
9. SATURATED ZONE HYDROLOGY

9.1 INTRODUCTION

The saturated zone of the hydrologic system includes that volume of the earth's crust in which
the open spaces, such as pores and open fractures, are filled with water. Water in the saturated
zone is generally of meteoric origin; occurs within a continuum of interconnected openings in
rock, sediment, and soils; and moves, however slowly, in response to an energy gradient derived
mainly from gravity. The top of the saturated zone is the water able. The base of the saturated
zone is not precisely defined, but it occurs at a depth at which permeability becomes negligible,
which may be as deep as several kilometers in the Yucca Mountain region. At such depths,
lithostatic (overburden) stress closes most fractures, and geochemical processes (mineral
alteration and precipitation) plug the pore spaces.

Between the water table and the land surface is the unsaturated zone, which is described in
Section 8. Radioactive waste would be emplaced in the unsaturated zone if Yucca Mountain is
eventually approved and developed as a repository. However, if migration of radionuclides from
the repository site to the accessible environment and areas of potential contact by humans were
to occur, it most likely would be by groundwater transport in the saturated zone. Therefore, an
understanding of groundwater flow in the saturated zone is fundamental to determining the risk
posed by the potential repository. The relatively great depth to the water table beneath Yucca
Mountain (approximately 300 m below the potential repository horizon) is an advantageous
feature of the site in providing radioactive waste isolation.

At the water table, the fluid pressure is atmospheric, and the hydraulic potential, or head, of the
groundwater is represented by its elevation (Freeze and Cherry 1979, p. 39). A contour map of
the water-table elevation is one specific case of a potentiometric surface, which shows the areal
distribution of hydraulic potential. Below the water table, the head at any point consists of the
sum of (1) the elevation of that point and (2) the height of a column of water that would produce
the pressure (above atmospheric) of the water at that point. A potentiometric surface may be
represented for any surface within the saturated zone, such as a stratigraphic horizon, a specified
depth, or a cross section. Differences of head within the saturated zone give rise to hydraulic
gradients that drive groundwater flow. The directions and rates of flow are determined by the
interaction of the hydraulic gradients with the permeability structure of the rock mass.

Geologic conditions within the unsaturated zone at Yucca Mountain locally inhibit the generally
downward percolation of water, causing perched zones of saturation that overlie deeper
unsaturated rocks. Perched water is described primarily in Section 8, but it is considered in this
section where there is uncertainty as to whether saturated conditions at some localities are
associated with the regional saturated zone or with local perched zones.

There are exceptions to the above generalizations about the characteristics of the saturated zone:

. Relatively small amounts of water are held within or on various minerals, particularly
clays and zeolites, by physicochemical forces; this water is not free to move under a
hydraulic gradient.
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Some water released during the petrologic evolution of the deep crust, such as volcanic
processes, is added to the groundwater, though in very small proportion relative to the
water that originated from the atmosphere.

. Under certain conditions, organic materials that were buried in the crust evolve into oil
and natural gas, which rise through the groundwater until they are trapped by geologic
conditions, causing the local occurrence of a nonwater phase.

. Potentiometric head is affected also by density components, such as those due to
temperature differences, dissolved solids, or degassing.

These and other exceptions are usually unimportant for regional considerations but may become
significant as the scale of interest decreases. Although such exceptions must be kept in mind,
movement of water in the saturated zone of the Yucca Mountain region generally can be
characterized and analyzed by classical, single-phase hydraulic methods.

Section 9.2 describes the regional hydrologic system in general term's. The site-scale saturated-
zone system is described in greater detail in Section 9.3; it encompasses the hydrologic
environment of the potential repository site and the compliance area that is specified in current
draft regulations. Section 9.4 considers the stability of the hydrologic system under changing
climatic and tectonic conditions. The availability of a water supply for the construction and
operation of a repository at Yucca Mountain is addressed in Section 9.5. Section 9.6 provides a
summary of the chapter.

Key Observations-Studies of the regional and site-scale saturated zone hydrologic systems have
resulted in the following key observations and conclusions:

. The Yucca Mountain-Fortymile Wash flow system, a part of the Alkali Flat-Furnace
Creek groundwater basin, represents the local saturated zone flow system underlying the
potential repository site. The Alkali Flat-Furnace Creek groundwater basin constitutes a
portion of the central Death Valley subregion of the Death Valley regional groundwater
flow system. The Yucca Mountain site occupies an intermediate position between the
areas of recharge and discharge within this regional flow system. Movement of
groundwater in the saturated zone within the regional flow system can be effectively
conceptualized as a series of relatively shallow and localized flow paths that are
superimposed on deeper regional flow paths.

. Groundwater is the principal source of water for agricultural, mining, industrial,
municipal, and domestic uses within the Death Valley region. Most of the producing
wells in the region capable of yielding large discharge rates are completed in the alluvial
sands and gravels in the upper 55 to 150 m (300 to 500 ft) of the basin-fill (valley-fill
aquifer) sediments in the Amargosa Desert The quality of groundwater in the region is
generally suitable for agricultural use, industrial uses, and for potable drinking water.
Fractured welded tuffs and, to a lesser degree, lavas are the principal aquifers within the
Tertiary volcanic suite of rocks underlying the Yucca Mountain region, although some
nonwelded tuffs may also be moderately productive.
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* General groundwater flow paths and recharge domains in the Yucca Mountain area,
inferred from analysis of hydrochemical and isotopic data within the Death Valley
regional groundwater flow system and from the Yucca Mountain-Fortymile Wash flow
system, are in general agreement with flow paths interpreted from water levels in wells
installed at and around Yucca Mountain and with estimates of infiltration rates and
recharge distributions used in unsaturated flow system modeling.

. Potentiometric data, hydrochemical and isotopic data for groundwater beneath and
downgradient of the potential repository, and flow paths simulated with the site-scale
saturated zone flow and transport model suggest that groundwater from beneath the
potential repository site probably flows initially southeastward, then generally south-
southwestward toward the Amargosa Desert. Analysis of water chemistry from wells
installed at and near Yucca Mountain and a series of wells recently installed by Nye
County, near U.S. Highway 95 about 20 to 25 km (12 to 15.5 mi.) south of the potential
repository, suggest that, in the southern part of the mountain, groundwater flow from
beneath the potential repository area does not preferentially flow along south-trending
faults in an uninterrupted manner from the repository to U.S. Highway 95.

. Vertical hydraulic gradients appear to have an important impact on the analysis of the
effectiveness of the saturated zone as a barrier to radionuclide transport. Data from
borehole UE-25 p#l, installed about 3 km (1.9 mi.) southeast of the potential repository,
that penetrates the carbonate aquifer, indicate the potential for an upward hydraulic
gradient from the carbonate aquifer to the overlying volcanic aquifers. If this upward
gradient extends laterally to the west beneath Yucca Mountain, this would likely help
'restrict radionuclide transport through the saturated zone to the volcanic units of the flow
system. Analysis of currently available chloride ion hydrochemical and hydrogen
isotopic data from water from boreholes drilled in Fortymile Wash, Crater Flat, and
beneath Yucca Mountain, with the exception of borehole UE-25 p#l, however, do not
provide unequivocal evidence of significant amounts of groundwater mixing from the
carbonate aquifer to the overlying volcanic aquifers beneath or in the immediate vicinity
of Yucca Mountain.

. Regional three-dimensional groundwater flow models developed and used to model
regional groundwater flow in the Death Valley regional groundwater flow system have
demonstrated that fault zone characterization, assigned permeability distributions, and
uncertainties regarding modeled spring flows and regional groundwater fluxes into and
out of the regional flow system are all factors controlling the accuracy of the model in
simulating groundwater flow directions, groundwater fluxes, and recharge and discharge
distributions within the modeled area.

. Numerous faults exist within the local saturated zone subsystem. Faults that lie within
the local saturated zone flow system influence the movement of groundwater, variously
serving as either preferential pathways or barriers to flow. North-striking faults border
and intersect the site, and northeast-striking faults that are regionally important lie to the
east and south of the site. Northwest-southeast-trending fault structures also lie to the
north, as well as to the south and southeast of the potential repository site.
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Aquifer test data from the C-Holes Complex southeast of the potential repository site
suggest that northwest-southeast-trending fault structures lying to the south and
southeast of the potential repository site may not be barriers to flow, at least in the
trend direction. One interpretation of hydraulic and tracer test data from the C-Holes
Complex is that a northwest-southeast structure provides a permeable flow path from
the potential repository toward the southeast. However, an alternative interpretation of
the available data from the C-Holes testing program is that a horizontal anisotropy
exhibiting a maximum principal direction of NNE-SSW might exist within the volcanic
aquifers underlying Yucca Mountain.

Most researchers have concluded that the Solitario Canyon fault, on the west side of
Yucca Mountain, is a barrier to west-to-east groundwater flow and is a probable cause
for the moderate hydraulic gradient. It has been proposed that the Solitario Canyon fault
could also provide a conduit for upward flow to the volcanic aquifers from the
underlying carbonate aquifer, and that other north-trending faults at Yucca Mountain
might also provide conduits for upward flow, particularly where they correspond to
linear anomalies in water temperature. However, hydrochemical and isotopic data for
water from wells installed in the vicinity of the Solitario Canyon do not indicate a
significant amount of mixing occurring from the carbonate aquifer to the volcanic units.

Use of an effective continuum representation to model the host rock and alluvial units in
the saturated zone in the site-scale flow and transport model appears to be reasonable
and justified, given the scale of the model domain and the sizes of the individual model
gridblocks incorporated into the model, available field data, and knowledge of
applicable field conditions. Field data and conditions which support selection of a
continuum modeling approach include evidence from multiwell pump tests showing that
a relatively well-interconnected fracture network exists in the tuffaceous rocks in the
area, the presence of alluvial units within the model domain, and results of investigations
showing that, in most cases, flow within the fractured rock units occurs over multiple
fracture zones, separated by a few tens of meters, within most geologic units.

The calibrated site-scale saturated zone flow and transport model reasonably simulates
observed water levels and hydraulic gradients, particularly in the area along the
downgradient flow path from beneath the potential repository. Evidence of some model
bias exists, based on analysis of the distribution of weighted residuals. Predicted heads
along flow paths from the potential repository area are uniformly too high; however,
observed gradients of head along these paths are simulated well. Parameters predicted
by the site-scale saturated zone flow generally compare well with predictions developed
from the regional groundwater flow model.

Various lines of evidence provide information regarding the elevation(s) of the water
table underlying Yucca Mountain during various times in the past, including
paleohydrologic data obtain from paleo-discharge features; isotopic data obtained from
studies of secondary minerals (primarily secondary calcite) deposited above and below
the current water table and isotopic studies of groundwater samples; mineralogical data
from secondary mineral deposits in the current unsaturated zone; measured responses of
the water table due to recent earthquakes; and other data, such as pack rat midden data
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and information regarding inferred past pluvial lake shoreline elevations. These data
suggest that, in the past, the regional groundwater table appears to risen to a maximum
elevation of about 115 to 120 m above current water table levels beneath the Yucca
Mountain area during the last glacial cycle.

The vertical separation (approximately 200 to 400 m [660 to 1,310 ft]) that currently
exists between the potential repository horizon and the current groundwater surface, for
various portions of the potential repository, represents an important geologic barrier.
The large majority of investigators interpret the available field and related empirical
evidence that provide information on past water table elevations beneath Yucca
Mountain and surrounding areas as indicating that the saturated zone has not risen to the
level of the potential repository over at least the past 10 k.y. to 20 k.y., and probably has
not risen to this extent during the last two glacial cycles (between 170 ka to 100 ka, and
about 60 ka to 10 ka) or longer, and that it is not likely to do so within the future
regulatory time period of the potential repository.

* Flow models performed to evaluate the possible effects of past as well as hypothetical
future changes in climate on the configuration of the groundwater table beneath Yucca
Mountain generally indicate that a water table rise of between about 50 and 130 m
(160 to 430 ft) appears to represent that a maximum rise of the water table that might
have occurred during the past pluvial climate maximum or that could likely occur for
postulated hypothetical future wetter climatic conditions. The model results suggest that
groundwater flow directions would not change significantly under increased recharge
conditions.

* Results of a number of hydrotectonic modeling simulations performed to evaluate the
effect of seismic events on the water table in the Yucca Mountain vicinity indicate that,
compared to climate change, tectonic mechanisms such as earthquakes or volcanic
events appear to have the potential to produce much less pronounced changes in
groundwater water-levels in the Yucca Mountain vicinity. The range of seismically
induced vertical water table fluctuations predicted to occur for the large majority of the
models (less than a few to less than 20 m [66 ft]) is consistent with magnitudes of
transient water level fluctuations observed to occur in certain wells at the Yucca
Mountain (less than a few meters) in response to recent earthquakes.

An extensive (10-plus yr.) record of well pumping data from existing water supply wells
UE-25 J-12 and UE-25 J-13, located southeast of Yucca Mountain, and results of
independent modeling simulations performed to assess the potential long-term impacts
of continued groundwater withdrawals, suggest that, if wells UE-25 J-12 and
UE-25 J-13 (along with the nearby C-Holes) were to be pumped at a level equal to that
proposed (531,000 m3/yr. [430 a.-ft/yr.]), in permanent water rights applications recently
filed by the DOE, the magnitude of water level effects in the surrounding water table
would be very small to negligible at distances beyond the immediate vicinity of the
pumping wells.
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9.2 REGIONAL FLOW SYSTEM

9.2.1 Introduction

Yucca Mountain is in the southern part of the Great Basin, an internally drained subdivision of
the Basin and Range physiographic province. The Great Basin comprises most of Nevada and
Utah, significant areas of southern and eastern California, and smaller areas of southern Oregon,
southeastern Idaho, and southwestern Wyoming. In the Great Basin, both surface water and
groundwater drainage systems terminate in hydrologic sinks, from which water returns to the
atmosphere by evaporation or plant transpiration, but the areas of the surface and subsurface
systems generally do not coincide exactly.

Mifflin (1988, p. 69) enumerated dominant factors that create the unique hydrogeologic
conditions of the Great Basin:

* Extensional faulting has resulted in marked topographic differences and lithologic
contrasts between geologically diverse range blocks and intermontane sedimentary
basins.

. Regional patterns of atmospheric circulation transport winter moisture from the Pacific
Ocean in eastward tracks across the Great Basin, producing humid alpine climates in the
high mountains as a result of orographic influences, while the intermontane basins
remain arid or semiarid.

* Surface drainage and ground-water flow systems are confined to hydrologically closed
regions from which external drainage does not occur. The boundaries of surface-water
basins and ground-water flow systems do not always coincide due to combinations of
aridity and transmissive character of the consolidated rocks.

. Quaternary climatic variations produced more moisture and associated paleohydrology
that left abundant evidence of shorelines, spring and saline deposits, and basin deposits
related to lacustrine (lake) and paludal (marsh) environments. Locally, the
paleohydrologic history determines the pattern of ground-water flow, distributions of
discharge, and water quality in the hydrologically closed basins.

9.2.2 Great Basin Groundwater Flow Systems

Within the Great Basin, some of the larger regional groundwater systems extend more than
200 km and have flow paths that traverse many hydrographic (surface water) basins. In
delineating the flow systems in the Great Basin, Harrill et al. (1988, Sheet 1, Figure 6, Table 1)
defined 39. groundwater flow systems, which collectively encompass 257 hydrographic basins,
but which individually encompass as few as one and as many as 34. Within many groundwater
systems, some water is discharged at intermediate points along flow paths, and only part of the
groundwater reaches the regional sink. In the simplest case, the intermediate discharge
represents relatively shallow, local circulation within a subbasin that is tributary to deeper
regional flow paths. More commonly, however, the intermediate discharge represents flow
derived from a group of areas that constitutes a regional-scale multibasin subsystem. In this
case, the position of an intermediate discharge area is usually controlled by a prominent
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structural feature, such as a major fault that disrupts the continuity of the regional aquifer, or by a
significant topographic depression that intersects the regional potentiometric surface or even the
regional aquifer itself.

The eastern and southern Great Basin are underlain to depths as great as several kilometers by a
predominantly carbonate (limestone and dolomite) suite of Paleozoic sedimentary rocks that has
been deformed, faulted, and fractured during several tectonic episodes. The fractures provide
large secondary permeability, which locally is enhanced by solution enlargement. Within this
carbonate rock province, groundwater circulates in regional systems between adjacent
hydrographic and structural basins (Mifflin 1988, pp. 69 to 70). Most of the area of the regional
systems consists of tributary basins from which runoff recharges the deep groundwater. Surface-
water runoff in these tributary basins occurs in ephemeral channels and commonly terminates in
shallow playa lakes that dissipate seasonally or more frequently by evaporation and by seepage
downward to a deep water table.

Groundwater in the regional carbonate aquifer discharges to relatively few springs that typically
have large and nearly constant discharge rates. Due to long and deep flow paths, the regional
springs have temperatures that are significantly higher than the land-surface mean annual
temperatures at the same locality.

In contrast, the region that lies generally to the west of the carbonate rock province, principally
the western half of Nevada, is dominated by volcanic and clastic bedrock that, though fractured,
is generally less transmissive than the carbonate rocks. In this low permeability rock province,
groundwater basins may coincide with structural basins (Mifflin 1988, p. 69) and, thus, with
hydrographic basins or parts of hydrographic basins. Much of the groundwater moves in
relatively local systems from the peripheries of the basins to permanent (or intermittent) streams
or lakes. If topographic closure is adequate and the potential discharge by evapotranspiration is
large compared to the inflow to the basin, there is no surface outflow to an adjacent basin.
Where inflow to the basin exceeds the discharge by evapotranspiration, the residual runoff flows
into channels of a larger drainage system. In the Great Basin, the largest surface-water systems
ultimately terminate at saline lakes or wet playas, where the water evaporates or is transpired to
the atmosphere by salt-tolerant plants.

The bedrock in the western Great Basin also has experienced significant tectonic activity. It
contains permeable fracture systems to depths of 1 km (0.62 mi.) or more, and interbasin
groundwater flow does occur from the peripheral, tributary subbasins to downgradient areas,
where the potentiometric levels are less than those in the tributary subbasins. Together with the
significant topographic relief and aridity of southern Nevada and adjacent California, this thick
section of moderately transmissive rocks allows a deep water table that is not influenced by
many local topographic features and divides. Consequently, regional groundwater flow does
occur in the southern part of the low permeability rock province, although not on such a large
scale as in the adjacent carbonate-rock province.

The bedrock floors of the topographic basins and valleys in the Great Basin are mantled by
valley-fill material, which commonly attain thicknesses of several hundred meters in the central
parts of the basins. The deposits consist variously of gravel, sand, and silt deposited in running
water (alluvium); sand, silt, clay, and freshwater limestone deposited in lake (lacustrine)
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environments; wind-blown (eolian) sand and silt; silt, clay, and organic materials deposited in
marsh (paludal) environments; and volcanic ash and lava. Along the margins of the valley fill,
near the bordering uplands, poorly sorted mudflow and landslide debris (colluvium), as well as
spring deposits, such as travertine or equivalent siliceous lithologies, occur locally in association
with the alluvium. The hydraulic properties of the valley fill are highly variable but, in most
valleys of the Great Basin, sand and gravel dominate the volume and provide productive
aquifers.

In a study conducted by the U.S. Geological Survey (USGS) to evaluate potential hydrogeologic
environments for isolation of high-level radioactive waste, the Basin and Range physiographic
province was divided into six regions (Bedinger, Sargent et al. 1989, p. A2). The regions were
selected on the basis of adopted guidelines and information obtained on:

• The distribution of rock types that may be host media for radioactive waste

* Characteristics of the province related to tectonic stability-seismicity, late Cenozoic
volcanism, Quaternary faulting, late Cenozoic regional uplift, and heat flow

* The hydrology of groundwater flow systems.

One of these six regions was defined as the Death Valley region, which was divided into nine
groundwater units (Bedinger, Langer et al. 1989b; pp. F28, F29, Plate 5). Two of these
groundwater units, Death Valley (DV-03) and Mesquite Valley (DV-02), coincide with the
regional groundwater flow system described in Sections 9.2.3 to 9.2.10. These sections
document the status of understanding of the hydrogeology and hydrology of the Death Valley
regional groundwater flow system, the boundaries of which are defined by D'Agnese et al.
(1997, p. 4) and shown in Figure 9.2-1. (Note: Within this section, the term "Death Valley
region" is synonymous with the area defined by D'Agnese et al. [1997] as the Death Valley
regional groundwater flow system, unless otherwise specified. It should be noted that the Death
Valley region referenced by D'Agnese et al. [1997] and others extends beyond the Death Valley
regional groundwater flow system. Consequently, the Death Valley region discussed in many of
the reports referenced in this section may not be the same exact area as the Death Valley region
defined here.) The saltpan that occupies the bottom of Death Valley is the ultimate discharge
area, or sink, for this immense flow system. Intermediate discharge areas do occur within the
system boundaries (D'Agnese et al. 1997, p. 1).

9.2.3 Overview of Death Valley Regional Groundwater Flow System

The Death Valley regional groundwater flow system has an area of approximately 50,000 km2

(17,000 mi.), all in Nevada and California. It includes several large valleys, such as Amargosa
Desert, Death Valley, and Oasis Valley (Figure 9.2-1), which are significant intermediate
discharge areas for the regional system. The region also contains several major mountain ranges
(Figures 9.2-1, 9.2-2), including the Panamint Range and the Amargosa Range, which border
Death Valley on the west and the east, respectively. As shown on Figure 9.2-2, the northern
extent of the region is defined by the Last Chance Range, the Montezuma Range, the Cactus
Range, the Kawich Range, the Belted Range, and the Timpahute Range. The Pahranagat Range,
the Sheep Range, and the Spring Mountains form the eastern boundary, and the Kingston Range
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is near the southern limit. Pahute Mesa is a prominent upland extending from Rainier Mesa on
the Nevada Test Site westward to Stonewall Mountain, a distance of about 75 km (47 mi.). With
elevations generally higher than 1,700 m (5,600 ft), Pahute Mesa influences the climate and,
therefore the flow system of the northern part of the Death Valley region, including
Yucca Mountain.

The eastern and southern parts of the Death Valley region lie within the carbonate-rock province
of the Great Basin (Prudic et al. 1993, pp. 1, 3, 4, Figure 1), which is characterized by thick
sequences of carbonate rock. These rocks form a generally deep regional aquifer of the flow
system and allow interbasin transfer of groundwater in the Death Valley region (D'Agnese et al.
1997, p. 5). Winograd and Thordarson (1975, p. C53) stated that the deep water table in the
Yucca Flat and Frenchman Flat areas is due to the drainage of groundwater from the valley fill
into the underlying and surrounding carbonate-rock aquifer. In other valleys, such as the
Amargosa Desert, southern Indian Springs Valley, and possibly eastern Jackass Flats, interbasin
movement of groundwater is upward. Subsequently, hydraulic connections can be inferred to
exist between the valley-fill aquifers and deeper carbonate rock aquifer throughout much of the
region.

The northwestern portion of the Death Valley region is underlain by volcanic rock. The volcanic
rock in this area is part of the southwest Nevada volcanic field (Laczniak et al. 1996, p. 15,
Figure 4). The water-bearing properties of these volcanic deposits are governed chiefly by 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 zeolite alteration)
have affected primary permeability (Laczniak et al. 1996, p. 15). On a regional scale, the
volcanic rocks are in hydraulic connection with overlying valley-fill aquifers and underlying
carbonate aquifers, as well as laterally from one subbasin to another.

Yucca Mountain is composed of volcanic rocks (tuffs) but is near the southern limit of the
southwest Nevada volcanic field. Laterally to the east, west, and south, valley-fill deposits
overlie the volcanic rocks. The regional carbonate aquifer is known to underlie the volcanic
rocks at one nearby location, and is inferred to do so elsewhere.

9.2.3.1 Data Sources

There have been four extensive syntheses of hydrologic data and discussions of the flow system
of all or most of the Death Valley region compiled during the last 25 years. Winograd and
Thordarson (1975) produced the first major compilation of hydrogeologic, hydraulic, and
hydrochemical data and delineated the principal subsystems of the northeastern quadrant of the
Death Valley region, the area referred to in this section as the central Death Valley subregion.
To support the site characterization program specified in the Nuclear Waste Policy Act of 1982,
Waddell et al. (1984) updated earlier information, particularly that obtained since exploration of
Yucca Mountain began in 1979, and incorporated general results of the first regional, two-
dimensional computer model of groundwater flow in southern Nevada and adjacent California.
As part of a larger study of the potential of the Basin and Range Province of the southwestern
United States for isolation of high-level radioactive waste, Bedinger et al. (1989b) published
their characterization and evaluation of the Death Valley region. The most recent evaluation of
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the Death Valley region is that of D'Agnese et al. (1997), which has been the primary source for
the preparation of this section.

There are also numerous reports that describe smaller areas in great detail or are topically limited
(e.g., hydrogeology or hydrochemistry) but provide valuable compilations of those data for the
region of interest. In the first category are comprehensive discussions of Pahute Mesa
(Blankennagel and Weir 1973), Oasis Valley (White 1979), the Yucca Mountain area (Luckey et
al. 1996), and the Amargosa Desert (Walker and Eakin 1963; Claassen 1985; Kilroy 1991). For
the Death Valley region, Faunt et al. (1997) compiled the classification, hydrologic properties,
and map distribution of the hydrogeologic units used in this section. Faunt (1997) has also
examined the influence of faults and tectonic stress on groundwater flow in the region. There are
numerous sources of chemical and isotopic data for water in the region, but McKinley et al.
(1991), Rose et al. (1997), and Oliver and Root (1997) are the primary sources. For the
carbonate terrains only, Thomas et al. (1996) provide an extensive description. The allocation of
water rights and the historical uses of water in the Nevada portion of the region have been
compiled by CRWMS M&O (2000e), who also present a modeling analysis of the effects in the
Amargosa Desert of developing water supplies in the Yucca Mountain area.

9.2.3.2 Hydrogeology

The Death Valley region has a long and active geologic history, including intermittent marine
and nonmarine sedimentation, large-scale compressive deformation, plutonism, volcanism, and
extensional tectonics. Consequently, diverse rock types, ages, and deformnational structures are
often juxtaposed (Figure 9.2-3). As a result, subsurface conditions are variable and complex, and
knowledge of the geologic diversity beneath alluvial basins is indirect in most of the Death
Valley region (D'Agnese et al. 1997, p. 13). The regional geology is discussed in detail in
Section 4.2. The regional geology can be summarized as consisting of:

. Precambrian and Cambrian clastic and crystalline rocks

. Paleozoic clastic and carbonate rocks
* Clastic and intrusive rocks of Mesozoic age
* Tertiary tuffs, lava flows, and volcaniclastic rocks
* Varied fluvial, paludal, and playa sedimentary deposits of Pliocene age
. Tertiary-Quatemary alluvial, colluvial, eolian, and volcanic deposits.

Groundwater hydrology of a region can best be discussed by grouping numerous geologic
formations and members into units of hydrologic significance (hydrogeologic units) (Winograd
and Thordarson 1975, pp. C13, C14). A hydrogeologic unit has considerable lateral extent and
has reasonably distinct hydrologic properties because of its physical (geological and structural)
characteristics (Faunt et al. 1997, p. 10). Winograd and Thordarson (1975, Table 1) defined
10 hydrogeologic units in the Death Valley region. Bedinger, Langer et al. (1989b, Table 1)
defined 12 hydrogeologic units in the Death Valley region.
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Faunt et al. (1997, p. 1), in a study to develop a conceptual hydrogeologic framework using
regional geological and hydrological data, and a digital hydrogeologic map depicting
hydrogeologic surface expressions, defined 10 hydrogeologic units (Figure 9.2-3):

Playa deposits of Quaternary age (Qp)
. Valley fill of Quaternary-Tertiary age (QTvf)

Volcanic rocks of Quaternary-Tertiary age (QTv)
Volcanic rocks of Tertiary age (Tv)
Volcanic and volcaniclastic rocks of Tertiary age (Tvs)
Granitic rocks of Tertiary-late Jurassic age (TJg)
Sedimentary and metavolcanic rocks of Mesozoic age (Mvs)
Carbonate rocks of Paleozoic age (P2)
Clastic rocks of Paleozoic-Precambrian age.(PI)

* Igneous and metamorphic rocks of Precambrian age (pegm).

The study area of Faunt et al. (1997) was a 100,000 km2 (37,000 mi.2) area that included the
Death Valley regional groundwater flow system, as defined above for this section. The
hydrogeologic units defined by Faunt et al. (1997, pp. 12 to 14) are adopted for use in this
section to define the hydrogeologic units of the Death Valley region, although the descriptions
that they provided pertain in part to areas outside, but adjacent to, the Death Valley regional flow
system boundaries (Figure 9.2-3). They are in excellent agreement with the hydrogeologic units
found in the literature, can be easily cross referenced to these previously defined hydrogeologic
units, and have previously been adopted for use in the regional groundwater flow model for the
Yucca Mountain Site Characterization Project (YMP) (D'Agnese et al. 1997). The descriptions
of the hydrogeologic units presented below are taken from Faunt et al. (1997, pp. 12 to 14).

Playa Deposits of Quaternary Age (Qp)-The lacustrine confining beds, lake-
bed sediments of Quaternary age, are a relatively homogeneous deposit composed
of mainly clay-sized particles. The unit includes fine-grained playa deposits,
lacustrine limestone, and evaporites. Accordingly, the unit can exhibit matrix
flow from the permeable unconsolidated deposits and fault- and
fracture-controlled flow in consolidated deposits. The lacustrine beds were
deposited contemporaneously with the younger alluvial sediments. As a result,
the deposits grade into each other. In some of the valleys, the lacustrine confining
beds are several hundred meters thick.

Valley Fill of Quaternary-Tertiary-Age (QTvf)-The alluvial sediments of
Quaternary-Tertiary age are a heterogeneous mixture of volcanic and sedimentary
rock detritus ranging from clay to boulder size. The heterogeneous mixture
includes units of fine-grained playa and lake beds containing evaporites (of
limited areal extent), boulder-cobble-pebble debris flow and fan deposits, and
volcanic tuffs. Accordingly, they may exhibit matrix flow in the permeable
unconsolidated materials, but fault- and fracture-controlled flow in more
indurated materials. The valley fill (including fluvial deposits) accumulated
largely in structural basins. As a result, the valley-fill deposits range in thickness
from zero at margins of valleys to several hundred meters in valley lowlands. The
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fill in many basins is greater than 1,300 m thick and may be as thick as 2,000 m.
The basin fill forms the major aquifer system in many of the valleys.

These basin-fill aquifers constitute a regional system because of the similarities
between basins and because they are the most developed source of groundwater in
the region. Some basins are topographically and hydraulically closed by
low-permeability bedrock, while others are part of multibasin flow systems
connected by perennial streams or by flow through the basin fill or permeable
bedrock. Well yields within the basin fill seem to be related to physiographic
setting. The hydrologic properties of these deposits can differ greatly over short
distances, both laterally and vertically, because of abrupt changes in grain size,
and the degree of sorting and consolidation.

Volcanic Rocks of Quaternary-Tertiary Age (QTv)-The volcanic rocks,
including lava flows and undifferentiated volcanic rocks of Tertiary and
Quaternary age, underlie the valleys and crop out extensively in many of the
mountains. The lava flows are primarily basalts, andesites, and rhyolites of
Tertiary and Quaternary age. Columnar jointing and platy fractures are common
in the flows, which vary from vesicular to dense. Secondary openings are
developed along fractures and bedding planes. Individual flows generally are less
than 33 m thick; some are less than I m thick. Aggregate thicknesses are as much
as 1,000 m.

Volcanic Rocks of Tertiary Age (Tv)-These volcanic rocks include tuffs and
undifferentiated volcanic rocks of Tertiary and Quaternary age. They underlie the
valleys and crop out extensively in northern and central portions of the Death
Valley region, including the Yucca Mountain area, where tuffs of Tertiary age are
widespread. These units have an aggregate thickness of more than 4,000 m. The
composition and structure of these volcanic tablelands, and their position and
mode of emplacement, drastically affect regional groundwater flow by altering
flowpaths, providing numerous avenues of recharge, and altering water-table
gradients.

This hydrogeologic unit includes densely welded to nonwelded, bedded,
reworked, and air-fall tuffs. Welded ashflow tuffs characteristically have an
interstitial porosity of about 5 percent or less; thus, the commonly moderate to
large hydraulic conductivity of welded ashflow tuffs is largely a function of
secondary openings along joints, bedding planes, and partings within the flows.
Where these welded tuffs are not fractured or jointed, they tend to form confining
beds; thus, welded tuffs can only transmit significant quantities of water where
they are fractured.

In contrast, nonwelded ashflow tuffs may have a large interstitial porosity, but
low hydraulic conductivity, and can function as confining beds. Fractures and
joints are virtually absent in nonwelded ashflow tuffs. Hence, the nonwelded
tuffs generally act as confining units. These nonwelded tuffs, however, have
limited areal extent.
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Volcanic and Volcaniclastic Rocks of Tertiary Age (Tvs)-Clastic and
tuffaceous aquifers and confining beds comprise tuffs and associated sedimentary
rocks. They include up to 1,500 m of a variety of nonwelded to welded ashflow
tuff, ashfall tuff, tuff breccia, breccia flow deposits, tuffaceous sandstone,
siltstone, mudstone, freshwater limestone, and minor amounts of densely welded
tuff. Despite the widely differing origins of these rocks, this unit usually has
matrices consisting of zeolite or clay minerals, which results in low hydraulic
conductivity. Some of the limestone and densely welded tuff may not have
zeolitic or clayey matrices, but are believed to have low hydraulic conductivity.
These rocks usually separate the more permeable volcanic rocks (Tv) from the
Paleozoic carbonate rocks (P2).

Granitic Rocks of Tertiary-Late Jurassic Age (TJg)-Crystalline granitic rocks
of Mesozoic and Tertiary age are widespread throughout the southern portion of
the region. They outcrop in many mountain ranges and underlie most of the
southern portion of the region at depth. Groundwater is thought to occur in these
crystalline rocks only where they are fractured. Because the fractures are poorly
connected, these rocks are believed to act mostly as confining units.

Sedimentary and Metavolcanic Rocks of Mesozoic Age (Mvs)-The clastic
rocks of Mesozoic age are predominantly continental fluvial, lacustrine, and
eolian deposits and clastic and carbonate sedimentary rocks. These rocks form
extensive outcrops on the sides of the Spring Mountains where they have been
thrusted. The rocks have a variable thickness due to the extensive thrust faulting
and are some of the more permeable rocks in the Death Valley region; however,
they are not widespread. Some of these rocks are also found in the southwestern
portion of the Death Valley region.

Carbonate Rocks of Paleozoic Age (P2)-Limestone, dolomite, and calcareous
shales of Paleozoic age underlie many valleys and outcrop along the flanks of and
throughout some mountains. These carbonate rocks cover an extensive portion of
the area around Death Valley, extending to the north and east. They are often
interbedded with siltstones and shales and are locally interrupted by volcanic
intrusions in the north. These carbonate rocks, which have an aggregate thickness
of about 8,000 m, are probably the most permeable rocks in the area. Where
hydraulically connected, they contribute significantly to interbasinal movement of
water. This interbasinal movement includes movement of water within the
groundwater basin between topographic basins, and the entrance of groundwater
from basins to the northeast of the Death Valley regional flow system. Many of
the springs in the area are associated with the carbonate rocks. Intergranular flow
is not significant in these rocks; the large transmissivity is primarily due to
fractures and solution channels. Hydraulic tests of carbonate-rock aquifers
throughout eastern and southern Nevada indicate that faults can increase their
transmissivity by factors of 25 times or more.

Clastic Rocks of Paleozoic-Precambrian Age (Pl)-Siltstone, quartzite, shale,
sandstone, and some metamorphic rocks of later Precambrian and Paleozoic age
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form elastic confining units. These rocks vary in aggregate thickness with a
maximum thickness of about 3,500 m. These rocks have negligible interstitial
groundwater movement but frequently are highly fractured and locally brecciated.
At shallow depths, these fractures and breccias can be conduits to flow,
converting these elastic rocks into locally important shallow aquifers.

Clastic rocks in the region differ hydrologically from carbonate rocks in two
important ways. First, secondary porosity rarely develops along bedding planes
in any of the elastic rocks because of the low solubility of their constituents,
including quartz, mica, and clay minerals. Second, the elastic rocks deform more
plastically than the carbonates and, as a result, fractures may become sealed or
isolated during deformation. In these rocks, the fractures may be sealed by
continued deformation caused by the same process that formed them or by later
plastic deformation. Open fractures in interbedded competent rocks may be
sealed by plastic deformation of the less competent interbedded strata.

Igneous and Metamorphic Rocks of Precambrian Age (pCgm)-Crystalline
metamorphic and igneous rocks of Precambrian age are widespread throughout
the southern part of the region, cropping out in many mountain ranges and
underlying most of the area at depth. Hydrologically, this unit behaves similarly
to the other crystalline rocks in the region (TJg). Groundwater is thought to occur
only locally in these crystalline bodies where the rock is fractured. Because the
fractures are poorly connected, these rocks are believed to act mostly as
confining units.

Winograd and Thordarson (1975) systematically described the hydrogeology of the south-central
Great Basin in a report that is still cited frequently. Using the correlation between hydrogeologic
units shown in Table 9.2-1, the stratigraphic units defined for the Nevada Test Site and vicinity
by Winograd and Thordarson (1975, Table 1) are related in Table 9.2-2 to the hydrogeologic
units defined by Faunt et al. (1997, pp. 12 to 14).

The hydrogeologic map (Figure 9.2-3) shows a mostly interconnected distribution of valley-fill
deposits, QTvf, with isolated occurrences of playa deposits, Qp, in most of the valleys. The
volcanic rocks, principally rhyolitic ashflow tuffs, QTv, form an almost continuous cover over
older rocks in the northern half of the region (the southwest Nevada volcanic field), although
they in turn are covered by QTvf in the valley floors. The basal Tertiary volcanic and
volcaniclastic rocks (Tvs) are exposed in only small areas, mainly in the southern half of the
region, but they are more widespread in the subsurface, serving to isolate the more permeable
younger volcanics (Tv) hydraulically from the deeper Paleozoic rocks.

Granitic rocks (TJg) that range in age from late Jurassic to Tertiary are extensively exposed in
the mountains in the southwestern half of the region, less extensively in the northwestern corner.
Small exposures occur also in the uplands around Yucca Flat in the northern Nevada Test Site.
The exposures are the uppermost parts of deep-seated plutons that typically are much broader at
depth. Fractures in these rocks generally are widely spaced, closed, and poorly connected.
Groundwater flow is expected to divert around the plutons except where younger faults have
formed permeable pathways. Older Mesozoic rocks (Mvs) are elastic sedimentary and
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metavolcanic rocks that are limited to the flanks of the Spring Mountains and to small exposures
in the southwestern part of the region.

The carbonate rocks of Paleozoic age (P2) are extensively exposed in the ranges of the eastern
and west-central parts of the region, and they are distributed in the subsurface with only limited
interruptions throughout those areas. Although the upper part of the dominantly carbonate
(limestone and dolomite) sequence contains thick argillite and shale -units that locally inhibit
groundwater movement, regionally the P2 unit is a thick, quite continuous and permeable
aquifer. In the north-central and northwestern parts of the region, the P2 unit may be absent in
extensive areas of caldera development and, elsewhere beneath the thick Tv cover, they are
probably too deep for active groundwater flow.

The lower, clastic part of the marine sedimentary rocks (PI) is commonly exposed adjacent to
the P2 aquifer and underlies it throughout most of the region. In turn, it is underlain by the
oldest rocks known in the region, the Precambrian igneous and metamorphic complex (p:,gm)
that is exposed only in the south-central and southeastern parts of the region. These are the two
deepest units and, where present, the Mesozoic granitic rocks function as aquitards (i.e., they
limit groundwater circulation) except where they contain unhealed, youthful or very shallow,
fracture zones. Consequently, their exposures indicate areas through which lateral groundwater
flow is precluded or at least inhibited. Where they are not exposed, one or more of these units
underlies more permeable rocks and forms the base of the active saturated zone.

9.2.3.3 Hydraulic Properties of Hydrogeologic Units

Bedinger, Langer et al. (1987) compiled and analyzed a large amount of hydraulic properties
data from the literature, not only for the Basin and Range Province but also for rocks with similar
characteristics outside the province. They tabulated ranges of values for hydraulic conductivity
and porosity (Bedinger, Langer et al. 1987, Table l) and prepared a log-normal plot showing the
generalized distribution of the hydraulic conductivity values for 14 rock types (Bedinger, Langer
et al. 1987, Figure 2).

Bedinger, Langer et al. (1987, pp. 37 to 38) examined the effects of lithology, depth, fractures,
and geologic processes on the hydrogeologic framework of the region and suggested the
following:

. Increased jointing near the surface, caused by stress release due to erosional unloading
and weathering, may yield larger hydraulic conductivity and porosity values for rocks at
shallow depths. At depths below 150 to 300 m (490 to 980 ft), weathering and fractures
due to release of confining pressures by erosional unloading probably are not significant.

. At increased depths, overburden pressures tend to decrease the apertures of joints or
fractures and the size of pores; therefore, porosity and intrinsic permeability tend to
decrease.

. In some areas, solution-type voids and relict cavernous conditions may withstand
overburden pressures in crystalline carbonate rocks, allowing these features to remain
open at depths greater than 2,000 m (6,600 ft).
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. Surface faults and fractures are good indicators of the orientation and position of
permeable zones at depths up to 1,000 m.

* The regional hydraulic conductivity as a result of fractures is dependent not only on the
presence of open fractures, but also on rock type, fracture orientation, and the history of
tectonic stress in the region.

Based partly on the analyses of hydraulic properties by Bedinger, Langer et al. (1987), Faunt
et al. (1997, Table 3, p. 16) assigned approximate hydraulic conductivity values to their
10 hydrogeologic units of the Death Valley region, including the effects of depth, fracturing, and
weathering. These conductivity values are provided in Table 9.2-3.

Data on the storage properties of rocks in the Death Valley region are very sparse. Such data are
difficult and expensive to obtain, because they require measurements over long time periods in at
least one observation well, preferable more, in addition to the pumping well. Fortunately,
changes in aquifer storage are rather minor in a regional system that is in a steady-state condition
and has been so for a number of years. The storage coefficient for an aquifer can be estimated
adequately for most purposes from its thickness, its lithology and porosity, and whether it is
confined or unconfined.

9.2.3.4 Overview of Regional Groundwater Flow

Groundwater movement in the regional system occurs in an asymmetric radial-flow pattern from
mountains and other highlands, which are located principally along the periphery of the basin,
toward the regional hydraulic sink in the bottom of Death Valley. The geographic distribution of
rainfall and snowfall is principally a function of land surface elevation, so the highland areas
receive most of the precipitation and, consequently, provide most of the recharge to the
groundwater system. This is reflected as potentiometric highs on the estimated potentiometric
map (Figure 9.2-4), taken from D'Agnese et al. (1997, Figure 27), and is correlated with the
localities identified on Figures 9.2-1 and 9.2-2. The most prominent recharge mound in the
region is associated with the Spring Mountains in the eastern part of the basin, where the water
table elevation is estimated to exceed 2,300 m (7,500 ft). At the regional sink, the water table
elevation is almost 100 m (330 ft) below sea level, providing about 2,400 m (7,900 ft) of total
relief on the regional potentiometric surface.

The contrast of the shape of the regional potentiometric surface (Figure 9.2-4) with the
distribution of valleys and basins (hydrographic areas, Figure 9.2-5) that govern the surface
water drainage is striking. Surface and subsurface systems appear to be independent, with little
or no influence on each other. The most prominent groundwater mounds, those flanked by very
steep potentiometric gradients, and certain other zones that have steep gradients are influenced
more by the presence of aquitards in the subsurface than by topography or differences
of precipitation.

The presence, orientation, and style of faults are identified by Faunt (1997, pp. 24 to 31) as major
controls on groundwater flow according to three principles:

I. Recharge and discharge areas are influenced by large-scale folding and block faulting
that form the major topographic features and sedimentary basins.
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2. Faulting and intense folding cause fracturing and create highly permeable channels
that are enhanced by dissolution in the carbonate aquifer.

3. Faulting and folding in some rock types create barriers to groundwater movement by
displacing strata and creating low-permeability materials within faulted and fractured
rocks. As a result, groundwater is forced to the surface as springs and diffuse
discharge.

Tensional faults and fracture zones develop parallel to the major stress direction (i.e., normal to
regional extension, or least-stress direction), enhancing permeability in that direction.
Compressional and shear features intersect the major stress direction at moderate to large angles,
and they commonly are associated with mechanical and chemical effects that produce low-
permeability gouge in and near the fault. In the northern and central parts of the Death Valley
regional groundwater basin, the north-south to northeast-southwest orientation of the major
normal faults is approximately normal to the least stress, encouraging southward flow that is
already predisposed by the regional topographic slope and resultant southward-increasing aridity.

The flow paths that originate at the margins of the groundwater basin are generally the deepest,
being forced down by recharge that infiltrates downward throughout the interior of the basin.
Hydrogeologic conditions, such as regional faults that dominate the permeability structure,
dictate common violation of this generalization. Interior recharge may ultimately join the long
regional flow paths toward the regional sink (i.e., approximately normal to the potentiometric
contours and in the direction from higher to lower level). Initially, however, flow has both a
downward component and a radial component, outward from the center of recharge, before
turning into the regional flow direction. Flow from the Panamint Range at the western boundary
of the basin is generally east to northeast. Progressing clockwise from the northwestern end of
Death Valley, the regional flow directions change from south to southwest, then to
approximately west from the Spring Mountains and the southeast quadrant of the basin.

From the northern end of Death Valley, a generally east- to northeast-trending line separates an
irregular potentiometric surface on the north from a broad potentiometric trough in which the
levels decline gradually from the Pahranagat Range (Figure 9.2-1) to western Amargosa Valley.
This trough and the adjoining areas in which the potentiometric gradient is very small indicate
the area that is underlain by the thick, quite continuous, and highly permeable regional carbonate
aquifer (P2). It also contains a prominent northeast-southwest structural trend, the Spotted
Range-Mine Mountain zone, that is a major groundwater flow corridor (Faunt 1997, pp. 34
to 35). The trough narrows between the northwestern end of the Spring Mountains and
Shoshone Mountain (numbers 35 and 34, respectively, on Figure 9.2-2). Upgradient, or
northeast, from the narrows, the potentiometric levels in the Tertiary-Quaternary volcanic and
valley-fill deposits (Tvs, Tv, QTv, and QTvf) are greater than those in the deeper carbonate
rocks, indicating a downward gradient or the potential for recharge to the regional aquifer
throughout most of this large area (Winograd and Thordarson 1975, pp. C53 to C62).
Downgradient, or southwest, from the narrows, potentiometric levels in the Tertiary and
Quaternary units are commonly lower than those in the carbonate aquifer, indicating the potential
for upward flow into shallow aquifers or even to the surface.
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Where the potentiometric levels in the deep system are at or above the elevation of the land
surface, groundwater discharges to the surface where geologic conditions (e.g., faults) provide
permeable pathways upward or impede continued lateral flow. Areas of intermediate discharge
from regional flow paths in the carbonate province include Ash Meadows (number 5 on
Figure 9.2-2) and the reach of the Amargosa River south of Alkali Flat in the vicinities of
Shoshone and Tecopa. Many of the springs in these intermediate discharge areas produce large,
uniform flows of water having temperatures that significantly exceed the mean annual
temperature at the surface. Water discharging at Ash Meadows is as warm as 34.5°C, about
16'C greater than the surface temperature (Winograd and Thordarson 1975, p. C80) and attesting
to a minimum depth of flow on the order of 1 km.

To the north of the regional potentiometric trough, the thick Tertiary volcanic rocks, principally
the Tv unit, dominate the hydrogeology. On average, these rocks are at least moderately
permeable in shallow occurrences but become less permeable at greater depths. The irregularity
of the potentiometric surface north of the trough reflects the less permeable terrain, as compared
with the small and uniform gradient in the carbonate terrain. However, hot springs in Oasis
Valley near Beatty discharge at about 410C, about 240 C greater than the average surface
temperature and also indicating subregional (intermediate) flow to a depth of at least 1 km
(0.62 mi.) and perhaps much deeper. This demonstrates that the general hydrogeologic
characteristics of an area can be overshadowed by a hydraulically dominant, discrete feature,
such as a fault.

