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ABSTRACT 
 
 
 
 

The Indian Wells Valley is a desert basin of southeastern California located in the 

transition zone of the Sierra Nevada, Great Basin, and Mojave Desert.  Previous 

conceptual models of the groundwater system suggest that the surrounding granitic rocks 

are unable to transmit or store significant amounts of water and have described Indian 

Wells Valley as a closed hydrologic basin with limited recharge and discharge.  In 

contrast, a comprehensive analysis of hydrologic, hydrochemical, isotopic, and structural 

data of the Indian Wells Valley performed in this thesis indicate a more complex model.  

The revised paradigm of Indian Wells Valley is one of an open basin, wherein much of 

the groundwater recharge is derived from outside the topographic divide by way of a 

unique combination of interconnected faults and fractures serving as conduits for 

interbasin flow. 

Hydrogeologic analysis suggests the aquifer flux in one portion of the valley is 

more than five times precipitation-based estimates using the Maxey-Eakin method.  This 

high volumetric flux is due to a steep hydraulic gradient, which was dismissed in 

previous studies as an alluvial fault acting as a flow barrier.  However, this study found 

no geophysical or hydrologic evidence to support the presence of a flow barrier, 

corroborating the high calculated flux. 

Groundwater chemistry indicates seven major hydrochemcial facies distributed 

within the valley and the surrounding areas.  For the most part, water types are consistent 

with chemical evolution common to this portion of the Great Basin, but data indicate a 

large volume of groundwater within the basin that is not derived from within the confines 

of the topographic watershed.  Chemical and isotopic characteristics of this water are 
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consistent with water derived from low-enthaply geothermal systems, and data suggest 

the origin of this water is the Kern Plateau Region of the southern Sierra Nevada located 

outside the topographic watershed of Indian Wells Valley.  This atypical groundwater 

chemistry is coincident with the location of the hydraulic discrepancy indicating a higher 

aquifer flux than precipitation-based estimates of recharge.  In addition, isotopic and 

hydrologic data also indicate that much of the groundwater present the basin is most 

likely Holocene to Recent age, contradicting previous studies which suggest that the 

majority of groundwater in the basin is Pleistocene age, lingering from the pluvial periods 

that once predominated the region. 

Structural mapping and analytical flow modeling suggest groundwater flow within 

the region is complex, reflecting the significant effect of numerous geologic and 

structural features such as roof pendants, shear zones, and dike swarms.  Hydrologic, 

chemical, and isotopic analysis of the surrounding area indicates a regional groundwater 

flow pattern for this portion of the Great Basin flowing from the northwest to southeast.  

Continuity of chemical and isotopic patterns suggests Indian Wells Valley is part of a 

regional groundwater flow system that includes the southern Sierra Nevada and adjacent 

Great Basin and Mojave Desert.  Therefore, the boundary between the Tulare Lake and 

South Lahontan hydrologic regions of southern California has been revised based by 

these groundwater flow patterns. 

Total groundwater recharge to Indian Wells Valley prior to urban and agricultural 

development is estimated to be 36,415 acre-feet/year (ac-ft/yr) and a large portion of the 

groundwater indicates varying degrees of geothermal influence.  This recharge rate has 

since been modified to approximately 46,170 ac-ft/yr due to ongoing groundwater 

development.  Estimates of recharge and discharge presented herein have increased the 

overall water-budget of Indian Wells Valley approximately 400 percent compared to 

previous estimates, with much of this recharge originating in the Kern Plateau Region of 

the Sierra Nevada outside the topographic watershed. 
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CHAPTER 1: INTRODUCTION 
 
 
 
 

Groundwater is a vital resource in the semiarid Basin and Range Province of the 

western United States.  The demand on this resource will increase significantly over the 

next 30 years as large population growth is expected to occur in this region (Falkenmark 

and Lindh, 1993).  Effective groundwater management requires a thorough understanding 

of the nature of groundwater recharge, as well as detailed knowledge regarding aquifer 

boundaries, recharge areas, groundwater flow paths and renewal times, which in arid and 

semiarid areas are extremely difficult to derive with confidence.  Most present models of 

the hydrologic systems in this area assume each basin is a closed system with recharge 

derived from precipitation solely within the topographic drainage basin.  Exceptions to 

this model that incorporate interbasin flow in the Basin and Range have previously been 

proposed (Eakin, 1966; Maxey, 1966; Mifflin, 1968; Harrill et al., 1988), but this theory 

has been limited to areas of the Basin and Range dominated by carbonate rocks.  

Interbasin flow may form a significant fraction in water budgets (Miller, 1977; Bolke and 

Sumsion, 1978; Prudic et al., 1993), accounting for major fractions of total groundwater 

flow, and can have significant influence on geothermal features (Forster and Smith, 1988; 

Mifflin, 1988), which are common throughout the Basin and Range. 

 
 

1.1 Statement of Problem 
 

In the southwestern Basin and Range, several of the desert basins are surrounded 

primarily by granitic mountains.  In previous hydrogeologic studies, these mountains are 

presumed to be incapable of transmitting or storing significant amounts of water.  
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However, recent investigations show that some faults in the granitic bedrock of the Sierra 

Nevada may serve as conduits for interbasin flow, markedly increasing originally 

perceived water budgets of neighboring basins.  For instance, the Indian Wells Valley 

water budget of 9,850 acre-feet/year (ac-ft/yr) (Bloyd and Robson, 1971; Berenbrock and 

Martin, 1991) may actually be in excess of 30,000 ac-ft/yr due to the impacts of interbasin 

flow (Thyne et al., 1999).  Thus, the question arises as to what structural and tectonic 

factors are important to help evaluate the possibility of interbasin flow.  It is possible that 

interbasin flow in fractured igneous and metamorphic bedrock is more widespread than 

previously recognized in the Sierra Nevada and the Basin and Range.  If so, a new model 

for regional flow may be required for this area. 

 
 

1.2 Study Objectives and Implications 
 

Correct conceptualization of a flow system is the first step required in any attempt 

to understand how to manage groundwater or assess vulnerability.  This is particularly 

important in regions using bedrock aquifer systems, where resources may be 

heterogeneously distributed and flow paths more complex than those predicted using 

simple models.  The objectives of this thesis are to: 

• Refine and improve estimates of recharge and discharge for Indian Wells Valley; 

• Review and assimilate hydrologic and hydrochemical data to make an improved 

conceptual model of the valley; and 

• Examine the potential mechanisms for interbasin flow in Indian Wells Valley. 

An improved understanding of the subsurface flow system of Indian Wells Valley can 

have important implications for water rights and future development and management of 

water resources in the southwestern Basin and Range. 
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1.3 Report Organization 
 

This thesis is comprised of six chapters, including the preceding introduction.  

Chapter 2 is an overview of the regional setting describing physiographic, geologic, and 

hydrologic features in the study area.  Chapter 3 contains a discussion on groundwater 

recharge and discharge components in the study area.  Hydrochemical and isotopic 

analyses performed at the site and synthesis of these data are described in Chapter 4, and 

Chapter 5 contains a discussion of the mechanisms of interbasin flow and estimates of 

interbasin recharge in the study area.  The study conclusions and future recommendations 

are presented in Chapter 6. 

The compact disc accompanying this thesis includes an Adobe PDF version of 

this document.  In addition, all pertinent data discussed within this thesis is included in a 

Microsoft Excel. 
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CHAPTER 2: REGIONAL SETTING 
 
 
 
 

The Indian Wells Valley is a desert basin located in southeastern California at 

longitude 117º45’W, latitude 35º45’N, approximately 125 miles north of Los Angeles 

and 110 miles east of Bakersfield (Figure 2.1).  The valley is situated at the apex of the 

northeastern section of Kern County, the southwestern section of Inyo County, and 

northwest corner of San Bernardino County.  The study area is encompassed in four U.S. 

Geological Survey (USGS) 1:250,000-scale maps: the Bakersfield, Trona, Fresno, and 

Death Valley sheets.  A large portion of the valley is federal land under jurisdiction of the 

China Lake Naval Air Weapons Station (NAWS), and the remainder is privately owned. 

 

 

2.1 Physiography and Geographic Setting 
 

The Indian Wells Valley lies within the southwest corner of the Great Basin 

portion of the greater Basin and Range Physiographic Province.  The dominant features of 

this province are linear, north trending mountain ranges separating broad, elongated 

valleys.  Indian Wells Valley and its neighboring basins lie within a triangular-shaped 

zone that is characterized by physiographic elements that are distinctly different from the 

“traditional” Great Basin; there is a distinct north-northwest orientation to the mountain 

ranges, and basins are more than twice as wide as the elongated basins to the east and 

north.  For example, Indian Wells Valley is nearly as wide (18 miles) as it is long (20 

miles), contrasting markedly from the morphology of other basins of the Great Basin 

Region, which typically exhibit length to width ratios of more than 4 to 1.  The average 

elevation within the northern Great Basin is higher, but overall relief in the 
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Figure 2.1: Location Map 
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region surrounding Indian Wells Valley is much greater.  Both the highest and the lowest 

points in the contiguous 48 states, Mount Whitney (14,494 feet above mean sea level [ft 

amsl]) and Death Valley (-282 ft amsl), respectively, are found within this region, 

separated by only 250 miles.  The average topographic gradient represented by this relief 

is about 60 feet per mile in a southeasterly direction across the entire region.  This zone 

has been referred to in literature as the California Basin and Range, the southern Walker 

Lane belt, and the Owens Valley-Death Valley extended terrane (Monastero et al., 2002). 

The mountains bounding Indian Wells Valley consist of the Sierra Nevada to the 

west, the Coso Range and a low ridge of basaltic lava flows to the north, the Argus Range 

to the east, and the El Paso Mountains and Spangler Hills to the south (Figure 2.1).  The 

Sierra Nevada is the highest of the bounding mountain ranges, with altitudes of 

approximately 3,000 ft amsl at the western edge of the valley floor, rising steeply within a 

horizontal distance of 6 miles, to peaks greater than 9,000 ft amsl.  The other mountain 

ranges are not as steep, rising gradually to elevations of more than 5,000 ft amsl.  The 

valley floor ranges from approximately 2,400 ft amsl in elevation where broad coalescing 

alluvial fans extend from the Sierra Nevada grading eastward to approximately 2,150 ft 

amsl.  Playas occupy the lowest parts of the valley, with alluvial slopes rising gradually 

from the playas, becoming exponentially steeper toward the mountain flanks.  Five playas 

are present within the valley including: China Lake, Airport Lake (also referred to as 

Coso Lake), Dry Lake, Mirror Lake, and Satellite Lake (Figure 2.1). 

 
 

2.2 Regional Geology 
 

The geology surrounding Indian Wells Valley has been divided into three subsets 

which describe the granitic batholith and associated plutons of the Sierra Nevada that 

comprise the surrounding mountains, the stratal succession of the Paleozoic and Cenozoic 
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units of the El Paso Mountains, and the overlying Plio-Pleistocene sediments.  Figures 

2.2a and 2.2b depict a generalized geologic map of the Indian Wells Valley area. 

 
 

2.2.1 Sierra Nevada Batholith 
 

The Sierra Nevada batholith is a large continuous exposure of plutonic rocks 

ranging in age from Triassic to Cretaceous, representing the exhumed root zone of a 

subduction-related magmatic arc.  The magmatic arc was continuously active for more 

than 140 million years, yet most crustal magmatism took place during two short-lived 

episodes, one in the Late Jurassic (160 to 150 million years ago [Ma]) and a second, more 

voluminous episode, in the Cretaceous (100 to 85 Ma) (Ducea, 2001). 

The batholith has been emplaced into a metamorphic framework coinciding with a 

suture between Paleozoic oceanic lithosphere (Panthalassa) to the west and North 

American Proterozoic lithosphere to the east (Saleeby and Busby-Spera, 1993).  Thus, the 

batholith exhibits a marked transverse zonation in its petrology, geochemistry, isotopic 

properties, and age.  From west to east, the batholith becomes less mafic and more 

potassic with gabbroic to tonalitic plutons along the west side of the batholith, to 

predominantly granodiorites and granites, with fair amounts of quartz monzonites, 

localized along the eastern margin.  The deformed and metamorphosed host rocks of the 

batholith, comprised of both continental and oceanic affinities, are locally preserved in 

discontinuous pendants trending north-northwest (Figure 2.2a).  In addition to the calc-

alkaline granitics that comprise the primary composition of the batholith, Jurassic (185 to 

167 Ma) alkalic granitic intrusives generally outcrop along the eastern edge of the main 

Sierran batholith in the Inyo, Coso, and Argus ranges (Dunne et al., 1978).  These have 

been interpreted to be, for the most part, syn-tectonic (Moore, 1976) and sill-like in 

structure (Erskine, 1990).  Several small, leucocratic plutons with high silica (greater than 
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Figure 2.2: Generalized Geologic Map of the Indian Wells Valley Area 
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Figure 2.2b: Explanation 
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70 percent) are exposed as small isolated bodies from the White Mountains to the Slate 

Range.  Igneous barometry (Ague and Brimhall, 1988), the preservation of mid-

Cretaceous supra-batholithic silicic volcanic complexes (Saleeby, 1990), and the presence 

of early Cretaceous ring dike complexes (Clemens-Knott and Saleeby, 1999) indicate 

shallow levels of exposure for the northern portions of the batholith between latitudes 38° 

and 36°N with a southward steepening gradient in depth of exposure to approximately 20 

mile depths in the western Tehachapi Range (Ague, 1997). 

The Sierra Nevada batholith is intruded by the Independence Dike Swarm (Chen 

and Moore, 1979), a throng of right-stepping, en echelon dikes of primarily mafic 

composition. The dike zone is as much as 55 miles wide, extending for more than 350 

miles along strike, from the central Sierra Nevada, west of Owens Valley through the into 

the Mojave Desert (Figure 2.2a) and extends as far south as the eastern San Bernardino 

Mountains of southern California (James, 1989).   U/Pb zircon isotopes constrain the age 

of the dike swarm to approximately 148 Ma (Chen and Moore, 1979; James, 1989), but 

late Cretaceous dikes (approximately 83 Ma) have been found in the Coso Range and the 

eastern Sierra Nevada, west of Owens Valley (Coleman et al., 2000). 

Granitic rocks of the Sierra Nevada Batholith form the core of the Sierra Nevada, 

Coso Range, Argus Range, and El Paso Mountains surrounding Indian Wells Valley.  

While a large percentage of batholith is Cretaceous age, the majority of the granitic 

structure surrounding Indian Wells Valley is Jurassic and older.  The primary granitic 

plutons of the Sierra Nevada along the western margin of Indian Wells Valley consist of 

the Jurassic Sacatar granodiorite, Cretaceous Castle Rock granodiorite, Rabbit Island 

granodiorite, Five Fingers granite, Walker Pass quartz diorite, and the Freeman Junction 

quartz diorite (Figures 2.3a and 2.3b).  Smaller, local plutons along the margin of the 

valley include the Noname Canyon and Sand Canyon granites.  The Coso and Argus 

Ranges are primarily composed of various plutons of Jurassic quartz monzonites and 
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Figure 2.3: Geologic Map of the Mesozoic Plutons of the Southeastern Sierra Nevada 
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Figure 2.3b: Explanation 
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granites.  The Triassic/Permian quartz diorite of Burro Schmidts and Last Chance Canyon 

form the “basement” complex of the El Paso Mountains (Figure 2.3a). 

In the Coso Range, a ryholite dome field and associated volcanic ejecta cover 

much of the basement complex where fumaroles and intermittent thermal springs are 

prevalent (Moore, et al., 1982, Austin and Durbin, 1985).  The geothermal system at 

Coso is concentrated within the central Pleistocene rhyolite dome field, centered 

approximately 2 miles east of Sugarloaf Mountain.  Basalt flows dominated the earliest 

volcanism, erupting from widely scattered vents marked now by eroded cinder cones.  

Compositional evolution of the magma is evident from the chemically more evolved 

andesitic and dacitic extrusions overlying the basalts.  Similar bimodal volcanism is 

observed in the ryholite domes in the Kern Plateau and east in the Darwin Plateau. 

 
 

2.2.2 El Paso Mountains 
 

The El Paso Mountains are a relatively low range of mountain peaks trending 

east-northeast along the northern side of the Garlock Fault.  They are approximately 2,000 

feet above the southwest corner of the valley floor (5,000 ft amsl) and are the site of the 

most significant exposures of Paleogene and Neogene rocks.  The core of this range 

consists of Paleozoic-Mesozoic metasedimentary and plutonic rocks, which are 

unconformably overlain by Cenozoic lithologies of the Goler Formation and Ricardo 

Group. 

 
 

2.2.2.1 Garlock Assemblage 
 

The Garlock Assemblage consists of metasedimentary and metavolcanic strata, 

ranging in age, primarily from Ordovician to Permian, and form the main ridge of the 



  14  

   

central El Paso Mountains.  Although there is no direct evidence of Silurian-age units, 

Silurian and Early Devonian fossils have been recovered from correlative rock sequences 

exposed in Pilot Knob Valley and Paradise Range, approximately 30 miles to the east and 

south of the Garlock Fault (Carr et al., 1992).  Correlative units of the Garlock 

Assemblage are also present within a northwest-trending lineation of roof pendants 

within the southern Sierra Nevada (Dunne and Suczek, 1991).  Palinspastic restoration of 

Cenozoic deformation indicates that this suite of exposures comprise a collinear, 

northwest trending belt approximately 120 miles long, collectively referred to as the El 

Paso Terrane.  These units have been correlated with the eugeoclinal[1] facies of western 

and central Nevada that comprise the Roberts Mountain overlap assemblage (Smith and 

Ketner, 1970). 

 
 

2.2.2.2 Goler Formation 
 

The Goler Formation contains the only known Paleogene sedimentary sequence in 

southern California east of the Sierra Nevada.  It consists predominantly of a homoclinal 

succession of Paleocene and Eocene clastic rocks including cobble and boulder 

conglomerate, pebbly sandstone, siltstone, and minor amounts of sedimentary breccia 

with a marine mudstone near the top of the formation.  The formation is comprised of two 

lithostratigraphic sequences of fluvial deposits: (1) a lower upward-fining sequence of 

canyon fill, alluvial fans, and distal alluvial plains on a southward sloping piedmont; and 

(2) an overlying westward fining sequence deposited by westward flowing streams that 

once occupied the axial region of the sedimentary basin directly south of the piedmont 

                                                 
 
[1] For the purposes of this thesis, the term “miogeocline” describes the wedge-shaped continental shelf deposits 
of Upper Proterozoic and Paleozoic age that thicken from the craton westward.  The term “eugeocline” describes 
siliceous and volcanic rocks that formed oceanward of the miogeocline, on or past the continental slope and rise. 
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slope.  Near the top of the formation, marine dinoflagellate, fossil mollusks, and 

planktonic forminifers of Eocene age were identified in samples of a 150-foot-thick unit 

of siltstone, suggesting an ocean transgression extended into the Indian Wells Valley 

during the Late Eocene (Cox, 1987).  Coeval foraminiferal assemblages of Goler 

Formation are found in various exposures of the deep-marine Eocene Kreyenhagen shale 

along the western edge of the San Joaquin Valley, extending to latitudes 50 miles north of 

the Indian Wells Valley area (McDougall, 1987).  Paleocene fossils of fish, turtles, and 

alligators infer proximity to a marine environment prior to Eocene time (McKenna et al., 

1987). 

Deposition of the Goler Formation occurred primarily from latest Cretaceous to 

late Eocene (75 to 40 Ma); but lower portions of the Goler Formation may be as old as 91 

Ma, which is the biotite K-Ar apparent age of a clast of silicic metavolcanic rock near the 

base of the formation (Cox, 1987).  This unit is not younger than approximately 18 Ma 

old, based on the radiometric age of volcanic rocks interbedded in sedimentary and 

volcanic sections that unconformably overlie them.  The Witnet Formation, which crops 

out 20 to 40 miles southwest of the Goler Formation in the Tehachapi Mountains area of 

the southern Sierra Nevada is considered correlative to the Goler Formation (Dibblee and 

Louke, 1970).  It consists of poorly dated sandstone and conglomerate that are overlain 

unconformably by the pyroclastic Miocene Kinnick Formation. 

The total thickness of the formation was measured as approximately 13,050 feet 

in Last Chance Canyon, but thins northeastward near Goler Gulch to 7,090 feet (Cox and 

Diggles, 1986).  Evidence of the Goler Formation in the deeper subsurface of Indian 

Wells Valley was observed in the Supersonic Naval Ordinance Research Track (SNORT) 

Well #1, in addition to wells TGHC #1 and 26S/40E-22P1.  Seismic data indicate the 

Goler Formation may be present at depth in Teagle Wash, south of the Spangler Hills 

(Monastero et al., 2002), but drilling data indicate these units do not extend 

northeastward into Searles Valley (Smith et al., 1983). 
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2.2.2.3 Ricardo Group 
 

The Ricardo Group consists primarily of two formations: the Lower to Middle 

Miocene Cudahy Camp Formation and the Middle to Upper Miocene Dove Formation.  

The Cudahy Camp Formation ranges in age from 20 to 15 Ma and consists primarily of 

volcanic tuffs, lava flows, and epiclastic rocks (Loomis and Burbank, 1988).  Monastero 

et al. (1997) demonstrated that the source of the Cudahy Camp Formation was a volcanic 

field located south of the El Paso Basin during lower-Miocene time.  Deposition in the 

lower member of the Dove Spring section is dominated by alluvial fan sediments also 

derived from the south and southeast, but the upper members reflect a shift of 

depositional style and provenance to fluvial-lacustrine with a source area to the north and 

possibly northeast (Loomis and Burbank, 1988).  Younger units of the Dove Spring 

Formation have a high proportion of angular and subangular alkali feldspar and quartz 

grains, indicating a nearby granitic source.  These deposits are considered correlative and 

tectonically analogous to the Kern River Formation on the west side of the southern 

Sierra Nevada in the San Joaquin Valley (Cox and Diggles, 1986).  Whistler and Burbank 

(1992) established that the youngest rocks of the Dove Spring Formation are 

approximately 7 Ma based on biostratigraphy and radiometric dating of tuffs.  Together, 

the Cudahy Camp and Dove Spring Formations are approximately 7,000 feet thick. 

In addition to the outcrops of the El Paso Mountains, small outcrops of the Dove 

Spring Formation are observed approximately 1.5 miles west of Freeman Junction along 

Highway 178 and approximately 2 miles north-northeast of Freeman Junction along the 

Sierran escarpment (Zbur, 1963).  Outcrops of the Ricardo Group are also found along 

the south edge of the Spangler Hills in Teagle Wash (Figure 2.2a), but drilling data 

indicate these units do not extend northeastward into Searles Valley (Smith et al., 1983).  

Evidence of these units in the deeper subsurface of Indian Wells Valley was observed in 

SNORT #1 and TGHC #1.  The lower 400 feet of well BR-1 is believed to have drilled 
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into the Ricardo Group, and the deepest piezometer of this well cluster is screened within 

this unit (USBR, 1993). 

 
 

2.2.3 Plio-Pleistocene Units 
 

In addition to the Tertiary units described above, the Indian Wells Valley basin is 

also filled with unconsolidated and semiconsolidated deposits ranging in age from 

Pliocene to Holocene.  These deposits consist of the White Hills Sequence and unnamed 

Pleistocene- to Holocene-age sediments. 

 
 

2.2.3.1 White Hills Sequence 
 

The White Hills Sequence is comprised of facies of fault proximal megabreccia, 

debris flow/avalanche, alluvial fan, lacustrine, and alluvial plain or sheet flood deposits.  

It is observed in outcrops in the White Hills Anticline, numerous “windows” in the 

unnamed Pleistocene and Holocene low-lying basalts near Little Lake, and the east and 

west margins of the valley. 

The lacustrine facies contain freshwater diatoms, fine-grained clastic sediments, 

and thin ostracod-bearing limestone beds (Kunkel and Chase, 1969).  A late to middle 

Pliocene age is established on the basis of the whole rock 40Ar/39Ar date of 3.11±0.21 Ma 

on an intervening basalt flow encountered at 1,370 feet below ground surface (ft bgs) in 

Test Hole 57-2, as well as the 3.9±0.5 Ma age obtained from a basalt flow encountered at 

3,280 ft bgs in SNORT #1 (Monastero et al., 2002).  The White Hills Sequence is the 

only Pliocene stratigraphic unit observed in Indian Wells Valley.  Evidence of this unit in 

the deeper subsurface is observed in SNORT #1, SNORT #2, and TGHC #1. 
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The White Hills Sequence may be a correlative of the Coso Formation, a Mio-

Pliocene stratal succession outcropping along the western Coso Range in eastern Rose 

Valley and small windows exposed beneath the volcanics of the southern Coso Range 

(Figure 2.2a).  Schultz (1937) defined the Coso Formation to include all sedimentary and 

pyroclastic rocks of Tertiary to Recent age including lacustrine, fanglomerate, 

conglomerate, volcanoclastic and, locally, volcanic tuffs.  Where preserved near the 

Sierran front, these sediments dip westward toward the Sierran escarpment. 

 
 

2.2.3.2 Pleistocene and Holocene Sediments 
 

The uppermost strata of the valley are primarily Pleistocene to Holocene 

unconsolidated, coalescing deposits of alluvial-fluvial and lacustrine sediments with 

minor eolian deposits (Figure 2.2a).  The succession of Pleistocene and Holocene 

deposits are estimated to be 1,200 to 1,800 feet thick in the western and central portions 

of the valley thinning in the east to less than 300 feet (Monastero et al., 2002). 

Alluvial fan facies consist of undeformed to moderately deformed lenticular 

deposits of silt, sand, gravel, and boulders that are indurated to various degrees based on 

age that emanate from the larger drainages of the mountain ranges surrounding the valley.   

Drilling along the western margin of the basin indicates these fans are at least 400 to 600 

feet thick (USBR, 1993).  The majority of the fan deposits within the valleys have 

coalesce,d and the distal fan toes have merged to form broad alluvial aprons.  Lithologic 

logs indicate that this alluvium is underlain by a thick, blue-green to dark gray clay layer 

that is pervasive through much of the basin.  This expansive unit is approximately 1,350 

feet thick in NR-1, reaching a maximum thickness of approximately 1,475 feet thick in 

SNORT #1, and thinning to approximately 330 feet thick in TGCH #1 west of China 

Lake Playa (Monastero et al., 2002).  This clay layer is not observed in wells MW-32 and 
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BR-4, west of Ridgecrest (USBR, 1993).  The base of this clay layer marks the Plio-

Pleistocene boundary interpreted to reside at approximately 1.8 Ma (Monastero et al., 

2002). 

Older alluvium, as termed by Kunkel and Chase (1969), outcropping in the El 

Paso Basin and the margins of Indian Wells Valley where alluvial fans preside, consists 

of undeformed to moderately deformed lenticular deposits of semi-indurated silt, sand, 

gravel, and boulders.  It is estimated to be Early to Middle Pleistocene in age, but the 

lowermost section may be related to the Ricardo Group (Zbur, 1963).  Playa and 

lacustrine deposits consist of gray silt, yellow, green, and blue plastic clay, intermingled 

with occasional sand lenses (Kunkel and Chase, 1969).  At the surface, these materials are 

typically moist and are often encrusted with alkali and saline deposits.  The most common 

crust-forming minerals are halite, natron, borax, thenardite, mirabilite, trona, burkeite, 

nahcolite, gaylussite, and pirssonite (Saint-Amand, 1986). 

 
 

2.3 Structural and Tectonic Setting 
 

Indian Wells Valley resides within the transition zone of the southern Sierra 

Nevada and southwestern Great Basin.  This northerly trending zone is superimposed 

diagonally across a complex, northwest-trending, Late Paleozoic and Mesozoic tectonic 

boundary (Erskine, 1990).  This zone is commonly referred to as the Walker Lane Belt or 

the Eastern California Shear Zone and straddles the boundary between dominantly east-

west extension in the Great Basin to the east and dominantly northwest shear along the 

Pacific-North American plate boundary to the west. The interaction between extension 

and transcurrent shear has resulted in the development of a complex array of dextral 

transtentional faults accommodating intraplate strain (Figure 2.4).  Thus, there is an 

obliquity of extension in this area.  The local valleys and their flanking ranges 
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Figure 2.4: Fault Map of Indian Wells Valley and Vicinity 
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trend north-northwestward, but the relative direction of slip is in the direction of the 

mountain range trend as opposed to range perpendicular, as observed in the majority of 

the Great Basin to the northeast.  The direction of extension in this area of the Great 

Basin is approximately N55ºW-S55ºE (Erskine, 1990; Monastero et al., 2002), 

approximately parallel to the strike of the topographic trend connecting the Mount 

Whitney highlands to the Death Valley graben.  The locus of extension in this area 

exhibits a westward progression, with the onset occurring in Death Valley at 

approximately 16 Ma and moving successively westward into the Indian Wells-Owens 

Valley area by Late Pliocene and Holocene (Monastero et al., 2002).  Many of the 

Cenozoic dextral faults are reactivated Mesozoic structures (Stewart, 1988). 

Geodetic and geologic data indicate that the Sierra Nevada and adjacent Great 

Valley move as an independent microplate between the Pacific Plate and stable North 

America.  Motion of this microplate relative to North America can be described as a 

counter-clockwise rotation about a Euler pole located west of the southern California 

coast; from south to north, the azimuth of Sierra Nevada motion turns progressively 

westward, varying from approximately N43ºW at the southeast end of the range to 

approximately N56ºW at the northern end of the range (Argus and Gordon, 1991).  To 

accommodate this motion, the Sierra Nevada Frontal Fault system is 300 miles long, 

releasing step-over between the dextral Airport Lake and Little Lake Faults to the south 

and the dextral Mohawk Valley Fault to the north (Unruh et al., 2003).  At the southern 

end of the Sierra Nevada, the Little Lake and Airport Lake Faults comprise the major 

tectonic boundary along the southeastern margin of the Sierran microplate that are 

subparallel to the Sierra Nevada-North American motion.  Dextral shear from these faults 

is transferred northward in a releasing step-over across the Coso Range to the Owens 

Valley Fault, producing distributed crustal extension in the Coso Range. 

The Garlock Fault marks the southern boundary of the southwestern Great Basin.  

It is a sinistral transform accommodating approximately 40 miles of slip, 25 miles of 
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which occurred after the middle Pliocene (Carter, 1982).  Seismic evidence suggests that 

the eastern branch of the Garlock Fault is a shallow south-dipping feature (37º±10º) 

exhibiting listric geometry and flattening into a shallow sub-horizontal 

reflection/detachment below the Mojave Desert (Louie and Qin, 1991).  Additional 

geophysical evidence suggests the dip may be as shallow as 12º near Searles Valley 

(personal communication, Dr. Carl F. Austin).  Seismic data and geologic evidence 

suggest that the southwest branch may dip to the northwest beneath the Sierra Nevada 

(Bird and Rosenstock, 1984; Louie and Qin, 1991). 

