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CONVERSION FACTORS

The inch-pound system of units is used in this report. For those readers
who prefer metric (International System) units, the conversion factors for the
terms used in this report are listed below:

Multiply inch-pound unit By To obtain metric unit

acre 0.4047 hectare

acre-foot (acre-ft) 0.001233 cubic hectometer

acre-foot per year 0.001233 cubic hectometer
(acre-ft/yr) per year

cubic foot per second (ft3/s) 0.02832 cubic meter per second

foot (ft) 0.3048 meter

foot per day (ft/d) 0.3048 meter per day

foot squared per day (ft?/d) 0.09290 meter squared per day

foot per year (ft/yr) 0.3048 meter per year

foot per mile (ft/mi) 0.1894 meter per kilometer

gallon per minute 0.00006309 cubic meter per
(gal/min) second

inch (in.) 25.4 millimeter

inch per year (in/yr) 25.4 millimeter per year

mile (mi) 1.609 kilometer

square mile (mi?) 2.590 square kilometer

Temperature is given in degrees Fahrenheit (°F), which can be converted to
degrees Celsius (°C) by using the formula:

Temp. °C = (temp. °F-32)/1.8

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

Trade name: Use of the trade name in this report is for identification
purposes only and does not constitute endorsement by the U.S. Geological
Survey.

Water year: In this report "water year" refers to the period October 1
through September 30.

Conversion Factors V



Preliminary Evaluation of the Hydrogeologic System
in Owens Valley, California

By Wesley R. Danskin

ABSTRACT

Owens Valley is a major source of water for southern California and
presently (1986) provides more than 60 percent of the supply for Los Angeles.
Since 1970, ground-water withdrawal from Owens Valley has fdincreased, and a
decline in the health of vegetation has been reported. In 1982, a cooperative
project to study the hydrogeology and plant ecology of Owens Valley was begun
by Inyo County, the Los Angeles Department of Water and Power, and the U.S.
Geological Survey. As part of this project, the available data and present
hydrologic concepts of Owens Valley were evaluated by using a ground-water-
flow model. Results of this preliminary evaluation are being used to guide
data collection and the development of more sophisticated hydrologic models.

Vast amounts of geologic and hydrologic data have been collected since
the early 1900's; however, many parts of the hydrogeologic system have not
been defined with sufficient detail to answer present water-management
questions. Concepts of local ground-water-flow systems, which are a critical
part of water management, are not as well understood as the valleywide flow
system. Also, the location and extent of less permeable materials that impede
the vertical movement of water are poorly documented. The likely range of
aquifer characteristics, except vertical hydraulic conductivity, is well
known, but additional work is required to define the spatial distribution of
these characteristics.

A set of consistent water budgets is needed, including a surface-water
budget, a ground-water budget, and a budget for the entire valley. Ideally,
the same items would appear in each budget to assure consistency and facil-
itate comparisons with numerical models of either the surface- or ground-water
system. The largest component of previous water budgets (evapotranspiration)
is largely unverified. Prior estimates of evapotranspiration were based on
observed data for grasses and open water; however, there has been no compar-
ison of these estimates with actual field measurements of evapotranspiration
for phreatophytic shrubs, the dominant vegetation. Precipitation rates are
well documented, but infiltration rates of precipitation on the alluvial fans
are virtually unknown. More definitive estimates of local gains and losses
for the Owens River are needed to aid in understanding local ground-water-flow
systems. Ground-water pumpage from individual wells is measured; however, the
quantity of water withdrawn from different zones of permeable material, for
example from either side of a confining clay layer, has not been investigated.
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Simulations of the ground-water system indicate that hydraulic heads are
most affected by recharge and discharge in areas near the toes of alluvial
fans and along the edge of permeable volcanic deposits. Because these areas
are critical in water-management decisions, future data collection and model
investigations need to strive to improve hydrologic understanding of these
areas and methods of simulating the ground-water-flow system. The two-Tlayer
conceptualization of the ground-water system used in the preliminary model
produced satisfactory results in most areas of the valley. Ground water
flowing in aquifer materials located more than 1,000 feet below land surface
did not have a significant effect on hydraulic heads elsewhere in the system.
Extensive faulting in the valley produced only localized effects on hydraulic
heads. Tungsten Hills, Poverty Hills, and Alabama Hills were found to act as
virtually impermeable barriers to ground-water flow, and as such can be
excluded from future modeling efforts. In contrast, the importance of inflow
through or under the Volcanic Tableland north of Bishop is unknown. Accurate
simulation of the ground-water system between Bishop and Lone Pine appears to
be possible without simulating the ground-water system in Round Valley or near
Owens Lake. Sensitivity analysis for each model parameter indicates that the
simulation of steady-state conditions is most sensitive to uncertainty in
evapotranspiration rates. In order to accurately simulate the effects of
different water-management strategies, an improved quantification of
evapotranspiration is needed. Efficient simulation of the ground-water system
for water management may require the use of both a general valleywide model
and smaller, more detailed area models.

INTRODUCTION

Owens Valley is a major source of water for southern California and
presently (1986) provides more than 60 percent of the supply for the city of
Los Angeles (fig. 1). Precipitation in the Sierra Nevada and Inyo and White
Mountains, which surround the valley, results in an abundance of water flowing
into this high desert basin. Because the valley has no surface-water outlet,
streams historically have flowed into Owens Lake, a large saline body of water
at the southern end of the valley, and evaporated.

In 1913, the Los Angeles Department of Water and Power constructed a
233-mile-long aqueduct to divert surface water from the Owens River to Los
Angeles. This supply was later increased to an average export of 330,000
acre-ft/yr by adding diversions of surface water from Mono Basin, which
adjoins the northwestern side of Owens Valley (fig. 1).

In 1970, a second aqueduct to Los Angeles was completed, increasing the
total maximum capacity to 565,000 acre-ft/yr. The average export increased to
482,000 acre-ft/yr. This additional supply was obtained by increasing
surface-water diversions from Owens Valley and Mono Basin and by pumping
ground water from Owens Valley. Since 1970, the demand for water by Los
Angeles has increased.

2 Hydrogeologic System in Owens Valley, California



Residents of the valley and Tlocal businesses that depend on tourism
becam® concerned that the additional export of water by Los Angeles Department
of Water and Power was a cause of degradation observed in the Owens Valley
environment. Water levels in many wells declined between 1970 and 1978.
Vegetation at several locations in the valley showed signs of stress. In some
areas, the number of plants was significantly reduced.

