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'Conceptual Evaluation of Regional Ground-Water Flow in

the Carbonate-Rock Province of the Great Basin,
Nevada, Utah, and Adjacent States

By David E. Prudic, James R. Harrill, and Thomas J. Burbey

ABSTRACT

The carbonate-rock province of the Great
Basin, mainly in eastern Nevada and western
Utah, is characterized by thick sequences of
carbonate rocks of Paleozoic age. These rocks
overlie clastic and crystalline rocks of Cambrian
and Precambrian age, respectively. Since the
carbonate rocks were deposited, structural com-
pression and extension, intrusive and volcanic
episodes, and erosion have greatly modified their
distribution and thickness, and a variety of youn-
ger rocks and deposits have been emplaced within
and above them. The most notable present-day
physiographic features in the area are associated
with normal faults caused by tensional forces
during Tertiary time: The faulting has formed the
north- to northeast-trending mountain ranges and
adjacent sedimentary basins that characterize the
terrane. The 100,000-square mile study area, with
its abundant carbonate rocks, is referred to in this
report as the carbonate-rock province of the Great
Basin.

Regional ground-water flow in the province
has been studied as part of the Great Basin
Regional Aquifer-System Analysis. The flow
system is conceptualized as having (1) a relatively
shallow component, moving primarily from
mountain ranges to basin fill beneath adjacent
valley floors, which is superimposed upon (2) a
deeper component, moving primarily through
carbonate rocks. A computer model has been
developed to simulate and thereby evaluate the
regional flow. Two model layers are used to
simulate the two components. The layers are
divided into cells with dimensions of 5§ miles by
7.5 miles, elongated in a north-northeastward
direction. The maximum depth of flow in the
province is unknown, but freshwater has been
detected at depths as great as 10,000 feet.

The conceptualization and simulation of
regional ground-water flow includes several
simplifying assumptions: Flow through fractures
and solution openings in consolidated rocks is
approximately equivalent to flow through a porous
medium; Darcy’s Law is applicable from a region-
al perspective; steady-state conditions exist, in
which estimates of present-day recharge equal
natural discharge prior to ground-water with-
drawals; transmissivity is heterogeneous over the
region but is homogeneous and isotropic in each
37.5-square-mile model cell; recharge is from
precipitation in the mountain ranges and percola-
tion from rivers and lakes; and discharge is by
evapotranspiration, seepage to rivers and lakes,
and flow from regional springs. Although the
assumptions are probably valid for pans of the
province, the validity of each assumption is
unknown for the province as a whole. Therefore,
the simulation results do not completely replicate
actual ground-water flow throughout the province;
rather, the intent of the simulations is to provide
a conceptual evaluation of regional ground-water
flow.

The model was calibrated by adjusting the
transmissivities of cells in both model layers and
the vertical leakance of cells between layers
during repeated simulations. Calibration proceed-
ed until simulated water levels and simulated
discharge as evapotranspiration and regional-
spring flow generally agreed with available water
levels, the mapped distribution and estimated
quantity of evapotranspiration, and the estimated
flow at regional springs. Because of (1) the
scarcity of available water-level data, panticularly
for the carbonate-rock aquifers, (2) the uncertainty
in the extent and thickness of the carbonate-rock
aquifers, and (3) the uncertainty in the estimates
of ground-water recharge and evapotranspiration,
other distributions and estimates of transmissiv-
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ities and vertical leakances than those calibrated
may also adequately simulate water levels and dis-
charge in the province. Nonetheless, several
inferences can be made regarding ground-water
flow in the province from the model results.

Transmissivities in the upper model layer are
generally greater in cells corresponding to basin
fill and carbonate rocks, and are less in cells
corresponding to other consolidated rocks (clastic,
metamorphic, igneous, and volcanic). In the
lower layer, transmissivities are greatest near
regional springs and in the vicinity of basins
where ground-water discharge is considerably
more than the estimated recharge from the imme-
diately surrounding drainage area.

Simulated inflow to the modeled area is
about 1.5 million acre-feet per year, which is only
3 percent of the estimated total precipitation. This
inflow does not include recharge that is dis-
charged locally (that is, within the same 37.5-
square-mile model cell). Most ground-water flow
is simulated in the upper model layer; it moves
from mountainous recharge areas to adjacent
valley lowlands where it is discharged by evapo-
transpiration. A total of 45 shallow-flow regions
are identified on the basis of horizontal flow
between model cells.

In the lower layer, simulated flow is 428,000
acre-feet per year, or only 28 percent of the total
inflow. About half of the flow is discharged to
regional springs that represent the discharge of
deep flow through carbonate rocks. A total of 17
deep-flow subregions are identified on the basis of
horizontal flow between model cells. These
subregions are further grouped into five deep-flow
regions on the basis of water-level patterns.
Simulated flow in the lower layer is generally
southward and northward from a large, topograph-
ically high area in east-central Nevada and south-
western Utah. Southward flow is toward Death
Valley and the Colorado and Virgin Rivers;
northward flow is toward the Great Salt Lake
Desert and the upper Humboldt River. However,
only small quantities of deep flow are simulated
as discharge to the Death Valley playa, the Colo-
rado and Virgin Rivers, the Humboldt River, and
the Great Salt Lake Desert. Instead, most of the
flow is discharged upgradient from these sinks.
Within the topographically high area of east-
central Nevada, some deep ground water flows to
a land-surface depression in Railroad Valley.

In conclusion, most ground-water flow is
relatively shallow, moving from recharge areas in
the mountain ranges to discharge areas in adjacent
valleys. Directions of shallow ground-water flow
do not correspond everywhere to directions of
deep flow. Deep ground-water flow mostly
discharges at regional springs or in areas of
evapotranspiration upgradient from the terminal
sinks (the Great Salt Lake, the Great Salt Lake
Desert, the Railroad Valley and Death Valiey
playas, and the Colorado, Virgin, and Humboldt
Rivers). Interbasin movement of ground water to
the larger regional springs is through permeable
carbonate rocks in areas where the rocks are thick
and continuous; elsewhere consolidated rocks
beneath the valleys and surrounding mountains are
not highly transmissive, suggesting that not all
carbonate rocks are highly permeable or that not
all valleys and surrounding mountains are under-
lain by carbonate rocks.

INTRODUCTION

Ground-water flow within an area dominated by
basin-fill and carbonate-rock aquifers was studied as
part of the Great Basin Regional Aquifer System
Analysis (RASA). The Great Basin RASA project
began in 1980 as a component of a national program
designed to systematically study large aquiter systems
that constitute a major part of the Nation's water
supply (Harrill and others, 1983, p. 2). Results of the
Great Basin RASA project, in addition to those
described in this report, include detailed studies of
ground-water flow in selected basins and anaiyses of
regional hydrogeology and geochemisury.

The area of the Great Basin RASA project is
about 140,000 mi? and includes most of Nevada, the
western half of Utah, and small pans of California,
Oregon, Idaho, and Arizona (fig. 1). The project arca
is characterized by northeast-trending mountains and
adjoining basins that are panly filied with sediments
derived from the mountains. Ground-water flow in this
area is typically from recharge areas in and adjacent to
the mountains to discharge areas in the valley lowlands.
Carbonate rocks, deposited in a shallow sea during the
Paleozoic Era, underlie large areas in the eastern two-
thirds of the Great Basin. These rocks can be highly
permeable where thick sequences are present. thereby
providing conduits for the interbasin movement of
ground water (Eakin, 1966: Mifflin, 1968; Winograd
and Thordarson, 1975; Gates, 1984 and 19S7: and
Dettinger, 1989).

2 Regional Ground-Water Fiow in the Carbonate-Rock Province
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Ground water is pumped primanly from unconsol-
idated deposits that partly fill each of the 240 hydro-
graphic areas (Harrill and others, 1983, p. 5), most of
which are topographically closed or nearly closed
basins (fig. 2). The hydrographic areas usually contain
a ground-water reservoir in the basin fill and include
the drainage area of adjacent mountains. These hydro-
graphic areas are used by State and local agencies for
planning and management of water resources.

The general area underlain by carbonate rocks is
defined in this report as the carbonate-rock province of
the Great Basin and is bounded on the east, south, and
north by boundaries of the Great Basin RASA project
(Harrill and others, 1983; fig. 1). These boundaries
include the Wasatch Range and the Colorado Plateau 10
the east, the Snake River drainage divide to the north,
and the predominantly Precambrian rock exposures in
the mountains 1o the south. The southern boundary
also includes hydrologic boundaries of the Virgin and
Colorado Rivers and Death Valley (fig. 1). The
western boundary is generally the easternmost extent of
transitional-assemblage sedimentary rocks of Paleozoic
age (Plume and Carlton, 1988, fig. 2). The transition-
al-assemblage rocks are composed of limestone, shale,
siltstone, and quartzite (Stewart, 1980, p. 20). These
rocks separate coeval carbonate rocks deposited on a
broad shelf 1o the east from manne sedimentary rocks
of shale, chert, and quartzite and volecanic rocks
deposited in a deep-water basin to the west. The
province encompasses an area of about 100,000 miZ.

As of 1990, population in the province was more
than 2.3 million (U.S. Bureau of Census, 199]a,
1991b). Most of these people live along the eastern
border where perennial sreams flow from the Wasatch
Range into the adjacent valleys, or near other sources
of surface water such as the Humboldt River and Lake
Mead (fig. 1). Almost three quarters of a million
people live in the Las Vegas metropolitan area, and
more than a million people live in the vicinity of Salt
Lake City. Population densities averaged over the land
area in each county range from 2 1o 980 people per
square mile in Utah and from less than one person to
94 people per square mile in Nevada.

Population in the province at the turn of the last
century was less than 300,000 (fig. 3), and most of the
people lived in the vicinity of Salt Lake City where
surface-water supplies are plentiful. The number of
people living in the province increased slowly until
after World War II. Since World War II, the popula-
tion has increased fivefold. The marked increase in the
number of peoplie living in Nevada (fig. 3) is largely in
the Las Vegas area, where the population increased
from about 16,000 people in 1940 to more than
770.000 in 1990. As the number of people in the
province increases and surface-water supplies become

less available, additional sources of water will be
needed. One such source that has been proposed (Hess
and Mifflin, 1978) is the water stored in the carbonate
rocks beneath much of western Utah and eastern
Nevada.

In most other RASA studies. enough information
exists for comprehensive model simulations and
evaluations of ground-water flow in regional aquifer
systems. Although numerous wells have been drilied
within the carbonate-rock province, most have been
drilled into unconsolidated deposits in the valleys and
usually to shaliow depths, except at the Nevada Test
Site. Thus, little is known about the deeper and more
regional ground-water flow in the carbonate rocks.
However, because of the greatly increased demand for
water and because of the potential for contamination of
ground water from underground testing of nuclear
weapons at the Nevada Test Site (fig. 2) and from the
possible storage and disposal of nuclear and hazardous
wastes, an improved understanding of ground-water
flow in the province is needed.

Purpose and Scope

The purpose of this report is to present a concep-
tual evaluation of ground-water flow in the carbonate-
rock province, mainly in Nevada and Utah. The
evaluation is based on simulation results using the
three-dimensional ground-water flow model of McDon-
ald and Harbaugh (1988). The basic conceptual model
for the province includes relatively shallow flow from
recharge areas in the mountains to discharge areas in
the adjacent valley lowlands, superimposed over
deeper, more regional flow through carbonaie rocks.
The concept is based on theoretical analyses of regional
flow by Freeze and Witherspoon (1967, p. 623-634)
where, in regions of hummocky terrain, numerous
relatively shallow flow systems are superimposed over
fewer deeper flow systems. Results of the model
analysis include: transmissivity distributions, identifi-
cation of shallow and decp flow systems, and compari-
sons of simulated flow and discharge to estimates
presented in previous reports.

The original version of this report was published
in January 1991 as a U.S. Geological Survey interim
Open-File Repont and in Sepiember 1991 as a U.S.
Geological Survey Professional Paper. In Ncvember
1991, an error that resulted from an inadvenient coding
transposition of the cell-dimension variables DELR and
DELC (McDonald and Harbaugh. 1988. chap. 5. p. 8)
was discovered. This error produced an unintended
regional anisotropy in the model transmissivities
(Stllwater and others. 1992). As a result. the model-

4 Regional Ground-Water Flow in the Carbonate-Rock Province
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grid cell dimensions have been corrected and the model

recalibrated. David E. Prudic did the recalibration and,

along with James R. Harrill, has revised the report to
reflect changes resulting therefrom. In addition,
Donald H. Schaefer and James R. Harrill assisted in
checking information used in the model.

Previous investigations

Surveys of geologic features in the Great Basin
began in the late 1860’s under the leadership of
Clarence King and J.W. Powell, and by G.K. Gilben,
A.R. Morvine, and E.E. Howell. Nolan (1943) summa-
rized available geologic information pertaining to the
entire Great Basin. Between 1938 and the late 1970°s,
numerous geologic investigations were completed in
the Great Basin region. The resuits of all these studies
and studies before 1938 are summarized on a map of
Nevada by Stewart and Carlson (1978), a publication
about Nevada by Stewart (1980), and a map of Utah by
Hintze (1973). Since 1980, numerous articles have
been published that pertain generally to metamorphic
core complexes, geophysics, and geologic structure.

The hydrogeologic framework of the Great Basin has

. been described by Plume (in press) as another part of

the Great Basin RASA project.

Ground-water investigations within the carbonate-
rock province began in the early 1900's. Mendenhall
(1909, p. 13) suggested that many of the desent springs
1n southern Nevada are not dependent on rainfall in the
area immediately surrounding the springs but their
source is from distant mountains. Carpenter (1915,
p. 18) noted that rocks exposed in the mountains in
southeastern Nevada generally act to close the adjacent
valleys by making the sides and bottoms of the valleys
practically impervious. He did, however, state that
several topographically closed valleys higher in altitude
than adjacent valleys lose water through fissures in the
rocks because water levels in the higher valleys are far
below land surface. Meinzer (1917, p. 150) reponed
that water from a valley near Tonopah, Nev. (fig. 1),
leaks through a mountain range into an adjacent valley.
These are some of the earliest reports that suggest the
possibility of interbasin flow of ground water within
the carbonate-rock province.

Few additional ground-water investigations were
done until after World War II, when several studies of
selected basins commenced. These studies generally
focused on recharge and discharge of ground water in
individual basins. In the early 1960's, the State of
Nevada and the U.S. Geological Survey began sysiem-
atic reconnaissance studies of all unstudied basins in
Nevada 1o determine potential ground-water supplies.
A similar series of investigations began in Utah in
1964. The results of these investigations have been
published by the Nevada Department of Conservation
and Natural Resources and the Utah Department of
Natural Resources, and most are summarized in Eakin
and others (1976). These reports provide the basic
estimates of recharge and discharge used in this report.

Detailed discussion of interbasin flow also began
in the 1960's. Hunt and Robinson (1960) discussed the
possibility of interbasin flow into the Death Valley
(fig. 1) area on the basis of chemical analysis of water
samples from springs and wells. Loeltz (1960) dis-
cussed the source of water issuing from springs at Ash
Meadows in the Amargosa Desert near Death Valley
(fig. 1). Winograd (1962) discussed interbasin move-
ment of ground water at the Nevada Test Site.
Winograd (1963) also summarized the ground-water
hydrology of the area between Las Vegas Valley and
the Amargosa Desert and presented evidence for fault
compartmentalization of the aquifers in the region.
Eakin and Moore (1964) presented infofmation about
the uniformity of discharge at Muddy River Springs in
southeastern Nevada (fig. 1) and related it 10 interbasin
movement of ground water. Winograd and Eakin
(1965) and Eakin and Winograd (1965) presentcd

6 Raegions! Ground-Water Fiow in the Carbonate-Rock Province



evidence and some economic implications of interbasin
flow of ground water in south-central Nevada. Hood
and Rush (1965) discussed the possibility of interbasin
flow of water 1o and from Snake Valley in western
Utah (fig. 1). Eakin (1966) presented information that
described interbasin flow in an area in southeastern
Nevada that he named the White River area. Shortly
afterward, Mifflin (1968) delineated ground-water
basins for all Nevada and concluded that interbasin
flow of ground water occurs wherever the consolidated
rocks in the mountains and beneath the valleys are
permeable or wherever the basins are connected by
unconsolidated deposits. The area of interbasin flow
through permeable consolidated rocks is primarily
within the carbonate-rock province. Mifflin and Hess
(1979) discussed regional carbonate flow systems in
Nevada. Gates and Kruer (1981) discussed regional
flow in west-central Utah, and Gates (1984, 1987)
discussed regional flow in northwestern Utah and
adjacent parts of Idaho and Nevada.

The U.S. Geological Survey began a study in
1981 to evaluate potential hydrogeologic environments
for isolation of high-level radioactive waste in the
Basin and Range physiographic province of the south-
western United States. The study includes a much
larger area than is described in this report. Bedinger
and others (1989, 1990) characterized the geology and
hydrology of the Death Valley region and the
Bonneville region; both areas are included in this study.

The most detailed information regarding ground-
water flow in carbonate rocks is at the Nevada Test
Site (fig. 2). Detailed studies began in 1957 and
included the drilling of several deep test holes into
carbonate rocks beneath the unconsolidated and volca-
nic deposits in the vicinity of the Test Site during
1962-64. Numerous reports have been written about
the area. Most of the work from 1957-64 is summa-
rized by Winograd and Thordarson (1975), which is the
most detailed description of ground-water flow through
carbonate rocks in the province. Some of the more
recent reports that pertain to ground-water flow near
the Test Site include Winograd and Pearson (1976),
Waddell (1982), Claassen (1983), and Waddell and
others (1984).

In addition 1o test wells drilled in the vicinity of
the Nevada Test Site, many wells have been drilled in
the province for other purposes, including several into
carbonate rocks as part of the U.S. Air Force MX
missile-siting program in the Great Basin. Selected
hydrologic data collected for the Air Force by the
contractor, ERTEC, Inc. (or Earth Technology, Inc.,
formerly FUGRO) are presented by Bunch and Hariil
(1984). Geochemical studies as a part of the Great
Basin RASA project and more recent studies of the

carbonate-rock aquifers in easiern and southern Nevada
provide additional evidence of interbasin flow (Welch
and Thomas. 1984: Thomas. 1988 Dettinger, 1989: and
Kirk and Campana, 1990). Also, regional ground-
water flow in the vicinity of Fish Springs (fig. 1) in
western Utah was analyzed using a computer model as
part of the Great Basin RASA project (Carlion, 1985).

Description of the Carbonate-Rock
Province

Physiography

The carbonate-rock province of the Great Basin is
characterized by a series of generally north- 10
northeast-trending mountain ranges composed predomi-
nantly of carbonate rocks of Paleozoic age. The
intervening valleys are panly filled with detritus from
the mountains. Both the mountain ranges and the
valleys are generally § 10 15 mi wide and are typically
elongate, commonly 40 to 80 mi long. The mountain
ranges rise from 1,000 ft 10 more than 7,000 ft above
the adjacent valleys.

Altitudes of valley floors in the southern part of
the province range from below sea level to 3,000 ft
above sea level. Death Valley (fig. 1) is the lowest
point in the province, as well as the Nation, and at its
lowest point is 282 ft below sea level. Altitudes of
valley floors in the province exceed 6,000 ft in
north-central Nevada, whereas valiey floors in western
Utah are between 4.000 and 5.000 fi. Several of the
mountain ranges in the province exceed 10.000 fi in
altitude. The highest mountains in the southern part
are the Spring Mountains west of Las Vegas with
altitudes exceeding 11,000 fi. The Ruby Mountains in
northern Nevada exceed 12,000 f1, but the highest point
in the province, at 13,063 ft, is Wheeler Peak in the
Snake Range (fig. 1). which is in Nevada near the
border with Utah. The Wasatch Range in Utah, which
has several peaks that exceed 11,000 ft, forms the
eastern boundary of the study area.

Climate

Climate in the province is highly variable, ranging
from arid to semiarid on most of the valley floors to
humid alpine in the higher mountains. Average annual
precipitation on the valley floors ranges from lcss than
3 in. in the Amargosa Desert and Decath Valley 1o
about 16 in. in some of the higher valleys in
north-central Nevada and northern Utah. Average
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annual precipitation in the mountains ranges from about
8 in. in some of the lower southern mountains to more
than 60 in. in some parts of the highest mountains.
Estimated annual precipitation in the province is shown
in figure 4. Approximately 54 million acre-fi of
precipitation annually falls in the province. The
regionally averaged annual precipitation for the prov-
ince is less than 10 in., making it one of the drier
regions in the United States.

Houghton (1967) reporied three sources of precip-
itation in the province: (1) moisture from the Pacific
Ocean, (2) moisture from the Gulf of Mexico, and (3)
moisture evaporated within the Great Basin. Much of
the precipitation falls between October and May from
storm fronts that begin in the subpolar North Pacific
Ocean. Generally, these storm fronts are much less
frequent in the southern part than in the northemn part
of the province (north of latuiude 40°). However,
unusually heavy quantities of precipitation from Pacific
storms can fall in the southern part of the province
(south of latitude 40°) when secondary lows develop
south of the subpolar fronts and move inland.

Houghton (1967) also suggested that precipitation
from moisture that moves inland from the Gulf of
Mexico happens only during the summer, when south-
easterly winds carry moist tropical air into the southern
and eastern parts of the province and produce scattered
convective showers. More recent information (Brenner,
1974) suggests that these convective showers are from
moisture which moves northward from the Guif of
California along the Colorado River and that no
precipitation is derived from the Gulf of Mexico. In
addition, the source of most of the precipitation in the
southern part of the province is from tropical storms
that originate in the Pacific Ocean near Central
America. These storms generally move out to sea but
occasionally move inland near northern Mexico and
southern California and dissipate over Arizona, south-
em Nevada, and Utah (K.P. Smith, University of
Arizona, Tucson, oral commun., 1986). The storms are
most common from late August 1o November but do
not necessarily occur every year.

Precipitation from water evaporated over the
Great Basin is associated with surface cyclones
(Houghton, 1967, p. 6) that usually develop in the
spring and fall. The storms are most frequent from
March until mid-June and gradually shift from south to
north but generally provide little moisture.

Average annual temperature ranges from about
30°F in some high northern valleys to about 60°F in the
extreme southern valleys (Eakin and others, 1976,
p- 3). Temperatures are subject to large daily and
seasonal fluctuations. Daily fluctuations in most
valleys exceed 30°F, and 40°F changes are not uncom-
mon. Large variations in temperature are observed

within short distances due 10 the topography. Maxi-
mum summer temperatures can exceed 100°F. particu-
larly in the south, where the maximum summer temper-
atures can reach 120°F. Minimum temperatures can
drop below O°F in the northern part of the province.
Average annual humidity ranges from about 30 10
40 percent over most of the region and is about 20
percent in the extreme south. Low humidity, abundant
sunshine, and light to moderate winds resuit in rapid
evaporation. Average annual lake evaporation ranges
from about 40 in. in the north 10 more than 70 in. in
the extreme south (Kohler and others, 1959, pl. 2).

Surface Water

The Great Salt Lake in northwestern Utah has the
largest area of any body of surface water in the prov-
ince (fig. 5). The size of the lake vanes considerably
depending on the altitude of the water surface in the
lake, which has fluctuated about 20 ft during 1847-
1982 (Amow, 1984, p. 1). The average s_i,zc of the
lake during this period has been 1,700 mi-, and the
average lake volume has been 16 million acre-ft. The
lake is unique in North America in that it is consider-
ably saltier than the oceans.

Most of the water that enters the Great Salt Lake
is surface runoff that originates as precipitation in the
nearby Wasaich Range. The major rivers tnat feed the
lake are the Bear, Weber, and Jordan. Surface inflow
to the lake averaged 1.9 million acre-fuvr during 1931-
76, whereas ground-water inflow is estimated at 75,000
acre-ft/yr (Amow, 1984, p. 15. 16).

Lake Mead borders the south end of the province
and was formed after Hoover Dam was built on the
Colorado River near Las Vegas in the 1930's.  The
lake supplies water to parts of Nevada. California. and
Arizona. Tributary streams that discharge into Lake
Mead, and that begin within or border the province,
include (1) the Virgin River, which borders the south-
castern edge of the province, (2) the Muddy River,

- which begins at the Muddy River Springs about 50 mi

northwest of Lake Mead, and (3) Las Vegas Wash,
which discharges water from Las Vegas Valley (fig. 5).

In addition to the rivers and strecams that drain
into the Great Salt Lake and Lake Mead, a few other
river systems either begin within the province or enter
it from bordering mountains and discharge into termi-
nal sinks. The Sevier River drains several high-altitude
basins along the western margin of the Colorado
Plateau and discharges into ephemeral Sevier Lake
(fig. 5). Its average annual flow near where the river
enters the province is about 190.000 acre-fi for a 73-
year period 1913-85 (ReMil'ard and others. 1986,
p- 320). The Humboldt River begins in rortheastern

8 Regional Ground-Water Flow in the Carbonate-Rock Province
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Nevada, flows westward, and exits the province near
Palisade (fig. 5) on its way 10 the Humboldt and
Carson Sinks. The average annual flow near Palisade
is about 290,000 acre-ft for a 77-year period 1902-06
and 1911-84 (Frisbie and others, 1985, p. 134). The
Amargosa River is ephemeral over most of its course.
The Amargosa River begins in southwestern Nevada
(fig. 5) and flows south, east, and then north again on
its way to Death Valley, which is the terminus for both
surface- and ground-water flow in southwestern Nevada
and southeastern California.

Streams are considerably less common within the
interior of the province, however, than over the rest of
the Great Basin (fig. 5), suggesting that the carbonate
rocks exposed in the mountains allow for more re-
charge into and through the mountain blocks than do
other types of rocks.
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GROUND WATER IN THE CARBONATE-
ROCK PROVINCE

A detailed discussion of the hydrogeology in the
Great Basin, which includes the study area, is presented
in a companion report by Plume (in press). A brief
description of the rocks in the province and their
waler-transmitling properties is presented in the follow-
ing section and provides a basis for understanding the
occurrence and movement of ground water within the
carbonate-rock province.

Hydrogeology

The geologic features of the province are complex
and involve rocks that range in age from Precambrian
to Holocene. Its history includes major episodes of
sedimentation. volcanic activity, and tectonic deforma-
ton by both compressional and extensional forces.

The oldest exposed rocks are Precambrian in age
and consist mostly of gneiss, schist, and granitic rocks.
The province is part of an area in which marnne
sediments accumulaied in a shallow sea near the
margin of western North America (referred 10 as the
miogeosynclinal belt of the Cordilleran geosyncline)
from late Precambrian time through the Paleozoic Era
and into the early Mesozoic Era. During that period,
more than 30.000 ft of marine sedimentary rocks
accumulated in pants of the province. These rocks
include sequences of clastic rocks that are mostly
sandstone, quartzite, and shale, and carbonate rocks
that are mostly limestone and dolomite. Rocks of late
Precambrian to Middle Cambrian age are dominantly
clastic, and those of Middle Cambrian to early Mesozo-
ic age are dominantly carbonates. The thickness of
carbonate rocks varies within the province. The
general distribution of clastic and carbonate rocks from
late Precambrian to early Mesozoic age are shown in
two geologic sections through the middle of the
province (fig. 6).

Beginning in Mesozoic time, the environment of
deposition of the rocks changed from marine to conti-
nental. Rocks of this period include (1) shale, sand-
stone, and conglomerate and lesser quantities of
freshwater limestone and evaporite that range in age
from Middle Triassic to middle or late Tertiary; (2)
volcanic rocks of middle Tertiary to Quaternary age
that range in composition from basalt to rhyolite; (3)
intrusive rocks of Jurassic to Tertiary age that are
predominantly granodiorite and quartz monzonite; and
(4) since about middle Miocene time, clastic deposits,
referred to as basin fill, that consist of unsorted to
well-sorted clay, silt, sand, gravel, and boulders.

Geologic structure in the province is complex.
Thrust faulting during the Paleozoic and Mesozoic Eras
superimposed older rocks on top of younger rocks.
Extensional (normal) faulting since about middle
Miocene time formed the north- to northeast-trending
mountains and basins that are characteristic of the
entire Great Basin. Strike-slip faults found in parts of
the Great Basin add to the structural complexity of the
region and probably are directly associated with
compressive and extensional events. Wernicke and
others (1984) suggest that the strike-slip faults are
mostly related 1o exiension. Estimates of their age
range from Early Jurassic to late Tertiary (Stewart,
1980, p. 86). Two major sets of strike-slip faults are
present in the province: right-lateral faults in south-
western Nevada and southeastern California that form
a zone referred to as the Walker belt (Stewart. p. 86),
and left-lateral faults in southerm and southeastern
Nevada (Stewart and Carlson, 1978).

Ground Water in the Carbonate-Rock Province 11
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Isolated complexes of metamorphic rocks of
possible Mesozoic age (termed metamorphic core
complexes by Coney, 1980) have been identified at
four locations in the province: the Ruby Mountains just
south of Elko, the Snake Range east of Ely, the Deep
Creek Range north of the Snake Range, and the Grouse
Creek Mountains in northwestern Utah at the northern
boundary of the Great Basin with the Snake River
drainage (fig. 1). The complexes generally consist of
a mobile metamorphic-plutonic basement terrane,
overiain by unmetamorphosed rocks that are deformed
by Jow-angle extensional faults. The two zones are
separated by a décollement which is a surface of
dislocation (Coney, 1980, p. 15). Such complexes
probably act as barriers to deep ground-water flow.

" The depositional thickness and lithology of the
Paleozoic sedimentary rocks are notable in their homo-
geneity over large areas in the province. Since deposi-
ton, however, compression, extension, intrusive and
volcanic episodes, and erosion have greatly modified
their distribution and thickness. The actual thickness

and distribution of the various rock types at depth are .

not well known because the region is structurally com-
plex and because granitic rocks are more extensive at
depth than indicated by outcrops. The existence of
intrusive and other crystailine rocks in the subsurface
may act as barriers to regional ground-water flow. The
distribution of these rocks in the carbonate-rock
province was estimated from acromagnetic anomalies
by Plume (1989) and Plume (in press).

Near the south end of the province a large gravity
gradient exists (Hildenbrand and Kucks, 1982, and
Saltus, 1984), which suggests that either the depth 10
Precambrian basement is much less or the rocks are
more dense than in surrounding areas. This gradient is
referred to as the transverse crustal boundary (Eaton,
1975; Eaton and others, 1978). The possible effects of
major structures and changes in rock types on ground-
water flow within the province are discussed in detail
in the section "Correlation of Simulated Ground-Water
Flow to Regional Geologic Features."

Occurrence and Movement of Ground
Water

Ground water is present in all the rock types in
the province. Basin-fill aquifers are the primary
ground-water reservoirs. Most of the water pumped
from wells is from these aquifers. Carbonate-rock
aquifers that underlie much of the study area are also
significant ground-water reservoirs, particularly where
the rocks are fractured or where openings have been

enlarged by dissolution. Most of the larger springs in
the area issuc from carbonate rocks or from basin fill
overlying or adjacent to carbonate rocks. The other
types of consolidated rocks and the fine-grained basin
fill generally transmit only small quantities of water
and act as barriers to ground-water flow. However,
there are some exceptions (o this generalization. Some
volcanic rocks, namely basalts and welded tuffs, can
yield significant quantities of water to wells where the
rocks are fractured over relatively large areas.
Winograd (1971) presents evidence that the welded
tuffs are aquifers in the vicinity of the Nevada Test
Site and in parts of Idaho. The welded tuffs are not as
extensive as the basin fill or the carbonate rocks but
where present could allow for the interbasin movement
of ground water. The Precambrian and Lower Cambri-
an clastic, metamorphic, and granitic rocks beneath the
carbonate rocks are relatively impermeable and proba-
bly provide a lower limit to ground-water circulation.

.The source of ground water in the province is
precipitation that falls directly onto the province or in
adjacent areas whose surface waters drain into the
province (for example, the Sevier River in Utah,
fig. 5). Most of the precipitation is lost by evaporation
or transpired by plants. Eakin and others (1976, p. 6)
estimated that only about 5 percent of the total precipi-
tation in the Great Basin becomes ground-water
recharge. Much of the recharge is from winter and
spring storms that produce heavy snows in the moun-
wins; during spring melt, the water seeps into perme-
able bedrock or flows off 10 adjacent valleys where
some of the water seeps into the basin fill. Areas
estimated 1o recharge ground water are shown in
figure 7.

