larg-
est basin-fill aquifer system in Segment 1. The valley is in a
structural trough about 400 miles long and from 20 to 70 miles
wide and extends over more than 20,000 square miles. The
trough is filled to great depths by marine and continental sedi-
ments, which are the result of millions of years of inundation
by the ocean and erosion of the rocks that form the surround-
ing mountains. Sand and gravel beds in this great thickness
of basin-fill material form an important aquifer system. From
north to south, the aquifer system is divided into the Sacra-
mento Valley, the Sacramento—San Joaquin Delta, and the San
Joaquin Valley subregions, on the basis of different character-
istics of surface-water basins.

The Central Valley is one of the most important agricul-
tural areas in the world. No single region of comparable size
in the United States produces more fruits, vegetables, and nuts.
More than 7 million acres are currently (1995) under irriga-
tion. During 1985, crop irrigation accounted for 96 percent of
the surface water and 89 percent of the ground water withdrawn
in the Central Valley.

Discovery of gold in the Sierra Nevada and the subsequent
proliferation of hydraulic mining operations provided the im-
petus for the construction of a surface-water diversion system
that consisted of hundreds of miles of canals used to transport
water to where it was needed for gold-washing operations. This
was the beginning of the valley’s modern-day aqueduct sys-
tem, which has become vital to the agricultural economy.

Fertile soil, favorable climate, abundant water, and rapid
population growth in the Central Valley encouraged the devel-
opment of agriculture, which soon became one of the major
industries of California. Surface water satisfied most irrigation
needs until the late 19th century, when a rapid increase in
irrigated acreage produced a demand for water that exceeded
-the surface-water supply, and ground-water supplementation
became necessary; the drought of 1880 was a major stimu-
lus for ground-water development. Wells were used to supple-
ment less dependable surface-water supplies and to provide
water where surface-water diversion canals had not been con-
structed. Shallow ground water was obtained easily in 1880,

Figure 74. The Central Valley is a
large structural trough that has been
partially filled by marine sediments and
continental deposits. The Sierra Nevada,
which forms most of the eastern bound-
ary of the valley, is the edge of a huge
tilted granite block. The Coast Ranges,
which form most of the western bound-
ary, consist, for the most part, of folded
and faulted marine rocks.
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Fault—Arrows show relative
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NOT TO SCALE

GEOLOGIC SETTING

The Central Valley and surrounding area is the product of
a complex series of geologic events. The surrounding area has
undergone mountain building, faulting, and erosion, and the
valley has been inundated several times by the Pacific Ocean.

The Sierra Nevada, which forms the eastern side of the
valley, is the eroded edge of a huge tilted block of crystalline
rock that also partially defines the base of the valley sediments
(fig. 74). Embedded in the granite and related plutonic rocks
of the mountains are metamorphosed sedimentary and volca-
nic rocks of Ordovician to Late Jurassic age. The uplift that
formed the Sierra Nevada probably took place between Late
Jurassic and Late Cretaceous time.

The northeast corner of the basin is the southern termi-
nus of the Cascade Range. This is an area of lava plateaus and
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and artesian pressure was sufficient to produce flowing wells
in much of the valley. After 1900, ground water gradually be-
came a more significant part of the total irrigation supply and,
eventually, the large number of wells reduced artesian pres-
sure to such an extent that it became necessary to install
pumps in order to obtain water.

The invention of the deep-well turbine pump around 1930
allowed withdrawals from greater depths, which encouraged
further development of ground-water resources for irrigation.
Withdrawals increased sharply during the 1940’s and 1950’s,
and averaged about 11.5 million acre-feet per year by the
1960’s and 1970’s, which was approximately 20 percent of the
total irrigation withdrawals for the United States at that time.
Withdrawals reached a maximum of 15 million acre-feet per
year during 1977, a drought year. During the 1960’s and
1970’s, withdrawals greatly exceeded recharge, and water lev-
els declined precipitously, as much as 400 feet in places. The
declines caused a major reduction in the amount of ground-
water in storage and resulted in widespread land subsidence,
mainly in the western and southern parts of the San Joaquin
Valley.

Increased rainfall and construction of additional surface-
water delivery systems halted most of the serious water-level
declines after 1977, and water levels recovered to pre-1960
levels. The network of aqueducts in the Central Valley is cur-
rently (1995) sufficient to provide one-half or more of the water
needed for irrigation in years of average or above-average
precipitation. In dry years, however, reliance on ground-water
supplies is greater, and aquifers might again be subject to
withdrawals in excess of recharge during a severe drought,
such as that of 1976-77.

The Central Valley is bounded on the west by the Coast
Ranges and on the east by the Cascade Range and the Sierra
Nevada. The valley has only one surface-water outlet, the
Carquinez Strait east of San Francisco Bay. Much of the val-
ley is surrounded by dissected uplands formed by erosion of
coalesced alluvial fans at the base of the mountains (fig. 72)
where the terrain ranges from hilly to slightly rolling. The val-
ley floor, which consists primarily of alluvial deposits and flood-
plain deposits of the major rivers, is relatively flat to gently
rolling and is generally below an altitude of 500 feet. Lake beds
in the southern end of the valley become partially to com-
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volcanos, some of which have been active in modern times.
Geologically, this area of the basin is relatively young; most
of the volcanic activity was during late Tertiary to Holocene
time.

The northwest corner of the Central Valley is bounded by
metamorphosed volcanic rocks of Paleozoic and Mesozoic age.
These rocks form a minor part of the valley boundary. The
western side of the valley is bounded by the Coast Ranges,
which are formed primarily of folded and faulted marine sedi-
mentary rocks of Mesozoic age, which were uplifted during
Tertiary time. Mesozoic marine sedimentary rocks and conti-
nental deposits underlie the Tehachapi Mountains that bound
the valley to the south.

A huge volume of sediments, which is as thick as about
50,000 feet in the Sacramento Valley and about 32,000 feet
in the Tulare Basin, fills the Central Valley. These sediments
are marine and continental in origin; the marine sediments are

Modified from Williamson

and others, 1989 rolling to hilly.

pletely flooded in wet years. A prominent feature, Sutter Buttes,
which is the remnant of a volcanic plug, rises nearly 1,500 feet
above the valley floor in the central Sacramento Valley.

The Sacramento River drains the northern end of the
Central Valley, and the San Joaquin River drains much of the
middle third. The two rivers join in the Sacramento-San
Joaquin Delta and empty into the upper end of San Francisco
Bay. The southern end of the valley is occupied by the Tulare
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floor is surrounded by dissected uplands that are slightly

Basin, in which drainage is completely internal and the
inflowing water is removed by evapotranspiration.

The climate of the Central Valley is Mediterranean and
Steppe, characterized by hot summers and mild winters, thus
allowing for a year-around growing season; at least one crop
is under cultivation at all times. About 85 percent of the pre-
cipitation falls from November to April. Most of the precipita-
tion that falls on the valley floor evaporates before it can infil-
trate downward to become recharge. Much of the moisture that
moves inland from the Pacific Ocean is intercepted by the
Coast Ranges, so that annual precipitation in the valley is rela-
tively low. Annual precipitation decreases from north to south,
with an average of about 23 inches in the northern part of the
Sacramento Valley, to about 6 inches in the southern part of
the San Joaquin Valley. Rainfall amounts vary greatly from
year to year. Annual precipitation is exceeded by potential
evapotranspiration throughout the entire valley, which causes
a net annual moisture deficit.

In contrast, the mountains that surround the Central Val-
ley intercept moisture from eastward-moving weather systems
and have an annual surplus of moisture in the form of rain and

snow. Precipitation can exceed 80 inches annually in the
Sierra Nevada. Annual runoff from rainfall and snowmelt
is approximately 32 million acre-feet; most of the run-
off originates in the Cascade Range and the north-
ern Sierra Nevada (fig. 73). This water flows to
the valley in perennial streams and provides
nearly all the average annual 12 inches
of recharge the valley aquifer system
receives. Runoff from the Coast
Ranges is principally on the
western slopes to the Pacific
Ocean.

115°

10 »
20
30
40

SCALE 1:7,500,000
25 50 MILES

—--—-- Central Valley drainage
basin boundary 0
0 2550 KILOMETERS

Figure 73. Nearly all the recharge received by the Central
Valley aquifer system is provided by runoff from the mountains
that surround the Central Valley.

Figure 75. Fine-grained
marine sediments fill the valley
to depths of as much as 25,000
feet. They were deposited when
the area of California that is now
the Central Valley was covered
by the ocean, primarily during
the Tertiary Period.

EXPLANATION

boundary
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the product of deposition during inundations by the Pacific
Ocean, and the continental sediments were derived by erosion
of the rocks that formed the surrounding mountains.

The ancestral Central Valley was, at least in part, inun-
dated by the Pacific Ocean until 2 million to 3 million years
ago. The location, depth, and age of marine sediments in the
valley indicates that nearly the entire valley was covered by the
sea during Paleocene and Eocene time (fig. 75). As sea level
declined, the area covered by the ocean decreased until only
the southern end of the basin was still under water in Pliocene
time. During Pleistocene and Holocene time, the sea com-
pleted its retreat, and all oceanic deposition ceased. In total,
the ocean left behind deposits that ranged in thickness from
about 25,000 feet in the Sacramento Valley to about 20,000
feet in the San Joaquin Valley. These deposits are mostly
consolidated and have minimal permeability.
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data, 1:2,000,000, 1972
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GEOLOGIC SETTING — Continued

From the time when the valley first began to form, sedi-
ments derived from erosion of igneous and metamorphic rocks
and consolidated marine sediments in the surrounding moun-
tains have been transported into the valley by streams. These
continental sediments are as thick as 9,000 feet at the south-
ern end of the valley and have an average thickness of about
2,400 feet (fig. 76). The continental sediments consist mostly
of fluvial, basin-fill, or lake deposits of sand and gravel
interbedded and admixed with clay and silt (fig. 77). Depend-
ing upon location, deposits of fine-grained materials—mostly
clay and silt—make up as much as 50 percent of the thick-
ness of the valley-fill sediments.

EXPLANATION
MATEO
Thickness of continental L
deposits, in feet dn
v
1,000 a
3,000 o
5,000 =
——r
7,000 -
9,000
—5000—— Line of equal thickness of SCALE 1:5,000,000
continental deposits— 0 25 50 MILES
Interval 1,000 feet
0 25 50 KILOMETERS Q
2

Fi igure 76. Continental sediments form the Central Valley
aquifer system. These sediments average 2,400 feet in thickness
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Figure 77. Diagrammatic iy

geologic sections show that
(A) the Sacramento Valley
contains a relatively thin sec-
tion of continental deposits,
whereas these deposits are
very thick in the San Joaquin
Valley, and (B) the marine
rocks and the lake and marsh
deposits in the San Joaquin
Valley have minimal permea-
bility.
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but are more than 9,000 feet thick in the Tulare Basin.

GEOHYDROLOGIC SETTING

Drainage Basins

Three hydrologic subregions coincide with drainage ba-
sins within the Central Valley (fig. 71). These subregions are
hydraulically connected and compose the Central Valley aquifer
system and associated surface-water drainages. The northern-
most subregion is the Sacramento Valley, which extends over
the northern one-third of the Central Valley and is drained by
the Sacramento River. Although the Redding Basin extends
over about 500 square miles at the northern end of the Sac-
ramento Valley and is a topographic extension of the valley, it
is not included as part of the Central Valley aquifer system
because of its separate ground-water flow system. Adjoining
the Sacramento Valley to the south is the Sacramento-San
Joaquin Delta subregion, where a network of meandering
channels has formed at the junction of the Sacramento and
the San Joaquin Rivers. The southernmost subregion is the
San Joaquin Valley, which extends over two-thirds of the Cen-
tral Valley. The San Joaquin River drains the northern part of
the San Joaquin subregion; the southern part, which is called
the Tulare Basin, is characterized by interior drainage. The
Tulare Basin is named for Tulare Lake, a lake that covered
much of the basin during the Pleistocene Epoch.

Under natural, or predevelopment, conditions, recharge
from rainfall and snowmelt entered the aquifer system as seep-
age from streams that channel runoff from the surrounding
mountains into the valley. Most recharge is at the margins of
the valley, and the ground water moves in the subsurface to
lower altitudes and discharges into surface-water bodies that
drain each basin.

Figure 79. dnder un-
stressed, predevelopment

Aquifers and Confining Units

The consolidated volcanic and metamorphic rocks that
surround and underlie the Central Valley are almost imperme-
able, and flow through them is not significant. Little water flows
through the extensive deposits of consolidated marine and
mixed marine and continental sediments that overlie the crys-
talline rocks (fig. 77) because the permeability of the depos-
its is generally minimal. The marine sediments usually contain
saltwater or brine, but near the northwestern, western, and
southeastern margins of the San Joaquin Valley, some fresh-
water is withdrawn from these deposits.

The Central Valley aquifer system is formed primarily of
sand and gravel with significant amounts of silt and clay, all
of which have been eroded mainly from older rocks at the
boundaries of the valley. The environments in which the con-
tinental sediments were deposited varied, but most were de-
posited in fluvial environments; however, the deposits contain
some lacustrine beds. Locally, volcanic rocks and dune depos-
its are part of the aquifer system. Specific geologic formations
can be related to specific aquifers within the Central Valley
aquifer system only with difficulty because many of the forma-
tions are lithologically similar, and cannot be distinguished
easily in the subsurface.

Beds and lenses of fine-grained materials, such as silt and
clay, constitute a significant percentage of the Central Valley
aquifer system. In most parts of the valley, fine-grained mate-
rials compose 50 percent or more of the aquifer system. The

Figure 80. Before devel-
opment, most of the recharge
to the Central Valley aquifer 490

conditions, ground water in the 40°

upper part of the Central Valley

aquifer system flowed from up- O
land recharge areas at the valley MENE 1
margins to discharge areas, >
such as rivers, lakes, and “:\

marshes on the valley floor.
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Figure 81. A diagram-
matic hydrogeologic section
shows that before develop-
ment, water that recharged
the aquifer at the valley mar-
gins moved downuward and
laterally into the aquifer sys-
tem and then moved upward
to discharge at rivers and
marshes at the valley axis.
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system was from rain and
snowmelt in the mountains
at the valley margins, and
discharge was to rivers and
marshes near the valley axis.
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most extensive clay bed, which is informally named the “E-
clay” (fig. 77), consists primarily of the Corcoran Clay Mem-
ber of the Tulare Formation and underlies much of the west-
ern San Joaquin Valley. Because beds of silt and clay do not
readily transmit water under natural conditions, they act as
barriers to vertical flow and cause differences in hydraulic head
with depth.

