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Volume
gallon (gal) 3.785 Liter (L)
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Flow rate
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Velocity
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Radioactivity
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Hydraulic gradient
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Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929

(NGVD29).
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Altitude, as used in this report, refers to distance above NGVD29.

Supplemental Information

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L).
Activities for radioactive constituents in water are given in picocuries per liter (pCi/L).

Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times
foot of aquifer thickness [(ft}/d)/ft?]ft. In this report, the mathematically reduced form, foot

squared per day (ft¥d), is used for convenience.
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Abstract

Groundwater Characterization and Effects

of Pumping in the Death Valley Regional
Groundwater Flow System, Nevada and California,
with Special Reference to Devils Hole

By Keith J. Halford and Tracie R. Jackson

Abstract

Groundwater flow and development were characterized
in four groundwater basins of the Death Valley regional
flow system in Nevada and California with calibrated,
groundwater-flow models. Natural groundwater discharges
in the Furnace Creek, Lower Amargosa, and Saratoga
Spring areas were defined and distributed consistently
with a revised hydrogeologic framework. This simplified
hydrogeologic framework was limited to four hydraulically
unique, hydrogeologic units: (1) basin fill; (2) carbonate
rocks; (3) volcanic rocks; and (4) low-permeability granitic
and siliciclastic rocks. Hydrogeologic units and division of
carbonate and volcanic rocks between shallow and deep were
supported by results from 271 aquifer tests and specific-
capacity estimates. Greater than 90 percent of field-estimated
transmissivity occurred within 1,600 feet (ft) of the water
table. Pumping in the study area from 1960 to 2010 averaged
46,000 acre-feet per year (acre-ft/yr), which is 80 percent of
the predevelopment discharge. The central Amargosa Desert
and Pahrump Valley were the two primary pumping centers
and measurably affected water levels across 900 square miles
in 2018.

Water levels in Devils Hole were a special focus because
endangered Devils Hole pupfish (Cyprinodon diabolis) are
affected by water-level declines. Pumping 42,100 acre-ft by
Cappaert Enterprises, formerly Spring Meadows, Inc., caused
a 2.3 ft water-level decline in Devils Hole, which temporarily
reduced habitat of Devils Hole pupfish by 85 percent in 1972.
If no pumping occurred, water levels in Devils Hole would
have risen naturally about 1 ft between 1973 and 2018 from
temporal variations in recharge. The 2.6-ft range of measured

water-level changes in Devils Hole was simulated with a
root-mean-square error of 0.2 ft during the 70-year period of
record. Simulated water-level declines from pumping totaled
1.4 ft in 2018, with 25 and 34 percent attributed to pumping
by Cappaert Enterprises and the central Amargosa Desert,
respectively. Water levels in Devils Hole will decline at rates
of 0.1-0.2 ft per decade if pumping from Ash Meadows
groundwater basin and the central Amargosa Desert
continue at current rates. Effects of future natural water-level
fluctuations remain unknown.

Ash Meadows and Alkali Flat—Furnace Creek Ranch
groundwater basins are hydraulically connected near well
AD-4, about 5 miles south of the town of Amargosa Valley,
Nevada. About 40 percent of the discharge from the Furnace
Creek area is recharged in the Ash Meadows groundwater
basin. Basin fill in the central Amargosa Desert hydraulically
connects carbonate rocks east of well AD-4 with saturated
carbonate rocks in the Funeral Range. About 7 percent of
the 960,000 acre-ft pumped from Ash Meadows and Alkali
Flat—Furnace Creek Ranch groundwater basins prior to 2019
was captured discharge from springs and phreatophytes.
Greater than 40 percent of the 2,080,000 acre-ft pumped
from Pahrump Valley between 1910 and 2019 was capture
that primarily discharged from Bennetts and Manse Springs.