Much of the ground water in the carbonate-rock
province is discharged by evapotranspiration (a combi-
nation of direct evaporation and transpiration by plants)
on the valley floors where the ground water is near
land surface. Figure 7 shows areas in the province
where ground water is consumed by evapotranspiration.
In addition 10 evapotranspiration, ground water is
discharged by numerous springs. Usually, this water
seeps back into the ground, is consumed by evapo-
transpiration, or flows 10 a river that ends in a terminal
sink or leaves the study area. Many small springs are
present in the mountains. These springs typically
represent perched local sysiems that are not connected
to surrounding and underlying ground water. Numer-
ous small springs are also present in the valleys. These
springs represent shallow ground-water flow through
basin fill that originates in the adjacent mountains or
associated alluvial fans. Large springs that issue from
carbonate rocks or from basin fill overlying carbon-
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ate rocks are present in several of the valleys. These
springs discharge ground water that has moved through
the regional flow systems in the carbonate-rock aqui-
fers from distant source areas.

Mifflin (1968) classified springs in Nevada as
local, intermediate, and regional on the basis of water
chemistry, water temperature, and fluctuation of flow
from the springs. Regional springs presumably repre-
sent the discharge of deep flow through carbonate
rocks. Locations of the regional springs, as delineated
by Thomas and others (1986) using similar criteria, are
shown in figure 7. The largest concentration of
regional springs is in a small area at Muddy River
Springs. The flow of these springs totals about 36,000
acre-ft/yr (Eakin and Moore, 1964).

Most ground-water withdrawals in the province
are from wells drilled into the basin fill beneath the
valley floors because (1) people setted in the valleys
where the climate is less severe than the mountains and
where the land is more suitable for agriculture; (2)
ground water in many of the valleys is generally within
a few feet 1o several tens of feet below land surface in
contrast to generally deeper water levels in mountain
areas; and (3) the basin fill generally yields large
quantities of water to wells. Eakin and others (1976,
p. 15) reported yields as much as 8,600 gallons per
minute from large-capacity wells in north-central Utah.

Prior to World War II, most of the ground-water
withdrawals were from flowing wells drilled into basin
fill. Areas of flowing wells were concentrated largely
along the eastern side of the province in valleys
adjacent to the Wasatch Range, although several other
valleys, including Las Vegas Valley, also had flowing
wells. Ground-water withdrawals were generally small
and constant until after World War II, when more
efficient pumps and inexpensive energy greatly in-
creased the quantity of ground water withdrawn to
irrigate crops and to supply a rapidly increasing
population. The total quantity of ground water with-
drawn in the province during 1975 was approximately
1 million acre-ft. Major areas of ground-water with-
drawals during 1975 are shown in figure 8.

CONCEPTUAL EVALUATION OF
GROUND-WATER FLOW

Computer models are tools that can be used
effectively to help understand complex ground-water
flow systems. However, rarely are computer models
used to simulate ground-water flow over such a large
and geologically complex area as the carbonate-rock
province. Endless arguments could be invoked as to
the validity of the assumptions and hydrologic values

used in simulating ground-water flow within the
carbonate-rock province. For this reason, it must be
stressed that the computer simulation discussed in this
report is conceptual in nawre. Only broad concepts
and large-scale features can be inferred from the results
of this study. Although a fairly detailed analysis of
ground-water flow will be discussed, it does not intend
1o indicate that the study results presented here are
adequate; in fact, the objective in presenting a detailed
analysis of ground-water flow is 10 examine the
possibility of the relatively shallow flow regions being
interconnected by deep flow through carbonate rocks.
and how regional geologic features might affect the
direction of flow and water levels.

General Assumptions

In the carbonaie-rock province, ground-water flow
takes place through the pores of basin-fill sedimentary
deposits and through the fractures and solution open-
ings of consolidated rocks. On a regional scale, flow
through fractures and solution openings in the consoli-
dated rocks is assumed 1o be the same as flow through
a porous medium; that is, it was assumed that Darcy’s
Law is applicable. This may be a reasonable assump-
tion because the model grid used to simulate regional
flow results in the averaging of hydraulic properties
over 37.5-mi? areas However, not enough information
is available for the siudy area 1o substantiate the
assumption.

Model simulations assume steady-state conditions
prior to development, in which estimates of current
recharge (1950-80) equal estimates of natural discharge
prior to ground-water development. That is, the model
does not include ground-water withdrawals. Whether
current recharge equals natural discharge is unknown.
During the late Wisconsin glaciation (from about
20,000 to 10.000 years ago), ground-water flow in the
province may have been more than that of the present
day because the climaic was significantly wetter, with
numerous lakes in the closed basins (Hubbs and Miller,
1948). Ground-water levels and spring discharge may
not be in equilibrium with the present-day recharge,
because of the long distances between areas of recharge
and discharge. That is, the water levels and spring
flows may still be declining in response to the drier
climate of today relative to that of 10,000-20,000 years
ago.

Evidence of a long-term water-table decline at
Ash Meadows. in the southern part of the province
near Death Valley /fig. 1), is presented by Winograd
and Szabo (1986). They estimated a slow rate of
decline--0.07 to 0.26 fi per 1.000 yecars. This range
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of rates is based on (1) uranium-disequilibrium dating
of calcitic veins as much as 160 ft (reported as 50
meters) higher than the highest present-day water ievel
at Ash Meadows and as much as 8.7 mi (reported as
14 kilometers) up the hydraulic gradient, and (2) the
assumption that the rate of decline has been constant
for the past 510,000 to 750,000 years. The calcitic
veins are associaied with other features indicative of
paleo-ground-water discharge. Further evidence for a
slow rate of water-table decline near Ash Meadows is
presented by Jones (1982) in which he reports the
water able beneath an alluvial fan at the Nevada Test
Site has been within 160 ft (reponed as 50 meters) of
the present level through most of Quaternary time. In
contrast, the water table in some of the northern valleys
and, in particular, the Great Salt Lake Desert must have
declined at least several hundred feet over the past
10,000-20,000 years as ancestral Lake Bonneville
shrank 1o the present level of the Great Salt Lake.

The assumption of steady-state conditions cannot
be validated. However, the lack of long-term trends in
measured water levels in basin fill (in areas not influ-
enced by pumping) suggests that a dynamic equilibrium
or sieady state exists (at least prior to pumping) in
many of the basins. Because estimates of hydraulic
properties and the length of flow through the consoli-
dated rocks are generally unknown, deeper flow
through carbonate aquifers may not be in equilibrium
throughout the province. If deeper flow is not in
equilibrium, then present-day discharge may be re-
sponding to residual water levels related to recharge
from previous wet periods, such as the last glacial
epoch, and the analysis of flow presented herein may
not represent actual flow everywhere.

Transmissivity in the province is assumed hetero-
geneous because horizontal hydraulic conductivities can
change abruptly as a result of changes in lithology.
Heterogeneity is simulated by varying the transmis-
sivity among the model cells. Transmissivity within a
model cell, however, is assumed homogeneous and
isotropic, and is assumed to represent an average for
the cell. Abrupt changes in transmissivities within a
model cell are not simulated in the model. Conse-
quently, the model is designed to simulate flow across
regional changes in transmissivity.

The assumption of isotropy within a model cell is
reasonable for cells corresponding to basin fill, but may
be unreasonable for cells corresponding to consolidated
rocks. Where flow is through fractures, the fractures
may have a preferred orientation that could produce a
greater transmissivity in one direction. However,
anisotropic conditions may not be the same throughout
the province because the orientation of fractures in
consolidated rocks is not the same everywhere. Even
though some types of consolidated rock may be

anisotropic, there is no compelling reason to assume a
regional anistropy for the entire modeled area, and the
model is not capable of simulating anistropy in individ-
ual cells. Furthermore, data 1s lacking to calibrate a
model whereby every cell corresponding to consolidat-
ed rocks could have a greater value of transmissivity in
one direction.

Model Development

A three-dimensional finite-difference ground-water
flow model developed by McDonald and Harbaugh
(1988) was used for the computer simulations. The
model uses the basic partial differential equation for
ground-water flow in an anisotropic, heterogeneous
porous medium with a constant water density:
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where Kxx, Kyy, Kzz = hydraulic conductivity along x,
Yy, and z coordinate axes (units
of length per time);

h = hydraulic head referred to as
simulated water level in this
report (units of length);

W = volumetric flux per unit volume
representing sources and (or)
sinks (units of per time),

S, = specific storage of the medium
(units of per length); and
t = ume,.

For simulation of steady-state (equilibrium) condi-
tons that do not include changes in simulated water
level with respect to time. the right side of the equation
is equal to zero and estimates of specific storage are
not needed. This is the case for simulations used to
conceptualize ground-water flow in the carbonate-rock
province.

Application of Finite-Ditference Equations

The partial differential equation for ground-water
flow can be closely approximated by finite-difference
equations, which are sets of algebraic expressions that
are solved simultaneously by using, in this model, the
strongly implicit procedure (McDonald and Harbaugh,
1988, chap. 12). The solution of this algorithm in-
volves designing a three-dimensional grid system in
which each model cell within the grid exhibits specific
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hydrologic properties that best approximate the physical
setting of that area. The model solves for unknown
water level at the center of each cell (called a node) by
iterating through the finite-difference equations until
the simulated water-level change between the previous
iteration and the current iteration is less than a speci-
fied quantity for all nodes. The original model used a
closure criterion of 5 ft; the value was reduced to 0.1
ft during the recalibration process. This closure
criterion resulted in computed mass-balance errors of
less than 0.05 percent. In addition to the closure
criterion, the acceleration parameter (a value that
increases or decreases the simulated water-level change
at each iteration) was adjusted and a value of 0.8
chosen, following repeated trial simulations.

Model Grid

The grid system used to simulate ground-water
flow in the province contains 60 columns, 61 rows, and
two layers (fig. 9). The grid, oriented parallel to the
generally north-northeastward trend of the fault-block
mountains and adjacent valleys in the province, has
rectangular cells of uniform dimension. The width of
each cell is 5 mi along the row direction--perpendicular
to the fault-block mountains, and the length is 7.5 mi
along the column direction--paraliel to the fauit-block
mountains. The length of each cell is greater than its
width because the mountain ranges and valleys are
typically longer than they are wide. The dimensions
chosen for the grid are large enough to minimize the
number of cells in the model, yet small enough to
simulate the variation in topography and physiography
characteristic of the province. Cells in the grid that are
outside the carbonate-rock province are not used in the
model simulation; each layer contains 2,456 active
cells.

Representation as a Two-Layer System

Commonly, different model layers are used to
simulate different hydrogeologic units on the basis of
permeability contrasts between units. However, due to
the complexity of the geologic structures in the prov-
ince, the uncertainty in the thickness of the hydro-
geologic units and the lack of data, the province is
simply divided into two layers. The upper model layer
is used 1o simulate relatively shallow flow primarily
through basin fill and adjacent mountain ranges to
depths of a few thousand feet. The lower model layer
is used to simulate deep flow through consolidated

rocks beneath the basin fill and mountain ranges. The
actual depth to the base of deep flow is unknown, but
marine sedimentary rocks containing thick sequences of
carbonate rocks may be more than 30,000 ft thick
(Stewart, 1980), and freshwater has been identified
from oil-exploratory wells in Railroad Valley 10 depths
as great as 10,000 ft (Van Denburgh and Rush, 1974,
p- 31). Calculated depths of ground-water flow in the
province range from about 3,700 to 10,000 ft, on the
basis of temperatures and silica concentrations of water
collected from selected wells and springs (Carlton,
1985, p. 34-37; Thomas and others, 1990, p. 56). A
maximum depth for the lower model layer may be,
therefore, about 10,000 ft.

Boundary Conditions

In general, the model boundaries of the
carbonate-rock province extend to mountain ranges
consisting mostly of low-permeability consolidated
rocks, which are assumed to be no-flow boundaries.
Carbonate rocks may extend northward beneath the
basalts of southern Idaho. The topographic divide
between the Snake River drainage area in southern
Idaho and the Great Basin is assumed 10 act as a divide
not only for near-surface ground-water flow but also
for deep flow. Ground-water flow 10 the north of the
Great Salt Lake is not simulated in the model because
the lake is used as a hydrologic boundary for ground-
water flow in the model. The Great Salt Lake occupies
a low area with no surface outflow, and it presumably
is a sink for ground-water flow in the northern part of
the province. Carbonate rocks may also extend west-
ward from where the rocks are exposed in the moun-
tains. The western boundary of the modeled area is
along mountain ranges in which the Paleozoic strata
consist mostly of transitional-assemblage sedimentary
rocks (Plume and Carlton, 1988, fig. 2). Although
small quantities of ground water may flow across these
mountain ranges, the western boundary is simulated as
a no-flow boundary. A no-flow boundary is also
simulated beneath the lower model layer. The bound-
ary represents the depth below which there is little
ground-water flow. The depth of the no-flow boundary
beneath the lower layer is unknown because the depth
below which flow ceases is generally unknown.
Presumably, ground water does not flow through the
underlying Precambrian and Lower Cambrian rocks.

Hydrologic boundaries are also used in three other
places along the edge of the modeled area: Utah Lake,
the Virgin River and Lake Mead, and Decath Valley
(fig. 9). These hydrologic boundaries are simulated
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as head-dependent flow boundaries to the upper model
layer, using the general-head package of McDonald and
Harbaugh (1988, chap. 11). Flow across the
head-dependent flow boundaries is computed by
multiplying the water-level difference across the
boundary with 2 hydraulic conductance term. The
water-level difference is determined by comparing a
specified head assigned to the boundary with a simu-
lated water level in the upper layer cell. The hydraulic
conductance term is the hydraulic conductivity times
the cross-sectional area of the boundary through which
flow is simulated divided by the length of the flow
path.

The head-dependent flow boundary allows flow
either to or from the model cell depending on whether
the simulated water level in the cell is less than or
greater than the specified head. The boundary is
applied above the upper model layer. thus the conduc-
tance term used for each model cell is in the vertical
direction. An initial estimate of vertical conductance
was determined for each cell by multiplying an approx-
imate vertical hydraulic conductivity with the planimet-
ric area of the model cell and then dividing by an
estimate of the vertical flow-path length. The length of
the flow path is assumed to be half the estimated
thickness of the basin fill, which probably represents
the average value of the flow length. The conductance
terms were adjusted during model calibration.

The same type of boundary is used to simulate the
interaction of ground-water flow with the Sevier and
Humboldt Rivers and selected tributaries to the
Humboldt River, where rivers flow into or out of the
modeled area (fig. 9). The area used to compute the
conductance term for each model cell is the area of the
river within the cell.

Specified heads for the head-dependent flow
boundaries were estimated by overlying the model grid
onto U.S. Geological Survey 1:250,000-scale topo-
graphic maps corresponding to the modeled area.
Specified heads for lakes are based on values listed on
the maps: specified heads for dry lakes are based on
the land-surface altitudes of the dry lakes, and specified
heads for rivers were estimated by approximating the
average stream altitude for each reach corresponding to
a model cell. Specified heads for the Humboldt River
range from 4,650 ft (cell: row 14, column 9) to 5,500
ft above sea level (cell: row 7, column 21). Specified
heads of 4,200 ft and 4,475 ft were assigned to cells
corresponding to the Great Salt Lake and Utah Lake,
respectively. A specified head of 4,519 ft was assigned
to Sevier Lake, and specified heads for the Sevier
River range from 4,525 ft (cell: row 24, column 49) 10
5,100 ft (cell: row 22, column 60). Specified heads for
the Virgin River range from 1,400 ft (cell: row 48,
column 41) to 1,650 ft (cell: row 45, column 45),

Specified heads for Lake Mead range from 1,200 ft
near the dam (cell: row 53, column 37) 10 1,205 ft
near the confluence with the Virgin River (cell: row
49, column 41). A specified head of 800 fi above sea
level was assigned to the Colorado River below the
dam (cell: row 54, column 38). Specified heads for
Death Valley range from 270 fi below sea level in the
central part (cell: row 54, column 14) to 10 fi above
sea level at the north and south ends (cells: row 50,
column 10, and row 58, column 18).

Recharge to the model is simulated as a constant
flux to the upper model layer in cells that correspond
to mountain ranges. Recharge is not simulated in
model cells that correspond to valleys, because much
of that recharge does not infiltrate into the deep part of
the aquifer system. Recharge in the valley is assumed
to discharge within the same general area, either as
evapotranspiration or as flow to small springs.

Evapotranspiration is the principal mode of
ground-water discharge in the study area. This dis-
charge is simulated as a head-dependent flow boundary
in the upper model layer using the evapotranspiration
package of McDonald and Harbaugh (1988, chap. 10).
The simulation is based on a discontinuous function
related to land surface (fig. 104). Information re-
quired includes the land-surface altitude of each model
cell, the evapotranspiration rate at land surface, and the
depth below land surface where evapotranspiration
ceases (extinction depth).

The equation used to simulate evapotranspiration
was modified because numerical oscillauons developed
in some cells during initial simulations as a result of
the discontinuous function at land surface. To alleviate
the oscillations, the equation was changed so evapo-
transpiration rates continued to increase even when the
simulated water level in a cell was above land surface
(fig. 10B).  Although this reduced the numerical
oscillations in the model, the simulated water level in
cells with evapotranspiration were compared with land
surface following each simulation to determine if the
waler level in a cell exceeded land surface and pro-
duced an unrealistic discharge. Where it did, transmis-
sivities and vertical leakances were changed to lower
the simuiated water level,

Land-surface altitude, evapotranspiration rate at
land surface, and extinction depth are specified for all
active cells in the upper layer. A uniform extinction
depth of 20 ft is assumed. Evapotranspiration rates at
land surface vary from 42 in. in the northern part of
the study area to 72 in. in the extreme southern part,
and generally follow the distribution of annual lake-
evaporauon rates for the period 1946-55 presented by
Kohler and others (1959, pl. 2). A lower rate of 12-25
in/yr is assumed in the Great Salt Lake Desert because.
in areas where ground water has a high salinity, the
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rate of evaporation and transpiration is less (van
Hylckama, 1974, p. 28). Land-surface aititude for all
model cells was determined from digital elevation data
obtained from the National Geophysical Data Center
(Natonal Oceanic and Aimospheric Administration,
Bouider, Colo.). These data represent a regular sam-
pling of land-surface altitudes at an interval of 1
minute in geographic coordinates. This corresponds to
a spacing between values of about 4,800 ft in an east-
west direction and about 6,000 ft in a north-south
direction. Approximately 35 altitude values were used
to compute the average land-surface altitude of each
model cell.

Only a few of the numerous springs discharging
in the study area are specifically simulated by dis-
charge cells in the model. Most small springs in the
study area are assumed to be discharging from the
upper model layer. This springflow is included in the

simulated evapotranspiration. All large springs, and
several smaller springs listed by Thomas and others
(1986, pl. 2), are herein termed “regional springs.” The
flow of these springs is simulated as discharge from the
lower model layer, and therefore is not a component of
simulated evapotranspiration. from the upper layer.
Model cells corresponding to springs or a group of
springs simulated as discharging from the lower layer
are shown in figure 11. In Death Valley, spring flow
from Texas, Nevares, and Traveniine Springs near
Furnace Creek is not simulated as discharge from the
lower layer, because it is included in the discharge
from the head-dependent flow boundary.

The drain package (McDonald and Harbaugh,
1988, chap. 9) is used to simulate spring discharge
from cells in the lower model layer that correspond to
the location of selected regional springs. Discharge
from these cells is simulated whenever the water level
in the cell exceeds a specified head for the drain. No
discharge is simulated whenever the water level is
below the specified head. Land-surface altitudes of the
springs, listed by Thomas and others (1986, pl. 2), are
used as the specified head. A representative altitude is
used in cells that include more than one spring.
Discharge from the drain (spring) is also dependent on
a conductance term (McDonald and Harbaugh, 1988,
chap. 9, p. 5). A single conductance value is used for
all springs. Initally, a value of 3 ft?/s, large enough
that discharge from the cell was not controlled by the
conductance term but rather by transmissivity of cells
in the lower layer, was used. The value was increased.
to 10 ftd/s during model calibration without any effects
to simulated spring discharge.

Modeling Approach

Simulation of ground-water flow in the carbonate-
rock province required a slightly different approach
from that used for most modeled areas, because all the
variables in the ground-water flow equation (p. 17)
either are unknown over large parts of the area or are
only approximately known. The locations of recharge
and discharge areas are generally known, although the
quantities of recharge and discharge are only approxi-
mately known. Water levels in the upper part of the
basin fill are generally known (Thomas and others,
1986), but water levels in the consolidated rocks
bencath the basin fill are known only at a few loca-
tions. Also, the existing water-level measurements
represent only the uppermost part of the basin fill and
the consolidated rocks, because wells penetrate only a
small pant of their total thicknesses. Water levels are
generally unknown in the mounuins because only a
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few wells exist there. Hydraulic properties of shallow
basin fill are generally known because numerous wells
have been drilled into the basin fill. Estimates of
hydraulic properties of the various consolidated rocks
are largely unknown, except at a few locations such as
the Nevada Test Site. In addition, the subsurface
geology is largely unknown, as is the depth of
ground-water flow.

The general approach used to simulate regional
ground-water flow in the province was to adjust
transmissivities and vertical leakances until (1) water
levels in both model layers approximated the estimated
water levels, (2) evapotranspiration in the upper layer
approximated the quantity and distribution of ground-
water evapotranspiration estimated for each hydro-
graphic area, and (3) simulated discharge from the
lower layer approximated the discharge at regional
springs.

Estimated water levels used to compare with
simulated values are based on contours by Thomas and
others (1986) in both the basin fill and consolidated
rocks. Water-level data are concentrated in the basin
fill because these deposits generally yield at least
moderate quantities of water at shallow depth. The
location of measured wells in basin fill is shown in
figure 12. In contrast, water-level data in consolidated
rocks are sparse. These data include measurements
from wells, test holes, or mine shafts that penetrate
consolidated rocks in the mountains or beneath the
basin fill, and land-surface altitudes at regional springs
(Thomas and others, 1986, pl. 2). The location of
measured wells, test holes, and mine shafts compieted
in consolidated rocks is shown in figure 13.

For initial model calibration, a water-level altitude
was estimated for each cell in the upper model layer
and for selected cells in the lower layer. A water-level
altitude was estimated for cells in the upper layer by
superimposing the model grid over the map of water
levels in basin fill (Thomas and others, 1986, pl. 1) and
determining an average water level for each cell in an
area where water-level contours had been drawn.
Water-level contours drawn by Thomas and others for
some basins, in particular Las Vegas Valley, show the
effects of ground-water withdrawals. In these basins,
water levels measured prior 1o the withdrawals were
used. Water-level altitudes in cells corresponding to
basins with sparse data were estimated from the
measurements at individual wells, from the altitude of
springs discharging on the valley floor, or from an
average altitude of areas of evapotranspiration. Water-
level altitude for cells corresponding to mountainous
regions was interpolated from adjacent valleys and
from the average land-surface altitude estimated for the
cell. A water-level altitude was estimated for some
cells in the lower model layer by superimposing the

model grid over the map of water-level contours for
consolidated rocks (Thomas and others, pl. 2). The
value assigned 1o a cell corresponded to the average
altitude indicaled by the contours. Most cells in the
lower layer do not have an estimated water level,

For final model calibration, the estimated water-
level altitudes of only selected cells were used to
compare with simulated water levels. Cells in the
upper model layer were selected if they corresponded
10 (1) an area where water-level contours in basin fill
had been drawn by Thomas and others (1986, pl. 1) or
(2) a measured water level in a well. Cells in the
lower layer were selected if they corresponded to a
measured water level in a well, test hole, or mine shaft,
or the land-surface altitude of a regional spring. In the
upper layer, 773 cells out of a total 2,456 active cells
had an estimated water level, whereas in the lower
layer, only 144 cells out of 2.456 had an estimated
water level.

Estimates of Recharge

The method used to estimate recharge in Nevada
and Utah is reported by Maxey and Eakin (1949, p. 40-
41) and Eakin and others (1951, p. 26-27). Their
method assumes that recharge is principally from
precipitation in the mountains. The quantity of re-
charge is based on a percentage of the total volume of
annual precipitation that falls within a selected altitude
interval. Percentages range from O percent for areas
where annual precipitation is less than 8 in. to as much
as 40 percent in the highest parts of the Wasatch
Range, where annual precipitation is more than 40 in.
The original percentages listed by Maxey and Eakin
(p. 40-41) are based on trial-and-error calculations in
which estimates of recharge are set equal to estimates
of ground-water discharge from natural losses. Al-
though recharge is estimated by this empirical method
in Utah, the percentage of recharge applied to each
precipitation zone varies considerably between hydro-
graphic areas. The reason for the variation is that the
estimates of recharge are adjusted to maich estimates
of discharge. The original percentages of recharge
applied to each precipitation zone have also been
adjusted subjectively when applied to other hydro-
graphic areas in Nevada. Thus, the percentage of
precipitation estimated to become recharge for a
particular precipitation zone may vary by several
percent among different hydrographic areas in both
Nevada and Utah. Watson and others (1976) quantita-
tively evaluated the method for estimating recharge and
concluded that the method could not reliably predict
recharge other than provide an approximation.
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Estimates of recharge for a given mountain range
were obtained by determining the areas within each
precipitation zone from maps of average annual precip-
nation for Nevada and Utah (Hardman, 1936, 1965;
U.S. Weather Bureau, 1963). The estimate of recharge
for each mountain range was then compared and
revised to be consistent with the estimated recharge for
individual hydrographic areas or selected groups of
areas. Finally, the distribution of recharge areas was
compared with areas of principal recharge as delineated
by Mifflin (1988, pl. 3). The distribution of recharge
assigned to cells in the model is shown in figure 14,

Total annual recharge within the modeled area is
about 1.5 miilion acre-ft. The quantity of precipitation
that is estimated to recharge the aquifers in the prov-
ince is about 3 percent of the estimated total annual
precipitation. This approximation is slightly less than
the 5 percent reported by Eakin and others (1976, p. 6).
However, they include hydrographic areas that receive
water from the much wetter Sierra Nevada, the moun-
tains in extreme northern Nevada, and areas along the
north and east sides of the Great Salt Lake that receive
some water from the Wasaich Range. They also
exclude several hydrographic areas in the much drier
southeasiern Nevada. Thus, the 3-percent estimate is
probably reasonable. Also, the estimates of recharge
presented herein, and in most of the numerous recon-
naissance reports, do not include water that locally
recharges ground water only to be discharged nearby.

Initial Estimates of Transmissivity and
Leakance

Initial estimates of transmissivity for the upper
model layer are grouped into three geologic units. The
estimates were made to provide a starting point for the
calibration process in which transmissivities were
modified. The geologic units within the modeled area
are prouped into three principal types (Harrill and
others, 1988; Plume and Carlton, 1988): (1) basin fill,
which includes Teruary tuffs, and terrigenous sedi-
ments along with all Quaternary stream, alluvial fan,
and lacustrine deposits; (2) thick sequences of carbon-
ate rocks of Paleozoic and early Mesozoic age; and (3)
other consolidated rocks, which include clastic sedi-
mentary rocks, intrusive and extrusive igneous rocks,
metamorphic rocks, and locally thick units of Tertiary
clay and silt. Figure 15 shows how the principal rock
types are distributed in the upper layer. The
basin-and-range physiography can be easily distin-
guished with the resolution provided by the 5-by-7.5-mi
gnd.

Carbonate rocks are assumed 10 have the highest
transmissivity. The initial wansmissivity assigned to
cells in the upper model layer representing carbonate
rocks was 0.25 fi%/s, within the range of values
reported by Winograd and Thordarson (1975, table 3
and p. 73). Bunch and Hamill (1984, p. 119), and
Plumc (1989) Reported values range from aboul 0.002
fi/s (200 fi /d) to about 9 ft/s (800,000 fi /d). Initial
transmissivity assigned to cells representing other
consolidated rocks was 0.002 fi/s; the initial value
assigned to cells representing basin fill was 0.02 fi%/s,
within the range of values presented by Winograd and
Thordarson (1975, table 3) and Bunch and_Harrill
(1984, p. 115). A uniform value of 0.25 f12/s was
initially assigned to all cells in the lower layer.

Transmissivities of each rock type actually vary
widely, due to either changes in thickness or differing
hydrologic properties of the rocks. The transmissivities
for each model cell changed during model calibration.
The vertical resistance to ground-water flow is simulat-
ed in the model with a vertical Jeakance term. Vertical
leakance is defined as the vertical hydraulic conductivi-
ty divided by length of flow path (Lohman. 1972,
p. 30). A vertical leakance of 1 x 107} per second
was initially assumed for all cells. No attempt was
made to distinguish leakance values according to
hydrogeologic conditions because of the uncertainty of

the geologic units at depth and because of uncentainties

in estimating the vertical hydraulic conductivity and the
length of the flow path. The venical leakances also
changed during model calibration.

Model Calibration

Initial model calibration began by assigning an
estimated water level to each model ceil. In many
cells, particularly in the lower laver, the assigned water
levels were interpolated and extrapolated from data
many miles away. Transmissivities of cells in the
upper and lower model layers and vertical leakances of
cells between layers were initially adjusted on the basis
of comparing simulated water levels to those assigned
to the model cells. Two computer programs were
written and used to automatically adjust both transmis-
sivities and vertical leakances. The first program
adjusted transmissivities in cells where the simulated
water levels were either too high or too low compared
10 the assigned water levels. Transmissivities were
increased or decreased depending on the ratio of the
simulated water level (o the assigned water level. The
method worked reasonably well because simulated
heads were either 100 high or too low over large
regions of the model.

26 Regional Ground-Water Fiow in the Carbonate-Rock Province
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The second program adjusted vertical leakances
between adjacent cells in the upper and lower model
layers during alternate simulations. Vertical leakances
were adjusted using the ratio of the simulated water-
level difference to the assigned water-level difference
as expressed in the following equation (Williamson and
others, 1989, p. 32):

Lnew = Lold * FAC * (AHVmod/AHVas)

where
Lnew = the adjusted vertical leakance value;
Lold = the previous vertical leakance value;
AHVmod = the simulated water-level difference of
adjacent cells between the upper and
lower model lavers;

AHVas = the assigned water-level difference of
adjacent cells between the upper and
lower model layers; and

FAC = 0.9 when the ratio of AHVmod to AHVas
is less than 1, 1.1 when the ratio is
greater than 1, and 1.0 when the ratio
is 1.

The computer programs do not correctly adjust trans-
missivities or vertical leakances on the first computa-
tion because flow to and from a cell may change after
adjusting the vertical leakance and the transmissivities
in adjacent cells. Thus, the process involved numerous
simulations that alternately adjusted transmissivities and
vertical leakances. The use of these programs ceased
once the simulated water levels over the entire model
generally matched the water levels presented by
Thomas and others (1986).

The final pant of model calibration involved: 1)
Testing the range in transmissivities and vertical leak-
ances calculated from the initial calibration by compar-
ing the simulated water levels in 773 selected cells in
the upper layer and 144 cells in the lower layer where
water levels had been estimated from the maps by
Thomas and others (1986); (2) making regional and
local changes to transmissivities and vertical leakances
unul simulated discharge as evapotranspiration in the
upper model layer and regional spring flow in the
lower layer approximated estimated values; and 3)
adjusting conductance values at head-dependent flow
boundaries.

Transmissivities following the initial calibration
ranged from 2.5 x 107 t0 2.5 ft%s in the upper layer
and from 2.5 x 10 10 2.5 x 10"} £:%s in the lower
layer. During the final phase of model calibration,
both transmissivities and vertcal leakances were
rounded to the nearest exponent (1 x 1074; 1 x 10°3; 1
x 10'2; and so forth) without affecting the simulation
results. The rounding of both transmissivities and

vertical leakances is reasonable because of the lack of
information on the extent and distribution of aquifers,
their hydraulic properties. and the lack of ground-water
levels in many areas. Such groupings also simplified
the final calibration while reasonably duplicating
regional ground-water levels, and the distribution and
quantity of discharge. The best match with esumated
water levels and discharge was simulaied when the
grouped transmissivities were multiplied by a facior of
2.2 in the upper layer and when the values were
multiplied by a factor of 3.3 in the lower layer. In a
few areas, transmissivities were further multiplied by
a factor ranging from 2 to 5. Even though transmis-
sivities are generally grouped by a factor of 10, the
range in simulated transmissivities did not change
greatly from the intitial calibration. In the upper layer,
transmissivities following final calibration ranged from
2.2 x 10 10 2.2 x 107! fi%/s; both the minimum and
maximum values are about 10 times less than the
initially calibrated values. In the lower layer, transmis-
sivities following model calibration ranged from 3.3 x
10 10 6.6 x 1071 fi¥ss.