There is sufficient geologic and geophysical evidence to suggest that the southern 

Sierra Nevada has collapsed and disaggregated to the south as a series of thin tectonic 

plates (Wood and Saleeby, 1998; personal communication, Dr. Mel C. Erskine) that may 

extend as far north as Mount Whitney (Bartley, et al. 2003).  Many of these plates have 

rotated between 45º and 90º (e.g., Kanter and McWilliams, 1982).  These plates are 

interpreted by Erskine (1989; 1990; personal communication) to represent denudation of 

out-of-sequence imbricate thrusting of the Sierran thrust culmination to the north (Moores 

and Day, 1984; Day et al., 1985).  These imbricates detached and began slumping into the 

marine depocenter of the Goler Basin that once connected Indian Wells Valley and the 

San Joaquin Valley (see Section 2.2.2.2).  Southward-directed collapse has possibly 

manifested itself as a series of compressive structures along the southern Sierra and the 

Garlock fault that do not conform to the late Cenozoic stress regime (Nitchman 1989; 

Smith 1991).  The southernmost Sierra Nevada reveals a series of low-angle faults that 

project northwest under the Sierran granitics (Figure 2.4), with some of the faults of the 

upper plates appearing mid-range (Silver, 1986).  The leading edges of some of these 

plates can be observed in various incised canyons in the southernmost Sierra Nevada. 

Geophysical data near Cow Heaven Canyon indicates a low velocity zone beneath 

the Sierra Nevada that suggests the collapsed granitic plates have been “thrust” over 

sediments of Indian Wells Valley (Figure 2.4).  Based on observed seismic velocities at 
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Cow Heaven Canyon and down-dip projections from the El Paso Mountains, this low 

velocity zone may represent the underlying Goler Formation and Ricardo Group, 

indicating Tertiary sediments underneath the Sierran front of as much as 12,000 feet 

thick.  O’Brien et al. (1989) infer that the Sierra Nevada onlaps at least 4 miles of 

Tertiary valley fill west of Indian Wells Valley.  Attenuation tomography data of Ho-Liu 

et al. (1988) indicate a low-velocity anomaly, possibly representative of the underlying 

Tertiary sediments (personal communication, Dr. Mel C. Erskine), extending from the 

southeastern edge of the Sierra Nevada as far northwest as Lake Isabella. 

 

2.4 Climate 
 

Indian Wells Valley lies within the Mojavean Desert climate region as defined by 

Benson and Darrow (1981); characterized by short mild winters, long hot summers, and 

low annual rainfall and humidity (Figure 2.5a).  The valley is located on the leeward side 

a regional rain shadow created by the Sierra Nevada, San Gabriel, and San Bernardino 

mountains.  These mountains act as a barrier to the rain-producing winter winds blown 

from the Pacific Ocean, which results in minimal annual precipitation on the valley and 

the majority falling within the mountains (Figure 2.5b).  Orographic effects tend to 

increase the precipitation frequency and intensity for higher elevations, and precipitation 

at higher elevations often occurs as snow.  The valley floor experiences annual rainfall of 

approximately 4 to 6 inches per year increasing to more than 20 inches per year in the 

Kern Plateau of the Sierra Nevada (Figure 2.5b).  Evaporation on the valley floor was 

measured in an unpublished study between July 1994 and June 1995 by California State 

University at Bakersfield, yielding an annual evaporation rate of 78.86 inches, indicating 

a precipitation deficit (relative to the regional mean) within Indian Wells Valley. 

The primary factor governing precipitation in Indian Wells Valley is a synoptic-

scale weather circulation pattern related to fixed-geographic moisture sources and local 
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Figure 2.5: Climate of the Indian Wells Valley Area 
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physiographic features such as the Sierra Nevada and surrounding mountains.  The 

moisture sources affecting the Indian Wells Valley area consist of the Polar, Pacific 

Ocean, Sub-Tropical, Continental, and the Gulf (Figure 2.5a).  Most precipitation in this 

area occurs in response to low-pressure systems, which are steered eastward by the jet 

stream bringing moisture inland from the Pacific Ocean and leaving most of it behind in 

the Sierra Nevada.  Winter storms tend to result in low-intensity precipitation, but may 

occasionally last up to several days.  During the summer, the jet stream migrates to the 

north, and weather circulation in this region tends to be dominated by high-pressure cells 

that cause reverse circulation (i.e., monsoons).  Surface heating and convection of air 

masses carrying moisture from the Gulfs of Mexico and California, in addition to the 

Sub-Tropical Pacific, result in sporadic but intense thunderstorms during the summer 

monsoon.  Summer storms typically do not pass over the high terrane of the Sierra 

Nevada, leaving behind short, high-intensity precipitation along the eastern front and the 

adjacent Coso and Argus Ranges, often resulting in flash flooding (Friedman et al., 

1992). 

 
 

2.5 Hydrogeologic Setting 
 

Indian Wells Valley resides within the South Lahontan hydrologic province of 

southeastern California, a region characterized by low rainfall, intermittent streams, and 

large intermittent surface drainages.  Indian Wells Valley is contained with the Indian 

Wells groundwater basin, which also consists of smaller sub-basins, including Rose 

Valley and El Paso Basin (Figure 2.6).  Indian Wells Valley is also fed from Coso Basin 

to the north, which is included as part of the Indian Wells Valley groundwater system. 

Most of the valleys within the South Lahontan hydrologic province are dominated 

by playas, and there are few perennial rivers or lakes within this area.  The existing rivers 
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Figure 2.6: Groundwater Basin of the Indian Wells Valley and Vicinity 
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worthy of note in the area include the Owens, Mojave, and the intermittent Amargosa 

River (see Figure 2.11, Section 2.6).  There are few lakes that exist in the province; the 

most proximal to Indian Wells Valley include Haiwee Reservoir in southern Owens 

Valley and Little Lake, which lies at the transition of the Rose Valley sub-basin and 

Indian Wells Valley.  Little Lake is a relatively young feature and is believed to be a 

surface water expression attributed to a buried basalt flow or the granitic bedrock 

landslide structure (Thompsett et al., 1997), commonly referred to as Soda Hill (Figure 

2.7), acting as a subsurface dam impeding subsurface flow to the south.  The lake has a 

surface area of approximately 75 acres and an average depth of 4 to 5 feet.  Surface runoff 

from the surrounding mountains enters Little Lake during, or shortly after, ephemeral 

summer thunderstorm events and sometimes after unusually heavy winter and spring 

rains.  In spite of the limited amount of surface inflow, Little Lake and several small 

neighboring ponds remain at a fairly constant level despite perennial surface outflow 

(Bauer, 2002). 

To the west, within the confines of the southern Sierra Nevada, the adjacent 

watershed is a complex network of drainage pathways that eventually form the Kern 

River System, which is comprised of two major branches referred to as the North Fork 

and South Fork.  This river system originates in the Kern Plateau, eventually draining into 

Lake Isabella Reservoir, the largest waterbody within the southern Sierra Nevada. 

There are four basic models of groundwater flow within the basins of the Basin 

and Range, as shown in Figure 2.8.  Conceptual models of flow in the Basin and Range 

that incorporate interbasin flow have essentially been resigned to portions of Nevada that 

primarily consist of fractured carbonate or volcanic bedrock.  However, no examples of 

significant interbasin flow in fractured metamorphic and igneous rocks have been 

identified.  It is the contention of several previous investigators that the Indian Wells 

Valley, in addition to the neighboring valleys, is an undrained, closed basin.  The 

undrained, closed basin conceptual model of Indian Wells Valley is hereafter referred to 
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Figure 2.7: Geologic Map of Little Lake Gap and Vicinity 
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Figure 2.8: Generalized Diagram of Four Types of Hydrologic Basins within the Basin 
and Range 
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as the “closed basin” conceptual model.  As proposed by previous investigators, this 

model is based on three assumptions: (1) the granitics of the Sierra Nevada cannot 

transmit or store significant amounts of water; (2) the only recharge to the valley is 

derived from intermittent streams flowing from the canyons of the surrounding 

mountains; and (3) the only significant discharge from the valley is evapotranspiration at 

the China Lake Playa.  This conceptual model has since been modified to include the 

influence of select artificial recharge sources and discharge sources (e.g., pumping) with 

the onset of urban and agricultural development in the valley. 

 
 

2.5.1 Aquifer Structure and Hydrostratigraphy 
 

The basin structure of Indian Wells Valley, as a whole, conforms to the 

physiographic outline of the valley, but the bounding faults are removed, in step-wise 

fashion, valleyward from the physiographic escarpments.  The basin is filled with 

sedimentary rocks that are equivalent to the formations found in nearby surface outcrops.  

Seismic reflectors have great lateral continuity and relatively high amplitude, indicating 

relatively uniform depositional conditions over large areas (Monastero et al., 2002).  

Seismic and gravity data indicate that these units thicken appreciably into localized 

depocenters within the basin.  There are four major depocenters within Indian Wells 

Valley: in the west-central valley (Neal Ranch), the southwest (El Paso Basin), the east 

(Dry Lake Playa), and in the northeast (Coso Basin).  Cenozoic sediments achieve 

thicknesses ofmore than 6,000 feet in the El Paso Basin and as much as 8,000 feet in the 

west-central valley (Figure 2.9).  The structural depression of Coso Basin is much less 

pronounced than the others, owing to the physiographic rise into the Coso Range. 

The presence of the Paleocene-Eocene Goler Formation and the Miocene Ricardo 

Group at depth within Indian Wells Valley makes this basin markedly different from the 
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Figure 2.9: Structural Contours of the Bedrock Surface in Indian Wells Valley 
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adjacent valleys to the north and east.  With the exception of their presence in the Teagle 

Wash portion of Searles Valley (Monastero et al., 2002), the adjacent valleys are limited 

to Pliocene and younger sediments.  Previous studies when referring to the aquifer of 

Indian Wells Valley refer solely to the Plio-Pleistocene sediments within the valley.  

These include the Pliocene White Hills Sequence and the Quaternary alluvial, lacustrine, 

and playa sediments.  Data regarding the water bearing properties of the Miocene Ricardo 

Group and the Paleocene-Eocene Goler Formation are sparse, and previous investigators 

have deemed these units as non-water bearing based on observations in a limited number 

of drill holes (Kunkel and Chase, 1969; Bloyd and Robson, 1971; Dutcher and Moyle, 

1973).  While these units are indurated and compacted, it is likely that a large number of 

coarse, permeable zones may be present within the subsurface. 

 
 

2.5.2 Aquifer Properties 
 

Various slug and aquifer tests have been performed in the Plio-Pleistocene 

deposits considered by previous researchers to comprise the primary aquifer units.  Slug 

and aquifer tests analyzed for the shallow aquifer near Ridgecrest indicate hydraulic 

conductivities ranging between 0.22 and 65.21 feet per day (ft/day), with transmissivities 

ranging between 820 and 5,400 gallons per day per foot (gpd/ft).  In the west-central 

portion of the valley hydraulic conductivities range between 0.29 and 56.7 ft/day, with 

transmissivities ranging between 43 and 155,000 gpd/ft (TtEMI, 2003).  Pneumatic slug 

test were performed in each perforated interval of the 10 nested-piezometers installed 

during the groundwater investigation conducted by the USBR (1993).  Hydraulic 

conductivities ranged from 0.28 to 40.32 ft/day, averaging approximately 14.8 ft/day.  

However, some results within the lower range were deemed non-representative of aquifer 

conditions as a result of poor well development.  A pump test was conducted by the 



  33  

   

Indian Wells Valley Water District (IWVWD) in the south-central portion of the valley at 

well TW-1, which yielded transmissivity estimates between 287,000 and 368,000 gpd/ft 

(Krieger, 1989).  This equates to an average hydraulic conductivity of 24.48 ft/day. 

Aquifer tests also indicate that specific capacities of the wells in the valley range 

between 3.9 and 358 gallons per minute (gpm) per foot of drawdown (Kunkel and Chase, 

1969; Lofgren, 1989).  The aquifer commonly yields more than 1,000 gpm, with rates as 

high as 2,000 gpm or more in the Inyokern area. 

 
 

2.5.3 Occurrence and Movement of Groundwater 
 

Prior to development, groundwater moved from areas of recharge along the 

margins of the basin to areas of groundwater discharge by evapotranspiration at or near 

the playas.  Increased pumping has caused the fundamental flow regime to alter such that 

a large majority of groundwater flow is diverted to the Ridgecrest area toward the cone of 

depression caused by the large degree of pumping.  Figure 2.10 illustrates the water level 

elevations during 2001, as interpreted by the Kern County Water Agency, demonstrating 

the cones of depression formed in the Ridgecrest area and agricultural areas to the 

northwest.  Groundwater levels in the Ridgecrest and Intermediate Well Fields areas have 

been declining at a rate of approximately 1.0 to 1.5 ft/yr as a result of continued pumping.  

Depth to water is greatest along the western margins of the valley where thick alluvial 

fans coalesce along the Sierra Nevada escarpment, with depths to water ranging from 220 

to more than 350 ft bgs, grading to less than 5 ft bgs near China Lake Playa. 

Figure 2.10 shows the highest groundwater elevations are found where 

groundwater from the El Paso Basin enters the main portion of Indian Wells Valley.  The 

hydraulic gradient in this area is more than one order of magnitude greater than anywhere 

else in the valley.  The result of this steep gradient has been proposed to be the result of 
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Figure 2.10: Potentiometric Surface Map for the Year 2001 
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faulting of the valley alluvium, reducing permeability of the alluvium and, in turn, 

creating an effective barrier to groundwater flow.  The presence of this fault is addressed 

in more detail in Section 3.1.1.5.  In addition, analysis of limited groundwater data by 

Dutcher and Moyle (1974) indicate the possible presence of a groundwater divide in the 

El Paso Basin.  This has been supported by temperature surveys conducted by Muir and 

Berman (1986), and the consequences of this divide are evaluated in Section 5.1.3. 

Shallow groundwater near Ridgecrest occurs under unconfined conditions, 

generally flowing toward the playa.  An exception to this flow pattern is in the vicinity of 

the China Lake Public Works compound where a groundwater mound, with hydraulic 

head measurements greater than 2,220 ft amsl, is present (Figure 2.10).  This mound was 

previously interpreted as the result of infiltration from sewage ponds, leaking water 

distribution pipelines, and lawn watering (Saint-Amand, 1986).  However, recent 

evidence suggests that the structural geology underlying this mound consists of a broad 

rise flanked by various compressive structures that control the radial flow patterns 

(TtEMI, 2003). 

Groundwater data in northeastern Indian Wells Valley and the Coso Basin are 

sparse, and there is limited information to provide insight into groundwater flow patterns 

in this area of the valley.  A small surface water divide exists at the White Hills anticline, 

protruding easterly from the Quaternary basaltic lava flows at the north end of the valley 

(Figure 2.10).  This isolates the Coso Basin as a watershed independent of Indian Wells 

Valley (Figure 2.6).  Saint-Amand (1986) suggested that the White Hills anticline 

prohibits groundwater flow to the south, but other groundwater investigations have 

assumed that recharge from the Coso and northern Argus Ranges flows south, 

discharging at China Lake Playa (Thompson, 1929; Bloyd and Robson, 1971; Berenbrock 

and Martin, 1991).  
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2.6 Paleoclimate and Paleohydrology 
 

 During Plio-Pleistocene time, the western states experienced numerous epochs of 

alternating cold and warm climates.  Locally, the cold epochs resulted in various glacial 

advances, or stades, that covered the Sierra Nevada.  During interstadial periods, the 

effective moisture of the Great Basin was greater than it is today as evidenced by the large 

chain of pluvial[1] lakes that comprise the Pleistocene Owens River System, which 

occupied the majority of the South Lahontan drainage basin (Figure 2.11).  However, the 

effective moisture to the east of the Owens River System in south-central Nevada was 

insufficient to support large lakes in the southern Great Basin (Quade et al., 1995).  The 

Owens River System began at Mono Lake, then occupied by pluvial Lake Russell[2], 

which served as the headwaters of the river system, while Lake Manly, present-day Death 

Valley, served as the final sink of the Owens Rivers System, in addition to the Pleistocene 

Amargosa and Mojave Rivers. 

During this time, Indian Wells Valley was occupied by pluvial Lake China.  

Occasionally regarded as the “spillway” of pluvial Lake Searles, Lake China was the 

smallest and shallowest of the pluvial lakes and appeared to serve as a “de-silting basin” 

for waters traveling from Lake Owens to Lake Searles (Smith and Street-Perrott, 1983).  

The thick expanse of clay recorded in the central portion of the valley was perceived to be 

a deltaic sequence of the Owens River System (see Section 2.2.3.2).  The shallow nature 

of the pluvial lake may be attributed to a low spill threshold, only reaching depths of 25 

feet (2,265 ft amsl) before flowing through Salt Wells Valley and feeding the neighboring 

                                                 
 
[1] “Pluvial” is a relative term referring to intervals of geologic time when, because of climatic variations, there 
was a marked increase in effective moisture, typically corresponding to the retreat of the glacial stades (i.e., 
interstadial).  
[2] For the purposes of this thesis, the names Lake China, Lake Searles, etc., pertain to those lakes as they existed 
during Plio-Pleistocene time; whereas the names China Lake, Searles Lake, etc., pertain to the present form of 
these lakes as playas.  
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Figure 2.11: Pluvial Owens River System 
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Searles and Panamint Valleys (Smith and Street-Perott, 1983).  During high stands, Lake 

China and Lake Searles formed one expansive lake throughout Indian Wells, Salt Wells, 

and Searles Valleys.  Drilling and isotopic-age dating by Couch et al. (2003) suggests that 

a stable lake persisted in Indian Wells Valley between 31,350 and 46,010 years before 

present (ybp).  Fossil horizons from gastropods reflect salinization and decline of 

freshwater input from upstream Owens River between 14,060 and 12,825 ybp.  A final 

infilling of the lake occurred at 11,215 ybp at the end of the Younger Dryas glacial stade.  

Final desiccation of the last ancestral Lake China occurred by 10,070 ybp at the close of 

the Pleistocene. 

During the early part of the Pleistocene, the entrance of the Owens River into 

Indian Wells Valley was located more than 8 miles to the east of its presently mapped 

position in what is commonly referred to as Little Lake Gap (Duffield and Smith, 1978).  

This river carved a channel that has since been filled with basalts and volcanic debris, 

which apparently dammed the river, forcing it to the more westerly course (Figure 2.7). 

 

2.7 Geothermal Systems 
 

Geothermal (i.e., hydrothermal) systems are a phenomenon of the Basin and 

Range that are typically disregarded when considering the structure and hydrology of the 

region.  The known geothermal systems surrounding Indian Wells Valley that have 

undergone varying degrees of study and/or exploration are Coso, Monache, the Kergon-

Walker Basin, and Red Mountain (Figure 2.12; Table 2.1).  The most prominent and well 

studied of these systems is the Coso geothermal system, located in the Coso Range, 

which bounds the northern end of Indian Wells Valley.  Coso is the largest 

geothermalsystem in the Basin and Range Province related to young volcanic activity.  

Other areas surrounding the valley that are not as well understood, but are known for 

varying degrees of evidence, are the Cow Heaven area, the Owens Lake System 
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Figure 2.12: Geothermal Prospects within and Surrounding Indian Wells Valley 
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(commonly referred to as Dirty Sox), Millspaugh-Water Canyon System, the Searles 

Valley System, the Christmas Canyon area, Cross Mountain, the Haystack area, and 

Indian Wells Valley (Austin, 1991). 

 

Table 2.1: Summary of select geothermal systems surrounding Indian Wells Valley and 
their associated deposits and characteristics (personal communication, Dr. Carl F. 
Austin). 

Geothermal System Associated Deposits Comments 

Coso Gold, Arsenic, Mercury, 
Pyrite, trace Thallium,  

Blowing vast quantities of CO2 and H2S to the 
surface; system has erupted recently 

Dirty Sox (Owens Lake) Silicon, Uranium Leaking hot H2O; uranium in Haiwee Ridge deposits 

Kergon-Walker Basin 
Mercury, Uranium, 
Molybdenum (as jordisite), 
Gold, Antimony 

Leaking hot H2O and CO2 in several areas; antimony 
found largely at Erskine and Indian Creeks 

Monache 
Not been officially mined, 
but gold deposits are found 
upstream at Clover Meadow 

Leaking hot H2O and CO2; interpreted to have 
erupted recently based on age dating ryholite domes.  

Cross Mountain Antimony, Cinnabar, 
Uranium 

Contains numerous argillized breccia pipes mined 
for clays.  Uranium is found in Antimony Flats, on 
the eastern margin of the system. 

Cow Heaven Antimony, Argillized 
Breccia Pipes 

Identified primarily by water chemistry as opposed 
to mineralization; may be attributed to outflow of 
the Cross-Mountain or Kergon-Walker Basin 
systems.  

 
 

Thermal springs, fumaroles, and heated ground are surface manifestations of 

subsurface hydrothermal systems.  In these systems, heat is transported by convective 

circulation of fluids, usually water or steam, as opposed to conduction through solid rock.  

Hydrothermal systems are classified as either liquid or vapor dominated, depending on 

the dominant pressure controlling fluid in the porespace (i.e., fractures).  Vapor-

dominated systems are rare, and none are known to exist in the vicinity of Indian Wells 

Valley.  Liquid convection systems are normally divided into two categories based on 

reservoir temperatures: high temperature (greater than 150 degrees Celsius [°C]) and low 
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temperature (less than 150°C).  High temperature systems are typically found in areas of 

extension or rifting and within collapsed calderas.  They are usually volcanogenic, with 

heat provided by intrusive magmas commonly of ryholitic-andesitic composition.  A 

prime example of this type of system is observed at Coso.  Low-temperature systems 

occur in a variety of geologic settings in areas of both elevated and normal heat flow, 

primarily generated due to deep circulation of fluid through faults or permeable strata.  

Given the varied origin of these systems, there is no idealized model of the low-

temperature system (Nicholson, 1993). 

Based on isotopic data, it is believed that relatively recent meteoric waters 

recharge geothermal systems (Craig, 1961a; Fournier and Thompson, 1980, 1982); 

although some researchers (e.g., Buchanon, 1989) consider fluids in these systems to be 

“paleofluids” lingering from the Pleistocene.  However, the idea of waters within 

geothermal systems being relict paleorecharge is not supported by travel times of 

meteoric water through geothermal systems, typically estimated to be 100 to 1,000 years 

(Rybach, 1981).  For example, the residence time of brines in the Salton Sea geothermal 

system have been estimated to be 100 to 1,000 years; however, the age of the system is 

estimated to be 20,000 to 40,000 years (Zukin et al., 1987). 

Geothermal systems can have a dramatic impact on the hydrochemistry of an 

aquifer, influenced significantly by both shallow and deep convection, the expulsion of 

volatiles, and changes in fluid composition with time.  For the most part, how these 

hydrothermal fluids mingle with, and modify local, shallow surface-derived groundwater 

is a problem many previous investigators were unaware of, or largely ignored (e.g., 

Kunkel and Chase, 1969; Bloyd and Robson, 1971; Dutcher and Moyle, 1973; Saint-

Amand, 1986; Berenbrock and Martin, 1991; Berenbrock and Schroeder, 1994). 
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CHAPTER 3: EVALUATION OF GROUNDWATER RECHARGE 

AND DISCHARGE 

 
 
 
 

At the present time, there is no consensus regarding the “closed” or “open” nature 

of the Indian Wells Valley groundwater basin.  Recharge and discharge estimates for 

various components of the hydrologic system have been performed at various times, but 

literature containing detailed estimates of the viable recharge and discharge components 

in the valley are sparse.  This chapter presents a review of recharge and discharge 

components to the valley.  Recharge and discharge estimates are performed in this chapter 

based on the assumption of a closed hydrologic model.  A water-budget analysis and 

review of available data were also performed to evaluate the feasibility of the closed basin 

hydrologic model. 

 
 

3.1 Groundwater Recharge  
 

 Recharge to Indian Wells Valley occurs by both natural and artificial means.  The 

following sections describe the nature and extent of these recharge sources, as well as 

quantitative assessments made in this and previous studies. 

 

3.1.1 Mountain-Front Recharge 
 

Precipitation on the valley floor has been considered too sparse and erratic to 

contribute significant recharge to groundwater.  Most, if not all, is lost to evaporation or 
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consumed and transpired by the local plant life.  Hence, the primary source of recharge to 

the valley is assumed to be precipitation on the slopes of the adjacent mountain ranges.  

Much of this recharge originates as winter and spring storms that produce heavy snow in 

the mountains.  During spring melt, mountain-front streams and springs converge and 

flow down to the valley, rapidly infiltrating the coarse sediments of the alluvial fans, 

recharging the aquifer.  Like most desert basins, nearly all runoff onto the alluvial fans 

evaporates or percolates as the base of the mountains, with the rare exceptions of small 

flash floods resulting from summer thunderstorms.  The canyon streams assumed to be 

the primary contributors of mountain-front recharge are shown in Figure 3.1.  Due to the 

orographic effect, precipitation is heaviest in the Sierra Nevada compared to the Coso, 

Argus, and El Paso Ranges; therefore, the greatest contribution to recharge is assumed to 

originate from the Sierra Nevada. 

Several methods were evaluated to determine an estimate of recharge to the 

valley.  These include stream gaging, the Maxey-Eakin Method, the chloride mass-

balance method, and aquifer flux calculations.  Previous estimates of recharge to the 

basin have also been made using numerical modeling, based on the underlying 

assumption that Indian Wells Valley is a closed hydraulic basin. 

 

3.1.1.1 Stream Gaging 
 

Previous efforts of gaging the ephemeral streams along the eastern escarpment of 

the Sierra Nevada have proven to be problematic (Ostdick, 1997; Thyne and Gillespie, 

1997).  There are no weirs, natural or artificial, and streams within the mountain canyons 

are intermittent, varying between seasons (Figure 3.2a).  Typically, the largest flows 

should be observed from March to May, coinciding with the period of greatest 

precipitation, and decreasing to nearly zero in the summer.  But, based on data observed 

in Ninemile, Sand, and Indian Wells Canyons, there is no consistency in the peak flow 
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Figure 3.1: Ephemeral and Perennial Streams within Indian Wells Valley 
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Figure 3.2: Summary of Stream Gaging Data 
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rates.  This variability indicates a more detailed characterization of stream flow regimes is 

necessary to apply ephemeral stream flow rates to recharge estimates (e.g., Chavez et al., 

1994).  In addition, Ostdick (1997) observed large variations in flow rates based on 

elevation, observing alternating gaining and losing patterns along a 1,000-foot interval in 

Sage Canyon (Ostdick, 1997).  Field observations indicated geologic features such as 

fractures, sills, and dikes induce these variations in stream flow, in turn, concluding that 

the majority of stream flow occurs as base flow in the streambed alluvium and fractured 

bedrock.  The depth of these alluvial channels could be several hundred feet, as indicated 

by a well drilled in Burro Canyon, to a depth of 300 feet that did not reach bedrock 

(personal communication, Dr. Carl F. Austin).  Ultimately, the amount of stream flow 

occurring as baseflow varies from canyon to canyon.  This is illustrated by the lack of 

correlation between average flow rate and drainage area of the canyons (Figure 3.2b). 

There is one perennial stream that enters northwestern Indian Wells Valley.  This 

stream is the result of the combined contribution of seasonal overflow from Little Lake, a 

large spring flowing out of the granitic rocks south of Little Lake (Coso Spring) feeding 

pond P-1, and a flowing artesian well located directly south of the lake in pond P-2 

(Figure 3.3).  Collectively, this outflow is hereafter referred to as the Little Lake Outflow.  

Prior to entering Indian Wells Valley and infiltrating the basin alluvium, the stream flows 

through a series of manmade culverts and weirs enabling flow to be estimated with a 

reasonable degree of accuracy.  Thyne et al. (1999) measured a flow rate of 1,200 ac-ft/yr 

at the south culvert, but much of this stream flow had already infiltrated the alluvium 

prior to this gaging location.  Studies conducted by Bauer (2002) measured flows from 

the north culvert entering Indian Wells Valley at an average rate of 3,300 ac-ft/yr, ranging 

from rates as low as 885 ac-ft/yr and as high as 5,360 ac-ft/yr between dry and wet 

seasons, respectively.  The average measured rate of 3,300 ac-ft/yr is approximately three 

orders of magnitude greater than rates of 9 ac-ft/yr (Clark, 1999) and 45 ac-ft/yr (Bloyd 

and Robson, 1971; Berenbrock and Martin, 1991) estimated for this same outflow.
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Figure 3.3: Sequence of Surface Outflow from Little Lake 
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3.1.1.2 Maxey-Eakin Method 
 

Difficulties in gaging the intermittent mountain streams and the inference that a 

majority of flow in the canyons occurs as baseflow in the alluvium necessitate estimates 

of recharge be determined utilizing reconnaissance methods.  The Maxey-Eakin Method 

was developed by the Nevada Department of Conservation and Natural Resources during 

studies in estimating groundwater resources.  This method can be described as estimating 

mean annual volumes of precipitation over a watershed within several zones delineated 

based upon elevation and scaling these volumes by an empirically derived factor that 

represents losses by evapotranspiration and surface runoff, ultimately summing the 

resulting volumes to obtain an estimate of groundwater recharge (Eakin et al., 1951).  

Accordingly, the Maxey-Eakin recharge (ME), for a given basin is estimated by: 

 

                                                             ∑
=

=
5

1i
iiPaME  [3.1] 

where: 

Pi is the volume of precipitation within each of the five precipitation zones, and  

ai is the recharge coefficient for the respective precipitation zone (see Table 3.1). 

 

The inherent assumption of the Maxey-Eakin Method is that no recharge is contributed 

from areas receiving less than 8 inches per year (in/yr) (200 millimeters per year [mm/yr]) 

of precipitation.  Although supporting evidence for this assumption is lacking (e.g., 

Dettinger, 1989), this thesis honors this assumption.  Some investigators question the 

reliability of the Maxey-Eakin Method (Watson et al., 1976; Lerner et al., 1990), but 

further comparative and statistical analyses have concluded that this method is an 

acceptable method with minor, or no adjustment of the coefficients (Dettinger, 1989; 

Avon and Durbin, 1994).   
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Table 3.1: Precipitation zones and corresponding recharge coefficients for the Maxey-
Eakin method (Eakin et al., 1951). 

Precipitation Zone 
(inches) 

Maxey-Eakin Coefficient 
(%) 

> 20 25[1] 

15 - 20 15[1] 

12 -15 7 
8 - 12 3 

< 8 0 
[1] McDonald et al. (1997) found that in northeastern Nevada, while there is a general 
agreement in the lower precipitation coefficients, the coefficients of 15 and 25 percent should 
be modified to 30 and 45 percent, respectively.  These modifications were considered 
unnecessary for Indian Wells Valley, as it does not reside in the same climate zone as 
northeastern Nevada (see Figure 2.5a). 

 

In order to predict the annual precipitation as a function of elevation, the 

mechanisms that control the geographic distribution must be understood in the context of 

the aforementioned environmental complications.  The strongest influence on annual 

precipitation in this area is the rain shadow caused by the Sierra Nevada Mountains.  The 

rain shadow effect has its greatest intensity just east of the Sierra Nevada, but the 

contribution of this effect extends eastward as far as central Nevada.  Therefore, the 

appropriate scale in which to understand the mechanism of rainfall distribution in 

southeastern California should include data from a large part of western Nevada. In 

addition, winter storms originating from the Pacific Ocean have different trajectories and 

can produce locally intense snow and/or rain, but exclude other areas depending on its 

path.  Summer storms originating from the Gulf of California produce more annual 

precipitation in the eastern Mojave Desert, but much less in the western Mojave, due to 

the westward diminishing of moisture from the summer monsoon.  Consequently, the 

relationship between annual precipitation and elevation should be influenced by 

longitudinal position. 

