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Evidence for interbasin flow through bedrock
In the southeastern Sierra Nevada

Geoffrey D. Thyne*
Janice M. Gillespie
James R. Ostdick

Department of Chemistry, Geology, and Physics, California State University,
Bakersfield, California 93311

ABSTRACT INTRODUCTION tures on both the local and regional scale (Pollard
and Aydin, 1988). Fractures are often the only
A combination of three independent lines of ~ Ground water is the primary source of watepathways with significant permeability in hard
evidence (hydrogeological, geochemical, and in many arid and semiarid portions of the worldrocks and limestones. Fracture patterns have
isotopic) suggests that as much as %710’m3  The demand on this critical resource will in-been used to locate wells (Huntoon and Lundy,
per year of interbasin flow may occur though  crease significantly in the next 30 yr as thd979; Gustafson, 1994) in order to develop effec-
faulted and fractured bedrock in the south- largest population growth is expected to occur itive remediation strategies (Banwart et al., 1994;
ern Sierra Nevada. The proposed interbasin these areas (Falkenmark and Lindh, 1993). Fdlachmar, 1994) and explain distribution of water
flow path is through fractured Sierran example, in the arid southwestern United Statepiality on a regional scale (Weinberger and
bedrock from the Kern River drainage basin ground water currently supplies about half oRosenthal, 1994; Mayer, 1996).
(which supplies recharge to the San Joaquin total fresh-water use (Gleick, 1993). Most of this Analysis of potential fracture-directed trans-
Valley to the west) into the southwestern In- water is used for agriculture. port within the crystalline bedrock of the adja-
dian Wells Valley, a desert basin that is east  Alluvial deposits in arid regions can form pro-cent mountain ranges can be important in exten-
of the Sierra. The interbasin flow produces lific aquifers. The alluvial aquifers derive theirsional geologic settings. The direction of
an amount of recharge that significantly in- recharge from streams and rivers that originate subsurface flow in mountain aquifers may be
creases the ground-water budget for the the adjacent mountain ranges. There are fegontrolled both by the orientation of the fractures
desert valley. recharge measurements in these sparsely popurd the head distribution within the fracture sys-
The interbasin flow is identified by aquifer lated areas, so the usual procedure is to estim&ten, making the point of entry of this recharge
flux values much higher than local recharge recharge. The conventional methodology ininto the ground-water system of the alluvial
and by ground water that has geochemical volves multiplying estimates and/or any measurdsasin difficult to predict. Fracture-flow recharge
and isotopic signatures that differ from the ments of precipitation at various elevation intermay cross the topographic divides into an ad-
local recharge. Interbasin flow that crosses vals in the mountains by the area of the basinjsining basin via subsurface flow and cause esti-
topographic watershed divides has been iden- watershed within that elevation interval (Dettingennates based upon conventional means to be
tified in fractured carbonate aquifers in the  1989; Avon and Durbin, 1994). Recharge to theither too high or too low.
southwestern United States. However, igneous alluvial basin is considered to be the fraction of The Basin and Range province of the western
and metamorphic rocks in the Basin and precipitation not lost to evapotranspiration thatlnited States, which consists of alternating basins
Range province are generally considered to be enters the basin as overland flow along streanasd mountain ranges bounded by high-angle
flow barriers, and watershed boundaries are draining the adjacent mountain ranges. Theormal faults, is characterized by thin soils over-
usually delineated by topography. In this phreatic divide between ground-water basins iging crystalline bedrock in the mountain ranges
study we present an example in which generally assumed to coincide with the topoand thick, alluvial deposits in the basins. The
recharge appears to be transported between graphic or surface drainage divides in the moumnountain bedrock is often fractured and faulted on
adjacent watersheds through the fractured tain watersheds (Mifflin, 1988). multiple scales. The climate in the area is classified
bedrock of an extensional area in the southern  However, some of the recharge areas awes midlatitude desert, and surface runoff from the
Sierra. If confirmed, this example shows that highly fractured. These fractures can impart enountains is the major source of recharge to the
igneous and metamorphic rocks may not high degree of anisotropy to the direction obasins (Robertson, 1991). Precipitation in the
always act as barriers to ground-water flow in  recharge. This flow may move in a differentmountains feeds mountain-front springs and
extensional tectonic regimes. direction than the regional gradient if permeablstreams in canyons that discharge into the basins,
fracture zones are not oriented parallel to thehere surface water rapidly infiltrates the basin
*Present address: Department of Geology anBopogra}phic gradient (Issar anql G_ilgd, 1982).Thaelluvium and recharges Fhe alluvial aquifers
Geological Engineering, Colorado School of Minesf€cognition of fractures as a significant factor iffHeath, 1984). Accurate estimates of ground-water
Golden, Colorado 80401; e-mail: gthyne@mines.eddluid flow has prompted many studies on fracrecharge in arid regions are essential in order to
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develop the ground-water resources efficiently andESCRIPTION OF THE STUDY AREA bounded to the west by the Sierra Nevada Moun-
to ensure that severe overdraft of the alluvial tains, to the east by the Argus Range, to the north
aquifers does not result. The purpose of this study The Indian Wells Valley is located in theby the Coso Range and low-lying basaltic lava
is to verify and refine the existing recharge modelsouthwestern part of the extensional Basin arftbws, and to the south by the El Paso Moun-
for the Indian Wells Valley, California, using bothRange province in eastern California, ~200 knains. These mountain ranges are composed of
hydrological and geochemical data. north of Los Angeles (Fig. 1). The basin idilted blocks of deformed sedimentary, igneous,
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Figure 1. Topographic map of the Indian Wells Valley and Kern Plateau area encompassing lat 359200 36°10N and long 117°20W to
118°48W. Note location of Lake Isabella in the west and the outline of the topographic drainage (heavy dashed line) for orientatiorodified
from U.S. Geological Survey (1981).
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and metamorphic rocks bounded on one or botbunding the valley to the north, south, and easignificant flow only during the spring. Because
sides by faults. are lower in elevation and lie in the rain shadowtream gaging is of limited value in this setting,
This region of the southern Sierra is very sei®f the Sierra Nevada. Therefore, the primarlike most portions of the basin and range,
mically active, with nhumerous low-magnitudesource of recharge for the valley is assumed to becharge into Indian Wells Valley is estimated
earthquakes, ground deformation, and mangrecipitation on the east slope of the Sierras. Thesing alternative methods. The usual approach is
recent faults in the valley (Roquemore, 1983pnly significant perennial surface runoff is ato use estimates or measurements of precipitation
Zellmer, 1988). The Coso Range bordering themall, influent stream draining the southern Roser several elevation intervals multiplied by the
north end of the valley has fumaroles and inteialley near Little Lake, a small perennial lakearea of the watershed (determined by topog-
mittent thermal springs. Geothermal activity inmmediately north of the Indian Wells Valley. raphy) within an interval (Dettinger, 1989; Avon
the Coso Range has been sufficient to justify Only the southern and western portions of thand Durbin, 1994). Recharge is that fraction of
development of geothermal power facilitiessalley are populated and the remainder is used g precipitation not lost to evapotranspiration in
(Moore et al., 1982). Duffield et al. (1980) con-part of a weapons test range. Ground water frothe topographic watershed in the adjacent moun-
cluded the Coso Range is underlain by bodies tife alluvial aquifer is the sole source of water fotain ranges (i.e., the surface drainage area within
silicic magma that are associated with crustdhe city of Ridgecrest, the China Lake Naval Aithe basin’s topographic boundaries).
extension. Saltus and Lachenbruch (1991) docWeapons Station, and other local industrial, agri- Most previous studies of the Indian Wells
mented low reduced heat flows in the southeasultural, and domestic users (U.S. Bureau ofalley aquifer have assumed that the basin is a
Sierra west of the valley that are spatially correReclamation, 1993). Before 1953 (i.e., predeveklosed hydrologic system, although some authors
lated with a region of high seismicity includingopment), ground water in the alluvial aquifersuggested that this assumption may not be valid
extensional earthquake swarms. They interpretedoved eastward from the recharge area (Sierrghustin and Moore, 1987; Erskine, 1989; Whelan
these data as evidence that extensional tectonigatershed) across the valley to discharge bst al., 1989). The closed-basin model implies
and associated magmatic processes are encroaaraporation on the China Lake playa and by sukhat all of the basin’s ground water is discharged
ing on the southeastern Sierra Nevada. surface outflow into adjacent basins, such dsy evaporation from China Lake playa and that
The mountain slopes adjacent to the valley ai®earles Lake basin to the east. Today, most of ttteere is no significant subsurface flow into or
steep, particularly the eastern escarpment of tiggound-water discharge occurs by pumping frorfrom the adjacent basins. Because there are no
Sierras, which formed during Pliocene time bya series of public wells that are 100-300 m deeprior measurements of precipitation in the
downfaulting the area to the east along the Siertacated between Inyokern and Ridgecrest alonglleys’ recharge area, recharge was estimated
Nevada fault, a large, north-trending, normaHighway 178. There are also many shallow resby assuming that the amount of recharge enter-
fault (Christensen, 1966). The margins of theential wells. Present total production is abounhg the valley was equal to the amount of evapo-
basin are characterized by coalescing alluvia.9 x 13 m3 per year (U.S. Bureau of Reclamatranspiration on the playa. Estimates of evapo-
fans derived from the adjacent mountains. Thigon, 1993). Historic water-level data show a sloviranspiration in the playa have ranged from 3.9 x
surfaces of these alluvial fans slope gently towardecline in the water table near the city of Ridget0’ m3/yr (Lee, 1912) to 9.9 x £on3/yr (Kunkel
China Lake, a playa lake in the east-central pactest and the development of a water-table dend Chase, 1969).
of the valley. During glacial periods, the valleypression associated with the public well fields In 1991, 10 multiple piezometer wells were
was occupied by pluvial China lake, one of a sygKern County Water Agency, 1992). Howeverdrilled to depths as great as 610 m in the western
tem of pluvial lakes that received overflow fromother areas in the valley have not shown a signipart of the valley (U.S. Bureau of Reclamation,
Owens and Mono Lakes to the north and, in turicant decline in water levels over the past 40 yt993). Water-table elevations, hydraulic conduc-
flowed into Searles Lake to the east (GraysoriiBloyd and Robson, 1971, Fig 3; Kern Countytivity measurements, and samples for chemical

