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Conversion Factors, Vertical Datum, Water-Quality Information, Abbreviations and
Acronyms, and Well-Numbering System

Conversion Factors

Multiply By To obtain
acre 0.405 square hectometer
acre-foot (acre-ft) 0.001233 cubic hectometer
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year
foot (ft) 0.3048 meter e
foot per year (ft/yr) 0.3048 meter per year
gallon per minute (gal/min) 0.207 liter per second
inch (in.) 254 millimeter
inch per year (in/yr) 254 millimeter per year
mile (i) 1.609 kilometer
square mile (mi?) 2.590 square kilometer

Temperature is given in degrees Celsius (°C), which can be converted to degrees Fahrenheit (°F) by using the
following equation:
°F=1.8(°C)+32.

Vertical Datum

Sea level: In this report, "sea level” refers to the National Geodetic Vertical Datum of 1929--a geodetic datum
derived from a general adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level
Datum of 1929.

Water-Quality Information

Chemical concentration (solute per unit volume of water) is given in grams per liter (g/L), milligrams per liter (mg/L),
or micrograms per liter (ug/L). For concentrations less than 7,000 mg/L, the numerical value in milligrams per liter is about
the same as for concentrations in parts per million (ppm), and the numerical value in micrograms per liter is about the same
as for concentrations in parts per billion (ppb).

Chemical concentration in terms of ionic interacting values is given in milliequivalents per liter (meg/L).
Milliequivalents per liter values, which are numerically equal to equivalents per million, may be converted to milligrams per
liter by multiplying milliequivalents per liter by the equivalent weight (weight of the ion divided by the ionic charge).

Specific conductance is given in microsiemens per centimeter (uS/cm) at 25°C. Microsiemens per centimeter is
numerically equal to micromhos per centimeter.

Abbreviations and Acronyms -

DSC - Dissolved-solids concentration
) MCL - Maximum contaminant level
MODPATH - A computer model used to simulate advective transport
MODFLOW - A modular three-dimensional finite-difference flow model
Permil - Parts per thousand
SLAP - Standard Light Antarctic Precipitation
V-SMOW - Vienna Standard Mean Ocean Water

Conversion Factors, Vertical Datum, Water-Quality Information, Abbreviations, Acronyms, Well-Numbering System V



Well-Numbering System

i Wells are identified and numbered according to their location in the rectangular system for the subdivision of public
lands. Identification consists of the township number, north or south; the range number, east or west; and the section number.
Each section is divided into sixteen 40-acre tracts lettered consecutively (except I and O), beginning with "A" in the northeast
corner of the section and progressing in a sinusoidal manner to "R" in the southeast corner. Within the 40-acre tract, wells
are sequentially numbered in the order they are inventoried. The final letter refers to the base line and meridian, In
California, there are three base lines and meridians; Humboldt (H), Mount Diablo (M), and San Bernardino (S). All wells
! in the study area are referenced to the Mount Diablo base line and meridian (M). Well numbers consist of 14 characters and
! follow the format 026S039E24K01M. In this report, well numbers are abbreviated and written 26S/39E-24K1. Wells in the
same township and range are referred to only by- their section designation, 24K1. The following diagram shows how the
number for well 26S/39E-24K1 is derived.
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GROUND-WATER FLOW AND QUALITY, AND GEOCHEMICAL
PROCESSES, IN INDIAN WELLS VALLEY, KERN, INYO, AND
SAN BERNARDINO COUNTIES, CALIFORNIA, 1987-88

By Charles Berenbrock and Roy A. Schroeder

Abstract

Aqueous chemical concentrations and
hydrogen and oxygen stable-isotope ratios were
measured to update ground-water quality
information for Indian Wells Valley, California.
Indian Wells Valley contains the China Lake
playa, which is part of a chain of remnant
Pleistocene lakes in the rain shadow east of the
Sierra Nevada. Natural recharge to the valley
originates predominantly as surface-water runoff
from the Sierra Nevada, and natural discharge is
by evapotranspiration at China Lake on the east-
central side of the valley. Prior to development
of ground-water resources, recharge was approx-
imately balanced by discharge.

As ground water moves through alluvium
near the mountains into lacustrine deposits of an
ancestral lake, dissolved-solids concentration in-
creases from about 200 to 1,000 milligrams per
liter, with further increases to several thousand
milligrams per liter in discharge areas (the playa)
on the valley floor. Several geochemical pro-
cesses alter the relative concentrations of major
ions in ground water during its transit through
the lacustrine deposits: alkalinity generated by
sulfate reduction, precipitation of alkaline-earth
carbonates, removal of aqueous alkaline-earth
ions by exchange for sodium on clays, and
dissolution of evaporites such as sodium chloride.

Stable oxygen- and hydrogen-isotope ratios in
ground water display a range of values deter-
mined by location and timing of recharge and by
evaporation history. Delta deuterium in ground
water from alluvium near the Sierra Nevada
ranges from about -90 permil (parts per
thousand) in the south to about -100 permil in
the north. This trend probably is caused by an
increase northward in altitude of the mountains.

Evaporation from a shallow water table on the
valley floor enriches deuterium to about -80
permil in shallow ground water. Comparison of
isotope ratios in current precipitation and
recharge to ratios in deep ground water and in
ground water that has undergone evaporation
suggests that some of the water present was
recharged during an earlier (late Pleistocene)
pluvial period. Delta deuterium in recharge for
this old ground water is estimated to have been
15 to 35 permil more negative than in current
recharge.

Increased pumping since 1920 in the most
highly developed part of the valley at Ridgecrest,
and in the area (referred to as the "intermediate
area") between Ridgecrest and Inyokern, has
resulted in a 100-foot-deep cone of depression
and has induced movement of comparatively
saline ground water toward the depression from
playas to the east (Mirror and Satellite Lakes)
and north (China Lake) and of fresh ground
water from Little Dixie Wash to the west (from
which flow occurred naturally prior to pumping).
Data document a trend of increasing dissolved
solids in water from several wells, since at least
the early 1970°s, in the areas of heaviest
pumping. Induced flow of saline ground water
from deposits in the Mirror and Satellite Lakes
area is likely to be high in sulfate relative to
chloride; flow from the China Lake area is high
in chloride relative to sulfate. The difference in
relative abundance of sulfate and chloride
between these playas reflects differences in the
intensity and extent of sulfate reduction that has
occurred beneath each area. A potential exists
for intensified degradation in ground-water
quality in the Ridgecrest and intermediate areas
as a result of movement of saline water from
areas near the playas if pumping continues at
current or increased rates.

Abstract 1




" thousand years.