Simulated advective-flow distances and velocities from
underground nuclear tests are within the range of advective
transport calculations from tritium data and previous
radionuclide transport investigations. Boundary conditions
and flow rates from the regional model in this study are
plausible for local-scale flow and radionuclide transport
models. Simulated 165-year groundwater-flow paths do not
extend into pumping areas and effects of regional pumping
on advective transport are negligible.
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2 Groundwater Characterization and Effects in Death Valley Regional Groundwater Flow System, Nevada and California

Introduction

Potential radionuclide transport, effects of groundwater
pumping, and groundwater-basin boundary uncertainty
are of interest in the Death Valley regional flow system,
which includes four groundwater basins in Nevada and
California: (1) Pahute Mesa—Oasis Valley (PMOV); (2) Alkali
Flat—Furnace Creek Ranch (AFFCR); (3) Ash Meadows;
and (4) Pahrump to Death Valley South (PDVS). These
groundwater basins compose the 6,720,000-acre study area
(fig.1). Radionuclides were introduced into the groundwater
system by underground nuclear testing beneath the Nevada
National Security Site (NNSS). Groundwater has been
pumped primarily for irrigation in Pahrump Valley and the
central Amargosa Desert (Moreo and Justet, 2008), where
groundwater withdrawals have considerably lowered water
levels more than 10 mi from each pumping center. Pumping
for irrigation in the Ash Meadows discharge area during
the 1970s directly affected water levels in Devils Hole?, the
exclusive habitat of the Devils Hole pupfish, Cyprinodon
diabolis (Dudley and Larson, 1976). [Discharge in this report
refers to predevelopment (natural) groundwater discharge
from springs and evapotranspiration areas, whereas pumping
discharge is referred to as either groundwater development
or pumping]. Observed water-level changes in Devils Hole
have raised awareness about potential effects of groundwater
pumping on other federally protected groundwater-dependent
ecosystems in the regional flow system. Addressing
groundwater-basin boundary uncertainty is of interest for
estimating potential radionuclide transport from Pahute Mesa
(Fenelon and others, 2016) and for determining hydraulic
connections between pumping centers and groundwater-
dependent ecosystems across groundwater-basin boundaries.
These problems require regional analysis because considerable
flow occurs between some groundwater basins (Winograd and
Thordarson, 1975).

Investigation and long-term monitoring of radionuclides
from 828 underground nuclear tests beneath the NNSS from
1951 to 1992 (U.S. Department of Energy, 2015) are the focus
of the U.S. Department of Energy Underground Test Area
activity (U.S. Department of Energy, 2010). An objective
of the long-term activity is to assess potential transport
downgradient of detonations. Radionuclide movement from
Frenchman Flat, Yucca Flat-Climax Mine, Rainier Mesa—
Shoshone Mountain, and western and central Pahute Mesa
corrective action units (CAUSs) has been investigated since
the 1990s. Western and central Pahute Mesa CAUs will be
referred to as the Pahute Mesa CAU in this report. Regional

! Groundwater sites, including wells and springs, are italicized and hyper-
linked to their respective data stored in the U.S. Geological Survey National
Water Information System database.

analysis of groundwater flow remains necessary for hydrologic
context around CAUs and to estimate advective movement
beyond CAUs. Boundary conditions and flow rates from
regional groundwater models also are used to support local-
scale CAU models of groundwater flow and radionuclide
transport (Navarro-Intera, LLC, 2013). Because regional
groundwater models implicitly estimate advective transport,
showing advective movement along groundwater-flow paths
is a relevant way to evaluate the reasonableness of using
simulated flow rates from a regional model in local-scale
models.

Substantial groundwater pumping for irrigation occurred
after 1945 with the introduction of high-capacity, turbine
pumps (Harrill, 1986; Moreo and others, 2003). Successful
artesian wells were drilled initially in Pahrump Valley and
the central Amargosa Desert beginning in 1913 and 1916,
respectively, but total irrigated acreage was less than 700 acres
and annual pumping totaled 4,000 acre-ft prior to 1945 (Moreo
and Justet, 2008). Total irrigated acreage increased more than
tenfold to almost 10,000 acres and annual pumping from
Pahrump Valley and the central Amargosa Desert exceeded
46,000 acre-ft in 1965 (Moreo and others, 2003). Annual
pumping remains substantial, with 17,200 and 17,600 acre-ft
pumped from Pahrump Valley and the central Amargosa
Desert, respectively, in 2010. More than 80 percent of
pumpage in the central Amargosa Desert supplied irrigation,
whereas irrigation accounted for less than one-quarter of
pumpage in Pahrump Valley during 2010 (Elliott and Moreo,
2018).

