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Death Valley Regional Ground-Water Flow System,
Nevada and California—Hydrogeologic Framework
and Transient Ground-Water Flow Model

Edited by Wayne R. Belcher

Abstract

A numerical three-dimensional (3D) transient ground-
water flow model of the Death Valley region was developed by
the U.S. Geological Survey for the U.S. Department of Energy
programs at the Nevada Test Site and at Yucca Mountain,
Nevada. Decades of study of aspects of the ground-water
flow system and previous less extensive ground-water flow
models were incorporated and reevaluated together with new
data to provide greater detail for the complex, digital model.

A 3D digital hydrogeologic framework model (HFM)
was developed from digital elevation models, geologic maps,
borehole information, geologic and hydrogeologic cross sec-
tions, and other 3D models to represent the geometry of the
hydrogeologic units (HGUs). Structural features, such as faults
and fractures, that affect ground-water flow also were added.
The HFM represents Precambrian and Paleozoic crystal-
line and sedimentary rocks, Mesozoic sedimentary rocks,
Mesozoic to Cenozoic intrusive rocks, Cenozoic volcanic
tuffs and lavas, and late Cenozoic sedimentary deposits of
the Death Valley regional ground-water flow system (DVRES)
region in 27 HGUs.

Information from a series of investigations was compiled
to conceptualize and quantify hydrologic components of the
ground-water flow system within the DVRFS model domain
and to provide hydraulic-property and head-observation data
used in the calibration of the transient-flow model. These
studies reevaluated natural ground-water discharge occurring
through evapotranspiration (ET) and spring flow; the history
of ground-water pumping from 1913 through 1998; ground-
water recharge simulated as net infiltration; model boundary
inflows and outflows based on regional hydraulic gradients
and water budgets of surrounding areas; hydraulic conductiv-
ity and its relation to depth; and water levels appropriate for
regional simulation of prepumped and pumped conditions
within the DVRFS model domain. Simulation results appro-
priate for the regional extent and scale of the model were
provided by acquiring additional data, by reevaluating existing
data using current technology and concepts, and by refining
earlier interpretations to reflect the current understanding of
the regional ground-water flow system.

Ground-water flow in the Death Valley region is com-
posed of several interconnected, complex ground-water flow
systems. Ground-water flow occurs in three subregions in
relatively shallow and localized flow paths that are superim-
posed on deeper, regional flow paths. Regional ground-water
flow is predominantly through a thick Paleozoic carbonate
rock sequence affected by complex geologic structures from
regional faulting and fracturing that can enhance or impede

flow. Spring flow and ET are the dominant natural ground-

water discharge processes. Ground water also is withdrawn
for agricultural, commercial, and domestic uses.

Ground-water flow in the DVRFS was simulated using
MODFLOW-2000, a 3D finite-difference modular ground-
water flow modeling code that incorporates a nonlinear
least-squares regression technique to estimate aquifer param-
eters. The DVRFS model has 16 layers of defined thickness, a
finite-difference grid consisting of 194 rows and 160 columns,
and uniform cells 1,500 meters (m) on each side.

Prepumping conditions (before 1913) were used as the
initial conditions for the transient-state calibration. The model
uses annual stress periods with discrete recharge and discharge
components. Recharge occurs mostly from infiltration of
precipitation and runoff on high mountain ranges and from a
small amount of underflow from adjacent basins. Discharge
occurs primarily through ET and spring discharge (both simu-
lated as drains) and water withdrawal by pumping and, to a
lesser amount, by underflow to adjacent basins, also simulated
by drains. All parameter values estimated by the regression are
reasonable and within the range of expected values. The simu-
lated hydraulic heads of the finai calibrated transient model
generally fit observed heads reasonably well (residuals with
absolute values less than 10 m) with two exceptions: in most
areas of nearly flat hydraulic gradient the fit is considered
moderate (residuals with absolute values of 10 to 20 m), and in
areas of steep hydraulic gradient, such as Indian Springs, west-
ern Yucca Flat, and the southern part of the Bullfrog Hills, the
fit is poor (residuals with absolute values greater than 20 m).
Ground-water discharge residuals are fairly random, with
as many areas where simulated flows are less than observed
flows as areas where simulated flows are greater. The highest
unweighted ground-water discharge residuals occur at Death
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Valley and Ash Meadows. High weighted discharge residuals
were computed in the Pahrump Valley, possibly indicating a
poor definition of hydraulic properties or discharge estimates
in that area.

The model represents the large and complex ground-
water flow system of the Death Valley region at a greater
degree of refinement and accuracy than has been possible
previously. The representation of detail provided by the 3D
digital hydrogeologic framework model and the numerical
ground-water flow model enabled greater spatial accuracy in

every model parameter. The lithostratigraphy and structural

effects of the hydrogeologic framework; recharge estimates
from simulated net infiltration; discharge estimates from ET,
spring flow, and pumping; and boundary inflow and outflow
estimates all were reevaluated, some additional data were col-
lected, and accuracy was improved. Uncertainty in the results
of the flow model simulations can be reduced by improving
on the quality, interpretation, and representation of the water-
level observations used to calibrate the model and improving
on the representation of the HGU geometries, the spatial vari-
ability of HGU material properties, the flow model physical

framework, and the hydrologic conditions.

View from Mount Stirling (2,506 m) in the Spring Mountains to the northeast toward the Pintwater, Desert, and Sheep Ranges. The
Las Vegas Valley shear zone runs across the middle of the photograph between the Spring Mountains and the mountain ranges to
the north. Playas are visible in Indian Springs Valley (toward the west or left side of the photograph) and in Three Lakes Valley (to
the east or the right side of the photograph). Indian Springs Air Force Base is visible in the center foreground, at the base of the
Pintwater Range. Photograph by Nancy A. Damar, U.S. Geological Survey



Introduction

By Wayne R. Belcher, Frank A. D’Agnese, and Grady M. 0'Brien

Chapter A of

Death Valley Regional Ground-Water Flow System,
Nevada and California—Hydrogeologic Framework
and Transient Ground-Water Flow Model

Edited by Wayne R. Belcher

Prepared in cooperation with the

U.S. Department of Energy

Office of Environmental Management, National Nuclear Security Administration, Nevada Site Office,
under Interagency Agreement DE-AI52-01NV13944, and

Office of Repository Development, ,

under Interagency Agreement DE-AI08—02RW 12167

Scientific Investigations Report 2004-5205

U.S. Department of the Interior
U.S. Geological Survey




Contents

ITOUCHION ..t a e 7
PUMPOSE @NG SCOPE ..viitiii it ettt e e e e e e e 9
Site DESCHIPON ..veeiiini i ettt e e e e 9
PRYSIOgraphy oo e n
L3111 T P 1
S0ils aNd VEgetation ........cccoiiiieniiniii i e 11
Land Managementand Water Use ...........coooiiiniiiiiiiiiiiii e 11
PrevioUS WOrK ..c.u et 13
Early Ground-Water Flow Models .........ccooiiiiiiiiiiiiiiiici e 14
Recent Hydrogeologic Framework and Ground-Water Flow Models ........................ 15
Underground Test Area (DOE/NV-UGTA) Model .........cocoevviviiniiiiiiiieeeien, 15

Yucca Mountain Project/Hydrologic Resource Management Program
(YMP/HRMP) Model ....ieniiiiiiiiii et e 15
Death Valley Regional Ground-Water Flow System Prepumping Model ............... 17
L1111 1T oV 17
References Cited .........coininiiiiii e e e 18

Figures

A-1—A-5. Maps showing:
A-1. Geographic and prominent topographic features of the Death Valley

regional ground-water flow system region, Nevada and California.................. 8
A-2. Delineations of the Death Valley regional ground-water flow system............ 10
A-3. Desert climatic zones of the Death Valley regional ground-water

FlOW SYSTEM FBION...... e rsssesresissessrsssasssessbesssesssssssenssessasssssssssssses 12
A-4. Weather regimes of the Death Valley regional ground-water flow

SYSTEM FBYION. ...e.cieiiucrarcrmetrtt sttt sses s assses s s ssssssssss s ssssssasasessasesasseness 13

A-5. Delineations of regional hydrogeologic framework models of the
Death Valley regional ground-water flow system region.........ccccccocoevureununn.e. 16



CHAPTER A. Introduction

By Wayne R. Belcher, Frank A. D’Agnese, and Grady M. O'Brien

In the early 1990’s, two numerical models of the Death
Valley regional ground-water flow system (DVRFS) were
developed by the U.S. Department of Energy (DOE) to sup-
port investigations at the Nevada Test Site (NTS), where
nuclear tests were conducted from 1951 to 1992, and at Yucca
Mountain, Nev., the proposed geologic repository for high-
level radioactive waste and spent nuclear fuel for the U.S.

(fig. A-1). The model developed for the National Nuclear
Security Administration/Nevada Site Office (NNSA/NSQ)
Underground Test Area (DOE/NV-UGTA) project of the
Office of Environmental Management (EM) is designated

the DOE/NV-UGTA model (IT Corporation, 1996a). The
second model was developed collaboratively for the Office of
Civilian Radioactive Waste Management’s (OCRWM) Yucca
Mountain Project (YMP) and the NNSA/NSO Hydrologic
Resource Management Program (HRMP) and is designated
the YMP/HRMP model (D’ Agnese and others, 1997).

The DOE/NV-UGTA flow model (IT Corporation, 1996a)
was developed by the EM support services contractor, HSI/
GeoTrans Inc., using MODFLOW (McDonald and Harbaugh,
1988) to evaluate the transport of radionuclides from under-
ground nuclear weapons test sites on the NTS. The YMP/
HRMP model (D’ Agnese and others, 1997) was developed by
the U.S. Geological Survey (USGS) using MODFLOWP (Hili,
1992) to characterize the regional ground-water flow system
with respect to the potential release of radionuclides from the
proposed geologic high-level radioactive waste repository at
Yucca Mountain.

In general, the two models were based on the same
hydrologic data set. However, the models differed somewhat
in the details of their particular interpretations of the regional
hydrogeology. Firstly, these differences were the result of
the fact that the DOE/NV-UGTA model had 20 layers and
encompassed areas in, adjacent to, and downgradient from the
UGTAs of the NTS, whereas the YMP/HRMP model had only
three layers but encompassed much of the DVRFS region.
Secondly, differences between the two hydrogeologic frame-
works occurred where different data sets were used or data
were sparse and the results were highly interpretive. Thirdly,
the hydrogeologic units used in each framework differed,
especially in the Cenozoic volcanic rocks. Finally, estimates
of recharge were highly interpretive and differed significantly
for each flow model domain. Together, these differences likely
resulted in the different ground-water flow path and flux
results from the two models.

In 1998, DOE requested that the USGS begin a 5-
year project to develop an improved ground-water flow
model of the DVRFS to support NNSA/NSO and YMP
programs. This work was done by the U.S. Geological
Suvey in cooperation with the U.S. Department of Energy
under Interagency Agreements DE-AI52-01NV 13944 and
DE-AI08—02RW12167. Newly available data and modeling
tools were used and the data and results of the previous two
regional-scale models were integrated to produce a single
regional-scale flow model. During this effort, the USGS
cooperated with other Federal, State, and local entities in the
region, including the National Park Service (NPS), the Fish
and Wildlife Service (FWS), the Bureau of Land Management
(BLM), and county governments in Nevada and California,
in order to benefit from their expertise. Many of these entities
also contributed funds to this project.

Interest in the regional flow system is driven by the
need to: (1) understand the ground-water flow paths and
travel times associated with potential movement of radioac-
tive material from the NTS; (2) characterize the ground-water
system in the vicinity of the proposed high-level radioactive
waste repository at Yucca Mountain, Nev. (Hanks and others,
1999); and (3) address a variety of potential effects on users
downgradient from the NTS and Yucca Mountain, includ-
ing the agricultural communities in the Amargosa Desert, the
Death Valley National Park, and Native American interests.

The initial objectives of the DVRFS project included the
construction and calibration of a steady-state model that repre-
sents prepumping conditions for the DVRFS. This model was |
intended to (1) provide a starting point for calibration of the
transient ground-water flow model, (2) characterize regional
three-dimensional (3D) ground-water flow paths, (3) define
discharge and recharge locations, (4) estimate the magnitude
of subsurface flux, and (5) represent the effects of regional |
geologic structural features on regional flow. The digital 3D
hydrogeologic framework model (HFM) and steady-state pre-
pumping numerical flow model are documented, respectively,
in Belcher and others (2002) and D’ Agnese and others (2002).

The ultimate objective of the DVRFS model project,
and the subject of the chapters in this volume, is the con-
struction and calibration of a transient model that simulates
the ground-water conditions of the model domain through
time. Over the long term, this model is intended to be used to
(1) provide the boundary conditions for the site-scale models
at Yucca Mountain and the UGTA Corrective Action Units
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EXPLANATION
s Death Valley regional ground-water flow
system model boundary
== == = Prepumping Death Valley regional ground-water
flow system model boundary (D'Agnese and others, 2002)
ww= we= Yucca Mountain Project ground-water flow model
boundary (D'Agnese and others, 1997)

AF = Amargosa Farms

AM = Ash Meadows

BB = Busted Butte

BM = Bare Mountain

CF = Crater Flat

DVNP=Death Valley
National Park

= Eagle Mountain

FC = Fluorspar Canyon

FW = Fortymile Wash

GWR = Greenwater Range

IH = Ibex Hills

JF = Jackass Flats

MM = Mt. Montgomery,
Montgomery Mountains

MP = Mormon Point

MOM = Mesquite Mountains

PV = Pahranagat Valley

RSR = Resting Spring Range

RV = Rock Valley

SH/LSM = Striped Hills/

Little Skull Mtn

SPH = Sperry Hills

SR = Specter Range

STV = Stewart Valley

SV = Shadow Valley

¥M = Yucca Mountain

=~ Underground Test Area ground-water flow

model boundary (IT Corporation, 1996a)
Nevada Test Site boundary

——— Desert boundary

@ Populated location

Figure A-1. Geographic and prominent topographic features of the Death Valley regional ground-water flow system region,

Nevada and California.




(CAUs) on the NTS, (2) evaluate the impacts of changes in
system flux, regardless of whether the changes are natural or
human induced, (3) provide a technical basis for decisions
on the quantity of water available for defense and economic
development activities on the NTS, (4) determine the poten-
tial effects of increased offsite water use on NTS water
supplies, (5) provide a framework for determining effective
source plume, ambient trend, and point-of-use ground-water-
quality monitoring locations, and (6) facilitate the develop-
ment of a cooperative, regional Death Valley ground-water
management district. ’

Purpose and Scope

This report presents the hydrogeology, the conceptual
hydrologic model, the hydrologic system inputs and outputs
of the DVRFS region, and how this information is used to
construct an HFM and a transient numerical ground-water
flow model. The ground-water flow model simulates tran-
sient conditions from 1913 through 1998 using the modular
ground-water flow model, MODFLOW-2000 (Harbaugh and
others, 2000), and a simulated steady-state head distribution
representing prepumping conditions (the initial conditions
of the model). Transient stresses imposed on the regional
ground-water flow system include ground-water pumpage
that occurred from 1913 through 1998, and flows from springs
affected by pumping; simulated areal recharge was held con-
stant at average annual values.

The current understanding of regional ground-water
flow in the Great Basin came from the basin studies done
under the U.S. Geological Survey and the State of Nevada
cooperative ground-water program. Maxey and Eakin (1949)
compared recharge and discharge estimates of individual
basins and realized that many basins were not closed to
ground-water transfer to or from adjacent basins. Eakin (1966)
identified a system of interconnected basins of the White
River and Muddy River springs area. The water budget imbal-
ances within and between basins was useful in discerning
interbasin flow and defining the basins of the Colorado River
flow system (formerly the White River flow system) to the
east of the DVRFS. The concept of interbasin flow into the
Death Valley region was first suggested by Hunt and Robinson
(1960).

The DVRES is a major regional flow system in which
ground water flows between recharge areas in the mountains
of central and southern Nevada and discharge areas of wet
playas and springs, south and west of the NTS and in Death
Valley, Calif. (Rush, 1968; Harrill and others, 1988). Ground-
water flow in the region is strongly influenced by the complex
geologic framework of the DVRFS region. Numerical model-
ing of the regional ground-water flow system must incorporate
the 3D distribution of the principal aquifers and confining
units, as well as the principal geologic structures that may
affect subsurface flow.

CHAPTER A. Introduction 9

The scope of this study can be summarized as follows:

1. The study is limited to the DVRFS region, specified as the
model domain (fig. A-1).

2. The details of the hydrogeologic framework are lim-
ited to a particular interpretation of regional hydrogeologic
conditions.

3. The period of simulation consists of a steady-state pre-
pumping condition (prior to 1913) and transient condition
(1913 to 1998).

4. The scale of investigation is regional, simulating features
and processes that are appropriate at a 1:250,000 scale.

This report consists of six chapters that describe various
aspects of the geology, hydrology, and transient simulation
of the DVREFS region. Chapter A (this chapter) introduces
the DVREFS transient flow modeling effort, describes the site,
and outlines previous regional-scale simulations in this area.
Chapter B describes the geologic and hydrogeologic frame-
work of the DVRFS region, detailing the geologic history,
the geologic and hydrogeologic units present in the region,
and structural features that control regional ground-water
flow. Chapter C describes various hydrologic evaluations and
the basic hydrologic data of the regional ground-water flow
system, including studies of recharge, evapotranspiration,

-spring discharge, pumpage rate, and hydraulic properties of

the hydrogeologic units. Chapter D describes the hydrologic
conceptual model of the region. The discussion includes the
flow-system boundaries and subregions within the model

area, occurrence of ground water and surface water, and
paleohydrology. Chapter E describes the construction of the
HFM using the stratigraphic and structural data presented in
Chapter B. Finally, chapter F describes the construction and
calibration of the numerical transient ground-water flow model
of the DVRES, from prepumping conditions (before 1913) to
transient conditions from 1913 to 1998.

Site Description

In this report, the DVRFS region encompasses approxi-
mately 100,000 km? in Nevada and California and is bounded
by latitudes 35°00'N and 38°15'N and by longitudes 115°00'W
and 118°00'W. The DVRFS boundary has been variably
defined and named in the past by several investigators (Harrill
and others, 1988; Bedinger and others, 1989; D’ Agnese
and others, 1997; Harrill and Prudic, 1998; Bedinger and
Harrill, Appendix 1, this volume) (fig. A-2). Comparison of
figures A-1 and A-2 shows that the DVRFS model boundary
depicted on figure A—1 differs slightly from the flow system
boundaries depicted on figure A-2. Because of the various
definitions of the DVRFS boundary, the simulated area is
referred to as the “model domain.” The region surrounding the
model domain, inclusive of the model domain, is referred to as
the “DVRFS region.” The DVREFS is approximately that area
depicted on figure A-1.
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Figure A-2. Delineations of the Death Valley regional ground-water flow system.




Physiography

The DVRES region is in the southern Great Basin, a
subprovince of the Basin and Range physiographic prov-
ince (Fenneman, 1931). The DVREFS region (fig. A-1)
includes several large valleys, including the Amargosa
Desert, Pahrump Valley, and Death Valley. The region also
includes several major mountain ranges including the Spring
Mountains and the Panamint, Sheep, Amargosa, Kawich,
Kingston, Pahranagat, Timpahute, and Last Chance Ranges.
Late Cenozoic tectonic activity accounts for much of the
observed topographic relief across the DVRFS region (Grose
and Smith, 1989). Altitudes range from 86 meters (m)
below sea level at Death Valley to 3,600 m above sea level
at Charleston Peak in the Spring Mountains. The maximum
relief, 3,500 m, occurs on the west side of Death Valley.

The relief between valleys and adjoining mountains locally
exceeds 1,500 m (Bedinger and others, 1989). Mountain
ranges in the northern one-half of the model domain trend
north-south typical of the Basin and Range province, whereas
principal mountain ranges in the southern one-half of the
model domain trend northwest-southeast. Throughout the
model domain the trends of intermediate-scale topographic
features are quite variable.

Mountain ranges in the Basin and Range province typi-
cally occupy an area of about 25 percent of the total province
(Peterson, 1981). The remainder is occupied by broad inter-
montane basins and, in the central part of the DVRFS region, a
broad volcanic plateau. The basins are filled with sediment and
some interbedded volcanic deposits that gently slope from the

valley floors to the bordering mountain ranges (Peterson, 1981).

The valley floors are local depositional centers that
usually contain playas that act as catchments for surface-
water runoff (Grose and Smith, 1989). The Amargosa River
(fig. A-1), an intermittent stream whose drainage basin
encompasses about 15,000 km?, discharges into the south end
of the Death Valley saltpan, the largest playa in the DVRFS
region (Hunt and others, 1966). Most of the basins seldom
contain perennial surface water. Playas and alluvial flats lying
within these intermontane basins constitute about 10 per-
cent of the region (Bedinger and others, 1989). Many playas
contain saline deposits that indicate the evaporation of surface
water and(or) shallow ground water from the playa surface.
Some of the playas that have been deformed by Quaternary
faulting contain springs where ground water is forced to
the surface by juxtaposed lacustrine and basin-fill deposits
(Bedinger and others, 1989). The Amargosa Desert contains
several spring pools and human-engineered reservoirs that are
supported by regional ground-water discharge.

Climate

Climatic conditions in the DVRFS region vary signifi-
cantly and are primarily controlled by altitude. The north-
ern part of the region, including the Cactus, Kawich, and
Timpahute Ranges (fig. A-1), forms part of the Great Basin
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Desert and is characterized by warm, dry summers and cold,
dry winters. The southern part of the region, including Death
Valley and the eastern Mojave Desert, is characterized by hot,
dry summers and warm, dry winters (Benson and Darrow,
1981). The central area around the NTS has been called the
Transition Desert (Beatley, 1976), which represents a mixing
of the two climates (fig. A-3).

Precipitation in the region is influenced by two distinct
storm patterns, one occurring in the winter and the other in the
summer. Winter precipitation (dominantly snow in the moun-
tains and rain in the valleys) tends to be of low intensity and
long duration and covers great areas. In contrast, most summer
rains, resulting from local convective thunderstorms, are of
high intensity and short duration (Hales, 1972, 1974).

Quiring (1965) and French (1983) analyzed the distribu-
tion of precipitation resulting from the winter and summer
weather regimes across southern Nevada. Quiring (1965) con-
cluded that the two sources of precipitation (fig. A—4) affect
regions south of latitude 38°30'N and primarily are orographi-
cally controlled (especially by the Sierra Nevada, fig. A-1).
Because of these rain shadows, some areas of southern Nevada
receive excess precipitation while other areas receive a pre-
cipitation deficit relative to mean precipitation (French, 1983).

Soils and Vegetation

The soils and vegetation of the DVRFS region are con-
trolled to a substantial degree by climatic, geomorphic, and
hydrologic factors and are highly variable and complex. Soils
in the DVRFS region typically include soils weathered from
bedrock (lithosols) on the mountains, medium- to coarse-
textured soils on alluvial fans and terraces, and fine-grained,
alluvial soils on the valley floors. In general, the soils of the
mountains and hills are thin and coarse textured, with little
moisture-holding capacity. The soils of the alluvial fans on
the upper bajadas also are coarse textured but are thicker, so
that infiltration rates are relatively high. Infiltration rates of
the alluvial basin soils are low because the downward move-
ment of water commonly is impeded by calcium-carbonate-
cemented layers (pedogenic carbonate), fine-grained playa
deposits, and less commonly, silicified hardpans that form
within the soils over time (Beatley, 1976).

Vegetation distributions in the DVRFS region are
influenced by water availability and temperature and vary
by latitude and altitude. Thus, vegetation communities in the
region demonstrate both topographic and geographic patterns.
Mixing of the cold, northern Great Basin Desert climate with
the warm, southern Mojave Desert climate results in a hetero-
geneous distribution of plant associations (Beatley, 1976).

Land Management and Water Use

Most of the land in the DVRFS region is owned by the
U.S. Government and is administered by numerous Federal
agencies. Privately owned land is scattered throughout the
region, but most private ownership is concentrated near the
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Figure A-3. Desert climatic zones of the Death Valley regional ground-water flow system region.

agricultural centers of Amargosa Desert and Pahrump Valley,
the mining community of Beatty, Nev., and the towns of
Shoshone, Tecopa, and Baker, Calif. (fig. A-1).

The major land-use activities in the region are agricul-
ture, livestock ranching, recreation, and mining. Water within
the DVRFS region is used mostly for domestic, commercial,
agricultural, livestock, military, and mining purposes. Water

resources in the Amargosa Desert support biological commu-
nities protected by the National Park Service in Death Valley
and by the U.S. Fish and Wildlife Service at Ash Meadows
National Wildlife Refuge, such as the Devils Hole pupfish
(Cyprinidon diabolis), whose continued existence depends on
naturally occurring spring discharges and stable pool levels in
Devils Hole.
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Figure A-4. Weather regimes of the Death Valley regional ground-water flow system region (Quiring, 1965).

Previous Work

Regional-scale ground-water flow models developed
over the last 2 decades have provided new insights into
ground-water flow in the DVRFS region. The NNSA/NSO
and YMP have supported the construction of several such
models to evaluate ground-water flow in the DVRFS. Succes-
sive models incorporated additional hydrogeologic complex-
ity and computational sophistication in an effort to address
increasingly complex water-resource issues in the region. Each
of these studies attempted to model the complex hydrology
and hydrogeologic framework, but the heterogeneity of the
flow system was oversimplified because practical methods for
representing the complex hydrogeologic framework were not
available. With each model, investigators refined the under-
standing of the 3D nature of the DVRFS.

Early numerical ground-water modeling efforts were
based on simplified conceptual models of the geology and
hydrology known to exist in the region. Two- and three-
dimensional ground-water flow models developed in the 1980’s
contained considerable abstractions of the natural hydrogeo-
logic conditions and depended on lumped system parameters
(Waddell, 1982; Czarnecki and Waddell, 1984; Rice, 1984;
Czarnecki, 1985; Sinton, 1987). Although these models were
considered adequate for their intended purposes, the results of
these investigations indicated that lumped-parameter represen-
tations do not necessarily adequately depict vertical ground-
water flow components, subbasin ground-water flux, steep
hydraulic gradients, and physical subbasin boundaries.

In contrast, the more complex ground-water flow models
developed in recent investigations allow for the examination
of the spatial and process complexities of the 3D hydro-
geologic system (Prudic and others, 1995; IT Corporation,
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1996a; D’ Agnese and others, 1997; D’ Agnese and others,
2002). These more geologically and hydrologically represen-
tative flow models usually require a 3D HFM to define the
complexities of the hydrogeologic unit (HGU) geometry and
structure.

Early Ground-Water Flow Models

Waddell (1982) used a 2D, finite-element model to
simulate the ground-water system of the NTS. Data from two
wells [USW G-2 (USGS Site ID 365322116273501) and
USW WT-24 (USGS Site ID 365301116271301)] drilled after
the completion of Waddell’s model defined steep hydraulic
gradients in the vicinity of Yucca Mountain and contradicted
the results of the simulation. Waddell (1982) noted several
model shortcomings:

1. The simulation was inaccurate in the eastern part of the
Pahute Mesa area, possibly because of the limited amount
of data available for the eastern and northeastern parts of the
NTS.

2. Structural controls of ground-water flow were poorly
represented.

3. Vertical flow components were ignored.

4, Estimation of transmissivity values from potentiometric
data had large uncertainty.

Czarnecki and Waddell (1984) used a 2D, finite-ele-
ment model to simulate and evaluate steady-state conditions
in a subregional ground-water flow system in the Amargosa
Desert. Parameter-estimation techniques using nonlinear
. regression were applied to head and flux data to estimate
transmissivities within this flow system. Numerous simplifica-
tions were used to describe the flow system. As a result, the
simulation did not adequately reproduce observed head values
in areas where vertical-flow components and steep hydraulic
gradients occurred. Sensitivity analyses indicated that rates
of discharge and recharge provided important constraints on
defining the ground-water flow system. Czarnecki (1985)
improved on this model by adding a low-permeability zone
that more accurately reproduced observed head values in the
Amargosa Desert.

Rice (1984) developed a preliminary, 2D regional
ground-water flow model of the NTS and vicinity using an
approach similar to that used by Czarnecki and Waddell
(1984). Although Rice’s model contained detailed estimates
of recharge and discharge, it ignored 3D heterogeneity.
Because the model was developed primarily to assess flux,
Rice assumed that using transmissivity values eliminated the
need for detailed hydrogeologic framework characterization.
Ultimately this 2D modeling approach prevented adequate
simulation of vertical ground-water flow in Pahute Mesa and
resulted in calibration difficulties. Rice (1984) recommended
that a 3D model be constructed to correct this problem.

Sinton (1987) used a more sophisticated, quasi-3D,
steady-state approach to characterize the regional ground-
water flow system for the NTS. This model included two
transmissive layers that represented the NTS flow system more
accurately than did earlier models. The uppermost layer repre-
sented a shallow aquifer composed of volcanic rocks, basin-fill
deposits, and lacustrine carbonate rocks. The lowermost layer
represented a deep aquifer composed of carbonate and volca-
nic rocks. Horizontal flow was simulated within aquifer layers
and vertical flow was simulated between layers and controlled
using a vertical conductance term. The sensitivity analysis
implied that the primary controls on ground-water flow were
(1) the spatial distribution of low-permeability HGUs, (2) the
distribution and magnitude of discharge and recharge loca-
tions, and (3) the rates of discharge and recharge. The analysis
also revealed that small adjustments in recharge or discharge
rates commonly produced substantial changes in the simulated
magnitude and direction of ground-water flow. As a conse-
quence, Sinton recommended that the following aspects of the
flow system be investigated further:

1. The interaction between the lower carbonate aquifer and
the overlying volcanic units,

2. The discharge rates at Ash Meadows, Death Valley, Alkali
Flat, and other areas, and

3. The potential for recharge along Fortymile- Wash and
Fortymile Canyon.

Prudic and others (1995) developed a regional-scale
numerical model of the carbonate-rock province of the Great
Basin. This model simulated a conceptualized ground-water
flow system containing a relatively shallow component in
which water moved from mountain ranges to basin-fill depos-
its beneath adjacent valleys, as well as a deeper component
in which water moved primarily through the carbonate rocks.
This conceptual model is the basis of subsequent numeri-
cal models that describe regional ground-water flow in the
DVRES region. The calibrated numerical model indicated that:

1. The transmissivity values for basin-fill deposits and car-
bonate rocks in the upper layer are greater than those for other
consolidated rocks.

2. The transmissivity values in the lower layer are greater in
areas of regional springs.

3. Ground-water flow is relatively shallow, moving from
recharge areas in mountain ranges to discharge areas in
valleys.

4. Ground water discharges at deep regional springs or in
areas with greater evapotranspiration rates.

5. Interbasin ground-water flow to larger regional springs
occurs through carbonate rocks.



Recent Hydrogeologic Framework and Ground-
Water Flow Models

The 3D ground-water flow models developed in recent
investigations allow for the examination of the spatial and
process complexities of the hydrogeologic system. These more
geologically and hydrologically representative flow models
are based on 3D HFMs to define the intricacies of the HGU
geometry and structure. A digital HFM provides a computer-
based description of the geometry and composition of the
HGUs. Digital models defining the geometry and composition
of the HGUs were constructed for several of the regional-scale
ground-water flow models completed in the 1990’s and early
2000’s as part of the UGTA program at the NTS, and the YMP.
These include the DOE/NV-UGTA model (IT Corporation,
1996b) for the UGTA Phase I work, the YMP/HRMP model
(D’ Agnese and others, 1997), and the merged YMP/HRMP
and DOE/NV-UGTA framework model (Belcher and others,
2002). Figure A-5 presents the boundaries of each of these
HFMs.

Underground Test Area (DOE/NV-UGTA) Model

The DOE/NV-UGTA HFM is a 3D geologic model
that describes the hydrogeologic framework for the regional
ground-water flow system around the NTS (IT Corporation,
1996b). The detailed hydrogeologic framework was required
for the systematic estimation of hydrologic and radionuclide
attenuation properties of the rocks through which any radio-
nuclides related to nuclear weapons testing might migrate.
The framework also was constructed to assess the regional
distribution and thickness of aquifers and confining units as
well as to determine the depth to the base of the ground-water
flow system in a complex geologic terrane. The geologic
model has constant grid-cell spacing of 2,000 m on a side
and variable vertical thickness, extends from land surface to
7,600 m below sea level, and encompasses approximately
17,700 km?. Twenty HGUs were modeled, including thrusted
bedrock units. The DOE/NV-UGTA geologic model domain
is centered on the NTS and extends from Death Valley to east
of the East Pahranagat Range, and from the Black Mountains
to north of Penoyer and the southern part of Railroad Valleys
(fig. A-5). This model was developed on the basis of infor-
mation from geologic reports, maps, measured stratigraphic
sections, cross sections, well data, and geophysical interpre-
tations. Fifty-four regional interpretive cross sections and
approximately 700 lithologic well logs were used in construct-
ing the HFM.

The DOE/NV-UGTA flow model is a regional 3D,
steady-state flow model of the NTS and surrounding areas
(IT Corporation, 1996a). This 20-layer model is designed to
provide a basis for predicting the movement of contaminants
from the underground nuclear weapons testing areas on a
regional scale. The model is used for estimating the amount
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of water moving through the ground-water system, evaluating
uncertainty in these predictions, and supplying boundary con-
ditions for more detailed models of the underground testing
areas.

The calibrated DOE/NV-UGTA model accurately simu-
lates several observed hydrologic features on the NTS:

1. The steep hydraulic gradients between Emigrant Valley
and Yucca Flat and north of the Yucca Mountain area,

2. The shape of the potentiometric surface in the western
part of Yucca Flat,

3. A moderately flat hydraulic gradient beneath Timber
Mountain, steepening to the north beneath Pahute Mesa,

4. The trough in the potentiometric surface located in
Area 20 on the western part of Pahute Mesa, and

5. Water budgets generally within expected ranges.

Yucca Mountain Project/Hydrologic Resource
Management Program (YMP/HRMP) Model

The YMP/HRMP HFM is a 3D geologic model that
describes the hydrogeologic framework for the regional
ground-water flow system around Yucca Mountain (D’ Agnese
and others, 1997). The purpose of the model was to provide
a description of the geometry, composition, and hydraulic
properties that control regional ground-water flow for use
in a regional steady-state ground-water flow model of the
present-day system. The model grid is 1,500 m on a side
with variable vertical thickness, extends from land surface to
10,000 m below sea level, and encompasses approximately
70,000 km?. The model cells are attributed to define both the
HGU and faulting conditions. Ten HGUs were modeled. The
model domain is centered on Yucca Mountain and the NTS
and extends from Death Valley to the East Pahranagat Range
and from the Avawatz Mountains to Cactus Flat (fig. A-5).
Development of the HFM was based on digital elevation
models (DEM), geologic maps and sections, and lithologic
well logs. Thirty-two regional cross sections, and approxi-
mately 700 lithologic well logs provided subsurface control
for the HFM. Although thousands of faults have been mapped
in the region, only 300 were used in constructing the HFM
(D’ Agnese and others, 1997).

The YMP/HRMP flow model is a 3D steady-state
simulation of the present-day (pumped) DVRFS region
(D’ Agnese and others, 1997). The 3-layer model used a non-
linear least-squares regression technique to estimate aquifer-
system variables (or parameters). The 3D simulation supported
the analysis of interactions between the relatively shallow
local and subregional flow paths and the deeper, dominant
regional flow paths controlled by the regional carbonate-rock
aquifer.
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Values of hydraulic head, spring flow, hydraulic con-
ductivity, and water-budget components derived from the
calibrated model were assessed for accuracy (D’ Agnese and
others, 1997). This assessment revealed that:

1. Simulated hydraulic heads matched observed conditions
closely in nearly flat hydraulic-gradient areas and relatively
well in steep hydraulic-gradient areas.

2. Simulated spring-flow volumes were generally less than
observed values.

3. All estimated parameter values were within expected
ranges.

4. Given the uncertainty, simulated water budgets were
within the expected ranges for the flow system.

5. Weighted residuals were not entirely random, indicating
some model error.

Death Valley Regional Ground-Water Flow
System Prepumping Model

Belcher and others (2002) merged the two regional
framework models constructed for YMP/HRMP (D’ Agnese
and others, 1997) and DOE/NV-UGTA (IT Corporation,
1996b) to produce a single, integrated HFM for use with a
steady-state prepumping ground-water flow model (D’ Agnese
and others, 2002). Because of project-scope limitations, few
interpretations were made where these two framework models
disagree (mostly with respect to the HGUs defined for each
HFM), and the hydrogeologic representation of the flow
system is limited. During the merging process, the Cenozoic
volcanic HGUs of the YMP/HRMP framework model were
replaced by the Cenozoic volcanic HGUs of the DOE/NV-
UGTA framework model. The more detailed Cenozoic basin-
fill HGUs from the DOE/NV-UGTA framework model were
used, augmented by the playa-deposits HGU from the YMP/
HRMP model.

The DVRES steady-state prepumping flow model
(D’ Agnese and others, 2002) simulated the flow system
using a 3D steady-state model that incorporated a nonlin-
ear least-squares regression technique to estimate aquifer-
system parameters. This model had a vertical discretization
that resulted in 15 model layers.The accuracy of the final cali-
brated DVRFS steady-state model was tested by comparing
measured (observed) and expected values for heads, ground-
water discharges, and parameter values, such as hydraulic con-
ductivity, with simulated values (D’ Agnese and others, 2002).
The analysis resulted in the following observations:

1. A good fit between simulated and observed hydrau-
lic heads generally was achieved in areas of low hydraulic
gradients; a moderate fit to observed heads was achieved in the
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remainder of the nearly flat hydraulic-gradient areas; a poorer
fit to observed heads was achieved in steep hydraulic-gradi-
ent areas; and the poorest fit to observed hydraulic heads was
achieved in the vicinity of Indian Springs, the western part of
Yucca Flat, and the southern part of the Bullfrog Hills. Most of
the discrepancies can be attributed to (a) insufficient represen-
tation of the hydrogeology in the HFM, (b) misinterpretation
of water levels, and (c) model error associated with grid-cell
size.

2. Ground-water discharge residuals between simulated
and observed values were generally interpreted to be
random.

3. All resulting parameter values were within the range of
expected values.

Overall evaluation of the model indicates that the
steady-state prepumping DVRFS model reasonably repre-
sents the prepumping conditions for the DVRFS. Although
the model is an improvement over previous representations
of the flow system, important uncertainties and model errors
remain. These uncertainties and errors include the quality of
interpretation and representation of: (1) flow-model observa-
tions, (2) geometry and spatial variability of hydrogeologic
materials and structures in the hydrogeologic-framework and
ground-water flow models, and (3) physical framework and
the hydrologic conditions in the flow model (D’ Agnese and
others, 2002). Furthermore, it is unclear whether the model of
D’ Agnese and others (2002) adequately simulates the DVRFS
because the water table was simulated substantially below
the uppermost layer of the model, and the flow system was
simulated as confined (Richard K. Waddell, GeoTrans, written
commun., 2002).

Summary

The hydrogeology, conceptual hydrologic model, and
the hydrologic system inputs and outputs of the Death Valley
regional ground-water flow system (DVRES) region are used
in this report to construct a hydrogeologic framework model
and a transient numerical ground-water flow model. The
ground-water flow model simulates transient conditions from
1913 through 1998 using the modular ground-water flow
model, MODFLOW-2000, and a simulated steady-state head
distribution representing prepumping conditions. Transient
stresses imposed on the regional ground-water flow system
include ground-water pumpage that occurred from 1913
through 1998, and flows from springs affected by pumping;
simulated areal recharge was held constant at average annual
values. The DVRFS region encompasses approximately
100,000 square kilometers in Nevada and California and is
bounded by latitudes 35°00'N and 38°15'N and by longitudes
115°00'W and 118°00'W.