In addressing the concerns about water, officials of Inyo County filed a
lawsuit that required Los Angeles Department of Water and Power to prepare an
Environmental Impact Report on increased ground-water pumping. A sequence of
1itigation ensued and is still pending (1988). The political impasse became
more critical because of an impending reduction in one of the alternative
sources of water available to Los Angeles. Prior to 1985, Los Angeles, as a
member of the Metropolitan Water District of Southern California, was entitled
to part of the flow of the Colorado River. This entitlement, which under a
judicial mandate was transferred to Arizona, had provided more than 25 percent
of the city's water during drought years. As the physical capability of the
Central Arizona Water Project increases and more water 1is taken from the
Colorado River, Los Angeles will be forced to rely more heavily on water
imported from Owens Valley and northern California. This combination of
increasing demand and unresolved litigation emphasizes the need to understand
the water resources of Owens Valley.

In 1982, the U.S. Geological Survey entered into a cooperative study with
Los Angeles Department of Water and Power and Inyo County to evaluate the
hydrology of Owens Valley and to provide information that would enable Los
Angeles and Inyo County to develop a joint ground-water-management plan for
the valley and to assist Los Angeles Department of Water and Power in
preparing the required Environmental Impact Report. This 5-year study
provides for extensive field investigations in order to (1) determine the
evapotranspiration rates of the principal native plant species, (2) determine
the effect of water-level fluctuations on the growth and rooting capability of
these species, and (3) provide more definitive information about the
hydrogeology of Owens Valley. Synthesis of these data will culminate in the
development of hydrologic management tools, dncluding a valleywide,
hydrologic-optimization model. The part of the overall study presented in
this report is a preliminary evaluation of the geologic boundary conditions
and aquifer characteristics of the hydrogeologic system in Owens Valley.

Purpose and Scope

This report has three primary purposes. The first is to evaluate the
present (1986) understanding and concepts of the hydrogeologic system. The
second is to identify the most important data deficiencies that limit an
improved understanding of the hydrogeologic system. The third is to select
the most effective mathematical modeling techniques for use in future
hydrologic management models.

Introduction 3
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FIGURE 1. — Location of study area.

This preliminary analysis evaluated all available information about the
ground-water system, but did not specifically include data that were being
gathered concurrently as part of the cooperative study involving Inyo County,
Los Angeles Department of Water and Power, and the U.S. Geological Survey. By
use of the available information, a mathematical model was developed to
simulate ground-water flow through the saturated alluvial and volcanic
deposits in Owens Valley. The period of water years 1935-70 was selected as a
time when the ground-water-flow system was approximately in equilibrium and
was used as a steady-state condition for calibrating the ground-water-flow
model. Transient and predictive simulations were not a part of this
particular investigation, but will be included in a later phase of the overall
cooperative study. The preliminary ground-water-flow model was used to find
any inconsistencies between available data and present hydrogeologic concepts.
In addition, areas of the valley with sparse data or poorly defined concepts
were identified in order to determine how critical these areas are to
simulation of ground-water movement, and what additional data would be most
useful. Insight gained in developing the preliminary model will be used in
the design of more sophisticated hydrologic models for future management of
water resources in Owens Valley.

4 Hydrogeologic System in Owens Valley, California
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Physiographic Setting

Owens Valley is both a major recreational area and the principal source
of water for Los Angeles. Located on the eastern slope of the Sierra Nevada,
the drainage area includes approximately 3,300 mi? (fig. 1). Although the
valley floor is relatively flat, sides of the valley rise steeply from an
altitude of 3,600 feet above sea level at Owens Lake to more than 14,000 feet
in the Sierra Nevada. This great topographic relief gives the area a variety
of climatic zones and is a major attraction for tourists who come to hunt,
fish, camp, and enjoy the many outdoor sports. Temperatures in Owens Valley
are extreme, ranging from less than 0 °F in winter to more than 100 °F in
summer. Precipitation occurs as both rain and snow and comes predominantly
from moisture-laden air moving across the valley from west to east. As a
result, most of the annual precipitation is estimated to fall on the western
side of the valley. The resident population of the valley is concentrated in
four major towns--Bishop, Big Pine, Independence, and Lone Pine (fig. 1).
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Relation to Other Investigations

The geology and hydrology of Owens Valley have been studied frequently
since the early 1900's. Because of the extensive faulting, glaciation, and
volcanism that have occurred in Owens Valley, the geologic history in
particular has been a subject of continuing interest and debate. Numerous
publications prior to 1900 examined the general geologic structure of the
valley and proposed a geologic history for the major features. Knopf and Kirk
(Knopf, 1918) summarized previous studies and mapped the major stratigraphic
units. Pakiser and others (1964) used geophysical techniques to further
define the major structural characteristics and compiled several cross
sections showing depth to crystalline bedrock. Bateman (1965) concentrated on
the geologic structure of the Bishop area by using seismic and gravity
profiles. In addition, many smaller, site-specific studies have been
conducted by individual researchers, primarily from universities. As a result
of the numerous studies, geologic quadrangle maps are available for nearly all
parts of the valley.

Hydrologic investigations have paralleled geologic studies since the
early 1900's primarily because of the abundance of water in an otherwise arid
region. W.T. Lee (1906) and C.H. Lee (1912) did preliminary hydrologic
investigations and documented conditions 1in Owens Valley prior to the
diversion of surface water to Los Angeles, which began in 1913. Conkling
(1921) summarized the avajlability and use of water in Mono Basin and Owens
Valley in order to evaluate the potential export of water from Mono Basin to
Owens Valley. As demand for water 1in Los Angeles increased, Los Angeles
Department of Water and Power collected vast amounts of data on streamflow and
ground-water pumpage throughout much of the valiey. Although most of these
data have not been published, four summaries are available including three
versions of an Environmental Impact Report (Los Angeles Department of Water
and Power, 1972, 1976, 1978, 1979). The California Department of Water
Resources (1960) calculated the quantity of water in the valley that could be
used for varjous recreational projects. D.E. Williams (1969) investigated
methods for increasing ground-water storage and developed a mathematical
ground-water-flow model for a part of the southern half of Owens Valley.

More recently, P.B. Williams (1978) used a regression model to analyze
the relation between water-level declines, precipitation, and ground-water
pumping. Hardt (1980) defined unresolved hydrologic questions and summarized
current understanding of the multiple-layer, ground-water system in the
valley. Griepentrog and Groeneveld (1981) summarized hydrology of the valley
and impacts of recent water-level declines on vegetation. Yen (1985)
developed a two-layer, ground-water-flow model of the southern half of the
valley to test methods for including probability 1in simulations of the
ground-water system. Investigations of water quality have been included as
sections in larger reports, but have not been as prominent as studies of water
quantity. This lack of attention probably results from the uniformly high
quality of both surface and ground water.