Groundwater development in the Ash Meadows
discharge area and near Devils Hole during the late 1960s
conflicted with preservation of an endangered species,
the Devils Hole pupfish. Ash Meadows discharge area
was developed considerably between 1967 and 1970 by a
ranching corporation, Spring Meadows, Inc. (Dudley and
Larson, 1976). Government and private conservationists
forecasted extinction of the Devils Hole pupfish in response
to expected water-level declines from pumping by Spring
Meadows, Inc., which became Cappaert Enterprises after 1972
(Dudley and Larson, 1976; Williams and others, 1996). These
concerns established a Desert Pupfish Task Force in 1969 that
recommended identifying causes of water-level declines in
Devils Hole. A scientific investigation by the U.S. Geological
Survey (USGS) correlated pumping from eleven wells in
the Ash Meadows discharge area with water-level declines
in Devils Hole (Dudley and Larson, 1976). The established
correlation was sufficient for the U.S Supreme Court, in the
1976 court case Cappaert v. United States (426 U.S. 128
[1976]), to limit pumping of groundwater so that a minimum
pool elevation is maintained in Devils Hole (Williams and
others, 1996).
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4 Groundwater Characterization and Effects in Death Valley Regional Groundwater Flow System, Nevada and California

Effects of pumping from areas distant from the Ash
Meadows discharge area and Devils Hole were considered by
State and Federal agencies after 1976 (Williams and others,
1996). This was because aquatic and riparian ecosystems in
a desert environment depend on discharges from an aquifer
that can encompass areas considerably larger than the
local topographic basin. For example, recharge to a dozen
topographic basins (shown as hydrographic areas in fig. 1)
within the Ash Meadows groundwater basin covers 2,840,000
acres and supplies the 18,000 acre-ft/yr of discharge in the
Ash Meadows discharge area (Winograd and Thordarson,
1975; Laczniak and others, 1999). Hydraulic connections exist
between many topographic basins, where groundwater moves
beneath topographic (surface-water) divides. These hydraulic
connections increase the potential for pumping in a local
topographic basin to affect discharges in other topographic
basins.

Hydraulic connections have been recognized between
two major pumping centers, the central Amargosa Desert and
Pahrump Valley, and three federally protected groundwater-
dependent ecosystems in the study area. The central Amargosa
Desert is connected hydraulically to the Furnace Creek area
in Death Valley National Park (Winograd and Thordarson,
1975, p. C112), and to the Ash Meadows National Wildlife
Refuge (Claassen, 1985, p. F19; Fenelon and others, 2016,

p. 6), which is near Devils Hole—a detached unit of Death
Valley National Park. The Ash Meadows National Wildlife
Refuge and Devils Hole are part of the Ash Meadows
discharge area. Pahrump Valley is hydraulically connected

to a 26-mi perennial reach of the Amargosa River between
Shoshone, California, and Dumont Dunes (Malmberg, 1967;
Harrill, 1986), which has been designated as a National

Wild and Scenic River (Interagency Wild and Scenic Rivers
Coordinating Council, 2018). Hydraulic properties that define
degrees of connection and susceptibility to pumping effects
have not been quantified plausibly, despite recognition of these
hydraulic connections more than 40 years ago.

The location of one or more boundaries between the
PMOV, AFFCR, Ash Meadows, and PDVS groundwater
basins is uncertain. Some of these boundaries are defined by
water-level altitudes in wells, where water-level declines from
nearby pumping can affect the location of the boundary and
degrees of connection between pumping centers and natural
discharge areas. The southeastern boundary of the PMOV
groundwater basin between Rainier Mesa and Bare Mountain
is uncertain based on water-level data (fig. 1; Fenelon and
others, 2016), and the boundary is susceptible to movement
by nearby pumping. Addressing boundary uncertainty
for the PMOV groundwater basin will determine whether
radionuclides migrating downgradient from Pahute Mesa
will move only downgradient toward Oasis Valley or, if the
boundary is affected by pumping, radionuclides potentially
will migrate southward into the Amargosa Desert.