18 Death Valley Regional Ground-Water Flow System Transient Flow Model

More than 20 years of ground-water flow modeling in
the Death Valley region has produced a succession of mod-
els that are increasingly more realistic representations of the
hydrogeologic framework and ground-water flow system. The
current transient simulation, described in the following chap-
ters, builds upon this substantial body of previous work and
provides the most refined model of the DVRFS region
to date.
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CHAPTER B. Geology and Hydrogeology

By Donald S. Sweetkind, Wayne R. Belcher, Claudia C. Faunt, and Christopher J. Potter

Introduction

The geology of the Death Valley regional ground-water
flow system (DVRES) region, consisting of many types
of rocks that have been subjected to a variety of structural
disruptions, is stratigraphically and structurally complex.
These rocks form a complex, three-dimensional (3D) frame-
work that can be subdivided into aquifers and confining units
on the basis of their ability to store and transmit water. The
principal aquifer is a thick sequence of Paleozoic carbon-
ate rock that extends throughout the subsurface of much of
central and southeastern Nevada (Dettinger, 1989; Harrill
and Prudic, 1998) and crops out in the eastern one-half of the
DVRES region (fig. B-1). Fractured Cenozoic volcanic rocks
in the vicinity of the Nevada Test Site (NTS) and permeable
Cenozoic basin fill throughout the DVRFES region (fig. B-1)
locally are important aquifers that interact with the regional
flow through the underlying Paleozoic carbonate rocks
(Blankennagel and Weir, 1973; Winograd and Thordarson,
1975; Harrill and others, 1988, sheet 2; Dettinger, 1989).
Proterozoic to Early Cambrian metamorphic and siliciclastic
rocks and Paleozoic siliciclastic rocks are the primary regional
confining units; they are associated with abrupt changes in
the potentiometric surface. Zeolitically altered and nonwelded
tuffs within the Cenozoic volcanic rocks and fine-grained
parts of the Cenozoic basin fill form locally important con-
fining units (Blankennagel and Weir, 1973; Winograd and
Thordarson, 1975). Stratigraphic units in the DVRFS region
are disrupted by large-magnitude offset thrust, strike-slip, and
normal faults. Combinations of normal, reverse, and strike-
slip faulting and folding episodes (Carr, 1984) have resulted
in a complex distribution of rocks. Consequently, diverse
rock types, ages, and deformational structures are juxtaposed,
creating variable and complex subsurface conditions. These
faults juxtapose units with different hydraulic properties that
may disrupt regional flow paths. Broader zones of distributed
deformation may enhance permeability through the creation of
secondary (fracture) permeability (Carr, 1984). Understanding
the ground-water flow system in Death Valley or in any area
depends on understanding the geologic framework of the area,
especially in stratigraphically and structurally complex areas.

More than 20 years of ground-water flow modeling of
the DVRFS has produced a succession of models that repre-
sent the regional hydrogeologic framework and ground-water
flow system. Different approaches were taken, however, in

incorporating the geologic framework in the models with
different geologic data sets or subsurface interpretations. In
general, the models have used increasing levels of geologic
detail, which has resulted in better model calibration. The
increase in computing power and advances in modeling rou-
tines over time has allowed the incorporation of more geologic
detail in framework and flow models. The data and descrip-
tions presented in this chapter attempt to (1) integrate and
resolve different geologic interpretations used in the two most
recent regional flow models (IT Corporation, 1996a; D’ Agnese
and others, 1997; see discussion in Chapter A, this volume);
and (2) incorporate abundant new data that were developed
during or following the construction of the two models.

This chapter describes the geologic and hydrogeologic
framework of the DVRFS region, summariic;s' the stratigraphic
and structural settings, and discusses the majdr structures
that affect ground-water flow. The hydrogeologic units and
stratigraphic and structural data are discussed that are used
as input for the 3D hydrogeologic framework model (HFM)
(Chapter E, this volume) and used in the transient ground-
water flow model (Chapter F, this volume).

Stratigraphic and Structural Setting

Stratigraphic Setting

In Late Proterozoic to Devonian time, the southwestern
part of the United States was largely characterized by deposi-
tion of marine sedimentary rocks at the continental margin.
The Paleozoic shelf province in the DVRFS region is bounded
on the southeast by the westward limit of cratonal sections and
on the northwest by facies transitions to rocks interpreted to
have been deposited in deeper water (fig. B—1). In the DVRFS
region, Late Proterozoic and Early Cambrian rocks form a
westward-thickening wedge of predominantly quartzites and
siltstones that record deposition on the early shelf edge of
western North America (Stewart and Poole, 1974; Poole and
others, 1992). These rocks are overlain by a thick succession
of predominantly continental shelf-facies carbonate rocks
deposited throughout most of the eastern and central parts
of the DVREFS region during Paleozoic (Middle Cambrian
through Devonian) time. These carbonate rocks and calcareous
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shales form a westward-thickening carbonate- and clastic-rock
section up to 4,500 m thick (Burchfiel, 1964) (fig. B-2). In the
western and northwestern parts of the DVRFS region, Middle
Cambrian through Devonian strata consist of slope-facies car-
bonate rocks intermixed with siliciclastic and volcanic rocks
(Stewart, 1980). To the east of the DVRFS region, Middle
Cambrian through Devonian strata form a relatively thin (hun-
dreds of meters) cratonic sequence; to the west and northwest
of the DVREFS region, these rocks represent deeper water
facies (figs. B~1 and B-2). In the eastern and central parts of
the DVRES region, carbonate sedimentation was interrupted
by two periods of siliciclastic rock deposition that resulted
from periods of Paleozoic orogenesis.

In the vicinity of the NTS, deposition of marine
carbonate rocks was interrupted during Late Devonian to
Mississippian time (Poole and Sandberg, 1977; Poole, 1981;
Trexler and others, 1996). Siliciclastic sediments were shed
from uplifts to the north and west of the DVRFS.region and
deposited in a northeast-to-southwest-trending foreland basin.
This basin dominantly consists of relatively low permeability
argillites and shales and is now defined by the location of the
Chainman Shale. Deposition of shelf-type carbonate rocks
continued during Mississippian time in the southeastern part
of the DVRFS region. By Pennsylvanian time, shallow marine
carbonate rocks were deposited over much of the eastern and
southern parts of the DVRFS region. During late Paleozoic
and Mesozoic time, the Paleozoic stratigraphic sequence was
deformed by regional thrust faulting (Armstrong, 1968; Barnes
and Poole, 1968) of the older Late Proterozoic to Lower Cam-
brian siliciclastic section over the younger Paleozoic carbonate
rock section.

Only minor amounts of Mesozoic sedimentary rocks are
preserved in most of the DVRFS region (fig. B-1). Mesozoic
cratonic sedimentary rocks are exposed east of the DVRFS
region in the Las Vegas area and in the Spring Mountains;
Mesozoic metasedimentary and metavolcanic rocks are
sparsely exposed in the western part of the DVRFS region.
Mesozoic plutonic rocks associated with the Sierra Nevada
batholith are abundant immediately south and west of the
DVRFS model area.

The distribution and character of Cenozoic volcanic and
sedimentary rocks of the DVRFS region are influenced by
two factors: (1) the general southward and westward sweep
of volcanism across this area in Oligocene and Miocene time
(fig. B-3) (Best and others, 1989; McKee, 1996; Dickinson,
2002); and (2) the timing, location, and magnitude of exten-
sion and the formation of basin-and-range topography. For
the purposes of the regional ground-water flow model, the
volcanic rocks of the region can be categorized into four
groups: (1) Cenozoic volcanic centers and volcanic rocks
north of the NTS, mostly older than volcanic rocks at the NTS
(Ekren and others, 1971, 1977; Best and others, 1989; McKee,
1996); (2) the southwestern Nevada volcanic field (SWNVF),
characterized in part by a thick section of regionally distrib-
uted welded tuffs that were derived from a central complex of
nested calderas (Byers, Carr, Orkild, and others, 1976; Sawyer
and others, 1994); (3) the central Death Valley volcanic field

CHAPTER B. Geology and Hydrogeology 29

that is composed of a series of lava flows and nonwelded

tuffs that were derived from localized volcanic centers rather
than climactic caldera-forming eruptions (Wright and others,
1991); and (4) local, mostly younger extrusive rocks, both
rhyolite flows and basaltic centers (fig. B~3). Eruptions of

the SWNVF began about 16 Ma, peaked between 13.5 and

11 Ma, and then declined with time as the focus of volcanism
migrated generally westward, largely moving out of the region
about 5 Ma (fig. B-3).

Changes in sedimentation patterns of Cenozoic continen-
tal sedimentary rocks reflect the Cenozoic tectonic evolution
of the DVRFS region. Relatively quiescent alluvial to lacus-
trine sedimentation of Oligocene to Early Miocene age gives
way to post-Middle Miocene sedimentary rocks deposited
in relatively small intermontane basins with local sediment
sources as basin-range topography developed in the DVRFS
region. Post-Miocene alluvial basins have progressively filled
with as much as 1,500 m of coarse gravel and sand and locally
fine-grained playa-lake deposits of silt and clay. In many
basins, coarse synorogenic clastic sediments filled opening
basins, later to be supplanted by alluvial fan, playa, and local
channel deposits in Neogene time. Basin-range topography
first developed in the DVRFS region from about 14 to about
12 Ma, and it is still actively evolving in the southwesternmost
part of the region and to the west. Areas of thick Cenozoic
rocks, both sedimentary and volcanic (fig. B—4), are inter-
preted on the basis of low-density gravity anomalies and
depth-to-basement modeling (Jachens and Moring, 1990;
Saltus and Jachens, 1995; Blakely and others, 1998, 1999,
2001). '

More detailed stratigraphic descriptions are found in
geologic compilations of the DVRFS region or parts of the
region by Wahl and others (1997), Slate and others (2000),
and Workman, Menges, Page, Taylor, and others (2002).

Structural Setting

The oldest deformation of hydrologic significance in the
DVREFS region was the formation of regional thrust belts in
late Paleozoic and Mesozoic time. Thrust faults are exposed in
mountain ranges throughout the central and southern parts of
the DVREFS region, from the Pahranagat Range, Sheep Range,
and Spring Mountains on the east to the Funeral, Grapevine,
and Cottonwood Mountains on the west (fig. B-5; see also map
compilations of Workman, Menges, Page, Taylor, and others,
2002, and Workman, Menges, Page, Ekren, and others, 2002,
and references cited therein). The northern part of the DVRFS
region is largely covered by volcanic rocks and Cenozoic sedi-
ments, making the projection of thrusts northward uncertain.

Individual thrust faults that are exposed in separated
range blocks have been interpreted to be regionally continu-
ous Paleozoic and Mesozoic structures that were disrupted
by Cenozoic extensional and strike-slip faulting (Armstrong,
1968; Barnes and Poole, 1968; Longwell, 1974; Stewart, 1988;
Wernicke and others, 1988; Caskey and Schweickert, 1992;
Snow, 1992; Serpa and Pavlis, 1996; Cole and Cashman, 1999;
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Figure B-3. Volcanic features of the Death Valley regional ground-water flow system region.
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Figure B-4. Basins of the Death Valley regional ground-water flow system region.

Nevada Test Site boundary



CHAPTER B. Geology and Hydrogeology 33

nr 116° 15°

4150000

4100000

B0000 : 800000 650000

50,000-meter grid based on Universal Transverse Mercator projection, 0 40 80 KILOMETERS
Zone 11, Shaded-relief base from 1:250,000-scale Digital Elevation Model; | e 1 )
sun illumination from northwest at 30 degrees above horizon 0 20 40 MILES

EXPLANATION

Map units

(from Workman, Menges, Page,
Taylor, and others, 2002) Thrust (from Workman, Menges, Page, Taylor and
others, 2002)

v v
¥
- Paleozoic carbonate rocks -—-I— Anticlinal axis

Thrust, dashed where inferred, arrow on zggger plate
(from Potter, Sweetkind, and others, )

Late Proterozoic to Cambrian Synclinal axis
siliciclastic rocks
Death Valley regional ground-water flow system model boundary

Nevada Test Site boundary

Figure B-5. Thrust faults of the Death Valley regional ground-water flow system region.
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Snow and Wernicke, 2000). Individual thrusts and folds have
been correlated throughout the DVRFS region on the basis
of stratigraphic throw, sense of vergence, relative position,
spacing, and style (Burchfiel and others, 1983; Wernicke and
others, 1988, Snow and Wernicke, 1989; Snow, 1992; Caskey
and Schweickert, 1992; Serpa and Pavlis, 1996). Regardless
of specific correlation, mapped thrusts have been projected
beneath Cenozoic cover on the basis of regional geologic
relations and available outcrop and borehole control (Wernicke
and others, 1988; Snow and Wernicke, 1989; Cole, 1997; Cole
and Cashman, 1999; Potter, Sweetkind, and others, 2002).

Associated with the Paleozoic and Mesozoic regional
thrusting are regional thrust-related folds (fig. B-5). West
of the Sheep Range, the Pintwater anticline (Longwell
and others, 1965) and the Spotted Range syncline (Barnes
and others, 1982) are a regional, north-trending fold pair.
Proterozoic and Paleozoic rocks in the eastern part of the NTS
area are exposed in the Halfpint anticline, which has a core of
Late Proterozoic siliciclastic rocks (Cole, 1997).

Cenozoic deformation of the region is characterized by
a variety of structural patterns that overlap in space and time:
(1) basin-range extension, (2) local extreme extension along
detachment faults that currently have gentle dips, (3) develop-
ment of discrete strike-slip faults and transtensional basins in
the Walker Lane belt, and (4) Cenozoic volcanism that both
preceded and accompanied regional extension. The magnitude
of late Cenozoic extensional deformation varied spatially in
the Death Valley region, with greatly extended domains alter-
nating with lesser extended domains (Wernicke and others,
1984; Guth, 1981; Wernicke, 1992) (fig. B—6). In the northern
part of the DVRFS region, late Cenozoic extensional deforma-
tion was dominated by movement along north- to northeast-
striking normal faults related to development of the character-
istic basin and range structure and associated topography of
the southern Great Basin (Stewart, 1980). There, the north-
south-trending basins such as Tikaboo Valley and Kawich Val-
ley generally have asymmetric cross sections, with dominant
normal faults producing a half-graben geometry. These normal
faults generally dip 50° to 65° and have as much as 3,000 m of
displacement. Gravity data (Healey and others, 1981) indicate
that some of the larger faults are concealed beneath surficial
deposits in the basins between the exposed range-front faults.

In the southern part of the DVRFS region, extension is
spatially variable but in general of greater magnitude than in
the northern part of the DVRFS region (fig. B—6). Tracts of
east-dipping, rotated range blocks are bounded by west-side-
down normal faults that are inferred to flatten and converge
at depth into a deep detachment zone (Guth, 1981, 1990;
Wernicke and others, 1984). In other parts of the DVRFS
region, such as at Yucca Mountain, closely spaced north-
striking normal faults apparently do not merge into a gently
dipping detachment at depth (Brocher and others, 1998).
Local large-magnitude extension is expressed as detachment-
related core complexes. In these areas, gently to moderately
dipping, large-offset extensional detachment faults expose
broadly domed metamorphic complexes in the lower plates
of the faults. The upper plates commonly are highly extended

and tilted along normal faults that merge into the detachment
faults. Although these detachment faults generally have gentle
dips, the fault surfaces locally have dips of 50° to 60°. Strike-
slip faults of both northwest and northeast strike may have
transferred extensional strain between individual extensional
domains (Wernicke and others, 1984).

The northwest-trending Walker Lane belt (Stewart,
1988; Stewart and Crowell, 1992) transects the DVRFS region
(fig. B-7). The Walker Lane belt is a complex structural zone
that is dominated by large right-lateral faults with northwest
orientations, such as the Pahrump-Stewart Valley fault zone
and the Las Vegas Valley shear zone (LVVSZ) (fig. B-7). The
belt also contains a variety of structures that are discontinu-
ous and appear to interact complexly in accommodating an
overall mixed right-shear and extensional strain field (Stewart,
1988; Stewart and Crowell, 1992). The Walker Lane belt has
been subdivided into a series of structural blocks accord-
ing to their style of deformation (Stewart, 1988; Stewart and
Crowell, 1992) (fig. B-7). In the northwestern part of the
DVRES region, the Goldfield block is notable for its lack
of through-going strike-slip faults and relative lack of nor-
mal faults (fig. B-6). The Spotted Range-Mine Mountain
block is characterized by east-northeast-trending, left-lateral
strike-slip faults, such as the Rock Valley fault zone and the
Cane Spring and Mine Mountain faults (fig B-7). The Spring
Mountains block is a relatively intact block that is bounded by
the Pahrump-Stewart Valley fault zone and the LVVSZ. The
Inyo-Mono block (redefined as part of the Basin and Range
province of eastern California by Workman, Menges, Page,
Ekren, and others, 2002) features large, northwest-striking
right-lateral faults, such as the Furnace Creek fault zone and
the southern Death Valley fault zone and also features major
extensional detachment faults (fig. B-7). Most of the deforma-
tion in the Walker Lane belt may have occurred during Middle
Miocene time (Hardyman and Oldow, 1991; Dilles and Gans,
1995), although deformation in the vicinity of Death Valley
continued into Late Miocene time (Wright and others, 1999;
Snow and Wernicke, 2000). Some structures in the belt, such
as the Rock Valley fault zone, continue to be active (Rogers
and others, 1987; von Seggern and Brune, 2000).

Hydrogeologic Units

The rocks and deposits forming the hydrostratigraphic
framework for a ground-water flow system are termed hydro-
geologic units (HGUs). An HGU has considerable lateral extent
and has reasonably distinct hydrologic properties because of its
physical (geological and structural) characteristics.

Previous Use

The basic pre-Cenozoic hydrostratigraphic setting for
the DVREFS region, particularly in the vicinity of the NTS,
was established by Winograd and Thordarson (1975). The pre-
Cenozoic sedimentary rocks were grouped into four HGUs:
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the lower clastic aquitard (confining unit), composed of Late
Proterozoic through Middle Cambrian siliciclastic rocks;

the lower carbonate aquifer, composed of Middle Cambrian
through Devonian mostly carbonate rocks; the upper clastic
aquitard, composed of Devonian and Mississippian siliciclas-
tic rocks; and the upper carbonate-rock aquifer, composed
of Pennsylvanian and Permian carbonate rocks which, in the
vicinity of the NTS, overlie the rocks of the upper clastic
aquitard. Most subsequent tabulations of HGUs and ground-
water flow models of the region (Waddell, 1982; Luckey and
others, 1996; Laczniak and others, 1996; IT Corporation,
1996a; D’ Agnese and others, 1997) have honored these
HGU subdivisions of the pre-Cenozoic sedimentary section.
For example, table B—1 shows similar treatment of these
units in the two recent regional ground-water flow models
(IT Corporation, 1996b; D’ Agnese and others, 1997).

In contrast to the general consistency in the treatment of
the pre-Cenozoic section, a number of approaches have been
taken to subdividing the Cenozoic section into HGUs, par-
ticularly the volcanic rocks at the NTS. Past approaches have
differed in the number of HGUs used and in the treatment
of spatially variable material properties in the volcanic-rock
units. Winograd and Thordarson (1975; their table 1) assigned
the volcanic rocks at the NTS to HGUs based upon lithology
and inferred hydrologic significance—for example, tuff aqui-

Table B-1.

[---, unit not used in model]
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tard, bedded tuff aquifer, welded tuff aquifer, lava flow aquifer.
The geologic units described and their stratigraphic position,
however, were based upon older 1960’s-era geologic map-
ping, and the designations did not necessarily account for
spatial variability of properties in an HGU. Laczniak and oth-
ers (1996; their table 1) extended the work of Winograd and
Thordarson (1975) to produce a more detailed description of
volcanic-rock HGUs in the area around the NTS. The updated
designations were based on new volcanic-rock stratigraphic
unit assignments (Sawyer and others, 1994); each formation
was assigned as a welded tuff aquifer, lava flow aquifer, or
tuff confining unit and also designated as to where on the NTS
the units were important aquifers or confining units. Both of
these studies provided essential descriptions of the volcanic-
rock HGUs; however, neither study was sufficiently detailed
to define the stratigraphic complexities throughout the DVREFS
region and model domain.

The two recent regional ground-water flow models (IT
Corporation, 1996a; D’ Agnese and others, 1997) differ signifi-
cantly in how the Cenozoic section of the DVRFS region has
been grouped into HGUs, both in terms of the number of units
and in how the spatial variability of material properties in the
volcanic units is addressed (table B-1, fig. B~8). The volcanic
rock HGUs in the YMP/HRMP model (D’ Agnese and others,
1997) were based on a hydrogeologic map compilation (Faunt

Hydrogeologic units used in previous U.S. Department of Energy ground-water flow models in the Death Valley region.

DOE/NV-UGTA model units YMP/HRMP model units

Description of geologic unit

(IT Corporation, 1996h) {D'Agnese and others, 1997)
AA QTvf Basin-fill deposits
AA QTvf Playa deposits
AA QTvf Lacustrine limestone and spring deposits
VA, VCU, VU QTv, Tv Younger Tertiary volcanic rocks
VCU, TSDVS, VU Tvs Younger Tertiary sedimentary rocks
TMA, VA QTv, Tv Timber Mountain Group
TC, VA QTv, Ty Paintbrush Group
TC QTv, Tv Calico Hills Formation
VA QTv, Tv Wahmonie Formation
TBCU QTv, Tv Prow Pass Tuff, Crater Flat Group
TCB QTv, Tv Bulifrog Tuff, Crater Flat Group
TBCU QTv, Tv Tram Tuff, Crater Flat Group
TBA QTv, Tv Belted Range Group
TBCU, TBQ, VCU, VU QTv, Tv Older Tertiary volcanic rocks (pre-Belted Range Group)
VCU, TSDVS Tvs Older Tertiary sedimentary rocks '
- Mvs Mesozoic volcanic and sedimentary rocks
LCA3 - Upper Paleozoic carbonate rocks
UCCU ECU Mississippian and Devonian siliciclastic rocks (Eleana Formation and
Chainman Shale)
LCA,LCA1 P2 Middle Cambrian through Devonian mostly carbonate rocks
LCCU P1 Late Proterozoic through Middle Cambrian siliciclastic rocks
LCCU PCgm Metamorphic and igneous rocks

Tlg

Intrusive rocks, undifferentiated
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A YMP/HRMP model (D'Agnese and others, 1997)

| Model Layer3

Abbreviations: QTv, Quaternary and Tertiary volcanic rocks;
Tv, Tertiary volcanic rocks; P2, Paleozoic carbonate-rock aquifer

B DOE/NV-UGTA model (IT Corporation, 1996b)
Yucca Mountain HGUs

Pahute Mesa HGUs

Model Layer 1

Model Layer 2

| Model Layer 3

| Model Layer 4
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Abbreviations: TMA, Timber Mountain aquifer; TC, Paintbrush tuff cone;
TCB, Bullfrog confining unit; VA, volcanic aquifer; VCU, volcanic confining unit

Model Layer 5

C Current model
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Abbreviations: TMVA, Timber Mountain volcanic aquifer; PVA, Paintbrush
volcanic aquifer; CHVU, Calico Hills volcanic unit; CFBCU, Crater Flat—
Bullfrog confining unit; LCA, Lower carbonate-rock aquifer

HGUs from 3D framework model are
discretized into the three layers of the
flow model. To approximate the
hydrologic effects of spatially varying
material properties, different hydraulic
conductivities (K3, K5,...) were applied to
specific parts of each model layer during
flow modeling.

HGUs change for different geographic
regions represented in the 3D framework
model based on stratigraphic changes in
the volcanic section. To approximate the
hydrologic effects of spatially varying
material properties, different hydraulic
conductivities (K3, K4,...) were applied to
specific parts of each model layer during
flow modeling.

HGUs remain consistently named
throughout the 3D framework model and
are referenced to geologic map units,
geologic cross sections, and borehole
logs. Spatially varying material
properties based upon geologic judgment
are derived for each HGU (zone 1,

zone 2...). Assignment of hydraulic
conductivities and modification of
geologically based zonations are
discussed in Chapter F.

Figure B-8. Treatment of hydrogeologic units and spatially varying material properties in previous and current regional models.
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and others, 1997) and geologic cross sections (Grose, 1983)
in which all volcanic rocks were designated as Tertiary
volcanic rocks (Tv) or Tertiary-Quaternary volcanic rocks
(QTv) (table B—1). Spatial variability in hydrologic proper-
ties in the volcanic-rock section was addressed using zones of
variable hydraulic conductivity in the flow model (D’ Agnese
and others, 1997, 2002) (fig. B-8). The volcanic rock HGUs
in the DOE/NV-UGTA model (IT Corporation, 1996b) were
based on abundant borehole data from the NTS and are
considerably more detailed (table B-1). Spatial variation in
the volcanic units was handled in part by developing different
HGU schemes for specific parts of the NTS (fig. B-8), with
specific aquifers (primarily lava flow and welded tuff) and
confining units assigned for each geographic area. Belcher
and others (2002) merged these two HGU schemes in the
creation of a 3D HFM for the DVRFS region by using the
DOE/NV-UGTA model (IT Corporation, 1996b) HGUs in the
immediate vicinity of the NTS and the volcanic-rock HGUs of
the YMP/HRMP model (D’ Agnese and others, 1997) outside
of the NTS. This HFM was used as input for a steady-state
prepumping ground-water flow model of the DVRFS region
(D’ Agnese and others, 2002).

Volcanic-rock HGUs for the current model (fig. B-8)
remain consistently named throughout the entire HFM and
are defined by group-level stratigraphic designations that are
based on recent geologic map compilations (Slate and others,
2000; Workman, Menges, Page, Taylor, and others, 2002),
geologic cross sections (Sweetkind, Dickerson, and others,
2001), and borehole lithologic data. The spatial variability of
material properties is defined for each volcanic-rock HGU on
geologic grounds, discussed herein.

Description of Hydrogeologic Units

The unconsolidated sediments and consolidated rocks
of the DVREFS region have been subdivided into 25 HGUs
(table B-2). These HGUs are based primarily on the work of
Laczniak and others (1996). Lithologically similar HGUs are
discussed together in this section. In general, HGUs whose
abbreviated names end in the letter “A”, such as LCA, are
considered aquifer units; those names ending in “CU” are
considered confining units, and those ending in “U” are units
that can function either as aquifers or confining units. These
designations are only generally applicable because almost all
of the HGUs have spatially varying material and hydraulic
properties throughout the DVRFS region.

Unconsolidated Cenozoic Basin-Fill Sediments
and Local Young Volcanic Rocks

Unconsolidated Cenozoic basin-fill sediments consist of
coarse-grained alluvial and colluvial deposits, fine-grained
basin axis deposits, and local lacustrine limestones and spring
discharge deposits and are divided into six HGUs. Rela-
tively local basaltic- and rhyolitic-lava flows and tuffs form

CHAPTER B. Geology and Hydrogeology 39

another HGU. All seven of these HGUs are defined on the
basis of geologic map data from a 1:250,000-scale geologic
compilation of the DVRES region (Workman, Menges, Page,
Taylor, and others, 2002) (fig. B-9). The age terms “younger”
and “older” in the names of the alluvial aquifer and confin-
ing unit HGUs refer to the relative ages of mapped surficial-
deposit units, as described by Workman, Menges, Page,
Taylor, and others (2002).

Younger and Older Alluvial Aquifers
(YAA and 0AA)

Coarse-grained surficial units are included in the younger
alluvial aquifer (YAA) and the older alluvial aquifer (OAA).
The YAA and OAA consist of Holocene to Pliocene allu-
vium, colluvium, and minor eolian and debris-flow sediments
associated with alluvial geomorphic surfaces (Swan and
others, 2001; Potter, Dickerson and others, 2002). In general,
fluvial deposits are predominant sandy gravel with interbed-
ded gravelly sand and sand, whereas alluvial fans have a more
gradational decrease in grain size from proximal to distal fan.
Local eolian accumulations consist of Holocene sand sheets
or dune fields or relict upper to middle Pleistocene sand-ramp
deposits that are banked along the flanks of some ranges. Sedi-
ments generally are not cemented but are more indurated with
increasing depth. These HGUs tend to be aquifers, but finer
grained sédiments and intercalated volcanic rocks locally can
impede ground-water movement.

Younger and Older Alluvial Confining Units
(YACU and OACU)

The alluvial confining units (YACU and OACU) consist
of Holocene to Pliocene fine-grained basin-axis deposits.
These units consist of late Holocene playa and (or) salt-
pan deposits that are commonly underlain by older playa
or lacustrine sequences of middle to early Holocene and
Pleistocene age. These rocks typically are mixtures of mod-
erately to well stratified silt, clay, and fine sand. The thick-
ness is poorly constrained but may range from 1 to 10 m for
Holocene deposits and may be greater than 300 m for the older
deposits (Workman, Menges, Page, Taylor, and others, 2002).

Limestone Aquifer (LA)

The limestone aquifer (LA) consists of Holocene to
Pliocene lacustrine and spring deposits that are interfingered
with the alluvial basin-fill units. Typically, these are dense,
crystalline deposits of limestone or travertine. The hydrologic
properties of these deposits can differ greatly over short dis-
tances because of abrupt changes in grain size, fracturing, and
consolidation. These deposits can be productive local aquifers,
such as in parts of the Amargosa Desert. In general, the LA
does not crop out and is identified only from drill holes in the
basin-filling units.
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Table B-2. Geologic and hydrogeologic units of the Death Valley regional ground-water flow system (DVRFS) mode!.

[SWNVEF, southwestern Nevada volcanic field]

Hydrogeologic unit abbreviation and name Age and description of geologic units

Unconsolidated Cenozoic basin-fill sediments and local younger volcanic rocks

Pliocene to Holocene coarse-grained basin-fill deposits
Pliocene to Holocene playa and fine-grained basin-fill deposits
Pliocene to Holocene coarse-grained basin-fill deposits
Pliocene to Holocene playa and fine-grained basin-fill deposits
Cenozoic limestone, undivided
Cenozoic basalt cones and flows and surface outcrops of rhyolite-lava flows
Cenozoic volcanic rocks that overlie the Thirsty Canyon Group
Consolidated Cenozoic basin-fill deposits
Cenozoic volcanic and sedimentary rocks, undivided, that overlie volcanic rocks of SWNVF

YAA; Younger alluvial aquifer

YACU; Younger alluvial confining unit
OAA; Older alluvial aquifer

OACU; Older alluvial confining unit
LA; Limestone aquifer '

LFU; Lava-flow unit

YVU; Younger volcanic-rock unit

Upper VSU; Volcanic- and sedimentary-
rock unit (upper)

Lower VSU; Volcanic- and sedimentary-
rock unit (lower)

Cenozoic volcanic and sedimentary rocks, undivided; where named Cenozoic volcanic rocks

exist, lower VSU underlies them.
Cenozoic volcanic rocks of the southwestern Nevada volcanic field

TMVA; Thirsty Canyon-Timber Mountain  Miocene Thirsty Canyon and Timber Mountain Groups, plus Stonewall Mountain tuff,
volcanic-rock aquifer undivided

PVA; Paintbrush volcanic-rock aquifer Miocene Paintbrush Group

CHVU; Calico Hills volcanic-rock unit Miocene Calico Hills Formation

WVU; Wahmonie volcanic-rock unit - Miocene Wahmonie and Salyer Formations

CFPPA; Crater Flat—Prow Pass aquifer Miocene Crater Flat Group, Prow PassTuff

CFBCU; Crater Flat-Bulifrog confining unit Miocene Crater Flat Group, Bullfrog Tuff

CFTA,; Crater Flat-Tram aquifer Miocene Crater Flat Group, Tram Tuff

BRU; Belted Range unit Miocene Belted Range Group

OVU; Older volcanic-rock unit Oligocene to Miocene; near the Nevada Test Site consists of all volcanic rocks older than the

Belted Range Group. Elsewhere, consists of all tuffs that originated outside of the SWNVF.
Hydrogeologic units associated with Mesozoic, Paleozoic and Late Proterozoic sedimentary rocks

SCU; Sedimentary-rock confining unit

UCA,; Upper carbonate-rock aquifer
with LCA)

UCCU; Upper clastic-rock confining unit
LCA; Lower carbonate-rock aquifer
LCCU; Lower clastic-rock confining unit

Paleozoic and Mesozoic sedimentary and volcanic rocks
Paleozoic carbonate rocks (UCA only used where UCCU exists, otherwise UCA is lumped

Upper Devonian to Mississippian Eleana Formation and Chainman Shale
Cambrian through Devonian predominantly carbonate rocks
Late Proterozoic through Lower Cambrian primarily siliciclastic rocks (including the Pahrump

Group and Noonday Dolomite)

Hydrogeologic units associated with crystalline metamorphic rocks and plutons

XCU; Crystalline-rock confining unit

Early Proterozoic metamorphic and igneous rocks and metamorphosed Middle and Late

Proterozoic sedimentary rocks

ICU; Intrusive-rock confining unit

All intrusive rocks, regardless of age

Lava-Flow Unit (LFU)

The lava-flow unit (LFU) consists of local Neogene
(generally 11 Ma and younger) basalt- and rhyolite-lava flows
in the DVRES region. Pliocene and Pleistocene volcanism
on the NTS is expressed by isolated, relatively small basaltic
cinder cones and associated lava flows. The eruptive style and
chemical composition of the basalts is typical of Pliocene and
Pleistocene basalts throughout most of the western part of the
Basin and Range province (Hedge and Noble, 1971). They
probably represent the waning stages of regional volcanism
that peaked around 11 Ma.

Basalts of about 10 Ma in the vicinity of the NTS
include lava flows on Skull Mountain and Little Skull
Mountain, the southern part of Crater Flat, Black Mountain
and to the west of the NTS (fig. B-9). Basalts of similar ages
are part of the Funeral Formation in the Furnace Creek basin
(Cemen and others, 1985; Greene, 1997; Wright and others,
1999). The LFU also includes volcanic rocks of the Towne
Pass area and west of the model domain in the Darwin plateau.
Younger basalts in the Amargosa Desert and in the southeast
part of Crater Flat include an approximately 3.7-Ma event
(Crowe and others, 1995) that is characterized by basalt-
lava flows and exposed dikes along a north-trending
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alignment of vents, four 1.0-Ma cinder cones that form a
slightly curved north-northeast alignment in Crater Flat, and
a single cinder cone (Lathrop Wells cone, 77.76 ka, Heizler
and others, 1999) at the southern end of Yucca Mountain.
Aeromagnetic anomalies and local basaltic float are evidence
for shallowly buried basalt flows at several locations in the
northern part of Amargosa Desert (O’Leary and others,
2002).

The LFU also includes Miocene rhyolite-lava flows in
the northern part of Yucca Mountain and the Calico Hills,
where they form extensive surface outcrops (fig. B-9). Indi-
vidual lava flows are not laterally extensive. Because the LFU
is typically above the water table, the unit is not a regional
aquifer.

Younger Volcanic-Rock Unit (YVU)

The younger volcanic-rock unit (YVU) consists of
Neogene (mostly 15 to 11 Ma) tuffs and other volcanic rocks
that are not associated with sources in the SWNVE. Individual
units are not laterally extensive, such as the isolated exposures
of Kane Wash Tuff to the north of the Desert Range (fig. B-9);
these are outliers of much more extensive volcanic outcrops
that lie to the northeast of the model domain (Ekren and oth-
ers, 1977). Most of the unit lies above the water table and is
thought to have limited influence on ground-water flow in the
DVRES region.

Consolidated Cenozoic Basin-Fill Deposits—
Volcanic- and Sedimentary-Rock Unit (VSU)

The volcanic- and sedimentary-rock unit (VSU)
(fig. B-10) consists of all Cenozoic basin-filling sedimen-
tary and volcanic rocks, except for the named volcanic-rock
units in the vicinity of the SWNVF and the alluvial HGUs
discussed previously. Consolidated Cenozoic basin-fill units
of the DVRFS region range from late Eocene to Pliocene in
age and generally underlie the more recent alluvial sediments
assigned to the alluvial aquifers and confining units described
herein. They consist of a broad range of both volcanic and
sedimentary rocks including lavas, welded and nonwelded
tuffs, and alluvial, fluvial, colluvial, eolian, paludal, and
lacustrine sediments. Cenozoic volcanic and sedimentary
rocks in the DVRFS region may be generalized into three
sequences according to their relation to the tectonic evolution
of the region (Snow and Lux, 1999): (1) an early extensional
sequence that generally predates the formation of basin-range
topography; (2) a synextensional and synvolcanic sequence
that corresponds to the major period of formation of basin-
range topography in this region and to the peak of volcanic
activity in the southwestern Nevada and central Death Valley
volcanic fields; and (3) a 6-Ma to present, late extensional
to post-extensional sequence. This general subdivision is

similar to that used by Ekren and others (1977) and Workman,
Menges, Page, Taylor, and others (2002) and is more clearly
documented in Fridrich and others (2000).

Rocks in the early extensional sequence are late Eocene
to Miocene in age and have variable thickness and facies,
and their distribution is discontinuous, probably because
they were deposited on the irregular pre-Cenozoic erosional
surface. Many of these rocks were deposited in a fluvio-
lacustrine regime. Included in this sequence are the Titus
Canyon Formation along the east side of the Funeral and
Grapevine Mountains (Reynolds, 1974; Wright and Troxel,
1993), sedimentary rocks informally called the “rocks of
Winapi Wash” that occur in and near the NTS, 25- to 14-Ma
sedimentary strata including the Rocks of Pavits Spring in the
vicinity of the NTS (Slate and others, 2000), and unnamed
units widely exposed in and around the Grapevine Mountains
and the Funeral Mountains.

Rocks in the synextensional and synvolcanic sequence
are middle Miocene in age and include such units as the Artist
Drive Formation in the Furnace Creek Basin and similar sedi-
mentary rocks that probably underlie parts of the Amargosa
Desert, Pahrump Valley, and Death Valley. Middle Miocene
synextensional sedimentary rocks consist of coarse, tuffaceous
clastic types, locally derived megabreccias, and tuffaceous
sandstone locally interbedded with lavas that range in compo-
sition from basalt through rhyolite. The geology and strati-
graphic relations of these middle Miocene rocks are discussed
by Cemen and others (1985), Greene (1997), and Wright and
others (1999).

Also included in the synextensional and synvolca-
nic sequence are the volcanic rocks of the central Death
Valley volcanic field and volcanic rocks around the margins
of the SWNVF that have not been correlated to a specific
unit. Volcanic rocks of the central Death Valley volcanic field
consist of predominantly silicic- to intermediate-composition
lava flows and associated fallout tephra (Wright and others,
1991). Only one relatively widespread welded ash-flow tuff,
the Rhodes Tuff, is recognized in the volcanic field (Wright
and others, 1991); most of the volcanic-rock units appear to
be associated with local source areas and have limited areal
distribution (Wright and others, 1991). The general absence
of strong magnetic anomalies in the vicinity of the Amargosa
Desert between the SWNVF and the central Death Valley vol-
canic field implies that strongly magnetic volcanic rocks from
either volcanic field are thin or absent (Carr, 1990; Blakely
and others, 2000). '

Rocks of the late extensional to post-extensional
sequence include units such as the Funeral Formation of the
Furnace Creek Basin that were deposited mostly in restricted,
intermontane basins that developed as extension progressed
(Snow and Lux, 1999). Synextensional sedimentary rocks
were deposited during this time in the Nova basin on the
western side of the Panamint Mountains (Hodges and others,
1989).
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The VSU is lithologically diverse and rock types are
complexly interfingered. For example, interpreted lithologic
data from boreholes in the southern part of the Amargosa
Desert (fig. B—11) reveal a heterogeneous basinfill with few
lithologically similar intervals that can be correlated between
adjacent boreholes. Interpolation of lithologic data between
boreholes indicates complex interfingering of basin-fill litholo-
gies (Oatfield and Czarnecki, 1989). In order to generalize
the basin-fill lithologic diversity for use in a regional model,
Sweetkind, Fridrich, and Taylor (2001) delineated regional
facies trends on the basis of borehole and outcrop data. Five
zones of potential hydrologic significance were defined on
the basis of the relative amounts of coarse- and fine-grained
sedimentary rocks compared to volcanic rocks at each local-
ity (fig. B-12). Mapped zones (fig. B-12) do not imply the
existence of the VSU throughout the region; rather, they are
a guide to which set of material properties applies where the
VSU exists in the 3D HFM (Chapter E, this volume).