6 Hydrogeologic System in Owens Valley, California



The cooperative study by Inyo County, Los Angeles Department of Water and
Power, and the U.S. Geological Survey 1is designed to integrate prior
hydrologic knowledge of the valley with a detailed, data-intensive analysis of
the interaction between vegetation and the hydrogeologic system. The
cooperative study is composed of several separate investigations including:

« Preliminary evaluation of the hydrogeologic system using a valleywide,
ground-water-flow model (this report).

+ Geological and geophysical surveys to determine the structure of the
valley and composition of unconsolidated deposits and how these
affect ground-water flow.

« Drilling test holes throughout the valley.

- Site evaluations of hydraulic properties of the ground-water system.

Measurements of plant stress as related to depth to water.

« Mapping of the species and percentage of vegetative cover throughout
the valley.

« Measurements of evapotranspiration at seven representative sites using
an energy budget.

- Development of an unsaturated-saturated, one-dimensional, evapotrans-
piration model.

« Development and testing of an efficient procedure to assess the
reliability of a ground-water model.

+ Development of a hydrologic-optimization model that incorporates these
findings and that can be used for management of water resources
throughout the valley.

Methods of Investigation

This preliminary evaluation of the hydrogeologic system of Owens Valley
consists of a review of published geologic and hydrologic information, a
summary of available water-budget data, and the testing of hydrologic concepts
of the ground-water system by use of a distributed-parameter, ground-water-
fiow model.

Previous hydrologic investigations in Owens Valley generally have been of
two types. The first type includes localized studies, such as aquifer tests,
designed to investigate the hydrologic characteristics of a relatively small
part of the valley. These site studies provide necessary local information,
but results from different studies may not be hydrologically compatible. The
second type includes valleywide studies used to assess the average hydrologic
characteristics for the entire valley. Although valleywide studies may give
insight into the overail effects of management decisions, they are unable to
determine local effects. For example, a balanced valleywide water budget does
not assure that specific areas in the valley are budgeted correctly.
Furthermore, a valleywide water budget may not be compatible with the
hydraulic properties of the ground-water system determined by localized
studies.

Introduction 7



To help overcome these deficiencies, a distributed-parameter,
ground-water-flow model was developed for the entire Owens Valley. This type
of model integrates local data, such as results from an aquifer test, with
valleywide data, such as a water budget. Perhaps most important, the model
assures that local values of the water budget and local hydraulic properties
of the ground-water system are compatible. In addition, minor modifications
in the model can be used to evaluate different hydrologic concepts of the
ground-water system.

Many different numerical modeling techniques could be used to simulate
the ground-water system. One purpose of this preliminary investigation was to
evaluate the different methods of simulating the ground-water system so that
the most appropriate method could be determined for use Tlater in the
cooperative study. The particular model documented in this report is a
two-layer, finite-difference model using the formulation of McDonald and
Harbaugh (1984). During the evaluation process, other types of ground-water
models were developed and tested for parts of Owens Valley. Although these
additional modeling exercises are not fully documented in this report,
significant findings from them are summarized in a later section entitled,
"Findings from Other Ground-water Modeling Studies in Owens Valley."

The final part of this evaluation included a sensitivity analysis of the
valleywide ground-water model. Any complicated model, particularly a
numerical one, requires that many components of the model be estimated. A
sensitivity analysis is one way to determine the importance of each of the
components and what effect an error in one of them would have on the results
of the model. The procedure requires changing selected components a small
amount and noting the change in the resuits. The greatest change in results
is produced by the most sensitive components. In this way those parts of the
model that exert the most control on the ground-water system can be identified
for additional data collection and analysis.

Acknowledgments
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GEOLOGY AND ITS RELATION TO THE HYDROLOGIC SYSTEM

Geologic Setting and History

Owens Valley is a deep alluvial basin bounded by steep mountain ranges
and is tectonically similar to other valleys in the Basin and Range Province,
which is described by Fenneman (1931). Figure 2 is a generalized map showing
the surficial geology of Owens Valley and the surrounding areas. Figure 3 is
a typical geologic section from west to east across the valley and shows the
major geologic structure and erosional deposits. Formation of the valley
began during crustal extension when a structural block dropped down between
vertical faults separating it from the Sierra Nevada on the west and from the
White and Inyo Mountains on the east (Pakiser and others, 1964). Erosion
along the valley sides has progressively widened the valley and filled the
deepening trough with alluvial deposits. Because of the substantial uplift,
large alluvial fans developed, particularly along the western side of the
valley. Major streams traversing the middle of the valley have reworked
material from the fans and redeposited it as moderately well-sorted layers of
silt, sand, and gravel. Intermittent blockages of surface-water outflow from
the valley have caused the formation of large lakes and the deposition of
Tayers of clay and silt over much of the valley. Volcanic vents and fissures
occasionally extruded lava and pyroclastic debris. Although most of this
volcanic material now 1ies buried within the alluvial deposits, some material
remains exposed at the land surface. During the ice ages, glaciers flowed
from the Sierra Nevada into Owens Valley and formed extensive moraines.

Owens VYalley is not, however, a simple tectonic trough. The main part of
Owens Valley has undergone other complex faulting and shows evidence of
rotation and structural warping. As a result, the thickness of alluvial
deposits ranges from about 4,000 feet near Bishop and less than 3,000 feet
near Tinemaha Reservoir to more than 8,000 feet beneath Owens Lake (fig. 1).
Along the eastern side of the valley, alluvial fans are small and the Inyo and
White Mountains rise abruptly from the valley floor. Pakiser and others
(1964) suggested that this physiographic evidence indicates that most of the
vertical movement has occurred close to the edge of the basin. In contrast,
along the western side of the valley, large alluvial fans have developed and
the Sierra Nevada rise from the edge of the basin in a series of steps. Knopf
(1918) stated that this pattern indicates that the valley floor has subsided
along a series of parallel, en echelon faults. This en echelon movement in
combination with possible warping and rotation of smaller blocks has produced
alluvial deposits that vary in composition and thickness, especially beneath
the western side of the valley. As a result, accurate determination of the
depth of alluvial deposits is complicated and is not yet complete.

Geology and its Relation to the Hydrologic System 9



A
WHITE MOUNTAINS Qaf |
A pre-K Nyo MOUNTAINS
i pre-K
A¥ < Qs o <oR / Qati
=TT TTinemaha Res%: N QPANRES
Poverty Hills 3 b
Big Pine (pre-K; Kgr) ad
<y 3
NS Qb Qs
Qat _ % @
— Y
\\}\\\ ~ 4
SN T TSR] [T
~ -~ =D Qb
Kgr
SIERRA
NEVADA
EXPLANATION
ALLUVIAL DEPOSITS VOLCANIC DEPOSITS GRANITIC AND METAMORPHIC ROCKS

Alluvial fan deposits [[at | weided tust Granitic rocks
l:. Stream-channel and deltaic Basaltic lava flows and - Metamorphic rocks
- deposits m cinder cones m
Lakebed deposits —— = FAULT - Dashed where approximate

——— CONTACT
A—A’ LINE OF SECTION (fig. 3)

FIGURE 2. — Surficial geology of Owens Valley (adapted from D.E. Williams, 1969).