1993). The China Lake playa is all that remaingVater Agency, 1992). analysis were taken in each piezometer. The mul-

of this large lake today. tiple piezometer head data in the western Indian
The valley contains about 760 m of unconsolPrevious Work Wells Valley suggests that the deeper portion of

idated Pleistocene and Holocene alluvial-fluvial the aquifer may be locally semiconfined, al-

and lacustrine sediments that thin eastward to Early works by Lee (1912) and Thompsorthough no obvious confining layers are apparent
less than 305 m near the Argus Range (Zbui1929) laid the ground work for interpreting thein the well logs (Ostdick, 1997, Plates 1 and 2).
1963; Saint Armand, 1986). This unconsolidatedquifer architecture; they noted the varyindg he study results also indicate a fairly uniform
basin fill overlies a basement of pre-Tertiary igwater quality within the basin and estimated thealue for hydraulic conductivity in the aquifer
neous and metamorphic rocks as well as consaéimount of evapotranspiration from China Lakeands in the western valley, and downward verti-
dated sedimentary rocks of the Tertiary Ricardplaya. These initial investigations were refineaal gradients along the basin edge indicate aqui-
Group (Loomis and Burbank, 1988). The alluin later studies by Kunkel and Chase (1969) arfér recharge.
vium, which consists of moderately to well-sortedDutcher and Moyle (1973). In these later stud- Numerous shallow wells have been sampled
gravel, sand, silt, and clay, forms the valley'ses, the Indian Wells Valley alluvial aquifer onin the valley for hydrochemical analysis
aquifer (Kunkel and Chase, 1969; Dutcher anthe western side of the basin was described agkaunkel and Chase, 1969; Warner, 1975; Whelan
Moyle, 1973). single, deep unconfined aquifer with the majoret al., 1989; Berenbrock and Schroeder, 1994;
The current annual precipitation on the valleyty of recharge supplied by the Sierran watershetloughton, 1994). Based on total dissolved
floor is ~10—15 cm and falls mainly during theThe aquifer becomes confined under lacustringolids (TDS), water quality ranges from very
winter and spring months (Berenbrock andalays near the playa. good to poor, degrading with depth. The best
Martin, 1991). Most of this rainfall is lost to  Recharge from Sierran mountain-front springguality water is found in the southwestern
evaporation that averages 200 cm per year froamd streams flows down the canyons into Indiacorner of the valley, with TDS ranging from 150
surface-water impoundments (Farnsworth et aM/ells Valley. The surface water rapidly infiltratesto 300 mg/l. Ground-water quality in other parts
1982). Most regional precipitation falls in thethe basin alluvium and recharges the alluviadf the valley ranged from 600 mg/l TDS in the
surrounding mountain ranges. The ranges suaguifers. Most streams are intermittent; there isorthwestern part of the basin to <50 000 mg/I
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Figure 2. Schematic map view of Indian Wells Valley shows the locations of the canyons an
wells (italics). Multipiezometer wells have the BR or NR prefix. The heavy dashed line shows th
area included in prior models (Bloyd and Robson, 1971; Berenbrock and Martin, 1991). The
potentiometric contours (in meters above sea level) are the heavy gray lines taken from 199
head measurements (Kern County Water Agency, 1992). Note the irregular contour interval.