Precipitation data were obtained from rain gages placed in 500 feet elevation 

increments in Ninemile (Thyne and Gillespie, 1997) and Freeman (Ostdick, 1997) 
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Canyons.  For this study, rain gages were not installed in the Coso, Argus, and El Paso 

mountains.  Therefore, precipitation for these areas was estimated by performing a linear 

regression of data compiled from historical precipitation averages of rain gages lying 

within the rain shadow of the Sierra Nevada at comparable latitudes (Figure 3.4).  Data 

east of the Sierra Nevada can be segregated into two groups: west of longitude 116°W 

and east of 116°W.  The 116°W delineation coincides with a regional low-elevation trend 

that extends from the Salton Trough in southernmost California northward through the 

Death Valley Region and into the Hot Creek Valley area of central Nevada.  The zone 

between the eastern Sierra Nevada and the 116°W delineation is much drier than the 

surrounding areas due to the regional rain shadow during the winter and a westward 

diminishing of moisture from the summer monsoon.  A regression for data west of 

116°W was utilized for precipitation-based recharge contributions from the Coso, Argus, 

and El Paso ranges. 

 Table 3.2 presents the compiled recharge results from ephemeral and perennial 

surface water to Indian Wells Valley estimated using the Maxey-Eakin Method compared 

to other methods conducted by previous investigators.  The Maxey-Eakin derived 

contribution from the surrounding mountains determined in this study is approximately 

7,800 ac-ft/yr.  Using this method, Avon and Durbin (1994) postulated a maximum 

uncertainty of 44 percent for estimated recharge.  Using this percentage as a range of 

maximum error, the Maxey-Eakin estimate of recharge for the ephemeral streams may 

range between 4,370 and 11,230 ac-ft/yr.  Combined with the range of flow rates from 

Little Lake, varying between 885 and 5,360 ac-ft/yr (see Section 3.1.1.1), groundwater 

recharge from ephemeral and perennial streams may range from 5,255 to 16,590 ac-ft/yr.  

This range can be considered indicative of the recharge variance to the basin between dry 

and wet years.  Combining the average outflow from Little Lake of 3,300 ac-ft/yr with the 

Maxey-Eakin estimate of 7,800 ac-ft/yr yields an average recharge estimate of 11,100 ac-

ft/yr for both ephemeral and perennial surface water in Indian Wells Valley (Table 3.2). 
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Figure 3.4: Precipitation Data 
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Table 3.2: Summary and comparison of estimated recharge contributed from ephemeral 
and perennial surface water surrounding Indian Wells Valley. 

Numerical Modeling % Pinyon/ 
Juniper Maxey-Eakin 

Mountain 
Range Canyon Bloyd and 

Robson, 
1971 

Berenbrock 
and Martin, 

1991 
Clark, 1998 USBR., 1993 This Study[1] 

Little Lake Outflow 45 46 9 - 3,300[5] 
Five-Mile 532 154 729 734 
Deadfoot 

475 
136 136 217 100 

Ninemile 499 154 1,113 582 
Noname 

775 
238 30 118 215 

County Line - 22 - - 15 
Boulder - 21 - - 17 
Sand 495 694 237 1,783 884 
Grapevine[2] 331 36 1,005 550 
Short 

1,620 
76 30 30 85 

Indian Wells 400 639 237 749 749 
Freeman 430 983 500 823 
Cow Heaven 1,314 483 
Boulder 327 
Sage 763 
Horse 

2,530 
438 

Sierra 
Nevada 

Bird Spring 

2,040 2,065 

- 

3,132 

475 
Coso Wash[3] 1,000 1,015 338 334 

Petroglyph 590 746 226 49 
Renegade 230 675 225 75 

Coso 
Range 

Mountain Springs 930 344 115 

975 

70 
Unnamed Wash 60 58 20 4 
Wilson 350 324 108 28 
Deadman - - - - 

Argus 
Range 

Burro 8 8 8 

- 

- 
El Paso Mts. Unnamed Canyons 400 400 113 - - 

Total Recharge (ac-ft/yr) 9,848 9852[4] 6,520[6] 9,851 11,100 
Note: Values occupying more than one row represent the combined recharge of the associated canyons. 
"-" indicates recharge from this area was not estimated or the determined quantity was deemed negligible.   
[1] Maxey-Eakin calculations in this study were compared to and are relatively consistent with Maxey-Eakin 
calculations for the Sierra Nevada performed by Ostdick (1997) and Thyne and Gillespie (1997). 
[2] Ribble and Haslebacher (1999) estimated the recharge contribution from Grapevine Canyon to be 4,120 ac-ft/yr. 
[3] Spane (1978) estimated recharge to the shallow groundwater of Coso Wash to be 390 ac-ft/yr. 
[4] Cited better hydraulic head distribution when total recharge from Coso and Argus Ranges was reduced from 3,170 
ac-ft/yr to between 792 and 1,585 ac-ft/yr making total recharge between 7,472 and 8,265 ac-ft/yr, respectively. 
[5] Average gaged outflow from Little Lake North Culvert, as described in Section 3.1.1.1 (Bauer, 2002). 
[6] Recharge values were compiled from the appendix of the document, although the abstract and running text indicate 
that the estimated recharge to Indian Wells Valley may be on the order of 4,700 ac-ft/yr. 
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Table 3.2 also compares results of recharge estimates for individual streams 

calculated in other studies that have utilized the percent pinyon/juniper method or 

numerical modeling.  The percent pinyon/juniper method, as presented by USBR (1993), 

assumes that land covered with coniferous trees requires greater amounts of precipitation 

to sustain plant life compared to the mixed-shrubbery found at lower elevations; hence, 

recharge contribution is likely to be greatest in watershed areas inhabited by pinyons and 

junipers.  This method yielded a recharge estimate of approximately 9,850 ac-ft/yr, 

similar to estimates determined from the USGS groundwater flow models (Bloyd and 

Robson, 1971; Berenbrock and Martin, 1991).  Clark (1998) also applied a numerical 

model, determining a recharge estimate of 6,520 ac-ft/yr.  Groundwater modeling is 

discussed in further detail in Section 3.3. 

Recharge estimates using the Maxey-Eakin Method are comparable with other 

estimates, although some discrepancies exist, particularly in the eastern and southern 

ranges.  The estimated recharge of 560 ac-ft/yr for the Coso and Argus Ranges is as little 

as one-sixth other estimates presented in Table 3.2.  The other estimates did not take into 

account the dramatic reduction in regional precipitation in these ranges compared to the 

Sierra Nevada.  The lack of recharge contribution from the El Paso Mountains appears 

unlikely considering the range consists primarily of north and northwest facing slopes, 

which have a tendency to remain comparatively cooler and wetter.  In future studies, an 

alternative Maxey-Eakin recharge coefficient (ai) may prove beneficial for estimating 

recharge contributions from this mountain range (e.g., D’Agnese et al., 1997). 

 

3.1.1.3 Chloride Mass-Balance 
 

The chloride mass-balance, first proposed by Eriksson and Khunakasem (1969), is 

another reconnaissance method of estimating natural recharge in a semiarid to arid 

groundwater basin.  Dettinger (1989) confirmed the chloride mass-balance as a valid 
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alternate analysis to the Maxey-Eakin Method for hydrologic basins.  Chloride is 

ubiquitous in groundwater.  Often constituting the most dominant ionic species, it seldom 

substitutes in minerals, is highly mobile, and is not involved in many of the geochemical 

reactions common in aquifers; hence, it is considered to be conservative.  The chloride 

mass-balance method equates chloride concentrations in recharge water to chloride 

concentrations deposited in recharge source areas by precipitation and dry fallout.  Thus, 

chloride concentrations in the aquifer should reflect the degree to which chloride has been 

concentrated due to evaporative losses, and under steady-state conditions, the 

groundwater recharge flux (Qrch) can be approximated by: 
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where: 

Qppt is the volumetric rate of precipitation in a given recharge area, [L3T-1]; 

[Cl-
ppt] is the mean chloride concentration in precipitation, [ML-3]; and 

[Cl-
rch] is the mean chloride concentration in groundwater assumed to be recently 

recharged, [ML-3]. 

 

This method operates upon the assumption that the sole source of chloride in 

groundwater is derived from precipitation or dry fallout; therefore, this method of 

estimating recharge should not be applied in areas where additional sources of chloride 

are present.  For example, numerous geothermal prospects around the area (see Section 

2.7) potentially contribute significant amounts of geogenic chloride and may skew a 

recharge estimate.  Thus, this method should be applied to Indian Wells Valley with 

caution.  Groundwater in the northwest and west-central portions of the valley are 

influenced by inflow from Little Lake, which exhibits evidence of elevated levels of 

chloride that might skew estimates of recharge for the eastern escarpment of the Sierra 
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Nevada (see Section 4.1.4).  Therefore, the only area in which the chloride mass-balance 

method may be applied with a reasonable degree of reliability is the El Paso Basin. 

Figure 3.1 illustrates the distribution of wells used in the chloride mass-balance 

calculations, which have an average chloride concentration of 7.27 milligrams per liter 

(mg/L).  Typically, chloride concentrations should be chosen from wells relatively close 

to the recharge area in which the effects of evapotranspirative discharge and consumptive 

use are minimal.  Therefore, samples within the vicinity of China Lake Playa, as well as 

the large population centers of Ridgecrest and China Lake proper, were not considered.  

Based on 47 samples collected by Feth et al. (1964), the mean chloride concentration in 

precipitation in the Sierra Nevada is approximately 0.5 mg/L, comparable to the 

estimated chloride distribution of the western United States (Junge and Werby, 1958). 

Table 3.3 shows the results of the chloride mass-balance calculations and the 

Maxey-Eakin estimates of recharge for the El Paso Basin.  The chloride mass-balance 

method estimates are approximately the same as recharge estimated using the Maxey-

Eakin Method (approximately 7 percent of precipitation), which is consistent with the 

findings of Dettinger (1989). 

 

Table 3.3: Comparison of estimated recharge determined from the chloride mass-balance 
and Maxey-Eakin methods for the El Paso Basin and southwestern Indian Wells Valley. 

Canyon Total ppt. 
(ac-ft/yr) 

Chloride 
Balance 
 (ac-ft/yr) 

Maxey-Eakin 
(ac-ft/yr) 

Indian Wells 8,583 590 749 
Freeman 12,854 884 823 
Cow Heaven 7,302 502 483 
Boulder 3,299 227 327 
Sage 7,218 496 763 
Horse 6,955 478 438 
Bird Spring 9,087 625 475 

Total (Rounded) 55,300 3,805 4,060 
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Another inherent assumption of this method is that the average chloride 

concentration in precipitation has not changed significantly over time.  While major 

climatic changes are evident within the region during Plio-Pleistocene time (see Section 

2.6), modifications to account for this are unknown.  However, considering that chloride 

concentrations within the aquifer used for these calculations are relatively close to the 

presumed recharge areas, mean residence time should be relatively minimal, as should 

any influence induced by paleoclimatic change. 

 

3.1.1.4 Aquifer Flux Calculations 
 

Another method of evaluating aquifer recharge is to calculate aquifer flux through 

an area of the aquifer adjacent to a recharge zone.  The assumption is that recharge to the 

aquifer can be presented by flux through that aquifer.  Kunkel and Chase  (1969) and 

Thyne et al. (1999) previously performed flux calculations using Darcy’s Law.  Recharge 

estimates from these reports have been evaluated and re-estimated, as described in the 

following discussion. 

Aquifer flux from the Sierra Nevada, as calculated by Kunkel and Chase (1969), 

was estimated as 15,000 ac-ft/yr; this value is referred to as “midvalley underflow” in 

their report and does not include contributions from the Rose Valley/Little Lake area.  

This flux was estimated using a transmissivity of 200,000 gpd/ft with an average 

hydraulic gradient of 4.8 feet per mile (ft/mile) across the 1921 water level contour of 

2,200 feet, which has an estimated lineal distance of 13.6 miles (Figure 3.5).  The 

transmissivity used for this calculation appears low when compared to data from a pump 

test conducted by the IWVWD at well TW-1 in southern Indian Wells Valley, which 

yielded transmissivity values between 287,000 and 368,000 gpd/ft (Krieger, 1989).  

Using these transmissivity values, the aquifer flux or midvalley underflow 
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Figure 3.5: Calculated Aquifer Flux Originating from the Sierra Nevada 
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determined by Kunkel and Chase (1969) can be revised to range between 20,980 and 

26,910 ac-ft/yr. 

Thyne et al. (1999) performed flux calculations for three designated areas along 

the western edge of the valley (Figure 3.5).  Dissemination in this manner accounts for 

variations in permeability and aquifer geometry along the edge of the valley.  Cross-

sectional areas were constrained using driller’s logs (Moyle, 1963; USBR, 1993), 

groundwater basin limits corresponding to those delineated by Dutcher and Moyle (1973), 

and gravity surveys performed by Ostdick (1997).  Hydraulic gradients and material 

permeability were determined from water level measurements and pneumatic slug test 

results collected and performed by USBR (1993).  An aquifer flux of 41,750 ac-ft/yr was 

estimated to originate from the Sierra Nevada.  This high number is primarily attributed 

to a contribution of 33,750 ac-ft/yr assigned to the El Paso Basin.  These numbers are 

considered here to be high because an average hydraulic conductivity was used for 

calculations as opposed to a more conservative geometric mean.  Revised values for 

aquifer fluxes are illustrated in Table 3.4 and Figure 3.5.  A revised total flux from the 

Sierra Nevada is estimated to be 29,190 ac-ft/yr with a 22,805 ac-ft/yr contribution from 

the El Paso Basin.  These revised flux values (minus the flux from the northwest) are 

comparable to the upper end of the revised flux values of Kunkel and Chase (1969) 

presented above (25,125 ac-ft/yr versus 26,910 ac-ft/yr). 

Based on aquifer flux calculations (and assuming an average porosity of 25 

percent), groundwater velocity in southwestern Indian Wells Valley is estimated to be 

approximately 165 ft/yr.  This is a reduction from the 250 ft/yr determined by Ostdick 

(1997).  Berenbrock and Schroeder (1994) estimated flow velocities of 15 to 40 ft/yr, but 

the steep hydraulic gradient evident in the El Paso Basin and southwestern Indian Wells 

Valley was not honored.  For comparison, groundwater velocities calculated in the 

alluvial deposits in Searles Valley using Darcy’s Law ranged from 30 to 2,000 ft/yr, 

averaging 260 ft/yr (Montgomery, 1989). 
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Table 3.4: Summary of results for aquifer flux calculations performed for three areas 
along the eastern escarpment of the Sierra Nevada corresponding to Figure 3.5. 

Area 
Hydraulic 

Conductivity 
(ft/day)[1] 

dh/dl[2] 
Cross-

Sectional 
Area (ft2)[3] 

Aquifer 
Flux 

(ac-ft/yr) 

Maxey-
Eakin 

Estimate 
(ac-ft/yr) 

Velocity 
(ft/yr)[4] 

Northwest 
(includes Little Lake 
Outflow, Deadfoot  and 
Five-Mile Canyon) 

11.83 0.002 2.05x107 4,065 4,135 35 

West-Central 
(includes Ninemile through 
Short Canyons) 

13.82 0.0002 1.00x108 2,320 2,350 4 

Southwest (El Paso Basin) 
(includes Indian Wells 
through Bird Spring 
Canyons) 

8.76 0.013 2.39x107 22,805 4,060 165 

[1] Geometric mean of slug test values obtained in wells delineated in Figure 3.5.  Does not include values 
obtained from tests denoted as “mis-run” in USBR, (1993).  Southwest area also includes aquifer test data from 
Krieger (1989). 
[2] Hydraulic gradient estimated from data in wells denoted in Figure 3.5. 
[3] Cross-sectional areas were constrained using driller’s logs (USBR, 1993) and gravity surveys performed by 
Ostdick (1997) as presented in Thyne and Gillespie (1997) and Thyne et al. (1999).   
[4] Velocity is estimated assuming an average porosity of 25 percent. 

 

As indicated in Table 3.4, aquifer flux estimates for the northwest and west-

central areas compare favorably to the Maxey-Eakin estimates of recharge, exhibiting less 

than a 2 percent difference.  However, the flux estimate of 22,805 ac-ft/yr from the El 

Paso Basin is five times greater than the Maxey-Eakin estimate of 4,060 ac-ft/yr for this 

area.  The high flux is primarily attributed to the steep hydraulic gradient of 0.013 ft/ft, 

which is one to two orders of magnitude greater than hydraulic gradients observed in 

other areas of the valley (Table 3.4).  Pre-development (circa 1921) groundwater levels 

indicate this gradient is a long-term feature that has remained relatively unchanged for at 

least the past 80 years (Moyle, 1963).  This steep gradient has been previously interpreted 

as the consequence of an alluvial fault located between wells 27S/38E-1M1 and 27S/39E-
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7R1 (Inyo Well) acting as a barrier to flow (Figure 3.6) (Moyle, 1963; Kunkel and Chase, 

1969; Bloyd and Robson, 1971; Dutcher and Moyle, 1973; Berenbrock and Martin, 1991; 

Clark, 1998). 

 

3.1.1.5 Evaluation of Evidence for Groundwater Flow Barrier 
 

The potential presence of a flow barrier distorting the hydraulic gradient may 

adversely affect flux calculations, questioning the validity of the flux calculations 

performed in Section 3.1.1.4.  Therefore, evidence supporting and/or refuting the 

presence a flow barrier as inferred in previous studies is evaluated in the following 

discussion. 

Seismic data indicate the presence of a fault in the vicinity of the proposed flow 

barrier, considered to be a splay of the Sierra Nevada Frontal Fault (Zbur, 1963; 

Monastero et al., 2002).  This fault is as a “scissors fault” and has often been presented as 

the culprit for the hypothesized flow barrier.  But, based on the hydraulic gradient, 

seismic data indicate it is actually located more than 0.5 mile to the northeast of the 

proposed location (Moyle, 1963) (Figure 3.6).  Considering the exactness of the proposed 

flow barrier location based on the location of the wells exhibiting the constraining water 

levels (27S/38E-1M1 and Inyo Well), the fault cannot be associated with the 

hypothesized flow barrier. 

Faulting of the basin alluvium is pervasive throughout the rest of the valley and 

has occurred concurrent with the Cenozoic sediment deposition and is repeatedly 

rejuvenated (Zbur, 1963).  These faults have been delineated as effective barriers to 

groundwater flow based upon the observation of hydraulic head drops (at least 5 to 10 

feet) across fault traces (e.g., Bloyd and Robson, 1971; Dutcher and Moyle, 1973).  

However, many of these observed head drops have since been reconciled as stratigraphic 

features (e.g., Steinpress et al., 1994) or attributed to measurement error by using an 
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Figure 3.6: Generalized Map of the Transition Zone from the El Paso Basin into Greater 
Indian Wells Valley 
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inaccurate land surface datum or comparing water levels from wells perforated at 

different depths (Berenbrock and Martin, 1991).  Given that faults in other areas of the 

valley have been dismissed as stratigraphic boundaries, this premise was also investigated 

for the El Paso Basin.  The surficial lithologic boundary between the older and younger 

alluvium is in the vicinity of the proposed flow barrier location (Figure 3.6).  Slug test 

values from shallow piezometers of BR-1 and BR-2 screened within the older alluvium, 

were estimated to be 15.12 and 13.68 ft/day, respectively (USBR, 1993).  These values 

are similar to the range of slug test values of 4.32, 22.32, and 40.32 ft/day estimated in 

the shallow piezometers of BR-3, MW-32, and BR-4, respectively, screened in the 

younger alluvium (Figure 3.6).  These differences in hydraulic conductivies are, on 

average, a factor of two and are not significant enough to create the observed gradient. 

In 1989, an aquifer test was conducted at TW-1 pumping 3,000 gpm over 24 

hours (Krieger, 1989).  Figure 3.7 shows the drawdown curve for well SW-1 during this 

test.  Observations from this well are noteworthy as it is located downgradient of the 

proposed flow barrier.  The interpreted extent of this test as suggested by Krieger (1989) 

is depicted in Figure 3.6, indicating that the effects of the proposed flow barrier would be 

observed if it exists.  The rate of drawdown at SW-1 decreased to quasi-equilibrium 

conditions after 100 minutes.  Based on initial drawdown data, Krieger (1989) proposed 

semiconfining conditions below 600 feet in the vicinity of TW-1.  Under semiconfining 

conditions, these drawdown data are consistent with vertical leakage from an aquitard or 

influence from a recharge boundary (Driscoll, 1995), and clearly does not indicate the 

influence of a low permeability fault or flow barrier, which would be represented by a 

steepening slope in the drawdown versus log time curve (Figure 3.7). 

The observed gradient has been used to explain the presence of a flow barrier, 

however, it also argues against its presence.  A fault-related flow barrier would create a 

steep hydraulic gradient in the local area, but the surrounding areas should be relatively 

flat essentially creating a “stair step” profile.  The steep hydraulic gradient observed 
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Figure 3.7: Drawdown Curve for 24-hour Aquifer Test Performed at Well TW-1 
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between well 27S/38E-1M1 and Inyo Well is approximately 0.013 ft/ft and is consistent, 

with minor variation, for a distance of more than 5 miles throughout the transition from 

the El Paso Basin into greater Indian Wells Valley (Figure 2.10).  The bedrock surface in 

this area indicates numerous salient features, which form an irregular trough restricting 

the width of the southwestern area of the valley and effectively forms a natural subsurface 

weir (Figure 2.9).  Assuming a relatively uniform hydraulic conductivity throughout this 

constricted area, as indicated by slug tests (USBR, 1993), the reduction in cross-sectional 

area of the flow field will increase the hydraulic gradient proportionally for the same 

volumetric flow rate.  The location of the proposed flow barrier coincides with the 

transition of this constricted area into which the El Paso Basin widens into the greater 

Indian Wells Valley.  Similarly, limited hydraulic data also indicate that the gradient 

flattens south of Armistead where the basin deepens. 

There is sufficient evidence to suggest that the hypothesized flow barrier does not 

exist; thus, implying that the steep gradient is attributed to a large volumetric flux of 

groundwater, as calculated in Section 3.1.1.4.  If the presence of a flow barrier can be 

substantiated, however, it can be evaluated quantitatively.  The permeability of the gouge 

or cataclastic zone developed in an alluvial fault can be determined by the equating 

volume rates into and out of the fault zone, given by (Williams, 1970): 

 

                                                            







∆
=

dx
dhKb

K
'

'  [3.3] 

where: 

K’ is the hydraulic conductivity of fault core (gouge or cataclastic zone), [LT-1]; 

b’ is width of the fault core, [L]; 

K is the hydraulic conductivity of the surrounding aquifer material, [LT-1]; 

dh/dx is the upstream hydraulic gradient, [L/L]; and 

∆ is the water level difference across the fault, [L]. 
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Well distribution in the vicinity of the inferred fault is conducive to obtaining an estimate 

of the hydraulic characteristics of the proposed fault.  The upstream hydraulic gradient is 

obtained from the difference between the shallow piezometer water levels over the 

perpendicular distance between BR-1 and BR-2 [(2664-2382)/12,800], yielding 0.022 

ft/ft.  The water level difference across the inferred fault can be determined from wells 

27S/38E-1M1 and Inyo Well, which are the wells in which previous investigators (e.g., 

Moyle, 1963) have used to support flow barrier hypotheses and delineations.  During pre-

development, water levels in these two wells are on average 2,350 and 2,215 ft amsl, 

respectively, giving a water level difference of 135 feet across the inferred fault.  The 

geometric mean of the hydraulic conductivity of the surrounding aquifer material is 8.76 

ft/day (Table 3.4).  This gives a ratio of permeability to thickness of the fault core, K’/b’, 

of 1.43x10-3 day-1 for the inferred fault.  The closed basin numerical models (Bloyd and 

Robson, 1971; Berenbrock and Martin, 1991) exhibit hydraulic head residuals (i.e., 

differences between simulated and observed values) of approximately 100 feet, which 

have been explained by not explicitly modeling a flow barrier.  Numerical modeling by 

Clark (1998) utilized a ratio of K’/b’ of the same order of magnitude to simulate the 

inferred flow barrier and found minor changes in calculated head measurements (a few 

feet) and still exhibited residuals of nearly 100 feet.  Additional variation of this 

parameter by an order of magnitude yielded no marked improvement. 

Clark (1998) simulated the fault with recharge contribution of 4,580 ac-ft/yr from 

the El Paso Basin, a slightly larger value than the Maxey-Eakin estimate for the adjacent 

watershed (Table 3.2).  If this is the hypothesized flow barrier, the observed gradient 

cannot be created with a recharge comparable to recharge estimates for the adjacent 

watershed contribution.  Evidence suggests there is a recharge component from the El 

Paso Basin that is greater than the Maxey-Eakin derived amount, regardless of the 

existence of the hypothesized flow barrier. 



  66  

   

3.1.2 Artificial Recharge 
 

Potential contributors of artificial or manmade recharge to Indian Wells Valley 

consist of wastewater and municipal facilities, return from agricultural usage, and leakage 

from the Owens River-Los Angeles Aqueduct. 

 
 

3.1.2.1 Wastewater and Municipalities 
 

Wastewater services in Indian Wells Valley include the Ridgecrest Regional 

Wastewater Treatment Facility, located between the China Lake Playa and China Lake 

community; the Ridgecrest Sanitation District Treatment Plant, located approximately 2 

miles east of Ridgecrest; and the Inyokern Community Services District Plant, located 

immediately west of Inyokern.  Since 1976, all Ridgecrest wastewater originally treated at 

the Ridgecrest Sanitation District Plant has been diverted to the Ridgecrest Regional 

Wastewater Treatment Facility.  Most of the wastewater discharged to the treatment 

facilities is evaporated from shallow disposal ponds; however, wastewater not lost to 

evaporation recharges the aquifer through percolation of the pond base.  Annual recharge 

rates to the aquifer from the wastewater facilities are documented in Berenbrock and 

Martin (1991).  By 1985, the Ridgecrest Regional Wastewater Treatment Facility and 

Inyokern Community Services District Plant had estimated recharge values of 1,000 and 

32 ac-ft/yr, respectively.   

Another municipal facility potentially contributing recharge to the aquifer is 

leakage from IWVWD distribution lines, estimated to contribute 500 ac-ft/yr of recharge 

(Bean, 1989).  Small additional recharge may also be garnered from return of shrubbery-

irrigation within the China Lake and Ridgecrest city limits, estimated to contribute 

approximately 100 ac-ft/yr to the aquifer (Berenbrock and Martin, 1991). 



  67  

   

3.1.2.2 Agriculture 
 

Agriculture within Indian Wells Valley consists of alfalfa, apricots, pistachios, 

and grapes.  Approximately 1,700 acres of agricultural production is concentrated along 

the northwestern and west-central portions of the valley, 96 percent of which is alfalfa 

(USBR, 1993).  In 1985, the estimated total pumpage for agriculture usage reached a 

maximum at approximately 14,120 ac-ft/yr (TtEMI, 2003).  This rate has since declined 

and now averages 7,670 ac-ft/yr.  Data from a valley in western Utah that is considered 

hydrologically similar to Indian Wells Valley (Austin, 1988) indicate that as much as half 

of the pumped volume for irrigation purposes may be returned to the aquifer.  Applying 

this ratio to Indian Wells Valley results in 3,835 ac-ft/yr returned to the aquifer.  During 

1985, this amount may have been as high as 7,060 ac-ft/yr.  However, the great depth to 

groundwater in this area, up to 150 ft bgs, coupled with the high evaporation rate of 80 

in/yr (Section 2.4), may preclude this water from recharging the aquifer. 

 

3.1.2.3 Owens River-Los Angeles Aqueduct 
 

The Owens River-Los Angeles Aqueduct System (LA Aqueduct) is a 350-mile-

long conduit constructed in 1913 by the Los Angeles Department of Water and Power 

(LADWP) to divert surface water from the Owens River to the city of Los Angeles.  The 

LA Aqueduct begins in the Mono Basin and extends southward along the eastern 

escarpment of the Sierra Nevada, crossing the Garlock and San Andreas Faults, heading 

southwest to Los Angeles.  In 1970, a second aqueduct was added, increasing the total 

maximum capacity from 330,000 to 565,000 ac-ft/yr with an average annual export of 

482,000 ac-ft/yr.  This additional supply was obtained by pumping from Owens Valley, 

increasing surface water diversions in canyons of the Sierra Nevada, and reducing water 

supplies for irrigation on lands owned by the City of Los Angeles.  Siphons diverting 
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water to the aqueduct within Indian Wells Valley are located in Ninemile, Noname, Sand, 

and Grapevine canyons. 

The LADWP, in the past, has reported a loss or leakage rate of 10 percent and 

IWVWD has reported losses as high as 18 percent.  The flow rate in the Old Aqueduct is 

on average 470 cubic feet per second (cfs).  With a 10-percent loss (i.e., 47 cfs) and a 

system length in Indian Wells Valley of approximately 50 miles, the leakage rate into 

Indian Wells Valley is approximately 4,270 ac-ft/yr.  This rate is comparable to a 1993 

LADWP study in Owens Valley that demonstrated an annual loss of 5,530 ac-ft/yr over a 

similar distance.  Significant leakage is often inferred by LADWP near the Soda Hill 

landslide in the Little Lake area (Figure 2.7).  Whelan and Baskin (1987) also postulated 

leakage near the mouth of Sand Canyon based on shallow groundwater chemistry, but 

results were not conclusive.  Leakage is likely pervasive throughout the aqueduct, 

resulting in a relatively diffuse source of recharge to the valley. 

The Elizabeth Tunnel transports aqueduct water across the San Andreas Fault.  

When closed for repairs, aqueduct water is diverted.  In 1977, while the Elizabeth Tunnel 

was closed 1 week for repairs, Indian Wells Valley and U.S. Navy officials convinced 

LADWP to dump the entire aqueduct flow into Freeman Gulch and Little Dixie Wash.  

Annual flow in the aqueduct that year was estimated to be 507,245 ac-ft/yr.  This, in turn, 

contributed approximately 9,730 ac-ft of potential recharge to the Indian Wells Valley 

groundwater basin.  This number is approximately equivalent to the total basin recharge 

estimated by the groundwater models of Bloyd and Robson (1971) and Berenbrock and 

Martin (1991) and 1.5 times the recharge estimate of Clark (1998). 

 

3.2 Groundwater Discharge 
 

Natural groundwater discharge occurs at the China Lake and Dry Lake Playas at 

the eastern margin of the valley.  In previous studies, discharge from the three remaining 
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playas in the valley (Airport Lake, Mirror Lake, and Satellite Lake) has been deemed 

negligible.  This assumption is also adhered to within this thesis, as data disputing this 

assumption is tenuous.  With the onset of urban and agricultural development, 

groundwater pumping has also become a major component of groundwater discharge. 

 
 

3.2.1 Evapotranspiration 
 

The quantity of evapotranspiration is pertinent to this study.  Previous 

groundwater models using the closed basin assumption have used the estimated value of 

discharge as the value of recharge to the valley.  Natural groundwater discharge from the 

valley occurs via vapor flux through areas of salt-encrusted and bare-soil playas on the 

valley floor and by transpiration from phreatophytic vegetation areas.  The primary 

phreatophytes found in the China Lake Playa area are pickleweed (Allenrolfea 

occidentalis) and desert saltgrass (Distichlis stricta), but this area is primarily bare with 

salt crusts.  Denser vegetation is present surrounding Dry lake Playa to the north, 

consisting phreatophytes such as sagebrush (Artemisia tridentata) and greasewood 

(Sarcobatus vermicerlitus).  Figure 3.8a depicts a satellite image of China Lake and Dry 

Lake Playas, where the majority of evapotranspiration is interpreted to occur. 