Although there are insufficient data to
construct a solute-transport simulation model, a
simplified advective-transport model was used to
qualitatively evaluate the effects of pumping on
ground-water flow paths and traveltimes. Several
simulations were completed using MODPATH, a
particle-tracking program. First, the potential for
saline ground water to migrate from China,
Mirror, and Satellite Lakes into the Ridgecrest
and intermediate areas was assessed. Second, the
effect of pumping on natural recharge from Little
Dixie Wash was assessed. Results suggest that
movement of ground water from Little Dixie
Wash to the natural discharge areas takes several
Such long traveltimes are
consistent with the probable presence of late
Pleistocene ground water in deep zones and in
discharge areas of the valley.

INTRODUCTION

Ground water is virtually the sole source of water
for residents of Indian Wells Valley (fig.1). Since
1959, annual pumpage from the aquifer has exceeded
estimates of mean annual recharge (Berenbrock and
Martin, 1991, p. 39), and continued increases in
pumpage are expected. In areas of greatest pumpage,
water levels in the aquifer have declined about 30 ft
since 1960. Previous investigators (Dutcher and
Moyle, 1973; Warner, 1975; Mallory, 1979;
Berenbrock and Martin, 1991) have indicated that
water-level declines could result in degradation of the
ground-water quality in the areas of heaviest pump-
age.

In 1988, a three-dimensional mathematical
ground-water flow model was used by the U.S.
Geological Survey (USGS) to simulate flow through
two aquifers: a shallow aquifer that occupies the
east-central part of the valley where it overlies a deep
aquifer, and a deep aquifer which extends throughout
the unconsolidated deposits of the valley and which
is the source of pumpage (Berenbrock and Martin,
1991). The model has proven to be a useful tool to
simulate water-level changes in the two aquifers.
Berenbrock and Martin (1991) indicated that ground-
water pumping had caused water levels in the deep
aquifer to decline almost 100 ft from 1920 to 1985 in
the intermediate area (defined in this and previous
reports as the area between Ridgecrest and Inyokern)
and had reversed the direction of ground-water move-
ment in the deep aquifer in the area southwest of
China Lake. Ground water of poor quality (that is,
high dissolved-solids concentration) underlies China
Lake; therefore, water quality in the deep aquifer
south and west of China Lake, where pumpage is
greatest, is subject to degradation.

A comprehensive ground-water-quality study
completed by the USGS in 1972 (Warner, 1975)
indicated that pumping had not affected water quality.
Data collected since that study, however, indicate that
ground-water quality has degraded significantly in the
areas of greatest pumpage in the southeastern part of
the valley near Ridgecrest. Dissolved-solids con-
centrations of ground water throughout most of the
Ridgecrest area currently exceed the secondary max-
imum contaminant level of 500 milligrams per liter
(mg/L) for drinking water (U.S. Environmental
Protection Agency, 1979). Therefore, current ground-
water-quality conditions need to be compared with
historical data to determine the degree of change that
has occurred; to determine water quality in areas not
currently developed for public supply; and to deter-
mine the potential for further degradation. An
assessment of water quality in the valley provides
local water districts and the military with information
that will assist them in providing needed water and
maintaining adequate quality. The U.S. Geological
Survey, in cooperation with the Indian Wells Valley
Water District and the U.S. Department of the Navy,
China Lake Naval Air Weapons Station (formerly
China Lake Naval Weapons Center), began a ground-
water-quality assessment of Indian Wells Valley in
1987. Insight gained from this study can be used to
design water-level and water-quality monitoring net-
works, collect additional geohydrologic and geo-
chemical data where needed, and design more
sophisticated models (flow and solute-transport) for
future management of ground-water resources in
Indian Wells Valley.

PURPOSE AND SCOPE

The purpose of this report is to present an
appraisal of ground-water flow conditions and current
(1987-88) ground-water quality, compare current
ground-water quality with historical conditions, and
assess the potential for future degradation of water
quality. The report includes a discussion of how
various geochemical processes determine the chemical
composition and how recharge and evaporation deter-
mine the isotopic composition of ground water in
Indian Wells Valley. '

The study included: (1) collecting and analyzing
ground-water samples from wells for major ions, .
selected minor constituents, and stable hydrogen and
oxygen isotopes; (2) describing areal and vertical var-
jations of ground-water quality in the valley, with
emphasis on dissolved solids; (3) comparing ground-
water quality in 1987-88 with historical ground-water
quality; (4) using a particle-tracking model to develop
a geochemical and physical framework in order to
evaluate present knowledge and concepts of the aqui-
fer system and processes of solute transport; and (5)
estimating the isotopic composition of recharge during
the late Pleistocene.

2 Ground-Water Flow, Quality, Geochemical Processes, in Indian Wells Valley, Kem, Inyo, San Bemardino Counties
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El Paso Mountains. The surrounding mountains and
hills slope steeply to the broad valley floor, which
slopes gently toward China Lake, a large playa in the
east-central part of the valley. The valley floor, most
of which is between 2,175 and 2,400 ft in altitude, is

" about 300 mi® in area. The valley drains internally

into China Lake, which is at the lowest altitude in the
valley (about 2,150 ft). There is no perennial surface
flow on the valley floor, and China Lake is dry ex-
cept during rare extremely wet periods.

Indian Wells Valley has an arid climate; average
rainfall on the valley floor is 4 to 6 in. Most of the
precipitation occurs during October through March,
with infrequent rainfall during summer and occasional
snowfall during winter. - Mean temperatures range
from about 4°C in winter to about 28°C in summer,
and average diurnal range is about 17°C throughout
the year (Evert and Burgin, 1986, p. 11). The main
growing season is April through October.

The population of Indian Wells Valley was about
25,000 in 1988. The principal communities, and their
approximate populations in 1988, are: Ridgecrest,
22,000; Inyokern, 1,000; and China Lake, 500.

The source of water for public drinking-water
supplies, for irrigation, and for military and industrial
uses in Indian Wells Valley is ground water. Greatest
pumpage is in the intermediate area between
Ridgecrest and Inyokern (fig. 1). Many private wells
serve as domestic drinking-water and irrigation
supplies. In 1985, about 21,500 acre-ft of ground
water was pumped from the valley (Berenbrock and
Martin, 1991). The pumpage included about 7,000
acre-ft for municipal and domestic supplies; 6,900
acre-ft for irrigation (mostly in the northwestern part
of the valley); 4,800 acre-ft for military use at China
Lake Naval Air Weapons Station; and 2,800 acre-ft
for industrial uses.