Early investigators thought that the Sacramento Valley
contained a single unconfined aquifer and that the San Joaquin
Valley contained an upper unconfined to semiconfined aquifer
separated from a lower aquifer confined by the Corcoran Clay
or “E-clay” (fig. 78). However, recent investigations indicate
that the Central Valley contains a single heterogeneous aquifer
system that contains water under unconfined, or water-table,
conditions in the upper few hundred feet; these conditions
grade into confined conditions with depth. The confinement is
the result of numerous overlapping lens-shaped clay beds.
Geophysical well logs indicate that the “E-clay,” although prob-
ably the largest single confining bed, constitutes only a small
percentage of the total thickness of clay layers in the aquifer
system. This indicates that the significance of the “E-clay” as
a barrier to vertical flow may have been exaggerated. Further,
the difference in hydraulic head directly above and below the
“E-clay” is small when compared to head differences within
intervals of the deep parts of the aquifer system.
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F igure 78. According to early concepts of the aquifer sys-
tem (A), it was generally considered to be unconfined in the
Sacramento Valley and confined where the Corcoran Clay Mem-
ber of the Tulare Formation, or “E-clay,” is present in the San
Joaquin Valley. However, recent studies suggest that the entire
aquifer system is a single heterogeneous system (B) in which
vertically and horizontally scattered lenses of fine-grained ma-
terials provide increasing confinement with depth.

GROUND-WATER FLOW SYSTEM

Before development began, the aquifer system was under
steady-state conditions in which natural recharge balanced
natural discharge. Ground water in the shallow part of the
aquifer system flowed from areas of high altitude at the valley
margins, where most of the recharge took place, downgradient
to discharge into rivers and marshes near the valley axis (fig.
79). The aquifer system was recharged primarily by streams
emanating from the Coast and Cascade Ranges and the Si-
erra Nevada. Most of the recharge was in the northern and
eastern parts of the valley. Precipitation falling on the valley
floor during the rainy season provided only a small part of the
total recharge. Ground water that was not evaporated or tran-
spired by plants discharged either into the Sacramento and the
San Joaquin Rivers that drained to San Francisco Bay or into
the Tulare Basin from which it was eventually removed by
evaporation or transpiration. The areas of recharge and dis-
charge in the Central Valley before development are shown in
figure 80.

Under predevelopment conditions, the hydraulic head in
the shallow water-table aquifer where water entered the aquifer
system at the valley margins was greater than the head in the
deeper confined aquifer; thus, ground water moved downward
(fig. 81). Conversely, the head gradient was reversed where
water left the aquifer, typically by discharge to surface-water
bodies, and the hydraulic head in the water-table aquifer was
less than that in the confined aquifer. The difference in hydrau-
lic head created upward movement of the ground water toward
rivers and marshes (fig. 81). Precipitation that fell on the valley
floor and was not lost to evapotranspiration recharged the
water-table aquifer and moved down the head gradient toward
the rivers and surrounding marshes.

Upward vertical flow to discharge areas from the deep
confined aquifer was impeded by confining clay beds, which
caused a pressure head in the deep parts of the aquifer sys-
tem. Because of the pressure head, wells that penetrated the
deep aquifer in low-lying areas near the rivers and marshes
flowed during the early years of ground-water development in
the valley.
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POSTDEVELOPMENT GROUND-
WATER FLOW SYSTEM

By the early 1960, intensive ground-water development
had significantly lowered water levels and altered ground-wa-
ter flow patterns in the Central Valley aquifer system. By far
the most dramatic impact of development was in the San
Joaquin Valley, where water-level declines in the confined part
of the aquifer system were locally more than 400 feet (fig. 82).
Although predevelopment flow was toward the San Joaquin
River throughout most of the basin, large withdrawals from
deep wells in the western and southern parts of the aquifer
system changed the direction of horizontal flow in the confined
part of the system until the water moved toward the withdrawal
centers (fig. 83). Also, because the magnitude of the withdraw-
als caused hydraulic heads in the confined parts of the aqui-
fer system to fall far below the altitude of the water table (fig.
84), the vertical hydraulic gradient was reversed over much of
the San Joaquin Valley. As a result, much of the water in the
upper unconfined zone of the aquifer system that flowed lat-
erally toward the river under predevelopment conditions leaked
downward through the confining beds into the lower confined
aquifer after development (fig. 85).

Concurrent with an increase in surface-water imports in
the early 1970’s, ground-water withdrawals in the northern part
of the Central Valley aquifer system decreased, which allowed
ground-water levels in many areas to recover in the confined
part of the aquifer system (fig. 86), in some cases to pre-1960
levels. However, in the San Joaquin Valley large withdrawals
continued, especially in the western and southern parts of the
valley, and water levels continued to decline. With few excep-
tions, the ground-water flow patterns in the aquifer system to-
day (1995) are the same as those in the mid-1970’s.

Ground-water development in the San Joaquin Valley has
reduced the effectiveness of the confining beds within the
aquifer. Thousands of wells with casings perforated for much 400

of their length have been drilled through the clay confining
units. Where these wells are open to the unconfined and con-
fined aquifers, they allow virtually unrestricted vertical flow
through the well bore (fig. 87). The amount of water that flows
downward through one large-diameter well has been estimated
to be equivalent to the natural leakage through the “E-clay”
over an area of approximately 7 square miles. During the peak
of the withdrawal season, the net downward flow may be, on
average, as much as 0.3 cubic foot per second per well.
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WELL DEPTHS AND YIELDS
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Hydraulic-head change in the
lower confined aquifer
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Well depths in the Central Valley aquifer system are de-
termined by the depth of permeable aquifer material and by
the quality of the ground water. In general, wells are usually

q

less than 500 feet deep in the Sacramento Valley but are as +10to 0 =
deep as 3,500 feet in the San Joaquin Valley. The greater depth 0 to -40 e
of wells is a result of the low permeability of the sands in the .40 to -80 0"
unconfined aquifer in the western and southern San Joaquin 80 el
: . . . . -80 to -120
Valley and of highly mineralized water and water high in sele- -
3 : 5 : -120 to -200
nium in the upper parts of the aquifer system in the western o
i -200 to -300
San Joaquin Valley. 2 SR T
-300 to -400

WEell yields of more than 1,000 gallons per minute are
commonly obtainable throughout the aquifer system. The av-
erage yield of wells in the Sacramento Valley is approximately
800 gallons per minute, but yields as large as 4,000 gallons
per minute have been recorded. The average yield of wells in
the San Joaquin Valley is about 1,100 gallons per minute, and
the maximum expected yield is about 3,200 gallons per
minute.
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Figure 82. Ground-water withdrawals from 1860 to
the 1960’s caused water levels in the confined part of the
aquifer system to decline over most of the Central Valley,
in some areas more than 400 feet.
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Fig ure 83. Agricultural use of ground water from the late
1800’s to the 1960’s dramatically altered the ground-water flow
pattern in the Central Valley aquifer system. Water in the deep
confined parts of the aquifer system once flowed toward surface
water bodies in the center of the valley, but now discharges in large
part at pumping centers, notably those in the western and southern
parts of the San Joaquin Valley.
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Figure 84. The large rate of withdrawal in the deep confined
parts of the aquifer system has caused the hydraulic head to fall far
below the altitude of the water table over much of the Cental Valley.
By 1961, the difference in head was more than 400 feet in some
parts of the San Joaquin Valley.

tically altered flow patterns in the San
Joaquin Valley. Under unstressed
predevelopment conditions (A), the
normal flow pattern was from the
confined parts of the aquifer system
toward the axis of the valley and up-
ward toward surface-water bodies.
Large withdrawals have lowered the
hydraulic head in the confined parts
of the aquifer system (B), thus result-
ing in the downward movement of
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Fi igure 86. Asaresult of increased surface-water importation
during the 1960’s and 1970’s, ground-water withdrawals were
reduced and water levels rose in the deep confined aquifer in many
areas from 1961 to 1976. Howeuver, declines continued in the south-
ern part of the San Joaquin Valley.
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Figure 87. Before development (A), most of the water in the

Central Valley aquifer system moved laterally through the aquifers EXPLANATION
but a small quantity leaked upward through the intervening - =
confining unit. Deep wells that are screened above and below and

confining units (B) allow the passage of water between the shallow
unconfined and the deep confined parts of the aquifer system; this
reduces the effectiveness of the confining units. The dramatic
lowering of hydraulic heads in the confined parts of the aquifer
system has resulted in a large net downward movement of water
through the well casings.
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WATER BUDGET OF THE
AQUIFER SYSTEM

A water budget is a method of quantitatively accounting
for water movement in a hydrologic system. A computer-simu-
lated approximation of the annual Central Valley aquifer sys-
tem water budget under predevelopment and development
conditions is shown in figure 88. The figure depicts only wa-
ter that circulates through the aquifer system and does not
account for water that enters the valley but does not interact
with the aquifer system. This excludes most surface-water flow
and water that is lost to evaporation almost immediately after
it falls on the valley floor.

Before development, the net circulation through the aqui-
fer system was approximately 2 million acre-feet per year (fig.
88A). Of an average annual 12.4 million acre-feet of precipi-
tation that fell on the valley floor, 10.9 million acre-feet was
lost to evaporation because of the arid conditions that char-
acterize the valley; thus, only 1.5 million acre-feet of precipita-
tion entered the aquifer system as recharge. Water that moved
from surface-water bodies to the aquifer system provided the
remaining 500,000 acre-feet per year of recharge. The re-
charge was balanced by discharge from the aquifer system to
rivers (300,000 acre-feet) and evapotranspiration (1.7 million
acre-feet).

Development added two components to the water bud-
get—withdrawals and return flow from irrigation—and in-
creased the volume of water that flowed through the ground-
water system approximately sixfold from 1961 through 1977.
Ground-water withdrawals for irrigation, municipal supply, and
industrial use totaled about 11.5 million acre-feet annually.
Seepage from irrigation returned about 9 million acre-feet to
the ground-water system (fig. 88B). During the period 1961
through 1977, the rate of ground-water withdrawals from the
aquifer system was greater than the net recharge from all
sources. Withdrawals in excess of recharge resulted in a loss
of water from storage in the aquifer of 800,000 acre-feet per
year. In the case of the Central Valley aquifer system, some of
the loss from storage is permanent because some of the wa-
ter was removed from beds of fine-grained materials, which,
when drained, become compacted and cannot store water
again. Compaction of fine-grained materials led to land sub-
sidence in the Central Valley. By the late 1970’s, however, suf-
ficient surface-water supplies were imported by aqueducts to
reduce substantially the volume of ground water that was with-
drawn. Although some additional surface water has been im-
ported since 1977 and ground-water withdrawals have slightly
decreased, the water budget shown in figure 88B is represen-
tative of current (1995) conditions.
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Figure 88. Before development, annual net circulation through
the Central Valley aquifer system was estimated to be 2 million acre-
feet (A). Ground-water withdrawals, primarily for irrigation, and
seepage to the aquifer from irrigation had increased the circulation
by approximately 9 million acre-feet during 1961 through 1977 (B).
The difference between the volume of water withdrawn and the net
recharge to the aquifer was about 800,000 acre-feet and came from
a reduction in the water in storage in the aquifer.



FRESH GROUND-WATER
WITHDRAWALS

Ground-water withdrawal from the Central Valley aquifer
system varies seasonally. The highest demand is generally
during the peak growing season in spring and summer, which
are the driest seasons of the year. Demand for ground water
is greatest in the semiarid San Joaquin Valley where natural
recharge is least. Withdrawal rates increase significantly dur-
ing dry years (fig. 89).

Ground water accounted for only a small part of the water
withdrawn for irrigation before 1900. Streams and distribution
canals supplied most of the demand. However, the need to con-
tinue irrigation in dry years when surface-water supplies are
undependable, as well as the expansion of agriculture into
areas distant from surface-water sources, prompted increased
ground-water development. By the 1960’s, ground-water with-
drawals from the Central Valley aquifer system averaged 11.5
million acre-feet per year, which was one-half or more of the
water withdrawn from all sources (fig. 90) and was about 20
percent of the total irrigation withdrawals for the entire United
States. During that same period, withdrawals for domestic and
industrial uses accounted for about 5 percent of all ground-
water withdrawals in the Central Valley. Historically, the larg-
est withdrawal of ground water—15 million acre-feet—was
during 1977, a drought year.

Increased importation of surface water for irrigation since
1977, as well as generally wetter weather through 1985, re-
sulted in decreased ground-water withdrawals. During 1985,
ground water accounted for only about 37 percent of the total
withdrawals in the Central Valley (fig. 91); total ground-water

withdrawals were 10.1 million acre-feet (fig. 92). Of that
amount, agricultural withdrawal accounted for 8.8 million acre-
feet, all of which was used for irrigation (fig. 92A). This amount
was about 11.5 percent of all ground water withdrawn in the
United States for all purposes during 1985. The remaining 1.3
million acre-feet was used for public supply and industrial
purposes, and by domestic and commercial users. Almost one-
half of the water was withdrawn from the Tulare Basin (fig.
92B).