In order for units to stack correctly when constructing
a 3D HFM of the DVREFS region (Chapter E, this volume),
the VSU was divided into two units. The lower VSU con-
sists of those rocks that underlie these named volcanic rocks
(table B-3); the upper VSU consists of those rocks that overlie
the named volcanic rocks of the SWNVF (table B—4). Out-
side of the SWNVF, the boundary between the two units is
arbitrary. Upper VSU hydrogeologic zones are delineated by
their relation to aquifer and confining units in the overlying
basin-fill material.

Volcanic Rocks of the Southwestern Nevada
Volcanic Field

Volcanic rocks that emanated from the SWNVF are
widely distributed in the west-central part of the DVRFS
region; associated caldera collapse structures of the SWNVF
dominate the northwestern and west-central parts of the NTS
(fig. B-13). Volcanism associated with the SWNVF occurred
episodically between about 15 and 9 Ma (Byers, Carr, Orkild,
and others, 1976; Sawyer and others, 1994). Eruption of volu-
minous, extensive ash-flow-tuff sheets resulted in the collapse
of at least seven known calderas, two of which overlapped to
form the Silent Canyon caldera complex (SCCC), and three of
them overlapped or were nested to form the Timber Mountain
caldera complex (TMCC) and the Claim Canyon caldera. The
sources of many of the older ash-flow tuffs remain uncertain
because associated calderas have been buried or destroyed
by younger calderas. Volumetrically subordinate, but related,
silicic-lava flows and minor pyroclastic flows were erupted
from the calderas and from isolated volcanic vents in the field
(Sawyer and others, 1994). Numerous authoritative sources
exist for more detailed information on the volcanic rocks
(Byers, Carr, Orkild, and others, 1976; Christiansen and oth-
ers, 1977; Carr, Byers, and Orkild, 1986; Sawyer and Sargent,
1989; Ferguson and others, 1994; Sawyer and others, 1994),
and for a number of geologic-map compilations that portray

the volcanic rocks at the NTS (Byers, Carr, Christiansen, and
others 1976; Frizzell and Shulters, 1990; Wahl and others,
1997; Slate and others, 2000).

The volcanic-rock units of the SWNVF are important
hydrogeologic units because they are thick enough in the
vicinity of the NTS to be important subregional aquifers,
and a number of nuclear weapons tests were conducted in the
volcanic rocks at Rainier Mesa and Pahute Mesa at the NTS.
The proposed high-level radioactive waste repository at Yucca
Mountain on the western edge of the NTS would be located
in these volcanic rocks.

Volcanic rocks of the SWNVF consist of the pre-Belted
Range Group rocks, the Belted Range and Crater Flat Groups,
the Calico Hills and Wahmonie Formations, the Paintbrush,
Timber Mountain, and Thirsty Canyon Groups, and the
Stonewall Mountain Tuff. The volcanic-rock units are divided
at the group level into nine HGUs, except for the Crater Flat
Group (table B-2). In order to maintain consistency with the
Yucca Mountain 3D geologic framework model (YMP-GFM)
(Bechtel SAIC Company, 2002), the Crater Flat Group is
subdivided at the formation level with separate HGUs for the
Prow Pass, Bullfrog, and Tram Tuffs (table B-2).

Method for Assigning Material Property
Variations to Hydrogeologic Units of the
Southwestern Nevada Volcanic Field

The Cenozoic volcanic rocks of the SWNVF have vary-
ing degrees of both fracture and matrix permeability. Most of
the crystallized and densely welded tuffs have very low matrix
permeabilities (Montazer and Wilson, 1984); consequently, |
fracture networks and faults are the primary pathways for gas
and water flow through the welded parts of the rock mass.
Poorly welded to nonwelded ash-flow tuffs and ash-fall tuff,
reworked tuff, and volcaniclastic rocks have higher matrix
permeabilities but poorly developed and connected fracture
networks. Fracture-dominated flow in the welded portions of
the tuffs of the SWNVF changes to matrix-dominated flow
in the comparatively unfractured units (Blankennagel and
Weir, 1973; Montazer and Wilson, 1984; Laczniak and others,
1996). Alteration of rock-forming minerals to zeolite, clay,
carbonate, silica, and other minerals, most prevalent in non-
welded rocks, can reduce permeability.

At the group and formation level, mapped volcanic-rock
units commonly display widely variable lithology and degree
of welding both vertically and horizontally (fig. B-14). The
hydraulic properties of these deposits depend mostly on the
mode of eruption and cooling, by the extent of primary and
secondary fracturing, and by the degree to which secondary
alteration (crystallization of volcanic glass and zeolitic altera-
tion) has affected primary permeability. Fractured rhyolite-
lava flows and moderately to densely welded ash-flow tuffs
are the principal volcanic-rock aquifers. Rhyolite-lava flows
and thick intracaldera welded tuff (fig. B-15A) are relatively
restricted areally, whereas outflow welded-tuff sheets are more
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Vertical panel is a slice through a three-dimensional rock properties model of basin-filling deposits
corresponding to the lower volcanic- and sedimentary-rock hydrogeologic unit (lower VSU) beneath
the Amargosa Desert. Model was created by numerical interpolation of borehole lithologic data from
the southern Amargosa Desert. Cylinders represent the location and drilled depth of boreholes;
colors represent lithologic units penetrated by the boreholes. View is to the southwest. Cross section
panel is approximately 25 kilometers long and 1 kilometer deep. With the exception of thin surficial
units, the various lithologic units penetrated by all of the boreholes shown correspond to
hydrogeologic unit lower VSU.

Figure B-11.  Lithologic variability in the volcanic- and sedimentary-rock unit (VSU).
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Figure B-12. Hydrogeologic zones in the volcanic- and sedimentary-rock unit (VSU).
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Table B-3. Hydrogeologic zones in the lower volcanic- and sedimentary-rock unit {lower VSU).

[SWNVF, southwestern Nevada volcanic field]

Zone number

Description

1 Fluvial and lacustrine sedimentary rocks with few or no volcanic units. Mostly fine-grained deposits.

2 VSU in and to the north of the SWNVF includes Cenozoic sedimentary rocks that may underlie the volcanic section.
Volcanic rocks penetrated by boreholes may be lumped with the underlying sedimentary rocks in some places.

3 Coarse gravels and megabreccias.

This zone consists of the volcano-sedimentary trough that incorporates the central Death Valley volcanic field and the
Furnace Creek Basin. Stratigraphic successions are a mixed assemblage of coarse and fine sedimentary rocks and basalt-

and rhyolite-lava flows and minor ash-flow tuff.

5 Stratigraphic successions in this zone are similar only in the diversity of their lithologies. Sedimentary rocks consist of
coarse-and fine-grained alluvial deposits, lacustrine and playa deposits, fluvially reworked tuffs, and tuffaceous sedi-
mentary rocks that span an age range from Oligocene to the Pliocene. Volcanic rocks are present in the northeastern and

southwestern parts of the zone.

regionally distributed and may provide lateral continuity for
water to move through the regional flow system. The confin-
ing units are formed generally by nonwelded or partly welded
tuff that has low fracture permeability (fig. B-15B) and can

be zeolitically altered in the older, deeper parts of the volcanic
sections (Laczniak and others, 1996). The hydraulic properties
of the volcanic rocks underlying Pahute Mesa were described
by Blankennagel and Weir (1973); analysis of additional
volcanic rock material and hydraulic properties (Belcher and
others, 2001) indicates that these concepts may apply through-
out the SWNVE.

For each of the volcanic-rock HGUs of the SWNVF,
zones of potential enhanced and reduced permeability (termed
hydrogeologic zones) were evaluated on the basis of lithologic
and material property information available from boreholes
(Warren and others, 1999) and surface localities (R.M. Drake,
U.S. Geological Survey, written commun., 2001). At each
location, the percentage of welded, fractured rock and percent-
age of altered rock were calculated by dividing the aggregate
thickness of brittle (welded-tuff and lava-flow lithologies) or
altered rock, respectively, by the total thickness of the HGU
(R.M. Drake, written commun., 2001). The brittle rock and
alteration data were interpolated and extrapolated from the
available data over the modeled spatial extent of each HGU
(see Chapter E, this volume) to produce gridded surfaces of
these respective properties. Areas with greater than 50 percent
brittle rock were considered potential enhanced permeabil-
ity zones, whereas areas with less than 50 percent brittle
rock were considered potential reduced permeability zones
(table B-5). Areas with greater than 60 percent altered rock
were considered potential reduced permeability zones, while

Table B-4. Hydrogeologic zones in the upper volcanic- and
sedimentary-rock unit (upper VSU).

Zone number Description
1 Upper VSU underlying the younger alluvial con-
fining unit (YACU) and older alluvial confining
unit (OACU)
2 Upper VSU underlying the older alluvial aquifer

(OAA) and younger alluvial aquifer (YAA)

areas with less than 60 percent altered rock were considered
potential enhanced permeability zones (table B—5). The brittle
rock and alteration characteristics were combined to produce
four types of zones: brittle rock that is not altered; brittle,
altered rock; nonbrittle rock that is altered; and nonbrittle rock
that is unaltered. Zones with a combination of a high percent-
age of brittle rock and a small degree of alteration are inferred
to have enhanced permeability (zone 1, table B—5); zones

with a combination of a low percentage of brittle rock and a
high degree of alteration are inferred to have reduced perme-
ability (zone 3, table B-5). The combined effects of fracturing
and alteration on permeability are less predictable for highly
altered brittle rocks (zone 2, table B—5) and unaltered nonbrit-
tle rocks (zone 4, table B—5). Mapped zones do not imply the
existence of each HGU throughout the zone; rather, they are

a guide to which set of material properties applies where the
HGU exists in the 3D HFM (Chapter E, this volume).

Volcanic-Rock Hydrogeologic Units of the
Southwestern Nevada Volcanic Field

Thirsty Canyon—Timber Mountaln Volcanic-Rock Aquifer
(TMVA)

The Thirsty Canyon-Timber Mountain volcanic-rock
aquifer (TMVA) is composed of the volcanic rocks of the
11.6- to 11.45-Ma Timber Mountain Group, the 9.4- to
9.15-Ma Thirsty Canyon Group, and the 7.5-Ma Stonewall
Flat Tuff (Sawyer and others, 1994; Slate and others, 2000).
Volcanic activity in the SWNVF peaked volumetrically
with the eruption of the Timber Mountain Group ash-flow
tuffs, which were erupted from the TMCC (Christiansen and
Lipman, 1965; Byers, Carr, Orkild, and others, 1976; Byers,
Carr, Christiansen, and others, 1976; Christiansen and others,
1977; Sawyer and others, 1994). The TMCC consists of the
Rainier Mesa caldera, which formed as a result of the erup-
tion of the 11.6-Ma Rainier Mesa Tuff, and the Ammonia
Tanks caldera, which formed as a result of the eruption of the
11.45-Ma Ammonia Tanks Tuff (Sawyer and others, 1994;
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Figure B-13. Outcrop distribution of hydrogeologic units associated with volcanic rocks of the southwestern Nevada volcanic
field.
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Vertical panels are slices through a three-dimensional rock-properties model of volcanic rocks within the southwestern Nevada volcanic
field at Pahute Mesa. Cylinders represent the location and drilled depth of boreholes; colors represent lithologic units and welding variations

in the Cenozoic volcanic rocks penetrated by the boreholes. View is from north to the south. Cross-section panels are approximately
20 kilometers long and 1 kilometer deep.

Figure B-14. Variability in lithology and relative degree of welding in volcanic rocks of the southwestern Nevada volcanic field.
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A View of the north end of Yucca Mountain, looking WSW
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caldera tuffs and lavas
Outflow sheets %=

Inferred caldera boundary;
mostly buried by post-caldera lavas

Example of regional-scale lithologic variability associated with calderas of the southwestern Nevada volcanic field. A
heterogeneous assemblage of partly to densely welded tuff, volcanic megabreccia, and rhyolite lava flows within the
Claim Canyon caldera. The stratigraphic complexity of the intracaldera rocks contrasts with the regionally widespread
outflow tuffs exposed at Yucca Mountain. Field of view shown in the photograph is approximately 10 kilometers.
Photograph by C.J. Potter, U.S. Geological Survey.

B Tiva Canyon Tuff, Paintbrush Group

Example of welding controls on fracture connectivity in the Tiva Canyon Tuff, Paintbrush Group. Well-developed
columnar joints in densely welded tuff terminate abruptly at the transition to partly welded, vitric rock at the base of the
ash-flow tuff (approximate contact shown by arrows). The partly welded rock is characterized by short, irregular, poorly
connected fractures. Outcrop is approximately 2 meters in height. Photograph by D.S. Sweetkind, U.S. Geological Survey.

Figure B-15. Examples of lithologic and welding variability in volcanic rocks of the southwestern Nevada
volcanic field.
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Table B-5. Hydrogeologic zones for Cenozoic volcanic-rock hydrogeologic units of the southwestern Nevada volcanic field.

{Zonation applies to most Cenozoic volcanic-rock hydrogeologic units including the Belted Range unit (BRU), Crater Flat-Tram aquifer (CFTA), Crater
Flat-Bullfrog confining unit (CFBCU), Crater Flat-Prow Pass aquifer (CFPPA), Wahmonie volcanic-rock unit (WVU), Calico Hills volcanic-rock unit (CHVU),
Paintbrush volcanic-rock aquifer (PVA), and Thirsty Canyon-Timber Mountain volcanic-rock aquifer (TMVA)]

Zone number Description
1 Brittle—Nonaltered: Contains greater than 50 percent brittle (fractured) rock and less than 60 percent altered rock.
2 Brittle—Altered: Contains greater than 50 percent brittle (fractured) rock and greater than 60 percent altered rock.
3 Nonbrittle—Altered: Contains less than 50 percent brittle (fractured) rock and greater than 60 percent altered rock.
4 Nonbrittle—Nonaltered: Contains less than 50 percent brittle (fractured) rock and less than 60 percent altered rock.

Sawyer and others, 1995). Borehole UE-18r, located to the
north of Timber Mountain, penetrated up to 1,200 m of Timber
Mountain Group rocks (Warren and others, 1999) and pro-
vides clear evidence for the structural collapse of both calderas
(Christiansen and others, 1977). Timber Mountain Group
rocks were deposited in a generally radial pattern surround-
ing the caldera complex, with some preferential flow to the
west (fig. B—16). In addition to the two regionally extensive
ash-flow tuffs, the Timber Mountain Group includes minor
ash-flow tuffs, rhyolite-lava flows and domes, and intracaldera
landslide breccia (Wahl and others, 1997; Slate and others,
2000). Thirsty Canyon Group rocks were erupted from the

- Black Mountain caldera (Noble and others, 1964; 1984) and
cover large areas of the Pahute Mesa area and the northwestern
part of the NTS.

Similar to most of the HGUs in the SWNVF, hydrologi-
cally significant material properties vary spatially on the basis
of the presence of rhyolite-lava flows, the degree of welding of
the ash-flow tuffs, and the presence of alteration. Hydrogeo-
logic zones in the TMVA are mapped in fig. B-16.

Paintbrush Volcanic-Rock Aquifer (PVA)

The Paintbrush volcanic-rock aquifer (PVA) is com-
posed of rhyolite tuffs and lavas of the Paintbrush Group,
whose source was the Claim Canyon caldera north of Yucca
Mountain (Christiansen and Lipman, 1965; Byers, Carr,
Christiansen, and others, 1976; Byers, Carr, Orkild and others,
1976; Potter, Dickerson, and others, 2002). The Paintbrush
Group includes rhyolite-lava flows and four densely welded
tuffs near the Claim Canyon caldera and at the northernmost
part of Yucca Mountain. To the south, the Paintbrush Group
consists of the densely welded 12.7-Ma Tiva Canyon and
12.8-Ma Topopah Spring Tuffs separated by a comparatively
thin interval of mostly nonwelded, vitric pyroclastic depos-
its and minor bedded tuff units (Sawyer and others, 1994;
Buesch and others, 1996). These two densely welded ash-flow
tuffs are the thickest stratigraphic units exposed on Yucca
Mountain.

Hydrogeologic zones for the PVA are mapped in
figure B-17. Paintbrush Group rocks at Yucca Mountain are
generally above the water table; alteration in these rocks is
primarily local argillic or zeolitic alteration of the nonwelded
interval between the Tiva Canyon Tuff and the Topopah Spring
Tuff (Moyer and others, 1996). Paintbrush Group rocks lie

above the water table in the eastern and central parts of
Pahute Mesa, and below the water table in the western part
of Pahute Mesa, where they are zeolitically altered locally in
downfaulted blocks (Laczniak and others, 1996, plate 4). The
Topopah Spring Tuff is zeolitically altered in southern and
central Yucca Flat where it approaches its depositional termi-
nus. Paintbrush Group rocks are affected by silicic, argillic,
and hematitic alteration in the vicinity of Tram Ridge and in
the Calico Hills (Simonds, 1989).

Calico Hills Volcanic-Rock Unit (CHVU)

The Calico Hills Formation is the Calico Hills volcanic-
rock unit (CHVU). The 12.9-Ma Calico Hills Formation is a
sequence of thick rhyolite-lava flows and intercalated, variably
welded ash-flow deposits and nonwelded ash-fall deposits that
lie between the Crater Flat Group and Paintbrush Group rocks
at Yucca Mountain and Pahute Mesa (Sawyer and others,
1994). Thick lava flows and intercalated tuffs of the Calico
Hills Formation are exposed in the Calico Hills and Fortymile
Canyon and to the north of Crater Flat and are penetrated
in several boreholes at Yucca Mountain (Moyer and Geslin,
1995) and at Pahute Mesa (fig. B—18). Rhyolite lavas in the
Calico Hills Formation are common proximal to source vents
(Dickerson and Drake, 1998); elsewhere the unit is dominated
by nonwelded pyroclastic flows that commonly are zeolitically
altered. The rocks were erupted from vents in two spatially
distinct volcanic centers—the Calico Hills and Fortymile
Canyon area and beneath Pahute Mesa (Sawyer and others,
1994) (fig. B-18).

Hydrogeologic zones of potential enhanced permeability
in the CHVU are controlled by the distribution of fractured,
vent-proximal, rhyolite-lava flows. For example, the CHVU
is an aquifer in the central and western parts of Pahute Mesa
(Blankennagel and Weir, 1973; Laczniak and others, 1996,
plate 4), where thick accumulations of rhyolite-lava flows
function as a single fractured aquifer (brittle, nonaltered zone,
fig. B—18). In the northeastern part of Pahute Mesa (nonbrittle,
nonaltered zone, fig. B-18) and beneath the southern part of
Yucca Mountain (nonbrittle, altered zone, fig. B—18), rela-
tively minor lava flows are isolated between thick intervals of
nonwelded ash-flow tuff, and the CHVU functions as a confin-
ing unit (Blankennagel and Weir, 1973; Moyer and Geslin,
1995; Laczniak and others, 1996; Prothro and Drellack, 1997).
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Hydrogeologic zones of potential reduced permeability
are related to zeolitic and other alteration of nonwelded and
bedded tuffs. The nonwelded ash-flow tuffs of the Calico
Hills Formation are zeolitically altered throughout most of
the southern part of Pahute Mesa (nonbrittle, altered zone,
fig. B-18) (Blankennagel and Weir, 1973; Laczniak and oth-
ers, 1996) and Yucca Flat (Winograd and Thordarson, 1975,
IT Corporation, 1996b). Calico Hills Formation tuffs are zeo-
litically altered beneath the northern part of Yucca Mountain

_but are locally vitric and classified as nonbrittle and nonaltered
(fig. B-18) beneath southern and southwestern parts of Yucca
Mountain (Moyer and Geslin, 1995). Brittle facies containing
lava flows are pervasively hydrothermally altered in the Calico
Hills with argillic alteration, silicification, and pyritization
(Simonds, 1989).

Wahmonie Volcanic-Rock Unit (WVU)

The Wahmonie volcanic-rock unit (WVU) is composed
of the Wahmonie Formation. The 13.0-Ma (Sawyer and oth-
ers, 1994) Wahmonie Formation consists of andesitic- and
dacitic-lava flows, tephra, and related volcaniclastic deposits
that become thinner away from the Wahmonie volcanic center
north of Skull Mountain (fig. B-19) (Poole, Carr, and Elston,
1965; Sawyer and others, 1994). The lavas are restricted in
extent to the Wahmonie volcanic center, but a distinctive
biotite-rich, nonwelded tuff is widespread and forms a marker
bed between the Calico Hills Formation and the Crater Flat
Group. Regionally, this tuff extends east to Yucca Flat, north
to Rainier Mesa, and southwest to Little Skull Mountain
and the southern part of Yucca Mountain. The Wahmonie
Formation is more than 1,300 m thick in exposures north and
east of Skull Mountain (Poole, Carr, and Elston, 1965; Poole,
Elston, and Carr, 1965; Ekren and Sargent, 1965).

The criteria for selecting hydrogeologic zones of potential
enhanced and reduced permeability (fig. B—19) were similar to
those used for the CHVU, a unit that is lithologically similar to
the WVU. The distribution of potentially fractured lava flows
and the pattern of alteration in the vicinity of the Wahmonie
volcanic center is based on surface geologic mapping (Poole,
Elston, and Carr, 1965; Ekren and Sargent, 1965).

Crater Flat Group

The Crater Flat Group (Carr, Byers, and Orkild, 1986;
Sawyer and others, 1994) consists of three principal units:
the Tram Tuff, overlain by the 13.25-Ma Bullfrog Tuff, and
the Prow Pass Tuff and two local units, the tuff of Pool, and
the rhyolite of Inlet (Sawyer and others, 1994). In order to
maintain consistency with the 3D geologic framework model
constructed for the proposed geologic repository for high-level
radioactive waste at Yucca Mountain (Bechtel SAIC Company,
2002), the Prow Pass, Bullfrog, and Tram Tuffs of the Crater
Flat Group are treated as separate HGUs.

The Crater Flat Group rocks are present in the Pahute
Mesa area as well as in the vicinity of Yucca Mountain and
Crater Flat. A proposed source caldera beneath Crater Flat
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(Carr, 1982; Carr, Byers, and Orkild, 1986) has been ques-
tioned on geologic and geophysical grounds (Scott, 1990;
Brocher and others, 1998); a source for the Bullfrog Tuff has
been inferred to be the Area 20 caldera (part of the Silent
Canyon caldera complex) (Sawyer and others, 1994), but this
also has been questioned on geophysical grounds (Hildenbrand
and others, 1999).

Crater Flat—Prow Pass Aquifer (CFPPA)

The Crater Flat-Prow Pass aquifer (CFPPA) consists of
the Prow Pass Tuff of the Crater Flat Group and local time-
equivalent tuffs and rhyolite-lava flows present in the subsur-
face beneath Pahute Mesa. The Prow Pass Tuff is exposed to
the northwest of Yucca Mountain (Moyer and Geslin, 1995)
and at the south end of Yucca Mountain (fig. B-20); drilling
indicates that it exists in the subsurface in Crater Flat (Carr,
Byers, and Orkild, 1986; Moyer and Geslin, 1995). The unit
is thickest and most densely welded beneath Yucca Mountain;
it thins westward into Crater Flat and southward. Tuffs and
rhyolite-lava flows present in the subsurface beneath Pahute
Mesa that are equivalent in age to the Prow Pass Tuff include
the Andesite of Grimy Gulch, Tuff of Jorum, Rhyolite of Sled,
and Rhyolite of Kearsarge (Ferguson and others, 1994).

Hydrogeologic zones for the CFPPA are mapped in
figure B—20. Nonwelded to partly welded parts of the unit .
are zeolitically altered.

Crater Flat—Bullfrog Confining Unit (CFBCU)

The Bullfrog Tuff of the Crater Flat Group composes the
Crater Flat-Bullfrog confining unit (CFBCU). The Bullfrog
Tuff is widely distributed around the TMCC (Carr, Byers, |
and Orkild, 1986). The thickness of the outflow tuff is 100 }
to 150 m in the Bullfrog Hills, at Yucca Mountain, and in
Jackass Flats, but it may be greater than 400 m thick in Crater
Flat (Carr, Byers, and Orkild, 1986). Maximum thickness in
boreholes in intracaldera tuff in the SCCC is about 680 m
(Ferguson and others, 1994; Sawyer and others, 1994),

The CFBCU is nonwelded to poorly welded through-
out most of the SCCC and Yucca Flat, where it is classified
as nonbrittle and altered (fig. B-21) and is a confining unit
(Blankennagel and Weir, 1973; Laczniak and others, 1996).

In the vicinity of Yucca Mountain, the Bullfrog Tuff forms a
compound-cooling unit with variable welding and alteration
characteristics (fig. B-21). In general, the unit has a moder-
ately to densely welded and devitrified interior with nonwelded
to partly welded margins in the Yucca Mountain area. The
Bullfrog Tuff at Yucca Mountain was included in a “lower
volcanic aquifer” HGU described by Luckey and others (1996),
primarily because of fracture permeability in the interior
welded zone.

Crater Flat—Tram Aquifer (CFTA)

The Tram Tuff of the Crater Flat Group constitutes the
Crater Flat-Tram aquifer (CFTA). The Tram Tuff is a mostly
nonwelded to partially welded, ash-flow tuff (fig. B-22), but
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is densely welded at Tram Ridge (Fridrich and others, 1999).
It is locally exposed and also encountered in boreholes in

the Crater Flat and Yucca Mountain areas (Carr, Byers, and
Orkild, 1986). Regionally, the Tram Tuff extends as far west as
the Grapevine Mountains and east beneath Jackass Flats (Carr,
Byers, and Orkild, 1986). Hydrogeologic zones for the CFTA
are mapped in figure B-22.

Belted Range Unit (BRU)

Rocks of the Belted Range Group constitute the Belted
Range unit (BRU). The Belted Range Group is composed of
the 13.7-Ma Grouse Canyon Tuff and associated pre-caldera
lava flows and post-caldera lavas and tuffs of the Dead Horse
Flat Formation (Sawyer and others, 1994). Belted Range
Group rocks are interpreted to have erupted between 13.85 Ma
and 13.5 Ma from the Grouse Canyon caldera, now buried in
the SCCC. Syn- and post-collapse volcanic-rock units thicken
toward the eastern margin of the caldera, on the basis of bore-
hole data and gravity inversion analysis (Ferguson and others,
1994; Hildenbrand and others, 1999). Thick post-caldera
rhyolitic lavas of the Dead Horse Flat Formation accumulated
in the eastern and northeastern parts of the caldera (Laczniak
and others, 1996, plate 4; McKee and others, 1999). Belted
Range Group rocks are not present in the southern parts of the
SWNVE, including Yucca Mountain.

Aquifers in the BRU include both thick post-caldera
rhyolitic lavas of the Dead Horse Flat Formation and welded
Grouse Canyon Tuff. The lavas are highly fractured and form
the principal aquifer unit on the eastern part of Pahute Mesa
(Blankennagel and Weir, 1973; Prothro and Drellack, 1997,
Laczniak and others, 1996, plate 4). The 50-percent brittle
rock area (fig. B-23) incorporates all of the thick intracaldera
lava flows of the Dead Horse Flat Formation that dominate
the deeper parts of the eastern one-half of the SCCC, plus
the thickest welded intervals of Grouse Canyon Tuff that are
proximal to the SCCC.

Older Volcanic-Rock Unit (QVU)

The older volcanic-rock unit (OVU) consists of
Oligocene and early Miocene volcanic rocks that consist of ash-
flow tuff, ash-fall tuff, reworked tuff, tuff breccia, lava flows,
and volcaniclastic rocks. The OVU may be subdivided into two
general groups: (1) those volcanic rocks in and near, and per-
haps originating from, the SWNVF, and (2) volcanic rocks that
originated from volcanic centers to the north of the SWNVF.
Volcanic rocks associated with these two general groups are
for the most part separated from each other. The older volcanic
rocks of the NTS (almost entirely within the SWNVF) do not
extend more than a few tens of kilometers north of the northern
boundary of the NTS (Slate and others, 2000), whereas older
volcanic rocks derived from outside the SWNVF are common
to the north and northeast of the NTS but are known only in
the extreme northeastern and northern parts of the NTS (Ekren
and others, 1971; Workman, Menges, Page, Taylor, and others,
2002).

Oligocene and lower Miocene volcanic rocks north of
the NTS consist predominantly of partly to densely welded
ash-flow tuffs that have an aggregate thickness of up to
several hundred meters over large parts of western Lincoln
County and central Nye County, Nev. (Ekren and others, 1971;
Workman, Menges, Page, Taylor, and others, 2002). Region-
ally distributed, welded ash-flow tuffs include the Monotony
Tuff, the Shingle Pass Tuff, the “Tuffs of Antelope Springs,”
and the Tuff of White Blotch Springs. Proposed source areas
for these units are volcanic centers to the north of the SWNVF
that include known or inferred calderas in the Cactus Range,
the Kawich Range, the Quinn Canyon Range, and the Mt.
Helen area (Ekren and others, 1971; Best and others, 1989;
McKee, 1996; Workman, Menges, Page, Ekren, and others,
2002).

A locally thick section of 15.5- to 13.8-Ma pre-Belted
Range Group volcanic rocks is associated with, and perhaps
originated from, the SWNVF. These units are known from
limited outcrops at the NTS and from boreholes in Pahute
Mesa, Yucca and Frenchman Flats, and Yucca Mountain.
Most of these units do not extend more than a few tens of
kilometers north of the northern boundary of the NTS. Most
of the pre-Belted Range Group volcanic-rock units are non-
welded to partly welded, with the exception of the densely -
welded Redrock Valley and Tub Spring Tuffs (Sawyer and
others, 1995), and the nonwelded tuffs typically are devitrified
and zeolitically altered (Drellack, 1997; Prothro and others,
1999). :

Because of the large number of volcanic-rock units
that are included in this HGU, the OVU has widely vary-
ing material properties. The OVU may be subdivided into
areas of potentially different material and hydrologic proper-
ties on the basis of geography and the presence of calderas
(fig. B-24). OVU rocks north of the NTS form a series of
regionally extensive ash-flow tuffs that are locally fractured
volcanic-rock aquifers throughout a large part of southern
Nye County (Plume and Carlton, 1988). OVU rocks to the
north of the NTS can be divided into intracaldera and outflow
components (fig. B-24), on the basis of caldera boundaries
shown in Workman, Menges, Page, Ekren, and others (2002).
This zonation is based on the presence of thick intracaldera
accumulations of tuff and lavas, regardless of their correlation
to specific ash-flow sheets.

In most places in the SWNVF, OVU rocks likely act
as a confining unit because they generally are nonwelded to
partially welded and zeolitic alteration is widespread (Sawyer
and others, 1995; Drellack, 1997; Prothro and others, 1999).
Lava flows and densely welded tuffs in this section can form
fracture-flow aquifers but are generally too localized or too
deep in the section to be significant. The OVU is important in
Yucca and Frenchman Flats, where it separates the overlying
fractured volcanic-rock aquifers from the underlying regional
carbonate-rock aquifer. The OVU is saturated in much of the
central part of Yucca Flat, and measured transmissivities are
very low (IT Corporation, 1996b).
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Hydrogeologic Units Associated with Mesozoic,
Paleozoic, and Late Proterozoic Sedimentary
Rocks

The pre-Cenozoic sedimentary rocks of the DVRFS
region are grouped into five HGUs: the sedimentary-rock
confining unit (SCU), the upper carbonate-rock aquifer
(UCA), the upper clastic-rock confining unit (UCCU)),
the lower carbonate-rock aquifer (LCA), and the lower
clastic-rock confining unit (LCCU) (table B-2; fig. B-25).
This usage is similar to that established by Winograd and
Thordarson (1975), particularly for the vicinity of the NTS.

Sedimentary-Rock Confining Unit (SCU)

The sedimentary-rock confining unit (SCU) consists-
of unmetamorphosed Mesozoic cratonic sedimentary rocks
in the eastern part of the DVRFS region (fig. B-25) and
Mesozoic metasedimentary and metavolcanic rocks that are
sparsely exposed in the western part of the DVRFS region.
Local exposures of Mesozoic sedimentary rocks as young
as the Lower Jurassic Aztec Sandstone crop out in the
Las Vegas, Nev., area. Triassic rocks (Middle(?) and Lower
Triassic Moenkopi Formation and Upper Triassic Chinle
Formation) crop out in the Pahrump Valley and Spring
Mountains area. These units consist of interbedded conglom-
erate, sandstone, siltstone, shale, calcareous shale, limestone,
and gypsum. Mesozoic metasedimentary and metavolcanic
rocks are exposed in the extreme southwestern part of the
DVRES region in the southern Panamint Mountains and
Avawatz Mountains.

Hydraulic properties of the SCU vary according to
grain size and sorting in the different units. Some of these
rocks are regional aquifers on the Colorado Plateau east of
the DVREFS region, but most exposures of the SCU either lie
outside the boundary of the DVRFS region or are too small
or shallow to have significance in the regional ground-water
flow system.

Upper Carbonate-Rock Aquifer (UCA)

The upper carbonate-rock aquifer (UCA) includes
Pennsylvanian and Mississippian limestone, dolomite, and
calcareous shales in the vicinity of the NTS that are strati-
graphically above the Eleana Formation and Chainman
Shale (Winograd and Thordarson, 1975; Laczniak and others,
1996). Where the Eleana Formation and Chainman Shale
are absent to the southeast of the NTS, the Pennsylvanian
and Mississippian carbonate rocks are included in the lower
carbonate-rock aquifer (LCA). The UCA exists primarily
in the area of Yucca Flat (fig. B-25), where Pennsylvanian
carbonate rocks are preserved in a syncline at Syncline
Ridge. In general, the rocks of the UCA are of only local
importance and are not significant in the regional flow
system.
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Upper Clastic-Rock Confining Unit (UCCU)

The upper clastic-rock confining unit (UCCU) is com-
posed of Upper Devonian through Mississippian synoro-
genic siliciclastic and carbonate rocks including the Eleana
Formation and the Chainman Shale (Laczniak and others,
1996). The Eleana Formation is present in parts of the west-
ern and northern part of the DVRFS region and consists of
up to 2,000 m of siltstone, argillite, sandstone, conglomerate,
and minor limestone deposited as turbidites and debris flows
filling the Antler foredeep to the east of the Antler orogenic
belt (Poole and others, 1961; Nilsen and Stewart, 1980; Poole,
1981; Trexler and others, 1996). The Eleana Formation grades
laterally into and is thrust eastward over the 1,200-m-thick
Mississippian Chainman Shale in Yucca Flat and the northern
part of Jackass Flats at the NTS (Trexler and others, 1996)
(fig. B-25).

The Eleana-Chainman section is a locally important
siliciclastic-rock confining unit in the vicinity of the NTS.
Steep hydraulic gradients in the area of Yucca Flat are attrib-
uted to the low transmissivity values of the Eleana Forma-
tion (Winograd and Thordarson, 1975; D’ Agnese and others,
1997). Southeast of the NTS in the Spotted Range and in
the Indian Springs Valley carbonate platform limestones of
Mississippian age are less than 350 m thick (Poole and others,
1961; Barnes and others, 1982). In the Cottonwood Mountains
and the Last Chance Range in the western part of the DVRFS
region, the Mississippian section is represented by carbon-
ate-dominated units such as the Tin Mountain limestone and
the Perdido Group (Stevens and others, 1991; 1996). These
Mississippian carbonate rocks that occur outside of the NTS
vicinity are not designated as part of the UCCU but instead are
considered part of the lower carbonate-rock aquifer (LCA).

Lower Carbonate-Rock Aquifer (LCA)

The lower to middle Paleozoic carbonate-rock succession
forms the major regional carbonate-rock aquifer in the eastern
two-thirds of the Great Basin (Winograd and Thordarson,
1975; Bedinger and others, 1989a; Dettinger and others, 1995;
Harrill and Prudic, 1998). As in previous regional analyses of
ground-water flow in the southern Great Basin, these carbon-
ate rocks are treated as a single HGU, the lower carbonate-
rock aquifer (LCA) (Winograd and Thordarson, 1975;
Laczniak and others, 1996).

The Paleozoic carbonate rocks of the LCA are widely dis-
tributed in the eastern part of the DVRFS region (fig. B-25).
These rocks consist of a Middle Cambrian through Middle
Devonian carbonate-dominated succession, about 4,500 m
thick in this region, that includes dolomite, interbedded lime-
stone, and thin but persistent shale, quartzite, and calcareous
clastic units (Burchfiel, 1964). The lower part of this carbon-
ate-rock section (Lower and Middle Cambrian Carrara Forma-
tion, Middle and Upper Cambrian Bonanza King Formation,
Upper Cambrian Nopah Formation, Lower and Middle Ordo-
vician Pogonip Group) is exposed in most of the mountain
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ranges in the central and southern parts of the DVRFS region
(fig. B-25). In contrast to the Proterozoic siliciclastic rocks,
thickness variations in this interval are generally small across
much of the DVRFS region (fig. B-2) (Cornwall, 1972). In the
northwestern part of the DVRFS region, the Middle Cambrian
through Middle Devonian rocks are somewhat thicker and
represent a somewhat deeper-water facies of shale and impure
carbonate rocks, including the Campito Formation (Cornwall,
1972; Burchfiel and others, 1982).

Southeast of the NTS, the LCA consists of
Muississippian and Pennsylvanian carbonate rocks where
the siliciclastic rocks of the UCCU do not separate the
Paleozoic carbonate rocks into an upper and lower aquifer.
The Bird Spring Formation is nearly 2,000 m thick in the
central part of the Spring Mountains (Langenheim and Larson,
1973; Burchfiel and others, 1974). In the west and northwest
parts of the DVRFS region, predominantly carbonate rocks of
Mississippian, Pennsylvanian, and Permian age are exposed
in the Grapevine, Cottonwood, and Panamint Mountains
(Workman, Menges, Page, Taylor, and others, 2002).

The LCA carbonate rocks have an aggregate thickness
of as much as 8,000 m and are generally the most permeable
rocks in the DVRFS region (Bedinger and others, 1989b;
Belcher and others, 2001). Where hydraulically connected,
they provide a path for interbasinal flow (Dettinger and Schae-
fer, 1996; D’ Agnese and others, 1997; Harrill and Prudic,
1998). Most of the springs in the area are associated with the
carbonate rocks (Winograd and Thordarson, 1975). Compared
to flow through secondary openings in the carbonate rocks
of the LCA, intergranular flow is relatively insignificant. The
large hydraulic conductivities reported for rocks of this unit
primarily are because of fractures, faults, and solution chan-
nels (Winograd and Thordarson, 1975). Hydraulic tests of car-
bonate-rock aquifers throughout eastern and southern Nevada
indicate that faults can increase the carbonate-rock transmis-
sivity by a factor of 25 or more (Dettinger and others, 1995).
Areas affected by multiple deformational events are inferred to
have potentially greater secondary fracture permeability.

Eleven hydrogeologic zones are defined for the LCA
(fig. B-26, table B-6) on the basis of stratigraphic facies,
inferred continuity of the aquifer, and degree of structural defor-
mation. As with previous maps, mapped zones do not imply the
existence of each HGU throughout the zone; rather, they are
a guide to which set of material properties applies where the
HGU exists in the 3D HFM (Chapter E, this volume).