Vertical leakances following initial calibration
ranged from 1 x 1016103 x 10° per second. During
final calibration, increasing vertical leakances of less
than 1 x 10713 to that value produced little difference
in simulated water levels and discharge. Similarly,
decreasing values greater than 1 x 10717 to that value
also produced little differences. Finally, all other
leakance values were rounded to values of 1 x 10°!1,
1x1042 or1x 10713 per second. The distribution of
vertical leakances is shown in figure 16.

The average vertical leakance for all model cells
is 4 x 1012 per second. Overall, 62 percent of cells
(1,517 of 2,456) have a value of 1 x 10112 per second;
34 percent (833 cells) have a value of 1 x 10°1! per
second; and only 4 percent (106 cells) have a value of
1 x 10713 per second. Most of the cells (95 out of
106) having the lowest vertical leakances are in or
adjacent to the Great Salt Lake Desert. More than half
of the cells having the highest leakances (455 out of
833) are in the central third of the modeled area (rows
21 10 40). In contrast, only 17 percent of the cells
having the highest leakances (140 out of 833) are in
the southern third of the modeled area (rows 41 10 61).
In the central pant, about half of the highest leakances
correspond 1o mountain ranges, whereas in the southern
third, 60 percent correspond to mountain ranges.

The magnitudes of the computed transmissivities
and vertical leakances are dependent on the quantity of
assigned recharge. Increasing. recharge results in a
corresponding increase in discharge and requires a
proportional increase in transmissivities and vertical
leakances to maintain the same head gradients. The
estimates of recharge are only approximations; thus,
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recharge was increased by a factor of 2 and decreased
by a factor of 2 during model calibration 10 evaluate its
effect on transmissivities and vertical leakances.

Conductances used for the head-dependent flow
boundaries range from 0.005 to 0.5 fi%/s and average
0.13 fi%/s for the 94 celis. Only one cell has a value of
0.005 and three have a value of 0.5. Conductances are
slightly different between the different areas. Conduc-
tances for the Humboldt River range from 0.1 to
0.5 ft/s and average 0.24 fi%/s; more than half of the
cells (11 of 20) have a value of 0.3 ft2ss. Conductanc-
es for the Great Salt Lake and Utah Lake are 0.1 fi%/s,
except for four celis along the Great Salt Lake, which
have a value of 0.15. Conductances range from 0.01
ft?ls for the upstream reaches of the Sevier River to
0.15 for Sevier Lake; conductances for the Sevier River
average 0.07 fi%/s. Conductances for the Virgin River
are 0.01 ftzls. except for the northernmost cell, which
is 0.02 fi%s. Conductances for Lake Mead are also
0.01 fi?s, exccgt for the two cells nearest the dam,
which are 0.5 ft“/s. The conductance for the one cell
representing the Colorado River below the dam is
0.005_fi*s. Conductances for Death Valley are
0.1 fi¥s.

Because flow to and from the head-dependent
boundaries are generally controlled by the estimated
transmissivities of the model cells, changing conduc-
tances does not greatly affect the simulation results.
For example, decreasing the conductances for cells that
have a value of 0.5 ft?/s 10 0.1 fe2/s resulted in a slight
decrease (0.1 ft3/s) in discharge and recharge along the
Humboldt River and no change 10 discharge at Lake
Mead. Increasing the conductances for nine cells along
the Sevier River which had values less than 0.1 ft/s by
a factor of 10 resulted in a 10-percent increase in
discharge (5 fl3ls increase) to the Sevier River, a
corresponding decrease in simulated evapotranspiration,
and consequently, no change in the simulated discharge
from the area.

Total simulated spring discharge from the lower
model layer is only 0.5 percent greater than the total
estimated discharge (table 1). However, the percent-
age difference between simulated and estimated dis-
charge for individual springs is generally more. For
example, simulated discharge at Warm Springs
(table 1) is 152 percent of the estimated discharge.

During final model calibration, conductance
values used to simulate spring discharge were changed
10 test their sensitivity. Initially, a uniform value of
3 f1%/s was assigned 1o each spring. This value is more
than two orders of magnitude greater than the initial
conductance value assigned between layers (vertical
leakance multiplied by cell area). Increasing the
conductance value for springs to 10 ft/s did not affect
discharge from the lower layer, indicating that the

discharge was dependent on flow from adjacent model
cells. The higher conduciance values resulted in
slightly reduced water levels in cells where spring
discharge was simulated. because not as much head
difference was needed to s"imulatc flow through the
springs. A value of 10 ft/s was used during final
model calibration. Spring discharge was extremely
sensitive to changes in both transmissivity and vertical
leakance.

Land-surface altitude assigned 10 each model cell
in the upper layer conuolled the distribution of
evapotranspiration and water levels in cells where
evapotranspiration was simulated. Initially, land-
surface altitudes assigned to each cell were averaged
values. This did not produce a reasonable distribution
of evapotranspiration and water levels in some areas of
the model. Adjusting transmissivities and venical
leakances did not always improve results. Areas of
evapotranspiration are generally confined to the lowest
parts-of a valley. Consequently, minimum land-surface
altitudes from the one-minute data were used in areas
of known evapotranspiration.

Because evapotranspiration did not reach a
maximum rate when water levels exceeded land surface
(fig. 10B), simulated water levels in cells with evapo-
transpiration were compared with the assigned land-
surface altitude. Whenever waier levels exceeded land
surface, transmissivity and leakance values in that cell,
and sometimes in surrounding cells, were changed to0
lower heads below land surface. Evapotranspiration of
ground water was assumed to occur only from basin
fill in the valley lowlands. Thus, the transmissivity and
leakance values were increased in a model cell corre-
sponding to consolidated rocks whenever evapotrans-
piration was simulated in such a cell. Final distribution
of simulated evapotranspiration is shown in figure 17.
The simulated distribution generally corresponds to
arecas mapped by Harrill and others (1988, pl. 2).
Areas mapped by Harrill and others are shown in
figure 18.

The model was deemed calibrated when simulated
discharge approximated the mapped distribution and
esumated discharge in each hydrographic area. In
addition, computed water levels were matched as
closely as practical with estimated values. For the
best-fit simulation, 86 percent of the simulated water
levels (666 out of 773 model cells) were within 250 fi
of the estimated water levels for the upper layer and 76
percent (109 out of 144 celis) were within 250 ft for
the lower layer.

The 250-ft criterion used for calibration purposes
is only 3 percent of the total water-level difference in
the model. The maximum simulated water level is
more than 7,000 ft abeove sea level. along the eastern
side of the model; .n contrast, the minimum is below
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Table 1. Estimated uischarge of regional springs, compared wilh simulated discharge following model calibration

Discharge
Map (acre-feet per year)
number
Regional spring (fig. 11) Estimated  Simulated Source of discharge estimate
Mansc Springs i 4,300 3.900 Maxey and Jamcson, 1948, p. 9-10
Ash Mcadows arca (several springs) 2 17,000 17,000 Winograd and Thordarson, 1975, p. C78-C8
Rogers and Bluc Point Springs 3 1,500 1,200 Rush, 1968b, p. 39 :
Muddy River Springs 4 36,000 37,000 Eakin, 1966, p. 264
Grapevinc and Stainigers Springs 5 1,000 720 Miller, 1977, table 4
Pahranagat Valley (scveral springs) 6 25,000 24,000 Eakin, 1963, p. 20
Panaca Warm Spring 7 7,900 9,900 Rush, 1964, tabic 9
llot Creck Ranch Springs 8 1,800 2,000 Rush and Evcrett, 1966a, table 9
Lockes (scveral springs) 9 2,400 2,800 Van Denburgh and Rush, 1974, p. 23, 50-52
Blue Eagle and Tom Springs 10 3,700 3,200 Van Denburgh and Rush, 1974, p. 25, 50-51, Mifflin
1968, table 4
Moon River and Hot Creck Springs il 13,000 ' 13,000 Maxey and Eakin, 1949, p. 37
Mormon Hot Spring 12 3.100 2,200 Maxcy and Eakin, 1949, p. 37
Northern White River Valley (several springs) 13 12,000 10,000 Maxey and Eakin, 1949, p. 39
Duckwater (Big and Little Warm Springs) 14 11.000 13,000 Van Dcnburgh and Rush, 1974, p. 23, 50-52
Fish Creek Spring 5 3.900 2,800 Rush and Everett, 1966a, table 9
Twin Spring 16 2,900 4,000 Hood and Rush, 1965, table 9
Campbhell Ranch Spring 17 7,700 7,400 Eakin and others, 1967, table 4
Shipley Hot Springs and Bailcy Spring 18 5,700 4,400 Harvill, 1968, p. 31
Fish Springs 19 27,000 26,000 Bolkc and Sumsion, 1978, p. 10
Nclson Springs (Curric Springs) 20 2,200 1,800 Eakin and others, 1967, tablc 4
Bluc Lake and Little Salt Springs pA 18,000 20,000 Gates and Kruer, 1981, table 8
Warm Springs 22 3.300 5.000 Eakin and others, 1951, p. 108
Total discharge, all regional springs (rounded) 210,000 211,000




.
=

[ o)

118° 1nr 118° 118° 114° 113° 112° 119°
I | ,l | ,I ks ey J-L‘_ | (-—]'
i - _—‘r 6'\
1 ) 1 i - P |
1
a1 —OREGON » AHO ]_ l — \'\T 'g.
] to%’ \ ) IE
, ¥
o (Vi
S0 . |
T 80
: : |
0 v g
41 p L
= —— ot ey & . 2
t q g : :
[ — > A
y ' MNP
R : .
« -——— i \l\ _
i i " N
v J /‘I {
¢ i I\\
N ! ) 4
s - i {
) ! - |
(3
——— M |
]
\ ) i
\ - -
——
// s ' -
3 1
\/ “ -
N\
\ .
\ ——
1
{
: : EXPLANATION
r
) Y ; 1 Evapotranspiration rates for cells in
bl - upper model layer — in acre-foet
‘\ . per year
! ; ED No evapotranspiration
' : Bl Less than 5,000
3 b 2 % m 5.000 10 10,000
. " Greater than 10,000
’ Discharge at general-head boundary —
, Flow exceeds 40 acre-feet per year
4] 100 Mi|
n Y — ! = Boundary of carbonate-rock province
- _o { wc.‘mousrzns ; { 1ol

Base moaec ¥om U S. Geologseal Survey cigitel data. 1:100.000 and 1:250.000

Albers Equal- Area Conic proyection
Standard paralieis 20°30° and 45°30. cerral mendian -114°

Figure 17. Simulated evapotranspiration rat
and Death Valley through general-head bo

es in cells in upper model la
undaries.

yer, and simulated discharge from rivers, lakes,

Simulation Resuits 33



Lo

118°

-

e|— _| _orecoN

-
-
]

"S- \\J\%
\

__Ibano L
NEVADA -

o
SNINOAM

|

[} 100 MILES \
i 1 ) SN
r T N
o 100 KILOMETERS
Ll ol | | [ i |
Base vom U.S. Geclogical Survey digital deta. 1:100.000 and 1:230,000
Aers Equal-Ares Conic projecsion

Standerd pasaliels 20°30° and 45°30, coniral meridian -114°

EXPLANATION

Area where ground water s consumed
by evapotranspiration — Approximately
focsted

Boundery of carbonate-rock province
model

Flgure 18. Areas where ground water Is consumed by evapotranspiration (from Harrill and others, 1988, pl. 2).

34 Regional Ground-Water Flow in the Carbonate-Rock Province



e

sea level, in Death Valley. Water-level differences
between adjacent model cells commonly exceed 250 fi;
in a few locations, they exceed 500 ft. The distribution
of water levels in both model layers for the best-fit
calibration is shown in figure 19.

Conductance values used to simulate the interac-
tion of ground water with surface water (general-head
boundaries in fig. 9) were changed during model
calibration until the simulated water-level gradients
near the boundaries approximated the estimated gradi-
ents.

Limits of Calibration

Results from the model simulation are only
approximate because of uncertainties in the distribution
and quantity of recharge and because water levels in
the consolidated rocks are unknown over much of the
area. Although discussed in detail, the model resuits
are conceptual because actual values are not known for
any of the variables in the ground-water flow equation.
In particular, other, equally valid, distributions of trans-
missivity may be found that permit the model to be
calibrated to the existing information. Model results
are also dependent on the general assumptions dis-
cussed previously.

Transmissivities estimated for both model layers
are in part dependent on the quantity and distribution
of recharge used in the model, particularly for model
cells that correspond to mountains. Recharge is
simulated in the mountains except where head-
dependent flow boundaries are used to simulate the
interaction of ground water with surface water. Simu-
lating all recharge in mountains that consist of carbon-
ate rocks is probably reasonable because little surface
water flows to the nearby valleys. But in mountains
that consist of low-permeability rocks, much of the
water flows into nearby valleys where recharge occurs
mostly on the adjacent alluvial fans. Thus, the trans-
missivities estimated for model cells that represent
these mountains are probably higher than the actual
transmissiviues.

Transmissivities in the upper model layer are
highly sensitive 10 changes in both the quantity and
location of recharge. Transmissivities for the lower
model layer are not as sensitive to changes in recharge,
because recharge is not added directly to cells in this
layer. Recharge to the lower layer is dependent on the
leakage between the upper and lower layers, which is
controlled by the vertical leakance.

Errors in the estimates of recharge are unknown
but locally could be well in excess of 100 percent. If
recharge is increased in the model by 100 percent, a
similar distribution of water levels could be simulated
by proportionately increasing transmissivities and

vertical lecakances. Because the model assumes
steady-state conditions, discharge would also increase
by 100 percent. However, a different distribution of
transmissivity and vertical leakance near regional
springs would be needed if the additional recharge was
forced to discharge as evapotranspiration insiead of
allowing spring discharge to increase as well.

Estimates of water levels used to calibrate trans-
missivities in the lower model layer are based on
limited data. Locally, transmissivities could be
changed an order of magnitude and model results might
still be reasonable with respect to areas of estimated
water levels and quantities of simulated discharge.
Large cell sizes and the generalization of transmis-
sivities result in a more gradual change in simulated
water levels than might be expected from abrupt lateral
and vertical changes in geologic units observed in the
study area. Where geologic structures are barriers (o
flow in south-central Nevada, water-level differences
between adjacent valleys are as much as 2,000 fi
(Winograd and Thordarson, 1975, p. 63). With cell
sizes of 5 by 7.5 mi, the model tends to smooth such
large differences.

The model is designed to simulate ground-water
flow at a regional scale. Orientation of the columns in
the model grid corresponds 1o the general trend of
range-front faults. These faults are thus parallel and
perpendicular to the two directions of horizontal
transmissivity. However, range-front faults are not the
only faults present in the province. The mountains are
extensively faulted as presumably are the rocks beneath
the basin fill. Orientation of the model grid to coincide
with the range-front faults therefore may be unneces-
sary. Also, transmissivity in one of the two principal
directions could be changed with respect to the other
direction over the entire modeled area, although no
compelling reason was discovered to simulate such a
condition.  Anisotropy probably exists on a more
localized scale, but available computer programs do not
allow anisotropy to be specified by individual model
cells.  Localized anisotropic conditions could be
simulated by reducing the dimensions of the model
cells. The simulation of ground-water flow with
smaller cell dimensions is not beyond the scope of this
study. However, insufficient data over large areas
preclude such a detailed simulation.

SIMULATION RESULTS

Discussion of the simulation results has been
divided into three sections: (1) estimated transmis-
sivities, (2) correlation of ground-water flow 1o
regional geologic features, and (3) distribution of flow
into regions.

Simulation Results 35
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Estimated Transmissivities

Transmissivities in both model layers were esti-
mated by adjusting the initial values until model-
simulated water levels generally agreed with estimated
water Jevels and the quantity and distribution of
simulated discharge approximated those of the estimat-
ed discharge. The transmissivities are also dependent
on the quantity and distribution of recharge assigned to
cells corresponding to mountain ranges. Estimated
transmissivities for the upper and lower model layers
are shown in figure 20.

Errors in transmissivities are unknown but the
estimates could be off by a factor of 5 or more. Other
uncentainties used in the model also result in unknown
errors, especially the assumption of isotropy in each
37.5-mi? model cell in an area of complex geology.
Consequently, transmissivities are discussed using the
qualitaive terms listed in the following table.

Transmissivity range

Qualitative (fest squared per
term second)
Lowest <0.0006
Low 0.0006-0.006
High 0.006-0.18
Highest 0.18-0.66

In the upper model layer, no distinct pattern of
transmissivities is simulated (fig. 204), perhaps because
of areal variability in the quantity and distribution of
recharge. Highest transmissivities are scattered in
small groups of cells throughout much of the province.
Lowest transmissivities are concentrated in the Great
Salt Lake Desert, in the vicinity of Death Valley, and
in the extreme southern part of the province. Low
values are assigned in the Great Salt Lake Desert 1o
match estimated ground-water discharge. Circulation
of fresh ground water in this area is assumed minimal
because the area is underlain by an extensive body of
saline ground water. Low values are assigned in the
vicinity of Death Valley and in the southern part of the
province to simulate large hydraulic gradients between
Death Valley and adjacent basins. Qutcrops of Cam-
brian and Precambrian clastic rocks, assumed 1o be
poorly permeable, are common in the mountains
surrounding Death Valley.

In the lower model layer. high ransmissivities are

‘generally grouped in areas associated with regional

springs, or in the vicinity of basins where ground-water
discharge is considerably more than the estimated
recharge from tributary drainage areas (fig. 20B).
Highest values are simulated in narrow bands near
regional springs in the White River Valley in eastern
Nevada, near the Muddy River Springs area in southern
Nevada, and near Fish Springs in west-central Utah.
Elsewhere in the province, low transmissivities are
simulaied. Lowest transmissivities are simulated in the
Great Salt Lake Desert, Death Valley, and the extreme
southern end of the province, with an areal distribution
similar to that of the upper layer.

Transmissivities in the upper and lower model
layers are summarized in table 2.

The geometric mean transmissivity of the upper
layer is greater than that of the lower layer even though
the minimum, median, and maximum values in the
upper layer are less than those in the lower layer.
However, the 25th-and 75th-percentile values are
nearly an order of magnitude greater in the upper layer.
The reason for this seeming disparity is that the
estimated transmissivities in the model cells are as-
signed values that differ by an order of magnitude. For
example, estimated transmissivitics assigned to the
upper layer are generally 0.000022, 0.00022, 0.0022,
0.022, or 0.22, and those assigned in the lower Jayer
are generally 0.000033, 0.00033, 0.0033. 0.033, or
0.33. In the upper layer, about 40 percent of the active
cells (979 of 2,456 celis) are assigned an estimated
transmissivity of 0.022 ftzls, whereas in the lower laver
approximately half of the active cells (1,187 of 2,456
cells) are assigned an estmated transmussivity of
0.0033 fi?/s.

As a result of model calitration. estimated trans-
missivities in both model layers are generally less than
the iniually assigned values. Initially, one of three
transmissivity values was assigned o groups of model
cells in the upper layer on the basis of surficial geology
(that is, carbonate rocks, basin fiil, or consolidated
rocks of low permeability; fig. 15), and one value
representing carbonate rocks was assigned to all cells
in the lower layer. The frequency distribution of
estimated transmissivities for the three groups of rocks
in the upper layer is shown in figure 21. Also shown
is the frequency distribution for all rock types (all
mcdel cells) in the lower layer. Estimated trans-
missivities for each group of rocks are Jog-normally
distributed. The geometric mean wransmissivities for
each group of rocks in the upper layer and all rock
types in the lower layer, and the percentage of model
cells within the transmissivity ranges shown in figure
20, are listed in table 3.
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Table 2. Selected statistics of estimated transmissivities in both mode! layers

Transmissivity (feet squared per second)

Mode! Number of Geometric 25th 75th

layer celis mean Minimum percentile Median percentile Maximum
Upper 2,456 0.0048 0.000022 0.0022 0.0022 0.022 0.22
Lower 2,456 .0030 .000033 .00033 .0033 .0033 .66

Table 3. Summary of estimated transmissivities for model celis corresponding to selected rock types in both model

layers
Percentage of model celis having transmis-
Transmissivities sivities (in feet squared per second) within
(feet squared per sscond) the following ranges
Geometric
mean of esti-
Initially mated post-
Number of  assigned calibration  Less than  0.0006- 0.006-
celis value values 0.00(s5 0.006 0.18  0.18-0.56
UPPER LAYER
Carbonate rocks 480 0.25 0.0057 12 39 43 6
Basin fill 1,316 .02 .0060 15 31 46 8
Consolidated rocks
of low permeability 660 .002 .0027 28 37 33 2
LOWER LAYER
All rock types 2,456 25 .0030 30 48 20 2

The geometric means of estimated transmissivities
for cells representing carbonate rocks and basin fill are
only 3 and 30 percent, respectively, of the initially
assigned values (0.25 and 0.02 fi%/s), whereas the
geometric mean for cells representing consolidated
rocks of low permeability is 135 percent of the mnitially
assigned value. The geometric mean of estimated
ransmissivities for all rock types in the lower layer is
only 1 percent of the initially assigned value. Overall,
this mean closely approximates the geometric mean for
cells representing consolidated rocks.of low permeabi-
lity, rather than that of carbonate rocks.

The distributions of estimated transmissivities in
the upper layer for cells representing carbonate rocks
and basin fill are nearly the same as summarized in
table 3. More than 75 percent of the cells representing
these rock types have an estimated transmissivity
between 0.0006 and 0.18 ft%/s. In contrast, 2 much
greater percentage of cells representing consolidated
rocks of low permeability in the upper layer and all
rock types in the lower laver have an estimated trans-
missivity of less than 0.0006 ft%/s.

Correlation of Simulated Ground-Water
Fiow to Regioral Geologic Features

The most suriking geologic structures in the study
area are the norma! faults that separate the basins and
mountains. These faults are the result of extension that
has been occurring over the past 17 million years.
Normal faulting (mainly the juxtaposition of basin fill
and consolidated ro:ks) is indirectly incorporated in the
model, because columns in the grid are oriented
paraliel to the gencral strike of the mountain ranges
and adjacent basins. Thus, differences in transmis-
sivities between cells representing basin fill and
consolidated rocks may indirectly simulate the effects
of these normal faults on ground-water flow.

Faults may provide ventical conduits for flow or
act as barriers to horizontal flow by offsetting perme-
able rocks against low-permeability rocks. Disconti-
nuities in rock types along a fault would cause a
marked change in the hydraulic gradient across the
fault (referred 1o as fault compartmentalization by
Winograd and Thordarson. 1975. p. 1191 In addution.
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broken rock adjacent to faults could act as a conduit if
the rubble is porous and not cemented, but could act as
a barrier if the rocks are highly cemented. The model
simulates average transmissivities and water levels for
cach cell, thus water-level or permeability changes due
1o faults within a cell cannot be represented. However,
a step function of water-level change can be simulated
across model-cell boundaries whenever adjacent ceils
have different transmissivities. Unfortunately, such
changes can be masked because water levels for each
model layer are contoured using an averaging technique
that draws contours on the basis of a linear interpola-
tion of water levels between adjacent model cells and
because of the large contour interval (500 ft) chosen to
show regional trends. Thus, marked changes in water
levels between individual cells are generally not
evident.

Several east-west-trending lineaments that gener-
ally are at right angles to the north- to northeast-
wending normal faults have been discussed in the
literature (Robents, 1964, 1966; Eaton, 1975; Stewart
and others, 1975, 1977; Ekren and others, 1976;
Rowley and others, 1978; Rowan and Wetlaufer, 1981).
These lincaments are usually several tens of miles to a
hundred miles long and one to several miles wide. The
lincaments tend to be associated with disruption and
termination of mountain ranges, stratigraphic disconti-
nuities, east- to east-northeast-trending faults, mineral
belts, caldera boundaries, volcanic deposits, and
changes in both gravity and aeromagnetic gradients.
Rowan and Wetlaufer (1981, p. 1414) proposed that the
east-west lineaments are conjugate shears formed
during and after middle Miocene extension. Ekren and
others (1976, p. 1) suggest that the cast-west linea-
ments are caused by deep-seated crustal control. How-
ever, they are uncentain whether the lineaments are
partly the result of conjugate shears or are caused by a
continent-wide fracture system.

Stewart and others (1977, p. 67) noted that the
Cenozoic igneous rocks crop out in generally
east-west-trending belts and that the rocks become
successively younger southwestward. The oldest
igneous rocks are about 34 10 43 million years old near
latitude 40° and the youngest rocks are about 6 to 17
million years old along an east-west belt near latitude
37°. They postulated that the volcanic front is related
to igneous activity localized along a southward propa-
gaung transverse break or structural warp in a sub-
ducting plate. A similar conclusion was reached by
Ekren and others (1976, p. 15), but they also noted that
the fauitng along the lineaments became younger
toward the west and southwest ends, which agrees with
a southwestward decrease in the age of silicic volca-
nism,

The east-west lineaments could act as barriers to
ground-water flow because the features usually extend
across many tens of miles 1o a hundred miles, are
several miles wide, and may disrupt the continuity of
Paleozoic carbonate rocks by the repositioning of less
permeable intrusive and (or) extrusive rocks, or by
movement along lefi-lateral strike-slip faults. The
lineaments are shown superimposed on the simulated
water levels in for the upper and lower model layers in
figure 22. One lineament, the Oregon-Nevada linca-
ment described by Stewart and others (1975), trends in
a northwesterly direction essentially parallel to the
Walker belt, a zone of right-lateral shears. The
Oregon-Nevada lineament (also referred to as the
Cortez rift) is characterized by a north-northwest-
trending belt of closely spaced faults, centers of
volcanic activity during the late Miocene, and a con-
spicuous acromagnetic anomaly. Also shown in figure
22 are reporied metamorphic core complexes, and
east-west-trending mineral belts.

Of the lineaments in figure 22, only the transverse
crustal boundary of Eaton (1975) corresponds to a
change in simulated water levels (fig. 22), as the simu-
lated water-level gradient increases across the linea-
ment. The lineament is nearly coincident to the axis of
the southern part of the intermountain seismic belt
(Rowley and others, 1978) and generally marks the
southern limit of Cenozoic igneous activity. The linea-
ment is also coincident with a considerable decrease in
altitude of the valiey floors; north of the lineament,
valley floors are generally 4,000 ft or more above sea
level, whereas south of the lineament, valley floors are
2,000 ft or less above sea level. Water levels in the
basin fill generally follow changes in land-surface
altitudes of the valley floors. Except for a relatively
narrow band of high transmissivities in east-central
Nevada, low transmissivities are estimated along the
lineament (fig. 20).

Aligned along the transverse crustal boundary are
left-lateral shear zones. These zones may also act to
restrict flow across the lineament, as suggested by the
discharge of ground water from springs just upgradient
of the Pahranagat shear zone (fig. 224). Ekren and
others (1976) discussed the presence of other
left-lateral faults along the lincament near the
Utah-Nevada State line and in the southern part of the
Nevada Test Site.

The other lincaments shown in figure 22 do not
correspond as well as the transverse crustal boundary
to changes in simulated water levels, although many of
the regional springs (discharge points in the lower
model layer shown in fig. 228) may be controlled at
least in part by structures related 1o the lineaments.
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1 Warm Springs (Ekren and others, 1978)
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4 Timpahute (Ekren and others, 1976)
S Biue Ribbon (Rowiey and others, 1978)
& Oregon-Nevada (Stewart and others, 1975);
830 referred to as Conez rift
m{{m Axis of mineral bek and number
7 Haminon-Ely (Roberis, 1964, 1966)
8 Chenty Cieek (Robens, 1964, 1968)
9 Deep Creek-Tintic (Shane and Stewart, 1976)
10 Oquirrh-Uinta (Shane and Stewan, 1976)
11 Delmar-lron Springs (Shane and Stewart, 1976)
12 Pioche (Shane and Stewast, 1976)

. Spring simulated In model

Simulaucrn Rezuits 45



e

i

Transmissivities (fig. 20) are generally lower in model
cells that correspond to lineaments, although there is no
consistent pattern. The Oregon-Nevada lineament
(feature 6 in fig. 22B) corresponds to a discontinuous
zone of low transmissivities in the lower model layer
(compare figs. 20B and 22B). This lineament also
corresponds to the presence of ground-water discharge
at several places along its extent.

The Warm Springs lineament in Nevada (feature
1 in fig. 22B) and the Blue Ribbon lineament (feature
5 in fig. 22B) generally cut across the study area at
latitude 38°. The Blue Ribbon lineament in Utah is
associated with the Pioche mineral bel, which has
abundant volcanic deposits that are elongated in an
east-west direction (Stewart and others, 1977; Rowley
and others, 1978, p. 180), and generally corresponds
with a ground-water divide between northward flow
toward the Great Salt Lake Desert and southward flow
toward the Virgin River and Lake Mead.

The lack of pronounced changes in simulated
water levels, and transmissivities along the lineaments
north of the transverse crustal boundary could be due
o younger normal faults disrupting the lineaments.
Accordingly, the older lineaments may be leaky
barriers to ground-water flow. In contrast, igneous
activity along the transverse crustal boundary began at
about the same time as the normal faulting. Perhaps
the structures and implaced intrusions along this
lineament have not been disrupted, so that structures
along the lineament stll act as barriers to flow.

Some structures that might affect ground-water

flow could not be correlated with the simulated water -

levels and transmissivities. In general, major thrust
faults could not be correlated with simulated and esti-
mated water levels or with transmissivities at the scale
of the model. Perhaps this is due 1o masking by other
features or due to the size of the model cells used in
the simulations: or perhaps the effects of these features
on regional ground-water flow are minimal. Thrust
faults might act as barriers to flow, particularly to
vertical flow, where less permeable rocks have been
thrust over more permeable rocks or where gouge
along the thrust has been altered to clay. However,
thrust faults could also increase the transmissive
properties of rocks due to fracturing of brittle rocks,
particularly near the center of folds or along the
margins of the thrust plates.

Shear zones also could not be correlated with
simulated water levels and transmissivities. Winograd
and Thordarson (1975, p. 67) discussed evidence that
the Las Vegas Valley shear zone (fig. 224) acts as a
barrier to flow. Evidence for a barrier is based on a
water-level difference of 600 ft measured from two
wells that are 3 mi apart. They assumed that most of
this difference takes place in the vicinity of the shear

zone instead of assuming a more gradual gradient

~ between the two wells. The Pahranagat shear zone

(fig. 22A) may also restrict ground-water flow as
springs discharge upgradient from it. The Walker belt
(fig. 22A) may restrict flow across it, but the zone is
an area of abundant volcanic activity {Carr. 1984) and
also corresponds 1o the approximate area where expo-
sures of Precambrian and Cambrian clastic and crystal-
line rocks are common in the mountain ranges. Thus,
on a regional basis it is not possibie 10 determine if
strike-slip faults along the Walker belt act as barriers
or if flow is restricted by some other geologic feature.

The lack of correlation of simulated water levels
and transmissivities with strike-slip faults could reflect
how the model averages water levels and transmis-
sivities within each cell. A steep drop across a small
distance of a mile or so could not be simulated with
model cells that are 5 by 7.5 mi. Instead, a smoother
gradient and a less severe change in transmissivity was
simulated, thus possibly masking any local effects that
could be related to a series of strike-slip faults.

Shear zones might act as bamiers to flow across
the zone but could act as conduits along the direction
of strike. This possibility could not be simulated in the
model] because anisotropy of selected cells could not be
simulated without simulating anisotropy in every cell of
a model layer. Increasing transmissivity in the direc-
tion of strike along the shear zones for all model cells
could not be justified, because most normal faults in
the study area are at right angles to the shear zones and
could just as easily act as conduits along their strike.

Perhaps more important- than the lineaments as
ground-water barriers are the distribution of low-perme-
ability rocks. Low permeability rocks include intru-
sive rocks, metamorphic rocks that may be associated
with the intrusives, and Precambrian and Cambrian
igneous, metamorphic, and clastic rocks (Plume, in
press). The distribution of these rocks is shown in
figure 23 along with simulated water levels, areas of
ground-water evapotranspiration, and estimated bound-
aries of ground-water flow for the upper model layer.
Low-permeability rocks south of the transverse crustal
boundary (south of latitude 36°) are generally Precam-
brian and Cambrian clastic and crystalline rocks; this
suggests that carbonate rocks are either not very thick
or absent over parts of the area. Transmissivities in the
upper model layer (fig. 204) are generally low in
model cells that correspond to outcrops of these rocks.