Although gains have been achieved by importing surface
water from areas of surplus to areas of deficit, projected water
needs in the San Joaquin Valley may require temporary with-
drawal of ground water in excess of recharge in the future. The
California Department of Water Resources has estimated that
by 2010 demand for water in the Sacramento Valley, the San
Joaquin Valley (exclusive of the Tulare Basin), and the Tulare
Basin would be 7, 8, and 9 percent greater, respectively, than
1980 demands. The Sacramento Valley is expected to have
sufficient supplies to meet agricultural demand until at least
2010. However, without increased surface-water imports, the
San Joaquin Valley (exclusive of the Tulare Basin) and the
Tulare Basin might require withdrawals of 150,000 and
2,400,000 acre-feet per year, respectively, in excess of re-
charge. Those estimates probably underestimate additional
increased demand that would result from sustained dry
weather. Occasional large withdrawals from an aquifer are a
viable solution to the problem of reduced surface-water sup-
plies in dry periods, provided the aquifer is replenished during
wet years. However, continual withdrawal of ground water in
excess of recharge can increase the cost of pumping, reduce
water availability, and, in certain hydrogeologic settings, can
cause land subsidence.
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Figure 89. Withdrawal rates from the Central Valley aquifer
system are greatest in the San Joaquin Valley during years of near
normal precipitation (A) and less than normal precipitation (B).
Decreased recharge and reduced surface-water supplies in dry years
result in increased ground-water withdrawals, as in 1977.
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Figure 90. The volume of surface water used for irrigation
has increased since the early 1960’s in response to withdrawal
of ground water in excess of natural recharge. In dry years such
as 1977, howeuver, the increased withdrawal of ground water is
unavoidable.
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Figure 91. Ground-water withdrawals from the Central Valley
aquifer system were about 37 percent of total freshwater
withdrawals during 1985.
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Figure 92. Agricultural irrigation is by far the major ground-

water use in the Central Valley (A). More ground water is

withdrawn in the Tulare Basin than elsewhere (B), because the

basin is the driest area of the valley.
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Fig ure 93. Land subsidence has affected large areas of the
Central Valley. Most of the subsidence is the result of compaction
of fine-grained sediments, which has been caused by large with-
drawals of ground water.

LAND SUBSIDENCE

Land subsidence is widespread in the Central Valley (fig.
93), and has resulted in damage to buildings, aqueducts, well
casings, bridges, and highways; has caused flooding; and has
cost millions of dollars. The three processes that caused most
of the subsidence are oxidation and compaction of peat,
hydrocompaction, and compaction of fine-grained sediments
due to withdrawal of ground water in excess of recharge. Of
these, the third process has caused the most widespread and
severe subsidence.

Human-induced subsidence probably began in the middle
1800’s when peat soils in marshes of the Sacramento-San
Joaquin Delta were first drained for cultivation. In the delta,
shallow ground water is drained into ditches to dry the fields
before planting and then pumped from the ditches into nearby
natural channels. During the growing season, water is siphoned
back into the drainage ditches to raise the water table to the
root zone. When the peat soils are drained and exposed to the
atmosphere they oxidize and compact, and (or) are reduced
in thickness by wind erosion; thus, the land surface is perma-

Modified from
Williamson and
others, 1989

nently lowered with each yearly cycle. To dry the fields each
year, the water table must be lowered below that of the previ-
ous year, which requires an increase in withdrawals and a
decrease in the volume of ground water in storage. Subsidence
due to oxidation and compaction of peat soils has lowered the
land surface in the delta as much as 6 to 15 feet.

Hydrocompaction is caused when formerly unsaturated
soils become saturated, which allows the soil particles to re-
orient into a more compact form. Irrigation of clayey alluvial-
fan soils has resulted in hydrocompaction and subsidence of
3 to 15 feet on the western and southern margins of the San
Joaquin Valley (fig. 93). Soils in many areas crossed by the
California Aqueduct were intentionally hydrocompacted before
aqueduct construction to avoid subsidence problems. Subse-
quent subsidence due to hydrocompaction in these areas has
been minimal.

The primary cause of land subsidence in the Sacramento
and the San Joaquin Valleys has been the compaction of fine-
grained sediments (predominantly clay) in the aquifer system
following severe, long-term withdrawal of ground water in ex-
cess of recharge (fig. 93). The amount of such subsidence in
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Fig ure 94. Some of the most severe recorded land subsid-

ence in history occurred in the western San Joaquin Valley near
Mendota, where the land surface has subsided nearly 30 feet.

an area is related to the amount of withdrawal and the percent-
age of the withdrawal zone composed of clay beds. Compac-
tion occurs when the hydraulic head in the confined parts of
the aquifer system is lowered, thus reducing the hydraulic head
in the clay beds, which, in turn, reduces the pore pressure in
the clay. The weight of overlying sediments compacts the clay
and squeezes water out of the clay until equilibrium is reached
with the pore pressure in the clay. Compaction seems to hap-
pen more readily when the wells are open only to the confined
part of the aquifer system than when they are open to the
shallow water-table aquifer as well. When ground water is with-
drawn from above and below the confining units, head differ-
ential is less between the shallow and deep aquifers and re-
duction in pore pressure in the clay is less.

Subsidence due to compaction of fine-grained sediments
began in the San Joaquin Valley in the 1920’s and in the Sac-
ramento Valley in the 1950’s. The area most affected has been
in the southern and western parts of the San Joaquin Valley
(fig. 93). Approximately one-half of the valley, or about 5,200
square miles, had subsided at least 1 foot by 1977; the total
volume of subsidence was greater than 17 million acre-feet.
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Figure 95. Compaction of fine-grained sediments in the Central
Valley aquifer system occurred before 1975, as water levels declined
because of ground-water withdrawals. However, compaction ceased
as water levels recovered when withdrawals decreased. Increased
withdrawals during the 1976 -77 drought again caused com-
paction, which ceased, and was even reversed in 1978, as with-
drawals were reduced.

The land surface declined nearly 30 feet from the 1920’s to
the late 1970’s in an area southwest of Mendota (fig. 94).
Importation of surface water and reduction in ground-water
withdrawals during the 1970’s slowed or stopped the decline
of ground-water levels. In many cases, this allowed recovery
to pre-1960’s water levels and prevented further land subsid-
ence.

Compaction and declining water levels are directly related
(fig. 95). As water levels declined severely during the 1960’s,
fine-grained sediments lost water from pore spaces and be-
came compacted. When withdrawal rates decreased and wa-
ter levels were allowed to recover, compaction rates slowed
significantly. Increased withdrawals during the 1976-77
drought caused additional subsidence, some of which was the
result of compaction of coarse-grained sediments. When wa-
ter levels recovered, the fine-grained sediments remained com-
pacted; however, the land surface rebounded in 1978 because
the compacted coarse-grained sediments regained some of
their original volume when the former or near former pore
pressure was attained.
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LAND SUBSIDENCE — Continued

EXPLANATION
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Figure 97. By 1977, the volume of subsidence was more than
17 million acre-feet in the San Joaquin Valley. In the Los Banos —
Kettleman City area, one-third of the volume of ground water with-
drawn came from water that had been stored in the fine-grained
sediments.
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Figure 96. The places in the Central Valley affected most
severely by land subsidence are the Los Banos—HKettleman City,
the Tulare-Wasco, and the Arvin—Maricopa areas.
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Figure 98. The thickness of the Central Valley aquifer system
that is saturated with freshwater is greatest in the San Joaquin
Valley, where freshwater extends to a depth of more than 4,000 feet
below land surface.

GROUND-WATER QUALITY

The thickness of aquifer saturated with freshwater (water
with less than 1,000 milligrams per liter dissolved-solids con-
centration) in the Central Valley aquifer system varies greatly
(fig. 98) and depends, for the most part, on the depth to and
permeability of the rocks that underlie continental deposits.
In the Sacramento Valley, the base of freshwater generally
coincides with the base of continental deposits. The several
isolated lenses of saline water that are within the freshwater
zone may be evaporation residues or estuarine water that was
trapped by subsequent sedimentation. The depth to the base
of freshwater is as much as 2,500 feet in the Sacramento
Valley.

In the San Joaquin Valley, the pattern is more complex.
Freshwater is mainly in continental deposits, but also is in
Tertiary marine rocks on the southeastern side of the valley
and in pre-Tertiary igneous and metamorphic rocks. However,
sediments of continental origin are the primary source of fresh-
water. The thickness of aquifer saturated with freshwater in the
San Joaquin Valley ranges from 100 to more than 4,000 feet
(fig. 98).

Freshwater is available throughout most of the Central
Valley. The concentration of dissolved solids in the ground
water reflects the general chemical character of water in the
streams that recharge the aquifer system. Dissolved-solids
concentrations in the streams, in turn, are directly related to
the type of rocks that form the mountains in which the streams
rise. Stream water from the Cascade Range and the Sierra
Nevada, which are underlain primarily by igneous rocks, has
much smaller dissolved-solids concentrations than water from
the Coast Ranges, which are underlain by marine sedimentary
rocks. Thus, ground water in the Sacramento Valley and the
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Figure 99. Ground water in most of the confined aquifers
is fresh; howeuver, in some areas of the southwestern San Joaquin
Valley, the water has large concentrations of dissolved solids.

east side of the San Joaquin Valley has generally smaller dis-
solved-solids concentrations than water from wells on the west
side of the valley (fig. 99).

In general, dissolved-solids concentrations increase with
depth in the Central Valley aquifer system. Therefore, the gen-
erally deeper wells in the western and southern parts of the San
Joaquin Valley are likely to produce water with larger dissolved-
solids concentrations than the generally shallower wells in the
Sacramento Valley and the eastern part of the San Joaquin Val-
ley.

Ground water in agricultural areas can become excessively
saline and damaging to crops because evaporation of sprayed
irrigation water and evapotranspiration of soil moisture and
shallow ground water leaves behind dissolved salts. As a re-
sult, the concentration of salts in the soil and shallow ground
water increases and may reach levels detrimental to plant
growth. Shallow irrigation wells worsen the problem by recir-
culating the saline shallow ground water, thus accelerating the
process. The only remedy for this problem is to provide sub-
surface drainage to remove the shallow saline ground water.

The potential for crop damage due to saline irrigation-
return flow is widespread in the Sacramento-San Joaquin
Delta and the San Joaquin Valley (fig. 100). Although several
individual irrigation return-water drainage systems are oper-
ated, no current (1995) valleywide system removes shallow
saline ground water. An estimated 400,000 to 700,000 acres
of arable land may be lost by 2010 because of increasing soil
and water salinity with an accompanying loss of from $32
million to $320 million annually.

Soils on the western side of the San Joaquin Valley are
derived primarily from the marine rocks that form the west-

ern boundary of the aquifer system and contain relatively large -

amounts of selenium, which also is in ground water in the

Figure 100. Evapotranspiration of recirculated irrigation water
increases the dissolved-solids concentration, and the water may
become too saline for salt-intolerant crops. Salinity is a problem in
many localities, and the potential for crop losses exists over most

of the southern two-thirds of the Central Valley.

marine rocks and is concentrated in the soil by evapotranspi-
ration. Excess irrigation water applied to leach salts from the
soil, thus preventing salt buildup, leaches selenium from the
soil and the marine rocks and transports it to shallow ground
water or surface drains. Water that contains dissolved-selenium
concentrations of 1,400 micrograms per liter is in some of the
regional surface drains, and a concentration of 4,200 micro-
grams per liter was reported in water from the drainage system
on one farm. Concentrations of dissolved selenium as large as
3,100 micrograms per liter have been detected in shallow
ground water in the western part of the San Joaquin Valley; the
largest concentrations are west of the San Joaquin River flood
plain.

Although large local concentrations of selenium are in the
western part of the San Joaquin Valley, evidence that drink-
ing-water supplies in the Central Valley are currently (1995)
at serious risk because of selenium contamination is lacking.
The large selenium concentrations in the western part of the
San Joaquin Valley are known only to be in the shallow ground
water and not in the deeper parts of the aquifer system from
which most wells that supply municipalities obtain water. A
1986 survey of wells outside of the western part of the San
Joaquin Valley indicated selenium concentrations to be larger
than 10 micrograms per liter in water from only 3 of 113 wells
sampled in the Central Valley (fig. 101).

Boron is an essential micronutrient but may be toxic to
sensitive plants in concentrations as low as 0.5 milligram per
liter. Currently (1995), the U.S. Environmental Protection
Agency has no standards for boron in drinking water. Boron
is found in concentrations potentially harmful to plants in the
northern and southwestern parts of the Sacramento Valley and
in the Tulare Basin in the extreme southern part of the San

selenium levels that exceed drinking-water standards are in three
wells in the Sacramento Valley; potentially toxic levels of heavy
metals are in the western part of the San Joaquin Valley; and the
pesticide dibromochloropropane has been detected throughout
the San Joaquin Valley.

Joaquin Valley (fig. 101). Large concentrations of boron also
have been detected in shallow ground-water in the western part
of the San Joaquin Valley. Chromium and mercury have been
detected in shallow ground water in the western part of the San
Joaquin Valley at levels that exceed U.S. Environmental Pro-
tection Agency standards for protection of aquatic life.

Excessive concentrations of nitrate in water are potentially
harmful to infants and young children, and the maximum rec-
ommended for drinking water by the U.S. Environmental Pro-
tection Agency is 10 milligrams per liter. Some crops may be
affected by nitrate concentrations as low as 5 milligrams per
liter. During a survey conducted in 1983, nitrate levels in
ground water were found to exceed 10 milligrams per liter in
three areas in the Sacramento Valley (fig. 101). The contami-
nated wells were shallow, and the source of nitrate pollution
was attributed to effluent from waste-treatment facilities, dis-
charge from septic tanks, or leaching of nitrogen fertilizers.
Occurrences of nitrate in concentrations of greater than 5
milligrams per liter are sporadic in the San Joaquin Valley and
seem to be confined mainly to the shallow parts of the aqui-
fer. The contamination is usually attributable to local sources,
such as septic tanks, feed lots, and dairies.

Agricultural use of pesticides is widespread in the Cen-
tral Valley. Dibromochloropropane (DBCP), which is a poten-
tial carcinogenic nematocide, is in ground water in every
county in the San Joaquin Valley (fig. 101), and has been de-
tected in 2,522 of 8,190 private and public-supply wells
sampled from 1979 through 1984; in California, DBCP has
been outlawed from use since August 1977. At least 50 other
pesticides, including 1,2-dichloropropane and ethylene
dibromide, had been detected in ground water in the Central
Valley by 1984.