In addition to the major structural faults, numerous minor faults or
fractures are evident in both alluvial and volcanic deposits throughout the
valley. Representative of these features are a sequence of offsets found in
an alluvial fan just north of the Alabama Hills and a series of fractures
crossing Crater Mountain south of Big Pine. In most areas the depth,
inclination, and amount of offset of the fractures is not known. However,
recurring earthquakes indicate that deformation and seismic activity are
continuing. One of the most notable earthquakes, which occurred in 1872,
caused as much as 20 feet of offset along a scarp running half the length of
the valley.

Varying levels of volcanic activity have also played an important role in
the geologic history of Owens Valley. Following the major structural

10 Hydrogeologic System in Owens Valley, California
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movements that shaped the valley, the volcanic plateau that Ties to the north
of Bishop was formed by the forceful extrusion of pyroclastic material. The
resulting welded tuff is approximately 400 to 500 feet thick and overlies a
buried stream channel of undetermined thickness (Gilbert, 1938, as cited by
Pakiser and others, 1964, p. 13). More recent volcanic eruptions are exposed
as cinder cones and lava flows near Big Pine. Most researchers belijeve that
these volcanic features are the surficial expressions of thin sill deposits,
generally not more than 200 to 300 feet thick. However, the subsurface extent
of these features, as well as others that may be present, is Targely unknown.

A much more extensive discussion of the geology of Owens Valley and the

surrounding area can be found in reports by Bateman (1965) and Pakiser and
others (1964).
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Geologic Units and Their Water-Bearing Characteristics

Granitic and Metamorphic Rocks

Granitic rocks underlie Owens Valley and form the core of the mountains
that surround the valley. A mantle of metamorphic rock covers the granitic
rock 1in some areas but has been removed by erosion elsewhere. As shown in
figure 2, the eastern side of the valley has undergone less erosion and
exhibits more of the remaining mantle of metamorphic rocks.

Bedrock 1is exposed in the alluvial basin at three locations: Tungsten
Hills near Bishop, Poverty Hills near Tinemaha Reservoir, and Alabama Hills
west of Lone Pine (fig. 2). The Tungsten Hills are composed of granitic
rocks, and although they are faulted and dissected by streams, few springs
have been observed. Because there is no evidence that the hills hold or
transmit significant quantities of water, it appears that they form an
effective barrier to ground-water flow.

The Poverty Hills are located in an area of complex geology and regional
structural movement. Geophysical evidence suggests that the hills consist of
a core of granitic rock overlain by a thin veneer of metasedimentary rock
(K.J. Hollett, U.S. Geological Survey, oral commun., 1985). Although several
springs are found at the base of nearby volcanic deposits, the Poverty Hills
seem to be relatively impermeable to ground-water flow. Previous hydrologic
investigations have assumed that the hills restrict the flow of ground water
down the valley to a narrow trough of alluvial deposits underlying Tinemaha
Reservoir.

The Alabama Hills are structurally similar to the Poverty Hills and also
appear to restrict the movement of ground water. The Alabama Hills are
composed mostly of granitic rocks, although a mantle of metavolcanic rocks
partially covers the east side. The scarp of the 1872 earthquake and
geophysical studies by Pakiser and others (1964) indicate that a major fault
forms a boundary between the east side of the Alabama Hills and the main part
of the valley. In addition, several en echelon fractures are evident in
alluvial fans north of the Alabama Hills. The extent of the fractures is not
known; however, seepage of water along the fractures supports much more
vegetation than normally is found on alluvial fans. Lone Pine Creek bisects
the hills and has created a small alluvial channel. Four other, smaller
creeks cross the south part of the hills in narrow incised channels.

Vegetation on each of the bedrock outcrops in Owens Valley is sparse and
probably subsists on precipitation. An exception to this sparseness is the
west side of the Alabama Hills, where the presence of a meadow indicates that
a ponding of ground water occurs.

Geology and its Relation to the Hydrologic System 13



Volcanic Deposits

The Tlargest volcanic deposit in the Owens Valley area comprises the
volcanic plateau north of Bishop. This massive formation, locally referred to
as the Tablelands, is estimated to be more than 400 feet thick and is composed
of many individual layers of welded volcanic material. Because of partial
melting and compaction of the material during its deposition, water is not
readily transmitted through the Tayers. However, thin erosional deposits and
cooling cracks between layers may conduct some water. These conduits probably
result in minor outflow from the Tablelands, such as the springs along the
Owens River noted by C.H. Lee (1912). Aerial photos reveal numerous fractures
in the top of the plateau, but their vertical extent and ability to transmit
water is not known.

Smaller volcanic deposits on either side of Tinemaha Reservoir are
near-surface expressions of recent volcanic activity that is even more evident
north of Bishop in Long Valley and Mono Basin. The deposits appear as
volcanic cinder cones as much as 1,000 feet high and volcanic flows of broken
lava. The flows have a shape similar to that of nearby alluvial fans,
extending from the edge of the valley almost to its center. Although the
surficial expression of the volcanic deposits is obvious, the subsurface
extent can only be approximated. Most researchers believe that the volcanic
deposits are relatively shallow and are wunderlain by alluvial material
(Pakiser and others, 1964; W.T. Lee, 1906; D.E. Williams, 1969). It seems
Tikely that other, unexposed, undetected volcanic deposits may be present,
particularly near Tinemaha Reservoir. However, a more complete understanding
of the volcanic area has been limited because nearly all drilling has been
shallow and close to the volcanic outcrops. Additional buried volcanic
deposits present at different Tocations and depths probably would affect
ground-water flow through the area and make hydrogeologic interpretations more
difficult.

The volcanic deposits near Tinemaha Reservoir are extremely effective in
transmitting large quantities of water. Most of the high production wells in
Owens Valley are located in the volcanic deposits, and records indicate that
several of these wells are capable of continuously producing more than 4,500
gal/min (gallons per minute). Some wells can consistently produce more than
9,000 gal/min with Tless than 100 feet of drawdown. This capacity is
maintained in part by the abundant, nearby surface-water inflow that averages
more than 43,000 acre-ft/yr. Not surprisingly, springs are common along the
interface where the volcanic flows meet the alluvial deposits near the center
of the valley. These springs probably are caused by a combination of factors.
First, a significant decrease in the ability to transmit water occurs between
the permeable volcanic material and the less permeable silt and clay. This
decrease forces ground water to rise, in this case to the land surface.
Second, faulting within either the volcanic or alluvial deposits can cause a
similar obstruction to horizontal ground-water flow and result in an upward
seepage of water. The layered structure of volcanic deposits usually allows
water to move horizontally much more easily than vertically. However, the
presence of numerous faults or fractures, acting as vertical conduits of water
between the layers, can markedly improve the vertical permeability of volcanic
deposits. This potential effect on the ground-water-flow system near Tinemaha
Reservoir is recognized, but has not been documented.
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Vegetation on the volcanic deposits is sparse compared to that on
alluvial deposits. This difference results from a combination of poorly
developed soil horizons and depths to ground water of more than 20 feet.
Annual species of grasses predominate on the volcanic deposits, except along
the stream channels where phreatophytic shrubs are plentiful.