The distribution of low-permeability rocks in the
subsurface may be more extensive than indicated by
outcrop. Where present, these rocks could act as
effective barriers to deep ground-water flow. Aero-
magnetic data indicate that several subsurface magnetic
bodies are present in the province; these are interpreted
as low-permeability intrusive and igneous rocks (Plume.
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in press). Large magnetic bodies are most prevalent in
Utah, extreme eastern Nevada, and in southern Nevada
(fig. 24A). These bodies correspond to outcrop areas
of intrusive and other crystalline rocks. A long, linear
magnetic body in north-central Nevada is associated
with the Oregon-Nevada lineament (fig. 22B). Only a
few small magnetic bodies are present in east-central
Nevada, an area devoid of extensive outcrops of low-
permeability rocks. Transmissivities in the lower
model layer are generally less than 0.006 ft%/s in areas
associated with the subsurface magnetic bodies (figs.
208 and 24A). Consequently, only small quantities of
flow are simulated in these areas. Several regional
springs are upgradient from outcrop areas of low-
permeability rocks or subsurface magnetic bodies (fig.
24A and B), further suggesting that intrusive and other
crystalline rocks are effective barriers to deep ground-
water flow,

Ground-water flow also may be affected by the
presence of metamorphic core complexes in the Ruby
Mountains and the Deep Creek and Snake Ranges
(fig. 24). These complexes include a metamorphic-
plutonic basement terrane, an overlying transition zone
of abrupt change in lithology and structure character-
ized by intense strain, and an unmetamorphosed cover
characterized by low-angle detachment faults (Stewart,
1980, p. 80; Coney, 1980). Generally, transmissivities
in the lower model layer are low in the vicinity of the
metamorphic core complexes (fig. 20B), causing
mounding effects at these locations. Simulated ground-
water flow in areas of the core complexes is radially
outward. Estimated recharge in mountains associated
with the core complexes is higher than in adjacent
mountains because the mountains are higher in altitude,
thus contributing to the radial flow pattern.

The areas of high transmissivities (values exceed-
ing 0.006 ftzls) in the lower model layer correspond to
areas near regional springs or 1o areas where estimated
water budgets indicate interbasin flow. Elsewhere, the
quantities of simulated deep flow are small, perhaps
because the carbonate rocks are thin, are present as
isolated blocks, or are buried beneath low-permeability
rocks. High transmissivities may reflect areas where
the carbonate rocks are thick and generally continuous.
An area of high transmissivities extending from east-
central Nevada into southern Nevada (fig. 25) generally
corresponds 10 an area defined by Dettinger (1989,
p- 13-16) as the central corridor (shown in figure 25).

This corridor of carbonate rocks may be the principal
conduit for regional flow from east-central Nevada into
southern Nevada. High transmissivities in west-central
Utah (fig. 25) also correspond to an area where carbon-
ate rocks are continuous and relatively thick (Carlton,
1985, p. 11). This area is simulated as a major conduit
for northward flow from western Utah into the southern
end of the Great Salt Lake Desert. The high transmis-
sivities adjacent to regional springs is consistent with
the results of aquifer tests of carbonate rocks in eastern
and southern Nevada. Results from aquifer tests
indicate that the carbonate rocks are, on the average,
25 times more transmissive within 10 miles of regional
springs than farther away (Dettinger, 1989, p. 16).

Distribution of Flow into Regions

Ground-water flow in the carbonate-rock province
is generally from recharge areas in the mountains 1o
discharge areas on the valley floors. Much of this is
shallow flow from a local recharge area to an adjacent
valley floor. However, in areas where permeable
consolidated rocks (primarily fractured carbonate rocks)
exist, ground water can flow at greater depths beneath
mountains and valley floors. The deeper water can
originate in distant recharge areas outside the topo-
graphic drainage basin in which it is discharged.
Ground-water flow through deep permeable consolidat-
ed rocks is best exemplified by large springs or spring
groups, from which the discharge greatly exceeds the
estimated local recharge. Examples include the springs
in Ash Meadows (Winograd and Thordarson, 1975,
p. 75-78), the Muddy River Springs (Eakin, 1966,
P- 251), and the Fish Springs (Bolke and Sumsion,
1978, p. 13). A schematic depiction of shallow flow
overlying deep regional flow., which is based on
concepts presented by Té6th (1962, 1963) and Freeze
and Witherspoon (1966, 1967), is shown for the
carbonate-rock province in figure 26.

The delineation of flow regions in both model
layers is based on a graphical ploi of horizontal flow
across common boundaries between model cells which
are referred to as cell faces (fig. 26). The flow-region
boundaries in each model layer were hand drawn on
1:1,000,000-scale maps considering only horizontal
flow within each layer. Vectors were machine drawn
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on the maps at the center of each cell face in the
direction of horizontal flow; the length being propor-
tonal 10 the base 10 logarithm of the simulated flow
across the cell face. Cells having inward, horizontal
flow from adjacent cells in each layer were first
identified, then the area contributing horizontal flow 1o
these cells determined from flow vectors in surrounding
cells. In some areas, as in the Great Salt Lake Desert,
groups of cells having inward flow are considered a
single sink.

Flow regions in the upper model layer are re-
ferred to as shallow-flow regions. Forty-five are
delineated in the model (fig. 23).

Active cells in the lower model layer are grouped
into deep-flow regions (fig. 244). The regions are
delineated for terrain in which water levels generally
decline toward one of five major discharge areas. Four
of the flow regions are named for the geographic area
of lowest land-surface altitude and lowest ground-water
level within that region. Thus, the flow region in
which water leveis and land surface generally decrease
toward Death Valley is called the Death Valley region.
Other regions named this way are the Colorado River,
Railroad Valley, and upper Humboldt River regions.
The huge area that includes Great Salt Lake and the
Great Salt Lake Desert is named the Bonneville region
because most of it was inundated by pluvial Lake
Bonneville during the Pleistocene epoch. Not all
horizontal flow in the lower layer reaches one of the
major regional discharge areas. Thus, deep-flow
regions are further divided into subregions. Seventeen
subregions are delineated in the lower layer (fig. 24B).

The number of subregions in the lower layer is
the same as the number of flow systems delineated by
Harrill and others (1988, pl. 2), although the bound-
aries between subregions do not everywhere correspond
1o those of the flow systems. Flow-system boundaries
drawn by Harrill and others (1988) are along topo-
graphic divides between hydrographic areas, and are
based on water-level gradients and flow budgets in
cach hydrographic area. In contrast, the subregion

boundaries delincated herein are not constrained by
topographic divides and hydrographic areas. Instead,
they are based on the area within the lower layer that
contributes horizontal flow to model cells having
inward flow.

Boundaries of deep-flow regions (fig. 244) do not
everywhere correspond 10 boundaries of shallow-flow
regions (fig. 23). For example, the Colorado River
deep-flow region (fig. 24A) underlies several shaliow-
flow regions that also overiap the adjacent Bonneville
and Death Valley deep-flow regions. Similarly, the
Railroad Valley deep-flow region underlies several
shallow-flow regions that also overlap the adjacent
upper Humboldt River and Death Valley deep-flow
regions. This results in the simulation of upper-layer
flow that moves across underlying boundaries of deep-
flow regions (fig. 26B). Although model results indicat-
ing differences in the horizontal directions of shallow
flow and deep flow are simulated on the basis of
limited data, such differences have been reported in
central Nevada (Dinwiddie and Schroder, 1971). The
general patterns of ground-water flow in both model
layers shown in figure 26B depend on (1) the configu-
ration of the water table simulated in the upper layer,
and (2) the hydraulic propenties assigned to model cells
in both layers. The effect of these two factors in
combination with a third factor--the ratio of depth to
lateral extent for a basin--is discussed by Freeze and
Witherspoon (1967, p. 625-632).

Vertical flow »etween model lavers is illustrated
in figure 27. Vertical flow between lavers for each cell
is depicted as being predominantly upward, predomi-
nantly downward, or negligible (less than 0.01 fi3/s
over a cell area of 37.5 mi?). Downward flow is
generally simulated in model cells corresponding to
areas of recharge. Upward flow is generally simulated
in areas of discharge. Liutle vertical (as well as
horizontal) flow is simulated in the Great Salt Lake
Desent because little ground water is estimated to
discharge in the Desert. Consequently, estimated
transmissivities and vertical leakances of cells in the
area are among the lowest in the model.

Simulation Results 49
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A 1otal of 428,000 acre-ftyr (28 percent of total
recharge to the model) is simulated as downward flow
from the upper laver 1o the lower layer. Discharge at
regional springs accounts for 211,000 acre-ft/yr of the
flow out of the lower layer (which is equivalent to 49
percent of the downward flow into the lower layer).
The remaining 217,000 acre-fuyr (51 percent) s
upward leakage to the upper layer.

Results of model simulations are summarized in
a separate section for each of the five deep-flow
regions. Flow in each region is compared with flow
described by other investigators. A simulated ground-
water budget is presented for each deep-flow region
and subregion. The budget, calculated using a
computer program writien by Harbaugh (1990), in-
cludes the flow through comesponding cells in the
upper model layer--that is, the budget includes all
recharge and discharge in both model layers within
each deep-flow region and subregion. Although flow-
region boundaries do not, in theory, have flow across
them, the budget for each deep-flow region and subre-
gion includes subsurface flow to or from adjacent
regions or subregions. This cross-boundary flow is
included for two reasons. First, the boundaries of
deep-flow regions and subregions commonly are drawn
within model cells (fig. 26B), but the cells that straddle

" a boundary are assigned to only one of the two regions

or subregions for water-budget calculations (fig. 26C).
Second, upper-layer flow in a shallow-flow region can

cross the underlying boundary of a deep-flow region or -

subregion in places where the shallow-flow and deep-
flow boundaries do not coincide (fig. 26B and 260).
Most of the cross-boundary flow takes place in the
upper layer.

The simulated ground-water budget for each deep-
flow region and subregion is summarized in terms of
inflow and outflow components. Inflow includes: Re-
charge assigned to the upper model layer beneath
mountain ranges; leakage (o the upper layer from head-
dependent flow boundaries; and subsurface flow from
adjacent regions and subrcgions in both layers. Out-
flow includes: Evapotranspiration and leakage to head-
dependent flow boundaries from the upper layer;
regional spring discharge from the lower layer; and
subsurface flow 1o adjacent regions and subregions in
both layers. The evapotranspiration and leakage compo-
nents of outflow include spring flow that is not as-
signed to regional springs in the lower model layer.
Head-dependent flow boundaries are used in the model
to simulate leakage of ground water to or from the
principal rivers. lakes. and sinks (including Death
Valley) that border or are within the model area.

These boundaries allow either inflow to or outflow
from the upper layer. Thus, lcakage components are
included as both inflow and outflow for the budget of
each deep-flow region and subregion.

Recharge areas contributing flow 1o regional
springs are determined on the basis of a computer
program that tracks ground-water flowpaths backward
(upgradient) from the mode! cells that represent the
springs (Poliock, 1989). The program is not used to
determine the increment of flow from each contributing
area, because porosities and cell thicknesses in the
model area are largely unknown. The areal distribution
of incoming flow to each regional spring is indicated
in a general way by comparing the flow quantities
computed for each face of the cell that represents the
spring.

Although the directions of ground-water flow and
the quaniities of inflow and outflow are described in
quantitative detail for each deep-flow region, the
uncertainties in estimating recharge and evapotrans-
piration, and the lack of informauon on hydraulic
properties and extent of rock units in the subsurface,
result in several alternatives regarding directions and
quantities of ground-water flow within the carbonate-
rock province. Thus, the conceptualization presented
herein is but one of several possible scenarios. Some
alternative scenarios--particularly with regard to the
flow of ground water to major discharge areas--are also
discussed.

FLOW REGIONS
Death Valley Region

The Death Val ey region. in the southwestern part
of the study area (fig. 24A), - rcompasses about 19,000
mi%. It includes four n.-xp-flow subregions in the
lower model layer--Big Smoky, Clayion, Pahrump-
Amargosa, and Mesquite (fig. 28)--and all or part of
cight shallow-flow regions in the upper model laver
(fig. 23). Litle ground-water flow is simulated be-
tween deep-flow subregions even though water levels
generally decline toward Death Valley.

The Death Valley region includes some of the
most intensively studied terrane in the Great Basin.
With the inception of underground nuclear explosions
at the Nevada Test Site in 1957, detailed investigations
were begun to determine the occurrence and movement
of ground water within and adjacent 10 the Test Site,
thereby permitting an asscssment of ground-water
contamination (Winograd and Thordarson. 1975,
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p- C1). Results of these investigations have been
summarized in several reports (Winograd and Eakin,
1965; Winograd and Thordarson, 1968, 1975; Rush,
1970; Winograd and Friedman, 1972; Blankennagel and
Weir, 1973; Naff and others, 1974; Winograd and
Pearson, 1976; Waddell, 1982: Czamecki and Waddell,
1984; Waddell and others, 1984).

inflow

Total inflow to the Death Valley region is
177,000 acre-ft/yr, of which recharge assigned to cells
in the upper model layer totals about 161,000 acre-fuyr
(table 4). Principal recharge areas include the Toquima
Range and eastern slope of the Toiyobe Range in the
north, and the Spring Mountains in the south (fig. 28).
Small quantities of recharge are also simulated in
several other mountain ranges. The remaining 16,000
acre-fuyr of simulated inflow enters the region as
subsurface flow in both layers from adjacent regions
(table 4): About 6,000 acre-ft/yr is simulated to the
Big Smoky subregion from the Railroad Valley region,
about 8,000 acre-fyr to the Pahrump-Am.rgosa
subregion from the Colorado River region, and 1,000
acre-ft/yr each to the Clayton and Pahrump-Amargosa
subregions from the Railroad Valley region.

Outfiow

Simulated outflow from the Death Valley region .

is 180,000 acre-ft/yr, of which 147,000 acre-fyr is
evapotranspiration from the upper model layer
(table 4).  Principal areas of simulated evapo-
transpiration are in Big Smoky Valley, Monitor Valley,
and Clayton Valley in the north, and Ash Meadows in
Amargosa Desert, Pahrump Valley, and Death Valley
in the south (fig. 28). In addition, 22,000 acre-fuyr is
simulated as discharge from regional springs in the
lower layer, 8,000 acre-ft/yr as discharge 10 the Death
Valley playa through head-dependent flow boundaries
in the upper layer, and 3,000 acre-ft/yr as subsurface
flow to adjacent regions in both layers. Simulated
discharge from regional springs includes 17,000 acre-
fuyr at Ash Meadows, 3,900 acre-fuyr at Manse
Springs in Pahrump Valley, and 720 acre-fuyr at
Grapevine and Stainigers Springs at the north end of
Death Valley (table 1). Spring discharge at Furnace
Creek in Death Valley (Nevares, Texas, and Travertine
Springs) is included in the discharge to Death Valley
playa.

Description of Subregions
Blg Smoky éubregion

The Big Smoky subregion, at the extreme north-
ern end of the Death Valley region (fig. 28), encom-
passes about 2,400 miZ. The boundary of the subre-
gion differs from that of Harrill and others (1988) in
that it extends to the east side of Monitor Valley
instead of following the crest of the Toquima Range.
Recharge assigned to cells in the upper model layer
totals 75,000 acre-feet/yr (table 4); most of the re-
charge is from the Toiyabe Range. In additon to
recharge, another 6,000 acre-ft of subsurface flow
enters the subregion from the Railroad Valley region,
primarily through the upper model layer on the east
side of Monitor Valley. Evapotranspiration from the
upper layer accounts for most of the simulated outflow
and totals 77,000 acre-f/yr. Principal areas of evapo-
transpiration are northern Big Smoky Valley and
Monitor Valley. A small quantity (about 1,000 acre-
fUyr) leaves as subsurface flow to the upper Humboldt
River region in the upper layer. About 4,000 acre-ft/yr
leaves as subsurface flow to the Clayton subregion.

Low transmissivities are simulated in both model
layers in cells corresponding to the Toquima Range and
to mountains east of Monitor Valley (fig. 20). The low
transmissivities are needed in the model to simulate
evapotranspiration in Monitor Valley. Because of the
low transmissivities in the Toquima Range, flow is
simulated mostly in the upper layer from the mountain
crest east 10 Monitor Valley and west to Big Smoky
Valley (fig. 29). Most of the shallow and deep flow
from the Toiyabe Range is simulated as moving 1o the
large discharge area in northern Big Smoky Valley,
where evapotranspiration from the upper layer is
62,000 acre-ft/yr. In comparison, 64,000 acre-ft/yr of
evapotranspiration was estimated by Rush and Schroer
(1970, p. 37-39)., who also estimated another 5,000
acre-fU/yr as spring discharge but noted that pan of the
spring discharge was included in their estimate of
evapotranspiration.

Flow at the north end of the Toquima Range is
from Monitor Valley to Big Smoky Valley; the com-
bined flow in both model layers is 700 acre-fuyr. The
potential for flow exists between Monitor Valiey and
Big Smoky Valley because water levels in the former
are higher than those in the latter. Thermal water
discharges from springs at the north end of Big Smoky
Valley, which indicates deep circulation of flow along
faults or permeable rock. Volcanic rocks are common
in the Toquima Range but carbonate rocks crop out at
a few locations. The sequence of carbonate rocks has
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Table 4. Simulated ground-water flow budgets, Death Valley region

{All amounts are in acre-feet per year (acre-fU/yr), rounded to nearest 1,000 acre-fyr. Amounts of mountain recharge are assigned,
as descnibed in text section titled "Estimates of recharge”; all other listed amounts are determined from model simulauon)

Budget component and Pahrump-
(in parentheses) Big Smoky Clayton Mesquite Amargosa Entire Death
primary model layer involved subregion subregion subregion subregion Valley region
INFLOW
Mountain recharge (upper) 75.000 25,000 1,000 60.000 161,000
Subsurface inflow from
adjacent regions (both) 6,000 21,000 minor b9.000 16.000
Subsurface inflow from d
adjacent subregions (both) 0 €5,000 0 minor @
Total inflow 81,000 31,000 1,000 69,000 177,000
OUTFLOW
Evapotranspiration® (upper) 77.000 31,000 2,000 37.000 147,000
Regional springs (lower) 0 0 0 22,000 22.000
Subsurface outflow to
adjacent regions (both) 11,000 0 0 £2,000 3,000
Subsurface outflow to @
adjacent subregions (both) k4 000 0 0 ".1.000 ;
Leakage (upper) 0 0 0 8,000 8,000
Total outflow/ 82,000 31,000 2,000 70.000 180,000
¢ From Railroad Valley region.

¥ Includes 8,000 acre-ft/yr from Colorado River region and 1,000 acre-fU/yr from Railroad Valley region.

d

¢ Includes 4,000 acre-fUyr from Big Smoky subregion and 1.000 acre-fuyr from Pahrump-Amargosa subregion.
Net flow among subregions within Death Valley region is zero.

* Includes evapotranspiration of flow from small springs that are assumed 10 be discharging from upper layer; does not include
evapotranspiration of flow from regional springs that are simulated to be discharging from lower layer.

ITo upper Humboldt River region.
£ To Colorado River region.

'f To Clayton subregion.

! To Death Valley playa.

4 Total outflow does not always equal total inflow due to rounding of individual values.

been thickened as a result of westward movement and
overthrusting along the Roberts Mountain thrust fault
(McKee, 1976, p. 44-46). Where present, the carbon-
ate rocks may provide an avenue for interbasin flow.
However, enough precipitation falls in the drainage
basin of Big Smoky Valley to account for the estimated
discharge there (E.H. Handman, U.S. Geological
Survey, written commun., 1992). Thus, if water does
flow from Monitor Valley to Big Smoky Valley

through the Toquima Range, the quantity must be
small.

Clayton Subregion

The Clayton subregion, between the Big Smoky
subregion and the Pahrump-Amargosa subregion
(fig. 28), encompasses about 3,800 mi=. The boundary
of the Clayton subregion approximates the flow-system
boundary delineated by Harrill and others (1988).
Basins contributing subsurface ground-water inflow to
Clayton Valley include southern Big Smoky Valley
(Tonopah Flat) to the norh, and Ralston and Stone
Cabin Valleys to the northeast. Recharge assigned to
cells in the upper model layer totals 25,000 acre-ft/yr
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(table 4). Most of the recharge is in the southern end
of the Toiyabe and Toquima Ranges. An additional
6,000 acre-fi/yr enters the subregion as subsurface
flow, primarily in the upper layer (table 4): 4.000
acre-fuyr from the Big Smoky subregion, and 1,000
cach from the Pahrump-Amargosa subregion and
Railroad Valley region. Subsurface flow out of the
Clayton subregion is minimal. Flow in both model
layers follows the same general path to Clayton Valley
(fig. 29).

Major discharge areas include southermn Big
Smoky Valley (Tonopah Flat area) and Clayton Valley.
Simulated evapotranspiration in the upper layer is
31,000 acre-ft/yr (table 4). Evapotranspiration in the
Tonopah Flat area is about 8,000 acre-fi/yr, which is
2,000 acre-ft/yr more than that estimated by Rush and
Schroer (1970, p. 38). However, simulated evapotrans-
piration in the model is concentrated in the northern
part of Tonopah Flat, in an area of observed evapo-
rranspiration, but not at the southern end, where
additional evapotranspiration occurs.  Evapotrans-
piration in Clayton Valley is about 20,000 acre-ft/yr--
4,000 acre-f/yr less than the 24,000 acre-fuyr esti-
mated by Rush (1968a, p. 29).

Simulated flow from Tonopah Flat into Clayton
Valley is about 11,000 acre-fu/yr, which is slightly less
than the 13,000 acre-fi/yr ascribed as subsurface flow
through carbonate rocks (Rush, 1968a, p. 26). Another
7,600 acre-ft/yr is simulated as subsurface flow from
the northeast, which is slightly more than the 5,000
acre-ft/yr reported by Rush (1968a, p. 27). Simulated
subsurface flow into Clayton Valiey is thus about equal
1o that previously estimated. The possibility of subsur-
face flow from adjacent basins into Clayton Valley was
first mentioned by Meinzer (1917, p. 144).

During model calibration, transmissivities were in-
creased in a narrow band from Big Smoky Valley 10
Clayton Valley in both model layers untjl they were
generally in the range of 0.006 10 0.18 fi%/s (fig. 25).
By increasing transmissivities, simulated evapo-
transpiration was decreased in northern Big Smoky
Valley and Tonopah Flat, and increased in Clayton
Valley, resulting in a better agreement with the estimat-
ed water levels. The simulated transmissivities bracket
an estimated transmissivity of 0.09 fi/s (60,000
(gal/d)/ft) reported by Rush (1968a, p. 27) for the area
between Tonopah Flat and Clayton Valley.

Mesquite Subregion

The Mesquite subregion, at the extreme southern
end of the Death Valley region (fig. 28), encompasses
only 490 mi%. The subregion generally coincides with
the Mesquite Valley hydrographic area and with a

shallow-flow region delineated in the upper layer
(fig. 23). The subregion boundaries generally corre-
spond to boundaries of a flow system delineated by
Harrill and others (1988). Inflow in the subregion is
about 1,000 acre-f/yr and is recharge assigned to cells
in the upper model layer. A minor quantity (less than
500 acre-ft/yr) is simulated as subsurface flow from the
Colorado River region in the upper layer. Discharge,
simulated as evapotranspiration in Mesquite Valley
from the upper layer, is about 2,000 acre-fuyr (table 4),
approximating the 2,200 acre-fUyr estimated by Glancy
(1968b, p. 26). The subregion does not contribute flow
to either the Pahrump-Amargosa subregion or the
Colorado River region. Most of the flow simulated in
the subregion is within the upper layer. Transmis-
sivities in the lower layer are among the lowest in the
entire modeled area (fig. 20B); they comrespond to an
area of low-permeability rocks delineated by Plume (in
press) and shown in figure 23.

Pahrump-Amargosa Subregion

The Pahrump-Amargosa subregion encompasses
about 12,700 miz; it is the largest subregion delineated
in the Death Valley region (fig. 28). The subregion
extends from the mountains south of Monitor Valley to
the Ivanpah Mountains in California. The northern and
southern boundaries of the subregion generally corre-
spond to the flow-system boundary delineated by
Harrill and others (1988). The easiern boundary of the
subregion does not extend as far eastward as that of
Harrill and others (1988). Hydrographic areas inciuded
by them but excluded herein are Tikaboo Valley,
southern Railroad Valley, both parts of Three Lakes
Valley, and northern ends of Groom Lake and Kawich
Valleys.

Recharge assigned to cells in the upper model
layer totals 60,000 acre-ft/yr, of which two-thirds is in
the Spring Mountains. An additional 8,000 acre-fu/yr
enters the subregion as subsurface flow from the
Colorado River region in both layers. Most of this
ground-water inflow is in the Spring Mountains, but
about 700 acre-fyr enters the subregion near the
Pintwater Range. About half of the simulated inflow
along the Spring Mountains is in the lower model
layer. Subsurface inflow in these mounuwains is the
result of assigning cells along the crest, where flow is
both eastward and westward, 1o the Colorado River
region. About 1,000 acre-fuyr enters the subregion as
underflow from the Railroad Valley region (table 4).

Simulated outflow from the subregion totals
70,000 acre-fu/yr (table 4), including 37.000 acre-fUyr
as evapotranspiration from the upper model laver,
22,000 acre-ft/yr as regional-spring dis-har e from the
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lower layer, 8,000 acre-fuyr as leakage to head-depen-
dent flow boundaries in the upper layer associated with
the Death Valley playa, and 2,000 and 1,000 acre-fulyr
as subsurface flow in both layers to the Colorado River
region and Clayton subregion, respectively. Areas of
evapotranspiration of shallow ground water in the
subregion include those of Sarcobatus Flats, Oasis
Valley, Amargosa Desert near Ash Meadows, Pahrump
Valley, the lower Amargosa River near Shoshone, and
Death Valley (Harrill and others, 1988). The only area
of evapotranspiration not simulated is in Oasis Valley,
where Malmberg and Eakin (1962, p. 25) estimated
2,000 acre-ft/yr of discharge along the channel of the
Amargosa River. Simulated ground-water flow in the
area of Oasis Valley is southward into Amargosa
Desert and then 1o Death Valley.

Total simulated discharge in Death Valley is
about 14,000 acre-fuyr, which includes the flow of
Grapevine and Stainiger Springs at the north end
(fig. 28), leakage to the head-dependent flow boundary
cells associated with the playa, evapotranspiration at
both the north and south ends of the playa, and evapo-
rranspiration near Furnace Creek. Not including
ground-water flow from the Panamint Mountains to the
west, estimated discharge from the Death Valley playa
is about 8,300 acre-ft/yr (Hunt and others, 1966,
p. B38, table 25). This value includes the flow of
Nevares, Texas, and Travertine Springs near Furnace
Creek, for which Hunt and co-workers estimated a total
of 4,100 acre-ft/yr. Later, Miller (1977, p. 27) reported
a combined discharge of 2,700 acre-fuyr.

Evapotranspiration also occurs in a marsh area
north of the playa, in Mesquite Flat, and at Grapevine
and Stainiger Springs. Discharge in these areas is not
part of the 8,300 acre-fi'yr. Estimated evapotrans-
piration from the marsh area is 3,000-5,000 acre-fuyr;
at Mesquite Flat. it is a "few thousand acre-ft/yr"; and
the combined discharge of Grapevine and Stainiger
Springs is about 1,000 acre-f'yr (Miller, 1977,
P- 25, 33). Thus, total estimated discharge is greater
than 12,000 acre-fuyr, and is similar to the quantity
simulated in the model.

Flow in the Pahrump-Amargosa subregion is
generally from recharge areas toward Death Valley
(fig. 29), although much of the recharge generated in
the Spring Mountains is discharged between the Spring
Mountains and Death Valley. In the southern part of
the subregion, south of Pahrump Valley, flow is
generally westward. Evapotranspiration is simulated in
several model celis south of Shoshone (fig. 28) but the
quantity is small. The cells correspond to the channel
of the Amargosa River, where only small, localized
areas of evapotranspiration are mapped by Harrill and
others (1988). Increasing the transmissivities in these
cells would reduce the simulated evapotranspiration and

thereby allow more ground-water flow to Death Valley.
Little flow is simulated in the area south of Shoshone
because estimated recharge is minor and transmis-
sivities in both model layers are low (fig. 20). Consol-
idated rocks in this area have low transmissivities
because the proportion of carbonate rocks is small
(fig. 23; Plume, in press). A

Westward flow is simulated in both model layers
from the Spring Mountains to destinations in Pahrump,
Shoshone, and Death Valleys (fig. 29). Simulated
evapotranspiration and regional-spring discharge in
Pahrump Valley is about 15,000 acre-fuyr. This total
is within the range of 10,000-19,000 acre-ft/yr reporied
by Harrill (1986, p. 46). Another 9,000 acre-fuyr is
simulated as discharging near Shoshone (fig. 28).
Estimated subsurface flow from Pahrump Valley to the
area near Shoshone is 6,000-18,000 acre-f'yr (Harill,
1986, p. 46). The quantity simulated in the model is
10,000 acre-ft/yr, of which about 1,400 acre-fuyr is
simulated as flow from Shoshone into Death Valley.

Ground-Wcter Flow to Furnace Creek

Flow 1o the springs at Furnace Creek along the
east side of Death Valley has been postulated to
originate in Ash Meadows, or in Pahrump Valley, with
the flow passing through Ash Meadows (Hunt and
others, 1966, p. B39, B40), although Winograd and
Thordarson (1975, p. C96} asserted that flow from
Pahrump Valley to Ash Meadows is unlikely. Dis-
charge through heac-dependent flow boundaries in the
Furnace Creek area is about 2,900 acre-ft/yr. An
additional discharge of 2.600 acre-ft/yr is simulated as
evapotranspiration i two adjacent cells, making a total
of 5,500 acre-f/yr. This discharge is only 400 acre-ft
more than that estimated by Hunt and others (1966,
p. B38).

Flow 1o springs at Furnace Creek is simulated
from recharge areas in the Kawich Range, Pahute
Mesa, Yucca Mountain, the Belted Range, and. 10 a
much lesser extent, .he Funeral Mountains. Generally,
flow is south from the recharge areas 1o just west of
Ash Meadows, ther. west through the Funeral Moun-
tins. No flow is simulated directly from Ash Mead-
ows to Furnace Creck.

Carbonate rocks crop out in a nearly continuous
band in the Funeral Mountains west of Ash Meadows,
and provide an averiue of flow through the mountains.
Postulated sources of spring discharge at Furnace Creek
are direct flow from Ash Meadows or downward
leakage from the basin fill beneath the central and
south-cenral  Amargosa Desert  (Winograd - and
Thordarson, 1975, p. C96). Water in the basin fill may
be from spring run.ff 2t Ash Meadows. from south-
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ward flow through the Nevada Test Site, or from
southeastward flow through the upper Amargosa
Desert. The chemistry of water from each of these
areas is similar to the water discharged at Furnace
Creek (Winograd and Thordarson, 1975, pl. 3).

Although no water is simulated as flowing direct-
ly from Ash Meadows 10 Furnace Creek, model results
do not rule out the possibility of underflow between the
two spring areas. Transmissivities used in the model
are averaged over a large area, and only general trends
have been simulated. Although transmissivities could
be adjusted to attain underflow from beneath Ash
Meadows directly 10 Furnace Creek, existing data are
as yet insufficient to justify such an adjustment.

Ground-Water Fiow to Ash Meadows

Ash Meadows is the largest discharge area in the
Pahrump-Amargosa subregion and has been studied for
many years because of its proximity to the Nevada Test
Site, because of its close relation to Devils Hole
(habitat of an endangered species of pupfish), and,
more recently, because of hydrologic studies regarding
the feasibility of nuclear-wasie storage at Yucca
Mountain. Among the studies discussing flow in the
vicinity of Ash Meadows are thos= of Winograd (1962,
1963), Winograd and Thordarson (1975), Winograd and
Pearson (1976), Dudley and Larson (1976), Waddell
(1982), Czarnecki and Waddell (1984), Waddell and
others (1984), and Dettinger (1989). The most detailed
discussion on the possible sources of ground water at
Ash Meadows is presented by Winograd and
Thordarson (1975, p. C85-C92 and p. C108-C113).

Simulated discharge in the vicinity of Ash Mead-
ows totals about 26,000 acre-fUyr, including 17,000
acre-ft/yr of regional spring discharge from the lower
layer and 9,000 acre-fUyr as evapotranspiration from
the upper layer (fig. 28). The simulated distribution of
evapotranspiration  approximates the distribution
mapped by Harrill and others (1988), except that areas
of simulated evapotranspiration extend farther
upgradient from the springs whereas mapped areas
extend farther downgradient. Estimated discharge in
this area is 24,000 acre-ft/yr (Walker and Eakin, 1963,
p. 21-27), including 17,000 acre-ft/yr from regional
springs (table 1).