INTRODUCTION

The California. coastal region has been subjected to in-
tense tectonic forces for millions of years. Folding, faulting of
marine sediments, and associated volcanism resulted in the
formation of the Klamath and the Salmon Mountains in north-
ern California and the Coast Ranges that extend along most
of the California coast. Terrestrial, marine, and volcanic rocks
deposited in intermontane valleys compose the aquifers herein
called the Coastal Basins aquifers (fig. 102). The California
Department of Water Resources considers more than 100
coastal basins to be “significant” because of the amount of
ground water potentially obtainable or the scarcity of surface-
water sources in a basin. Nearly all of the large population cen-
ters in California are located in the coastal basins.

The climate along the coast of California is moderated by
the Pacific Ocean and is essentially Mediterranean, character-
ized by cool winters and warm summers. Precipitation is sea-
sonal and usually in the form of rain. The greatest amounts
of precipitation fall during late autumn, winter, and early spring.
Precipitation amounts are greatest in northern California and
progressively decrease southward. Altitude also influences
precipitation patterns; the greatest amounts of precipitation fall
in the mountains. Potential annual evaporation in the valleys
~ exceeds annual precipitation from San Francisco Bay south-
ward. As a result, most unregulated rivers in southern Califor-
nia are dry in their lower reaches during the summer months.

GEOLOGIC SETTING

The intermontane basins in the coastal mountains of
California are structural troughs or depressions that parallel the
coastline and formed as a result of folding and faulting (fig.
103). Most of the folds and faults trend northwestward and
result from the deformation of older rocks by the intense pres-
sures of colliding continental plates. The rocks that underlie
the basins and form the surrounding mountains are primarily
marine sediments and metamorphic and igneous rocks, all of
which are of Mesozoic age but locally include rocks of Ceno-
zoic age.

The basins are partly filled with unconsolidated and
semiconsolidated marine sedimentary rocks that were depos-
ited during periodic encroachment of the sea and with un-
consolidated continental deposits that consist of weathered ig-
neous and sedimentary rock material which was transported
into the basins primarily by mountain streams. These marine
sediments and continental deposits are tens of thousands of
feet thick in some basins. In the basins just north of San Fran-
cisco Bay, permeable basalt and tuff compose a portion of the
materials overlying the older consolidated rocks. In most ba-
sins, however, almost all of the permeable material consists
of unconsolidated continental deposits, primarily sand and
gravel (fig. 103).

GEOHYDROLOGIC SETTING

In all the basins, most of the freshwater is contained in
aquifers that consist of continental deposits of sand and gravel
that might be interbedded with confining units of fine-grained
material, such as silt and clay. The aquifers and confining units
compose an aquifer system. Water enters a typical coastal-
basin aquifer in several ways. Runoff from precipitation in the
surrounding mountains infiltrates the permeable sediments of
the valley floor either at the basin margins or through stream-
beds where the water table is lower than the water level in the
stream. Precipitation that falls on the valley floor provides
some direct recharge, but in the coastal basins, most of the
precipitation evaporates or is transpired by plants. In a few
basins that are hydraulically connected to other basins, water
can enter an aquifer system as lateral subsurface flow from an
adjacent basin. Of these methods of recharge, runoff from the
mountains and percolation through streambeds provide the
largest amounts of water to the ground-water system.

Natural movement of water in the aquifers is generally
parallel to the long axis of the basin (fig. 103) because of
impermeable rocks that commonly form a barrier between the
basin and the sea. However, in a few coastal basins, most
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Figure 104. The Eureka area basins, located along the moist,
heavily forested, sparsely populated northern California coast,
consist of unconsolidated deposits and are bounded by
consolidated and semiconsolidated rocks.

notably in the Los Angeles-Orange County coastal plain, the
coastal barrier is absent, and the natural direction of flow is
perpendicular to the long axis of the basin or from the inland
mountains to the sea. Before major development, ground water
in all the basins discharged directly into the ocean or into bays
connected to the ocean. After development, however, most or
all the ground water is withdrawn by wells in the basins.

Although all the coastal basins have similar hydrogeologic
settings, each is different in its geologic history and land- and
water-use characteristics. Because it is beyond the scope of
this Atlas to describe all of the coastal basin aquifers, only the
basins with the largest ground-water withdrawals are described
in this section.

FRESH GROUND-WATER USE
AND MANAGEMENT

During the early years of ground-water development in the
coastal basins, from the 1850’s to early 1900’s, the principal
use of water was for irrigated agriculture. Although agricultural
ground-water use remains substantial, urbanization has gradu-
ally replaced most agricultural land in the larger basins and
the greatest collective ground-water demand is now for pub-
lic supply. The largest water users are cities and suburbs from
San Francisco southward, but because of the unequal distri-
bution of rainfall, most of the freshwater is in northern Cali-
fornia. Accordingly, it has become necessary to regulate
streamflow and import water into many coastal basins from
the Sierra Nevada, the Colorado River, the Owens Valley, and
northern California through an extensive system of aqueducts.

For many years, rapidly growing populations in several
basins resulted in ground-water withdrawals that exceeded
natural recharge on a long-term basis; this led to marked
water-level declines. The consequences of these excessive
withdrawals ranged from mild, such as increased pumping
costs, to severe, such as land subsidence and seawater intru-
sion. Today (1995), ground water in the coastal basins of
California is carefully managed. The current supply of water
from all sources, including imported water, approximately
balances demand. However, because the natural recharge to
many basins, especially southward from the San Francisco
Bay area, is far less than the volume of ground water currently
(1995) withdrawn, increases in population will require either
additional imports, more conservation, an increase in the
amount of water now reclaimed, or a combination of all three.
More than any other environmental factor, water availability will
likely determine the size of the population these basins can
support.

EUJREKA AREA BASINS

The Eureka area basins, which consist of the Mad River
Valley, the Eureka Plain, and the Eel River Valley, are located
southwestward of the Klamath Mountains at the north end of
the Coast Ranges (fig. 104). The basins are not densely popu-
lated; agriculture and timber are the major industries in the
area, and pastureland accounts for most of the agricultural
acreage.

The predominant feature of the Eureka area is Humboldt
Bay, which is separated from the ocean by spits. Humboldt
Bay, the northern end of which is known as Arcata Bay, ex-
tends 12 miles parallel to the coastline and is 0.5 to 4 miles
wide. The land on the inland side of the bay is flat to gently
rolling. The shoreline of the bay has a well-developed beach
from which dunes extend inland a short distance over the al-
luvial plain.

The major streams that drain the area are the Eel River,
which flows into the Pacific Ocean south of Humboldt Bay, and
the Mad River, which flows into the Pacific Ocean north of the
bay. Several small streams also flow into Humboldt Bay. All
the streams are tidally influenced and have brackish-water
marshes and mud flats along their banks for as much as 1 to
2 miles inland.

Coastal northern California has a Temperate Oceanic cli-
mate, which is characterized by moderate temperature and
precipitation. Dense fog is frequent and tends to attenuate
temperature fluctuations. The average annual precipitation at
Eureka is approximately 40 inches per year, most of which falls
during the autumn and winter months. Precipitation increases
with altitude, and amounts are greater inland in the foothills
and mountains.

Aquifers and Confining Units

Unconsolidated deposits of sand, gravel, silt, and clay,
which are Pliocene and younger and primarily of alluvial ori-
gin, compose the Eureka area aquifers (fig. 104). Near the
coast, the alluvial deposits interfinger with estuarine sediments
and locally are underlain by marine sediments. The thickness
of the unconsolidated deposits ranges from only a few feet to
as much as 1,000 feet (fig. 105). The unconsolidated depos-
its range from coarse to fine grained. The most permeable
deposits are surficial alluvium and dune sands. Virtually all
fresh ground water is withdrawn from these deposits, but
deeper beds yield water in some places. The permeability of
the unconsolidated sediments varies with location, however,
and well yields vary accordingly. Consolidated and semicon-
solidated rocks of minimal permeability form the boundaries
of the aquifer system.

Distinct confining units are scarce in the unconsolidated
deposits, but large total thicknesses of fine-grained sediments
can impede vertical flow sufficiently to create an increase in
hydraulic head with depth. Consequently, depending upon the
permeability and depth of the water-yielding deposits at a
particular location, ground water can be under either confined
or unconfined conditions.
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located in the valleys of the Klamath Mountains and
the Coast Ranges and are distributed along the
Pacific coast of California.

Figure 103. The
valleys that contain the
Coastal Basins aquifers
are formed by structural
troughs that are typically
filled with thousands of feet
of marine and continental sedi-
ments. In the majority of the valleys,
the natural ground-water flow follows
the axis of the troughs. Recharge to the
aquifers is mostly by precipitation that runs
off from the surrounding mountains and infil-
trates as leakage through streambeds; some
recharge is from rain that falls directly on the
valley floor.

EXPLANATION

- Unconsolidated continental
deposits of permeable
sand and gravel

Impermeable clay

The primary fresh ground-water body in the Eureka area
is in the Eel River Valley, where ground water under unconfined,
or water-table, conditions is available nearly everywhere at
depths of 30 feet or less. An exception is in the vicinity of
Ferndale, where sediments are fine grained, have minimal
permeability, and yield little water to wells except near the
mouths of streams, where the sediments are coarse grained
and fluvial. A perched water table is above clay beds that form
a local confining unit in terrace deposits near the Eel River.
Water in the deeper parts of the aquifer in the Eel River Valley,
near Humboldt Bay in the Eureka Plain, and in the Mad River
Valley, between Eureka and Arcata, is under confined or par-
tially confined conditions

Ground-Water Movement

The aquifer is recharged primarily by runoff from the hills
that surround the stream valleys and by seepage from the
upper reaches of streams. Minor recharge is by lateral move-
ment of water from adjacent rocks and by direct precipitation.
Deeply-buried sediments are recharged by precipitation where
they crop out and by leakage from shallower water-yielding
beds to which they are hydraulically connected, especially
where withdrawals from the deep sediments are sufficient to
cause a downward hydraulic gradient. Ground-water movement
in the surficial deposits is generally toward the coast (fig. 106),
where the water mostly discharges into estuarine reaches of
the rivers; some water discharges directly into Humboldt Bay
or the Pacific Ocean, or is withdrawn by wells. Water in the
deeper sediments is discharged by vertical flow to shallower
deposits where the hydraulic gradient is upward, or is with-
drawn by deep wells.

Fresh Ground-Water Withdrawals

Irrigation of pastureland accounts for most ground-water
use in the Eureka area, followed by withdrawals for industry
and public supply. Most of the withdrawals for irrigation are in
the coastal plain of the Eel River Valley. The cities of Eureka
and Arcata use surface water for their public supplies, whereas
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many of the smaller communities use ground water. Total es-
timated ground-water withdrawals during 1972 were 9,000
acre-feet in the Mad River Valley, 15,000 acre-feet in the Eu-
reka Plain, and 10,000 acre-feet in the Eel River Valley. This
is more than double the estimated total withdrawal of 15,000
acre-feet during 1952, but current (1995) rates of ground-
water withdrawal do not appear to be in excess of natural re-
charge. Therefore, no shortage of water is likely as long as
surface-water supplies remain adequate to supply municipal
demands.

Ground-Water Quality

The quality of ground water in the Eureka area is gener-
ally acceptable for most uses, although concentrations of dis-
solved iron in water from many wells may exceed the U.S.
Environmental Protection Agency’s secondary drinking-water
recommendation of 300 micrograms per liter. Chloride con-
centrations in excess of the 250 milligrams per liter drinking-
water recommendation are reported in water from wells near
the Eel River as much as 4 miles inland from the Pacific Ocean,
suggesting that the source of the chloride is brackish water
from the tidal reaches of the river. Shallow wells in the dune
sands also are prone to seawater intrusion because they must
obtain freshwater from a thin lens that floats on saltwater.
Excessive withdrawals or minimal recharge lower the freshwa-
ter head in the dunes and allow salty water to be drawn into
wells.
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NORTH SAN FRANCISCO BAY
AREA VALLEYS

Among the Coast Ranges north of San Francisco Bay are
several valleys underlain by aquifers from which moderate to
large volumes of water are withdrawn (fig. 107).The Petaluma,
the Sonoma, the Napa, and the Suisun-Fairfield Valleys drain
into San Pablo Bay, and the Santa Rosa Basin drains into the
Russian River, which empties into the Pacific Ocean.

The north San Francisco Bay area valleys contain a mix-
ture of urban and agricultural lands. Population growth since
the 1970’s has been rapid and urban areas have replaced much
of what was formerly agricultural land. Nonetheless, agricul-
ture remains important to the local economy. Orchard crops
are a significant part of the total agricultural output but are
being replaced in many areas by vineyards. Many formerly
unplanted hillsides now grow wine grapes.

Ground-water supplies in the area are limited by local
availability and, to a degree, by the quality of the water. Most
of the water used in the area is surface water, much of which
is either derived from the Russian River or imported from the
Central Valley. Ground water, however, remains the primary
source of supply for agriculture, stock watering, and domes-
tic uses and is an important source for municipal supply.

The five drainage basins of the north San Francisco Bay
area valleys are structural troughs filled to great depths with
marine and continental sediments and volcanic deposits. The
basins each have a flat to gently rolling valley floor formed
primarily on alluvial fan deposits. The slope of the fan steep-
ens near the foothills at the base of the surrounding mountains.
Some streams that drain mountain valleys are perennial only
in their upper reaches because the water table falls below the
level of the streambed during the dry season. The lower stream
reaches are seasonally intermittent.

The North San Francisco Bay area has a Mediterranean-
type climate, characterized by moderate temperatures and
markedly seasonal precipitation that falls primarily during late
autumn to early spring. Precipitation amounts are dependent
on altitude, with average annual amounts that range from less
than 20 inches in some valley locations to more than 60 inches
in the higher elevations of the Coast Ranges.