GEOHYDROLOGIC SETTING

Indian Wells Valley is a structural and
topographic depression in the southwestern part of the
Basin and Range Province. China Lake, which
occupies part of Indian Wells Valley, is one member
in a chain of remnant Pleistocene lakes in the rain
California. Indian Wells Valley is located between
the much smaller Rose and Salt Wells Valleys to the
northwest and southeast, respectively. During the last
pluvial episode, an ancestral lake covered Indian
Wells Valley up to an altitude of 2,400 ft (St.-Amand,
1986, p. 12), permitting exchange of surface water
and ground water between adjoining valleys. Today,
Indian Wells Valley is virtually closed, and there is
very little ground-water underflow to or from adjacent
valleys (Warner, 1975, p. 11).

As the ancestral lake that occupied Indian Wells
Valley receded, it left behind lacustrine deposits and
several playas on the valley floor. The largest of the
playas is China Lake in the east-central part of the
valley. Several smaller playas occupy local top-
ographic depressions in the valley (fig. 1). Mirror
and Satellite Lakes to the south of China Lake are
two playas of special significance to this study
because ground water beneath them has a chemical
composition that is different (conditions are less
reducing) from that of water beneath China Lake, and
because saline ground water in their lacustrine
deposits is the source of degradation of ground-water
quality in the Ridgecrest area.

For this study, the lithologic units mapped by
Von Huene (1960), Zbur (1963), Moyle (1963), and
Kunkel and Chase (1969) are grouped into
"consolidated rocks" and "unconsolidated deposits”
(fig. 2). The consolidated rocks include the basement
complex, continental deposits, and volcanic_rocks.
The basement complex consists of pre-Tertiary
igneous and metamorphic rocks that underlie the
ground-water basin and crop out in the surrounding
hills. The continental deposits of Tertiary age overlie
the basement complex and are nearly impermeable
except where fractured. The volcanic rocks include
the Miocene Black Mountain Basalt near the El Paso

EXPLANATION

GEOLOGIC UNITS

UNCONSOLIDATED DEPOSITS
Quaternary—

Sand dunes (Holocene)
Sand dunes and playa deposits
= (Holocene)
- Playa deposits (Holocene)
Alluvium (Holocene and
Pleistocene)
Lacustrine deposits (Pleistocene)

277

CONSOLIDATED ROCKS-

Quaternary and Tertiary

. Volcanic rocks (Pleistocene
and Miocene)

Tertiary—

Continental deposits (Pliocene
and Miocene)

Pre-Tertiary—

- Basement Complex

.~ . < FAULT-Dashed where
) approximately located

Ae=mmm/' LINE OF SECTION SHOWN
IN FIGURES 18 AND 17

mmme=e BOUNDARY OF SHALLOW AQUIFER
(Kunkel and Chase, 1969)—

Dashed where approximately
located
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Mountains and Pleistocene volcanic rocks near the
Coso Mountains (Kunkel and Chase, 1969, p. 22;
Duffield and Bacon, 1981; and Diggles and others,
1985, p. C6). The consolidated rocks form the lower
boundary of the ground-water basin and much of the
. perimeter boundary.

The unconsolidated deposits include lacustrine,

alluvium, playa, and sand-dune deposits.  The
lacustrine deposits of Pleistocene age and the playa
deposits of Holocene age consist predominantly of silt
and clay and are interbedded with and overlie the
alluvium. The alluvium of Pleistocene and Holocene
age includes the older and younger alluvium, alluvial
fans, and stream-terrace deposits. The alluvium
consists of unconsolidated gravel, sand, silt, and clay.
The percentage of silt and clay in the alluvium
generally increases toward the central and eastern
parts of the valley. The sand-dune deposits, of
Holocene age, consist of windblown sand. -

The greatest thickness of unconsolidated deposits,
about 2,000 ft, is in the west-central part of the valley
(Zbur, 1963; Dutcher and Moyle, 1973, p. 9). The
unconsolidated deposits vary greatly in lithology, both
vertically and areally, especially in the central and
eastern parts of the valley. The deposits in the south-
western part of the valley are more uniform,
consisting primarily of fine to coarse sand and small
amounts of silt. The absence of large amounts of silt
and clay in the southwestern part of the valley
indicate that the ancestral China Lake did not extend
to this part of the valley.

On the basis of geophysical and geologic logs of
selected wells, previous investigators have divided the
unconsolidated deposits in the valley into two main
aquifers: (1) The shallow aquifer (shallow water body
of Kunkel and Chase, 1969) and (2) the deep aquifer
(main water body of Kunkel and Chase, 1969).

The shallow aquifer includes lacustrine, alluvium,
playa, and sand-dune deposits. Kunkel and Chase
(1969) defined the shallow aquifer as extending from
China Lake westward to the center of the valley and
from the area south of Airport Lake southward to the
community of China Lake. The fine-grained deposits
of the shallow aquifer are as much as 300 ft thick
(Berenbrock and Martin, 1991, fig. 4) where they
overlie the deepaquifer in the eastern part of the
valley. Ground water in the deep aquifer is confined
or partly confined by the shallow deposits. The
shallow aquifer generally does not yield water freely
to wells although water from three shallow wells
(well depth of about 55 ft) near the Ridgecrest
Regional Wastewater Sewage Treatment evaporation
ponds is pumped at a rate of about 60 gal/min (Don
L. Greenfield, Supervisor, Ridgecrest Wastewater
Treatment Facilities, oral commun., 1988). Water
from the shallow aquifer is used only for fire protec-

tion and maintenance of a few buildings on China
Lake Naval Air Weapons Station. Since 1987, the
water table in the shallow aquifer has been artificially
lowered by pumping around the Ridgecrest Regional
Wastewater Treatment Facility ponds to prevent
structural damage to nearby buildings resulting from
high-water-table conditions.

The deep aquifer consists of alluvium and
extends, in the eastern part of the valley, from the
base of the shallow aquifer to consolidated rocks; in
the western part of the valley, where the shallow
aquifer is not present, the deep aquifer extends from
land surface to the consolidated rocks. Kunkel and
Chase (1969, p. 39) indicated that the total saturated
thickness of the deep aquifer in the central part of the
valley is at least 1,000 ft. The deep aquifer consists
predominantly of fine to coarse sand and gravel of
high permeability; in the central and eastern parts of
the valley, however, it is interbedded with silt and
clay layers of lacustrine deposits. The deep aquifer is
the principal source of ground water in Indian Wells
Valley, and it yields more than 1,000 gal/min to
individual municipal and irrigation wells. Some wells
in the intermediate area and at Inyokern yield more
than 2,000 gal/min.