e

and error calibration of calculated water levels to
measured values from equipotential maps of both
predevelopment and postdevelopment condi-
tions. The best-fit model assighed 64% of the
recharge to the eastern Sierra Nevada, 32% to the
Coso and Argus Ranges, and 4% to the El Paso
Range. Berenbrock and Martin (1991) distrib-
uted the same total amount of recharge according
to stream drainage areas above 1400 m in the
Sierra Nevada and above 1500 m in the other
ranges and did not adjust these values during
calibration. In their model calibration, hydraulic
conductivity, transmissivity, and leakance values
were adjusted until the calculated head values
reflected measured head values. In these model-
ing studies the distributed recharge models have
a balanced water budget, but the recharge num-
bers are based on estimated discharge rather thar
direct measurements of either surface runoff or
precipitation in the mountain ranges.

METHODS

We collected 167 samples for chemical and
isotopic analyses over a 2 year period from Sier-
ran springs and streams in the conventional
watershed, wells in the valley, and springs and
streams in the adjacent Kern River drainage
basin to the west. Figure 3 shows the locations
of water samples collected in this study. The
wells include the 10 deep, nested piezometers
installed by the U.S. Bureau of Reclamation in
the spring of 1991. The results of the analyses
are listed in the table in the Data Repository
All the samples were measured on site for tem-
perature, conductivity, pH, and alkalinity. The
samples were filtered to 0.46n and cation
3amples were acidified to a pH of about 2 using
one-half strength (8N) nitric acid. Chemical
samples were stored in clean, rinsed HDLE
ihigh density linear polyethylene) bottles and
refrigerated until analysis at a laboratory (typi-
cally two to three days). Samples for stable iso-
tope analyses were collected at the same time as
the chemical samples. Samples were stored in
50 ml glass screw-cap vials sealed with Teflon

near the playa. Berenbrock and Schroedéecause they assumed a closed-basin systaape until analysis. A few samples were col-

(1994) suggested that water quality is related teigure 2 shows the area modeled by prior workected for tritium analysis to determine the age
aquifer sediment size, the worst quality wateers together with the 1991 potentiometric suref the ground water.
being associated with fine-grained lacustrinéace for the valley. No-flow boundaries in the Like past investigators we assume the primary
sediments. On the basis of stable isotopic datmodel area correspond to the aquifer limitssource of recharge to be derived from storms and
they identified the low TDS ground water in theexcept in the southwestern part of the valley. Ianowmelt on the east slope of the Sierras that
southwestern portion of the valley as relicthis area, the no-flow boundary was placedrain into the western valley. We measured the
Pleistocene recharge. within the aquifer sediments and treated as @amount of precipitation in the topographic water-
The demands of numerical models forcedlistant boundary by placing it at a sufficient disshed of Indian Wells Valley and calculated how
Bloyd and Robson (1971) and Berenbrock antince from areas of interest so that it would have———
Martin (1991) to quantify and distribute rechargdittle effect on model simulations for critical  ‘GSA Data Repository item 9989, water chemistry
to various parts of the basin’s watershed. In theireas (Berenbrock and Martin, 1991). data, is available on the Web at htp:/www.geosociety.
. o org/pubs/drpint.ntm. Requests may also be sent to Doc-
model, the recharge was considered to be equalBloyd and Robson (1971) distributed a totayments Secretary, GSA, P.O. Box 9140, Boulder, CO
to estimated evapotranspiration from the playegecharge for the valley of 1.2 x 4®3/yr by trial  80301; e-mail: editing@geosociety.org.
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much of that precipitation actually recharges theutflow of the only perennial stream in themation project piezometers along a line per-
aquifer. Accordingly, we divided the western part/alley, which drains the Rose Valley to the northpendicular to the equipotential contours for
of the valley and adjacent topographic watershedas gauged on a regular basis. The averagach section. The gradient and hydraulic con-
into three sections: the southwest, west-centratearly flow was added to the total amount ofluctivity values in each nested piezometer were
and northwest (see Fig. 4). recharge derived from the precipitation measureweraged for each piezometer pair used in the
In order to quantify Sierran recharge, precipiments to determine the total recharge for thBarcy calculations to give a single value. The
tation gages were installed at 152 m elevatiowestern Indian Wells Valley. resulting average hydraulic conductivity and
intervals in Freeman Canyon (Ostdick, 1997) Darcy’s Law was used to calculate thegradient values were used in the Darcy calcula-
and Ninemile Canyon. Precipitation samples foamount of ground-water flux through the thregion. Hydraulic conductivity values for misrun
stable isotopic analyses were collected seasosections of the aquifer. Water levels used to dslug tests were not included in the average.
ally. The yearly total precipitation values wergermine the gradient and values for hydrauli€ross-sectional areas were determined using an
multiplied by the area of Sierran watershedonductivity were taken from the U.S. Bureatestimated 610 m depth in the west-central and
within the elevation interval represented by eacbf Reclamation (1993) data. Flux values weraorthwest sections (depth component) and
gage, as well as a factor to account for losses bglculated assuming a single unconfine@®utcher and Moyles’s (1973) map showing the
evapotranspiration (Eakin et al., 1951). Surfacaquifer between pairs of U.S. Bureau of Recldimits of the Indian Wells Valley ground-water
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measurements of precipitation and calculations
of recharge from the topographic watershed
into the valley. The recharge calculations were
independently verified by calculating the flux
of ground water through the adjacent aquifer.
Normally the amount of flux through the
aquifer is similar to the amount of recharge into
the aquifer. The second section deals with the
chemical analyses of the water samples from
surface and wells. The chemical data can be
used to identify hydrochemical facies, groups
of samples with similar chemical characteris-
tics. Hydrochemical facies are used to delineate
flow systems because samples from the same
facies usually have similar flow paths and rock-
water interaction. The last section considers the
isotopic data. The hydrogen isotopic daiB (
values) were used to supplement the hydro-
chemical data and to constrain the elevation
range in the watershed from which each facies
was derived. The tritium data were used to
identify the location of recent (post-1953) water
in the aquifer.