In the eastern part of the DVRFS region, shelf sequence
rocks of the central carbonate corridor (Dettinger and others,
1995) are differentiated from the basinal facies that exist in the
extreme northwestern part of the region (Zone 9, fig. B-26A
and table B-6). Outcrops of Paleozoic rocks are extremely
sparse northwest of the NTS; in this region, the aquifer proper-
ties of the LCA are highly uncertain (Zone 10, fig. B-26A
and table B-6). Paleozoic carbonate rocks are inferred to be
absent or highly altered in the vicinity of the calderas of the
SWNVF and exist only as tectonically dismembered blocks in
a broad belt through the southern part of Death Valley (Zone 5,
fig. B-26A and table B-6).
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Rocks of the central carbonate corridor are subdivided
on the basis of the inferred degree of structural disruption
(fig. B-268). The magnitude of Cenozoic extension was het-
erogeneous in the DVRES region; regions of large-magnitude
extension alternated with areas of lesser extension (Wernicke
and others, 1984; Wernicke, 1992). Relatively undeformed sta-
ble blocks of the Sheep Range and Spring Mountains occupy
the eastern part of the DVREFS region (Zone 1, fig. B-268 and
table B—6). To the west of each of these blocks, the LCA is
broken into a series of back-rotated, extended range blocks
in the vicinity of the Desert Range and the Nopah Range
(Zone 4, fig. B-26B and table B-6). Abundant normal faults in
these extended blocks may provide potential flow pathways;
however, structural thinning could limit the available thick-
ness of the carbonate aquifer (Dettinger and Schaefer, 1996).
East of the NTS is a regional syncline (Zone 3, fig. B-268 and
table B-6). Increased fracture permeability may exist along
the axis of this fold. Much of the northeastern and central
parts of the DVRFS region have been affected by basin-range
faulting (Zone 8, fig. B-268B and table B-6). The degree of
deformation and amount of extension in these areas is not as
high as in the rotated, extended blocks to the southeast. In
the western part of the DVREFS region, relatively large blocks
have been displaced by extension and by movement on large
regional strike-slip faults (Zone 7, fig. B-268 and table B-6).
These blocks may be isolated from the regional carbonate
aquifer (Dettinger and Schaefer, 1996) but may be of local
importance.

Three additional types of deformation that potentially
increase fracture-related permeability of the LCA are regional
shear zones, oroflexural bending associated with regional
strike-slip faults, and the presence of brittle detachments
(fig. B=26C). In addition to major northwest-striking strike-
slip faults, the Walker Lane belt includes northeast-striking
shear zones that are transverse to the main trend of the belt
(Carr, 1984; Stewart, 1988; Stewart and Crowell, 1992). These
zones (Zone 2, fig. B-26C and table B-6) are characterized
by subparallel, northeast-striking faults that accommodate
relatively small amounts of sinistral and normal offset across
a broad regional zone. Two such zones in the DVRES region
are the Spotted Range~Mine Mountain shear zone in the
southern part of the NTS (Carr, 1984; Stewart, 1988) and
the Pahranagat shear zone along the eastern boundary of the
DVRES region (Jayko, 1990). Broad areas of oroflexural
bending (Albers, 1967) associated with major northwest-
striking strike-slip faults have been defined by arcuate trends
in the strike of tilted beds and fold axes (Burchfiel, 1965;
Guth, 1981; Wernicke and others, 1984) (Zone 6, fig. B-26C
and table B-6). In the vicinity of the LVVSZ, the clockwise
bending appears to be related to the dextral slip and represents
a broad zone of shear accommodated by crushing and local
vertical axis rotation of blocks on the order of a few kilometers
in lateral dimension (Nelson and Jones, 1987; Sonder and
others, 1994). Local zones of potential enhanced permeability
also are inferred in the upper plates of certain shallow-level,
low-angle normal faults in the LCA (Zone 11, fig. B-26C and
table B-6).
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Figure B-26. Hydrogeologic zones in the lower carbonate-rock aquifer (LCA). A, Based on facies and continuity.
B, Addition of zones based on degree of structural disruption. C, Addition of zones based on deformation that potentially
increases fracture permeability—Continued
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Table B-6. Hydrogeologic zones for the lower carbonate-rock aquifer (LCA).

[SWNVF, southwestern Nevada volcanic field]

Zone Description
1 Stable block: Relatively unextended and unfaulted blocks of the Spring Mountains and Sheep Range.
2 Regional shear zone: Spotted Range-Mine Mountain and Pahranagat shear zones. High fault/fracture densities associated with

numerous minor strike-slip faults.

3 Regional syncline: Spotted Range syncline, a large regional fold; moderate fault/fracture density along axis of fold.
4 Rotated range blocks: Highly extended, rotated range blocks. May be associated with detachment at depth. Moderate to high

fault/fracture density.

5 LCA not continuous: LCA is absent (near calderas of the SWNVF) or exists as tectonically dismembered blocks in areas of
extreme extension.

6 Oroflexural bending: Associated with major strike-slip faults. High fault and fracture density associated with rotation of
kilometer-scale (and smaller) blocks of LCA.

7 Displaced blocks: Relatively intact blocks of carbonate rocks that are involved in regional extension. Mesozoic thrusts reactivated
as normal faults; moderate fault/fracture density. May be associated with detachment at depth.

8 Basin-range faulting: LCA that occurs in basin-range fault blocks. Low to moderate fault/fracture density.

9 Basinal facies: Low matrix permeability as carbonate rocks transition to shale in the extreme northwest part of the DVRFS region.

10 Uncertain: Aquifer properties of LCA highly uncertain.

11 Brittle detachment: Upper plate of shallow-level brittle detachment faults. High fault/fracture density.

Lower Clastic-Rock Confining Unit (LCCU)

The lower clastic-rock confining unit (LCCU) consists
of Middle Proterozoic to Cambrian siliciclastic rocks and
subordinate dolomite, and locally, their metamorphic equiva-
lents. Throughout much of the central part of the DVRFS
region, Late Proterozoic to Lower Cambrian strata consist
of a westward-thickening wedge of fine- to coarse-grained
sandstone, conglomeratic sandstone, siltstone, and minor
amounts of carbonate rock (Stewart, 1970). The stratigraphic
section includes the Late Proterozoic Johnnie Formation and
Stirling Quartzite, the Late Proterozoic to Lower Cambrian
Wood Canyon Formation, the Lower Cambrian Zabriskie
Quartzite (Stewart, 1970), and the lower one-third of the
interbedded carbonate and quartzose rocks of the Lower and
Middle Cambrian Carrara Formation (Palmer and Halley,
1979). These rocks are exposed in the northwestern part of the
Spring Mountains where they are about 3,000 m thick (Burch-
fiel, 1964; Stewart, 1970); in the Nopah Range, where the
interval is up to 3,300 m thick, to the east of the NTS (Barnes
and Christiansen, 1967; Reso, 1963); and in the Panamint
Mountains west of Death Valley (Hunt and Mabey, 1966;
Diehl, 1974; Wright and others, 1974) where they are about
2,500 m thick; and in the Funeral Mountains (Labotka and
others, 1980; Wernicke and others, 1986; Wright and Troxel,
1993). Strata of equivalent age to the east of the DVRFS
region are only a few hundred meters thick, mostly Early
Cambrian, and are similar to the cratonic sections exposed in
the Grand Canyon (Rowland, 1987; Poole and others, 1992).

Stratigraphically underlying the rocks described above
are the oldest sedimentary rocks in the DVRFS region,
which are exposed in a relatively small area of the south-
ern part of the region. These consist of the Middle and Late
Proterozoic carbonate and siliciclastic rocks of the Pahrump

Group and the Late Proterozoic Noonday Dolomite. These
rocks unconformably overlie the Early Proterozoic base-
ment gneiss and intrusive rocks and are as thick as 2,500 m

in an east-west-trending trough that extends from southern
Death Valley to the Kingston Range (Wright and others,
1974). Pahrump Group rocks thin to the north, south, and east
(Stewart, 1972; Wright and others, 1974). Abrupt stratigraphic
pinch-outs and facies changes have been used to infer that
these rocks were deposited in a fault-controlled, rift basin
setting (Wright and others, 1974). The extent and thickness of
Pahrump Group rocks throughout most of the DVRFS region
are not known, however, because this stratigraphic unit is not
exposed.

In the northwestern part of the DVRFS region, Late
Proterozoic and Cambrian strata that correlate with those of
the central part of the DVRFS region are thicker and finer
grained and contain significant amounts of carbonate rocks.
They consist of interbedded siltstone, shale, limestone,
dolomite, and fine-grained quartzite (Nelson, 1962; Stewart,
1970; Albers and Stewart, 1972). The stratigraphic section of
this region includes the Late Proterozoic Wyman Formation,
Reed Dolomite and Deep Spring Formation, and the Lower
Cambrian Campito, Poleta, and Harkless Formations. These
strata are considered to be the White-Inyo assemblage
(Stewart, 1970). They contrast with their more quartzose cor-
relatives to the south—the Death Valley assemblage. Typical
exposures are found in the White and Inyo Mountains and Last
Chance Range in California (Nelson, 1962; McKee, 1985;
Signor and Mount, 1986) and exposures in Esmeralda County,
Nev. (McKee and Moiola, 1962; Stewart, 1970; Albers and
Stewart, 1972; Nelson, 1978).

The LCCU has long been considered a major confin-
ing unit in the DVRFS region (Winograd and Thordarson,
1975) and, along with the crystalline confining unit (XCU),



represents the hydraulic basement for the DVRFS region

(D’ Agnese and others, 1997). The low hydraulic conduc-
tivity of the rock matrix permits negligible ground-water
movement, but in many places the rocks are highly fractured
and locally brecciated (Winograd and Thordarson, 1975). At
shallow depths, the fractures and breccias can be conduits to
flow, converting the clastic rocks into locally important shal-
low aquifers (D’ Agnese and others, 1997).

The LCCU has been subdivided into six hydrogeo-
logic zones based on lithology and structural considerations
(Sweetkind and White, 2001) (fig. B-27, table B-7). The
main facies transition in the Late Proterozoic through Lower
Cambrian stratigraphic section of the DVRFS region is from
an eastern region dominated by thick intervals of coarse
siliciclastic rocks interbedded with shale (Zone 2; fig. B~27
and table B—7) to a more shale-dominated region with
significant amounts of carbonate rocks (Zone 3; fig. B-27
and table B—7). Rocks of the LCCU are metamorphosed to
medium and high grades where present in the lower plates of
major detachment faults in the Panamint and Funeral Moun-
tains (Labotka and others, 1980; Wernicke and others, 1986;
Wright and Troxel, 1993) (Zone 5; fig. B-27 and table B-7).
In the southernmost part of the DVRFS region, thick sections
of Middle and Late Proterozoic carbonate rocks of the Pah-
rump Group are shallow enough that they could potentially
be aquifers (Zone 4; fig. B-27 and table B-7).

Hydrogeologic Units Associated with
Crystalline Metamorphic Rocks and Plutons

Intrusive-Rock Confining Unit (ICU)

The rocks of the intrusive-rock confining unit (ICU)
include granodiorite, quartz monzonite, granite, and tonalite.
Mesozoic and Cenozoic plutonic rocks in the DVRFS region
are widely scattered, poorly exposed, and not abundant in the
northeastern two-thirds of the DVRFS (fig. B~28). Plutonic
rocks are much more common in the southwestern and west-
ern parts of the DVRFS region and include both plutons of
the Mesozoic Sierran arc and synextensional plutons of the
southern DVRFS region (Workman, Menges, Page, Ekren,
and others, 2002).

Mesozoic granitic rocks include the Late Triassic to
Early Jurassic quartz monzodioritic plutonic rocks under-
lying most of the Avawatz Mountains, Jurassic (mostly
186161 Ma) plutons mostly to the west of Death Valley, and
Cretaceous (mostly 100-92 Ma) in the Panamint Mountains
and Owlshead Mountains. Small exposures of Cretaceous
plutonic rocks in the vicinity of the NTS include the Climax
stock on the northern side of Yucca Flat, the Gold Meadows
stock north of Rainier Mesa, and granitic rocks on the east-
ern flank of the southern Kawich Range.
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Oligocene and Miocene plutonic rocks crop out locally
in the vicinity of the NTS, some of which are associated
with caldera-related volcanism ranging in age from 32 to
11 Ma (Ekren and others, 1971; Cornwall, 1972; Ekren and
others, 1977; Kleinhampl and Ziony, 1985; Slate and oth-
ers, 2000). To the north of the NTS, a subcaldera pluton has
been inferred in the Quinn Canyon Range (Workman, Menges,
Page, Ekren, and others, 2002). At the NTS, outcrops of
Neogene plutonic rocks include those near Wahmonie Flat
and small intrusive bodies mapped in the Calico Hills and
near Timber Mountain (Maldonado, 1985; Potter, Dickerson,
and others, 2002). Neogene plutonic rocks that are associated
with extension crop out in the southern part of Death Valley
(Wright and others, 1999). These rocks include the gabbro to
diorite intrusive rocks in the Black Mountains (about 10.3 Ma,
Holm and others, 1992), the granites of the Kingston Range
(12.4 Ma, Fowler and Calzia, 1999), the Little Chief stock in
the Panamint Mountains, and other Neogene plutons of the
Greenwater Range and central Death Valley volcanic field
(Wright and others, 1991).

The ICU unit acts mostly as a confining unit. Although
small quantities of water may pass through these intrusive
crystalline rocks, where fractures or weathered zones
exist, the fractures are poorly connected, and these rocks gen-
erally impede ground-water flow (Winograd and Thordarson,
1975).

Crystalline-Rock Confining Unit (XCU)

The crystalline-rock confining unit (XCU) consists of
Early Proterozoic (about 1.7 Ga, Wright and Troxel, 1993)
quartzofeldspathic schist, augen gneiss, granitic intrusive
rocks, and metamorphosed Middle and Late Proterozoic
sedimentary rocks. Early Proterozoic rocks are present in scat-
tered exposures in the southern and southwestern parts of the
DVREFS region and are rarely exposed throughout most of the
rest of the DVRFS region (fig. B-28). These rocks crop out in
the central part of the Panamint Mountains (Labotka and oth-
ers, 1980), in the southern part of the Black Mountains (Holm
and others, 1994), in the southern end of the Nopah Range,
and in small exposures in the Funeral Mountains (Wright and
Troxel, 1993) and the Bullfrog Hills (Hoisch and others, 1997)
(fig. B-28). In many of these places, the Early Proterozoic
crystalline rocks are in the lower plates of detachment faults.
The Early Proterozoic crystalline rocks presumably form a
continuous basement beneath most of the DVRFS region; they
have been tectonically thickened and thinned and are locally
invaded by younger plutons.

Ground water likely is present only locally in the XCU
where the rock is fractured. Much of the XCU has gneissic or
schistose foliation and lacks a continuous fracture network.
Because the fractures are poorly connected, these rocks act
mostly as confining units or barriers to flow (D’ Agnese and
others, 1997).
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Table B-7. Hydrogeologic zones for the lower clastic-rock confining unit {LCCU).

Zone Description

1 LCCU is very thin (a few hundred meters) and is similar to the cratonic sedimentary interval exposed in the Grand Canyon. Fine-
grained siliciclastic rocks that generally act as a confining unit.

2 LCCU forms a westward-thickening wedge (generally 2,000 to 3,000 m thick) of fine- to coarse-grained sandstone, siltstone,
conglomeratic sandstone, shale, and minor amounts of carbonate rock. Generally low permeability but may form local aquifer
where highly deformed and complexly fractured.

3 LCCU is a thick (greater than 3,000 m) section of interbedded siltstone, limestone, dolomite, and fine-grained sandstone. Gener-
ally finer grained and more poorly sorted than rocks in Zone 2; however, interbedded sandstones and carbonate rocks locally
may act as aquifers.

4 LCCU includes rocks of the Pahrump Group, a locally thick accumulation of Middle and Late Proterozoic sedimentary rocks.
The Pahrump Group includes a significant thickness of dolomite and locally might be important to ground-water flow.

5 LCCU exposed beneath regional detachment structures. In these exposures, metamorphic grade is high, and the rocks are foliated
and are of relatively low permeability. Possibly the lowest permeability of the LCCU.

6 LCCU either missing or properties are completely unknown.

Structural Factors Affecting
Ground-Water Flow

The hydrogeologic effects of faulting in the DVRFS
region result from either fault-caused juxtaposition of HGUs
with contrasting hydrologic properties or from the physical
characteristics of the fault zones themselves that may cause
specific parts of the fault zone to act either as conduits or
barriers to flow. Faults can have two effects on ground-water
flow: direct effects associated with alterations to flow rates and
ground-water velocities within the faulted zone, and indirect
effects associated with alterations to the flow field in the area
near the faulted zone (Black and others, 1987). Direct effects
are related to (1) the physical characteristics of the fault-zone
material or the material properties of the rock on either side of
the fault that may cause specific parts of the zone to act either
as conduits or as barriers to ground-water flow, (2) orientation
of a fault with respect to the present stress field that affects
dilatancy and possibly influences hydraulic conductivity along
the fault zone, and (3) the recency of fault motion or associa-
tion with contemporary seismicity where active stresses main-
tain fault openings and enhance permeabilities. Indirect effects
are related to (1) fault juxtaposition of HGUs with contrasting
hydrologic properties that may cause ground-water discharge
and other perturbations in the flow system, and (2) the orienta-
tion of the structure with respect to the flow field. Structural
controls on ground-water flow in the DVRFS region have long
been recognized (Blankennagel and Weir, 1973; Winograd
and Thordarson, 1975; Dudley and Larsen, 1976; Laczniak
and others, 1996; Dettinger and Schaefer, 1996; McKee and
others, 1998). Matrix permeability is low for both the LCA
(Winograd and Thordarson, 1975) and for the welded parts
of the volcanic-rock aquifers (Blankennagel and Weir, 1973).
As such, faults, shear zones, and fractures largely determine
the secondary water-transmitting properties of these rocks
(McKee, 1997; McKee and others, 1998).

Juxtaposition of Hydrogeologic Units

Fault juxtaposition of hydrogeologic units with contrast-
ing hydraulic and hydrologic properties may result in ground-
water discharge and other perturbations in the regional flow
system. Regional flow of ground water in the LCA in the
DVRES region is greatly influenced by the structural posi-
tion of the relatively low permeability clastic-rock confining
units (fig. B-29) (Winograd and Thordarson, 1975). Previous
ground-water modeling studies (D’ Agnese and others, 1997;
IT Corporation, 1996a) have inferred that structurally elevated
confining units divert ground-water flow in the central Funeral
Mountains, the northwestern part of the Spring Mountains,
and in the western part of Yucca Flat (fig. B-29). D’ Agnese
and others (1998) show that steep hydraulic gradients correlate
in general with places where relatively low permeability rocks
or structures are juxtaposed with aquifers.

The influence of structures and the juxtaposition of HGUs
on a ground-water flow system emphasize the importance
of subsurface geologic interpretation and the resulting depic-
tion in a 3D digital HFM (Chapter E, this volume). The two
recent regional ground-water flow models (IT Corporation,
1996a; D’ Agnese and others, 1997) differ substantially in their
subsurface structural geologic interpretation of the DVRFS
region in terms of level of detail and structural style portrayed
and internal consistency of the interpretations. The geologic
framework in the YMP/HRMP model (D’ Agnese and others,
1997) was based on a regional geologic map compilation
(Faunt and others, 1997) and on a set of regional geologic cross
sections (Grose, 1983; Grose and Smith, 1989). The cross
sections did not include interpretations of large-magnitude
extension (Wernicke and others, 1988; Snow, 1992; Snow and
Wernicke, 2000) and more recent interpretations of regional
thrust correlation (Trexler and others, 1996; Cole and Cashman,
1999). The DOE/NV-UGTA geologic framework model (IT
Corporation, 1996b) incorporated recent interpretations of com-
pressional and extensional structures, but cross sections drawn
by multiple authors led to some inconsistencies in the geologic
interpretations. Further, the cross sections were not referenced
to a regional geologic map to guide structural interpretations.
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Figure B-28. Outcrop distribution of hydrogeologic units associated with metamorphic rocks and igneous
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The current HFM (Chapter E, this volume) incorporates
data from an integrated series of geologic investigations to
develop a subsurface structural geologic interpretation. A
regional geologic map compilation (Workman, Menges, Page,
Taylor, and others, 2002) was created using a regionally con-
sistent set of geologic map units and incorporating numerous
sources of recent unpublished mapping. An accompanying
regional tectonic map (Workman, Menges, Page, Ekren, and
others, 2002) was created using regional magnetic and gravity
compilations (Ponce and others, 2001; Ponce and Blakely,
2001; Blakely and Ponce, 2001) to interpret buried structures.
A derivative regional structural map (Potter, Sweetkind, and
others, 2002) interpreted the hydrologic significance of the
features on the tectonic map on the basis of the regional poten-
tiometric surface, springs, and structural evidence such as
magnitude of fault offset. Subsurface geologic interpretation is
depicted on 28 geologic cross sections (Sweetkind, Dickerson,
and others, 2001) that were explicitly referenced to the geo-
logic and structural map compilations. Cross-section interpre-
tations used by the previous regional models were incorpo-
rated where appropriate.

Juxtaposition of Hydrogeologic Units by Thrust
Faults

Thrust faults in the DVRFS region juxtapose hydrogeo-
logic units of contrasting hydrologic properties and complicate
the ground-water flow patterns by serving as local barriers
(Winograd and Thordarson, 1975; McKee and others, 1998).
These thrust faults are capable of causing significant diver-
sion of ground-water flow or steep hydraulic gradients in the
DVRES region (Winograd and Thordarson, 1975; D’ Agnese
and others, 1998; Potter, Sweetkind, and others, 2002). The
major thrust faults of the DVRFS region have stratigraphic
offsets of several kilometers and horizontal displacements of
up to several tens of kilometers based on offsets in regional
facies trends (Fleck, 1970; Snow, 1992). This magnitude of
stratigraphic offset typically results (for all thrusts except
the frontal Keystone thrust and its equivalents; fig. B-5)
in the juxtaposition of the older Late Proterozoic to Lower
Cambrian siliciclastic-rock section in the upper plate against
the younger Paleozoic Cambrian through Permian, predomi-
nantly carbonate-rock section in the lower plate (fig. B-30)
(Armstrong, 1968; Fleck, 1970; Burchfiel and others, 1974).
A complete description of thrust faults in the area is found in
the tectonic map compilation of the DVRFS region (Workman,
Menges, Page, Ekren, and others, 2002); thrust faults in the
vicinity of the NTS are described by Cole and Cashman

"(1999). Structural reconstructions based on thrust correlation
are summarized in Snow and Wernicke (2000).

To affect regional ground-water flow, thrust faults in the
DVREFS region (fig. B-31) must have sufficient stratigraphic
offset and along-strike continuity and be at an angle to the
regional flow direction. Thrusts in the western part of the
DVREFS region in the Funeral, Cottonwood, and Grapevine

Mountains are generally subparallel to the regional northeast-
to-southwest flow direction and may not influence the flow
field except to divert water locally (D’ Agnese and others,
1997). To the west of the Spring Mountains, several smaller
thrusts are exposed in the rotated range blocks (Burchfiel and
others, 1982, 1983; Snow and Wernicke, 2000). These thrusts
exist in a tract of LCCU that generally separates Pahrump
Valley from the Amargosa Desert, but the thrust plates are,
in general, broken by normal faults and may be too discon-
tinuous to be regionally significant. The Spring Mountains
preserve two major, regionally extensive thrust faults, the
Keystone thrust to the east and the Wheeler Pass thrust to the
west (Burchfiel and others, 1974). Although well exposed,
these thrusts crop out in the highest part of the DVRFS region;
therefore, the large amount of water available as potential
recharge may overwhelm bedrock geologic controls from the
thrusts (D’ Agnese and others, 1998).

The Belted Range thrust is the most northwesterly
thrust structure identified in the vicinity of the NTS and is
almost completely buried beneath Cenozoic volcanic rocks
(fig. B-32). Late Proterozoic to Cambrian siliciclastic rocks
in the upper plate of the thrust, part of the LCCU, are exposed
only locally at the NTS and are known from borehole data
(Cole and Cashman, 1999). In a general sense, the Belted
Range thrust and related imbricate thrusts in its footwall
Juxtapose siliciclastic-rock confining units of the LCCU and
UCCU against the Paleozoic carbonate rocks of the LCA. The
great permeability contrast between these units is thought to
create an effective barrier to ground-water flow (Laczniak
and others, 1996) and segregates flow systems in the volcanic
rocks of the western part of the NTS from carbonate-rock
flow systems of the eastern part of the NTS (fig. B-31). The
steep hydraulic gradient along most of the western side of
Yucca Flat appears to be related to the combined effects of the
Belted Range thrust and its footwall imbricates (Winograd and
Thordarson, 1975; D’ Agnese and others, 1998). This thrust
was not explicitly included in the geologic framework of the
YMP/HRMP model (D’ Agnese and others, 1997), and a zone
of low hydraulic conductivity that approximated the trace
of the thrust had to be added during model calibration. The
Belted Range thrust was included explicitly in the geologic
framework of the DOE/NV-UGTA model (IT Corporation,
1996b) but was generalized as a vertical barrier in this flow
model (IT Corporation, 1996a).

The Gass Peak thrust, along the eastern margin of the
DVREFS region (fig. B~31), juxtaposes older siliciclastic
Late Proterozoic Stirling Quartzite and Late Proterozoic
to Lower Cambrian Wood Canyon Formation in its upper
plate over highly folded and locally overturned younger
Pennsylvanian and Permian carbonate-rock strata in the lower
plate (Longwell and others, 1965; Guth, 1981). The thrust
extends for at least 100 km along the eastern side of the Sheep
Range and southward into the Las Vegas Range and may have
greater than 30 km of horizontal displacement (Longwell and
others, 1965; Guth, 1981). The siliciclastic rocks above the
Gass Peak thrust may compartmentalize regional flow and
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A View of north end of the Nopah Range, looking west-southwest

Late Proterozoic and
Lower Cambrian
siliciclastic rocks

Late Proterozoic and Lower Cambrian siliciclastic rocks of hydrogeologic unit LCCU are thrust over lower Paleozoic
carbonate rocks of hydrogeologic unit LCA, which are themselves thrust over younger carbonate rocks. Red lines
denote thrust faults with arrow on the upper plate. Black lines portray general attitude of bedding. Geology after
Burchfiel and others (1983). Photograph by D.S. Sweetkind, U.S. Geological Survey.

B Baxter thrust fault, Resting Spring Range

In this photo, the Baxter thrust places older rocks included within hydrogeologic unit LCCU (units Zs, Czw, Cz, and Cc)
over younger Paleozoic carbonate rocks of hydrogeologic unit LCA (units Cb and Cn). Red line denotes thrust fault,
with barbs on upper plate. Cenozoic deformation has rotated the strata 25 to 40 degrees to the east, exposing the
Paleozoic carbonate rocks that lie beneath the thrust. The thrust climbs upsection in both the hanging wall and the
footwall, successively truncating younger units. Geology after Burchfiel and others (1983). White truck in wash at
lower right for scale. Photograph by D.S. Sweetkind, U.S. Geological Survey.

Figure B-30. Examples of thrust fault relations in the Death Valley regional ground-water flow system region.
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Figure B-31. Juxtaposition of hydrogeologic units by thrust faults in the Death Valley regional ground-water
flow system region.
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H-1

LCA

LCCU

alluvial deposits

Cross section geology and symbols from Sweetkind, Dickerson, and
others (2002) sections H-1, H-2, and H-3. View is to the northeast. Colors
on the section correspond to hydrogeologic units as follows: Unit colored
gray, XCU; units colored brown or tan, LCCU; units colored in shades of
blue, LCA; gray, UCCU; red and pink, ICU; orange and light brown units at
west (left) end of each section and beneath Yucca Flat are Cenozoic
volcanic rocks; yellow color denotes undifferentiated basin fill and
alluvial deposits. BRT, Belted Range thrust.
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Figure B-32. Interpreted subsurface geology, Belted Range thrust.
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separate the DVRES from the Colorado River flow system
to the east (Eakin, 1966). However, Cenozoic normal faults
to the west of the Sheep Range have disrupted the continu-
ity of the Gass Peak thrust (Guth, 1981, 1990; Wernicke and
others, 1984) (fig. B-33). These faults are part of the Sheep
Range detachment, a system of down-to-the-west normal
faults that are inferred to flatten and converge at depth into a
deep detachment zone, on the basis of significant rotation of
bedding in the eastern part of the DVRFS region (Guth, 1981,
1990; Wernicke and others, 1984). These listric faults disrupt
the continuity of the upper plate of the Gass Peak thrust and
potentially allow connection of the two regional flow sys-
tems (fig. B-33). Guth (1981) presents an alternative view in
which upper plate LCCU units thicken rapidly westward and
effectively prohibit hydraulic connection of carbonate rocks
of the upper and lower plate. Structurally elevated LCCU
in the Desert Range (fig. B—33) is interpreted as a structural
duplex of the Gass Peak thrust plate (Caskey and Schweikert,
1992) that has been subsequently disrupted by regional exten-
sion. This area forms a regional high of LCCU that diverts
flow coming from the northeastern part of the DVRFS region
(Dettinger and others, 1995; Dettinger and Schaefer, 1996).
The Specter Range thrust (fig. B-31) is a south-
east-vergent thrust exposed in the Specter Range just
south of the southern border of the NTS (Burchfiel, 1965;
Sargent and Stewart, 1971). The thrust fault places older Late
Proterozoic Stirling Quartzite and Late Proterozoic to Lower
Cambrian Wood Canyon Formation (LCCU) over younger
folded Ordovician, Silurian, and Devonian, strata (LCA) in
the footwall (Burchfiel, 1965). The Specter Range thrust fault
climbs upsection and loses stratigraphic throw to the northeast,
where it appears to die out beneath Mercury Valley (McKee
and others, 1998; Cole and Cashman, 1999). Interpretation of
the subsurface extent of this thrust (McKee and others, 1998)
indicates that it is a barrier to ground-water flow and channels
flow in the regional carbonate aquifer southwestward toward
discharge sites at Ash Meadows.

Juxtaposition of Hydrogeologic Units by
Detachment and Normal Faults

Structurally high LCCU and XCU hydrogeologic units
in the southwest part of the DVRFS region are associated with
areas of highly disrupted surface rocks that are underlain by
gently dipping extensional detachments that commonly expose
a metamorphic core in their lower plates. The ranges bound-
ing Death Valley (including the Panamint, Grapevine, Funeral,
and Black Mountains) (fig. B-34) preserve major detachment
faults that juxtapose lower plate, midcrustal, medium- and
high-grade metamorphic rocks against unmetamorphosed
upper-plate rocks across mylonite zones (Hamilton, 1988).
The Grapevine and Funeral Mountains preserve the upper and
lower plates, respectively, of the Boundary Canyon detach-
ment, a gently dipping fault that juxtaposes amphibolite-grade
metamorphic rocks of the lower plate against the unmetamor-
phosed rocks of the upper plate across a mylonitic zone only a
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few meters thick (Hamilton, 1988; Wright and Troxel, 1993).
A major system of gently inclined normal faults exposes
midcrustal metamorphic rocks in the Black Mountains, to
the east of Death Valley. Overlying these major, low-angle
detachment faults are Cenozoic sedimentary and volcanic
rocks (fig. B-35A) that are cut by abundant listric normal
faults (Greene, 1997). The Panamint Mountains (fig. B—34)
are bounded on the east, north, and west sides by extensional
structures known as the Tucki Mountain detachment system
(Wernicke and others, 1986; McKenna and Hodges, 1990;
Andrew, 2000). Exposures of Proterozoic metamorphic and
siliciclastic rocks in the Funeral and Black Mountains are
associated with a steep hydraulic gradient along the east
side of Death Valley (D’ Agnese and others, 1997). Regional
springs are present in Death Valley only in the northern part of
the Grapevine Mountains and the southern part of the Funeral
Mountains (Steinkampf and Werrell, 2001), where more per-
meable rocks allow ground-water flow; no regional springs are
present where the confining units are exposed.

The Fluorspar Canyon-Bullfrog Hills detachment system
(fig. B-35B) separates nonmetamorphosed Cenozoic volcanic
strata in the upper plate from the pre-Cenozoic bedrock of
the lower plate at Bare Mountain (Monsen and others, 1992;
Fridrich and others, 1999). In the southern Bullfrog Hills,
complexly faulted upper plate volcanic rocks are disrupted
by listric normal faults that merge with the detachment zone,
which consists of fault-bounded lenses of nonmetamorphosed
Paleozoic strata (fig. B-35B) (Maldonado and Hausback,
1990; Maldonado, 1990), all of which overlie a lower plate
of amphibolite-grade metamorphic rocks (Hoisch and others,
1997). This fault was not included in the geologic frame-
work of the YMP/HRMP model, and a zone of low hydraulic
conductivity that approximated the fault was added during
flow-model calibration (D’ Agnese and others, 1997). Inverse
models of gravity data (fig. B~35C) (Ponce and others, 2001)
and recent geologic mapping (Monsen and others, 1992;
Fridrich and others, 1999) show that Cenozoic volcanic rocks
are thin and that pre-Cenozoic rocks lie at shallow depths
throughout most of the southern part of the Bullfrog Hills.
These data substantiate the existence of the detachment fault
in the Bullfrog Hills.

Juxtaposition of contrasting HGUs along large-offset
normal faults localizes substantial ground-water discharge
at several places in the DVRFS region. Regional northeast-
to-southwest flowing ground water is likely diverted to the
surface in the eastern Amargosa Desert, where the LCA is jux-
taposed against the low-permeability basin-fill materials across
the Gravity fault (Winograd and Thordarson, 1975; Dudley
and Larsen, 1976). At Oasis Valley, a cluster of springs is
localized along the Hogback normal fault (Potter, Sweetkind,
and others, 2002). These springs appear to be localized by the
Juxtaposition of permeable volcanic rocks on the east against
LCCU on the west (Grauch and others, 1999; Fridrich and oth-
ers, 1999). As a result, westward-flowing ground water in the
volcanic rocks is forced to the land surface when it contacts
the LCCU. Several springs in the central part of the DVRFS
region appear to be related to fault juxtaposition of contrasting
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Figure B-34. Juxtaposition of hydrogeologic units by detachment faults in the Death Valley regional ground-
water flow system region.
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View is to the east from the western side
of Death Valley. The crystalline core of
the Black Mountains (P€m and Tws on
the figure) lie beneath a gently
northwest-dipping detachment fault.
Upper plate rocks are Cenozoic
sedimentary and volcanic rocks (Tad on
figure; equivalent to hydrogeologic unit
VSU) cut by abundant listric normal
faults that flatten and merge with the
detachment fault. Normal faults are
Death Valley shown by red lines, with ball and bar on
downthrown side.

Black Mountains

View of Fluorspar Canyon-Bullfrog Hills
detachment. Tilted Cenozoic volcanic
rocks (Tlr, Tch, Tpc) are truncated
against a subhorizontal detachment fault
that locally has complexly faulted
Paleozoic strata (Pz in figure) in its lower
plate. Geology after Maldonado and
Hausback (1990). Inverse models of
gravity data (below) show that pre-
Cenozoic rocks lie at shallow depths
throughout most of the southern part of
the Bullfrog Hills.

Photographs by D.S. Sweetkind,
U.S. Geological Survey.
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Figure B-35. Examples of detachment fault relations in the Death Valley regional ground-water flow system region.
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HGUs near the Furnace Creek fault zone (D’ Agnese and oth-
ers, 1997; Steinkampf and Werrell, 2001). This strike-slip fault
zone has a significant component of down-to-the-southwest
displacement, juxtaposing the LCA (to the east) against the
VSU units (to the west). Southwestward-flowing ground water
that bears the chemical signature of regional flow in the LCA
(Winograd and Thordarson, 1975; Steinkampf and Werrell,
2001) is diverted to the land surface, most likely because of
contrasting hydraulic conductivities across the fault zone.
Contrasting water levels and water-chemistry data across faults
in the Yucca Mountain—Crater Flat area provide evidence that
some normal faults in the volcanic rocks impede ground-water
flow (Luckey and others, 1996) and thus compartmentalize the
flow system.

Implication of Alternative Interpretations on Magnitude
of Regional Extension

Ground-water investigations of the DVRFS region have

- assumed a relatively continuous Paleozoic carbonate aqui-
fer throughout at least the eastern one-half of the DVRFS
region (Winograd and Thordarson, 1975; Prudic and others,
1995; Thomas and others, 1996; Laczniak and others, 1996;
D’ Agnese and others, 1997, 2002). The Paleozoic carbonate-
rock aquifer crops out extensively in the ranges throughout
most of the eastern one-half of the DVRFS region,; its presence
beneath basin-fill sediments in the valleys, however, is subject

. to interpretation. Regional models of extension (Wernicke,
1992; Snow and Wernicke, 2000) imply discontinuity between
range blocks in the carbonate-rock section. Regional estimates
of extension based on correlation of thrust faults indicate that
many of the carbonate-rock mountain ranges of the DVRFS
region lie in a zone of extreme crustal extension, implying
that these ranges are thin slivers of crust that detached above
a migrating flexure in highly thinned crust (Holm and others,
1992; Wernicke, 1992). In this view, Proterozoic siliciclastic
or crystalline rocks might be expected beneath basin-fill sedi-
ments in the valleys. In contrast, a number of interpretive geo-
logic cross sections of the region portray a relatively continu-
ous carbonate aquifer beneath basin-fill sediments throughout
much of the DVRFS region (Grose, 1983; Grose and Smith,
1989; Laczniak and others, 1996; Sweetkind, Dickerson, and
others, 2001).

Pre-Cenozoic bedrock has been identified in boreholes
in areas of the DVRFS region that have been interpreted to
have been greatly extended (fig. B-36), although the bed-
rock beneath most of the basins has not been reached by
drill holes. Paleozoic carbonate rocks have been identified
in borehole UE-25 p#1 (USGS Site ID 364938116252101)
to the east of Yucca Mountain (Carr and others, 1986) and
in the northern part of the Amargosa Desert (Carr and oth-
ers, 1995; R.W Spengler, U.S. Geological Survey, written
commun., 2002). Boreholes of Paleozoic bedrock in Yucca
Flat are numerous enough to construct subsurface geologic
maps of specific formations (Cole and others, 1997). Fur-
thermore, hydrochemical data indicate that a number of the
major springs in the DVRFS region (fig. B-36) are probably

sourced from water that flowed through the carbonate-rock
aquifer (Winograd and Thordarson, 1975; Steinkampf and
Werrell, 2001). These data indicate at a minimum that some,
if not all, of the water from regional springs is flowing through
a continuous carbonate-rock aquifer (Winograd and Pearson,
1976). More information on the hydrochemistry and its
implications for regional ground-water flow can be found in
Chapter D (this volume).

Juxtaposition of Hydrogeologic Units at Caldera
Boundaries

The structural and topographic margins of calderas in the
SWNVF juxtapose intracaldera and outflow-facies volcanic
rocks. Intracaldera rocks differ in their geometry and material
properties from equivalent outflow facies in having greater
thicknesses of welded material and more complex welding
zonation, greater lithologic diversity including megabreccia
and thick lava accumulations, and a greater degree of altera-
tion. Fracture patterns in intracaldera rocks tend to be more
irregular than those of outflow tuffs (Blankennagel and Weir,
1973), leading to a smaller number of connected flow paths.
Outflow tuff sheets, although thinner than intracaldera tuff
accumulations, have better connected fracture networks and
there is less likelihood of significant alteration (Blankennagel
and Weir, 1973). Few boreholes in the SWNVF are located
such that the hydraulic significance of juxtaposition at caldera
boundaries can be defined.

A caldera model with gently inwardly sloping topo-
graphic walls along with near-vertical ring faults defining the
structural boundary of caldera subsidence (Lipman, 1984;
Lipman 1997) was used as a conceptual basis for simulating
all calderas within the SWNVF in the YMP/HRMP model
(D’ Agnese and others, 1997, p. 15). An alternative conceptual
model for the buried calderas of the SCCC and TMCC was
used in the geologic framework of the DOE/NV-UGTA model
(IT Corporation, 1996b). The alternative model envisions a
group of rectilinear fault-block basins formed by caldera col-
lapse localized by preexisting linear normal faults (Ferguson
and others, 1994; Warren and others, 2000). An example of
such a fault is the Thirsty Canyon lineament (corresponding
to feature 14 of Grauch and others, 1999; their figure B-7
and table B—4) that is interpreted from geophysical data to be
a preexisting fault zone that was later exploited to form the
straight northwestern boundaries (fig. B~13) of the SCCC
and TMCC (Grauch and others, 1999). Numerous local fault
blocks proposed for this alternative model (Ferguson and
others, 1994; Warren and others, 2000) were not used in
recent 3D geologic framework models of the Pahute Mesa
area (McKee and others, 1999; McKee and others, 2001)
because (1) the geophysical data are insufficient to detect the
high-angle fault-block basins and (2) the geologic data from
boreholes in the upper 900 m define small-offset, high-angle
faults (McKee and others, 1999, 2001).
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Faults as Hydrogeologic Features

Many brittle fault zones contain a narrow core of fine-
grained, relatively low-permeability gouge that is the locus of
fault displacement (Caine and others, 1996). In many cases,
the core will have reduced permeability, relative to that of the
original rock or the surrounding damage zone, as a result of
progressive grain-size reduction, dissolution, reaction, and
mineral precipitation (Caine and others, 1996). The core zone
can be flanked by damage zones, a network of subsidiary
small faults and fractures that enhance secondary permeability
(Caine and others, 1996; Caine and Forster, 1999). Fault cores
typically restrict fluid flow across the fault, while the damage
zone may conduct ground-water flow parallel to the fault zone.
In general, large-displacement faults are characterized by a
continuous, relatively low permeability core zone (Chester and
Logan, 1986).