Before pumping began in the valley, ground water
moved from areas of recharge along the margins of
the valley toward China Lake through the deep
aquifer and into the shallow aquifer (Warner, 1975,
p- 12). Thus, leakage from the deep aquifer was
virtually the only source of recharge to the shallow
aquifer, and it was the only significant discharge from
the deep aquifer. Discharge of ground water from the
shallow aquifer was principally by evapotranspiration
in and around China Lake.

Virtually all natural recharge to the ground-water
system in Indian Wells Valley occurs as infiltration of
surface runoff from the Sierra Nevada. Most of the
runoff infiltrates near the mountain front where
streams first cross the unconsolidated deposits of the
valley, and the recharge is termed, in this report,
"mountain-front recharge." Prior to pumping in the
valley, mountain-front recharge to the ground-water
system was approximately balanced by natural dis-
charge, most of which occurred by evapotranspiration
in and around China Lake. The evapotranspiration
cannot be estimated precisely, but it probably
averaged about 8,000 to 11,000 acre-ft/yr prior to
1920 (Berenbrock and Martin 1991, p. 14). Bloyd
and Robson (1971, p. 12) estimated recharge and
discharge under steady-state conditions to be 9,850
acre-ft/yr. About 6,300 acre-ft/yr of the recharge was
attributed to infiltration from streams originating in
the Sierra Nevada west of the valley, about 3,200
acre-ft/yr to infiltration from streams originating in
the Coso and Argus Ranges north and northeast of the
valley, and about 400 acre-ft/yr to infiltration from

6 Ground-Water Flow, Quality, Geochemical Processes, in Indian Wells Valley, Kem, Inyo, San Bemardino Counties



streams originating in the El Paso Mountains south of
the valley. The estimated long-term average recharge
from streamflow infiltration of about 10,000 acre-ft/yr
was used in a ground-water flow model by
Berenbrock and Martin (1991) for the period 1920-85;
however, the results from their model simulations
indicate that discharge by evapotranspiration had
declined, as a result of pumping, to about 6,600 acre-
ft/yr by 1985.

Since the 1920’s, when pumpage became
significant, ground-water movement in the deep
aquifer has been altered by changes in water level.
Water-level measurements made during spring 1988
(Supplemental Data A) indicate that pumping from
the deep aquifer has caused a cone of depression in
the intermediate and Ridgecrest areas (fig 3). Water
level in the deep aquifer has declined as much as 100
ft in the center of the depression. Comparison of
water levels for 1985 (Berenbrock and Martin, 1991,
fig. 8) and 1988 (this report, fig. 3) indicates an
additional decline of about 10 ft in the cone of
depression.

Water-level measurements made during spring
1988 in wells tapping the shallow aquifer do not
show any depressions in the water table that can be
related to pumping (fig. 3). In fact, the water levels
in spring 1988 were similar to those of 1920-21
(Berenbrock and Martin, 1991, fig. 7), except near the
community of China Lake. Berenbrock and Martin
(1991, p. 17) attributed the higher (1985) water levels
near the community of China Lake to tree and
shrubbery watering that has occurred since the 1950’s;
they estimated that about 90 acre-ft/yr of water is
recharged to the shallow aquifer from tree and
shrubbery watering.

Large hydraulic-head differences between wells in
the shallow and deep aquifers indicate that ground
water currently moves from the shallow aquifer into
the deep aquifer. On the basis of model results,
Berenbrock and Martin (1991, p. 43), estimated that
1,550 acre-ft flowed from the shallow aquifer into the
deep aquifer during 1985; by contrast, prior to
ground-water development in the valley, ground water
flowed from the deep aquifer to the shallow aquifer.

METHODS OF INVESTIGATION
SAMPLING AND CHEMICAL ANALYSES

More than 80 wells were sampled and analyzed
for major ions and selected minor constituents during
1987-88. Location of these wells is shown on plate
1. About two-thirds of the wells were sampled and
analyzed by the USGS and one-third were sampled
and analyzed by other agencies. The results of these

'Commonly referred to as "total dissolved solids (TDS)."

analyses are given in Supplemental Data B. More
than one-half of the sampled wells are (USGS
oragency) observation wells. The ownership (or use)
of the remaining wells, in descending order by
number of wells, is: municipal, military, agricultural,
domestic, industrial, and institutional (designated in
Supplemental Data B). Some wells were sampled
several times, but about 40 percent of the wells were
sampled only once by the USGS during this study.
Criteria for selection of sampling sites were based on
areal distribution, availability of previous water-
quality records, and accessibility to sites. An attempt
was made to sample all wells that had been sampled
during 1972 by Warner (1975); however, many of the
wells could not be resampled in 1987-88 because they
had either been destroyed or were no longer in
service. Twenty of the wells sampled in 1972
(designated in Supplemental Data B) were resampled
for this study.

Ground-water samples collected by the USGS
were analyzed for inorganic constituents at the USGS
National Water-Quality Laboratory in Arvada,
Colorado, using standard methods described by
Fishman and Friedman (1989). Many of these
samples were tested for degree of saturation
(saturation indices were calculated) with respect to
gypsum, alkaline-earth carbonates, and fluorite using
a computerized thermodynamic data base (Plummer
and others, 1984). A few samples were analyzed for
purgeable organic priority pollutants using methods
described by Wershaw and others (1987). These
results are described in a later section of this report.
Samples from selected wells, springs, and surface-
water sites obtained during 1985-89 were analyzed for
stable hydrogen- and oxygen-isotope ratios. These
results are given in tables 1 and 2.

MEASURES OF DISSOLVED-SOLIDS CONCENTRATION

Dissolved-solids concentration (DSC)' was calcu-
lated as the sum of soluble chemical constituents. For
samples with incomplete chemical data (not all major
constituents were analyzed), DSC can be estimated
from the relation between DSC and specific
conductance. The reliability of this estimate is best
when the relative proportion of all major ions is about
the same in all samples (Hem, 1985). Using data
from this study, the slope of the regression between
DSC, in milligrams per liter (mg/L), and specific
conductance, in microsiemens per centimeter at 25°C
(uS/cm), was found to be 0.75 for samples from the
shallow aquifer and 0.67 for samples from the deep
aquifer. This small difference reflects differences in
relative proportions of major ions typically present in
high-DSC and low-DSC water associated with the
shallow aquifer and deep aquifer, respectively, and the
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non-ideal thermodynamic effects exerted by increasing
ionic strength on electrochemical properties (decrease
in activity coefficient and increase in ion-pair
association with increase in concentration).