Recharge Calculations

Further details of methodology and the raw
precipitation data are available elsewhere
(Ostdick, 1997; Thyne and Gillespie, 1997). Fig-
ure 4 shows the locations of the rain gages, the
boundaries of the three sections, and the calcu-
lated recharge values. The precipitation-based
recharge values for each section of the western
valley measured in this study are 2.8 R id/yr
for the northwest section, 3.6 x1@%/yr for the
west-central section, and 5.1 x816%yr in the
southwest section (Fig. 4). The total amount of
recharge from the eastern Sierra Nevada water-

Figure 4. Results of recharge calculated by the precipitation-based method. The three sectionshed in the 1994-1995 season (a wet year by
of the study area and locations of the rain gages are also shown. The value for the northwes€alifornia standards) was 1.1 x "13/yr.
section includes the contribution from the Little Lake stream outflow (1.6 x 10mS3/yr).

basin (width component). The cross-section®ESULTS
area for the southwest was further refined by

gravity surveys (Ostdick, 1997). The values The results are divided into three parts; the The recharge values derived from the precipita-
used in the Darcy’s calculations are listed imecharge calculations, hydrochemistry, andion measurements were then compared to the cal-
isotopic data. The first section deals with ouculated ground-water flux through each section of

Table 1.

TABLE 1. DATA USED FOR DARCY FLUX CALCULATIONS

Area Gradient K* Gradient’ XS area
transect (m/d) (m?)
(see Fig. 3B)
Northwest (BR10-BR6) 4.3 0.002 1.9 x 106
West-central (BR5-NR2) 4.9 0.002 9.3 x 10°
Southwest (BR1-MW32) 4.0 0.013 2.2 x 108

*From slug test data (U.S. Bureau of Reclamation, 1993, Appendix 6, p. 16).

TFrom water level data (U.S. Bureau of Reclamation, 1993, Table 2,
p. A49-A51).
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Together with the Rose Valley stream flow, which
averaged 1.6 x $@n/yr (Gillespie et al., 1996),
the total recharge to the valley is calculated to be
1.3 x 13 m3/yr. This value is very close to the
1.2 x 10 m3/yr estimated by Bloyd and Robson
(1971) for the entire valley

the aquifer (Fig. 5) as an independent check. The
calculated aquifer flux for the northwest section of
the aquifer is 5.9 x £@n¥/yr based on the gradient
between wells BR-10 to BR-6. The flux for the
west-central section (wells BR-5 to NR-2) is 4.0 x
10° m3lyr, and the flux for the southwestern sec-
tion is 4.2 x 10 m3yr (wells BR-1 to MW-32).
There is good agreement between the calcu-
lated precipitation-based recharge and the
ground-water flux calculations in the northwest
and west-central sections of the aquifer (Figs. 4
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and 5). The small differences may be due to
Maxey-Eakin recharge coefficients overes

mating evapotranspiration (McDonald et & - Rose alley Coso Range

1997) or recharge from the Coso Range ( e

measured in this study). The calculated fl §' ] )
through the aquifer in the southwest sectior 2@ ’ Little Lake —10miles o
the valley is 4.2 x 10md3/yr. This value is o >
nearly an order of magnitude greater than 5’ - 10 km
precipitation-based recharge available from - b

adjacent Sierran watershed. 2 ”BRIO NOI"ﬂ’lW@St

The large aquifer flux is produced by the ste [
head gradient in the southwestern portion of
basin coupled with the hydraulic conductivi
values (Fig. 6). This steep gradient is a long-te
feature that is unchanged over at least the
45 yr (Dutcher and Moyle, 1973; Kern Coun
Water Agency, 1992). Kunkel and Chase (19
inferred that a fault, which acts as a barrier
ground-water flow, is responsible for the ste
gradient in this part of the basin. We investiga

this possibility using field and aerial pho 35040' N

studies and gravity survey data (Ostdick, 19¢
and were unable to locate a fault in the ar
However, if future drilling in the area provide
evidence for the presence of a flow barrier,
hydraulic conductivity values should be reeva
ated and the flux values recalculated.

Hydrochemistry

° 5.9 * 106 m*/yr A

y “ou,

R6® 2
g West-Central ¢

l—>; 4.0 * 106 myr

i

. MW32 o Southwest

\\ 4.2 * 107 m’/yr

\\
BRI’ \‘

El Paso Mountains

The majority of the 169 samples collect Q@mogicv?gmm
from the valley and Sierras can be divided int drainzge
hydrochemical facies based on the major .
chemistry (Fig. 7). The facies are descriptivt e Well Location
named: (1) the Sierran group, (2) the Indi
Wells Valley group, (3) the Little Lake grouj 117°50' W 117°40' W
and (4) the Southwest Wells group. Table | |
shows the mean, average, maximum, minimum
and standard deviation of concentration for th
major ions in each of the hydrochemical facies
The 12 samples that did not fit into the 4 facie:
are either from the deep piezometers of NR1
NR2, and BR3 that have chemical composition
influenced by geothermal brines, or the shallov
BR2 piezometer that was excluded due to vergierran Group, but with a higher TDS (average from Little Lake in the southern Rose Valley,
alkaline pH values. The results of chemical and93 mg/l), Na> Ca, and SQ> CI. The samples some of the springs and wells around Little Lake,
isotopic analyses are listed in the table in thimclude streams and springs in the west-centrahd wells BR5, BR6, and BR10 in Indian Wells
Data Repository (see footnote 1). Samples withnd northwest sections (Short to Little Lakevalley (see Fig. 2). The water chemistry is signif-
charge balances greater than £10% were eganyons) and some of the wells in those sectiorisantly different than the first two groups with
cluded from the statistical analysis, but are inThe chemistry in the Sierran and Indian Wellsigher TDS (average = 1177 mg/l), much higher
cluded in the same table. Valley groups is typical for meteoric waterNa contents, Mg > Ca, and E50,. The chem-