 
 

3.2.1.1 Previous Estimates of Evapotranspiration 
 

The earliest estimate of evapotranspiration was conducted by Lee (1913), 

approximating evapotranspiration of 31,630 ac-ft/yr from an area of 9,400 acres 

surrounding China Lake and Dry Lake Playas (Figure 3.8b).  This corresponds to an 

average evapotranspiration rate of approximately 40 in/yr.  Kunkel and Chase (1969) 

contended that the estimates of Lee (1913) were too high because the maps and aerial 
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Figure 3.8: China Lake Playa and Vicinity 
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photographs used were poor and evapotranspiration rates were not well constrained.  

After re-evaluation by Kunkel and Chase (1969), the aerial extent of the land surface in 

which evapotranspiration is presumed to occur is shown in Figure 3.8c.  Kunkel and 

Chase (1969) then revised estimates of evapotranspiration rates using the Soil 

Conservation Service Blaney-Criddle Method (Blaney et al., 1952).  The acreage in 

which evapotranspiration is assumed to occur was increased from 9,400 acres (Lee, 1913) 

to 33,365 acres (Kunkel and Chase, 1969).  The previously estimated evapotranspiration 

rate of 31,630 ac-ft/yr (Lee, 1913) was reduced to approximately 11,325 ac-ft/yr (Kunkel 

and Chase, 1969) following reevaluation of the playa region. 

Evapotranspiration rates were also decreased with the onset of groundwater 

withdrawal due to declining water levels causing a reduced evapotranspiration potential.  

By 1953, Kunkel and Chase (1969) estimated evapotranspiration to be approximately 

8,285 ac-ft/yr.  Saint-Amand (1986) modified this estimate of evapotranspiration in 1953 

to be approximately half this value, noting Kunkel and Chase (1969) neglected to 

incorporate the non-linear behavior of evapotranspiration, and evaporation of direct 

rainfall on the playa was not considered, which may prove significant during wet years. 

Previous estimates of evapotranspiration at China Lake have all been conducted 

using reconnaissance methods.  To date, there have been no attempts to directly measure 

the evapotranspiration rate at China Lake Playa.  An additional method of estimating 

evapotranspiration from the China Lake Playa and vicinity using direct measurements 

was applied in this thesis to resolve differences between the aforementioned estimates. 

 
 

3.2.1.2 Revised Estimate of Evapotranspiration 
 

Recent studies have shown that evapotranspiration rates throughout the Great 

Basin vary with vegetation and soil conditions; in general, the denser and more healthy 



  72  

   

the vegetation or the wetter the soil, the greater the rate of evapotranspiration (Ustin, 

1992; Laczniak et al., 1999; Nichols, 2001; and Reiner et al., 2002).  Detailed studies of 

evapotranspiration have been conducted in the Death Valley regional flow system (Harrill 

et al., 1988) to the east of Indian Wells Valley.  Satellite Thematic Mapper (TM) imagery 

has been used to map the distribution of vegetation and moist soils, and these data have 

been coupled with local field measurements of evapotranspiration rates to determine 

groundwater discharge (Laczniak et al., 2001; De Meo et al., 2003).  This procedure takes 

advantage of (1) the relation between evapotranspiration, vegetation, and soil conditions, 

and (2) differences in the spectral reflectance of different vegetation and soil cover to map 

distinct evapotranspiration units within the discharge area.  This method was applied to 

China Lake Playa to determine a more constrained estimate of mean annual groundwater 

discharge.  Direct measurements of evapotranspiration at China Lake Playa are 

unavailable, but measured evapotranspiration rates from neighboring areas can be applied 

to portions of China Lake Playa with a similar spectral response to the evapotranspiration 

measurement location. 

The effective area in which evapotranspiration occurs at China Lake Playa is 

constrained based on analysis of aerial photographs, previous mapping studies (Lee, 

1913; Kunkel and Chase, 1969), and the distribution of shallow groundwater wells that 

exhibit a high total dissolved solids (TDS) (i.e., greater than 5,000 mg/L), sodium-

chloride (Na-Cl) chemical signature (see Section 4.1.6).  This area was then divided into 

five sub-areas referred to as evapotranspiration units (ET units) based on the 

classification system of DeMeo et al. (2003), disseminating this area into zones of similar 

vegetation density, soil type, and moisture content (as outlined in Table 3.5).  The areal 

distribution of these ET units within the effective area of evapotranspiration at China 

Lake Playa was mapped using TM imagery in a similar manner applied in Death Valley 

and other basins to the east.  These units were mapped at a resolution of approximately 

100 feet by 100 feet, the pixel size of the TM image.  The ET unit assignment to each 
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pixel was based on the spectral response calculated using the modified soil-adjusted 

vegetation index (MSAVI) (Qi et al., 1994), considered to be an indicator of lushness and 

density of the vegetation.  The MSAVI is suggested for application in desert 

environments because it is effective in filtering the soil signature from the data (personal 

communication, Randell J. Laczniak).  The spectral signal calculated by the MSAVI was 

used to delineate the ET unit distribution illustrated in Figure 3.9. 

 

Table 3.5: Evapotranspiration units (ET units) of DeMeo et al. (2003) classified for 
discharge areas of China Lake Playa as shown in Figure 3.9. 

ET-Unit ET-Unit Description[1] 

UCL 
Unclassified (UCL) area with no substantial ET from any groundwater sources; water table 
typically greater than 20 feet below land surface; soil very dry. 

HDV 
Area of high-density vegetation (HDV), primarily marsh and meadow grasses, and 
mesquites; perennially flooded; water table typically ranges from near land surface to 
about 20 feet below land surface; soil wet to dry. 

MDV 
Area dominated by moderate-density vegetation (MDV), primarily salt and bunch grasses, 
arrowweed, mesquite, minor pickleweed; water table typically ranges from about 2 to 20 
feet below land surface; soil moist to dry. 

LDV 
Area dominated by low-density vegetation (LDV), primarily salt grass, pickleweed, and 
shrub mesquite; water table typically ranges from about 5 to 20 feet below land surface; 
soil damp to dry. 

BSP 
Area of playa dominated by bare-soil playa (BSP), primarily silt; some salt encrustation; 
water table typically ranges from a near land surface to about 10 feet below land surface; 
occasionally flooded; soil damp to dry. 

SEP Area of playa dominated by salt-encrusted playa (SEP); occasionally flooded, water table 
typically near land surface to about 5 feet below land surface; salt wet to dry. 

[1] Vegetation cover descriptor: low density is from greater than 5 to less than 15 percent; moderate density is 15 to 50 
percent; and high density is greater than 50 percent.  Soil-moisture descriptor presented in relative terms. 

 

DeMeo et al. (2003) developed mean annual, precipitation-corrected 

evapotranspiration rates for the ET units described in Table 3.5 using energy-budget 

methods such as the Eddy Correlation (Stull, 1988) and the Bowen Ratio (Bowen, 1926) 
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Figure 3.9: Distribution of Evapotranspiration Units 
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to determine the effective groundwater discharge rate from each unit.  These rates are 

consistent with rates compiled in Laczniak et al. (2001) for numerous sites throughout 

south-central Nevada, indicating these rates may be applicable to the greater portion of 

the southwestern Great Basin, and thus were applied to the ET units mapped at China 

Lake Playa and vicinity.  Groundwater discharge from each ET unit was computed as the 

product of a mean annual evapotranspiration rate and the acreage of the 

evapotranspiration unit.  An estimate of mean annual groundwater discharge by 

evapotranspiration was computed by summing individual estimates of mean annual 

groundwater discharge computed for each ET unit within the discharge area (Table 3.6).  

Incorporating the average evapotranspiration rates for these units over the area delineated 

in Figure 3.9 yields an average annual groundwater discharge rate of 13,135 ac-ft/yr.  

During years of higher precipitation and the possible occurrence of flooding at the playa, 

the evapotranspiration terms from the BSP and SEP units are neglected because 

precipitation exceeds the evapotranspiration rate.  This reduces the estimate of 

groundwater discharge at the playa to 11,315 ac-ft/yr, a negligible change. 

 

Table 3.6: Annual groundwater discharge estimated from China Lake Playa and vicinity. 

Evapotranspiration Unit[1] 
Component 

HDV  MDV LDV BSP SEP 
Total 

Acreage 400 1150 7,815 8,250 4,470 22,185 

Assigned ET 
Rate (ft/yr)[2] 3.0 2.0 1.0 0.15 0.13 7.28 

Groundwater 
Discharge  
(ac-ft/yr) 

1,200 2,300 7,815 1,240 580 13,135[3] 

[1] ET unit is described in Table 3.5 and shown in Figure 3.9. 
[2] ET rate assigned based on calculated MSAVI and observed rates in areas of comparable 
surroundings (DeMeo et al., 2003). 
[3] Total is computed as the sum of the values listed for each ET unit and may not be 
consistent with that computed as the product of the area-weighted average and the total 
acreage. 
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The groundwater discharge estimate of 13,135 ac-ft/yr is considered a 

conservative estimate, because it is based on recent satellite imagery in which 

groundwater levels at the playa have declined slightly and the distribution of moist soils 

may be different from predevelopment periods.  Satellite imagery for these periods (circa 

1921) is not available to evaluate.  By analogy, variances in groundwater discharge at the 

playa between pre- and post-development time periods as estimated by previous 

investigators (Kunkel and Chase, 1969; Saint-Amand, 1986) indicate a 25 percent 

reduction.  Applying this percentage to the estimate here equates to a predevelopment 

groundwater discharge rate of 16,420 ac-ft/yr at the playa.  This rate is approximately 

5,000 ac-ft/yr greater than that estimated by Kunkel and Chase (1969) and approximately 

half the estimate of Lee (1913), as described in Section 3.2.1.1. 

Accuracy of the groundwater discharge estimates is limited primarily by the 

assumptions inherent in the classification procedure used to define evapotranspiration 

units and in the energy-budget methods (primarily the Bowen Ratio) used to compute 

evapotranspiration rates; more accuracy could be achieved either by classifying more ET 

units (e.g., Laczniak et al., 2001).  The evapotranspiration rates were assumed to 

adequately represent the hydrologic and meteorological conditions in the Death Valley 

area and may not be entirely applicable to Indian Wells Valley.  These rates vary spatially 

and temporally from changes related to soil cover, vegetation type, and density.  These 

changes in land-surface cover are responses to cycles in climate.  To account for these 

variations in land-surface cover, DeMeo et al. (2003) used satellite imagery data for a 3-

year period so that both wet and dry conditions in Death Valley were used in the final 

analysis.  These satellite data used here, however, were from years other than those used 

for the Death Valley study, creating some uncertainty as to the evapotranspiration rates 

and actual acreages of the ET units.  Other factors potentially affecting the accuracy of the 

groundwater discharge estimates include (1) the assumption that no external surface 

inflow contributes water to the local evapotranspiration process; (2) the short-term nature 
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of data and limited number of sites used to estimate mean annual evapotranspiration 

rates; (3) uncertainty in estimates of evapotranspiration rates based on computed relative 

density differences; and (4) the uncertainty in the adjustment applied to remove 

precipitation from evapotranspiration estimates. 

 

3.2.2 Groundwater Development 
 

The continued development in the valley has made groundwater pumping a 

primary component of groundwater discharge.  Groundwater withdrawals occur primarily 

from the China Lake NAWS, IWVWD, the city of Ridgecrest, Inyokern Community 

Services District, industrial water use, private agricultural use, and domestic water use.  

Groundwater pumping for domestic and industrial use is concentrated in the area 

immediately west of the city of Ridgecrest, while agricultural pumping has been 

concentrated in the northwest portion of the valley.  Annual groundwater withdrawals 

increased steadily from approximately 1,000 ac-ft/yr in 1920 (Berenbrock and Martin, 

1991) to 23,995 ac-ft/yr in 1997 (TtEMI, 2003).  The average annual groundwater 

withdrawal has declined to 21,400 ac-ft/yr in 2002 since the high achieved in 1997.  The 

estimated annual increase in production is projected to increase approximately 0.1 

percent, with annual rates projected to be approximately 22,900 ac-ft/yr in 2020 (TtEMI, 

2003). 

 

3.3 Previous Numerical Groundwater Models 
 

Development of a numerical model of the Indian Wells Valley groundwater basin 

has been conducted on three previous occasions.  Using the closed basin assumption, 

Bloyd and Robson (1971) developed the first hydrologic model of the basin using a two-
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dimensional alternating implicit model.  Mallory (1979) applied the model of Bloyd and 

Robson (1971) to make water usage predications, but refinement and calibration was not 

conducted.  Berenbrock and Martin (1991) developed essentially the same model, except 

for minor changes in recharge apportionment and the conversion of the model to a three-

dimensional code.  The estimated recharge (and discharge) to the valley in these models 

was 9,850 ac-ft/yr.  Faults within the basin were modeled explicitly by Bloyd and Robson 

(1971)as groundwater flow barriers.  Berenbrock and Martin (1991) did not acknowledge 

the faults as groundwater barriers, but similarly modeled the southwestern region of the 

basin as a distant boundary, to impart little or no effect on model simulations in the other 

portions of the basin.  Clark (1998) further refined the closed basin modeling efforts by 

including a portion of the southwest extension of the valley.  Simulations were performed 

to refine recharge and transmissivity estimates and evaluate the effects of the flow barrier 

hypothesis, and the estimated recharge to the valley was reduced to 6,520 ac-ft/yr. 

Given their assumptions of a closed-basin, these models are internally consistent 

but do not use direct measurements of surface recharge, discharge, or precipitation.  They 

also calibrated recharge and transmissivity simultaneously by trial and error and did not 

evaluate the uniqueness or uncertainty of model parameters.  Ideally, a calibrated model 

should exhibit residuals that are random and normally distributed, both spatially and 

temporally (Poeter and Hill, 1997; Hill, 1998).  All three models indicate both a spatial 

and temporal bias in simulated model heads in the southwest corner of the valley.  Wells 

located on the upgradient side of the hypothesized flow barrier exhibit a steady-state 

residual of approximately 100 feet.  The cause of this residual in the models of Bloyd and 

Robson (1971) and Berenbrock and Martin (1991) has been explained due to not 

incorporating the hypothesized flow barrier into the model.  Simulations conducted by 

Clark (1998), as described in Section 3.1.1.5, indicate that a flow barrier is not the source 

of the steep gradient observed in the southwest corner of the valley.  The models also 

exhibit a temporal bias toward the end of the transient simulations.  Residuals increase 
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with continued pumping, but this area has yet to exhibit an appreciable decline in water 

levels with the continued addition of new wells to the southwest well field.  For example, 

model simulations show a decline from an initial head 2,250 to 2,215 (drawdown of 35 

feet) after 80 years of pumping where water level data from wells on both the upgradient 

and downgradient sides of the hypothesized flow barrier have only declined a few feet. 

Recharge and transmissivity were adjusted simultaneously during model 

calibration.  Without appropriate data, these parameters are subject to correlation as 

defined by Hill (1998), where two parameters are related such that variation in one results 

in a proportional change in the other.  This is observed in the model results of Berenbrock 

and Martin (1991) and Clark (1998) in which essentially the same model domain and 

boundary conditions with minor differences in model grid discretization were employed.  

Both models calibrated a similar transmissivity distribution, but the calibrated recharge 

estimate of Clark (1998) was roughly half that of Berenbrock and Martin (1991).  

Similarly, the values within the transmissivity distribution in the model of Clark (1998) 

are also approximately 50-percent less, with similar values of hydraulic head.  Thus, a 50-

percent increase in the recharge estimate of Berenbrock and Martin (1991) to 14,775 ac-

ft/yr and a corresponding 50-percent increase in transmissivity, which would be well 

within the appropriate range of slug and aquifer test values, would likely result in a 

similar head distribution throughout the model domain.  Thus, it can be surmised that the 

closed basin numerical models do not yield a unique solution. 

Correlation of parameters is common in groundwater modeling because 

observations required to uniquely determine parameter values are frequently lacking.  

Flow measurements are typically necessary to break parameter correlation (Poeter and 

Hill, 1997).  Flow observations were not used in previous modeling efforts to constrain 

calibration.  This is clearly observed in the assigned recharge values of 9 ac-ft/yr (Clark, 

1999) and 45 ac-ft/yr (Bloyd and Robson, 1971; Berenbrock and Martin, 1991) for the 

inflow from the Little Lake-Rose Valley area, which is considerably less than the average 
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measured rate of 3,300 ac-ft/yr (Bauer, 2002).   This rate is 34 percent of the total 

calibrated recharge value in the models of Bloyd and Robson (1971) and Berenbrock and 

Martin (1991), and 50 percent of the value of Clark (1998).  Based on these percentages, 

incorporating this flow rate will have significant impact on the recharge distribution of 

these models. 

 

3.4 Summary 
 

Estimates of recharge from ephemeral and perennial streams total an average 

annual rate of 11,100 ac-ft/yr.  This value is indicative of estimated recharge to the valley 

under the closed basin assumption.  The recharge estimate is comparable to other studies 

that follow this assumption, with the exception that 3,300 ac-ft/yr measured at Little Lake 

by Bauer (2002) is approximately two orders of magnitude greater than other estimates 

(Bloyd and Robson, 1971; Berenbrock and Martin, 1991).  With the onset of groundwater 

development, additional sources of recharge consisting of LA Aqueduct (4,270 ac-ft/yr), 

infiltration from municipalities (approximately 1,650 ac-ft/yr), and return from the alfalfa 

farms (3,835 ac-ft/yr) have been added to the basin water budget. 

A fundamental assumption of the closed basin conceptual model is that discharge 

is balanced by recharge.  Groundwater discharge from evapotranspiration at the playa is 

approximately 13,135 ac-ft/yr, with a potential evapotranspiration rate of 16,420 ac-ft/yr 

during predevelopment periods.  These values are relatively similar to the recharge 

estimates from the streams given the error associated with water-budget analyses.  

Assuming the closed basin model is correct, the relatively constant predevelopment water 

levels require discharge to have a similar value.  Since the 1920s, pumping has increased, 

at times exceeding 20,000 ac-ft/yr, implying that there is a deficit and requiring that 

groundwater levels (storage) decline.  Numerical modeling using the closed basin 

assumption suggests overdraft in the valley is on the order of 25 percent estimated aquifer 
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storage (Dutcher and Moyle, 1973; Berenbrock and Martin, 1991).  Declines in water 

levels do not appear sufficient to support this scenario.  Pumping has created a cone of 

depression with a drawdown of 60 feet in the Intermediate Well Field (Figure 2.10); 

however, the groundwater level at China Lake Playa, the major natural topographic low in 

the valley, has exhibited only minor changes with time, residing at approximately the 

same elevation as it was during predevelopment (circa 1921). 

The recharge estimates from ephemeral and perennial surface water surrounding 

Indian Wells Valley are well constrained, but do not agree with calculated aquifer flux for 

the El Paso Basin area (see Section 3.1.1.4).  This discrepancy is due to the high gradient 

in the area that produces an aquifer flux five times greater than surface recharge to the 

area.  While prior studies have suggested that the basin is hydraulically separated from the 

valley and the high gradient is due to a flow barrier, this study found no evidence to 

support this hypothesis.  This discrepancy combined with the problems with the existing 

numerical models that used the closed basin assumption (see Section 3.3) indicates that 

the closed basin hypothesis is suspect. 

The closed basin assumption is also questioned when considering the pulse of 

recharge to the basin from the bypassing of the LA Aqueduct into Freeman Gulch in 1977 

for nearly a week, potentially contributing 9,730 ac-ft (see Section 3.1.2.3).  This number 

is approximately equivalent to the total recharge estimated by the groundwater models of 

Bloyd and Robson (1971) and Berenbrock and Martin (1991) and approximately twice 

that of the recharge estimate of Clark (1998).  If the hydrologic basin is closed, adding an 

amount of water equivalent to the yearly average during one week could have a dramatic 

increase in the valley water levels – although this was not observed.  This implies that the 

overall basin water budget must be several times greater than the closed basin recharge 

estimates of 6,520 ac-ft/yr (Clark, 1998) and 11,100 ac-ft/yr (this study) to exhibit 

minimal, if any, changes in the hydrologic changes due to this recharge pulse from the 

aqueduct, furthering questioning the closed basin model. 
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CHAPTER 4: HYDROCHEMISTRY AND ISOTOPES 
 
 
 
 

The chemistry of water within a hydrologic system reflects both the mineralogy 

and reactions occurring along the flow path.  By understanding chemical processes 

controlling the water chemistry, independent information can be obtained regarding the 

nature of the flow system.  Chemical and isotopic compositions of groundwater can 

provide information on recharge areas, average residence times, and water-rock 

interactions along a flowpath to constrain and discriminate between hydrogeologic 

conceptual models. 

 
 

4.1 Hydrochemical Analysis 
 

 The hydrochemical data used for this study are a subset of the hydrochemical 

database compiled by Güler (2002).  Additional data characterizing the chemistry of the 

Coso geothermal system from Fournier and Thompson (1980) were also included.  The 

entire database consists of more than 1,000 chemical analyses of springs, surface water, 

and well samples, which include several temporal analyses.  For the purposes of this 

thesis, this database was used for classification of waters into hydrochemical facies.  

Hydrochemical facies can be defined as ‘water types’ or ‘water groups,’ which have anion 

and cation concentrations that can be described within certain composition categories, 

indicating a common, diagnostic chemical aspect of bodies of water occurring within the 

hydrologic system.  Classification is based primarily based on pH, TDS, and common ion 

concentrations such as calcium, magnesium, sodium, potassium, bicarbonate, sulfate, and 

chloride, with inferences made based on the presence of other less common constituents 
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(e.g., boron, lithium).  To characterize the general nature of the flow system, water within 

and surrounding Indian Wells Valley was categorized into six major hydrochemical 

facies, as described in the following sections, four of which were previously established 

by Thyne et al. (1999): 

• Sierran Group: Ca-(Na)-HCO3 type 

• Indian Wells-Rose Valley Group: Na-Ca-HCO3-(SO4) type 

• Coso-Argus Group: Ca-HCO3 type 

• Little Lake Group: Na-(Mg)-HCO3-Cl type 

• El Paso Basin Group: Na-HCO3 type 

• Playa Group: Na-Cl type 

The chemical compositions of these facies are shown in Figure 4.1, and the distribution of 

these facies throughout the study area is shown in Figure 4.2. 

The details of nomenclature and interpretation vary, but the facies delineations in 

this study are consistent with previous hydrochemical studies of Indian Wells Valley 

(Warner, 1975; Whelan and Baskin, 1987; Whelan et al., 1989; Berenbrock and 

Schroeder, 1994; Houghton, 1994).  These facies are also consistent with the work of 

Güler and Thyne (2004), which employed a Q-mode hierarchical cluster analysis, and 

separated the surface water and groundwater into five groups representing the degree of 

chemical evolution.  As described by Güler and Thyne (2004), Groups 1 and 2 are 

recharge waters and Groups 3 through 5 are transitional and discharge waters, as shown 

and described in Figure 4.3.  This distribution was compared with the designated facies 

presented here to evaluate the degree of evolution within each facies. 

In addition to the six facies mentioned above, there are several samples that 

exhibit chemical properties indicating the influence of geothermal brines related to the 

surrounding geothermal systems.  These waters are widely distributed throughout the 

region and have different mechanisms leading to their formation that are discussed in 

Section 4.1.7. 
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Figure 4.1: Schoeller Diagram of Six Major Hydrochemical Facies 
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Figure 4.2: Regional Map of Hydrochemical Sample Locations 



  86  

   

 

 

 

 

Figure 4.3: Map of Chemical Groups Determined by Fuzzy Hierarchal Cluster Analysis 
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4.1.1 Sierran Group 
 

The Sierran Group includes samples that encompass springs and canyons along 

the Sierran front and streams that drain to the south fork of the Kern River (Figure 4.2).  

These waters are derived from high elevation granite/metamorphic terranes and have 

short transit times.  This water is primarily Ca-HCO3, but in some cases sodium 

predominates.  Samples within this facies consist of recharge waters of Groups 1 and 2 of 

Güler and Thyne (2004). 

The majority of the precipitation in this facies originates from higher elevations, 

inducing TDS increases attributed to enhanced rock-water interaction along longer and/or 

slower flow paths.   The Sierran Group covers a large area varying over more than 5,000 

feet in elevation.  While the chemical facies maintains its general character, it exhibits a 

relatively large variation in TDS, ranging from less than 50 mg/L to more than 400 mg/L.  

Overall, this facies has an average TDS of 234 mg/L and an average pH of 7.5. 

 

4.1.2 Indian Wells-Rose Valley Group 
 

The Indian Wells-Rose Valley Group is composed of samples taken from the 

springs and streams along the Sierran front and shallow groundwater along the western 

margins of Indian Wells and Rose Valleys (Figure 4.2).  This water is Na-Ca-HCO3-

(SO4) type that exhibits an average TDS of 735 mg/L and average pH of 7.8.  Samples 

within this facies consist of recharge and transitional waters of Groups 2 and 3 of Güler 

and Thyne (2004).  Within this facies, sodium is slightly greater than calcium, and sulfate 

is higher than chloride.  Magnesium and chloride are relatively high in some wells, but 

this is likely attributed to mixture with waters from the Little Lake Group (see Section 

4.1.4) and adjacent geothermally influenced wells (e.g., NR-1) (see Section 4.1.6). 
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The difference in chemical signature between the Indian Wells-Rose Valley 

Group and Sierran Group appears atypical considering that both these facies originate 

from the eastern slope of the Sierras.  The primary constituents found in this facies, as 

well as the Sierran Group, are indicative of typical meteoric water weathering the Sierran 

bedrock of the canyons (Garrels, 1967; Garrels and MacKenzie, 1967).  The poor water 

quality is atypical of springs and streams in the Sierran area (Feth et al., 1964).  However, 

the surface and groundwater samples in the northern valley have a high dissolved carbon 

dioxide (CO2) content, as much as 300 times greater than atmospheric conditions.  This 

elevated CO2 content causes a much greater degree of water-rock interaction than is usual 

and degrades water quality (Navarre, 2003). 

A cluster of wells in this facies near the mouth of Indian Wells Canyon exhibits 

elevated sulfate concentrations, such that the water displays a predominantly Na-SO4-

HCO3 chemical signature.  This is possibly related to discharge from the Tungsten Peak 

Mine area (Figure 2.3a), where dissolution of sulfides generated during contact 

metamorphic mineralization may be occurring (Whelan and Baskin, 1987).  This water 

extends from the Sierran front east into the valley more than 1 mile. 

 

4.1.3 Coso-Argus Group 
 

The Coso-Argus Group consists of surface water and spring samples from the 

Coso and Argus Ranges (Figure 4.2).  Groundwater wells within the Coso Basin are 

sparse, but available data indicate the extent of this water type within the groundwater 

system is minimal and, therefore, may be limited to the surface waters and springs of the 

Coso and Argus Ranges.  This water is Ca-HCO3 type and the average TDS is relatively 

low, exhibiting an average concentration of 500 mg/L and average pH is approximately 

7.3.  Samples within this facies consist primarily of recharge waters of Group 2 of Güler 

and Thyne (2004).  These waters are similar to the Indian Wells-Rose Valley Group 
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except that calcium is the principal cation.  However, while bicarbonate is the abundant 

anion, in select samples, it exists in negligible amounts with sulfate predominating. 

 

4.1.4 Little Lake Group 
 

The Little Lake Group consists of samples taken from Little Lake proper and 

surrounding springs, in addition to wells in the northwest and west-central parts of the 

valley (Figure 4.2).  These waters are Na-(Mg)-HCO3-Cl type.  On average, this water is 

slightly brackish, exhibiting an average TDS concentration of 1,177 mg/L and average pH 

of 8.5.  Samples within this facies consist primarily of transitional waters of Group 3 of 

Güler and Thyne (2004).  The distinctive signature of this water is such that sodium is 

high, magnesium is generally greater than calcium, and there is a greater abundance of 

chloride than sulfate.  Elevated levels of magnesium are atypical of most natural waters 

(Hem, 1985).  On average, the [Mg2+]/[Ca2+] ratio of these waters is 2.4, compared to 

ratios of less than 1 for the other facies.  In addition, this facies exhibits elevated 

concentrations of lithium, boron, and chloride levels, indicating the influence of a 

geothermal component. 

 

4.1.5 El Paso Basin Group 
 

The El Paso Basin Group consists of groundwater samples within the El Paso 

Basin and southern Indian Wells Valley extending northeast to China Lake Playa area 

(Figure 4.2).  These waters are Na-HCO3 type with a low average TDS, exhibiting an 

average concentration of 247 mg/L and average pH is approximately 9.2.  Samples within 

this facies consist of Group 2 recharge waters of Güler and Thyne (2004).  The 

cumulative concentration of sulfate and chloride is typically much less than bicarbonate 
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concentrations, and 90 percent of the cations are derived from sodium.  These waters 

exhibit a nearly identical anion distribution as the Sierran Group waters.  But overall, this 

facies differs significantly when compared to the waters within the valley, and the local 

recharge derived from the surrounding watershed comprised of both Indian Wells-Rose 

Valley and Sierran facies (Figure 4.4). 

Within Indian Wells Valley, the chemical signature of the groundwater upon 

recharge remains fairly constant with subsequent increases in depth (Thyne et al., 1999).  

This is not the case with the El Paso Basin Group, where TDS exhibits a distinctive 

reduction correlated with depth in the aquifer, indicating a potential facies change.  The 

local recharge from the adjacent watershed is much too saline to be the primary source of 

the El Paso Basin Group.  The average TDS of springs and streams within the Sierran and 

Indian Wells-Rose Valley facies that feed the El Paso Basin and southwestern Indian 

Wells Valley is 525 mg/L. 

In addition, these samples typically have elevated levels of fluoride and boron 

relative to their low TDS.  The chemical signature bares a striking similarity to waters 

originating from low-enthalpy geothermal regions and is not representative of Sierra 

Nevada streams in the area (Whelan and Baskin, 1987). 

 

4.1.6 Playa Group 
 

The facies includes samples from municipal and domestic wells surrounding 

China Lake, Mirror Lake, and Satellite Lake Playas, as well as the Leslie Salt Well in the 

adjacent Salt Wells Valley (Figure 4.2).  These samples exhibit “end of the flow path” 

chemistry, common in Great Basin flow systems (Harrill et al., 1988), consisting of 

waters of Groups 4 and 5 (discharge) of Güler and Thyne (2004).  These samples are 

clearly Na-Cl dominant with an average pH of 8.2 and average TDS of 15,332 mg/L, with 

TDS as high as 370,000 mg/L.  Calcium and sulfate appear to be more concentrated at 
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Figure 4.4: Schoeller Diagram of El Paso Basin Groundwater and Surface Water 
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China Lake than observed at other desert playas in Nevada and California (e.g., Thomas 

et al., 1996; Connell and Driess, 1995).  The overall chemical signature is primarily 

attributed to dissolution of evaporite minerals with a lesser extent contributed from 

emergence and evaporation at the playa (Berenbrock and Schroeder, 1994; Einloth, 2000; 

Güler, 2002). 

The high TDS waters, for the most part, appear to be localized in the upper 

reaches of the aquifer.  For example, Whelan and Baskin (1987) noted that one well, near 

the south end of China Lake Playa, has TDS concentrations of 5,000 mg/L at 15 ft bgs, 

but only 250 mg/L at 200 ft bgs.  However, some wells exhibit TDS concentrations as 

high as 60,700 mg/L at depths below 600 ft bgs (Berenbrock and Schroeder, 1994). 

A few notable exceptions to the overall chemistry in the vicinity of China Lake 

Playa are those of wells near the sewage ponds situated southwest of the playa.  These 

waters have a Na-SO4-Cl chemical signature, with the high sulfate content most likely 

due to a large abundance of detergents from domestic usage. 