Three indicators of DSC are used interchangeably
throughout this report although they are not precisely
equal to one another: the sum of soluble chemical
constituents computed directly from analyses of the
individual constituents, residue on evaporation at
180°C, and specific conductance (as related to DSC)
at 25°C. Hem (1985) discusses the variou$ causes of
small differences between computed sum of
constituents and residue on evaporation (p. 156-157),
and the relation between specific conductance and
dissolved-solids concentration (p. 66-68). Histor-
ically, the USGS has used the sum of constituents to
represent DSC of ground water in Indian Wells
Valley; China Lake Naval Air Weapons Station and
consulting agencies have used residue on evaporation
(Koehler, 1971, p. 12; Wamer, 1975, p. 20). To
provide an equivalent measure of DSC in this report
for ground-water samples collected by agencies other
than the USGS and listed in Supplemental Data B,
available data from these other agencies were used to
compute sum-of-constituents values. Because silica
usually was not analyzed by other agencies, the
computed sum is slightly less than the total amount
actually present. Both the sum-of-constituents and the
residue-on-evaporation values for data from other
agencies are given in Supplemental Data B.

HYDROGEN- AND OXYGEN-ISOTOPE ANALYSES

In addition to major-ion chemical constituents, the
stable-isotope ratios of hydrogen (hydrogen-2, or
deuterium, and hydrogen-1, or protium) and oxygen
(oxygen-18 and oxygen-16) were determined for
samples of ground water from Indian Wells Valley
and surface water and spring water from the Coso and
Argus Ranges and the Sierra Nevada (except oxygen
isotopes were not determined in the Sierra Nevada
samples). These isotopes commonly are used in
hydrologic investigations to determine sources of
recharge, evaporation, and mixing of ground water
that has different isotopic signatures (see Fritz and
Fontes, 1980, for applications).

For this study,-isotope analyses were done on
samples from 55 wells in Indian Wells Valley;
2 springs, 4 creeks, and 1 lake in the Sierra Nevada;
and 8 springs in the Coso and Argus Ranges. Results
are given in tables 1 and 2 using the conventional
delta (3) notation of Craig (1961b), in which 3 is the
deviation, in parts per thousand (permil), of the
isotope ratio in the sample from the isotope ratio in
Vienna Standard Mean Ocean Water (V-SMOW)
normalized on scales such that 80 and 8D values of
Standard Light Antarctic Precipitation (SLAP) are
-55.5 permil and -428 permil, respectively (Coplen,

1988). Hence, higher (less negative) values of 3'*0
and 0D represent enrichment in the heavier isotope of
oxygen and hydrogen, respectively; and lower (more
negative) § values represent enrichment in the lighter
isotope (depletion in the heavier isotope). The 20
precision of oxygen- and hydrogen-isotope results is
about 0.1 permil and 1.5 permil, respectively.
Hydrogen-isotope-ratio analyses were done by the
zinc hydrogen-gas generation technique (Kendall and
Coplen, 1985). Oxygen-isotope-ratio analyses were
done by a CO,-equilibration technique (Epstein and
Mayeda, 1953), which yields activities rather than
concentrations. For samples with DSC less than
about 100 g/L (grams per liter) and total alkaline-
earth concentration less than about 10 g/L, such as
those from Indian Wells Valley, concentrations and
activities differ by less than the reported precision
(Sofer and Gat, 1975).

Springs are more suitable indicators of the
isotopic composition of recharge than are surface
waters or precipitation because they represent shallow
ground-water recharge after it is sufficiently below
land surface to no longer be subjected to the effects
of evaporation. Isotope ratios (table 2) for seven of
the eight springs in the Coso and Argus Ranges plot
(fig. 4) close to the global meteoric-water line of
Craig (1961a). The lone exception is Coso Village
Spring (8D= -85 permil and §'0O= -9.25 permil),
which issues beneath a vernal pool and thus included
standing water from the pool itself when sampled.
The effect of evaporation from the pool is apparent in
the higher (less negative) & values; in addition, this
sample (H in fig. 4) plots far to the right of (below)
the global meteoric-water line. The seven other
springs indicate a range in 8D for recharge from
about -90 to about -100 permil.

EXPLANATION
[ ]  unconsoLpatED DEPOSITS

Renan CONSOLIDATED ROCKS

WATER-LEVEL CONTOUR-Shows
altitude, in feet above sea
level. Contour interval 10
feet. Dashed where approx-
imately located; queried
where doubtful

2170 2— Shallow aquifer
2180 ?— Deep aquifer
DIRECTION OF GROUND-WATER
MOVEMENT
— Shallow aquifer

—s  Deep aquifer

WELL AND NUMBER-See

1461 Supplemental Data A
o Shallow aquifer

oK1 Deep aquifer
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Figure 3. Water-level contours and direction of ground-water movement in the shallow and deep aquifers
of Indian Wells Valley ground-water basin, spring 1988.
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Table 1. Stable-isotope ratios for water samples from selected wells in Indian Wells Valley

[Altitude of land surface is given in feet above sea level. Depth of well and perforated interval are given in feet below
land surface. pS/cm, microsiemens per centimeter at 25°C; permil, parts per thousand deviation from VSMOW (Vienna

Standard Mean Ocean Water); --, no data available]