Aquifers and Confining Units

The principal water-yielding materials in the north San
Francisco Bay area valleys are unconsolidated and
semiconsolidated marine and continental sediments and
unwelded tuffaceous beds in volcanic rocks (fig. 108). Con-
solidated rocks of Cretaceous and Jurassic age that underlie
the entire area have little permeability and form the boundaries
of the ground-water flow system. The permeability and extent
of water-yielding deposits varies considerably. In all the val-
leys, alluvial-fan deposits and stream-valley alluvium compose
the major part of the aquifer. Locally, marine and estuarine de-

posits of sand beneath the Santa Rosa and the Petaluma Ba-
sins are an important source of ground water. Volcanic tuff of
Pliocene age in the areas of volcanic rocks shown in figure 108
yields water to wells in the Sonoma and the Petaluma Basins.

Ground water is under unconfined, or water-table, condi-
tions in shallow alluvial deposits and locally where it is near
the land surface in other types of rocks. The ground water is
confined or semiconfined in deeper parts of the alluvial depos-
its and nonalluvial formations. Because of their lenticular na-
ture, water-yielding deposits in the north San Francisco Bay
area valleys are generally discontinuous and isolated. Further,
many of the deep deposits are displaced by faults. As a result,
the valleys are a collection of variously connected and isolated
aquifers. Generally, the alluvial-fan and stream-valley alluvial
deposits in each basin are sufficiently continuous to be con-
sidered single aquifers; however, because of the geologic com-
plexity of the area and the limited availability of data, the ex-
act extent and degree of continuity of many deep aquifers is
unknown.

Ground-Water Flow System

Recharge to the ground-water flow system enters perme-
able sediments at the valley margins primarily as runoff from
precipitation in the mountains and hills that surround the val-
leys. Other sources of recharge are precipitation that falls di-
rectly on permeable deposits in low-lying areas of the valleys
and seepage through streambeds in areas where the water
table is lower than the stream level and the streambed sedi-
ments are sufficiently permeable to permit infiltration into the
aquifers. Discharge is by seepage to gaining reaches of
streams, spring discharge, evapotranspiration, and withdrawals
from wells.

All the basins are drained by streams that are perennial
only in their upper reaches. The lower reaches become dry in
summer because of infiltration where they are underlain by
permeable deposits. The ground-water flow system in most
basins is essentially self-contained, and interbasin transfer of
water is minor.

Ground-water movement generally followed surface-wa-
ter drainage under natural, or predevelopment, conditions (fig.
109). The discontinuous nature of deep water-yielding mate-
rials makes it impossible to construct accurate basinwide
water-level maps. However, the ground-water flow pattern in
deep aquifers is likely to be similar to that of shallow aquifers.
Withdrawals alter the direction of ground-water movement lo-
cally and can affect significant changes in regional flow pat-
terns if withdrawal rates are relatively large. Present-day
(1995) flow patterns, in general, do not differ significantly from
those of predevelopment conditions except locally near with-
drawal centers. Withdrawal in the past, however, has reversed
the freshwater gradient and induced the intrusion of saltwater
in the lower parts of the Napa, the Sonoma, and the Petaluma
Valleys.
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Figure 109. Ground-water movement in each of the basins
generally follows surface-water drainage and moves from higher
to lower altitudes to ultimately discharge into rivers or San Pablo
Bay.
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Figure 110. Seawater intrusion caused by excessive ground-
water withdrawals has been a problem in the lower parts of the
valleys that border San Pablo Bay. An area of large nitrate con-
centrations in ground water is a concern in the Petaluma Valley.
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Figure 107. The north San Francisco Bay area valleys are
located just inland from the Pacific Ocean at the northern end of
San Francisco Bay and are in parts of five contiguous basins, four
of which drain into the bay; the fifth drains directly into the
Pacific Ocean.
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Figure 108. Valley floors are underlain by permeable uncon-
solidated and semiconsolidated sediments and volcanic rocks.
Consolidated sedimentary rocks form boundaries of the aquifers.

Fresh Ground-Water Withdrawals

Surface and ground water are used conjunctively in the
north San Francisco Bay area valleys. Several municipalities
obtain a significant amount of their supplies from imported
surface water, either from the Russian River or the aqueduct
systems that serve San Francisco Bay area cities to the south.
Nonetheless, ground water is used for some municipal supplies,
as well as for irrigation, stock watering, and domestic uses.

Currently (1995), ground-water recharge and discharge
are approximately in balance on an average annual basis in
most areas, and withdrawals in excess of recharge are not
common. However, because of the relatively limited storage
capacity of the aquifers, as well as water-quality concerns, the
amount of additional ground water that can be withdrawn with-
out adverse effects is restricted. Although lowering of the water
table can allow infiltration of additional recharge that might
normally be rejected, withdrawal in excess of recharge can
deplete ground-water reserves and possibly cause the migra-
tion of poor-quality water into wells. Careful monitoring of local
and regional water levels will always be necessary to ensure
proper use of the resource.

Ground-Water Quality

The quality of ground water in the north San Francisco
Bay area valleys is generally suitable for most purposes. How-
ever, some problems, such as locally large concentrations of
chloride, sodium, boron, nitrate, iron, and manganese, might
restrict use of ground water for some applications.

Large concentrations of chloride can make water unusable
for drinking and can also be toxic to plants. Drinking-water
recommendations of the U.S. Environmental Protection
Agency suggest a chloride concentration of less than 250
milligrams per liter. However, chloride in concentrations as low
as 106 milligrams per liter may be toxic to some plants; such
concentrations have been detected in ground water in the
Santa Rosa Basin. Sources of chloride in the north San Fran-
cisco Bay area aquifers include seawater intrusion, thermal
water, and dissolved minerals from marine and volcanic rocks.
The valleys most affected by large chloride concentrations are
the Petaluma, the Sonoma, and the Napa, in which seawater
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intrusion caused by excessive ground-water withdrawals has
been the primary source (fig. 110). Reduced withdrawals and
increased surface-water imports have helped alleviate the
salinity problem.

Excessive sodium in irrigation water can be toxic to plants
and can decrease soil permeability. Possible sources of sodium
in the north San Francisco Bay area valleys include cation
exchange between ground water and clay minerals, upward
migration of salty water along faults, dissolved minerals in
water from marine sediments, thermal water, and seawater
intrusion.

Sodium is often the dominant cation in ground water in
the north San Francisco Bay area valleys and has been re-
ported locally in concentrations in excess of 250 milligrams
per liter, which is sufficiently large to be of concern. The prob-
lem is widespread in the Santa Rosa Basin, where large sodium
concentrations are thought to be related primarily to cation
exchange. The source of excessive sodium in the other four
valleys could be one or all of the sources listed above, but sea-
water intrusion is the primary source in the alluvial-fan deposits
in the southern ends of the Petaluma, the Sonoma, and the
Napa Valleys.

Although essential to plant growth in small amounts,
boron in excess of 0.5 milligram per liter can be stressful or
toxic to many plants, and water with a boron concentration of
greater than 2.0 milligrams per liter is toxic to most plants.
Boron is usually associated with water that has a large sodium
concentration and the sources for boron in the area are gen-
erally the same as for sodium. Ground water that has a boron
concentration of 0.5 milligram per liter or larger is found in
scattered wells throughout the north San Francisco Bay area.

The presence of nitrate in ground water is usually an in-
dication of contamination by septic tanks, fertilizers, or waste
from farm animals. Large nitrate concentrations can cause
methemoglobinemia (a blood disease) in infants, and State
drinking-water standards in California have been set at 45
milligrams per liter of nitrate, or 10 milligrams per liter nitro-
gen. Nitrate is not a widespread problem in most of the north
San Francisco Bay area, except locally, northwest of Petaluma
(fig. 110) where nitrate concentrations are as large as three
times the maximum allowed for drinking water. The probable
sources appear to be septic-tank leachate plus livestock and
poultry manure that was placed in unlined pits.



SANTA CLARA VALLEY

The Santa Clara Valley is located at the southern end of
San Francisco Bay (fig. 111). Once devoted largely to agri-
culture, most of the land in the valley is now dedicated to in-
dustrial and urban uses. Population growth has resulted in a
large water demand, which has exceeded the valley’s natural
supply since the early 1940’s. Withdrawals of ground water in
excess of recharge caused large water-level declines, which
were followed by seawater intrusion and land subsidence sur-
passed in California only by that in the San Joaquin Valley.
Since the 1940’s, importation of surface water has been es-
sential to the control of these problems.

The Santa Clara Valley is in a structural trough that par-
allels the northwest-trending Coast Ranges. The drainage ba-
sin, which includes San Francisco Bay, is bounded by the Santa
Cruz Mountains on the southwest and the Diablo Range on the
northeast. The basin is about 75 miles long and has a maxi-
mum width of 45 miles. The San Andreas Fault is in the Santa
Cruz Mountains to the southwest, and the Hayward Fault is on
the northeast side of the valley and parallels the Diablo Range
(fig. 112). The Santa Clara Valley, which occupies the south-
ern end of the basin, is about 60 miles long, about 30 miles
of which extends southeastward beyond San Francisco Bay.

EXPLANATION
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The valley has a maximum width of about 15 miles and a total
area of about 590 square miles. The altitude of the valley floor
ranges from about 350 feet at the southern end to sea level at
San Francisco Bay.

The Mediterranean climate of the valley is moderate and
has distinct wet and dry seasons. The wet season extends from
November to April. Average annual rainfall is about 14 inches
on the valley floor.

Aquifers and Confining Units

The aquifer system of the Santa Clara Valley is bounded
on three sides by the relatively impermeable consolidated
rocks that form the mountains surrounding the valley (fig.
112) and underlie the valley at depth. Ground water in the
valley is contained primarily in coarse-grained lenticular de-
posits of sand and gravel that alternate with discontinuous beds
of fine-grained clay and silt that have minimal permeability.
The combined thickness of the coarse- and fine-grained de-
posits is as much as 1,000 feet in some parts of the valley.
The alluvial-fan and river-channel deposits near the valley
margins contain a higher percentage of coarse-grained ma-
terials than deposits near the valley axis and are thus more
permeable.
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Figure 112. The predevelopment

ground-water flow pattern in the valley
was generally parallel to the surface-water
drainage. Water moved from the southern
end of the valley northward to the bay.
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Figure 114. By the mid-
1960’s, rapid water-level de-
clines in the Santa Clara Val-
ley were alleviated by surface-
water imports and decreased
ground-water withdrawals.
Land subsidence that resulted
from declining water levels
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Ground-Water Flow System

Water enters the aquifer system at the valley margins by
infiltration from the small streams that emanate from the
mountains and by rainfall that falls directly on the valley floor.
The natural, or predevelopment, flow pattern was generally
parallel to the direction of stream drainage, and water that did
not leave the aquifer system by way of evapotranspiration dis-
charged into San Francisco Bay (fig. 112). The Hayward Fault
acts as a major impediment to flow on the northeastern side
of the valley.

In 1915, the hydraulic head was above land surface
throughout much of the valley, and flowing wells were com-
mon. However, by 1967, an increase in ground-water withdraw-
als, as well as below-normal rainfall, resulted in water-level
declines of more than 200 feet below 1915 levels in some parts
of the valley (fig. 113). Large withdrawals lowered water levels
to below sea level over much of the valley and reversed the
freshwater gradient in the confined zone from seaward to land-
ward. This reversal resulted in seawater intrusion that was
detected in wells as far as 10 miles inland. The large withdraw-
als also caused widespread land subsidence.

Beginning in the mid-1960’s, the decline in artesian head
was halted and reversed by a combination of surface-water
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imports and decreased ground-water withdrawals (fig. 114).
Water importation into the Santa Clara Valley began in about
1940 by way of the Hetch Hetchy Aqueduct and was increased
in the mid-1960’s through the South Bay Aqueduct. By 1980,
surface-water imports approximately equaled ground-water
withdrawals. Projections of future water demand made in 1983,
however, indicated that by 2000 small amounts of additional
surface water will have to be imported and the distribution
system improved.

Fresh Ground-Water Withdrawals

Significant ground-water use in the Santa Clara Valley
began about 1900 with the development of irrigated agricul-
ture. Average annual agricultural withdrawals increased from
about 40,000 acre-feet per year from 1915 to 1920 to a maxi-
mum 5-year average of about 103,000 acre-feet per year from
1945 to 1950. After 1945, urban and industrial development
increased rapidly, and irrigated acreage began to decline;
agricultural withdrawals decreased to an average 20,000 acre-
feet per year from 1970 to 1975. Meanwhile, municipal and
industrial withdrawals increased from about an average of
22,000 acre-feet per year from 1940 to 1945 to an average

Although interspersed with coarse-grained channel
deposits, the cumulative thickness of clay and silt is sufficient
in the central two-thirds of the valley to produce confined
conditions in the subsurface from southeast of San Jose to
beneath San Francisco Bay. Water below a depth of 150 to 200
feet in that area is confined or semiconfined, whereas shallower

Figure 111. The Santa
Clara Valley is located in the
heavily urbanized and indus-
trialized area surrounding and
south of San Francisco Bay.The
valley is filled with alluvium
derived from the consolidated
rocks that compose the
surrounding mountains.
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water is generally unconfined. The confined part of the aqui-
fer system is as much as 800 feet thick, but locally it contains
beds of fine-grained deposits that separate it into zones of
permeable material sufficiently distinct to be recognized as
individual aquifers.
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Figure 113. Continual withdrawal of
ground water in excess of natural recharge
through the mid-1960’s resulted in severe
water-level declines, which, in turn, resulted
in land subsidence and seawater intrusion.
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Figure 115. Ground-water with-
drawals have caused measurable land
subsidence in all parts of the valley where
the aquifer system is confined. The greatest
subsidence was in the heavily urbanized
San Jose-Santa Clara area.

of 131,000 acre-feet per year from 1970 to 1975. Total with-
drawals in the valley increased from 50,000 acre-feet per year
from 1915 to 1920 to 185,000 acre-feet per year from 1960
to 1965, and then declined to about 150,000 acre-feet per year
from 1970 to 1975 when surface-water imports increased
sufficiently to offset the excessive ground-water withdrawals.