Alluvial Deposits

The total thickness of the alluvial deposits ranges from a few hundred
feet beneath the upper part of the alluvial fans to between 3,000 and 8,000
feet in the center of the valley. To the north, the alluvial deposits extend
past Bishop and under the Volcanic Tablelands to what Pakiser and others
(1964) described as a bedrock barrier separating Owens Valley from Long
Valley. The alluvial deposits also extend northwest into Round Valley and
northeast into Chalfant Valley reaching almost to the Nevada State line. The
southern boundary of alluvial deposits is formed by the Coso Range in the
southeast and by a ridge of granitic rock extending beneath Haiwee Reservoir.
The thickness of alluvial deposits above the ridge is not known.

As part of this preliminary analysis of the Owens Valley ground-water
system, the alluvial deposits were divided into three major categories on the
basis of how they were deposited and their water-bearing characteristics: (1)
alluvial fan deposits, (2) stream-channel and deltaic deposits, and (3)
lakebed deposits.

Alluvial fan deposits

Alluvial fan deposits are present primarily along the western side of the
valley. Although some fans are found on the eastern side, they are generally
much smaller, probably because less precipitation falls on the eastern side of
the valley. This absence of alluvial fan formation has caused an abrupt
transition from the eastern edge of the valley floor to the Inyo and White
Mountains.

In contrast, large alluvial fans have been formed on the western side of
the valley by more than 30 major streams emerging from the Sierra Nevada.
Most of the fans begin at about 6,000 feet in altitude, slope downward at a
grade of about 300 ft/mi, coalesce, and end as much as 2,000 feet lower on the
valley floor. Total thickness of the western fans is not known, but estimates
range from a few feet at the heads of the fans to more than 1,000 feet at the
toes. Incised stream channels in the fans indicate that major formation of
the fans probably occurred during periods of significantly greater streamflow
and when there was abundant erosional material, probably during or immediately
after glaciation. Logs of wells drilled on the fans show that the fans are
composed of poorly sorted material, ranging in size from clay to boulders more
than 6 feet in diameter. Virtually no clay layers are found in the upper 500
feet of the fan deposits except near the toes of the fans.
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An area with numerous fractures north of the Alabama Hills has an
abundance of springs and appears to be hydrogeologically different from other
alluvial fan deposits. These fractures may be surficial expressions of the
extensive faulting that probably has occurred beneath all the alluvial fans
during uplift of the Sierra Nevada. Individual traces of faults or fractures
also appear on the land surface in other areas of the valley, particularly
near the toes of alluvial fans. However, the hydrogeologic significance of
individual faults or fractures varies considerably. Numerous minor fractures
that are noticeable on aerial photos do not appear to affect the
ground-water-flow system. Other fractures or faults do impede ground-water
flow and can be inferred from the presence of springs or the analysis of
aquifer tests. This barrier effect results from two causes. First, in some
faults, gouge is created during the crushing movement of the earth. Fault
gouge is very fine, clay-size material that can retard the flow of water.
Second, the fault may offset sand and gravel lenses thereby impeding the
effective transmission of water from one side of the fault to the other.

Vegetation on the alluvial fans consists primarily of grasses and
sagebrush with some trees near the mountains. Riparian plants, such as
willows, grow along the stream channels, but the great depth to water in all
other areas of the fans prohibits their growth. Although the alluvial fan
deposits are not used for substantial ground-water production, they do play an
important role in recharging the valleywide ground-water system.

Stream-channel and deltaic deposits

Alluvial deposits in the middle of the valley consist primarily of
stream-channel deposits including reworked material from the alluvial fans,
floodplain and deltaic deposits formed by the Owens River, and lakebed
deposits. During geologic formation of the valley, the ancient Owens Lake
repeatedly changed in size. As a result, the Owens River emptied into the
lake at different locations up and down the valley. At the juncture between
the ancient river and the 1lake, deltaic deposits were formed by the
faster-moving river water entering the still lake water. Upstream of the
juncture, cut-and-fill and floodplain deposits typical of a river system were
formed. Beneath the center of the lake, deposits containing a high percentage
of clay were formed. As the size of the lake fluctuated, the position of the
deltaic deposits moved up and down the valley. Some investigators have
estimated that the northern 1imit of the lake may have extended almost to the
Poverty Hills (C.H. Lee, 1912). There is also some evidence that a second
lake was formed near the present location of Tinemaha Reservoir (K.J. Hollett,
U.S. Geological Survey, oral commun., 1985). This lake would have extended
north towards the area where Bishop is today and created a depositional
environment similar to that of the ancient Owens Lake.

As the Owens Valley was being filled with erosional material, the Owens

River meandered from one side of the valley to the other, reworking both the
coarse alluvial fan deposits and finer deltaic deposits. This reworking
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resulted 1in stream-channel deposits with coarser material close to the
alluvial fans and progressively finer material toward the middle of the
valley. Although the original deposition of deltaic materials may have
produced relatively continuous sand and clay layers, subsequent reworking
appears to have removed any significant lateral continuity which may have once
been present. Analysis of lithologic well logs indicates that distinct clay
layers range from 5 to 25 feet in thickness and are continuous for no more
than a few hundred feet. However, some logs do suggest that general zones of
greater or lesser clay content may occur. These zones might coincide with the
location of the ancient Owens Lake during a particular depositional episode.

Faulting in the middle of the valley has further disrupted the horizontal
continuity of stream-channel and deltaic deposits. For example, the main
scarp of the 1872 earthquake displays more than 20 feet of offset and is
visible for almost half the length of the valley. The surficial traces of
more than 100 other possible fractures or faults have been mapped by
investigators at the University of Nevada at Reno from aerial photographs, but
the amounts of subsurface offset have not been determined. In addition, many
fractures or faults may exhibit no surficial expression. The degree to which
the offset of aquifer material by specific fractures or faults retards the
flow of ground water through the valley is largely unknown.