Recharge areas contributing flow to Ash Mead-
ows include mountain ranges as far north as the
southern ends of the Kawich and Belted Ranges and as
far east as the Pintwater Range and Spring Mountains.
The Spring Mountains account for much of the re-
charge in southern Nevada. Consequently, a large
ground-water mound is simulated beneath the moun-
tains, from which flow is radially outward. Northward

flow from the Spring Mountains is simulated to the
Spotied Range (fig. 29), where the direction changes 10
westward flow beneath Frenchman Flat and eventually
southwestward to Ash Meadows. Flow in the upper
layer from recharge in the Pintwater Range is simulated
as entering the subregion near Indian Spring Valley.

Subsurface flow from Pahrump Valley. excluding
direct flow from the north end of the Spring Moun-
tains, to the adjacent Amargosa Desen also is simulat-
ed, but the quantity is only 1,400 acre-ft/yr. None of
this ground water is simulated as discharging at Ash
Meadows. Instead, the flow moves southwestward
toward Death Valley. Estimates of flow between
Pahrump Valiey and Ash Meadows range from as litile
as 3,000 to as much as 13,000 acre-ft/yr, as summa-
rized by Winograd and Thordarson (1975, p. C90-C92).
However, they concluded that only a small percentage
of Ash Meadows discharge may actually originate in
Pahrump Valley. They based their conclusion on (1)
the presence of low-permeability rocks between the
basins, (2) differences between the quality of water
discharging at Ash Meadows and ground water in
Pahrump Valley, and (3) the estimaied water-level
gradient between the two areas.

Most of the water simulated as discharging from
Ash Meadows originates in the Spring Mountains.
Flow southward from Yucca Flat through the Nevada
Test Site to Ash Meadows is about 3,000 acre-fu/yr
through the lower layer and 1.000 acre-fuvr through
the upper layer. This accounts for about 15 percent of
the total simulated discharge at Ash Meadows. Subsur-
face outflow t0 Death Valley from the two model celis
representing the regional springs at Ash Meadows is
only 200 acre-fuyr.

The area contributing flow 10 Ash Meadows
differs from that of Winograd and Thordarson (1975,
pl. 1 and p. C85-C90) 1o the czst and northeast. They
include recharge from the Desert and Sheep Ranges
cast of the Pintwater Range and subsurface flow from
Pahranagat Valiey, but do not delineate the northern
extent of the area. Their boundary on the east side of
the Sheep Range is drawn on the basis of low-perme-
ability clastic rocks exposed along a thrust fault in the
southern (and highest) part of the Sheep Range
(Winograd and Thordarson, p. C87). More recent
evidence (Dettinger, 1989, p. 13) suggests that a thick
section of carbonate rocks is present beneath the Sheep
Range and that the underlying clastic rocks are suffi-
ciently high in altitude on the west side of the Sheep
Range to impede westward flow of water recharging in
the Sheep Range. This evidence supports geochemical
balances indicating that nearly all recharpe generated in
the Sheep Range may flow north and east toward
Muddy River Springs (Thomas. 1988).
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The Desert Range, between the Pintwater and
Sheep Ranges, may be a more logical location for a
divide between the Death Valiey and Colorado River
regions. Precambrian and Cambrian clastic rocks are
exposed in the central part of the Desert Range
(Winograd and Thordarson, 1975, pl. 1). Dettinger
(1989, p. 13) noted two areas underlain by relatively
thick sequences of carbonate rocks near the boundary
between Clark and Lincoln Counties: The Pintwater-
Spotted Range area (Guth, 1988) and the Coyote
Spring Valley area (Guth, 1988; Wernicke and Axen,
1988, p. 1749). These two areas are connected 10 a
similar area of thick carbonate rocks to the north, and
may represent the principal conduits for regional flow
from east-central Nevada to Ash Meadows and Muddy
River Springs (Dettinger, 1989, p. 13). Although no
flow is simulated in the model from areas north of the
Pintwater Range to Ash Meadows, geologic evidence
indicates that such flow is possible.

The current boundaries of the deep-flow region
are determined from model calibrations based on
measured water levels at a few sites and estimated
discharges for each hydrographic area. During model
calibration, changing the hydraulic properties near any
one of the principal discharge areas (for example, Las
Vegas Valley, Pahrump Valley, Ash Meadows, and
Muddy River Springs) resulted in changed flow quanti-
ties at the other discharge areas. Such changes suggest
that the flow boundary between the Colorado River and
Death Valley regions is sensitive to hydraulic proper-
Ues near areas of discharge. Because boundaries of
flow regions are dependent on flow from recharge
areas to discharge areas, changing the flow quantity at
a discharge area results in a shift of flow-region
boundaries. For example, a five-fold transmissivity
increase in two lower-layer cells representing the
regional springs at Ash Meadows increased the simulat-
ed discharge at Ash Meadows by about 3.000 acre-fuyr
and decreased the discharge at Muddy River Springs by
about 1,400 acre-fUyr, indicating that the simulated
boundary between the two regions shified eastward.
Similarly, a transmissivity increase in five upper-layer
cells on the east side of Las Vegas Valley increased
evapotranspiration in the valley and reduced the
simulated flow 10 Ash Meadows and Pahrump Valley,
suggesting that the flow-region boundary moved
westward in the Spring Mountains.

Model results present but one possibility of flow
to Ash Meadows. Flow from Pahranagat Valley to
Ash Meadows is suggested by Winograd and Friedman
(1972, p. 3700), Thomas (1988), and Kirk and
Campana (1990). To simulate such flow in the model,

transmissivities could be increased between the two
areas. However, this would increase the total discharge
at Ash Meadows unless some of the flow currently
simulated to the springs is diverted elsewhere.

Northward flow from the Spring Mountains may
be inhibited by the Las Vegas Valley shear zone
(fig. 22). Evidence for this in one area is presented by
Winograd and Thordarson (1975, p. C67). If the shear
zone does block northward flow, more water from the
Spring Mountains may flow toward Las Vegas Valley,
and less to Ash Meadows, than is simulated herein.
Reducing flow 10 Ash Meadows would allow for the
simulation of flow from the Pahranagat Valley area to
Ash Meadows.

In summary, curmrent boundaries of deep-flow
regions and subregions are based on limited estimates
of water levels, and on the distribution of estimated
recharge and discharge. The model simulation pro-
vides one concept of flow from areas of recharge to
areas of discharge. If the estmates of recharge and
discharge used in model calibration are grossly incor-
rect, then the flow boundaries as delineated in this
report are also incorrect. Model results suggest that the
Death Valley deep-flow region can be divided into
subregions that are virtually separate, companmental-
ized flow systems. Model results also suggest that
estimated discharge at Ash Meadows can be accounted
for by flow from the Spring Mountains and from
recharge areas in and north of the Nevada Test Site.
If water from east-central Nevada also discharges to
Ash Meadows, as indicated from geochemical evidence
(Winograd and Friedman, 1972, p. 3700; Thomas,
1988), then either the estimates of discharge are 100
low or some (or all) of the water currently simulated as
flowing to Ash Meadows actually flows elsewhere.

Colorado River Region

The Colorado River region, in the southeastern
part of the study area (fig. 244), encompasses about
19,000 mi®. It includes four deep-flow subregions in
the lower layer--Penoyer, Las Vegas, Virgin River, and
White River (fig. 30)--and all or part of 11 shallow-
flow regions in the upper layer (fig. 23). Little ground-
water flow is simulated between the deep-flow subre-
gions, even though water levels generally decline
toward the Virgin and Colorado Rivers.

Las Vegas Valley is the most intensively studied
area in the Colorado River region of the study area. A
rapidly increasing population since World War II has
resulted in severe ground-water overdrafts in the basin-
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ge fromthe upper model layer, and simulated discharge from
regional springs in Colorado River region.
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fill aquifers. Several detailed studies have been
undertaken to assess the ground-water resources in Las
Vegas Valley and to ascentain the changes caused by
development (Maxey and Jameson, 1948; Domenico
and others, 1964; Malmberg, 1965; Harrill, 1976: and
Morgan and Dettinger, in press). Several other studies
have been undertaken in an effort to explain the origin
of flow from large springs along the course of the
White River and at Muddy River Springs (Eakin, 1966;
Winograd and Friedman, 1972; Welch and Thomas,
1984; Thomas, 1988; and Kirk and Campana, 1990).
These studies, along with hydrologic reconnaissance
investigations elsewhere in the region, form the basis
for comparison of ground-water flow with the model
results.

Inflow

Simulated inflow 10 the Colorado River region is
about 207,000 acre-ft/yr, of which recharge to cells in
the upper model layer totals about 202,000 acre-ft/yr
(table 5). Principal recharge areas include the White
Pine, Egan, and Schell Creek Ranges in the north; the
Wilson Creek, Bristol, and Quinn Canyon Ranges in
the central part; and the Spring Mountains and Sheep
Range in the south (fig. 30). Small quantities of
recharge are also assigned to several other mountain
ranges. In addition, about 5,000 acre-ftyr enters the
region as subsurface flow in both layers from adjacent
regions: About 1,000 acre-ft/yr is simulated as subsur-
face flow to the White River subregion from the
Railroad Valley region, about 2,000 acre-ft/yr 1o the
Penoyer subregion from the Death Valley region, and
about 2,000 acre-f/yr 10 the Virgin River subregion
from the Bonneville region (tabie 5).

Outflow

Simulated outflow from the Colorado River region
is about 205,000 acre-ft/yr (table 5). In contrast to the
other regions, simulated discharge from regional
springs (97,000 acre-fiyr) in the lower model layer
exceeds . discharge from evapotranspiration (91,000
acre-fuyr) in the upper model layer. Regional-spring
discharge is simulated in White River Valley (25,000
acre-fuyr), at Panaca Warm Spring near Panaca (9,900
acre-fuyr), in Pahranagat Valley (24,000 acre-ft/yr), at
Muddy River Springs (37,000 acre-fu/yr), and at Rogers
and Blue Point Springs south of Overton (1,200 acre-
fUyr). Major areas of simulated evapolranspiration are
in White River and Lake Valleys in the north,
Pahranagat Valley in the central part, and Las Vegas
Valley and the Muddy River Springs area in the south

(fig. 30). The remaining simulated outflow includes
7,000 acre-fuyr of leakage to the Virgin River and
Lake Mead from the upper layer, and 10.000 acre-fuyr
of subsurface flow in both layers to adjacent regions.

Description ot Subregions
Penoyer Subregion

The Penoyer subregion, on the westernmost
margin of the Colorado River region (fig. 30), en-
compasses about 1,200 mi2. The deep-flow subregion
generally coincides with two shallow-flow regions in
the upper model layer (fig. 23). The subregion bound-
anies do not correspond to the flow-system boundaries
delineated by Harrill and others (1988). The subregion
includes Penoyer, southern Railroad, and northern
Kawich Valleys (fig. 30), whereas Harrill and others
classify Penoyer Valley as a hydrologically closed
basin and include all of Kawich and southern Railroad
Valleys in a flow system that drains toward Death
Valley.

Simulated inflow is primarily from recharge
assigned to cells in the upper model layer. Recharge
totals 12,000 acre-fuyr, principally in the Kawich,
Reville, and Quinn Canyon Ranges (fig. 30). The
remaining 2.000 acre-fuyr of inflow is subsurface flow
from the Death Vulley region, primarily in the upper
layer.

Simulated outflow from the subregion (table 5) is
primarily by evapotranspiration from the upper model
layer in southern Railroad Valley (2,000 acre-fu/yr) and
Penoyer Valley (9,000 acre-fuyr; fig. 30). These rates
are considerably greater than those estimated by Van
Denburgh and Rush (1974, p. 24)--200 acre-fuyr in
southern Railroad Valley and 3.800 acre-fvyr in
Penoyer Valley [the latter is only 60 percent of the
6,400 acre-fv/yr estimated earlier by Eakin and others
(1951, p. 156)). Subsurface flow to the White River
subregion of 2,000 acre-fUyr accounts for the remain-
ing simulated outflow.

In the subregion, low transmissivities (generally
less than 0.006 fi“/s) are simulated in the lower layer
(fig. 20B), whereas higher values (0.006-0.18 ft%/s) are
simulated in the upper layer (fig. 204). Consequently,
only 17 percent of the simulated inflow o the subre-
gion is inflow to the lower layer. Most of the flow in
the lower layer is simulated as leaking back 1o the
upper layer in Penoyer Valley. Subsurface flow from
southern Railroad Valley to Kawich Valley has been
suggested by Blankennagel and Weir (1973, p. B20).
In contrast, ground-water flow is simulated from
southern Railroad Valiey and northemn Kawich Valleys
to Penoyer Valley (fig. 31). Regionally. model results
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Table 5. Simulated ground-water fiow budgets, Colorado River region

{All amounts in acre-feet per year (acre-fUyr), rounded to the nearest 1.000 acre-fuyr. Amounts of mouniain recharge are assigned, as
descnbed in text section tited "Estimates of Recharge”; all other listed amounts are determined from model simulation]

Budget component and

(in parentheses) Penoyer Las Vegas Virgin River White River Entire Colorado
modest layer invoived subregion subregion subregion subregion River region
INFLOW

Mountain recharge (upper) 12,000 35,000 9,000 146,000 202,000

Subsurface inflow from

adjacent regions (both) 2,000 0 b2.000 €1.000 5,000

Subsurface inflow from

adjacent subregions (both) 0 0 3,000 €3,000 ”
Total inflow 14,000 35,000 14,000 150.000 207,000
OUTFLOW

Evapotranspiration (upper) 11,000 25,000 8,000 47,000 91.000

Regional springs (lower) 0 0 1,000 96.000 97,000

Subsurface outflow to )

adjacent regions (both) minor k7 000 0 13,000 10,000

Subsurface outflow to . )

adjacent subregions (both) 2,000 1,000 0 k3 000 0

Leakage (upper) 0 12,000 ms.000 0 7,000

Total outflow” 13,000 35,000 14,000 149,000 205,000

¢ From Death Valiey region.

% From Bonneville region.

¢ From Railroad Valley region.

‘ Primarily from White River subregion.

¢ Includes 2.000 acre-fi/yr from Penoyer subregion and 1,000 acre-f/yr from Las Vegas subregion.

7 Net flow among subregions within Colorado River region is zero.

§ Includes cvapotranspiration of flow from small springs that are assumed to be discharging from upper laver. does not include
evapotnanspiration of fiow from regional springs that are simulated 10 be discharging from lower layer.

A 1o Death Valley region.

! Includes 2,000 acre-fu/yr to Bonneville region and 1,000 acre-fyr to Death Valley region.

4 To White River subregion.

X To Virgin River subregion.

! To Lake Mead and Colorado River.

™ To Virgin River.

® Total outflow does not always equal total inflow due to rounding of individual values.

replicate areas of evapotranspiration and regional spring locally changing transmissivities during model calibra-
discharge. Locally, the model results might be im- tion did not always result in expected changes in
proved by increasing transmissivities in northern simulated discharge. Observations made during the
Kawich Valley to simulate southward flow from model calibration indicate that increasing the transmis-
southern Railroad Valley. This might reduce simulated sivities in southern Railroad Valley results in a north-
evapotranspiration in Penoyer Valley and increase ward shift of the subregion beundary, witk an accom-
subsurface flow to the Death Valley region. However, panying increase in simulated flow to the south.
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EXPLANATION
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Figure 31. Simulated direction of ground-water flow for both upper and lower model layers in Colorado River region
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Las Vegas Subregion

The Las Vegas subregion, at the southern end of
the Colorado River region, encompasses about 3,300
miZ. The western boundary of the subregion generally
corresponds to a flow-system boundary by Harrill and
others (1988). However, the northemn boundary does
not coincide with their flow-system boundary because
they consider flow to the Colorado and Virgin Rivers
as one flow system. Thus, their flow system also
includes the White River and Virgin River subregions.

Las Vegas Valley. at the northern end of the
subregion, is one of the most densely populated areas
in the carbonate-rock province, and ground water is an
important source of municipal supply. Ground-water
withdrawals, which began in the early 1900's, exceed
60,000 acre-ft/yr (fig. 8; Morgan and Dettinger, in
press). The model simulations herein assume pre-
development conditions and, therefore, do not include
changes in ground-water flow caused by pumping or by
recharge associated with the use of ground water and
imported surface water.

Simulated inflow to the subregion, which consists
entirely of recharge assigned to cells in the upper
model layer, totals 35,000 acre-fuyr (table 5). All but
2,000 acre-fifyr of the recharge is from the Spring
Mountains, which are the highest in southern Nevada.
Estimates of predevelopment recharge 1o Las Vegas
Valley, the principal area of discharge in the subregion,
range from 25,000 acre-fuyr (Malmberg, 1965, p. 57)
to about 35,000 acre-fyr (Maxey and Jameson, 1948,
p. 108). The difference in estimates is due in part to
differences in the boundaries selected to define the Las
Vegas Valley hydrographic basin.

Simulated outflow from the subregion is 35,000
acre-fuyr, of which evapotranspiration (including spring
discharge) from the upper mode! layer in Las Vegas
Valley is 25,000 acre-fyr (table 5). Estimates of
predeveiopment discharge are assumed to equal those
of predevelopment recharge. Thus, simulated evapo-
transpiration is at the low end of the range of 25,000-
35,000 acre-fulyr estimated for predevelopment dis-
charge from Las Vegas Valley. Only 2,000 acre-ft/yr
is simulated as subsurface leakage to Lake Mead and
the Colorado River in the upper layer. This total
includes about 1,000 acre-ft/yr from Las Vegas Valley
and another 1,000 acre-fUyr from the area south of Las
Vegas Valley. The simulated quantity of leakage from
Las Vegas Valley is similar 10 the 1,200 acre-f/yr
simulated by Harrill (1976, p. 50) and the 2,000 acre-
fUyr simulated by Morgan and Dettinger (in press).
The quantity of eastward subsurface outflow from the
area south of Las Vegas Valley is comparable to the

1,100 acre-fuyr from Eldorado Valley estimated by
Rush and Huxel (1966, p. 17). Discharge aiso is
simulated to Lake Mead southeast of the Muddy
Mountains, but the combined flow in several cells there
is less than 500 acre-fuyr.

Subsurface flow 1o the White River subregion and
the Death Valley subregion account for the remaining
outflow from the Las Vegas subregion. A small
quantity of outflow (less than 1,000 acre-ft/yr) is
simulated to the White River subregion from an area
near the Muddy Mountains. Subsurface flow is simu-
lated to the Pahrump-Amargosa subregion of the Death
Valley deep-flow region along the crest of the Spring
Mountains, where boundaries of both the shallow-flow
and deep-flow regions are drawn across model cells.
Because cells are not subdivided when determining
flow budgets for each subregion, those along the crest
of the Spring Mountains are assigned to the Las Vegas
subregion. As a result, subsurface outflow is used to
account for the westward component of flow from the
crest.  Of the 7,000 acre-fyr simulated to the
Pahrump-Amargosa subregion, about half is in the
lower layer.

Simulated flow in the subregion is mostly in the
upper model layer. About 76 percent of the total
inflow to the subregion is simulated through the upper
layer. Transmissivities in the upper layer typically
range from 0.006 to 0.18 fi%/s (fig. 204), whereas in
the lower layer, they range from 0.0006 to 0.006 ft~/s
(fig. 20B). In Las Vegas Valley, the transmissivities in
the upper layer encompasses the range of 0.02 t0 0.12
ft2/s for basin fill reported by Harrill (1976, p. 15-16)
and Morgan and Dettinger (in press). Low transmis-
sivities in the lower layer souih and east of Las Vegas
Valiey correspond o an area where carbonate rocks are
thin or isolated (Dettinger. 1989. p. 14) and where
outcrops in the mountains are generally rocks of low
permeability (fig. 23; Plume, in press).

Virgin River Subregion

The Virgin River subregion, on the east side of
the Colorado River region (fig. 30), encompasses about
2,000 mi2. Simulated inflow totals 14,000 acre-fuyr
(able 5). Recharge assigned in the upper layer is
about 9,000 acre-fvyr, primar:ly in the Bull Valley
Mountains and Beaver Dam Mountains. In addition,
2,000 acre-ft/yr is simulated as subsurface inflow from
the Bonneville deep-flow region at the southern end of
the Escalante Desert (of which 800 acre-fuvr is in the
lower layer) and about 3,000 acre-fuyr is simulated as
flow from the White River subregion, mostly in the
upper laver.

68 Reglonal Ground-Water Fiow in the Carbonate-Rock Province



Simulated outflow from the subregion totals about
14,000 acre-fuyr, of which 8,000 is evapotranspiration
in the upper model layer, 5,000 is leakage to the Virgin
River from the upper layer and 1,200 is discharge 10
Rogers and Blue Point Springs south of Overton in the
lower layer (table 5--value in table differs slightly from
table 1 due to rounding). Simulated evapotranspiration
in Beaver Dam Wash is about 5,000 acre-fu/yr (fig. 30).
An additional 1,200 acre-ft/yr is simulated as leakage
at the head-dependent flow boundary cell correspond-
ing to the confluence of Beaver Dam Wash and the
Virgin River. Thus, total simulated discharge along
Beaver Dam Wash is 6,200 acre-fuyr. Estimated
ground-water discharge in Beaver Dam Wash includes
about 150 acre-ft/yr as evapotranspiration and 3,600
acre-fiyr as leakage to the Virgin River for a total
discharge of about 3,800 acre-f/yr (Glancy and Van
Denburgh, 1969, p. 36, 47). Evapotranspiration
simulated along the lower Muddy River near Overion
is about 3,000 acre-fuyr--considerably less than the
11,000 acre-fu/yr estimated by Rush (1968b, p. 35; he
refers to the arca as lower Moapa Valley). Much of
the ground-water recharge in this area is from down-
ward secpage of streamflow in the Muddy River, and
little is thought to enter the area either as direct re-
charge from precipitation or as underflow from adja-
cent arcas (Rush, 1968b, p. 23-26). Secondary re-
charge 1o the upper model layer of spring flow from
Muddy River Springs is not simulated in the model and
may account for the difference between simulated and
estimated evapotranspiration along the lower Muddy
River. :

The Virgin River below Beaver Dam Wash also
is simulated as a discharge area for ground water
flowing from recharge areas north of the river (fig. 31).
Some ground water probably seeps into the Virgin
River from recharge areas northwest and southeast of
the river, but the location and magnitude of this
seepage is unknown (Glancy and Van Denburgh, 1969,
p- 36). The river reach from Beaver Dam Wash 10
Lake Mead is generally a losing stream that supplies
water 1o underlying aquifers (Glancy and Van
Denburgh, 1969, p. 37). Much of the seepage from the
river in this reach is 10 the adjacent and underlying
alluvium, where most of it is discharged by evapotrans-
piration. Shallow ground water not lost o evapotrans-
piration moves parallel to the river, and therefore is not
included in the model because it is considered Jocal
flow.

The principal contribution of ground water to the
Virgin River in or near the modeled area is ahout
50,000 acre-fuyr of moderately saline water from
springs in the channel of the river (Glancy and Van
Denburgh, 1969, p. 33, 36). These springs were not
specifically included in the model because they are at

the model boundary. Discharge from these springs
may be ground-water flow beneath the Virgin River as
upstream from the springs, the river is a losing stream
(Sandberg and Sultz, 1985, p. 25).

Transmissivities in both ;nodel layers generally
range from 0.0006 to 0.006 fi/s. Because transmis-
sivities are nearly the same for both layers, about half
of the recharge is simulated as flow to the lower layer.
Discharge from the lower layer is primarily to the
upper layer along Beaver Dam Wash, the Muddy
River, and the Virgin River. Transmissivities assigned
1o model cells in the vicinity of Beaver Dam Wash
perhaps could be increased slightly to reduce the
quantity of discharge as evapotranspiration along the
wash and increase upward leakage 10 the Virgin River.
Another alternative is t0 increase the vertical conduc-
tance in the head-dependent flow boundary used to
simulate Jeakage to the river.

A zone of higher transmissivities is simulated
along the western margin of the subregion, from
Rogers and Blue Point Springs (fig. 11) northward to
an area between the Mormon Mountains and Beaver
Dam Wash (fig. 20). Transmissivities in this zone are
based on calibration of spring discharge at Rogers and
Blue Point Springs. During model calibration, trans-
missivities in the lower layer were increased in cells at
and north of Rogers and Blue Point Springs. The
springs issue from carbonate rocks near the contact
with basin fill. Recharge in the adjacent Muddy
Mountains (fig. 31) is insufficient to supply all the
flow to the springs. Simulated flow 1o the springs is
from the northern parn of the subregion. Ground water
could potentially flow from Muddy River Springs to
Rogers and Blue Point Springs because land surface at
the latter springs is about 200 feet less in altitude than
that at Muddy River Springs (Thomas and others, 1986,
pl. 2). However, differing isotope values for the two
spring systems (Thomas and others, 1991, p. 14,19)
and the presence of low-permeability rocks near land
surface downgradient from Muddy River Springs
(Michael D. Dettinger, U.S. Geological Survey, oral
commun., 1987) suggest that underflow from those
springs is an unlikely source.

White River Subregion

The White River subregion, the largest delineated
in the Colorado River region, encompasses about
12,800 mi? (fig. 30). The subregion boundary general-
ly corresponds 10 a shallow-flow-region boundary
delineated in the upper model layer (compare figs. 23
and 24). The White River subregion extends farther
east and west of the flow system defined by Eakin
(1966). The subregion ncludes Tikaboo Valley and
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the Pintwater and Desert Ranges to the west, and
southern Steptoe Valley, Lake and Patterson Valleys,
Meadow Valley Wash, and western Escalante Desent 0
the east. The subregion, however, does not extend as
far north. The subregion extends to southern Jakes
Valley, whereas Eakin includes all of Jakes Valley as
well as Long Valley (Long Valley is included in the
Railroad Valley deep-flow region; figure 34). The
northern part of the flow system delineated by Harrill
and others (1988) is the same as Eakin's. Their flow
systemn differs to the east and south because they
extend their eastern boundary to the Virgin and Colora-
do Rivers, and extend their southern boundary 1o the
boundary of the study area.

Inflow to the subregion totals 150,000 acre-ft/yr,
of which recharge assigned to model cells in the upper
model layer is 146,000 acre-ft/yr (table S); the latter is
more than 70 percent of the total for the entire Colora-
do River region. Principal areas of recharge include
the White Pine, Egan, and Schell Creek Ranges in the
northern part of the subregion; the Wilson Creek,
Bristol, and Quinn Canyon Ranges in the central part;
and the Sheep Range in the southern pan (fig. 30).
The remaining inflow is simulated subsurface flow
from adjacent regions and subregions: about 1,000
acre-fuyr from the Railroad Valley region; 2,000 acre-
fuyr from the Penoyer subregion; and 1,000 acre-ft/yr
from the Las Vegas subregion (table 5).

Outflow from the subregion is primarily discharge
to regional springs in the lower model layer, which
totals 96,000 acre-fyr. Discharge as evapotrans-
piration from the upper layer is only 47,000 acre-fu/yr,
Discharge is simulated in three general areas of the
subregion that correspond 1o mapped areas of ground-
water evapotranspiration and to regional spring dis-
charge (Harrill and others, 1988). The three areas are:
Patterson and southern Lake Valleys and Panaca Warm
Spring in the upper Meadow Valley Wash drainage;
White River and Pahranagat Valleys in the White River
drainage; and Muddy River Springs (fig. 30). Subsur-
face outflow 10 the Bonneville region simulated
through the upper layer from the Egan, Schell Creek.
and Wilson Creek Ranges (fig. 31) totals about 2,000
acre-fUyr (table 5). An additional 3,000 acre-ft/yr is
simulated as outflow to the Virgin River subregion, and
1,000 acre-f/yr flows to the Death Valley region near
the Pintwater Range (table §; fig. 31).

Ground-water flow in the subregion is generally
from north to south in both model layers (fig. 31),
paralleling the Meadow Valley Wash and White River
drainages. Simulated flow is west 10 east near the
Sheep Range. More ground-water flow is simulated in
the lower layer in the White River subregion than in
any other in the study area. Ground-water flow in
most other subregions is generally in the upper layer

from recharge areas in the mountain ranges to dis-
charge areas in adjacent basins. In contrast. about 69
percent of the total inflow to the subregion is simulated
as inflow to the lower layer. Downward flow from the
upper layer (o the lower layer totals 113,000 acre-ft/yr.
Discussion of flow and comparison of simulated to
estimated discharge is separated into three areas--flow
along the Meadow Valley Wash and White River
drainages, and flow to Muddy River Springs.

Ground-water flow is simulated from southern
Lake Valley into Patterson Valley, then southward to
Panaca (fig. 31). Recharge areas contributing flow to
Panaca Warm Spring are primarily the Bristol and
Wilson Creek Ranges. Overall, simulated discharge in
Patterson Valiey and at Panaca Warm Spring is about
13,000 acre-ft/yr, which is greater than the 8,500 acre-
fiyr estimated by Rush (1964, p. 19 and 22). Minor
Quantties of evapotranspiration (totaling about 3,000
acre-ft/yr), which have been estimated elsewhere along
the axis of Meadow Valley Wash, are not simulated in
the model. Simulated evapotranspiration in southern
Lake Valley is 3,000 acre-ft/yr. Not all of the simulat-
ed discharge in Lake Valley is included in the White
River subregion because the valley is bisected by the
boundary between the Colorado River and Bonneville
regions. When the additional 6,000 acre-fuyr of evapo-
transpiration simulated in northern Lake Valley is
added 1o that in southern Lake Valley, total simulated
discharge in Lake Valley is approximately the same as
the 8,500 acre-fuyr estimated by Rush and Eakin
(1963, p. 13).

South of Panaca, flow is toward Muddy River
Springs (fig. 31). Additional flow is added from
recharge areas in the Clover, Delamar, and Mormon
Mountains (fig. 30). A total of 13,000 acre-ft/yr of
underflow is simulated from lower Meadow Valley
Wash (o the area near Muddy River Springs, of which
9,000 acre-fuyr is simulated in the upper layer.
Estimated shallow underflow from Meadow Valley
Wash into the Muddy River drainage Jjust downstream
from Muddy River Springs is 7,000 acre-ft/yr (Rush,
1968b, p. 26, 27).

Simulated ground-water flow along the White
River is generally southward in both model layers from
White River Valley to Pahranagat Valley, then south-
east to Muddy River Springs. This flow is consistent
with water levels in the area (Eakin, 1966, p. 258, and
Thomas and others, 1986). Less ground- water flow is
simulated through Jakes Valley into White River
Valley than was estimated by Eakin (1966, p. 265).
He estimated that about 25,000 acre-fUyr may enter the
White River Valley from as far north as Long Valley
(location shown on figure 34). Although recharge in
mountains adjacent to Jakes Valley is included herein.
only 7,000 acre-ftyr is simulated as underflow from
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the Jakes Valley drainage basin into the upper end of
White River Valley, and no flow is simulated from
Long Valley. Simulated flow to White River Valley is
from the White Pine and Egan Ranges. Discharge
along the White River includes about 25,000 acre-fu/yr
from three groups of regional springs simulated in the
lower layer near the axis of the valiey, and 14,000
acre-fi/yr from evapotranspiration simulated in the
upper layer (fig. 30). Evapotranspiration from the
upper layer inciudes the flow of small springs not
considered part of the regional group in the lower
layer. Simulated flow to the northern group of springs
and to Mormon Hot Spring is from the Egan Range,
whereas flow to the southern group is from both the
White Pine and Egan Ranges. Estimated discharge in
White River Valley is 37,000 acre-ft/yr (Eakin, 1966,
P- 261), which is only 2,000 acre-fuyr less than the
total simulated discharge from regional springs and
evapotranspiration.

Simulated underflow from White River Valley
and adjacent Cave Valley (fig. 31) to the south is about
27,000 acre-ft/yr, which is 13,000 acre-ft/yr less than
that estimated by Eakin (1966, p. 265). This underflow
is toward Pahranagat Valley, where discharge from
three regional springs in the lower layer is 24,000 acre-
fuyr and evapotranspiration in the upper layer is 10,000
acre-f/yr. Estimated spring flow in Pahranagat Valley
is about 25,000 acre-fUyr (table 1 and Eakin, 1966,
p. 261), nearly all of which is consumed by evapotrans-
piration in the valley. Although simulated discharge
from springs is nearly the same as the reported spring
flow, total discharge from Pahranagat Valley is 9,000
acre-ft/yr more than previously reported. Flow to the
northern two springs in Pahranagat Valley is simulated
from the White Pine, Egan, and Schell Creek Ranges.
Flow to the southern spring (Hiko Spring of Thomas
and others, 1986, pl. 2) is simulated from the Quinn
Canyon, Seaman, and Schell Creek Ranges.