Only a minor portion of the intermediate discharge reaches the surface directly from the deep
regional aquifers. At the east (upgradient) edge of Ash Meadows, the carbonate aquifer (P2) is
exposed at the surface of a small range of hills, which is terminated on its west side by a major
fault that offsets the aquifer. Within the hills the groundwater rises to form a mound that
discharges almost entirely along subsurface paths into the valley-fill deposits that surround the
hills (Dudley and Larson 1976, pp. 22 to 24). One small seep issues directly from the carbonate
aquifer, whereas numerous large springs discharge from the QTvf in the bordering valley. More
commonly in the region, where regional flow begins to ascend toward discharge areas, even tens
of kilometers upgradient from major discharge areas, the groundwater enters into local aquifers,
commonly the QTvf unit. Depending on local conditions, the water may continue in the
subsurface to the next basin, may discharge as base flow to a surface stream that flows into a
lower basin, or may discharge from the local aquifer to the atmosphere by evapotranspiration.
Water that enters the regional flow system at Pahute Mesa discharges into QTvf in Oasis Valley
north of Beatty. Much of this is evapotranspired from the valley floor, but some provides
intermittent base flow to a short reach of the Amargosa River at Beatty, where it flows into
northwestern Amargosa Valley and is again lost through the channel bottom to the QTvf. In
other areas, such as Sarcobatus Flat and Alkali Flat at the south end of Amargosa Valley, the
discharge occurs by evaporation from soil moisture and by transpiration from phreatophytes that
border the playas.

It can be inferred by study of Figures 9.2-2 and 9.2-4 that regional flow beneath the vicinity of
Yucca Mountain probably originates primarily as recharge in easternmost Pahute Mesa, Rainier
Mesa, Timber Mountain, and Shoshone Mountain, which are the principal uplands of the
northern Fortymile Canyon hydrographic area (Figure 9.2-5, area 227). The groundwater flows
generally southward through the aquifers of the Tv sequence beneath Crater Flat, Yucca
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Mountain, and Jackass Flats, eventually ascending into the valley fill (QTvf) of Amargosa
Valley. Flow in the vicinity of Yucca Mountain and into Arnargosa Valley is discussed in
greater detail in Section 9.3.

9.2.4 Boundaries of Death Valley Regional Flow System and Subsystems

Three principal flow boundaries are defined for the Death Valley region by D'Agnese et al.
(1997, p. 59): the upper boundary, the lower boundary, and the lateral boundaries. These flow
system boundaries are either physical boundaries, caused by changes in bedrock conditions, or
hydraulic boundaries, caused by potentiometric-surface configurations. The upper boundary of
the flow system is the water table. The lower boundary of the flow system is located at a depth
where groundwater flow is dominantly horizontal and moves with such small velocities that the
volumes of water moving through the system do not significantly impact regional flow estimates.

The lateral boundaries of the Death Valley regional flow system are shown in Figure 9.2-4. The
lateral limits of the flow system may be either no-flow or flow boundaries. No-flow conditions
exist where groundwater movement across the boundary is prevented by physical barriers or
divergence of groundwater flow paths. Flow boundaries exist where groundwater potentiometric
gradients permit flow locally across a boundary through fractures or higher permeability zones
(D'Agnese et al. 1997, p. 59).

9.2.4.1 Regional Flow System Lateral Boundaries

Most of the lateral boundaries are no-flow boundaries that result from the presence of low-
permeability bedrock. However, flow boundaries do occur where bedrock has a high enough
permeability to allow significant groundwater fluxes to enter the Death Valley regional
groundwater flow system and where a hydraulic gradient exists across the regional boundary.
Faulting and fracturing most frequently cause the enhanced permeability, and groundwater flow
may occur at various depths through open regional fracture zones (D'Agnese et al. 1997, p. 59).
Based on hydrogeologic and potentiometric data (Figures 9.2-3 and 9.2-4), areas identified on
Figure 9.2-6 that may provide groundwater inflow include Pahranagat Valley, Sand Spring
Valley, Railroad Valley, Stone Cabin Valley, Ralston Valley, Fish Lake and Eureka Valleys,
Saline Valley, Panamint Valley, Pilot Knob Valley, and Soda Lake Valley. The inflow from
Pahranagat Valley is the only one of these for which a flux estimate, 20,000 m3/d, is available
(D'Agnese et al. 1997, p. 59). At the east-central edge of the system (Figure 9.2-6, location 11),
the boundary with the north Las Vegas Valley is believed to be a potentiometric boundary
(D'Agnese et al. 1997, pp. 59, 62), but hydrogeologic and hydraulic data are insufficient to
characterize this segment of the basin boundary with confidence.

9.2.4.2 Boundaries of Subregional Flow Systems

For the numerical simulation of the Death Valley region, D'Agnese et al. (1997, p. 62) modified
the limits of the Death Valley region flow system and divided the region into three major
subregional flow systems. However, not all of the Death Valley region is defined by these three
subregions. The western boundary of the modified region and subregions is placed to coincide
with the eastern edge of the Death Valley saltpan, which is the terminal sink of the Death Valley
region. Therefore, the western segment of the Death Valley system, comprising the groundwater
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tributary areas of the Last Chance Range, the Panamint Range, and the Owlshead Mountains, are
excluded from this analysis. Also excluded are several small, low-elevation ranges (Granite
Mountains, Avawatz Mountains, Soda Mountains, Shadow Mountains, and Clark Mountains)
along and near the southern limit of the regional groundwater basin. In the north, the modified
Death Valley flow system does not include Cactus Flat (Figure 9.2-5, hydrographic area 148).

The modifications made by D'Agnese et al. (1997) were based on previously defined flow
system boundaries, the potentiometric surface, and the hydrogeologic framework of the Death
Valley region (D'Agnese et al. 1997, p. 62). The modification and smaller size of the combined
subregions was done because:

* Few data existed that would allow a precise definition of the western and southern extent
and a small section of the northern extent of the Death Valley regional flow system.

* The areas that were excluded are sufficiently small or arid that they contribute little to
the overall regional groundwater flux.

* The areas that were excluded are remote from the central and southwestern parts of the
central Death Valley subregion, which is the area of greatest interest with respect to
Yucca Mountain.

Because of the sparseness of data beyond the modified northern and southern regional
boundaries, coupled with the lack of either potentiometric or geologic evidence for treating them
as no-flow boundaries, they were modeled as flow boundaries. Because of these factors,
concentrating the analysis on the central Death Valley subregion, buffered by inclusion of the
northern and southern subregions, can reasonably be judged to be justified and technically
adequate.

The subregions were defined on the basis of the locations of their discharges into Death Valley
(D'Agnese et al. 1997, p. 62) (Figure 9.2-7):

. The northern subregion discharges into the northern part of Death Valley at Grapevine
and Staininger springs and at Mesquite Flat.

* The central subregion discharges predominantly into the main Death Valley saltpan at
Cottonball, Middle, and Bad Water basins. This subregion also discharges at some of
the better-known regional springs of the Furnace Creek Wash area, such as Travertine
Springs, Texas Spring, and Nevares Springs.

* The southern subregion discharges at the Saratoga Springs area in southern Death
Valley.

There is some flow across the subregional boundaries (D'Agnese et al. 1997, p. 62). From the
southernmost part (Mesquite Flat) of the northern subregion, there is southward flow toward
Cottonball Basin. Water that is not discharged and consumed at Saratoga Springs probably
continues northward through QTvf, including the channel deposits of the Amargosa River
(Figure 9.2-8), toward Bad Water Basin. Finally, the channel deposits of the Amargosa River
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and probably fractures in the bedrock provide groundwater pathways from southern Amargosa
Valley into the southern Death Valley subregion.

A rather clearly defined potentiometric divide (Figure 9.2-4) separates the northern and central
subregions except in the floor of Death Valley. In contrast, the potentiometric contours indicate
southward flow across the southern boundary of the central subregion. However, the lower
clastic aquitard, hydrogeologic unit P1, occurs at the surface and in the shallow subsurface at the
southern rim of Amargosa Valley, limiting the availability of groundwater pathways toward the
south.

As currently understood (D'Agnese et al. 1997, Figure 30) (Figure 9.2-7), groundwater flow in
the northern and southern subregions is simpler than that in the larger central subregion, although
this may in part be an artifact of the relative lack of data in the north and south. In the northern
subregion, flow is depicted by D'Agnese et al. (1997) to be generally to the southwest. Locally,
there is flow to the northeast from the northern Grapevine Range into southern Sarcobatus Flat,
then to the northwest to bypass the clastic PI unit before entering Death Valley in the Grapevine
Springs area. Similarly, in the southern subarea, flow appears to be toward the southwest
(Figure 9.2-7), but this broad pathway from the Spring Mountains to the south entrance to Death
Valley crosses several major faults that define valleys and ranges. These faults displace the
regional aquifer and probably inhibit the regionally dictated southwest flow, while encouraging
local northward or southward diversions. In addition, intermediate discharge occurs at regional
springs near Shoshone and Tecopa (Figure 9.2-2). Nonetheless, these local complexities in
peripheral parts of the regional system are relatively unimportant to understanding flow in the
central Death Valley subregion, in which Yucca Mountain resides.

9.2.4.3 Boundaries within the Central Death Valley Subregion

The hydrogeology of the central subregion of the Death Valley region is the best known because
of several population centers that require water supplies and, more importantly with respect to
bedrock hydrogeology, because of the need to understand the hydrologic environment of the
Nevada Test Site (Figure 9.2-2). The geology of the Nevada Test Site form much of the basis for
the geologic descriptions in Section 4. Similarly extensive hydrologic investigations were
originally documented in reports that received very limited distribution and are difficult to
obtain. However, Winograd and Thordarson (1975) compiled the important hydrogeologic,
hydraulic, and hydrochemical data and developed a comprehensive description of an area that
corresponds closely with that of the central Death Valley subregion, as defined in this section.
Other reports, also developed to support Nevada 'rest Site weapons activities, address more
focused areas or topics (e.g., Blankennagel and Weir 1973; Claassen 1985; White 1979) and
provide important sources for Yucca Mountain studies.

The central subregion comprises three large groundwater basins, which are shown in
Figure 9.2-8. Two of these are tributary to the third. The Pahute Mesa-Oasis Valley
groundwater basin drains the northwestern part of the subregion, and the Ash Meadows basin
drains the eastern part. The third, the Alkali Flat-Furnace Creek groundwater basin, lies between
the lower reaches of the first two and extends below their downgradient limits, where it receives
their surface overflow and subsurface underflow.
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The Ash Meadows basin is the largest of the three, extending to recharge areas in the mountains
along the northern and eastern boundaries of the Death Valley regional groundwater flow system
(D'Agnese et al. 1997, p. 68). The regional carbonate aquifer (unit P2) underlies most of the
Ash Meadows basin, and the basin boundaries are controlled to a large degree by structures that
interrupt the distribution of the carbonates. The southern boundary of the Ash Meadows basin
coincides with the axis of the prominent recharge mound beneath the crest of the Spring
Mountains, which reflects both the high precipitation in the mountains and the exposed or
shallow presence of the P1 unit, the lower clastic aquitard. The boundary continues southwest
from the Spring Mountains, following the general trace of the PI unit, to the southern Amargosa
Desert. The basin terminates at a major fault, termed the Gravity fault, in eastern Amargosa
Desert, where much more of the regional flow is forced to the surface to be discharged at the
numerous springs in Ash Meadows. Westward underflow through the down-faulted carbonate
rocks is likely but unproven. North of Ash Meadows, flow across the fault into the QTvf is
indicated hydrochemically by the mixed carbonate-volcanic nature of the groundwater in the
northeast and east-central Amargosa Desert (Claassen 1985, pp. F 16 to F 19).

At the northern extent of the central Death Valley subregion, the western boundary of the Ash
Meadows groundwater basin is defined by a prominent potentiometric divide (Figure-9.2-4)
extending from the Belted Range, through Rainier Mesa, and southward to Shoshone Mountain
(Figure 9.2-2). This also is the approximate boundary between the carbonate-rock province and
the southwestern Nevada volcanic field. The potentiometric divide loses clear definition beneath
Jackass Flats, but the boundary generally continues southward to the regional Gravity fault in
northeastern Amargosa Desert.

The Pahute Mesa-Oasis Valley groundwater basin occupies the northwestern part of the central
Death Valley subregion. It is recharged principally at Pahute Mesa and, farther north, in the
Belted and Kawich Ranges and in ephemeral channels and playas of Kawich Valley and Gold
Flat.

The destination of water recharged in the Kawich Valley section (Section la in Figure 9.2-8) of
the Pahute Mesa-Oasis Valley groundwater basin is somewhat in question. Older interpretations,
as represented in the Site Characterization Plan for Yucca Mountain (DOE 1988, pp. 3-3, 3-4),
considered Kawich Valley and the Belted Range to be tributary areas of the Alkali Flat-Furnace
Creek groundwater basin, supplying southward flow beneath eastern Pahute Mesa. More recent
interpretations, as represented by D'Agnese et al. (1997, p. 68), consider water from those
northern areas to flow south initially but, then, southwest beneath eastern Pahute Mesa along
faults or fracture zones into eastern Oasis Valley. The recent interpretation, rather than the
earlier, is more consistent with a potentiometric gradient to the southwest that was documented
by Blankennagel and Weir (1973, Plate 1) with abundant water-level measurements at eastern
Pahute Mesa. In addition to the regional flow from the northeast, Oasis Valley is recharged at
Timber Mountain and, on the west side, in the Bullfrog Hills.

Discharge of flow in the Pahute Mesa-Oasis Valley basin occurs mainly by evapotranspiration in
Oasis Valley (D'Agnese et al. 1997, p. 46), but some flow escapes the basin through its southern
boundary. A small flux passes from Oasis Valley through sediments in the Amargosa River
channel south of Beatty, providing inflow to the Amargosa Desert. Additional discharge from
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the basin probably occurs also by underflow beneath the northern Bare Mountain area to
Crater Flat.

The upper part of the Alkali Flat-Furnace Creek groundwater basin lies between the Ash
Meadows and Pahute Mesa-Oasis Valley basins, and its lower part broadens to truncate the two
flanking basins (Figure 9.2-8). The eastern part of Pahute Mesa, western Rainier Mesa, and
eastern Timber Mountain lie along the northern and northeastern boundaries of the basin and are
the principal recharge areas. Shoshone Mountain and the Calico Hills, both of which are
recharge areas, define the southward continuation of the eastern boundary into Jackass Flats,
where it loses clear definition southward to the northern Amargosa Desert. From eastern Pahute
Mesa, the northwestern boundary trends to the southwest across Timber Mountain to Bare
Mountain, and then turns west across southern Oasis Valley to merge with the western boundary
of the central Death Valley subregion.

The lower part of the Alkali Flat-Furnace Creek groundwater basin lies between the Gravity
fault, in eastern Amargosa Valley, and Death Valley on the west. A potentiometric divide in the
southern Grapevine Mountains separates northern Death Valley from the Amargosa River
section (3b in Figure 9.2-8) of the groundwater basin. Because of a lack of data, it is unknown
how far south in the Funeral Mountains this intrabasin potentiometric divide persists.
Hydrochemical data are cited by Winograd and Thordarson (1975, p. C112) to indicate that
water in the QTvf unit of western Amargosa Valley is the likely source of water in the Furnace
Creek Wash-Nevares Springs area of Death Valley. In turn, this would indicate that the
potentiometric divide does not persist very far south in the Funeral Mountains, but rather that
groundwater drains from the QTvf of Amargosa Valley westward through the range to discharge
in eastern Death Valley. Carbonate rocks of the P2 unit probably provide permeable pathways
that allow flow beneath the topographic divide at the southern end of the range, but isotopic
( 7Sr/ 6Sr) data indicate significant contact of the water with the Precambrian core of the Funeral
Mountains, as discussed in greater detail in Section 9.2.9.

A major intermediate discharge area occurs at Alkali Flat, a playa at the southern limit of the
Alkali Flat-Furnace Creek groundwater basin. Both groundwater and intermittent surface flow
breach the southern boundary along the Amargosa River, providing inflow to the southern Death
Valley subregion (Figure 9.2-8).

9.2.5 Development of Water Resources

Throughout the Death Valley Regional Flow System, groundwater is the principal source of
water for agricultural, mining, industrial, municipal, and domestic uses. Surface water is
sparsely distributed, and it occurs generally at small and unreliable rates of flow; therefore, it is a
very minor component of the region's water resource. In contrast, groundwater is widely
available and has been sufficient to satisfy most of the historically modest demand.

In evaluating the suitability of Yucca Mountain for a potential radioactive waste repository,
consideration must be given to the adequacy of the water resource to support repository
construction and operation without serious interference with the water supply for the existing
society, and the possible contamination of the water supply for future society if radionuclides
should escape the repository and be transported in the groundwater system. Predicted flow paths

TDR-CRW-GS-00000 I REV 01 ICN 01 9.2-18 September 2000



and contaminant transport rates will be affected by the distribution and rates of groundwater
withdrawals. Proposed regulations that would limit allowable doses to the public from ingesting
water contaminated with radionuclides from a repository would be applied at the closest
downgradient place of use. In currently available draft regulations, the critical group is specified
as residing in a farming community of about 100 persons approximately 20 km south of the
potential repository, that is, at the community of Amargosa Valley (formerly Lathrop Wells).

Most of the groundwater-resource development in the central Death Valley subregion has
occurred in Nevada, although minor development, has taken place in extreme southwestern
Amargosa Desert near Death Valley Junction, California. In the Furnace Creek area of Death
Valley National Park, spring discharge supplies the small domestic and commercial use.

Generally, groundwater can be obtained in sufficient amount for needed uses throughout the
region. In the lowland valleys, including the Amargosa Desert, thick alluvial deposits in the
QTvf unit supply water to wells sufficient to irrigate the soils of the area, and wells at selected
locations on the Nevada Test Site tapping volcanic aquifers and the deep carbonate aquifer have
furnished adequate water for the industrial needs of the Nevada Test Site (DOE 1996, p. 4-132).

The quality of groundwater is generally suitable for potable drinking water and for agricultural
and industrial uses, although concentrations of some constituents limit its suitability for some
purposes in parts of the area. For example, B and Na (in relation to salinity) limit agricultural
usefulness in the southern Amargosa Desert, and fluoride, sulfate, and chloride are high for
drinking water at some locations. The mandatory National Primary Drinking Water Regulations
specify a maximum contaminant level of 4 ppm for fluoride, and the National Secondary
Drinking Water Regulations, which are not mandatory and are based on aesthetic considerations,
specify a maximum contaminant level of 2 ppm. These limits have proven difficult to meet for
the municipal water supply of Beatty, Nevada, west of Yucca Mountain (Buqo 1996, p. 24).
Blending of water from different sources has been required to meet the fluoride maximum
contaminant level. A similar problem applies to the municipal supply at Amargosa Valley (Buqo
1996, p. 29).

9.2.5.1 Constraints on Water Development in Nevada

Water development in Nevada is limited principally by:

. The available natural supply, usually expressed as the perennial yield

* Economic constraints, such as that over the long term people will not use water that
costs more than the profit from its use

* Legal and institutional constraints, including Nevada water law and the doctrine of
Federal Reserved Water Rights.

In the absence of regulation, people tend to develop the available natural supply or, at times, to
overdevelop the supply until economic constraints force a reduction of use. The sparse
population of the Yucca Mountain region is, to a large degree, a reflection of the very limited
natural supply of water or, in the highlands, of the great depth that must be drilled to recover
groundwater. Regardless of the durability of legal and institutional constraints, natural supply
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and economics will continue to temper development. In fact, existing Nevada water law is
intended to limit water consumption to fit the natural supply and to minimize economic damage
to others.

Nevada Revised Statutes (NRS 533.025) provides that water of all sources belongs to the public,
and that any person, corporation, private or governmental entity who wishes to appropriate any
of the public waters, or to change the point of diversion, manner of use, or place of use of water
already appropriated, must first file an application with the State Engineer for a permit to do so
prior to using that water. The date of application determines the priority of the appropriation
once it is granted. Accounting for water appropriation and use, as well as for the natural supply,
is organized by basins that generally coincide in Nevada with the hydrographic areas shown in
Figure 9.2-5.

In basins where water diversions are approaching the limit of the natural supply, Nevada law
authorizes the State Engineer to declare irrigation as a nonpreferred use. Such designation
allows the State Engineer to administer the water resources within the area other than in the time-
right priority format, and thus limit withdrawals to fit the available supply. Such a procedure has
been applied to the Amargosa Desert (Basin 230), and the State Engineer has denied additional
applications for irrigation water appropriations within the basin. Furthermore, the State Engineer
is authorized to forfeit water rights for non-use. Over the period 1993 to 1995, approximately
7,000 a.-ft of groundwater irrigation rights were declared forfeited in the Amargosa Desert under
such proceedings.

A significant exception to the Nevada water law is the federal government's claim to an implied
reservation of water rights for public land withdrawals, dating from the time of the withdrawal
action, sufficient to support the purpose of the withdrawal. This doctrine applies to the Nevada
Test Site, Nellis Air Force Range, and a number of other federal facilities in southern Nevada. In
fact, in the decision in the Devils Hole pupfish litigation, Cappaert et al. v. United States et al.
(1976), the U.S. Supreme Court ruled that when the government reserved a tract of land (Devils
Hole) in order to protect a rare species of fish, it implicitly reserved the groundwater appurtenant
to the land. Moreover, the court held that the reservation of unappropriated groundwater need
not comply with state law. Such implied water rights remain unquantified until subject to
adjudication in a court proceeding.

For the site characterization phase of the YMP, the DOE did not choose to invoke a claim for
implied water rights, but rather elected to apply for a temporary appropriation under Nevada
water law. This application was granted in 1992 for a 10-yr. period. A subsequent application
for a permanent water right was denied by the State Engineer in February 2000.

9.2.5.2 Development of Surface Water

The Death Valley region is characterized by an arid to semiarid climate, high potential
evaporation (estimated at 4.6 mm/day), low annual precipitation (average 170 mm/yr.)
(Sections 6.1.3 and 6.1.4), and infrequent storms. Runoff results from regional storms, mostly
during the winter, and from localized thunderstorms that occur mostly during the summer.
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As a result of the dry climate, there are no perennial streams in the Death Valley regional flow
system, and even the larger streams are ephemeral; that is, they flow only in immediate response
to precipitation and are dry most of the time. Some perennial spring discharges are observed
where the land surface and water table converge.

The major ephemeral stream in the Death Valley flow system is the Amargosa River, which
originates in Oasis Valley, trends southeasterly 130 km (81 mi.), turns southwestward and then
northwestward before terminating in Death Valley. Two major tributaries, Thirsty Canyon and
Beatty Wash, drain from Pahute Mesa and Timber Mountain to join the river in Oasis Valley.
The Amargosa River exits southward from Oasis Valley through a narrow channel to enter the
northwestern Amargosa Desert. In the Amargosa Desert, the Amargosa River is joined by its
largest tributary, Fortymile Wash, and by an unnamed channel that drains the Crater Flat area.
The Amargosa River channel and Fortymile Wash carry floodwater following intense storms, but
they generally are dry except for a few short reaches of the main river channel that have
perennial flow sustained by spring discharges. The Yucca Mountain area drains mainly eastward
toward Fortymile Wash, whereas the smaller, western flank drains westward to Solitario Canyon
Wash, which joins the Crater Flat channel (Section 7.1.2).

The largest permanent freshwater lake in the vicinity of Yucca Mountain is Crystal Reservoir, an
artificial impoundment, capacity 1,840,000 m3 (1,492 a.-ft)(Giampaoli 1986), which stores the
discharge of springs in Ash Meadows. Other small water bodies, also in the Ash Meadows area,
include Peterson Reservoir, Horseshoe Reservoir, and Lower Crystal Marsh. Sources of water
for these reservoirs are within or east of Ash Meadows, far from the Fortymile Wash and Crater
Flat catchment areas.

Except for the potential for flooding, surface-water hydrology has little impact on the water
resources of the region because of the intermittent nature of surface-water runoff, small flows,
and the lack of through-flowing drainages in the region. However, washes provide channels for
concentrating runoff that locally may be significant sources of groundwater recharge
(Section 7.2).

9.2.5.3 Development of Groundwater

The potential repository site at Yucca Mountain straddles the boundary between hydrographic
areas 227 (Fortymile Canyon) and 229 (Crater Flat), both of which contribute groundwater and
infrequent surface-water flow to area 230 (Amargosa Valley) (Figure 9.2-5). Other tributaries to
northern Amargosa Valley are areas 225 (Mercury Valley), 226 (Rock Valley), and 228 (Oasis
Valley). For purposes of maintaining a groundwater basin inventory, the Nevada State Engineer
subdivides area 227 into a northern part (227B, Buckboard Mesa) and a southern part (227A,
Jackass Flats).

Mercury Valley and Rock Valley-There are no groundwater rights appropriated through the
State Engineer's office for Basins 225 (Mercury Valley) or 226 (Rock Valley) (CRWMS
M&O 2000e, p. 18). However, one water-supply well, DOE well Army-i, has been completed
in basin 225. The well produces from the regional carbonate aquifer, unit P2, for use at Mercury,
the administrative and operational base for the Nevada Test Site. Well Army-I water is hard,
however, and Mercury is supplied primarily with better-quality water from wells that tap QTvf
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aquifers in Frenchman Flat (basin 160), north of Mercury Valley. Pumpage from Army-I from
1982 through 1997 averaged 260,000 m3/yr. (211 a.-ft'yr.). and was less than 92,000 m3/yr.
(75 a.-ft/yr.) after 1994 (CRWMS M&O 2000e, Table 4.10).

Fortymile Canyon-Subbasin 227A, Jackass Flats, includes the part of basin 227 that is south of
the incised Fortymile Canyon and north of the northern limit of the Amargosa Desert. It is
immediately to the east of Yucca Mountain and, except at its southern extreme, it is part of the
Nevada Test Site. The only private allocation is about 49,300 m3/yr. (40 a.-ft/yr.) for
commercial use (CRWMS M&O 2000e, Table 4.1). Three wells were completed by the
U.S. Atomic Energy Commission in Tv aquifers in the early 1960s, but only two of these, wells
UE-25 J-12 and UE-25 J-13 along the edge of Fortymile Wash, have persisted as supply wells.
Production from these wells during the mid- 1960s is estimated to have been more than
620,000 m3/yr. (500 a.-ft/yr.) (CRWMS M&O 2000e, Table 4.10) to supply the Nuclear Rocket
Development Station in Jackass Flats. During the 1970s, pumpage from the wells was minimal,
but it was reinstated about 1981, when exploratory drilling at Yucca Mountain was underway
(CRWMS M&O 2000e, Table 4.10). In March 1992, the Nevada State Engineer approved a
10-yr. permit for the DOE to pump 530,000 m3/yr. (430 a.-ft/yr.) for use in site characterization.
As noted above, DOE's application to establish a permanent right for 530,000 m3 /yr.
(430 a.-ft/yr.) was denied. The U.S. government has appealed that decision in U.S. District
Court, Las Vegas.

There is no water use permitted by the Nevada State Engineer in subbasin 227B, the Buckboard
Mesa or upgradient part of Fortymile Canyon (basin 227). However, the U.S. government has
pumped as much as 620,000 m3 /yr. (500 a.-ft/yr.) from subbasin 227B under the reserved-right
doctrine to support Nevada Test Site operations. Since underground nuclear testing was
suspended in 1992, annual use has declined to less than 123,000 m3/yr. (100 a.-ft/yr.) (CRWMS
M&O 2000e, Table 4.10).

Oasis Valley-The principal user of water in Oasis Valley, basin 228, is the municipality of
Beatty, with a committed right of about 1,430,000 m3/yr. (1,160 a.-ft/yr.). Groundwater from
wells is the major source, but water from a spring in the Bullfrog Hills is blended into the supply
to reduce the fluoride content. Irrigation rights in Oasis Valley total 586,000 m /yr.
(475 a.-ft/yr.), and other rights (commercial, stock-watering, and mining) account for
17,300 m3/yr. (14 a.-ft/yr.) (CRWMS M&O 2000e, Table 4.3).

Crater Flat-Approximately 1,530,000 mr3/yr. (1,240 a.-ft/yr.) is allocated by the Nevada State
Engineer for use in mining in Crater Flat, basin 229. The DOE formerly held a temporary right
to 75,200 m3 /yr. (61 a.-ft/yr.) from a well in eastern Crater Flat for industrial use in
characterizing the Yucca Mountain site, but that allocation expired in 1998.

Amargosa Desert-Basin 230 incorporates the entire Amargosa Desert, including the Amargosa
Flat and Ash Meadows sections. Most of this area is within the Amargosa River section of the
Alkali Flat-Furnace Creek groundwater basin, but Amargosa Flat is within the Ash Meadows
groundwater basin. Records of historical water use are incomplete before 1985, except in the
period 1969 to 1981 in Ash Meadows (CRWMS M&O 2000e, Table 4.10), where water use was
monitored in connection with the U.S. government's lawsuit to protect the endangered Devils
Hole pupfish.
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As of February 1998, the water appropriations in Basin 230 totaled 26,683 a.-ft, with pending
applications for 7.03 x 106 m3 (5,698 a.-ft) in addition (CRWMS M&O 2000e, Table 4.5). The
State Engineer's pumpage inventory (CRWMS M&O 2000e, Table 4.10) shows that over the
period 1985 to 1997, actual pumpage has ranged from a low of 4.84 x 106 m3 (3,921 a.-ft) in
1989 to a peak of 1.85 x 10 7 m3 (15,035 a.-ft) in 1995, that is, from 15 to 56 percent of the
allowable amount.

9.2.5.4 Principal Aquifers

Valley-Fill Aquifer-Most of the producing wells in the region are completed in alluvial sands
and gravels in the upper 30 to 150 m (300 to 500 ft) of the basin-fill sediments (QTvf) in the
Arnargosa Desert. These permeable deposits are most prevalent in the north-central part of the
structural basin, where distributaries of Fortymile Wash have washed in vast quantities of sand
and gravel (Claassen 1985, pp. F4 to F5). This is known as the Amargosa Farms area and
contains one of the densest concentrations of wells in the region (Figure 9.2-9). These sediments
are capable of yielding large discharge rates to wells. The 17 production test records of Walker
and Eakin (1963, Table 3), largely from the Amargosa Farms area, indicate ranges in well yields
from 8 to 150 L/s (100 to 2,000 gpm), and in specific capacity (gallons per minute per foot
drawdown) from 2.2 to 140, with an arithmetic average of 36 and a median value of 42.

Basalt lava flows and dense lacustrine limestones within the QTvf occur at scattered localities
and, where well fractured, they can be highly permeable. The latter are particularly prevalent in
the vicinity of the Gravity fault. Among the approximately 40 wells that have been drilled in the
Ash Meadows area (Dudley and Larson 1976, Table 3), those that penetrated porous, even
cavernous, carbonate material thought to be travertine were the most productive (Dudley and
Larson 1976, p. 47, Table 3), several producing more than 76 L/s (1,000 gpm).

The valley-fill aquifer provides water for irrigation, mining, commercial, and domestic use in the
western Amargosa Desert and Oasis Valley, and to support operations of the Nevada Test Site in
Mercury Valley, Frenchman Flat, and Yucca Flat.

Tuff Aquifers-Fractured welded tuffs and, to a lesser degree, lavas are the principal aquifers
within the volcanic suite of rocks, although some nonwelded tuffs may also be moderately
productive. Winograd and Thordarson (1975, Table 3) report specific capacities of 0.1 to
56 gpm/ft drawdown for four tests. Numerous wells on the Nevada Test Site and Oasis Valley
produce from volcanic rocks, which have been tested also in numerous exploratory holes at
Yucca Mountain. The Topopah Spring Tuff, a formation within the Paintbrush Group, is the
highly transmissive aquifer developed in the Jackass Flats production wells, UE-25 J-12 and
UE-25 J- 13. Two wells in Crater Flat also produce from the tuff aquifer.

Carbonate Aquifer-In Amargosa Flat, east of the main Amargosa basin, one
commercial/domestic well and four U.S. government tracer-experiment wells have been
completed in relatively shallow P2 (Paleozoic carbonate aquifer) rocks. The same aquifer is
developed in Army well 1 in Mercury Valley and in a few wells on the Nevada Test Site. In
addition, several exploratory holes have been drilled and tested in the Nevada Test Site vicinity
(Winograd and Thordarson 1975, Table 3, pp. C20 to C30). The specific capacities for the P2
unit range from about 0.5 to 530 gpmlft drawdown, reflecting primarily the number and
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condition of fractures intersected by the hole. The largest values indicate the presence of
solution conduits that may produce inertial (oscillatory) effects in the well. Because of its great
depth in the Amargosa Desert, as much as 760 m (2,500 ft) in the Amargosa Farms area (Walker
and Eakin 1963, p. 12) where water is most in demand, and because of the unpredictability of
encountering productive zones, there is little interest in developing the carbonate aquifer for
private use.

9.2.5.5 Water Table Depth

In the uplands that surround the Amargosa Desert and flank Oasis Valley, the water table is
relatively deep. Along the crest of Yucca Mountain in the vicinity of the potential repository, the
water table at well USW H-3 is about 750 m (2,500 ft) beneath the surface (Luckey et al. 1996,
Table 6). In contrast, water in well UE-25 J-13, along Fortymile Wash east of Yucca Mountain
is 280 m (930 ft). The water-table elevation is about 730 m (2,400 ft) at both locations, so the
difference of the depths is due strictly to the topography.

Oasis Valley has a very shallow water table, essentially at the surface along the Amargosa River
channel, but toward the flanking hills, the depth increases substantially. Given the irregular land
surface in the vicinity of Yucca Mountain, depths to the water table are best estimated for most
purposes by subtracting the potentiometric level of the regional water table from the land-surface
elevation at the place of interest. The exception is for the Amargosa Desert.

Kilroy (1991) presents not only potentiometric maps for 1987 (Kilroy 1991, Figure 6) and pre-
development (1950s) conditions (Kilroy 1991, Figure 5) in the Amargosa Desert, but also maps
of water depth in 1987 and the net water-level change between the 1950s and 1987. The
maximum depths to the water table in 1987 (Kilroy 1991, Figure 4) were in the northwestern
Amargosa basin about 11 km (6.8 mi.) south of the Bullfrog Hills, where depths as great as
165 m (540 ft) are shown. The depth to water decreases southeasterly from there to the Central
Trough, where depths range from more than 90 m (300 ft) at Amargosa Valley. It continues to
decrease southerly to less than 6 m (20 ft) at Death Valley Junction and near Alkali Flat
(Franklin Lake Playa).

The water-level change map (Kilroy 1991, Figure 7) shows a decline of 3 m (10 fit) throughout
much of the central Amargosa Desert from the 1950s to 1987, with an area of pronounced
decline exceeding 9 m (30 ft) in the Amargosa Farms irrigated area, about 16 km (10 mi.)
southwest of the community of Amargosa Valley. From 1987 through 1996, the depth-to-water
in well AD-5 in the Amargosa Farms area, measured periodically by the USGS, had increased
from about 35.4 m (116 ft) to about 38.4 m (126 ft) (La Camera et al. 1999, Figure 4). To the
southeast in Ash Meadows (Devils Hole, Rogers Spring, well sites AM-5 and AM-6) and to the
east in Amargosa Flat (well sites AD-6 and AD-8), there have been no perceptible potentiometric
changes (La Camera et al. 1999, pp. 28, 41-43 for Ash Meadows; pp. 27, 38 for Amargosa Flat)
that can be correlated with pumping in the central Amargosa Desert.

9.2.5.6 Groundwater Storage and Budget

Estimates of potentially recoverable groundwater storage are not available for the upland,
bedrock areas that border the Amargosa Desert. In general, these rocks have very small effective
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porosity, that is, fractures that would drain readily under the force of gravity. The exception
would be unaltered bedded tuffs, which are relatively rare in the region, particularly below the
water table. The area underlain by bedrock that will yield moderate rates to wells is quite large,
however, so the recoverable volume in the absence of water-rights constraints would also be
large. Nonetheless, there are no present or foreseeable economic incentives for developing large
amounts of water from the depths that would be necessary.

In contrast, the volume of groundwater stored in the valley-fill deposits in Amargosa Desert is
very large. Estimates of aquifer storage depend on estimates of average specific yield (readily
drainable porosity), average saturated thickness, and areal extent of the aquifer. If an average
specific yield of 0.1 is assumed for the entire valley-fill alluvium of about 1,600 km2 (386,000 a.)
(Walker and Eakin 1963, p. 4), the groundwater storage in Amargosa Valley would be about
4.7 billion m3 (3.8 million a.-ft) in the upper 30 m (100 ft) of the saturated zone, and about
9.5 billion m3 (7.7 million a.-ft) in the upper 61 m (200 ft) of saturated alluvium.

Walker and Eakin (1963, pp. 31 to 32), using 57 drillers' logs in the Amargosa Farms area,
estimated the average specific yield of the water-bearing materials at 0.15 and the groundwater
storage capacity of a 370-km (92,000-a.) area (Tps. 15 and 16S. Rs. 48 and 49E) of the
Amargosa Desert to be 1.7, x 109 m3 (1.4 million a.-ft) within the uppermost 30 m (100 ft) of
saturated deposits.

Conceptually, the computation of a groundwater budget is simple as summarized in the general
equation (Ahrens et al. 1981, p. 177):

G-D=ASg (Eq. 9.2-1)

where

G = inflow to the aquifer
D = discharge from the aquifer
A Sg = change in storage in the aquifer

Inflow consists mainly of subsurface underflow from adjacent areas and, secondarily, of recharge
from several sources, including infiltration of precipitation and water applied to the surface for
irrigation or other uses, as well as streamflow losses of emergent spring discharge and infrequent
flood flows. The principal components of discharge include natural evapotranspiration,
evapotranspiration of applied irrigation water, and underflow to adjacent areas. Change in
storage of this unconfined aquifer system is reflected in decline or rise of groundwater levels.

The preceding components are not known precisely for the central Death Valley subregion, and
estimated values are subject to wide variability. The components that most affect the budget are
subsurface inflow and outflow, evapotranspiration, and change in groundwater storage, all of
which are difficult to estimate. For Basins 225 to 230, estimates of recharge were compiled from
precipitation and of evapotranspiration by several investigators, as well as estimates of
subsurface inflow and outflow made in 1971 by the Nevada State Engineer's Office (CRWMS
M&O 2000e, pp. 35 to 41). In general, the estimated inflow to and outflow from each of the
basins (except 230) are quite similar, indicating that the recharge occurring in the peripheral
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highlands of the groundwater basins simply passes through the hydrographic basins on its way to
basin 230, the Amargosa Desert. Consequently, an understanding of the subregional water
budget will hinge on understanding that of the Amargosa Desert, which is also the center of
water demand in the subregion.

Subsurface inflow and outflow for basin 230 are. 5.4 x 107 m3 /yr. (44,000 a.-ft/yr.) and
2.3 x IO7 m3/yr. (19,000 a.-ft/yr.), as estimated in 1971 by the State Engineer's Office and
reported by CRWMS M&O (2000e, Tables 6.3, 6.4). The estimates of evapotranspiration
include 3 x 107 m3/yr. (24,000 a.-ft/yr.) by the Nevada State Engineer's Office (1971, as reported
in CRWMS M&O [2000e, Table 6.2]); and about 5.4 x 107 m3 /yr. (43,500 a.-ft/yr.) by D'Agnese
et al. (1997, Table 2). However, CRWMS M&O (2000e, pp. 59 to 60) reported that the
D'Agnese et al. (1997) value reflects spring discharge in Ash Meadows, subsequently consumed
by evapotranspiration, that is significantly larger than that reported in several earlier studies.
Further investigation has revealed errors in a source document (Bedinger et al. 1984) used by
D'Agnese et al. (1997, Table 3). This finding and a recent extensive study of the Ash Meadows-
Amargosa Flat area (Laczniak et al. 1999) indicate that the D'Agnese et al. (1997) estimate
should be reduced by 1.9 x 10 7 m3/yr. (15,500 a.-ft/yr.) to 3.5 x 107 m3/yr. (28,000 a.-ft/yr.).

Based on the inflow of 5.4 x 7 m 3/yr. (44,000 a.-ft/yr.) and outflow of 2.3 x l07 m 3/yr.
(19,000 a.-ft/yr.), approximately 3.1 x 107 m3/yr. (25,000 a.-ft/yr.) over the long term should
balance the total of evapotranspiration and annual change of groundwater storage. However,
with estimated evapotranspiration being in the range of 3 x 10 7 m3/yr. (24,000 a.-ft/yr.) to
3.5 x 107 m3/yr. (28,000 a.-ft/yr.), it is apparent that the uncertainties regarding the flow system
are greater than the resolution provided by the water-budget method.

9.2.5.7 Summary

Groundwater development and use near Yucca Mountain during the past two decades has been
dominated by agriculture in the Amargosa Desert, Basin 230. Pumpage in Basin 230 increased
to a peak of about 1.9 x 107 m3/yr. (15,000 a.-ft/yr.) in 1995 but has stabilized at a somewhat
smaller rate since then. Development in adjacent basins for municipal and industrial uses is
small in comparison, 1.5 x 106 to 2 x 106 m3/yr. (1,200 to 1,600 a.-ft/yr.) each in Oasis Valley
and Crater Flat and a few hundred thousand cubic meters (a few hundred acre-feet) per year to
support Nevada Test Site operations.

Effects of groundwater development on water table elevations have been quite minor, with
maximum water-table declines on the order of 9 m (30 ft) near the center of Amargosa Farms
pumping. Significant increases of production are unlikely in the Yucca Mountain area and
adjacent basins. However, the U.S. Department of Energy has applied for 530,000 m3/yr.
(430 a.-ft/yr.) for repository construction and operation.

9.2.6 Discharge of Groundwater

9.2.6.1 Introduction

Death Valley has long been recognized as the ultimate discharge area for the Death Valley
regional groundwater flow system (D'Agnese et al. 1997, p. 43). Intermediate discharge
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locations reflect topographic, geomorphic, stratigraphic, or structural controls, and many involve
combinations of these controls.

Characterizing the discharge component of the hydrologic cycle is an important step in
developing an understanding of any groundwater system. The components of discharge to the
land surface arguably can be measured more easily and accurately than recharge, so the
comparison of the two in a water budget provides somewhat of a measure of understanding of
recharge as well. Discharges from the Death Valley region include groundwater pumpage from
wells shown in Figure 9.2-9 (Section 9.2.5.3), spring flow, and evapotranspiration by
phreatophytes and from wet playas, moist soils, and surface water. The difficulty in assessing
discharge stems from the fact that evapotranspiration, which is by far the most difficult
component to determine, includes vaporization of soil moisture replenished not only by
capillarity from the water table, but also by reinfiltration of spring flow and pumpage used for
irrigation.

In the. 1960s, the Nevada State Engineer's office (part of the Nevada Department of
Conservation and Natural Resources), in cooperation with the USGS, conducted reconnaissance
investigations of the water resources in the hydrographic basins of southern Nevada. These
systematic studies routinely gathered information on groundwater discharge, including
measurements of spring discharges and pumpage and estimates of evapotranspiration.
Estimation of evapotranspiration was a young, rapidly evolving field of science at that time, and
the Nevada reconnaissance investigations were pioneering efforts. Later, Miller (1977)
published an appraisal of the water resources in Death Valley, California. In Mercury Valley,
Rock Valley, Fortymile Wash, and Crater Flat, there is no natural discharge (evapotranspiration
and spring discharge) to the surface (Rush 1971, as cited in CRWMS M&O [2000e, Table 6.2])
because of the great depth of the water table.

9.2.6.2 Discharge Sites in Southern Nevada

With respect to groundwater discharge, the results of the reconnaissance series studies in the
central Death Valley subarea within southern Nevada are as follows.

Sarcobatus Flat-Malmberg and Eakin (1962, pp. 16, 17, 18) stated that groundwater is
discharged by transpiration, evaporation, underflow, and well pumpage at Sarcobatus Flat.
Groundwater discharge occurs principally through transpiration. Based on studies of the
consumptive use of phreatophytes in the Great Basin, Malmberg and Eakin estimated the
transpiration at Sarcobatus Flat to be 3,450,000 m3/yr. (2,800 a.-ft/yr.). Evaporation from a
36-km2 (9,000-a.) playa located in Sarcobatus Flat was estimated to be only 250,000 m3 /yr.
(200 a.-ft/yr.). Based on' hydrologic and geologic conditions at the head of Grapevine Canyon
and adjacent areas, underflow from Sarcobatus Flat through Grapevine Canyon was estimated to
be 620,000 m3/yr. (500 a.-ft/yr.). For groundwater discharge due to well pumpage, it was
estimated that, within Sarcobatus Flat, there was a potential for the aquifer to yield
4,320,000 m3/yr. (3,500 a.-ft/yr.). However, at the time of Malmberg and Eakin's report, the
system was not being pumped at that rate.

Oasis Valley-Malmberg and Eakin (1962, pp. 25, 26) reported that, in Oasis Valley,
groundwater discharge occurred principally through transpiration, evaporation, and underflow.
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Historical groundwater discharge data were not available for Oasis Valley. Transpiration and
evaporation accounted for most of the groundwater discharge with a combined discharge
estimated at 2,470,000 m3/yr. (2,000 a.-ft/yr.). Groundwater underflow, which was thought to
flow from Oasis Valley through the Amargosa Narrows into northwestern Amargosa Desert, was
estimated to be 490,000 m3 /yr. (400 a.-ftlyr.).

Amargosa Desert-Walker and Eakin (1963, pp. 21, 22) stated that groundwater is discharged
from Amargosa Desert by the natural processes of transpiration of vegetation, evaporation from
the soil and free-water surfaces, and, to a lesser extent, by streamflow and underflow from the
Alkali Flat southeast of Death Valley Junction. A transpiration rate of 14,190,000 m3/yr.
(11,500 a.-ft/yr.) was estimated by Walker and Eakin based on published transpiration rates of
certain phreatophytes. Groundwater discharge due to evaporation was estimated to be
14,800,000 m3/yr. (12,000 a.-ft/yr.). Groundwater discharge out of Amargosa Desert by
underflow and surface flow through the valley (gap) at Eagle Mountain was estimated to be
620,000 m3 /yr. (500 a.-ft/yr.). In all, the total average annual groundwater discharge from
Amargosa Desert was estimated to be about 3 x 107 m3 (24,000 a.-ft).

Pahrump Valley-Malmberg (1967, pp. 27 to 33) discussed groundwater discharge from the
upper valley-fill reservoir and deeper carbonate rock reservoir in the Pahrump Valley. For the
valley-fill reservoir, groundwater discharge occurs by well pumpage, evapotranspiration, spring
flow, and subsurface outflow. As of 1962, it was estimated that well pumpage dominated
groundwater discharge, with 3.6 x 107 m3 (29,000 a.-ft) of groundwater pumped during 1962,
representing about 60 percent of the total discharge from Pahrump Valley. The increase in well
pumpage in Pahrump Valley caused a considerable drop in the potentiometric surface, which
caused a decline in spring discharge. For 1962, spring discharge was estimated to be
1,730,000 m3 /yr. (1,400 a.-ft/yr.). Spring discharge was estimated to be the volume of spring
flow that actually left Pahrump Valley through evapotranspiration, and may not represent the
total spring outflow, since some spring discharge percolated back into the aquifer as groundwater
recharge. Evapotranspiration for 1962 was estimated to be 1.2 x 107 m3/yr. (10,000 a.-ft/yr.).
This amount was estimated from the type of phreatophytes, acreage, and rate of groundwater
used for each type in Pahrump Valley. Subsurface outflow was estimated based on a form of
Darcy's law, with 2,470,000 m3/yr. (2,000 a.-ft/yr.) estimated for 1962 as underflow out of the
valley-fill reservoir. The groundwater discharge from the valley-fill reservoir moves
southwestward in Pahrump Valley, into the carbonate-rock reservoir.

Malmberg stated that virtually all groundwater discharge from the carbonate-rock reservoir is by
subsurface outflow beneath topographic divides to Chicago and California valleys and possibly
to Ash Meadows. A minor amount of discharge may occur in the vicinity of Sixmile Spring.
It was estimated that subsurface outflow from the carbonate-rock reservoir was about
1.5 x 107 m3/yr. (12,000 a.-ft/yr.).

Mesquite Valley and Ivanpah Valley-Glancy (1968, pp. 25 to 34) stated that groundwater
discharge in Mesquite Valley occurs principally by evapotranspiration and well pumpage.
Evapotranspiration occurs only in Mesquite Valley because the depth to groundwater in Ivanpah
Valley is too deep for evapotranspiration to occur. Estimates of evapotranspiration were
determined by Glancy based on phreatophyte type and area covered by the phreatophytes.
Groundwater discharge due to transpiration was estimated to be 1,970,000 m3/yr.
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(1,600 a.-ftlyr.). Bare soil evaporation was estimated to be 740,000 m3 /yr. (600 a.-ft/yr.).
Groundwater pumpage for 1966 to 1967 for an estimated 60 wells located in Mesquite Valley
was 1,730,000 m3 /yr. (1,400 a.-ft/yr.).