. Specific Delta Delta .
Well Altitude Depth  Perforated Sample  conduct- deu- oxygen- ~ Moni-
number of land of well interval date ance terium 18 tored
surface ' (uS/cm) (permil)  (permil) aquifer
Northwestern Area
24S/38E-1612 2,585 611 ~ 251-611 01-22-86 2,010 -95.0 -11.60 Deep
24S/38E-33]2 2,480 375 240-375 01-23-86 - -91.5 -12.00 Deep
24S/39E-33N1 2,354.5 161.4 -- 01-10-86 1,620 -76.0 -10.40 Deep
25S/38E-11L1 2,445 400 - 07-23-87 540 -87.0 -11.65 Deep
25S/38E-23J1 2,376 630 240-630 04-16-86 660 -86.0 -11.80 Deep
Western Area
25S/38E-25J1 2,275 330 120-330 04-16-86 1,260 -90.5 -11.60 Deep
25S/38E-36A1 2,291 285 139-285 04-16-86 1,330 -94.0 -11.85 Deep
25S/38E-36B1 2,293 400 200-400 04-17-86 1,350 -91.5 -12.00 Deep
25S/39E-31D1 2,267 300 140-300 04-16-86 1,540 -90.0 -11.70 Deep
26S/38E-27G1 2,900.68 723 663-723 09-17-85 440 -93.0 -11.20 Deep
26S/38E-35B1 2,575 400 340-400 01-23-86 291 -104.0 -13.55 Deep
26S/39E-TN2 2,395.3 368 -- 04-15-86 935 -94.0 -12.10 Deep
26S/39E-17F2 2,340 881 681-881 07-22-87 300 -102.0 -13.55 Deep
26S/39E-19P1 2,416 420.7 -- 09-18-85 470 -94.5 -12.60 Deep
Southwestern Area
26S/37E-26L1 4,320 50 -- 07-23-87 400 -90.5 -12.15 Deep
27S/38E-1G1 2,255 399 344-399 09-26-85 635 -84.0 -11.00 Deep
27S/39E-8M1 2,258 - -- 07-02-87 420 -91.5 -12.00 Deep
27S/39E-8M2 2,258 1,000 400-1,000 06-06-89 435 -92.5 -12.45 Deep
27S/39E-16Cl1 2,582.3 502 370-502 01-18-86 427 -93.0 -12.55 Deep
China Lake Area
25S/40E-20F1 2,179.5 182.6 -- 01-09-86 675 -80.0 -10.50 Shallow
26S/40E-1A2 2,157.6 197.5 80-100; 06-17-85 18,400 -97.5 -12.60 Shallow
110-130;
170-190
26S/40E-4Q1 2,185 290 30-50; 07-22-87 890 -94.5 -12.50 Shallow
70-90;
110-130
26S/40E-6C1 2,195 620 500-600 07-24-87 90,000 -90.0 -10.60 Deep
26S/40E-6D1 2,216 320 276-300 07-24-87 21,300 -92.5 -12.05 Deep
26S/40E-11J3 2,174 7.6 -- 06-11-85 15,000 -94.5 -11.55 Shallow
26S/40E-14B1 2,186.5 22 20-22 06-11-85 4,200 -80.0 -8.95 Shallow
26S/40E-14L1 2,201 57 55-57 06-11-85 2,600 -86.0 -10.55 Shallow
26S/40E-15N2 2,234.8 101 99-101 06-11-85 4,150 -101.0 -13.00 Shallow
26S/40E-17]11 ..2,262.35 97 95-97 06-10-85 410 -92.5 -12.00 Shallow
26S/40E-17R1 2,266.65 101 99-101 06-10-85 440 -91.0 -12.00 Shallow
26S/40E-21A1 2,250.58 104 102-104 06-10-85 760 -102.0 -12.65 Shallow
26S/40E-21E1 2,272.57 114 112-114 06-10-85 340 -92.5 -12.30 Shallow
26S/40E-22B1 2,232.45 63 61-63 06-12-85 6,500 -97.0 -12.55 Shallow
26S/40E-22H1 2,226.62 49 47-49 06-12-85 5,500 -91.0 -11.95 Shallow
26S/40E-22H2 2,227.03 77 75-77 06-12-85 12,500 930 -12.30 Shallow
26S/40E-22H3 2,226.23 97 95-97 06-12-85 5,100 -97.0 -12.80 Shallow
26S/40E-22P2 2,262.8 75 73-75 06-10-85 1,800 -97.0 -12.50 Shallow
26S/40E-22P3 2,260 415 400-415 01-09-86 1,940 -102.0 -12.90 Deep
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Table 1. Stable-isotope ratios for water samples from selected wells in Indian Wells Valley—-Continued

. Specific Delta Delta o
Well Altitude Depth Perforated Sample conduct- deu- oxygen- on(ll-
number of land of well interval date ance terium 18 torlef
surface (@S/em)  (permil)  (permil) I
China Lake Area--Continued
26S/40E-22P4 2,260 215 200-215 01-09-86 2,210 -96.0 -12.40 Shallow
26S/40E-23D1 2,223 400 385-400 01-09-86 2,780 -101.0 -13.40 Deep
26S/40E-23D2 2,223 185 170-185 01-09-86 6,800 -101.0 -12.80 Shallow
26S/40E-23G1 2,215.04 57 55-57 06-11-85 9,750 -93.0 ~12.05 Shallow
Southeastern Area
26S/40E-28J1 2,288.9 - -- 01-23-86 830 -96.0 -12.50 Deep
26S/40E-32F3 2,320 720 520-700 01-22-86 880 -105.0 -13.90 Deep
26S/40E-32K1 2,330 620 230-310; 01-22-86 675 -103.0 -13.75 Deep
340-380;
470-500;
520-600
26S/40E-36A1 2,247.2 260 80-90; 06-17-85 2,000 -94.5 -12.35 Deep
107-127;
187-195;
240-260
27S/40E-2]1 2,300 200 -- 01-24-86 1,890 -99.0 -12.90 Deep
27S5/40E-4B2 2,998 288 128-278 02-27-86 1,260 -97.0 -12.80 Deep
27S/40E-5D1 2,375 555 251-556 02-27-86 590 -104.0 -13.50 Deep
Intermediate Area
26S/39E-24M1 2,366.46 800 220-405; 09-18-85 332 -93.0 -- Deep
450-620;
730-800
26S/39E-25E1 2,345 387 179-260; 02-27-86 405 -96.0 -12.75 Deep
268-284;
291-384
26S/40E-30E2 2,345 378 205-378 02-27-86 383 955 -12.70 Deep
26S/40E-30K 1 2,340 800 250-800 01-22-86 364 -102.0 -8.20 Deep
26S/40E-30K2 2,340 802 220-470; 05-14-87 375 -99.5 -13.25 Deep
600-760
27S/40E-6D1 2,400 720 580-700 01-22-86 367 -108.0 -13.80 Deep

negative than -90 permil and that most are more neg-
ative than -95 permil. A notable exception is shallow
ground water in the discharge area of the lakebeds of
present and ancestral China Lake where evapotran-
spiration results in 8D values as high as -80 permil.

Data are insufficient from recharge areas in the
eastern Sierra Nevada directly west of Indian Wells
Valley to place as much reliability on isotopic
composition as was done for the Coso and Argus
Ranges; however, there is some evidence (see table 2)
that the range is greater in the Sierra Nevada. For
example, Sacatar Spring has a 8D of -110 permil.
(The high value of 8D= -78 permil in Little Lake
likely includes the effect of evaporation.) Despite the

As used in subsequent sections of this report, the
term "current recharge" refers to water that has been
recharged between the present and some unspecified

uncertainty in isotope ratios from the Sierra Nevada,
it is recognized that colder and (or) wetter climates,
reflecting either higher altitudes or an earlier pluvial
period, produce lighter ratios; there is some evidence
that this can explain, in part, some of the isotopic
variations in ground water from Indian Wells Valley.