The Sierran Group is composed of 40 samplegeathering Sierran rocks (Garrels and Mackerstry is distinctive because few natural waters
from springs and streams in the topographizie, 1967) with the HCQcontent positively cor- have more magnesium than calcium (Hem,
watershed of southwestern Indian Wells Valleyelated to the extent of water-rock reactions. ThE985). The samples from this group have
(Bird to Indian Wells canyons) and from springglissolved constituents are primarily derived fronglevated lithium and boron contents that indicate
and streams that drain into the south fork of thime dissolution of granodioritic minerals with in-a geothermal component. The abundance of dis-
Kern River (Fig. 8). The TDS value is low (<400creasing water-rock interaction generating highesolved magnesium is probably related to contact
mg/l) with Ca > Na, low concentrations of K andTDS over the longer and/or slower flow paths awith igneous or alteration minerals (olivine and
Mg, and SQ = Cl. The Indian Wells Valley elevation decreases (Fig. 9). pyroxene, chlorite and serpentine) found in the
Group (57 samples) has a chemistry similar to the The Little Lake Group includes 33 sampledasalt flows and mafic intrusions common to

Figure 5. Results of the aquifer flux calculations using Darcy’s Law. Data used in the calcula-
tions are listed in Table 1. The locations of the wells used to estimate the potentiometric gradient
are shown with arrows to indicate the direction of flow. The heavy dashed lines indicate the
cross-sectional area used to calculate the flux.
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[ Clay >15 m thick in driller's log
v  Water level
BR-1
(elev. 868.38 m)
T 900
813.73
-+ 800 812.32 (elev. 737.23 m)
809.99
0 663.98
T7° 663.64
o 663.59
— i 663.26
T 600 T= misrun . Figure 6. Schematic cross
T=0.24 Water table elev. in meters|  section of the multipiezometer
wells and slug test hydraulic
== 500 transmissivity values for the
= T=0.31 southwest section wells BR1
r_ and MW32 used for the flux
=+ 400 T=0.01 calculations.
T=0.23
T=0.004
= 300
=+ 200
T=0.11
=+ 100 - >
11.3 km
40
Meters above sea level

northeastern Indian Wells and southern Rodeake and the perennial stream toward the wesground water. Prior investigators have inter-

Valleys and the Coso Range. central portion of the study area. Upon rechargareted the low TDS ground water as being
The 27 samples of the Southwest Wells grouiie ground water shows little change in TDS witlPleistocene age recharge that has remained rela-

are from wells BR1, BR2, SW-3, Genesisjncreasing depth (Fig. 8) in the aquifer (except faiively unaltered by mixing with the modern

Knecht, and wells BR4 and MW32 (near thehe deep samples discussed previously), and thecharge that has a higher TDS (Berenbrock and

public well field west of Ridgecrest). The dis-ground water remains in the same hydrochemic8chroeder, 1994).

solved content of these samples is low (averadacies as the adjacent watershed, except for the

TDS = 267 mg/l) with SQ+ Cl < HCQ,and  Southwest Wells group. Isotopic Data

cations dominated by Na (>90% of total cations). The water in the southwestern wells does not

The water chemistry does not appear to be ddelong to the same hydrochemical facies as The stable isotopic data can also be used to

rectly related to that of the local recharge. recharge in the adjacent surface watershed, asisalyze the Indian Wells Valley flow system.
The data show that the surface runoff from theéhe case in the other sections. The Southwedydrogen isotope ratio®D) are generally con-

topographic watershed in the eastern Sierra aiéells group samples have a lower TDS (averageervative (unaffected except by mixing) and are

outflow from Little Lake to the north supplies thevalue = 262 mg/l) than any samples collected ioften used in ground-water studies (Mazor, 1991;

ground water in the northwest and west-centrahdian Wells Valley except for some low-volumeDrever, 1997). Stream samples draining the topo-

sections of the valley, supporting the hydrogeasprings in the southwest section (see Fig. 8). Tlygaphic watershed in the northwest and west-

logic data. The distinctive signature of the Littldocal recharge is too saline (average TDS = 43zentral sections haw values between —83%o

Lake group can be traced southward from Littleng/l) to be the primary source of the Southwestnd —97%., and samples of ground water from
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the same chemical group (Indian Wells Valley

have values between —92%. and —97%o.. Surfar

samples from the Little Lake Group had® 100

values between —95%o0 and —108%., similar to th

ground-water samples from the same chemic

group (-92%o and —105%.). Most of the ground

water samples have isotope values that appe -

weighted toward the negative compared to th 10

watershed samples. This difference reflects infi

tration studies that suggest that recharge cont

bution to ground water increases with greate

elevation and that in arid climates little of the pre -

cipitation that falls below 1370 m contributes tc

ground water (Eakin et al., 1951). However 1

ground-water samples from the Southwest Wel =

group havedD values between —96%. and g

—115%o, significantly lighter than the recharge E

values in the adjacent watershed, which rang

from —88%o to —100%o (averagid = —92%o). 0.1
In the study area the major control on the ranc

of stable isotope values is elevation. Precipitatio

becomes increasing depleted in the heavier is

topes {80 and deuterium) as elevation increase:

T T T

L R

This produces a systematic trend that can be us 0.01 + ~O- Sierran (40)

as an indicator of recharge elevations for hydrc F —&-IWV (57)

chemical studies; however, the altitude effect i : —# Little Lake (33)

unique to each locale (Mazor, 1991). Based ¢ I —¥- Southwest Wells (27)
the available data the relationship betw&bn |

and elevation in the study area is described by tl 0.001 . - - ; - : .
equation y = —25.8x — 204, where x is 8iteand K Na Ca Mg HCO3 SO4 cl

y is elevation in meters (Fig. 10).

Using this relationship the ground water in the
Little Lake Group (—92%o to —105%o) is derived
from precipitation that fell at elevations of
2170-2505 m, matching the elevation rang
found in the Sierran watershed of the Rose Valle
Samples from the Indian Wells Valley Group haw
values (—83%o to —99%o) indicating an elevatior
range of 1937-2350 m found in the topographt
drainage area (Five-mile to Bird Canyon). Th

Figure 7. Schoeller diagram of the four hydrochemical facies (Sierran, Indian Wells Valley,
Little Lake, and Southwest Wells) found in the study area. Mean values are plotted, other
statistical data for each facies are listed in Table 2.