Municipal and industrial ground-water use began to ex-
ceed agricultural use early in the 1960’s. Currently (1995),
municipalities and industries account for about 90 percent of
the water used in the valley. Ground water used for irrigated
agriculture averaged about 14,000 acre-feet per year from
1975 to 1980, while the amount withdrawn for municipal and
industrial use was about 150,000 acre feet per year. The com-
bined annual agricultural, municipal, and industrial ground-
water withdrawals of about 164,000 acre-feet were about one-
half of the total water used in the valley.

Land Subsidence

The Santa Clara Valley is underlain by large amounts of
clay that readily compacts as a result of excessive ground-
water withdrawal, thus causing land subsidence. Land subsid-
ence has been evident over much of the valley and is greater
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than 8 feet in some places (fig. 115). Subsidence has resulted
in flooding in coastal areas and damage to roads, bridges,
railroads, and sewer systems. The cost of remedial measures
has been estimated to be between $30 million and $50 million
annually. The rate of subsidence slowed in 1967 as increased
surface-water imports and reduced ground-water withdrawals
allowed the hydraulic head to stabilize and start to recover.
Under current (1995) conditions of ground-water use and
availability, further subsidence is not likely. However, because
the compression of the clay is irreversible, land subsidence that
has already occurred is permanent.

Ground-Water Quality

Ground-water quality is not a serious concern in the Santa
Clara Valley, except near San Francisco Bay, where seawater
has intruded locally as a result of large ground-water withdraw-
als. The encroachment has been arrested, for the most part,
by a decrease in withdrawals and an increase in recharge from
surface-water sources.
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SALINAS VALLEY

The Salinas Valley, the largest southern California coastal
basin, lies within the southern Coast Ranges between the San
Joaquin Valley and the Pacific Ocean (fig. 116). The valley is
drained by the Salinas River and extends approximately 150
miles from the headwaters to the mouth of the river at Monterey
Bay. The total drainage area of the basin is about 5,000 square
miles.

The major land uses in the Salinas Valley are agriculture,
rangeland, forest, and urban development. In general, forest
lands are on steep slopes, rangelands are in rolling to steep
hills, and agricultural and urban development are in areas
where slopes are gentle, especially near the Salinas River and
its tributaries. Agriculture is the primary water use in the basin
and is most intensive near the coast between the city of Sali-
nas and Monterey Bay, where land is devoted primarily to veg-
etable production (fig. 117). Less land is under cultivation
south of King City, where the major crops are grain and wine
grapes. Most of the water used in the basin is ground water
withdrawn near where it is used. No water is imported, and all
recharge originates as precipitation in the drainage basin.

Figure 117. Irrigated agriculture, principally vegetable
production, is the primary use of ground water in the lower
parts of the Salinas Valley.

Aquifers and Confining Units

The Salinas Valley aquifer is contained within a structural
trough that is underlain and bounded on the margins by a
complex of igneous and metamorphic rocks of pre-Tertiary
age. The crystalline rocks in the trough are overlain by con-
solidated sedimentary rocks of marine origin that yield only
small volumes of water (fig. 119). The consolidated marine
sedimentary rocks are in turn overlain by semiconsolidated
deposits of marine origin. Unconsolidated continental depos-
its, which include the Paso Robles Formation and constitute the
principal aquifer, are the uppermost deposits and fill the val-
ley to depths of 1,000 feet or more.

Freshwater is contained mainly in the unconsolidated
basin-fill deposits. In a few areas, sufficient water for domes-
tic and stock use can be obtained from the semiconsolidated
and consolidated rocks where they are fractured or weathered.
The deeper unconsolidated deposits contain the largest
amount of water in storage, but the shallower alluvial-fan and
stream-valley deposits currently (1995) yield more water. Very
permeable deposits of windblown sand are generally above the
water table and, therefore, largely unsaturated; they do, how-
ever, form important recharge areas.

The Salinas Valley aquifer system is divisible into upper
and lower ground-water basins. The upper basin extends from

Figure 119. The consolidated rocks that underlie the Salinas
Valley have minimal permeability and are overlain by semiconsoli-
dated marine deposits. The unconsolidated deposits that compose
productive aquifers consist of the Paso Robles Formation and al-
luvium, which includes alluvial fan, river, and windblown sand
deposits, shown conceptually in this diagrammatic hydrogeologic
section.

EXPLANATION
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Figure 120. A diagrammatic
hydrogeologic section illustrates
the sequence of complexly inter-
bedded aquifers and confining
units in the northern end of the
Salinas Valley.
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The Salinas Valley lies almost entirely in a northwest-
trending structural trough filled principally by unconsolidated
continental deposits. The valley is bounded by the San
Andreas Fault on the northeast and by a series of aligned and
interconnected faults on the southwest (fig. 118). The moun-
tains that bound the valley were formed by uplift and deforma-
tion caused by crustal shortening and are underlain by con-
solidated marine sediments, intrusive igneous rocks, and
metamorphic rocks.

The Salinas drainage basin (fig. 118) is bounded on the
south by the La Panza Range, on the southwest by the Santa
Lucia Range, and on the northwest by the Sierra de Salinas;
the 200-mile- long Diablo Range and the shorter Gabilan
Range bound the basin on the northeast. The mountains that
form the northeastern, northwestern, and southwestern mar-
gins of the basin slope steeply and are dissected by streams
that have carved steep canyons into the valley walls. The
southeastern margin is characterized by gently rolling hills and
broad valleys.

The Salinas Valley is about 30 miles wide in the south,
about 20 miles wide in the middle of the valley, and about 10
miles wide in the flat lowland areas north of Greenfield. The
valley floor has an altitude of about 1,200 feet at Santa
Margarita in the south and about 400 feet at San Ardo,
and is near sea level at the shoreline of Monterey Bay.
Stream gradients are relatively steep in the southern
headwater region, and the valley floor is deeply dis-
sected by the streams. As the valley becomes less steep
from near San Ardo to Monterey Bay, stream gradients
lessen also, and the tributary drainage area becomes
smaller.

Climate in the valley is Mediterranean and is mod-
erated by the Pacific Ocean; summers are mild and win-
ters are cool. Precipitation is almost entirely rain, which
falls mostly in late autumn, winter, and early spring.
Little rain falls from May through October; 87 percent
of the yearly total falls from November through April.
Average annual rainfall ranges from about 12 to 40
inches within the basin and depends mainly upon alti-
tude. Rainfall on the valley floor ranges from about 12
inches near the center of the valley to about 16 inches
near the base of the surrounding mountains.

EXPLANATION
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Figure 116. The Salinas Valley
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Figure 118. Deposits in the basin are semiconsoli-
dated and unconsolidated. The aquifer system is contained

almost entirely in the unconsolidated deposits and is
bounded by consolidated rocks.

near the headwaters of the Salinas River and its tributaries to
San Ardo, where the unconsolidated deposits narrow. The
lower basin extends from San Ardo to Monterey Bay.

In the upper ground-water basin, the degree of confine-
ment varies locally and depends on the presence and total
thickness of deposits of fine-grained materials (fig. 120). Most
ground water in deep deposits is confined, but the shallow
ground water is, for the most part, unconfined. The thickest
area of the aquifer in the upper basin is in the Estrella Valley
where the unconsolidated deposits are as much as 1,750 feet
thick. Recharge in the upper basin is from precipitation, infil-
tration from streams, and irrigation return flow. Ground-water
discharge in the upper basin is by loss to streams, withdraw-
als by wells, and evapotranspiration. Nearly all the tributary
flow to the Salinas River is in the upper basin.

Ground water in the lower basin is mostly under water-
table conditions except on the northwest side of the valley from
near Gonzales to Monterey Bay. In this area, a clay layer near
the land surface provides varying degrees of confinement to
water in the aquifers below. Infiltration from the Salinas River
provides most of the recharge for aquifers in the lower basin.
Nearly all the discharge in the lower basin is by withdrawals
from wells.

Modified from Showalter and others, 1983

East

——220— -

Monterey
Bay

EXPLANATION

Salinas Valley aquifer

SAN
BEINEO

Monterey ¥

Bay

SCALE 1:2,500,000
25 MILES

o

25 KILOMETERS

Base modified from U.S.
Geological Survey digital
data, 1:2,000,000, 1972

Modified from California
Department of Water
Resources, 1980

SCALE 1:1,500,000
# 0 10 20 MILES

10 20 KILOMETERS

FRESNO

Margagita

Modified from Showalter

Base modified from Digital Chart
and others, 1983

of the World, 1:1,000,000, 1992

Ground-Water Flow System

Ground-water movement in most of the valley is in the
direction of surface-water flow and follows the gradient of the
land surface seaward (fig. 121). In dry years, withdrawals in
the upper basin can disturb the natural ground-water flow
patterns, but normally the flow direction approximates
predevelopment conditions. In the lower basin, however, large
withdrawals near Salinas have diverted the natural seaward
ground-water flow, and much of the water now moves toward

wells.
Much of the water that enters the upper basin from
the surrounding mountains runs directly into the Sali-
nas River and its tributary streams. The streams gain
water by seepage from the aquifer system because
the water table in the headwater area of the Sali-

EXPLANATION
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Figure 121. Ground-water flow in the Salinas Valley is
generally in the same direction as surface-water flow. Under
natural conditions, freshwater would flow to Monterey Bay, but

nas River is above the river level. From approxi-
mately San Miguel in the upper valley to
Soledad, which is about 40 miles upriver

INGS 120 from Monterey Bay, the water table in
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Fresh Ground-Water Withdrawals

Water use in the valley has increased with a growth in
agriculture and population. During 1985, total ground-water
withdrawals approximately equaled the basinwide annual re-
charge of about 700,000 acre-feet. Water levels in the upper
basin have shown little decline because of minimal ground-
water development. Throughout the lower basin, however,
agricultural and municipal withdrawals caused a general de-
cline until the mid-1950’s. In 1956, the flow of the Salinas River
became perennial with the regulation of the Nacimiento River.
Ground-water levels ceased to decline from San Ardo to
Gonzalez because the increased streamflow maintained re-
charge to the ground-water system by seepage from the river.
In 1967, a second dam was completed on the San Antonio
River and helped to maintain the year-round flow of the river.
Nonetheless, large and increasing withdrawals near Monterey
Bay downstream from the city of Salinas have resulted in
continued water-level declines, although availability of surface-
water recharge has increased. Water levels in wells in this area
have remained below sea level since the late 1940’s and have
resulted in saltwater encroachment from Monterey Bay.

Ground-Water Quality

Ground-water quality in the upper basin is generally ac-
ceptable for most uses, except in local areas. Dissolved-sol-
ids concentrations in the water range from about 200 to 700
milligrams per liter. The only major area of concern is the so-
called Bitterwater area in the upper basin (fig. 122), where
boron and arsenic that have been leached from aquifer mate-
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rials and consolidated rocks can be at excessive levels. Despite
the near absence of regional water-quality problems, agricul-
tural and industrial activities have resulted in localized aquifer
contamination.

Dissolution of gypsum beds in the deep unconsolidated
sediments and in consolidated marine deposits on the east side
of the valley causes large concentrations of sulfate in ground
and surface waters along the Salinas River and San Lorenzo
Creek (fig. 122). Dissolved-solids concentrations in ground
water in this area are as much as 3,000 milligrams per liter.
Because the ground-water system receives recharge from
surface water in the lower basin, ground-water quality in areas
without gypsum beds can be affected by infiltration from
streams that drain areas with such beds. Water in streams on
the southwest side of the valley is less mineralized and partly
dilutes the highly mineralized water during the wet season.

Aquifers near the coast are subject to seawater contami-
nation when ground-water withdrawals in the area exceed
natural recharge. Large withdrawals for agricultural and mu-
nicipal supplies have lowered the potentiometric surface east
of the city of Salinas until it is considerably below sea level (fig.
121). As a result, the natural freshwater gradient has been
reversed from seaward to landward, which allows saltwater to
enter the aquifer system where it crops out on the sea floor.
Saltwater intrusion was already a concern when monitoring
began in 1943, and, as of 1995, the area affected has in-
creased greatly in size. The contamination has resulted in the
abandonment of some wells.

Another area of concern in the lower basin is on the east
side of the Salinas River between Soledad and Salinas (fig.
122). Organic pollutants and excessive nitrate concentrations
that result from industrial and agricultural activity are possible
threats to ground-water quality in this area.
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Figure 122. Ground-water
quality in the Salinas Valley is
suitable for most purposes
except locally. East of the
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Figure 123. The Los Angeles—Orange County coastal plain
aquifer system is located in southern California, and occupies most
of coastal Los Angeles and Orange Counties.

. South
Flgure 126. A diagram-
matic hydrogeologic section
shows that the aquifer system
consists of alternating beds of
permeable sediments, which
are primarily sand and gravel,
and beds of less permeable
sediments, such as clay and
silt. Structural features, such
as anticlines, are common in
the basin and affect ground-
water movement.
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LOS ANGELES-ORANGE COUNTY
COASTAL PLAIN AQUIFER
SYSTEM

The Los Angeles—Orange County coastal plain aquifer
system is located in southern California and is contained in a
coastal plain basin that extends over an area of approximately
860 square miles (fig. 123). Ground-water development be-
gan in the basin in the 1870’s, when the demands of irrigated
agriculture began to exceed surface-water supplies; however,
urbanization subsequently displaced most of the agriculture in
the basin, and today the predominant use of water is for public
supply. Because metropolitan Los Angeles and the surround-
ing area is one of the largest population centers in the world
(fig. 124), the demand for water is great. In addition to local
ground-water sources, water is imported from the Colorado
River, the Owens Valley, and northern California by an aque-
duct system. Also, reclaimed wastewater is spread in recharge
areas for ground-water replenishment and is pumped into the
aquifer system near the coast to prevent seawater intrusion.