Characterization of predevelopment flow, advective
movement, pumping effects, hydraulic connections, and basin-
boundary uncertainty are best investigated with groundwater

models of the study area because complex geometries,
heterogeneous hydraulic properties, and groundwater
discharges from springs and evapotranspiration areas can be
simulated consistently. These study objectives are addressable
with a steady-state model of predevelopment conditions and
transient models of pumping in the groundwater basins. A
steady-state model can be used to estimate predevelopment
water levels, groundwater-flow paths, recharge, spring
discharges, and groundwater evapotranspiration within each
groundwater basin. A steady-state model also can be used to
consistently estimate water budgets between groundwater
basins. Timing and magnitude of groundwater capture from
springs and evapotranspiration areas by pumping, in addition
to water-level changes from pumping, can be estimated
consistently within each groundwater basin and between
groundwater basins with a transient model. Steady-state and
transient models should be developed simultaneously because
they share common hydraulic properties and related boundary
conditions in discharge areas.

Development of plausible groundwater models requires
conceptualizations of predevelopment discharge and recharge
that are consistent with geologic and hydrologic evidence.
Groundwater conceptualizations have evolved as new data
have been collected. Predevelopment discharge estimates
should be evaluated for consistency with conceptualizations
of groundwater movement through discharge areas based on
the relation of discharge estimates to hydrogeologic data,
water levels, transmissivity estimates, and locations of known
discharge. Conceptual models of recharge, transmissivity,
specific-yield, and specific-storage distributions should be
developed that are consistent with data and observations. For
example, recharge should be greater in permeable mountain
ranges than on valley floors because available precipitation is
greater in mountain ranges. Hydrogeologic framework models
should be evaluated to determine whether hydrogeologic units
have unique hydraulic variability and if major hydrologic
features are incorporated. Testing of the hydrogeologic
framework requires comparison of hydrogeologic units to
transmissivity estimates from aquifer tests and specific-
capacity estimates.

Plausible results from groundwater models depend
on model calibration to data and conceptual frameworks.
Definitive measurements such as water levels, water-level
changes, predevelopment discharges, and spring capture must
be replicated at a minimum. Simulated transmissivities must
compare favorably with aquifer-test results, even if supporting
volumes of aquifer investigated by pumping are defined
subjectively, because replicating observed heterogeneity
depends greatly on transmissivity estimates (Halford, 2016).
Distributions of recharge, transmissivity, specific yield, and
specific storage in numerical models also must agree with
conceptual models of these hydraulic properties. Critical
hydraulic features and responses must be replicated, such as
water-level gradients in Yucca Flat and water-level changes in
Devils Hole.


https://nwis.waterdata.usgs.gov/usa/nwis/gwlevels/?site_no=362532116172700
https://nwis.waterdata.usgs.gov/usa/nwis/gwlevels/?site_no=362532116172700
https://nwis.waterdata.usgs.gov/usa/nwis/gwlevels/?site_no=362532116172700
https://nwis.waterdata.usgs.gov/usa/nwis/gwlevels/?site_no=362532116172700

Purpose and Scope

The purposes of this report are to:

1. Characterize predevelopment groundwater flow;

2. Evaluate effects of historical (1913-2018) groundwater
development on water levels and spring discharges;

3. Estimate potential future (2019-2100) effects of
groundwater development on water levels and spring
discharges;

4. Evaluate advective flow from selected underground
nuclear tests to determine if boundary conditions and
flow rates from the regional model in this study are
reasonable for local-scale flow and transport models; and

5. Address groundwater-basin boundary uncertainty in the
study area, which comprises the Ash Meadows, AFFCR,
PMOQV, and PDVS groundwater basins.