 

4.1.7 Geothermal Brines 
 

As described in Section 2.7, there are several geothermal systems within and 

surrounding the Indian Wells Valley groundwater basin.  The presence and impact of 

geothermal leakage into the valley has largely been ignored.  There is sufficient evidence 

to suggest that there is a geothermal reservoir(s) below the deep aquifer of Indian Wells 

Valley that is leaking geothermal fluids, causing localized thermal plumes with resulting 

warm wells and a general heating of the aquifer as a whole.  The average groundwater 

temperature in Indian Wells Valley is approximately 24ºC, compared to the mean annual 

air temperature is 18.2ºC.  Many of the wells in Indian Wells Valley exhibit thermal 

gradients as high as 68°C per kilometer (km) (USBR, 1993), twice that of the average 

crustal gradient of 30ºC/km. 
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The wells near Neal Ranch (e.g., NR-1, NR-2, and SNORT #1) and southern 

Indian Wells Valley (e.g., BR-3, MW-32, and 27S/40E-6D1) identify areas of potential 

thermal upwellings, based on increasing TDS with depth, and upward hydraulic gradients 

(see Figure 4.2).  The localities of these upwellings appear to correspond with the Indian 

Wells and Haystack geothermal prospects, respectively (Figure 2.12).  Leakage from the 

Coso geothermal reservoir south into Indian Wells Valley has been proposed in some 

studies (Whelan and Baskin, 1987).  In addition, Little Lake waters, which comprise a 

significant portion of the groundwater in the northwestern corner of the valley, appear to 

be influenced by geothermal leakage, possibly from Coso (Whelan and Baskin, 1987) or 

from Dirty Sox in southern Owens Valley (Bauer, 2002).  These multiple sources of 

geothermal water appear to be converging near China Lake Playa.  Shallow groundwater 

near the playa has a Na-Cl signature, but chloride and boron concentrations increase at a 

higher rate with proximity to the playa than other conservative species, such as fluoride 

and silica (Einloth, 2000), indicating a possible contribution of geothermally influenced 

waters flowing to the playa. 

These thermal brines are typically Na-Cl in character and display elevated levels 

of boron, bromide, and chloride, one to two orders of magnitude greater than the 

remaining sample population.  Deuterium and oxygen-18 isotopes are not markedly 

different from modern meteoric water (see Section 4.2.1.1); hence, the water is deriving 

these constituents from another source, such as dissolution of evaporites or mixing with 

subsurface brines.  Boron concentrations are in excess of 10 mg/L and have 

concentrations as high as 890 mg/L.  Boron content of waters derived from argillaceous 

marine sediments generally ranges form 30 to 1,000 mg/L in contrast to average 

concentrations of 3 mg/L in igneous rocks (White, 1957). 

Bromide concentrations in these wells are as much as 31.70 mg/L.  Bromide is 

usually at very low levels in geothermal fluids, except where seawater is a component of 

the geothermal fluid (Nicholson, 1993).  As shown in Figure 4.5, a number of the thermal 
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Figure 4.5: Plot of Bromide-Chloride Ratios 
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wells and waters of Little Lake have Br/Cl ratios within the range of sedimentary 

formation waters (0.002 to 0.007), hovering around a ratio of that for seawater (0.0034). 

Elevated levels of chloride ranging from 3,590 to 13,200 mg/L are also observed 

in these wells.  To obtain the chloride concentrations seen in these deeper piezometers, 

the meteoric water must be mixed with a brine yielding concentrations of Cl- of up to 

100,000 mg/L, indicative of brines entrained in the metamorphosing marine clastics 

(White, 1957).  A sedimentary association of geothermal fluids is further supported by the 

presence of ammonia, which is common in organic-rich sedimentary clastic rocks.  

Samples taken from geothermal fluids in Coso No. 1 and CGEH No. 1 exhibit readily 

detectable amounts of NH4
+ (the solute of ammonia), with concentrations as high as 5.9 

mg/L (Fournier et al., 1980). 

There is sufficient evidence from the chemical data to infer that a majority of the 

groundwater samples influenced by geothermal brines may be related to marine connate 

water.  The presence of sedimentary waters in the valley is consistent with the findings of 

Whelan and Baskin (1987), which indicated a large number of groundwater samples with 

a sedimentary origin, indicating a limestone or shale chemical signature, as opposed to 

the granitics.  The presence of sedimentary-related waters is consistent with the 

interpretations of isotope data at Coso (Nimz et al., 1997) and thermal springs in the 

Sierra Nevada (e.g., Jordan Hot Spring), indicating that thermal fluids are related to 

underlying marine sediments (Barnes et al., 1981).  This interpretation is also supported 

by the tectonic model of Erskine (1990), suggesting that the Sierra Nevada and adjacent 

mountain ranges have been thrust over the depositional wedge of the Paleozoic 

miogeocline.  Given the primarily granitic geology comprising the watershed boundary of 

Indian Wells Valley, the presence of geothermal leakage indicating an association with 

sedimentary lithologies outside the watershed boundary is contradictory with the closed 

basin hypothesis. 
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4.2 Environmental Isotopes 
 

Environmental isotopes are commonly employed to complement hydrogeologic 

studies by providing direct evidence for groundwater sources and transport rates.  Stable 

isotopes provide information in understanding groundwater provenance and flow paths 

and radioactive isotopes decay, which can provide the ability to determine relative “age” 

or mean residence time in the aquifer. 

Isotopic data were compiled from various sources, including Fournier and 

Thompson (1980), Thyne et al. (1999), Gleason et al. (1992), Bassett and Einloth (2000), 

and Güler (2002).  Sample locations for deuterium and oxygen-18 correspond to 

hydrochemical sample locations depicted in Figure 4.2.  Sample locations for remaining 

isotopic analyses are depicted in Figure 4.6.  In addition, at the time this study was 

prepared, data from Tetra Tech Incorporated (TtEMI, 2003) was made available.  Isotopes 

from Little Lake and Coso areas were added to supplement this study, but time 

constraints limited incorporating the entire dataset.  A cursory review of data suggests 

consistency with the conclusions presented in this thesis.  It should also be noted that with 

the exception of deuterium, oxygen-18, and tritium, isotopic analyses are limited in their 

application here as only one surface water sample, a spring in Grapevine Canyon, was 

available to compare to the groundwater results. 

 
 

4.2.1 Stable Isotopes 
 

Isotopic analyses were conducted within the hydrochemical facies such that the 

groundwater signature was compared to that of the adjacent topographic watershed (i.e., 

assumed recharge source).  Stable isotopes evaluated include deuterium, oxygen-18, 

boron-11, strontium, and carbon-13.  While strontium is a radiogenic isotope, its rate of 
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Figure 4.6: Sample Location Map for Isotopic Analyses 
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decay is much slower than hydrologic cycle times, so it is effective as a provenance 

indicator similar to the other stable isotopes. 

 

4.2.1.1 Deuterium and Oxygen-18 
 

 Deuterium (2H or D) and oxygen-18 (18O) are stable isotopes of hydrogen (H) and 

oxygen (16O), respectively, within the water molecule.  Meteorological processes affect 

deuterium and oxygen-18, providing a characteristic fingerprint to their origin, which is 

fundamental to investigating the provenance of groundwater.  The isotopic composition 

of water is determined by comparing isotopic ratios to an internationally recognized 

sample of ocean water, deemed Vienna Standard Mean Ocean Water (VSMOW).  

Deviations from VSMOW are expressed as parts per thousand or permil (‰) difference, 

δD or δ18O for deuterium and oxygen-18, respectively, determined by the following 

equations: 

 

                              δD
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The hydrogen and oxygen isotopic compositions of waters are covariant.  The 

relationship between δD or δ18O in precipitation worldwide is represented by the Global 

Meteoric Water Line (GMWL) as defined by Craig (1961a; 1961b) and later refined for 

the continental northern hemisphere as (Rosanski et al., 1993): 

                                                        
                                                       δD=8.13δ18O + 10.8 [4.3] 
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The y-intercept of the GMWL is defined as the deuterium excess, which is inherited from 

the initial isotopic composition of the air mass, as determined by the moisture deficit 

above the air-sea interface where the air mass originates (Craig and Gordon, 1965). 

Figure 4.7 is a plot of the GMWL comparing isotopic data from the groundwater, 

surface water and springs, and precipitation within the Indian Wells Valley watershed, in 

addition to surface water and springs in the Kern Plateau of the Sierra Nevada.  The 

isotopic signatures exhibit good agreement, with minimal scatter, to the GMWL in the 

lighter isotopes, but the plot shows the bulk of the data shifted to the right of the GMWL, 

with an average deuterium excess near +4‰.  This shift is common in data throughout 

southeastern California (Gleason et al., 1992) and Nevada (Rose et al., 1999) and may be 

attributed to isotopic effects related to vapor loss during snow metamorphism that cause 

isotopic enrichments not observed during snow accumulation (Rose and Davisson, 2003). 

Evaporation causes deviation from the GMWL, typically enriching the isotopic 

signature to a slope less than 8, and often between 3 and 6 (Clark and Fritz, 1997).  Indian 

Wells Valley samples deviate from the GMWL, creating a trend with an overall slope of 

5.22 and deuterium excess of -31.5‰, comparable to the evaporation line of Robertson 

(1991) for the southern Basin and Range (Figure 4.7).  This effect is clearly evident in 

many of the Little Lake and Playa samples.  Exchange of oxygen in water and rocks 

increases the 18O content (δ18O “shift” to the right) and decreases that of the rocks 

bringing them to isotopic equilibrium.  Because rocks contain little hydrogen, there is 

little observable shift in δD in water (Clark and Fritz, 1997). 

Samples taken from surface water and springs in the Little Lake area contain δD 

ratios between -95‰ and -108‰.  Groundwater wells downgradient (e.g. BR-5, BR-6, 

and BR-10), which are contained with in the same hydrochemical facies, have δD ratios 

between -92‰ and -105‰.  Similarly, samples taken from the springs and streams within 

the Indian Wells Valley facies, encompassing Short to Five-Mile Canyons, compared to 

groundwater samples in wells NR-2 and BR-6 exhibit δD ratios between -83‰ and -97‰ 
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Figure 4.7: Plot of Deuterium versus Oxygen-18 Relative to the GMWL and Evaporation 
Line for the Southern Great Basin 
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and between -92‰ and -97‰, respectively.  Both sample groups illustrate a consistency 

between deuterium concentrations of the watershed values and the groundwater values.  

Differences in water composition between the topographic watershed and adjacent 

groundwater based on hydrochemical data in the El Paso Basin (Figure 4.4) are also 

exhibited in the isotopic data.  The watershed samples have δD ratios between -88‰ and 

-100‰, while the groundwater samples display δD ratios between -96‰ and -115‰.  

The isotopic signature of the groundwater should resemble that of the water in the 

adjacent watershed, but there is a distinct discrepancy between the El Paso Basin 

groundwater and its associated watershed.  In addition, the isotopic signature of playa 

groundwater is isotopically similar to the El Paso Basin groundwater and the Little Lake 

waters.  This is consistent with the hydrochemical facies distribution (Figure 4.2), 

indicating these two water types comprise a large portion of the groundwater in the 

aquifer. 

 
 

4.2.1.2 Boron-11 
 

Natural sources of boron in groundwater are atmospheric deposition, tourmaline, 

biotite, and amphiboles in crystalline rocks; colemanite, kernite, and borax in evaporites; 

illite in marine shales; residual seawater in isolated aquifers; and magmatic volatiles in 

volcanically active geothermal areas.  An increased concentration of boron in 

groundwater is usually related to enrichment with substances of marine and volcanic 

origin.  Alternatively, increased concentrations of boron may be related to anthropogenic 

pollution.  For example, sodium perborate (NaBO3) is a component of detergents so that 

boron is often present in sewage and in industrial waste (Hem, 1985).  In addition, boron 

is a common constituent of fertilizers (Vengosh et al., 1998). 
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Boron has two naturally occurring stable isotopes, 11B and 10B.  Unlike most 

stable isotopes, the heavy isotope, 11B is the dominant species.  Isotopic composition of 

water is determined as deviations from the international boron isotope standard (NIST 

SRM 951) as defined by (Vengosh and Spivak, 2000): 
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Boron concentrations in groundwaters are generally low while concentrations in 

contaminant sources are usually enriched, making δ11B very sensitive to contamination.  

Within water resources, δ11B covers a wide range of isotopic compositions between both 

natural (e.g., sea water, hydrothermal fluids) and anthropogenic (e.g., sewage effluents, 

fertilizers).  This large variation is approximately 90‰, varying from -30‰ to 60‰, 

making them an effective tool in determining the origin of dissolved constituents in 

groundwaters (Vengosh and Spivak, 2000).  Figure 4.8 illustrates the wide range of δ11B 

values of natural groundwater and potential contamination sources. 

Local precipitation exhibits a δ11B ratio of 7.6‰ (TtEMI, 2003).  As shown in 

Figure 4.9, δ11B ratios throughout Indian Wells Valley range from -26.4‰ to 21.0‰.  

The δ11B ratios of Indian Wells Valley groundwater appear to be distributed into two 

distinct groups.  Most of the groundwater samples in the valley exhibit positive ratios, 

comparable to groundwater values within the interior United States from waters from 

granitics, as well as metamorphic and sedimentary strata, while negative ratios appear to 

be associated almost exclusively with groundwater of the El Paso Basin and southern 

Indian Wells Valley that exhibits a low TDS, Na-HCO3 chemistry, and δD ratios less than 

-102‰, which are not found within the confines of the topographic watershed. 
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Figure 4.8: Range of δ11B in Natural Groundwaters 
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Figure 4.9: Distribution of δ 11B Ratios within Indian Wells Valley 
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4.2.1.3 Strontium  
 

Strontium (Sr2+) is a divalent cation found in easily measurable quantities in most 

rocks.  It readily substitutes for Ca2+ in carbonates, sulfates, and feldspars; thus, it 

participates in many water-rock interactions and, in turn, becomes a significant 

component of most groundwaters.  The similar geochemical behavior of Sr2+ and Ca2+ 

enable strontium isotopes to be used as an analogue to the source of calcium.  Strontium-

87 (87Sr) is a radiogenic daughter product of the slow decay of rubidium-87, which has a 

half-life of more than 107 years.  It is the only isotope of Sr2+ to vary temporally and is 

typically expressed as an absolute ratio normalized to the stable, non-radiogenic 

strontium-86 (87Sr/86Sr).  The 87Sr/86Sr signature of groundwater that enters the system 

gains its isotopic signature from rock-water interaction due to dissolution and ion 

exchange, enabling it to be a good tracer of the source rock(s) of the chemical 

constituents in waters, since the ratio is essentially unchanged on the timescale of 

watershed processes.  With this in mind, groundwaters emerging from differing 

geological terranes will exhibit decidedly different 87Sr/86Sr ratios.  Although the 

differences in strontium ratios appear miniscule, they are significant to ±0.0001. 

Kistler and Ross (1990) performed a detailed analysis of the strontium ratios, in 

which approximately 240 samples of individual plutons of the southern Sierra Nevada 

were analyzed.  The Triassic plutons of the El Paso Mountains and isolated plutons of 

Walker Pass area exhibit 87Sr/86Sr ratios of 0.7039 to 0.7062.  Jurassic plutons that 

comprise the eastern escarpment of the Sierra Nevada from Rose Valley south to Sand 

Canyon and isolated plutons near Little Lake exhibit 87Sr/86Sr ratios of 0.7086 to 0.7171.  

Cretaceous plutons in the southern Sierra Nevada cover a broad range, with ratios from 

0.7072 to 0.7090.  One sample taken from the Jurassic Little Lake granodiorite yielded a 

ratio of 0.7089.  Basalts of the Little Lake area are untested, but based on rock type, ratios 
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should range between 0.7052 and 0.7068.  The distinct differences in the ratios provide a 

mechanism for evaluating flow paths originating from the Sierra Nevada. 

Strontium ratios of the Indian Wells Valley groundwater range from 0.7067 to 

0.7088, a significant range given the precision of the analysis (Figure 4.10).  These data 

were interpreted taking into consideration the variations in strontium isotopes due to 

weathering reactions that occur in the surface streams of the granitics of the Sierra 

Nevada.  Blum et al. (1994) sampled six Sierra Nevada streams at base flow contained 
87Sr/86Sr ratios are 0.00036 to 0.00175 higher than the whole rock value of the 

granodiorite of the range. 

 
 

4.2.1.4 Carbon-13 
 

The chemistry and isotopes of carbon species provide insight into carbonate 

evolution and carbon cycling necessary for an understanding of groundwater quality, fate 

of contaminants, and for correct interpretation of groundwater age.  Carbon has two stable 

isotopes, carbon-13 (13C) and carbon-12 (12C).  The abundance of dissolved inorganic 

carbon (DIC) in rocks, organic material, or groundwater is expressed in per mil deviation 

of the 13C/12C ratio in the sample from that of a standard, PDB (Belemnitella Americana, 

Cretaceous Peedee Formation, South Carolina): 
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The distinctive δ13C signatures can be used to characterize sources of DIC and estimate 

their relative contributions from water-rock interaction within the environment. 
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Figure 4.10: Distribution of 87Sr/86Sr Ratios within Indian Wells Valley 
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Differences in the δ13C ratios of these source materials provide insight into their relative 

contribution to the total DIC in groundwater. 

Carbon generally enters the hydrologic cycle through four dominant pathways: (1) 

formation and dissociation of carbonic acid (H2CO3) during gas exchange between CO2 in 

surface water and groundwater with atmospheric CO2; (2) the biologic activity of plants 

results in respired CO2 in the soil zone that dissolves in water; (3) microbial utilization of 

organic material in the soil also produces CO2 that dissolves in water; and (4) through 

dissolution of mineral phases within the aquifer matrix.  At least half of the carbon in 

recharging groundwater originates as soil zone CO2 produced by plant root respiration or 

decomposition of humic material (Pearson and Hanshaw, 1970), while the remaining 

carbon is from dissolution of carbonate minerals in the unsaturated and saturated zones. 

The δ13C ratio of atmospheric CO2 is approximately -7‰, soil CO2 ranges from -

12 to -27‰, but averages -25‰ (Faure, 1986).  Because atmospheric CO2 has a δ13C ratio 

of -7‰, a HCO3
- solution that has equilibrated with the atmosphere will have a δ13C ratio 

near 1‰.  Marine carbonate should exhibit values between -2 and 3‰, a range much 

more constrained than non-marine carbonates, which cover a much broader range from 

approximately -30 to 15‰ (Hoefs, 1973). 

Additional carbon may be added to the system from magmatic or geothermal 

activity.  The range of δ13C values for DIC of geothermal origin depends on the initial 

composition of the CO2 gas and on the temperature and pH conditions during CO2-DIC 

equilibration.  Some investigators (Moore et al., 1977) have found the range of δ13C 

compositions from CO2-filled inclusions in deep-sea basalts, where the CO2 can only be 

from mantle (geothermal) sources, range from -4.7 to -8.1‰.  However, various thermal 

springs throughout California have exhibited ratios as low as -11‰ (Faure, 1986; Rose 

and Davisson, 1996).   
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Local precipitation has a δ13C ratio of -13.7‰ (TtEMI, 2003).  As shown in 

Figure 4.11, the δ13C ratios in the valley range from -0.2 to -13.4‰.  This is a similar 

range to soda springs throughout the Sierra Nevada, as sampled by Barnes et al. (1981), 

ranging from -4.1 to -13.2‰. 

 
 

4.2.2 Radioactive Isotopes 
 

Radioactive isotopes, or radioisotopes, are isotopes that have an unstable nucleus 

and therefore radioactively decay.  This process offers a mechanism to determine the 

mean residence time or “age” of groundwater, a fundamental parameter in describing a 

subsurface flow regime.  The age of a groundwater sample represents the average over its 

water molecules of the time elapsed since recharging the subsurface.  Radioactive 

isotopes evaluated in this study include tritium, carbon-14 (radiocarbon), and chlorine-36.  

However, the application of each of these isotopes to dating groundwater has limitations 

as described in the following sections. 

 

4.2.2.1 Tritium 
 

Tritium (3H) is a radioactive isotope of hydrogen with a half-life of 12.43 years 

that decays to 3He by the emission of β-- particles.  Tritium occurs naturally in small 

amounts as a byproduct of cosmic rays on nitrogen, but was introduced to the atmosphere 

artificially via fallout from atomic weapons testing in 1952.  Both natural and 

anthropogenic tritium is commonly used in groundwater applications for semi-

quantitative age dating.  Tritium enters the hydrologic cycle via precipitation; therefore, 

the application to Indian Wells Valley is that its presence provides evidence for active 

recharge to the system.  The concentration of tritium in water is expressed by the ratio of 
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Figure 4.11: Distribution of δ 13C Ratios within Indian Wells Valley 
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tritium atoms to hydrogen atoms (i.e., a ratio of 3H/H=10-18 is defined as 1 tritium unit 

[TU]).  Fritz and Clark (1997) summarized qualitative interpretations of groundwater 

mean residence time based on tritium concentrations as follows: 

• Water with less than 0.8 TU is sub-modern – recharged prior to 1952  

• Concentrations between 0.8 and approximately 4 TU is interpreted as a mixture of 

sub-modern (40 to 1,000 years) and recent recharge 

• Concentrations between 5 and 15 TU is considered modern (less than 5 to 10 

years) 

• Concentrations between 15 and 30 TU contains some “bomb” tritium 

• Concentrations between 30 and 50 TU contains a considerable component of 

recharge from the 1960s and 1970s 

• Concentration greater than 50 TU is primarily 1960s recharge 

Tritium measurements have a practical limit of 0.2 TU and are ideally suited for waters 

less than 100 years of age (Mazor, 1991).  While tritium is limited by its short half-life in 

determining an “age” for groundwaters older than 50 years, its presence is useful in 

determining the presence of modern recharge and validating results of carbon-14 and 

chlroine-36 analyses.  Tritium has an advantage over these isotopes, as it is part of the 

water molecule and not subject to the same fractionation processes. 

Tritium analyses were conducted on the south fork of the Kern River, surface 

waters within the topographic watershed, and various groundwater wells within the El 

Paso Basin and southern Indian Wells Valley (Figure 4.12).  Tritium values range from 

below the detection limit to as high as 98 TU.  Numerous wells in the Intermediate Well 

Field exhibit tritium values ranging from 21 to 98 TU, averaging 62.2 TU, indicating a 

large component of 1960s recharge; however, these results have been considered suspect 

by some investigators (Bassett and Einloth, 2000; TtEMI, 2003). 

Precipitation in the Amargosa Desert, east of Death Valley, has a tritium 

concentration of approximately 6.3 TU (Striegl et al., 1997).  Surface samples taken from 
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Figure 4.12: Distribution of Tritium within Indian Wells Valley 
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the springs and south fork of the Kern River exhibit levels of tritium ranging from 0.03 to 

5.52 TU (Figure 4.12).  This indicates a mixing of sub-modern and recent recharge and is 

comparable to present-day runoff values measured in northern New Mexico (Vuatez and 

Goff, 1986), reflecting variance in surface water travel times throughout the watershed, 

enabling older water to be commingled with younger water derived from precipitation. 

 
 

4.2.2.2 Chlorine-36 
 

Chlorine-36 (36Cl) occurs in the atmosphere naturally due to activation of 

atmospheric argon by cosmic radiation, and in turn, arrives at the earth’s surface as dry 

fallout or in precipitation.  Chlorine-36 is expressed in general forms: (1) as atoms of 36Cl 

per total Cl (36Cl/Cl), and (2) as atoms of 36Cl per liter (36Cl/L).  36Cl/Cl, often referred to 

as the specific concentration of 36Cl, by convention, is typically a very small number; 

therefore, for ease of expression, it is multiplied by 1015, yielding values between 0 and 

several thousand.  Conversely, 36Cl/L is typically a large number and is multiplied by    

10-7, yielding values between 0 and 100.  These two expressions provide valuable insight 

into the origin and behavior of 36Cl in groundwater; 36Cl/Cl exhibits no change with 

concentration by evaporation, where 36Cl/L will increase.  Alternatively, 36Cl/Cl will 

decrease in a proportional manner from leaching, evaporite dissolution, or geothermal 

input, where 36Cl/L remain fairly consistent with the corresponding increase in Cl- (Clark 

and Fritz, 1997). 

Unfortunately, a half-life of 301,000 years precludes the use of 36Cl decay to date 

relatively modern waters with any degree of accuracy (Clark and Fritz, 1997).  But, 

similar to tritium, 36Cl experienced a dramatic increase in concentrations (nearly two 

orders of magnitude) with the onset of hydrogen bomb testing.  While qualitative age 

constraints are not as explicit as those derived for tritium, 36Cl/Cl ratios higher than 10-12 
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in natural waters indicate a presence of thermonuclear 36Cl; maximum global values 

during sea level atmospheric nuclear weapons tests were on the order of 1*10-11 (Bentley 

et al., 1986).  Similarly, 36Cl/L concentrations exceeding 107 atoms/L indicate there is 

some component of thermonuclear 36Cl. 
36Cl/Cl ratios within Indian Wells Valley range from 36*10-15 to 4,220*10-15 and 

36Cl/L ratios range from 7*10-7 to 38*10-7 (Figure 4.13).  For comparison, a 36Cl/Cl ratio 

134*10-15 was measured in recent precipitation in the central Sierra Nevada at Yosemite 

National Park (Nimz et al., 1997). 

 
 

4.2.2.3 Radiocarbon (Carbon-14) 
 

Radiocarbon, or carbon-14 (14C), is produced in the stratosphere by the collision 

of secondary neutrons with nitrogen, oxygen, and carbon.  Due to its occurrence in natural 

materials, 14C can be used as a dating tool for materials that contain carbon compounds 

derived from atmospheric CO2 either by simple mixing processes or by carbon exchange.  

As with tritium and chlorine-36, anthropogenic addition of 14C into the atmosphere 

occurred with the nuclear bomb test between 1952 and 1963.  The internationally 

recognized half-life of 14C is 5,730 years, thus, it is a widely used tool to establish 

chronologies for groundwater flow systems and climate records for the Holocene and 

Pleistocene.  It is considered the most important tool for age dating of “old” groundwater.  

The activity of 14C is typically represented as percent modern carbon (PMC).  Values of 

PMC in Indian Wells Valley range from 58.5 to 1.3 (Figure 4.14). 

Carbon-14 enters the hydrologic cycle in the same manner as 13C, as described in 

Section 4.2.1.4.  The dating of groundwater ages with carbon assumes that the decay of 

the carbon begins when there is no longer contact between the groundwater and the 

atmosphere.  Age dating also requires that the source of carbon in the groundwater be 
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Figure 4.13: Distribution of Chlorine-36 within Indian Wells Valley 
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Figure 4.14: Distribution of Radiocarbon within Indian Wells Valley 
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solely from contact with the atmosphere.  This assumption can be violated in cases where 

a portion of the DIC is derived from additional sources, essentially diluting the 14C 

activity.  A large amount of 14C dilution (between 40 and 60 percent) (Clark and Fritz, 

1997) can occur in the recharge zone by the neutralization of dissolved soil CO2 (14C≈100 

PMC) with 14C-absent carbonate minerals (14C≈0 PMC).  Likewise, oxidation of organic 

material can add bicarbonate to the system that is 14C-absent, but has a δ13C value similar 

to soil gas (Pearson and Hanshaw, 1970).  Additional dilution of 14C activity may occur 

along the groundwater flow path due to processes such as ion exchange, sulfate reduction, 

methanogenesis, or addition of DIC from geogenic (geothermal) CO2 the system. 

The application of 14C measurements to dating groundwater requires careful 

evaluation of processes influencing the evolution of DIC along a flow path.  A number of 

different models, including mass balance approaches and isotopic exchange, under open 

and closed conditions (see Clark and Fritz [1997] for review).  In most cases though, the 

various processes that may dilute 14C activity are not sufficiently constrained.  Age dating 

using 14C is further complicated due to the fact that the radiocarbon content of the 

atmosphere has varied due to secular changes during the last 24,000 years (Bard et al., 

1993). 

 
 

4.3 Synthesis of Hydrochemical and Isotopic Data  
 

This section synthesizes the hydrochemical and isotopic data within the context of 

the hydrogeologic data to better constrain flow patterns, recharge source areas, and mean 

residence times.  These interpretations are made considering that as a flow system 

becomes more complex, geochemical and isotopic data do not necessarily provide simple 

source and age interpretations.  This is primarily attributed to an increase in the number 

of recharge and mixing endmembers contributing to groundwater flow, in addition to 
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multiple water-rock reactions working simultaneously or at different times within the 

flow history, which complicates any chemical or isotopic interpretation. 

 
 

4.3.1 Groundwater Flow Paths  
 

Stable isotopes provide information in understanding groundwater provenance 

and flow paths.  Isotopes are evaluated with regards to the hydrochemical data described 

previously.  In addition, the following sections attempt to resolve variations in isotopic 

signatures that do not appear to exhibit systematic trends with flow across the basin. 

 
 

4.3.1.1 Little Lake and Northern Indian Wells Valley 
 

The Na-HCO3-Cl signature of Little Lake waters is indicative of the “dilute 

chloride” geothermal waters as described by Nicholson (1993).  Little Lake waters have 

nearly equal proportions of anions along with elevated magnesium concentrations, large 

variations in potassium concentrations (range from 2.3 to 57 mg/L), and high silica 

relative to discharge temperature – all criteria that indicate a mixture of multiple sources 

(Nicholson, 1993).  Little Lake Group is probably Sierran surface streams and southern 

Owens and Rose Valley groundwater modified by marginal outflow from the Coso 

geothermal system (Whelan and Baskin, 1987).   These waters have also been interpreted 

to be related to several spring and groundwater samples in southern Owens Valley 

(Bauer, 2002). 

A 87Sr/86Sr ratio of 0.7080 was measured at Little Lake from two independent 

studies (Font, 1995; TtEMI, 2003).  Strontium ratios of the granitics forming the 

watershed of Rose Valley south to central Indian Wells Valley, consisting of the Sacatar 

granodiorite (Js), Five Fingers Granite (Kff), Castle Rock granodiorite (Kcr), and Little 
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Lake granodiorite (Jll) are much higher than that of Little Lake.  For example, strontium 

ratios from these plutons are, on average greater than 0.7088, with ratios as high as 

0.8017 and 0.9327 (Kistler and Ross, 1990).  Thus, local Sierran recharge is not the sole 

source of the Little Lake waters and is likely moderated by another source with a lower 
87Sr/86Sr ratio.  The Little Lake signature may be moderated by the local basalts, but 

volcanics in the Coso Range are typically calc-alkaline (Bacon and Duffield, 1981), with 

a large anorthite component (greater than 50 percent) in the plagioclase, so waters derived 

from basalts should be rich in calcium, as observed in the non-thermal spring samples of 

the Coso Range.  The elevated levels of sodium and chloride in Little Lake indicate a 

geothermal component.  87Sr/86Sr ratios taken from brine in well 68-6 at Coso indicate a 

ratio of 0.7071 (TtEMI, 2003).  Ratios from the Owens Lake area are upwards of 0.7095 

(Font, 1995), which suggests Owens Lake is not a major source of Little Lake waters. 