TABLE 2. STATISTICAL VALUES FOR HYDROCHEMICAL FACIES
Facies K Na Ca Mg HCO3 S04 Cl TDS oD pH Mg/Ca

K ‘Sierran (40) Mean* 0.04 1.0 1.7 0.4 25 0.3 0.2 201 -950 75 0.25
Southwest Wells Group samples have an isotog Average 005 12 20 06 29 06 03 234 -961 75 0.30
signature of —-96%o. to —115%o. that corresponds 1 Maximum 013 22 40 17 61 16 11 417 -850 81 051

Minimum  0.00 0.1 0.3 0.0 0.5 0.0 0.0 46 -1120 6.6 0.02

an elevation range of 2273-2763 m. Howeve Stdep 003 06 09 04 14 05 03 105 70 04 014

only a few percent of the conventional watershe, ., Mean* 017 41 38 23 66 25 12 691 -945 7.7 0.59
for the Indian Wells Valley is within the lower por- Average 022 50 42 28 74 30 16 734 -948 7.8 0.6
tion of this elevation range, much too small ai Maximum 0.87 20.0 11.0 8.2 347 9.6 6.2 2300 -83.0 88 186

L . Minimum 002 13 01 00 24 02 03 421 -111.0 69 017
area to supply the majority of the ground water i Stdevp 018 35 17 17 46 18 16 301 65 04 033

the southwestern valley. , Little Lake (33) Mean* 045 120 12 25 91 24 42 1072 -950 85 2.00
In order to test the relict Pleistocene recharg Average 053 128 20 37 107 32 47 1124 -885 85 245

hypothesis, samples were obtained for tritiun maximum é-gg 22-; g-i g-g 31-3 18-8 18-;1 22;2 Igg-g 1%-2 8-35

analyses from streams in the southwestern top mmum : : : : : : Tt os 1

” Stdevp 0.27 45 1.9 2.2 51 2.0 20 331 225 08 181
graphic watershed, the South Fork of the KerSouthwest Mean* 0.02 36 0.07 0.01 23 0.3 0.23 241 -103.0 88 0.24

River, wells BR1 and SW3, and production wellswells (27) Average 002 37 021 008 25 05 040 247 -1023 88 0.43
of the Indian Wells Valley Water District. The re- Maximum 006 51 175 056 40 21 161 370 -950 97 274

" g Minmum 001 22 002 000 10 02 00l 155 -111.0 6.8 0.07
sults of the tritium analyses are reported in Tri Stdevp 001 10 043 018 07 06 049 56 38 07 064

tium unlts (TU) and are shown in Table 3. Tritiurr Notes: Major ions in meq/l; TDS in mg/l; Mg/Ca in meq/l; pH in standard units; 8D in %0 SMOW; number of
levels in samples of present-day runoff (Kertsamples in each group in parentheses.

River) show low values (~5 TU) similar to other__“Geometric mean; median for isotopic data.
modern samples in the southwestern Unite
States (Vuataz and Goff, 1986). Wells adjacent 1
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Figure 8. Map view of the
hydrochemical facies (italics) in
the study area. The heavy dashed
line shows the location of wells
where the tritium data show that
a significant fraction of the
ground water is post-1952 in age.

the basin margin show values <5 TU, indicatingonstraints we cannot determine the relative fraadjacent eastern Sierra, a conclusion similar to
a pre-1952 age, with deeper wells having lowetfons (Mazor, 1991). In spite of this limitation, prior studies (Houghton, 1994; Berenbrock and
values. However, the tritium data from the Indiappostbomb tritium in the ground water in theSchroeder, 1994; Whelan et al., 1989). However,
Wells Valley Water District production wells andsouthwest section of the aquifer casts doubt aur interpretation for the source of ground water
well SW-3 (Fig. 8) have values >10 TU, indicat-interpretations that the low TDS southwesterim the southwestern section of the valley differs

ing a post-1952 age (Mazor, 199Ihe produc-
tion intervals sampled (100—300 m) are not in direcharge.

rect contact with surface waters (see hydrographs

for well MW-32; Ostdick, 1997), which elimi- DISCUSSION
nates surface contamination as a source for the

ground water is primarily relict Pleistocenefrom previous studies.

The precipitation-based recharge calcula-
tions in the southwest section show that the
topographic watershed in the southwest can
supply only 12% (5.1 x £an®/yr) of the calcu-

tritium. Samples with post-1952 tritium values The integrated hydrologic, isotopic, and hydrotated flux through that section of the aquifer
are interpreted as a mixture of older ground washemical data show that ground water in thé4.2 x 13 m3/yr). The flux calculations are

ter with very low tritium content and more recennorthwest and west-central portions of the vallegomewhat simplistic, given evidence that the
recharge. However, without further geochemicak derived from the topographic watershed of thevestern portion of the valley may not be a

Geological Society of America Bulletin, November 1999
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single deep unconfined aquifer (U.S. Bureau ¢
Reclamation, 1993). Darcy calculations are
subject to uncertainty (mostly due to hydraulic
conductivity values that may show variation o
an order of magnitude), but the other section
of the valley showed good agreement betwee
the calculated recharge and flux values. Th

3000

2500
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Q
@)

Kern Plateau

O Sierran (40)

@ Indian Wells Valley (57)

Little Lake (33)
X Southwest Wells (27)

hydrogeological data are not sufficient to con © Other wells

strain a more complex aquifer model, nor is i
apparent that a more complex model would re
solve the discrepancy.

The chemical and isotope ratios of the groun
water in the northwest and west-central sectior
are clearly related to the recharge from the adj
cent topographic watershed, but this is not th
case in the southwest section. The calculated hi
flux rates for the southwest section general
faster travel times between wells BR1 ant
MW32 (~150 yr; Ostdick, 1997) than the prior
models that generated travel times of thousan:
of years (Berenbrock and Martin, 1991). Thes
higher ground-water velocities appear more re:
sonable given the tritium data.