Areas of vegetation covering the middle of the valley have been
categorized as predominantly alkali grassland, alkali scrubland, and semiarid
scrubland (Los Angeles Department of Water and Power, 1976). Plants in these
areas include both grasses and phreatophytes, primarily saltgrass, alkali
sacaton, Nevada saltbush, rabbitbrush, greasewood, and shadscale. Along the
Owens River upstream of the intake to the aqueduct, riparian vegetation is
dominant as tule marshes and woodlands. The relatively small amount of
irrigated and urban land in the valley is concentrated near Bishop and Big
Pine. Both the density of vegetation and the salinity of the soil appear to
be strongly related to the depth of ground water, which in the middle of the
valley ranges from less than 1 foot to as much as 15 feet.

Lakebed deposits

The great thickness of alluvial deposits beneath Owens Lake (nearly 8,000
feet compared to 3,000 to 4,000 feet in other parts of the valley) indicates
that much of the time it was the lowest point in the valley and the terminus
of the Owens River. During times when the Owens River was prevented or was
partially restricted from flowing out of the valley, a lake would form and
erosional material would accumulate. The lakebed deposits are similar to the
deltaic deposits, but are usually finer grained, consisting mostly of clay and
silt. In addition, higher accumulations of salts are usually present because
of evaporation from the lake. During some periods, the river was capable of
flowing out of the valley to the south. If, under these conditions, the lake
were drained, then either erosion of the lakebed deposits would occur or
stream-channel material would be deposited.
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HYDROLOGIC SYSTEM

Surface Water

Before diversion of water to Los Angeles, the surface-water system of
Owens Valley was controlled by the Owens River and by runoff along the western
slopes of the valley. Historically, the Owens River flowed from its
headwaters 1in Long Valley, through a deep gorge in the Volcanic Tableland,
into Owens Valley. At fairly even intervals, smaller streams entering from
the western side of the valley merged with the Owens River, flowed down the
middle of the valley, and emptied into the saline Owens Lake. During recent
geologic periods, the valley has had no natural outlet, and all surface water
reaching Owens Lake evaporates.

When diversions of surface water began in 1913, structures were built to
regulate flow and to bypass Owens Lake. In addition, a tunnel was constructed
from Mono Basin into Long Valley, and a pipeline was constructed from Long
Valley through the Volcanic Tableland into Pleasant Valley Reservoir north of
Bishop (fig. 1). The tunnel allowed Los Angeles Department of Water and Power
to augment the natural flow of the Owens River with surface water from Mono
Basin. Downstream from Pleasant Valley Reservoir, the Owens River is used to
convey water through the northern half of Owens Valley to Tinemaha Reservoir
south of Big Pine. This reservoir was constructed primarily to regulate the
flow of water to Los Angeles. South of Tinemaha Reservoir, virtually all flow
in the Owens River is diverted into the Los Angeles Aqueduct. Any water
remaining in the Owens River continues to flow in the natural stream channel,
and eventually empties onto the mostly dry salt flats of Owens Lake. The Los
Angeles Aqueduct follows the lower edge of alluvial fans on the western side
of the valley and empties into Haiwee Reservoir at the southern end of the
valley.

Streamflow from the Sierra Nevada provides most of the additional
surface-water inflow to Owens Valley. Contributions of streamflow from the
Inyo and White Mountains have been estimated to be about 10 percent of the
total natural inflow (Los Angeles Department of Water and Power, 1972). In
the northern half of the valley, most of the streams flowing down the alluvial
fans are diverted into canals when they reach the valley floor. Water is
distributed for agricultural and domestic uses, and any excess is discharged
into the Owens River. In the southern half of the valley, streams flowing
down the alluvial fans on the western side are captured when they reach the
aqueduct, and flow 1is diverted to Los Angeles. Although canals and
agricultural ditches are present south of Tinemaha Reservoir, they are
currently used far less than those near Bishop or Big Pine. In years when
runoff is average or below-average, little or no surface water flows east of
the aqueduct.
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During years with an abundance of surface water, the same distribution
pattern is maintained. However, excess water that cannot be diverted into the
aqueduct is spread over the ground surface on the alluvial fans. In this way,
some of the excess water may percolate and be stored in the ground-water
system. In years of exceptionally high runoff, excess surface water may even
be released onto the valley floor into old stream channels and irrigation
canals.

Ground Water

Occurrence and Movement of Ground Water

Ground water is present in the pore spaces of the unconsolidated alluvial
deposits and in the clinker and fracture zones of volcanic rocks in Owens
Valley. The alluvial deposits are bounded on both the eastern and western
sides of the valley by dense granitic and metamorphic rocks. These rocks do
not contain or transmit significant quantities of water. Volcanic rocks near
Big Pine have fractures and void spaces which are connected and which can
transmit large quantities of water very rapidly. Volcanic rocks north of
Bishop are much denser and less capable of transmitting water. However,
springs along the base of the Volcanic Tableland were observed by C.H. Lee
(1912) and indicate that some water can be transmitted through or under those
volcanic rocks. Beneath the alluvial and volcanic deposits are granitic and
metamorphic rocks similar to those found in the mountains on either side of
the valley.

The pattern of ground-water flow is controlled to a large degree by the
surface-water system. Each of the streams flowing down the alluvial fans
Toses water. This water percolates vertically, enters one of many sand and
gravel lenses, and flows toward the middle of the valley. Natural outflow of
ground water is either from local evapotranspiration by plants on the valley
floor or from seepage into the Owens River. Some additional water is
discharged from the ground-water system by springs and seeps, particularly
near the Big Pine volcanic deposits and along the toes of the alluvial fans.

Underflow of ground water into or out of Owens Valley is likely, but has
not been well documented. The most probable areas of inflow are from Round
Valley, through alluvium beneath the Volcanic Tableland north of Bishop, and
from Chalfant Valley. The most probable area of outflow is south of Owens
Lake, particularly through the alluvial deposits beneath Haiwee Reservoir.
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The general directions of ground-water flow probably have not been
changed either by the diversion of surface water or by the withdrawal of
ground water for export to Los Angeles. Ground water is still recharged on
the alluvial fans and discharged from the middle of the valley. However,
local ground-water-flow patterns and rates have changed, particularly near
well fields. Although these local effects are recognized, the scope of this
preliminary evaluation is limited to analyzing the general characteristics of
the valleywide, ground-water-flow system.

Because alluvial materials in Owens Valley were deposited and reworked
into a complicated array of lenses, ground-water flow actually occurs in many
different zones. Within alluvial fan deposits most of the lenses are composed
of sand and gravel. Thus, ground water in these areas forms a single,
unconfined aquifer. Well Togs indicate that toward the toes of the fans the
number of clay layers increases. As ground water flows in sand and gravel
lenses beneath the clay layers, confining pressure is created. This pressure
varies depending on the particular lens, but in general increases with depth
and distance from the alluvial fan. For example, hydraulic heads more than 30
feet above land surface have been measured in 300-foot wells near the Owens
River. In the same location, hydraulic heads for the uppermost, unconfined
zone are 1 to 4 feet below land surface. The higher pressures in lower zones
result in vertical ground-water flow from Tower to upper layers. The rate of
this flow is dependent on the difference in hydraulic heads and the hydraulic
conductivity and thickness of the intervening clay layers.