~ Given the range in isotopic composition of water
in areas supplying recharge, it is not surprising that
nearly all ground-water samples show oD values more

time in the recent past. It is intended to imply water
of some effective average composition that reflects
variations that occur over time scales ranging from
annual to perhaps several hundred years (as distinct
from climatic patterns that persist for thousands of
years). The term "historical recharge" refers to older,
perhaps late Pleistocene, ground water, whose
presence in the basin is indicated by results of this
study and a study by Smith and others (1992) in
southeastern California.
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Table 2. Stable-isotope ratios for samples from springs and surface-water sites in the Sierra Nevada and
the Coso and Argus Ranges

- [Designation of sites is shown on plate 1, except sites with italic letter designation are outside plate 1 area. Altitude of
i land surface is given in feet above sea level. pS/cm, microsiemens per centimeter at 25°C; permil, parts per thousand
‘I,, deviation from V-SMOW (Vienna Standard Mean Ocean Water); gal/min, gallon per minute; --, no data]

. . ] Altitude Specific Delta Delta Discharge
“ l:aetsi:)gn Se m‘lvga;l; s:;gace of land Sz:;;;l_e conductance  deuterium  oxygen-18 rate
; surface (uS/cm) (permil) (permil)  (gal/min)
—— Sierra Nevada'
A Sand Canyon Creek 3,120 01-24-86 -- -93 - 10
B Little Lake 3,180 05-02-86 - -78 - -
C Sand Canyon Spring 3,800 05-02-86 - -92 - 12
i D Sacatar Spring 3,840 05-02-86 - -110 - 10-15
¥ E Chimney Creek 6,250 05-02-86 -- -105 - 5-10
: F Ninemile Canyon Creek 2,950 05-02-86 -- -96 - 5-10
G Indian Wells Canyon Creek 3,815 05-02-86 - -96 - 5
B
ji Coso and Argus Ranges
i H Coso Village Spring 5,820 07-13-89 615 -85.0 -9.25 14
I Coles Spring 6,260 07-13-89 1,100 -96.0 -12.85 25
J Crystal Spring 6,400 07-13-89 440 -102.0 -13.85 1.6
K Tennessee Spring 6,200 06-07-89 410 -100.0 -13.60 35
L New House Spring 6,280 06-07-89 360 -99.0 -13.50 2
M Wildrose Spring 5,170 06-06-89 630 -93.0 -12.55 12
N Birchum Springs 5,680 07-13-89 450 -89.5 -12.25 44
P Mariposa Spring 6,320 07-13-89 1,180 -93.5 -13.10 2

Isotope analyses done by G.I. Smith, U.S. Geological Survey, Menlo Park, California.

GROUND-WATER FLOW DIRECTIONS AND
TRAVELTIMES

A potential exists for saline ground water to
migrate into the main water-producing zone (deep
aquifer) in the intermediate and southeastern areas of
Indian Wells Valley. The delineation of “areas" (pl.
1) in Indian Wells Valley is discussed in a later
section, "Ground-Water Quality,” which also contains
an extensive discussion of the effect that pumping has
on water quality by altering ground-water flow.
] Long-term pumping from the deep aquifer in the
1 intermediate area and at Ridgecrest has caused a
[ ] decline of hydraulic heads in these areas. Although
o teereevinbone o b e bbb ooy saline water apparently has not migrated into the main

R . T T 8 water-producing zone on a regional scale, increased
DELTA OXYGEN-18, IN PERMIL DSC in several wells near centers of heavy pumping

has caused concern among water managers and

planners. The problem posed by migrating saline
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Global meteoric-water 1ine
(Craig, 1961a)

Local ground-water 1ine
(estimated from data n fig. 11)

Well 265/37E-26L1
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-100

DELTA DEUTERIUM, IN PERMIL

Figure 4. Relation-between stable-isotope ratios

of hydrogen and oxygen in samples from springs
in the Coso and Argus Ranges. Data are givenin
table 2, and location of springs is shown on plate
1. (Well 265/37E-26L1, In the Sierra Nevada in the
western part of the study areq, is included for
comparison.)

water can be expected to intensify with Indian Wells
Valley’s rapid growth in population and accom-
panying demand for water.

The main processes -affecting the fate and trans-
port of solutes in ground water are: (1) advection by
the ground-water flow system, (2) hydrodynamic dis-

12 Ground-Water Flow, Quality, Geochemical Processes, in Indian Wells Valley, Kem, Inyo, San Bemardino Counties



persion (including diffusion and mechanical
dispersion), and (3) geochemical reactions.
Application of an advective-dispersive solute-transport
simulation model was attempted, but the application
was considered inappropriate because of (1)
insufficient data on initial concentrations, on areas
containing high-DSC water, and on the three-
dimensional aspects of hydraulic properties; and (2)
computational limitations (small cell sizes and hence
large computation times required to avoid numerical
dispersion and instabilities). Therefore, this report is
limited to a simple analysis of three-dimensional
advective transport of nonreactive constituents in the
Indian Wells Valley ground-water system. This
analysis does not consider chemical reactions, and
assumes, as is generally valid for high permeability
systems such as the deep aquifer in Indian Wells
Valley, that the influence of advection will be much
more important than that of dispersion. The results
from this analysis represent average ground-water
traveltimes and pathlines for nonreactive dissolved
constituents. In addition to illustrating the effect that
pumping has on ground-water flow and quality,
results from this analysis also demonstrate the great
antiquity of ground-water that is far removed from
where it was recharged.

The computer model used in this study to
simulate advective transport is MODPATH (Pollock,
1988, 1989). MODPATH employs a particle-tracking
technique to compute pathlines and traveltimes based
on the results of MODFLOW, the USGS modular
three-dimensional finite-difference flow model
(McDonald and Harbaugh, 1984). Results from the
previous ground-water flow model of Indian Wells
Valley developed by Berenbrock and Martin (1991)
are used in this application of MODPATH. A
complete description of MODPATH’s theoretical
development, solution techniques, and limitations is
available in two reports by Pollock (1988, 1989).

To demonstrate the effect that pumping has on
ground-water flow and traveltimes, particle tracking
was simulated using both predevelopment steady-state
(1920) as well as current (1988) ground-water con-
ditions. The previous ground-water flow model
developed by Berenbrock and Martin (1991) stopped
simulations at the end of 1985. For this study, the
distribution of ground-water pumpage, mountain-front
recharge, and wastewater recharge was assumed to
remain constant during 1985-88 because data to up-
date these values (for 1986-88) were not available at
the time. Subsequent simulations using the three-
dimensional finite-difference flow model show this
assumption to be reasonable: The model yields a
decline in storage of 16,750 acre-ft during 1988 in
comparison with 17,130 acre-ft during 1985
(Berenbrock and Martin, 1991, p. 39, table 5). The
net result is that total storage depletion since 1920
increased from about 470,000 acre-ft in 1985 to about
520,000 acre-ft in 1988 (fig. 5). Accordingly,
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Figure 5. Simulated annual decline in ground-
water storage in Indian Wells Valley, 1928-88,
using the modular three-dimensional finite-
difference flow model, MODFLOW.