Hydraulic Barriers

On the basis of characteristics of the potentiometric
surface, the location of springs, and the location of the fault
with respect to predominant northeast-to-southwest ground-
water flow in the DVRFS region, several of the large strike-
slip faults in the DVRFS region, including the LVVSZ,
the Pahrump-Stewart Valley fault zone, and the Death
Valley—Furnace Creek fault system (fig. B—7), are thought to
be potential barriers to ground-water flow. The large strike-
slip faults in the southwestern part of the DVRFS region are
generally buried beneath Cenozoic sediments, although traces
of the faults are commonly defined by Quaternary fault scarps
(Anderson and others, 1995; Piety, 1996). Geophysical investi-
gations of the LVVSZ (Langenheim and others, 2001) and the
Pahrump—Stewart Valley fault zone (Blakely and others, 1998,
1999) portray a structurally complex pre-Cenozoic surface
adjacent to these faults consisting of steep-sided local depres-
sions and ridges that likely are fault-bounded (fig. B-37) and
probably represent local compression and extension in the
overall strike-slip environment (Wright, 1989).

The LVVSZ extends more than 100 km northwestward
from its eastern end near Frenchman Mountain, on the east
side of Las Vegas Valley (fig. B-7). The LVVSZ is a complex
system of right-lateral faults with several fault strands and
associated steep-sided pull-apart subbasins (Langenheim and
others, 2001). Right-lateral offset of correlative features across
the LVVSZ is estimated to be from 40 to 66 km (Stewart
and others, 1968; Longwell, 1974); displacement is thought
to have occurred between 14 and 8.5 Ma (Bohannon, 1984;
Duebendorfer and Black, 1992). The L.VVSZ appears to form
a hydraulic barrier in the Indian Springs, Nev., area; spring
discharge at Indian Springs (fig. B-36) may reflect upward
flow of ground water against a low-permeability fault barrier
(Winograd and Thordarson, 1975). The Pahrump—Stewart
Valley fault zone (Stewart and others, 1968; Burchfiel and
others, 1983; Stewart and Crowell, 1992) is a regionally
extensive, right-lateral, strike-slip fault zone that roughly

parallels the California-Nevada border through the Stewart and
Pahrump Valleys. The fault zone may be as long as 150 km
(Schweickert and Lahren, 1997; Blakely and others, 1998) and
is estimated to have between 20 and 30 km of right-lateral off-
set based on offset of Proterozoic and Paleozoic rocks (Stewart
and others, 1968), interpreted correlations of thrust sheets, and
offsets in regional facies trends (Stevens and others, 1991).
The faults are almost everywhere buried by Cenozoic rocks;
part of the zone is exposed in the southern Montgomery
Mountains (fig. B-38) (as defined by Burchfiel and others,
1983).

The 250-km-long Death Valley—Furnace Creek fault sys-
tem consists of right-lateral strike-slip and normal faults that
cross the entire western part of the DVRFS region (fig. B-7)
(Stewart, 1988; Piety, 1996). The southern part of the system
is a 50-km-long set of northwest-striking, predominantly right-
lateral faults that underlie southern Death Valley (Workman,
Menges, Page, Ekren, and others, 2002). The central part of
the system is a 60-km-long, north-northwest-trending, primar-
ily oblique normal-slip fault zone that forms the western range
front of the Black Mountains (fig. B-6) (Piety, 1996). The
northern part of this fault system is an active right-lateral fault
zone (Piety, 1996) with a total cumulative right-lateral offset
estimated at about 65 to 80 km (Stewart, 1967; Stewart and
others, 1968; Snow and Wernicke, 1989). Springs in the north-
ern part of Death Valley may be localized along the northern
Death Valley-Furnace Creek fault zone where upward flow
of ground water is localized against a low-permeability-fault
barrier (Winograd and Thordarson, 1975; Potter, Sweetkind,
and others, 2002).

Potter, Sweetkind, and others (2002) compiled the
locations of principal faults and structural zones in the
DVRES region that may influence ground-water flow. A subset
of the mapped faults in DVRFS region was chosen for pos-
sible inclusion as hydraulic barriers in the ground-water flow
model (fig. B—39). Faults were chosen on the basis of their
length, offiset, type of slip, orientation, characteristics of the
potentiometric surface, and the location of springs. The empha-
sis was on faults that may have special hydraulic characteristics
that may require them to be treated as separate entities in the
flow model. Juxtaposition of HGUs with different hydraulic
properties was not a primary consideration as these relations are
incorporated in the HFM (Chapter E, this volume). Structural
features were classified based on a hierarchical approach for
possible sequential inclusion into the flow model (table B-8).
Initially, northwest-striking faults were separated from faults
of other (primarily north-south) orientation (table B-8; fig.
B-39). The northwest-striking faults typically are the large-
offset strike-slip faults that are oriented approximately per-
pendicular to the flow direction. These faults are interpreted
as being the most likely structural barriers to regional ground-
water flow. Second-level subdivision of these faults consists of

dividing the northwest-striking faults that involve the regional

carbonate-rock aquifer from those that involve other, primar-
ily confining, units. Finally, local segments of strike-slip faults
are subdivided; these segments of different orientation from

the main fault trace correspond to releasing or restraining bends




Cross section geology from Sweetkind, Dickerson, and others (2001)
section H-11. Upper surface of the block portrays the modeled surface of
the base of the Cenozoic section, as if Cenozoic rocks had been removed.
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Figure B-37. Interpreted geometry of strike-slip faults, Death Valley regional ground-water flow system region.

that may differ significantly in hydraulic conductivity from
other parts of the fault (Potter, Sweetkind and others, 2002).
North-south-striking normal faults were subdivided primarily
on magnitude of offset, and then by distribution in the DVRFS
region (table B-8; fig. B-39).

Hydraulic Conduits

Comparison of the location of large-offset structures
with the regional potentiometric surface (Winograd and
Thordarson, 1975; D’ Agnese and others, 1998) and the results
of recent ground-water flow models (IT Corporation, 1996a;
D’Agnese and others, 1997) indicates that few of the indi-
vidual structures are hydraulic conduits on the regional scale.
Rather than being associated with single faults, hydraulic
conduits in the DVRES region appear to be spatially associ-
ated with broad, northeast-striking zones that are transverse to
the main trend of the Walker Lane belt (fig. B-7) (Carr, 1984,

Stewart, 1988; Stewart and Crowell, 1992). These zones are
characterized by active seismicity associated with subparallel,
northeast-striking faults that accommodate relatively small
amounts of sinistral and normal offset across a broad zone
(Carr, 1984; Potter, Sweetkind, and others, 2002).

In the southern part of the NTS, the Spotted Range-Mine
Mountain shear zone (Carr, 1984; Stewart, 1988) includes the
Rock Valley, Cane Spring, and Mine Mountain faults (fig. B-7).
These faults generally strike north-northeast, have demonstrated
left-lateral offset of a few kilometers, have variable sense and
amount of normal displacement (Frizzell and Shulters, 1990),
and are associated with minor seismic events (Piety, 1996;
Potter, Sweetkind, and others, 2002). These strike-slip faults are
linked by north-striking normal faults that form local pull-apart
basins and create complex map patterns in the south-central
part of the Nevada Test Site (Maldonado, 1985; Frizzell and
Shulters, 1990). Winograd and Pearson (1976) described a
transmissive pathway or “megachannel” between Mercury
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(A) Outcrop of a splay of the Pahrump-
Stewart Valley fault zone exposed east of
Stewart Valley. Fault is in Late Proterozoic
Sterling Quartzite, part of hydrogeologic unit
LCCU. Fault core consists of 10 centimeters
of foliated clay-rich fault gouge, surrounded
by a zone of brecciated wall rock. Hammer is
about 30 centimeters in length.

(B) Looking west from near locality shown in
(A) across splay of the Pahrump-Stewart
Valley fault zone to Stewart Valley. Fault zone
has a northwest strike and is about

250 meters wide. Fault zone consists of
fault-bounded lenses of Late Proterozoic
Stirling Quartzite; fault contacts are shown
as black dashed lines.

Photographs by D.S. Sweetkind, U.S.
Geological Survey.

Figure B-38. Examples of strike-slip faults east of Stewart Valley, Death Valley regional ground-water flow
system region.
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region.




Table B-8. Hierarchical subdivision of faults designated as

Death Valley Regional Ground-Water Flow System Transient Flow Model

potential flow barriers in the DVRFS model.

[LCA, lower carbonate-rock aquifer; LVVSZ, Las Vegas Valley shear zone,

Numbers in parentheses refer to locations shown on figure B-39)

Northwest-striking structures

Faults mainly in LCA

LVVSZ
Main trace of LVVSZ (1)

Indian Spring splay (2)

Pahrump-Stewart Valley and Highway 95 faults
Pahrump-Stewart Valley fault

Northwest-striking segments
Pahrump Valley area (3)
Ash Meadows area (4)
Amargosa Desert area (5)

North-striking segments
Stewart Valley (6)
Southern Gravity fault (7)

Highway 95 fault (8)
Faults in hydrogeologic unit other than LCA

Death Valley—Furnace Creek fault zone, main trace
North-striking sections (central Death Valley) (9)
Northwest-striking sections

Death Valley sections
Northern Death Valley section (10)
Southern Death Valley section (11)
Furnace Creek fault (12)
Grandview fault (13)
Sheephead fault (14)
Keane Wonder fault (15)
Death Valley-Furnace Creek fault zone, transition zones
and bends
Eagle Mountain area (16)
Saratoga Springs area (17)
Furnace Creek Ranch area (18)
Major faults

Major faults near Yucca Mountain
Bare Mountain fault (19)

Northern Gravity fault (20)

Other major north-striking faults
Western Spring Mountains fault (21)
Belted Range fault (22) '

Minor faults
Yucca Mountain or Yucca Flat areas
Minor faults near Yucca Mountain
Western Yucca Mountain faults
Solitario Canyon fault (23)
Windy Wash fault (24)
Crater Flat fault (25)
Paintbrush Canyon fault (26)
Minor faults near Yucca Flat
Carpetbag fault (27)
Yucca fault (28)

Pahute Mesa—Oasis Valley features
Thirsty Canyon lineament (29)
Hogback fault (30)

East Box Car fault (31)
Almendro fault (32)

Valley and Ash Meadows to explain the carbon-14 content
of spring water at Ash Meadows. The Spotted Range-Mine
Mountain shear zone (Carr, 1984; Stewart, 1988) is associ-
ated with a trough in the regional potentiometric surface,
potentially indicating high transmissivity in the Paleozoic
carbonate rocks (D’ Agnese and others, 1998), and corre-
sponds in part to the “megachannel” defined by Winograd
and Pearson (1976). Previous work (Winograd and Thor-
darson, 1975; D’ Agnese and others, 1997; Faunt, 1997)
indicates this area has greater permeability associated with

- highly fractured LCA.

Another zone of minor northeast-striking faults associ-
ated with active seismicity, has been inferred to exist in the
Gold Mountain area (fig. B-7) northeast of the northern
terminus of Death Valley (Albers and Stewart, 1972; Carr,
1984; Potter, Sweetkind, and others, 2002). This region
is characterized by highly jointed granite adjacent to the
northern Death Valley—Furnace Creek strike-slip fault zone
and, to the south, by closely spaced normal faults that cut
both the Cenozoic volcanic rocks and the underlying Paleo-
zoic carbonate rocks (Potter, Sweetkind, and others, 2002).
This zone corresponds spatially with spring discharge in the
northern part of Death Valley; a region of greater transmis-
sivity was added to the YMP/HRMP flow model during
calibration (D’ Agnese and others, 1997) to simuiate this
zone. R

Although not part of the Walker Lane belt, the
Pahranagat shear zone is another northeast-trending system
of left-lateral strike-slip faults at the northern end of the
Sheep Range (fig. B-7) (Tschanz and Pampeyan, 1970;
Jayko, 1990). The fault zone is about 13 km wide, extends
for at least 40 km along strike, and consists of several
steeply dipping fault strands with oblique left-lateral strike-
slip displacement.

Summary

Decades of study in the southern Great Basin have
shown that the geologic framework, which is stratigraphi-
cally and structurally complex, is important in controlling
ground-water flow. Flow within the regional carbonate-
rock aquifer and in more localized basin-fill and volcanic-
rock aquifers reflects structural and lithologic conditions
that produce permeability variations. The hydrogeologic
units (HGUs) in the Death Valley regional ground-water
flow system (DVRFS) region generally include: Cenozoic
basin-fill and playa deposits; as much as 2,000-m-thick
sequence of Cenozoic lava flows, welded and nonwelded
tuffs; Cenozoic and Mesozoic intrusive rocks; Mesozoic
sedimentary and volcanic rocks; as much as 8,000-m-thick
Paleozoic carbonate and siliciclastic rocks that are the prin-
cipal aquifer, and Paleozoic to Late Proterozoic siliclastic
rocks and Proterozoic igneous and metamorphic rocks that
are the primary regional confining units.




Ground-water flow is affected by faults with kilometers
of offset that cause juxtaposition of aquifers and confining
units; structural deformation; degree of welding; and facies
transitions, lithologic features, and hydrothermal alteration
that produce variations in permeability.

Based on characteristics of the potentiometric surface, the
location of springs, and the location with respect to predomi-
nant northeast-to-southwest ground-water flow in the DVRFS
region, the LVVSZ, the Pahrump-Stewart Valley fault zone,
and the Death Valley—Furnace Creek fault system strike-slip
faults are potential barriers to ground-water flow; broad,
northeast-striking zones that are transverse to the main trend
of the Walker Lane belt, but not individual faults, are hydraulic
conduits.
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CHAPTER C. Hydrologic Components for Model

Development

By Carma A. San Juan, Wayne R. Belcher, Randell J. Laczniak, and Heather M. Putnam

Introduction

Hydrologic components of the Death Valley regional
ground-water flow system (DVRFS) were evaluated to support
development of a ground-water flow model. The components
evaluated are those affecting the water budget: the distribu-
tion and volume of natural ground-water discharge, ground-
water pumpage, ground-water recharge, and lateral inflow
and outflow; the hydraulic conductivity values of the major
hydrogeologic units (HGUs); and water levels (fig. C-1). This
information is used in Chapter D to conceptualize ground-
water flow through the Death Valley region and in Chapter F
to develop discharge and hydraulic-head observations for
model calibration. ' .

Although previous investigators have attempted to quan-
tify all or some of these major flow components in parts of
the DVREFS region (Malmberg and Eakin, 1962; Walker and
Eakin, 1963; Hunt and others, 1966; Malmberg, 1967; Glancy,
1968; Rush, 1968; Miller, 1977; Waddell, 1982; Rice, 1984;
Harrill, 1986; Harrill and others, 1988; Dettinger, 1989), only
a few have developed comprehensive estimates for the entire
DVRES region (IT Corporation, 1996a and b; D’ Agnese and
others, 1997). Attempts to combine results from past investi-
gations often are complicated by uncertainties and differences
in the definition of basin and study area boundaries (D’ Agnese
and others, 2002).

A series of studies was conducted to reassess previ-
ous estimates of the major flow components and hydraulic
properties of the DVRFS region to improve the data for the
conceptual model and for model calibration as part of the
DVRES investigation. These studies, the results of which are
described in this chapter, focused on refining estimates of
natural ground-water discharge by developing local estimates
of evapotranspiration (ET), and compiling and making addi-
tional spring-flow measurements; compiling ground-water
pumpage information to estimate the history of ground-water
development; estimating ground-water recharge from numeri-
cal simulations of net infiltration; estimating boundary inflow
and outflow by using regional hydraulic gradients and water
budgets of areas adjacent to the DVRFS model domain;
estimating hydraulic properties from available literature and
aquifer-test data; and evaluating available water-level data to
estimate representative pre- and post-pumping hydraulic head

information. In general, existing and newly acquired data were
evaluated using current technology and concepts, analyses
were refined or new algorithms were implemented for making
interpretations, and values appropriate for the regional extent
and scale of the model were estimated.

Water Budget

A water budget is developed to evaluate the balance
between the flow into and flow out of a ground-water flow
system. The primary components of the water budget are
natural discharge, recharge, and lateral flow into and out of
an area across its boundary. The introduction of pumping as a
discharge from the flow system initially decreases hydraulic
heads and ultimately affects one or more flow components
either by decreasing natural discharge or increasing recharge.
The following sections describe these major flow compo-
nents and provide estimates of each component as used in
the development of the transient flow model of the DVRFS.
Ground-water discharge estimates derived from estimates of
ET computed from micrometeorological measurements and
from spring-flow measurements are the primary mass-balance
observations used to calibrate the transient flow model. Esti-
mates of recharge and boundary flow, although quantified and
discussed in this chapter, are based on model simulations or
on less direct measurements. Together, these flow components
also were used to develop a general water budget for pre-
pumped and pumped conditions.

Ground-Water Discharge

Ground-water discharge from the DVRFS model domain
occurs both naturally and nonnaturally. Natural ground water
recharge occurs as ET and spring flow and, to a small extent,
as lateral flow to adjacent basins. Nonnaturally, ground water
discharges as artesian flow from wells (1913-45) or as pump-
age from wells in agricultural areas such as Pahrump and
Penoyer Valleys and the Amargosa Desert. Moreo and others
(2003) estimated that by 1998 pumpage was equivalent to
nearly 75 percent of the natural discharge estimated for the
DVRFS model domain prior to ground-water development.
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Figure C-1. Major areas of ground-water recharge, natural discharge, and pumpage, and model boundary
segments of lateral flow in the Death Valley regional ground-water flow system region.
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The following sections describe estimates of natural discharge
and pumping as developed for simulating ground-water flow
in the DVRFS model domain.

Natural Ground-Water Discharge

Areas of natural discharge cover less than 5 percent of
the DVRFS model domain (fig. C-2). These areas include wet
playas, wetlands with free-standing water or surface flow, nar-
row drainages lined with riparian vegetation, and broad areas
of phreatophytic shrubs and grasses. The largest discharge
areas by flow volume are Death Valley, Ash Meadows, and
Sarcobatus Flat, respectively (fig. C-2). Each of these dis-
charge areas represents a unique environment and together they
include most of the different types of local habitat supported
by ground-water discharge throughout the DVRFS region.
Death Valley is dominated by a saltpan surrounded by allu-
vial fans and by numerous locally and regionally fed springs
fringed with a variety of desert shrubs, trees, and grasses. Ash
Meadows is a unique desert oasis that consists of broad wet-
lands fed by orifice-type springs. These large-volume springs
are surrounded by extensive grass meadows interspersed
with moderately dense to sparse stands of trees and shrubs.
Sarcobatus Flat is a broad playa surrounded by moderately
dense grasses and sparse shrubs that are supported by a few
small springs and seeps and a moderately shallow water table.

The quantity of ground water discharging from most
of the major discharge areas in the DVRFS model domain
(fig. C-2) has been estimated in previous studies. These
estimates were developed primarily from spring-flow mea-
surements, ET estimates, or a combination of both. Usually,
ground-water discharge was estimated only for an individual
discharge area or at a specific location, and not for the
entire flow system. Reports estimating ground-water dis-
charge are Malmberg and Eakin (1962), Walker and Eakin
(1963), Pistrang and Kunkel (1964), Hunt and others (1966),
Malmberg (1967), Glancy (1968), Rush (1968), Van Denburgh
and Rush (1974), Winograd and Thordarson (1975), Miller
(1977), Harrill (1986), Czarnecki (1997), D’ Agnese and others
(1997), Laczniak and others (1999), Reiner and others (2002),
and DeMeo and others (2003). Discrepancies in discharge
estimates between more recent and previous reports typically
reflect differences in the delineation of the area contributing
to ET, the number of springs measured, ET rates estimated for
vegetation types, or some combination thereof (Laczniak and
others, 2001, p. 31; D’ Agnese and others, 2002, p. 26).

Evapotranspiration

Recent investigations of natural ground-water discharge
in the DVREFS region estimate discharge by calculating ET.
The underlying assumption of this approach is that most of the
ground water issuing from springs and seeps within the dis-
charge area ultimately is evaporated or transpired locally in the
DVRES region and therefore is accounted for in estimates of
ET. Most of the discharge data used to develop the discharge
observations presented in Chapter F (this volume) are based
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on estimates of ET in recent reports by Laczniak and others

(1999 and 2001), Reiner and others (2002), and DeMeo and

others (2003). The report by Laczniak and others (2001) is

the most comprehensive evaluation of ground-water discharge

in that it provides estimates of ground-water discharge for 9

of the 15 major ET-dominated discharge areas in the DVRFS

model domain (fig. C-2). Their estimate of discharge in

Oasis Valley was revised in a subsequent study (Reiner and

others, 2002). Laczniak and others (2001) made no attempt }
to revise estimates of natural discharge from Pahrump and |
Penoyer Valleys because ground water withdrawn for irriga-

tion had locally altered the distribution of native vegetation

and decreased local spring flow. D’ Agnese and others (2002,

p. 26) provide an estimate of natural discharge from Pahrump

Valley but state that their estimate was based on an ET analy- |
sis that used a map delineating the native phreatophyte distri- |
bution in 1959-61 (Malmberg, 1967, pl. 3)—a time by which
vegetation already had been significantly affected by local
pumping. These same authors present an estimate of natural
discharge from Penoyer Valley that was first documented in

a reconnaissance report by Van Denburgh and Rush (1974,

p- 23) and later reported by IT Corporation (1996a). A recent
study by DeMeo and others (2003) was the primary source
used to develop estimates of ground-water discharge from the
floor of Death Valley.

The more recent investigations were similar in that con-
tinuous micrometeorological data were collected to estimate
local ET rates, and remotely sensed multi-spectral data were
used to distribute measured ET rates over the area evaluated.
Micrometeorological data were collected continuously at
15 stations for 1 to 3 years each in Ash Meadows and Oasis
Valley (Laczniak and others, 1999; Reiner and others, 2002)
and at 6 sites in Death Valley over a 4-year period (DeMeo
and others, 2003). Remotely sensed images, aerial photo-
graphs, and soils and wetland maps were integrated using geo-
graphic information system (GIS) techniques and were used in
these studies to delineate ET units (areas of similar vegetation
and moisture conditions) and distribute calculated ET rates
over respective discharge areas. This process resulted in more
consistent and generally improved estimates of ground-water
discharge than in previous studies.

Most ET-based estimates of ground-water discharge
assume that in addition to ground water, all precipitation
falling on a discharge area, any surface water flowing into a
discharge area, and all local infiltration to the shallow flow
system ultimately are evaporated or transpired by the local
vegetation. Accordingly, mean annual ground-water discharge
(estimated from ET) is the difference between the mean
annual ET and the sum of mean annual precipitation and any
surface-water inflow. In more recent studies, mean annual ET
is computed by multiplying the area of an ET unit by the mean
annual ET rate calculated for a unit. Mean annual ET rates
for individual ET units range from less than 0.06 meter (m)
for bare and salt-encrusted soil (DeMeo and others, 2003) to
2.75 m for open water (Laczniak and others, 2001). Adjust-
ments made for precipitation were typically small because
mean annual precipitation ranges from less than 0.08 m in
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Figure C-2. Major areas of natural ground-water discharge in the Death Valley regional ground-water flow
system model domain.
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Death Valley (DeMeo and others, 2003) to about 0.15 m in
Sarcobatus Flat and Oasis Valley (Laczniak and others, 2001).
Runoff into major discharge areas from adjacent highlands
was assumed to be minimal and was not calculated. Accord-
ingly, ground-water discharge for most major ET-dominated
discharge areas (fig. C-2) was calculated as the difference
between mean annual ET and mean annual precipitation.
Accurate mapping of soil and vegetation in discharge
areas was critical to improving estimates of the size of ET
units. These more recent studies identified most of the vegeta-
tion, soil, and water-dominated ET units in major discharge
areas using remotely sensed, spectral imagery acquired dur-
ing 1989-96. Wetland maps produced by the U.S. Fish and
Wildlife Service for the National Wetlands Inventory Project
were used to delineate two soil-dominated ET units—bare and
salt encrusted—in Death Valley (DeMeo and others, 2003).
Other ET units included areas of open playa; sparse to dense
vegetation; moist, bare soil; and open water (Laczniak and
others, 2001; Reiner and others, 2002). Death Valley, the larg-
est discharge area, has an estimated area of about 445.5 square
kilometers (km?) and is dominated by extensive flats of moist,
bare, and salt-encrusted soil. Sarcobatus Flat has an esti-
mated area of about 138.6 km? and is predominantly sparse
to moderately dense shrubland. The fourth largest ET area,
Ash Meadows, has an area of about 50.5 km? and ranges from

broad, sparse grassland to dense, riparian wetland adjacent
to spring pools. The estimated sizes of the other major ET-
dominated major discharge areas are given in table C-1.
Micrometeorological data were collected continuously
and averaged over 20-minute periods. These 20-minute aver-
ages were used to compute ET rates for the different ET units
delineated throughout the DVRFS region. Microclimate sta-
tions were operated at 10 sites in Ash Meadows from 1993 to
1997 (Laczniak and others, 1999, table 6), at 5 sites in Oasis
Valley from 1996 to 2000 (Reiner and others, 2002, table 3),
and at 6 sites in Death Valley from 1997 to 2001 (DeMeo and
others, 2003, table 3). Annual ET rates were computed from
the micrometeorological data using the Bowen ratio solution of
the energy-budget equation (Bowen, 1926). Average annual ET
rates for ET-dominated discharge areas ranged from 0.20 meter
per year (m/yr) in Stewart Valley to 0.79 m/yr in Pahrump
Valley (table C-1).
Mean annual ground-water discharge for each major
ET-dominated discharge area was calculated as the prod-
uct of the adjusted-annual ET rate and the area of the ET
unit (table C-1). Annual ET rates were adjusted by remov-
ing water contributed by local precipitation. Although a
comparison of these and previous discharge estimates is
complicated by differences in the procedures used to estimate
ET rates and in the mapped extent of individual discharge

Table C-1. Estimates of mean annual ground-water discharge frem major evapotranspiration-dominated discharge areas in Death Val-

ley regional ground-water flow system mode! domain.

[Ground-water discharge rounded to nearest thousand. Rates rounded to nearest hundredth. Mean annual ground-water discharge may not equal product of
precipitation-adjusted ET rate and area because of rounding. Dash (--) indicates that no value was reported in referenced source or that the information given
was insufficient to compute a value. Abbreviations: ET, evapotranspiration; m/yr, meters per year; km?, square kilometer; m®, cubic meter; Mm®, million cubic

meters]
Estimated Annual Es‘.i".'at?d Estimated
Discharge area mean annual Area precipitation precip itation- mean anual
(shown in fig. C-2) ET rate (km?) rate adjusted ground-water
(mfyr) (miyr) annual ET rate discharge
(m/yr) {m’)
Ash Meadows!' 0.55 50.5 0.11 0.44 22,203,000
Chicago Valley! 0.34 2.48 0.11 0.23 530,000
Franklin Lake' 0.23 9.43 0.10 0.13 1,234,000
Franklin Well area! 0.46 1.20 0.11 0.35 432,000
Oasis Valley? 0.70 139 0.15 0.55 7,401,000
Pahrump Valley? 0.79 12.2 0.12 0.67 8,082,000
Penoyer Valley* - 76.9 - 0.06 4,650,000
Sarcobatus Flat! 0.27 138.6 0.15 0.12 16,035,000
Shoshone area! 0.55 5.62 - 0.09 0.46 2,590,000
Stewart Valley' 0.20 122 0.11 0.09 1,234,000
Tecopa/California Valley area’ 0.64 14.2 0.09 0.55 7,894,000
Death Valley floor® — 445.5 - 0.01 43,172,000
Total 115,457,000

'Laczniak and others (2001, tables 5 and 10).
Reiner and others (2002, table 5).

°D’ Agnese and others (2002, table 3). Mean annual ground-water discharge during the period 1959-61.
“Van Denburgh and Rush (1974, table 8 and p. 23); D’ Agnese and others (2002, p. 26).
’DeMeo and others (2003, table 4).

°Estimate varies from about 27.1-43. 2 Mm?® as adjusted for different flood recurrence intervals (DeMeo and others, 2003, p. 24). Flood-adjusted ET estimate
reported by DeMeo and others (2003, p. 24) is 40.7 Mm®.
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areas, Laczniak and others (2001, p. 29-30) state that their
estimates, in general, are greater than those reported in the
literature for the more northern discharge areas and less than
those previously reported for the more southern discharge
areas.

The mean annual ground-water discharge given for
Death Valley (DeMeo and others, 2003, p. 24) is considered a
partial estimate because evaporation, transpiration, and flow
diversions associated with a series of regional springs along
the northeastern margin of the valley are not included. The
total mean annual ground-water discharge from Death Valley
is equal to the sum of ET estimated for the valley floor and
reported flow from valley-margin springs discussed in the fol-
lowing section. This method may account twice for underflow
from these valley-margin springs into sediment beneath the
valley floor. The error resulting from any double accounting of
underflow is expected to be small because most of the water
discharged from these springs is transpired, evaporated, or
diverted for local water supply.

All discharge estimates given in table C-1, except those
for Pahrump and Penoyer Valleys, are assumed to represent
discharge for both prepumped and current conditions. This
assumption is reasonable considering that pumping from
these major discharge areas is negligible and climate has been
relatively stable over the period. The total amount of ground
water discharging annually from the DVRFS model domain
(computed by summing all estimates in table C—1) is about
115.5 million cubic meters (Mm?).

Limitations inherent in an ET-based approach for esti-
mating ground-water discharge can be attributed to errors in
delineating the extent of ET units and errors in calculating ET
rates (Laczniak and others, 2001, p. 31). Other factors poten-
tially affecting the accuracy of ET-based estimates of ground-
water discharge include (1) the assumption that all spring
flow ultimately is evaporated or transpired from within the
discharge area, (2) the assumption that surface-water inflow is
minimal, (3) the short period of record used to compute mean
annual ET rates, (4) the limited number of local sites used
to estimate mean annual ET rates, (5) uncertainties associ-
ated with estimating ET on the basis of relative differences
in vegetation density, and (6) uncertainties in the amount of
water contributed by precipitation and surface flow to the ET
estimates (Laczniak and others, 2001, p. 31).

Springs

Most of the ground water discharged naturally from the
DVREFS region flows from springs and seeps. Regional high-
volume springs having flows greater than 1,500 cubic meters
per day (m*d) discharge in Oasis Valley, Ash Meadows, Pah-
rump Valley, the Shoshone and Tecopa areas, and on the floor
of Death Valley (fig. C-2). Typically, these regional springs
discharge water with temperatures greater than 30 degrees
Celsius (°C) (U.S. Geological Survey, National Water Infor-
mation System, retrieved June 2003) directly from the rocks
that make up the regional aquifer. Because most flow from

Death Valley Regional Ground-Water Flow System Transient Flow Model

springs and seeps in major ET-dominated discharge areas is
evaporated and(or) transpired by the local riparian vegetation,
ET estimates are assumed to be inclusive of spring and seep
flow (table C-1; Laczniak and others, 2001; Reiner and others,
2002). :

Spring discharge cannot always be quantified accurately
using ET-based methods. For example, ET-based methods
are not well suited for estimating discharge in areas where
springs support limited vegetation or where local pumping has
decreased spring flow. Estimates of ground-water discharge
from areas of spring flow not estimated by an ET technique
were derived solely on the basis of spring-flow measure-
ments and are presented in table C-2. Areas of discharge not
included in ET-based estimates are the Staininger and Grape-
vine Springs areas near Scotty’s Castle in Death Valley; Texas,
Travertine, and Nevares Springs areas near Furnace Creek
Ranch in Death Valley; Indian and Cactus Springs areas near
Indian Springs, Clark County, Nev.; and the Manse and Ben-
netts Springs areas in Pahrump Valley (fig. C-2). All discharge
estimates, except those for Pahrump Valley (Bennetts and
Manse Springs), were based on flow measurements made or
compiled by C.S. Savard (U.S. Geological Survey, written
commun., 2001). Thus any nonreferenced discharge values in
the following sections are attributed to Savard’s unpublished
work. The total annual discharge from spring flow summa-
rized in table C-2 is about 16.8 Mm?>.

Staininger and Grapevine Springs

Mean ground-water discharge from Staininger Spring,
the water supply for Scotty’s Castle area in Death Valley, is
estimated at 1,035 m3/d+15 percent (table C-2). This estimate
was based on four historical flow measurements, three of which
were reported by Miller (1977): 1,019 m*/d in 1924, 981 m3/d
in 1958, 1,025 m*/d in 1971, and the fourth, 1,090 m3/d in
1967 by Rush (1968). Other reported values of discharge
from this spring—2,271 m*d (Ball, 1907), 54 m*d (Waring,
1915), and 163 m*/d (Waring, 1965)—were considered to be
unreliable because they did not measure the entire spring
flow.

The aggregate discharge from about 12 springs
and seeps in the Grapevine Springs area is estimated at
2,450 m*/d+20 percent (table C-2). This estimate was origi-
nally made by Miller (1977) on the basis of discharge mea-
surements made at a few accessible springs and a cursory
quantification of ET. Previous reports by Ball (1907) and
Mendenhall (1909) mention these springs but do not provide
a discharge estimate. Rush (1968) reports discharge from a
single unnamed spring at 109 m¥/d.

Texas, Travertine, and Nevares Spﬁngs

Discharge from Texas Spring from 1989 to 1996 is
estimated at 1,220 m*/d+15 percent (table C-2). This esti-
mate is based on measurements reported in LaCamera and
Westenburg (1994), Hale and Westenburg (1995), Westenburg
and LaCamera (1996), LaCamera and others (1996), and
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Table C-2. Estimates of mean annual natural ground-water discharge from major spring areas not included in evapotranspiration-
based discharge estimates (table C—1) in the Death Valley regional ground-water flow system model domain.

[--, no value reported; m*d, cubic meters per day; discharge rate rounded to nearest five; ground-water discharge rounded to nearest hundred]

Estimated
Estimated mean mean annual Estimated
Spring name/area General location discharge rate ground-water percent
{m¥/d) discharge accuracy
: (m?)

Staininger Spring! Scotty’s Castle, Death Valley, Calif. 1,035 378,000 15
Grapevine Springs' Scotty’s Castle, Death Valley, Calif. 2,450 894,900 20
Texas Spring! Furnace Creek Ranch, Death Valley, Calif. 1,220 445,600 15
Travertine Spring! Furnace Creek Ranch, Death Valley, Calif. 4,630 1,691,100 10
Nevares Spring' Furnace Creek Ranch, Death Valley, Calif. 1,885 688,500 --
Indian and Cactus Springs' Indian Springs, Clark County, Nev. 2,240 818,200 10
Bennetts and Manse Springs? Pahrump, Nev. 32,400 11,834,100 25
Total 45,860 16,750,400 --

'Estimate based on flow measurements made or compiled by C.S. Savard (U.S. Geological Survey, written commun., 2001).

*Estimate of ground-water discharge based on flow measurements from Bennetts and Manse Springs made before 1913 when ground-water pumping began

(Maxey and Jameson, 1948; Malmberg, 1967; and Harrill, 1986).

. LaCamera and Locke (1997). Earlier reports give discharge
rates from Texas Spring that range from 136 m*/d in 1915
(Waring, 1915) to 685 m*d in 1926 (Pistrang and Kunkel,
1964). A tunnel constructed into the spring between 1926 and
1941 nearly doubled spring discharge. Reported discharge
measurements taken after tunnel construction were 930 m*/d
in 1941 (Pistrang and Kunkel, 1964); 1,150 to 1,223 m’/d from
1956 to 1963 (Pistrang and Kunkel, 1964); and 1,145 m*/d in
1976 (Miller, 1977).

Mean discharge from the Travertine Spring area is
estimated at 4,630 m*/d+10 percent. This estimate is based on
measurements made from 1956 to 1972 (table C-2; Miller,
1977). Estimates developed by summing measurements made
at 10 springs in the Travertine Springs area between 1955 and
1965 ranged from 4,111 to 4,747 m*/d (Pistrang and Kunkel,
1964). The aggregate discharge estimate of 3,815 m*d given
in Miller (1977) was based on measurements made at only
three springs in 1977. Other periodic measurements made at
individual springs are difficult to composite into an estimate
of discharge for the entire area because of differences in mea-
surement dates.

Natural discharge from the Nevares Spring area is esti-
mated at 1,885 m*d (table C-2; Pistrang and Kunkel, 1964).
This estimate includes discharge from nearby Cow (100 m?/d)
and Salt Springs (25 m*d). Early measurements of discharge
from the main area of Nevares Spring averaged 1,470 m*d for
the period 1956 to 1957, while discharge from other nearby
springs in the Nevares Spring area totaled 290 m*/d (Pistrang
and Kunkel, 1964). Hunt and others (1966) report combined
discharge from the five major springs in the area at 1,790 m%/d
in 1951 and 1,760 m*/d in 1957. An aggregate discharge of
about 1,420 m*/d was reported by Miller (1977) for Nevares
Spring and a nearby, unnamed spring.

Indian and Cactus Springs

Discharge from the Indian and Cactus Springs area is
estimated at 2,240 m%/d+10 percent (table C—2). The first
reported estimate of discharge at Indian Springs, 2,230 m*/d
(Carpenter, 1915), was made in 1912. Subsequent estimates
of 2,180 m*/d (Maxey and Jameson, 1948) and 2,365 m¥d
(Malmberg, 1965) varied by less than 10 percent. Rush (1970)
reports an anomalously low discharge of 1,690 m*d. He attri-
butes the decrease to be an effect of nearby pumping. Reported
estimates of discharge from Cactus Spring are all less than
5 m%d (Carpenter, 1915; Maxey and Jameson, 1948).

Bennetts and Manse Springs

Natural discharge from Bennetts and Manse Springs in
Pahrump Valley (fig. C-2) is estimated at 32,400 m*/d+25
percent (table C-2) for the period prior to ground-water pump-
ing. This estimate is based on reported discharges before 1913
of 17,900 m*/d from Bennetts Spring and 14,500 m*/d from
Manse Spring (Maxey and Jameson, 1948). The estimates of
spring flow from Bennetts and Manse Springs are based on
measurements made before 1913 and represent prepumped
conditions (Maxey and Jameson, 1948; Malmberg, 1967; and
Harrill, 1986). The relatively large inaccuracy given to the
estimate accounts for uncertainties associated with the nature
of the measurements.

Bennetts and Manse Springs were the largest springs in
Pahrump Valley and discharged from the base of alluvial fans
at the foot of the Spring Mountains. After 1945, large-scale
agricultural development accompanied by the drilling and
pumping of wells to irrigate cropland drastically decreased
spring flows throughout the valley (Harrill, 1986). Bennetts
Spring stopped flowing in 1959. Manse Spring virtually
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Figure C-3. Annual discharge from regional springs in Pahrump Valley, Bennetts and Manse Springs, 1875-1978.

stopped flowing in 1977 although small intermittent flows
during the winter season have been reported. Estimated annual
discharge from Bennetts and Manse Springs is shown in
figure C-3 for 1875-1978.

The mean annual discharge in Pahrump Valley estimated
from ET by D’ Agnese and others (2002) also is shown in
figure C-3. During 1959-61, mean annual discharge was esti-
mated as about 8.1 Mm’.

Pumpage

Substantial quantities of ground water have been pumped
from the DVRFS region. Ground-water pumping started
around 1913 in Pahrump Valley to support a small agricultural
community and has continued throughout the region to sup-
port local agriculture, mining, industry, and rural and urban
growth. The number of pumping wells in the DVRFS region
increased substantially from only a few wells in 1913 to nearly
9,300 wells in 1998 (Moreo and others, 2003).