Given the hydrogeologic and hydrochemica
data, we believe that runoff from the adjacer
topographic Sierran watershed cannot be the sc
source of the southwestern ground-water sample
We hypothesize that the southwestern grour
water is a mixture of two components, runoft
from the topographic Sierran (local) watershed
and water from outside the Indian Wells VaIIe)fo
drainage basin (interbasin flow). We can formu
late three constraints to help determine the loc
tion of the extrabasinal recharge source: (1) wat
from this source must have chemical and isotop
contents that when mixed with the local recharggeologic evidence that 88% of the recharge in tteuch as cation exchange (Robertson, 1991).
will produce the southwestern ground watersouthwest section is derived from outside th&iven the possibility that the cation chemistry in
(2) the source area must receive sufficient precifpasin. Mixing fractions calculated this way arghe Southwest Wells group has been affected by
itation to supply the additional recharge (as mudiikely to be as accurate as the Darcy calculatiorzation exchange, we must eliminate the cations
as 3.7 x 10m3/yr); and (3) a viable flow path given the degree of uncertainty in both methodsom the model.
must connect the source to the southwest Indigbettinger, 1989). The accuracy of mixing This leaves chloride, sulfate, adb as likely
Wells Valley. models is dependent on end members with weltonservative parameters. We also include TDS,
defined compositions of conservative parameterghich is not a single parameter, but may behave
(unchanged except by mixing) in which thesomewhat conservatively in the system. Based on
values are significantly different. The end memmixing calculations, the Kern Plateau water mix-

The data from the local recharge in the souttbers in our system (Kern Plateau, Southwegtg with local recharge can form the Southwest
west Indian Wells Valley and the southwesteriells, and local recharge) have a range of valu&Sells water. The values for the Kern Plateau frac-
ground water suggest that the source of addhat are a result of factors such as seasonal vatiimn are 97% usingD, 90% using sulfate, 76%
tional recharge is located at greater than 2273 tions in chemistry and mixing in the aquifer fromusing TDS, and 60% using Cl. The four parame-
elevation and has lower TDS than the local redispersion during ground-water flow. This meangers produce results that bracket the flux calcula-
charge. Samples with the appropriate isotopithe calculations can generate many valid soldions (88%) and show that the Kern Plateau is a
signature and TDS are found in the Kern Platedions. To minimize this limitation we use averaggossible source of extrabasinal recharge.
area, a source area for the south fork of the Keralues in the calculation.

River. The Kern Plateau samples have an aver-The Southwest Wells samples have a catidfern Plateau Precipitation
ageoD value of —103%. (2453 m), and an averchemistry dominated (>90%) by sodium; how-
age TDS of 135 mg/I. ever, there is no surface water in the area with the The precipitation on the Kern Plateau drains

To evaluate the Kern Plateau water as th&ame chemistry. This water chemistry is similasouth and eastward into the south fork of the
source of extrabasinal recharge we formulatedta ground water from other alluvial aquifers inKern River, which discharges westward into
mixing model using the chemical and isotopithe region (Dale et al., 1966; Swartz et al., 199@)ake Isabella. The annual inflow (surface
data. The results can be compared to the hydritrat has been affected by rock-water interactiordrainage from the Kern River) into Lake Isabella
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Figure 9. Plot of elevation (meters above sea level, m a.s.l.) versus total dissolved solids (TDS)
r the hydrochemical facies and the deep wells (other wells) influenced by geothermal brine.

Geochemistry
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Figure 10. Plot of hydrogen isotope rationsdD) (SMOW, standard mean ocean water) versus
elevation for the study area. Dashed line shows the linear regression for the data (equation show
The data are from the rain gauge samples and published values (Friedman and Smith, 1972).
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TABLE 3. TRITIUM DATA FROM SURFACE AND WELLS

Sample location TU eTU

Surface samples

Kern River (South Fork) 5.37 0.15
Kennedy Meadows (Government Spring)  2.33 0.09
Big Spring 0.03 0.09
Indian Wells Canyon Mine spring 1.52 0.09
Walker Pass Spring 1.33 0.09
Mclvers Spring 5.52 0.18
Bird Spring 0.38 0.09
Well samples

BR-1MS 5.00 3.00
BR1 MD 2.00 2.00
BR2 M 1.00 2.00
BR2D 0.00 2.00
Knecht well 0.11 0.09
Well SW-3* 73 37
Well 31* 98 25
Well 30* 35 24
Well 19 (Navy)* 79 25
Well 17 (CLA17)* 29 24
Well 16* 21 24
Well 13* 92 25
Well 12* 58 25
Well 11* 67 25
Well 10* 82 25
Well 9* 59 25
Well 8* 87 25
Well 7* 28 25

*Indian Wells Valley Water District samples courtesy of
R. Tucker, analyzed by Davi Laboratory, Environmental
Associates. Other samples analyzed by University of Miami.
eTU is 1o standard deviation.
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averages 8.8 x $n3/yr over about the past 45
yr (U.S. Geological Survey, 1994). The 3.7 ¥ 10
mé/yr hypothesized influx to the Indian Wells
Valley would be <5% of this amount. The head
gradient between the Kern Plateau and Indian
Wells Valley is steep (0.05). In addition, a map of
the water table elevation within the southeastern
Sierra derived from contouring the elevations of
springs and perennial streams (Fig. 11) indicates
that the main phreatic divide is beneath the Kern
Plateau with elevations as high as 2800 m. The
surface drainage divide between the Kern River
and Indian Wells Valley is east of the main
phreatic divide and is underlain by a secondary
phreatic divide with maximum elevations of
only 2180 m. Because the main phreatic divide
under the Kern Plateau is to the west of the sur-
face drainage divide, deep ground water in frac-
tures could cross under the south fork of the
Kern River, bypassing the secondary phreatic
divide driven by head elevations as high as
2800 m. Therefore, deeper, regional ground-
water flow paths originating on the Kern Plateau
may cross beneath the secondary phreatic divide
in the manner described by Toth (1963). Most of
the water from the Kern Plateau likely dis-
charges into Lake Isabella because the gradient
between the plateau and the lake is steeper than
that between the plateau and Indian Wells Valley.
However, the ultimate head drop between the
lateau and Indian Wells Valley is 150 m greater
an the head drop to Lake Isabella.

Flow Paths

Enhanced permeability and flow along faults
is common in extensional areas where the
stresses tend to pull brittle rocks apart and widen
the fracture apertures (Huntoon, 1986; Barton
et al., 1995). The ability of fractures in the crys-
talline rocks of this area to conduct fluid flow is
supported by data from a recent deep test well
drilled into crystalline basement in western
Indian Wells Valley (Monastero et al., 1995).
This well lost circulation during drilling within
an interval of highly fractured crystalline rock at
1850 m depth that may represent a major fault
zone in the crystalline basement. North of our
study area a deep flow path in the fractured crys-
talline rocks between the Sierra Nevada and the
Coso geothermal field has been suggested to
explain stable isotopic data from deep geo-
thermal wells in the Coso geothermal field
(Fournier and Thompson, 1980).