Simulated underflow from Pahranagat Valley and
adjacent Tikaboo Valley (fig. 31) to Muddy River
Springs is about 24,000 acre-fuyr. This flow is about
11,000 acre-fu/yr less than the 35,000 acre-ft/yr estimat-
ed as underflow from Pahranagat Valley by Eakin
(1966, p. 265). Tikaboo Valley was not included in his
conceptualization of flow to Muddy River Springs.
More recent studies based on geology, water levels,
and deuterium concentrations of water from regional
springs in Pahranagat Valley, at Muddy River Springs,
and at Ash Meadows (location shown in figure 28)
indicate that some ground water from within or near
Pahranagat Valley may flow southwest through north-
em Tikaboo Valley to the regional springs in Ash
Meadows (Winograd and Friedman, 1972: Thomas,
1988; Dettinger, 1989; and Kirk and Campana, 1990).

Estimates of underflow to Ash Meadows range from
about 4,000 acre-flyr (Kirk and Campana, 1990,
p. 385) to 7,000 acre-f/yr (Thomas, 1988). Perhaps
flow in southern Tikaboo Valley is toward the Muddy
River Springs, whereas flow in northern Tikaboo
Valley is toward Ash Meadows. Such a possibility is
suggested by Harrill and others (1988, pl. 2). Although
no flow is simulated from Pahranagat Valley to Ash
Meadows, such flow might be simulated by increasing
transmissivities between the two places. However, 10
simulate the estimated spring flow at Ash Meadows,
some of the flow from the Spring Mountains to Ash
Meadows would need to be diverted either to Las
Vegas Valley or Pahrump Valley by decreasing trans-
missivities in model cells at the north end of the Spring
Mountains.

Ground-water flow in the subregion that is not
discharged upgradient from the Muddy River Springs
is discharged as regional spring flow in the lower layer
or as evapotranspiration in the upper laver. Simulated
spring flow at Muddy River Springs is 37,000 acre-
fUyr and evapotranspiration along the Muddy River
from the springs to the confluence with Meadow
Valley Wash is about 18,000 acre-ft/yr. The measured
aggregate spring flow is about 36,000 acre-ft/yr (Eakin,
1966, p. 261). The reach of the Muddy River between
its source at the springs and Lake Mead is perennial
(fig. 31), but only part of the flow reaches Lake Mead.
The average annua! flow of the Muddy River near its
confluence with Lake Mead is about 6,600 acre-ft/yr,
which is based on a 12-year period; 1979-83 and 1985-
91 (Garcia and others, 1992, p. 72). Much of the
streamflow is consumed by evapotranspiration from
phreatophytes and irrigated crops or is used for in-
dustrial and public supply. A small percentage of the
streamflow may seep back into the ground.

Simulated ground-water discharge near Muddy
River Springs is about 19,000 acre-f/yr more than
estimated. Perhaps some or all of extra discharge can

‘be accounted for in the uncentainty of estimated

evapotranspiration along the river. Another possibility
is that some ground water flows through consolidated
rocks beneath the river to discharge into Lake Mead.
This does not seem likely, however, because low
permeability rocks that are near land surface down-
stream from the springs probably inhibit significant
underflow to the iake (Michael D. Dettinger, U.S.
Geological Survey, oral commun., 1987).

Simulated upper-layer flow to the area of evapo-
transpiration at Muddy River Springs includes: 9,000
acre-fuyr from Meadow Valley Wash; 5.000 acre-ft/yr
from the southern Sheep Range: 3,000 acre-fvyr from
Pahranagat and Tikaboo Valleys and the northern
Desen, Pintwater, cnd Sheep Ranges; and 1.000 acre-

Flow Regions 71



-~

fifyr from the Las Vegas subregion. Simulated flow in
the lower layer 1o Muddy River Springs is mainly
underflow from Pahranagat and Tikaboo Valleys, and
the Sheep, Las Vegas, and southern Desert Ranges.
Contributions to regional springs include: 23,000 acre-
fuyr from Pahranagat and Tikaboo Valleys; 8,000 acre-
fvyr from the Sheep, Las Vegas, and southern Desert
Ranges; 4,000 acre-ft/yr from Meadow Valley Wash;
and 2,000 acre-fi/yr from Delamar Valley.

The sources of water discharging at Muddy River
Springs simulated in the model differs from the sources
described by Eakin (1966, p. 265). Using imbalances
in estimated water budgets for hydrographic areas north
of the springs, he estimated only 2,000 acre-ft/yr of
flow from the Sheep Range; the rest was ground-water
flow through Pahranagat and Delamar Valleys from
recharge areas to the north. A difference in concentra-
tions of the deuterium isotope between Spring water in
Pahranagat Valley and at Muddy River Springs sug-.
gests that not all the discharge at Muddy River Springs
is from Pahranagat Valley (Winograd and Friedman,
1972). Deuterium concentrations in water from Muddy
River Springs are nearly the same as those in high-
altitude springs in the Sheep Range and Spring Moun-
wins, which led Winograd and Friedman (1972,
p- 3705) to propose that the principal source of water
to the Muddy River Springs is the Sheep Range, the
Spring Mountains, or both. On the basis of chemical
balances of ground water, Thomas (1988) proposed that
nearly all recharge in the Sheep Range may discharge
at Muddy River Springs, and that ground water beneath
the southernmost reach of Meadow Valley Wash may
also flow to the springs. Similar conclusions were
reported by Kirk and Campana (1990), except they did
not suggest as much flow from the Sheep Range to the
Muddy River Springs. Because of (1) lack of knowl-
edge regarding the extent of the carbonate-rock aquirers
contributing flow to Muddy River Springs, (2) lack of
hydraulic properties and water-level gradients in the
aquifers, and (3) uncertainties in deuterium concentra-
tions over time and at the different source areas,
several areas remain candidate sources of flow 10 the
Muddy River Springs.

Simulated flow to the regional springs is sensitive
to the distribution of transmissivities in the lower layer.
During model calibration, transmissivities in the lower
layer were increased along an axis that generally
corresponds to the location of springs in White River
and Pahranagat Valleys, and at Muddy River Springs.
Transmissivities for the lower layer generally range
from 0.006 to 0.18 ft%/s, but in White River Valley and
near Muddy River Springs the values range from 0.18
10 0.66 fi%ls (fig. 20B). The highest transmissivities
are concentrated near regional springs; this may be
related to locally high flow rates that enhance or

maintain openings in the carbonate rocks (Dettinger,

1989, p. 16). Eakin (1966. p. 251) estimated a regional

transmissivity value of 200,000 (gal/day)/ft (equivalent
to about 0.3 ft2/s) on the basis of estimated flow across
three vertical sections. The zone of higher transmis-
sivities in the lower layer (fig. 25), which acts as a
drain for ground water from adjacent areas, generally
corresponds to an area of thick carbonate rocks that
may be considered the principal aquifers in central and
southern Nevada (Dettinger, 1989, p. 13).

Bonneville Region

The Bonneville region, in the northeastern part of
the study area (fig. 24), encompasses about 39,000
miz--largest of the five regions. It includes six deep-
flow subregions in the lower model layer--Escalante,
Spring-Steptoe, Ruby, Clover-Independence, Utah
Lake, and Great Salt Lake Desert (fig. 32)--and all or
part of 23 shallow-flow regions in the upper layer
(fig. 23). Ground-water flow is from recharge areas in
the mountains to topographically low parts of basins
within each subregion. Little flow is simulated be-
tween adjacent subregions, even though water levels in
most of the Bonneville region generally decline toward
the Great Salt Lake Desert or Great Salt Lake.

Inflow

Inflow 10 the Bonneville region totals about
889,000 acre-ft/yr (table 6), which is considerably more
than inflow to the other four deep-flow regions.
Recharge assigned to cells in the upper model layer,
which constitutes most of the inflow, totals about
855,000 acre-f/yr. The eastern boundary of the flow
region is along mountain ranges that supply large
quantities of water 1o both the southeastern Great Salt
Lake area and the Sevier Desert area (fig. 32). Other
principal recharge areas include fault-biock mountains
in extreme castern Nevada and western Utah. Subsur-
face flow in both layers from adjacent regions, which
totals about 34,000 acre-ftyr, accounts for only 4
percent of the inflow to the Bonneville region. Much
of the subsurface inflow is from the upper Humboldt
River region, where about 25,000 acre-ft/yr is simulat-
ed along the Ruby Mountains and East Humboldt
Range; another 5,000 acre-fu/yr is simulated from the
Colorado River region, and 4,000 acre-ft/yr'is from the
Railroad Valley region. Inflow from the upper
Humboldt River region is simulated along the crest of
the Ruby Mountains, where boundaries of both the
shallow-flow and deep-flow rc gions are drawn across
model cells. Because cells are not subdivided when
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EXPLANATION
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Figure 32. Areas of assigned recharge, simulated discharge from upper model layer, and simulated discharge from
regional springs in Bonneville region.
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Table 6. Simulated ground-waler flow budgels, Bonneville region

(All amounts are in acre-feet per year (acre-fV/yr), rounded 10 ncarest 1.000 acre-ft/yr. Amounts of mountain recharge arc assigned, as described in text section titled “Estimates of Recharge®;
all other listed amounts arc determined from model simulation)

Budget component and Clover- Great Salt Entire
(in parentheses) Escalante Spring-Steptoe Ruby independence Utah Lake Lake Desert Bonneville
model layer involved subregion subregion subregion subregion subregion subregion region
INFLOW
Mountain recharge (upper) 138,000 93,000 14,000 33,000 53,000 524,000 855.000
Subsurface inflow from
adjacent regions (both) 0 “ 4,000 b 16,000 b 9,000 0 € 5,000 34,000
Subsurface inflow from
adjacent subrcgions (both) 93,000 4 4,000 € 4,000 42,000 0 113,000 ®
Total inflow 141,000 101,000 34,000 44,000 53,000 542,000 889,000
OUTFLOW
Evapolranspiration (upper)" 139,000 91,000 32,000 36,000 18,000 442,000 758,000
Regional springs (lower) 0 7,000 0 5,000 0 52,000 64,000
Subsurfacc outflow to . . .
adjacent regions (both) i 2,000 3,000 J 2,000 0 0 k1,000 8,000
Subsurface outflow 1o
adjacent subregions (both) 0 0 0 ! 3,000 ™ 13,000 " 10,000 (e)
Leakage (upper) 0 0 0 0 ® 22,000 ? 37,000 59,000
Total outflow? 141,000 101,000 34,000 44,000 53,000 542,000 889.000

¢ From Railroad Valley region.
From vpper Humboldt River rcgion.
¢ Froun Colorado River region.
? Ftom Great Salt Lake Descrt subregion.
¢ Includes 3,000 acre-Vyr from Clover-Independence subregion and 1,000 acic-fUyr fiom Gocat Sakt Luke Desert subregion.
From Utah Lake subregion.
¥ Net Now among subregions within Bonneville region is zero.
B oc ludes cvapotranspiration of flow from small springs that arc assumed 1o be dischasging from upper layer; docs not include ¢evapotranspiration of flow from regional springs that
are <inmlated fo be discharging from lower layer.
10 Colorado River region.
4 Lo Railroad Valley region,
o upper Humboldt River region.
It Ruby subregion.
™ To Great Salt Lake Desert subregion,
*® Includes 3,000 acre-{Uyr to Escalante subregion, 4,000 acre-[Uyr to Spring-Steptoe subregion, 1,000 acre-fu/yr to Ruby subregion, and 2,000 acre-(Uys 1o Clover-Indcpendence subregion.
* To Utah Lake, through head-dependent flow boundaries.
? Includes 3,000 acre-fUyr to Great Salt Lake and 34,000 acre-f/yr 10 Sevier River and Scvier Lake.
? Total outflow does not always cqual total inflow duc 1o rounding of individual values.
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determining flow budgets for each region, those along
the crest of the mountains are assigned to the upper
Humboldt River region. As a result, subsurface inflow
is used to account for the eastward component of flow
from the crest.

Outflow

Simulated outflow from the Bonneville region
totals 889,000 acre-ft/yr, and includes: Discharge as
evapotranspiration and leakage to Utah Lake, Great Salt
Lake, Sevier River, and Sevier Lake from the upper
layer; discharge to regional springs in the lower layer;
and subsurface flow to adjacent regions in both layers
(table 6). Many areas of discharge are simulated in the
Bonneville region (fig. 32). Large pans of the region
are occupied by three deserts--the Great Salt Lake
Desert in the north, the Sevier Desert in the middie,
and the Escalante Desert in the south--in which consid-
erable ground water is discharged. Simulated evapo-
transpiration for the entire region is 758,000 acre-fu/yr,
which represents about 85 percent of the total outflow.
The remaining outflow is to regional springs (64,000
acre-ft/yr), to head-dependent flow boundaries repre-
senting leakage to surface water bodies (59,000 acre-
ft/yr), and to adjacent regions (8,000 acre-ft/yr).

Description of Subregions
Escalante Subregion

The Escalante deep-flow subregion, in the south-
em part of the Bonneville region (fig. 32), encompasses
about 4,000 mi2. The subregion approximately coin-
cides with three shallow-flow regions (compare figs. 23
and 24B). It also coincides with the southern half of a
flow system delincated by Harrill and others (1988)
that includes the Sevier Desert. Simulated ground-
water flow in the subregion is from recharge areas in
the mountain ranges to discharge areas in adjacent
valleys. Inflow to the subregion totals about 141,000
acre-fUyr. Recharge assigned to cells in the upper
model layer is 138,000 acre-fuyr (table 6) and accounts
for nearly all the inflow. The remaining 3,000 acre-
fUyr of simulated inflow is subsurface flow from the
Great Salt Lake Desert subregion, primarily in the
upper layer. Principal recharge areas include the
Tushar Mountains and Markagunt Plateau on the east
side, Kolob Terrace on the south side, and The Needles
on the west side (fig. 32). The mountains on the east
side of the subregion generally have more precipitation
and runoff than most mountains in the interior of the
overall siudy area.

Outflow from the subregion is mostly evapotrans-
piraion from the upper model layer. Simulated
evapotranspiration in the subregion is about 139,000
acre-fi/yr (1able 6), mostly in Beaver Valley, the
southern half of the Milford area, Parowan and Cedar
City Valleys, and the Escalante Desert (fig. 32). Areas
of simulated evapotranspiration generally coincide with
mapped areas of ground-water evapotranspiration
(Harrill and others, 1988). About 2,000 acre-fu/yr is
simulated as subsurface flow to the Colorado River
region, of which about 800 acre-ft/yr is from the lower
layer.

Most simulated flow in the Escalante subregion is
in the upper model layer. About 88 percent of the total
inflow to the subregion is simulated through the upper
layer. Transmissivities in the lower layer are generally
less than 0.006 fi%/s except beneath the Escalante
Desent (fig. 20B), whereas values in the upper layer
generally exceed 0.006 fi?ss (fig. 204). Ground-water
flow is from the Tushar Mountains and Markagunt
Plateau on the east side toward the Escalante Desert
and southern Milford area (fig. 33). However, much of
the simulated flow is discharged in Beaver, Parowan,
and Cedar City Valleys (fig. 32). Simulated evapo-
transpiration in these valleys is about 91,000 acre-fuyr,
which is considerably less than the estimated discharge
of at least 126,000 acre-fi'yr (Mower, 1978, p. 30, and
Bjorklund and others, 1978, p. 17, 41). Estimated
discharge in these valleys includes water recharged
locally from streams crossing the valley floor. This
local recharge is not simulated in the model, which
accounts for at Jeast part of the difference between
simulated and estimated discharge in the valleys.

Simulated underflow from Beaver, Parowan, and
Cedar Valleys westward to the southeastern part of the
Milford area and the eastern part of the Escalante
Desert is about 12,000 acre-fi/yr. In contrast, less than
1,000 acre-fyr is estimated as underflow to the
Milford area and the Escalante Desert (Mower, 1978,
p. 33; Bjorklund and others, 1978, p. 45). Estimated
transmissivities in this area are generally in the range
of 0.0006 to 0.006 fi%/s in the lower model layer
(fig. 20B) and 0.006 to 0.18 ft%/s in the upper layer
(fig. 204). Decreasing transmissivities in the upper
layer immediately west of Beaver, Parowan, and Cedar
City Valleys would increase evapotranspiration in the
two valleys and decrease flow to the southern Milford
area and Escalante Desent. Decreasing westward flow
1o the Escalante Desert is reasonable because the
simulated evapotranspiration of 33,000 acre-fu/yr is
about 7,000 acre-ft/yr more than the quantity estimated
by Mower (1982, p. 34).
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Simulated flow 10 the Escalante Desen is from
recharge areas in the Kolob Terrace (referred to as Pine
Valley Mountains by Mower) and The Needles, and
from Parowan and Cedar Valleys (fig. 33). Instead of
subsurface flow from Parowan and Cedar Valleys,
Mower (1982, pl. 13) assumed ground-water recharge
in the mountains between the Escalante Desert and
those two valleys. These mountains are relatively low
in altitude and, thus, no recharge is assigned to them in
the model.

The hydraulic gradient of ground water at the
north end of the Escalante Desen indicates northward
flow from the Escalante Desert to the southern end of
the Milford area. The estimated quantity of flow is
about 2,100 acre-ft/yr (Mower, 1982, p. 35). Subsur-
face flow simulated in the model from the Escalante
Desert to southern Milford area is about 2,400 acre-
ftfyr, two-thirds of which is in the upper layer.

The Milford area is split between the Escalante
and the Great Salt Lake Desert subregions (fig. 32).
Simulated evapotranspiration for all of the Milford area
is 32,000 acre-ft/yr of which about 15,000 acre-ft/yr is
simulated in the Escalante subregion. Estimates of
ground-water discharge in the entire Milford area prior
to development range from 27,000 acre-ft/yr (J.L.
Mason, in press) to 33,000 acre-fyr (Mower and
Cordova, 1974, p. 22). Subsurface flow from the
Milford area to the Sevier Desert has been postulated
by these authors on the basis of water-level gradients
between the basins. In the model, all flow in the
southern part of the Milford area is discharged there as
evapotranspiration, rather than moving northward.
Simulated flow to the northern part of the Milford area
is from recharge in the San Francisco Mountains to the
west and the Mineral Mountains to the east (fig. 33).

The simulated subregion boundary that splits the
Milford area may be an antifact of the relatively large
size of model cells. The principal direction of ground-
water flow simulated in the Milford area is from east
to west. With the large size of model cells, ground-
water flow simulated in the lower layer is upward
beneath the valley to the upper layer, where most of it
is discharged as evapotranspiration.

Spring-Steptoe Subregion

The Spring-Steptoe subregion, on the west side of
the Bonneville region (fig. 32), encompasses an area of
2,100 miZ. It includes the northern half of Spring
Valley, the southern half of Steptoe Valley, and part of
southern Butte Valley. Superimposed on the deep-flow
subregion are parts or all of five shallow-flow regions
in the upper layer (fig. 23). The subregion boundary
differs from those delineated by Harrill and others

(1988) in that they include the southern two-thirds of
Butte Valley and all of Steptoe Valiey as one flow
system and Spring Valley as pant of a large system
tnbutary to the Great Salt Lake Desent. Altitudes of
the mountains and valleys in the subregion are general-
ly higher than those in the surrounding subregions.
Consequently, ground-water levels in the subregion also
are generally higher (fig. 24B).

Simulated inflow to the subregion totals 101,000
acre-fUyr (table 6), of which 93,000 acre-fuyr is
recharge assigned 1o model cells in the upper model
layer. Principal recharge areas include the Snake,
Schell Creek, Egan, and Cherry Creek Ranges (fig. 32).
Subsurface inflow totais 8,000 acre-ft/yr--about 4,000
acre-fUyr is simulated from both the Railroad Valley
region and the Great Salt Lake Desert subregion,
primarily in the upper layer (table 6). Outflow from
the subregion is primarily from evapotranspiration,
which totals about 91,000 acre-ft/yr (table 6). Simulat-
ed regional-spring discharge at Campbell Ranch Spring
(fig. 11) in southern Steptoe Valley is 7,400 acre-fuyr
(table 1, fig. 32). Subsurface flow to the Colorado
River region is 3,000 acre-ft/yr, and accounts for the
rest of the simulated outflow.

Estimated transmissivities for the lower layer in
the Spring-Steptoe subregion are generally less than
0.006 ft</s; as a result, most of the simulated flow is in
the upper layer. About 82 percent of the total inflow
to the subregion is simulated through the upper layer.
Flow from the upper layer into the lower layer is about
17,000 acre-ft/yr. Nearly half (44 percent) of the
downward flow from the upper layer is discharged
from the lower layer at Campbell Ranch Spring in
southern Steptoe Valley (table 1, fig. 32).

A topographic divide of low relief in the central
part of Spring Valley corresponds to the approximate
subregion boundary between the Spring-Steptoe and
Great Salt Lake Desent subregions. In northern Spring
Valley, simulated flow is eastward from the Schell
Creek Range and westward from the Snake Range
(fig. 33) 1o the valley floor. Flow is simulated mostly
in the upper model layer. Low-permeability rocks are
widely exposed in these mountains, and the rocks may
extend to great depth, as inferred from subsurface
magnetic bodies (fig. 24). In southern Spring Valley,
ground-water flow is simulated through the Snake
Range into Hamlin Valley (fig. 33). An estimaied
4,000 acre-fu/yr of subsurface flow is thought to move
from Spring Valley into Hamlin Valley through the
Snake Range (Rush and Kazmi. 1965, p- 19). This
estimate is based on a hydraulic gradient in basin fill
in southern Spring Valley that is toward the Snake
Range. Simulated discharge in Spring Valley is 75,000
acre-ft/yr (fig. 32), of which 29.000 acre-fUyr is in the
Spring-Steptoe subregion. Estimated discharge by
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evapotranspiration for the entire valley is 70,000 acre-
f/yr (Rush and Kazmi, 1965, p. 22). The estimate in-
cludes the discharge of numerous small, non-regional
springs and seeps near the margin of the valley floor.

In southern Steptoe Valley, simulated flow is
westward from the Schell Creek Range and eastward
from the Egan and Cherry Creek Ranges (fig. 33).
Simulated evapotranspiration and regional-spring
discharge for the entire valley totals 75,000 acre-fu/yr.
In comparison, estimated evapotranspiration in the
valley, which includes the discharge from regional
springs, is 70,000 acre-fi/yr (Eakin and others, 1967, p.
24). Simulated evapotranspiration and regional spring
discharge in the southern part of Steptoe Valley (within
the Spring-Steptoe subregion) is 45,000 acre-fu/yr.

The simulated subregion boundary that splits
Steptoe Valley between two deep-flow subregions does
not correspond to either a topographic divide of low
relief or a water table divide in the basin fill. The
boundary may be an antifact of the relatively large size
of the model cells. The principal directions of simulat-
ed flow in both layers are east and west from the
adjacent mountains to areas of evapotranspiration on
the valley floors. Reducing the size of model cells
might allow for a small northward component of flow
through the valley that is not simulated with the larger
cell size.

Simulated flow in Butte Valley is westward from
the Egan and Cherry Creek Ranges and eastward from
Butte Mountains (fig. 33).  Simulated evapo-
transpiration is 20,000 acre-ft/yr, the same as that
estimated by Glancy (1968a, p. 32). Within the
Spring-Steptoe subregion, simulated evapotranspiration
in the southern part of Butte Valley is 7,000 acre-ft/yr.
A ground-water divide in the basin fill is present near
a topographic divide that separates the northern one-
third of the valley from the southern two thirds
(Glancy, 1968a, p. 11). In the model. the divide
between deep-flow subregions is south of the actual
ground-water divide, but a shallow-flow region divide
in the upper layer approximates the observed divide.

Depth to ground water beneath the playa at the
southern end of Butte Valley exceeds 50 ft. The
reason for the depressed water table is unknown:
phreatophytes in the central part of the valley may
consume enough ground water to keep the water table
depressed, or the ground water in southern Butte
Valley may flow generally southward through underly-
ing carbonate rocks to discharge areas in adjacent
valleys (Glancy, 1968a, p. 11). Although Butte Valley
could be a source area for water discharging at Camp-
bell Ranch Spring on the east side of the Egan Range
(fig. 32), shallow ground-water flow is considered

doubtful because of a2 low hydraulic gradient between
Butte Valley and the springs, and because a ground-
water mound from recharge in the Egan Range would
be a barrier to shallow flow between the two valleys
(Eakin and others, 1967, p. 21).

Deeper ground-water flow from Butte Valley 1o
Steptoe Valley beneath the Egan Range may be possi-
ble. The rocks are largely carbonates, and may extend
to great depth. In the model. a ground-water mound is
simulated beneath the Egan Range, yet outflow in the
lower layer is simulated as deep flow from the southern
end of Butte Valley to Campbell Ranch Spring. In this
area, transmissivities computed in the lower layer
correspond to a zone of relatively high values (greater
than 0.006 ftzls) that extends to the southern end of the
study area (fig. 25). The quantity of subsurface flow
simulated in the lower layer from southern Butie
Valley to Campbell Ranch Spring is 2.100 acre-fuvr.
The remaining 5,300 acre-fUyr of simulated flow to the
spring is from nearby, in the Egan Range.

Geochemical evidence seems to support the
concept of both long and short flow paths 1o Campbell
Ranch Spring. Detectable concentrations of tritium in
the spring water indicates that some of the water
discharging at the spring is from recent (post-1952)
precipitation (James M. Thomas, U.S. Geological
Survey, oral commun., 1986) perhaps from the Egan
Range. In contrast, the carbon-14 content of the spring
water (17 percent of modem carbon). indicates that
some of the water may be several thousand years old,
a reasonable travel time for water from Buute Valley.

Whether ground water actually flows from south-
emn Butte Valley to Campbell Ranch Spring is uncer-
tain. Discharge simulated at the spring is sensitive to
relatively small transmissivity changes in the lower
layer. For example, increasing transmissivities of
model cells in White River Vailey resulis in decreased
flow to Campbell Ranch Spring because more water is
diverted into White River Valley.

Ruby Subregion

The Ruby subregion, in the wesiern part of the
Bonneville region (fig. 32), encompasses only 550 mi2-
-the smallest of the six deep-flow subregions. It
includes the southern two-thirds of a shallow flow
region (fig. 23). The extent of the subregion differs
from a flow system delineated by Harrill and others
(1988) in that their system includes all of Ruby Valley
and the northern third of Butte Valley. Simulated
ground-water flow in the Ruby subregion is from the
adjacent Ruby and Butte Mountains to the floor of
southern Ruby Valley (fig. 33).
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Simulated inflow to the subregion totals 34,000
acre-fuyr, of which only 14,000 acre-fuyr is from
recharge assigned to cells in the upper model layer
(table 6)--the rest is subsurface flow from adjacent
subregions and regions. Most of the subsurface flow
into the subregion is from the upper Humboldt River
region, where simuiated inflow along the Ruby Moun-
tains is 16,000 acre-fU/yr (11,000 acre-ft/yr of which is
in the upper layer). Inflow from the upper Humboldt
River region is the result of model discretization. Cells
along the crest of the Ruby Mountains (where simulat-
ed flow is both east and west) had 10 be included in
either the Ruby subregion or the upper Humboldt River
region. Cells along the crest are assigned to the upper
Humboldt River region; thus, in the simulated water
budgets, flow eastward from the crest is accounted for
as subsurface outflow from the upper Humboldt River
region to the adjacent Ruby subregion.

Simulated outflow from the Ruby subregion is
34,000 acre-fuyr, of which 32,000 acre-ft/yr is evapo-
transpiration from the upper model layer and 2,000
acre-fUyr is subsurface flow to the Railroad Valley
region, primarily in the lower layer (table 6). In
comparison, estimated evapotranspiration in the south-
em half of Ruby Valley, which approximately coin-
cides with the Ruby subregion, is about 30,000 acre-
fuyr (Eakin and others, 1951, p. 82).

Within the Ruby subregion, transmissivities in the
upper layer mostly range from 0.18 to 0.66 fi/s
beneath the valley floor, but are less than 0.006 ft%/s in
the Ruby Mountains (fig. 204). Values in the lower
layer follow a similar trend--higher beneath the valley
floor than beneath the mountain block (fig. 20B).

The Ruby Mountains constitutes one of the
highest ranges in northeast Nevada and, consequently,
receive more precipitation, on the average, than all
other nearby ranges. In the northemn Rubys, where
metamorphic and igneous rocks of low permeability are
exposed (fig. 244, and Plume and Carlton, 1988, pl. 1),
numerous streams flow from the mountains to the
neighboring valley floors. because little precipitation
percolates into the rocks. Contrastingly, in the south-
ern Rubys, where carbonate rocks are exposed, few
streams are present because most of the precipitation
percolates into these more permeable rocks. Consider-
able ground water flows locally through the carbonate
rocks to the neighboring valleys. For example, Ruby
Lake, at the southern end of the Ruby Valley, is fed by
springs and seeps discharging from carbonate rocks at
the base of the mountains.

The simulated division of Ruby Valley into two
separate subregions may be a result of the large size
of the model-grid cells. Available ground-water levels
in the basin fill do not indicate a divide in Ruby Valley
(Thomas and others, 1986, pl. 1), although a 1opo-

graphic divide of low relief separates Ruby Lake from
the northern part of the valley. The principal directions
of simulated ground-water flow in the model are
castward from the Ruby Mountains and westward from
the Butte Mountains (fig. 33) to areas of evapotrans-
piration on the valley floor. These flow directions are
accentuated in the model by the rectangular grid.

Clover-independence Subregion

The Clover-Independence subregion, north of the
Ruby subregion on the west side of the Bonneville
region (fig. 32), encompasses about 1,400 mi2. The
subregion incorporates atl or pan of three shallow-flow
regions in the upper layer. The subregion includes
Clover and Independence Valleys and the northemn
parts of Butte and Ruby Valleys. This subregion is
slightly different from the flow system delineated by
Harrill and others (1988), as they do not include
northern Butte and Ruby Valleys.

Simulated inflow to the subregion is 44,000 acre-
fi/yr, of which recharge assigned to model cells in the
upper mode] layer totals 33,000 acre-ft/yr (table 6).
Principal recharge areas include the Ruby Mountains,
East Humboldt Range, and Pequop Mountains (fig. 32).
Subsurface inflow from the upper Humboldt River
region, simulated through the lower layer along the
Ruby Mountains, is about 9,000 acre-ft/yr. An addi-
tional 2,000 acre-ft/yvr is simulated as subsurface inflow
through the upper layer from the Great Salt Lake
Desert subregion.

Simulated evapotranspiration in the subregion is
36,000 acre-ft/yr (table 6), including 10,000 acre-ft/yr
in northern Ruby Valley, 2.000 acre-fUyr at the north
end of Butte Vallev, and 24,000 acre-fuyr in Clover
and Independence Valicys (fig. 32). Regional-spring
discharge simulated from the lower layer in southern
Clover Valley is 5,000 acre-ft/yr, at Warm Springs
(table 1; figs. 11 and 32). An additional 3,000 acre-
fUyr is simulated as subsurface outflow to the Ruby
subregion, about half through the lower layer.

Ground-water flow is generally from recharge
areas in the mounta:ns 1o discharge areas on the valley
floors (fig. 33). Ahout 71 percent of the total inflow
to the subregion is simulated through the upper layer.
In the lower layer, simulated flow to Warm Springs is
from the Ruby Mountains and East Humboldt Range
(fig. 33).