Higher concentrations of magnesium have previously been attributed to contact 

with alteration minerals such as olivine, pyroxene, chlorite, or serpentine present in the 

local basalt flows (Whelan and Baskin, 1987; Thyne et al., 1999).  The majority of the 

Little Lake facies is super-saturated with respect to calcite and dolomite, exhibiting 

saturation indices as high as 3.6.  Thus, high magnesium may not be solely from the 

surrounding basalts, but may also be related to dolomites encountered in deep drilling in 

Rose Valley (Bendix, 1981).  Isotopic ratios of δ13C of 2.1‰ and δ11B of 5.7‰ in Little 

Lake add credence to this hypothesis. 

Groundwater from the deeper piezometers of wells BR-5, BR-6, and BR-10 in 

northwestern and west-central Indian Wells Valley have chemical signatures identical to 

Little Lake, indicating Little Lake waters extend south into west-central Indian Wells 

Valley.  To the east in northern Indian Wells Valley, well 24S/39E-34D1 exhibits a 
87Sr/86Sr ratio of 0.7087 and δ11B ratio of 0.2‰.  These isotopic signatures are not 

similare to the waters of Little Lake and unlike the basalts in the surrounding area, but are 

consistent with the granitic terrane surrounding Rose Valley.  This would support the 
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hypothesis of the buried Owens River channel as a conduit for groundwater flow from 

Rose Valley to northern Indian Wells Valley (see Section 5.4.1).  This is a tentative 

conclusion because of the limited number of isotopes sampled at this well and the lack of 

sample density in this locality. 

 
 

4.3.1.2 West-Central Indian Wells Valley 
 

In west-central Indian Wells Valley, there is a clear flow pattern from west to east 

25S/39E-31R1, 26S/39E-10E1, 26S/39E-11E1, and 26S/40E-9A1.  These wells show 
87Sr/86Sr ratios starting at 0.7072, gradually increasing to 0.7079 near the playa.  This 

same section of wells exhibits an increase in δ11B from 5.2 to 21‰ and δD from-97.5 to -

94‰, as well as a decrease in δ13C from -5.4 to -11.9‰, with ratios as low as -13.4‰ in a 

neighboring well (26S/40E-4Q1).  The line of wells corresponds to the transition zone 

between the Indian Wells-Rose Valley and the Little Lake facies. 

These isotopes trace a definitive flow path to the east with potential mixing with 

Little Lake waters from the north.  Changes in isotopic signatures are probably also 

related to flow through the large amount of clay that occupies much of west-central 

Indian Wells Valley.  The observed enrichment of δ11B may be related to adsorption of 

boron onto clay minerals in the aquifer.  The isotopic fractionation that is associated with 

adsorption enriches the groundwater as by as much as 20‰ (Vengosh and Spivak, 2000).  

Clays that are organic-rich would contain organic carbon (-7 to -30‰) (Hoefs, 1973), 

which could contribute to the observed decreases in the δ13C signature. 

Strontium ratios of the granitics forming the watershed of Rose Valley south to 

Sand Canyon in central Indian Wells Valley are much higher than the groundwater 

samples, indicating that they are not the sole or primary source of the groundwater in 

west-central Indian Wells Valley.  The strontium data indicate this groundwater probably 
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originates from Short and Indian Wells Canyons.  The granite of Five Fingers (Kff), 

encompassing Indian Wells Valley Canyon and the northern extents of Short and 

Grapevine Canyons, exhibits 87Sr/86Sr ratios ranging from 0.7072 to 0.7074, similar to 

ratios observed in these wells. 

There is one sample for δ11B, 87Sr/86Sr, and δ13C in the Sierran streams adjacent to 

west-central Indian Wells Valley taken from Grapevine Canyon.  A δ13C ratio of -0.2‰ is 

indicative of a marine carbonate lithology, possibly related to satellite of the eugeoclinal 

roof pendants of the El Paso Terrane.  This is also supported by the δ11B ratio of 19.4‰, 

also an indicator of a sedimentary host lithology.  In addition, the 87Sr/86Sr ratio of 0.7087 

is too high to be related to the surrounding granitic terrane (Five Fingers granite [Kff]).  

The isotope ratios of strontium in seawater and marine lithologies vary with time of 

deposition; hence, the mineral source of dissolved strontium and age of these source 

rocks can be evaluated by the isotopic ratio (Veizer, 1989).  The 87Sr/86Sr ratio is 

consistent with a Silurian to Ordivician marine sedimentary lithology, similar to the El 

Paso Terrane.  This sample is not representative of the chemistry of the majority of waters 

that would recharge the basin from the Sierran streams. 

 
 

4.3.1.3 El Paso Basin and Southern Indian Wells Valley 
 

As noted in previous sections, the chemical signature of the groundwater of the El 

Paso Basin and southern Indian Wells Valley is unlike that of the adjacent watershed.  

The groundwater displays δD ratios between -96 and -115‰, while the associated 

watershed exhibits δD ratios between -88 and -100‰.  In addition, this area of the valley 

is the only area that contains negative δ11B ratios and appears to be restricted to waters 

that exhibit deuterium ratios less than -102‰.  These ratios range from -26.4‰ in the El 
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Paso Basin to -16‰ and -10.2‰ in southern Indian Wells Valley, and increase to -0.2‰ 

near the sewage ponds. 

There is one groundwater Sr87/Sr86 ratio available from the El Paso Basin, which 

yields a value of 0.7083.  Strontium data for rocks of the Sierran escarpment adjacent to 

the El Paso Basin are sparse (Kistler and Ross, 1990), but the primary pluton that 

comprises this portion of the watershed is the Cretaceous Castle Rock granodiorite, which 

extends from the southernmost Sierra Nevada north into the Kern Plateau (Figure 2.3a).  

Whole-rock strontium ratios vary considerably, but average approximately 0.7084, 

similar to that observed in the one El Paso Basin sample.  Similar ratios, ranging from 

0.7082 to 0.7086, are present within southern Indian Wells Valley and the southwestern 

margin of China Lake Playa (Figure 4.10). 

Two samples (27S/40E-6D1 and 26S/39E-30K1) have strontium isotope ratios of 

0.7078 and 0.7079, much lower than the signature expected to be emanating from the El 

Paso Basin (0.7083), and have ion chemistries indicating influence from leakage of 

geothermal brines.  This is consistent with δ13C ratios of -6.1 to -7.8‰ indicating mantle-

derived, or geothermal, CO2.  As indicated in Section 4.1.6, geothermal leakage in the 

valley is interpreted to be of marine origin related to Paleozoic miogeoclinal sediments 

that may be present below Indian Wells Valley (Erskine, 1990).  The strontium ratios are 

consistent with a Paleozoic age, most likely Permian (Veizer, 1989), for the geothermal 

leakage.  The Permian Owens Valley Formation is the uppermost formation in thrust 

contact along the eastern margin of the Argus Range (Moore, 1976) and, based on the 

tectonic model of Erskine (1990), is likely to be the uppermost section of the miogeocline 

in the sub-thrust below Indian Wells Valley. 

Well 27S/38E-13A1 is another sample entrained with the group of negative δ11B 

values that is much higher at 8.4‰.  Based on the deuterium signature of -93‰ and ion 

chemistry similar to that of the Sierran hydroichemical facies (Ca-HCO3 type), 

groundwater sampled at this well is likely derived from the adjacent watershed.  This 
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value is consistent with the vertical deuterium distribution in the nested piezometers of 

BR-1, in which a Spring 1995 sample in the shallow piezometer had a deuterium 

signature of -96‰, resembling the adjacent watershed, while the deeper piezometers had 

deuterium signatures as low as -103‰, similar to the deuterium signatures of the other 

wells with negative δ11B values.  The strontium ratio of 0.7067 in this well is 

representative of the Triassic Walker Pass (TRwp) and Freeman Junction (TRfj) quartz 

diorites.  The “sedimentary” δ11B signature may be related to contact with the Indian 

Wells roof pendant in Freeman Canyon (Figure 2.3a), which has a Paleozoic eugeoclinal 

origin (Dunne and Suczek, 1990). 

 
 

4.3.2 Groundwater “Age” 
 

Hydrochemical and isotopic data indicate that the groundwater of the El Paso 

Basin and southern Indian Wells Valley is not consistent with the recharging waters of the 

adjacent watershed.  Smith et al. (1992) and Berenbrock and Schroeder (1994) suggested 

this groundwater is related to recharge originating during a cooler and wetter climate.  

Their conclusion was that this groundwater is relict, or remnant, Pleistocene-age recharge 

from the pluvial lake system, reflecting connate conditions with glacial meltwaters 

effectively trapped in the sediments at the time of deposition.  This has been one of the 

fundamental assumptions of the closed basin hypothesis, suggesting that the groundwater 

basin is currently in overdraft and groundwater development is pumping “fossil” water.  

Age dating studies of Bassett and Einloth (2000) and TtEMI (2003) have been used to 

support the notion that this groundwater is Pleistocene age and have also suggested that 

most, if not all, of the deeper groundwater of the alluvial aquifer is also Pleistocene age 

with age dates exceeding 30,000 years.  The following sections provide evidence 

contesting the relict Pleistocene recharge interpretation. 
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4.3.2.1 Stable Isotopes 
 

A large and independently derived body of evidence indicates cooler pluvial 

climates existed in the region in the recent past (see Section 2.6).  This climate produced 

precipitation that was more depleted in deuterium and oxygen-18 than water recharged 

during the warmer, current interglacial climate of the region.  Merlivat and Jouzel (1979) 

suggest that deuterium excess, “d”, may decrease to values less than 10‰ during 

glaciation and, in turn, the meteoric water line described by Pleistocene-age groundwater 

should reflect this shift.  Based on data presented in Figure 4.7, most groundwater 

samples in the El Paso Basin have isotopic values that plot to the right of the GMWL, 

with deuterium excess ranging from +10 to -5‰ with an average near +4‰.  This shift 

may be indicative of Pleistocene-age water, but the range and average deuterium excess 

are also comparable to groundwaters throughout the valley and nearly identical to springs 

and surface waters in the Kern Plateau of the Sierra Nevada.  This suggests a link 

between groundwater and modern recharge in the Sierra Nevada, implying that the 

observed shift off the GMWL is inherited during recharge and not paleoclimatic 

conditions.  This isotopic shift is also consistent with both modern precipitation and 

Holocene-age regional groundwater of central and southern Nevada (Davisson et al., 

1999; Rose and Davisson, 2003). 

 

4.3.2.2 Radioactive Isotopes 
 

Age dates derived from carbon-14 and chlorine-36 have been presented by 

previous researchers (Bassett and Einloth, 2000; TtEMI, 2003) in support of the 

interpretation of deuterium and oxygen-18 as evidence for Pleistocene-age groundwater 

in Indian Wells Valley.  The following section illustrates that age dates presented in these 
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studies have been insufficiently corrected to account for chemical processes that occur 

during recharge and groundwater flow. 

A shallow spring in Grapevine Canyon has a value of PMC of 51.9 yielding an 

age of 5,265 years.  But this sample also clearly has a significant component of modern 

recharge based on a “post-bomb” 36Cl/Cl signature, 4,220*10-15, and a tritium 

concentration of 3.2 TU.  The δ13C ratio of this sample is -0.2‰ and δ11B ratio of 19.4‰, 

suggesting it has equilibrated with a local carbonate source possibly related to the roof 

pendants in the area.  This carbonate source essentially is 14C absent (14C=0 PMC) and 

would contribute significantly to dilution to the 14C.  Other examples of the influence of 
14C-absent carbon within the groundwater basin is clearly seen in wells 25S/39E-31R, 

26S/40E-23B1, and 26S/40E-22P1 where values of PMC of 23.4, 3.9, and 1.7, 

respectively, yield ages of 11,690 years, 26,790 years, and 33,645 years.  These wells also 

exhibit tritium concentrations of 1.5 TU, 1.3 TU, and 1.1 TU, indicating aquifer residence 

times of less than 50 years.  Additional evidence for the influence of depleted carbon is 

found in wells 26S/39E-10E1 and 25S/39E-31R with 36Cl/L deposition of 11*107 and 

22*107 atoms/L, respectively, clearly a “post-bomb” signature, that have 14C ages of 

19,990 and 11,690, respectively. 

In the case of carbon-14 and chlorine-36, age dates indicate the relative “age” of 

particles in the water, whereas tritium is more reliable as it represents a relative age of a 

molecule of water and is not subject to the same chemical processes that may alter the 

carbon-14 or chlorine-36 signature.  The presence of tritium and “post-bomb” 36Cl in 

these samples suggests the groundwater is actively recharged, not relict, and that 

additional sources of DIC and chloride are present within the system.  Factors that affect 

the carbon content of recharging groundwater as described in Sections 4.2.1.4 and 4.2.2.3 

are not accounted for in the corrections performed by TtEMI (2003).  Carbonate 

dissolution, as observed in Grapevine Canyon, and matrix exchange with the aquifer can 

deplete 14C activity significantly, but is unlikely to impart more than 60 percent depletion 
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(Clark and Fritz, 1997); thus, other processes must be occurring.  Sulfate reduction or 

methanogenesis are chemical processes suggested to be occurring along the western 

portions of the valley (Berenbrock and Schroeder, 1994), which may lead to dilution of 
14C.  Ion exchange is another chemical process occurring within the aquifer (Güler, 

2002), but is also unaccounted for in carbon age dating.  Geochemical and isotopic 

evidence also suggest that there is a significant geothermal component in the groundwater 

of Indian Wells Valley.  These processes that may contribute significantly to the dilution 

of 14C ages, but have been ignored in previous 14C age dating studies in Indian Wells 

Valley (Bassett and Einloth, 2000; TtEMI, 2003). 

The degree of geothermal influence in the basin is also illustrated in the 36Cl data.  

There is a systematic decrease in 36Cl/Cl ratios from west to east across the valley, 

ranging from of 4,220*10-15 in Grapevine Canyon to 36*10-15 near the playa.  This 

decreasing trend is consistent with 36Cl/Cl ratios within other valleys along the Sierran 

front showing that playas and hydraulic sinks have much lower ratios (Figure 4.15).  This 

trend is indicative of either a very long residence time (several half-lives on the order of 1 

million years) or the contribution of in situ sources of Cl-.  Even the slowest estimated 

travel times in the aquifer (Berenbrock and Schroeder, 1994) are much too fast for the 

decrease in 36Cl/Cl to be due to radioactive decay.  Many of the samples in Indian Wells 

Valley and the surrounding basins with depleted 36Cl/Cl ratios also contain tritium ratios 

indicating a component of “modern” recharge.  Thus, the low 36Cl/Cl ratios in the distal 

groundwaters are not necessarily a reflection of age, but rather the inclusion of in situ Cl-.  

Phillips et al. (1995) corroborated this assessment for basins throughout California and 

Nevada, showing that lower 36Cl/Cl ratios at hydraulic sinks are not from radioactive 

decay because the total chloride inventory is not large enough to be consistent with 

accumulation over a sufficiently long time interval and there must be a substantial input 

of chloride from a subsurface/geothermal source.  Based on this data, it is not 

unreasonable to assume that a significant amount of inorganic carbon with depleted 14C 
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Figure 4.15: Plot of 36Cl/Cl versus Cl 
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activity is being added to the system from geothermal activity.  As shown in Figures 4.11 

and 4.14, most samples that have 14C ages greater than 5,000 years old have values 

consistent with the majority of dissolved carbon derived from a geothermal source. 

In addition, age dates presented in previous studies are interpreted assuming a 

“piston flow” age, such that the age of water flowing along the aquifer as distance to 

point of recharge divided groundwater velocity (averaged over the flow path).  This 

ignores the effect of mixing (i.e., dispersive flow) and also ignores the effect of chemical 

processes that may affect the isotopes used to discern groundwater age.  These various 

processes and endmembers are not sufficiently constrained to permit the calculation of 

meaningful 14C ages.  The isotopic data as presented herein provide inferences of 

groundwater age, but nothing definitive.  The notion that the isotopic age dates as 

presented by Bassett and Einloth (2000) and TtEMI (2003) support Pleistocene-age water 

should therefore be discarded. 

 
 

4.3.2.3 Hydrologic Mass Balance 
 

In Section 3.1.1.2, a groundwater recharge rate of 11,100 ac-ft/yr was derived for 

the ephemeral and perennial streams that would be indicative of a recharge rate for a 

closed hydraulic basin.  This rate ignores post-development recharge sources such as the 

infiltration from the aqueduct, farms, or municipalities. 

It is instructive to evaluate the volume of water stored within the alluvial aquifer 

in order to estimate the length of time required for the system to “turn over.”  One of the 

largely cited estimates of groundwater storage in Indian Wells Valley is 2,000,000 ac-ft, 

as suggested by Dutcher and Moyle (1973).  But this value of storage is solely based upon 

the upper 200 feet of the aquifer.  This amount appears overly conservative, considering 

that deep drilling along the western edge of the valley drilled through unconsolidated 
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prolific aquifer material that is as much as 2,500 feet thick (USBR, 1993; Monastero et 

al., 2002).  Thus, groundwater storage may be underestimated by as much as one order of 

magnitude and can feasibly be as high as 20,000,000 ac-ft/yr.  Dividing this number by 

the estimated recharge rate yields a mean turnover time of 1,800 years.  This suggests that 

the aquifer would have turned over during Holocene to Recent time.  Note that using the 

aquifer storage estimate of Dutcher and Moyle (1973) causes a corresponding order of 

magnitude decrease in the estimated turnover time to 180 years. 

In a similar aspect, evidence suggests that the transition from the Younger Dryas 

stade into the warmer Holocene interglacial climate was rapid, occurring in less than one 

decade (Alley et al., 1993).  Thus, recharge waters with an isotopic signature similar to 

present day ratios should have begun recharging the valley soon after the last pluvial 

pulse at 11,215 ybp (see Section 2.6).  Under steady-state conditions, this results in 

approximately 125,000,000 ac-ft of water recharging the valley since the last pluvial 

pulse – five times the storage capacity estimated here and 50 times the storage estimate of 

Dutcher and Moyle (1973). 

This hydrologic mass balance suggests that the aquifer turnover rate is too high to 

store significant amounts of Pleistocene pluvial recharge within the aquifer.  This 

estimated turnover rate would be increased with the addition of other recharge sources 

that may be present (e.g., aqueduct leakage).  If there is Pleistocene-age water remaining 

in Indian Wells Valley, it is probably highly mixed and indistinguishable from Holocene- 

to Recent-age groundwater. 

 
 

4.3.3 Tritium as an Indicator of Recharge Mechanisms 
 

Several wells within the valley exhibit tritium values that indicate a significant 

component of modern to sub-modern recharge.  These wells are located within the central 
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and eastern portions of the basin in which groundwater velocities as estimated in Section 

3.1.1.4 are not consistent with the estimated mean residence time indicated by the tritium 

value.  Specifically, wells 26S/40E-20L1 and 26S/40E-22P1 exhibit values of 2.3 TU and 

1.3 TU, respectively, indicating residence times of less than 50 years, but estimated 

groundwater velocities indicate times of more than an order of magnitude greater. 

Most of the drainages emanating from the canyons surrounding the valley have 

associated gulches and washes that reach in to the center of the basin (Figure 3.1).  

During the summer, intense thunderstorms can create flash floods that fill this washes and 

flow for some distance before completely infiltrating the alluvium and recharging the 

aquifer.  It is suggested here that this is the mechanism allowing water with modern to 

sub-modern tritium signatures to be present in the center and eastern portions of the 

valley.  In addition, tritium values of 3 and 4.7 TU at the playa suggest that direct 

precipitation may be recharging the groundwater; however, the thick clay-rich lacustrine 

sediments underlying the playa limit downward migration of both surface water and 

groundwater.  Recharge may be attributed to infiltration of precipitation into the 

desiccation cracks common on playa surfaces in the deserts throughout the Basin and 

Range of southeastern California and western Nevada (Neal, 1965).  Desiccation cracks 

are prevalent open fissures that can be more than a 3 feet wide and more than 15 feet 

deep, typically occurring in polygonal patterns. 

Tritium data from several IWVWD production wells west of Ridgecrest exhibit 

tritium values ranging from 21 to 98 TU (averaging 62.2 TU), indicating a large 

component of 1960s and 1970s recharge (Figure 4.12).  This data has been considered 

suspect by some researchers (e.g., Bassett and Einloth, 2000).  However, if this data is 

reliable, it may potentially locate the recharge associated with the large-scale dumping 

from the aqueduct during the late 1970s, as described in Section 3.1.2.3.  Aqueduct water 

dumped into Freeman Gulch and Little Dixie Wash would likely flow as surface water for 
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some distance before infiltrating in the vicinity of the Intermediate Well Field.  This 

proposition is purely hypothetical and should be evaluated in more detail. 

 
 

4.3.4 El Paso Basin Groundwater 
 

The chemical character of the El Paso Basin groundwater is unlike that of 

groundwater within the rest of the basin.  For the most part, the chemical signature of the 

groundwater in Indian Wells Valley upon recharge remains fairly constant with 

subsequent increases in depth (Thyne et al., 1999).  This is not the case with the El Paso 

Basin; the TDS exhibits a distinctive reduction correlated with depth in the aquifer, 

indicating a potential facies change.  The provenance of this groundwater is not easily 

identified within the confines of the topographic watershed.  It is surprisingly fresh, 

exhibiting an average TDS of less than 250 mg/L and indicates minimal evolution during 

flow throughout the aquifer (Güler, 2002).  Given the amount of groundwater evolution 

occurring in the other portions of Indian Wells Valley (Güler and Thyne, 2004) and the 

chemical signature of the adjacent watershed drainage, the salinity should be much 

higher.  Güler (2002) classified these waters as Group 2 waters, but the dilute Na-HCO3 

chemical signature of the El Paso Basin groundwater is atypical of this evolutionary 

pathway (Figure 4.16).  In addition to low TDS, the chemistry of the El Paso Basin 

groundwater is characterized by relatively high pH values (≥9), the dominant presence of 

HCO3
- and CO3

- in anions, Na+ as dominant cation (as much as 90 percent of all cations), 

high silica (representing between 10 and 20 percent of total mineralization), and high 

fluoride (up to 10 mg/L).  This chemistry is not indicative of weathering reactions in 

surface water and springs of Sierran streams as observed in the Sierran and Indian Wells-

Rose Valley hydrochemical facies, regardless of whether it is interpreted to be recent 

recharge or relict Pleistocene recharge.  These are typical characteristics of low-enthalpy 
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Figure 4.16: Piper Diagram of Primary Hydrochemical Facies 
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geothermal fluids (Nicholson, 1993), which are observed regionally in low-enthalpy 

systems as global as Korea (Yum, 2000), Portugal (Marques et al., 2000), and the 

Aleutian Arc of Alaska (Motyka et al., 1993).  Whelan and Baskin (1987) first proposed 

that the low TDS Na-HCO3 groundwater in the El Paso Basin, based on similarities to 

some waters observed at the Coso geothermal reservoir, resembles low-enthalpy 

geothermal water and possibly a steam condensate.  These types of fluid occur in the 

shallow zone above or along the margins of geothermal system (Nicholson, 1993).  Heat 

for these thermal waters is generally obtained during deep circulation in the host rock as 

opposed to volcanic or tectonic activity. 

The δ11B ratio in the El Paso Basin is -26.4‰ clearly different from local 

precipitation (7.6‰) and the range of groundwater valleys throughout the rest of the 

aquifer, which exhibits ratios greater than 0‰, with upwards of 21‰ (Figure 4.9).  These 

waters also have elevated levels of boron relative to their low TDS.  Elevated levels of 

boron associated with a low δ11B (i.e., less than 0‰) generally reflect the impact of non-

marine, hydrothermal fluids (Figure 4.8) (Vengosh and Spivak, 2000) and the 

introduction hydrothermal steam and condensates (Williams et al., 2001).  The single 

δ13C sample in the El Paso Basin indicates a ratio of -9.2‰.  Given the “hydrothermal” 

indications of the δ11B signature, this value is consistent with the upper end of the range 

of magmatic or geothermal CO2 and also supports the contribution of depleted carbon to 

the area, skewing the isotopic age estimate, which has been previously reported by 

Bassett and Einloth (2000) as 30,799 years (i.e., Pleistocene-age). 

Additional evidence for type of processes that could produce this water (i.e., 

surface versus subsurface) is provided by the sulfate content of the El Paso Basin 

groundwater.  If the initial oxygen content of surface water is consumed along subsurface 

flowpaths by pyrite oxidation to generate dissolved sulfate, approximately 0.33 

millimoles per liter (mmoles/L) of SO4
- will be produced (Appelo and Postma, 1993).  

Shallow subsurface zones maintain a relatively constant O2 content of 0.33 mmoles/L 
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(approximately air saturation) facilitating SO4
- production, while in deeper flow paths, O2 

is depleted and the above reaction will cease.  The sulfate values for nearly all the El Paso 

Basin groundwater samples are about 0.3 mmoles/L, exactly the value predicted.  In 

contrast, samples from surface water in the conventional watershed have much higher 

sulfate values (Figure 4.1).  Thus, it is interpreted that much of the reactions producing 

the El Paso Basin groundwater must occur out of contact with the atmosphere. 

Analysis of stable and radioactive isotopes in Section 4.3.2 indicates the 

groundwater of the El Paso Basin and Indian Wells Valley is related to modern or sub-

modern recharge.  Precipitation falls orographically within the study area; therefore, the 

primary control on the signature of stable isotopes in this area is elevation.  Based on the 

altitude effect (Clark and Fritz, 1997), as elevation increases, precipitation becomes 

progressively depleted of the heavier isotopes, thus reflecting a more negative δD or δ18O 

relative to VSMOW.  Isotopic data recorded from rain gages installed in Freeman Canyon 

(Ostdick, 1997) and Ninemile Canyon (Thyne and Gillespie, 1997), coupled with snow 

core data from higher elevations (Friedman and Smith, 1972), were compiled to 

determine a correlation between elevation and deuterium content for the study area given 

by Thyne et al. (1999): 

 
                                                   Elevation=85.4(δD)-758           R2=0.90 [4.6] 

 
creating a gradient, or altitude effect, of -5.91‰ δD per 500 feet elevation.  This 

relationship differs slightly from that found along the western slope of the Sierra Nevada, 

which exhibits an altitude effect of –6.86‰ per 500 feet elevation (Smith et al., 1979).  

From this relationship, the groundwater of the El Paso Basin Group (-96 and -115‰) is 

derived from precipitation falling at elevations of 7,440 to 9,065 ft amsl.  Ostdick (1997) 

estimated that only 7 percent, or 1,480 acres, of the watershed could provide water of this 

isotopic signature under modern climatic conditions.  This elevation constraint is 
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coincident with the Kern Plateau in the adjacent watershed to the west of Indian Wells 

Valley and has previously been proposed as the recharge area for the geothermal fluids in 

the Coso geothermal reservoir (Fournier and Thompson, 1980; 1982; Whelan, 1990).  

This relationship is also supported by Q-mode hierarchal analysis indicating the El Paso 

Basin groundwater is statistically similar to the waters of the Kern Plateau (Figure 4.3) 

suggesting a genetic link between the two areas (Güler and Thyne, In Press). 

An analogue to this relationship between the Kern Plateau and the El Paso Basin 

can be observed in Pampa del Tamarugal, a desert basin of northern Chile.   This basin is 

flanked by Andes in a similar manner as Indian Wells Valley is bounded by the Sierra 

Nevada.  It is one of the driest deserts in the world, with an average rainfall of less than a 

few millimeters.  Precipitation falls orographically in the surrounding mountains ranging 

from 4 to 8 in/yr in the higher elevations.  Isotopic, geochemical, and geologic evidence, 

in addition to groundwater temperature distributions, suggest that recharge is linked to a 

regional groundwater flow system in which low-salinity groundwater originates in the 

high Andes and emerges through a basement fault system underneath the basin (Magaritz 

et al., 1990).  Groundwater along the edges of the sedimentary basin is “older” and more 

saline than waters within the central portion of the basin.  The “younger,” lower salinity 

water is hypothesized to be associated with waters in the highest elevations of the 

Cordillera de los Andes, more than 40 miles away and 10,000 feet above the basin floor. 

 
 

4.4 Summary  
 

The chemical and isotopic data in the previous sections provides sufficient 

evidence that the Indian Wells Valley groundwater basin is not a closed hydraulic system 

that is primarily occupied by Pleistocene-age groundwater.  The chemistry of the aquifer 

in Indian Wells Valley contains diverse water types and water quality within the basin 



  136  

   

that have remained relatively constant, with very minor changes, throughout the past 

decades of analysis (Whelan and Baskin, 1987).  If Indian Wells Valley were a closed 

basin, under severe overdraft, the water types would be rapidly intermixing, causing 

dramatic changes in water quality as opposed to maintaining such diverse chemical 

groups.  In addition, the presence of geothermal brine leakage into the valley and that this 

leakage indicates a “sedimentary” chemical and isotopic signature related to lithologies 

not present within the topographic watershed also cast doubt on the closed basin model.  

Moreover, there is a large volume of low TDS groundwater in the El Paso Basin and 

southwestern Indian Wells Valley without sufficient local recharge source.  Data suggest 

this low TDS Na-HCO3 groundwater is also geothermal in origin, related to deeper, 

subsurface chemical processes.  Isotopic data suggest that this is not relict Pleistocene 

recharge, but is water related to Holocene- to Recent-age hydrologic processes that appear 

to still be active today.  Since this is also the location of the major hydrologic discrepancy 

(see Section 3.1.1.4), the atypical chemistry supports the hypothesis of a significant 

interbasin recharge component. 
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CHAPTER 5: REGIONAL INTERBASIN FLOW IN RELATION TO 

INDIAN WELLS VALLEY 

 
 
 
 

There is sufficient hydrologic and geochemical evidence suggesting that the 

groundwater of the El Paso Basin originates from the Kern Plateau, outside the 

topographic watershed of Indian Wells Valley.  The following chapter evaluates the 

mechanisms for regional groundwater flow in the southern Sierra Nevada and 

southwestern Great Basin.  Development of a clear understanding of how the regional 

groundwater flow system affects water availability is necessary in order to develop 

management policies that are compatible with the mechanics of the flow system. 

 
 

5.1 Regional Groundwater Flow 
 

The Great Basin is a region in which approximately 26 interbasin flow systems 

have been delineated (Harrill et al., 1988).   Flow in these systems is well established 

both in a theoretical sense (Tóth, 1962; 1963; 1980) and in measurements (e.g., Mifflin 

and Quade, 1988), with groundwater moving within the confines of a hierarchal flow 

system comprised of local, intermediate, and regional flow as illustrated in Figure 5.1.  

Superimposed on the flow system(s) are local and regional structures, such as faults and 

fractures that connect the intermontane basins; as a result, a regional flow system in this 

area is largely fault controlled.  Aspects of this model pertinent to the Great Basin are that 

(1) deep regional flow can pass beneath shallow local areas of high potential (i.e., 

groundwater divides) and (2) variations in permeability with the system can cause 

appreciable discharge upgradient of the hydraulic terminus of the system. 
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Figure 5.1: Theoretical Hierarchal Flow System 
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5.1.1 Established Interbasin Flow Systems 
 

Models of interbasin flow in this region have typically been limited to 

sedimentary rock aquifers of Nevada and Utah.  The Death Valley, Colorado River, and 

Salt Lake systems are the primary regional flow systems of eastern Nevada and western 

Utah, which lay primarily within the carbonate rock province (Figure 5.2).  The western 

flow systems of Nevada, such as the Humboldt and Black Rock Desert, contain minimal 

carbonate rock, consisting primarily of volcanics, metamorphic, and siliceous 

sedimentary rocks.  To the south, the Mojave System is comprised primarily of granitic 

and volcanic rock, but few individual basins are completely topographically closed.  