9.2.6.3 Spring Discharge and Evapotranspiration

Numerous springs in the Death Valley region occur as small discharges in many of the mountain
ranges (D'Agnese et al. 1997, p. 44). This spring water is from nearby local groundwater
sources, and the locations of these springs are controlled by permeability variations in the rocks
and water levels related to land-surface elevation, which cause the water to discharge at the
surface. These springs, which have small (less than 25 m3 /day [880 ft3/day]) to moderate yields
(25 m3 /day [880 ft3 /day] to more than 2,200 m3/day [78,000 ft3 /day]), commonly represent
perched or semiperched local groundwater flow systems associated with regional recharge areas.
These springs commonly emerge from consolidated rock within the mountains or ridges
flanking valleys and are characterized by highly variable discharge rates and by variable
temperature, usually less than 21 0C (Winograd and Thordarson 1975, p. C50).

Springs that discharge from the regional groundwater flow system are not included in the group
of local springs. Regional springs typically emerge from the valley fill or the adjacent
consolidated rocks at low elevations along the borders or on the floor of some valleys (Winograd
and Thordarson 1975, p. C50) (Figure 9.2-10). The locations of the regional springs are a
result of:

* An intersection of the land surface and the water table

High permeability faults or fractures that act as conduits, directing regional groundwater
to the surface

. A stratigraphic contact of high permeability material with low permeability material,
which forces flow paths to arc toward the land surface

. A structural contact caused by the juxtaposition of high permeability material with low
permeability material, causing an abrupt change in groundwater flow paths (D'Agnese
et al. 1997, p. 44).

The regional springs are characterized by high and uniform discharge and by uniform
temperatures that range from 240 to 350 C (Winograd and Thordarson 1975, p. C50). The
distribution of regional springs in the Death Valley region is shown in Figure 9.2-10.

In the Death Valley region, direct discharge of groundwater to the surface as springs or base flow
of streams is consumed nearby, almost entirely by evapotranspiration. There is no flow out of
Death Valley itself by either groundwater or surface water. Even within the groundwater basins
and subbasins of the Death Valley regional groundwater system, surface-water flow sustained
over significant distances is almost nonexistent. Springs and their outlet channels are bordered
by dense growths of phreatophytes, giving way downstream to a succession of salt-tolerant
shrubs and grasses that ultimately consume the flow. In Ash Meadows in the late 1960s and
early 1970s, phreatophytes were eradicated over large areas to preserve the spring flow for
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agricultural use and associated domestic use, both of which also return the moisture to the
atmosphere.

Traditional water-resources studies emphasized measurements of spring discharge and well
discharge, as well as estimates of evapotranspiration. However, it was necessary also to separate
evapotranspiration from the water table from that which merely consumed previous groundwater
discharge to avoid overestimating total discharge. Particularly for regional resource studies and
groundwater flow modeling in arid regions, the more direct approach of estimating total
evapotranspiration is conceptually simpler, although determining the rates to be applied to the
variety of soil types and vegetative communities remains complex and challenging. Laczniak
et al. (1999) have recently applied this method to the Ash Meadows-Amargosa Flat area, where
other types of consumption (e.g., domestic, commercial, or mining use) are a very minor part of
the total. They correlated spectral clusters on Landsat thematic mapper imagery with seven
classes of soil and land cover (including open water) (Laczniak et al. 1999, p. 15) and performed
detailed micrometeorological and heat-flux field studies to support energy-budget analyses of the
evapotranspiration rates for each land-cover class.

Most water-resource investigations of localized areas within the Death Valley region have
estimated evapotranspiration by delineating areas of phreatophytes on aerial photographs and
applying empirically derived water-use rates from the literature. D'Agnese et al. (1997) used the
same basic method but extended their study over the entire region and had more up-to-date
sources of experimentally determined evapotranspiration rates.

Areas where groundwater is found at shallow depths are potentially significant discharge zones.
Such zones can be identified by shallow water depths, the presence of moist soil conditions, and
certain vegetative communities. Four data sets were combined by D'Agnese et al. (1997, p. 43)
to identify such areas: vegetation types, vegetation density, soil classes, and locations of springs.
A map of potential evapotranspiration was developed by D'Agnese et al. (1997, p. 43) by
combining the high-density phreatophytes, salt bush, bare soil, and unclassified regions of the
vegetation map with locations of regional spring discharges and high-salinity soil areas. Where
bare soils are coincident with high salinity areas, evaporation occurs through discharging or wet
playas. Unclassified areas on the vegetation map included additional phreatophyte or saltpan
areas that could not be grouped into the other classes.

The potential evapotranspiration map represented conditions as of the mid-1980s, and included
all areas in the Death Valley region where significant evapotranspiration volumes may occur
from phreatophyte vegetation or moist bare soil. Field verification of each delineated potential
discharge zone resulted in a refined final evapotranspiration map (Figure 9.2-1 1) containing six
evapotranspiration classes:

. Wetlands occur near discharging springs and include areas of standing water, reeds,
rushes, sedges, and other wetland grasses.

. Hardwood phreatophytes dominate where low-salinity groundwater occurs at shallow
depths or where freshwater is present in large quantities as a result of regional spring
discharge.
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. Herbaceous phreatophytes include high-salinity species, such as pickleweed, saltgrass,
and rabbitbrush.

* Saltbush flats occur on alluvial flats surrounding wet playas and are dominated by
greasewood and saltbush. Because species of the saltbush possess root systems capable
of growth to depths of 15 m, their presence may indicate evapotranspiration of relatively
deep groundwater.

. Wet playas and alkali flats are included within the bare soil areas class. In these areas,
the capillary fringe extends to within a few inches of the land surface and the soil texture
becomes fluffy. These large pore spaces disrupt capillary action. A fluffy texture may
indicate that water has moved upward through the playa deposits and precipitated
dissolved salt during evaporation.

* Mixed phreatophytes include areas containing such heterogenous mixtures of the above
classes that classification into any one class is difficult.

The distribution of these areas in the Death Valley region is shown in Figure 9.2-11. Areas of
discharge by evaporation are sparse, occurring mainly in Death Valley, in the western part of the
region, and in Ash Meadows, near the center of the region. Smaller discharges are in Oasis
Valley and Sarcobatus Flat in the northwestern quadrant, in Mesquite Valley, and in the
Shoshone/Tecopa, Stewart Valley, and Pahrump Valley areas southeast of Ash Meadows. The
distribution of regional springs (Figure 9.2-10) is even more limited, as springs are not present in
Mesquite Valley or Sarcobatus Flat.

Water consumption rates for each of the six evapotranspiration classes were required to estimate
evapotranspiration fluxes by D'Agnese et al. (1997, p. 44). However, precise data for each class
were unavailable, so estimated annual rates of water consumption were obtained from the results
of previous investigations of areas within the Death Valley region by Robinson, T.W. (1958),
Malmberg and Eakin (1962), Walker and Eakin (1963), Malmberg (1967), Rush (1971),
Czarnecki (1990), and Duell (1990). The rates reported in these reports were taken by D'Agnese
et al. (1997, p. 44) and multiplied by the area of each evapotranspiration class to obtain estimated
volumes of groundwater discharge due to evapotranspiration

Generally, the evapotranspiration discharge estimates developed by D'Agnese et al. (1997, p. 44)
are slightly larger than those used in previous investigations. The reasons for these
differences are:

. Some of the discharge areas included were never before defined as regional
evapotranspiration areas.

. Some areas included have previously been considered to contribute negligible amounts
of discharge.

. Some areas identified include areas of phreatophytes that had not been identified and
mapped by previous studies.

TDR-CRW-GS-OOOOO1 REV 01 ICN 01 9.2-3 ) September 2000



Table 9.2-4 shows, for each discharge area in the Death Valley region, the discharge of regional
springs, the computed evapotranspiration, and the total discharge. Generally, evapotranspiration
exceeds or equals spring discharge, but at Grapevine Canyon (9) and Indian/Cactus Springs (20),
a significant part of the spring flow is consumed for domestic and commercial purposes. Except
for areas 16 and 17 (Amargosa Flat and Ash Meadows), the values in Table 9.2-4 are taken from
D'Agnese et al. (1997, Table 2).

As discussed in Section 9.2.5.6, (CRWMS M&O 2000e, pp. 59 to 60) it was observed that the
D'Agnese et al. (1997) values reflect spring discharge in Ash Meadows that is significantly
larger than that reported in earlier field-based studies by Walker and Eakin (1963) and Dudley
and Larson (1976). Further investigation has revealed spring-discharge errors in a source
document (Bedinger et al. 1984) used by D'Agnese et al. (1997) that result in spring discharge of
3.7 x 107m3/yr. (29,700 a.-ft/yr.), far more than about 2.1 x 10 7 m3 /yr. (17,000 a.-ft/yr.), as
reported by Dudley and Larson (1976, p. 12) for their own measurements and those of Walker
and Eakin (1963). The recent extensive study of evapotranspiration in the Ash Meadows-
Amargosa Flat area resulted in an estimated discharge of 2.6 x 107m3/yr. (21,000 a.-ft/yr.), of
which perhaps 1,200,000 m3/yr. (1,000 a.-ft/yr.) to, at the most, 3,700,000 m /yr. (3,000 a.-ftlyr.)
could be derived from rainfall rather than groundwater (Laczniak et al. 1999, p. 47). Using the
1,200,000-m3 /yr. (1,000-a.-ft/yr.) correction, evapotranspiration and total discharge from the area
is 2.5 x 107 m3/yr. (20,000 a.-ftlyr.). In contrast, D'Agnese et al. (1997, Table 2) estimated total
discharge for the Ash Meadows-Amargosa Flat area to be 4.4 x 107 m3/yr. (35,500 a.-ft/yr.).
Laczniak et al. (1999, p. 48) estimated for Ash Meadows proper that total groundwater discharge
is 620,000 to 3,100,000 m3 /yr. (500 to 2,500 a.-ft/yr.). (depending on the rainfall correction)
greater than the reported total spring discharge of about 2.1 x 10 7 m3/yr. (17,000 a.-ft/yr.). They
attributed the difference to direct evapotranspiration of groundwater that has not emerged first as
spring flow. Table 9.2-4 reflects preferred values of 2.1 x 107 m3/yr. (17,000 a.-ft/yr.) and
2.3 x 107 m3 /yr. (19,000 a.-ft/yr.) for spring discharge and evapotranspiration, respectively, at
Ash Meadows. It also reflects a preferred value (Laczniak et al. 1999, p. 48) of 1,200,000 m3/yr.
(1,000 a.-ft/yr.) for discharge at Amargosa Flat. If the preferred values are correct, the estimate
of D'Agnese et al. (1997, Table 2) is 1.9 x 10 7 m3 /yr. (15,500 a.-ft/yr.) too high.

9.2.6.4 Groundwater Pumpage

Throughout most of the Death Valley region, groundwater pumpage has been minor compared
with natural discharge, except in hydrographic basins 162, Pahrump Valley, and 230, Amargosa
Desert (D'Agnese et al. 1997, Tables 2, 4). In terms of influencing the flow simulated in
groundwater flow models, pumping in Amargosa Desert is the most important because of its
proximity to Yucca Mountain and the consequent potential effects on the quantity and long-term
radiological quality of the water resource. As tabulated in CRWMS M&O (2000e, Table 4.10),
pumpage has increased in the Amargosa Farms area during the last decade and, in the
mid-1990s, stabilized at about 1.7 x 107 m3/yr. (14,000 a.-ft/yr.), about half of the permitted rate
(Section 9.2.5.3). As discussed in Section 9.2.5.5, there has been no effect of pumping detected
near areas of natural groundwater discharge (Kilroy 1991, Figure 7; La Camera et al. 1999,
pp. 28, 41-43 for Ash Meadows and pp. 27, 38 for Amargosa Flat). However, Kilroy (1991,
Figure 7) shows a cone of depression, superimposed on the southerly potentiometric slope,
around the center of pumping in 1987. As defined by the 10-ft drawdown contour, this had
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begun to influence a broad area of the north-central Amargosa Desert, distorting the
potentiometric contours and apparent flow directions. Assuming that pumping will continue, the
effect will become more distinct and must be accounted for in modeling.

9.2.7 Recharge of Groundwater

The major source of recharge to the Death Valley regional groundwater flow system is from
precipitation on the highest mountains within the region (D'Agnese et al. 1997, p. 50). The
regional system also receives flow across its northern and eastern boundaries. Some recharge
also results from recycled irrigation and domestic waters, as well as seepage of spring discharge
back into the groundwater system (Rice 1984, p. 25). However, these recycled components are
considered to be small and negligible compared to regional infiltration and interbasinal flux
volumes (Waddell 1982, p. 14).

9.2.7.1 Previous Methods of Characterizing Recharge from Precipitation

Empirical, water-balance, and distributed-parameter methods have been used to characterize the
location and amount of recharge in the Death Valley region. Each method attempts to
characterize the complex array of factors controlling recharge; each has limitations (D'Agnese
et al. 1997, pp. 50 to 51).

Empirical Method-D'Agnese et al. (1997, p. 51) summarize an empirical precipitation-recharge
relation developed by Maxey and Eakin (1950) from water mass-balance estimates for basins in
southern and eastern Nevada. D'Agnese stated that in the Maxey-Eakin report, it is suggested
that both the annual precipitation amount and the percentage of precipitation that becomes
groundwater recharge increase with increasing elevation. Depending on the valley, Maxey and
Eakin assumed that no recharge occurs where mean annual precipitation is less than about
200 mm, or elevation is lower than 1,524 m (5,000 ft). Above 1,524 m in elevation, based on a
series of 1,000-ft elevation intervals, Maxey and Eakin assigned an increasing percentage of
precipitation that was assumed to become recharge (Table 9.2-5).

This empirical method of estimating recharge from annual precipitation developed by Maxey and
Eakin (1950) became dominant in its use in the Basin and Range Province. A later report by
Eakin et al. (1951) uses the same method for determining recharge and is often cited in the
literature. With minor variations, the method was applied in the reconnaissance series
investigations by Malmberg and Eakin (1962) to Sarcobatus Flat and Oasis Valley; by Walker
and Eakin (1963) to the Amargosa Desert; by Malmberg (1967) to Pahrump Valley; and by Rush
(1971) to the several basins in and around the Nevada Test Site. The Maxey-Eakin method was
also applied to the Nevada Test Site region by Winograd and Thordarson (1975) and to Death
Valley by Miller (1977). Miller (1977) gave a lengthy discussion of the uncertainties of
estimating recharge in the Death Valley area, which was reviewed by D'Agnese et al. (1997,
p. 52). This summary of uncertainties is discussed later in this section.

Water-Balance Method-In a summary of a report by Rice (1984), D'Agnese et al. (1997, p. 51)
indicate that Rice developed a relatively detailed recharge calculation as part of a regional
modeling study. Rice employed a water-balance method that used average annual precipitation
distributions derived from a report by Quiring (1965). These computations showed that recharge
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occurs if the elevation is greater than 1,675 m (5,000 ft) and the annual precipitation is greater
than 254 mm. Because these two criteria meet the plant requirements of pinyon pine and juniper,
Rice placed the area of recharge to extend below that plant zone. D'Agnese et al. (1997, p. 51)
stated that more recent investigations by West (1989) have placed the lower elevation limits of
regional recharge at the mixed shrub-transition zone where blackbrush flourishes. West noted
that these communities represent the elevation zone at which winter recharge of soil moisture is
normally balanced by summer evapotranspiration loss. Therefore, in wet years some regional
recharge may occur in these areas.

According to D'Agnese et al. (1997, p. 51), Rice's (1984) water-balance method has several
significant limitations:

. The recharge calculations are too gross a scale to compute small amounts of recharge,
such as the amount that probably occurs at Yucca Mountain.

* The method depends only on temperature and an empirical crop coefficient to calculate
evapotranspiration rates that are influenced by numerous climatic conditions.

. This method averages rainfall events into monthly distributions and does not account for
high-intensity storms and runoff events, which are common to the area and may
significantly contribute to recharge.

D'Agnese et al. (1997, p. 51) concluded that because the error associated with each component of
the water-balance equation may be larger than the net total recharge calculated for many arid
basins, water-balance methods are of limited usefulness.

Distributed-Parameter Method-D'Agnese et al. (1997, p. 51) discuss reports by Lichty and
McKinley (1995) and Leavesley et al. (1983), who have attempted to use distributed-parameter
precipitation-runoff models to estimate groundwater recharge in several hydrographic basins of
the Death Valley region. These models attempt to simulate the processes in the soil-plant-
atmosphere system through a series of integrated modules. For basins that contain both a
surface-water and groundwater component, monthly or storm-based water-balance simulations
may be modeled. D'Agnese et al. (1997, p. 51) report that although successful simulations have
been conducted using these models for various regions of the United States, the use of such
models in extremely arid environments where little surface water exists has proven to be
difficult.

9.2.7.2 Limitations of the Empirical Maxey-Eakin Method

Comparing empirical (Maxey-Eakin) water balance and distributed-parameter methods for
estimating rainfall recharge, the method developed by Maxey and Eakin (1950), as discussed by
D'Agnese et al. (1997, pp. 51 to 52) is considered the best method for use in an arid
environment. It was used by D'Agnese et al. to develop a preliminary map of potential recharge
areas for the three-dimensional flow model of the Death Valley region using digital elevation
data and a digital representation of average annual precipitation data. To assess the accuracy of
the predicted recharge areas, this map was compared by D'Agnese et al. (1997, p. 52) to maps
showing low-temperature (local) spring locations and vegetation classes. The local springs are
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believed to represent discharges of locally recharged groundwater. The selected vegetation
classes reflect moisture at shallow depths. Careful comparison by D'Agnese et al. (1997, p. 52)
of these three maps showed that the preliminary map of potential recharge areas using the
Maxey-Eakin method failed to identify some lower elevation areas where long-term recharge
appeared likely from the pattern of spring locations and vegetation, and also included some
higher elevation areas where long-term recharge may not occur. Because the Death Valley
regional groundwater flow system is compartmentalized, any underestimation or overestimation
of recharge volumes may result in discrepancies in interbasinal transfers.

In a review of the report by Miller (1977), D'Agnese et al. (1997, p. 52) found that Miller had
experienced similar problems when using the Maxey-Eakin method for a study of the
groundwater resources of Death Valley National Park. D'Agnese et al. (1997, p. 52) stated that
Miller (1977) attributed the discrepancies to many factors that were summarized as follows:

. The method was originally developed for basins that were believed to be unaffected by
interbasinal flow.

. Drainage of mountain slopes are influenced by aspect controls that affect
evapotranspiration rates and soil moisture that ultimately control recharge. North and
east facing slopes are typically cooler and wetter, while south and west facing slopes are
warmer and drier. Therefore, more recharge will probably occur in north and east facing
slopes, and less will occur on south and west facing slopes. However, the Maxey-Eakin
method does not take this phenomenon into account.

* Uncertainties in the estimates of discharge rates, which are used to calculate recharge
rates, may contribute to volumetric discrepancies.

. High elevations (in excess of 3,000 m [9,800 ft.]) may contribute significantly more
recharge than the 25 percent of precipitation predicted by the Maxey-Eakin method.

. Elevation-percentage constants used in the Maxey-Eakin method may need to be
adjusted on a basin-by-basin basis to account for factors such as lithology, aspect, and
vegetation.

* The Maxey-Eakin method assumes that recharge does not occur below 1,524 m
(5,000 ft), but the presence of dense vegetation and cold springs at lower elevations
indicate that significant infiltration occurs in these areas at steady state.

. The Maxey-Eakin method is extremely dependent on the prediction of average annual
precipitation, which is poorly understood and quantified; therefore, a more accurate
characterization of precipitation may lead to more accurate recharge estimates if the
recharge coefficients are likewise revised.

. The Maxey-Eakin method and its variants are simplistic and should be modified to
consider critical factors, such as rock type, permeability of weathered rock and soil,
permeability of stream channel deposits, and soil moisture at the time of precipitation
and slope.
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9.2.73 Modifying the Maxey-Eakin Method

D'Agnese et al. (1997, p. 52) modified the Maxey-Eakin method to make it more sensitive to the
critical factors affecting recharge by using four potential recharge indicators existing within the
Geoscientific Information System database-. The indicators used were elevation, slope aspect,
relative permeabilities of rock and soil, and vegetation. Appropriate map categories were
reclassified to represent these four potential recharge indicators on a six-point scale; a value of
zero indicated no recharge potential, a value of one represented a low recharge potential, and a
value of five represented a high recharge potential. The recharge values for each of the
indicators are as follows:

. Potential Recharge Classifications for Elevation Zones-Elevation significantly
affects recharge. As elevation increases, precipitation increases along with the potential
for recharge. The digital terrain model was reclassified by D'Agnese et al. (1997, p. 52)
according to the ratings in Table 9.2-6 to produce a map describing recharge potential
based on elevation.

. Potential Recharge Classification for Vegetation Zones-The vegetation landform
map was reclassified by D'Agnese et al. (1997, p. 53) in a similar manner as the
elevation zones. Because the mixed shrub-transition zone is believed by D'Agnese et al.
to be the lowest vegetation zone to experience any long-term recharge flux, those
vegetation classes that reflect these soil moisture conditions and wetter conditions were
ranked by D'Agnese et al. into ratings (Table 9.2-7), and a vegetation-based recharge
potential map was developed.

. Potential Recharge Classification for Slope-Aspect Zones-Slope-aspect determines
the amount of direct solar radiation received on a hillslope and the amount of drying
activity that occurs during the day. Therefore, a slope-aspect based recharge potential
map was developed by D'Agnese et al. (1997, p. 53) by assigning north and east facing
slopes higher recharge potential ratings and south and west slopes lesser recharge
potential ratings. The recharge classifications for slope-aspect zones are listed in
Table 9.2-8.

. Potential Recharge Classification for Parent Material Types-The bedrock material
through which water will infiltrate during a recharge event affects recharge potential.
Therefore, the relative permeability of bedrock materials and the soils developing on
them can be used to develop a permeability-based recharge potential map. For example,
parent materials that develop high-permeability soils, such as alluvium, carbonate,
granite, sandstone, and gneiss, may be assigned higher ratings, while rocks that develop
low-perneability soils, such as tuffs, siltstone, and shale, may be assigned lesser ratings
(D'Agnese et al. 1997, p. 53). It was pointed out that, locally, low-permeability soils
may lead to runoff and recharge in an adjacent area. Using the hydrogeologic unit map
(Figure 9.2-3), a recharge classification was developed for parent rock types; however,
the potential effect of rainfall runoff to recharge adjacent areas was not factored into the
recharge classification. The recharge classifications for parent material (rock) type are
listed in Table 9.2-9.
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The four recharge potential maps created from the recharge indicators of elevation, slope-aspect,
relative rock and soil permeability, and vegetation were overlain to produce a map that combined
the ratings from each map (Figure 9.2-12). The recharge ratings of the four maps were then
reclassified into six recharge potential classes (class numbers) (Table 9.2-10).

The most significant factor that influenced the new classification was elevation. This factor was
explicitly included in the elevation-based recharge potential map, and was also implicitly
included in the vegetation-based recharge potential map. Vegetation distributions are
dominantly controlled by elevation and moisture availability.

The areas most likely to have high recharge potential were those that possessed all four favorable
factors. For example, high recharge potential would most likely occur on northeast-facing
slopes, at elevations higher than 2,743 m (9,258 ft), where coniferous trees are growing on
alluvial soils. Low recharge potential would exist on southwest-facing slopes, at elevations
between 1,524 m (5,144 ft) and 1,829 m (6,173 fit), where mixed shrub communities are growing
on clayey soils derived from argillaceous volcanic rocks.

Areas in the region that are lower than 1,524 m (5,000 fi) are assigned a zero recharge potential
in regional analysis and modeling. However, at some localities, particularly those close to
this minimum elevation, some net infiltration, and thus recharge, undoubtedly occur. In
Section 8.2, for example, net infiltration at the potential repository site, where elevations range
from about 1,300 m (4,390 ft) to 1,500 m (5,060 ft), is discussed principally in relation to
topographic position and surficial lithology. The ridge tops and steep sideslopes of the washes at
Yucca Mountain have little if any soil cover over a well-fractured welded tuff allowing rapid and
deep infiltration, though of relatively small volumes. In contrast to its role in less arid uplands,
the thick alluvium that occupies the central and, lower reaches of the major channels at Yucca
Mountain is assigned a low recharge potential. This assignment reflects the capability of the
alluvium to capture and store the relatively small infiltration volumes within the deep root zone,
where it can subsequently be transpired to the atmosphere by plants that grow in the washes.

9.2.7.4 Accuracy of the Modified Maxey-Eakin Method

The accuracy and appropriateness of the modified Maxey-Eakin method were evaluated by
D'Agnese et al. (1997, p. 55) by comparing a map of the new recharge areas with the maps
showing locations of low-temperature springs and vegetation types. Upon inspection, areas
uphill from low-temperature springs, regardless of elevation, were found to be coincident with
predicted regional recharge areas. Because vegetation constraints were incorporated in the rating
criteria, all predicted recharge areas were restricted to vegetation zones classified as either
coniferous forests, pinyon-juniper woodlands, or mixed transition shrublands. As a result, the
refined recharge areas map was considered an improvement to the map based on the traditional
Maxey-Eakin method and an acceptable indicator of areas in the region where long-term,
regional groundwater recharge may occur. While the modified recharge areas may not exactly
describe recharge locations on a local scale, they appear to be appropriate for delineating large-
scale zones of recharge that are consistent with previous investigations (Prudic et al. 1993, pp. 23
to 24, page numbers cited by D'Agnese et al. 1997). However, it should be noted that even with
better defined potential recharge areas, recharge rates are still based on empirical estimates rather
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than actual measured rates and reflect a significant unknown flux in modeling this region
(D'Agnese et al. 1997, p. 55).

9.2.7.5 Evaluation of Current Recharge Estimate

To evaluate the suitability of recharge rates for conceptualization and numerical simulation, the
total volume of recharge in each of the hydrographic areas of the Death Valley region
(Figure 9.2-5) was calculated by D'Agnese et al. (1997, p. 55). These recharge volumes were
compared to previous Maxey-Eakin estimates (Table 9.2-1 1).

In general, the values of recharge computed by the refined Maxey-Eakin method developed by
D'Agnese et al. (1997, p. 55) were higher than those computed by previous investigations. The
total amount of refined Maxey-Eakin estimates of recharge was 30 percent greater than the
original Maxey-Eakin recharge estimates for the Death Valley flow system. These differences
were attributed to the following factors:

* The recharge rates were computed using percentages of recently estimated average
annual precipitation. These rates may reflect slightly higher region-wide precipitation
rates.

* Hydrographic areas in the northern and eastern parts of the Death Valley region are
estimated to have larger rates of recharge than by the Maxey-Eakin method. These
basins are located at higher elevations than the remainder of the study area. They
typically possess highly permeable soils (alluvium and carbonate derived), and support
vegetation that require high precipitation rates to survive. These conditions are believed
to result in high recharge potential in these basins.

. Hydrographic areas in the central and southern parts of the Death Valley region are
generally estimated to have smaller rates of recharge than by the Maxey-Eakin method.
The lower estimates are attributed to the low recharge potential characteristics of these
basins. These lower estimates suggest that the Maxey-Eakin elevation-precipitation-
recharge relations, which were developed in the northern Great Basin, may not be good
recharge estimation techniques in the Transition Desert (the transition area between the
Sonoran Desert and the Great Basin) and Mojave Desert.

* Some previous investigators (Malmberg and Eakin 1962; Walker and Eakin 1963;
Malmberg 1967) adjusted the Maxey-Eakin recharge percentages in basins of the central
part of the region to reflect the large discharge volumes observed. Many of these large
discharge volumes probably reflect interbasinal fluxes and not infiltration of locally
recharged waters.

In terms of interbasin flow into and within the Death Valley region, most rates of interbasin flow
are the difference between rainfall recharge and evapotranspiration (including irrigated land)
when balancing localized basin water budgets. Because groundwater inflow and outflow
volumes are not well defined in the Death Valley region, specific groundwater fluxes are not
discussed in this section. To discuss these volumes, estimates will need to be derived from the
groundwater flow models currently being developed for the Death Valley region.
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9.2.8 Potentiometric Surface and Hydraulic Gradients;

Numerous potentiometric-surface maps have been developed for basins within the Death Valley
region. Several of these are generalized contour maps of shallow unconfined aquifers in QTvf,
whereas a few have included more detailed potentiometric surfaces combining contours for the
shallow valley-fill aquifers with those for deeper consolidated bedrock aquifers. In terms of
defining regional potentiometric levels and hydraulic gradients, principal considerations include:

* Even though groundwater occurs in both valley-fill deposits and consolidated rock, few
wells have been completed in the consolidated rock in comparison to the greater number
of wells completed in the valley-fill.

* The yield to wells tapping consolidated rock units is frequently due to the interception of
water in fracture zones. However, in some areas in the Basin and Range Province,
carbonate rock is extensive in the subsurface and provides interconnection between
alluvial basins through fractures and solution channels.

• Although the consolidated rock commonly has very low permeability and very low rates
of groundwater flow, the entire groundwater system, valley-fill, and bedrock should be
treated as a single integral system.

* Though vertical gradients commonly exist between the valley-fill aquifers and
consolidated bedrock aquifers, the potentiometric levels are similar enough on a regional
scale that all water level data, regardless of wellY construction, usually can be used to
define regional potentiometric levels.

Numerous potentiometric-surface maps have been developed for individual basins within the
Death Valley region (D'Agnese et al. 1998, p. 3). Several have been generalized contour maps
of shallow basin-fill aquifers, such as those of Malmberg and Eakin (1962, pp. 13, 23) for
Sarcobatus Flat and Oasis Valley, Walker and Eakin (1963, pp. 16, 17) for the Amargosa Desert,
and Malmberg (1967, p. 25) for Pahrump Valley.

Kilroy (1991, pp. 9, 11, 16) summarized groundwater data collected in the Arnargosa Desert
from 1952 to 1987, with special attention given to the 1986 to 1987 data. Potentiometric maps
of predevelopment (1952) and 1986 to 1987 water levels were prepared, as well as a water-use
map showing the effects of long-term pumping and the influence of subbasin structure and a
regional flow system on water levels. The significance of Kilroy's analysis was discussed in
Section 9.2.5.5.

Winograd and Thordarson (1975) provide several potentiometric maps of individual basins, or
parts of basins, in the Nevada Test Site area, principally for the purpose of relating
potentiometric features and resultant groundwater flow, including vertical flow, to the
hydrogeology. Their findings are discussed below in relation to large lateral gradients
(Section 9.2.8.2) and vertical gradients (Section 9.2.8.3).
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9.2.8.1 Regional Potentiometric Maps

The first composite portrayal of potentiometric surfaces for the carbonate aquifer (P2) and for
Tertiary and younger materials (Tv and QTvf) throughout most of the central Death Valley
subregion was presented by Winograd and Thordarson (1975, Plate 1). Where data were lacking
in broad areas between basins, Winograd and Thordarson conservatively refrained from
connecting the patchwork of individual maps on a common base. The map describes the
potentiometric surface in the Pahute Mesa, Yucca Flat, Frenchman Flats, Indian Springs, Jackass
Flats, Mercury Valley, Ash Meadows, and Amargosa Desert areas. Where data were available,'
the map defines two potentiometric surfaces; the potentiometric surface of the deeper
P2 carbonate aquifer and the upper Tv and QTvf aquifers.

For the P2 aquifer, two assumptions are made for the water-level data used: the water levels used
represent head only in the aquifer of interest, and in the vicinity of the control wells, water flows
nearly horizontally through the aquifer (Winograd and Thordarson 1975, p. C71). For the
potentiometric surface of the QTvf aquifers, Winograd and Thordarson (1975, p. C71) pointed
out that, in some areas, the contours probably reflect the head in the underlying carbonate
aquifer. In drawing the contours of head in the carbonate aquifer, a synthesis of hydraulic,
geologic, and geophysical data were used because the contouring of water-level data without
regard for geologic data led to several improbable local hydrologic conditions.

Major features shown on the potentiometric map of the lower carbonate aquifer are the trough in
the potentiometric surface in Yucca Flat and the major trough that extends from eastern
Frenchman Flat to the Ash Meadows discharge area in east-central Amargosa Desert (Winograd
and Thordarson 1975, p. C71). The potentiometric surface within the lower carbonate aquifer in
Yucca Flat is marked by a prominent north-northwest trending trough about 32 km (20 mi.) long
and 3 to 13 km (2 to 8 mi.) wide. The apparent hydraulic gradient along the axis of the trough
ranges from less than 2 x 104 to 10-. The apparent hydraulic gradient along the flanks of the
trough is as much as 4 x 10-3.

The trough from east-central Frenchman Flat to Ash Meadows extends for a distance of about
64 km (40 mi.) and is about 24 km (15 mi.) wide at the Ash Meadows discharge area; about 8 km
(5 mi.) wide beneath the Specter Range, and possibly as much as 32 km (20 mi.) wide within the
Nevada Test Site, where its width is not well defined. The hydraulic gradients within this trough
range from 6 x 10-5 to about 3 x 1 04. The trough indicates that groundwater within the lower
carbonate aquifer beneath Yucca, Frenchman, and eastern Jackass flats and beneath a vast area
east, northeast, and southeast of the Nevada Test Site flows toward a prominent spring-discharge
area at Ash Meadows in the east-central Amargosa Desert (Winograd and Thordarson 1975,
p. C72).

For the shallower QTvf aquifer, the potentiometric map also indicates that most or all of Yucca
Flat, Frenchman Flat, eastern Jackass Flats, southern Indian Springs Valley (south of
U.S. Highway 95), Mercury Valley, and Amargosa Flat are tributary to the Ash Meadows
discharge area (Winograd and Thordarson 1975, Plate 1, Figure 35, p. C86).

In developing the first computer model of regional flow, Waddell (1982, Figure 3) simulated the
heads defining the regional potential field. The resultant simulation map (100-m contour
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interval) is analogous to the current potentiometric map of the central Death Valley subarea
segment (Figure 9.2-4), although the most prominent gradients are more subdued. A later
generation of this map, prepared by Waddell et al. (1984, Plate 3), included much of the area
defined as the Death Valley region, with contours extending north of Cactus and Kawich ranges,
south to Pahrump Valley, east of Sheep Range, and west to Death Valley (Figure 9.2-2).
Contours for the map were drawn at 100-m (330-ft) intervals, and composite water levels from
several hydrogeologic units were used in mapping the contours (Waddell et al. 1984, p. 28).
It was observed that, in Yucca Flat at the Nevada Test Site, data were available from wells
completed in alluvium, tuff, and carbonate rocks, and the potentials indicated downward flow
into the lower carbonate aquifer. However, even though this downward vertical potential
existed, on a regional scale, the potentiometric levels were similar enough that it was neither
feasible nor necessary to contour data from different geologic units (Waddell et al. 1984, p. 28).

Current Potentiometric Surface-A potentiometric-surface map was constructed by D'Agnese
et al. (1998, Plate 1) for the Death Valley region (Figure 9.2-4). The map was completed for
conceptualization of the Death Valley regional groundwater flow system and for construction of
a numerical model. A Geoscientific Information System method was used by D'Agnese et al.
(1998, p. 1) to incorporate available data and apply hydrogeologic rules during contour
construction.

Construction of the regional potentiometric-surface map required data sets describing:

* Water levels
* Boundaries of lakes and ponds
* Topographic elevations
. Regional spring locations
• The distribution of recharge and discharge areas
. Hydrogeology.

Construction of the Death Valley regional potentiometric-surface map by D'Agnese et al. (1998)
was completed primarily based on the regional water-level data. However, where needed, these
data were supplemented by additional comparative information derived from the hydrographic
data, hydrogeologic map, and interpretations of the distribution of regional discharge and
recharge to improve interpolations in areas of sparse well data.

Water-Level Data-All water-level data used by D'Agnese et al. (1998, p. 5) in the development
of the Death Valley region potentiometric map originated from the USGS National Water
Information System database. The National Water Information System files contain a detailed
account of characteristics for regularly monitored wells and springs in an elaborate data
structure. A detailed query of the National Water Information System was undertaken by
D'Agnese et al. (1998, p. 5) to retrieve data that would be useful for analyzing water levels in the
Death Valley region. Though regional water-level data stored in the National Water Information
System were collected over several decades, most data for any given basin were gathered during
short periods of time. These retrieved data were converted into a format compatible with the
Geoscientific Information System database and a well-location map was generated. D'Agnese
et al. (1998, p. 5) retrieved data for 2,141 wells, but only about half of the wells were located in
the Death Valley region. Because very little information was available in the database on the
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screened intervals of these wells, the majority of the levels were considered to be representations
of the water table or composite water-level measurements of the regional potentiometric surface.
Also, approximately 171 wells are completed to depths greater than 500 m (1,640 ft) below static
water level and are believed to represent potentiometric levels from deeper in the system. Even
though composite water levels may represent a mixing of heads within the borehole, and deeper
boreholes represent a different head than shallower boreholes because of vertical gradients, on a
regional scale, the difference in water level is considered to be negligible and the water level
representative of the regional potentiometric surface.

Because the potentiometric-surface map was developed primarily with water-level data, the
limits of the water-level data used need to be discussed. Water resource extraction and
investigation in the Death Valley region, which is a sparsely populated, arid, and mountainous
region, have been mostly concentrated in alluvial basins (D'Agnese et al. 1997, p. 10). As a
result, clusters of water wells, and subsequently water-level data, are concentrated in these basins
(Figure 9.2-9). The densest concentration of water-level data in the area occurs near Las Vegas,
Nevada, east of the Death Valley regional groundwater flow system. Alluvial basins within the
Death Valley flow system with the densest concentration of water-level data are Amargosa and
Pahrump valleys, which also are the two largest agricultural communities. Additional water-
level data located within the valley-fill alluvium include Oasis Valley, Sarcobatus Flat, and
Yucca Flat. The only areas with extensive water-level data in consolidated bedrock are the
Yucca Mountain, Pahute Mesa, and Rainier Mesa areas.

Most wells located in the Death Valley region have been located on topographic maps that have
contour intervals of 61 m (200 ft). The error in locating a well on a topographic map without the
benefit of having surveyed coordinates is assumed to be one-half the topographic map contour.
Subsequently, with the exception of wells located in the Yucca Mountain, Pahute Mesa, Rainier
Mesa, and Yucca Flat areas, all well locations and elevated water levels used in the
potentiometric map are assumed to be in error by ±30 m (100 ft). The wells located in Yucca
Mountain, Pahute Mesa, Rainier Mesa, and Yucca Flat are not included in this error range
because most of these wells have surveyed location coordinates.

Lakes and Ponds-The boundaries of lakes and ponds were obtained from the USGS digital line
graph cartographic database (D'Agnese et al. 1998, p. 5). These products contained selected
hydrographic information digitized from USGS 1:100,000-scale topographic maps. The data
describe all flowing and standing water, springs, and wetlands. The information on the digital
line graph maps were imported into the Geoscientific Information System database to develop a
digital map describing the surface hydrography characteristics for the entire study area.

Topographic Elevations-The topographic elevation data used by D'Agnese et al. (1998, pp. 5 to
6) were obtained from a compilation of Defense Mapping Agency series, 10 by 1° digital
elevation models. Digital elevation models are sampled arrays of ground elevations that are
usually, but not always, at regularly spaced intervals. In the Death Valley region, the spacing of
points on the digital elevation model's files is about 70 m (230 ft) east-west and 90 m (300 ft)
north-south.

The digital elevation models required for the Death Valley region were imported into the
Geoscientific Information System database, transformed to the appropriate projection, and joined
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to develop a rather large, raster terrain model of the region. Because of the size of the terrain
model, it was resampled by selecting every third cell to develop a digital elevation model that
contained an elevation measurement of every 9 arc-seconds of land surface or approximately
210 m (690 ft.) by 270 m (890 ft.). This resampled digital terrain model was used in the
Geoscientific Information System database.

Regional Springs-The locations and elevations of all regional spring discharge points were used
in development of the potentiometric-surface map (D'Agnese et al. 1998, p. 6). These springs,
characterized by steady, large-volume discharges and temperatures ranging from 240 to 35 0C,
typically emerge from the regional groundwater flow system by way of the valley-fill and the
carbonate aquifers at low elevations along the borders or on the floor of some valleys. For
interpolation of the potentiometric surface, the location of the regional springs was incorporated
into the Geoscientific Informnation System database. More information on spring discharge can
be found in Section 9.2.6.

Recharge and Discharge Areas-The distribution of recharge and discharge areas was also used
during construction of the potentiometric-surface map (D'Agnese et al. 1998, pp. 7 to 8). Image
classification methods were applied to multispectral satellite data to produce a vegetation map.
The vegetation map was combined with ancillary data to delineate wetland, phreatophyte, and
wet playas discharge areas. Recharge areas were delineated by incorporating thematic maps
describing often heterogeneous complex factors affecting infiltration. These factors included
topography, slope aspect, parent material, and vegetation. These indicators were incorporated
into a recharge map by ranking characteristics in order of infiltration potential.

Hydrogeology-The regional hydrogeologic map developed by Faunt et al. (1997) (Figure 9.2-3)
was used by D'Agnese et al. (1998, p. 8) to delineate where low-permeability bedrock might
influence the configuration of the water table. The regional hydrogeologic map was constructed
by combining existing regional geologic maps and report data into a Geographic Information
System database, creating a digital regional geologic map, and then combining the diverse
geologic map units into fewer hydrogeologic units. For regional potentiometric-surface map
construction, the hydrogeologic units shown on the hydrogeologic map were combined into five
generalized geologic units. Rocks bearing larger permeabilities include valley-fill alluvium and
carbonate rocks. Units with smaller permeabilities include clastic and crystalline rocks. The
volcanic rock units occurring in the region are quite variable and were interpreted as having
moderate permeabilities for potentiometric-surface map construction purposes. The results of
generalizing the hydrogeologic units into five geologic units were incorporated into the
Geoscientific Information System database (D'Agnese et al. 1998, p. 8).

Interpolation Concepts-The concept of a free-surface water table described by Domenico and
Schwartz (1990) was used by D'Agnese et al. (1998, p. 8) to develop the potentiometric-surface
map. Domenico and Schwartz (1990, pp. 255, 259) suggested that the regional potentiometric
surface in mountainous areas, where depth to groundwater is relatively deep and the aquifer
matrix is intensely fractured, can be interpreted as a series of semicontinuous, free surfaces
connected between basins by large hydraulic gradients. The resulting water-table configuration,
therefore, can be interpreted as plateau-like surfaces in each subbasin connected by zones of
large hydraulic gradients occurring in mountain blocks of comparatively smaller permeability.
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To guide interpolation of water levels in areas where data are limited, five general criteria were
used by D'Agnese et al. (1998, pp. 8 to 9):

. During interpolation, water levels were not permitted to extend above the land surface
defined by the digital elevation model.

* The elevations of regional springs, lakes, and ponds were used to define locations where
the regional water table occurs at the land surface.

. Regional discharge areas are regional depressions in the flow system and are located at
local minima in the regional potentiometric surface. The potentiometric surface at
discharge areas, therefore, was interpolated to form local minima.

. Regional recharge areas develop recharge mounds (and often, groundwater divides) in
the potentiometric surface. Therefore, the potentiometric surface was interpolated to
form local maxima at locations of recharge areas. During revisions of the interpolated
surface, D'Agnese et al. (1998) checked water levels to ensure that they did not extend
far above the elevation of localized, cold-temperature springs occurring in these
recharge areas.

. Lower permeability rocks typically affect the potentiometric surface by sharply
refracting contours into the units with lower permeability, resulting in areas with steep
hydraulic gradients. The generalized geologic map developed by D'Agnese et al. (1998)
from the hydrogeologic units data (Faunt et al. 1997) was used to delineate locations
interpreted as having surface and subsurface units of lower permeability rock. During
interactive interpolation of the potentiometric surface, gradients on the interpreted
surface were steepened when necessary to reflect these hydrogeologic barriers.

9.2.8.2 Large Lateral Gradients

The Death Valley regional potentiometric surface is controlled primarily by topography,
lithology, and geologic structure (D'Agnese et al. 1998, p. 10). Several dominant features of the
regional potentiometric-surface map that are a result of important geologic and structural
controls include potentiometric-surface mounds, depressions, and troughs. These commonly are
bordered by large hydraulic gradients. Figure 9.2-13 identifies the most prominent of
these features.

Potentiometric Surface Mounds and Depressions-Potentiometric surface mounds are
commonly associated with groundwater recharge areas. On Figure 9.2-13, several recharge
mounds are inferred where water-level data do not exist (Figure 9.2-9). However, recharge
conditions and low permeability rocks occur in these areas, which indicates that recharge
mounds are likely to exist (D'Agnese et al. 1998, p. 10). Mounds are associated with areas
recharging the regional flow system, but they also indicate recharge to subregional or local flow
systems. The most prominent mound, and the largest recharge area, is located at the Spring
Mountains (Figure 9.2-13, feature 1). Other smaller recharge mounds are present at the
Sheep Range (2) at the eastern boundary, the Groom Range (3), Rainier Mesa (4), Shoshone
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Mountain (5), Stonewall Mountain (6), Gold Mountain (7), Magruder Mountain (8),
Grapevine Mountains (9), Black Mountains (10), and the Kingston Range (1 1).

Potentiometric surface depressions are indicators of groundwater discharge areas (D'Agnese
et al. 1998, p. 11). The largest depression and the terminal discharge area of the regional
groundwater flow system occurs at Death Valley (Figure 9.2-13, feature 12). The depression,
controlled dominantly by topography, forms the terminus of the regional groundwater flow
system. Lesser depressions in the region occur at Mesquite Lake (13), Stonewall Flats (14), and
Sarcobatus Flat (15).

Potentiometric Surface Troughs-Two prominent troughs are controlled by geologic structure
(D'Agnese et al. 1998, p. 12). The trough north of the Spring Mountains (feature 16) is a
prominent feature that has been described as the result of high-permeability, faulted, and
fractured rock present along the axis of the Spotted Range-Mine Mountain structural zone (Faunt
1997, Plate 1, Figure 3). The trough located at Pahute Mesa (17) is the result of a linear feature
believed to be a fault. Less prominent troughs that also may be structurally controlled occur at
Amargosa Valley (18), Grapevine Canyon (19), and Stonewall Pass (20). Troughs that may be
controlled by topography and lithology are located at Yucca Flat (21) and Emigrant Valley (22).
A trough that may be associated with all three controls is located at Fortymile Canyon (23),
although specific geologic or structural controls have been sought but not found.

Large Hydraulic Gradients-Large hydraulic gradients, defined here as gradients larger than
0.1, may be controlled by recharge, lithology, topography, structure, or by a combination of any
of these factors (D'Agnese et al. 1998, p. 13). A commonly discussed large hydraulic gradient in
the Death Valley region occurs immediately north of Yucca Mountain (Figure 9.2-13,
feature 24). However, large hydraulic gradients are a common feature of the Death Valley
regional groundwater flow system.

Two regional-scale domains of large hydraulic gradients exist in the Death Valley regional
groundwater flow system. One domain separates Death Valley from adjoining areas to the
northeast and east (regional area 25, Figure 9.2-13). This abrupt drop in water-table elevation is
associated with contacts between low-permeability rocks in the Amargosa Range and higher
permeability rocks in Death Valley, which are associated with the Death Valley fault zone. The
large hydraulic gradient may also be a result of the large topographic change between the
Amargosa Valley (land-surface elevation about 700 m) and Death Valley (land-surface elevation
about -80 in).

The second domain occurs along the north and western margins of the Spring Mountains
(regional area 26, Figure 9.2-13). The large hydraulic gradient in this area is associated with
low-permeability clastic aquitard, the P1 unit, present in the northwestern Spring Mountains
(Figure 9.2-3). North of the Spring Mountains, the large hydraulic gradient also appears to be
related to the Las Vegas Valley shear zone and may be due to low-permeability fault gouge
developed in this major fault zone.

The large hydraulic gradient that begins on the east side of the southern Grapevine Mountains
(9), crosses Yucca Mountain (24) and extends northeastward to Emigrant Valley (22) and the
Groom Range (3). This hydraulic gradient is the result of at least three large-scale features:
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• A largely buried contact of less-permeable rocks to the north (Tv, P1, and the Eleana
aquitard within P2) and thick, permeable units to the south (QTvf of Amargosa Desert
and the P2 aquifer)

• A generally southward topographic decline that approximately coincides with the
regional potentiometric surface declines

. Large regional recharge areas present to the north and west, in the vicinity of Pahute
Mesa (17) to the Groom Range (3).

The steepest segments of this domain are those at the north and west sides of Yucca Flat. A rim
of the PI unit separates potentiometric levels of about 1,300 m (4,500 ft) in southwestern
Emigrant Valley from levels of about 717 m (2,420 ft) in northern Yucca Flat (Winograd and
Thordarson 1975, Figure 32). The gradient is as large as 0.25 through the PI clastic rocks. The
west side of Yucca Flat is bordered by Eleana argillite on the upper plate of a thrust fault.
Winograd and Thordarson (1975, Plate 2) determined a gradient of 0.18 from measured water
levels in that area.