Estimated evapotranspiration in Clover and Inde-
pendence Valleys is about 29,000 acre-fuyr (Eakin and
others, 1951, p. 110 and 112), which is the same
quantity simulated in the model when discharge from
Warm Springs is included. However. estimated
evapotranspiration .n northern Ruby Valley--about
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38,000 acre-f/yr (Eakin and others, 1951, p. 82)--is
28,000 acre-fiyr more than the simulated quantity.
Increasing the simulated evapotranspiration in northern
Ruby Valley by reducing subsurface flow to Clover
and Independence Valleys would result in a similar
decrease in simulated evapotranspiration in the latter
valleys. One alternative would be to adjust transmis-
sivities in the Clover-Independence subregion until
more flow is from recharge areas to the east and south.
However, simulated flow from northem Ruby Valley is
not enough to account for the 28,000-acre-fuyr discrep-
ancy. The only logical area where more fiow can be
simulated to northem Ruby Valley is in the Ruby
Mountains, either by increasing recharge in model cells
corresponding 10 the mountain block or by adjusting
transmissivities in the area to divert more recharge
from the Ruby Mountains into northern Ruby Valley.
Perhaps some of the estimated evapotranspiration is
related to surface water. Many streams flow from the
east flank of the northern Ruby Mountains onto the
adjacent valley floor. These streams are used for
irrigation of meadow lands, but some streamflow
probably seeps into the ground, where it is then dis-
charged locally as evapotranspiration. Local flow of
this type is not simulated in the model, because re-
charge and discharge is not simulated in the same
model cell.

Utah Lake Subregion

The Utah Lake subregion, in the northeast corner
of ;.he Bonneville region (fig. 32), encompasses 1,400
mi”. The southern boundary of the subregion generally
corresponds to a flow-system boundary by Harrill and
others (1988) that separates ground-water flow to the
Sevier Desert from flow to the Great Salt Lake.
Elsewhere, the subregion does not correspond to their
flow system because they consider Utah Lake a part of
a larger flow system that includes all tributary valleys
surrounding the Great Salt Lake. Some ground water
flows northward from Utah Lake toward the Great Salt
Lake; however, this was not simulated in the concepiu-
al model because both lakes are treated separately.

Utah Lake, in Utah Valley, lies at the base of the
Wasatch Range, which is east of the lake and outside
of the modeled area. Streams that head in the Wasatch
Range are the major source for irrigation water and one
of the major sources of recharge to ground water in
Utah Valley (Cordova and Subitzky, 1965, p. 12;
Cordova, 1970, p. 23). Because only areas west of
Utah Valiey are simulated in the model, much of the
estimated ground-water recharge to the valiey is not
included therein. Estimated ground-water discharge
from the northern part of Utah Valley exceeds 200,000

acre-f/yr (Cordova and Subitzky, 1965, p. 19), and

"discharge from southern Utah Valley exceeds 125,000

acre-fuyr (Cordova, 1970, p. 30). Both estimates do
not include discharge from wells. Only a small pant of
the esumated discharge in Utah Valley is subsurface
flow from areas west of Utah Lake. Siiaulated dis-
charge to Utah Valley in the model includes only the
ground-water flow from areas west of Utah Valley.
Estimates of underflow from west of Utah Valley range
from 10,000 acre-fuyr (Feltis, 1967, p. 18) to 24,000
acre-fi/yr (Harrill and others, 1988).

Simulated inflow to the Utah Lake subregion is
53,000 acre-fuyr, all of which is recharge assigned to
cells in the upper model layer (table 6). Principal
recharge areas are the Oquirrh Mountains and the East
and West Tintic Mountains (fig. 32). Simulated
outflow from the subregion includes 18,000 acre-fuyr
as cvapotranspiration from the upper layer, 22,000
acre-f/yr as flow to Utah Lake, and 13,000 acre-fu/yr
as subsurface flow, primarily through the upper layer,
to Tooele Valley in the Great Salt Lake Desert subre-
gion. In Utah Valley, total simulated discharge is
33,000 acre-fu/yr (fig. 32), which includes 11,000 acre-
ft/yr of evapotranspiration.

Flow in both model layers is generally from
recharge areas to Utah Lake (fig. 33). About 87
percent of the total inflow 1o the subregion is simulated
through the upper layer. Simulated underflow to Utah
Valley from areas 10 the west is more than the estimat-
ed underflow of 24,000 acre-fUyr (Harriil and others,
1988). Because the model boundary north of the lake
is along the northern Oquirrh Mountains, some of the
simulated underflow to the vailey may actually move
east from the mountains to the Jordan River (Waddell
and others, 1987, p. 7). In the model. ground-water
flow from the Oquirh Moustains is 10 Utah Lake,
Rush Valley, and Tooele Valley (fig. 33).

Great Salt Lake Desert Subregion

The Great Salt Lake Desert subregion extends
over much of western Utah and cxwreme eastern
Nevada (fig. 32), and has an area of about 29.500 mi°.
It is the largest subregion delincated in the entire study
area. The subregion includes all or most of 13 shal-
low-flow regions (fig. 23). The subregion differs from
the flow system delineated by Harrill and others (1988)
in that it includes the Sevier Desert and valleys adja-
cent to the Great Salt Lake in Utah, and Goshute and
northern Steptoe Valleys in eastern Nevada (fig. 32).
Although the Great Salt Lake Desen and the Great Salt
Lake are delineated by Harrill and others (1988) as
separate flow systems. the opographically lowest
discharge areas in the two flow systems constitute one
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virually continuous area that can be considered a
single large system (Gates, 1987, p. 83). Sparse water-
level data suggest that some ground water may flow
from the Sevier Desent and Goshute Valley 1o dis-
charge areas in the Great Salt Lake Desert (Gates,
1987, p. 84; Harrill and others, 1988), implying that
these areas also could be included with the Great Salt
Lake Desert as part of a single flow system.

Inflow to the subregion is 542,000 acre-ft/yr, of
which 524,000 acre-ft/yr is from recharge assigned to
cells in the upper model layer. Principal mountain
ranges, where recharge exceeds 30,000 acre-ft/yr
apiece, are the Pavant Range, Oquirth Mountains,
Stansbury Mountains, and Deep Creek Range in Utah,
and the southern Schell Creek and Snake Ranges in
Nevada (fig. 32). Simulated inflow from adjacent
regions and subregions, primarily through the upper
layer, includes 13,000 acre-fyr from the Utah Lake
subregion and 5,000 acre-ft/yr from the Colorado River
region (table 6). Underflow from the Utah Lake
subregion is in the vicinity of Oquirrh Mountains and
Rush Valley, whereas underflow from the Colorado
River region is near Hamlin Valley (fig. 33).

Simulated outflow from the subregion includes:
442,000 acre-fi/yr as evapotranspiration from the upper
model layer, 37,000 acre-fvyr as leakage through head-
dependent flow boundaries to the Great Salt Lake, the
Sevier River, and Sevier Lake in the upper layer;
52,000 acre-ft/yr as regional-spring discharge from the
lower layer; and 11,000 acre-fi/yr as subsurface flaw to
adjacent subregions and to the upper Humbold: Kiver
region (table 6). Principal areas of ground-water
discharge include: Rush, Skull, and Tooele Valleys at
the south end of the Great Salt Lake; the Sevier River
drainage, Pavant Valley, and northern Milford area in
the southeast part of the subregion; the Great Salt Lake

- Desert, Tule Valley, and Snake Valley in western Utah;

and the south end of Spring Valley, the north end of
Steptoe Valley, and all of Goshute Valley in eastern
Nevada (fig. 32). Regional-spring discharge is from
two areas on the margin of the Great Salt Lake
Desert--Fish Springs and Blue Lake and Little Sait
Springs--and from Twin Spring in Snake Valley, and
Nelson Spring in norther Steptoe Valley (figs. 11 and
32; table 1).

Simulated flow in the subregion is primarily in
the upper layer from recharge areas in the mountains to
discharge areas on the adjacent valley floors. About 78
percent of the total inflow is simulated through the
upper layer. Flow entering the lower layer from the
upper layer is about 115,000 acre-ft/yr. Much of the
flow in the lower layer is concentrated in three general
areas where estimated transmissivities exceed
0.006 fi/s: A relatively small area at the south end of
the Great Salt Lake, extending to Rush Valley; a

relatively long and narrow area extending from the
south end of the Great Salt Lake Desert to Wah Wah
Valley; and a relatively small and narrow area extend-
ing southwestward from Blue Lake and Liule Salt
Springs in exwreme western Utah (fig. 25). Of the
simulated flow entering the lower layer from the upper
layer, 45 percent is discharged at regional springs.
Most of the simulated flow toward Great Salt
Lake is discharged before reaching it. Simulated
leakage to Great Salt Lake is only about 3,000 acre-
fiyr. Much of this (about 2,700 acre-fu/yr) is at the
north end of Tooele Valley. The remaining 300 acre-
fiyr is simulated along the shore of the Great Salt
Lake north of Skull Valley (fig. 32). Estimated
ground-water leakage to the Great Salt Lake from
Tooele Valley is 3,000 acre-f'yr (Razem and Steiger,
1981, p. 17). The area along the Great Salt Lake
northwest of Tooele Valley discharges liule, if any,
ground water directly to the lake (Arnow, 1984, p. 16).
Simulated flow at the south end of the Great Salt
Lake is primarily from recharge areas in the Oquirrh,
West Tintic, Stansbury, and Cedar Mountains to areas
of discharge in Rush, Tooele, and Skull Valleys
(fig. 33). Simulated discharge in these valleys is
99,000 acre-fi'yr (fig. 32), which is within the range
estimated by previous investigators. The estimates
range from 94,000 acre-ft/vr to 113,000 acre-fuyr, as
follows: Rush Valley, 27,000 acre-ft/yr (Hood and
others, 1969, p. 28); Tooele Valley, 23,000 as evapo-
transpiration and 17,000 as spring discharge (Razem
and Steiger, 1981, p. 16); and Skull Valley, 27,000 to
46,000 acre-fuyr (Hood and Waddell, 1968, p. 29).
About 16,000 acre-fu/yr is simulated as ground-water
flow from Rush Valley into Tooele Valley, of which
6,000 acre-ft/yr is by way of the lower layer.
Simulated flow in the Sevier Desert area is gener-
ally toward the Sevier River and Sevier Lake (fig. 33).
About 89 percent of the total inflow to this area is
through the upper layer, because estimated transmis-
sivities in the lower layer are less than 0.006 fi/s
(fig. 20B). Simulated discharge as evapotranspiration
from Sevier Desert and as leakage to the Sevier River
and Sevier Lake is 44,000 acre-ft/yr, which is consider-
ably less than estimated by previous investigators.
Estimaied ground-water discharge, excluding subsur-
face outflow, in the Sevier Desen ranges from 83,000
acre-fuyr (Holmes, 1984, p. 27) to 175,000 acre-fu/yr
(Mower and Felis, 1968, p. 52). Some of the differ-
ence between the quantity of discharge simulated
herein and that reported by Holmes (1984, p. 27) is due
o an additional 24,000 acre-fUyr of recharge he
estimated as seepage from canals, reservoirs, and
unconsumed irrigation water. Recharge from irrigation
water is not included in the model because it is as-
sumed to be local flow and because only a net recharge
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or discharge is simulated for each cell. Another reason
for the difference is that Holmes (1984, p. 27) simulat-
ed about 27,000 acre-fUyr of underflow from Pavant
Valley to the Sevier Desert. This value is considerably
higher than the 3,400 acre-fUyr simulated herein and
the 14,000 acre-fiyr estimated by Mower (1965, p. 54).

Evapotranspiration is simulated over a large area
of the Great Salt Lake Desent (fig. 32); however, the
toal is about 14,000 acre-flyr. More evapo-
transpiration actually occurs in this area than is simu-
lated in the model, but much of the additional dis-
charge is derived from local precipitation on the desert
floor. Estimated evapotranspiration from the Great Salt
Lake Desert is 84,000 acre-ft/yr. It includes about
69,000 acre-f/yr of local evaporation from mud and
salt flats (Gates, 1984, p. 244). If this local discharge
is not included, the model-simulated quantity is about
the same as the estimated quantity. The combination
of only small quantities of ground-water discharge and
low hydraulic gradients results in transmissivities that
are generally very low--less than 0.0006 ft2/s (fig. 20).
Whether these values are representative of the actual
transmissivities is uncertain because the model results
in this area are insensitive to changes in assigned
transmissivities in either model layer and vertical
leakances between the layers.

Simulated flow in the southwestern part of the
subregion is generally toward a band of high trans-
missivities (between 0.18 and 0.66 fi%/s; fig. 20) esti-
mated in both layers that extends from Wah Wah
Valley to Fish Springs Flat at the south end of the
Great Salt Lake Desent (fig. 33). The band of high
transmissivities correlates to a zone of relatively thick,
flat-lying carbonate rocks that acts as a major conduit
for ground-water flow (Carlion, 1988, p. 53).

Simulated outflow as evapotranspiration and as
regional-spring discharge in the southwestern part of
the subregion totals 144,000 acre-fuyr, exclusive of
southern Spring Valley. Simulated evapotranspiration
includes 36,000 acre-ft/yr in southern Spring Valley;
12,000 acre-fi/yr in Hamlin Valley; 5,000 acre-fi/yr in
Pine Valley; 56,000 acre-fu'yr in Snake Valley; 32,000
acre-fUyr in Tule Valley; and 9,000 acre-fuyr in Fish
Springs Flat (fig. 32). Simulated regional-spring
discharge from the lower layer totals 30,000 acre-ft/yr:
4,000 acre-fi/yr from Twin Spring in Snake Valley and
26,000 acre-ft/yr from Fish Springs (fig. 32).

The simulated outflow in this part of the subre-

gion, exclusive of southern Spring Valley, is about’

12,000-20,000 acre-fu'yr less than the estimated dis-
charge of 156,000-164,000 acre-fyr.  Estimated
discharge by valley is as follows: Snake and Hamlin
Valleys, 80,000 acre-f/yr (Hood and Rush, 1965, p.
24-25); Pine Valley, 7,000 acre-f/yr (Stephens, 1976,

P- 17); Tule Valley, 32.000-40,000 acre-fu'yr (Stephens,
1977, p. 19; Gates and Kruer, 1981, p. 36); Wah Wah
Valley. 1,500 acre-fyr (Stephens, 1974b, p. 27); and
Fish Springs Flat, about 35,000 acre-fu/yr, including the
flow from Fish Springs (Bolke and Sumsion, 1978,
p. 13). Most of the difference between simulated and
estimated discharge is in Snake, Hamlin, and Tule
Valleys, where the simulated quantity is 12,000-20,000
acre-fU/yr less than the estimated quantity. Perhaps a
larger area than that simulated contributes flow to this
part of the Great Salt Lake subregion.

As with many of the relatively large springs in the
study area, discharge at Fish Springs greatly exceeds
the quantity of recharge estimated for the topographic
drainage arca. Estimated recharge in Fish Springs Flat
is only 4,000 acre-fyr (Bolke and Sumsion, 1978,
p- 9), suggesting that most of the spring flow is from
adjoining basins. Evidence for interbasin flow to Fish
Springs Flat is based on: The presence of carbonate
rocks that crop out in several mountain ranges to the
south; the imbalance in water budgets (Gates and
Kruer, 1981, p. 31), where recharge exceeds discharge
in Snake, Pine, and Wah Wah Valleys; and the indica-
tion from water-level data that ground-water flow is
eastward from Snake Valiey, northward from Pine and
Wah Wah Valleys, and perhaps westward from Sevier
Desert toward Fish Springs (Gates, 1987, p. 85).

Simulated flow entering Fish Springs Flat from
adjacent areas differs between model layers. Simulated
flow in the upper layer is primarily from the east and
southeast; whereas, simulated flow in the lower layer
is primarily from the south and west (fig. 33). Total
inflow to the upper model layer is about 10,300 acre-
fuyr, including 1,700 acre-fVyr as recharge from
mountain ranges, 4,200 acre-fUyr as underflow from
areas to the east, 1,600 acre-ft/yr as northward flow
from Tule Valley, 900 acre-fUvr as northwestward flow
from Sevier Desert, 300 acre-fUyr as eastward flow
from Snake Valley, and 1,600 acre-fuyr as upward
flow from the lower layer. Total outflow equals inflow
and includes 8,700 acre-ft/yr as evapotranspiration and
1,600 acre-fi/yr as northward flow to the Great Salt
Lake Desert. Total inflow to the lower layer is about
27,200 acre-ft/yr, including 19,700 acre-fuyr as north-
ward flow from Tule Valley, 6,500 acre-fuyr as
castward flow from Snake Valley, and a combined
1,000 acre-ft/yr as westward and northwestward flow
from areas to the east and Sevier Desert. Total outflow
equals inflow and includes 25,700 acre-ft/yr as regional
flow at Fish Springs and 1,600 acre-ft/yr as leakage to
the upper layer. Eastward flow in the lower layer from
Snake Valley to Fish Springs is mostly from recharge
in the Deep Creek Range (fig. 33)--a source area
suggested by Gates and Kruer (1981, p. 32).
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At Jeast half of the simulated flow 10 Fish Springs
Flat from Tule Valley originates in the Snake Valley
drainage basin. Of the 23,000 acre-ft/yr simulated as
entering Tule Valley in the lower layer, 14,000 is
underflow from Snake Valley through the Confusion
Range and 9,000 is from Wah Wah Valley.

Available water-level data suggest that subsurface
flow from Sevier Desent to Tule Valley and, thence,
Fish Springs Flat is likely (Gates, 1987, p. 85). Not
counting northward flow from Wah Wah Valley
through the extreme western side of Sevier Desert,
about 1,200 acre-fv/yr is simulated as subsurface flow
from Sevier Desert to Tule Valley and, thence, Fish
Springs Flat. Combining the 1,200 acre-ft/yr with the
1,600 acre-fUyr simulated as direct underflow from
Sevier Desert to Fish Springs Flat results in 2,800 acre-
fuyr as underflow from Sevier Desert to adjoining
areas along the westside. This quantity is less than the
8.800 acre-fiyr simulated by Holmes (1984, p. 27).
Although the quantity of flow from Sevier Desert to
Tule Valley and Fish Springs Flat is different in the
conceptual model than that determined by Holmes, both
values are considered approximate because the hydrau-
lic properties of rocks west of the Sevier Desert are
largely unknown.

Ground-water levels along the west and north
sides of the subregion generally decrease toward the
Great Salt Lake Desert (figs. 19, 23, and 24). Simulat-
ed flow in this part of the subregion is primarily
through the upper layer from recharge areas in the
mountains to discharge areas in adjacent valleys floors.
In general, simulated evapotranspiration in valleys west
and north of the Great Salt Lake Desert (fig. 32)
approximates estimated values. Estimates of discharge
are as follows: Goshute Valley, 10,000 acre-ft/yr
(Eakin and others, 1951, p. 28); Deep Creek Valley,
14,000 10 17,000 acre-ft/yr (Hood and Waddell, 1969,
p. 25; Gates and Kruer, 1981, p. 26, 36); Pilot Creek
Valley, 4,600 acre-fuyr (Harrill, 1971, p. 29); Thou-
sand Springs Valley, 5,700 acre-fvyr (Rush, 1968c, p.
35), Pilot, Grouse Creek, and Park Valleys, 7,400,
11,000, and 16,000 acre-fuyr, respectively (Stephens,
1974a, p. 30). A small quantity of ground-water flow
(less than 2,000 acre-ft/yr) is simulated between several
hydrographic basins. For example, about 1,700 acre-
fUyr is simulated from Goshute Valley to Pilot Creek
Valley. This is slightly more than the 1,000 acre-ft/yr
estimated by Harrill (1971, p. 28).

More than half of the flow simulated in the lower
layer on the west side of the Great Salt Lake Desent is
discharged at Blue Lake and Liule Sait Springs
(fig. 32). Ground-water flow to these springs, as
simulated in the model, is mostly from the Deep Creek
Range to the south and the Goshute Mountains 1o the
west (fig. 33). During model calibration, transmis-

sivities were increased south and west of the springs to
increase spring discharge and to decrease discharge by
evapotranspiration in valleys between the springs and
Spring Valley. Perhaps other combinations of trans-
missivities in and upgradient from the spring area could
Just as reasonably simulate discharge at the springs and
in the adjacent valleys. The actual quantity of flow
from the Deep Creck Range 1o Blue Lake and Little
Salt Springs may be less than the simulated quantity,
because simulated discharge in Deep Creek Valley
(fig. 32) is less than the estimated discharge.

Railroad Valley Region

The Railroad Valley region, in the west-central
part of the study area (fig. 24), encompasses about
7,200 mi2. It contains no deep-flow subregions in the
lower model layer (fig. 34), but includes all or part of
10 shallow-flow regions in the upper layer (fig. 23).
The Railroad Valley region differs from the flow
system delineated by Harrill and others (1988) in that
it includes most of Long Valley, northern Jakes Valley
and southern Newark Valley 1o the north; northern and
central parts of Little Smoky Valley, most of Antelope
Valley, and northern Stone Cabin Valley to the west.

Railroad Valley, the terminal discharge area for
ground-water flow within the region, also is the princi-
pal area for oil production in Nevada. The oil, which
is produced primarily from traps in Tertiary volcanic
rocks overlying the Paleozoic-age carbonate rocks
(French and Freeman, 1979, p. 487), is probably
derived from the Chainman Shale of Paleozoic age
(Poole and Claypool, 1984, p. 201). Locally, the
Chainman Shale confines ground-water flow in the
underlying carbonate rock aquifers. Regionally,
however, the shale may not confine ground-water flow
in these aquifers because it is disrupted by numerous
faults.

inflow

Simulated inflow to the Railroad Valley region is
134,000 acre-fUyr, of which 132,000 acre-fuyr is
recharge assigned to cells in the upper model layer and
2,000 acre-ft/yr is subsurface flow from the Bonneville
region, primarily in the upper layer (table 7). Principal
recharge areas include the Butte Mountains and White
Pine Range in the northeast, the Grant and Quinn
Canyon Ranges in the southeast, and the Hot Creek and
Monitor Ranges in the west (fig. 34). Several other
mountain ranges are also assigned small quantities of
recharge.
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Figure 34. Areas of assigned recharge, simulated discharge from upper model layer, simulated discharge
from regional springs, and simulated direction of ground-water flow for both upper and lower model layers in
Railroad Valley region.
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Table 7. Simulated ground-water flow budget,
Railroad Valley region

[All amounts are in acre-feet per year (acre-ft/yr), rounded to
the nearest 1,000 acre-fUyr. Amounts of mountain recharge
are assigned as described in text section titled "Estimates of
Recharge*; all other amounts are determined from model
simulation}]

Budget component and
{in parentheses)
mode! layer invoived

INFLOW
Mountain recharge (upper) 132,000
Subsurface inflow from
adjacent regions (both) a 2,000
Subsurface inflow from
adjacent subregions (both) 0
Total inflow 134,000
OUTFLOW
Evapotranspiration (upper)b 86,000
Regional springs (lower) 24,000
Subsurface outflow to
adjacent regions (both) € 23,000
Subsurface outflow to
adjacent subregions (both) 0
Total outflow? 133,000

¢ From Bonneville region.

} 1ncludes evapotranspiration of flow from smail springs that
are assumed o be discharging from upper layer; does not include
evapotranspiration of flow from regional springs that are simulat-
ed 10 be discharging from lower layer.

¢ Includes 8.000 acre-fU'yr to Death Valley region. 1.000
acre-fuyr to Colorado River region, 4,000 acre-ft/yr to Bonneville
region. and 10.000 acre-fu/yr 1o upper Humboldt River region.

9 Total outflow does not equal total inflow due 10 rounding
of individual values.

Outflow

Outflow from the Railroad Valley region is
simulated as discharge by evapotranspiration in the
upper model layer, as discharge from regional springs
in the lower layer, and as subsurface flow to adjacent
regions. Simulated discharge by evapotranspiration
includes flow from small springs that is not simulated
as regional-spring flow from the lower layer. Simulat-
ed outflow from the region is 133,000 acre-fuyr,
including 86,000 acre-fuyr as evapotranspiration,
24,000 acre-fvyr as regional-spring discharge, and

23,000 acre-fu/yr as subsurface flow to adjacent regions
(table 7). Areas of evapotranspiration, shown in figure
34, are simulated in Railroad Valley, Hot Creek Valley,
the northern pant of Littie Smoky Valley, and the
northern part of Long Valley. Regional-spring dis-
charge is simulated at Duckwater in northern Railroad
Valley (13,000 acre-ft/yr, from Big and Liule Warm
Springs, table 1), on the east and west sides of Railroad
Valley (6,000 acre-ft/yr, from Lockes. Blue Eagle, and
Tom Springs, table 1), in Little Smoky Valley (2,800
acre-ft/yr, from Fish Creek Spring, table 1), and in Hot
Creek Valley (2,000 acre-fi/yr, from Hot Creek Ranch
Springs, table 1). Subsurface outflow includes: 10,000
acre-fu/yr to the upper Humboldt River region along the
cast side of Newark Valley and at the north end of
Antelope Valley; 8,000 acre-ft/yr 10 the Death Valley
region on the west side of the Monitor Range; 4,000
acre-ft/yr to the Bonneville region on the north end and
cast side of Long Valley; and 1,000 acre-fuyr 1o the
Colorado River region at the southern end of Jakes
Valley (table 7 and fig. 34).

Simulated evapotranspiration and regional-spring
discharge in Railroud Valley total about 84,000 acre-
fi/yr (fig. 34). This compares closely with an estimated
evapotranspiration of 80,000 acre-ft/yr (Van Denburgh
and Rush, 1974, p. 24), which includes evapotrans-
piration of flow from the regional springs. Simulated
evapotranspiration and regional-spring discharge in Hot
Creek Valley is about 15,000 acre-fuyr (fig. 34). This
discharge is about 10,000 acre-fVyr more than the
evapotranspiration from phreatophytes and from areas
irrigated with spring flow estimated by Rush and
Everert (1966a, p. 27). The difference in simulated to
esumated discharge in Hot Creek Valley represents
simulated ground-water flow from Stone Cabin and
Liule Fish Lake Vallevs (fig. 34). No evapotrans-
piration is simulated in Littie Fish Lake Valley even
though 10,000 acre-ftyr is estimated for the valley
(Rush and Evereit. 1966a, p. 27). However, the
combined quantity of simulated discharge from Hot
Creek and Litle Fish Lake Valleys (15,000 acre-fu/yr)
agrees with the coinbined quantity of estimated dis-
charge from the two valleys. The simulated distribu-
tion of discharge probably would agree more closely
with the distribution observed by Rush and Everett
(1966a, pl. 1) if model cells in the Hot Creek Range
were assigned lower transmissivities. This was not
done because, during model! calibration, the discharge
in Little Fish Lake Valley was grouped with the
discharge of Hot Creek Valley to reduce the number of
comparisons between simulated and estimated dis-
charge.
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The simulated areal disuibution of evapo-
transpiration in Little Smoky and Long Valleys agrees
with the mapped areas of evapotranspiration (Harrill
and others, 1988). In Litde Smoky Valley, simulated
evapotranspiration is at the north end of the valley
(fig. 34), adjacent to the discharge from Fish Creek
Spring. Simulated discharge in this area is about 6,000
acre-fuyr (fig. 34), which is slightly more than the
5,200 acre-ft/yr estimated by Rush and Everett (1966a,
p- 27). In Long Valley, simulated evapotranspiration
is also at the north end (fig. 34); however, the quantity
is about 3,000 acre-f/yr more than the 2,200 acre-fi/yr
estimated by Eakin (1961a, p. 23). The additional
discharge in northern Long Valley represents flow from
the adjacent Butte and Ruby Mountains.

No evapotranspiration is simulated in Antelope
Valley (fig. 34), west of Litle Smoky Valley, even
though 4,200 acre-fyr is estimated by Rush and
Everent (1964, p. 21). During model calibration,
estimated discharge in Antelope Valley was grouped
with that in Kobeh Valley. The model distribution of
discharge in Antelope and Kobeh Valleys probably
would agree more closely with the observed distribu-
ton if upper-layer cells in Antelope Valley were
assigned lower values of transmissivity.

Description of Ground-Water Flow

Simulated ground-water flow is generally in the
upper layer from recharge areas in the mountains to the
adjacent valley floors (fig. 34). In the Railroad Valley
region, about 68 percent of the total inflow is simulated
through the upper layer. Downward flow from the
upper layer to the lower layer totals 41,000 acre-fuyr.
Most of the flow in the lower layer is to regional
springs and leakage to the upper layer on the floor of
Railroad Valley. Of the simulated flow entering the
lower layer from the upper layer, about 60 percent is
discharged at regional springs.

In Railroad Valley, estimated discharge is 27,000
acre-fUyr greater than estimated recharge, which led
Van Denburgh and Rush (1974, p. 28) 10 suggest
additional ground-water inflow from adjacent valleys
west and north of Railroad Valley. The imbalance
between recharge and discharge in Railroad Valley is
also reflected in the model, where assigned recharge in
the drainage basin is less than the simulated discharge.
The difference is balanced by subsurface inflow from
adjacent areas. Flow is simulaied from the Monitor
and Hot Creek Ranges toward southern Railroad Valley
(fig. 34). This flow direction is consistent with the
orientation of deep flow in both carbonate and volcanic
rocks as reported by Dinwiddie and Schroder (1971,

p. 62-64). Simulated underflow entering Railroad
Valley from the west is about 7.600 acre-fuvr, of
which 4,900 acre-ft/yr is in the lower laver. Estimated
flow from Hot Creek and southern Little Smoky
Valleys to Railroad Valley is about 3,000 acre-fuyr
(Rush and Everett, 1966a, p. 26). Discharge to springs
on the west side of Railroad Valley is simulated as
flow from recharge in the Hot Creek Range, by way of
southern Little Smoky Valley. Discharge to springs on
the east side of Railroad Valley is simulated from the
adjacent Grant Range (fig. 34).

In the model, flow to the large regional springs at
Duckwater is mostly from the north (fig. 34). This
flow is controlled by a zone of high transmissivities in
the lower layer that extends from the north end of
Long Valley to Muddy River Springs in southern
Nevada (transmissivities there range from 0.006 to
0.66 ft/s, as shown in fig. 25). About 16,000 acre-
fUyr is simulated as southward flow to the springs at
Duckwater. More than 90 percent of this flow is from
the northern White Pine Range. Simulated flow from
the Pancake Range west of the springs is only 600
acre-fUyr. Not all flow entering the model cell that
represents the Duckwater regional springs is discharged
as spring flow. Some deep flow (about 3.800 acre-fuyr
in the lower layer) continues southward to the playa in
Railroad Valley. There, flow in the lower layer leaks
upward into the upper layer near the nonth end of the
playa where it is discharged as evapotranspiration.
Whether deep flow through carbonate rocks continues
southward from Duckwater Springs to the playa in
Railroad Valley is unknown. In the model, southward
flow from areas to the north is needed to balance
simulated evapotranspiration with  estimated
evapotranspiration.

In Long Valley, estimuted recharge cxceeds
estimated discharge (Eakin, 1961a, p- 1). Subsurface
flow from Long Valley is postulated as moving either
south to White River Valley (Eakin, 1961a, p. 1) or
west 10 Newark Valley (Mifflin, 1968, p- 42). Both
flow directions are shown by Harrill and others (1988).
Simulated flow from Long Valley 1o Newark Valley is
12,700 acre-f/yr; about 8.800 acre-fuyr is simulated
through the lower layer. In the lower layer, much of
the ground-water flow is from Long Valley through
castern Newark Valley to the regional springs at
Duckwater. Actual flow may differ from simulated -
flow because of uncertainties in the estimation of
recharge, and because hydraulic properties of the rocks
are largely unknown.

The boundary between Railroad Valley region and
upper Humboldt River region extends across northern
Newark Valley to the western edge of Long Valley.
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Simulated flow from the Raiiroad Valiey region to the
upper Humboldt River region in Newark Valley
through the upper and lower layers is 5,400 and 1.600
acre-fuyr, respectively. Simulated flow moving across
this boundary is mostly discharged as evapotrans-
piration in Newark Valley.

The boundary between Railroad Valley and upper
Humboldt River region also extends across northem
Antelope Valley and southern Fish Creek Range
(fig. 34). Ninety-eight percent of the flow across this
part of the boundary is simulated in the upper layer.
Outflow of 4,900 acre-ft/yr from the Railroad Valley
region is simulated from Antelope Valley to Kobeh
Valley. Inflow of 1,800 acre-ft/yr is simulated in the
Fish Creek Range.

Simulated flow to Fish Creek Spring in northern
Little Smoky Valley is mostly from the west and south
(fig. 34), where transmissivities in the lower layer are
greater than 0.006 ft/s (fig. 25). Simulated flow from
the west is 1,600 acre-fuyr; mostly from Antelope
Valley. (Rush and Everett [1966a, p. 23, 25] have
postulated that Antelope Valley is the source of the
spring flow.) Simulated flow from the south is 1,100
acre-ft/yr; mostly from the northern Hot Creek Range.
Only 50 acre-fv/yr of spring flow is simulated from the
north and the northeast in the adjacent Fish Creek
Range. In Antelope Valley, ground-water flow in the
upper layer of about 4,900 acre-ftyr is simulated
northward to Kobeh Valley.