Historically, the groundwater basins dominated by granitic rock within the southwestern 

Great Basin have not been characterized as hydrologically interconnected.  The region 

encompassing Owens, Rose, Indian Wells, and Searles Valleys has been denoted as an 

area of isolated basins that drain internally.  Previous studies of the local area have 

proclaimed that the granitic rocks of the Sierra Nevada and Argus Range are unable to 

transmit or store significant amounts of water.  But, this assumption is hard to envisage in 

light of Coso geothermal reservoir bounding northern Indian Wells Valley.  This 5-

square-mile-area produces upwards of 46,400 ac-ft/yr of water from the granitics of the 

Coso Range at rates as high as 3,000 gpm and water-bearing fractures are encountered at 

depths as great as 10,500 ft bgs (personal communication, Dr. Carl F. Austin). 

Hydrogeologic investigations proximal to the Indian Wells Valley area have 

provided limited quantitative assessments of the hydraulic role of faults and fractures in 

regional groundwater flow systems (e.g., Faunt, 1997).  Spane (1978) was the first to 

describe regional flow patterns in this area and gave quantitative estimates of regional 

flow in select areas.  In this model, recharge from the Sierra Nevada was solely derived 

from areas east of the crest and regional flow patterns were interpreted to flow from west 

to east, although the north-south orientation of the basins was noted as a possible 
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Figure 5.2: Regional Hydrology of California and Nevada 
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interference to the regional flow pattern.  Recent work by Bedinger and Harrill (2003) 

proposed that Owens, Indian Wells, Searles, and several basins of the northern Mojave 

Desert were perceived to contribute a combined recharge of approximately 100 ac-ft/yr to 

the Death Valley flow system; a nominal amount given the total water budget of nearly 

100,000 ac-ft/yr (Harrill et al., 1988). 

 
 

5.1.2 Kern Plateau 
 

The Kern Plateau is a flat, upland area within the confines of the southern Sierra 

Nevada with an average slope of less than 2 percent.  Precipitation falling in the Kern 

Plateau area is gathered by the drainage of the South Fork of the Kern River, where it 

meanders through a network of meadows.  Many of the meadows within in the Kern 

Plateau are devoid of streams and surface runoff, and likewise devoid of many of the 

coniferous and deciduous trees found in other areas of the southern Sierra Nevada at 

similar elevations (personal communication, Dr. Carl F. Austin).  These meadows capture 

the entire flow of the South Fork of the Kern River in dry years (W. Austin, 1989).  An 

area deplete of moisture in this manner is typical of the inflow region of a regional 

groundwater system (Tóth, 1963).  These meadows are anomalous features that are 

limited to the Sierra Nevada south of Mount Whitney.  These have been interpreted to 

represent the headwall basins of large, listric normal faults, or detachment zones (Erskine, 

1989).  These faults are interpreted to curve into gently dipping detachments that are 

interpreted to rest on top of the Tertiary sediments of the Ricardo and Goler Formations.  

In addition, the Kern Plateau area is very active seismically (Jones and Dollar, 1986). 

These active faults have proven to be the most important conduits for flow through 

fractured crystalline rock (Barton et al., 1995), and may facilitate recharge into a regional 

flow system. 
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5.1.3 El Paso Basin 
 

Based upon water level elevation in select wells, Dutcher and Moyle (1973) 

postulated a groundwater divide in the vicinity of Sage Canyon, but data within the El 

Paso Basin is limited compared to the main water body of Indian Wells Valley.  Muir and 

Birman (1986) conducted a shallow groundwater temperature survey in the El Paso Basin 

to assess local flow patterns within the area.  This technique is based upon the principles 

that water moving through the ground changes the temperature of its surroundings by 

acting as a heat source or sink.  Thus, temperature readings are not an indicator of 

absolute groundwater temperature, but rather an indicator of relative temperature 

differences. 

Re-analysis of the temperature data was performed for this study and similar flow 

patterns of Muir and Birman (1986) were delineated, albeit with moderate variation.  

Figure 5.3 illustrates the hypothesized flow regime in the El Paso Basin based upon 

temperature surveys taken in January 1986.  Flow directions were constrained based on 

interpretation of the temperature data and available hydraulic head data of the shallow 

groundwater.  Thermal “plumes” appear to emanate from the mouths of the Sierran 

canyons, presumably related to surface recharge from the canyons, that trend in diverging 

directions to the southwest and northeast, indicating the presence of a groundwater divide 

is present in the vicinity of Cow Heaven.  Groundwater south of Cow Heaven Canyon 

appears to flow southward through the valley following a well-defined thermal trough, a 

course consistent with the general shape of the bedrock surface and independent of the 

surface drainage patterns (Figure 3.1).   Groundwater north of Cow Heaven appears to 

flow east-northeast also following the contour of the bedrock surface from the Sierra 

Nevada and the lava flows emanating from the El Paso Mountains.  Gravity and seismic 

data indicate no structural or salient features that may cause this divide, therefore, this 
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Figure 5.3: Interpreted Shallow Groundwater Flow Regime in the El Paso Basin 
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divide is not the result of a physiographic feature, and may possibly be a groundwater 

mound attributed to a deeper extra-basinal recharge zone. 

 The significance of this observation is that the groundwater divide not coincide 

with the topographic divide (Figure 5.3).  Typically, in a closed basin system, 

groundwater divides should coincide with topographic divides (Farvolden, 1969; Mifflin, 

1988).   The groundwater divide at Cow Heaven Canyon, interpreted here to be the result 

of extra-basinal recharge, is consistent with the argillic alteration in the area surrounding 

the canyon (Table 2.1), which is indicative of outflow zones of shallow, low-temperature 

geothermal fluids (Nicholson, 1993). 

Based on the proximal location to the eastern escarpment of the Sierra Nevada, 

hydraulic gradients should be downward, reflecting the contribution of mountain-front 

recharge.  To the contrary, nested piezometers BR-1 and BR-2 exhibit upward gradients 

in the lower and middle piezometers that have previously been ascribed to local semi-

confining conditions (USBR, 1993).  However, there is no evidence in the well logs 

indicating the presence of a low permeability stratigraphic unit such as clays related to the 

pluvial lakes or lava flows from the El Paso Mountains that would cause these confining 

conditions (Ostdick, 1997).  Seismic data of O’Brien (1989) indicate that the southern 

Sierra Nevada may onlap the upper Ricardo Group, as a result of southward slumping and 

rotation of the Sierra Nevada into the depocenter of the Goler Basin (see Section 2.3).  

The seismic data indicate that the proposed onlap of the Sierra Nevada exists at 

approximately 3,300 ft/sec, which corresponds roughly to 1,500 feet in depth.  This is the 

approximate depth interval of the lower well screens of BR-1 and BR-2 in which the 

upward gradients are observed.  Thus, it is possible that the upward gradient observed in 

these two wells may represent a discharge zone at the interface of the Upper Ricardo 

Group and the overlying Quaternary alluvium.  This is consistent with borehole data of 

BR-1, which is interpreted to be drilled approximately 400 feet into the Upper Ricardo 

Formation in which the lower piezometer is screened (USBR, 1993). 
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5.1.4 Inferred Depth of Interbasin Flow 
 

A phreatic divide is coincident with the topographic divide that defines the outline 

of the topographic watershed (Howard et al., 1997a).  The hierarchal flow system model 

developed by Tóth (1962; 1963) offers a model for recharge from the Kern Plateau to 

bypass the phreatic divide entering the southwest corner of Indian Wells Valley (Figure 

5.1).  The nature of flow from the Kern Plateau to the El Paso Basin may be inferred from 

[Na+]/[K+] ratio.  The [Na+]/[K+] ratio of the El Paso Basin groundwater is approximately 

100, indicating shallow, relatively lateral flow and near-surface reactions, as opposed to a 

low ratio (e.g., less than 15) indicating deeper waters and upflow structures (Nicholson, 

1993).  For instance, the ratios of waters at Little Lake and Coso (e.g., Coso No. 1 and 

CGEH No. 1) are approximately 14 and 11, respectively.  The shallow flow path is 

consistent with the “granitic” isotopic (δ11B, 87Sr/86Sr) and chemical (Br/Cl ratio) (Figure 

4.5) data.  Deeper flow paths may be cross formational as described by Tóth (1980), 

encountering underlying marine sediments in the sub-thrust of the Sierra Nevada 

(Erskine, 1990), resulting in geothermal brines with a “marine” signature (e.g., Nimz et 

al., 1997).  Thus, it is interpreted here that the regional flow pattern from the Kern 

Plateau to the El Paso Basin represents an “intermediate” flow path, as defined in the 

theoretical model depicted in Figure 5.1. 

 

5.2 Lineament Analysis 
 

If waters of the Kern Plateau area are to arrive in the El Paso Basin, the bedrock of 

the Sierra Nevada must be sufficiently fractured and/or faulted to engender flow paths.  A 

broad, basin-scale permeability study, necessary to quantify the recharge mechanism 

proposed in this study, faces large problems in data collection.  Therefore, a regional 

lineament analysis of the southern Sierra Nevada and southwestern Great Basin was 
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conducted to assess the frequency and distribution of potential water-conducting features.  

The objective of this lineament analysis was to annotate regional structural trends that 

may encourage or impart an effect on regional groundwater flow. 

 
 

5.2.1 Mapping Methodology 
 

Lineaments represent naturally occurring alignments of soil tones, topography, 

stream channels, vegetation, or combinations of these features apparent on aerial and 

satellite photographs assumed to represent faults and areas of intense fracture zones of 

tectonic origin sufficient enough to conduct fluids.  Also, it is assumed that geomorphic 

expression, such as narrow depressions quarried by glacial action observed readily within 

the southern Sierra Nevada represent areas preferentially susceptible to mechanical 

weathering.   On terranes covered by recent alluvium, the interpretations of lineaments 

were based on more subtle criteria such as tonal variations and were presumed to 

correlate to underlying bedrock structures.  With some exception, lineaments are not 

treated as individual structural elements, but rather, are assumed to be attributed to a 

statistical significance on the level of a set of parallel linear grouped elements.  Manmade 

features such as roads/highways and fence lines were noted, but not included in the 

lineament analysis. 

Lineaments were mapped from high-resolution aerial photographs and satellite 

imagery, using multiple trials, and retaining the common lineaments of repeated trials 

similar to the methods of Mollard (1962) and Mabee et al. (1994).  Upon each trial, 

images were rotated 90° counter-clockwise from the previous trial to obtain a dissimilar 

perspective when annotating the linear features.  These trials were also attempted using 

various combinations of LANDSAT bandwidths to remove various spatial frequencies 

and enhance the prominence of the linear features.  Furthermore, a systematic 
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multitemporal analysis was conducted; lineaments were mapped from another satellite 

image taken from different times of the day and approximately 20 years apart.  This 

should allow for a sufficient degree of confidence in the physical reality of recognized 

lineaments. 

During this process, approximately 40,000 lineaments were mapped.  Maps 

generated were then compared, and supplemented, with proprietary studies conducted 

within the area and annotated in a similar manner (Dr. W. H. Austin, previously 

unpublished proprietary data courtesy of Golden Jubilee Mining).  Interpretations were 

combined and lineaments uncommon to both interpretations were discarded.  More than 

2,500 were removed from the interpretation of W. Austin and approximately 4,200 were 

removed from the interpretation conducted for this study.  Common lineaments from both 

efforts are presented in Figure 5.4.  The density of lineaments is more substantial than 

prior studies in Indian Wells Valley (Ostdick, 1997), central Sierra Nevada (Lockwood 

and Moore, 1979; Segall and Pollard, 1983) and the Coso Range (Roquemore, 1980).  

Faults as compiled by Jennings (1977) are shown for comparison (Figure 5.4, inset). 

 
 

5.2.2 Lineaments and Fracture Patterns 
 

Results of the lineament analysis suggest that Indian Wells Valley and the 

surrounding area exhibit a significant degree of tectonic disruption.  The density of the 

annotated features implies a sufficient permeability of the granitic terrane to conduct 

fluids.  With the exception of local changes, the lineament analysis reveals strong 

preferred fracture orientations and distinct fracture domains defined by internally 

consistent fracture patterns.  These various fracture domains are presumably related to 

spatial and temporal heterogeneities in the stress field during the development of the 

fracture systems.  Terranes that have experienced multiple episodes of tectonic 
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Figure 5.4: Regional Lineament Map of the Southern Sierra Nevada and Southwestern 
Great Basin 
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deformation, such as the Sierra Nevada (see Erskine [1990] for review), should be a 

common environment for multiple fracture and faulting patterns. 

It is tentatively assumed that straight lineaments, which are independent of 

topography, extend sub-vertically where as curvilinear structures are generally assumed to 

dip less steep.  Arcuate patterns are prevalent throughout the region and may be a guide to 

locating geothermal anomalies.  Austin (1977) states that the occurrence of a geothermal 

system may be identified by the predominant surface signature, which may be a caldera 

due to major eruptions followed by depletion of upper heat and magma (e.g., 

Yellowstone, Long Valley); a ring fracture without the development of a caldera, in turn, 

suggesting a relatively shallow system (e.g., Coso); or less definite intrusive zones (e.g., 

The Big Geysers, Cerro Pierto).  Many of the arcuate patterns may also prove to be, based 

on the Sierra Nevada overthrust model of Austin and Moore (1987) and Erskine (1990), 

the surficial expression of anticlines beneath the Sierra Nevada thrust complex. 

Fractures measured in canyons (M. Zic, unpublished data; Ostdick, 1997) are 

consistent with regional trends showing conjugate sets trending northwest-southeast and 

northeast-southwest (Figure 5.5).  However, no single fracture trend is predominant, 

suggesting a high potential for interconnection of the fractures.  Studies by Velde et al. 

(1991) within the central Sierra Nevada concluded that fracture systems are consistent 

with fractal theory, which predicts a repetition of patterns on scales ranging from inches 

to miles.  Thus, it is presumed that behavior of flow within fractures on a small scale can 

be considered similar to flow on a regional scale. 

 
 

5.3 Effect of Geologic Structure on the Hydrology of the Southern Sierra Nevada 
 

 The regional topographic and groundwater gradient from the Kern Plateau is 

essentially east, to Death Valley and the Colorado River, the two most proximal terminal 
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Figure 5.5: Frequency-based Rose Diagrams of Fractures Measured throughout the 
Southern Sierra Nevada 
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sinks within the Great Basin (Figure 5.2).  Yet, a large volume of flow from the Kern 

Plateau appears to flow to the southeast into southwestern Indian Wells Valley via the El 

Paso Basin.  Much of the rocks exposed throughout the Indian Wells Valley area also 

have a structural, lithologic, or tectonic anisotropy imposed upon it.  On the scale of feet 

to miles, there are faults and dike swarms that define a northwest-southeast anisotropy in 

the basement.  Hence, the geologic structure of the southern Sierra Nevada may impart 

significant control on regional groundwater flow patterns. 

 
 

5.3.1 Quantifying Anisotropy 
 

Regionally pervasive fracture systems create permeability trends and regional 

anisotropy that are manifest through hydraulic potential.  High permeability trends caused 

by preferential fracturing can determine if, and where, interbasin flow will occur and 

whether regional flow systems will exist (Mayer and Sharp, 1995).  In some instances, 

groundwater flow direction is determined as much by fracture-related anisotropy as by the 

hydraulic gradient. Thus, direction of flow through fractures may be different than the 

regional gradient if permeable fracture zones are not oriented parallel to the topographic 

gradient (Maclay and Small, 1980; Issar and Gilad, 1982; Xhang and Sanderson, 1995; 

Zahm, et al., 1998).  In this case, common inferences about flow may be inappropriate. 

Parsons (1966) proposed that the effective flow direction is neither aligned with 

the plane of the fractures nor the hydraulic gradient, but rather, a combination of the two 

effects causing flow in a third, unique direction that can be approximated using a 

modification of the cubic law.  By using the cosine of the angle (α) between a given 

fracture orientation and the axis of the hydraulic head gradient, the component of the 

hydraulic head gradient can be resolved.  Permeability of fractured rock is typically 

greatest in the direction parallel to the preferred fracture orientation and conductive 
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fracture length is typically the most sensitive parameter in flow modeling (Dverstorp and 

Andersson, 1989).  Thus, this theory was further modified by Zahm, et al. (1998) to 

incorporate the variability of fracture orientation and to accommodate the influence of 

fracture trace length, with the addition of a fracture anisotropy factor (Ωf), in the form: 
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where: 

vf is the specific discharge as an implicit function of direction, [LT-1]; 

kf is the aggregate fracture permeability, [L2]; 

ρ is the density of the fluid, [ML-3]; 

g is the gravitational acceleration constant, [LT-2]; 

µ is the fluid viscosity, [MT-2]; 

dh/dl is the hydraulic gradient, [L/L]; and  

φf is the aggregate fracture porosity, [dimensionless]. 

 

The fracture anisotropy factor is determined by normalizing the “petals” of the length-

weighted rose diagram of lineaments mapped from the southern Sierra Nevada east of the 

Kern Canyon Fault, from the Mount Whitney highlands south to the Tehachapi 

Mountains (Figure 5.6a).  A histogram of the fracture anisotropy factor plotted versus 

orientation is shown in Figure 5.6b, illustrating the relative amount of weighting for each 

orientation.  These data indicate there are essentially two primary fracture orientations 

within the fracture domain oriented northwest-southeast and northeast-southwest. 

Seismic and gravity surveys (O’Brien, 1989; Black et al., 2002) indicate that the 

granitic rocks of the southern Sierra Nevada exhibit a reduced mean crustal density.  

Portions of the southern Sierra Nevada exhibit seismic velocities of 8,000 ft/sec, as 
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Figure 5.6: Length-weighted Rose Diagram of Mapped Lineaments and Histogram of 
Calculated Anisotropy Factor 
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opposed to 16,000 to 20,000 ft/sec expected for a competent granite.  The nature of these 

low-density and low-velocity zones is unknown, but may be tectonically related, 

corresponding to zones of intense fracturing.  The low seismic velocity suggests the 

permeability of the Sierra Nevada should be near the upper end of observed permeabilites 

for this rock type, approximately 10-11 m2 (Freeze and Cherry, 1979; Fetter, 1994), and 

the upper end of the fracture permeability at the watershed scale (Hsieh, 1995). 

Porosity of unweathered crystalline rock usually varies between 0.1 and 1 percent, 

but if weathered or significantly fractured, porosities may be as high as 15 percent (Gale, 

1982).  O’Brien (1989) estimated the porosity of the southern Sierra Nevada to be 

between 7 and 10 percent.  This is consistent with the findings from deep drilling in the 

Coso antiform indicating porosities of up to 10 percent at depths of up to 10,000 ft bgs 

(personal communication, Dr. Carl F. Austin).  Permeability and porosity may vary 

locally throughout the Sierra Nevada, but mean properties are the primary influence on 

regional-scale flow (Forster and Smith, 1988). 

Calculated vectors exhibit flow in two primary directions, S20°W to Lake 

Isabella, a major hydraulic sink in the southern Sierra Nevada, and S40°E, to the El Paso 

Basin (Figure 5.7).  Minor variations in the direction of the hydraulic gradient 

significantly alter the flow vector geometry, indicating the sensitivity of this parameter.  

Southward directed flow is consistent with mapping conducted by Howard et al. (1997a; 

1997b), in which north-trending faults mapped on the east side of the Sierran crest that 

extend for more than 10 miles.  These faults cross-cut Five-mile, Deadfoot, Ninemile, and 

Noname Canyons and were observed to divert the canyon’s stream flow into the 

subsurface where it later emerged at the surface along sub-horizontal fracture zones.  This 

hydraulic gradient in the fracture zones was measured as 0.028 to the south as opposed to 

the east, down the slope of the eastern Sierran escarpment. 

Estimated flow velocities are approximately 2.0 ft/day to the El Paso Basin and 

3.1 ft/day to Lake Isabella (Figure 5.7).  These rates indicate it takes approximately 215 
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Figure 5.7: Calculated Flow Vectors from the Kern Plateau Region 
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years for water originating in the Kern Plateau to reach the El Paso Basin, which is 

relatively fast (e.g., Buchanon, 1989) given the lineal travel distance of approximately 30 

miles, but is consistent with average rates for topographically driven flow systems 

(Garven, 1995) and geothermal fluids (Rybach, 1981).  This rapid flow rate is supported 

by low TDS and minimal δ18O shift in El Paso Basin Group groundwater, implying a 

large water-to-rock ratio and/or rapid flow rates. 

Some wells within the El Paso Basin exhibit trace amounts of tritium (e.g., 

Knecht, 0.11 TU).  This is contradictory to the flow rates estimated in the velocity vector 

calculations.  This may be attributed to mixing with modern surface waters, although an 

alternate interpretation may be garnered from the work of Andrews et al. (1989), which 

demonstrated that rocks with high uranium, thorium, and potassium (i.e., granitic) have 

the potential to produce minor amounts of tritium due to neutron activity of nitrogen.  The 

short half-life of the isotope maintains concentrations very close to the detection limit. 

 
 

5.3.2 Comparison of Calculated Flow Vectors with Structural Features 
 

The calculated flow vectors are essentially coincident with two suites of roof 

pendants in the southern Sierra Nevada, one consisting of the eugeoclinal El Paso Terrane 

and the other of high-grade metasedimentary and metaigneous lithologies of the Kings 

Sequence in the Lake Isabella area (Figure 5.7).  Both suites of roof pendants are flanked 

on their western margins by Mesozoic mylonitic shear zones.  The El Paso Terrane is 

bounded by the Kern Plateau Shear Zone, which coincides with the principal lithospheric 

compositional transition in the Sierra Nevada and may represent a suture zone in the 

batholith (Dunne, 1989).  This shear zone is nearly 2 miles wide, trending northwest for 

over 60 miles from the eastern front of the Sierra Nevada in Freeman Canyon through the 

Kern Plateau across both forks of the Kern River.   This shear zone exhibits evidence of 
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reactivation, but the absolute age of this reactivation cannot be constrained with certainty.  

The Kings Sequence is bounded by the proto-Kern Canyon Fault that bisects the batholith 

and may represent the southern continuation of an intra-batholithic break (Saleeby and 

Busby-Spera, 1993).  This shear zone has been partially reactivated as a narrow, brittle 

Cenozoic fault zone referred to as the Kern Canyon Fault, which bifurcates to the 

southwest, north of Lake Isabella.  The degree in which these structural features affect 

regional flow is uncertain, but their coincidence with the flow vectors indicates these 

features impart a regional structural fabric contributing to the observed anisotropy. 

 
 

5.3.3 Interbasin Flow to the Coso Geothermal Reservoir 
 

The Kern Plateau is the hypothesized recharge location for the El Paso Basin 

groundwater.  The Kern Plateau has also been suggested as the recharge area for the Coso 

Geothermal Field (Fournier and Thompson, 1980; 1982; Whelan, 1990).  However, the 

calculated flow vectors from the Kern Plateau indicate a minor component of flow 

directed east to Coso (Figure 5.7).  Deuterium ratios of thermal fluids at Coso exhibit 

ratios as low as -121‰, with some condensates being depleted as much as -132‰.  Based 

on the elevation relationship presented in Section 4.3.4, the Kern Plateau is neither at 

high enough latitude nor elevation to produce deuterium ratios this low.  Thus, it can be 

concluded that the high Sierran recharge source feeding the Coso System originates from 

an area higher in elevation and latitude, much like area surrounding Templeton and 

Monache Mountains, which is situated south of the Mount Whitney highlands and 

southwest of Owens Lake.  This would require a regional flow vector that is essentially 

parallel to the flow vector from the Kern Plateau to the El Paso Basin. 

A relationship between this area and Coso can be gleaned from ryholite volcanic 

centers that form these mountains, which are comagmatic with those of the lower 
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elevation Coso dome field and Darwin Plateau (Bacon and Duffield, 1981).  The 

comagmatic volcanic centers located in the high Sierra and the lower hills and plateaus to 

the east indicate a noteworthy structural connectivity in the subsurface in a northwest-

southeast oriented geographic trend, parallel to the direction of regional extension.  The 

0.185±0.15 Ma age date (duBray and Moore, 1985) indicates that this structural 

connectivity is relatively young and may still be present. 

 
 

5.3.4 Owens and Saline Valleys to Northern Panamint Valley 
 

There is also evidence for interbasin flow to the north of Indian Wells Valley in a 

similar northwest to southeast flow pattern.  Isotopic and fossil evidence indicate that the 

two playas that currently occupy Panamint Valley were not connected during some lake 

highstands of the pluvial Owens River System (Jayko et al., 2002).  This implies that at 

least the northern end of Panamint Valley must have been groundwater fed, if surface 

water flow of the Owens River System fed the valley from the south and did not breach 

the divide (Figure 2.11).  This is also supported by analyses of fossil ostracods throughout 

Panamint Valley, which suggest an environment in which the pluvial lakes may have 

been primarily groundwater fed as opposed to simply surface water overflow (Roof, 

2001).  Based on present-day groundwater levels and regional gradients, groundwater flux 

into northern Panamint Valley most likely originated from Saline and Owens Valleys to 

the north-northwest, flowing through the southern Inyo and northern Argus Ranges. 

Geologic evidence suggests that these areas are underlain by a shallow (0° to 15°) 

detachment fault, which accommodated Pliocene westward displacement of the range and 

opening of Panamint Valley (Burchfiel et al., 1987).  This detachment fault may act as a 

conduit for interbasin flow into northern Panamint Valley. 
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5.4 Estimates of Interbasin Recharge to Indian Wells Valley 
 

The following sections describe estimates of interbasin recharge contributions 

from adjacent Rose Valley and Coso Basin.  In addition, several methods were employed 

to estimate the quantity of interbasin recharge to the El Paso Basin. 

 

5.4.1 Rose Valley 
 

Rose Valley comprises the northern extension of the Indian Wells groundwater 

basin (Figure 2.6).  The effect on the hydrology of Indian Wells Valley and its potential 

recharge contribution to the basin has been understated in prior studies, typically 45 ac-

ft/yr (e.g., Bloyd and Robson, 1971). 

Previous estimates of mountain-front recharge contributed to Rose Valley from 

the Sierra Nevada and Coso Range, varying from 660 ac-ft/yr (Rockwell, 1980) to 800 

ac-ft/yr (Saint-Amand, 1986).  These values are considered here to be underestimated 

when considering the Sierra Nevada west of Rose Valley is the approximately the same 

distance from Freeman Canyon to Ninemile Canyon along side Indian Wells Valley.  

Given that area, mountain-front recharge in Rose Valley is at least on the order of 4,000 

ac-ft/yr.  This is a conservative estimate considering that the Sierra Nevada adjacent to 

Rose Valley is in a higher and wetter zone than that adjacent to Indian Wells Valley, and 

this estimate disregards any contribution from the Coso Range or flow south from Owens 

Valley, which is estimated to range from negligible amounts (Rockwell, 1980) to as much 

as 15,000 ac-ft/yr (Lopes, 1987). 

Rose Valley groundwater does not appear to flow east and enter the Coso 

geothermal reservoir; rather, based on hydraulic head distribution, shallow groundwater 

in the western Coso Range should flow west into Rose Valley.  However, with the 

exception of the localized indications observed at Little Lake, the water chemistry of 
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Rose Valley groundwater appears devoid of geothermal influence.  An impermeable 

barrier formed by mineral deposition (Fournier and Thompson, 1980) and/or faulting 

along the eastern margin of the valley (Bauer, 2002) appears to preclude migration of 

geothermal fluids from Coso into Rose Valley.  Austin and Durbin (1985) suggest instead 

that the ponded water at Little Lake, combined with the hydraulic gradients from the 

Sierra Nevada, displaces the hydrothermal fluids eastward.  Thus, groundwater in Rose 

Valley must discharge south into Indian Wells Valley. 

A water budget for Little Lake calculated by Bauer (2002) estimated that 

approximately 1,230 ac-ft/yr of Rose Valley groundwater contributes to Little Lake, 770 

ac-ft/yr of which becomes surface water flow into Indian Wells Valley after losses from 

evaporation off the lake and combines with other surface water sources (Figure 3.3).  The 

remaining 2,770 ac-ft/yr of Rose Valley groundwater must flow into Indian Wells Valley 

subsurface.  The collective flux of 3,300 ac-ft/yr from the combined Little Lake outflow 

and 2,770 ac-ft/yr of groundwater flow from Rose Valley suggests a total average 

recharge rate of 6,070 ac-ft/yr to northwestern Indian Wells Valley.  This is roughly two-

thirds the contribution to Indian Wells Valley originally estimated by Thompson (1929). 

The estimated flux through Little Lake Gap is nearly identical to the Maxey-Eakin 

derived recharge for the same area (Table 3.4); thus, the amount of flow subsurface 

through Little Lake Gap may be minimal.  A mechanism for this subsurface recharge 

entering Indian Wells Valley may be the buried Pleistocene Owens River Channel 

(Duffield and Smith, 1978).  While surface water drainage has been diverted to the west 

into present day Little Lake Gap (Section 2.6), this buried channel may still act as a 

conduit for Rose Valley groundwater into northern Indian Wells Valley.  The channel 

may preserve gravels and sands related to the Owens River System beneath the lava 

flows.  Similarly, the fractured basalts may potentially conduct significant amounts of 

groundwater.  While there are no water supply wells within the rocks of the Coso 

volcanic field to evaluate them hydraulically, similar volcanic rocks to the north in the 
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Big Pine volcanic field in northern Owens Valley and the volcanic deposits along the 

flanks of Tinemaha Reservoir are the most transmissive materials of the Owens Valley 

groundwater system (Danskin, 1988; Hollet et al., 1991).  Hydraulic conductivities for 

these rocks range from 400 to 12,000 ft/day, averaging 3,000 ft/day.  Geophysical data 

presented in Duffield and Smith (1978) indicate the buried channel has a saturated cross-

sectional area, based on the current level of Little Lake, of approximately 25,000 square 

feet (ft2).  The hydraulic gradient from southern Rose Valley into northern Indian Wells 

Valley is approximately 0.025 ft/ft.  Using 400 ft/day as a conservative value of hydraulic 

conductivity from these data, flow through the buried river channel may be 2,100 ac-ft/yr, 

a value comparable to that estimated to flow subsurface into Indian Wells Valley.  This 

flow path is supported by sparse isotope data as discussed in Section 4.3.1.1, but at this 

stage of research, this mechanism of recharge is purely speculative.  If the lava flows 

were impermeable enough to divert the surface waters of the Owens River System during 

the Pleistocene, it is possible they have diverted the groundwater as well.  Drilling in this 

area is recommended to verify this location as a present-day conduit between Rose and 

Indian Wells Valleys. 

 

5.4.2 Coso Basin 
 

Spane (1978) conducted a hydrogeologic analysis of the Coso Hot Springs area 

that is located within the Coso Hot Springs Sub-basin (i.e., Coso Wash) in the southern 

Coso Range (Figure 2.6).  Recharge to the shallow groundwater system in the Coso Hot 

Springs sub-basin was estimated as 390 ac-ft/yr, which includes a 15 ac-ft/yr contribution 

from the Upper Cactus Flat Sub-basin.  This value is approximately equal to the 334 ac-

ft/yr presented in this study.  Comparison of the two approaches used to derive these 

numbers shows small differences in acreage delineated at each elevation interval that 

contributes to groundwater recharge. 
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Spane (1978) also estimated that based on regional gradients and flow patterns, 

approximately 2,800 ac-ft/yr flows through the fractured basalts of Haiwee Ridge 

southeast into the Coso Hot Springs Sub-basin (i.e., Coso Wash), which subsequently 

drains into Coso Basin.  The northwest to southeast regional flow pattern is consistent 

with analyses conducted in previous sections.  This interbasin recharge, combined with 

the 560 ac-ft/yr of recharge estimated from the Maxey-Eakin Method (see Section 

3.1.1.2), results in a potential contribution of 3,260 ac-ft/yr from the Coso and Argus 

Ranges.  As noted in Section 2.5.3, however, it is uncertain whether the majority of this 

recharge reaches China Lake Playa.  This water may discharge at Airport Lake Playa, but 

an additional mechanism for discharge of this water is discussed in Section 5.5.2. 