Predevelopment groundwater flow, effects of
groundwater development, advective movement from nuclear
tests, and basin-boundary uncertainty were investigated with
three-dimensional, groundwater models. Recharge, hydraulic-
conductivity, specific-yield, and specific-storage distributions
were estimated by simultaneously calibrating a steady-state
model of the study area to predevelopment conditions and
transient models of groundwater development to water-
level changes from pumping during 1913-2018. Hydraulic-
conductivity and specific-yield estimates were constrained
from specific-capacity tests, aquifer-test results, and analysis
of multiple-year water-level declines in the central Amargosa
Desert, Ash Meadows discharge area, Beatty, Bullfrog Hills
area, Emigrant Valley, Indian Springs, NNSS, Pahrump Valley,
and Yucca Mountain. A total of four groundwater models,
which are discussed in more detail in section, “Approach,”
contributed information to calibrated distributions of hydraulic
conductivity, specific yield, and specific storage. Potential
future effects of groundwater development on water levels
and spring discharges were simulated with a predictive
groundwater model that used the calibrated distributions of
hydraulic conductivity, specific yield, and specific storage.
This predictive model simulated capture of discharge from
springs and evapotranspiration areas by pumping, where total
capture was limited to predevelopment discharge rates. All
pertinent data, analyses, the hydrogeologic framework, and the
calibrated and predictive groundwater models are published in
a separate data release (Jackson and Halford, 2020).

Conceptual models of predevelopment and groundwater
development were required to accomplish the five purposes of
this study. Characterization of predevelopment groundwater
flow required conceptual models for recharge, discharge, and
hydraulic-conductivity distributions within hydrogeologic
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units. Conceptual models integrated water-level data,
transmissivity estimates, geologic data, water availability in
recharge areas, and locations and estimates of predevelopment
discharge. A hydrogeologic framework was used to distribute
hydraulic properties within hydrogeologic units during
simulation of predevelopment and groundwater development.
Conceptual and numerical models that were developed
in this study were compared to results from previous
investigations. Many comparisons were to results from the
Death Valley Regional Flow System version 2 (DVRFS.v2)
model because this study supersedes the DVRFS.v2 project.

Description of Study Area

The study area comprises the PMOV (940,000 acres),
AFFCR (1,480,000 acres), Ash Meadows (2,840,000 acres),
and PDVS (1,460,000 acres) groundwater basins (Fenelon
and others, 2016). The four groundwater basins are in Clark,
Lincoln, and Nye Counties, southern Nevada, and Inyo and
San Bernardino Counties, southern California (fig. 1). In-place
recharge (Fenelon and others, 2016) principally occurs in
Pahute Mesa; Spring Mountains; Timber Mountain; and
Belted, Groom, Pahranagat, and Sheep Ranges. Land-surface
altitudes exceed 6,000 ft in these highland areas, which are in
the northern and eastern quadrants of the study area. Natural
discharge occurs primarily in the Ash Meadows discharge
area, Lower Amargosa area, Death Valley, Oasis Valley,
and Pahrump Valley, which are in the southern and western
quadrants of the study area. Altitudes range from —282 ft in
Death Valley to 11,916 ft in the Spring Mountains.

The study area mostly is isolated from surrounding
groundwater basins by low-permeability boundaries and
groundwater divides (Fenelon and others, 2016). About 290
mi of the 460 mi perimeter of the study area coincides with
low-permeability rocks. About 80 mi of boundary through
carbonate rocks in the Spring Mountains and Sheep Range are
classified as low permeability because of the occurrence of
high-altitude springs. Greater than 80 mi of low-permeability
boundary coincides with the floor of Death Valley. Potentially
permeable rocks are mapped north of Kawich, Emigrant, and
Tikaboo Valleys (Heilweil and Brooks, 2011), but flow across
these boundaries is expected to be limited. Flows of less than
1,000 acre-ft/yr into Kawich Valley have been estimated
(Blankennagel and Weir, 1973; Fenelon and others, 2016).
Penoyer Valley north of Emigrant and Tikaboo Valleys has
been interpreted as a closed basin (Harrill and others, 1988).
Potential flow between Tikaboo and Pahranagat Valleys is
least certain, with previous estimates ranging from 5,000
acre-ft/yr into the study area (Winograd and Thordarson,
1975) to 800 acre-ft/yr out of the study area (Belcher and
Sweetkind, 2010, appendix 2).
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The climate of the study area is arid to semi-arid,
characteristic of a high desert region. The climate is
characterized by hot summers and mild winters, large
fluctuations in daily and annual temperatures, and low
precipitation and humidity. Average summertime maximum
temperatures at Furnace Creek are 120 °F (National Climatic
Data Center, 2017), and average wintertime minimum
temperatures on Mount Charleston are about 20 °F (National
Climatic Data Center, 2017). Average annual precipitation in
the study area ranges from about 2 in. in Death Valley to about
24 in. on Mount Charleston (National Climatic Data Center,
2017). Precipitation occurs primarily in late autumn through
early spring and in mid-summer. Precipitation falls primarily
as rain, and during the winter months at high altitudes, as
snow. Most streams in the study area are ephemeral and flow
only for brief periods after infrequent intense rainfall or during
and shortly after spring snowmelt.