Separation of ground-water flow into distinct zones probably also occurs
within most of the volcanic deposits near Tinemaha Reservoir. Air vesicles
formed near the top of individual volcanic flows and clinker zones formed at
the top and bottom make the material between flows more permeable than the
material in the center of a flow. However, vertical fractures that developed
after the flows had cooled might permit water to move from one permeable zone
to another. If the fractures are not uniformly distributed, then the partial
interconnection of flow paths could create a confusing distribution of
hydraulic heads and could cause both confined and unconfined responses within
shert distances.

Los Angeles Department of Water and Power (1976) produced maps showing
contours of two general potentiometric surfaces for ground water 1in the
valley. Plate VIII-4 in that report is for an upper, unconfined zone just
below the land surface. Plate VIII-7 is for a composite lower, confined zone
that ranges in depth from 100 to 600 feet beneath the land surface. The
plates show ground-water conditions in March 1974. Another map by Los Angeles
Department of Water and Power (1972, plate II-H) shows contours for the lower
zone in August 1970 prior to increases in ground-water pumpage. Figures 4A
and 4B have been adapted from the contour maps published by Los Angeles
Department of Water and Power for the upper zone in 1974 and for the Tower
zone 1in 1970, respectively. Horizontal components of ground-water flow are
approximately perpendicular to the potentiometric contours.
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Hydraulic Characteristics

Hydraulic characteristics of the ground-water system describe the ability
of aquifer materials to transmit and to store water. These characteristics
include saturated thickness, hydraulic conductivity, transmissivity, and
storage coefficient.

Saturated thickness

Saturated thickness refers to that part of the total thickness of
alluvial deposits in which voids between the particles or within fractures are
completely filled with water. Pakiser and others (1964) estimated that the
maximum depth of alluvial deposits in the middle of the valley ranges from
4,000 feet near Bishop to about 3,000 feet near Tinemaha Reservoir to more
than 8,000 feet beneath Owens Lake. Nearly all this material is saturated;
however, the great degree of compaction at depth limits the quantity of water
that can be stored or transmitted. Water wells in the valley provide a
significant stress to the ground-water system, but they generally do not
exceed 700 feet in depth. Although pumping induces an upward movement of
ground water from below the well, the total saturated thickness providing
water to wells is probably less than 1,000 feet. Therefore, it is likely that
ground water in most of the deeper parts of the valley does not move rapidly,
nor interact significantly with ground water in the upper 1,000 feet of
saturated deposits. An exception to this may be in geothermal areas near
Bishop. The presence of Keough Hot Springs and flowing wells with warm water
near the Owens River both indicate that circulation of ground water may
involve deeper parts of the valley. The significance of a deeper circulation
pattern is not known.

The total thickness of saturated material in the alluvial fans and
volcanic deposits is largely a matter of conjecture. No wells have been
drilled that have penetrated the entire alluvial sequence in these areas.
Previous geophysical studies of Owens Valley have concentrated on the deepest
parts of the valley and have not determined either the total or saturated
thickness of alluvial deposits along the sides of the valley.

Cross sections showing the land surface and water table (Los Angeles
Department of Water and Power, 1972; Griepentrog and Groeneveld, 1981) permit
a rough estimate of saturated thickness under the alluvial fans. By
extrapolating these two surfaces, a range of values for saturated thickness
can be obtained. At the head of the fans, mountains rise steeply away from
the basin. If this slope continues a short distance under the alluvial fans,
the total thickness of alluvial deposits would increase rapidly toward the
center of the valley. For example, near Independence the total alluvial
thickness would exceed 1,200 feet halfway down the fan. An observation well
in the same area indicates a depth to water of about 500 feet. Therefore, the
saturated thickness at this point could be as much as 700 feet. Above this
point on the fan, saturated thickness appears to decrease to about 200 feet.
Toward the center of the valley, saturated thickness could increase to
approximately 2,000 feet at the toe of the fan, as indicated by measured water
levels and seismic refraction data analyzed by Pakiser and others (1964).
Similar patterns of saturated thickness probably characterize other alluvial
fans, particularly those along the western side of the valley.
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Hydraulic conductivity and transmissivity

Hydraulic conductivity describes the ability of aquifer material to
transmit water. For example, gravel has a much higher hydraulic conductivity
than clay. Horizontal movement of water is described by transmissivity, which
is the product of horizontal hydraulic conductivity and saturated thickness of
an aquifer. For example, the rate at which water can be extracted from a well
is directly related to the transmissivity of the aquifer--the higher the
transmissivity, the greater the rate at which water can be extracted.

The horizontal hydraulic conductivity and transmissivity of the aquifer
materials have been estimated in two ways. First, pumping tests on wells have
been conducted by Los Angeles Department of Water and Power. Most of the
tests were specific capacity measurements or transmissivities calculated using
a semilog analysis of hydraulic-head and pumping data. The specific-capacity
measurements are generally less accurate, but can be converted to approximate
transmissivities using the relation that 1.25 times specific capacity equals
transmissivity in consistent dimensional units. This approximation can be
derived from the Thiem equation for steady-state flow by applying reasonable
assumptions about the extent of the drawdown cone and well loss. Todd (1959)
presented assumptions and derivation of the Thiem equation. Calculated values
of transmissivity for pumping tests and specific-capacity measurements were
summarized by W.F. Hardt (U.S. Geological Survey, written commun., 1984).
Transmissivity of alluvial materials in the middie of the valley ranged from
4,000 to 70,000 ft2/d. Using an average depth of 500 feet for the pumped well
and assuming no vertical flow from deeper materials, the corresponding
hydraulic conductivity would range from 8 to 140 ft/d. In the volcanic
deposits near Big Pine, transmissivity is much greater, sometimes in excess-of
1,300,000 ft?/d. Because well depths are generally less in volcanic areas,
this transmissivity value corresponds to an average hydraulic conductivity of
5,000 ft/d.

Because most pumping tests were conducted on production wells, the areal
distribution of transmissivity estimates is uneven. For example, in the
southern part of the valley, nearly all tests were conducted on wells close to
the aqueduct. No data are available for transmissivity on the alluvial fans
or in the central and eastern parts of the valley. 1In addition, most of the
production wells are perforated in numerous zones, both unconfined and
confined. Observation wells are typically perforated over a narrower range of
depths than the production wells. This inconsistency in perforation intervals
between production and observation wells can adversely affect the estimates of
aquifer characteristics.