 
 

5.4.3 El Paso Basin 
 

Analytical flux calculations estimate the amount of flux from the El Paso Basin 

into Indian Wells Valley as 22,805 ac-ft/yr.  The previous chapters have presented 

hydrochemcial, isotopic, and hydrogeologic data that indicate the Kern Plateau as a likely 

recharge source to the El Paso Basin.  Additional methods of estimating recharge were 

evaluated to better constrain this estimate, which include a deuterium mixing model, re-

evaluation of the chloride mass-balance method, and an analogue from the calculated 

flow vectors from the Kern Plateau. 

 
 

5.4.3.1 Recharge Calculations from Deuterium Mixing Model 
 

The stable isotopic and chemical composition of groundwater is the integration of 

all recharge sources, as such, it should reflect a mixed isotopic or chemical signature 

roughly in proportion to the amount of water derived from conventional recharge and the 
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extrabasinal source assuming conservative behavior.  The extra-basinal source to the El 

Paso Basin postulated here is the Kern Plateau.  Based on δD-δ18O plot in Figure 4.7, the 

El Paso Basin groundwater is located between the two endmembers on the meteoric water 

line.  Mixing within a regional groundwater system has an effect of dampening seasonal 

signals and averaging the isotopic and chemical composition of groundwaters from 

different recharge environments.  Isotopic and chemical compositions in well-mixed 

groundwaters should converge on a mean weighted value of all recharge contributions 

(Clark and Fritz, 1997).  This mixing effect is evident when examining the Br/Cl ratios of 

the hydrochemical facies presented in Figure 4.5.  There is clearly a defined shift in 

chemical signature between seasons in the surface related waters (Sierran streams, Little 

Lake, shallow groundwater in west-central Indian Wells Valley), but a seasonal shift is 

indiscernible in the deeper groundwaters like the geothermal brines and the El Paso Basin 

groundwater. 

The degree of mixing between two distinct groundwaters can be quantified by 

simple linear algebra using conservative chemical or isotopic parameters.  Deuterium is a 

useful groundwater tracer because it is part of the water molecule, it does not decay with 

time, and it is not removed from water by exchange processes during movement through 

most aquifer materials (Winograd and Friedman, 1972; Kirk and Campana, 1990).  The 

relative contribution of hypothesized sources of the El Paso Basin groundwater can be 

defined algebraically as: 

 

         δDEl Paso Basin Groundwater = χδDEl Paso Basin Watershed + (1-χ)δDKern Plateau     [5.2] 

 

Based on deuterium ratios, Thyne et al. (1999) estimated that recharge waters of the Kern 

Plateau may comprise as much as 97 percent of the groundwater of the El Paso Basin.  

The amount of interbasin recharge can be calculated using a δD mixing model and 
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assuming that the El Paso Basin groundwater is a mixture of recharge from the local 

watershed and the recharge from the Kern Plateau: 

 
                                                     332211 DQDQDQ δδδ =+  [5.3] 

 
where: 

Q1 is flow from watershed (i.e., Maxey-Eakin value of 4,060 ac-ft/yr); 

Q2 is the interbasin flow component; 

Q3 is the combined watershed and interbasin flow recharge; 

δD1 is the deuterium ratio of the adjacent watershed; 

δD2 is the deuterium ratio of Kern Plateau (postulated extrabasinal source); and 

δD3  is the deuterium ratio of El Paso Basin groundwater.  

 

This equation contains two quantities that are not well constrained, Q2 and Q3.  Therefore, 

to determine an estimate of the combined watershed and interbasin flow recharge to the 

El Paso Basin, this equation can be rearranged as: 
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Table 5.1 shows the results of the mixing calculations.  Calculations were 

performed using the arithmetic mean, median, and geometric mean of the isotopic ratios 

to obtain a range of potential recharge estimates.  Estimates of recharge from the 

deuterium-mixing calculations, as shown in Table 5.1, suggest an interbasin recharge 

potentially ranging from 28,420 to 48,250 ac-ft/yr.  The recharge estimates calculated 

using the mixing model are within the same order of magnitude, but are variable by a 

factor of two, indicating the overall sensitivity to small changes in the isotopic 

composition of the endmembers. 
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Table 5.1: Summary of recharge estimates determined from deuterium-mixing model. 

 Statistic Kern Plateau 
(34)[1] 

El Paso Basin 
Watershed (41)[1] 

El Paso Basin 
Groundwater 

(29)[1] 

Total Recharge, Q3 

(ac-ft/yr) 

Mean -104.03 ‰ -91.80 ‰ -103.00 ‰ 48,250 
Median -105.00 ‰ -91.00 ‰ -103.00 ‰ 28,420 
Geomean[2] -104.45 ‰ -91.72 ‰ -102.92 ‰ 33,723 
[1] Value in parentheses indicates number of samples used to determine statistics. 
[2] Geometric Mean; values were multiplied by –1 to alleviate numerical error associated with 
natural log. 

 
 

5.4.3.2 Chloride Mass-Balance Revisited 
 

As applied in Section 3.1.1.3, this method estimated recharge rates to the El Paso 

Basin similar to the Maxey-Eakin Method (see Section 3.1.1.2).  This calculation, like the 

Maxey-Eakin Method, is very sensitive to the watershed area used.  Sufficient evidence 

suggests that the El Paso Basin is receiving subsurface inflow from an extra-basinal 

source, hypothesized here as the Kern Plateau – which should be included in the recharge 

area to apply the chloride mass balance calculation correctly.  There is more than 210,000 

acres above 7,500 ft amsl west of Indian Wells and Rose Valleys in the Kern Plateau.  

Based on the precipitation relationships shown in Figure 3.4, the average precipitation 

rate at this elevation or greater in this area is at least 22.4 in/yr.  This, in turn, yields a 

recharge value of approximately 26,960 ac-ft/yr to the El Paso Basin from the Kern 

Plateau. 

Note that in Section 4.3.4, the El Paso Basin groundwater is described as 

geothermal, which in most cases violates many of the assumptions of the chloride mass-

balance method (Section 3.1.1.3).  But this method is still applicable to this low-

temperature geothermal water because dissolved chloride in this water is obtained by 

similar mechanisms as the streams and springs surrounding the valley (Nicholson, 1993). 
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5.4.3.3 Estimation of Recharge from Calculated Flow Vectors 
 

Assuming that the length of the flow vector is proportional to the volume of 

groundwater, these flow vectors can also be used as a gross approximation to estimate the 

volume of recharge to the El Paso Basin.  An unpublished study conducted by California 

State University at Bakersfield monitored Lake Isabella over a period of 11 years 

(October 1979 to September 1990) and determined that average groundwater flux to the 

reservoir was 32,000±9,600 ac-ft/yr.  The flow vector directed to the El Paso Basin is 

approximately 66 percent the magnitude of the flow vector directed to Lake Isabella.  

This equates to a possible flow of 21,120±6,340 ac-ft/yr to the El Paso Basin. 

 

5.4.3.4 Summary of Estimates 
 

The deuterium-mixing model estimated recharge of 28,420 to 48,250 ac-ft/yr, the 

chloride mass-balance method estimated recharge to 26,960 ac-ft/yr, and the vector 

analysis estimated recharge to range between 14,780 and 27,460 ac-ft/yr.  Support for this 

volume of water is seen in the low-TDS chemistry and isotope minimal isotopic shift 

(δ18O), consistent with a larger water-to-rock ratio.  It is difficult to independently verify 

the loss of this volume of water from the Kern River Watershed.  The average amount of 

recharge to the Kern Plateau is approximately 600,000 ac-ft/yr (USGS, 1994), indicating 

that less than 5 percent of this would be necessary to accommodate the proposed fracture-

directed estimated recharge.  This loss is small enough to be indiscernible within water-

budget calculations in the Kern River Watershed.  The deuterium-mixing model using the 

median statistic, chloride mass-balance, and upper end of the flow vector analysis yield 

nearly identical recharge values, varying less than 2,000 ac-ft/yr from one another.  These 

values are 4,000 to 6,000 ac-ft/yr greater than the calculated aquifer flux of 22,805 ac-

ft/yr (see Section 3.1.1.4); but note that the three prior analyses indicate the combined 
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recharge into the El Paso Basin, while the flux value is an estimate of flow into Indian 

Wells Valley from the El Paso Basin.  Based on the presence of a groundwater divide (see 

Section 5.1.3), the difference between these values may be an indicator of the order of 

magnitude of interbasin discharge south into Fremont Valley (see Section 5.5.3). 

 

5.4.4 Quantity of Geothermal Brine Leakage 
 

Previous investigations (Kunkel and Chase, 1969; Bloyd and Robson, 1971; Bean, 

1989; Berenbrock and Martin, 1991; Berenbrock and Schroeder, 1994) regarding the 

nature and quantity of leakage of geothermal brines into Indian Wells Valley are not 

significant.  However, this assertion is questionable as there is clearly an impact on the 

hydrologic flow regime, as seen in the upward gradients, and the chemistry of the 

groundwater is markedly different from the surrounding groundwater.  Based on deep 

aquifer water chemistry, the quantity of geothermal fluids leaking into the deep aquifer 

may not be volumetrically large; however, Güler (2002) estimated that as much as 22 

percent of the groundwater at the playa is related to geothermal brines.  Mixing 

calculations indicate that the volume of geothermal brines leaking into the aquifer may be 

on the order of 1,000 ac-ft/yr, but may be as high as 10,000 ac-ft/yr (personal 

communication, Dr. Carl F. Austin).  Data limitations preclude a more constrained 

estimate.  While not a primary component of recharge to the valley, the presence of these 

fluids clearly indicates that the basin is open to fluid inflow in the subsurface. 

 

5.5 Interbasin Discharge  
 

 The presence of interbasin recharge infers the potential for interbasin discharge 

from the valley.  Interbasin discharge has been inferred implicitly in previous water-
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budget studies for Indian Wells Valley.  Thompson (1929) estimated the total recharge to 

Indian Wells Valley as 49,000 ac-ft/yr (27,000 ac-ft/yr from Sierra Nevada, 12,000 ac-

ft/yr from Coso Basin, and 10,000 ac-ft/yr from Rose Valley) in light of the 31,360 ac-

ft/yr estimate of evapotranspiration at China Lake Playa (Lee, 1913), implying an 

interbasin discharge of approximately 17,000 ac-ft/yr.  Similarly, the study of Kunkel and 

Chase (1969) provides an estimate of aquifer flux of 15,000 ac-ft/yr (does not include 

recharge contribution from Rose Valley or Coso-Argus Ranges) with an estimate of 

evapotranspiration of 11,325 ac-ft/yr, implying an interbasin discharge of approximately 

4,000 ac-ft/yr. 

Pumping in the vicinity of Ridgecrest has created a large cone of depression, 

showing drawdown of more than 60 feet (Figure 2.10); however, the groundwater level at 

China Lake Playa, the major natural topographic low in the valley, has exhibited only 

minor changes with time and is at approximately the same elevation as it was in 1920 

(Kunkel and Chase, 1969).  The cones of depressions have not reached the margins of the 

valley, and in fact, extend laterally only a few miles at most from the pumping centers, 

therefore, the basin is still relatively “full”.  This implies that present recharge rates are 

sufficient to balance the additional discharge from pumping.  Thus, there must be 

additional discharge mechanisms such as interbasin flow.  Additional hydrologic and 

hydrochemical evidence for interbasin discharge from Indian Wells Valley into the 

adjacent basins to the east and south are evaluated in the following sections. 

 

5.5.1 Salt Wells Valley 
 

Hydrochemical and isotopic data indicate that the groundwater of Salt Wells 

Valley is genetically similar to the groundwater at China lake Playa (Whelan and Baskin, 

1987; TtEMI, 2003; this study).  Kunkel and Chase (1969) recognized an area of outflow 

just north of Lone Butte through an isolated alluvial channel referred to as the Salt Wells 
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Valley Drainage.  They estimated this outflow using Darcy’s Law to be approximately 20 

ac-ft/yr.  This value seems underestimated when considered in light of the average annual 

pumping rate of 1,000 gpm (approximately 1,600 ac-ft/yr) recorded at the Leslie Salt 

Well, with no appreciable water decline in the last several decades (Austin, 1989).  The 

surrounding Lone Butte and Spangler Hills reside at an elevation too low to contribute 

recharge of this magnitude (see Section 3.1.1.2).  Thus, it can be surmised that the sole 

source of groundwater to this sub-basin is attributed to outflow from Indian Wells Valley, 

as indicated by consistency in the hydrochemical data between China Lake Playa and Salt 

Wells Valley (see Section 4.1.6). 

Faulting and fracturing surrounding playas can be clearly defined as ascending 

waters in discharge areas seem to enhance the surface “signature” of rock framework, 

making buried faults, fracture trends, and lineaments very visible on satellite imagery 

(Tóth, 1980).  Based on a detailed lineament analysis of the Lone Butte Quadrangle 

(Figure 5.8), this area appears to be significantly fractured.  In fact, this area corresponds 

to the extension of a regional lineament that extends across Indian Wells Valley and 

offsets the Sand and Noname Canyons of the Sierran escarpment sinistrally 

approximately 7,000 feet.  This pervasively fractured zone may provide a conduit for a 

significant amount of groundwater to flow into Salt Wells Valley through the bedrock. 

The geometry of the playa and area of evapotranspiration appears to be 

structurally controlled, nestled in a “cradle” formed by the southern Argus Range and 

Lone Butte at this outflow zone.  This area is indicative of a local discharge zone within a 

regional flow system formed by permeability differences between the valley alluvium and 

granitics of the southern Argus Range, as opposed to being the sole discharge location for 

a closed hydraulic basin.  As described by Tóth (1962; 1963), this can cause appreciable 

discharge upgradient of the hydraulic terminus of the regional groundwater flow system 

(e.g., Death Valley).  It seems likely that the groundwater level at China Lake Playa 

represents the basin spill level for flow.  Since there is no change in hydraulic head along 
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Figure 5.8: Lineament Map of the Salt Wells Valley Drainage in the Lone Butte 
Quadrangle 
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the margins of the valley, interbasin discharge has probably remained constant throughout 

the past century of development in Indian Wells Valley. 

 

5.5.2 Flow through the Argus Range to Searles Valley 
 

There are two aquifer systems delineated within alluvial groundwater system of 

Searles Valley, a perched brine aquifer and an underlying brackish aquifer.  The primary 

aquifer lies outside of the playa basin aquitard and is composed of brackish water ranging 

from 3,000 to 17,000 mg/L TDS, averaging more than 16,000 mg/L.  The brackish 

aquifer is stratified with higher TDS waters lying deeper near the foundation rocks.  

Brines in the perched aquifer overlying a saline aquitard have an average TDS of 330,000 

to 350,000 mg/L.  The piezometric head in the center of Searles Lake is approximately 30 

feet greater than the edges of the lake and surrounding groundwater table.  Groundwater 

in the upper regions of the saturated zone is the densest fluids (Montgomery, 1989), 

driving flow downward.  Hence, the brines and salts are recharging the underlying 

aquifer.  If Searles Valley were a closed basin, the brines would exist throughout the 

vertical extent of the valley.  But, the TDS at approximately 800 ft bgs is only half the 

TDS of the brines, indicates that these brines are being diluted in the subsurface.  

Likewise, the upper zone of mineral deposition in the aquifer consists of halite, sulfates 

(hanksite and thenardite), borax, and trona.  Below this zone, at about 950 ft bgs, the 

mineral trend reverses to nahcolite, trona, and sulfates.  This reversal implies that 

probably well over half of the original beds deposited have been flushed from the 

subsurface.  Friedman et al. (1982) note that there is a brine escape zone 950 ft bgs 

(approximately 650 ft amsl).  This depth is interpreted here to mark the upper extent of a 

throughflow zone of discharge from Indian Wells Valley via the Argus Range through 

Searles Valley and out through the Slate Range to Panamint Valley.  The elevation of this 

brine escape zone is comparable to the elevation of the detachment that underlies the 
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northern Argus Range (Burchfiel et al., 1987) and may project south into the Slate Range 

and southern Panamint Valley (Ellis et al., 1989). 

The Wilson Canyon Fault may also serve as a conduit from Indian Wells Valley to 

Searles Valley.  The Searles Lake hot springs are located on the eastern side of the Argus 

Range along this fault.  While these thermal deposits are present, Searles Valley lacks a 

heat source to generate these deposits.  Austin and Durbin (1985) have suggested that the 

arsenic present in Searles Valley is possibly related to outflow from the Coso geothermal 

reservoir.  This hypothesis is supported by the spring chemistry (Whelan et al., 1990).  

Thus, this fault may be acting to divert recharge from the Coso Range east into Searles 

Valley prior to interaction at China Lake Playa.  A northwest-southeast anisotropy 

between these two regions is clearly illustrated in the multitude of dikes related to the 

Independence Dike Swarm (Figure 2.2a), which have disrupted the granitic structure of 

the Coso and Argus Ranges and may connect the two regions hydraulically. 

 

5.5.3 Discharge South to the Mojave Desert 
 

In addition to potential flow east to Searles Valley, there is sufficient evidence to 

suggest interbasin flow to the south into Fremont Valley and that the Garlock Fault is not 

barrier to groundwater flow.  Deuterium isotopes similar to the El Paso Basin 

groundwater are also present in Fremont (Cantil) Valley, south of the El Paso Mountains 

and Garlock Fault, with deuterium signatures as low as -103‰ observed in wells W25-01 

and W25-02, respectively, east of the Koehn Lake Playa (Gleason et al., 1992).  Similar 

deuterium ratios of -102‰ or less are observed in Teagle Wash of Searles Valley and are 

also evident throughout the northern Mojave Desert, Antelope Valley, Cuddleback Lake, 

Superior Valley, and the northwestern portions of the Mojave interbasin flow system.  

The highest peaks in the northern Mojave Desert are, for the most part, less then 5,000 ft 

amsl, with a select few reaching elevations of approximately 5,500 ft amsl (e.g., Pilot 
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Knob and Eagle Crags).  Present-day precipitation in the northern Mojave Desert has 

deuterium ratios ranging from -77 to -70‰ (Smith et al., 1992).  Thus, the mountains of 

the northern Mojave Desert are not capable of producing deuterium signatures observed 

in the local groundwater. 

Surface waters and shallow groundwater surrounding the Mojave and Colorado 

Rivers have deuterium ratios similar to that of local recharge areas (Smith et al., 1992).   

Deuterium of the deeper groundwaters underlying those rivers contrasts markedly with 

the shallow waters of the river valleys, with ratios depleted by 10‰ or more.  This has 

been interpreted as relict Pleistocene recharge maintained in deeper subsurface of the 

Mojave, but this deuterium distribution is also consistent with deeper regional flow 

patterns originating from areas of higher elevation.  Likewise, the distribution of 

deuterium ratios throughout the northern Mojave exhibits a systematic decrease to the 

south (Gleason et al., 1992), which is consistent with regional flow patterns, observed 

throughout Nevada (Davisson et al., 1999; Rose and Davisson, 2003) illustrating regional 

flow mixing with locally derived recharge.  Thus, it is interpreted here that there is a 

significant connectivity from the southern Sierra Nevada through the El Paso Basin and 

Garlock into the greater part of the northern Mojave Desert. 

The interpreted groundwater divide, as discussed in Section 5.1.3, indicates 

possible flow to the south via Red Rock Canyon.  Evidence of historical flow in this area 

is observed at Antimony Flats on the eastern margin of the Cross Mountain geothermal 

system (Figure 2.12).  Uranium deposits are abundant in the Tertiary sediments of the 

Ricardo Group (Table 2.1) indicating groundwater flow through this region during the 

late Tertiary to form the hydrothermal deposits, and this flow may be continuing today.  

The presence of this groundwater divide also suggests recharge from the ephemeral 

streams south of this divide will not contribute recharge to Indian Wells Valley.  Thus, 

the Maxey-Eakin estimates of recharge for Bird Spring, Horse, Sage, and Boulder 

Canyons do not contribute to the recharge of Indian Wells Valley, but instead flow south 
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to recharge Fremont Valley south of the Garlock Fault (see Section 5.5.3).  Likewise, 

since the groundwater divide is situated near the mouth of Cow Heaven Canyon, half of 

the recharge derived from the associated ephemeral stream should also flow south, while 

the other half flows northeast into greater Indian Wells Valley.  This suggests 

approximately 2,245 ac-ft/yr of the 4,060 ac-ft/yr originally presumed to recharge the El 

Paso Basin is diverted south to Fremont Valley. 

Relatively deeper groundwater may flow through the Paleozoic limestones in the 

El Paso Mountains, which have the potential to be severely fractured and/or cavernous.  

These eugeoclinal sediments are the same lithology that comprises the foundation of the 

regional flow systems in much of western Nevada (Harrill et al., 1988).  More 

importantly, the shallow detachment underlying the El Paso Mountains (Nitchman, 1989), 

and may be a significant subsurface conduit to the Mojave Desert.  This is a Neogene 

structure, exhibiting evidence of relatively recent activity, and may display significant 

permeability in the damage zone of the fault.  To the east of the El Paso Mountains, the 

Spangler Hills are underlain by a similar detachment (Monastero et al., 2002) and are 

marred by a numerous dikes related to the Independence Dike Swarm (Chen and Moore, 

1979) which have disrupted the granitic structure of the range, possibly enough to 

promote groundwater flow to the south as evidenced by the -102‰ deuterium signature in 

Teagle Wash.   Likewise, the Garlock Fault is not the vertical, deep-seated transform as 

was once perceived (e.g., Davis and Burchfiel, 1973); the shallow dip of the fault may 

facilitate flow southward to the Mojave Desert Region. 

 
 

5.6 Summary of Interpreted Regional Groundwater Flow Pattern 
 

The previous sections describe potential regional flow patterns that have been 

derived based on hydrologic, hydrochemical, and isotopic analyses.  An interpretation of 
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these regional flow patterns is illustrated in Figure 5.9.  These flow patterns are consistent 

with the physiographic and structural anisotropy throughout the southwestern Great Basin 

with various physiographic and geologic features that define a northwest-southeast 

anisotropy in the region.  This anisotropy is roughly parallel to the topographic gradient 

of 60 ft/mile from Mt. Whitney to Death Valley, suites of roof pendants (Dunne and 

Suczek, 1991; Saleeby and Busby-Spera, 1993), the direction of tectonic extension 

(Erskine, 1990; Monastero et al., 2002), and the regional trend of the Independence Dike 

Swarm (Chen and Moore, 1979). 

The regional flow patterns derived from the Sierra Nevada into Indian Wells 

Valley and adjacent areas cross the boundary between the Tulare Lake and South 

Lahontan hydrologic regions of California.  While regional groundwater flow may pass 

through topographic divides, it is recommended here that regional groundwater flow 

should not pass between hydrologic regions.  Thus, the boundary between the Tulare 

Lake and South Lahontan hydrologic regions may be redefined as proposed in Figure 5.9. 
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Figure 5.9: Summary of Interpreted Regional Flow Patterns 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 
 
 
 
 

The conceptual model of Indian Wells Valley as an isolated basin wherein 

groundwater flow is coincident with topographic basins is not supported by analysis of 

the hydrogeologic, hydrochemcial, and structural data.  A new paradigm for Indian Wells 

Valley is presented herein, asserting that Indian Wells Valley is an open hydrologic basin.  

Groundwater within this system is interpreted to move as gravity-induced, cross-

formational flow in the manner described by Tóth (1980).  Topography controls the 

compartmentalization of flow into local, sub-regional, and regional systems.  

Groundwater flow within the region is complex, reflecting the significant effect of 

numerous geologic and structural features.  A flow map based on the data and 

interpretations discussed herein is illustrated in Figure 5.9.  This regional flow system, 

originating from the Sierra Nevada, is interpreted to extend eastward to Death Valley 

flow system and south-southeast to the Mojave River flow systems.  Moreover, results 

presented suggest that the widely cited evidence that much of the groundwater in the 

basin is Pleistocene age can be discarded.  Data from Indian Wells Valley and the 

adjacent basins are consistent with studies in the much larger regional flow systems to the 

east in Nevada, encompassing a region greater than 150 miles and containing primarily 

Holocene-age groundwater (Davisson et al., 1999; Rose and Davisson, 2003). 

In contrast to the closed basin model previously prescribed to Indian Wells Valley, 

the data and analysis presented herein present a more complex and more complete 

conceptual model of an open basin, consistent with the plausible components of recharge 

and discharge previously outlined by Austin (1988) and represented schematically in 

Figure 6.1.  A water budget for both pre- and post-development periods in Indian Wells 

Valley following the open basin conceptual model is shown in Table 6.1. 
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Figure 6.1: Summary of Primary Recharge and Discharge Components to Indian Wells 
Valley 
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Table 6.1: Water budget for Indian Wells Valley during both pre-development and 
present-day hydrologic conditions. 

Component Pre-1921 
(ac-ft/yr) 

Present 
Day 

(ac-ft/yr) 
Comments Thesis 

Section  

Little Lake Outflow 3,300 3,300 Average gaged outflow. 3.1.1.1 

Ephemeral Streams 5,555 5,555 
Based on Maxey-Eakin estimate.  Does not 
include canyons in El Paso Basin south of 
the groundwater divide. 

3.1.1.2 
and 5.5.3 

Interbasin Flow 
from Rose Valley 2,770 2,770 Excludes Rose Valley groundwater 

contributing to Little Lake Outflow. 5.4.1 

Interbasin Flow 
from Coso Range 2,800 2,800 May flow east through the Argus Range 

before reaching China Lake Playa. 5.4.2 

Interbasin Flow 
from Sierra Nevada 
to El Paso Basin 

20,990 20,990 

Calculated aquifer flux minus contribution 
from ephemeral streams.  The water budget 
may be modified by using other estimates 
of interbasin recharge (e.g., deuterium- 
mixing calculations). 

3.1.1.4 
and 5.4.3 

Geothermal Brine 
Leakage 1,000 1,000 Potentially as high as 10,000 ac-ft/yr. 5.4.4 

Wastewater and 
Municipalities - 1,650 Includes recharge from municipalities and 

shrubbery irrigation. 3.1.2.1 

Agriculture - 3,835 Potentially as high 7,670 ac-ft/yr during 
1985. 3.1.2.2 

L.A. Aqueduct - 4,270 Potentially as high 9,370 ac-ft/yr during 
1977. 3.1.2.3 

Evapotranspiration 
at China Lake Playa (16,420) (13,135) Rate reduced to 11,315 ac-ft/yr during 

years when playa floods. 3.2.1.2 

Pumping - (21,400) Based on 2002 pumping records. 3.2.2 

Interbasin Discharge (22,050) (22,050) 
Residual of pre-development water-budget.  
Includes flow east to Searles Valley and 
south the Mojave Desert. 

5.5 

Note: Discharge components to the basin water-budget are denoted with parentheses. 

 

Assuming recharge and discharge are balanced during pre-development (circa 

1921), total recharge and discharge into Indian Wells Valley is estimated to be 36,415 ac-

ft/yr.  This water budget has since been modified due to groundwater development and 
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the addition of artificial recharge sources yielding present-day recharge and discharge 

estimates of 46,170 and 54,530 ac-ft/yr, respectively, indicating an average annual deficit 

in the water budget of 8,860 ac-ft/yr attributed to groundwater withdrawal.  These 

estimates have increased the overall water budget of Indian Wells Valley approximately 

400 percent compared to previous estimates.  The revised estimates of groundwater 

recharge and discharge presented here can be used to improve general concepts of 

regional flow, as input to models simulating groundwater flow, and should increase 

confidence in model-based risk assessments of groundwater usage in the Great Basin. 

It is important to emphasize that these estimates of recharge and discharge must 

be further verified.  Recharge estimates are integral to predicting available water supply, 

and overestimates could result in unreasonable well densities or unrecoverable losses.  

The following recommendations may provide additional insight into understanding the 

hydrogeologic and hydrochemcial framework of the valley: 

• Groundwater modeling should be performed incorporating all the components of 

the conceptual hydrologic model presented herein.  To better optimize model 

parameters and constrain the uniqueness of the solution, calibration of the model 

should be conducted using automated, inverse methods.  Future modeling efforts 

should make use of the measurements of Bauer (2002) for the Little Lake area.  

These flow rates may aid in breaking parameter correlation.  The static head at 

Little Lake may serve as a specified head boundary. 

• The El Paso Basin is interpreted as an area that receives a significant component 

of interbasin recharge, but contains a relatively small density of wells compared 

other portions of the valley.  Additional drilling in this location will provide the 

data needed to better characterize the hydrology of this area. 

• Future structural mapping and investigations in the southern Sierra Nevada should 

evaluate the mechanisms for interbasin flow.  The southward extensional collapse 
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of the Sierra Nevada south of Mount Whitney may prove to be an integral 

mechanism supplying interbasin flow southeast into the adjacent basins. 

• Additional drilling should be conducted in Little Lake Gap and the location of the 

buried Pleistocene Owens River Channel to further evaluate the subsurface 

recharge potential of these areas. 

• Additional drilling should be conducted in the Coso Basin to evaluate the aquifer 

chemistry in this area and determine the quantity of leakage from the Coso 

geothermal reservoir into Indian Wells Valley.  Additionally, this drilling may be 

useful in determining the destination of groundwater of the Coso Basin whether it 

be south to China Lake or east through the Argus Range into Searles Valley. 

• The leaking aqueduct is potentially a significant source of recharge to Indian 

Wells Valley.  The location and extent of this leakage in the valley is not well 

constrained.  Sampling for trace copper may identify zones of leakage as CuSO4 is 

added to aqueduct water near Haiwee Reservoir for purification.  In addition, 

segmented measurement of flow along its length may aid in finding these leaking 

areas. 

• Given the complexities in age dating groundwater with carbon-14, argon-39 and 

silica-32 isotopes, which have half-lives of 269 years and 140 ±20 years, 

respectively, may prove beneficial to dating “sub-modern” (40 to 1,000 years) 

groundwaters.  However, silica-32 should be used in conjunction with other 

isotopes because it is complicated by the presence of abundant silica sources. 
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APPENDIX A: WELL NUMBERING 
 
 
 
 
Wells are identified and numbered according to their location in the rectangular 

system for 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 (excluding 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 baseline and meridian.  In 

California, there are three baselines and meridians: Humboldt (H); Mount Diablo (M), 

and San Bernardino (S).  All wells in the Indian Wells Valley area are referenced to the 

Mount Diablo baseline and meridian (M).  Well numbers consist of 15 characters and 

follow the format 027S039E07R001M.  In this thesis, well numbers are abbreviated and 

written 27S/39E-7R1.  Wells in the same township and range are referred to only by their 

section designation, 7R1.  Figure A.1 demonstrates how the number for well 27S/39E-

7R1 is derived.  Figure A.2 illustrates the distribution of townships, ranges, and sections 

in the Indian Wells Valley area. 

 

 

 

 

 

 

Figure A.1: Diagram Illustrating Method for Well Identification 

 



  206  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2: Distribution of Townships, Ranges, and Sections in Indian Wells Valley 
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