Previous Investigations

Regional groundwater models were first developed in the
1980s to estimate potential transport of radionuclides from
proposed radioactive waste disposal beneath Yucca Mountain
(Waddell, 1982; Rice, 1984). These models were areally
extensive because, at the time, known discharge areas and
assumed recharge areas were separated by more than 50 mi
(Winograd and Thordarson, 1975) and boundaries between
groundwater basins were uncertain. In numerical models
by Waddell (1982) and Rice (1984), simulated groundwater
flow from Yucca Mountain discharged primarily to Franklin
Lake (Alkali Flat in Czarnecki and Waddell, 1984) because
available discharge estimates totaled 10,000 acre-ft/yr (Walker
and Eakin, 1963). Revised Franklin Lake discharge estimates
from field measurements and satellite imagery were about
1,000 acre-ft/yr (Laczniak and others, 2001). This altered the
conceptual model of Franklin Lake from being the primary
discharge area downgradient of Yucca Mountain to a mostly
irrelevant discharge area (Fenelon and others, 2016).

Subsequent regional groundwater models were developed
to estimate potential transport of radionuclides from Yucca
Mountain (D’Agnese and others, 1997) and underground
nuclear tests (IT Corporation, 1997). Areal extents of these
subsequent models increased relative to Waddell (1982) so that
uncertainty of boundaries between groundwater basins could
be investigated (fig. 2). Simulated groundwater-flow paths
and velocities from these revised models remained uncertain
mostly because uncertainties in discharge estimates remained.

Regional Models—1982-97

The four regional models (Waddell, 1982; Rice, 1984;
D’Agnese and others, 1997; IT Corporation, 1997) were
calibrated to markedly different estimates of predevelopment
discharge. Differences in model extents (fig. 2) prohibit

comparison of discharge estimates from some discharge
areas between models, such as discharges in the PDVS
groundwater basin (fig. 1). Comparisons are possible for
predevelopment discharges from Ash Meadows, AFFCR, and
PMOYV groundwater basins. Total predevelopment discharges
from these three groundwater basins for the four regional
models ranged from 34,400 to 82,000 acre-ft/yr (table 1).
Some differences can be attributed to likely double counting
of spring discharge and groundwater evapotranspiration.
Groundwater pumping also was simulated erroneously in
steady-state models where depletion of storage is a substantial
part of the water budget (Rice, 1984; D’ Agnese and others,
1997). Legitimate differences resulted from uncertainties

in discharge estimates that required better measurements to
reduce uncertainties (Waddell, 1982; IT Corporation, 1997).

Regional Investigations—1998-2004

A series of investigations were initiated by the USGS
to address inadequacies of the existing regional models and
develop another regional model, Death Valley Regional
Flow System version 1 model (DVRFS.v1; Belcher, 2004;
Belcher and Sweetkind, 2010). These investigations resulted
in about three dozen publications from 1998 to 2004 that
mapped geologic features, measured hydrologic components,
and developed hydrologic models. Geologic cross sections
were interpreted from mapped exposures, borehole data,
and geophysical mapping of aeromagnetic, gravity, and
seismic anomalies (Sweetkind and others, 2001). Hydrologic
components such as predevelopment discharge, pumping,
water levels, and aquifer-test results were defined better
with additional measurements and scrutiny of existing
measurements. Hydrologic models were developed to estimate
recharge and simulate groundwater flow.