Pumpage from wells, and the physical description and
location of pumping wells in the DVRFES region, are reported
intermittently in publicly available reports and databases.
These sources lack sufficient information, however, from
which to develop the complete history of ground-water devel-
opment for the DVRFS region. Moreo and others (2003) com-
piled available information and developed annual pumpage

estimates to complete the annual pumpage history for the
period 1913-98. Their database contains estimates of annual
ground-water withdrawal at each known pumping well in the
DVREFS region and was used to develop pumping stresses for
model simulation of pumped conditions (see Chapter F, this
volume).

About 8,600 of the approximately 9,300 wells investi-
gated by Moreo and others (2003) are in the DVRFS model
domain (fig. C—4). A few wells included in Moreo and
others (2003) that had estimated open intervals that did not
match the interpolated horizons in the hydrogeologic frame-
work model (Chapter E, this volume) were removed from
the dataset. The combined pumpage from these few wells
removed from the data set accounted for less than 0.001 per-
cent (about 8,000 m? of the total ground water pumped for the
period 1913-98).

About 97 percent of the pumping wells are in the
southern part of the model domain (fig. C—4 and table C-3).
These wells are concentrated primarily in the southern part of
Amargosa Desert and in Pahrump Valley. Penoyer Valley has
the greatest concentration of pumping wells in the northern
part of the model domain. About 95 percent of the pump-
age estimated from 1913 to 1998 was withdrawn from these
three hydrographic areas (fig. C—4 and table C-3) delineated
by Cardinalli and others (1968) on the basis of topographic
basins. Table C-3 presents estimates of total pumpage from
the DVRFS model domain for the period 1913-98 and for
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Table C-3. Number of wells and estimated total pumpage for 1913-98 by hydrographic area for the Death Valley regional ground-water

flow system model domain.

[Annual pumpage estimates computed from data in Moreo and others (2003) for 22 hydrographic areas having reported pumpage; m, cubic meters; pumpage
values for 1913-98 are rounded to the nearest thousand and for 1998 to the nearest ten]

Hydrographic area Number Estimated pumpage
Number Name of wells 1913-98 1938
1913-98 (m?) {m?)

144 Lida Valley 1 12,000 860
146 Sarcobatus Flat 15 850,000 25,160
147 Gold Flat 8 4,561,000 43,170
148 Cactus Flat 2 866,000 56,740
158A Emigrant Valley 4 15,196,000 345,380
159 Yucca Flat 11 20,023,000 91,280
160 Frenchman Flat 7 34,272,000 534,100
161 Indian Springs Valley 85 25,422,000 789,680
162 Pahrump Valley 7,859 2,210,135,000 43,855,360
163 Mesquite Valley' 19 1,059,000 31,080
170 Penoyer Valley 66 272,390,000 15,669,790
173A Railroad Valley! 2 197,000 4,930
211 Three Lakes Valley (southern part) 3 6,986,000 410,750
225 Mercury Valley 1 8,479,000 3,700
226 Rock Valley 1 38,000 860
227A Fortymilé Canyon (Jackass Flats) 7 8,510,000 184,650
227B Fortymile Canyon (Buckboard Mesa) 4 8,674,000 117,180
228 Oasis Valley 28 17,880,000 309,600
229 Crater Flat 6 1,094,000 171,450
230 Amargosa Desert 437 637,619,000 30,729,610
242 Lower Amargosa Desert 2 1,132,000 33,300
243 Death Valley 1 497,000 40,700

Total 8,569 3,275,892,000 93,449,330

'Only part of hydrographic area contained in Death Valley regional ground-water flow system model domain.

1998 by hydrographic area. Of the 38 hydrographic areas in
the DVRFS model domain, 16 have no reported pumping dur-
ing this period.

Moreo and others (2003) grouped pumping wells into
three water-use categories: (1) irrigation; (2) mining, public
supply, and commercial; and (3) domestic. Although nearly
93 percent of the wells are for domestic use, 90 percent of the
water pumped was for irrigation. Pumpage determined for each
water-use category was estimated using different methods. The
results and techniques used to develop a pumpage history for

the DVREFS region are summarized in the following paragraphs.

Moreo and others (2003) provide more detail.
Well-construction information was used to estimate the
open-interval depths of each pumping well. Approximately
85 percent of the irrigation wells, 97 percent of the mining,
public supply, and commercial wells, and 98 percent of the
domestic wells had reported completion intervals (Moreo and
others, 2003). For wells for which construction information
was absent, open intervals were estimated using construction
data from nearby wells of the same water-use category. Moreo

and others (2003) reported that most pumping wells are open
to basin-fill deposits and were drilled to depths of less than
about 150 m, with less than 1 percent having depths exceeding
about 300 m.

Irrigation accounted for 90 percent of the ground water
pumped from the DVRFS model domain during 1913-98.
Irrigation gradually declined from about 100 percent (about
4,940 Mm’) of the ground water used in 1913 to about 80 per-
cent (about 74,710 of 93,450 Mm?) in 1998 (fig. C-5). Moreo
and others (2003) estimated annual irrigation by multiplying
an irrigated acreage by a crop application rate. These investi-
gators identified the extent and years that a field was irrigated
from pumping inventories and remotely sensed data available
since 1972; the crop type from pumping inventories and field
visits; and the application rate of the representative crop from
published sources. Application-rate estimates for alfalfa had
the greatest effect on estimated pumpage. The high sensi-
tivity of application rates, particularly that of alfalfa, is not
unexpected considering that 75 percent of the ground water
withdrawn from 1913-98 was used to irrigate alfalfa (Moreo
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Figure C-5. Annual ground-water pumpage estimates developed by water-use class from Death Valley regional ground-water flow

system model domain, 1913-98.

and others, 2003). The uncertainty in annual irrigation was
expressed by Moreo and others (2003) as a range between a
minimum and maximum estimate, with the most likely value
closer to the minimum.

Mining, public supply, and commercial pumpage
accounted for about 8 percent of all the ground water pumped
from 1913-98. By 1998 pumpage in this category increased,
accounting for nearly 13 percent of the annual total (fig. C-5).
Pumpage for mining, public supply, and commercial use
was estimated primarily from metered and inventoried data.
Estimates for this water-use category were considered accurate
within 5 percent (Moreo and others, 2003).

Pumpage for domestic use accounted for about 2 percent
of the total amount of ground water pumped from 1913 to
1998. The percentage of water pumped for domestic use grad-
ually increased over the years and by 1998 accounted for more
than 7 percent of the annual total (fig. C-5). Moreo and others
(2003) estimated domestic pumpage as the product of the aver-
age annual rate (per household) of domestic consumption and

the number of domestic wells permitted for use. The num-

ber of domestic wells may have been slightly overestimated
because the history of well abandonment is not known. The
uncertainty in the domestic-use estimate was expressed as a
range defined by a minimum and maximum value that reflects,
primarily, the uncertainty in the per household consumption
rate. The minimum estimate of domestic pumpage was based
on an annual per household consumption of 616.5 m* and the
maximum estimate on an annual per household consumption
of 1,233 m? (Moreo and others, 2003).

Annual ground-water pumpage estimates from the
DVRFS model domain increased from about 5 Mm® in 1913 to
about 93.5 Mm® in 1998 (fig. C-5 and table C-3). The greatest
number of wells and the largest withdrawals are in Pahrump
Valley, Amargosa Desert, and Penoyer Valley (fig. C—4). Dur-
ing 1913-45, ground water was used primarily for irrigation
and was supplied by about 30 flowing wells in Pahrump Valley
(Moreo and others, 2003). After 1945, local water use relied
on pumps and continued to increase as access to the region



114 Death Valley Regional Ground-Water Flow System Transient Flow Model
160 I I T ] I T T I
2] ¢ ]
E ]
=W uNcerTaNTY ]
= (computed from maximum and minimum pumpage .
o . estimates given in Moreo and others, 2003) |
é e 4 Upper bound -
w r
= L — — Lower bound ]
Q ™ -
= 100 [ _
2 ; .
2 3
® 80 | ]
= ]
2 E
= i |
o 60 -
i - !
<t -
% Yt 3
S wt ]
e | -
= | 4
[+ =4 4
o | ]
I 2t ]
- i .
=
= b
< !
0
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
YEAR

Figure C-6. Uncertainty in annual ground-water pumpage estimates developed for Death Valley regional ground-water flow system

model domain, 1913-98.

improved (fig. C-5; Moreo and others, 2003). The percent-

age of ground water pumped for nonirrigation uses (domestic,
mining, public supply, and commercial) began to increase from
only a small percentage in 1960 to about 20 percent of the
annual total in 1998. This trend is expected to continue as the
population of Pahrump Valley and Amargosa Desert increases
as a consequence of continued urbanization.

The total amount of ground water pumped from the
DVREFS model domain during the period 1913-98 is estimated
at 3,276 Mm® (table C-3). Moreo and others (2003) expressed
uncertainty in their estimate of annual pumpage as a range
defined by a minimum and maximum estimate (fig. C-6).
Accordingly, the uncertainty in their estimate of total pumpage
from the DVRFS model domain during the period 1913-98
ranges from 1,616 to 6,081 Mm?®. This large uncertainty is
attributed to incomplete pumping records, misidentification
of crop type, and errors associated with estimating annual
domestic consumption, the irrigated area, and crop application
rates (Moreo and others, 2003). The error associated with the
uncertainty in the application rate, which differs spatially and
temporally with variations in potential ET, length of growing
season, irrigation systems, crop type, and management prac-
tices, exceeds that of all other uncertainties combined (Moreo
and others, 2003).

Moreo and others (2003) did not adjust estimates of
annual pumpage for water potentially returned to the flow sys-
tem through subsequent infiltration of excess irrigation, lawn
water, or septic tank wastewater. Although some return flow
is likely to occur in the DVRFS model domain, the magnitude
and timing of these returns have not been precisely quantified.
Harrill (1986, p. 19) estimates return flows for Pahrump Valley
as 70 percent of domestic pumpage, 50 percent of public-
supply and commercial pumpage, and 25 percent of irrigation
pumpage and states that the returns depend on the timing and
method by which the water is returned to the flow system.

Stonestrom and others (2003) estimate return flows
beneath three irrigated fields in the southern part of the
Amargosa Desert, These estimates are made using the chloride
mass-balance method and downward velocities inferred from
peaks of chloride and nitrate concentrations noted in borehole
depth profiles. Estimates of the rate at which irrigation water
percolates downward through the unsaturated zone toward
the water table ranged from 0.1 to 0.5 m/yr. On the basis of
these rates and the depth to water beneath the fields, irrigation
returns would take between 10 and 70 years to reach the water
table. The water returned to the water table beneath individual
irrigated fields was estimated to be 8 to 16 percent of the irri-
gation (Stonestrom and others, 2003, p. 19).
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Many difficulties are associated with estimating return
flows. These include uncertainties in pumpage, in the hydrau-
lic properties of unsaturated zone sediment, and delineating
the actual areas where water is or was returned to the environ-
ment. For example, ground water pumped for irrigation does
not return to the flow system at the well (point of withdrawal)
but rather to the water table beneath the field or fields irrigated
by the well. The actual location of these fields, especially
those of historical significance, can be highly uncertain.
Despite these uncertainties, a method was developed to
compute informal estimates of return flow. Return flows were
computed as the product of the estimated annual pumpage and
a user-defined return-flow percentage, and could be lagged
in time by a user-defined value. All computed return flows
were assumed to return to the water table at the location of the
pumped well. Return flows were evaluated using the transient
model in Chapter F of this volume.

Ground-Water Recharge

Ground-water recharge is defined as water that infil-
trates downward through the unsaturated zone into the water
table. Most of the ground-water recharge in the DVRFS
region originates from precipitation that falls on mountainous
areas throughout the DVREFS region (fig. C-7). The distribu-
tion and quantification of recharge for basins in the DVRFS
region have been evaluated using empirical (Maxey and
Eakin, 1950; Malmberg and Eakin, 1962; Walker and Eakin,
1963; Malmberg, 1967; Winograd and Thordarson, 1975;
Miller, 1977; Harrill, 1986; IT Corporation, 1996a; D’ Agnese
and others, 1997), water-balance (Rice, 1984; West, 1988),
chloride mass-balance (Dettinger, 1989; Lichty and McKinley,
1995; Russell and Minor, 2002), and distributed-parameter
(Hevesi and others, 2002; Hevesi and others, 2003) methods.
Each of these methods attempts to capture the complex array
of factors that control recharge.

The distributed-parameter method described by
Hevesi and others (2003) provided an estimate of the poten-
tial recharge based on net infiltration, and was used primar-
ily to distribute recharge in the model domain. The potential
recharge estimated by their method was adjusted across the
model domain to better balance with discharge (Chapter F,
this volume). Hevesi and others (2003) estimated potential
recharge using a net-infiltration model, INFILv3. Net infil-
tration is considered a reasonable indicator of ground-water
recharge because most of the net infiltration and surface runoff
that originates as precipitation in the model domain eventually
moves downward through the unsaturated zone to recharge
the ground-water flow system (Hevesi and others, 2003). In
general, the uncertainty of approximating potential recharge
from net infiltration increases as the thickness and hetero-
geneity of the unsaturated zone increases. INFILv3 simulates
surface-water flow, snowmelt, transpiration, and ground-water
drainage in the root zone and has as a climate algorithm that
simulates daily climate conditions in local watersheds. Topog-
raphy, geology, soils, and vegetation data are input to represent

local drainage-basin characteristics. Improved vegetation
distributions were delineated from a western region vegetation
map developed by the U.S Geological Survey Gap Analysis
Program (WESTVEG GAP) and soil distributions from the
U.S. Department of Agriculture (1994) State Soils Geographic
Database (STATSGO).

On a daily basis, INFILv3 simulated major components
of the mass-balance equation within the unsaturated zone
to a depth of 6 m, the depth at which the seasonal effects of
ET become insignificant. Net infiltration equaled the sum of
snowmelt, precipitation, and infiltrating surface flow minus
the sum of ET, runoff, and changes in root-zone storage. Each
of these components was estimated on a cell-by-cell basis
by using secondary governing equations (Hevesi and others,
2003). Runoff was generated in the model when and where
available water exceeded the root-zone storage capacity or
the saturated hydraulic conductivity of the soil or bedrock.

A surface-water routing process was used to move runoff
downstream through a simulated drainage basin and allow the
surface water potentially to infiltrate through the root zone.

Net-infiltration simulations were calibrated by fitting the
simulated daily discharge from modeled watersheds to stream-
flow records at 31 gaged sites in the DVRFS region (fig. C-7).
Model fit was evaluated both qualitatively and quantitatively
by comparing simulated to measured daily and annual hydro-
graphs. Model calibration was complicated by sparse daily
climate records and information regarding stream-channel
characteristics and base-flow contributions, the absence.of col-
located climate stations and stream-gaging stations in a water-
shed, and the nonuniqueness of model results (Hevesi and
others, 2003). To increase the confidence in the net-infiltration
estimates, model results were constrained by prior estimates of
recharge that were calculated using alternative methods.

The calibrated net-infiltration model (model 1 in Hevesi
and others, 2003) was used to simulate daily net infiltration
from 1950 through 1999 across the DVRFS model domain
(fig. C-8). This period was selected for simulation primarily
because of the availability of climate and streamflow records.
An average annual net infiltration of 2.8 millimeters (mm)
was estimated over the entire model domain by averaging
simulated daily net infiltration over the 50-year simulation
period. This estimate is less than 2 percent of the average
annual precipitation computed for the same period (Hevesi and
others, 2003). An annual potential recharge of about 125 Mm?
was computed by multiplying the average annual infiltration
by the area of the model domain. Results presented by Hevesi
and others (2003) indicate a wide range in the simulated
rate of net infiltration across the model domain. Local net-
infiltration rates ranged from near zero to a maximum of about
1,262 millimeters per year (mm/yr) beneath a stream channel.
The simulated average annual runoff over the 50-year simula-
tion period was 2.2 mm, of which 0.2 mm eventually flowed
into lowland playas where it was evaporated or infiltrated into
the subsurface (Hevesi and others, 2003). About 14 percent of
the total net infiltration simulated over the 50-year period was
from overland flow, but locally the overland flow accounted
for as much as 40 percent (Hevesi and others, 2003).
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Simulated net-infiltration rates, averaged over the period
1950-99, were generally consistent with published (Hevesi
and others, 2003, table 1) estimates of recharge in the DVRFS
region. The reported annual estimate of recharge from 42 con-
terminous hydrographic areas including most of the DVRFS
region was about 157 Mm? (Hevesi and others, 2003). The
simulated annual net infiltration for this same area was 4 per-
cent less at 151 Mm®.

The uncertainty in model-generated net infiltration esti-
mates was related to uncertainties associated with the represen-
tation of the near-surface environment and the unsaturated zone
processes. Hevesi and others (2003) presented model uncer-
tainty qualitatively because the results of their study could not .
support a rigorous quantification of uncertainty. Model uncer-
tainty remained high for many model inputs such as bedrock
permeability, soil thickness, root density as a function of depth,
stream-channel properties, spatial distribution of climate by
month (computed from daily records), and potential evapo-
transpiration coefficients. Although the general magnitude
of the simulated net-infiltration volume was consistent with
prior discharge and recharge estimates for the DVRFS region,
substantial differences were observed in some local basins.
Nonetheless, the spatial distribution of estimated net infiltration
was considered a reasonable indication of the spatial distribu-
tion of the potential recharge across the model domain under
current climate conditions (Hevesi and others, 2003).

On the basis of the net infiltration simulated by Hevesi
and others (2003), the major areas of the model domain receiv-
ing recharge are along the eastern model boundary beneath
the Timpahute, Pahranagat, and Sheep Ranges and the Spring
Mountains; along the western part of the model boundary
beneath the Panamint Range and Cottonwood Mountains;
beneath the Kawich and Belted Ranges and Rainier Mesa, near
the northern part of the NTS area; and beneath the Grapevine
Mountains and the southern part of the Funeral Mountains,
along the eastern margin of Death Valley (fig. C-38). In addi-
tion, small concentrated areas of recharge occur beneath major
drainages, such as Fortymile Canyon and Fortymile Wash near
Yucca Mountain and the Amargosa River near Oasis Valley,
and beneath channels draining the Panamint Range and along
well-developed drainages that incise major alluvial fans in
Death Valley.

Lateral Flow

Areas of potential inflow and outflow, or lateral ground-
water flow, along the DVRFS model boundary were defined
for prepumped conditions (Appendix 2, this volume). Hydrau-
lic gradients determined from a regional potentiometric map
(plate 1 and Appendix 1, this volume) indicate that one bound-
ary segment has no flow and that flow occurs across 11 of 12
lateral boundary segments of the model domain—7 boundary
segments have inflow (Eureka and Saline are combined) and 3
have outflow (fig. C-9).

Death Valley Regional Ground-Water Flow System Transient Flow Model

Lateral flow was estimated using the Darcy equation with
hydraulic gradients defined by regional water levels, and esti-
mates of hydraulic conductivity and the cross-sectional area of
HGUs along the model boundary. Where possible, lateral-flow
estimates were constrained by inflows and outflows estimated
from available water-budget information for areas adjacent to
the model domain. Where discrepancies between Darcy and
water-budget flow estimates were great, alternative interpreta-
tions of the data, such as local adjustments to the composite
hydraulic conductivity or reappraisals of the surrounding area
water budgets, were used to further develop a reasonable esti-
mate of lateral-boundary flow for the boundary segment.

Lateral-flow estimates for each boundary segment are
given in table C—4. The table includes Darcy and water-
budget estimates and the estimate considered most reasonable
for prepumped conditions (Appendix 2, this volume). On the
basis of these estimates of lateral flow, nearly 18.4 Mm?® of
ground water flows into the model domain annually, primarily
along the western and northern parts of the model boundary,
and 9.5 Mm? flows out, primarily along the eastern part of the
model boundary (fig. C-9 and table C—4). The greatest inflow
occurs from the area west of Death Valley, and the greatest
outflow to the area east of the Sheep Range. The estimated
annual net lateral flow is about 8.8 Mm? into the model
domain.

Balance of Components

The water budget commonly is used to assess the signifi-
cance of individual flow components in the ground-water sys-
tem and to evaluate the balance between inflows and outflows.
The volumetric flows estimated for the major water-budget
components of the DVRFS from data previously presented
in this chapter are summarized in table C-5. For prepumped
conditions, annual recharge accounted for about 87 percent
of the total inflow (143.4 Mm?®), and natural discharge (ET
and spring flow) about 93 percent of the total outflow (133.8
Mm?®). The remainder (less than 10 percent) of the inflow and
outflow is accounted for by lateral flows into and out of the
model domain. The difference between estimated prepumped
inflows and outflows is less than 7 percent of the estimated
inflow. By 1998, pumpage was about 93.5 Mm?, which
equates to about 70 percent of the total outflow estimated for
prepumped conditions. It should be noted that this pumpage
estimate is not adjusted for any potential return flow and that
table C-5 does not include return flow as a potential inflow to
the 1998 water budget.

Water naturally discharging as spring flow and(or) ET
and water stored in pore spaces of subsurface rock units are
two likely sources for the ground water pumped from the
DVREFS. A decrease in estimated spring discharge—from
16.8 Mm? for prepumped conditions to 5 Mm?® in 1998
(table C-5)—indicates that ground-water pumping has
affected natural discharge. The water budget given in
table C—5 also indicates that ET in 1998 is likely to be less
than that estimated for prepumped conditions and possibly
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Table C4. Estimates of flow across lateral boundary segments of the Death Valley regional ground-water flow system model domain

for prepumped conditions.

[+ values, flow into model domain; — values, flow out of modél domain; --, no value was reported or estimate was unreliable; m*/d, cubic meter per day;

m?, cubic meter]

Boundary flow estimate Estimate of annual
Boundary segment {m/d) boundary flow’
{shown in fig. C-9) Darcy Water-budget Most reasonable ()
calculation calculation estimate

Silurian -125 -11,400 5007 183,000
Spring-Mesquite 782 - (0 0
Las Vegas -4,575 - -4,575 -1,671,000
Sheep Range -18,747 -- -18,747 —-6,847,000
Pahranagat -2,783 - -2,783 -1,016,000
Garden-Coal 4,139 - 4,139 1,512,000
Stone Cabin-Railroad 12,476 -- 12,476 4,557,000
Clayton 667 -~ 667 244,000
Eureka-Saline* 20,873 14,600-15,600 15,100 5,515,000
Panamint 14,050 14,000-16,000 15,000 5,479,000
Owlshead 2,382 -- 2,382 870,000

Total 27,576 24,193 8,826,000

'Volume calculated using most reasonable estimate of boundary flow; from data analyses in Appendix 2 (this volume), rounded to the nearest 1,000 m?.

2See Appendix 2 (this volume) for explanation of method used to determine most reasonable estimate.

3No significant flow estimated across boundary because segment closely coincides with natural no-flow boundary.

“Estimate is sum of flows across Saline and Eureka boundary segments.

represents a source of natural discharge reduced by local
pumpage. Given the relatively short time period (less than
a century), this decrease in discharge is probably not due to
climatic influences. Accordingly, this interpretation would
support a higher estimate of prepumped discharge than that
presented in table C-5.

The other potential source of ground water pumped from
the DVRFS model domain is water stored in the pores of sub-
surface rock. This water, when removed from the flow system,
decreases the hydraulic head in the aquifer. Although the
actual volume of stored ground water is uncertain, preliminary
estimates, based on sparse available data on storage properties,
indicate that storage accounts for the largest amount of the
available water (Harrill, 1986, p. 18; Dettinger, 1989, p. 22).
Measured declines in hydraulic head and only small decreases
in spring discharge relative to the total amount of ground water
being pumped from the DVRFS strongly indicate that the pri-
mary source of water pumped from the DVRFS model domain
is stored ground water.

Hydraulic Properties

Belcher and others (2001) compiled published and
unpublished hydraulic-property data to estimate hydraulic
properties of the major HGUs defined for the DVRFS (see
Chapter B, this volume). The hydraulic-property estimates
included those for transmissivity, hydraulic conductivity, stor-
age coefficient, and anisotropy ratios. With the exception of
the lower clastic-rock confining unit (LCCU), however, only

aquifer tests were used to estimate the hydraulic properties
of an HGU. Belcher and others (2001) evaluated these data
to characterize the hydraulic properties of the major HGUs.
Hydraulic conductivity was the only property with a sufficient
number of estimates to generate statistical distributions for
specific HGUs. Belcher and others” (2001) compilation pro-
vided the data set from which hydraulic properties, primarily
hydraulic conductivity, were estimated for the transient flow
model. Storage coefficients are not discussed because field
data are extremely limited (Harrill, 1986, p. 31; Belcher and
others, 2001; Carroll and others, 2003). Consequently, values
given in standard hydrogeology textbooks were considered
adequate for purposes of this investigation.

Hydraulic Conductivity

Belcher and others (2001) estimated horizontal hydraulic
conductivity (hereinafter referred to as hydraulic conductiv-
ity) by dividing transmissivity calculated from an aquifer test
by the total thickness of the aquifer material being tested.
Because an HGU is typically stratified and the individual aqui-
fers or confining units have unknown thicknesses, Belcher and
others (2001) used the length of the open interval of the well
or borehole as the unit thickness. Belcher and others (2001)
indicate that while this simplifying approach is not optimal, it
is considered appropriate given the available data and nature
of the units tested. This approach also was used in previous
regional modeling studies in the DVRFS region (IT Corpora-
tion, 1996b).
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Table C-5. Annual volumetric flow estimates of major water-
budget components of the Death Valley regional ground-water
flow system model domain for prepumped conditions and 1998
conditions.

[--, no estimate was made or available; Mm?®, millions of cubic meters; ET,
evapotranspiration]

Estimated annual

volumetric flow
Water-budget

{Mm’)
component
Prepumped 1908
conditions
Inflow
Recharge (net infiltration) 125 125
Boundary inflow (table C-4) 18.4 -
Total 143.4
Qutflow
Natural discharge: ET! 107.5 3<107.5
Spring flow? (table C-2) 16.8 5
Boundary outflow (table C-4) 9.5 -
Pumpage (table C-3) 0 93.5
Total 133.8
Difference (inflow-outflow) 9.6
Difference (percent) 6.7

'Estimate for prepumped conditions not included in estimate given in
table C-1 for Pahrump Valley.

?Bennetts and Manse Springs were reported dry after 1975.

3"Less than” symbol is not intended to quantify discharge, but only to indi-
cate that the component likely is less than the prepumped natural discharge.

Pumping and companion observation wells commonly
are constructed in water-producing zones of an HGU in the
model domain. Data collected from these wells may represent
the more transmissive zones of an HGU; therefore, transmis-
sivities calculated from these data may be biased to larger val-
ues. This bias may be compounded further by the assumption
that the thickness of a unit is limited to the length of the open
interval of the well when calculating hydraulic conductivity.
Thus, the means and variances presented by Belcher and oth-
ers (2001) may be most representative of the hydraulic proper-
ties of the more productive zones in an HGU.

Variability inherent in the HGUs across the DVRFS
region increases the uncertainty of the estimated hydraulic
conductivity values. Lithologic factors, such as facies changes
in sedimentary rock, changes in welding in volcanic rock, and
degree of fracturing, can cause hydraulic conductivity values
to vary substantially over relatively short distances. Variability
also can result from sampling bias. Variability for estimates of
the matrix permeability commonly depends upon the variable
lithology and interval penetrated by the well within a particu-
lar unit. Sampling variability also can be a factor in fractured
rocks if boreholes intersect rocks with different degrees of
fracturing.

Probability Distributions

Data from Belcher and others (2001) were used to esti-
mate probability distributions and to provide reasonable ranges
of hydraulic conductivity for the major HGUs in the DVRFS
region (Belcher and others, 2002). Fracturing appears to have
the greatest influence on the permeability of bedrock HGUs—
the greater the degree of fracturing, the greater the permeabil-
ity. Alteration and welding in the Cenozoic volcanic rocks also
greatly influence hydraulic conductivity. Alteration decreases
hydraulic conductivity, and welding forms brittle rocks that
fracture more easily, thereby increasing hydraulic conductiv-
ity. In Chapter B (this volume), these relations are used to
establish hydraulic-conductivity zones. Table C-6 presents
probability distributions of hydraulic conductivity for the
major HGUs in the DVRFS region.

| Depth Decay

Intuitively, hydraulic conductivity decreases with depth
as the geostatic load increases, compressing favorably oriented
fractures, faults, and sedimentary units. Analyses of covari-
ance confirmed the assumption that depth was a significant
factor in the variability of hydraulic conductivity in the
DVRES region, but variability in hydraulic-conductivity esti-
mates because of other factors prevents a rigorous quantifica-
tion of a depth decay function.

The relation between hydraulic conductivity and depth

'~ in the DVRFS region has been postulated by Bedinger and

others (1989), IT Corporation (1996b), and D’ Agnese and
others (1997). Bedinger and others (1989) developed a series
of curves defining the distribution of hydraulic conductiv-

ity for hydrogeologic units in the region. The hydraulic-
conductivity values of each unit were affected by the variation
of rock properties by depth and degree of faulting. Using these
findings, D’ Agnese and others (1997) indicate qualitatively
that the hydraulic conductivity decreases rapidly for most
rocks between depths of 300 to 1,000 m across the model
domain. At depths greater than 1,000 m, matrix permeability
probably dominates, except in regional fault zones. At depths
greater than 5,000 m, the geostatic load probably keeps faults
and fractures closed (D’ Agnese and others, 1997). The study
by the IT Corporation (1996b, p. 29) postulated a relation of
exponentially decreasing hydraulic conductivity with depth

in the alluvial aquifer (equivalent to the AA and ACU units

in table C-6), in the volcanic aquifer (equivalent to part of
the Cenozoic volcanic-rock HGUs), and in the lower car-
bonate-rock aquifer (LCA). Decreasing trends in hydraulic
conductivity are evident in the data presented in this study (IT
Corporation, 1996b, figs. 6-1, 6-2, and 6-3), despite a great
deal of apparent scatter in the data.

On the basis of regression analysis, Belcher and others
(2001) found the best relation was between log, -transformed
hydraulic conductivity and depth. The logarithmic values of
hydraulic conductivity were used for statistical calculations
because this parameter tends to be log-normally distributed




122 Death Valley Regional Ground-Water Flow System Transient Flow Model

Table C-6. Horizontal hydraulic-conductivity estimates of hydrogeologic units in the Death Valley regional ground-water flow system

{modified from Belcher and others, 2001; 2002).

[Abbreviations: AA, alluvial aquifer; ACU, alluvial confining unit; BRU, Belted Range unit; CFBCU, Crater Flat-Bullfrog confining unit; CFPPA, Crater
Flat-Prow Pass aquifer; CFTA, Crater Flat-Tram aquifer; CHVU, Calico Hills volcanic-rock unit; ICU, intrusive-rock confining unit; LCA, lower carbon-
ate-rock aquifer; LCCU, lower clastic-rock confining unit; LFU, lava-flow unit; OAA, older alluvial aquifer; OACU, older alluvial confining unit; OVU, older
volcanic-rock unit; PVA, Paintbrush volcanic-rock aquifer; SCU, sedimentary-rock confining unit; TMVA, Thirsty Canyon-Timber Mountain volcanic-rock
aquifer; UCA, upper carbonate-rock aquifer; UCCU, upper clastic-rock confining unit; VSU, volcanic- and sedimentary-rock unit; XCU, crystalline-rock confin-
ing unit; YAA, younger alluvial aquifer; YACU, younger alluvial confining unit; YVU, younger volcanic-rock unit; NA, not applicable]

Hydraulic conductivity

Hydrogeologic {meters per day) 95-percent Number of
unit or subunit Geometric Arithmetic . . . confidence interval measurements
) Minimum Maximum
mean mean
AA? 1.5 10.8 0.00006 130 0.005-430 52
ACU3 3 10.5 0.003 34 0.02470 15
LFU NA NA 0.002 4 NA 2
YVU & VSU 0.06 1.5 0.00004 6 . 0.00005-80 15
TMVA 0.01 2 0.0002 20 0.00001-18 11
PVA 0.02 4 0.000007 17 0.0000003-1300 9
CHVU 0.2 0.55 0.008 2 0.007-5 14
BRU 0.3 1.03 0.01 4 0.006-17 6
CFTA 0.05 0.4 0.003 2 0.0004-5.3 11
CFBCU 0.4 6.8 0.0003 55 0.0006-240 34
CFPPA 0.3 13 0.001 180 0.000006-2.4 19
ovu 0.004 0.07 0.000001 1 0.00002-5 46
ICU : 0.01 0.3 0.0006 1.4 0.00002-5 7
SCU 0.002 0.02 0.0002 0.3 0.00004-0.09 16
UCA & LCA 2.5 90 0.0001 820 0.0008-7700. 53
fractured 19 150 0.01 820 0.03-11,000 32
unfractured 0.1 1.6 0.0001 14 0.0002-70 21
UCCU & LCCU* 0.00002 0.2 3x10°8 5 1x10-1°-3 29
shale 0.01 0.07 0.0002 04 0.0001-1.4 9
quartzite 0.000001 0.24 3x10°® 5 1x10-1°-0.006 19

'Values determined from log-transformed distribution.
2AA is the combined YAA and OAA.
3ACU is the combined YACU and OACU.

4One measurement could not be classified as shale or quartzite.

(Neuman, 1982). The Cunnane plotting position method was
used to assess the normality of the logarithms of hydraulic-
conductivity estimates for each major HGU (Helsel and
Hirsch, 1992, p. 27-29). In most cases, the assumption of a
normal distribution for log hydraulic conductivity was true.

For the major HGUs, 14 of the 15 relations between
depth and log hydraulic conductivity had a correlation coef-
ficient that ranged from virtually zero to 0.52. Depth and log
hydraulic conductivity possibly are correlated for the Belted
Range unit (1’=0.78), although the regression was determined
with only six data pairs.

Despite poor results from the regression analysis, a
relation between depth and hydraulic conductivity might
exist at the scale of this investigation. Hydraulic-conduc-
tivity estimates were available only to depths of less than
3,600 m, and the average depth investigated was only 700 m.
A possible relation between depth and hydraulic conductivity
could be investigated further through calibration of regional
models.

Hydraulic Head

Hydraulic-head measurements at each measurement site
were composited to develop hydraulic-head observations.
Errors in well altitude and location, nonsimulated transient
stress, and water-level measurement were estimated to quan-
tify the uncertainty of the head observations.

Head Observations

Periodic depth-to-water measurements and continu-

ous down-hole water pressure measurements made in wells
throughout the DVRFS model domain were used to develop
hydraulic-head observations. The observations for each well,
which composite one or more water-level measurements, were
used in calibrating the ground-water flow model. These data
were acquired as part of activities associated with many his-
torical and currently active water-level monitoring networks,
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each of which was established to address a specific interest in
a study area. Active monitoring networks include those funded
or operated by Nye County, the States of Nevada and Cali-
fornia, U.S. Geological Survey, National Park Service, U.S.
Fish and Wildlife Service, and the U.S. Department of Energy
Yucca Mountain Project and Underground Test Area Program.
Much of these data and other water-level information avail-
able from local mining operations have been included in the
U.S. Geological Survey’s National Water Information System
(NWIS). NWIS, specifically its ground-water component, the
Ground-Water Site Inventory (GWSI), served as the primary
source and repository for water levels and associated borehole
information used to develop and calibrate the DVRFS ground-
water flow model. Temporal and spatial gaps in water-level
data were evaluated and, where possible, addressed by making
additional measurements and by entering any previously omit-
ted water-level information into the GWSL

The GWS], although comprehensive and complete in terms
of water-level measurements and borehole and well informa-
tion, has limited options for assigning ancillary information to
individual water-level measurements. Thus, a project database
was designed to retrieve site, construction, borehole, and water-
level information directly from GWSI and store additional
information about each water-level measurement.

Ancillary information about each water level was
incorporated into the project database by assigning attributes.
This information included one general-condition attribute
and multiple detailed-condition attributes for each water-level
measurement (table C-7). The general-condition attribute indi-
cates the appropriateness of the measurement as a steady-state
or transient head observation. The detailed-condition attribute
provides additional information about the condition or state of
the measurement or of the well at the time the measurement
was made.

The general-condition attribute identifies measurements
determined acceptable as head observations for calibration of
the regional ground-water flow model. Measurements repre-
sentative of regional ground-water conditions were identified
as regional-scale measurements. All other general-condition
attributes indicate that the measurement is unacceptable for
developing head observations for calibration of the regional
ground-water flow model. These regional measurements
were attributed as either steady state or transient. A regional
transient designation is assigned only to those water levels in
which the measured response is considered to be the result of
ground-water pumpage. Detailed-condition attributes provide
information to support the general condition assigned to the
measurement. These attributes include information about
the condition and location of the well, observed trends in the
water level, and reported and likely explanations for measured
water-level changes.

Attributes assigned to each category were determined
by analyzing hydrographs, reviewing reports pertaining to
water levels measured nearby, and evaluating the well location
relative to centers of pumping and underground nuclear tests.
Reports include mainly those published as part of previously

mentioned monitoring networks. Open-interval depth informa-
tion for wells also was evaluated to assess whether measured
fluctuations result from precipitation variations or evapotrans-
piration. Measurements from wells having insufficient infor-
mation from which to determine or estimate an open interval
were not used to develop head observations. This attributing
procedure is illustrated by an annotated hydrograph of water
levels from a well in Pahrump Valley (fig. C-10).

Nearly 40,000 water levels measured in about
2,100 wells were evaluated in the model domain. Of these,
about 12,000 water levels in 700 wells were assigned attri-
butes indicating that the water level represented regional,
steady-state conditions. Head observations for calibration of
prepumped conditions were computed at each of the 700 wells
as the average of all measurements attributed as representing
regional, steady-state conditions. The spatial distribution of the
700 steady-state head observations is shown in figure C-11.
Head observations range from about 2,500 m above sea level in
the Spring Mountains to nearly 100 m below sea level in Death
Valley. In general, head decreased from north to south. Local
areas of higher head are coincident with mountainous areas
where regional aquifers receive recharge from precipitation.

Nearly 15,000 water levels measured in about 350 wells
were attributed to indicate that the measurements repre-
sented regional, transient (pumped) conditions (fig. C~12).
These measurements, along with those attributed as regional
steady-state water-level measurements, were used to develop
the set of transient-head observations used to calibrate the
ground-water flow model. Water-level records for individual
wells spanned periods from 1 to about 50 years. Water levels
attributed as representing regional steady-state or transient
conditions were averaged by year and by well to compute the
almost 5,000 head observations used to calibrate the transient
ground-water flow model.

The earliest reported water level usable for the DVRES
ground-water flow model was measured in 1907. Most wells
having longer term water-level records are in Pahrump Valley
(fig. C-12). Nearly 100 wells in the DVRFS model domain
have a record of 20 years or longer. The greatest drawdown
measured in the DVRFS model domain is 76 m, which was
measured in a well in the Beatty area just north of Amar-
gosa Desert (fig. C—12). Most wells have less than 15 m of
measured drawdown; wells having the greatest drawdown
(>15 m) typically are in areas of concentrated irrigation use,
primarily the Amargosa Desert and Pahrump and Penoyer
Valleys (fig. C-12).

Every well in which a water level was measured was
attributed to indicate the depth of the interval contributing
water to the well. Two depth attributes were assigned to each
well—one representing the top of the uppermost open inter-
val, and the other, the bottom of the lowermost open interval.
Depth attribute values were determined from well-construction
and borehole information stored in GWSI. For wells in which
specific screen- or open-interval information was not known,
top and bottom interval values were estimated from reported
well depths, hole depths, casing information, and water levels.
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Table C-7. Description of attributes assigned to water levels retrieved from Ground-Water Site Inventory (GWSI) for simulation of
ground-water flow in the Death Valley regional ground-water flow system model domain.