The large hydraulic gradient beneath northern Yucca Mountain is described by Luckey et al.
(1996, p. 21) as being contoured as 0.13 and possibly as large as 0.15. This gradient and its
possible causes are discussed in greater detail in Section 9.3.4.

9.2.8.3 Evidence of Vertical Gradients

Vertical gradients are an essential consequence of natural groundwater flow. In recharge areas,
flow must have a downward component, and in discharge areas, groundwater generally rises
from depth to the surface. Because potentiometric head (energy) is dissipated along flow paths,
it must decrease downward in recharge areas, decrease laterally where flow is essentially lateral,
and then decrease further with upward flow to the surface. This simple concept is sometimes
complicated by hydrogeologic heterogeneity, as well as by the fact that some recharge may occur
over an entire flow path. Particularly in arid to semiarid environments like the Death Valley
region, however, most recharge takes place in upland areas that are well separated by arid land
from much lower discharge areas, and the generalized concept holds quite well at the regional
scale of consideration.

In the Ash Meadows groundwater basin, the presence of the highly transmissive P2 aquifer
exaggerates the regional flow concept. Winograd and Thordarson (1975, p. C93) note that the
upgradient basins such as Yucca Flat, Frenchman Flat, and eastern Emigrant Valley provide at
least small recharge to the underlying carbonate rocks by vertical leakage. The water table in
these valleys, as well as through the intervening hills, is higher in elevation than the
potentiometric surface in the P2 unit, but the Tv and QTvf units are of sufficiently small vertical
permeability that they retard the downflow significantly. From measurements of heads in drill
holes in Yucca Flat, Winograd and Thordarson (1975, Table 6, pp. C54 to C57) indicate that the
maximum vertical gradient is about 0.2 and that downward leakage at Yucca Flat amounts to
only about 31,000 m3/yr. (25 a.-ft/yr.).

Water levels obtained in drill holes at and near Yucca Mountain also indicate vertical gradients
(Luckey et al. 1996, Table 3, pp. 27 to 29). Very small downward gradients were detected in the
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upper intervals of several drill holes, probably reflecting the presence of small rates of recharge.
Holes that penetrated deeply into the tuffs of the Tv unit showed increased heads at depth, in one
case 55 m higher than the head in the shallowest zone, which would be the potentiometric level
of the water table. Luckey et al. (1996, p. 29) attribute this tentatively to the presence of the
carbonate aquifer beneath the volcanic rocks. The head measured in a fault zone in carbonates
just east of Yucca Mountain is 21 m (69 ft) higher than that in the shallowest zone of the
same hole.

Upward gradients are common in eastern and southern Amargosa Desert (Kilroy 1991, pp. 11,
16, Table 3, Plate 4), whereas downward gradients occur at several localities, but particularly
near the Amargosa River east of the Funeral Mountains. Kilroy relates the upward gradients to
hydraulic connection to the P2 aquifer and downward gradients to hydraulic isolation from it.
In several wells (or nests of wells), upward gradients exceeded 0.1, and one extreme value of
1.2 is given (Kilroy 1991, Table 3). Downward gradients were as large as 0.4.

Dudley and Larson (1976, Table 3, Figure 17) report numerous flowing wells at Ash Meadows,
as is expected in a major regional discharge area containing many large springs. Dudley and
Larson also provide a contour map of the water table (Dudley and Larson 1976, Figure 10),
showing a groundwater mound beneath the Devils Hole hills, which are composed of faulted and
intensely fractured carbonate rocks and which receive no significant recharge. The warm
temperature of the water in and discharging from these rocks, 330 to 34.50 C (Dudley and Larson
1976, Table 2, p. 24), indicates that the groundwater mound is supported by upward flow of
water that has circulated deeply in the regional flow system.

9.2.9 Hydrochemical and Isotopic Indicators of Regional Flow

9.2.9.1 Introduction

A principal objective of characterizing the Yucca Mountain region is the development of
groundwater flow models to evaluate the potential effects of repository development and
operation, as well as the likelihood that the natural environment, if necessary, will ensure the
long-term isolation of wastes. Regional models simulating groundwater flow in the Death
Valley region are, like all such models, subject to significant uncertainty due to major data
deficiencies. In general, subsurface hydrogeologic information is confined to areas where deep
wells have been drilled (Figure 9.2-9), such as irrigated areas in Oasis Valley, the west-central
Amargosa Desert, Ash Meadows, parts of the Nevada Test Site, and the vicinity of the potential
Yucca Mountain repository.

The application of hydrogeochemical and isotopic methods makes it possible to reduce some of
the uncertainties concerning regional groundwater flow patterns and rates of flow. The inorganic
chemistry of the groundwaters can be used to characterize reactions with host rocks, areas of
recharge, flow paths, effects of evapotranspiration, and areas of discharge. Isotopic
compositions can be used to characterize sources of recharge and environmental conditions at the
time of recharge, such as changes in temperature or precipitation over time, time of recharge and
rates of groundwater flow, and effects of evaporation.
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Section 5.3 provides information on sampling and sample processing as well as summaries of the
geochemical processes and reactions that determine the composition of water in the volcanic
terrain of Yucca Mountain and vicinity.

9.2.9.2 Data Sources

This section has been developed entirely from existing information sources, including reports
published by federal and state agencies, federal regulations, consultants' reports, peer-reviewed
scientific literature, milestone reports submitted to DOE, textbooks, and other sections of this
document, particularly Section 5. No new data are presented in this section.

There is a large database for chemistry and isotopic composition of groundwater for southern
Nevada and adjacent California. Recent compilations of chemical data include McKinley et al.
(1991), Perfect et al. (1995), Thomas et al. (1996), Rose et al. (1997), and Oliver and Root
(1997). McKinley et al. (1991) compiled analyses from a wide range of sources and tabulated
the results in common, consistent units of expression, for example, milligrams per liter for the
major dissolved constituents. Thomas et al. (1996), Rose et al. (1997), and Oliver and Root
(1997) add isotopic data to their compilations, and Oliver and Root (1997) applied data screens
to eliminate analyses of questionable quality, such as those with a poor charge balance.
Discussions of the groundwater chemistry and its hydrologic implications in specific areas can
be found in Blankennagel and Weir (1973), Winograd and Thordarson (1975), Dudley and
Larson (1976), White (1979), and Claassen (1985).

9.2.9.3 Hydrogeochemical Processes

As described with respect to the potential repository area in Section 9.3.6, the same basic
physical and chemical processes apply to regional groundwater flow systems also. The main
processes that control groundwater chemistry are:

. Precipitation (atmospheric) quantities and compositions

Surface water quantities and compositions in recharge areas and along stream courses

. Soil-zone processes in recharge areas and along flow paths between the soil and
saturated zone

* Rock-water interactions in the unsaturated zone

* Rock-water interactions in the saturated zone

* Temperature and pressure effects in the unsaturated and saturated zones

* Mixing of groundwater from different flow systems.

Although the foregoing processes all may affect the groundwater chemistry, rock-water
interactions generally are the most dominant in determining the major-ion composition of
groundwaters.
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As discussed in Section 5.3.6, water-rock reactions that affect recharging waters in the soil zone
or the unsaturated zone include dissolution reactions, mineral-precipitation reactions, alteration
reactions, and ion-exchange reactions. The dominant changes to the water compositions that
result from these reactions in the volcanic rock terrains in the Yucca Mountain area are major
increases in SiO2 , sodium, and bicarbonate.

The dominant water-rock reactions that impact the water chemistry after the initial dissolution
reactions are SiO2 -precipitation reactions and ion-exchange reactions involving minerals such as
zeolites and clays. The cation-hydrogen ion-exchange reaction will also continue to be of
significance. The ion-exchange reactions will tend to lead to increased Na concentrations and
decreased Ca, Mg, and K concentrations in the waters. However, changes in the concentrations
of these ions will only occur if zeolites and/or clays are present in adequate quantities in rock
units through which the waters migrate. The Na+-H+ ion-exchange reaction will continue to
increase the Na content of the waters until thermodynamic equilibrium is achieved with the
host rock.

Controls on the pH of groundwaters in the saturated zone are similar to those discussed in
Section 5.3.9.1. Briefly, the primary controls on pH are the partial pressure of CO2 and the rate
at which hydrogen ions are consumed by the rock-mineral matrix. In the saturated zone, access
to the CO2 reservoir in the gas phase of the unsaturated zone becomes progressively more
difficult with depth. Therefore, unless a secondary source of H2CO3 or another source of acidity
(e.g., sulfide minerals) exists in the saturated zone, the reaction of hydrogen ions with the rock-
mineral matrix will eventually consume the available acidity, leading to increased pH.

Where the host rocks are limestone and dolomite, as in the case of the carbonate aquifer, the
dominant changes in water compositions are increases in Ca, Mg, and bicarbonate (White et al.
1980). In the alluvial valley fills, the host rocks consist of fragments that reflect the rock
corhposition in the upland sediment source areas. For example, in the west central Amargosa
Desert, a central region of predominantly tuffaceous valley fill is flanked to the east and west by
zones containing significant proportions of carbonate-rock detritus (Claassen 1985, p. F5,
Figure 1), which greatly affect the major-ion composition of the groundwater. This relatively
uncomplicated relationship is further complicated in the Amargosa Desert by the presence
locally of playa deposits (Claassen 1985, pp. F5, F30). Groundwater in the vicinity of playa
deposits typically contains greater concentrations of S0 4 and Cl2, which were concentrated in the
playa deposits through earlier cycles of evaporation (Claassen 1985, p. F 18).

The main processes that control the isotopic chemistry of saturated zone groundwaters have
some common ground with those that control major-ion chemistry; however, major differences
exist between these chemical regimes. As with major-ion content, precipitation quantity and
composition are the starting point for the isotopic evolution of groundwater. However, whereas
anthropogenic effects are relatively minor with respect to major-ion chemistry, tritium, 36 Cl, and
14C produced in the atmosphere during aboveground nuclear weapons testing, primarily between
1952 and 1963 have proven valuable as hydrologic tracers (Section 5.3.7). Tritium, 36Cl, and 14C
also exist naturally in the atmosphere and, because of their property of radioactive decay, are
useful indicators of time since recharge.
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Compositions of the stable isotopes of hydrogen and oxygen, SD and 6180 are sensitive to
condensation temperature of precipitation, and this property is useful in identifying elevation of
recharge and paleoclimates of recharge under different climatic conditions (Section 5.3.7.5).
Moreover, the compositions of 8180 versus 8D provide evidence of evaporation during and
shortly after precipitation and in groundwater flow.

Soil-zone processes may play a major role in 14C dating of ancient groundwaters because
biogenic production of CO2 in the soil is often the major source of dissolved carbon in
groundwater. Moreover, the origin of the carbonaceous material in the soil zone plays a role in
geochemical modeling of the carbon cycle in groundwater. In contrast, once water has infiltrated
the soil, soil-zone processes play little role in the relationship between 6D and 6180.

In general, rock-water reactions have little impact on isotopic composition of groundwaters, with
the exceptions of some radiogenic isotopes ( Sr, 234U), which reflect hydrogeology of the flow
path, and 14C dating of time of recharge. Solution of rock carbonate in groundwater flow tends
to dilute the 14C content of the groundwater, which produces apparent ages significantly older
than the actual time of recharge. Making accurate corrections to apparent 14C ages of recharge
remains a major scientific challenge in the Death Valley region (Section 5.3.7.4). As described
in Section 5.3.7.3, dating of recharge by 36CI content of water and/or soil samples, particularly
ancient recharge, is subject to considerable uncertainty at the present state of the science.

Mixing of groundwaters from different flow systems can greatly affect the isotopic chemistry of
groundwater. In fact, the conservative nature of the stable isotopes deuterium and 180 has been
used to advantage in calculating mixing ratios of different contributing sources to major
groundwater flow systems in southern Nevada. For example, in updating earlier work by
Winograd and Friedman (1972), Thomas et al. (1996, p. C38) used the AD of the groundwater to
compute that the discharge at Ash Meadows consists of 60 percent Spring Mountains water and
40 percent Pahranagat Valley water. Likewise, the identification of nuclear-bomb-period tritium,
36C1, and 14C in groundwaters commonly is evidence of mixing of modern recharge with older
water (Sections 5.3.7.2, 5.3.7.3, and 5.3.7.4).

In summary, the isotopic composition of the groundwaters represents an independent type
of chemistry subject to different controls than those that apply to major-ion chemistry.
The stable isotopes deuterium and 180 are conservative and virtually unchanging in groundwater,
and thus are valuable paleoclimatic indicators of time and place and environment of recharge and
direction (path) of groundwater flow. The radioactive isotopes tritium, 36C1, and 14 C decay
atknown rates and can be used to indicate modern nuclear-age recharge as well as to date
the time of prenuclear-age recharge. Major-ion chemistry and isotopic chemistry of
groundwaters represent complementary approaches as indicators of regional flow and
paleohydrologic conditions.

9.2.9.4 Hydrogeochemistry of the Central Death Valley Subregion

As described in Section 9.2.3, the Death Valley regional groundwater flow system is subdivided
into subregions, each of which is further subdivided into groundwater basins on the basis of
groundwater flow paths (Figure 9.2-8). The potential Yucca Mountain repository is located
within the Alkali Flat-Furnace Creek groundwater basin in the central Death Valley subregion
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(Figure 9.2-8). The Alkali Flat-Furnace Creek groundwater basin is bordered on the north and
northwest by the Pahute Mesa-Oasis Valley groundwater basin and on the east by the Ash
Meadows groundwater basin. The following discussion is an overview of the hydrochemistry
and isotope chemistry of the Central Death Valley subregion. It is followed in subsequent
sections by descriptions of each groundwater basin within the subregion.

9.2.9.4.1 Major-Ion Composition

Water recharged into the carbonate aquifer, which dominates the hydrogeology of the eastern
half of the subregion, acquires a Ca-Mg bicarbonate character. Water recharged into the
volcanic rocks or into sediments derived from volcanic rocks acquires a Na-K character. Where
the volcanic rocks have been zeolitized, the dominance of Na becomes more pronounced because
of the removal of Ca. In places where clays occur as alteration products, the abundance of K
relative to Na may decrease as a result of ion exchange. Within the valley-fill aquifer, Na and Cl
appear to behave conservatively (White 1979).

Figure 9.2-14 is a Piper diagram showing types of chemical compositions of water found at and
near the Nevada Test Site (Winograd and Thordarson 1975, Figure 38), an area that coincides
with the central Death Valley subregion. Type I waters characterize the regional carbonate
aquifer; Type II waters characterize waters from the tuff aquifer (or waters in tuff-derived
alluvial aquifers). Type III and VI waters are believed to be derived from a mixture of Types I
and II either by mixing of waters or by flow through a mixed source.

Type I waters (Figure 9.2-14) represent the CaMg bicarbonate waters typical of the P2 unit, the
regional carbonate aquifer. The letters designate localities:

* A represents samples from four samples collected from the Spring Mountains.

. B represents 10 samples collected in Indian Springs Valley, northwestern Las Vegas
Valley, and southern Three Lakes Valley.

* C represents 26 samples collected in Pahrump Valley.

* D represents three samples collected in Pahranagat Valley.

Water samples from multiple zones in two deep wells into the carbonate aquifer suggest that the
chemical composition is fairly uniform with depth (Winograd and Thordarson 1975, p. C 102).

Type II waters (Figure 9.2-14) represent the Na-K bicarbonate waters typical of the valley-fill
aquifer. The letters designate the following localities:

. A represents samples collected from Rainer Mesa (24 samples), the hills west of Yucca
and Frenchman Flats (nine samples), and the hills west of Oasis Valley (five samples).

. B represents three samples collected from Emigrant Valley (northwest of the Nevada
Test Site).

• C represents five samples collected from Yucca Flat.
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* D represents three samples collected from Frenchman Flat.

* E represents three samples collected from Jackass Flat.

* F represents 1O samples collected from Pahute Mesa.

* G represents 17 samples collected from Oasis Valley.

Limited sampling from packed-off zones within the valley-fill aquifer show no more variability
than is noted among closely spaced wells.

Type III waters (Figure 9.2-14) are Ca-Mg-Na bicarbonate that have originated by a mixed
source. The letters correspond to localities:

* A represents six samples collected from Ash Meadows, which is the principal discharge
area of the carbonate aquifer.

* B represents three samples collected from the east-central Amargosa Desert where
water from the carbonate aquifer leaks up into a valley-fill aquifer dominated by
volcanic detritus.

* C represents six samples collected from the eastern Nevada Test Site where waters in the
carbonate aquifer have infiltrated through volcanic materials. Type III, area C, waters
are thought to make up a component of flow at Ash Meadows.

The final water type shown in Figure 9.2-14, designated as Type VI, is a Na-SO4 bicarbonate
composition represented by three samples from the Furnace Creek Wash-Navares Springs area.
This water may originate as a Type III which subsequently reacts with sulfide minerals in the
core of the Funeral Range, or with evaporites within the Paleozoic strata, or possibly with
evaporites within the basal Tertiary section. Of the three possibilities, the last seems least likely
in that there is very little Tertiary section between the Amargosa drainage and the springs.
A source within the Precambrian core of the range is supported by isotopic data, discussed
below.

9.2.9.4.2 Isotopic Composition

The isotopic database for groundwater from southern Nevada and adjacent California is not quite
as extensive as that for major-ion compositions. Furthermore, most studies have focused on a
particular isotope or group of isotopes so that compositions of a particular well or spring have
not been determined for a single sample, but rather several samples usually collected on different
dates. Nonetheless, the database provides good coverage for 6D, 683C, 6"4C, 6180, 687Sr, and
234U/238U activity ratios. Major sources of information include:

* Winograd and Friedman (1972) for 6D, and 6l80 in the carbonate aquifer

* Winograd and Pearson (1976) for AD, 6' 4C, "4C, and 6"8O in the carbonate aquifer

* Peterman, Stuckless et al. (1992) for 687Sr in the carbonate aquifer
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* Benson and McKinley (1985) for SD, 814 C, 14 C, 6180 in groundwater in the Yucca
Mountain vicinity

* White and Chuma (1987) for 3D, 8' 4C, 04C, 81s0 in the volcanic and alluvial aquifer in
Oasis Valley, Pahute Mesa, Fortymile Wash, and northern Amargosa Desert

* Claassen (1985) for SD, 8' 4 C, 'ad, 8180 in Crater Flat and the Amargosa Desert

* Peterman and Stuckless (1993) and Paces, Forester et al. (1996) for 887 Sr in the Yucca
Mountain area, Oasis Valley, Crater Flat, and the Amargosa Desert

. Ludwig, Peterman et al. (1993) for 234U/238U activity ratios

Rose et al. (1 997) for 514C, 14C, 6180, 36C1/Cl, 8 7Sr, and 234U/238U activity ratios for
much of the groundwater basin.

In addition to the above information, there is an excellent record of isotopic compositions as a
function of time recorded in calcites deposited at Devils Hole. Data are available for 8180

(Winograd, Coplen et al. 1992), 613C (Coplen et al. 1994), 887Sr (Marshall, Peterman et al. 1990,
1991, 1993), and 234U/238U activity ratios (Ludwig, Simmons et al. 1992).

Early work on stable isotopes (8180) (Winograd and Friedman 1972) showed that water in the
carbonate aquifer was lightest in the north (Pahranagat Valley), heavier to the south (Spring
Mountains), and intermediate in the Ash Meadows springs at the southwestern limit of the flow
system (Figure 9.2-15). This observation led to a simple model which suggested that 35 percent
of the discharge at the spring line originated as underflow from the Pahranagat Valley.
However, C-isotope data (Figure 9.2-16) show that discharging waters are heavier than either of
the recharge sources, although this could be the result of reaction with the Paleozoic carbonate,
from which the waters have a value close to zero. The U data also argue against a simple mixing
of two recharge areas. Figure 9.2-17 shows the reciprocal of U concentration versus isotopic
composition. A simple mixing relationship will produce a straight line. No such relationship
exists, and, in fact, the two proposed end-members plot toward the same side of the diagram.
Values for 6180 within the valley-fill aquifer generally become heavier from north to south
(Figure 9.2-18). This can be interpreted as southern waters being older and, recharged in a
warmer climate, being recharged at a lower elevation, or being a mixture of waters from different
sources with one component being recharge like that at Pahute Mesa and the other being
moderately heavy. The first alternative is inconsistent with the paleoclimate date, but
notimpossible. The second is favored by Claassen (1985, p. F23). The third alternative is
currently untestable.

With respect to deuterium and 180 the most depleted samples in the area come from wells in
tuffaceous aquifers in Pahute Mesa (6D of -109 to -1 14%o Standard Mean Ocean Water and 8180
of -14.05 to -14.75%o Standard Mean Ocean Water) (White and Churna 1987, Table 1). This
depletion reflects the higher elevation on Pahute Mesa. Deuterium and 180 become more
enriched southward in the Oasis Valley basin; this enrichment is attributed to partial evaporation
and progressive mixing between waters originating in Pahute Mesa and heavier waters
recharging locally at lower elevations in the bullfrog Hills. Stuckless et al. (1991, Table 1)
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report l80 values ranging between -12.8 to -14.2%o Standard Mean Ocean Water for 18 samples
of groundwater from beneath Yucca Mountain, with an average value of -13.5%o Standard Mean
Ocean Water. These values are noticeably heavier than those of groundwater samples from
beneath Pahute Mesa. The isotopic signatures of Tertiary volcanic waters and Quaternary
alluvium aquifer waters generally overlap, with the isotopic composition of all the waters falling
on a line paralleling the global meteoric water line of Craig (1961), but shifted toward slightly
more depleted deuterium values. The SD values for the Yucca Mountain samples mirror the
6180 values: the lightest values are found for samples from Pahute Mesa and heavier values
(6D of -100 to -108%o Standard Mean Ocean Water are from samples from the Yucca Mountain
area. The Yucca Mountain waters are still shifted to a line parallel to the global meteoric water
line, but the shift is slightly less than that observed by White and Chuma (1987, Figure 3) for
Pahute Mesa and Oasis Valley. Stuckless et al. (1991, pp. 1411 to 1412) used this evidence to
suggest that there is little communication between recharge at Pahute Mesa and waters beneath
Yucca Mountain. These authors and others (White and Chuma 1987, p. 573; Claassen 1985,
Figure 13; pp. F21 to F22) inferred from the close correlation between 8D and 6180 values and
the slight shift to the right of the meteoric water line that paleoclimatic conditions were different
from modem conditions or that minor modification of isotopic composition by evaporation
occurred prior to recharge.

Carbon isotope interpretation is complicated by the ready reaction of C between different phases
in a groundwater-rock-gas system. Values for 61 3 C also generally become heavier from north to
south (Figure 9.2-19). The isotopic composition of C in groundwater is controlled by input from
the atmosphere, biological activity, and available inorganic C. Except for recharge directly
through bedrock, the latter two sources generally dominate the isotopic composition of C, and
values of about -12%o would be reasonable for recharge at Pahute Mesa. As with 0 and
deuterium, the isotopic composition of C becomes heavier to the south. White and Chuma
(1987, p. 581) propose an open system reaction between soil gas and shallow groundwater to
explain the heavy C in groundwater in Oasis Valley. Alternatively, Stuckless, Whelan et al.
(1991, p. 1414) propose that upward leakage from the carbonate aquifer would introduce heavy
C as well as increase the temperature of groundwater, and both features are observed in Oasis
Valley. Furthermore, the isotopic composition of C beneath Yucca Mountain becomes heavier
from north to south, and at this locality, the groundwater table is hundreds of meters below the
soil zone and the hydraulic head in the carbonate aquifer is about 20 m greater than that in the
basal Tertiary units (Craig and Robison 1984, p. 51).

The isotopic composition of Sr (Figure 9.2-20) becomes more radiogenic from north to south,
but there are fine structures in the data that reflect the geologic framework. For example, in
Crater Flat, wells USW VH-1 and USW VH-2 are separated by less than 2 km, but the
westernmost well has a 87Sr value nearly twice that of the eastern well. The altered carbonates in
Bare Mountain, with 87Sr values as high as 23 (Peterman, Widmann et al. 1994, p. 1321), or
detritus derived from them, provide a probable source for the radiogenic Sr. In contrast, the
unaltered carbonates have 87Sr values of about 1 and could provide a source for the unradiogenic
Sr noted in Oasis Valley, thereby agreeing with interpretations of upward leakage of water as
proposed on the basis of temperatures and C isotopic data.

The 87Sr values along much of the Ash Meadows spring line are fairly uniform (Figure 9.2-20)
and significantly more radiogenic than the host carbonate rock, which has a 87Sr near zero. The
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lack of equilibration between strontium in the carbonate and in the water may indicate that the
heavy carbon in water discharging along the spring line is not due to reaction with the carbonate
rocks. The southern three springs are anomalously radiogenic, suggesting recharge and flow
through Precambrian rocks in the northwestern Spring Mountains.

Sr in well water along the southwestern boundary of the Amargosa Desert, bordering the Funeral
Mountains, is more radiogenic than that near the center of the basin (Figure 9.2-20) and thus
reflects input of more radiogenic Sr from the Precambrian core of the Funeral Mountains. The
input can represent either water recharged into the mountains, or interaction of groundwater with
detritus derived from the Precambrian. In Death Valley, the discharge of springs at the mouth of
Furnace Creek Wash and northward along the Funeral Mountains also is radiogenic, reinforcing
the role of the Precambrian core of the Funeral Mountains.

Winograd and Pearson (1976) analyzed 14C in the discharge from springs located along the
16-km-long spring line at Ash Meadows. The 1 4C content of the water from Crystal Pool, at the
center of the spring line, was five times greater than that in discharge water from other major
springs along the lineament. This represents a 14C range of 2.3 to 11.1 percent, which is an
approximate unadjusted time span of 18,000 to 30,000 yr. The difference in 14 C stood in contrast
to the similarity of alkalinity, pH, 6180, SD, tritium, and other major and trace ions of all the
spring waters sampled. Winograd and Pearson (1976, pp. 1131 to 1132) offered 10 possible
explanations of the "'C anomaly. The four most plausible hypotheses required the presence of a
longitudinal heterogeneity at least 1 1 km long in the distal portion of the groundwater basin to
explain the anomaly. In summary, isotopic data are available for a number of different isotopes
in groundwater that show areal patterns to assist investigators in interpreting groundwater flow
paths, mixing, recharge, and prior climatic conditions within the central Death Valley subregion
of the Death Valley regional groundwater flow system. Deuterium and 180, in particular, display
similar general trends, with progressive enrichment of both becoming more evident southward
from Pahute Mesa into the Oasis Valley basin. The enrichment is attributed to isotopically
heavier water recharging at warmer temperatures and lower elevations and mixing with the more
depleted waters recharging at Pahute Mesa.

The enrichment of deuterium and 180 observed in groundwater samples from Fortymile Canyon
relative to all other samples from the Yucca Mountain region (Section 9.2.9.9.2) indicates that
groundwater from the upper reaches of Fortymile Canyon is closer to the modem global meteoric
water line, suggesting local, relatively recent recharge (e.g., at lower elevations during the
summer months). This evidence suggests little communication between the Tertiary aquifers
beneath Fortymile Canyon and those to the west under Yucca Mountain (White and
Chuma 1987, p. 573; Stuckless et al. 1991, pp. 1411 to 1412).

From north to south, the general progressive increase in 613C values observed in groundwater
appears to reflect increasing interaction with atmospheric CO2 and fracture calcite. In the more
southern areas of the Death Valley regional groundwater flow system, higher 6'3 C values could
be the result of either progressive upward mixing with groundwaters from the carbonate aquifers
(e.g., Fridrich et al. 1994, p. 157; Stuckless et al. 1991, p. 1412) or might reflect increased
interaction with carbonate alluvium that originated in the adjacent Paleozoic carbonate uplands
(White and Chuma 1987, pp. 576, 581).
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The general increase in 687Sr values in groundwater from north to south (downgradient) from
Pahute Mesa to Alkali Flat (Franklin Lake Playa), reported by Peterman and Stuckless (1993,
Figure 2, p. 1561), is attributed to progressive water-rock interaction within the volcanic units
southward toward Amargosa Valley. The largest 887Sr values are for groundwaters in the
Amargosa Desert and probably reflect interaction with alluvial material derived from
Precambrian rocks in the Funeral Range. Finer-scale differences in 687Sr values are observed for
groundwater samples collected from different locations within different volcanic units. These
differences are attributed to differences in the length of the groundwater flow path for the water
and the different 87 Sr/Sr ratios of the various volcanic units encountered by the groundwater,
with older volcanic units generally exhibiting higher Sr, but lower 87Sr, values.

9.2.9.5 Ash Meadows Groundwater Basin

The Ash Meadows groundwater basin comprises somewhat more than the eastern half of the
central Death Valley subregion (Figure 9.2-7). Throughout essentially this entire area, both
uplands and valleys are underlain by unit P2, the lower carbonate aquifer of early to middle
Paleozoic age, consisting predominantly of limestone and dolomite. Although the western
boundary of the system is generally drawn to the east of Fortymile Canyon-Wash, the lower
carbonate aquifer was encountered in borehole UE-25 pXl, located to the west of Fortymile
Wash near Yucca Mountain (Luckey et al. 1996, pp. 20, 40 to 41). However, the physical
connection of the unit in UE-25 p#l with the P2 aquifer in the Ash Meadows basin, if any,
is uncertain.

Hydrogeologic and hydrogeochemical evidence suggest that water movement in the Ash
Meadows groundwater basin is predominantly from the Spring Mountains on the south and from
the adjacent White River flow system on the east via Pahranagat Valley, and thence toward the
major spring discharge zone at Ash Meadows (Thomas et al. 1996, Figure 17). Thomas et al.
(1996, p. C38) calculated on the basis of deuterium content of the spring discharge that the water
consists of a blend of 40 percent Pahranagat Valley water with 60 percent Spring Mountain
water; this represents a small increase in the contribution from Pahranagat Valley as compared
with the earlier calculation by Winograd and Friedman (1972). Other sources of recharge appear
to be minor (Thomas et al. 1996, p. C38).

Ash Meadows itself is a linear area of oases and salt meadows watered by dozens of springs,
which are the principal discharge points for the Ash Meadows flow system (Dudley and Larson
1976, p. 1). The spring zone extends about 15 km from Fairbanks Spring on the north to Bole
Spring on the south (Dudley and Larson 1976, Figure 3). As discussed in Section 9.2.6, the total
discharge from the Ash Meadows springs is reported to be about 17,000 a.-ft annually, but an
additional 1,000 to 4,000 a.-ft is estimated to discharge by direct evapotranspiration from the
water table without first emerging as spring flow (Laczniak et al. 1999, p. 52).

9.2.9.5.1 Hydrochemistry

As summarized by Thomas et al. (1996, p. C65), the chemical and isotopic compositions of
water in the carbonate-rock aquifers of southern Nevada evolved as a consequence of
(1) dissolution of minerals and soil-zone CO2, (2) precipitation or formation of minerals, (3) ion
exchange, (4) mixing of chemically or isotopically different waters, and (5) geothermal heating.
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Water recharged in the mountain areas obtains most of its ions from dissolution of C0 2, calcite,
and dolomite. Recharge waters generally are saturated with respect to calcite, and dolomite, and
contain predominantly Ca, Mg, and bicarbonate. These waters circulate to depth, which causes
the water to heat and to precipitate calcite.

Numerous geochemical processes occur throughout the carbonate-rock aquifers. Calcite
precipitates, Ca and Mg in the water exchange for Na in clays, chalcedony precipitates, kaolinite
forms, and in some spring areas, CO2 degasses. In large areas of the carbonate-rock aquifers
gypsum dissolves, causing calcite to precipitate and dolomite to dissolve (dedolomitization).
In addition, Na and K probably are added to the water by the dissolution of volcanic glass and
minerals (dominantly albite and potassium feldspar)' and zeolite minerals (probably
clinoptilolite), which are present in parts of the area. Sodium-chloride salts also present in some
parts of the area dissolve. In the Ash Meadows flow system, downward leakage of water from
the Tertiary aquitard into the carbonate-rock aquifers is the primary source of increased S04 and
Na concentrations (Winograd and Thordarson 1975, p. C107).

A notable feature of the Ash Meadows springs is their uniformity in chemical character (Dudley
and Larson 1976, p. 24). With the exception of Big Spring, all the major springs are of uniform
chemistry. Sodium is typically 41 percent (± 3 percent) of total cations, and Ca slightly exceeds
Mg. Bicarbonate typically is about 70 percent of total anions, followed by So42- (20 percent),
Cl22-(about 8 percent), and F (less than 2 percent). Total dissolved solids generally ranges from
400 to 500 mg/L (Dudley and Larson 1976, Table 6).

9.2.9.5.2 Isotope Hydrology

The isotopic and chemical compositions of water in the carbonate-rock aquifers of southern
Nevada were used by Thomas et al. (1996, pp. C22 to C24) to delineate flow systems. First, the
deuterium content of water in the carbonate-rock aquifers was used to determine source areas,
flow paths, and mixing. Second, these deuterium-delineated flow paths and mixing scenarios
were checked for chemical feasibility using mass-balance and mineral-equilibrium models based
on water chemistry and the geochemical processes that are assumed to have produced the
chemical composition of the water. Third, adjusted 14C ages were determined from carbon-
isotope data on the basis of the mass-balance reaction models.

While the hydrochemistry of the Ash Meadows flow system is understood in general outline, the
calculation of travel time of the water from the principal recharge areas to Ash Meadows has
been problematic. Apparent uncorrected '4C ages of the major springs at Ash Meadows suggest
average times of recharge ranging from roughly 18 to 30 ka (Winograd and Pearson 1976,
p. 1131). However, it is recognized that the 14C in the recharge water may be significantly
diluted by addition of dead carbon from older sources of carbon, such as ancient marine
carbonate rocks. Winograd and Pearson (1976, p. 1140) applied corrections to the apparent 14C
ages of the Ash Meadows springs accounting for dilution by dead carbon. The adjusted ages for
Crystal Pool water were 8 to 13 k.y. and for most of the other springs tested were 19 to 28 k.y.
As noted above, this anomalous 14C variability was attributed to megascale flow channeling in
the carbonate aquifer (Winograd and Pearson 1976, p. 1141).
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Thomas et al. (1996, p. C39) applied mass-balance reaction models using the computer program
NETPATH to deducing the water chemistry of the Ash Meadows flow system. Groundwater
age, adjusted for the mass transfer of carbon into and out of the water, can be calculated from
513C compositions of the water, if (1) the 513C composition of the recharge water when the water
becomes isolated from atmospheric and soil-zone CO2 is known, (2) the mass and sources of
carbon added to or removed from the water are known, (3) the isotope composition of the
sources of C are known, and (4) the fractionation of the isotopes during removal of C from the
water is known. Thomas et al. (1996, p. C38) calculated, on the basis of deuterium content, that
the Ash Meadows spring discharge represented a blend of 40 percent Pahranagat Valley water
with 60 percent Spring Mountain water. The preferred average travel time from the two sources
to the discharge at Ash Meadows was calculated to be 2,300 years (Thomas et al. 1996, p. C56,
Table 18). However 14C age of the Pahranagat Valley water was 8,500 years and that of the
Spring Mountain water was modern. Making allowances for 5,900 years travel time from
Pahranagat Valley to Ash Meadows and 2,200 years from the Spring Mountains to Ash
Meadows, Thomas et al. (1996, p. C58, Figure 26) calculated the average age of the blend of
water (time since recharge) discharging at Ash Meadows to be 4,100 years. The methodology of
calculating the average age of the discharge at Ash Meadows was based on mass-balance
calculations and isotope data as explained in Thomas et al. (1996, Table 18 headnotes, p. C56).

9.2.9.6 Pahute Mesa-Oasis Valley Groundwater Basin

The flow system of the Pahute Mesa-Oasis Valley groundwater basin lies to the north of the
Alkali Flat-Furnace Creek groundwater basin and abuts the Ash Meadows groundwater basin,
which is to the east (Figure 9.2-7). The principal investigations relating to hydrochemistry and
isotopic chemistry of this system are those reported in White (1979) on geochemistry of
groundwater, and by White and Chuma (1987) on C and isotopic mass-balance models.

The northern half of the Pahute Mesa-Oasis Valley groundwater basin comprises two large,
internally drained, high desert basins, Kawich Valley on the east and Gold Flat on the west. The
southern half corresponds generally to the drainage basin of the Amargosa River upstream from
Amargosa Narrows (White 1979, Figure 1). The southward-directed Amargosa River follows
the topographic axis of Oasis Valley and is joined by tributary ephemeral washes that drain
nearby uplands.

Hydrogeologic and hydrogeochemical evidence suggest that groundwater movement from the
northern boundary of the basin is southerly toward Pahute Mesa and then southwesterly into
Oasis Valley itself, where significant spring discharge occurs (White 1979, p. E6) mainly along
the Amargosa River channel. Many of the springs discharge directly from tuffaceous volcanic
rocks of Tertiary age, but some springs discharge from alluvium that underlies much of the
valley floor. The spring discharge infiltrates the alluvium and follows flow paths along the
principal drainage channels to the axial drain and thence southward along the Amargosa River
channel (White 1979, Figure 3). White (1979, p. E6) suggests that most of the spring flow is
consumed by evapotranspiration along the floodplain of the Amargosa River. White cites
estimates of Malmberg and Eakin (1962) that evapotranspiration discharge within Oasis Valley
is about 2,500,000 m /yr. (2,000 a.-ft/yr.), whereas subsurface discharge through Amargosa
Narrows to the Amargosa Desert is 490,000 m3/yr. (400 a.-fi/yr.). D'Agnese et al. (1997,
Table 2) indicate discharge by evapotranspiration is about 5,300,000 m3/yr. (4,300 a.-ftlyr.),
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which is more consistent with recent larger recharge estimates in the northern part of the central
Death Valley subregion, as discussed in Section 9.2.7.

9.2.9.6.1 Hydrochemistry

On the basis of major-ion analyses of samples from 29 springs and wells, White (1979, pp. E23
to E24) arrived at the following principal findings:

* Most of the dissolved-solids content of the groundwaters, principally Na and SiO2 , are
derived from reaction with tuffaceous volcanic rocks. Hydrolysis and incongruent
dissolution of the volcanic glass phase are the principal reactions involved. Bicarbonate,
the principal anion present in the groundwater, results from disassociation of soil-
derived carbonic acid by hydrolysis and of ion exchange involving the glass phase.

. The spring flow infiltrates into the valley alluvium and migrates south along the
Amargosa River floodplain, where the dissolved-solids content increases due to
evapotranspiration from the shallow water table. The total dissolved-solids content
approximately doubles in 20 km (12.5 mi.) of travel from Thirsty Canyon to below
Amargosa Narrows (White 1979, Figure 3).

* Downgradient increase in dissolved-solids content is marked by linear increase with
distance in Na, Cl, and bicarbonate content (White 1979, Figure 6); SiO2 content
remains constant, suggesting precipitation of dissolved SiO2 as SiO2 gel; the
groundwater becomes saturated with calcite, barite, and fluorite, implying precipitation
of all three minerals; and K decreases significantly, probably as a result of adsorption
and fixation by clay minerals in the alluvium and soil zones.

* Mass-balance calculations show that slightly more than half the water entering the
alluvium in the floor of Oasis Valley is lost to evapotranspiration.

With respect to the major-ion chemistry of the groundwaters of Pahute Mesa, White (1979,
Figure 6) shows plots of representative values for Na, Cl, and bicarbonate of Pahute Mesa waters
and supports the earlier suggestion of Blankennagel and Weir (1973, p. B29) that water beneath
Pahute Mesa is chemically related to that of Oasis Valley (White 1979, p. E24). Blankennagel
and Weir (1973, Table 10) presented chemical analyses of water from 17 wells in the Pahute
Mesa area. Blankennagel and Weir (1973, p. B27) noted that the total dissolved solids content of
the groundwaters of the western part of the Pahute Mesa are of sodium-bicarbonate composition,
averaging a total dissolved solids content of 280 mg/L. This compares with a total dissolved
solids content of 458 mg/L in the most upgradient source in the Oasis Valley (White 1979,
Figure 3).

9.2.9.6.2 Isotope Hydrology

The 6D and 6180 compositions of groundwaters in the Pahute Mesa-Oasis Valley groundwater
basin have been used as indicators of location and environmental conditions of recharge and of
age of recharge, and the 14C and 613C compositions have been used to date recharge (White and
Chuma 1987, p. 581). White and Chuma (1987, Table 1) presented 8D and 6180 analyses of
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22 groundwater sources in the Oasis Valley area and three wells at Pahute Mesa. White and
Chuma observed that the isotopically lightest (most depleted in deuterium and 180 with respect
to a standard) occur beneath Pahute Mesa (6D of -109.5%o to -1 14%o) and in the upgradient part
of Oasis Valley (8D of -1 12.5%o), which supports White's (1979, p. E24) earlier conclusion,
based on major-ion chemistry, that the Oasis Valley groundwater represents flow largely from
Pahute Mesa. Other 5D /delta 180 relationships noted by White and Chuma (1987) include:

* The isotopically light nature of the Pahute Mesa groundwater is consistent with the high
elevation and cold condensation temperature on Pahute Mesa (White and Chuma 1987,
p. 573).

* Groundwater moving downgradient in Oasis Valley becomes isotopically heavier,
reflecting mixing of Pahute Mesa groundwater with local sources and the effect of
evaporation (White and Chuma 1987, p. 573).

* The AD/6180 relationship in the groundwaters differs from that of modem precipitation
in the area, in that deuterium is depleted by about 5%o (White and Chuma 1987, p. 573).
Benson and Klieforth (1989, pp. 47 to 48) observed a similar deuterium depletion in the
groundwaters of the Amargosa Desert, Crater Flat, and Yucca Mountain, which they
interpreted as being due to change in the relative humidity of the moisture source area in
the eastern Pacific Ocean during the period prior to 9 ka (Benson and Klieforth 1989,
pp. 48, 57).

White and Chuma (1987, pp. 574, 578 to 579) used 14 C as a dating tool for estimating the time of
recharge of the groundwaters of Oasis Valley and concluded that use of 13 C age corrections
would not be suitable for the geochemical environment of Oasis Valley. As an alternative age
correction model, they employed a reaction-path model of groundwater composition. Results of
correction of apparent 14C ages by both methods for selected samples are presented in White and
Chuma (1987, Table 2). The 6'3 C age corrections, termed "isotope corrected age," resulted in
ages ranging from 3.1 to 12.4 k.y.; the reaction-path model correction, termed "IAP corrected
age," resulted in ages ranging from 3.9 to 17 k.y. The corresponding higher and lower
uncorrected ages were 22.1 and 8.7 k.y., respectively. While a reasonably good correlation
exists between the results of the two correction methods, White and Chuma (1987, p. 581) point
out that uncertainty remains as to precise ages in applying either method. However; it was clear
that the Oasis Valley groundwater exhibited extensive calcite dissolution as compared to samples
from wells in the Fortymile Canyon area.

In summary, the geochemical data, together with isotopic data, indicate that groundwater flows
from Pahute Mesa toward Oasis Valley, where much is consumed as evapotranspiration, with a
small residue discharging by subsurface flow to the Amargosa Desert. The AD /6180 data,
together with 14C ages of groundwater, suggest that recharge occurred mainly in late Pleistocene
and early Holocene time under climatic conditions different from the present.

9.2.9.7 Alkali Flat-Furnace Creek Groundwater Basin, Amargosa River Section

The Alkali Flat-Furnace Creek basin consists of four recognized sections (Figure 9.2-7). Yucca
Mountain forms the drainage divide between the lower Fortymile Canyon section and the Crater
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Flat section. Most of the geographic area of the Amargosa Desert, excluding its easternmost
section (Amargosa Flat), is termed the Amargosa River section of the groundwater basin. An
area of inferred interbasin flow from the Amargosa River section through the Funeral Mountains
into eastern Death Valley defines the Funeral Mountains section.

The Amargosa Desert is a broad intermontane topographic basin extending northwesterly about
85 km (53 mi.) from the westernmost Spring Mountains to the Bullfrog Hills west of Beatty,
Nevada. It is bordered on the east by the Spring Mountains and the Specter Range. The eastern
boundary of the Amargosa River section of the Alkali Flat-Furnace Creek groundwater basin
excludes the part of the Arnargosa Desert that is east of Ash Meadows and the Gravity fault,
which extends from Ash Meadows northward to the western end of the Specter Range.
The Amargosa River section is further bordered on the north by Yucca Mountain and Bare
Mountain, on the northwest by the Bullfrog Hills and the southern Grapevine Mountains, and on
the southwest by the Funeral Mountains and the Greenwater Range. The southern boundary of
the groundwater basin is placed at Alkali Flat, south of which the Amargosa River drains
southward between the Greenwater Range and Resting Spring Range out of the central Death
Valley subregion.

Under present climatic conditions, the Arnargosa River section receives recharge mainly from
occasional flood flows of the Amargosa River and Fortymile Wash. It also receives groundwater
inflow from Oasis Valley, Crater Flat, and Jackass Flats and from the Ash Meadows basin via
deep westward underflow in the carbonate aquifer (P2), some of which leaks upward into
the QTvf.

The principal investigations relating to hydrochemistry and isotopic chemistry of the
groundwater of the Amargosa Desert are those of Walker and Eakin (1963), Claassen (1985),
Winograd and Thordarson (1975), and Benson and Klieforth (1989). The most comprehensive
interpretation of the geochemistry and isotope hydrology was that of Claassen (1985), who
presented and interpreted major-ion analyses of samples from 54 sites in the west-central
Amargosa Desert and isotopic analyses of 23 of those samples.

9.2.9.7.1 Hydrochemistry

Claassen presented a series of maps of the concentrations of Na, Ca, bicarbonate, and SO 4 in the
groundwaters (Claassen 1985, Figures 4 to 7). All these maps show a central region, aligned
with the major distributaries of Fortymile Wash, of low concentrations bounded on the west by a
very steep concentration gradient and on the east by a less steep, but still prominent, gradient
(Claassen 1985, p. F5).

Comparison of the chemical character of Amargosa Valley groundwaters with that of
representative groundwaters of the Nevada Test Site led Claassen (1985, pp. F13 to F14) to
conclude that the water in the. tuffaceous valley fill had not been derived from recharge in the
highlands to the north via subsurface flow, but that the valley fill groundwater was recharged by
direct surface runoff. Claassen (1985, p. F18) also concluded that groundwater of high chloride
and sulfate composition associated with playa deposits was the result of direct recharge.
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With respect to groundwaters in the vicinity of a potentiometric high associated with the Gravity
fault near its intersection with the Specter Range Thrust fault (Claassen 1985, Figure 2),
Claassen (1985, p. F18) concluded that the best explanation of the water quality data is upward
leakage from the lower carbonate aquifer in combination with water recharged directly to the
valley fill.

Groundwater in the vicinity of the Amargosa River channel is of significantly higher salinity
than elsewhere in the area (Claassen 1985, p. F20); moreover, the water is more saline in the
upstream reach (western part of T.16S., R.48E) (Claassen 1985, Figure 3) than in the
downstream reach (T.17S., Rs. 48 and 49E and T.18S., R.49E). Claassen (1985, pp. F21 to F23)
concluded from this relationship that the valley fill along the downstream reach received
recharge from both the Amargosa River and Fortymile Wash, and that the less saline Fortymile
Wash flow was predominant in the downstream reach.

9.2.9.7.2 Isotope Hydrology

Benson and Klieforth (1989) analyzed the stable-isotope composition (6D and 6180) of modern
precipitation in southern Nevada together with stable-isotope and 14C age data on groundwaters
of the Yucca Mountain and Amargosa Desert areas. They observed significant differences
between the stable isotope content of modern precipitation and that of ancient groundwaters,
which they interpreted as being due to changes in relative humidity in the eastern Pacific
moisture source area (Benson and Klieforth 1989, p. 57). Among the principal findings related
to the Amargosa Desert were:

* The 6D and 6180 contents of modern rains greater than 0.25 cm (0.01 in.)and snow plot
close to the world meteoric trend line on a 8D/618 0 graph. The world meteoric trend
line fits the equation

AD = 8518 0 + 10 (Eq. 9.2-2)

• Groundwaters of the Amargosa Desert, as well as those of Pahute Mesa, Crater Flat, and
Yucca Mountain, plot to the right of the world meteoric trend line on a 5D/6180 graph,
which Benson and Klieforth suggest was due to a change in relative humidity over the
eastern Pacific moisture source area during the period 18.5 to 9 ka. Benson and
Klieforth related this change to the last lake cycle in northern Nevada, the last retreat of
North American continental glaciers, the position and persistence of the jet stream, and a
continental warming trend.