Predevelopment Discharge Investigations

Multiple investigations measured natural discharges
to support the DVRFS.v1 model. Discharges from the Ash
Meadows discharge area and Oasis Valley were defined well
from 18, multiyear, micrometeorological measurement sites
where groundwater discharge by evapotranspiration (ET,)
was estimated (Laczniak and others, 1999; Reiner and others,
2002). Discharges from Chicago Valley, California Valley,
Franklin Well area, Franklin Lake, Shoshone-to-Tecopa area,
and Stewart Valley were refined with ET , rates extrapolated
from Qasis Valley and Ash Meadows discharge areas
(Laczniak and others, 2001). Discharges from Death Valley
were estimated similarly with a site-specific investigation
that measured ET, rates with four micrometeorological
measurement sites (DeMeo and others, 2003). Discharge from
100,000 acres of playa in Death Valley remained uncertain
because annual playa ET, rates less than 0.3 ft were within
the measurement error of the Bowen-ratio approach (Jackson
and others, 2018).
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Figure 2. Areal extent of previous regional groundwater models and the regional model [Death Valley version 3 (DV3)]

used in this study, Nevada and California.
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Table 1.

Predevelopment discharge estimates from previous and current investigations for Alkali Flat—Furnace

Creek Ranch, Ash Meadows, and Pahute Mesa—Qasis Valley groundwater basins, Nevada and California, 1982-2018.

[Model: 2D-FD, two-dimensional finite difference; 2D-FE, two-dimensional finite element; DVSS1, Death Valley steady-state version 1
model; IT, IT Corporation; DVSS2, Death Valley steady-state version 2 model; DVRFS.v1, Death Valley Regional Flow System version
1 model; DVRFS.v2, Death Valley Regional Flow System version 2 model; DV3, Death Valley version 3 model. AFFCR: Alkali Flat—

Furnace Creek Ranch. PMOV: Pahute Mesa—Oasis Valley]

Groundwater discharge (acre-feet per year)

Year Model Citation
AFFCR Ash Meadows PMOV Total
1982 2D-FE Waddell, 1982 15,600 16,800 2,000 34,400
1984 2D-FD Rice, 1984 20,000 50,000 4,000 74,000
1997 DVSS1 D’Agnese and others, 1997 40,800 36,900 4,300 82,000
1997 1T IT Corporation, 1997 23,000 31,200 6,500 60,700
2002 DVSS2 D’Agnese and others, 2002 14,000 18,900 5,700 38,600
2004 DVRFS.vl  Belcher, 2004 8,500 18,500 6,000 33,000
2010 DVRFS.vl  Belcher and Sweetkind, 2010 8,500 18,500 6,000 33,000
2017 DVRFS.v2  Belcher and others, 2017 8,500 18,500 6,000 33,000
2018 DV3 This report 7,500 19,000 6,000 32,500

Changes in predevelopment discharge estimates
substantially affected simulated transport results. For example,
Franklin Lake was interpreted as the primary discharge area
from the AFFCR groundwater basin with an initial estimate of
10,000 acre-ft/yr (Walker and Eakin, 1963), which was double
the estimated discharge from the Furnace Creek area (Waddell,
1982; Czarnecki and Stannard, 1997). Revised discharge
estimates from Franklin Lake totaled 1,000 acre-ft/ yr,
where 25 percent discharged from the playa (Laczniak and
others, 2001). ET,, rates of 0.17 ft/yr for playas likely were
overestimated and better approximated as near 0 ft/yr (Jackson
and others, 2018). Discharge from Franklin Lake is best
interpreted as less than 700 acre-ft/yr because most of the
discharge is local recharge derived from flooding events on the
Amargosa River, not regional discharge. Reduced discharge
estimates changed Franklin Lake from being interpreted as
a primary receptor to an improbable terminus for potential
transport from Yucca Mountain.