MODPATH simulations for 1985 and 1988 should
yield similar results.

Several particle-tracking  simulations  were
completed to (1) assess the potential for saline ground
water to migrate into the intermediate and
southeastern areas of the valley from China, Mirror,
and Satellite Lakes, and (2) determine the effect of
ground-water pumping on flow direction and
traveltimes from the Little Dixie Wash. Particles
were tracked to discharge areas (represented by
evapotranspiration or pumpage cells) to show general
ground-water flow direction and distances traveled.

Pollock (1989, p. 19-21) lists several limitations
of MODPATH. One important limitation is that
MODPATH cannot simulate transient-flow systems.
Therefore, the application herein considers the 1988
ground-water conditions in Indian Wells Valley,
which are the result of transient flow, as steady-state
conditions in order to use MODPATH. The error
inherent in following this procedure cannot be
quantified; however, the fact that calculated velocities
differ little between the 1920 and 1988 simula-
tions—except where pumpage causes a change in
direction of ground-water flow, and consequently a
change in the type of material through which the flow
occurs—suggests that the error is small. This use of
MODPATH assumes that hydraulic heads and the
magnitude and direction of the flow velocity at any
point in the model are constant throughout the
simulation; in reality, however, hydraulic heads and
flow velocities are known to be increasing or de-
creasing in response to ground-water pumping and
(or) artificial recharge. Therefore, it must be
emphasized that traveltimes calculated from these
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simulations should not be interpreted as quantitative
predictions of the timing of possible degradation. The
several limitations of MODPATH that are discussed
by Pollock (1989) preclude such specific projections
in Indian Wells Valley. These particle-tracking
simulations provide only a general indication of
relative rates and directions of solute movement.

Because estimates of porosity in the
unconsolidated deposits are not available for Indian
Wells Valley, porosities used in this model were
based on values for various materials published by
Bouwer (1978, p. 22) and Mercer and others (1982,
p. 15). Porosities of 50 percent probably are
representative of playa and lacustrine deposits and are
assigned to cells in and around China, Airport,
Mirror, and Satellite Lakes. Porosities of 30 percent
probably are representative of the alluvium and are
assigned to all other cells in the grid.

BETWEEN CHINA LAKE AND INTERMEDIATE AREA

Two simulations were completed to illustrate the
change caused by pumping in ground-water
movement between China Lake and the intermediate
area. For the first simulation, particles were placed
on the north face of eight model cells (in row 43) in
layer 2 southwest of China Lake (figs. 6A,B) to
demonstrate the effect that pumping in the
intermediate and Ridgecrest areas has on ground-
water flow and on traveltimes from the China Lake
area. Particles were placed in cells that coincide with
the southern-most extent of fine-grained deposits in
the China Lake area (Berenbrock and Martin, 1991,
fig. 3); these deposits probably contain saline water,
as indicated in a later section of this report (see
"China Lake Area").

Ground-water movement under 1920
(predevelopment) conditions, as shown in figure 64,
is to the north toward the area of evapotranspiration
near China Lake. Particle positions are shown at their
initial starting locations in the eight model cells (fig.
6A) and for each successive 1,000 years of simulation
until all particles reach the evapotranspiration area
(discharge point). Particles first reach the evapo-
transpiration area after 6,000 years, and all particles
have reached the evapotranspiration area after 13,000
years. Dividing these traveltimes by horizontal
distance yields a range for model-derived velocities
(which represent both horizontal and vertical move-
ment of ground water) of 0.7 to 2.5 ft/yr. Berenbrock
and Martin (1991, Supplemental Data D1-D3, and
oral commun., 1991) estimated that annual ground-
water pumpage in the intermediate and Ridgecrest
areas exceeded 5,100 acre-ft during 1963-88 and
averaged about 6,500 acre-ft. In the simulation using
1988 (current) conditions, direction of the ground-

water gradient has been reversed and flow is south-
ward toward pumped wells in the intermediate and
Ridgecrest areas (fig. 6B). The range of model-
derived velocities for this simulation is 2.6 to 7.8
ft/yr, and particles from the former discharge area
reach pumped wells in the intermediate and

-Ridgecrest areas in 1,000 to 5,000 years.

For the second simulation of ground-water
movement between China Lake and the intermediate
area, a generalized cross section B-B’ along model
column 26 was used to show the interaction of
ground water from both model layers and the

" projected flow paths along the model cross section

(fig. 7). In these simulations, one particle was placed
in each of 16 cells (8 in layer 1 and 8 in layer 2)
along the section. The particles were centered
vertically on the north face of the cells. The
simulation for 1920 conditions (fig. 7A) shows ground
water moving northward and discharging at land
surface. Simulated pathlines are much shallower for
particles placed in rows closest to China Lake because
they are nearer the area of discharge. In the
simulation of 1988 conditions, not all the ground-
water flow paths from layer 2 extend toward the
discharge area to the north (fig. 7B). Extensive
pumping since 1920, especially in the intermediate
area, has caused a flow reversal in the main water-
bearing zone (layer 2) (see fig. 3); hence, ground-
water movement is to the south into model cells near
the southeastern area (fig. 7B). The comparatively
shorter traveltimes and higher ground-water velocities
of particles entering cells closest to the southeastern
area (rows 43 through 47) are caused by increased
hydraulic gradients owing to pumping and by higher
transmissivities toward the intermediate and
southeastern areas (Berenbrock and Martin, 1991; p.
27-31). Particles located in layer 1 and near the
southeastern area move downward toward layer 2; for
particles in cells near the China Lake area (rows 41
through 38), flow direction is similar (northward) to
that shown in the simulation of 1920 conditions.

Results of these particle-tracking simulations
illustrate how pumping in the valley, especially in the
intermediate area, has reversed the historical
movement of ground water between China Lake and
the intermediate area. They also show how a
relatively nonreactive constituent—such as dissolved .
solids, whose concentration is high in ground water
beneath China Lake—will travel very slowly to the
intermediate area. Perhaps these slow traveltimes are
the reason that DSC in wells in the intermediate area
has not changed significantly during 1950-88. Note,
however, that this analysis simulates only the regional
movement of ground water. The estimated travel-
times do not represent the potential movement of
solutes from local sources such as small lenses of
lacustrine deposits that might be nearby.
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Figure 6. Model-simulated movement of ground water and maximum extent of travel of particles that
initially were placed in the China Lake area. A, 1920 ground-water conditions. B, 1988 ground-water
conditions.
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