. On a 6D/618 0 graph, the groundwaters of Pahute Mesa, Crater Flat, and Yucca
Mountain are more depleted than those of the Arnargosa Desert, and the Amargosa
Desert groundwaters show greater dispersion (Benson and Klieforth 1989, Figure 9).
This dispersion is attributed to the effect of evaporation prior to infiltration (Benson and
Klieforth 1989, p. 48), which provides support for Claassen's interpretation that the
Amargosa Desert recharge was mainly from infiltration of surface flows
(see Section 9.2.9.7.1).

TDR-CRW-GS-OOOOO1 REV 01 ICN 01 9.2-62 September 2000



. Unadjusted 14C ages of Amargosa Desert groundwaters not related to carbonate rocks
(Benson and Klieforth 1989, p. 46, Table 3, Figure 7) range from 10.1 to 14.9 k.y.,
which corresponds closely with continent-wide climatic change. Groundwater recharge
seems to have started at the time of maximum glaciation and ended during the early
stages of deglaciation (Benson and Klieforth 1989, p. 4 6).

9.2.9.8 Alkali Flat-Furnace Creek Groundwater Basin, Funeral Mountains Section

A group of large springs in eastern Death Valley that discharge from the western slopes of the
Funeral Mountains is believed to represent interbasin flow from the Amargosa Desert through
the Funeral Mountains. The major groups of springs include Travertine Springs, Texas Spring,
and Nevares Springs, which discharge about 75, 16, and 20 L/s (1,190, 210, and 260 gpm),
respectively (Miller 1977, p. 27). These springs are notable for their steady flow, uniform,
unchanging chemical quality, and temperature above local ambient air temperature, all of which
suggest discharge from a common groundwater reservoir (Miller 1977, p. 26), although the
springs are distributed over a distance of 6.4 km (4 mi.) (Miller 1977, Figure 7). Travertine
Springs discharge at about 122 m (400 ft) elevation and Texas Spring at 116 m (380 ft) elevation
from Quaternary gravels underlain at shallow depth and partly surrounded by Tertiary lacustrine
deposits. Nevares Springs issue from travertine spring deposits at about 286 m (937 ft) elevation
within 30 m (100 ft) of an outcrop of the lower carbonate aquifer (Winograd and Thordarson
1975, p. C95).

A number of investigators have described the Furnace Creek Wash springs, chiefly Pistrang and
Kunkel (1964), Winograd and Thordarson (1975), and Miller (1977). With the exception of
Pistrang and Kunkel (1964, p. Y20), who attributed the spring discharge to local precipitation in
the Furnace Creek drainage area, other investigators have reasoned that the springs represent
discharge of interbasin flows from large basins north and east of Death Valley. Miller (1977, pp.
28 to 30) summarizes the hydrologic evidence for interbasin flow as follows:

. Using generally accepted methods for estimating recharge, it appears that little recharge
occurs from precipitation in the Furnace Creek watershed because of low elevation and
low precipitation.

. The spring discharges show no significant effect of local flood runoff, which would be
expected if they represented local recharge.

. Similar drainage basins in the Death Valley area have much smaller discharges than
those of the Furnace Creek Wash area, both as actual rate of discharge and as rate per
unit area of apparent catchment.

9.2.9.8.1 Hydrochemistry

Winograd and Thordarson (1975, p. C 112), in considering possible sources of the Furnace Creek
Wash springs, noted that the spring waters differed markedly in chemical quality from
groundwater in Pahrump Valley and from the Ash Meadow springs. Winograd and Thordarson
(1975, Plate 3) suggested that the predominantly Na+, bicarbonate, So2-4, Cl- groundwater of the
valley-fill aquifer (QTvf) of the west side of the Amargosa Desert resembles that of the Furnace
Creek Wash springs more closely than other potential sources. These waters were described
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later also by Claassen (1985, pp. F20 to F23), who observed that, compared to modem
precipitation, the groundwaters along the upstream reach of the Amargosa River in the Amargosa
Desert appear to have been concentrated by a factor of 200 in SO4 and Cl content. Claassen
attributed the greater salinity in valley fill along the Amargosa River to residual salt from
evaporation of a Pleistocene lake or evaporation of precipitation or periodic small flood flows
that do not result in recharge (Claassen 1985, p. F23). In an earlier analysis, Winograd and
Thordarson (1975, p. C96) noted that the following three conditions required for underflow
through the lower carbonate aquifer to the Furnace Creek Wash springs were met: (1) that the
aquifer must be continuous from the central Amargosa Valley to the Furnace Creek Wash
springs, (2) a favorable hydraulic potential must exist, and (3) a source of recharge to the lower
carbonate aquifer must be available. While these conditions confirm the possibility of a common
source of water, actual demonstration of hydraulic continuity is lacking because no wells in the
central Amargosa Valley have been drilled deeply enough to penetrate the lower
carbonate aquifer.

With respect to the chemical resemblance of the waters of the Furnace Creek Wash springs to the
high S0 4-Cl waters in the vicinity of the Amargosa River, McKinley et al. (1991, Tables 1, 2)
list 13 wells containing 110 mg/L of SO4 or more (Numbers 39-42, 45, 47-50, 56, 72, 81, and
96); and in McKinley et al. (1991, Tables 3, 4), present chemical analyses for Travertine, Texas,
and Nevares Springs. It is noteworthy that with the exception of Ca, the range of major-ion
contents for the spring waters (Na, Mg, K, bicarbonate, HSO4 , and Cl) all are within the ranges
spanned by the 11 well samples. Such close agreement in chemical quality would not be
expected by chance, and tends to confirm Winograd and Thordarson's (1975, p. C112)
conclusions regarding chemical resemblance based on fewer analyses.

9.2.9.8.2 Isotope Hydrology

Isotopic data for the Furnace Creek Wash-Nevares Springs area are sparser than chemical data,
but the isotopic data tend to confirm the chemical data. The involvement of the Precambrian
core of the Funeral Mountains, or of sediments derived from that core, in producing the large
87Sr values was discussed above with respect to the waters containing high SO4 and Cl in western
Amargosa Desert, as well as with respect to those discharged by springs along the west edge of
the Funeral Mountains (Figure 9.2-20).

Rose et al. (1997, Table 5) present AD and 6180 analyses of Travertine, Texas, and Nevares
Springs, and 6'3 C and 614C analyses for Travertine and Nevares Springs. All data are for
samples taken April 22, 1982. The same band 6 80 data are given in Thomas et al. (1996,
Appendix B). Claassen (1985, Table 6) presents 6D/618 0 results for two of the high S0 4-CI
waters (wells 47, 50) described in the preceding section, and 613C and 614C results for one of
those samples (well 47).

Rose et al. (1997, Table 5) report near-identical results for the samples from Travertine and
Texas Springs, 5D values of -102%o for both sources, and 6180 equal to -13.9%o and -13.7%o.
Nevares Springs had 5D values of -104%o and 6180 values of -13.6%o. The comparable results
for the high S0 4--Cl waters of the Amargosa Desert (Claassen 1985, Table 6) (wells 47 and 50)
were 6D values of -102%o and -104%o, respectively, and 6180 values of -13.1%o and -13.6%o,
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respectively. Thus, with respect to these conservative stable isotopes, the agreement is similar to
that of the major ions, suggesting the waters have similar sources.

The 14C results were 10.9 percent modem carbon (pmc) for Travertine Springs and 9.2 pmc for
Nevares Springs (Rose et al. 1997, Table 5), indicating apparent ages of 18.3 k.y. and 19.7 k.y.,
respectively. The comparable 14C data for the high S0 4 -Cl water (Claassen 1985, Table 6)
(well 47) was 31.4 pmc, indicating an apparent age of 9.3 k.y. However, no particular
significance is accorded to this comparison because the 9.3-k.y. apparent age for the water of
well 47 was among the lowest of 23 Amargosa Desert groundwaters reported by Claassen (1985,
Table 6) and the apparent ages of both the Amargosa Desert and Furnace Creek Wash spring
waters may be subject to large corrections.

In summary, the hydrogeochemical data, together with the isotopic data, suggest that the
discharge of the Furnace Creek Wash springs has a common origin with the high S0 4-Cl
groundwaters found near the Amargosa River in the west-central Amargosa Desert. However,
the specific nature of the likely hydraulic connection remains uncertain because of a lack of deep
well information.

9.2.9.9 Alkali Flat-Furnace Creek Groundwater Basin, Fortymile Canyon and Crater
Flat Sections

The combined Fortymile Canyon and Crater Flat sections, including the Yucca Mountain area,
are virtually surrounded by the Pahute Mesa-Oasis Valley basin to the north and west, the Ash
Meadows basin to the east and southeast, and the Amargosa River section to the south.
However, in each direction there are hydrologic data deficiencies, generally relating to lack of
deep wells, that impair an understanding of these systems as related to that of the Yucca
Mountain area. Accordingly, hydrogeochemical and isotopic data play important roles in
interpreting the hydrogeologic relationships.

Luckey et al. (1996) summarized the understanding of the saturated zone flow system at Yucca
Mountain as of 1995. Other reports focus on the saturated zone water chemistry of the area,
including Benson and Klieforth (1989), which interprets the stable isotope data of the Yucca
Mountain region; McKinley et al. (1991), which presents major-ion analytical results for the
area; and Thomas et al. (1996) and Rose et al. (1997), which present isotopic results. Additional
discussion focusing on the site-scale area is presented in Section 9.3.6.

Hydrologic, thermal, and hydrogeochemical evidence discussed in Section 8.7 suggests that
percolation occurs through the, unsaturated zone at low rates, on the order of 6 mm/yr. in the
vicinity of the potential repository site, under present climatic conditions. Hydrogeologic data
summarized by Luckey et al. (1996, pp. 21 to 27) indicate the potential for groundwater flow
toward the potential repository from the large hydraulic gradient to the north and from Crater
Flat to the west, and from the potential repository toward Fortymile Wash to the east. Luckey
et al. (1996, pp. 27 to 29) also discussed the potential for upward flow from the lower carbonate
aquifer to the volcanic aquifers. However, major conceptual uncertainties remain regarding the
rates and pathways of groundwater flow in the saturated zone (Luckey et al. 1996, pp. 52 to 53).
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9.2.9.9.1 Hydrochemistry

The major-ion data indicate that the water in the volcanic aquifers and confining units is a
relatively dilute Na-bicarbonate type in which the cations derive from reaction with volcanic
glass, primary minerals, soils, and probably with secondary phase minerals such as calcite
(Luckey et al. 1996, p. 44). In general, the major anions show small variability. However, the
Ca-Na ratio increases from west to east, the lowest values being west of and near the Solitario
Canyon fault. Luckey et al. (1996, p. 44) speculate that the relatively higher Ca-Na ratios to the
east may be indicative of waters from Fortymile Wash.

Comparison of the major-ion contents of waters from borehole UE-25 p#l, lower zone (1,300 to
1,800 m [4,300 to 5,900 ft]), which taps the lower carbonate aquifer, with those from other
boreholes, which tap the volcanic aquifers, indicate major differences. Water from the
carbonates contained total dissolved solids of 887 mg/L, whereas that from the volcanic rocks
ranges between 200 and 400 mg/L (Section 5.3.9.3). Data compiled and evaluated by Oliver and
Root (1997, Excel file yucca.xls) show that the individual major ions (e.g. Ca2 +, bicarbonate,
S042 -) are enriched in the carbonate water, relative to the volcanic water, by variable factors
from 2.7 to 10. The data suggest that, at this location, there has been relatively minor mixing of
water from the lower carbonate aquifer with that of the volcanic aquifer, despite that the head in
the carbonates is about 20 m (66 ft) greater than that in the volcanic rocks.

To further evaluate the possibility of waters from the carbonate aquifer mixing with the
overlying volcanic units, investigators compiled a chloride ion/5D plot for several boreholes in
the Yucca Mountain area (CRWMS M&O 2000a, Figure 24). Comparison of data from
boreholes drilled in Fortymile Wash, Crater Flat, and beneath Yucca Mountain (with the
exception of borehole UE-25 p#l) provided no unequivocal evidence of significant amounts of
groundwater mixing from the carbonate and volcanic aquifers beneath or in the immediate
vicinity of Yucca Mountain (CRWMS M&O 2000a, pp. 96 to 97). The data analyzed included
chloride data in three boreholes (USW H-3, USW H-5, and USW H-6) in the vicinity of the
Solitario Canyon fault, which previous investigators (e.g., Fridrich et. al 1994, Figure 8, p. 157)
hypothesized as being a potential conduit for upward mixing of water from the carbonate aquifer
into the overlying volcanic unit. Additional hydrochemical and isotopic data from one or more
of the recently installed Nye County wells might provide evidence in support of such mixing in
areas southeast or downgradient of the potential repository site.

9.2.9.9.2 Isotope Hydrology

The isotopic data (Oliver and Root 1997, Excel file yucca.xls) consist of analyses for 8D, 6180,
tritium, &13C, and 14C of samples from most boreholes, and 36CI, 234U/238U activity ratios, and
87Sr/86Sr from a few selected borings.

Paces et al. (1998, p. 188) concluded that 234U/13'U activity ratios are larger in water from the
volcanic rocks (Tv unit) than in water from the Paleozoic and Precambrian rocks (Pi and P2
units) of the Yucca Mountain area. The largest values (7 to more than 8) have been found in
unsaturated zone and uppermost saturated zone water at Yucca Mountain itself. Normal values,
4 to 6, are found in the saturated zone both upgradient and downgradient from Yucca Mountain.
The elevated ratios in the unsaturated zone require low water flux to avoid being diluted by low-
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ratio recharge waters. Similarly, their persistence in the saturated zone beneath Yucca Mountain
indicates that the lateral saturated flux is also small.

The principal interpretation of the 8D/1180 data and the C-isotope data is presented by Benson
and Klieforth (1989), who integrated the groundwater isotopic data with stable isotope data for
precipitation to arrive at a paleoclimatic interpretation of late Pleistocene-Holocene conditions.
Benson and Klieforth's principal findings as related to the Amargosa Desert area were discussed
in Section 9.2.9.4. Benson and Klieforth's major findings as related to the Yucca Mountain-
Fortymile Wash flow system (Benson and Klieforth 1989, p. 57) were:

. With two exceptions, Yucca Mountain groundwaters have a deuterium-excess value of
less than 10%o. The deviation from the world meteoric water line (5D = 88180 + 10) is
attributed to a change in the relative humidity in the moisture-source area (the eastern
Pacific (Benson and Klieforth 1989, p. 48).

* Most of the Yucca Mountain groundwater was recharged during the period from 18.5 to
9.0 ka, which Benson and Klieforth relate to a southward shift in the eastern Pacific
moisture source region during the same period. Benson and Klieforth related this
change to the last lake cycle in northern Nevada, the last retreat of North American
continental glaciers, the position and persistence of the jet stream, and a continental
warming trend.

* Benson and Klieforth (1989, p. 48) noted that the Yucca Mountain groundwaters are
generally more depleted with respect to AD and 8180 than those of the Amargosa Desert,
but less depleted than those of Crater Flat and Pahute Mesa. The isotopically heavier
sample from UE-29 a#2 in Fortymile Canyon with an apparent 14C age of 4.0 k.y. agrees
with the world meteoric water line, which Benson and Klieforth (1989, p. 48) interpreted
as indicating that the Pacific moisture source region had reached present-day relative
humidity by 4.0 ka.

* A plot of 5180 versus unadjusted 14C age of Yucca Mountain groundwater indicated that
the 6180 content increased systematically by about 1.7%o over the period of
18.5 to 9.0 ka, which Benson and Klieforth attributed to a change in 8180 of Pacific
Ocean surface water over the same period (Benson and Klieforth 1989, p. 49).

. Comparison of mean values of modern precipitation in southern Nevada with Yucca
Mountain groundwaters indicates that the groundwaters are isotopically depleted with
respect to snow precipitation by 0 to 4%o in 8180 (Benson and Klieforth 1989, p. 51).

The isotopic character of groundwater samples from Fortymile Canyon provides evidence related
to mixing. These samples are enriched in both deuterium and 1 0 relative to all other water
samples from the Yucca Mountain region (6D of -93.5 to -97.5%o and 8180 of -12.8 to -13.0%o
Standard Mean Ocean Water [Stuckless et. al. 1991, Table 1]). The 8D values in the Yucca
Mountain area vary widely (i.e., -93.5 to -108.0%o Standard Mean Ocean Water) but form an
areally' distinct pattern wherein the heaviest values tend to occur beneath the eastern side of the
mountain. All values heavier than -99.5%o Standard Mean Ocean Water are for water samples
from wells drilled adjacent to Fortymile Wash. Stuckless et al. (1991, pp. 1411 to 1412)

TDR-CRW-GS-000001 REV 01 ICN 01 9.2-67 September 2000



interpret the heaviest values beneath Fortymile Wash as possibly indicating that water in the
Tertiary aquifers underlying Fortymile Wash has not yet mixed laterally (at least to the west
where data suggest lighter values) with the bulk of the Tertiary volcanic-Quaternary aquifer
waters under Yucca Mountain. Claassen (1985, Figure 13, pp. F21 to F22) used deuterium and
180 data for water from the upper reaches of Fortymile Canyon to support inferred overland flow
and recharge in Fortymile Canyon into drainages in the Amargosa Desert, with the chemical
character of the groundwater being due primarily to interaction with alluvial fill and little
contribution to the water being derived from upgradient Tertiary aquifers. Based on this
interpretation, no significant mixing and dilution would be expected to occur between tuff
groundwaters beneath Yucca Mountain and waters in the alluvial aquifers in Fortymile Canyon.
In an alternative interpretation, White and Chuma (1987, p. 573) suggest that groundwater in the
Amargosa Desert originated from tuffs in Fortymile Canyon with little interaction with alluvium.

The significantly lower values of SD and 5180 in Yucca Mountain groundwaters compared to
Pahute Mesa waters further suggest that there is little communication between recharge at Pahute
Mesa and waters at Yucca Mountain. This conclusion is supported by recent interpretations of
geochemical and isotopic data (CRWMS M&O 2000a, Figure 17, pp. 74, 108) completed in
support of the Saturated Zone Flow and Transport Process Model Report (CRWMS M&O
2000b, pp. 3-11 to 3-12). Groundwater under and south of Yucca Mountain is likely primarily a
mixture of recharge from infiltration along Yucca Mountain and some underflow of groundwater
from Crater Flat.

Comparison of the SD of the lower carbonate aquifer water, from the 1,300- to 1,800-m zone at
borehole UE-25 p#l, with median values for all other boreholes in the Yucca
Mountain-Fortymile Wash area indicates the carbonate-aquifer water, at SD equal to -106%o, is
more depleted than the median value for all boreholes, but is within the overall range -93%o to
-108%o. There is a gradual depletion in the SD value in water from Well UE-29 a#2 (-93.5%o
Standard Mean Ocean Water), in the upper reach of Fortymile Canyon, to wells UE-25 J-12 and
UE-25 J-13 (both -97.5%o Standard Mean Ocean Water) located about 15 km to the south. This
trend toward depletion of SD is opposite from the general trend toward enrichment observed to
occur in the Oasis Valley basin west of Yucca Mountain, which is expected to occur due to
progressive water-rock interaction as groundwater flows southward, and due to evaporation.
Given the more depleted SD values in water from the carbonate aquifer (-106%o Standard Mean
Ocean Water in UE-25 p#l), compared to those measured in wells UE-25 J-12 and UE-25 J-13,
the SD isotopic values of wells UE-25 J-12 and UE-25 J-13 could be inferred to be the result of
some degree of mixing between waters flowing from beneath Yucca Mountain downgradient to
the southeast and waters from the carbonate aquifer south and east of Yucca Mountain (Fridrich
et al. 1994; NRC 1998, p. 121).

The 613C value of -2.3%o of the carbonate water also is more depleted than the range, -4.9%o to
-13.10%o, of that from volcanic rocks in the other boreholes at Yucca Mountain, and the 1 4C
content of 2.3 pmc is significantly lower than the range of 7.2 to 62.3 pmc of the water from
other Yucca Mountain boreholes. Values of 14C and 613C in Wells UE-29 a#2, UE-25 J-12, and
UE-25 J-13 (14C of 29.2 and 32.2 pmc, and 513C of -7.9 and -7.3%o Peedee Cretaceous formation
Belemnite (CRWMS M&O 2000a, p. 85; Claassen 1985, Table 6) within Fortymile Wash allow
the inference that progressive mixing of waters comprised of components like water from Well
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UE-29 a#2 in the northern reach of Fortymile Canyon ( C of 62.3 pmc and 813 C of -13%o
Peedee Cretaceous formation Belemnite), and water like that present in the carbonate aquifer,
represented by the sample from UE-25 p#I (14C of 2.3 pmc and 513C of -2.3%o Peedee
Cretaceous formation Belemnite), occurs in a southward direction within Fortymile Wash
(Stuckless et al. 1991, Table 1, p. 1413). Claassen (1985, Figure 3; Table 6) reports even more
enriched 613C values (513C of -3.4 to 4.4%o Peedee Cretaceous formation Belemnite) in
groundwater sampled in the central Amargosa Desert about 10 to 15 km south of the town of
Amargosa Valley, and in water from the south-central Amargosa Desert near the
Nevada-California state line (-5.7 to -6.2%o Peedee Cretaceous formation Belemnite). These
findings suggest that the increases in 813C values toward the southern portion of the Death
Valley region could be due to either upward mixing from the lower carbonate aquifers (Fridrich
et al. 1994, p. 157; Stuckless et al. 1991, p. 1412) or possibly could be the result of increased
interaction with carbonate-bearing alluvium derived from adjacent Paleozoic carbonate upland
areas (White and Chuma 1987, pp. 576, 581).

9.2.9.10 Comparison of Flow Systems

As a means of comparing the major-ion chemistry of the flow systems in the vicinity of Yucca
Mountain, the concentrations of selected constituents were ranked in order of concentration from
data presented by McKinley et al. (1991). The constituents selected were Na and bicarbonate,
representing the principal anion and cation, respectively; S0 4 and Cl, representing highly
conservative constituents; SiO2 , representing an abundant but nonconservative constituent; and
dissolved-solids content, representing an integration of all the dissolved matter.

The data of McKinley et al. (1991) included the following arrays corresponding to the flow
systems discussed in the preceding sections: northwestern Pahute Mesa, 18 sources; Oasis
Valley, 29 sources; west-central Amargosa Desert, 52 sources; Yucca Mountain-Fortymile
Wash, 18 sources; and Ash Meadow springs, 11 sources. Data were not compiled for the
Furnace Creek Wash springs because only three sources were sampled. The flow systems
tabulated include two volcanic recharge areas, Pahute Mesa and Yucca Mountain-Fortymile
Wash; two alluvial valleys, Oasis Valley and the west-central Amargosa Desert; and the Ash
Meadows springs, which represent the major discharge of the lower carbonate aquifer system.

The water-chemistry data are summarized in Table 9.2-12, which presents for each flow system
the median value for each selected constituent, representing a measure of central tendency, and
the interquartile range between the 25th and 75th quartile values, representing a measure of the
variability in each category. A comparable tabulation of deuterium values for each flow system
is presented in Table 9.2-12 as a measure of central tendency and variability of stable
isotope content.

The water-chemistry data were processed using the STATISTICA software distributed by
Statsoft Co. In calculating percentiles including medians (50th percentile) and quartiles (25th
and 75th percentiles), the weighted average at X-,, + 1)p method was used (StatSoft 1995,
p. SPR-1218). The major-ion results calculated were rounded to integers to avoid conveying the
impression of greater accuracy than shown in the original tabulations of McKinley et al. (1991).
The results calculated for AD were rounded in similar fashion to integers for the median, and to
one decimal place for the interquartile range.
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The salient points of the tabulation of major-ion data include:

. The highest median value for dissolved solids is observed in the Oasis Valley area as
well as the greatest variability as indicated by the interquartile range. This is indicative
of the concentration of the groundwater through evapotranspiration (Section 9.2.9.4.1)
and possibly also as a consequence of alteration and devitrification. At the opposite
extreme is the Yucca Mountain-Fortymile Wash area with the lowest median value for
dissolved solids and the lowest interquartile range. The interquartile range for most
constituents was lowest for the Ash Meadows springs, consistent with discharge from a
single major flow system (Dudley and Larson 1976, p. 1).

. Median values and interquartile range for Na and bicarbonate correspond generally to
those for dissolved solids, with the highest and lowest values observed in the Oasis
Valley and Yucca Mountain-Fortymile Wash areas, respectively, except for Ash
Meadows, as noted above.

. The Ash Meadows springs exhibited the highest median value for Ca, which is
consistent with the discharge from a major carbonate aquifer system. Conversely, the
Yucca Mountain-Fortymile Wash and Pahute Mesa systems exhibited minimal median
values for Ca, consistent with the volcanic character of these areas, and the alluvial
regimes of Oasis Valley and Amargosa Desert were intermediate with respect to Ca,
consistent with their mixed lithologies (White 1979, pp. E15, E17; Claassen 1985,
p. F5).

* SO4 and Cl median values were both relatively high in the Oasis Valley and Amargosa
Desert systems, reflecting evapotranspiration concentration at Oasis Valley (White 1979,
p. El5) and dissolution of playa deposits at Amargosa Desert (Claassen 1985, p. F18).
The median values for Cl and SO4 were low in the Yucca Mountain-Fortymile Wash and
Pahute Mesa systems. Both Cl and SO4 median values were relatively high in the Ash
Meadows springs, presumably reflecting seepage into the carbonate system of playa
waters from overlying Tertiary sediments (Section 9.2.9.4.1).

. Median values for SiO2 were fairly uniform and interquartile ranges were low for all
areas. The Ash Meadows spring waters were notably deficient in SiO2 and of low
variability, perhaps reflecting a lack of SiO2 available for solution in the lower carbonate
aquifer system (Dudley and Larson 1976, p. 27). In the other flow systems, where
ample sources of SiO2 are present, SiO2 solubility seems to limit the SiO2 content as
described by White (1979, p. E24).

. Median values for deuterium (Table 9.2-12) exhibit the greatest depletion in the Pahute
Mesa system, reflecting the generally high elevation of the area, with less depletion in
Oasis Valley, where groundwaters originating from Pahute Mesa mix with those from
lower elevation local precipitation. The median deuterium values for the Yucca
Mountain-Fortymile Wash and Amargosa Desert systems were identical and
interquartile ranges were in close agreement, suggesting common sources of recharge.
Finally, the Ash Meadows spring waters, which are believed to represent a blend of
Spring Mountains recharge with that from Pahranagat Valley (Section 9.2.9.4.2) were
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slightly more depleted than the nearby Amargosa Desert groundwaters and highly
uniform in character.

9.2.9.11 Summary of Regional Hydrochemistry

The hydrochemistry and isotopic hydrology of waters of the Death Valley regional groundwater
flow system provide complementary information on recharge and regional groundwater flow.
The major-ion chemistry is mainly indicative of rock-water interactions, such as dissolution of
mineral matter, and precipitation and ion-exchange reactions.

Isotopic chemistry, which generally is subject to different controls than major-ion chemistry,
provides independent information regarding location and environment of recharge, evaporation
prior to and during recharge, mixing of groundwaters from different sources, and of time of
recharge. Radiogenic isotopes also provide evidence of rock-water interactions, most notably
87Sr, which is enriched in water that has flowed through the Precambrian cores of the Spring or
Funeral Mountains, sediment derived from these rocks, or mineralized zones in Bare Mountain.

Taken together, the regional hydrochemistry indicates two basic chemical types of water:
a relatively dilute Na-bicarbonate water of high SiO2 content associated with volcanic rocks and
derivative sediments, and a more concentrated Ca-Mg-bicarbonate water of low Sio 2 content
associated with carbonate rocks. Where these two basic rock types are mixed in the sediments, a
water of Ca-Mg-Na-bicarbonate composition commonly results. In addition, some groundwaters
of the valley fills reflect concentration of the chemical constituents due to evaporation; these
waters are distinguished by relatively higher proportions of SO4 and Cl ions.

The isotopic data consist mainly of analyses of the SD and 6180 contents of water, which are
sensitive to the temperature of precipitation; the radioactive tritium and 14C contents, which are
indicators of time since recharge; and the 6' 3C content, which is indicative of the degree to
which 14C has been diluted through solution of nonradioactive rock carbon.

The major findings that emerge from hydrogeochemical and isotopic hydrology of the Death
Valley regional flow system are as follows:

. Recharge concentrated in the uplands of Pahute Mesa and the Spring Mountains
promptly dissolves mineral matter to the limits of solubility and available CO2 in the
groundwater environment.

Downgradient flow is commonly marked by precipitation of less soluble mineral phases
due to effects of heating, changes in pH, ion exchange, concentration through
evapotranspiration, and adsorption by clay minerals. The major-ion chemistry of a
groundwater can change completely through such reactions. For example, a dilute
calcium bicarbonate water in a mountain recharge zone can evolve ultimately into a
concentrated Na-SO4 -Cl water of an evaporite zone.

Deuterium and 8180 are highly conservative in the groundwater flow systems in the
Death Valley area. However, data on these stable isotopes are limited largely to
groundwater samples, nearly all of which appear to represent ancient recharge. Some
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representative data are available on D/ 1 8 0 ratio of modem precipitation, but there has
been no systematic collection of 5180 ratio of modem streamflow.

Deuterium and 5180 are mainly sensitive to temperature of condensation. This can be a
function of land surface elevation, or of the overall climatic regime. During Pleistocene
glaciations, the moisture sources changed and precipitation was depleted in 5D and 51O

compared to present conditions. Most 8D/61 80 values for the Death Valley regional
groundwater flow system are of waters having unadjusted 14 C ages in the range of 9.0 to
18.5 k.y. and AD values generally are more depleted (lighter) than -100%o.

. Scanty evidence of groundwater from boreholes along Fortymile Canyon-Wash and of
precipitation suggest that the stable isotope content of modem recharge from strearnflow
is significantly less depleted than the median SD value of -102%o, based on samples
from 21 boreholes at Yucca Mountain. The mean value of such recharge would be
expected to fall in the range of SD -74%o to -85%o, the means of 3 yr. of sampling of low
and high elevation precipitation collected in the Fortymile Canyon-Wash area.

. Because of uncertainty in interpreting 14C ages of groundwaters in the Death Valley
regional groundwater flow system, such data are mainly of qualitative value and cannot
be used to compute groundwater flow rates with precision. Nevertheless, the presence
of these apparently ancient groundwaters throughout the area suggests that groundwater
throughflow is relatively small.

Overall, the hydrochemical and isotopic evidence is in general agreement with hydrogeologic
understanding of the groundwater flow in the vicinity of Yucca Mountain, that recharge in the
vicinity of Pahute Mesa flowed via Oasis Valley and Crater Flat toward the Amargosa Desert,
and that flows of Fortymile Wash were the main contributor to recharge in the west-central
Amargosa Desert. There is some evidence of modem recharge in the Fortymile Canyon-Wash
area, but most of the groundwater at Pahute Mesa, Oasis Valley, Yucca Mountain, and the
Amargosa Desert appears to represent late Pleistocene-early Holocene recharge, suggesting that
groundwater throughflow has been minimal in the present climate. The Ash Meadows flow
system is distinctly different in character, representing large-scale flow through a thick and
highly permeable carbonate aquifer from two major recharge areas to a single major discharge
area at Ash Meadows.

9.2.10 Analysis and Modeling of the Flow System

A number of groundwater flow models have been developed for the Death Valley region in
attempts to simulate regional (and local) hydrogeologic conditions.. The model domains have
varied from a portion of to the entirety of the Death Valley region.

The major current regional flow model developed for the YMP is the regional flow model
developed by D'Agnese et al. (1997) to simulate current regional groundwater flow conditions.
Conceptualization of this model was based on known geologic and hydrogeologic conditions for
the study area. Key parameters used for developing the conceptual and detailed groundwater
flow models include:
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* Estimated magnitudes and rates of surface recharge and regional subsurface flux

. Locations and estimated rates of regional groundwater discharges

* Definition of the estimated boundaries of the subregional and local flow systems

. Selection of model geometry, including vertical discretization assumptions
(i.e., estimation of the number of, and hydraulic properties for, separate layers to be
included in the model framework)

. Model calibration methods.

The discussions of the conceptual analysis of the regional flow system, and of the numerical
modeling of the regional groundwater flow system that follow, in Sections 9.2.10.1 and 9.2.10.2,
respectively, are based primarily on D'Agnese et al. (1997), who provide a much more detailed
description of the model conceptualization and model assumptions, model construction and
methodologies, and modeling results.

9.2.10.1 Conceptual Analysis of Groundwater Flow Paths

As described in Section 9.2.4.2, in terms of groundwater flow, the Death Valley region is divided
into three subregions: a northern, central, and southern subregion. These subregions are further
divided into groundwater basins and sections using generalized topographic controls.
Groundwater flow paths are discussed using these subdivisions within the subregions.
Groundwater movement throughout the Death Valley region is generally controlled by structural
and topographic controls.

9.2.10.1.1 Source and Movement of Groundwater

D'Agnese et al. (1997, p. 62) divided the Death Valley regional groundwater flow system into
three major subregional flow systems (northern, central, and southern Death Valley subregions)
(Figure 9.2-7). For convenience, the subregions were subdivided by D'Agnese et al. (1997,
p. 62) into basins and sections (Table 9.2-13) (Figure 9.2-7). Although the groundwater basins
and sections were located using some generalized topographic controls, they are used for
descriptive purposes only and do not define discrete independent flow systems.

Northern Death Valley Subregion-Groundwater in the northern Death Valley subregion is
derived from precipitation on high elevations of the Montezuma Range and the Palmetto, Gold,
and Stonewall mountains (Figure 9.2-21). An unknown volume of groundwater may also be
entering the subregion across the subregion boundary from Ralston Valley (D'Agnese et al.
1997, p. 65).

Groundwater recharged on the mountains in the northwest part of this subregion moves toward
the central axis of adjacent valleys. In this subregion, the potentiometric surface indicates that
much of the groundwater flow appears to be controlled by the northeast-southwest trending
structural zones described by Carr (1984, p. 30). Deep regional interbasinal flow is unlikely
because the subregion is mostly underlain by relatively impermeable shallow Tertiary intrusive
granites and crystalline Precambrian rocks. The regional aquifer is believed to be extensive and
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continuous only in the southeastern part of the subregion (D'Agnese et al. 1997, p. 65), near
eastern Pahute Mesa and southern Sarcobatus Flats. Four dominant groundwater sections,
associated with four discharge areas, contain the majority of flow in the basin: Lida-Stonewall,
Sarcobatus Flats, Grapevine Canyon, and Oriental Wash (Figure 9.2-21).

The Lida-Stonewall section contains discharge areas at east Stonewall Flat and the playa near
Lida Junction. Groundwater evapotranspired in these areas is believed to be derived mostly from
within the northern Death Valley subregion; however, some water may travel at great depths
along buried northeast-southwest trending linear features near Ralston Valley, north of the
subregion boundary, to these discharge areas (Figure 9.2-21).

The Sarcobatus Flats section contains discharge areas at Sarcobatus Flats and Coyote Holes
playas. These areas are believed to evapotranspire groundwater that has moved along north-
south subregional flow paths. At Coyote Holes playas, restriction of groundwater flow by
bedrock at shallow depths immediately south of the playas results in evapotranspiration of
groundwater that may originate on eastern Pahute Mesa. As with the Lida-Stonewall section, a
northeast-southwest trending linear feature may affect regional groundwater flow patterns. For
example, groundwater originating from Cactus and Gold flats northeast of the subregion
boundary may be forced to the surface and discharged at Bonnie Claire and Sarcobatus flats.

The Grapevine Canyon section contains a major discharge area at Grapevine and Straininger
springs. Discharge at these sites appears to originate as groundwater that flowed from the
northeast to the southwest past Stonewall and Sarcobatus flats. The springs also may result from
structural and topographic controls. The intersection of the low-permeability, northwest-
southeast trending Death Valley fault, with an apparently large-permeability northeast-southwest
trending structural zone (D'Agnese et al. 1997, p. 65), may result in the truncation of the large-
permeability zone causing groundwater to discharge.

The Oriental Wash section includes a small discharge area at Sand Springs in northern Death
Valley. These comparatively low-temperature and small-volume springs appear to be
discharging locally-derived groundwater recharged on the dominantly granitic mountains to the
north. Groundwater flow apparently is directed toward the springs along the axis of Oriental
Wash, which is associated with a northeast-southwest trending structural zone (D'Agnese et al.
1997, p. 65) and the discharges occur along the northern terminus of the Death Valley fault.

Central Death Valley Subregion-In the Central Valley subregion, the dominant flow paths
have historically been associated with major regional or subregional discharge areas
(Figure 9.2-8). In this subregion, flow paths have traditionally been grouped into three
groundwater basins, each containing several sections: Pahute Mesa-Oasis Valley, Ash
Meadows, and Alkali Flat-Furnace Creek (D'Agnese et al. 1997, p. 65).

Pahute Mesa-Oasis Valley Groundwater Basin-Groundwater in the Pahute Mesa-Oasis
Valley basin is derived from infiltration in the Kawich and Belted ranges and Pahute Mesa.
Additional recharge may occur as regional groundwater flows across system boundaries from
Railroad Valley and Stone Cabin Valley north of the subregion boundary (Figure 9.2-8).
Because the western boundary of this basin is poorly defined, groundwater in the western part of
the basin (parts of Cactus and Gold flats), may flow toward the eastern part of Sarcobatus Flats.
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This groundwater basin has t~vb dominant sections: Kawich Valley and Oasis Valley (D'Agnese
et al. 1997, p. 65).

In general, groundwater recharged on the nearby mountains moves toward the central axis of
Kawich and Oasis valleys. Groundwater in the Kawich Valley section may flow toward a
potentiometric surface trough located under western Pahute Mesa (Figure 9.2-13, area 17)
(D'Agnese et al. 1997, p. 68). A possible regional fault or fracture zone has been described at
this location. Water flowing along this trough toward Oasis Valley comprises the Oasis Valley
section of this basin. At Oasis Valley, groundwater is discharged by evapotranspiration and
spring flow. Groundwater that does not discharge within Oasis Valley flows through the
subsurface at the Amargosa Narrows south of Beatty and into the Alkali Flat-Furnace Creek
groundwater basin (D'Agnese et al. 1997, p. 68). Small amounts of groundwater in Oasis Valley
also may flow toward Crater Flat under Bare Mountain.

Ash Meadows Groundwater Basin-The Ash Meadows groundwater basin is the largest basin
in the central Death Valley subregion. Much of the groundwater in the basin is derived from
infiltration on the mountain ranges that surround the basin. Additional recharge may occur as
regional groundwater flows across subregion boundaries from Sand Spring Valley north of the
subregion and Pahranagat Valley northeast of the subregion (D'Agnese et al. 1997, p. 68). This
basin is subdivided into six sections: Pahranagat Valley, Tikaboo Valley, Indian Springs Valley,
Emigrant Valley, Yucca-Frenchman Flat, and Specter Range (Figure 9.2-8) (D'Agnese et al.
1997, p. 68).

Groundwater recharged on the surrounding mountains moves toward the anomalously large
potentiometric surface trough within the basin (Figure 9.2-13, area 16). Groundwater in Tikaboo
Valley, Emigrant Valley, and Yucca and Frenchman Flat is interpreted as flowing toward
the trough.

Regional and subregional groundwater recharged on the Sheep and Spring mountains also flows
into this trough from the east and south, thereby contributing to groundwater flow past Indian
Springs Valley.

The potentiometric surface trough (Figure 9.2-13, area 16) may be a zone of high permeability
associated with the Spotted Range-Mine Mountain structural zone and is believed to include
numerous regional faults and fractures (D'Agnese et al. 1997, p. 68). The trough is bounded on
the south and southeast by the Las Vegas Valley shear zone. The shear zone may contain low-
permeability material, possibly fault gouge, causing discharge at Indian and Cactus springs. The
flow paths along the trough are directed through the Spector Range area until they encounter a
northwest-southeast trending fault at Ash Meadows. This fault causes much of the groundwater
to be discharged as spring flows and evapotranspiration (D'Agnese et al. 1997, p. 68).
Groundwater that does not discharge at Ash Meadows flows into the Alkali Flat-Furnace Creek
groundwater basin where it mixes with groundwater moving along regional and subregional
flow paths.

Alkali Flat-Furnace Creek Groundwater Basin-In this basin, groundwater is derived from
infiltration on Pahute Mesa, Timber Mountain, Shoshone Mountain, and the Grapevine and
Funeral mountains. Additional recharge to this basin occurs as interbasinal groundwater flows
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across boundaries from Oasis Valley and Ash Meadows. The.Alkali Flat-Furnace Creek
groundwater basin is divided into four sections: Fortymile Canyon, Amargosa River, Crater Flat,
and Funeral Mountains (Figure 9.2-8) (D'Agnese et al. 1997, p. 68).

Locally recharged groundwater moves toward discharge areas in the southern parts of the basin.
Dominant groundwater flow paths appear to mimic surface-water flow. The surface-water flow
seems to be structurally controlled along the Amargosa River and Fortymile Wash and in Crater
Flat. In the northwestern portions of the basin, subregional groundwater movement is
dominantly lateral and downward toward regional flow paths. Near Yucca Mountain, however,
gradients are dominantly upward into the volcanic units (D'Agnese et al. 1997, p. 68). In the
south-central portions of the basin, near the Nevada-California border, regional groundwater
movement is dominantly upward from carbonate units into the subregional system and toward
discharge areas along the Amargosa River, Carson Slough, and Alkali Flat.

In the southern Amargosa Valley, regional groundwater movements are toward the southwest
and south. This groundwater may either flow through fractures in the southeastern end of the
Funeral Mountains and discharge-at Furnace Creek, or flow southward and discharge at Alkali
Flat (D'Agnese et al. 1997, pp. 68 to 69). Once past the springs at Furnace Creek, the
groundwater flows toward Death Valley and is discharged either by stands of mesquite on the
lower part of the Furnace Creek fan or by evaporation from Death Valley.

Groundwater that moves along shallow flow paths, but does not discharge at the Amargosa
River, Carson Slough, or Ash Meadows, moves southward toward Alkali Flat where it
discharges as spring flow and evapotranspiration.

Southern Death Valley Subregion-In general, groundwater in the southern Death Valley
subregion is derived primarily from infiltration on the Spring Mountains and small inputs from
the Kingston and Greenwater ranges (Figure 9.2-22). Additional minor groundwater volumes
may flow into this subregion across the boundary from Alkali Flat-Furnace Creek basin south of
Alkali Flat (Figure 9.2-7), and across the subregion boundary from areas south of Salt Spring
Hills, Valjean, and Shadow valleys. The subregion contains four sections: Pahrurnp Valley,
Shoshone-Tecopa, California Valley, and Ibex Hills (Figure 9.2-22) (D'Agnese et al. 1997,
p. 69).

Groundwater recharged from the Spring Mountains moves toward Pahrump Valley. Historically,
springs discharged at Manse and Bennett springs along the base of the broad alluvial fans at the
foot of the Spring Mountains. Pumping of groundwater in the valley has caused these springs to
cease to flow. Groundwater in the Pahrump Valley section flows along subregional flow paths
either to the west toward Stewart Valley and the northern end of Chicago Valley, or to the
southwest toward California Valley. Because the Nopah Range is composed of low-permeability
quartzite rocks in the subsurface, it is believed to cause a bifurcation in groundwater flow. Some
of the groundwater flowing toward the north and west is discharged at Stewart and Pahrump
Valley playas. Citing the work of previous investigators, including Winograd and Thordarson
(1975, p. C91), D'Agnese et al. (1997, p. 69) indicated that some of this groundwater may also
discharge at the southern end of Ash Meadows at Big, Bole, and Last Chance springs.
Groundwater flow that continues toward Chicago Valley, within the Shoshone-Tecopa section,
mixes with groundwater flowing from south of Alkali Flat, and ultimately discharges as spring
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flows and evapotranspiration in an area between the towns of Shoshone and Tecopa. In the
California Valley section, groundwater that flows south from Pahrump Valley discharges south
of Tecopa at springs along the Amargosa River canyon in the Sperry Hills and at China Ranch.

Groundwater that does not discharge at the Shoshone-Tecopa section may continue flowing to
the southwest into the Ibex Hills section and discharge as spring flow and evapotranspiration in
the Saratoga Springs area, which includes adjacent areas of shallow groundwater along the
floodplain of the Amnargosa River. Some additional groundwater may enter the basin from
Valjean and Shadow valleys into California Valley and discharge at Saratoga Springs. Small
volumes of groundwater may continue north past Saratoga Springs to discharge at the
Bad Water Basin.

9.2.10.1.2 Regional Flow System Water Budget

Historically, water budgets have been completed for local areas (Malmberg and Eakin 1962;
Walker and Eakin 1963; Miller 1977; Malmberg 1967; Winograd and Thordarson 1975; Harrill
1986). These budgets were based on estimates of recharge and discharge using the:

. Maxey-Eakin method

* Evapotranspiration and spring discharge

. Estimated interbasin underflow, which was calculated from the difference between
rainfall recharge and evapotranspiration.

A lumped value water budget of the Death Valley regional groundwater flow system was
produced by D'Agnese et al. (1997, p. 69) for their three-dimensional groundwater flow model.
Each component of the water budget (flux in, rainfall recharge and groundwater inflow; flux out,
evapotranspiration, spring discharge, groundwater outflow, and groundwater pumpage) were
generally defined as a lumped value, instead of discrete regional, subregional, or groundwater
basin values (Table 9.2-14).

Although individual recharge and discharge component values, including human-induced
changes, were determined, errors are inevitable in such estimates. The estimates of inflows to
the system that result from interbasinal flows across boundaries are especially problematic. The
imbalance between defined inflows and outflows is assigned to net interbasinal flux. The major
limitation of this approach is the assumption of steady-state conditions. This assumption
requires that the significant historical groundwater withdrawals in the Death Valley region must
be offset by reductions in natural discharge or by increased induced inflow from outside the
basin (D'Agnese et al. 1997, p. 71).

The lumped water budget from the Death Valley region three-dimensional groundwater model
estimated an outflow of 374,000 m3 /day, which exceeded the estimated inflow of
344,200 m3 /day by approximately 29,800 m3 /day. This water budget balances within 10 percent
of the estimated flux volumes, and appears reasonable given the many uncertainties surrounding
the estimates of most components. The difference may be due to uncertainties surrounding the
estimation or assignment of volumes for groundwater pumpage and evapotranspiration from
Death Valley (D'Agnese et al. 1997, p. 71).
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9.2.10.13 Summary of Groundwater Flow Paths

For the numerical simulation of the Death Valley region flow model developed by D'Agnese
et al. (1997, p. 62), the Death Valley region groundwater flow system was subdivided into three
subregions (northern, central, and southern) that represent the principal areas where regional
groundwater flow moves from recharge areas toward Death Valley, the ultimate terminus of the
flow system.

For convenience, the subregions were subdivided into basins and sections. Although the
groundwater basins and sections were located using some generalized topographic controls, they
were defined primarily for descriptive purposes, and do not delineate discrete independent
flow systems.

The discussion of regional flow paths was adapted exclusively from D'Agnese et al. (1997).
However, although only the D'Agnese et al. (1999) report was cited for this section, the source
of information used to define the flow paths by D'Agnese et al. was geologic information
(Carr 1984; Grose 1983; Faunt et al. 1997), flow lines based on the potentiometric surface map
(Figure 9.2-4), and hydrochemistry data (Winograd and Thordarson 1975). Other sources cited
by D'Agnese et al. include Waddell (1982), Waddell et al. (1984), Blankennagel and Weir
(1973), Czarnecki and Waddell (1984), Sinton (1987), Kilroy (1991), Luckey et al. (1996),
Czarnecki (1990), Czarnecki and Wilson (1991), and Walker and Eakin (1963).

Because the inflow and outflow volumes are not well defined for most areas in the Death Valley
region, a detailed water budget for the groundwater flow system could not be developed.
Discrete water budgets for individual basins within the Death Valley region should be
determined using the groundwater flow models currently being completed for the Death
Valley region.

9.2.10.2 Regional-Scale Flow Modeling

A number of groundwater flow models have been developed for the Death Valley region. Such
models have been developed in attempts to simulate regional groundwater flow for both present-
climate conditions as well as for the various alternate-climate (e.g., higher precipitation rate)
conditions. The majority of the following discussion is summarized from the D'Agnese et al.
(1997) regional groundwater flow model, the current major flow model for the YMP present-
climate condition.