The Los Angeles—Orange County coastal plain basin is
bounded on the north and east by the Santa Monica Mountains
and the Puente Hills, on the south by the San Joaquin Hills,
and on the west by the Pacific Ocean (fig. 125). The moun-
tains are underlain by consolidated rocks of igneous, metamor-
phic, and marine-sedimentary origin. These consolidated rocks
surround and underlie thick unconsolidated alluvial deposits.
The major drainages in the basin are the Los Angeles, the San
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Gabriel, and the Santa Ana Rivers, all of which have headwa-
ters outside the basin.

Marine sediments deposited during periodic encroach-
ment of the sea and alluvium derived from weathering and
erosion of the rocks in the surrounding mountains have filled
the basin with a thick sequence of deposits. The surface of the
basin is relatively flat, but upwarping along the Newport-
Inglewood Uplift (fig. 125) has formed hills that rise in places
as much as 400 feet above the surrounding coastal plain. Also,
along the coast from just north of Long Beach southward to
the San Joaquin Mountains, resistant sediments of late Pleis-
tocene age underlie several mesas. The mesas are separated
by erosional gaps through which the major drainages either
now flow or have flowed historically.

Climate in the basin is Mediterranean, characterized by
warm summers, cool winters, and markedly seasonal rainfall.
Nearly all rain falls from late autumn to early spring; virtually
no precipitation falls during the summer. The average annual
rainfall in Los Angeles is about 15 inches. Potential evapotrans-
piration in the coastal plain exceeds precipitation on an an-
nual basis, and, under natural conditions, the lower reaches of
rivers that drain the basin are dry in summer.

Aquifers and Confining Units

The Los Angeles—Orange County coastal plain basin is a
structural basin formed by folding of the consolidated sedimen-
tary, igneous, and metamorphic rocks that underlie the basin
at great depths. Although the subsurface structure of the basin

Figure 124. The heavily populated Los Angeles area has an
extremely large demand for water in this relatively water-poor area.
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Figure 125. The Los Angeles—Orange County coastal plain
basin is bounded on the west by the Pacific Ocean and on all other

sides by mountains. The Newport-Inglewood Uplift, which is a
prominent structural feature, extends nearly the length of the basin.
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Figure 1 27. Ground water moved toward and discharged
into the Pacific Ocean before development of the aquifer system.

is complex, two major northwest-trending troughs (fig. 126),
which are separated for most of their length by an uplifted and
faulted structural zone, contain the sediments that compose
the aquifer system. These sediments are as thick as 30,000
feet in some areas.

The coastal plain aquifer system is made up of as many
as 11 locally named aquifers. Each consists of a distinct layer
of water-yielding sand and gravel usually separated from other
sand and gravel beds by clay and silt confining units (fig. 126).
In many places, however, either the water-yielding sediments
are in direct hydraulic contact or the intervening confining units
contain sufficient sand and gravel to allow water to pass be-
tween adjacent aquifers.

A layer of clay and silty clay of marine and continental
origin, which is at or near the land surface over most of the
basin, is a competent confining unit where it does not contain
large amounts of sand and gravel. This confining unit ranges
from less than 1 foot to about 180 feet in thickness. Near Santa
Monica and San Pedro Bays, the confining unit is not present,
and ground water is under unconfined, or water-table, condi-
tions.

Freshwater is contained within deposits that range in age
from Holocene to late Pliocene. The main freshwater body
extends from depths of less than 100 to about 4,000 feet. At
greater depths, the water is saline and unpotable. The fresh-
water body is thickest near the axis of the troughs where water-
yielding sediments reach their greatest thickness and thinnest
where these sediments overlie anticlines or become thin at the
margins of the aquifer system.

Ground-Water Flow System

Before development, ground water in the basin flowed
generally toward the Pacific Ocean (fig. 127). Natural re-
charge, which is virtually all from precipitation, entered the
aquifer system at the basin margins as runoff from the moun-
tains, losses along stream channels, subsurface flow from
adjacent basins to the north, and precipitation that fell directly
on the basin floor. Where aquifers are hydraulically connected
and sufficient differences in hydraulic head existed, some water
doubtless flowed from one aquifer to another.

Structural features, such as faults and anticlines, alter or
restrict ground-water flow at several places in the Los Ange-
les—Orange County coastal plain basin. The most prominent
structural zone is the Newport-Inglewood Uplift (figs. 125 and
126), which trends northwestward, extends virtually the en-
tire length of the basin, and is approximately perpendicular to
the direction of natural ground-water flow. The aquifers might
be interrupted by faults or thinned near the upwarped struc-
tural zone, but, for the most part, such restrictions are not com-
plete barriers to ground-water flow. The sediments that form
the mesas along much of the coast have minimal permeabil-
ity and also impede ground-water flow; however, erosion
formed gaps in the mesas, which subsequently filled with al-
luvial deposits; these gaps allow water to move between the
inland aquifers and the sea.
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Ground-Water Flow System—
Continued

Ground-water flow directions have been altered by with-
drawals in the basin. Rapid urban development and the accom-
panying increase in withdrawals resulted in severe declines in
water levels that began in the early 1900’s. As a consequence,
ground-water gradients near the coast reversed from seaward
to landward in some areas in the 1920’s, and saltwater intru-
sion was detected in 1932. Virtually the entire coastline was
affected by the 1950’s (fig. 128). The hydraulic gradient is now
(1995) primarily from recharge areas toward withdrawal cen-
ters, rather than toward the ocean (fig. 129). Withdrawals in
the deeper aquifers also have created a downward hydraulic
gradient over much of the basin. Large expanses of the basin
surface have been urbanized, thus decreasing the potential for

direct recharge to the aquifer system and increasing the po-
tential for saltwater intrusion.

The critical need for a solution to the seawater encroach-
ment problem brought about coordinated management of
water use in the basin beginning in the 1950’s. Several meth-
ods have been employed to stop the steady progression of
seawater into the basin (fig. 130). Ground water, which ac-
counted for 40 to 50 percent of the water used in the basin,
was augmented by large amounts of surface water imported
from the Colorado River, the Owens Valley, and northern Cali-
fornia. In some areas, particularly near the coast, withdrawals
have been reduced or wells abandoned (fig. 130A). This has,
to some extent, lessened the landward gradient. Artificial re-
charge (fig. 130B) through ponds or by water spreading, us-
ing imported water or reclaimed wastewater, replaces some of
the ground water lost from storage and partly compensates for

the loss of recharge potential that results from urbanization.
Three barriers have been constructed near the coast in areas
where seawater was encroaching into the freshwater aquifer
system. The barriers consist of a series of either pumping wells
that will remove saltwater from the aquifer and form a trough
barrier (fig. 130C) or injection wells that pump reclaimed
waste water into the permeable sediments, and thus establish
a narrow zone in which the freshwater gradient is seaward (fig.
130D). In some places, wells that withdraw saline water from
the aquifer system on the seaward side of the injection wells
are part of the barrier. To date (1995), the combination of
methods has been successful in halting seawater intrusion and
also reducing the area of the basin with ground-water levels
below sea level (fig. 131).

Ground-Water Quality

The quality of water in the confined aquifers in the basin
is generally suitable for most uses. Dissolved-solids concen-
trations in the water are generally less than 500 milligrams per
liter and concentrations of chloride do not exceed drinking-
water standards recommended by the U.S. Environmental
Protection Agency. Water imported from the Owens Valley and
the Colorado River for recharge has larger concentrations of
dissolved solids, chloride, and sulfate than the ground water,
but the quality of the mixed native ground water and imported
water is within State and Federal standards for drinking water.

Figure 128. Withdrawals
of ground water in excess of
natural recharge have resulted
in declining water levels. By
the 1950, water levels had
declined below sea level
throughout most of the basin.
The reversal of the freshwater
gradient from seaward to
landward allowed seawater
intrusion along most of the
coast.
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- Area where water levels were below
sea level in the early 1950's

Figure 130. Four methods
of limiting seawater intrusion
are used conjunctively in the
basin. Controlled withdrawals
(A) and artificial recharge (B)
serve to increase the amount
of water in the aquifer system,
while pumping troughs (C)
and injection wells (D) create
a barrier to seawater intrusion
near the coast. The arrows in-
dicate the direction of ground-
water movement.
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Figure 129. After devel-
opment, ground water moved
primarily from recharge areas
toward withdrawal centers
instead of toward the ocean.
Most ground water that enters
the basin is removed by wells;
thus, little reaches the ocean.
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Figure 131. Protective
measures taken by water man-
agers have halted seawater
intrusion and reduced the area
of the basin where ground-water
levels are below sea level.
Injection-well and pumping-
trough barriers produce a
ground-water divide near the
coast that prevents seawater
encroachment.
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INTRODUCTION

The northern California basin-fill aquifers comprise an
assemblage of intermontane aquifers in northern California
(fig. 132) that have similar hydrogeologic characteristics.
These basins are much like the Coastal Basins aquifers in that
the principal water-yielding deposits are unconsolidated sedi-
ments of Quaternary age, but the geologic history of the basin-
fill aquifers is different.

The valleys are located mostly in the Cascade Mountains,
the northern Sierra Nevada, and the Modoc Plateau. All the
valleys are drained by tributaries or the main stems of the
Klamath and the Sacramento Rivers. The primary land uses
in these sparsely populated valleys are agriculture and grazing;
some land is devoted to timber.

Climate among the valleys varies with altitude and dis-
tance from the Pacific Ocean. Generally, the valleys nearest
the ocean and at lower altitudes have a moderate climate.
Precipitation amounts vary with altitude and local physio-
graphy. The average annual precipitation ranges from less than
20 inches in Butte Valley near the Oregon border to as much
as 80 inches in some valleys of the Sierra Nevada.

The most common use of water withdrawn from the north-
ern California alluvial-valley aquifers is irrigated agriculture.
Surface water provides the largest source of supply, but ground
water is a significant percentage of the total water withdrawn,
especially in dry years. Municipal and industrial supplies in
most of the valleys depend primarily on ground water. Because
ground-water withdrawals currently (1995) do not exceed
natural recharge in these valleys, additional development is
possible.

The complex geologic history of northern California is
characterized by extreme tectonic and volcanic activity. The
oldest exposed rocks date from the middle part of the Paleo-
zoic Era and are in the Salmon and the Cascade Mountains
and the Sierra Nevada. Mesozoic marine rocks also are in these
mountains; for the most part, these rocks are metamorphosed
sedimentary and volcanic rocks. The lithology of the rocks in
these areas provides evidence of an ocean that once extended
much farther inland than does the modern Pacific Ocean and
a subduction zone that was located as far east as the Sierra

Nevada, which predominately consists of granitic intrusive
rocks. Mesozoic intrusive rocks also make up part of the Sierra
Nevada.

The valleys in the interior of northern California are in
structural troughs or depressions that resulted from the fold-
ing and faulting of crystalline rock. The troughs are partly filled
with permeable sediments, principally of Pleistocene and
Holocene age, that were eroded from the mountains and de-
posited as alluvial fans or lake deposits, or both. In some of
the basins in the Cascade Mountains, volcanism produced
basalt, pyroclastic flows, and tuffs that were deposited along
with the basin-fill sediments. These volcanic and pyroclastic
rocks were subsequently covered with alluvial material. The
maximum thickness of unconsolidated permeable deposits in
the valleys ranges from approximately 300 to 1,700 feet.

Ground water in the valleys is contained mostly in the
alluvial-fan and lake deposits that fill the basins. Small to large
amounts of ground water are stored in fractures and joints of
volcanic rocks. In some basins, however, volcanic rocks store,
transmit, and yield large amounts of water. Whether the ground
water is under unconfined to confined conditions depends upon
depth and the amount of fine-grained materials.

The aquifers are recharged by runoff from the surround-
ing mountains, seepage from streams, precipitation on the
valley floor, irrigation return, or subsurface flow through frac-
tured crystalline rocks. Ground water leaves the valleys by
evapotranspiration, as stream discharge in the valleys that are
drained by rivers, and, in some cases, by subsurface flow
through permeable bedrock.

Well depths vary among the valleys, but most wells are
from 50 to 500 feet deep; those completed in volcanic rock,
however, can exceed 1,300 feet in depth. Well yields vary
widely, and depend on the permeablilty of the water-yielding
material in which the well is completed. Yields range from less
than 100 gallons per minute in alluvial-fan and lake deposits
to as much as 5,000 gallons per minute in intensely fractured
volcanic rocks.

Although isolated areas have highly mineralized water,
ground water suitable for most uses is widely available in these
valleys. Locally, some of the water contains objectionable
quantities of sodium or sulfate.
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Fig ure 132. The northern California basin-fill aquifers are
primarily in the larger valleys of the Cascade Mountains, the Sierra
Nevada, and the Modoc Plateau. Butte Valley in Siskiyou County
is an example of these aquifers.



BUTTE VALLEY

Butte Valley, which contains one of the more intensively
developed aquifers of the northern California basin-fill aquifers,
is located in north-central California just south of the Oregon
border (fig. 132). The valley is one of several intermontane
basins in northern California that is filled with alluvial depos-
its or lake deposits, which are a major source of ground wa-
ter. However, Butte Valley is unique in that fractured volcanic
rocks that underlie the basin fill and basalt interbedded with
the basin fill also are major sources of water. Population in the
valley is small, and irrigated agriculture accounts for most
ground-water use.

Butte Valley, which was formed by faulting, is a closed
basin approximately 18 miles long from north to south and has
a maximum width of 13 miles (fig. 133). The valley floor is
an ancestral lake bed that encompasses an area of about 130
square miles. Volcanic rocks surround the valley and underlie
it at depths of about 400 to 1,500 feet (fig. 134). Streams
drain into the valley from the west, and the water either infil-
trates permeable deposits or flows into Meiss Lake (fig. 133),
which is a small remnant of the large lake that once filled the
valley. Discharge from the valley is by subsurface flow through
fractured volcanic rocks to adjacent basins.

The valley floor receives approximately 12 inches of pre-
- cipitation annually as rain or snow, mostly from October to
June. The basinwide average is about 18 inches, but as much
as 40 inches falls at the higher altitudes. Summers in the valley
are warm and dry, and winters are cool and humid.