Analysis of aerial and satellite photos reveals
the presence of numerous lineaments between
the Kern Plateau and southwestern Indian Wells
Valley (Fig. 12), some of which were confirmed
to be faults and fractures by field studies
(Ostdick, 1997; Howard et al., 1997b). The
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Figure 11. Map of potentio-
metric surface contours in the
eastern Sierra and Kern Plateau
areas. Map is modified from
Howard et al. (1997a).
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majority of the mapped faults in the area trentedrock can carry the majority of recharge irt al., 1997a, 1997b). A northwest-trending fault
north and northwest (Jennings et al., 19650me watersheds (Tiedeman et al., 1997). Beene in Bird Springs Canyon (Fig. 2) controls the
Smith, 1964; Diggles et al., 1989). Other lineacause the mapped faults and fractures in Sierréotation of a series of springs and seeps, which
ments noted on aerial photos also have predomvatershed nearest the southwest Indian Welfsoduces low TDS water (230 mg/l) all year from
inantly northwest trends, except for a small aredalley trend predominantly west and northwesfractured granite along the trace of the fault
in the northeastern part of the Kern PlateaFig. 12) and the water table dips predominantlfOstdick, 1997). A nearly vertical, north-trend-
where northeast-trending fracture sets predomgast and south, Kern Plateau water movinigng, mapped fault, which intersects Five-mile,
nate. The fracture network associated with thiéarough fractures would tend to flow southeadbeadfoot, Ninemile, and Noname Canyons, con-
sets of interconnected faults and fractures magward southwest Indian Wells Valley. trols the location of springs and seeps in these
have sufficient permeability to transport water Field studies in the eastern Sierras show thabrthern canyons. In Noname Canyon, the fault
from the Kern Plateau to the subsurface asome of the mapped faults and fractures are capeas dry at the surface but was observed to divert
Indian Wells Valley. Fractures in crystallineble of acting as ground-water conduits (Howarthe canyon’s stream into the subsurface, where it
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Figure 12. Map view of se-

3 lected faults and lineaments in

N the study area. Modified from

Ostdick (1997) and Figure 1
(this study).
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||

later reemerged at the surface along subhori0m/s) generate a velocity of 10 km/yr, moreate bedrock between alluvial basins crossing local

zontal fracture zones (Howard et al., 1997b). Thiman sufficient for the proposed flow path. topographic divides (Eakin, 1966; Maxey and

gradient in this fracture was 0.03 and the water Mifflin, 1966; Harrill et al., 1988; Gates and

table dipped to the south. Interbasin Flow Harrill, 1997; Johannesson et al., 1997).
Velocity in fractures is a function of permea- In western Nevada, hydrologic budgets,

bility and head gradient (Domenico and Schwartz, If proven, the diversion of water from the topopotentiometric distributions, and water chem-
1998). Values for fracture permeability rangeyraphic watershed of the south fork of the Kerrstry have been used to deduce interbasin flow
from 1010 to 10 m/s with watershed-scale River into Indian Wells Valley would constitute by linking recharge from remote drainage areas
values near the upper end of the range (Hsieinterbasin flow through Sierran crystalline rocksto local springs with anomalous high discharge
1995). In our hypothesis a significant fraction oEakin (1966) stated that significant interbasimates (Maxey, 1968). Interbasin flow in this
the ground water in the southwest is derived frorftow can occur when rocks separating two wateregion may amount to 28% of the total ground-
the Kern Plateau. The tritium data show that sheds with differing hydraulic heads are permewater flow (Prudric et al., 1993), and forms a
portion of this water is post-1952, implying aable enough to transmit fluid. Previous studies isignificant fraction of the local water budgets in
fairly rapid rate for the fracture flow and travelthe Basin and Range province based on geochesome basin and range valleys (Miller, 1977,
times of <50 yr. The gradient of 0.05 and a peiieal and hydrologic data show that ground watdBolke and Sumsion, 1978). This type of flow can
meability value near the high end of range (6 #avels via deep circulation in permeable carborinfluence geothermal features (Mifflin, 1988)
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and alter water table contours so that they do 1
conform to local topography (Farvolden, 1969
We believe that the case of southwestern Indi W E
Wells Valley may meet the criteria forinterbasi | — — — — — — — — — — — _ _  _ @ & £ o e — —
flow, specifically a high discharge rate (aquife f—— <—— Lake Isabella 3000 m
flux), elevated water tables (high head gradie -3\ topographic divide
in the southwest), and geochemical evidence [ X7
extrabasinal recharge.

In summary, we believe that the three indc /sy X
pendent lines of evidence, from the hydroge __:,:_,S,__,E SRS L . NN = = o =
logic, isotopic, and water chemistry data pre foins y
sented here, support an alternative interpretati [ s iy Do ) N
of the hydrogeology of Indian Wells Valley. Fig- "l ey S R Kern Rlve\r/
ure 13 shows our conceptual model for the INte fri v oo v v v sararnraNA * S
basin flow. If confirmed, the alternative Mode [ A SR NS A N ) valley floor
provides evidence that interbasin flow 0CCUI [ N R T e T T N e R e
through crystalline rocks, most likely Via frac Jsmmmm s e P aaa
tures. This would be particularly likely in the Fissisisiiii
basin and range areas where crystalline rocks iy WA
affected by extensional tectonics and the adjac fanranmnnansnanv. Fracture pathways ooy
mOUntaln ranges have a maln phreath dIVIde t| AR ~ \l‘\,\/'\,‘\,\ AVA YA YA NS TAY \l\ SATRIANA LY \i'\l\ NN \,\ ~ \,\ ‘\,\ ~ '\,\ NN \,\ \,
does not coincide with the surface drainage
divide. Therefore, if recharge estimates for allu  Figure 13. Conceptual model of fracture flow from the Kern Plateau into the Indian Wells
vial aquifers in these areas are based upalley (not to scale). Flow crosses the local phreatic divide (Kern River) to discharge into the
models that assume that the amount of recharalluvial aquifer. WT—water table.
to the aquifer is related to the amount of precip
tation in the drainage area of the topographi
watershed, they may overestimate or underes
mate ground-water resources and safe yield. change, geochemical mixing models show thdaults have sufficient permeability and are inter-

the ground water in the southwest Indian Wellsonnected.
CONCLUSIONS Valley can be derived from mixing Kern Plateau
water with local recharge. ACKNOWLEDGMENTS
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Bureau of Reclamation (1993). These wells al-  Bulletin, v. 12, 34 p. Issar, A., and Gilad, D., 1982, Ground water flow systems in the
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