The second method of estimating transmissivity was used by D.E. Williams
(1969) in developing a ground-water model for the Independence area. Guided
by data from a few pumping tests, D.E. Williams adjusted values of
transmissivity in the model in order to match measured water 1levels. An
advantage of D.E. Williams' model was that it had broad areal coverage, from
the Poverty Hills to the Alabama Hills, and from the base of the mountains on
the western side of the valley to the Owens River. However, the
transmissivity values were not all mutually consistent. The particular
ground-water model formulation used by D.E. Williams was developed by Tyson
and Weber (1964) and permits each side of a polygonal area to have a different
transmissivity. As a result in some cases, adjacent sides of the same polygon
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had transmissivity values that differed by a factor of 10. This difference
could result if the aquifer materials were anisotropic--if they had a greater
ability to transmit water in one horizontal direction than in another.
However, D.E. Williams did not discuss the observed or inferred presence of
anisotropic conditions in Owens Valley. Despite these possible
inconsistencies, the general transmissivity values were consistent with data
from pumping tests, except in the volcanic areas where the model values were
substantially lower. D.E. Williams' values of transmissivity on the alluvial
fans ranged from 650 to 2,700 ft?/d; values in the middle of the basin ranged
from 1,350 to 9,400 ft%?/d; and values in the volcanic areas ranged from 6,000
to 12,000 ft2/d.

Neither the pumping tests, nor the ground-water model provide estimates
of transmissivity values in the lakebed deposits or in extensively faulted
areas such as the one north of the Alabama Hills. One possible method to
extrapolate available transmissivity data to other areas of the valley
involves using generalized relations between types of aquifer material and
hydraulic conductivity values (Freeze and Cherry, 1979; Lohman, 1979; DeWiest,
1969). For example, the hydraulic conductivity of well-sorted sand typically
ranges from 13 to 130 ft/d. Multiplying this range by an estimate of the
saturated thickness of sand yields a range of transmissivity values. This
method is a poor substitute for a pumping test; however, it may provide useful
initial estimates in areas with no other information.

Vertical hydraulic conductivity

When only the vertical movement of water is considered, the term
"vertical hydraulic conductivity" is used to describe the ability of the
aquifer to transmit water. This is a particularly important characteristic in
a layered ground-water system such as in Owens Valley. Vertical hydraulic
conductivity in combination with the difference in hydraulic head between two
layers determines the rate of water movement between them. Because the
hydraulic conductivity of clay is much less than for either sand or gravel,
the presence of clay usually exerts a strong control over the vertical move-
ment of water in alluvial deposits. For example, the presence of a clay layer
may not markedly decrease the horizontal transmission of water because water
can follow parallel flow paths through adjacent sand and gravel Tlayers.
However, a clay layer that is laterally extensive may significantly retard the
vertical transmission of water. Because recharge and withdrawal of ground
water in Owens Valley commonly occur at different depths, vertical hydraulic
conductivity probably plays a large role in determining ground-water-flow
patterns and rates.

No values of vertical hydraulic conductivity are available for any part
of Owens Valley. A few values in key areas of the valley would significantly
improve the understanding of the ground-water system in Owens Valley. Three
methods typically are used to determine vertical hydraulic conductivity.
Laboratory measurements can be used to determine the vertical hydraulic
conductivity of core samples taken from the aquifer. Aquifer tests with both
a pumping well and multiple observations wells can be conducted which yield
field values for vertical hydraulic conductivity. Finally, a ground-water-
flow model can be used to estimate vertical hydraulic conductivity using a
method of trial-and-error adjustment to match measured hydraulic-head data.
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Storage coefficient

The storage coefficient of an aquifer is the quantity of water the
aquifer will yield per unit area per unit decline in hydraulic head and is
expressed as a dimensionless value. In an unconfined aquifer, water is
derived by actual dewatering of the aquifer material. Under these conditions,
storage coefficient is referred to as specific yield and ranges from 5 to 20
percent of the decline in head. In a confined aquifer, water is derived from
expansion of the water and compaction of aquifer materials. Under these quite
different conditions, storage coefficients generally range from 0.0010 to
0.00001 of the decline in head.

Determination of storage coefficients for a particular aquifer is
relatively difficult. The most effective techniques involve either analysis
of a multiple-well aquifer test or calibration of a transient, ground-water-
flow model. Both of these techniques have been applied to the Owens Valley
ground-water system. Los Angeles Department of Water and Power conducted
numerous tests of individual pumping wells. Some of these tests also included
measurements of hydraulic heads in nearby observation wells. W.F. Hardt (U.S.
Geological Survey, written commun., 1984) summarized the calculated results
for the multiple-well tests and found that the storage coefficients ranged
from 0.01 to 0.000001. However, these values were developed using the assump-
tion that the ground-water system consists of a single, confined aquifer. In
reality it consists of a combination of confined and unconfined zones. The
wide range of values reported by Hardt suggest that both types of zones were
tested.

As part of developing a transient, ground-water-flow model for the
southern part of Owens Valley, D.E. Williams (1969) assigned storage
coefficients for each of 25 polygonal areas. The calibrated values ranged
from 0.15 to 0.025, which suggest unconfined conditions. However, the
ground-water-flow model was used to simulate a single aquifer assumed to be
unconfined on the alluvial fans and confined beneath the middle of the valley.
No explanation for the high storage coefficients in the confined area was
given by D.E. Williams, but it probably resulted from the simulation of
confinement in an area known also to have an unconfined zone.

Water Budget

A water budget is central to nearly all hydrologic investigations,
particularly those involving numerical simulations. Regardless of the type of
system being investigated, a water budget summarizes the separate components
of inflow, outflow, and change in storage for that particular system. For
example, a water budget of the entire Owens Valley would involve each of the
inflows to the valley, each of the outflows from the valley, and the change in
storage within the surface-water reservoirs and the ground-water system. A
separate water budget could be developed for the surface-water system or the
ground-water system. Additional water budgets might be useful for individual
streams or the aqueduct. Ideally, all the water budgets would be consistent
with one other. For example, the quantity of stream recharge that is used as
outflow from the surface-water system would be identical to the quantity of
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stream recharge that is used as inflow to the ground-water system. In
practice, it is usually difficult to develop each of these water budgets for
identical time periods and areas of the valley.

Most water budgets are created using a lumped approach. That is, an item
in the budget, such as evapotranspiration, is lumped into a single value for
the entire system even though it may have originally been calculated for
separate areas in the valley. In contrast, using a distributed approach
involves calculating a complete water budget for individual areas distributed
throughout the system. This latter approach assures that the water budget is
valid not only for the system as a whole, but also for each of the individual
subareas. Errors which might coincidently cancel each other in a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>