Hydraulic-Property and Water-Use Investigations

Aquifer-test results were compiled, and groundwater
use was inventoried to improve regional datasets in support
of the DVRFS.v1 model. A total of 377 transmissivity
estimates from aquifer tests in southern Nevada and California
were compiled (Belcher and others, 2001, appendix A).
Transmissivity estimates were normalized to hydraulic
conductivities by assuming that contributing thicknesses
equaled screen lengths so that hydraulic conductivities could
be classed by hydrogeologic units. Estimated pumping for the
DVRFS.vl model was an interpretive effort because minimal
reporting existed prior to 1950 and permitted water rights are
not correlated directly with wells (Moreo and others, 2003).
Annual pumping volumes and uncertainty were estimated for
9,300 wells in the extent of the DVRFS.v1 model.

Hydrogeologic Framework

A hydrogeologic framework model also was developed
that was intended to improve the DVRFS.v1 groundwater
model. The volume within the hydrogeologic framework was
differentiated into hydrogeologic units on the basis of similar
geologic and hydraulic properties (Winograd and Thordarson,
1975; Laczniak and others, 1996; Faunt, Sweetkind, and
Belcher, 2010; Fenelon and others, 2010). Hydrogeologic
units were assumed to represent volumes of fairly uniform
hydraulic properties in structurally similar zones (Faunt,
Blainey, and others, 2010, p. 280). Hydraulic properties were
distributed throughout the DVRFS.v1 model by assigning
a single value to each zone in a hydrogeologic unit (Faunt,
Blainey, and others, 2010).

An unexpected result from another supporting
investigation (Belcher and others, 2002) of the DVRFS.v1
model was that hydraulic conductivities were predicted and
constrained poorly by hydrogeologic units in the DVRFS.
v1 hydrogeologic framework. Probability distributions of
hydraulic conductivity, which were estimated from aquifer-
test results, were computed for 18 of 27 hydrogeologic units
in the DVRFS.v1 hydrogeologic framework. Hydraulic
conductivities were highly heterogeneous rather than
uniform for all analyzed hydrogeologic units. Hydraulic
conductivities in each hydrogeologic unit ranged from three
to seven orders of magnitude (fig. 3). The geometric mean
hydraulic conductivity of the alluvial confining unit exceeded
the geometric mean hydraulic conductivity of the alluvial
aquifer, which contradicts conceptual models of aquifers and
confining units (Belcher and others, 2002, table 1). Highly
heterogeneous hydraulic conductivities contradict assumptions
that hydrogeologic units in DVRFS.v1 approximate uniform
hydraulic conductivities (Faunt, Blainey, and others, 2010, p.
280).


https://pubs.er.usgs.gov/publication/wri20034245
https://pubs.usgs.gov/pp/1711/downloads/P1711_ChapF.pdf
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Figure 3. Minimum, maximum, geometric mean, and 95-percent confidence interval of log-hydraulic conductivities in 9
hydrogeologic units in the Death Valley Regional Flow System version 2 model framework using 377 hydraulic-conductivity

estimates, Nevada and California.

DFRVS.v1 Model

The DVRFS.v1l model was developed to supply boundary
conditions to CAU models that simulated radionuclide
transport beneath the NNSS, and to simulate water-level
changes in critical areas from pumping. These development
goals were reported as appropriate uses of the DVRFS.v1
model: “The model can provide boundary conditions for
the development of local-scale models, such as those being
developed by the Department of Energy...” (Belcher, 2004,

p. 348; Belcher and Sweetkind, 2010, p. 340) and “[t]he
model can be used for examining the effects of continued

or increased pumpage on the regional ground-water flow
system to effectively manage ground-water resources within
conflicting land-use management policies.” (Belcher, 2004, p.
349; Belcher and Sweetkind, 2010, p. 341.)

Boundary conditions from the DVRFS.v1 model that
were applied to a local-scale CAU model of the carbonate
aquifer beneath Yucca Flat were not adequate for their stated
purpose. The DVRFS.v1 model simulated a groundwater-
flow rate of 14,000 acre-ft/yr into northern Yucca Flat through

low-permeability shale, quartzite, granite, marble, and siltstone
(Belcher and Sweetkind, 2010). Applying 14,000 acre-ft/yr
as the northern boundary condition for the Yucca Flat CAU
model resulted in rapid groundwater velocities, large extents
of simulated tritium plumes that were not supported by tritium
data, and model-estimated hydraul