General-condition attribute

Attribute name

Considered
appropriate for
regional evaluation

Description

Duplicate
Insufficient data

Localized
None
Nonstatic level

Steady state-LOCAL
Steady state-REGIONAL
Superseded

Suspect
Transient-LOCAL
Transient-REGIONAL

Measurement entered under another site identifier. NO

Measurement does not have sufficient supporting information to determine general NO
condition.

Measurement represents localized hydrologic conditions. NO

Water level not measured because well was dry or obstructed. NO

Measurement affected by sampling, testing, construction, or some other local activ- NO
ity.

Measurement represents prepumped, equilibrium conditions in a local-scale flow NO
system.

Measurement represents prepumped, equilibrium conditions in regional ground- YES
water flow system.

Measurement replaced by another that more accurately represents ground-water NO
conditions at the site.

Measurement is erroneous or affected by unnatural conditions. NO

Measurement reflects transient conditions in or near borehole. NO

Measurement reflects changes caused by pumping from the regional ground-water YES

flow system.

Detailed-condition attribute

Attribute name

Description

Erratic/Unstable
Evapotranspiration response
Flowing

Insufficient data
Limited data

Missing

No date

Obstruction

Nuclear test effect

Not adjusted for temperature
Precipitation response
Pumping area

Pumping steady state
Pumping/recovery
Reported perched water
Rising trend

Seasonal pumping
Suspect

Suspected perched water
Testing area
Undeveloped

Measurement appears to be erratic and unstable.
Measurement appears to be responding to evapotranspiration.

Measurement is above land surface. In some cases an accurate water level could not be determined due to
flowing conditions.

Measurement does not have sufficient information to determine detailed conditions.

Measurement is one of a limited number, but general condition is assumed to represent regional conditions.
Measurement not assigned a vatue.

Measurement not associated with a date.

Measurement not assigned a value because of an obstruction in borehole.

Measurement appears to be responding to nearby nuclear test (1951-92).

Measurement not adjusted for a reported temperature effect.

Measurement appears to be responding to a recent precipitation event.

Site is located in an area that may have been affected by ground-water pumping.

Measurement appears to represent steady- or near steady-state conditions during sustained pumping.
Measurement appears to be responding to pumping in the borehole or in a nearby borehole.
Measurement is reported to represent local perched-water conditions.

Measurement appears to be part of a discernible, overall, rising trend. Possible causes include decrease in
nearby pumping and a local precipitation event.

Measurement appears to be responding to nearby seasonal pumpage.
Measurement is suspect.

Measurement assumed to represent local perched-water conditions.
Well located in area of past nuclear testing.

Well not sufficiently developed.
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ur 116° 15°

50,000-meter grid based on Universal Transverse Mercator projection, 0 40 80 KILOMETERS
Zone 11. Shaded-relief base from 1:250,000-scale Digital Elevation Model; } b Ly !
sun illumination from northwest at 30 degrees above horizon 0 20 40 MILES
EXPLANATION
s Death Valley regional ground-water Head-observation altitude in well representing regional,
flow system model boundary steady-state conditions—In meters above sea level
———  Nevada Test Site boundary ® <500
@ 500-1,000
. Water-level measurements not © 1,000-1,500
rﬂpm‘ﬂﬁ\'ﬂ of l'e.gionnl. @ 1.500-2,000
steady-state conditions ® 2.000-2.500

Figure C-11. Spatial distribution and altitude of head observations in wells representing regional, steady-state
conditions used in calibration of the Death Valley regional ground-water flow system model.
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50,000-meter grid based on Universal Transverse Mercator projection, 0 40 80 KILOMETERS
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Figure C-12.  Spatial distribution and maximum drawdown of head observations in wells representing regional,
transient conditions used in calibration of the Death Valley regional ground-water flow system model.

127



128

As previously stated, measurements from wells for which
information was insufficient to determine or estimate an open
interval were not used to calibrate the transient ground-water
flow model. Wells used to calibrate the transient flow model
are summarized in table C-8. The table lists wells in depth
ranges based on the depth of the bottom of the open interval.
About 43 percent of the wells have open intervals at depths
less than 100 m, and less than 10 percent at depths greater
than 1,000 m. The spatial distribution of wells with shallow
and deep openings is shown in figure C~13. Most wells having
deeper openings are in or near the NTS. The typical depth of
the open interval of wells in major agricultural areas of the
DVRFS model domain (Amargosa Desert and Penoyer and
Pahrump Valleys) is less than 100 m.

Head-Observation Uncertainty

Errors that contribute most to the uncertainty of head
observations are associated with potential inaccuracies in
the altitude and location given for a well and in the measure-
ment of a water level, and fluctuations introduced by varia-
tions in climate or any other nonsimulated transient stress.
These errors were estimated from available information and
were used to quantify the uncertainty of a head observation.

Table C-8. Bottom depth of open interval for wells used to
calibrate the Death Valley regional ground-water flow system
model.

[<, less than or equal to]

Bottom depth

of open interval Number Percentage
rmeters) of wells of wells
<100 369 425
<500 642 i
<1,000 803 925
<5,000 868 100.

Well-Altitude Error

Well-altitude error directly affects the calculation of the
hydraulic head as referenced to a common datum. The error
associated with the potential inaccuracy in well altitude was
computed from the altitude accuracy code given in GWSI,
expressed as a plus/minus (+) range related directly to the
method by which the altitude was determined. This range
varies from +0.03 m for high-precision methods, such as
spirit level and differential global positioning system (GPS)
surveys, to 25 m for estimates determined from topographic
maps having large (50 m) contour intervals. The range defined
by the altitude accuracy code is assumed to represent, with
95 percent confidence (two standard deviations), the true well-
altitude uncertainty. Assuming that the head observation repre-
sents the mean value and that the error is normally distributed,

Death Valley Regional Ground-Water Flow System Transient Flow Model

the uncertainty of the head observation, with respect to the
well-altitude error, can be expressed as a standard deviation by
the following equation:

sd=AAC/2 ¢))
where
sd  is the standard deviation,

and

AAC s the value of the GWSI altitude accuracy code,

in meters.

Accordingly, the standard deviation for well-altitude error
could range from 0.015 to 12.5 m.

Well-Location Error

Well-location errors can cause a discrepancy between |
observed and simulated heads. The magnitude of this discrep- ‘
ancy depends directly on the hydraulic gradient at the well—
the steeper the gradient, the greater the discrepancy. Well-
location error was calculated as the product of the distance
determined from the coordinate accuracy code values given
in GWSI and the hydraulic gradient estimated for a given
well location. Latitude and longitude coordinate accuracy
codes given for wells in the DVRFS range from about 0.1 to
100 seconds. In the DVREFS region, a second represents about
33 m. Accordingly, the largest distance accuracy that could be
computed for a well in the DVRFS model domain would be
about 3,300 m. The hydraulic gradient at a well was esti-
mated from a regional potentiometric surface map developed
by D’Agnese and others (1998). The largest gradient estimated
from their map was nearly 15 percent and the smallest about
2 percent. The range defined by the value of the coordinate
accuracy code is assumed to represent, with 95 percent confi-
dence (or two standard deviations), the true error in the head
observation as related to well-location uncertainty. Assuming
that the head observation represents the mean value and that
the error is normally distributed, the uncertainty of the head
observation, with respect to the well-location error, can be
expressed as a standard deviation calculated by the following
equation:

sd=(CAC/2)x HG, ©)
where

sd is the standard deviation;

CAC s the value of the GWSI coordinate accuracy
code, in meters;
and
HG  is hydraulic gradient, in percent slope divided

by 100.

Accordingly, the standard deviation for well-location error
could range from about 0.03 to 250 m.
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Figure C-13. Spatial distribution and bottom depth of opening in head-observation wells (steady-state and
transient conditions) used in calibration of the Death Valley regional ground-water flow system model.
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Nonsimulated Transient Error

Nonsimulated transient errors result from uncertainty
in the magnitude of water-level response caused by stresses
not simulated in the flow model, which are typically seasonal
and long-term climate changes. Seasonal water-level fluctua-
tions of nearly 5 m have been measured in shallow wells in the
DVRFS model domain. These seasonal fluctuations decrease
as the depth of the open interval increases. The quantifica-
tion of uncertainty associated with seasonal fluctuations in the
water level requires a sufficient number of measurements made
over an entire year. For observations computed with less than
7 measurements per year, the seasonal fluctuation was set to
5 m for wells with open intervals less than 15 m below land sur-
face and 1.5 m for open intervals greater than 15 m below land
surface. For observations computed from seven or more mea-
surements per year, the fluctuation is computed as the differ-
ence between the highest and lowest water-level measurement.
It was assumed that if at least seven measurements were made
per year, then these measurements spanned the entire year.

The long-term climatic response in the water-level
record is much more difficult to discern and commonly is
masked by pumping effects. On the basis of an analysis of
available water-level data, long-term climatic response is
relatively small throughout the DVRES region (less than
1.5 m). The potential error associated with long-term cli-
mate response at a well was not calculated independently
but instead was accounted for by adding 1 m to the seasonal
fluctuation assigned to each well. The range defined by this
sum is assumed to represent, with 95-percent confidence (or
two standard deviations), the true error in the head observation
as related to nonsimulated transient uncertainty. Assuming
that the head observation represents the mean value and that
the error is normally distributed, the uncertainty of the head
observation, with respect to the nonsimulated transient error,
can be expressed as a standard deviation calculated by the fol-
lowing equation:

sd=(SF +LTC)/ 4, 3

where
sd is the standard deviation;

SF  is seasonal fluctuation as defined by water-level
measurements, in meters;

and

LTC is the long-term climate trend defined as 1 m.

Accordingly, the maximum standard deviation for non-
simulated transient error is 1.5 m for wells having less than
7 measurements and an open interval within 15 m of land
surface, and 0.625 m for deeper wells.

Measurement Error

Measurement errors result from inaccuracies in the
measurement of the depth to water. Measurement accuracy
depends primarily on the device being used to make the

measurement. Typically, the accuracies of measurement
devices are less than a meter and are defined as a percentage
of the depth of the measurement—the deeper the depth-to-
water measurement, the greater the potential error. Errors
associated with most devices used to measure water levels

in the DVRFS region are described in a standard operating
procedure report for water-level measurements at the NTS
(U.S. Geological Survey, Las Vegas, Nev., written commun.,
2001). The greatest error associated with any of these devices
equates to about +1 m per 1,000 m or 0.1 percent. Water-level
depths measured in the region range from near land surface to
about 750 m below land surface. A value computed as 0.1 per-
cent of the water-level measurement was used to represent the
potential error in measurement accuracy. The range defined
by this value is assumed to represent, with 95-percent confi-
dence (or two standard deviations), the true error in the head
observation as related to measurement uncertainty. Assuming
that the head observation represents the mean value and that
the error is normally distributed, the uncertainty of the head
observation, with respect to the measurement-accuracy error,
can be expressed as a standard deviation calculated by the fol-
lowing equation:

sd=(DOOBS x 0.001) /2, 4)
where |
sd is the standard deviation,
and
DOOBS s depth of the observation, in meters above or

below land surface.

Accordingly, the standard deviation for the measurement-
accuracy error could range from near O to 0.375 m.

Total Head-Observation Error

The potential error associated with each head observa-
tion is the composite of all errors contributed by the different
sources. This uncertainty, expressed as a standard deviation,
was computed as:

(sd >+ sd? + sd* + 5d )", (5)
where

sd,  is standard deviation of well-altitude error,
sd, is standard deviation of well-location error,

sd,  is standard deviation of nonsimulated transient

error,
and
sd, is standard deviation of measurement-accuracy
€ITor.

Accordingly, the standard deviations representing the uncer-
tainty of head observations used to calibrate steady-state
(prepumped) conditions generally range from less than 1

to about 40 m (fig. C-14A). About 95 percent of the head
observations had an uncertainty of less than 10 m and nearly
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Figure C-14. Uncertainty of 700 head observations computed to represent prepumped, steady-state conditions in the Death Valley regional ground-
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50 percent had an uncertainty of less than 1 m. The contribu-
tion of individual sources to head observation uncertainty
varies; but in general, smaller uncertainties were dominated
by nonsimulated transient and measurement errors and
larger uncertainties by well-altitude and well-location errors
(fig. C-14B).

Summary

Information from a series of investigations was com-
piled to conceptualize and quantify hydrologic components
of the ground-water flow system in the Death Valley regional
ground-water flow system (DVRFS) model domain and to
provide hydraulic-property and head-observation data to be
used in the calibration of the transient-flow model. These
studies, completed as part of the overall DVRFS investigation,
reevaluated natural ground-water discharge occurring through
evapotranspiration (ET) and spring flow; the history of
ground-water pumping from 1913 through 1998; ground-water
recharge simulated as net infiltration; model boundary inflows
and outflows based on regional hydraulic gradients and water
budgets of surrounding areas; hydraulic conductivity and its
. relation to depth; and water levels and their appropriateness
for regional simulation of prepumped and pumped condi-
tions in the DVRFS model domain. Results appropriate for
the regional extent and scale of the model were provided by
acquiring additional data, by reevaluating existing data using
current technology and concepts, and by refining interpreta-
tions using new analyses or algorithms.

Estimates of natural ground-water discharge were
evaluated for Death Valley, Oasis Valley, and the other
major discharge areas in the DVRFS model domain. Natural
ground-water discharge was estimated from evaporation from
open water and moist, bare soil and from transpiration by
the phreatophytes growing in the discharge area. Discharge
from the many regional springs in these discharge areas was
accounted for because most spring flow eventually is evapo-
transpired. In Pahrump and Penoyer Valleys, where ground
water is discharged both naturally and by pumping, natural
discharge estimates were based on published sources and were
assumed to vary with local pumping. In discharge areas not
affected by pumping, rates of natural ground-water discharge
were assumed to remain fairly constant, presuming no major
changes in climate. Mean annual discharge from ET for the
model domain is estimated at about 115.5 million cubic meters
(Mm?®).

The ET investigations did not account for spring flow
where springs supported narrow bands of riparian habitat along
the valley margins or where local pumping had decreased
spring flow. Previously published spring-discharge rates and
some additional measurements of discharge from selected
springs were compiled. Annual natural discharge from springs
not accounted for in ET studies is estimated at about 16.8 Mm?.

Death Valley Regional Ground-Water Flow System Transient Flow Model

The composite annual discharge from Bennetts and
Manse Springs, the largest springs in Pahrump Valley, is
estimated at 12 Mm? prior to ground-water pumping. The
local pumping of ground water for large-scale agricultural use
in Pahrump Valley caused Bennetts Spring to stop flowing in
1959 and Manse Spring to stop flowing around 1977.

A history of ground-water use for the DVRFS region
(1913-98) was developed by compiling available informa-
tion and using various estimation methods to fill gaps where
data were missing. In 1913, ground water used to support
agriculture in Pahrump Valley was estimated at less than
5 Mm’. Ground-water pumping remained relatively constant
through 1944 and thereafter increased steadily in response to
agricultural expansion. The estimated total volume of ground
water pumped from the DVRFS model domain for the period
1913-98 is about 3,276 Mm? and in 1998 about 93.5 Mm?.
These estimates are not adjusted for water potentially returned
to the ground-water flow system.

Recharge in the DVREFS region was estimated from net
infiltration using a deterministic mass-balance method. The
approach simulated daily climate changes and numerous near-
surface processes controlling infiltration. The net-infiltration
model, INFILv3, was calibrated to available surface-water
flow measurements and constrained by prior estimates of
recharge and discharge. The INFILv3 model simulated a
mean annual potential recharge to the model domain of about
125 Mm? for the period 1950-99.

Lateral flow across the boundary of the DVRFS model
domain was estimated. Flows from water-budget studies were
compared to those computed by Darcy calculations by using
hydraulic gradients obtained from a regional potentiometric-
surface map (Appendix 1) and estimated hydraulic conduc-
tivities of the hydrogeologic units (HGUs) along the model
boundary. The estimated mean annual ground-water flow into
the model domain is about 18.4 Mm?® and out of the model
domain is about 9.5 Mm’.

A water budget for the prepumping period (pre-1913)
computed for the DVRFS model domain was balanced to
within about 7 percent. For prepumped conditions, annual
recharge accounted for about 87 percent of the total inflow,
and natural discharge (ET and spring flow) about 93 percent
of the total outflow. Although natural discharge by ET was
assumed to represent prepumped conditions, actual discharge
may have been reduced some by local pumpage. The remain-
der of the inflow and outflow is accounted for by lateral flows
into and out of the model domain.

The water budget for pumped conditions for the DVRFS
model domain is incomplete because accurate estimates for
the major hydrologic components are not available. Pumpage
in 1998 was about 70 percent of the total outflow estimated
for prepumped conditions. A likely source of most of the
water being pumped from the DVRFES region is ground water
in storage. This water, when removed from the flow system,
potentially decreases the hydraulic head within aquifers and
decreases natural discharge through ET and from spring flow.
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These decreases are partly reflected by declining water-level
measurements in areas of pumping and by estimates showing
declining spring discharge in Pahrump Valley.

Previously developed reasonable ranges of hydraulic
properties, primarily horizontal hydraulic conductivity, were
used for the major HGUs of the DVRFS region. Fracturing
appears to have the greatest influence on the permeability
of bedrock HGUs—the greater the degree of fracturing, the
greater the permeability. In the Cenozoic volcanic rocks by
alteration decreases hydraulic conductivity, and welding form-
ing brittle rocks that fracture more easily, increases hydraulic
conductivity. Storage coefficients from the literature were used
because field data necessary to develop HGU-specific values
were extremely limited.

The average depth represented by hydraulic-conductivity
estimates for the model domain is 700 m with a maximum
depth of 3,600 m. Using these limited data, hydraulic con-
ductivity decreased with depth. A rigorous quantification of a
depth-decay function was prevented by the variability in avail-
able hydraulic-conductivity data.

Nearly 40,000 water levels measured since 1907 in
about 2,100 wells were evaluated as part of the DVRFS
investigation. Almost 100 wells in the DVRFS model domain
have a record of 20 years or longer. Most wells having 30
or more years of water-level record are in Pahrump Valley.
About 43 percent of the wells have openings at depths less
than 100 m, and less than 10 percent at depths greater than
1,000 m. Wells having deeper openings are generally in or
near the NTS. The depth of the open interval for wells in
major areas of ground-water pumping (Amargosa Desert and
Penoyer and Pahrump Valleys) is typically less than 100 m.

Head observations representing steady-state, prepumped
conditions were computed from about 12,000 water levels
averaged at 700 wells in the DVRFS model domain. Head
observations range from about 2,500 m above sea level in the
Spring Mountains to nearly 100 m below sea level in Death
Valley. Transient, pumped conditions were represented by
head observations computed from nearly 15,000 water levels
measured in about 350 wells. Water-level records for indi-
vidual wells spanned periods from 1 to about 50 years. Most
wells have less than 15 m of measured drawdown. Wells
having measured drawdown greater than 15 m typically are in
areas of concentrated irrigation use, primarily the Amargosa
Desert and Pahrump and Penoyer Valleys. The largest draw-
down is 76 m, which was measured in a well located in the
Beatty area just north of the Amargosa Desert.

Each head observation was assigned an uncertainty
based on potential errors related to uncertainties in the altitude
and location given for a well, potential inaccuracies in the
measurement of a water level, and fluctuations introduced
by variations in climate or any other nonsimulated transient
stress. The uncertainty of each head observation was repre-
sented by a standard deviation calculated by compositing the
individual source errors. Standard deviations representing the
uncertainty of the head observations range from less than 1 to
about 200 m with only one observation having an uncertainty
exceeding 40 m.
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CHAPTER D. Hydrology

By Claudia C. Faunt, Frank A. D’'Agnese, and Grady O'Brien

Introduction

The hydrology of the Death Valley regional ground-water
flow system (DVREFS), as in all flow systems, is influenced by
geology and climate and varies with time. In general, ground
water moves through permeable zones under the influence
of hydraulic gradients from areas of recharge to areas of
discharge in the regional system (fig. D-1). The topography
produces numerous local subsystems within the major flow
system (Freeze and Cherry, 1979, p. 196). Water that enters
the flow system in a recharge area may be discharged in the
nearest topographic low, or it may be transmitted to a regional
discharge area.

Ground-water flow in the DVRFS region is dominated
by interbasin flow with several relatively shallow and local
on flow systems that are superimposed on deeper intermediate
and regional flow systems (fig. D—1). The regional ground-
water flow patterns do not coincide with local topographic
basins. Regional ground-water flow generally follows the
regional topographic gradient as water moves toward the
lowest point in the region at Death Valley, Calif. (fig. D-2).
Bedinger and Harrill (plate 1 and Appendix 1, this volume)
developed regional potentiometric-surface contours of the
areas contributing ground-water flow to the DVRFS model
domain to define the regional ground-water flow across
the lateral boundary of the model. For conceptualization of
the ground-water flow system and for the construction of a
numerical flow model (D’ Agnese and others, 1997), D’ Agnese
and others (1998) developed an approximation of the regional
potentiometric surface. This surface depicted mounds, troughs,
and depressions indicating areas of recharge and discharge that
may be characteristic of a relatively shallow and local flow
system (fig. D-2). Differences between the potentiometric
surfaces of the deep regional system (plate 1 and Appendix 1,
this volume) and those in the shallower local systems depicted
on D’Agnese and others (1998) are emphasized by areas of
generally downward flow (recharge areas) to, and gener-
ally upward flow (discharge areas) from, the regional system
(fig. D-2).

Hydrochemistry

The chemically and thermally dynamic nature of
ground water can be used to help define flow systems and
evaluate the relative importance of ground-water sources
and pathways using chemical, isotope, temperature, and
hydraulic data for ground water. For example, leakage from
the carbonate-rock aquifer into overlying aquifers can be
distinguished by differences in water quality along with differ-
ences in water temperature and hydraulic potential. Discharge
temperatures for many modern springs commonly are higher
than mean annual air temperature, indicating that the water has
thermally equilibrated along deep flow paths. Cooler tempera-
tures or lower altitude recharge are usually associated with
shallower and shorter ground-water flow paths. Chemical
and thermal heterogeneities are common in the DVRFS region
due to fracture flow through contrasting lithologies, and these
data were used, where possible, to help delineate the flow
system.

Ground water of the DVRFS region may be divided
into hydrochemical categories that reflect equilibration with
(1) tuffaceous rocks or tuffaceous basin-fill sediments (a
sodium and potassium bicarbonate type); (2) primarily carbon-
ate rocks or carbonate basin-fill sediments (a calcium and
magnesium bicarbonate type); and (3) both kinds of rocks or
sediments, or a mixing of different types of water (Schoff and
Moore, 1964; Winograd and Thordarson, 1975). These catego-
ries define hydrochemical signatures for the water that can be
used to identify sources and flow paths. In some areas water
can reflect equilibration with playa deposits. Isotopic informa-
tion from water or discharge deposits can provide substantial
information on the hydrochemical signature of ground water.
For example, higher levels of strontium appear to be fairly
common in water samples from the regional carbonate-rock
aquifer (the associated carbonate rocks are relatively low in
strontium), which indicates that more flow occurs through the
fractured basement rocks (clastic and intrusive rocks, which
are relatively high in strontium) than had been thought previ-
ously (Peterman and Stuckless, 1992a, b).
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Figure D-1.

Schematic block diagram of Death Valley and other basins illustrating the structural relations between mountain

blocks, valleys, and ground-water flow (modified from Eakin and others, 1976).

Ground-Water Hydrology

Within the DVRFS region, ground-water flow is strongly
influenced by the physical framework of the system, which is
characterized by aquifers, confining units, and flow barriers. In
order to simulate the regional flow system, the boundaries of
the system must be identified and defined for the model.

Source and Movement of Ground Water

Current sources of ground-water flow in the DVRFS
region are (1) recharge from precipitation in the mountains
(usually winter storms) within the model domain, and (2)
lateral flow into the model boundary, predominantly through
the carbonate-rock aquifer. Most ground-water recharge results
from infiltration of precipitation and runoff on the mountain
ranges (Bedinger and others, 1989) (fig. D-3). Water may
infiltrate from melting snowpack in the mountains primarily
on volcanic or carbonate rocks or adjacent to the mountains
from streams flowing over alluvium (fans and channels)
(Harrill and Prudic, 1998). Lateral ground-water flow across
the model boundary is governed in part by regional hydraulic
gradients in the DVRFS region.

Current ground-water discharge in the DVRFS
region is from (1) seeps and spring flow from the regional
carbonate-rock aquifer and local systems; (2) evapotrans-
piration (ET); (3) pumpage for irrigation, mining, public
supply, commercial, and domestic uses; and (4) subsurface
flow out of the model boundary (fig. D-3 and plate 1). Most
ground-water discharge today originates as spring or seep
flow caused by variations in permeability created by geologic
structures and varying lithologies (Winograd and Thordar-
son, 1975; Chapter B, this volume; fig. D-1). In particular,
many of the regional (larger volume and higher temperature)
springs occur along major faults (figs. D-1 and D-3). Most
spring discharge is ultimately consumed by ET. Major dis-
charge areas primarily occur in the lower part of intermontane
valleys where the potentiometric surface is near or above land
surface. Discharge also occurs as pumping for irrigation, min-
ing, public supply, commercial, and domestic uses (Bedinger
and others, 1989; Moreo and others, 2003; Chapter C, this
volume) (fig. D-3). Lateral flow into the model domain,
predominantly through the carbonate-rock aquifer, is small
compared to the internal discharge (fig. D-3; Appendix 2,
this volume).
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Regional Aquifers, Flow Barriers, and Confining
Units

Hydraulic compartmentalization may occur through-
out the DVRFS region owing to the complex hydrogeologic
framework. Ground water flows through a diverse assemblage
of rocks and sediments in the region, and geologic structures
exert significant control on ground-water movement as well
(Chapter B, this volume).

Hydrogeologic units (HGUs) that are important to the
hydrology of the DVRFS region include Cenozoic basin-
fill units, Cenozoic volcanic-rock units of the southwest-
ern Nevada volcanic field, the carbonate-rock aquifer, and
confining units present at the water table (fig. D-4). Three
types of aquifers exist in the region: basin-fill, volcanic-rock,
and carbonate-rock aquifers (Chapter B, this volume). Some
ground-water basins are part of multibasin flow systems con-
nected by surface-water streams or by flow through the basin-
fill sediments or permeable bedrock, and others are topograph-
ically and hydraulically isolated by low-permeability bedrock
(figs. D-1 and D-4).

Juxtaposition of thick, low-permeability clastic-rock
strata and rocks forming aquifers by folding or faulting com-
monly forms barriers to ground-water flow (Chapter B, this
volume). Although the clastic rocks are subjected to the same
deformational history as the carbonate rocks, the clastic rocks
are generally relatively impermeable because of their low sus-
ceptibility to solution and their lack of significant secondary
permeability. Most of the clastic rocks, when deformed, will
break into fragments that reconsolidate into impermeable rock
(quartzites) or will yield ductilely (shale) and, in either case,
will not result in significant openings through which water can
flow. In general, crystalline rocks have low permeability; how-
ever, where fractured, crystalline rocks may have significant
permeability (Winograd and Thordarson, 1975).

In the DVRFS region, the relative permeability of faulted
rock may vary either directly as the result of the fault orienta-
tion with respect to the present-day stress field or indirectly
as zones of fracturing adjacent to the fault. The present-day
stress field in the DVREFS region tends to enhance flow along
northeast-southwest-trending features while decreasing the
permeability along features oriented northwest-southeast
(Carr, 1984; Faunt, 1997). Despite their orientation to the
stress field, faults with low-permeability gouge may be barri-
ers to ground-water flow (Winograd and Thordarson, 1968).

Flow-System Model Boundaries

The DVRFS model domain is contained within the
DVREFS and can be defined by a series of boundaries. For
modeling purposes, a ground-water flow system is a set of
three-dimensional (3D) pathways through the subsurface rocks
and sediments by which ground water moves from recharge
areas to discharge areas. Below the water table, the saturated
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volume of rock is bounded on all sides by a boundary sur-
face (Franke and others, 1987). For the flow-system model,
this boundary surface is represented by the upper, lower, and
lateral extents of the model.

The upper boundary of the DVRFES model is the water
table. Under natural (prepumping) conditions, water moves
across this boundary as recharge or as discharge. When
stressed (from climate change or pumping), the upper bound-
ary may fluctuate with changes in recharge and discharge.

The lower boundary of the DVRFS model is the depth at
which ground-water flow is dominantly horizontal or parallel
to the boundary. Near the lower boundary, permeabilities are
so low that flow near this boundary does not substantially
affect regional flow. The depth of this boundary can vary and
generally corresponds to the upper surface of low-permeability
basement rocks.

The lateral boundary of the DVRFS model is a combi-
nation of no-flow boundaries resulting from physical barri-
ers or hydraulic separation of flow regimes (ground-water
divides and[or]) regional flow lines) and arbitrary lateral-flow
(throughflow) boundaries where water is allowed to flow
across the model boundary. When the system is at steady state,
no-flow conditions exist where ground-water movement across
the boundary is impeded by physical barriers, which results -
in flow paths parallel to the boundary, or where ground-water
flow paths diverge, which results from ground-water divides.
Under transient-state conditions, the location of flow paths
and ground-water divides may shift if hydraulic-head changes
occur. An estimated regional potentiometric-surface map was
developed for the DVRFS region to delineate areas outside
the model domain that contribute inflow to or receive outflow
from the DVRES across the model boundary (Appendixes 1
and 2, this volume; plate 1).

Flow-System Subregions

Ground-water flow in the DVRFS model domain is
described simply in terms of the northern, central, and
southern Death Valley subregions (fig. D-5) of D’ Agnese and
others (1997, p. 62—-67). The subregions are further subdi-
vided into ground-water sections, with the sections in the
central Death Valley region grouped into ground-water basins
(table D-1). These subregions, basins, and sections are used
for descriptive purposes only, and the boundaries do not define
independent flow systems. The subregions, basins, and sec-
tions are delineated primarily on (1) location of recharge areas;
(2) regional hydraulic gradients; (3) distribution of aquifers,
structures, and confining units that affect flow; (4) location
of major discharge areas; and (5) hydrochemical composition
of the ground water. Flow directions across the model bound-
ary, as indicated in figure D-5, are based on the lateral flow
estimates provided in Appendix 2.
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Northern Death Valley Subregion

Ground water in the northern Death Valley subregion is
derived from precipitation on the Montezuma and Panamint
Ranges, Slate Ridge, and the Palmetto, Gold, and Stonewall
Mountains (fig. D-6). Ground water also may be entering the
subregion across the DVRFS model boundary from Eureka
Valley and the southern part of Saline Valley and possibly
across the northern part of the Panamint Range (Appendix 2,
this volume). Much of the ground-water flow is controlled by

northeast-southwest-trending structural zones (Carr, 1984;
Chapter B, this volume). Deep regional flow is unlikely
because the relatively low-permeability, shallow, intrusive-
rock confining unit (ICU), the lower elastic-rock confining
unit (LCCU), and the crystalline-rock confining unit (XCU)
underlie most of the subregion. Extensive outcrops of the
lower carbonate-rock aquifer (LCA) occur in the Grapevine
and Cottonwood Mountains in the southern part of the subre-
gion. The LCA has been interpreted to exist in the subsurface
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Table D-1.
flow system.

Divisions of the Death Valley regional ground-water

Northern Death Valley Subregion

Lida-Stonewall section

Sarcobatus Flat section

Grapevine Canyon—-Mesquite Flat section
Oriental Wash section

Central Death Valley Subregion

Pahute Mesa-Oasis Valley ground-water basin
Southern Railroad Valley section
Kawich Valley section
Oasis Valley section

Ash Meadows ground-water basin
Pahranagat section
Tikaboo Valley section
Indian Springs section
Emigrant Valley section
Yucca-Frenchman Flat section
Specter Range section

Alkali Flat-Furnace Creek ground-water basin
Fortymile Canyon section
Amargosa River section
Crater Flat section
Funeral Mountains section

Southern Death Valley Subregion

Pahrump Valley section
Shoshone-Tecopa section
California Valley section
Ibex Hills section

in the southern paft of the subregion (Grose, 1983; Sweetkind
- and others, 2001), including the southern part of Sarcobatus
Flat and in the vicinity of Grapevine Springs in the northern
part of Death Valley. Pumpage in the northern Death Valley
subregion has been negligible, and the change in the volume
of ground-water storage relative to the total amount in storage
is negligible (Moreo and others, 2003). The subregion can be
divided into four sections: Lida-Stonewall, Sarcobatus Flat,
Grapevine Canyon—-Mesquite Flat, and Oriental Wash.

The Lida-Stonewall section (section A, fig. D-6) poten-
tially receives recharge by throughflow from Ralston Valley
and precipitation on areas along the northern boundary of the
subregion. The dominant regional flow path is to the south.
Field observation and analysis of satellite imagery reveal
that the playas at Stonewall Flat and near Lida Junction have
very little phreatophytic vegetation, indicating that the small
amounts of ET in these areas are probably from local surface
water that infiltrates intermittently. Discharge from the section
occurs as throughflow to Sarcobatus Flat and Death Valley.

Ground water in the Sarcobatus Flat section (section B,
fig. D-6) may originate on the western part of Pahute Mesa
(D’ Agnese and others, 1997) and flows southwest as through-
flow from the central Death Valley subregion by way of
Cactus and Gold Flats. Throughflow from the Lida-Stonewall
section also may contribute flow to the section. Precipitation
on the Grapevine Mountains may contribute recharge in the
western part of Sarcobatus Flat, but is not sufficient to main-
tain the discharge at Sarcobatus Flat. Other potential sources

of recharge for this area are Pahute Mesa and the Kawich
Range to the east. Ground water may flow to the southeast
along or parallel to buried structures (Grauch and others,
1999) discharging by ET at areas on or adjacent to the playas
of Coyote Hole or Sarcobatus Flat. Recent studies indicate that
discharge at Sarcobatus Flat is much greater than previously
thought (Laczniak and others, 2001). As a result, through-
flow from Ralston Valley and from the central Death Valley
subregion may be much greater than described by D’ Agnese
and others (1997). In addition, uncertainty exists about the
potential for ground-water flow through the Bullfrog Hills to
Amargosa Desert.

Ground water in the Grapevine Canyon—-Mesquite Flat
section (section C, fig. D-6) originates as throughflow from
the northeast past Sarcobatus Flat (D’ Agnese and others,
1997). Additional ground water may enter the flow system
from Saline Valley. A small amount of recharge may result
from precipitation on the Grapevine Mountains. The Grape-
vine Canyon—Mesquite Flat section contains a major discharge
area that includes Grapevine and Staininger Springs. These
high-discharge springs are aligned with northeast-oriented
regional structural features (Carr, 1984) and their waters have
chemical characteristics indicative of an origin from rocks in |
the eastern part of the DVRFS region (Steinkampf and Wer- |
rell, 2001). In addition, numerous seeps and low-discharge
springs in and along the flanks of the Grapevine Mountains
reflect structural controls of flow on local recharge and the
chemistries of these sources (Steinkampf and Werrell, 2001).
Ground water that does not discharge at these springs and
seeps continues past this discharge area to flow through Death
Valley to discharge at Mesquite Flat or farther down the valley.
Potential inflow from Saline Valley may discharge at Mesquite
Flat or continue through Death Valley.

Some ground water in the Oriental Wash section
(section D, fig. D—6) is from locally derived recharge on the
predominantly granitic mountains to the north. In addition,
ground water may enter the system as throughflow from
Eureka and Saline Valleys. Ground-water flow is apparently
directed toward a small-volume and low-temperature spring
area at Sand Spring in the northern part of Death Valley
along the axis of Oriental Wash. This spring area appears to
be associated with a northeast-southwest-trending structural
zone (Carr, 1984), and the discharge occurs along the northern
terminus of the Death Valley fault zone. Some ground water
moving along this flow path may bypass Sand Spring and flow
through Death Valley toward Mesquite Flat.

Central Death Valley Subregion

In the central Death Valley subregion, the dominant
flow paths have been interpreted to be associated with major
regional or intermediate discharge areas and have been
grouped into three ground-water basins based on the major
discharge areas (fig. D—7): Pahute Mesa—Oasis Valley basin,
Ash Meadows basin, and Alkali Flat-Furnace Creek basin
(Waddell, 1982; D’ Agnese and others, 1997, 2002).
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Figure D-6. Northern Death Valley subregion of the Death Valley regional ground-water flow system showing ground-water

sections and flow directions.

Pahute Mesa—0asis Valley Basin

The Pahute Mesa-Oasis Valley ground-water basin is
the smallest and northernmost of the three basins and its
extent is not well defined (fig. D-7). Ground water is derived
primarily from recharge in Pahute Mesa and the Kawich,
Cactus, and Belted Ranges (D' Agnese and others, 1997).
Additional recharge from within the basin may occur at
Black and Quartz Mountains. Throughflow into the Pahute

Mesa—Oasis Valley basin may occur from the southern part of
Railroad, Reveille, and Stone Cabin Valleys (Appendix 2, this
volume).

At Oasis Valley, ground water is diverted upward by the
confining units along faults to discharge by ET and spring flow
at and along the flood plain of the Amargosa River and tribu-
tary drainages (fig. D-5) (White, 1979; Laczniak and others,
1996). Mass-balance calculations indicate that about one-half
the water that flows to Oasis Valley discharges through ET
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(White, 1979). Ground water that does not discharge within
Oasis Valley flows through a veneer of alluvium or the low-
permeability basement rocks at Amargosa Narrows south of
Beatty, Nev. (fig. D-7), and into the Alkali Flat-Furnace Creek
basin (Waddell, 1982; Laczniak and others, 1996).

Some ground water may not reach Oasis Valley and
may flow around the northern part of Bare Mountain toward
Crater Flat (fig. D-7). Likewise, some ground water in the

northwestern part of the section (parts of Cactus and Gold
Flats) may flow toward the eastern part of Sarcobatus Flat.
Based on general flow patterns, the Pahute Mesa—QOasis Valley
basin may be divided into three sections: southern Railroad
Valley—Penoyer Valley, Kawich Valley, and Oasis Valley.
Ground water in the southern Railroad Valley-Penoyer
Valley section originates either as recharge on the flank-
ing mountains or as throughflow from the north (fig. D-7)
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(D’ Agnese and others, 1997; Appendix 2, this volume). at the playa in the southern part of Penoyer Valley. Water
Ground water in the section flows dominantly south and south- that is not discharged there may continue to flow south into
west toward Kawich Valley and southeast toward Penoyer and ~ Emigrant and Tikaboo Valleys.

Emigrant Valleys. The section has little internal discharge and Ground water in the Kawich Valley section originates
most, if not all, of the water leaves the system as throughflow.  mainly as throughflow from the southern Railroad Valley
Penoyer Valley traditionally has been characterized as part of  section and as recharge on the Kawich Range and Pahute

the Colorado River ground-water flow system. Some studies and Rainier Mesas (fig. D-7). On Pahute and Rainier Mesas,
indicate that it is possible that the valley is connected to the water percolates down and commonly encounters low-per-
DVREFS (IT Corporation, 1996). A small discharge area occurs  meability volcanic rocks, forming perched and semiperched
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water that can be elevated several hundred meters above the
regional water table. From the recharge areas, ground water

in the Kawich Valley section flows toward a trough in the
potentiometric surface beneath the western part of Pahute
Mesa (figs. D-2 and D-7) (Waddell and others, 1984). The
Thirsty Canyon lineament (fig. D-5) may act as a limited-
flow barrier, created by caldera-boundary faults juxtaposing
low-permeability rocks on the west and more permeable rocks
to the east, diverting westward-moving water to the south
(Blankennagel and Weir, 1973, p. 24). The hydraulic gradient
across the barrier indicates some eastward flow. The barrier
concept is supported by distinct differences in the major anion
chemistry of ground-water samples collected on either side of
the feature (Laczniak and others, 1996). This section has little
internal discharge. Ground water leaving the southern margins
of Pahute Mesa flows southwestward in Oasis Valley toward
the Amargosa River and south through Fortymile Canyon,
ultimately discharging at Oasis Valley, Alkali Flat, and(or)
Death Valley.