The YMP model (adopted for the TSPA-SR) developed for simulating alternate-climate
conditions is based on the regional flow model developed by D'Agnese et al. (1999). This model
is briefly described in Section 9.2.10.2.5, along with a brief description of some previous
alternate-climate modeling simulations developed for the Death Valley region. A detailed
discussion of these models is presented in Section 9.4, in the context of attempts to predict
potential future changes in the elevation of the groundwater table in the Yucca Mountain vicinity
in response to possible future changes in climatic conditions.
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9.2.10.2.1 Model Construction

The Death Valley regional groundwater flow system was conceptualized and analyzed using
MODFLOWP (Hill 1992), a three-dimensional, steady-state finite difference model (D'Agnese
et al. 1997). Nonlinear regression methods were used to estimate parameter values that produce
the best fit to observed heads and flows. Related methods were used to evaluate model results.
Output from the regional model was used to provide input for site-scale flow-model boundary
conditions. A summary of site-scale model geometry, boundary conditions, and model
calibration are provided in Section 9.3. A detailed description of the regional flow model for
present-climate conditions is provided in the D'Agnese et al. (1997) report.

MODFLOWP is a block-centered, finite-difference code that views a three-dimensional flow
system as a sequence of layers of porous material organized in a horizontal grid or array. The
grid is generated by specifying array dimensions in the x, y, and z directions, based on a separate
hydrogeologic framework model for the region. Flow between cells in each model layer is
controlled by user-supplied transmissivity values. Flow between model layers is controlled by
user-supplied values of a vertical transmission or leakage term, known as VCONT (McDonald
and Harbaugh 1988, pp. 5 to 39).

9.2.10.2.2 Model Geometry

The regional model consists of a finite-difference grid of 163 rows, 153 columns, and 3 layers.
The grid cells are oriented north-south and are of uniform size, with side dimensions of 1,500 m
(Figure 9.2-23). The layers represent conditions at 0 to 500 m (0 to 1,640 ft), 500 to 1,250 m
(1,640 to 4,100 ft), and 1,250 to 2,750 m (4,100 to 9,020 ft) below the estimated water table.
The first and second layers are designed to simulate local and subregional flow paths mostly
within valley-fill alluvium, volcanic rocks, and shallow carbonate rocks. The third (lowest) layer
simulates deep regional flow paths in the volcanic, carbonate, and clastic rocks. The required
regional model parameter values were supplied by discretization of a three-dimensional
hydrogeologic framework model (D'Agnese et al. 1997, pp. 33 to 43) and by digital
representations of the remaining conceptual model components.

9.2.10.2.3 Boundary Conditions

Similar model boundary locations occur in all three layers (Figure 9.2-23). All boundaries in the
top layer were designated as no-flow except along the western side of the model in Death Valley
where constant-head values were selected. No groundwater is believed to enter or exit the Death
Valley system at intermediate depths, so all the boundaries in the middle layer were set to
no-flow conditions. In layer 3, the boundaries were set to no-flow conditions except at four
locations along the northern and eastern limits of the model, where the conceptual model
suggests interconnections with adjacent systems along buried zones of higher permeability. The
upper boundary of the flow model is the water table, and the lower boundary is set at a depth of
2,750 m (9,020 ft) below the water table, where few open fractures exist, thus limiting
groundwater flow. MODFLQWP implicitly simulates flow between layers.

The hydrogeologic conditions represented in the three-dimensional framework model vary
considerably within the volumes represented by each of the three layers in the numerical
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simulation model. MODFLOWP zone arrays were used to simplify this complexity. Initially,
eight rock-conductivity units were defined to reflect dominant conditions within the layer,
including hydrogeologic unit, depth, and presence or absence of significant faulting.
Subsequently, to further reduce the number of parameters subjected to estimation by the model,
these eight rock-conductivity units were reclassified to form four hydraulic conductivity (K)
zones. These K zones are not contiguous; each includes cells distributed throughout the model.
Transmissivity values for the layers were calculated by multiplying the applicable K zone by
layer thickness.

Model source and sink parameters defining recharge, evapotranspiration, spring-flow discharge,
and groundwater pumpage were obtained from a digital geographic information systems
database. Evapotranspiration estimates were developed from land-surface elevations, extinction
depth values, and maximum evapotranspiration rate maps created within the geographic
information systems. A recharge-potential map was reclassified to produce a recharge array that
contained four zones (zero, low, medium, and high). For each zone, a parameter could be
assigned to represent the percentage of precipitation that infiltrates, and a second array was used
to define the variation expected in the recharge rates. Spring discharge rates were obtained from
historical records. Springs were specified using the general-head boundary package (McDonald
and Harbaugh 1988; D'Agnese et al. 1997, p. 84), rather than as discharges. This approach
required information defining the elevation of the spring orifice and conductance. Because the
conductance values were poorly known, springs were grouped by geographic location and a
single conductance value was assigned to each group. All pumping wells were assigned to the
first (uppermost) layer. Return flows were accounted for by specifying percentages of pumped
water that is permanently removed from the system.

9.2.10.2.4 Model Calibration

Calibration of the regional model using the techniques available in MODFLOWP allowed for
estimation of a series of parameters that provide a best fit to observed hydraulic heads
(500 observations) and flows (63 observations). Numerous conceptual models were evaluated
during calibration to test the validity of various interpretations about the flow system.
Conceptual model evaluations focused on testing hypotheses concerning the location and type of
flow system boundaries, the extent and location of recharge areas, and the configuration of
hydrogeologic framework features. For each hypothesis tested, a new set of parameters was
estimated using MODFLOWP and the resulting new simulated heads and flows were compared
to observed values. Only those conceptual model changes contributing to a significant
improvement in model fit, as indicated by a reduction in the sum of squared errors, were retained
in the final optimized model.

The final model was evaluated to assess the likely accuracy of simulated results by comparing
measured and expected quantities with simulated values. The quantities included in these
comparisons were hydraulic heads and spring flows, which were matched by regression;
hydraulic conductivities, which were represented by parameters that were estimated in the
regression; and water budgets. During calibration, five additional K zones were added to better
simulate various regional structural features and low-permeability rocks, such as the Eleana
Formation. Initial estimates of the percentage of precipitation represented by each of the four
recharge zones were also modified as a result of calibration. Residuals for hydraulic heads
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(differences between simulated and observed hydraulic head values) are generally within 50 m
(164 ft) in areas of flatter hydraulic gradients, and are sometimes larger (as large as 300 m
[980 ft]) in areas of steep hydraulic gradients for model layers 1 through 3 (Figure 9.2-24 depicts
the case for model layer 1). D'Agnese et al. (1997, p. 94) suggest that this degree of match
between simulated and observed head values is good considering the overall 2,000-rn (6,600-ft)
head drop across the flow system area modeled.

Based on the final model predictions, values of residuals for most major groundwater discharge
areas appeared to be negative, indicating simulated total flows (including spring flow and
evapotranspiration) were apparently less than observed flows (D'Agnese et al. 1997, p. 104,
Table 18, Figure 54). The largest spring flow residuals occurred for the case of the three
simulated groups of springs, representing the numerous springs located at Ash Meadows,
combined with the total groundwater flow for Peter's Playa and Amargosa Flats, both of which
were assigned to model layer 3 (D'Agnese et al. 1997, p. 104, Figures 54, 55). For these two
discharge areas, D'Agnese et al. (1997, Table 2) had estimated a total combined spring and
evapotranspiration discharge of approximately 4.4 x 107 m3/yr. (35,500 a.-ft/yr.), one of the
largest discharge values estimated for any location within the model area. The combined total
difference in unweighted residuals for flow from the three groups of simulated springs was
determined to be on the order of 5,430,000 m3/yr. (about -4,400 a.-ft/yr.), suggesting that the
model-simulated contribution from deep flow paths was not as large as it should be in order to
match the observed (estimated) flow values.

The difficulty in simulating these spring flows in previous simulations without imposing
discharge by using a specified flux, suggests that even the somewhat lower simulated discharges
simulated by the D'Agnese et al. model are an improved match over previous models. Estimated
parameters were evaluated to determine if reasonable values were estimated for hydraulic
conductivity, vertical anisotropy, and recharge rates. All estimated parameter values are within
expected ranges. The calculated linear confidence intervals also were well within the range of
expected values (Figure 9.2-25). Water budgets were evaluated to determine if they were within
the range of expected values. Model results suggest that even with the limited understanding of
fluxes in and out of the regional groundwater flow system, overall budgets are within the
expected ranges (Table 9.2-15).

D'Agnese et al. (1997, p. 112) inferred that some model error may be indicated because the
residuals resulting from the model predictions are not entirely random. They noted that this
inference was related to the occurrence of large positive-weighted residuals for hydraulic heads,
where simulated hydraulic heads are distinctly lower than the observed values, and apparent
large negative-weighted residuals for spring flows, where simulated flows are distinctly less than
observed flows. The problem is also related to non-normally distributed, less extreme, weighted
residuals. These results, combined with the observation that every model update considered thus
far significantly improved model fit, suggests that an additional calibration effort may
significantly improve model accuracy.

Subsequent to publication of the D'Agnese et al. (1997) groundwater flow model, other
investigators (Laczniak et al. 1999) developed revised estimates of groundwater discharge at the
Ash Meadows area (defined as including both the Ash Meadows and Amargosa Flats subareas
[Laczniak et al. 1999, p. 48]). On the basis of a new land-cover classification technique using
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spectral reflectance characteristics determined from satellite images of the region recorded in
1992, coupled with detailed field studies, Laczniak et al. developed refined estimates of
groundwater evapotranspiration for seven areas within the Ash Meadows area. Using this
method Laczniak et al. (1999, p. 52) estimated mean annual evapotranspiration from the Ash
Meadows area at about 2.6 x 107 m3/yr. (21,000 a.-ft/yr.). Based on this evapotranspiration
estimate, they estimated an annual average spring discharge at the Ash Meadows area of about
2.2 x 107 to 2.6 x 107 m3 /yr. (18,000 to 21,000 a.-ft/yr.). By comparison, D'Agnese et al. (1997,
p. 46, Table 2) estimated combined annual average discharge for the Ash Meadows springs and
for Peter's Playa-Amargosa Flats to be about 4.4 x 107 m3/yr. (35,500 a.-ft/yr.).

Work done by Winograd and Thordarson (1975, p. C84) estimated a maximum annual upward
groundwater flow into the valley fill aquifer at Amargosa Flats of about 1,200,000 m3 /yr.
(1,000 a.-ft/yr.) (Table 9.2-4). In comparison, D'Agnese et al. (1997, p. 46, Table 2) had
estimated an average annual evapotranspiration (and average annual groundwater discharge rate)
of about 1.0 x 107 m3 /yr. (8,400 a.-ftlyr.) for Peter's Playa-Amargosa Flats. After subtracting
these estimated discharges, and assuming a value of 2.5 x 107 m3 /yr. (20,000 a.-ft/yr.) from
Laczniak et al.'s estimated range of 2.2 x 107 to 2.6 x 107 m3/yr. (18,000 to 21,000 a.-ftlyr.) for
the annual average total groundwater discharge at the Ash Meadows area, the total discharge
value for Ash Meadows alone was estimated by Laczniak et al. (1999) to be approximately
7.9 x 107 m3 /yr. (about 19,000 a.-ft/yr.), and estimated by D'Agnese et al. (1997, p. 46, Table 2)
at about 3.4 x 107 m3/yr. (27,150 a.-ft/yr.). The estimate of 2.5 x 107 m3/yr. (20,000 a.-ft/yr.)
was based on three estimates of annual average groundwater discharge at Ash Meadows
presented in Laczniak et al. (1999, Table 11, p. 47), an assumption that the average annual
precipitation at Ash Meadows is less than about 76.2 nun/yr. and an assumption that no more
than about one-half (38.1 mm/yr.) of the annual average precipitation actually supports plant
growth. Laczniak et al.'s revised 7.9 x 107-m3/yr. annual discharge estimate for Ash Meadows is
therefore about 30 percent lower than D'Agnese et al.'s previous estimated discharge value
(3.4 x 107 m3 /yr.) for the area.

The estimate of annual average evapotranspiration and discharge values developed by D'Agnese
et al. (1997) for the Ash Meadows spring discharge area were based on an assembled database of
broadly-based groundwater data compiled by Bedinger et al. (1984) in 1984 for the entire Basin
and Range Province. That database may have had some errors regarding the precise locations
and volumes of discharges of the Ash Meadows springs.

If the Laczniak et al. (1999) revised evapotranspiration estimates are more accurate than those
adopted by D'Agnese et al., as Laczniak et al. (1999, p. 52) suggest is probably the case, and if
the newer, revised estimates were used in the modeling simulations using D'Agnese et al.'s
model, the magnitudes of the unweighted and weighted spring flow residuals predicted by the
D'Agnese et al. (1997) flow model might be expected to increase somewhat compared to those
originally estimated by D'Agnese et al. However, as mentioned above, because the groundwater
flow model was based on the use of assigned hydraulic head values, rather than average annual
discharge values, no immediate conclusions can be reached regarding whether any adjustments
in model parameters to account for the revised discharge estimates would lead to an
improvement or worsening of the degree of match between model-predicted and observed spring
flows for the Ash Meadows area.
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9.2.10.2.5- Alternate-Climate Simulations

Between about 1985 and 1999, a number of investigators have conducted independent regional
groundwater modeling simulations to evaluate the effects of past and hypothetical future changes
in climate on the height of the groundwater table in the Yucca Mountain region. One of the first
such major simulations was that of Czarnecki (1984), who used a two-dimensional finite element
groundwater flow model of the region, together with assumptions about pluvial recharge on and
underflow into and from the region, to attempt to predict the effect of increased groundwater
recharge under assumed hypothetical wetter climatic conditions, on the groundwater system in
the vicinity of Yucca Mountain.

D'Agnese et al. (1999) performed two modeling simulations, using a regional steady-state
groundwater flow model (MODFLOWP), to assess the potential effects of past and future
climate changes on the regional groundwater flow system in the Death Valley region. This set of
simulations represents the current set of major alternate-climate simulations developed and used
for the YMP. The simulations included one simulation based on past-climatic (wetter, cooler)
conditions (21 ka, a full glacial condition); and a second simulation involving a possible, future
groundwater flow system representing global-warming conditions (a doubling of atmospheric
CO2 levels). Climate changes were simulated with the regional groundwater flow model
primarily by changing the distribution and rates of groundwater recharge. Average annual
precipitation maps for both past-climate and future-climate scenarios were resampled to the
model grid resolution.

Section 9.4.3 contains a detailed discussion of the various alternate-climate simulations that have
been conducted to attempt to understand the potential effects of future changes in climate on the
groundwater table elevation beneath Yucca Mountain.

9.2.11 Summary

The Yucca Mountain-Fortymile Wash flow system, a part of the Alkali Flat-Furnace Creek
groundwater basin, represents the local saturated zone flow system underlying the potential
repository site. The Alkali Flat-Furnace Creek groundwater basin constitutes a portion of the
central Death Valley subregion of the Death Valley regional groundwater flow system. The
Yucca Mountain site occupies an intermediate position between the areas of recharge and
discharge within this regional flow system. Movement of groundwater in the saturated zone
within the regional flow system can be effectively conceptualized as a series of relatively
shallow and localized flow paths that are superimposed on deeper regional flow paths.

General groundwater flow paths and recharge domains in the Yucca Mountain area inferred,
from analysis of hydrochemical and isotopic data within the Death Valley regional groundwater
flow system and from the Yucca Mountain-Fortymile Wash flow system, are in general
agreement with flow paths interpreted from water levels in wells installed at and around Yucca
Mountain and with estimates of infiltration rates and recharge distributions used in unsaturated
flow system modeling.

Regional three-dimensional groundwater flow models developed and used to model regional
groundwater flow in the Death Valley regional groundwater flow system have demonstrated that
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fault zone characterization, assigned permeability distributions, and uncertainties regarding
modeled spring flows and regional groundwater fluxes into and out of the regional flow system
are all factors controlling the accuracy of the model in simulating groundwater flow directions,
groundwater fluxes, and recharge and discharge distributions within the modeled area.
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9.3 SATURATED ZONE FLOW WITHIN THE YUCCA MOUNTAIN SUBSYSTEM

9.3.1 Overview of Subsystem Hydrogeology and Flow

The Yucca Mountain site is located within the Alkali Flat-Furnace Creek Groundwater Basin,
which is part of the Central Death Valley subregion, as shown in Figure 9.2-7. Groundwater
flow in the saturated zone beneath Yucca Mountain is part of the dominant regional north to
south flow within the western part of the Alkali Flat-Furnace Creek Groundwater Basin, as
shown in Figure 9.2-8.

The Yucca Mountain site occupies an intermediate position between the areas of recharge and
discharge of the regional system, as described in Section 9.2.3. The aridity and small average
rate of recharge produce a correspondingly small groundwater flux, which is readily transmitted
through the well-fractured rocks that compose most of the region. Consequently, the average
regional hydraulic gradient is also small, resulting in a water table (the upper surface of the
regional saturated zone) that commonly is deep beneath the land surface, particularly beneath
prominent ridges such as Yucca Mountain

Percolation to the water table through the unsaturated zone contributes recharge to the saturated
zone at Yucca Mountain. However, most of the groundwater flux in the saturated zone beneath
the site probably is throughflow which, in a regional context, is from generally north to generally
south, as indicated above. At the site itself, the local saturated zone flow direction is southeast
toward Jackass Flats (Figure 9.3-1) but is believed to turn southward within a few kilometers.
To characterize the throughflow, the area of interest for saturated zone studies includes
hydrogeologic features that influence flow and potential chemical transport to the downgradient
boundary of the postclosure controlled area.

Regulatory revisions being considered may specify a dose-based standard to be applied at the
nearest point of likely persistent human consumption of water and of food products using that
water. Such a standard may be applied at the northern Amargosa Desert, including the
community of Amargosa Valley (formerly Lathrop Wells) and the nearby agricultural area
known locally as Amargosa Farms. Consequently, the area currently to be considered for site-
scale saturated zone studies extends southward to the northern Amargosa Desert.

Boundaries of the saturated zone study area, locations of observation wells, and major
geographic features are shown in Figure 9.3-2. The area extends from central Jackass Flats
(longitude 116018') on the east to western Crater Flat (longitude 11603730") on the west, and
from the headwaters of Beatty Wash (latitude 36056') on the north to northern Amargosa Desert
(latitude 36°34') on the south. The southern limit of this area is about 30 km south of the
potential repository. As thus defined, the site saturated zone study area coincides with the area
of the site saturated zone flow model (Section 9.3.7). The boreholes used as hydraulic-head
observation wells in the northern half of the study area were, with few exceptions, drilled within
the anticipated controlled area by the Yucca Mountain site characterization program, whereas
those in the southern part were drilled for other purposes, principally as private water supply
wells. Between these clusters of wells, hydrologic control is sparse.
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Yucca Mountain is a north-trending ridge formed by an eastward-tilted, fault-bounded block of
layered volcanic rocks (Figure 4.6-7), near the southern limit of an extensive terrain of Miocene
volcanics that blanket much of southern Nevada. The volcanic rocks, mainly ash-flow tuffs and
lavas, thin southward from their source areas to about 2 km (1.2 mi.) thick beneath
Yucca Mountain.

Southward from the site area toward the northern Amargosa Desert, depositional thinning and
post-Miocene erosion combine to produce an increasingly discontinuous distribution of the
volcanics, allowing exposure of the underlying Paleozoic and Proterozoic rocks at the surface or
beneath surficial valley fill sediments. Figures 9.3-3 and 9.3-4 show a generalized
hydrogeologic map and a highly schematic, north-south cross section that demonstrate
these relationships.

Numerous faults occur at and near the site. Only the more prominent faults exposed at the
surface are shown in Figure 9.3-3. The north-striking faults that border and intersect the site are
part of a more extensive set that forms additional ridges to the east and west of the site and that
underlies the intervening valleys. Northwest-striking faults occur just to the north of the site, as
well as south and southeast of the site. Northeast-striking faults are regionally important to the
east and south of the site, projecting into the southern part of the saturated zone study area.
These faults probably influence the movement of groundwater significantly, whether they serve
as preferential pathways or impediments for flow.

The upper part of the Miocene volcanic sequence and the surficial Quaternary-Tertiary sediments
compose an unsaturated zone that is 400 to 750 m (1,300 to 2,500 ft) thick in the site area, owing
principally to topographic irregularity above a relatively flat water table. From west to east
between block-bounding faults, the generally eastward dip of the layered volcanic rocks causes
successively younger strata to be submerged beneath the more gently sloping water table.
Therefore, part of the suite of rocks described in the context of the unsaturated zone in the
potential repository area also forms part of the saturated zone suite in the larger site area.

Table 9.3-1 lists the principal stratigraphic units, correlative hydrogeologic units, and their
general distributions in the unsaturated and saturated regimes in the vicinity of Yucca Mountain.
A comprehensive description of the stratigraphy and lithologies is contained in Section 4.
Details of the site stratigraphy are provided in Section 4.

As illustrated on Table 9.3-1, the volcanic hydrostratigraphy in this report is defined as three
aquifers (upper, middle, and lower) separated by three confining units. Luckey et al. (1996) only
refer to two volcanic aquifers (upper and lower). This is because Luckey et al. (1996) did not
recognize the presence of the volcanics of Big Dome under the Yucca Mountain site. Thus, the
"lower" aquifer of Luckey et al. (1996) corresponds to the "middle" aquifer in this report. This
report retains the "upper," "middle," and "lower" terminology to be consistent with the Saturated
Zone Flow and Transport Process Model Report (CRWMS M&O 2000b) and work by
Czarnecki, Faunt et al. (1997).
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9.3.2 Data and Information Sources

Much of the information pertaining to the hydrogeology and hydrology of Yucca Mountain has
been compiled by Luckey etal. (1996), who are quite comprehensive with respect to
hydrogeologic and hydraulic aspects, including the potentiometric regime. Associated topics
such as hydrochemistry and paleohydrology are introduced briefly, with appropriate references
to more complete sources.

Luckey et al. (1996) restrict their discussion of the hydrogeology of the Tertiary volcanic rocks
in the immediate vicinity of the potential repository site. Both older and younger Tv rocks are
present in the broader area that includes the Nevada Test Site. Laczniak et al. (1996) provide a
more regional hydrostratigraphy of the volcanic rocks, and Czarnecki et al. (1997) also include a
description and classification of the deeper volcanic aquifers and confining units between the
potential site and the northern Amargosa Desert (referred to in this report as the "lower aquifer
and confining unit"). Although it is regional in scope, the description of the possible hydraulic
effects of faults and fracture zones of the Death Valley region in Faunt (1997) is sufficiently
detailed to be useful in conceptualizing the hydrogeology of the site area also.

Greater detail regarding the completion and hydraulic testing of site-characterization boreholes is
available in the U.S. Geological Survey (USGS) reports that are listed in Table 9.3-2. The basic
hydraulic data and pertinent aspects of borehole location and construction are provided in USGS
open-file reports that are identified in the center column of the table. The right-hand column of
the table identifies reports, primarily in the USGS water-resources investigations report series
that provide interpretations of the test data. Geldon (1996) and Geldon et al. (1997) provide
thorough analyses of multi-well tests at the C-Holes tracer-testing complex, as well as the effects
of long-term pumping on observation wells 1 km (0.62 mi.) away.

The results of a decade (1985 to 1995) of water-level monitoring in the Yucca Mountain area are
compiled and discussed by Graves et al. (1997). They give ranges of annual and seasonal
variations and discuss possible long-term trends of potentiometric levels, including those
proposed by other authors. The period discussed includes the time of the Landers, California,
and Little Skull Mountain (near Yucca Mountain) earthquakes in June 1992, as well as the
several months afterward, during which some wells continued to recover. The immediate
(seismic-phase) and short-term effects of these earthquakes on potentiometric levels near Yucca
Mountain were described in greater detail by O'Brien (1993).

Tucci and Burkhardt (1995) provide a potentiometric map of the site area, including Crater Flat
to the west, Jackass Flats to the east, and the area north of the site that contains the large
southward hydraulic gradient. Possible causes of the large gradient, and of the moderate
eastward gradient from Crater Flat to the site area, are reviewed by Luckey et al. (1996), who
also discuss the distribution of potentiometric head at depth beneath the water table. Czarnecki
et al. (1997) report on the hydrogeologic and potentiometric framework for developing and
calibrating a three-dimensional finite-element groundwater flow model for the. site area, as
extended southward to the potentially affected population of the northern Amargosa Desert.

The Saturated Zone Flow and Transport Process Model Report (CRWMS M&O 2000b,
Figure 3-6) presents the most up-to-date potentiometric map of the site area (site-scale map).
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The site-scale map was developed for the site-scale saturated zone flow and transport model and
was designed to be compatible with the D'Agnese et al. (1997) regional-scale
potentiometric map.

Sass et al. (1988) is the principal source of data pertaining to the geothermal environment of
Yucca Mountain, including subsurface temperature profiles, thermal conductivity of the rocks,
and calculated conductive heat flow. Sass et al. (1995) provide supplemental data and an
expanded interpretation of the data, whereas Sass (1998) offers a different interpretation of one
particularly enigmatic data set.

Hydrochemical and isotopic data provide some insight into timing and locations of recharge to
the local saturated zone, as well as to probable directions of flow beneath the potential repository
itself. McKinley et al. (1991) compiled an extensive set of hydrochemical data. Rose
et al. (1997) and Oliver and Root (1997) add isotopic data to their compilations, and Oliver and
Root (1997) applied data screens to eliminate analyses of questionable quality, such as those
with a poor charge balance.

In addition to the references described above, additional sources of information on the saturated
zone are in preparation. Three YMP analysis and modeling reports that were in review at the
time this report was prepared will provide the updated hydrogeologic framework, an analysis of
water-level information, and a preliminary calibration of a flow model for this expanded site
area. In addition, at the time this site description was prepared, Nye County was in the process
of drilling, testing, sampling, and completing for long-term monitoring a series of boreholes
between Crater Flat and Jackass Flats just north of the Amargosa Desert. These additional data
will be provided in subsequent revisions of this report.

9.3.3 Hydraulic Properties

Hydraulic properties estimated most commonly by the saturated zone investigations are porosity
and hydraulic conductivity at the rock-matrix scale and transmissivity at the rock-mass scale.
Respectively, the two scales are characterized by tests on core samples and in boreholes.
A limited number of multiple-borehole tests were used to provide storage and dispersion
coefficients for the saturated system.

9.3.3.1 Test Methods

Knowledge of hydraulic properties, such as hydraulic conductivity, transmissivity, and
storativity, is critical to understanding the hydrogeology of Yucca Mountain. Several methods
have been used to conduct and analyze tests to determine the hydraulic properties of the
saturated zone in the Yucca Mountain area. Field tests conducted in the vicinity of Yucca
Mountain to estimate transmissivity and storativity include the following:

* Single-well, constant rate discharge tests (commonly known as pumping tests)
. Multiple well pumping tests, in which observation wells are used
* Constant rate injection tests in both single-well and multiple-well configurations
* Single-well, variable rate discharge tests
* Single-well, slug-injection, and slug-withdrawal tests
* Single-well, pressure-injection tests.
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Borehole flow and temperature surveys during pumping (described below) provided information
on the vertical distribution of the hydraulic properties. Table 9.3-3 lists the types of hydraulic
tests that have been conducted in the vicinity of Yucca Mountain, the analytical methods used to
evaluate the tests, and references that describe the analytical methods. The actual applications of
these methods to investigations at Yucca Mountain are described in:

* Geohydrology of Rocks Penetrated by Test Well UE-25p#], Yucca Mountain Area, Nye
County, Nevada (Craig and Robison 1984)

. Geohydrology of Rocks Penetrated by Test Well USW H-6, Yucca Mountain, Nye
County, Nevada (Craig and Reed 1991)

* Results and Interpretation of Preliminary Aquifer Tests in Boreholes UE-25c #1,
UE-25c #2, and UE-25c #3, Yucca Mountain, Nye County, Nevada (Geldon 1996)

* Results of Hydraulic and Conservative Tracer Tests in Miocene Tuffaceous Rocks at the
C-Hole Complex, 1995 to 1997, Yucca Mountain, Nye County, Nevada (Geldon
et al. 1997)

. Analysis of a Multiple-Well Interference Test in Miocene Tuffaceous Rocks at the
C-Hole Complex, May-June 1995, Yucca Mountain, Nye County, Nevada (Geldon
et al. 1998)

* Geohydrology of Volcanic Tuff Penetrated by Test Well UE-25b #1, Yucca Mountain,
Nye County, Nevada (Lahoud et al. 1984)

. Geohydrology of Rocks Penetrated by Test Well USW G-4, Yucca Mountain, Nye
County, Nevada (Lobmeyer 1986)

. "Double-Porosity Models for a Fissured Ground-Water Reservoir with a Fracture Skin"
(Moench 1984)

. Analysis of Aquifer Tests Conducted in Boreholes USW WT-10, UE-25 WT#12, and
USWSD-7, 1995-96, Yucca Mountain, Nevada (O'Brien 1997)

. Analysis of Aquifer Tests Conducted in Borehole USW G-2, 1996, Yucca Mountain,
Nevada (O'Brien 1998)

* Geohydrology of Rocks Penetrated by Test Well USW H-5, Yucca Mountain, Nye
County, Nevada (Robison and Craig 1991)

* Geohydrology of Test Well USW H-I, Yucca Mountain, A/ye County, Nevada (Rush
et al. 1984)

* Geohydrologic Data and Test Results from Well J-13, Nevada Test Site, Nye County,
Nevada (Thordarson 1983)
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. Geohydrology of Test Well USW H-3, Yucca Mountain, Nye County, Nevada
(Thordarson et al. 1985)

. Geohydrology of Rocks Penetrated by Test Well USW H-4, Yucca Mountain, Nye
County, Nevada (Whitfield, Eshom et al. 1985).

The saturated zone tests discussed in those reports have been completed in 17 boreholes, and
three additional holes have been used as observation wells during multiple-well tests. The
locations and results of the field tests are discussed in Section 9.3.3.3.

Because of the great depth that must be drilled to test the saturated zone at Yucca Mountain,
almost all of the hydraulic tests were single-well tests of the entire open interval or of specific
depth intervals in a borehole. Multiple-well tests have been conducted mainly at one site (the
C-Holes or UE-25 c complex) (Geldon et al. 1998) but tests of well pairs were also conducted in
Drill Hole Wash (Moench 1984, pp. 831 to 846). A single-well pumping test provides an
estimate of the transmissivity, the integrated water conducting capability of the entire saturated
section to which the borehole is open. The principal limitations are that:

. No information regarding the vertical distribution of permeability or the degree of
anisotropy is obtained directly, although a flow survey mitigates the former.

. Head losses close to the pumping well occur due to turbulent flow and plugging of
openings near the borehole during drilling (skin effect). These are a significant part,
sometimes the major part, of the drawdown, causing transmissivity to be underestimated
and diminishing the sensitivity of drawdown to hydraulic properties of the more distant
reaches of the affected rock mass.

* Storativity cannot be determined reliably from pumped-well drawdown data.

An observation well eliminates the skin effect and turbulent flow factors, providing a more
reliable drawdown value, though only in the direction connecting the pumping and observation
wells. Multiple observation wells located on intersecting axes give a more accurate record of the
directional aspects of drawdown, allowing evaluation of anisotropy as well as the transmissivity
and storativity where hydrogeologic conditions are favorable. The following paragraphs are
brief descriptions of the test methods used.

Slug Tests-Slug tests are single-well tests that involve measuring the rising or falling heads as a
function of time over relatively short periods of time. Consequently, concurrent flow surveys are
impractical, no directional information is gained, and a very limited volume around the borehole
is tested. Their usefulness is in estimating the transmissivity and storativity of less permeable
intervals, to which pumping tests are insensitive, even when supplemented with flow surveys.

Pumping Tests-A pumping test (whether single-well or multiple-well) requires:

. A submersible pump set far enough below the static water level to keep the pump
submerged during the test

* A flow meter to measure pump discharge rate and/or volume
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. Pressure transducers get at one or more intervals within the borehole and connected to
recorders at the surface to record changes in hydraulic head during pumping.

An initial test usually is required to select an appropriate pumping rate and, comrnonly, the first
pump must be removed and adjusted or replaced. If a flow or temperature survey is to be
conducted during pumping, tubing of sufficient diameter to provide access of the survey tool
around the pump is usually provided. Boreholes that are planned for pumping tests, therefore,
are drilled and completed at larger diameters (about 25 cm [10 in.] or larger) than are geologic
core holes.

Flow and Temperature Surveys-Borehole flow surveys are commonly conducted in
conjunction with constant rate pumping tests at Yucca Mountain to detect transmissive intervals
that provide inflow to the borehole and to estimate the relative contributions of each interval to
the total production. The procedure is to conduct a fluid velocity measurement in the borehole at
various depths, which is then combined with the cross-sectional area of flow to provide uphole
(or downhole) discharge at the depth of measurement. Most flow surveys used a tracer injection
and detection technique (commonly known as a tracejector survey), but heat-pulse flowmeter
surveys, spinner surveys, and 0 activation surveys also have been used. The percentage of flow
contributed by each test interval is calculated by dividing the test-interval flow rate by the
measured pumping rate. Static, or nonpumping, flow surveys have also been conducted to
determine intraborehole flow driven by ambient differences of hydraulic head at different depths
in the hole. More detailed descriptions of the techniques for flow surveys are provided by
Blankennagel (1967), Keys (1988), Hess (1990), and McKeon et al. (1990).

Temperature logs were obtained in many of the boreholes at the same time as the borehole flow
surveys. A temperature sensor measures fluid temperature as the probe is moved vertically along
the borehole. Inflections in the temperature profile indicate flow of water into or out of the
borehole, providing additional information concerning transmissive zones. Blankennagel (1967)
and Keys (1988) describe temperature logging and interpretive techniques. Sass, Lachenbruch
et al. (1988) describe temperature logging after boreholes have been allowed to equilibrate for
weeks, months, or more after construction and testing disturbances. These logs are used to
establish the natural thermal gradient and conductive heat flow as well as perturbations of the
groundwater system by the continued presence of the borehole.

Packer Tests-Inflatable packers are used to isolate specific intervals within a borehole for
testing and to measure head at various depths. Usually two packers (straddle packers) were used
to isolate intervals during slug injection tests at Yucca Mountain. In some constant discharge
tests, one packer was used above or below the pump to isolate the pumping interval from other
parts of the borehole. Transducers generally are set within the isolated interval(s) to monitor the
hydraulic-head response of the interval to the applied stress. Measurements of static head in
packer-isolated intervals, which help to define the potential for natural flow in the groundwater
system, are made with a steel tape or wireline probe.

Packers for conducting slug injection tests are set at a fixed interval on subs within a tubing
string. They are inflated by injecting water through a valve system and, once they are inflated,
the tubing can be manipulated to open ports into the borehole above, between, or below the
packers. For slug tests, the tubing is filled to the desired initial head from a water source at the
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surface while the injection ports are closed. Upon opening a port to the borehole, usually
between packers, the head in the tubing is instantaneously applied to the borehole wall and is
allowed to decline as water is injected into the test interval. The change in hydraulic head is
sensed with transducers and recorded at the surface. Except for the option of running a test
below the straddle packers, the packer interval is fixed but can be moved to various depths.
Caliper logs are examined to select in-gauge seats for the packers to avoid leakage as well as to
prevent rupturing the packers by overinflation.

The falling head slug injection test can be analyzed by type-curve methods to obtain both
transmissivity and storativity of the interval (Table 9.3-3). However, the volume of water
actually injected is limited to the tubing storage between the level of the initial applied head and
the static head in the interval tested, so the volume of rock that responds to the stress is small. In
addition, the test should not be applied in transmissive intervals because the resistance to flow in
the valve system and tubing becomes limiting. Consequently, flow surveys during earlier, open
hole pumping are very useful for delineating the intervals that can be tested effectively by slug
tests. An additional consideration in using slug tests where the water table is deep is that
fractures can be dilated by the application of large differential heads, and, if the initial head is
large enough, hydraulic fracturing may also be accomplished. Whether new fractures were
induced in tests at Yucca Mountain is in doubt, but fracture dilation and subsequent closure is
evident in the recovery curves for many of the tests (e.g., Thordarson et al. 1985).

Pressure injection tests were conducted in formations that yielded very little water in response to
stresses. In these tests, water pressure is applied suddenly to the tested interval, as with slug
tests, but a valve is closed in the injection line, isolating the test interval from atmospheric
pressure. The decay of head in the pressurized system is monitored using transducers. The cycle
may be repeated several times.

Swabbing Tests-Water can be withdrawn from deep boreholes without a pump by swabbing.
Swabbing tests are conducted by lowering swab cups below the water level inside internal-flush
tubing or drill pipe, either on rods or on wireline with a weighted sinker bar. The swab cups,
which expand to fit the drill stem or tubing, and the water column in the tube above the swab are
then raised. The process is repeated until the desired volume of water has been lifted to
discharge at the surface. Changes in hydraulic head in response to the removal of water are
monitored using pressure transducers. Because the withdrawal rate is irregular, hydraulic
analyses are usually based on specific capacity or on the recovery curve. Swabbing can be done
from an open hole or from packer-isolated intervals, in which case the tubing used to set the
packers is also used for swabbing. A rising head slug withdrawal test can be initiated by pulling
a single swab and is analyzed by the same methods as a slug injection test.

Multiple Well Tests-At the C-Holes Complex, multiple well constant discharge (pumping) tests
were conducted in March, May, and October to December 1984; May and June 1995; February
1996; and from May 1996 to November 1997. In these tests, a borehole or an isolated interval
within a borehole was pumped, and hydraulic responses in nearby observation wells were
monitored. In preliminary hydraulic tests conducted at the C-Holes Complex in 1984, shortly
after completion of drilling, wells UE-25 c#2 and UE-25 c#3 were pumped and monitored in a
variety of configurations, using several different testing methods. A detailed description of each
of the 1984 tests, as well as interpretations of test results, is provided by Geldon (1996). The

TDR-CRW-GS-00000 I REV 01 ICN 01 9.3-8 September 2000



f.45'

hydraulic test conducted in May 1995 involved pumping UE-25 c#3 and observing drawdown
and recovery in UE-25 c#1 and UE-25 c#2; as no packers were used, the pumping and
observation wells were open to the composite saturated sections. The hydraulic tests conducted
in June 1995 involved pumping UE-25 c#3, again without packers installed, and observing
drawdown and recovery in six isolated intervals in UE-25 c#1 and UE-25 c#2. Geldon
et al. (1998) describe the analysis of the May and June 1995 tests.

In February 1996, an interval including the lower Bullfrog Tuff and upper Tram Tuff was
isolated in UE-25 c#3 and pumped five days to establish a gradient for a tracer test, and the
Calico Hills, Prow Pass, upper Bullfrog, and Bullfrog-Tram Tuff intervals in UE-25 c#l and
UE-25 c#2 were monitored. In the 1996 to 1997 testing, the lower Bullfrog Tuff interval was
isolated and pumped in UE-25 c#3, and the Calico Hills, Prow Pass, and upper and lower
Bullfrog Tuff intervals in UE-25 c#1 and UE-25 c#2 were monitored. Five additional wells
(UE-25 ONC-1, USW H-4, UE-25 WT#3, UE-25 WT#14, and UE-25 p#l) were monitored
during this 18-mo.-long test to evaluate heterogeneity and scale effects in the volcanic rocks and
to determine any possible hydraulic connection between the volcanics and the underlying
Paleozoic carbonate rocks. Additional details of the hydraulic tests conducted at -the C-Holes
Complex during 1995 to 1997 are provided by Geldon et al. (1997).

Assumptions made concerning the hydraulics of the aquifer system at and in the vicinity of the
test borehole, and the availability and configuration of any nearby observation wells, determine
the methods used to analyze the tests. The several methods used to analyze the multiple-well
tests are listed in Table 9.3-3.

9.3.3.2 Matrix Properties

Porosity is simply the ratio of the void space in the rock to its total volume (voids plus solids),
expressed either as a decimal or as a percent. The intrinsic permeability of a geologic material is
a measure of the ease with which it transmits fluids and is expressed in this section in units of
darcies (d) or millidarcies (md) in Yucca Mountain reports. Values of'intrinsic permeability
reported in this section were estimated by laboratories that analyzed samples primarily for
geophysical properties or for characterizing unsaturated flow of both water and air. For
hydrologic investigations, hydraulic conductivity is the more common parameter that describes
the ease of water movement through water-saturated rock or soil. Hydraulic conductivity has the
dimensions of volume (L3) per unit time (T) per unit area (L2 ) under a unit gradient (L/L) which
reduces to units of L/T. On the YMP, m/day is the usual expression. The velocity obtained is
not an actual water-particle velocity but, rather, is the Darcian velocity, the volumetric rate of
flow per unit area. Hydraulic conductivities estimated by laboratory tests on core are reported
for the density and viscosity of dilute water at 20°C.

Compilation and evaluation of data from core samples recovered from exploratory and test holes
at and in the vicinity of Yucca Mountain since the early 1970s are presented here to characterize
hydrologic properties of the stratigraphic units that compose the site-scale hydrogeologic system.
By definition, data to be included would be for analyses of core recovered from the area bounded
approximately by latitude 36°34'N and 37°N, and longitude 116018'W and 116°38'W, and lying
within the Alkali Flat-Furnace Creek subbasin. The locations of the drill holes from which core
samples considered in this section have been recovered are shown in Figure 9.3-5.
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Most of the hydrologic data considered here are for core from drill holes that penetrated the
saturated zone beneath and in the immediate vicinity of Yucca Mountain. Seven of the
hydrogeologic units named in the site-scale modeling of the saturated zone groundwater system
are not commonly recognized in the immediate vicinity of Yucca Mountain but have been
identified in core recovered from drill holes that penetrated the saturated zone in the nearby
region. These other hydrogeologic units may be stratigraphically equivalent to units local to
Yucca Mountain. They also could correlate with disconformities in local strata. Other strata
somewhat distal to Yucca Mountain but included in the site-scale groundwater flow system may
not have been penetrated, or may not occur in the immediate vicinity. These units may occur in
saturated zone strata to the north (Pahute Mesa), east (Nevada Test Site), and south (Franklin
Lake Playa) of Yucca Mountain in areas that are recognized as part of the Alkali Flat-Furnace
Creek subbasin, and from areas within the Ash Meadows subbasin (Winograd and Thordarson
1975; Czarnecki 1990).

9.3.3.2.1 Methods

Boreholes from which core was recovered are shown in Figure 9.3-5. Examples of common core
programs may be found in work such as that of Winograd and Thordarson (1975, pp. C17 to
C19), Anderson (1981, 1994), Lobmeyer, Whitfield et al. (1983, p. 18), and Lahoud etal. (1984,
p. 11). Commonly, hydraulic and physical properties that have been estimated by laboratory
measurements of core from the saturated zone include porosity, bulk density, hydraulic
conductivity (ambient water properties), and permeability (intrinsic). Saturated hydraulic
conductivity, K, is related to intrinsic permeability, k, by the relationship,

K= kCpg /rl (Eq. 9.3-1)

where:

p = density of water under specified (or ambient laboratory) conditions
T1 = dynamic viscosity of water under specified (or ambient laboratory) conditions
g = acceleration of gravity
C = unit conversion factor

Discussions of the techniques for sample collection and preservation can be found in work by
Spengler, Muller et al. (1979, p. 39), Anderson (1981, 1991), and Rautman and Engstrom
(1996b, pp. 19 to 26). Laboratory techniques, errors that could be expected or encountered, and
the association of analytical results and rock type properties are also described in Anderson
(1981, pp. 3 to 34; 1991, pp. 13 to 26).

9.3.3.2.2 Hydraulic and Physical Rock Properties Observed in Core

9.3.3.2.2.1 Topopah Spring Tuff

The Topopah Spring Tuff comprises the upper volcanic aquifer in the site area saturated zone.
The tuff primarily occurs in the unsaturated zone but is saturated to the east and south of Yucca
Mountain. and beneath Crater Flat (Luckey, Tucci et al. 1996). The degree of welding reported
for core samples indicates nonwelded tuffs at shallow depths (less than 152 m [500 ft]), changing
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to moderately and densely welded tuff (about 152 to 427 m [500 to 1,400 ft] depth), and then
returning to a nonwelded tuff in the deepest intervals of recovered core that are considered here
(427 to 549 m [1,400 to 1,800 ft]). Luckey, Tucci et al. (1996, Figure 7) include the lowermost,
nonwelded tuffs in the upper volcanic confining unit.

Available data indicate effective porosity, estimated at UE-25 aH4, UE-25 ai5, and UE-25 a#7
(Anderson 1991), and UE-25 J-13 (Thordarson 1983), decreases with an increase in depth.
Matrix porosity decreases with an increase in welding. For nonwelded tuffs, the matrix porosity
is between 10 and 50 percent and for densely welded tuffs, porosity ranges between 5 and
10 percent.

Horizontal hydraulic conductivity values generally decrease from a high of 2 x 10 4 m/day at the
southernmost drill hole, UE-25 J-13 (Thordarson 1983), to a low of 2 x 10-12 m/day at drill hole
USW SD-12 (Rautman and Engstrom 1996b), and then increase to 8.3 x 10-7 m/day at the
northernmost drill hole that provides data, UE-25 b#l (Lahoud et al. 1984). As expected, an
increase in welding is associated with a decrease in hydraulic conductivity.

Vertical permeability was estimated for core samples from USW G-3 and USW G-4 (Anderson
1994). Horizontal permeability also was determined for the Topopah Spring Tuff penetrated at
UE-25 a#l (Anderson 1981), and at UE-25 a#4, UE-25 a#5, UE-25 a#6, and UE-25 a#7
(Anderson 1991). The relatively large range in vertical permeability, 0.0001 to 5.28 md, was
estimated for the moderately to densely welded tuff at USW G-3. A large range for horizontal
permeability, 0.0009 to 38.8 md, occurs in densely welded tuffs at UE-25 a#4 and UE-25 a#7,
respectively. Anderson (1991, p.1) indicated the large range in estimates of permeability is a
consequence of pore structure rather than porosity.

9.3.3.2.2.2 Calico Hills Tuff

At Yucca Mountain and the nearby vicinity, the Calico Hills Tuff is part of the upper volcanic
confining unit. Based on core sample descriptions, the unit is commonly nonwelded and vitric in
the upper intervals, and transcends to zeolitic nonwelded tuff, bedded tuff, or basal sandstone in
the lower part (Rush et al. 1984; Lahoud et al. 1984; Thordarson 1983; Flint and Flint 1990;
Geldon 1993; Rautman and Engstrom 1996a, 1996b).

Matrix porosity data have been analyzed for intervals from 11 drill holes that penetrate the
Calico Hills Formation beneath, and in areas proximal to, Yucca Mountain to the north, east,
south, and southwest. For the total sample population, the matrix porosity ranges between
11.8 and 47 percent.

The range for saturated hydraulic- conductivity in the Calico Hills Formation for samples from
drill holes UE-25 b#l (Lahoud et al. 1984), USW SD-7 and USW SD-12 (Rautman and
Engstrom 1996a, 1996b), and USW SD-9 (Engstrom and Rautman 1996) is 6.1 x 10-1 to
6.3 x 10-7 m/day. For vertical permeability, approximately 79 percent of the reviewed values are
between 0.01 to 0.06 md. Large vertical permeabilities, 27.9 and 15.6 md, were estimated in
separate investigations by Anderson (1994) and Flint and Flint (1990) for samples of vitric tuff at
depths of about 458 and 457 m (1,503 and 1,499 ft), respectively, at USW G-3. For horizontal
permeability, approximately 78 percent of the values range from zero to 1.0 md, 11 percent are
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between 1.0 and 6.0 md, and the remaining 10 percent range from 11 to 32.7 md. The largest
reported horizontal permeability, 32.7 md, also occurs at 458 m (1,503 ft) depth in drill hole
USW G-3 (Anderson 1994).

9.3.3.2.2.3 Crater Flat Group

Core analyses for the Crater Flat Group at and near Yucca Mountain are derived from core
programs for the three formations composing the Crater Flat Group: the Prow Pass, Bullfrog, and
Tram Tuff(s), in order of increasing depth. Descriptions for the Prow Pass Tuff indicate it is
about 90 percent nonwelded to partly welded tuff, whereas about 10 percent is moderately to
densely welded. The Bullfrog Tuff apparently is more welded, being 60 percent moderately to
densely welded, and only 40 percent nonwelded to partly welded. In the lowermost formation,
the Tram Tuff, the degree of welding is less and the tuffs are 80 percent nonwelded; 20 percent
are moderately to densely welded.

Prow Pass Tuff-Available data for matrix porosity in the Prow Pass Tuff are based on core
analyses from 10 drill holes that are distributed at and near the northern, eastern, and southern
circumference of Yucca Mountain. The drill holes are positioned in a manner that encompasses
the potential repository. Data for core analyses from two of the drill holes (UE-25 a#I
[Anderson 1981] and USW SD-7 [Rautman and Engstrom 1996a]) are for intervals of strata
intermittently dispersed through most of the unit, including 146 and 149 m (480 and 490 ft) of
section, respectively. Core from two more drill holes, USW G-4 (Anderson 1994) and
USW SD-9 (Engstrom and Rautman 1996), provide data from intermittently spaced intervals
with less complete coverage of the sequence, 105 and 99 m (345 and 325 ft) of section,
respectively. Data for these and for samples from smaller sections of the Prow Pass unit at six
other drill holes, UE-25 b#l (Lahoud et al. 1984), USW G-1 (Flint, L.E. and Flint 1990),
USW G-3 (Anderson 1994), USW H-1 (Rush et al. 1984), UE-25 J-13 (Thordarson 1983), and
USW SD-12 (Rautman and Engstrom 1996b), show the range in matrix porosity is 19 to almost
39 percent, with a mean value of 24 percent.