Aquifers and Confining Units

The major rocks and deposits that yield water to wells in
the valley are the Butte Valley Basalt, fractured volcanic rocks,
and coarse-grained lake deposits (fig. 133). Ground water is
generally under unconfined, or water-table, conditions except
in the volcanic rocks that underlie the lake deposits and in the
Butte Valley Basalt where it is overlain by clayey lake depos-
its (fig. 134). Feeder dikes within the volcanic rocks may be
barriers to water movement.

The permeability of the Butte Valley Basalt and the vol-
canic rocks is directly related to the thickness of the individual
flows that compose the formations and to the number of indi-
vidual flows. The thinner flows usually have higher permeability
because they cooled more rapidly; thus, fracture and shrink-
age joints that result from the cooling are common. Contacts
between individual flows are rough, fractured, and porous;
more such contacts are in a given thickness of rock that con-
tains numerous flows than one that contains only a few thick
flows.

The Butte Valley Basalt is a highly productive, though
relatively thin, formation. The thickness of the basalt ranges
from 6 feet to slightly more than 100 feet and averages about
40 feet. Individual basalt flows that compose the formation are
thin and average only about 12 feet in thickness in one well.
The contacts of the flow units are rough and broken and trans-
mit water freely. The thinness of the flow units resulted in ver-
tical fracturing that permits water to move between the flow
contacts.

Individual flows in the volcanic rocks of the Cascade
Mountains are usually thicker than those in the Butte Valley
Basalt, and connections between flows are not as common.
However, the volcanic rocks are a dependable source of water,
and their large extent provides a vast source. Wells that pen-
etrate several flow contacts can yield large volumes of water.

Local pyroclastic rocks (fig. 133) are as much as 400 feet
thick and are moderately to highly permeable. Some of these
rocks are above the water table and, therefore, are unsaturated.
Where saturated, however, the pyroclastic rocks can yield large
volumes of water.

WEells in the eastern and southern parts of the valley ob-
tain large yields from the sand and gravel that compose the
upper part of the lake deposits. In the area underlain by the
Butte Valley Basalt, wells are commonly screened in the basalt
and the underlying sands and gravels of the lake deposits. Lake
deposits in the northern, central, and northwestern parts of the
valley, however, are not a good source of ground water be-
cause of the predominance of clay and silt in those areas.

Alluvium, alluvial-fan deposits, talus, and dune sands in
the valley are commonly permeable but usually are unsatur-
ated. Although these deposits are recharge areas for under-
lying formations, they are not sources of water for wells.

Ground-Water Flow

Recharge to the aquifer is primarily by infiltration from
perennial streams and percolation of precipitation through the
lake and alluvial deposits. Some recharge percolates through
unconsolidated deposits that overlie the lake beds where the
deposits are above the water table. Small amounts of recharge
also are by irrigation return flow and subsurface inflow from
aquifers outside the basin. Ground water discharges from the
aquifer by subsurface flow to the east, ground-water withdraw-
als, and evapotranspiration.

The major source of recharge to the unconfined part of
the aquifer in the southern part of the valley is infiltration of
streamflow from Prather and Butte Creeks. Water enters the
aquifer as leakage from natural channels, unlined diversion

canals, and two small storage reservoirs. Another recharge

source for the southern end of the valley is subsurface inflow
from the west and south. Minor amounts of recharge are from
infiltration of precipitation and irrigation return flow. In other
parts of the valley, the unconfined part of the aquifer is re-
charged by direct precipitation, subsurface inflow, and irriga-
tion return flow. The confined part of the aquifer is recharged
almost entirely by subsurface inflow from the north, west, and
south.

Flow in the unconfined part of the aquifer is generally from
west to east (fig. 135), whereas flow in the volcanic rocks that
contain water under confined conditions is toward the center
of the valley from the north, south, and west and then toward
the east (fig. 136). The potentiometric surfaces shown in fig-
ures 135 and 136 indicate that the hydraulic head of the
unconfined part of the aquifer is higher than that of the con-
fined part at Mahogany Mountain, which is the eastern bound-
ary of the valley. Because this is not a major recharge area,
the downward hydraulic gradient and west-to-east flow in the
valley suggest that ground water leaves the valley as flow
through the volcanic rocks beneath Mahogany Mountain and
flows toward Klamath Lake and the Klamath River in the ad-
jacent valley to the east.

Figure 133. Butte Valley is
surrounded and underlain at
depth predominately by volcanic
rocks of the Cascade Mountains.
The valley is filled mostly with
sediments deposited in a small
remnant of a lake that occupied
the valley during Pleistocene to
Holocene time. The Butte Valley
Basalt is interbedded with the
lake sediments.
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Figure 134. A diagram-
matic hydrogeologic section
shows that Butte Valley is a
structural depression formed by
faulting in volcanic rocks. The
lake deposits that fill the valley
grade mostly from fine grained
in the north and west to coarse
grained in the east and south.
The Butte Valley Basalt flowed
into the lake late in the valley’s
history and is near the surface
of the lake deposits.
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Figur e 135. Ground-water
flow in the unconfined part

of the aquifer is generally from
west to east. The water leaves
the valley as flow under Ma-
hogany Mountain.
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Figure 136. Ground water
in the confined part of the aqui-
fer flows toward the center of
the valley from the north, south,
and west, and then eastward
out of the valley as flow under
Mahogany Mountain.

41°45'

42°

41°52'30"

EXPLANATION

— 4210 — Potentiometric contour—Shows
altitude at which water level
would have stood in tightly
cased wells in volcanic
rocks during spring, 1979.
Contour interval 10 feet.
Datum is sea level

sl Direction of ground-water
movement

SCALE 1:250,000
2 4 MILES
—

1

o T o

T T
2 4 KILOMETERS

41°45'

Fault—Arrows indicate relative

vertical movement

122°7'30"

122° 121°52'30"

Base modified from U.S. Bureau of the Census
TIGER/Line files, 1:100,000, 1990

122°7'30"

Modified from U.S. Department
of the Interior, 1980

122° 121°52'30"

Base modified from U.S. Bureau of the Census
TIGER/Line files, 1:100,000, 1990

Modified from U.S. Department
of the Interior, 1980

; Laka deposits
(clay, silt, and sand)

e

Lake deposits (mostly clay)

Modified from U.S. Department of the Interior, 1980

Well yields

Well yields in Butte Valley are highly variable because of
the permeability differences in the rocks and deposits. Yields
vary greatly in the volcanic rocks and the Butte Valley Basalt
because permeability depends on the thickness of the flow
units and the degree of fracturing within the flows. Wells that
penetrate such rocks in areas where flows are thin and con-
tacts between flows are numerous generally have large yields.
Yields of wells completed in the lake deposits likewise vary
with location. The predominance of fine-grained lake sedi-
ments in the northern, northwestern, and central parts of the
valley preclude large yields. Conversely, numerous wells are
completed in large sand and gravel beds in the lake deposits
on the eastern and southern sides of the valley.

Yields of wells completed in the lake deposits and pyro-
clastic rocks range from 1,500 to 4,000 gallons per minute.
Specific capacities of individual wells range from 16 to 97
gallons per minute per foot of drawdown. Wells completed in
the Butte Valley Basalt yield from 1,000 to more than 4,000
gallons per minute. Yields from wells completed in the volca-
nic rocks are highly variable and range from 700 to 5,000
gallons per minute.

Fresh Ground-Water Withdrawals

Estimates of ground-water withdrawals in Butte Valley
during 1979 range from 62,000 to 72,000 acre-feet per year.
Surface-water use accounted for another 10,000 to 20,000
acre-feet of the approximate total of 82,000 acre-feet of wa-
ter used. Agricultural use far exceeded urban use, which was
only about 700 acre-feet. According to a 1976 study, gross
water demand for agriculture will eventually reach 162,000
acre-feet annually in Butte Valley.

In 1980, 40,000 acre-feet per year of ground water was
estimated to have left the valley as subsurface outflow, most
of which cannot be recovered. Ground-water withdrawals dur-
ing that same year were conservatively estimated to be 62,000
acre-feet per year. Thus, the maximum amount of ground
water available in the valley for annual use is approximately
102,000 acre-feet. Most of the land available for future devel-
opment is in the northern end of the valley where surface soils
and subsoils consist of fine-grained lake deposits that do not
allow irrigation return flow to reach the aquifer. Therefore,
unless surface water is imported to augment natural recharge,
the amount of water available for agriculture appears to be
much less than the projected demand.

Current (1995) usage is less than the amount of ground
water available. Water levels might fluctuate as a result of
annual precipitation and withdrawal cycles but are essentially
unchanged in the long term. However, because of the limited
storage capacity of the Butte Valley Basalt and the large vol-
ume of withdrawals from that formation, water-level decline is
sufficient to cause some wells to go dry during the withdrawal
season. Water levels recover, however, when withdrawals cease
after the growing season. Deepening wells so that they pen-
etrate the underlying sand and gravel of the lake deposits or
the volcanic rocks could alleviate this seasonal situation.

Ground-Water Quality

The quality of ground water in Butte Valley is generally
suitable for most uses. Dissolved-solids concentrations in the
water rarely exceed 500 milligrams per liter. However, own-
ers of a few wells completed in the volcanic rocks report that
the water has a sulfur odor, and sodium concentrations exceed
50 milligrams per liter in water from a few wells completed in
these rocks. Shallow wells completed in the lake deposits
about 4 miles southwest of Dorris produce highly mineralized
water that exceeds 500 milligrams per liter dissolved-solids
concentrations probably because the water that recharges the
aquifer in that area becomes mineralized while percolating
through the overlying playa deposits.

B27



Northern
California
volcanic-rock
aquifers

References

Regional summary

Bertoldi, G.L., Johnston, R.H., and Evenson, K.D., 1991,
Ground water in the Central Valley, California—A sum-
mary report: U.S. Geological Survey Professional Paper
1401-A, 44 p.

California Department of Water Resources, 1980, Ground water
basins in California: California Department of Water
Resources Bulletin 118-80, 73 p.

Dunbar, C.O., 1966, Historical geology: New York, John Wiley
and Sons, Inc., 500 p.

Fenneman, N.M., and Johnson, D.W., 1946, Physical divisions
of the United States: U.S. Geological Survey, scale
1:7,000,000, 1 sheet.

Gebert, W.A., Graczyk, D.J., and Krug, W.R., 1987, Average
annual runoff in the United States, 1951-80: U.S. Geo-
logical Survey Hydrologic Investigations Atlas HA-710,
scale 1:7,500,000, 1 sheet.

King, P.B., and Beikman, H.M., 1974, Geologic map of the
United States: U.S. Geological Survey, scale 1:2,500,00,
3 sheets.

Plume, R.W., and Carlton, S.M., 1988, Hydrogeology of the
Great Basin region of Nevada, Utah, and adjacent
States: U.S. Geological Survey Hydrologic Investigations
Atlas HA-694-A.

Snyder, C.T., Hardman, George, and Zdenek, F.E., 1964, Pleis-
tocene lake in the Great Basin: U.S. Geological Survey
Miscellaneous Geologic Investigations Map [-416, scale
1:1,000,000, 1 sheet.

Thomas, H.E., and Phoenix, D.A., 1976, Summary apprais-
als of the Nation’s ground-water resources —California
region: U.S. Geological Survey Professional Paper 813-
E; 51 p:

Thelin, G.P,, and Pike, R.J., 1990, Digital shaded relief map
of the conterminous United States: Menlo Park, Califor-
nia, U.S. Geological Survey digital image processing,
scale 1:3,500,000

Trewartha, G.T., 1968, An introduction to climate (4th ed.):
New York, McGraw -Hill, 408 p.

U.S. Geological Survey, 1986, National water summary
1985 —Hydrologic events and surface-water resources:
U.S. Geological Survey Water-Supply Paper 2300,
506 p.

U.S. Geological Survey, 1984, National water summary
1983 —Hydrologic events and issues: U.S. Geological
Survey Water-Supply Paper 2250, 243 p.

1990, National water summary 1987—Hydrologic
events and water supply and use: U.S. Geological Sur-
vey Water-Supply Paper 2350, 553 p.

1993, National water summary 1990-9 1—Hydrologic
events and stream water quality: (.S. Geological Sur-
vey Water Supply Paper 2400, 590 p.

B28

NORTHERN CALIFORNIA

VOLCANIC-ROCK AQUIFERS

The northern California volcanic-rock aquifers are located
in the Modoc Plateau and the Cascade Mountains in volcanic
terranes (fig. 137) that extend into Oregon. Unlike most of the
other principal aquifers in Segment 1, these aquifers are not
distinct, readily identifiable aquifers because they contain water
in fractures, volcanic pipes, tuff beds, rubble zones, and
interbedded sand layers, primarily in basalts of Miocene age
or younger. Areas in which permeable zones are sufficiently
large and interconnected to provide a good source of water to
wells are usually found only through exploratory drilling be-
cause surficial fracturing might not reflect fracturing in the

subsurface.

Well depths commonly are 75 to 200 feet, but some wells
are reported to be as deep as 2,700 feet. Yields from wells
completed in basalt commonly range from 100 to 1,000 gal-
lons per minute and can be as large as 4,000 gallons per
minute. Because of the unpredictable distribution of the per-

meable zones, however, exploration is speculative, and, in
many cases, several dry holes are drilled for every productive
well. Drilling near fault zones is usually a good strategy be-
cause the stress and shear forces generated in these zones can

cause exceptional fracturing of the rock, and thus, the prob-
ability of large ground-water yields is high. Unconsolidated
lake-bed deposits that overlie the volcanic rocks in this region
have minimal permeability, contain highly mineralized water,

and are not productive aquifers.

Population in this part of California is sparse, and ground-
water use is minimal; recharge to the aquifers exceeds with-

drawals. The potential for development of the ground-water
resource could be much greater, particularly if exploration
could be optimized by locating areas with a high degree of

subsurface fracturing.
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EXPLANATION

- Northern California volcanic

-rock aquifers

Figure 137. The northern California volcanic-rock aquifers are
in a sparsely populated region of northern California in the Modoc
Plateau and the Cascade Mountains.
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