The Oasis Valley section contains the major discharge
area for the basin. The section receives subsurface inflow from
the Kawich Valley section, by way of Pahute Mesa, and Gold
Flat to the north is the largest source of ground water to the
Oasis Valley section (fig. D-7) (Laczniak and others, 1996;
White, 1979). The location and nature of the boundary sepa-
rating the Oasis Valley section from the Alkali Flat-Furnace
Creek basin is not well understood, and it is uncertain how
much of the water discharging at Oasis Valley actually passes
through rocks beneath Pahute Mesa (Laczniak and others,
1996).

Water is withdrawn for irrigation, domestic, and public
supply in upper Oasis Valley. Pumping occurred periodically
since the 1950’s on the Pahute Mesa—Qasis Valley basin part
of the Nevada Test Site for water supplies and long- and short-
term aquifer tests to help characterize the flow system. Most
of this development has been small in scale and likely has had
little long-term effect on the system. Similarly, the relatively
small amount of pumpage in the area of Penoyer Valley for
irrigation likely has had little long-term effect (Moreo and
others, 2003).

Ash Meadows Basin

The Ash Meadows basin is the largest basin in the central
Death Valley subregion (fig. D-7) (Waddell, 1982). Much
of the ground water in this basin is derived from recharge on
the Spring Mountains and the Sheep, Pahranagat, and Belted
Ranges. Recharge also may occur within the basin on the
Spotted, Pintwater, and Desert Ranges (Laczniak and others,
1996). The Ash Meadows basin is subdivided into six sec-
tions: Pahranagat, Tikaboo Valley, Indian Springs, Emigrant
Valley, Yucca~Frenchman Flat, and Specter Range.

The Ash Meadows discharge area (fig. D7) represents
the terminus of the Ash Meadows basin. Water entering Ash
Meadows encounters a northwest-southeast trending fault
that juxtaposes fine-grained basin-fill sediments and the more

permeable carbonate-rock aquifer (Dudley and Larson, 1976,
p. 9-10). The discharge at Ash Meadows occurs at approxi-
mately 30 springs along a 16-kilometer (km) long spring line
that generally coincides with the trace of the buried fault. All
the major springs emerge from circular pools, are relatively
warm, and discharged at nearly constant rates from 1953 until
agricultural development began in the area in 1969 (Dettinger
and others, 1995, p. 79). Most of the spring discharge at Ash
Meadows may reinfiltrate and recharge the basin-fill aquifers,
much of this discharging as ET from the alluvium along the
Amargosa River, Carson Slough, and Alkali Flat (Czarnecki
and Waddell, 1984; Czarnecki, 1997).

Ground water is pumped from wells scattered through-
out the Ash Meadows basin. Wells near Ash Meadows tap
the basin-fill aquifers adjacent to the carbonate-rock aquifer.
Wells on the NTS within the basin are used to supply about
50 percent of the water demand at the NTS (Laczniak and
others, 1996). Pumping from basin-fill aquifers around Devils
Hole, a collapse feature in the carbonate rock supporting an
endemic species of desert pupfish (Cyprinidon diabolis) (see
fig. A-1), caused water-level declines observed in Devils Hole
and the decrease or temporary cessation of flow from several
major springs issuing from the carbonate aquifer. After pump-
ing ceased, water levels and spring flow gradually recovered.
The effect of pumping on individual springs differed, indi-
cating that a variable degree of hydraulic connection exists
between the basin-fill and carbonate-rock aquifers (Dettinger
and others, 1995, p. 80).

Previous conceptual models of the Ash Meadows basin
indicate significant amounts of flow from Pahranagat Valley to
Ash Meadows. Evaluations of hydrochemical data, however,
indicate that the volume of this inflow could be negligible
(J.M. Thomas and William Sicke, Desert Research Institute,
Reno, Nev., written commun., 2003). Analysis of calcite veins
precipitated at Devils Hole (Winograd and others, 1992) also
indicates that most, if not all, of the ground water in Ash
Meadows originates from the Spring Mountains.

Ground water that bypasses the springs at Ash Meadows
may continue as throughflow to Furnace Creek (fig. D--7) or
may recharge the basin-fill sediments and join other ground
water in the basin-fill sediments to flow southward toward
Alkali Flat, where it either discharges or continues south to
the southern Death Valley subregion. Three springs at the
southern end of the Ash Meadows spring line (Big, Bole,
and Last Chance) have elevated strontium values, which may
indicate that they receive some flow from a different origin,
such as the Pahrump Valley (Peterman and Stuckless, 1992a,
p. 70; Peterman and Stuckless, 1992b, p. 712). High-resolution
aeromagnetic surveys conducted over the Amargosa Desert
and Pahrump indicate a possible hydraulic connection between
Pahrump Valley and the Amargosa Desert through Stewart
Valley (Blakely and Ponce, 2001).

Ground water recharged on the mountain areas of
the Ash Meadows basin flows toward the Spotted Range—
Mine Mountain structural zone (fig. D-7). It is generally
accepted that ground water in Tikaboo and Emigrant Valleys




and Yucca and Frenchman Flats flows toward a trough in the
potentiometric surface beneath Frenchman Flat and the Spec-
ter and Spotted Ranges (figs. D-2 and D-7) (Winograd and
Thordarson, 1975; Faunt, 1997; D’ Agnese and others, 1997).
This trough may be a zone of relatively high permeability in
the carbonate-rock aquifer associated with the Spotted Range-
Mine Mountain structural zone (Carr, 1984; Faunt, 1997;

D’ Agnese and others, 1998). The Las Vegas Valley shear zone
(LVVSZ) bounds the trough on the south and southeast. The
flow paths along the trough are directed through the Specter
Range area until they encounter the fault at Ash Meadows.

The basin-fill and volcanic-rock aquifers in Emigrant
Valley and Yucca and Frenchman Flats (fig. D-7) provide
recharge (fig. D-2) to the regional carbonate-rock aquifer
by downward percolation (Winograd and Thordarson, 1975;
Laczniak and others, 1996). The water chemistry at Indian
Springs Valley indicates that these waters have had little
opportunity for contact with volcanic rock or basin-fill sedi-
ments composed of volcanic rocks indicating that the ground
water beneath Tikaboo and Emigrant Valleys and Yucca and
Frenchman Flats is not moving southward toward Indian
Springs Valley. The water in the carbonate-rock aquifer in
these locations may be moving toward the Amargosa Des-
ert, where the ground water is generally of mixed chemical
character and has high levels of sodium (Schoff and Moore,
1964; Winograd and Thordarson, 1975). Ultimately most of
the ground water discharges at Ash Meadows.

In the Pahranagat section, near the Sheep Range, the
DVREFS boundary is uncertain and has been postulated in vari-
ous locations (Harrill and others, 1988; Bedinger and others,
1989; Harrill and Prudic, 1998; D’ Agnese and others, 1997,
2002; Appendix 2, this volume). For this study, the DVRFS
model boundary was placed along the Gass Peak thrust (fig.
D-5; Appendix 2, this volume), the easternmost feature
postulated as a boundary. This places the boundary between
the Colorado River ground-water flow system and the DVRFS
model domain farther east than in most previous studies. Con-
sequently, the deeper carbonate rocks may allow substantial
amounts of water to flow to the Colorado River ground-water
flow system to the east. If this occurs, then a ground-water
divide should exist somewhere near the Desert Range, and
flow into the Ash Meadows basin must occur through or north
of the northern part of the Sheep Range (fig. D-7; Appendix
2, this volume). Regional-potential data (Appendix 1, this
volume) also indicate that the flow-system boundary should
be along a divide in the approximate location of the Desert
Range (fig. D-7). If this divide exists, a significant amount
of discharge from the Pahranagat section to the east into the
Colorado River ground-water system occurs through the car-
bonate-rock aquifer in the Sheep Range. West of this divide,
discharge occurs as throughflow into Indian Springs Valley.

Recharge to the Pahranagat section occurs partly as
throughflow from Tikaboo Valley and in the Sheep Range
(fig. D-7). Recharge also may occur at the higher mountains
of the Spotted, Pintwater, and Desert Ranges (Laczniak and
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others, 1996). As previously mentioned, hydrochemical data
indicate that little or no flow comes into the DVRFS model
domain from the Pahranagat Range. Flow that does come into
this section is thought to exit through short pathways to the
southeast through the Sheep Range (Appendix 2, this volume).
Recharge to the Tikaboo Valley section occurs in
the Pahranagat Range (fig. D-7). Although the eastern
boundary of the Tikaboo Valley section is aligned along

‘the Pahranagat Range parallel with the boundary of the

Colorado River flow system, throughflow may occur along
the flow-system boundary at the Pahranagat Range, especially
in the south along the Pahranagat shear zone (Winograd and
Thordarson, 1975) (fig. D-5). Little is known about water
levels or flow directions in the basin-fill sediments. The water
in the carbonate-rock aquifer in Tikaboo Valley is thought to
be moving toward the Amargosa Desert (Workman and oth-
ers, 2002). On the basis of recent interpretations of regional
hydraulic gradients (Appendix 2, this volume), however, some,
if not all, flow occurs out of the eastern boundary into the
Colorado River flow system.

Regional ground water recharged on the Sheep Range
and Spring Mountains flows into the Indian Springs section
(fig. D-7) from the south and east and into the potentiometric
trough (fig. D-2). Recharge also may occur on higher moun-
tains of the Spotted, Pintwater, and Desert Ranges (Laczniak
and others, 1996), most of which are underlain by carbonate
rocks. Most of the water has had little opportunity for contact
with volcanic rock or basin-fill sediments composed of vol-
canic rocks. As a result, hydrochemical data can be useful in
delineating flow paths to and from this region.

Potentiometric data for both the basin-fill and carbonate-
rock aquifers in the southern part of Indian Springs Valley
indicate a prominent east-trending hydraulic barrier between
the Nye County line and Indian Springs (fig. D-2) (Winograd
and Thordarson, 1968), corresponding to the LVVSZ
(fig. D-7). Because no clastic-rock confining units are known
within the upper part of the saturated zone in this area, this
flow barrier may be created by the LVVSZ (Winograd and
Thordarson, 1975), causing discharge at Indian and Cactus
Springs. In addition to Indian and Cactus Springs, discharge
from the Indian Springs section occurs as throughflow to the
Specter Range. Ground-water flow in the section converges in
the carbonate-rock aquifer along the trough in the potentiomet-
ric surface (fig. D-2) and travels toward the Amargosa Desert,
ultimately discharging at Ash Meadows.

Another flow barrier formed by the juxtaposition of the
LCCU and the LCA (Winograd and Thordarson, 1968) is pos-
tulated approximately 8 km to the north of the LVVSZ. Poten-
tiometric data in the area indicate that flow may be to the north
in the basin-fill sediments and to the west between the two flow
barriers in the carbonate-rock aquifer north of the barriers.

Recharge to the Emigrant Valley section occurs as
throughflow from the north or precipitation to the Belted and
Groom Ranges (fig. D-7). Flow is generally to the south in
the basin-fill sediments to Yucca Flat but is disrupted at depth
by low-permeability clastic-rock units. Basin-fill aquifers
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in Emigrant Valley provide recharge to the carbonate-rock
aquifer by percolation downward through basin-fill sediments.
The western one-half of Emigrant Valley is bordered on the
east, south, and southwest by clastic rocks. Geologic map-
ping indicates that this area of the valley is part of a highly
faulted anticline, which, prior to extensional faulting, brought
clastic rocks to the surface over a wide region (Winograd and
Thordarson, 1968). Gravity surveys indicate that the bedrock
beneath western Emigrant Valley is overlain by as much as
1,200 m of basin-fill sediments (Winograd and Thordarson,
1968).

The steep hydraulic gradients on both sides of Emigrant
Valley (fig. D-2) are believed to reflect the movement of water
through thick clastic-rock confining units (fig. D—4) toward
points of lower hydraulic head in Yucca Flat and in the eastern
part of Emigrant Valley (Winograd and Thordarson, 1968).
The relatively flat hydraulic gradient in Emigrant Valley
reflects the large permeability of the basin-fill aquifers. Both
the steep and the flat hydraulic gradients probably are caused
by a thick sequence of clastic-rock confining units separat-
ing the western part of Emigrant Valley from areas of lower
ground-water potential to the east and west. The steep hydrau-
lic gradients may be continuous or may represent discontinu-
ous levels within blocks separated by low-permeability faults.
Ground-water flow in the carbonate-rock aquifer in Emigrant
Valley appears to be moving toward the trough in the potentio-
metric surface (fig. D-2). ' :

Recharge to the Yucca—Frenchman Flat section is pre-
dominantly throughflow from Emigrant Valley to the north
and northeast and possibly precipitation on Rainier Mesa and
the adjacent Eleana and Belted Ranges (fig. D-7). Water-level
contours (fig. D-2) show a southeastern flow component away
from Rainier Mesa toward Yucca Flat. The carbonate-rock
aquifer beneath the central and northern parts of Yucca Flat is
isolated from the carbonate-rock aquifer in adjacent valleys
to the north and east by the bordering clastic-rock confining
units. Ground water moving between the basins into the car-
bonate-rock aquifer would have to pass through and would be
controlled by the transmissivities of the clastic-rock confining
units (Winograd and Thordarson, 1968, p. 43). Discharge from
Yucca and Frenchman Flats occurs primarily as throughflow in
the carbonate-rock aquifer toward a trough in the potentiomet-
ric surface (fig. D-2) near the Spotted Range~Mine Mountain
structural zone (fig. D-7), continuing to the southwest toward
the Amargosa Desert.

Recharge to the Specter Range section is mostly from
throughflow in the carbonate-rock aquifer along the trough
in the potentiometric surface (fig. D-2). The distribu-
tion of precipitation and the resulting infiltration indicates
that ground water moves long distances through different
HGUs before reaching Ash Meadows. Ground water flows
through the Specter Range section along the trough in the
potentiometric surface and utimately discharges at Ash
Meadows.

Death Valley Regional Ground-Water Flow System Transient Flow Model

Alkali Flat-Furnace Creek Basin

The Alkali Flat-Furnace Creek basin lies south and west
of the Ash Meadows and Pahute Mesa-Qasis Valley basins
and covers a large part of the western one-half of the NTS
(fig. D-7). Ground water in this basin is derived from recharge
on Pahute Mesa, Timber and Shoshone Mountains, and the
Grapevine and Funeral Mountains. Additional recharge to this
basin may occur as throughflow from Sarcobatus Flat, Oasis
Valley, and Ash Meadows. Recharged ground water from
throughflow and local recharge moves through volcanic-rock
aquifers in the north and basin-fill and carbonate-rock aquifers
in the south toward discharge areas in the southern and south-
western parts of the basin. Subsurface outflow follows the gen-
eral course of the Amargosa River drainage through a veneer
of alluvium near Eagle Mountain into the southern Death
Valley subregion (Walker and Eakin, 1963). As with the other
basins, the location of the boundary of the Alkali Flat—Furnace
Creek basin is neither well established nor fully understood.
The Alkali Flat-Furnace Creek basin is divided into four sec-
tions: the Fortymile Canyon, Amargosa River, Crater Flat, and
Funeral Mountains sections.

The Alkali Flat-Furnace Creek basin supplies water
to rural communities in the Amargosa Desert and to private
recreational establishments and Federal facilities within Death
Valley National Park, Calif. (Laczniak and others, 1996; see
fig. A-1)). Domestic and smaller scale irrigation withdrawal
started in the 1970’s and continues to the present in the west-
ern Amargosa Desert. The withdrawal has caused local water-
level declines. Withdrawal connected with mining operations
south of Beatty has caused lower water levels in the northwest-
ern arm of the Amargosa Desert (Moreo and others, 2003).

The main discharge area in the basin is the springs in
the Furnace Creek area (fig. D-7) including Texas, Travertine,
and Nevares springs (see fig. C-2). Hydrochemical data indi-
cate that spring flow in the major springs at the Furnace Creek
area likely derives from the carbonate-rock aquifer (Wino-
grad and Thordarson, 1975, p. C95). Similar hydrochemistry
between spring waters at Ash Meadows and the Furnace Creek
area (Czarnecki and Wilson, 1991; Steinkampf and Werrell,
2001) indicate a hydraulic connection between these two
discharge areas through the regional carbonate-rock aquifer by
way of large-scale fractures or channels in the carbonate-rock
aquifer (Winograd and Pearson, 1976).

Downgradient from the Furnace Creek springs, the
remaining ground water and reinfiltrated spring flow moves
toward the Death Valley saltpan and is transpired either by
stands of mesquite on the lower part of the Furnace Creek fan
or is evaporated from the saltpan in Badwater Basin (fig. D--7).
The Death Valley saltpan is the largest playa in the region
(fig. D-3), and despite the low rate of ET from the saltpan
proper, the great area of this feature results in a significant
amount of discharge (DeMeo and others, 2003). In addi-
tion, the saltpan is surrounded by alluvial fans and numerous
springs fringed with vegetation. Ground water is shallow near




the distal end of most of the fans sloping from the mountains
ringing Death Valley and in the areas between them. Marshes,
phreatophytes, and small springs that occur at the base of the
fans discharge local recharge from the surrounding mountains
and throughflow from adjacent basins.

Recharge to the Fortymile Canyon and Fortymile Wash
section is primarily from throughflow from the volcanic
rocks of the eastern part of Pahute Mesa and the western part
of Rainier Mesa (fig. D-7). Infiltration of surface runoff in
the alluvium of the upper reaches of Fortymile Canyon and
Fortymile Wash during periods of moderate to intense pre-
cipitation may be another source of locally important recharge
(Czarnecki and Waddell, 1984; LLaczniak and others, 1996;
Savard, 1998; Hevesi and others, 2003). Hydraulic gradients
based on sparse water-level data indicate that the principal
flow direction in the section is southward from the eastern
part of Pahute Mesa and western part of Rainier Mesa. Data
from the northern part of this section are insufficient to assess
whether flow continues south beneath Timber Mountain
or is diverted around it toward Shoshone Mountain, Yucca
Mountain, and Jackass Flats. The southern part of the For-
tymile Canyon and Wash section includes Yucca Mountain. At
and near Yucca Mountain, hydraulic gradients are dominantly
upward in the volcanic-rock units from the carbonate-rock
aquifer (Luckey and others, 1996). From Fortymile Wash, flow
continues southward as throughflow into the Amargosa River
section (Laczniak and others, 1996). '

Recharge to the Amargosa River section is predomi-
nantly by throughflow in the basin-fill sediments from the
Oasis Valley, Crater Flat, Fortymile Canyon and Wash, and
Specter Range sections (fig. D-7). Recharge to the car-
bonate-rock aquifer also occurs by throughflow from the
Specter Range and Fortymile Canyon and Wash sections. In
the northwestern part of the Amargosa River section, inter-
mediate ground-water movement is dominantly lateral and
downward toward regional flow paths (Czarnecki and Wad-
dell, 1984; Sinton, 1987; Kilroy, 1991). In the south-central
parts of the basin, near the Nevada-California border, regional
ground-water movement is mostly upward from the carbonate-
rock aquifer into the intermediate system and toward discharge
areas along the Amargosa River, Carson Slough, and Alkali
Flat (Czarnecki and Waddell, 1984; Czarnecki, 1997). Hydro-
chemical data suggest that water in the carbonate-rock aquifer
to the north and northeast and in volcanic-rock aquifers to the
north and northwest flows toward the Amargosa Desert, where
ground water generally is of mixed chemical character and has
a large amount of sodium (Schoff and Moore, 1964).

Hydraulic and hydrochemical data indicate that water
in the regional flow system in the southern part of Amargosa
Desert (fig. D-7) either may flow southwest toward Death
Valley through fractures in the southeastern end of the Funeral
Mountains or flow southward and toward the surface at Alkali
Flat (or Franklin Lake playa), deflected by the low-permeability
quartzites of the Resting Spring Range (fig. D-7) (Czarnecki
and Waddell, 1984; Czarnecki and Wilson, 1991). The carbon-
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ate rocks beneath the Funeral Mountains also might provide
preferential conduits or drains for flow from the basin-fill
sediments beneath the Amargosa Desert toward Death Valley
(Czarnecki and Waddell, 1984; Luckey and others, 1996, p. 14).
Recharge to the Funeral Mountains section is thought
to be predominantly from throughflow in the carbonate-rock
aquifer in the southern part of the Funeral Mountains
(fig. D-7). Additional ground water enters Death Valley as
throughflow from Panamint Valley and the Owlshead Moun-
tains in the southern Death Valley subregion. Local precipi-
tation in the Panamint Range and in the Black and Funeral
Mountains, and to a lesser extent in the Greenwater Range,
supports mountain-front recharge as surface water seeps into
the ground when it reaches alluvial fans ringing the floor of
Death Valley. In addition, a small amount of throughflow orig-
inating in the northern and southern Death Valley subregions
may occur in the relatively fine-grained basin-fill sediments
in Death Valley. The Funeral Mountains section contains the
major discharge area at the Furnace Creek area for the Alkali
Flat-Furnace Creek basin.

Southern Death Valley Subregion

Ground water in the southern Death Valley subregion

-primarily is derived from recharge at the Spring Mountains

and to a lesser extent from recharge at the Nopah, Kingston,
and Greenwater Ranges (fig. D-8). Ground water also

may be entering the system as throughflow in the basin-fill
sediments.of the Silurian Valley and valleys adjacent to the
Owlshead Mountains (Appendix 2, this volume). Additional
minor ground-water inflow may occur across the boundary
from the Alkali Flat-Furnace Creek basin south of Alkali

Flat (fig. D-8). The largest discharge area in the subregion is
in Pahrump Valley, which contains a broad playa with sev-
eral springs. The subregion contains four sections: Pahrump
Valley, Shoshone-Tecopa, California Valley, and Ibex Hills,
each with a significant discharge area. The Valjean section of
D’ Agnese and others (1997) is thought to have very little flow
into the DVRFS model domain and is not used in this study
(Appendix 2, this volume). The interconnection between the
four sections is much more apparent than sections in the north-
ern and central subregions.

Before extensive development, the playa area in Pahrump
Valley contained some phreatophytic vegetation and was sur-
rounded by sparse shrubland vegetation rising into alluvial
fans. Ground-water withdrawals accompanying large-scale
agricultural development in the Pahrump Valley section has
caused cessation of flow of some major springs in the area
during withdrawal, with the gradual recovery of spring flow
after some withdrawal stopped. Historically, Manse and Ben-
netts Springs discharged along the base of the broad allu-
vial fans at the foot of the Spring Mountains. Ground-water
withdrawal in the valley caused these springs to cease flowing
in the 1970’s. In the late 1990’s, Manse Spring began to flow
again, perhaps due to changes in the amount of agriculture and
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agricultural practices in the valley. Withdrawal in the valley
does continue for domestic uses and small-scale agriculture
uses (Moreo and others, 2003).

Ground water in the Pahrump Valley section that does not
discharge at Pahrump Valley flows either west toward Stewart
Valley and the northern end of Chicago Valley, or southwest

“toward California Valley (fig. D-8). Direct ground-water flow
to Death Valley from Pahrump Valley is unlikely because
of low-permeability quartzites of the Resting Spring Range
(Winograd and Thordarson, 1975; Grose, 1983, Sweetkind and
others, 2001) that may bifurcate ground-water flow. Some of
the ground water flowing toward the south and west is con-
sumed by ET from playas in Stewart and Chicago Valleys.

In the Shoshone-Tecopa section, recharge predominantly
is throughflow from adjacent sections with some contribution
from local recharge in the Nopah Range (fig. D~8). Ground-
water throughflow from Pahrump Valley mixes with ground
water flowing south from Alkali Flat. Discharge occurs from
ET and springs along the flood plain of the Amargosa River
between the towns of Shoshone and Tecopa, Calif. Discharge
in the Shoshone-Tecopa section may be from (1) basalt flows

_ to the west damming shallow ground water, (2) normal faults
beneath the Amargosa River south of Eagle Mountain forcing
ground-water upward (Steinkampf and Werrell, 2001, p. 20),
and(or) (3) a shallow (less than 10 km deep) intrusive body
influencing the flow of ground water (Steinkampf and Werrell,
2001, p. 20). Ground water that does not discharge in the Sho-
shone-Tecopa area may continue flowing to the southwest into
the Ibex Hills section through faulted and fractured crystalline
rocks. Ground water continues flowing south in the alluvium
along the Amargosa River channel into the California Valley
section.

In addition to this throughflow from Pahrump Valley,
recharge to the California Valley section is from precipitation
on the Kingston Range and ground water that flows south from
the Shoshone-Tecopa section (fig. D-8). South of Tecopa,
Calif., a structural uplift brings ground water to the surface and
feeds a perennial reach of the Amargosa River. Ground water
leaves the California Valley section as surface-water flow or
throughflow in the alluvium along the Amargosa River.

In addition to throughflow from the Shoshone-Tecopa
section, flow into the Ibex Hills section also occurs along the
Amargosa River channel as surface water or ground water in
the associated alluvium (fig. D-8). Some additional ground
water may enter the section as throughflow from Valjean,
Shadow, and Silurian Valleys (which drain an extensive area
south of the Kingston Range) and adjacent to the Owlshead
Mountains. Discharge occurs primarily as ET and spring flow
in the Saratoga Springs area. This area is supported by ground-
water discharge from the regional carbonate-rock aquifer and
includes adjacent areas of shallow ground water along the
flood plain of the Amargosa River. A small amount of ground-
water flow may continue north past Saratoga Springs to the
central Death Valley subregion and discharge at Badwater
Basin.
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Surface-Water Hydrology

In the DVREFS region, perennial streamflow is sparse.
Most surface water in the region is either runoff or spring
flow discharge. Precipitation falling on the slopes of the
mountains (such as the Panamint Range or the Black and
Funeral Mountains), forms small, intermittent streams that
quickly disappear and infiltrate as ground-water recharge. In
addition, several streams originate from snowmelt in the high
altitudes of the Spring and Magruder Mountains. Both of these
types of streams have highly variable base flows and in dry
years have almost imperceptible discharges. Springs maintain
perennial flow for short distances in some of the drainages.

Surface-water flows in the DVRFS region have been
categorized on the basis of hydrologic units (fig. D-9) that
are the basic units used by State and local agencies for water-
resources planning (Seaber, 1987). Hydrologic units are
delineated primarily on the basis of topography and geologic
structures and generally correspond to major surface drain-
ages.

Drainage Areas

The Death Valley watershed contains two primary
drainage basins—the Amargosa River basin in the south
and the Salt Creek basin in the north. The Amargosa River
Basin drainage area composes approximately two-thirds of
the 22,100-km? Death Valley watershed and has the largest
drainage basin discharging into Death Valley (Grasso, 1996).
The Amargosa River is the only large perennial stream in the
DVRES region, originating in the mountains of southwestern
Nevada and flowing south and west, terminating in the sinks
and playas of Death Valley (fig. D-9). Despite the large drain-
age area, most of the Amargosa River and its tributaries are
ephemeral.

Salt Creek drains the northwest part of Death Valley, an
area of about 5,700 km? (fig. D-9). Although Salt Creek drains
only one-third as much area as does the Amargosa River, it
discharges more surface water to the Death Valley saltpan
than does the Amargosa River (Hunt, 1975). Ground water
discharging as seeps and spring flow from Mesquite Flat feeds
Salt Creek (Hunt, 1975). Though Mesquite Flat is without
perennial surface water, an extensive growth of phreatophytes
is supported by shallow ground water.

Springs

There are four principal kinds of springs in the DVRFS
model domain: those discharging along (1) high-angle
faults, (2) low-angle faults, (3) low-permeability structural
barriers, and (4) lithologic gradations into less-permeable
material (Hunt and others, 1966). The largest and most sig-
nificant springs for this study are those discharging along the
high-angle faults, for example, Travertine, Texas, and Nevares
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Figure D-9. Hydrologic units for the Death Valley regional ground-water flow system.
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Hydrologic unit and code

117 Fish Lake Valley
141 Ralston Valley
142 Alkali Spring Valley
143 Clayton Valley
144 Lida Valley
145  Stonewall Flat
146  Sarcobatus Flat
147  Gold Flat
148  Cactus Flat
149 Stone Cabin Valley
156  Hot Creek Valley
157  Kawich Valley
158  Emigrant Valley
A Groom Lake Valley
B Papoose Lake Valley
159  Yucca Flat
160  Frenchman Flat
161  Indian Springs Valley
162 Pahrump Valley
163  Mesquite Valley
164A  Northern Ivanpah Valley
168  Three Lakes Valley
(Northern part)
169  Tikaboo Valley
A Northern part
B Southern part
Penoyer Valley
Coal Valley
Garden Valley
Southern Railroad Valley
Northern Railroad Valley
Pahranagat Valley
Coyote Spring Valley
Three Lakes Valley
(Southern part)
Northern Las Vegas
Valley
Garnet Valley
Mercury Valley
Rock Valley
Fortymile Canyon
A Jackass Flats
B Buckboard Mesa
Dasis Valley
Crater Flat
Amargosa Desert
Grapevine Canyon
Oriental Wash
Chicago Valley
California Valley
Lower Amargosa Valley
Death Valley
Valjean Valley
Racetrack Valley
Lost Lake-Owl Lake Valley
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Springs along the Furnace Creek fault zone (Hunt and others,
1966), and the springs at Ash Meadows (fig. D-10) (Laczniak
and others, 1999). In the mountains, springs discharge at
low-angle faults no more than a few gallons per minute (Hunt,
1975). Most of the springs in the Panamint Range are of this
type. The third type of spring occurs where ground water is
ponded behind a low-permeability structural barrier, such as
the spring area at Mesquite Flat. The fourth type of spring

is found at the edge of the Death Valley floor where ground
water is ponded in the gravel and sand of the fans as they
grade into silt under the valley floor. Larger volume and higher
temperature springs that occur along major faults are generally
considered to be regional springs.

Paleohydrology

Ground-water flow systems respond to and change with
climate. The modern ground-water flow system may not be in
equilibrium with the modern climate and most likely contains
relics of past climates. Forester and others (1999) indicate
that during the last glacial cycle [peaking 12,000 years ago
(12 ka))], moisture fluxes were greater than current fluxes, and
water tables were higher throughout the region (Quade and
others, 1995). There is strong evidence that, during Quater-
nary time, there has been a steady decline in the regional
potentiometric surface (Winograd and Szabo, 1988). Stands
of mesquite in Death Valley, which are dependent on ground
water of fairly good quality, have been dying and are not being
replaced, which may indicate that the water supply is continu-
ing to diminish. Whether this decline is because of a decrease
in the supply of water or an increase in salinity, or both, is
uncertain (Hunt, 1975).

Fossil, isotopic, and petrographic data provide evidence
of past changes in precipitation, temperature, and evaporation,
which are the manifestations of large-scale climate changes. In
this study, climate change is of interest because of the effect of
past climates on water levels. For example, plant macrofossils
in the DVREFS region indicate that the mean annual precipita-
tion in the past 40 to 10 ka was variable but was typically as
much as twice the modern mean annual precipitation (Forester
and others, 1999). These plant macrofossil data, together with
aquatic fossils, indicate lower mean annual temperature than
today (Forester and others, 1999). The increased precipitation
and cooler temperatures resulted in a greater than modern level
of effective moisture. Greater than modern levels of effective
moisture resulted in regional aquifer recharge that was much
higher during past pluvial periods (40 to 10 ka; Forester and
others, 1999) than today (Benson and Kleiforth, 1989).

Evidence for a higher regional water table at some time
in the past has been suggested on the basis of many lines of
evidence. J.B. Paces (U.S. Geological Survey, written com-
mun., 2004) points out that records of climate change that
may indicate higher water levels can be categorized into three
groups: (1) surface features (paleolimnology, paleobotany, and
sedimentology); (2) saturated-zone features (paleohydrographs
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and paleorecharge); and (3) unsaturated-zone features (pore
water and secondary hydrogenic minerals). The data indicate
that the water table may have been 10 to 30 meters (m) higher
in the past; some researchers postulate the water table may
have been as much as 120 m higher.

Extensive paleodischarge deposits and paludal sediments
were identified by Swadley and Carr (1987). The location
and description of these deposits were refined on the basis of
secondary mineral occurrences (Levy, 1991) and strontium
isotopic variations from calcite collected from boreholes
(Marshall and others, 1993) by Forester and others (1999)
and Paces and Whelan (2001). Synchronous paleodischarge
at numerous paleodischarge sites distributed over a broad
area with heterogeneous hydrogeological conditions indicates
the likelihood of a widespread rise in the regional water table
(Forester and others, 1999) (fig. D-10). Under these wetter
climate conditions, discharge from all sources probably greatly
exceeded that which occurred during historical time.

Wetlands from the past pluvial periods of 40 to10 ka,
such as those represented by the deposits at Cactus, Cow
Creek, and Tule Springs, were supported by discharge from
both the ground-water and surface-water systems. Increased
recharge in the Spring Mountains and Sheep Range probably
resulted in spring discharge from the alluvial fans at the foot
of the mountain ranges. ‘

Deposits in the northern part of Amargosa Desert and
the southern part of Crater Flat (fig. D-10) probably also
represent an area of focused ground-water discharge during
the late Pleistocene (40—12 ka) (Forester and others, 1999).
Deposits north of Death Valley Junction, Calif., adjacent to
the southern end of the Funeral Mountains (fig. D-10), show
an interplay of surface flow and spring discharge as do the
deposits in the Amargosa Desert. Interpretations of paleodis-
charge deposits are not available for Ash Meadows. Quade
and others (1995) have identified and studied late Pleistocene
wetland deposits in the Coyote Springs and Pahrump Valleys.
Extensive spring-discharge and wetland deposits are known
from the Pahrump Valley, and according to Quade and others
(1995), deposits from about 21 ka and older probably do exist
there. ‘

Pluvial lakes occupied many basins in the central and
eastern Great Basin during the late Pleistocene (Forester and
others, 1999). Within the region, shallow (less than 1.3 m
deep) lakes existed in Gold Flat and Emigrant and Kawich
Valleys. Fortymile Wash and the Amargosa River were prob-
ably perennial streams that helped supply Lake Manly. To pro-
duce and maintain this lake would have required either (1) a
sizable increase in the volume of precipitation over the saltpan
and runoff from the watershed, (2) a substantial decrease in
temperature to reduce annual lake evaporation, or (3) a combi-
nation of these climatic changes (Grasso, 1996).

Hydrologic models that are based on assumed increased
recharge during Pleistocene time (Czarnecki, 1985; D’ Agnese
and others, 1999) seem to confirm these observations.
D’Agnese and others (1999) have reported on a concep-
tual model of the paleohydrology, based on their climate




ne° 17°

450000

500000

50,000-meter grid based on Universal Transverse
Mercator projection, Zone 11. Image is false-color

CHAPTER D. Hydrology 159
116° 115°
EXPLANATION
Paleodischarge deposits

(Forester and others, 1999)
Bl Ash Meadows
Bl Crater Flat deposits
I Crater Flat Wash
[ Indian Pass deposits
[ Lathrop Wells diatomite
B State Line deposits

4150000

[] Location of lakes and
wetlands that existed
about 21,000 years ago
(modified from D'Agnese
and others, 1999)

——— Location of flowing rivers
that existed about 21,000
years ago (modified from
D'Agnese and others, 1999)

s Death Valley regional
ground-water flow system
model boundary

e Subregion boundary
(Within model domain)

——— Nevada Test Site boundary
O Regional springs
O Populated place

4100000

4050000

:

3950000

650000

80 KILOMETERS
J

1 1

composite combining LANDSAT 7 spectral bands 2, 5,
and 7 on shaded-relief base from 1:250,000-scale Digital
Elevation Model; sun illumination from northwest at

30 degrees above horizon

L
40 MILES

Figure D-10. Location of paleodischarge areas and regional springs in the Death Valley regional ground-water flow system

region.

simulation of the Yucca Mountain Project/Hydrologic
Resource Management Program (YMP/HRMP) regional
ground-water flow model (D’ Agnese and others, 1997). In

this simulation, the region was assumed to be much cooler
and wetter than present, and the lakes and greater discharges
described above were supported. It must be remembered, how-
ever, that these models have many limitations, not the least of
which is the representation of the system as steady state.

Summary

Ground water in the Death Valley region occurs in
several interconnected, extremely complex ground-water
flow systems. The water moves along relatively shallow and
localized flow paths that are superimposed on deeper, regional
flow paths. Regional ground-water flow is predominantly
through conduits in the carbonate rocks. This flow field is
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influenced by complex geologic structures created by regional
faulting and fracturing that can create conduits or barriers to
flow.

Infiltration of precipitation and runoff on high mountain
ranges is the largest source of ground-water recharge. Springs
and evapotranspiration are the dominant natural ground-water
discharge processes. Discharge related to human activities is
associated with ground-water pumping for agricultural, com-
mercial, and domestic uses and is not negligible.

The water table is the upper boundary of the flow
system and both no-flow and flow boundaries exist at the
lateral extent of the defined flow system. The lower bound-
ary surface of the Death Valley regional ground-water flow
system model (DVRFS) domain is the depth at which ground-
water flow is dominantly horizontal or parallel to the lower
surface and generally corresponds with the upper surface of
low-permeability basement rock. Ground-water inflow to the
DVRFS model domain occurs in the vicinities of Garden,
Coal, Stone Cabin, the southern part of Railroad, Eureka, and
Saline Valleys, and the Panamint Range, with possibly small
amounts in the Owlshead Mountains. Ground-water outflow
occurs at the Sheep Range and parts of the Pahranagat Range,
and the western part of Las Vegas Valley and, to a small
degree, Silurian Valley.

The region is subdivided into the northern, central, and
southern subregions. Ground water flows between these sub-
regions, each which of has distinctive characteristics.

In the northern Death Valley subregion, water levels
indicate that much of the ground-water flow is shallow, as the
area is underlain by low-permeability bedrock. Ground-water
flow is controlled by northeast-southwest-trending structural
zones through the mountain ranges east of Death Valley.
Ground water entering the subregion as throughflow from
the northern boundary or recharge from precipitation flows
south to Sarcobatus Flat and Death Valley. Some of this flow
discharges at Grapevine and Staininger Springs. These springs
result from the intersection of high- and low-permeability
structures.

The central Death Valley subregion includes the major
discharge areas of Oasis Valley, Ash Meadows, and Alkali
Flat-Furnace Creek. These major discharge areas result
from flow paths that are complicated by ground water pos-
sibly entering the subregion in the vicinities of Stone Cabin,
Garden, Coal, and the southern part of Railroad Valleys.
Ground-water flow is generally from Pahute Mesa toward
Oasis Valley or from the north toward the potentiometric
trough north-northeast of Ash Meadows. The major flow paths
in the subregion appear to coincide with high-permeability
zones created by regional fault or fracture zones. Some of the
ground water that originates as recharge in mountain areas or
as inflow to the subregion discharges at Ash Meadows. Some
continues south and discharges in the Alkali Flat-Furnace
Creek basin.

Ground-water movement in the central Death Valley
subregion is dominantly lateral and downward toward regional
flow paths in the northwestern parts of the Amargosa Desert.
Near Yucca Mountain and in areas immediately to the south,
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vertical gradients are dominantly upward from the carbonate-
rock aquifer into the intermediate system and flow is toward
discharge areas to the south and southwest. Ground water

in the southern Amargosa Desert may either flow through
fractures in the southeastern end of the Funeral Mountains and
discharge in the Furnace Creek area or flow southward and
discharge at Alkali Flat.

The southern Death Valley subregion is dominated by
flow derived primarily from precipitation and subsequent
infiltration on the Spring Mountains. Water moves toward the
major discharge areas in Pahrump Valley. Springs on the distal
edges of alluvial fans in Pahrump Valley have diminished
flow, which might result from local ground-water use. Ground
water that is not intercepted in Pahrump Valley flows south-
west toward discharge areas in Chicago and California Valleys #
and, ultimately, Saratoga Springs.

In the DVRFS model domain, the entire ground-water
system is not in equilibrium. The system has been modified by
generally local pumping in (1) Pahrump Valley, (2) Amargosa
Desert, (3) Penoyer Valley, and, to a lesser extent, (4) the
Nevada Test Site. Although there are virtually no perennial
streams in the region, there is evidence for surface-water fea-
tures, such as perennial streams, lakes, and marshes as well as
higher ground-water levels, resulting from wetter climates in
the past. Residual effects from past climate change during the
Pleistocene, although identifiable in some areas, are thought to
be negligible.
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