Horizontal hydraulic conductivities for the Prow Pass Tuff were provided for unit intervals at
five drill hole locations. At USW H-I (Rush et al. 1984) and UE-25 b#1 (Lahoud et al. 1984),
only two samples each are provided. These samples are from intervals at approximately 74 and
75 m (243 and 246 ft) below the upper unit contact at USW H-1, and 140 and 145 m (459 and
476 ft) below the unit top at UE-25 b#W. Drill holes USW SD-7 (Rautman and Engstrom 1996a)
and USW SD-12 (Rautman and Engstrom 1996b) provide core from intervals distributed through
the majority of the Prow Pass Tuff section (78 and 90 percent, respectively), but USW SD-9
penetrated only the upper 73 m (241 ft) (Engstrom and Rautman 1996). Values for horizontal
hydraulic conductivity range from immeasurably small to 0.013 m/day, with a mean of
0.00001 m/day. The largest conductivity in the Prow Pass Tuff, 0.013 m/day, occurs at about
30 m (100 ft) below the upper contact of the unit at USW SD-12, at approximately 530 m
(1,740 ft) below the surface (Rautman 1996). The geologic core log for drill hole USW SD-12
notes slickensides were reported in an interval about I m below the core sample location. The
mean for the entire data set compared to the mean value at each drill hole indicates a variance
from the total data set mean of about one order of magnitude. This suggests relatively consistent
hydraulic conductivity in the Prow Pass Tuff unit.
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Hydraulic conductivities in the vertical direction were reported for two samples each from
USW H-1 and UE-25 b#l. At UE-25 b#I (Lahoud et al. 1984, p. 13), the analyses for core
recovered from 626 m (2,053 ft) depth indicated a vertical hydraulic conductivity of
1.8 x 10 5 m/day. The other analysis was for core taken 53 m (175 ft) deeper and was an order of
magnitude smaller, 1.7 x 10-r m/day. At USW H-1 (Rush et al. 1984), the analyses were for
samples within 1 m of one another at about 640 m (2,100 ft) depth, and resulted in comparable
values of approximately 6.0 x 10-5 m/day. Horizontal permeability values for the Prow Pass Tuff
were estimated for core from UE-25 a#l, UE-25 c#I, UE-25 c42, and UE-25 c03 and USW G-1,
USW G-3, and USW G-4. At the C-Holes Complex, the core analyses were performed for
samples distributed intermittently throughout the entire sequence, ranging between about 131
and 143 m (430 to 470 ft) thick (Geldon 1993, 1996). Intermittently spaced core samples also
were recovered from an interval about 27 m (90 ft) thick in the lower part of the unit at
USW G-1 (Flint, L.E. and Flint 1990), an upper through middle interval about 70 m (229 ft)
thick and spanning approximately 70 percent of the Prow Pass Tuff at USW G-3 (Anderson
1994), and intermittently throughout the 122 m (400 ft) thick interval at USW G-4 (Anderson
1994). At UE-25 a#l, core samples were recovered for analyses of the upper 109 m (358 ft) of
the 148 in (486 ft) unit (Anderson 1981). Estimates for horizontal permeability for 89 samples
ranged between 0.002 and 43.9 md, with a mean for these data of 1.89 md. The majority of
values were between 0.1 and 10 md.

A mean vertical permeability for the Prow Pass Tuff was estimated from core collected from
intervals of the Prow Pass Tuff at UE-25 c#l (Geldon 1993), USW G-l (Flint, L.E. and Flint
1990), and USW G-4 (Anderson 1994), and for core from USW G-3 where samples were
intermittently spaced throughout the entire Prow Pass Tuff. Values reported for vertical
permeability ranged from 0.003 to 217 md. The maximum value, 217 md, is from analyses of
core recovered at the most southerly drill hole providing data, USW G-3. The mean vertical
permeability estimated by including the large value is 11.3 md. Omission of the outlier value
results in use of the next largest permeability, 50.5 md, as a maximum and a calculated mean
vertical permeability of 3.07 md. The alternative, next largest permeability, 50.5 md, also was
calculated for core recovered from USW G-3. This maximum value is from the same
stratigraphic interval that provided the highest reported horizontal permeability in the Prow Pass
Tuff, but at a different depth than the outlier.

Bullfrog Tuff-Eleven drill holes provide a laterally distributed data set to characterize rock
properties in the Bullfrog Tuff of the Crater Flat Group. Drill holes UE-25 c#l, c#2, and c#3
(Geldon 1993, 1996); USW G-3 and USW G-4 (Anderson 1994); and USW H-1 (Rush
et al. 1984) were cored at intervals through all or nearly all of the Bullfrog Tuff thickness. Core
from intervals spanning approximately 90 percent of the reported unit thickness were collected
for analyses from drill holes UE-25 b#1 (Lahoud et al. 1984) and USW SD-7 (Rautman and
Engstrom 1996a). Core from drill hole UE-25 J-13 (Thordarson 1983) represents sampling from
about 82 percent of the total penetrated thickness. The Bullfrog Tuff was not completely
penetrated at UE-25 a#l (Anderson 1981), and it is not certain how representative this sampling
is. However, this drill hole is proximal to USW H-1 and UE-25 b#l where the Bullfrog Tuff is
113 m (371 ft) and 99 m (325 ft) thick, respectively, allowing the estimation that the upper 35 m
(115 ft) interval from which core was recovered at UE-25 a#l would represent less than half the
entire unit. Finally, one sample was recovered from drill hole USW SD-12 (Rautman and
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Engstrom 1996b). Descriptions of welding indicate the tuff is variably welded, alternating
between nonwelded and moderately to densely welded throughout the sections at each drill hole.

Matrix porosity data for the Bullfrog Tuff are available from all noted drill holes, except the
C-Holes Complex.

Vertical hydraulic conductivity was estimated for the Bullfrog Tuff penetrated at two drill holes.
Ten estimates were from the Bullfrog Tuff penetrated at USW H-1 (Rush et al. 1984) and four
were for samples recovered from UE-25 b#l (Lahoud et al. 1984). Hydraulic conductivity
estimates in the horizontal direction have been reported for core samples of the Bullfrog Tuff
penetrated at these drill holes, as well as for analyses of seven samples from drill hole USW SD-
7 (Rautman and Engstrom 1996a) and one sample from USW SD-12 (Rautman and Engstrom
1996b). Vertical hydraulic conductivity ranges from immeasurably small to 5 x 1 0 4 m/day,
with a mean of 1.7 x 104 m/day. Horizontal hydraulic conductivity ranges between zero and
I x 10-3 m/day, with a mean of 2 x 104 m/day.

Based on a total of 108 core analyses for samples recovered from UE-25 cdl, c#2, c03 (Geldon
1993, 1996), UE-25 a#l (Anderson 1981), and USW G-3 and USW G-4 (Anderson 1994), the
mean value for horizontal permeability in the Bullfrog Tuff is 0.61 md.

Tram Tuff-The reported thickness of the Tram Tuff varies between about 265 m (870 ft) at drill
hole UE-25 J-13 (Thordarson 1983) to 375 m (1,230 ft) at USW G-3 (Anderson 1994). At drill
holes USW H-I (Rush et al. 1984) and UE-25 b#l (Lahoud et al. 1984), the reported total section
thickness was 271 and 329 m (889 and 1,079 ft), respectively. Of these four drill holes, only
USW G-3 was sampled intermittently through 97 percent of the unit thickness. At USW H-i,
UE-25 bill, and UE-25 J- 13, core was recovered intermittently within intervals spanning
between 72 to 85 percent of the total reported unit thickness. At the C-Holes Complex, the drill
holes bottomed in the upper zone of the Tram Tuff (Geldon 1993); core samples were from the
upper 83 to 101 m (272 to 330 ft). At USW G-4 (Anderson 1994) and USW SD-7 (Rautman and
Engstrom 1996a), core also were only from the uppermost interval of the unit. A summary of
welding descriptions for core samples from the noted drill holes indicates 64 percent of the Tram
Tuff is nonwelded to partly welded. At drill holes USW G-3 and UE-25 b#l, most of the strata
were described as partly to moderately welded; core from the upper interval at the other drill
holes was fairly consistently logged as nonwelded to partly welded; the lower, deeper interval
was usually described as partly to moderately welded.

Matrix porosity is characterized based on reports for five drill holes, USW H-I (Rush
et al. 1984), USW G-3 and USW G-4 (Anderson 1994), UE-25 b#ll (Lahoud et al. 1984), and
UE-25 J-13 (Thordarson 1983).

The largest matrix porosity, 39.4 percent, occurs in nonwelded tuff, and the smallest matrix
porosity, 6 percent, occurs in moderately welded tuff; however, porosities between about 15 and
25 percent occur in tuffs ranging from the least to most welded, respectively. Compiled data
indicate matrix porosity values from the different sample locations are comparable.

Hydraulic conductivities have been reported for core recovered from USW H-1 (Rush
et al. 1984), UE-25 bill (Lahoud et al. 1984), and USW SD-7 (Rautman and Engstrom 1996a).
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Horizontal hydraulic conductivity ranges from immeasurably small to 4.0 x 104 m/day. Vertical
hydraulic conductivity ranges from immeasurably small to 5.0 x 1 0 4 m/day. At drill hole
USW H-i, where the greatest number of samples were analyzed, three were recovered in the
upper 11 m (36 ft), and the remaining samples were recovered from the lowermost 107 m
(350 ft) of the Tram Tuff. A comparison of depth to vertical and horizontal hydraulic
conductivity values at this one drill hole affirms the character of the whole sample population,
for which changes in neither property are obviously correlative with depth.

Horizontal permeability analyses are available from UE-25 c#1, c#2, and c#3 (Geldon 1996), and
USW G-3 and USW G-4 (Anderson 1994). Vertical permeability analyses were reported for
only USW G-3 and USW G-4 (Anderson 1994). The degree of welding does not noticeably
influence the permeability, and there are no consistent trends in these parameters associated with
an increase in depth. Values for horizontal permeability range between zero and 5.2 md, with a
mean of 0.13 md. In the C-Holes Complex, the horizontal permeability in the Tram Tuff is
typically about 1.0 x 10-2 md; the exception is in the uppermost 9 m (30 ft) interval at
UE-25 c#1, where it is 0.3 md. Horizontal permeability in the Tram Tuff is often less at the
C-Holes Complex than at USW G-3, where the maximum sample permeability, 5.2 md, occurs at
1,070 m (3,511 ft) depth. Analyses of core samples recovered at USW G-4 provide values for
horizontal permeability in the Tram Tuff that range between 0.1 and 0.26 md and also indicate a
commonly larger horizontal permeability there than at the C-Holes Complex. Vertical
permeability in the Tram Tuff ranged from immeasurably small to 33.7 md, with a median of
9.0 x 10-3 md. Similar to horizontal permeability, the maximum vertical permeability was
measured for core recovered from USW G-3. Except at USW G-3, both vertical and horizontal
permeabilities decrease in a north-to-south direction.

Flow Breccia and Lithic Ridge Tuff-At Yucca Mountain and the nearby areas, a flow breccia
unit and the underlying Lithic Ridge Tuff compose the middle volcanic confining unit. At
USW H-1, where the flow breccia was estimated to be 119 m (390 ft) thick, one core sample was
recovered at 1,201 m (3,940 ft) depth, located 34 m (111 ft) above the lower contact. Rush
et al. (1984) reported a relatively small hydraulic conductivity of 8 x 107 rn/day.

Seventeen core samples were recovered at depths intermittently spaced through approximately
93 percent (288 m [945.8 ft]) of the estimated total thickness of the Lithic Ridge Tuff, where it is
penetrated by USW G-3 (Anderson 1994). The only other available core analyses for the Lithic
Ridge Tuff strata are for single samples from both drill holes UE-25 J-13 (Thordarson 1983) and
UE-25 p#l (Anderson 1991). At UE-25 ptl, where the Lithic Ridge Tuff is 200 m (656 ft)
thick, the core sample was taken at 1,052 m (3,453 ft) depth, 10 m (34 ft) above the lower unit
contact. At drill hole UE-25 J-13, where the Lithic Ridge Tuff is 81 m (267 ft) thick, a sample
was collected from the tuff at its lowermost contact at 324 m (1,063 ft) depth. At USW G-3, the
Lithic Ridge Tuff was reported as nonwelded (Schenker et al. 1995). The sample from drill hole
UE-25 J-13 was reported as partly welded (Thordarson 1983).

Matrix porosity estimates for the Lithic Ridge Tuff were provided based on analysis of 18 core
samples. The majority (16) of these are for core collected at USW G-3 (Anderson 1994). The
other estimates are for core recovered at UE-25 p#l (Anderson 1991) and drill hole UE-25 J-13
(Thordarson 1983). Values range between 15.2 and 27.4 percent.
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All but one estimate for both the vertical and horizontal permeability in the Lithic Ridge Tuff are
from USW G-3 (Anderson 1994). Core analyses for the sample recovered from drill hole
UE-25 p#l (Anderson 1991) provide the one other estimate for both parameters. The maximum
and minimum estimated vertical permeability are 1.0 x 10-3 and 3.0 x 10' md. Horizontal
permeability ranged between zero and 1.6 x 10-l md.

Older Tuffs-Two reports have included core analyses each for the stratigraphic sequence
referred to as the Older Tuffs, which are considered as the lower volcanic confining unit in the
Yucca Mountain vicinity. These reports are for drill holes USW H-1, where 320 m (1,049 ft) of
the Older Tuffs were penetrated (Rush et al. 1984), and USW G-3, where only 47.5 m (156 ft) of
the Older Tuffs were penetrated (Anderson 1994). At USW H-i, two core samples from
approximately 61 m (200 ft) below the upper unit contact were recovered for analyses. At
USW G-3, core samples were recovered at approximately 17, 37, and 47 m (55, 122, and 154 ft)
below the uppermost contact depth. Although core analyses were not performed, the Older Tuffs
also were penetrated at USW G-1 and UE-25 p#l. At USW G-1, where 323 m (1,060 fit) of the
Older Tuffs were drilled, Spengler, Byers et al. (1981) reported the drill hole bottomed in the
tuffs. At UE-25 p#l, where the base of the Older Tuffs was drilled through, the total thickness
was reported as about 75 m (246 ft). The variance in thickness could be due to a thinning or
faulting of strata. It may also be due to the depths being estimated to include other Tertiary tuffs
lying between the Older Tuffs and the Paleozoic carbonate strata (Craig and Robison 1984). At
USW G-3, the Older Tuffs are described as zeolitized ash-flow and bedded tuff that is
nonwelded (Anderson 1994), and at USW H-1, they are described as partly to moderately welded
(Rush et al. 1984).

Based on the three core analyses for the Older Tuff unit at USW G-3 (Anderson 1994) and two
from USW H-I (Rush et al. 1984), porosity ranges between 10.0 and 19.3 percent. Based on the
same two samples from USW H-1, an average vertical hydraulic conductivity of
2.0 x 104 in/day and an average horizontal hydraulic conductivity of 1.8 x 104 m/day were
determined for the Older Tuffs.

The three core analyses from USW G-3 (Anderson 1994) also provided estimates for vertical and
horizontal permeabilities. The minimum and maximum vertical permeability were 7.0 x 10-3 and
3.8 x 10-2 md, respectively.

Lower Carbonate Aquifer-Hydraulic properties, including matrix porosity, vertical
permeability, and horizontal permeability, for the lower carbonate aquifer were determined for
core recovered at UE-25 p#1 (Anderson 1991). Data from the Lone Mountain Dolomite (10 to
14 core analyses) reveal horizontal permeability ranges between 164 and 0.003 nid. Horizontal
permeability estimated for the one sample from the Roberts Mountain Formation was
2x 103 md.

9.3.3.2.3 Summary of Hydraulic Properties

Although the Topopah Spring Tuff is part of the saturated zone system in the more southerly
extent of the site area, it is mostly included in the unsaturated zone system. (Section 8 contains a
detailed evaluation of this unit.) The core data confirm that the matrix porosity of the Topopah
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Spring Tuff generally decreases with increased degree of welding of the rock strata. Fracture
porosity generally increases with degree of welding.

Based on referenced data, matrix porosity in the Calico Hills Formation ranges between 11.8 and
47 percent, with a mean of about 28 percent. In the volcanic tuffs that compose both the Crater
Flat Group and the Lithic Ridge Tuff, the mean matrix porosity is 19 to 24 percent. In the deeper
tuffs of the lower volcanic confining unit, the mean porosity was estimated as approximately
15 to 16 percent. The lowest matrix porosity estimates were for the lower carbonate aquifer,
where values ranged between about 5 percent in the Lone Mountain Dolomite and 0.3 percent in
the Roberts Mountain Formation. The trend through the volcanic strata in a descending order
below the Topopah Spring Tuff, then, is to transition from the most porous unit in the upper
interval in the saturated zone, through the less porous tuffs, including the Crater Flat Group and
Lithic Ridge Tuff.

Estimated permeability values derived for the various geologic formations from single-hole test
data vary depending on the geologic unit and on such factors as the degree of welding, alteration
history, and overburden stress. Because all of these factors affect permeability values, attempts
to develop a simple correlation between permeability and depth alone are not possible.
However, one general conclusion that can be made regarding permeability distributions in the
saturated zone beneath and in the vicinity of Yucca Mountain is that the mean permeabilities of
the Topopah Spring and Prow Pass Tuff units are generally higher than the mean permeabilities
of the deepest tuff units (e.g., Pre-Lithic Ridge Older Tuffs and Lithic Ridge Tuff unit).

The relatively large means for permeability in the Lone Mountain Dolomite (Anderson 1991,
p. 32) may reflect the orientation of open fractures, such that some core samples were not
suitable for measurement.

9.3.3.3 Rock Mass Properties, Including Faults

The capability of a large volume of geologic material (rock) to transmit or store water depends
on the properties of its included matrix, along with the properties of fractures (joints or faults).
Ideally, rock-mass hydraulic characteristics are determined for a hydrogeologic unit (usually an
aquifer) of stratigraphically defined thickness, but in reality they commonly are determined for
the thickness actually tested, whether that is the saturated zone depth penetrated by a borehole or
the thickness of an interval of a borehole that is mechanically isolated by inflatable packers. The
results of tests to estimate rock-mass properties are given later in this section.

More than 150 individual hydraulic tests have been conducted on boreholes (Figure 9.3-6) on
and around Yucca Mountain. Almost all the tests were single-borehole tests in specific depth
intervals and may have included single-well, constant-discharge pumping tests, slug-injection
(falling-head) tests, pressure-injection tests, temperature surveys, and tracer injection flow
surveys. Multiple-well pumping tests were conducted only at the C-Holes Complex and, in
limited fashion, between two boreholes in-Drill Hole Wash. The various hydraulic parameters
discussed in the following section were determined mostly from single-borehole tests, although
some results from the C-Holes Complex are included. Because multiple-well tests provide both
more information and are on a larger scale, these tests are discussed in greater detail in a
subsequent section.
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9.3.3.3.1 Single-Borehole Tests

Transmissivity and Apparent Hydraulic Conductivity-Estimated transmissivity values
determined from hydraulic tests for the hydrogeologic units (upper volcanic aquifer, upper
volcanic confining unit, middle volcanic aquifer, lower volcanic confining unit, and carbonate
aquifer) in the vicinity of Yucca Mountain are listed in Table 9.3-4. Apparent hydraulic
conductivity values for the hydrogeologic units are listed in Table 9.3-5. The apparent hydraulic
conductivity values were based on reported single-borehole hydraulic tests and generally were
calculated by dividing the total reported transmissivity of the tested interval by its thickness in
the borehole. Hydraulic conductivity values for individual intervals in a borehole could vary by
several orders of magnitude, depending on whether or not transmissive fractures were present.
In intervals that contained no open fractures, hydraulic conductivity tended to be low (generally
less than 0.01 m/day) reflecting the hydraulic conductivity of the rock matrix or of very small
fractures. In tested intervals that contained transmissive fractures, the apparent hydraulic-
conductivity values listed in Table 9.3-5 may be somewhat misleading. Most, if not all, of the
water produced in such an interval could have been produced by a few thin, highly conductive
fractures in an otherwise thick; essentially less permeable rock matrix. Therefore, hydraulic
conductivity is termed "apparent" (Luckey et al. 1996, pp. 32, 35).

Upper Volcanic Aquifer-Hydraulic properties for the upper volcanic aquifer were obtained
from tests in boreholes USW WT-10, UE-25 WT#12, and UE-25 J-13. In borehole USW
WT-10, O'Brien (1997, p. 14) reported a mean transmissivity of 1,600 m2/day (Table 9.3-4).
(The mean transmissivity was estimated from the results of a series of tests performed using
different durations and pumping rates.) Assuming an aquifer thickness of 83 m (saturated
thickness tested), the apparent hydraulic conductivity for borehole USW WT-10 was 19 m/day
(Table 9.3-5). In borehole UE-25 WT#12, O'Brien (1997, p. 22) estimated a mean
transmissivity of 7 m2/day for the saturated interval tested. Of the interval tested, 41 m were
completed in the upper volcanic aquifer and 12 m were completed in the upper volcanic
confining unit. The low transmissivity could indicate: (1) the very lowest limit of transmissivity
values for the upper volcanic aquifer, or (2) the degree of fracturing was very low in the interval
of the upper volcanic aquifer tested, and the transmissivity is more representative of the upper
volcanic confining unit (O'Brien 1997, pp. 22 to 23). Assuming a saturated thickness of 53 m,
an apparent hydraulic conductivity of 0.13 rn/day was estimated for borehole UE-25 WT#12
(Table 9.3-5). Thordarson (1983) reported a transmissivity of 120 m2/day (Table 9.3-4) for
geologic units that correspond to the upper volcanic aquifer in borehole UE-25 J-13. The
apparent hydraulic conductivity estimated for borehole UE-25 J-1 3 was 1.0 m/day (Table 9.3-5)
(Luckey et al. 1996, p. 35).

The upper volcanic aquifer also was tested at borehole USW VH-l (Thordarson and Howells
1987); however, the tests were conducted over the entire saturated interval, which includes the
lower volcanic aquifer. Most of the water produced by the borehole may be from a small part of
the lower volcanic aquifer (Thordarson and Howells 1987, p. 9). Reported transmissivity values
ranged from 450 to 2,400 m2/day (Thordarson and Howells 1987, pp. 14 to 18), and apparent
hydraulic conductivity values range from 0.8 to 4.2 m/day for five tests at borehole USW VH-1
(Luckey et al. 1996, p. 35). Because of the uncertainty as to which aquifer was tested, the
hydraulic properties for borehole USW VH-I are not shown in Tables 9.3-4 or 9.3-5.
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Upper Volcanic Confining Unit-Hydraulic properties for the upper volcanic confining unit
were estimated from tests conducted at the C-Holes Complex and boreholes UE-25 b#l,
UE-25 J-13, and USW G-2. Reported transmissivity values for the upper volcanic confining unit
ranged from 2.0 to 26 m2/day (Table 9.34), and apparent hydraulic conductivity values from
tests at these boreholes ranged from 0.02 to 0.26 m/day (Table 9.3-5) (Luckey et al. 1996, p. 35;
O'Brien 1998, p. 7).

Lower Volcanic Aquifer-The lower volcanic aquifer was tested in boreholes USW H-1,
USW H-3, USW H-4, USW H-5, USW H-6, USW G-4, UE-25 b#1, UE-25 p#l, and UE-25 J-13
(Tables 9.34 and 9.3-5). For these wells, reported transmissivity values of the lower volcanic
aquifer ranged from less than 1.1 to 589 m /day. The arithmetic mean of the transmissivity
values was about 152 m2/day, and the geometric mean was about 43 m2/day. Apparent
hydraulic-conductivity values for the lower volcanic aquifer for these boreholes ranged from less
than 3.7 x 10-3 to 1.4 rn/day. The arithmetic mean of the apparent hydraulic conductivity values
was 0.49 rn/day and the geometric mean was 0.15 rn/day. In borehole USW H-1, apparent
hydraulic conductivity of individual intervals tested in the lower volcanic aquifer ranged 4 x 10-5
to 18 m/day in single borehole tests (Rush et al. 1984; Luckey et al. 1996, p. 35).

Multiple-well aquifer tests conducted at the C-Holes Complex in May and June 1995 gave a
range of transmissivities from 1,600 to 3,200 m2/day, and a range of hydraulic conductivities of
6.5 to 13 m/day (Tables 9.3-4 and 9.3-5, respectively). It is assumed that these values of
transmissivity and hydraulic conductivity are dominated by the lower volcanic aquifer.
However, pumping and monitoring wells were completed in saturated sections of both the lower
volcanic aquifer and lower volcanic confining unit (Geldon et al. 1998, p. 1). More information
on the multiple-well testing at the C-Holes Complex is provided in Section 9.3.3.3.2.

Lower Volcanic Confining Unit-Hydraulic properties for the lower volcanic confining unit
were collected from boreholes USW H-1, USW H-3, USW H-4, USW H-6, UE-25 b#l,
UE-25 p#l, and UE-25 J-13 (Tables 9.3-4 and 9.3-5). Reported transmissivity values for the
lower volcanic confining unit ranged from less than 3.0 x 10-3 to 23 m2/day. The arithmetic
mean of the transmissivity values was 3.7 m2 /day and the geometric mean was 0.20 m2 /day.
Apparent hydraulic-conductivity values for the lower volcanic confining unit ranged from
5.5 x 10-6 to 0.11 rn/day. The arithmetic mean of the apparent hydraulic conductivity values was
1.7 x 10-2 m/day, and the geometric mean was 1.3 x 10-3 m/day (Luckey et al. 1996, p. 35).

Lower Carbonate Aquifer-Data were available for the lower carbonate aquifer in the vicinity
of Yucca Mountain only for borehole UE-25 p#1. Hydraulic data presented by Craig and
Robison (1984) indicated a transmissivity of 118 m /day (Table 9.3-4) and apparent hydraulic-
conductivity values for specific tested intervals that ranged from 0.1 to 0.2 m/day and averaged
0.19 m/day (Table 9.3-5) (Luckey et al. 1996, p. 36).

Anisotropic Conditions-In fractured-rock aquifers, such as those at Yucca Mountain, hydraulic
conductivity probably is anisotropic. Although this information is critical to determining the true
groundwater flow paths from the potential repository, only one test has been conducted at Yucca
Mountain to evaluate whether or not the aquifers actually are anisotropic. Erickson and Waddell
(1985, pp. 24 to 29) reported that at borehole USW H-4, the maximum hydraulic conductivity
was from five to seven times greater than the minimum hydraulic conductivity; the maximum
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hydraulic conductivity was oriented in a direction 230 east of north. Czarnecki and Waddell
(1984, pp. 27 to 28), however, reported that their subregional model duplicated measured water
levels more accurately when the aquifer was simulated as isotropic rather than anisotropic. Since
the scales of the Czarnecki and Waddell (1984) model and the site-scale tests were different, no
conclusion can be resolved regarding these discrepancies. Therefore, the question of anisotropy
remains unresolved. Recent long-term hydraulic testing at the C-Holes Complex
(Section 9.3.3.3.2) resulted in an apparent elliptical pattern in drawdown, oriented northwest-
southeast (Geldon et al. 1997, pp. 42 to 44). This pattern may indicate anisotropic conditions in
that orientation. In an alternative interpretation (Section 9.3.3.3.2) of the C-Holes pumping data,
Ferrill et al. (1999, pp. 6 to 7), used data obtained from three observation wells located
northwest, northeast, and southeast of well UE-25 c#3 to estimate a horizontal anisotropy having
a maximum principal direction of NNE-SSW.

Vertical Hydraulic Conductivity-Vertical hydraulic conductivity values were reported only for
borehole USW H-5 and the C-Holes Complex. Robison and Craig (1991, p. 26) reported an
apparent vertical hydraulic conductivity value of 62 rn/day for the lower volcanic aquifer at
borehole USW H-5. This value was about 100 times greater than the reported value for
horizontal hydraulic conductivity of 0.6 m/day (Table 9.3-5). Data for the C-Holes Complex
were in direct contrast with the data from borehole USW H-5. The vertical hydraulic
conductivity values for the lower volcanic aquifer were estimated to range from 1 to 2 m/day
(Geldon 1996), and were from 0.01 to 0.17 times the values for the horizontal hydraulic
conductivity (6 to 100 rn/day) obtained over the same intervals using multiple-borehole aquifer
test analyses (Luckey et al. 1996, p. 36).

Aquifer Storage-The storativity reported for tests at the C-Holes Complex was 0.0005
(Geldon 1996) and 0.001 to 0.003 (Geldon et al. 1998), and specific yields ranged from 0.003 to
0.07 (Geldon 1996) and 0.01 to 0.2 (Geldon et al. 1998). The boreholes at the C-Holes Complex
penetrate the upper volcanic confining unit, the lower volcanic aquifer, and the upper part of the
lower volcanic confining unit. Storativity for borehole USW H-1 was estimated by Rush
et al. (1984, Table 12) to range from 6 x 10-6 to 6 x 10-3 for the lower volcanic aquifer and from
6 x 104 to 2 x 10-3 for the lower volcanic confining unit. G.E. Barr (1985) used the same data
and obtained similar results. Thordarson et al. (1985, Table 2) reported storativity for borehole
USW H-3 that ranged from 4 x 10-6 to 7 x 10-6 for the entire saturated interval of the borehole.
Specific yields for borehole USW H-5 ranged from 0.15 to 0.28 (Robison and Craig 1991, p. 24)
for the entire saturated interval of the borehole; however, more than 95 percent of the water in
the borehole was produced from fractures in the upper part of the lower volcanic aquifer
(Robison and Craig 1991, Figure 6). Storativity was estimated for nine intervals in the lower
volcanic aquifer in borehole USW G-4. The values ranged from 1 x 10-5 to 8 x 10-6 (Luckey
et al. 1996, p. 37).

Flow Surveys-Flow surveys were conducted in most of the deeper boreholes drilled at Yucca
Mountain. Flow surveys are useful to determine which intervals of the borehole, and possibly
which fractures, produced water. Most of the flow surveys were conducted using a tool
developed for oil-field use that releases small quantities of radioactive 131, (Blankennagel 1967,
pp. 15 to 19). As the 131, moves up or down the borehole, it is sensed by gamma-ray detectors.
Most surveys are done while water is being pumped from or injected into the borehole. Static
tests were also occasionally conducted (Luckey et al. 1996, p. 37).
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Flow surveys are useful in determining which parts of the borehole produce (or accept) most of
the flow. The information is useful when subdividing a system into aquifers and confining units.
Minor producing intervals are not readily detected by this method. Flow surveys generally
report velocities to about 0.03 m/s, but the variability between successive measurements is
considerably larger than 0.03 mIs. Therefore, for borehole diameters generally found at Yucca
Mountain, intervals producing less than 0.1 LIs can be easily missed. Flow surveys for seven
boreholes are shown in Figure 9.3-7. For comparison purposes, the depths for all surveys were
adjusted to a standard thickness of 524.3 m for the lower volcanic aquifer, which is the estimated
thickness of this aquifer in borehole USW G-1, but it is not necessarily representative of the
thickness of the aquifer elsewhere (Luckey et al. 1996, p. 37).

The flow surveys generally indicated that production (or acceptance) of water occurred in a few
intervals. Boreholes USW H-i and USW H-5 are the most dramatic examples of this
generalization. In borehole USW H-1, 64 percent of the production came from a I-m interval,
whereas in borehole USW H-5, 73 percent of the production came from a 42-m interval. Figure
9.3-7 illustrates the tested intervals. Boreholes USW H-4 and UE-25 b#1 had production from
larger intervals. All of the boreholes had little production (or acceptance) of water from their
lower intervals (Luckey et al. 1996, p. 37).

None of the boreholes for which flow surveys were conducted had major production from the
lower volcanic confining unit, but borehole USW H-4 produced about 12 percent of its flow
from the uppermost part of that unit. The upper volcanic confining unit is saturated only in
boreholes UE-25 b#l and USW G-2 (Figure 9.3-7). The upper confining unit produced
approximately one-third of the water in borehole UE-25 b#l and accepted virtually all the water
in the test at borehole USW G-2. The lower volcanic aquifer did not accept any water in the test
at borehole USW G-2 despite being fully penetrated. At the C-Holes Complex, flow surveys
indicated that the lower volcanic aquifer produced virtually all the flow, but temperature surveys
indicated that the upper volcanic confining unit produced some water in borehole UE-25 c#3 and
possibly in borehole UE-25 c#2 (Geldon 1993, Figures 31 to 33). The upper volcanic aquifer is
above the saturated zone in all of the boreholes shown in Figure 9.3-7. No flow surveys were
available from boreholes that penetrated the upper volcanic aquifer in the saturated zone, but
hydraulic tests at borehole UE-25 J- 13 indicated that most of the production was from the upper
volcanic aquifer (Thordarson 1983, Table 12). At borehole USW VH-1 in Crater Flat, most of
the production came from the lower volcanic aquifer (Thordarson and Howells 1987, p. 9),
whereas the upper volcanic aquifer produced little water. The upper volcanic confining unit is
absent at this borehole (Luckey et al. 1996, pp. 37, 39).

9.3.3.3.2 Multiple-Well Tests

C-Holes Complex-Boreholes UE-25 c#1, c#2, and c#3 (collectively called the C-Holes
Complex) were each drilled to a depth of 914.4 m (3,000 ft) at Yucca Mountain, on the Nevada
Test Site, in 1983 and 1984 for the purpose of conducting aquifer and tracer tests. The C-Holes
Complex consists of three orthogonally spaced boreholes (Figure 9.3-8) that are 30.4 to 76.6 m
(99.7 to 251 ft) apart at the land surface. The C-Holes are located at the northern end of Bow
Ridge, on the west side of Midway Valley (Figure 9.3-9). Below the water table, which is 400 to
402 m (1,312 to 1,319 ft) deep at the site, the C-Holes penetrate the Calico Hills Formation, and
the Prow Pass, Bullfrog, and Tram tuffs of the Crater Flat Group. A northerly trending fault,
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believed to be either the Paintbrush Canyon or Midway Valley fault (Figure 9.3-10), and an
offsetting northwesterly trending fault intersect the C-Holes at the bottom of the Bullfrog and top
of the Tram tuffs.

The following investigations at the C-Holes Complex were conducted in 1983 and 1984
(Geldon 1996):

. Sixteen falling-head slug tests and nine pressure-injection tests were conducted in
UE-25 c#1.

. A constant-head injection test was conducted in UE-25 c#2 (which was converted into a
constant-flux injection test).

* One pumping test was conducted in UE-25 c#2.

* Two pumping tests were conducted in UE-25 c#3.

Results from these tests, combined with results from subsequent tests, are summarized below.

Testing resumed in 1995, and hydraulic tests were conducted in May 1995, June 1995, February
1996, and May 1996 to November 1997. In all of these tests, borehole UE-25 c#3 was used as
the pumping well, and boreholes UE-25 c#l and UE-25 cH2 were used as observation wells. The
May 1995 test is described, and results and interpretations are presented, in Geldon et al. (1998).
Results from the June 1995, February 1996, and May 1996 to November 1997 tests are presented
in Geldon et al. (1997).

Boreholes UE-25 ONC-1, USW H-4, UE-25 WT #14, UE-25 WT#3, and UE-25 p#l were used
as observation wells in one or both of the first and last tests. Borehole UE-25 ONC-1, which is
842.8 m (2,765 ft) from UE-25 c#3, is completed in the Prow Pass Tuff. Borehole USW H-4,
which is 2,245 m (7,365 ft) from UE-25 c#3, is completed in the Prow Pass, Bullfrog, Tram, and
Lithic Ridge tuffs. Borehole UE-25 WT#14, which is 2,249 m (7,379 ft) from UE-25 c#3, is
completed in the Topopah Spring Tuff and Calico Hills Formation. Borehole UE-25 WT#3,
which is 3,526 m (11,570 ft) from UE-25 c#3, is completed in the Bullfrog Tuff. Borehole
UE-25 p#l, which is 630 m (2,067 ft) from UE-25 c#3, is completed in Paleozoic carbonate
rocks. The May 1996 to November 1997 test lasted 553.2 days, which allowed full responses to
develop in the distant observation wells UE-25 ONC-1, USW H-4, UE-25 WT #14, and UIE-25
WT#3. Because of the lengthy records used for analysis, hydraulic properties estimated from
these responses are considered very reliable, within the constraints of the assumptions made in
the analytical methods used to obtain these properties.

Hydraulic tests conducted at the C-Holes Complex from 1995 to 1997 were designed to:

* Confirm the results of the 1983 to 1984 tests

* Estimate hydraulic properties of the composite saturated zone section in the C-Holes

* Estimate hydraulic properties of the six hydrogeologic intervals in the C-Holes
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. Estimate heterogeneity in the Miocene tuffaceous rocks, including the influence of
faults, in the area encompassed by observation wells.

Additionally, it was hoped that monitoring UE-25 p#1 might establish whether the tuffaceous
rocks are connected hydraulically to the Paleozoic carbonate rocks, a regional aquifer.
The Paleozoic rocks are estimated to be about 455 m (1,490 ft) below the bottom of the C-Holes.
No hydraulic response was detected.

In the hydraulic tests conducted from 1983 to 1997 that are listed above, the C-Holes were either
open or contained packers to isolate one or more intervals. Intervals to be packed off were
determined from flow surveys, geophysical logs, and aquifer tests conducted between 1983
and 1995.

Six hydrogeologic intervals were identified in the C-Holes Complex: Calico Hills, Prow Pass,
Upper Bullfrog, Lower Bullfrog, Upper Tram, and Lower Tram. Flow within these intervals
comes from diversely oriented fractures and the interstices of variably welded ash-flow, ash-fall,
and reworked tuff. During hydraulic tests, the Lower Bullfrog interval contributes about
70 percent of the flow, the Upper Tram interval contributes about 20 percent of the flow, and all
other intervals combined contribute about 10 percent of the flow. Because these hydrogeologic
intervals are defined by spatially related faults and fracture zones, their existence and hydraulic
properties cannot be extended beyond the immediate vicinity of the C-Holes Complex.
However, the results of hydraulic tests in the C-Holes Complex imply that the transmissivity of a
rock mass is relatively large close to faults and associated fracture zones, and decreases with
distance from these features. Although this result is based on observations at the C-Holes
Complex in the vertical direction, it is believed that the same principle can be applied areally.

In all hydraulic tests at the C-Holes Complex, large, rapid drawdown (and recovery) in the
pumping well far exceeded what could have been predicted from hydraulic properties calculated
from observation-well drawdown in the same tests. Most of this pumping-well drawdown can
probably be attributed to frictional head loss or borehole skin. Because the pumping-well
drawdown largely is independent of aquifer properties, analyses of this drawdown result in
misleadingly small values of transmissivity and hydraulic conductivity. Hydraulic tests at the
C-Holes Complex imply that analyses of pumping-well drawdown throughout the Yucca
Mountain area may be one to two orders of magnitude too low.

The hydrogeologic intervals in the C-Holes were isolated and tested separately and indicated
layered heterogeneity. The Calico Hills interval responded as an unconfined unit. The Prow
Pass and Upper Bullfrog intervals responded as confined units. The Lower Bullfrog interval
behaves as a fissure-block aquifer. The Upper Tram interval apparently receives flow from
crosscutting faults in response to pumping. Transmissivity increases downhole from 4 to
10 m 2/day in the Calico Hills interval to 1,300 to 1,600 m2 /day in the Lower Bullfrog interval,
although this trend is reversed near the bottom of the C-Holes. In the Upper Tram interval,
transmissivity is 800 to 900 m2/day. Hydraulic conductivity increases downhole from 0.1 to
0.2 m/day in the Calico Hills interval to 20 to 50 rn/day in the Lower Bullfrog and Upper Tram
intervals. The storativity coefficient in UE-25 c#2 generally increases downhole from 0.0002 to
0.0004 in the Calico Hills and Prow Pass intervals to 0.001 to 0.002 in the Lower Bullfrog and
Upper Tram intervals. However, the storativity of the Upper Bullfrog interval is an order of
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magnitude smaller than in other intervals above the Lower Bullfrog. Storativity in the Prow Pass
and Upper Bullfrog intervals of UE-25 c#l is similar to that in UE-25 c#2, but the storativity of
the Lower Bullfrog and Upper Tram intervals in UE-25 c#1 is about one-tenth of that in
UE-25 c#2. Vertical distributions of hydraulic properties in the C-Holes are believed to
represent the increasing influence of faults and related fractures toward the bottom of the
boreholes.

Distributions of drawdown in the hydraulic tests conducted in May 1995 and from May 1996 to
November 1997 were influenced strongly by northwesterly and northerly trending faults.
Drawdown in UE-25 ONC-1 in the latter test showed a fissure-block aquifer response, possibly
because of fractures related to a northwesterly trending zone of discontinuous faults that extends
between Bow Ridge and Antler Wash. Drawdown in UE-25 WT#14 and USW H-4 during the
same test reached steady state after 72,000 min. of pumping because of recharge from the
Paintbrush Canyon fault and a zone of northerly trending faults that transects Boundary Ridge.

Drawdown data from four wells monitored during the hydraulic test conducted from May 1996
to November 1997, matched to the type curve for a confined aquifer, indicated transmissivity of
2,200 m2 /day and storativity of 0.002 for the Miocene tuffaceous rocks within a 21 km2

(8.1 mi.2 ) area surrounding the C-Holes Complex. Plots of drawdown in observation wells as a
function of their distance from the pumping well at various times during the same test indicated
transmissivity of 2,100 to 2,600 m2 /day and storativity of 0.0005 to 0.002. Analyses of
drawdown in the composite saturated zone section of the C-Holes Complex in May 1995 and in
outlying observation wells from May 1996 to November 1997 indicated that the transmissivity of
the tuffaceous rocks decreases northwesterly from 2,600 m 2/day in UE-25 WT#3 to about
2,000 m2 /day in the C-Holes Complex to 700 m2/day in USW H-4.

The hydraulic conductivity of the Miocene tuffaceous rocks, areally, ranges from less than 2 to
more than 10 rn/day. It is largest where prominent, northerly trending faults are closely spaced
or intersected by northwesterly trending faults. Relatively large hydraulic conductivity occurs
beneath Fran Ridge, Bow Ridge, and Boundary Ridge. Hydraulic conductivity is smallest
toward the crest of Yucca Mountain and Jackass Flats.

During the four hydraulic tests conducted at the C-Holes Complex from 1995 to 1997,
drawdown occurred in all monitored intervals of the C-Holes Complex and other observation
wells, regardless of the geologic interval being pumped. This hydraulic connection across
geologic and lithostratigraphic contacts is believed to result from interconnected faults, fractures,
and intervals with large matrix permeability. Because flow is not strata bound, the Miocene
tuffaceous rocks appear to be a single aquifer in the structural block bounded on the east by the
Paintbrush Canyon fault, on the south by the Dune Wash fault, and on the west by faults cutting
Boundary Ridge, at least as far north as lower Midway Valley. This conclusion is supported by
the ability to combine the drawdown from observation wells completed in different Miocene
geologic units in the same analytical solution of drawdown as a function of time, or of drawdown
as a function of distance. Hydraulic tests at the C-Holes Complex from 1995 to 1997 indicate
that formal designation of aquifers and confining units within the Miocene tuffaceous sequence
at Yucca Mountain may not be justified in areas containing interconnected faults and fractures.
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Using data from four observation wells surrounding the C-Holes Complex, Geldon et. al. (1997)
estimated a northwest-southeast oriented elliptical anisotropic transmissivity pattern. The
authors interpreted their findings as indicating an effective fault-related hydraulic connection
between the observation wells and the C-Holes Complex across geologic contacts and relatively
large distances. They inferred that the drawdown results could have been influenced strongly by
northwesterly and northerly trending faults.

In contrast to the conclusions of Geldon et al. (1997), Ferrill et al. (1999, pp. 6 to 7) used data
obtained from three observation wells (ONC-1, UE-25 WT#14, and UE-25 WT#3, respectively
located 843 m northwest, 3,526 m (7,379 ft) northeast, and 2,249 m southeast of well
UE-25 c#3) to estimate a horizontal anisotropy having a maximum principal direction of
NNE-SSW. In their analysis, Ferrill et al. (1999) did not consider information from one well
(USW H-4) because they believed the well could be affected by a fault system between it and the
pumped well. Additionally, they performed a two-step correction to account for the influence on
water levels exerted by both direct borehole coupling to atmospheric pressure changes and the
delayed atmospheric pressure signal that arrives through the geologic formation. They also made
an assumption that the bulk storage coefficient was constant throughout the aquifer and, thus,
that differences in the directional hydraulic diffusivity between observation wells were due
solely to differences in directional transmissivity. Based on their estimated anisotropic
transmissivity, they proposed a model that differs somewhat from the current (isotropic aquifer)
model. More southward-directed flow paths in their model would increase travel distances in the
tuff aquifer and reduce the amount of flow in alluvium between Yucca Mountain and potential
downgradient receptor areas.

Following the hydraulic test in February 1996 discussed above, during which quasi-steady-state
conditions were reached, iodide, in the form of sodium iodide, was injected into borehole
UE-25 c#2 while UE-25 c#3 continued to be pumped, in what was the first conservative tracer
test at the C-Holes Complex (Fahy 1997). During the hydraulic test from May 1996 to
November 1997 discussed above, additional conservative tracer tests and a multi-constituent
reactive-tracer test were conducted. The conservative tracer tests began concurrently in January
1997 and concluded when pumping stopped in November 1997. While UE-25 c#3 was being
pumped to maintain a quasi-steady-state hydraulic gradient, a benzoic acid was injected into
UE-25 c#2, and a pyridone was injected into UE-25 c#l. The average discharge from UE-25 c#3
during this test was about 8.9 L/s.

The breakthrough curves from conservative tracer tests were fitted to an analytical solution of the
advection-dispersion equation for a homogeneous, isotropic, dual-porosity medium (Moench
1995), and values of porosity and longitudinal dispersivity were calculated (Geldon et al. 1997).
Two porosity values were calculated for each tracer test. The first is a flow porosity, which is
attributable to a network of both continuous fractures and discontinuous fractures connected by
segments of matrix, that forms the flow pathway through which tracers move between the
injection and recovery wells. This flow pathway has high hydraulic conductivity, but low
storage attributes. The second porosity value determined from the breakthrough curve is a
storage porosity, which is associated with the rock matrix surrounding the tracer flow pathway.
Tracers are assumed to enter and leave the rock matrix beyond the flow pathway by molecular
diffusion according to Fick's first law (Freeze and Cherry 1979).
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Only the two conservative tracer tests from UE-25 c#2 to UE-25 c#3, representing a scale of
approximately 30 m (100 ft), have been analyzed definitively. The values of flow porosity
obtained range from 7 to 10 percent; the values of storage porosity obtained range from 9 to
19 percent; and the values of longitudinal dispersivity obtained range from 1.9 to 2.6 m.
The values of storage porosity above are consistent with porosity values of 12 to 43 percent
determined by laboratory analyses of core from the C-Holes Complex and gamma-gamma
logging in UE-25 c#1 (Geldon 1993).

Drill Hole Wash Complex-In 1981 and 1982, prior to the C-Holes tests, a series of multiple-
well hydraulic tests was conducted in Drill Hole Wash, about 2.6 km (1.6 mi.) northwest of the
C-Holes Complex and 0.8 km (0.5 mi.) west of Exile Hill. In these tests, which are not very well
documented, the pumping well was UE-25 b#l, and the observation well was UE-25 a#1.

Borehole UE-25 b#l, which is 1,220 m (4,000 ft) deep, penetrates the Calico Hills Formation,
and the Prow Pass, Bullfrog, Tram, and Lithic Ridge tuffs below the water table (Lobmeyer,
Whitfield et al. 1983). The depth to water in UE-25 b#1 was about 471 m (1,540 ft) in 1981.
A tracejector flow survey conducted in UE-25 b#l during the first hydraulic test indicated that
the Bullfrog Tuff produces 49 percent of the flow, the Calico Hills Formation produces
32 percent of the flow, and the Prow Pass Tuff produces 19 percent of the flow in this borehole.
Total transmissive thickness in the borehole is 110 m.