The simulated flow to the spring from the west
and south, although consistent with the general direc-
tions of ground-water flow on the basis of available
water-level data, must cross the Oregon-Nevada
lineament that trends southeastward through at least
part of the Railroad Valley region (the lineament is
shown in fig. 22B). Areas of observed ground-water
discharge in Antelope and Kobeh Valleys begin
upgradient from this lincament, suggesting that it may
act as a barrier to ground-water flow northwest of the
springs. The lineament is marked by a zone of closely
spaced northwest-trending faults that are segmented by
many northeast-trending basin-and-range faults (Stewart
and others, 1975, p. 266). Northwest of Antelope
Valley, the lineament is associated with a subsurface
magnetic body that may be related 1o low-permeability
rocks (fig. 23A; Plume, in press). The degree to which
the linecament impedes eastward and northward flow
from Antelope Valley and northern Hot Creek Range,
respectively, is unknown. If structures along the
lineament are a barrier to flow, then the most likely
altemative source for discharge at Fish Creek Spring is
the Fish Creek Range, and the distribution of wransmis-
sivities in the lower model layer would be different
from those simulated.

Upper Humboldt River Region

The upper Humboldt River region, in the north-
weslern part of the study area (fig. 24), encompasses
about 7,200 mi2. It includes two deep-flow subregions
in the lower layer--Diamond and Humboldt (fig. 35)--
and all or pant of 10 shallow-flow regions in the upper
layer (fig. 23). The region described herein does not
coincide with the upper basin of the Humboldt River
drainage as discussed by Eakin and Lamke (1966,
p. 17); their area incorporates the entire 5,000 mi
drainage basin of the river east of Palisade, and does
not include the area corresponding to the Diamond
subregion.

Discussion of ground-water flow in this region is
limited to the simulation of (1) flow from mountains to
adjacent valley floors, including those in the Humboldt
River Valley, and (2) interbasin flow:. Head-dependent
flow boundaries (fig. 9) are used in the model to
represent the Humboldt River and the major tributaries
that enter the model area from the north. These
boundaries are used to simulate net leakage, either as
discharge to the river or as recharge from the river.
Net flow depends on the relation of simulated water
levels in the upper layer 10 a specified head that
represents the river stage. Tributaries that originate
within the region (most of which are south of the
Humboldt River) are not simulated as head-dependent
flow boundaries because they are generally gaining
streams and ground-water seepage to them is simulated
in the model as evapotranspiration. Most of the net
leakage at the head-dependent flow boundaries is
simulated as ground-water discharge (table 8). For
areas along the Humboldt River, this discharge is
combined with simulaled evapotranspiration from the
upper layer, as shown in figure 35. The percolation of
surface water from the Humboldt River and its tributar-
ies to the shallow ground-water body in the alluvium is
not generally included in the model, because much of
this percolation is discharged as nearby evapo-
transpiration, and thus is considered local flow.

Inflow

Simulated inflow 10 the upper Humboldt River
region is 189,000 acre-fuyr, including 174,000 acre-
fU/yr as recharge assigned to cells in the upper model
layer, 3,000 acre-fUyr from head-dependent flow
boundaries in the upper layer associated with the river
and major tributaries to the north, and 12.000 acre-ft/yr
as subsurface inflow in both layers from adjacent
regions (table 8). Major recharge areas for the region
include the East Humbold: Range, Ruby Mountains,
and Diamond Mountains in the east, the Roberts
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Figure 35, Areas of assigned recharge, simulated discharge from upper model layer, simulated discharge
from regional springs, and simulated direction of gro

und-water flow for both upper and lower model layers in
upper Humboldt River region.
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Table 8. Simulated ground-water flow budgets, upper Humboldt River region

{All amounts are in acre-feet per year (acre-ft/yr), rounded to nearest 1,000 acre-f/yr. Amounts of mountain recharge are assigned
as described in text section Uled "Estimates of Recharge”; all other listed amounts are determined from model simulation}

Budget component and Entire upper
(in parentheses) Diamond Humboldt Humboldt River
mode! layer invoived subregion subregion region
INFLOW
Mountain recharge (upper) 61.000 113,000 174,000
Subsurface inflow from adjacent regions (both) 9 11,000 b 1,000 12,000
Subsurface inflow from
adjacent subregions (both) 0 ¢ 6,000 @
Leakage 0 ¢ 3,000 € 3,000
Total inflow 72,000 123,000 189.000
OUTFLOW
Evapotranspiration (upperf 61,000 70,000 131,000
Regional springs (lower) 4,000 0 4.000
Subsurface outflow 1o
adjacent regions (both) 0 £ 25,000 25,000
Subsurface outflow to
adjacent subregions (both) h 6,000 . 0 , @
Leakage (upper) 0 . £28,000 $28.000
Total outflow 71,000 123,000 188,000

“ Includes 10,000 acre-fu'yr from Railroad Valley region and 1,000 acre-ft/yr from Death Valley region.
® Includes 600 acre-fUyr from Bonneville region and 400 acre-fUyr from Death Valley region.

¢ From Diamond subregion.

Net flow among subregions within upper Humboldt River region is zero.

¢ From Humboldt River and selected tributanies.

/ Includes evapotranspiration of flow from small springs that are assumed to be discharging from upper layer; does not include
evapotranspiration of flow from regional springs that are simulated to be discharging from lower layer.

£ To Bonneville region.
% To Humboldt subregion.
" To Humboldt River and selected tributaries,

J Total outflow does not always equal total inflow due to rounding of individual values.

Mountains and Sulphur Spring Range in the central
part, and the Simpson Park and Corez Mountains in
the west (fig. 35). Small quantities of recharge also
are assigned to several other mountain ranges. Of the
subsurface flow simulaied from adjacent regions, most
(10,000 acre-ft/yr) is from the Railroad Valley region,
primarily through the upper model layer.

Outflow

Simulated outflow from the upper Humboldt
River region is 188,000 acre-fuyr, including 131,000
acre-ft/yr as evapotranspiration from the upper layer,

28,000 acre-fi'yr as discharge o head-dependent flow
boundaries from the upper layer associated with the
Humboldt River, 4,000 acre-fuyr as flow to regional
springs in the lower layer, and 25,000 acre-fu/yr as
subsurface flow in both layers to the Bonneville region
(table 8). Areas of simulated discharge are shown in
figure 35. The major areas are: Along the Humboldt
River in the north; in Huntington and Newark Valleys
in the east; in Kobeh, Diamond, and Pine Valleys in
the central part; and in Grass and Crescent Valleys in
the west. Subsurface flow to the Bonneville region is
along the crest of the Ruby Mountains. Discharge to
regional springs is on the west side of Diamond Valley
in the Diamond subregion (fig. 35).
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Description of Subregions
Diamond Subregion

The Diamond subregion, in the southern part of
the upper Humboldt River region (fig. 35), encom-
passes about 2,100 mi? . It differs from the flow
system delineated by Harrill and others (1988) as their
system includes the drainage areas of Monitor and
Antelope Valleys and excludes Newark Valley. Al-
though Monitor and Antelope Valleys are not part of
the Diamond subregion, flow is simulated through the
upper layer from these valleys to Kobeh Valley. The
subregion includes all or part of three shallow-flow
regions in the upper layer (fig. 23). The shallow-flow
regions generally correspond to drainage areas for
Newark, Kobeh, and Diamond Valleys.

Inflow to the subregion is from recharge assigned
to cells in the upper mode! layer and subsurface inflow
from the Railroad Valley region. Recharge totals
61,000 acre-fvyr (table 8), mostly in the Diamond and
Roberts Mountains and the southern half of the Sulphur
Spring Range. An additional 10,000 acre-ftyr is
simulated as subsurface flow from Railroad Valley
region, and 1,000 acre-fyr from the Death Valley
region. Of the subsurface flow from Railroad Valley,
about 6,400 acre-ft/yr is along the east and south sides
of Newark Valley and about 4,900 acre-ft/yr is simulat-
ed as flowing northward from Antelope Valley into
Kobeh Valley in the upper layer (fig. 35); about 1,200
acre-ft/yr is simulated as southward flow from the Fish
Creek Range at the south end of Diamond Valley into
the Railroad Valley region.

Total simulated outflow from the subregion is
71,000 acre-ft/yr. Simulated evapotranspiration from
the upper model layer and discharge to regional springs
in Diamond Valley from the lower layer total about
65,000 acre-ft/yr, which is approximately the same as
the estimated discharge of 61,000 to 63,500 acre-ft/yr
from Newark, Kobeh, and Diamond Valleys: 16,000
to 18,500 acre-ft/yr in Newark Valley (Eakin, 1960,
p. 15-16); 15,000 acre-ft/yr in Kobeh Valley (Rush and
Everett, 1964, p. 20); and 30,000 acre-ft/yr in Diamond
Valley (Harrill, 1968, p. 33).

Ground-water flow in the subregion is primarily
from recharge areas in the mountains to discharge areas
on the valley floors. About 83 percent of the total
inflow to the subregion is simulated through the upper
layer. Downward flow from the upper laver to the
lower layer totals 9,500 acre-fi/yr. Of the flow in the
lower layer, 4,400 acre-fuyr is discharged at Shipley
Hot Springs and Bailey Springs on the westside of
Diamond Valley (fig. 35, table 1). Transmissivities

simulated in the lower layer -are less than 0.006 fi2/s

throughout most of the subregion; southwest of the

regional spnngs. in contrast, values range from 0.006
10 0.18 ft%/s (fig. 25). Simulated transmissiviues in the
upper layer are generally less than 0.18 fis, except in
Kobeh and Dxamond Valleys where they range from
0.18 10 0.66 ft%/s (fig. 20A). Estimated transmissivities
for basin fill, based on pumping tests at six water wells
in soulhcm Diamond Valley, range from 0.04 to
0.4 fi%/s (27.000 to 250,000 gal/d/ft; Harrill, 1968,
p.- 15). These values are in the same range as those
simulated in the model.

Simulated ground-water flow to Shipley Hot
Spring and Bailey Spring on the west side of Diamond
Valley (1able 1, fig. 35) is from the Roberts Mountains
southwest of the springs. This is the same source area
for an estimated 9,000 acre-fuyr of subsurface flow
from Garden Valley (Harrill, 1968, p. 25-26)--a small
basin on the west flank of the Roberts Mountains that
is tributary to Pine Valley (not shown in fig. 35). The
estimate is based on an imbalance between recharge
and discharge in Garden Valley and a hydraulic
gradient of 25 1o 120 fmi from that valley (o
Diamond Valley.

Humboldt Subregion

The  Humboldt subregion encompzsses about
5,100 mi2. It includes all or part of six shallow-flow
regions in the upper layer (fig. 23). The subregion
generally corresponds to the flow sysiem of Harrill and
others (1988) along the east and south boundaries,
except they exclude Grass Valley. To the north and
west, their flow system includes basins tributary to the
Humboldt River that extend bevond the modeled area.
Simulated inflow to the subregion is 123.000 acre-ft/yr,
of which 113,000 acre-fuyr is recharge assigned to
cells in the upper model layer, 3,000 acre-{Uyr is flow
from head-dependent flow boundaries ir the upper
layer, 6,000 acre-fuyr is subsurface flow from the
Diamond subregion, and 1,000 acre-ft/yr is flow from
the Bonneville and Death Valley regions (table 8).
Simulated outflow from the Humboldt subregion
includes 70,000 acre-fU/yr as evapotranspiration from
the upper layer; 28,000 acre-ft/yr as lcakage to head-
dependent flow boundaries in the upper layer; and
25,000 acre-ft/yr as subsurface flow to the Bonneville
region. The latter is from model cells along the crests
of the Ruby Mountains, where horizontal flow in both
layers is eastward and westward (fig. 35). Modcl cells
along the crests are included in the water-budget
computation for the upper Humboldt River region.
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Thus, eastward flow along the crests of these ranges is
accounted for as simulated subsurface outflow to the
Bonneville region; about 11,000 acre-ft/yr is simulated
through the upper layer, the remaining 14,000 acre-fuyr
is simulated through the lower layer.

Ground-water flow in the subregion is simulated
from recharge areas in the mountain ranges 10 dis-
charge areas on the adjacent valley floors and 1o the
Humboldt River (fig. 35). About 73 percent of the
total inflow to the subregion is simulated through the
upper layer. Transmissivities in the lower layer are
less than 0.006 fi%/s throughout the subregion, with
values less than 0.0006 fi%/s on the west side
(fig. 20B). Transmissivities in the upper layer are
generally less than 0.006 ft%/s in the northern Ruby
Mountains and East Humboldt Range, which corre-
sponds to the low-permeability rocks that Crop out in
these mountains (Plume, in press), and between 0.006
and 0.18 fi%s in the valley lowlands and areas north of
the Humboldt River (fig. 20A).

The generally low transmissivities in the lower
layer may be related to thinning of the Paleozoic
carbonate rocks. Outcrops of deep-water clastic rocks,
chert, and volcanic rocks of Triassic 1o Cambrian age
become increasingly abundant west of the Ruby
Mountains, and correspondingly, outcrops of Paleozoic
carbonate rocks become less abundant (Plume and
Carlton, 1988). Locally, however, volcanic and
carbonate rocks in the subregion may be highly perme-
able and may transmit moderate quantities of ground
water to discharge points near the river. The springs
near Carlin may be an example of this.

In valleys south of the Humboldt River, simulated
evapouanspiration is 47,000 acre-ftyr, including:
14,000 acre-fv/yr for two areas in Huntington Valley,
22,000 acre-ft/vr in Pine Valley, 6,000 acre-fu'yr from
Crescent Valley, and 5,000 acre-fuyr in Grass Valley
(fig. 35). Estimated €vapotranspiration in these valleys
totals 57,000 acre-fuyr: 21,000 acre-fUyr in Hunting-
ton Valley area (Rush and Everett, 1966b, p. 21, 22);
24,000 acre-fuyr in Pine Valley (Eakin, 1961b, p. 22;
includes 5,000 acre-fUyr as leakage to Pine Creek);
12,000 acre-ft/yr in Crescent Valley (Zones, 1961,
p. 21); and 12,000 acre-fu/yr in Grass Valley (Everett
and Rush, 1966, p. 16). Crescent and Grass Valleys
are on the edge of the modeled area and recharge from
mountain ranges on the west sides of the valleys is not
simulated. Consequently, the simulated discharge in
these valleys is appreciably less than the estimated
quantity.

Total simulated discharge (as evapotranspiration
and leakage 10 head- dependent flow boundaries) along

the Humboldt River is 52,000 acre-fuyr (fig. 35). This
quantity represents only a fraction of the total estimated
evapotranspiration and streamflow in the Humboldt
River Valley above Palisade (Eakin and Lamke, 1966,
P. 59-60). Simulation of regional ground-water flow
with the model did not account for the local circulation
of water adjacent to the Humboldt River; rather, the
model is designed o assess the potential for regional
flow from distant sources to regional discharge areas.
In the upper Humboidt River region, the quantity of
simulated deep flow (flow through the lower model
layer) to the Humboldt River is small (a few thousand
acre-ft/yr) compared to local flow between the river
and its alluvium.

POTENTIAL USES OF MODEL

The ground-water flow model of the carbonate-
rock province is unlike most models is that the extent
of aquifers and their hydraulic properties are generally
unknown in the province; thus, the model greatly
simplifies flow through a complex geologic region.
Simulation results are based on assuming recharge to
the province is known with the distribution of transmis-
sivities simulated to match the general distribution of
water levels and estimates of discharge. However,
water levels in consolidated rocks are generally un-
known and estimaies of recharge and discharge are
known only approximately. Consequently, other,
equally valid distributions of transmissivities may be
found that permit the model 1o be calibrated to the
existing water-level data and estimates of recharge and
discharge. The model may be best suited for:

* Simulating alternat:ve transmissivity distri-
butions to evaluate potential source areas of
regional springs;

* Simulating the effects of differin g recharge rates
on regional ground-water flow; and

* Simulating the effects of changing location of
discharge on regional ground-water flow.

Therefore, the potential uses of the model are
limited. The model is not suited to predict accurate
water-level declines that would result from pumping
ground water in the province. Also, the model is not
suited to predict the accurate rate of change in nauwral
discharge caused by pumping, because the model has
not been calibrated 10 any transient simulations.
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SUMMARY AND CONCLUSIONS

This report describes the results of a computer-
mode] based analysis of regional ground-water flow in
the eastern Great Basin, a 100,000-mi? area that lies
mosty in eastern Nevada and western Utah, with small
parts in northwestern Arizona, eastern California, and
southern Idaho. The original version of this report,
published in 1991, presented results that subsequently
proved to be adversely affected by a transpositional
error in the computer data files that define the model-
cell dimensions. This error produced an unintended
regional anisotropy in hydraulic conductivity. The
results reported herein constitute a reanalysis of region-
al flow after the transposition was corrected and the
computer model recalibrated.

Ground-water flow in the eastern Great Basin has
been evaluated as pant of the U.S. Geological Survey’'s
Great Basin Regional Aquifer-System Analysis. The
area is referred to as the carbonate-rock province
because, during the Paleozoic era, thick sequences of
limestone and dolomite were deposited in a shallow sea
that inundated the area. Since then, many episodes of
sediment deposition, volcanic activity, erosion, and
tectonic deformation by both compressional and
extensional forces have altered the extent and thickness
of the carbonate rocks. The present-day physiography,
which is characterized by north- to northeast-trending
mountain ranges separated by intervening valleys that
are partly filled with sedimentary deposits eroded from
the adjacent mountains, is the result of normal faulting
caused by extension that began about 20 million years
ago. Relief between the block-faulted mountains and
the adjacent valley floors ranges from 1,000 to more
than 7,000 ft.

Shallow ground-water reservoirs in the basin fill
supply most of the current (1992) pumpage from wells
in this geologically complex terrain. Aquifers in the
underiying carbonate rocks are largely undeveloped;
regionally, however, these aquifers are important
because they provide an avenue for interbasin ground-
water flow. The source of ground water in the prov-
ince is precipitation, most of which falls in the higher
mountain ranges. Ground-water discharge is mostly by
evapotranspiration in the low parts of the many valleys.
Some ground water also discharges from small, local
springs. Such springs are fed by recharge that origi-
nates nearby. In contrast, ground water discharging at
larger, regional springs issuing from the carbonate-rock
aquifers originates in distant mountain ranges.

Ground-water flow in the province is conceptual-
ized as consisting of two components: A relatively
shallow one in which the flow is from mountain ranges
to adjacent valleys, and a deeper one in which the
ground water is transmitted through carbonate rocks

beneath mountain ranges and valleys to discharge areas
at distant springs or terminal sinks. The maximum
depth of flow in the province is unknown, but freshwa-
ter has been detected at depths as great as 10,000 ft.
A three-dimensional ground-water flow model was
used to simulate the concept of shallow flow systems
superimposed over deeper flow systems, and to evalu-
ate regional flow. The modeled area is divided into
rectangular cells, 5 mi wide and 7.5 mi long, that are
elongated in a north-northeastward direction. Two
model layers are used to simulate the shallow and
deeper flow systems.

The conceptualization and simulation of regional
ground-water flow includes several simplifying assump-
tions: (1) Fractures and solution openings in consoli-
dated rocks can be represented on a regional scale as
a porous medium. (2) Darcy's Law is applicable on 2
regional scale to flow through the fractures and solu-
tion openings and across abrupt changes in lithology.
(3) Steady-state conditions exist, in which estimates of
present-day recharge equal estimates of discharge (the
discharge estimates used for each valley are based on
conditions prior to ground-water development). (4)
Horizontal transmissivity is heterogeneous in the region
but it is homogenous and isotropic within each 37.5-
mi model cell. (5) Recharge is from precipitation in
the mountain ranges, and is based on previously
published estimates. (6) Rivers and lakes that border
the province, as well as the Death Valley playa, can be
either a source or a sink for ground-water flow. (7)
Discharge from regional springs is known, and flow to
the springs is through carbonatc rocks. (8) Spring flow
not simulated as discharging from carbonate rocks is
included as part of the discharge from shallow ground
water. Although these assumptions are probably valid
for parts of the province, the validity of cach assump-
tion for the entire area is not known. Because of the
uncertainty of these assumptions and because the
extent, thickness, and hydraulic properties of the
carbonate aquifers throughout most of the province are
largely unknown, simuiation results do not perfectly
replicate actual ground-water flow in the province.
The results do, however, provide a simplified concept
of the distribution of recharge, discharge, and flow in
the province within the limitations of current under-
standing and the limitations of the model simulations.

The computer model was calibrated by adjusting
transmissivities of cells in both model layers and
vertical leakances between layers during repeated
simulations.  Calibration proceeded until simulated
water levels and simulated discharge as evapo-
transpiration and regional-spring flow agreed with
available water levels in most places. with the mapped
distribution and estimated quantity of evapotrans-
piration, and with the estimated flow at regional
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springs. The magnitude of the estimated transmis-
sivities and vertical leakances in the model is depen-
dent upon the quantity of recharge used in the simu-
lation. Estimates of recharge are approximate and
could differ from actual recharge by 100 percent or
more. Therefore, the estimated transmissivities and
leakances include an uncertainty equal to or greater
than that of the estimated recharge. Additional un-
certainty in the distribution of transmissivities and
leakances results from the scarcity of available water-
level data (particularly for the carbonate-rock aquifers),
the lack of information on the extent and thickness of
the basin-fill and carbonate-rock aquifers, and the lack
of knowledge on the distribution of recharge. Because
of the uncertainty in the transmissivities and vertical
leakances, other distributions may adequately simulate
water levels and discharge in the province. In addition,
the estimated transmissivities should be considered only
on a regional basis becausc the values represent an
average for all rocks and deposits included within the
37.5-mi? area of a model cell. The hydraulic proper-
ties of the various rocks and deposits within even a
single cell can vary by several orders of magnitude.

In the upper model layer, transmissivities range
from 0.000022 to 0.22 ft“/s. Transmissivities are
generally greater than 0.006 ft2/s for cells correspond-
ing to basin fill and carbonate rocks and are less than
0.006 ft2/s for cells corresponding to other consolidated
rocks (which are assumed to be of low permeability).
Lowest transmissivities are simulated in the Great Salt
Lake Desert, where an extensive body of ground water
is saline and the circulation of freshwater is minimal.

In the lower model layer, esnmatcd transmissivities
range from 0000033 to 0.66 ft*/s. Transmissivities
greater than 0.006 ft?/s are simulated in the vicinity of
regional springs or in areas where ground-water
budgets indicate interbasin flow. These zones of
higher transmissivity may be related to places in the
province where thick sequences of Paleozoic carbonate
rocks are still present. The highest transmissivities are
simulated in narrow bands associated with regional
springs in the White River Valley in eastern Nevada,
the Muddy River Springs in southern Nevada, and Fish
Springs in ww-cemral Utah. Transmissivities less
than 0.006 fi%/s are simulated throughout much of the
province. Lowest ransmissivities are simulated for the
Great Salt Lake Desert, for Death Valley, and for the
extreme southern end of the province.

Only one of several extensive east-west-trending
lineaments could be correlated with a marked change
in the simulated and measured water-level trends. This
lineament, called the transverse crustal boundary,
extends across southern Nevada. It generally corre-
sponds to: The southern extent of Cenozoic volcanism
in the province; to a considerable southward decline in

the altitude of the valley floors; a change in gravity;
and the location of left-lateral shears. Except for a
narrow zone of high transmissivities in easiern Nevada,
assxgned values in the lower model layer are less than
0.006 f2/s along the lincament.

The lack of correlation of marked changes in
simulated water levels and transmissivities, as well as
observed water-level trends, across other lincaments
north of the transverse crustal boundary might be due
to disruption of the lincaments by younger faulting.
However, several regional springs are near the linea-
ments, which suggests that segments along some of the
lineaments may restrict regional ground-water flow.

The model simulates the concept of numerous
shallow-flow regions superimposed upon fewer deep-
flow regions. A total of 45 shallow-flow regions are
identified in the upper model layer on the basis of
horizontal flow between cells. In the lower layer, flow
is grouped into deep-flow regions and subregions. A
total of 17 deep-flow subregions are delineated, also on
the basis of horizontal flow between cells. The subre-
gions are, in turn, grouped into five deep-flow regions
on the basis of areas having simulated water levels that
generally decline toward one of five regional discharge
areas. These are named the Death Valley, Colorado
River, Bonneville, Railroad Valley, and upper
Humboldt River regions. Simuiated water levels are
generally highest in southwestern Utah and east-central
Nevada, where altitudes of the valleys floors are
highest. From this area, water levels generally de-
crease northward toward discharge areas in the upper
Humboldt River and Bonneville regions, and southward
toward discharge areas in the Colorado River and
Death Valley regions. Within the area of high water
levels in east-central Nevada, some of the ground waler
flows to a terminal sink in Railroad Valley.

Water budgets for each of the deep-flow regions
are summarized in table 9. The budgets include flow
within the overlying shallow-flow regions. The bud-
gets list cross-boundary flow between regions because
cells that straddle a flow-region boundary are assigned
10 only one of the two regions and because simulated
flow in the shallow-flow regions is not everywhere in
the same direction as that in the underlying deep-flow
regions.

Most of the simulated flow is in the upper model
layer. Total simulated inflow is about 1.5 million acre-
ft/yr (about 3 percent of the total precipitation), with all
but 3,000 acre-ft/yr assigned as recharge to the moun-
tains (table 9). This inflow does not include recharge
xhat is discharged locally--that is, within the same 37.5-

2 model cell. If this recharge were included, the
est1malcd total inflow wou:d be considerably more.
Simulated outflow is mostly ‘rom the upper layer as
evapotranspiration (about 1.2 million acre-ft/yr) and as
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Table 8. Simulated ground-water fiow budgets for five deep-flow regions of modeled area

(ALl amounts are iy acre-feet per year (acre-f/yr), rounded to nearest 1.000 acre-fUyr.  Amounts of mountain recharge are assigned as
described in text section titled “Estimates of Recharge™; all other listed amounts are determined from model simulations and are rounded
to nearest 1,000 acre-fuyr)

Upper
Budgst component and Death © Colorado Railroad Humboldt Entire
(in parentheses) Valiey River Bonneviile Valley River modeled
model layer invoived region region region region region area
INFLOW
Mountain recharge (upper) 161,000 202,000 855.000 132,000 174,000 1,524,000
Subsurface inflow from
adjacent regions (both) “16000 35,000 €34000 92000 €12,000 '
Leakage (upper) 0 0 0 0 £ 3,000 3,000
Total inflow 177,000 207,000 889,000 134,000 189,000 1,527,000
OUTFLOW
Evapotnnspimion" (upper) 147,000 91,000 758.000 86.000 131,000 1.213.000
Regional springs (lower) 22,000 97,000 64,000 24,000 4,000 211,000
Subsurface outflow to . .
adjacent regions (both) 13,000 /10,000 kgooo 723000 ™ 25000 0
Leakage (upper) " 8,000 ¢ 7,000 P 59,000 0 928000 102,000
Total outflow” 180,000 205,000 889,000 133,000 188,000 1.526.000

¢ Includes 8,000 acre-fuyr from Colorado River region and 8,000 acre-ft/yr from Railroad Valley region.
% Includes 2,000 acre-f/yr from Bonneville region, 1,000 acre-ft/yr from Railroad Valley region, and 2.000 acre-fUyr
from Death Valley region.
¢ Includes 4.000 acre-fuyr from Railroad Valley region, 25,000 acre-fUyr from upper Humboldt River region, and
5.000 acre-ft/yr from Colorado River region.
From Bonneville region.
¢ Includes 10,000 acre-fu/yr from Railroad Valley region, 1,400 acre-fU/yr from Death Valley region, and 600 acre-fuyr
from Bonneville region.
Net flow among regions within modeled area is zero.
€ From Humboldt River and selected tributaries.
Includes evapotranspiration of flow from small springs that are assumed to be discharging from upper laver; does not
include evapotranspiration from regional springs that are simmulated 10 be discharging from lower layer.
! Includes 1,000 acre-ft/yr to upper Humboldt River region and 2.000 acre-ft/yr to Colorado River region.
J Includes 2,000 acre-fi'yr 10 Bonneville region and 8.000 acre-f/yr to Death Valley region.
Includes 5.000 acre-fiyr to Colorado River region, 2,000 acre-ft/yr 1o Raiiroad Valley region, and 1,000 acre-ft/yr to
upper Humboldt River region.
! Includes 8.000 acre-f/yr to Death Valley region, 10,000 acre-ft/yr to upper Humboldt River region. 4,000 acre-fu/yr
1o Bonneville region, and 1,000 acre-fuyr to Colorado River region.
™ To Bonneville region.
" To Death Valiey playa.

? Includes 5,000 acre-fi'yr to Virgin River and 2.000 acre-f/yr to Lake Mead and Colorado River.

? Includes 34,000 acre-fyr to Sevier River and Sevier Lake, 22,000 acre-fUyr to Utah Lake, and 3.000 acre-fu/yr to
Great Salt Lake,

¢ To Humboldt River and selected tributaries.
” Total outflow does not always equal total inflow due to rounding of individual values.
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leakage to surface-water bodies and to the Death
Valley playa (about 100,000 acre-ft/yr). Most of the
simulated flow in the lower layer is in areas of high
transmissivities. Flow is downward in recharge areas,
then lateral to regional springs or to areas of discharge
from the upper layer. Total simulated flow in the
lower layer is 428,000 acre-f/yr, or only 28 percent of
total inflow. About half the flow through the lower
layer (211,000 acre-ft/yr) is simulated as discharge to
regional springs. This simulated total is only 0.5
percent more than the estimated total for the regional
springs.,

Simulated regional-spring flow is extremely sensi-
tive to changes in transmissivities in both layers and to
changes in vertical leakance between layers. For
example, increasing transmissivities in the lower layer
between Ash Meadows in Amargosa Desert and Death
Valley results in less spring flow at Ash Meadows and
greater flow to Death Valley. Similar results are
simulated at Muddy River Springs in southern Nevada
and Fish Springs in west-central Utah when trans-
missivities are increased downgradient from the
springs. Even minor changes to the assigned hydraulic
properties can result in changes to the discharge at
regional springs. The final assigned distribution of
transmissivities and vertical leakances results in simu-
lated water levels, regional-spring flows, and evapo-
transpiration rates that reasonably duplicate measured
and estimated values. However, other combinations of
transmissivties and vertical leakances may be possible
that also would reproduce measured water levels and
estimated discharge in the province, but would result in
different patterns of ground-water flow and different
configurations of flow-region boundaries.

The simulation results presented in this report are
only approximate because of uncertainties in the
quantity of recharge 10 and evapotranspiration from the
aquifers in the province, and because the extent,
thickness, and hydraulic properties of the carbonate
aquifers are largely unknown. Nonetheless, several
general conclusions can be made on the basis of
available information and the model simulations:

* Most ground-water flow in the province is
relatively shallow, moving from recharge
areas in the mountain ranges to discharge
areas in the adjacent valleys.

* Directions of shallow ground-water flow do not
everywhere correspond to the directions of
deep ground-water flow.

* Most consolidated rocks beneath the valleys
and surrounding mountains are not highly
transmissive, suggesting either that not all
carbonate rocks are highly permeable, or that
not all valleys and surrounding mountains
are underlain by carbonate rocks.

* Ground-water flow 10 the larger regional
springs is through permeable carbonate rocks
that transmit water from distant recharge
areas beneath intervening mountains and
valleys.

* Only small quantities of deep flow discharge at
the terminal sinks (the Great Salt Lake, the
Great Salt Lake Desen, the Railroad Valley
and Death Valley playas, and the Colorado
and Virgin Rivers); rather, most of the deep
flow discharges at regional springs and in
areas of evapotranspiration upgradient from
the terminal sinks.

* Only small quantities of deep flow are simu-
lated in the upper Humboldt River region,
because most of the ground water discharg-
ing along the river is from local flow associ-
ated with the river.

The model is a simplification of flow through a
geologically complex region, in which hydraulic
properties can change abruptly because of changes in
lithology. The lack of information on the extent of
aquifers, their hydraulic properties, and the distribution
of water levels in the aquifers precludes developing a
model in which only one distribution of transmissivity
is possible. The model, therefore, may not reliably
predict water-level declines that would result from
pumping ground water in the province, nor simulate the
rate of change in natural discharge caused by pumping.
The model may be best suited for simulating different
transmissivity distributions to evaluate potential source
areas of regional springs, and for simulating long-term
effects of changing recharge and discharge on regional
ground-water flow.
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