Borehole UE-25 a#l, which is about 110 m (360 ft) south-southwest of UE-25 b#l, is 762 m
(2,500 ft) deep and penetrates the Calico Hills Formation, Prow Pass Tuff, and Bullfrog Tuff
below the water table (Spengler, Muller et al. 1979). Splays of the Drill Hole Wash fault
intersect the borehole at depths of 67 to 100, 125 to 130, 203 to 221, 372 to 415, and 739 to
762 m. The borehole is open in the Bullfrog Tuff below a depth of 747 m (2,450 ft). Because
the entire open interval is faulted and fractured, it is assumed to be transmissive. No flow
surveys have been run in the borehole to confirm this assumption.

Three open-hole hydraulic tests were conducted in borehole UE-25 b#l and monitored in
borehole UE-25 a#1 from August 3 to September 1, 1981 (Lahoud et al. 1984). Discharge rates
during these tests ranged from 13.8 to 37.0 L/s, and the length of the tests ranged from 3 to
9 days. Using a technique developed for a dual-porosity aquifer with fracture skin, Moench
(1984) analyzed the combined drawdown data from the pumping and observation wells obtained
during the third test and determined the following:

* Fracture transmissivity: 340 m2 /day
* Matrix transmissivity: 14 m2 /day
. Fracture hydraulic conductivity: 0.9 m/day
. Matrix hydraulic conductivity: 0.2 m/day
* Fracture storativity: 0.0006
. Matrix storativity: 0.02.

A convergent tracer test was conducted in the Bullfrog Tuff at the Drill Hole Wash complex
from June 23 to July 20, 1982 (Ogard et al. 1983). UE-25 a#1 was used as the injection well,
and UE-25 b#1 was used as the recovery well during the test. Assuming no collapse at the
bottom of the well, the injection interval in UE-25 a#1 was 15 m (49 ft) thick. The recovery
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interval in UE-25 b#l, in part determined by emplaced packers, was 60 m (200 ft) thick.
Pumping to establish a steady-state hydraulic gradient for the tracer test began on June 22, 1982.
On June 23, about 20.5 hr. later, bromide tracer, in the form of sodium bromide, was injected
into UE-25 a#l. When pumping stopped on July 20, 1992, the tracer test ended. Average
discharge during the tracer test was 12.8 L/s. According to Ogard et al. (1983), the bromide
concentration in water recovered from borehole UE-25 b#1 increased from about 90 ppb on
June 25 to about 280 ppb on June 27 and then decreased to the detection limit of 80 ppb on
July 17.

9.3.3.3.3 Uncertainty of Hydraulic Properties

A wide variety of methods have been used to estimate transmissivity, hydraulic conductivity, and
aquifer storativity with mixed success and results (Luckey et al. 1996, p. 32). For the estimation
of transmissivity and hydraulic conductivity, analysis of hydraulic tests require assumptions that
frequently cannot be verified. For aquifer storage properties, a detailed discussion is not possible
because so little data is available for storage properties.

Transmissivity or hydraulic conductivity estimates are based on hydraulic tests in boreholes
available from a variety of sources. A variety of methods were used for the Yucca Mountain
area. The reliability of the commonly used slug tests for estimating values of transmissivity in
fractured tuff at Yucca Mountain is suspect in many cases. This is in part because the testing
could have caused either elastic fracture dilatation or fracture-deformation by hydraulic
fracturing of the rock mass (Thordarson et al. 1985, p. 19; Stock and Healy 1988). Additionally,
the results of many of these slug tests could not be analyzed reliably because conditions in the
boreholes were not appropriate for the porous-medium type of analysis required of slug tests
(Luckey et al. 1996, p. 53).

The geometric mean value of the transmissivities listed in Table 9.3-4 was about 70 m2 /day, but
the range was from less than 3 x 10-3 to about 3,200 m2/day. Transmissivity probably varies
considerably around Yucca Mountain, but part of the range in values probably is due to
uncertainty in the estimates. There is uncertainty in how to interpret the results of individual
aquifer tests. Craig and Reed (1991, pp. 9 to 13) analyzed one aquifer test in borehole USW H-6
four different ways and got values of 240, 480, 210, and 370 m /day. They chose 240 m2/day as
the most reasonable value. The need to rely principally on single-borehole tests is a major cause
of uncertainty in estimating both transmissive and storage properties.

Geldon (1996) reported that transmissivity and apparent hydraulic-conductivity values
determined using multiple-borehole hydraulic tests tend to be much higher (one to two orders of
magnitude) than values reported for single-borehole tests conducted at the same borehole. For
example, a single-borehole test at borehole UE-25 c#3 resulted in a transmissivity value of
27.9 m2 /day, but results of a multiple-borehole test for the same interval in the borehole indicated
a transmissivity value of 1,860 m2/day. Geldon (1996) concluded that multiple-borehole tests
generally sample a much larger volume of the aquifer material and incorporate a larger number
of transmissive fractures than single-borehole tests. Because most transmissivity and hydraulic-
conductivity values at Yucca Mountain were obtained from single-borehole tests, the values
listed in Tables 9.3-4 and 9.3-5 are more appropriate for scales less than tens to hundreds of
meters (Luckey et al. 1996, pp. 36 to 37).
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The hydraulic characteristics of a particular interval at a borehole are highly dependent on the
fracture characteristics of that interval. A large conductive feature, such as the fault penetrated
in the lower part of borehole UE-25 c#1, can contribute a large percentage of the total flow to a
borehole. The tested interval containing such a feature can have a disproportionately large
transmissivity and apparent hydraulic conductivity compared to other intervals in the same
borehole. Intervals that have few conductive fractures generally contribute little water to the
borehole and may have small transmissivity compared to other intervals in the borehole (Luckey
et al. 1996, p. 37).

Transmissivity estimates from field tests seem to be generally consistent with simulations, both
in the order of magnitude of the values and the range in values. However, the field tests and
simulations have a large uncertainty associated with them given the heterogeneity of the geologic
system and the presence of fractures and fracture networks.

Vertical hydraulic conductivity and anisotropy are parameters that need to be incorporated into
three-dimensional flow models, but frequently are not, simply because no data on them are
available. Tests to estimate vertical hydraulic conductivity were conducted only at borehole
USW H-5 (Robison and Craig 1991, p. 26) and at the C-Holes Complex (Geldon 1996). Data
from borehole USW H-5 should be used with discretion because it may not be representative of
the area. USW H-5 has a potentiometric level consistent with boreholes west of the Solitario
Canyon fault, even though the borehole is east of the fault. Anisotropy was estimated for
borehole USW H-4 (Erickson and Waddell 1985, pp. 24 to 29) and at the C-Holes Complex
(Ferrill et al. 1999). These parameters are uncertain, both because of the few estimates available
and because the estimates themselves are uncertain.

Estimates for storage properties are uncertain even when aquifer tests are conducted with nearby
observation holes; storage properties are particularly unreliable for single-hole tests, which is the
usual type for Yucca Mountain. Therefore, the storage properties discussed in this section are
estimated or assumed only for a few boreholes in the Yucca Mountain area, and these estimates
vary (sometimes significantly) from borehole to borehole.

Storage properties are not required for steady-state simulations of groundwater flow, but they are
required for time-dependent simulations. The range of values for storativity for water table
conditions (unconfined flow) may be large because effective porosity may be as small as
0.001 for fractured tuff and may exceed 0.20 for alluvium or nonwelded tuff. For confined flow
or deep unconfined flow within the saturated zone, the storativity could be an order of magnitude
or more smaller (Luckey et al. 1996, p. 53).

Tests to estimate effective (or flow) porosity and dispersivity, which are critical in transport
simulations, also require multiple-well test sites. In addition, they require data from long-term
conservative tracer experiments. As discussed previously in this section, tracer tests at the
C-Holes Complex provided effective-porosity estimates of 0.07 to 0.10, whereas a test in Drill
Hole Wash provided an estimate of 0.0003. Longitudinal dispersivities were estimated as 1.9 to
2.6 m at the C-Holes Complex and 4.6 m at Drill Hole Wash. An explanation might suggest that
the larger effective porosity but smaller dispersivity at the C-Holes Complex indicate more
pervasive fracturing relative to a more dominant, fracture-controlled flow path in Drill Hole
Wash.
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9.3.4 Potentiometric Characteristics

9.3.4.1 Data Collection

Since 1981, water-level data in the Yucca Mountain area have been collected and reported for as
many as 33 wells monitoring 41 depth intervals (Figure 9.3-1 1, Table 9.3-6) (several wells have
more than one depth interval monitored; these intervals are isolated by either an inflatable packer
or by cement plugs). The frequency and methods of monitoring each well and the water-level
data collected for these wells are reported in Robison (1984), Gemmell (1990), O'Brien (1991),
Luckey, Lobmeyer et al. (1993), Boucher (1994a, 1994b), O'Brien et al. (1995), Lobmeyer,
Luckey et al. (1995), Tucci, O'Brien et al. (1996), Tucci, Goemaat et al. (1996), Graves
etal.(1996, 1997), and Graves and Goemaat (1998). These reports also contain detailed
descriptions of well location, wellhead elevation, well construction and completion, geologic
units each well is completed in, and quality assurance considerations for water-level data
collection.

9.3.4.2 Potentiometric Levels and Stability

9.3.4.2.1 Potentiometric Levels

Potentiometric levels (water levels) have been monitored in wells in the Yucca Mountain area
since 1981. The water-level data have been used to determine the direction and rate of
groundwater flow, to estimate hydraulic characteristics of the flow system, and to determine if
there are groundwater trends that could affect the potential repository (Graves et al. 1997, p. 3).

Generally, water levels in wells in the Yucca Mountain area seem to be stable with timne. After
water levels have equilibrated following drilling or borehole workovers, they generally change
very little with time (Luckey et al. 1996, p. 29). An exception to this is well USW H-3, lower
interval, which, as of 1996, still had not recovered to equilibrium following a borehole workover
during 1990, presumably because the interval was exceptionally tight.

Water-level data from 1985 to 1995 for 28 wells monitoring 36 depth intervals were analyzed by
Graves et al. (1997, Table 2) (Table 9.3-7). Annual mean water-level elevations ranged from
727.93 to 1,034.60 m (2,388.2 to 3,394.4 ft) above mean sea level. The maximum range in
water-level change was 12.22 m (40.09 ft) and the minimum range was 0.31 m (1.0 ft).
The change of 12.22 m (40.09 ft) is for well USW H-3, lower interval, and is thought to be due
to the water level gradually seeking equilibrium following the 1990 borehole workover. In 31 of
the 36 depth intervals monitored, the range of water-level change was less than 1 m (3.3 ft).
Generally, water-level fluctuations could be attributed to barometric and Earth-tide changes.

Potentiometric Trends-Trends in groundwater water-level changes in the Yucca Mountain area
have been discussed by Rice et al. (1990), Ervin et al. (1994), Tucci and Burkhardt (1995), and
Graves et al. (1997).

Rice et al. (1990) analyzed 1983 to 1987 periodically measured water-level data for eight wells
to evaluate whether the data contained periodic (cosine) components. In their report, they
conclude that there may be periodic components in five of the eight wells analyzed over 2-yr. to
3-yr. periods in the water level fluctuations. They also state that the periodic behavior had a
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spatial distribution, with wells west of Yucca Mountain having different periods and phase shifts
from wells on and east of Yucca Mountain. This relation of spatial distribution was compared to
the findings of Matuska (1988), who discussed a similar spatial distribution of chemistry.
Making this comparison, Rice et al. (1990) suggested that the spatial distribution may be due to
physical causes and the periodic fluctuations may be due to periodic recharge related to a
periodicity in precipitation.

Ervin et al. (1994, p. 1) published a potentiometric-surface map of 1988 average water levels and
analyzed 1986 to 1989 water levels for possible trends. Using linear least-squares regression of
time versus water level, water-level data from 23 wells were analyzed. Of these wells, it was
concluded that water levels in five wells exhibited apparent trends that were both statistically and
hydrologically significant (Ervin et al. 1994, p. 1 1). These five wells (UE-25 WT-2, UE-25
WT#6, UE-25 WT#16, UE-25 p#l, and USW H-5) all had apparent positive water level trends.
The remaining wells analyzed displayed no trend.

Tucci and Burkhardt (1995) published a potentiometric-surface map of 1993 water levels and
analyzed water-level data collected from 1986 to 1993 for possible water-level trends. The
linear least-squares regression of time versus water level was also used for the trend analyses.
Tucci and Burkhardt (1995, p. 13) concluded that water-level data from three of 22 wells
analyzed exhibited apparent trends that were statistically significant. These wells (UE-25 WT#3,
USW WT-7, and USW WT-10) all had apparent positive trends. The remaining wells had no
trend. Of note, neither Ervin et al. (1994) nor Tucci and Burkhardt (1995) found the same wells
to have positive trends.

Graves et al. (1997) presented hydrographs of 1985 to 1995 water-level data and discussed
periods of rising, declining, or stable water levels in 36 depth intervals of 28 wells. In comparing
the 1985 to 1995 data, few uniform water-level trends were detected. Graves et al. (1997, pp. 58
to 68, Figures 39 to 45) pointed out that:

* Seasonal water-level trends were not detected in any of the wells.

* Regional groundwater withdrawals did not appear to cause water-level changes.

* Most water-level fluctuations can be attributed to barometric and Earth-tide changes.

* With the exception of wells located in Crater Flat, no uniform water-level changes were
observed based on wells located in the same general area, or on wells with the same
general water-table altitude. The wells located in Crater Flat with comparable
water-level fluctuation were wells USW VH-1, USW WT-7, and USW WT-10
(Figures 9.3-12, 9.3-13, and 9.3-14). These wells also have similar water-level
elevations in the 776 m range. Water-level fluctuations in these two wells have similar
patterns from February 1989 through July 1992. Vague similarities can also be seen
between wells USW VH-l and USW WT-7 from September 1986 through February
1987 and from June 1993 through January 1994. However, these similarities are not as
continuous or as striking as those seen between USW WT-7 and USW WT-10.

. Regional earthquakes occurring on June 28 to 29, 1992, were observed to cause
simultaneous water-level fluctuations in several wells.
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93.4.2.2 Earthquake Effects

On June 28, 1992, two earthquakes occurred, the first near Landers, California (296 km from the
Yucca Mountain area), with a magnitude of 7.5, and the second near Big Bear, California
(298 km from the Yucca Mountain area), with a magnitude of 6.6 (O'Brien 1993, Figure 1,
Table 1). On June 29, 1992, one earthquake occurred at Little Skull Mountain, Nevada (located
in southern Jackass Flats southeast of Yucca Mountain), with a magnitude of 5.6 (O'Brien 1993,
Figure 1, Table 1). Two observation wells at Yucca Mountain, USW H-5 and USW H-6, were
monitored continuously at that time, producing detailed records of effects of the seismic ground
motion on the water levels (upper intervals) and on fluid pressures (lower intervals) in both
wells. Details of the influences of these earthquake events on water levels and fluid pressures
are described in detail in Section 9.4.4.3.

9.3.4.2.3 Potentiometric Surface

Several potentiometric maps of the Yucca Mountain area have been constructed. These include
maps by Ervin et al. (1994), Tucci and Burkhardt (1995), Czarnecki, Faunt et al. (1997), and
CRWMS M&O (2000c).

Ervin et al. (1994, Plate 1) presents a revised potentiometric-surface map in the area of the small
hydraulic gradient (east of Solitario Canyon and south of borehole USW H-i) (Figure 9.3-15).
The large and moderate hydraulic gradients were identified and discussed in their report, but
were not contoured because no new data were available to update the map constructed by
Robison (1984). The potentiometric-surface map prepared by Ervin et al. (1994) primarily used
mean 1988 water-level data. These data are considered to be more accurate in the area of the
small hydraulic gradient than the data that were available during 1983 for the report by
Robison (1984). This improvement in water-level data is attributed to the improvements in the
techniques used to make the 1988 water-level measurements. The potentiometric-surface map
by Ervin et al. (1994) has a contour interval of 0.25 m (0.82 ft) and indicates a range of
water-level elevations from about 731.0 m (2,400 ft) beneath the crest of Yucca Mountain to
about 728.5 m (2,390 ft) near Fortymile Wash. The predominant direction of the groundwater
gradient is to the east-southeast (Luckey et al. 1996, p. 21).

Tucci and Burkhardt (1995, Figure 4) constructed a potentiometric-surface map of the Yucca
Mountain area using 1993 average water levels (Figure 9.3-16). This map, with a variable
contour interval of 20, 8, and 0.50 m (66, 26, and 1.6 ft), shows contours for 800 to 728 m
(2,625 to 2,390 fA) above sea level. This map shows areas of large, moderate, and small
hydraulic gradients (Figure 9.3-16). The large hydraulic gradient is defined in an area to the
north-northeast of Yucca Mountain, where water-level altitude ranges 1,034 to 738 m (3,392 to
2,421 ft). The moderate hydraulic gradient is defined in an area on the west side of Yucca
Mountain where the water-level altitude ranges from about 780 to 740 m (2,560 to 2,430 ft), and
the groundwater flow appears to be impeded by the Solitario Canyon fault and a splay of that
fault. The small hydraulic gradient is defined in an area east and southeast of Yucca Mountain
where water-level elevation ranges from 732 to 728 m (2,402 to 2,390 ft) (Tucci and Burkhardt
1995, p. 9).
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Tucci and Burkhardt (1995) have defined the potentiometric surface in the Yucca Mountain area
in greater detail than Ervin et al. (1994), extending contours farther east into Jackass Flats and
west into Crater Flat. From the potentiometric map of Tucci and Burkhardt (1995, pp. 8 to 9),
groundwater flows from the north and west toward Yucca Mountain, continuing east to an area
just east of Fortymile Wash, where flow is to the south. Groundwater would also flow west from
Jackass Flats to an area just east of Fortymile Wash, and then south toward the Amargosa Desert.

Czarnecki, Faunt et al. (1997, pp. 25, 26, Figure 5) present a computer-generated potentiometric
surface map, developed from water levels collected from 1952 to 1996, used to develop a
preliminary three-dimensional groundwater flow model of the site saturated zone of the Yucca
Mountain area. The map has a contour interval of 25 m (82 ft) and contours of 1,175 to 700 m
(3,855 to 2,300 ft), and extends east to Little Skull Mountain, west to Crater Flat, north to
Shoshone Mountain, and south to Amargosa Valley and the Amargosa Desert. Direction of
groundwater flow is from the north, northwest, and west toward Yucca Mountain and Jackass
Flats. Though the potentiometric surface east of Yucca Mountain in the area of the small
hydraulic gradient is not defined, the direction of groundwater movement out of Jackass Flats is
south toward Amargosa Valley and Amargosa Desert. Groundwater flow from the western part
of Crater Flat is also south to Amargosa Desert.

CRWMS M&O (2000b, Figure 3-6) presented a potentiometric map for the site-scale saturated
zone flow and transport model. This site-scale potentiometric map (Figure 9.3-17) represents the
most up-to-date site-scale potentiometric map developed for the vicinity of Yucca Mountain and
was designed to be compatible with the D'Agnese et al. (1997, Figure 27) regional-scale
potentiometric map (Figure 9.2-4). The potentiometric map was compiled using all available
water-level data within the model area, including recently acquired data from well USW WT-24,
installed north of Yucca Mountain, new information obtained from seven wells drilled in the
vicinity of U.S. Highway 95 as part of the Nye County Early Warning Drilling Program and
information from recent YMP large-scale geologic mapping for contour control.

For the site-scale map shown on Figure 9.3-17, it is implicitly assumed that the saturated zone
groundwater system is a hydraulically well-connected water body. Locally, the model may
include perched water levels where the possibility of perched groundwater conditions cannot be
ruled out. To some extent, the water levels used in compiling the site-scale potentiometric map
represent composite heads in more than one zone; however, it is believed that the surface closely
and reasonably represents actual water table conditions within the model area (CRWMS M&O
2000b, p.3 -8 8).

The site-scale potentiometric map includes the following major features (CRWMS M&O 2000b,
pp. 3-13 and 3-14):

Contour intervals are 25 m (82 ft), compared to 100 m used for generating the regional
potentiometric map of D'Agnese et. al. (1997, Figure 27). The 25-m (82-ft) interval
permits definition of the large and medium hydraulic gradient areas; however, the 25-m
(82-ft) interval is too coarse to allow the small hydraulic gradient to be adequately
portrayed on the map.
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* The time period repiesented by the data used to construct the map is the early 1 990s, for
consistency with the data used for constructing the regional-scale map of D'Agnese et al.
(1997, Figure 27).

• Faults are assumed to have an important effect on saturated zone flow.

. The digital elevation model was used to control interpolation of water levels, so that
interpolated water levels were permitted to extend above the land surface.

. The altitudes of regional springs, perennial marshes, and ponds were used to define
locations where the regional water table occurs at the land surface.

. In the fault blocks to the east and west of the Solitario Canyon fault, the map indicates
nearly level hydraulic gradients extending about 10 km (6.2 mi) Vwest and south from
the vicinity of the potential repository to a fault paralleling U.S. Highway 95. This
interpreted groundwater contour pattern suggests that the conditions similar to those in
the area of the small hydraulic gradient previously defined between Fortymile Wash and
Yucca Mountain extend southward over a large area.

. The large hydraulic gradient is portrayed as representing the water table rather than a
perched condition.

Additional maps by Robison (1984) and Waddell et al. (1984) were used for general (qualitative)
reference and historical perspective. These maps are described below.

* Robison (1984, Figure 2) constructed a preliminary potentiometric-surface map of the
Yucca Mountain area using 1983 water levels. The map indicates a groundwater
movement toward the south and east. The contours indicate a large hydraulic gradient in
the northern part of the Yucca Mountain area. A moderate eastward hydraulic gradient
is shown just west of the crest of Yucca Mountain in the vicinity of Solitario Canyon.
Most of the area east of Solitario Canyon and south of borehole USW H-1 has a very
small hydraulic gradient.

. Two potentiometric maps were prepared by Waddell et al. (1984, Plate 3, Figure 8).
One is for the area defined as the Death Valley region (discussed in detail in
Section 9.2.8) and includes the Yucca Mountain site, and the other defines the
potentiometric surface of the immediate Yucca Mountain site area. The direction of
groundwater flow in the Yucca Mountain area from the regional map is from the north,
northwest, and west toward Yucca Mountain and Jackass Flats. Flow out of Jackass
Flats is to the southwest toward Amargosa Valley and Amargosa Desert. The general
direction of groundwater movement in the Yucca Mountain site map is the same as
shown on the region map with groundwater moving from the north, northwest, and west
toward Yucca Mountain and Jackass Flats. Because of the scale of the map,
groundwater flow out of Jackass Flats is not shown.
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93.4.3 Vertical Potentiometric Gradients

Potentiometric levels were measured during hydraulic testing at multiple depth intervals at
10 sites in the vicinity of Yucca Mountain. Differences in potentiometric levels at different
depth intervals in the same borehole ranged from about zero to nearly 55 m (180 ft) (Table 9.3-8)
(Luckey et al. 1996, pp. 27 to 28).

Potentiometric levels generally were higher in the lower intervals of the volcanic rocks than in
the upper intervals, indicating a potential for upward groundwater movement. However, at four
boreholes (USW G-4, USW H-1, USW H-6, and UE-25 b#l), potentiometric levels in the
volcanic rocks were higher in the uppermost intervals than in the next lower intervals
(Table 9.3-8). At borehole USW G-4, there was a downward hydraulic gradient with a
potentiometric difference of 0.5 m (1.6 ft) between the upper and lower intervals. Both intervals
are in the lower volcanic aquifer. At borehole USW H-1, the potentiometric level was about
0.2 m (0.66 ft) higher in the uppermost interval than in the next lower interval.
The potentiometric level in the third interval in borehole USW H-I was about 5 m (16 ft) higher
than that in the uppermost interval. The upper three intervals are all in the lower volcanic
aquifer. The potentiometric level in the lowermost interval of borehole USW H-1, completed in
the lower volcanic confining unit, was nearly 55 m higher than in the uppermost interval.
At borehole USW H-6, there was a downward gradient with a potentiometric difference of about
0.1 m (0.33 ft) between the intervals that were isolated in the lower volcanic aquifer. However,
based on data from 1984 (Robison et al. 1988, pp. 122, 123), there seemed to be an upward
potentiometric difference of about 2 m (6.6 ft) between the lower volcanic confining unit and the
lower volcanic aquifer in borehole USW H-6. At borehole UE-25 b#1, there was a downward-
potentiometric difference of about 1 m (3.3 ft) between the lower volcanic aquifer and the lower
volcanic confining unit (Luckey et al. 1996, p. 28).

Potentiometric levels in the Paleozoic carbonate aquifer at borehole UE-25 p#1 are about 21 m
(69 ft) higher than levels in the lower volcanic aquifer (Craig and Johnson 1984, p. 12)
(Table 9.3-8). A potential for upward groundwater movement from the Paleozoic rocks to the
volcanic rocks was, therefore, indicated. Because of the large difference in potentiometric levels
in these two aquifers, they seem to be hydraulically separate (Luckey et al. 1996, p. 28).
However, analyses of March 1984 hydraulic-test data at the C-Holes Complex (boreholes UE-25
c#l, UE-25 c#2, and UE-25 c#3) (Figure 9.3-12) indicated a possible hydraulic, connection
between the lower volcanic aquifer and the carbonate aquifer at the C-Holes Complex
(Geldon 1996). During the March 1984 test of borehole UE-25 c#2, the water level in borehole
UE-25 p#l apparently declined; Geldon (1996) attributed this decline to a connection between
the lower volcanic aquifer and the carbonate aquifer. However, water-level monitoring
instruments at that time may not have been reliable, and any conclusions from data collected
would be tenuous. Testing at the C-Holes Complex from 1995 to 1997 did not result in any
water-level decline in borehole UE-25 p#1 (Geldon et al. 1997, p. 47).

Measurement of potentiometric levels at various depth intervals in borehole UE-25 p#l shortly
after the borehole was drilled indicated that:

. Potentiometric levels gradually increased from 729.9 to 734.5 m (2,395 to 2,410 ft)
above sea level in the interval between the water table (depth of about 384 m [1,260 ft])
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and deep within the lower volcanic confining unit, 1,114 m (3,655 ft) below land
surface.

* Potentiometric levels abruptly increased to about 752 m (2,467 ft) above sea level in the
older tuffs between depths of 1,110 and 1,180m (3,642 and 3,871 ft) below land
surface.

Potentiometric levels remained at about 751 m (2,464 ft) above sea level throughout the
Paleozoic carbonate aquifer to a total depth of 1,805 m (3,560 ft) (Craig and Robison
1984, pp. 6 to 9; Luckey et al. 1996, p. 28).

The lowermost 70 m (230 ft) of the older tuffs of the lower volcanic confining unit in the
borehole had potentiometric levels that were very similar to the levels in the carbonate aquifer,
indicating that the lowermost part of the lower volcanic confining unit and the carbonate aquifer
were hydraulically connected. Such a connection could be expected in the hanging-wall rocks
adjacent to a fault, and such a connection is supported by calcification of the basal tuffs in the
borehole (Carr et al. 1986, pp. 23 to 25). The remaining 237 m (778 ft) of the lower volcanic
confining unit had a potentiometric level similar to that of the lower volcanic aquifer (Craig and
Robison 1984, Table 2; Luckey et al. 1996, p. 28).

No unambiguous areal patterns in the distribution of vertical hydraulic gradients around Yucca
Mountain are apparent; however, some generalizations can be made as to the distribution of
potentiometric levels in the lower sections of the volcanic rocks. Potentiometric levels in the
lower volcanic confining units are relatively high (elevation greater than 750 m [2,460 ft]) in the
western and northern parts of Yucca Mountain (Figure 9.3-18) and relatively low (elevation
about 730 m [2,400 ft]) in the eastern part of Yucca Mountain. Based on potentiometric levels
that were measured in borehole UE-25 p#l, the potentiometric levels in the lower volcanic
confining unit in boreholes USW H-1, USW H-3, USW H-5, and USW H-6 may reflect the
potentiometric level in the carbonate aquifer. Boreholes UE-25 b#l and USW H-4 do not seem
to fit the pattern established by the other boreholes (Figure 9.3-18). These two boreholes
penetrated only 31 and 64 m (101 to 210 ft), respectively, into the lower volcanic confining unit
and had potentiometric levels (about 730 m [2,400 ft]), similar to those in the lower volcanic
aquifer. Penetration of the other four boreholes into the lower volcanic confining unit ranged
from 123 m (404 ft) at USW H-3 to 726 m (2,380 ft) at USW H-1 (Table 9.3-9). Perhaps only in
boreholes USW H-1, USW H-3, USW H-5, and USW H-6. are the potentiometric levels in the
lower volcanic confining unit influenced by the potentiometric level in the carbonate aquifer
(Luckey et al. 1996, pp. 28 to 29).

Vertical-hydraulic gradients could have an important impact on the analysis of the effectiveness
of the saturated zone as a barrier to radionuclide transport. Based on a limited data. set (five
boreholes), an areal extensive upward gradient can be inferred between the carbonate aquifer and
the volcanic aquifers, which may indicate that, at least for the immediate Yucca Mountain area,
radionuclide transport would be restricted to the volcanic system (Luckey et al. 1996, p. 29).
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9.3.4.4 Potentiometric Surface and Lateral Gradients

Variations in the gradients of the potentiometric surface provide the basis for subdividing the
Yucca Mountain area into three zones:

* Large hydraulic gradient, where potentiometric levels change at least 300 m (980 ft) in a
few kilometers

* Moderate hydraulic gradient, where potentiometric levels change about 45 m (150 ft) in
a few kilometers

* Small hydraulic gradient, where potentiometric levels change only about 2 m (6.6 ft) in
several kilometers (Figure 9.3-12).

9.3.4.4.1 Large Hydraulic Gradient

Based on a review of available groundwater level data for the area north of and beneath Yucca
Mountain, Luckey et al. (1996, pp. 21, 24, 25) and Czarnecki, Faunt et al. (1997, pp. 27 to 29)
present hypotheses that might explain the occurrence of the large hydraulic gradient. Luckey
et al. (1996) provides a discussion of the possible causes:

* The large hydraulic gradient is simply the result of flow through the upper-volcanic
confining unit. The 1994 water-level elevation in borehole USW G-2 at the northern
end of the large hydraulic gradient was 1,020 m (3,350 ft) and is in the upper volcanic
confining unit (Table 9.3-9). The base of the upper volcanic confining unit is at an
elevation of about 730 m, so the saturated thickness of the confining unit in this area is
almost 300 m (980 ft). A large hydraulic gradient could be expected in a thick confining
unit. Because the unit that comprises the upper volcanic confining unit is not saturated
to its full thickness at borehole USW G-2, the large hydraulic gradient may persist
somewhat north to the area where the potentiometric surface is in the upper volcanic
aquifer. The lower volcanic aquifer in this area also could have decreased hydraulic
conductivity because of lithostatic pressure and hydrothermal alteration, which also
would contribute to the large hydraulic gradient.

* Ervin et al. (1994, pp. 9 to 11) advanced the hypothesis that the large hydraulic gradient
represents a perched or semiperched system (Meinzer 1923, p. 41). In a perched or
semiperched system, flow in the upper and lower aquifers would be predominantly
horizontal, whereas flow in the confining unit would be predominantly vertical.
Winograd and Thordarson (1975, p. c50) reported that semiperched water is not
uncommon at and in the vicinity of the Nevada Test Site, and perched water has been
encountered in several wells at Yucca Mountain. The water levels to the north of the
large hydraulic gradient represent levels in the upper volcanic aquifer, whereas water
levels to the south represent levels in the lower volcanic aquifer (Table 9.3-9). The
upper volcanic confining unit separates these two systems. Under this hypothesis, the
large hydraulic gradient may simply be an artifact of attempting to contour points from
two different and widely separated surfaces. Water levels from boreholes completed in
the confining unit between these two different surfaces, where flow is essentially vertical
and water levels change dramatically with depth, would be difficult to interpret. To the
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north of the large hydraulic gradient, flow in the upper volcanic aquifer probably is
limited with most of the water being lost to downward seepage into the lower volcanic
aquifer. What little water remains in the upper volcanic aquifer at the north end of the
large hydraulic gradient probably is lost in a short distance as it moves vertically through
the upper volcanic confining unit and ultimately reaches the lower volcanic aquifer
(Ervin et al. 1994, pp. 9 to 11). The permeability of the lower volcanic aquifer at the
north end of Yucca Mountain may be extremely limited due to lithostatic loading and to
alteration. Water in the upper volcanic aquifer also may be diverted around the large
hydraulic gradient into Crater Flat or along Fortymile Wash. In this hypothesis (Ervin
et al. 1994, pp. 9 to 11), the hydraulic gradient in the lower volcanic aquifer probably
increases to the north as hydraulic conductivity decreases, but does not increase as
dramatically as shown on the potentiometric-surface map (Figure 9.3-16). Borehole
USW G-2 in this area produced little, if any, water from the lower volcanic aquifer (see
flow surveys discussion in Section 9.3.3.3.1).

The large hydraulic gradient is due to drainage into a fault zone that moves water from
the volcanic aquifers into the underlying lower carbonate aquifer (Fridrich et al. 1991,
1994). The fault is buried beneath the Calico Hills Formation and is the
northern-bounding fault of a buried graben. There is no surface expression of the
postulated fault, which marks the northern extent of active flow in the lower carbonate
aquifer. The drain removes much of the water from the volcanic aquifers and greatly
decreases flow through the volcanic aquifers to the south, which in part accounts for the
small hydraulic gradient to the south and east of Yucca Mountain. Part of the water
returns to the lower volcanic aquifer south of the large hydraulic gradient by upward
seepage along faults, most notably the Solitario Canyon, Bow Ridge, and Paintbrush
Canyon faults. Thermal evidence for the upward seepage, but which does not appear to
support the drain, is discussed in Section 9.3.5.

Another hypothesis proposed by Fridrich et al. (1994) to explain the large hydraulic
gradient is the spillway hypothesis. This explanation requires the same deeply buried
fault, but in this hypothesis, the fault marks the effective northern limit of the lower
volcanic aquifer. Fridrich et al. (1994) speculate that, as a result of the fault, the Crater
Flat Group is thinner to the north of the graben, is more altered, and is much less
permeable than it is to the south. This explanation envisions very little flow from the
north, and what little flow there is drops abruptly at the northern-bounding fault of the
buried graben.

The large hydraulic gradient is the result of the presence, at depth, of the Eleana
Formation, which is part of the Paleozoic upper clastic confining unit described by
Winograd and Thordarson (1975, p. c43). This possibility may have been considered
when the large hydraulic gradient was discovered in 1981, with the drilling of borehole
USW G-2, but it has not been previously discussed in detail in publications. However,
Fridrich et al. (1994, p. 150) noted the regional large hydraulic gradient appeared to
follow the contact between the upper clastic confining unit and the carbonate aquifer.
The Eleana Formation is responsible for a large hydraulic gradient on the west side of
Yucca Flat in the northeastern part of the Nevada Test Site (Winograd and Thordarson
1975, p. c66). The Eleana Formation could be deeply buried beneath northern Yucca
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Mountain and could be affecting the flow system in that area in the same way it affects
the flow system on the west side of Yucca Flat. No borehole has penetrated deeply
enough to verify the existence or absence of the Eleana Formation to the north of Yucca
Mountain. More than 5 km (3 mi.) south of the large hydraulic gradient, the Eleana
Formation is not present in borehole UE-25 p#1, which penetrates the pre-Cenozoic
section in carbonates of Silurian age beneath a fault contact. However, the Eleana
Formation is present as an altered, strongly magnetic argillite in the Calico Hills, about
15 km (9.3 mi.) east of Yucca Mountain. Bath and Jahren (1984) attributed a prominent
magnetic high to this argillite and suggested that the westward extension of the magnetic
high beneath northern Yucca Mountain also indicated the presence of the Eleana
Formation. G.D. Robinson (1985, Figure 9) projected the approximate location of the
southern extent of the superposition of the confining unit on the carbonate aquifer, a
location that correlates with the general locality of the large hydraulic gradient. The
absence of the Paleozoic upper clastic confining unit south of the large hydraulic
gradient could provide groundwater access to the carbonate aquifer, but the overlying
lower volcanic confining unit also could prevent this access.

Szymanski (1989) and, more recently, Davies and Archambeau (1997) have attributed the large
hydraulic gradient to an area of decreased permeability due to relatively larger fracture-closing
crustal stress (least principal stress). Davies and Archambeau (1997) report fracture-opening
pressures deduced from slug-injection tests in boreholes at Yucca Mountain, including at least
two boreholes (USW G-1 and USW G-2) that were not tested by the slug-test technique.
However, USW G-1 and USW G-2 were among the holes in which in situ stress and the
orientation of least principal stress were determined by the production and testing of new
fractures by controlled hydraulic fracturing, and observation of the induced fractures by acoustic
televiewer (Stock and Healy 1988). The results of Stock and Healy (1988) and an earlier
compilation of regional-stress characteristics by hydraulic fracturing and other techniques (Stock
et al. 1985) do not support the assignment by Szymanski (1989) and Davies and Archambeau
(1997) of different stress regimes to areas within and south of the large hydraulic gradient.

Additional information concerning the large hydraulic gradient is presented in Sections 9.3.7.3.7
and 9.3.7.3.9.

9.3.4.4.2 Moderate Hydraulic Gradient

The moderate hydraulic gradient is defined by boreholes with the altitudes of the potentiometric
surface ranging from about 732 m (2,400 ft) to about 775 to 780 m (2,540 to 2,560 ft)
(Figure 9.3-16) and west of the crest of Yucca Mountain (Luckey et al. 1996, p. 25). Boreholes
USW H-6, USW WT-7, and USW WT- 10 (water-level elevations of about 776 m [2,546 ft]) are
located on the west side of the Solitario Canyon fault. Borehole USW H-5 (water-level elevation
of about 775 m [2,540 ft]) is located to the east of the Solitario Canyon fault, but on the
downthrown (west) side of a major northeast-trending splay of the Solitario Canyon fault.
Boreholes USW H-l and USW H-3 (water-level elevation about 731 m [2,400 ft]) are located on
the east side of the Solitario Canyon fault. The Solitario Canyon fault is a major north-striking
scissors fault, which to the south is downthrown on its western side and to the north is
downthrown on the eastern side. The hinge line of the fault, where the displacement changes, is
perpendicular to the fault plane and located approximately 1 km (0.62 mi.) southwest of borehole
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USW G-2. Offset on the fault may be as much as 250 m (820 ft). Toward its southern end, the
Solitario Canyon fault seems to widen and have more splays. Fault gouge and secondary
siliceous infillings are present along the fault. Samples of this material indicate a low-matrix
porosity. Although fault gouge and siliceous infillings are surface features, they indicate that the
fault, in the saturated zone, could have less permeability than the surrounding rock (Luckey
et al. 1996, p. 25).

The Solitario Canyon fault seems to function as a barrier to flow from west to east. Boreholes
west of the fault have higher water levels than boreholes east of the fault, except for borehole
USW H-5. However, borehole USW H-5 may be connected hydraulically with the boreholes
west of the Solitario Canyon fault. According to Bentley et al. (1983, p. 20) and Robison and
Craig (1991, pp. 12 to 13), much of the flow in borehole USW H-5 originates from the part of
the Bullfrog Tuff located at an altitude of between 720 to 780 m (2,360 to 2,560 ft). Thus, most
of the flow to the borehole comes from an interval that is above the interval where the fault splay
probably intersects the borehole. The fault splay may be less permeable as a result of fault
gouge. This low-permeability interval may tend to mound water against the fault splay (Luckey
et al. 1996, p. 25).

The Solitario Canyon fault could also function as a barrier because of offset of stratigraphic
units, which places more permeable units against less permeable units, especially to the south,
where offset in the fault is greater (Ervin et al. 1994, p. 9). Some flow undoubtedly crosses the
Solitario Canyon fault because there is a large difference of hydraulic potential (45 m [150 ft])
across it. However, most of the groundwater west of the Solitario Canyon fault probably flows
south, either along the fault or through an aquifer in Crater Flat (Luckey et al. 1996, p. 25).

The moderate hydraulic gradient could be interpreted as a southward extension of the large
hydraulic gradient, with or without the Solitario Canyon fault causing the moderate gradient.
This extension of the large gradient could be implied by information presented by Robison
(1984, Figure 2) and Fridrich et al. (1994, Figure 3). As discussed for the large hydraulic
gradient, Fridrich et al. (1994) suggested that there could be substantial upwelling of water from
the carbonate aquifer along the Solitario Canyon fault, as well as along other north-striking
faults. If such upwelling along the Solitario Canyon fault is larger compared to along other
faults, or if the hydraulic conductivity east of the Solitario Canyon fault is less than elsewhere
around Yucca Mountain, the upwelling could cause the moderate hydraulic gradient. However,
if upwelling is the cause of the moderate gradient, the Solitario Canyon fault seems to be unique
in this respect because similar gradients are not observed across other north-striking faults in the
Yucca Mountain area (Luckey et al. 1996, pp. 25 to 26). In addition, higher water levels occur
west of the fault in Crater Flat (Figure 9.3-16), so upwelling might modify the shape of the
moderate hydraulic gradient but cannot be the dominant cause.

9.3.4.4.3 Small Hydraulic Gradient

The small hydraulic gradient is present beneath much of eastern and southern Yucca Mountain
where water levels ranged from 728 to 732 m (2,390 to 2,400 ft) above mean sea level
(Figure 9.3-15); this area includes most of the boreholes at the Yucca Mountain site. The small
hydraulic gradient is bounded on the north by boreholes USW H-I and UE-25 WT#14 and on the
west by boreholes USW H-l, USW H-3, and USW WT-1 1. The small hydraulic gradient
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extends east as far as Fortymile Wash, where the water-level altitude is about 728 m (2,390 ft),
and probably extends into central Jackass Flats, where the water-level altitude at borehole UE-25
J-l 1 is about 732 m (2,400 ft). The southern extent of the small hydraulic gradient includes
boreholes USW WT-1 1 and UE-25 WT#12, but the small hydraulic gradient probably extends
still farther to the south (Figure 9.3-15). The small hydraulic gradient represents a water-level
change of 0.0001 to 0.0003. Ervin et al. (1993, p. 1558) stated that the small hydraulic gradient
could indicate highly transmissive rocks, limited groundwater flow through the system, or a
combination of both phenomena.

The potentiometric surface in the area of the small hydraulic gradient slopes generally eastward
from Yucca Mountain toward Fortymile Wash; a smaller component slopes to the south.
Limited data east of Fortymile Wash indicate that the potentiometric surface in Jackass Flats also
is relatively flat and probably slopes westward toward Fortymile Wash; again, a smaller
component slopes to the south (Luckey et al. 1996, p. 27).

9.3.5 Thermal Characteristics

The thermal regime of the Earth's crust is governed by several factors:

* The thickness of the crust; the input of heat from the underlying mantle
* Heat generated within the crust by radioactive decay and rock friction
• Heat emplaced by magma intrusions
* The distribution of thermal conductivity and capacitance in the crust
* Movement of heat in advecting fluids.

In the upper few kilometers of the crust, moving, groundwater may significantly perturb the
conductive heat-flow field. Sass, Lachenbruch et al. (1971) and Sass, Blackwell et al. (1981)
attributed the Eureka Low, an area of regional heat-flow deficiency (less than 63 mW/mi2 ) in
southeastern Nevada, to downward seepage of water and subsequent lateral transport of water
and its contained heat in regional aquifers.

Sass and Lachenbruch (1982) reported measured temperature profiles and calculated heat flows
for 14 deep boreholes in the Nevada Test Site area. Typical Basin and Range heat flows, 63 to
105 mW/m2 , occur in a few holes in the north-central Nevada Test Site and near the southern and
southeastern borders (Figure 9.3-19). Test Well 5 (TW5, near the southern border of the Nevada
Test Site in Figure 9.3-19) penetrates the Precambrian confining unit and provides the only direct
measurement of crustal heat flow (84 mW/IM2 ) in the vicinity of Yucca Mountain beneath the
advective water flow in the lower carbonate aquifer. Anomalously high heat flow, 130 mW/m2 ,
was reported for UE-25 a#3 in the Calico Hills, whereas anomalously low heat flow was reported
for the two boreholes measured at Yucca Mountain. The larger, more recent data set reported by
Sass et al. (1988) indicates that saturated zone heat flow at and near the potential repository site

2generally ranges between 30 and 60 mW/mi, comparable to heat flow in the Eureka Low.

9.3.5.1 Data Collection

Thermal studies of the saturated zone were conducted mainly during the 1980s in the geologic
and hydrologic boreholes that were drilled to or beneath the water table at and near Yucca
Mountain. These studies continued a more regional investigation that began in the late 1950s in
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and around the Nevada Test Site (Sass et al. 1988, p. 5). Sass et al. (1988, Tables 1, 2) reported
temperature measurements in 14 holes drilled deeply into the saturated zone in the vicinity of
Yucca Mountain, as well as in 17 holes drilled to the water table. Additionally, they provided
average values for thermal conductivities of the major rock units (Sass et al. 1988, Table 3) and
204 individual measurements of thermal conductivity on core from five deep geologic holes
drilled at the potential repository site (Sass et al. 1988, Appendix 3, Tables 3-1 through 3-5).
Conductive heat-flow values (Sass et al. 1988, Table 5, Figure 17) were calculated for holes or
segments of holes in which the temperature gradients were sufficiently uniform to be represented
as least-squares approximations or as linear segments of measured gradients (Sass et al. 1988,
pp. 34 to 42). The methods for well logging to measure temperatures, for determining thermal
conductivity of rock samples, and for calculating conductive heat flow (Sass et al. 1971) had
been applied in the earlier regional studies. They were formalized for the Yucca Mountain
studies in technical procedures that governed the work (Sass et al. 1988, p. 6).

Figure 9.3-19 shows the general distribution of boreholes from which temperature logs have
been obtained in the vicinity of the Nevada Test Site. At and near the potential repository site,
the YMP has obtained thermal data from a much denser array of boreholes. Figure 9.3-20 shows
these boreholes and distinguishes the holes logged in the saturated zone from those in which only
water-table temperatures were obtained. Core samples for measuring thermal conductivity were
extracted only from the four geologic-series holes, USW G-l, USW G-2, USW G-3, and
USW G-4.

The preferred method to estimate conductive heat flow (qc), according to Sass et al. (1988,
p. 34), is to estimate (from the temperature log) the least-squares thermal gradient (AT/AZ) over
a significant vertical interval (500 m or more) (Sass et al. 1988, Table 5). The product of that
gradient and the harmonic mean thermal conductivity (<K>) of core samples from the same
depth interval is then calculated:

= - <K> x AT/AZ (Eq 9.3-2)

Temperature profiles measured in many of the boreholes showed evidence of significant uphole
or downhole flow, either of which would distort the apparent thermal gradient. Only two of the
G-series holes, USW G-1 and USW G-3, had sufficiently uniform gradients in the saturated
zone, together with measured thermal conductivities, to permit heat-flow calculations by the
preferred method. In order to estimate heat flow for most holes, it was necessary to use the mean
thermal conductivities estimated for individual stratigraphic units.

Sass et al. (1988, p. 42) considered an alternate method of estimating the thermal gradient in
holes that had temperature profiles suspected of being disturbed by in-hole flow. This approach
involved measuring the gradient in a relatively short segment of the log, using two criteria for the
selected segment:

* The gradient was linear over the segment.

* Intraborehole flow in the depth interval represented by the segment was unlikely to
perturb the temperature profile.
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The first criterion was tested by inspection of the graphic log. The second criterion was judged
to be satisfied if the linear segment extended to the bottom of the hole, and particularly if
hydraulic tests revealed that there was no significant permeability within or below the interval.

9.3.5.2 Conductive Heat Flow

Conductive heat-flow values are shown in Figure 9.3-20 for boreholes in which there were
apparently conductive temperature-log segments, most of these occurring in the deepest parts of
the holes. In addition, hydraulic-testing information that showed insufficient permeability or
hydraulic gradient to produce significant intraborehole flow supports the apparently conductive
nature of many of the log segments, shown in Figures 9.3-21 to 9.3-23. With the exceptions of
UE-25 p#l and USW G-4, which did not display conductive profiles, heat-flow estimates were
made for all of the boreholes in the site area that penetrated the saturated zone significantly,
though with varying degrees of confidence. The thermal gradients in the conductive segments
were multiplied by the thermal conductivities of the corresponding rocks, from Sass,
Lachenbruch et al. (1988, Table 3, Tables 3-1 to 3-4), to obtain heat flows. The results indicate
that saturated zone conductive heat flows may be geographically grouped.

USW G-1 and USW H-i were both drilled to depths of about 1,800 m in Drill Hole Wash along
the northern border of the potential repository. They provided long intervals of apparently
conductive conditions below depths of about 1,000 m (3,300 ft) (Figure 9.3-21). Hydraulic
testing of USW H-I showed that significant permeability was restricted to zones shallower than
about 750 m (2,460 ft), so the deepest 1,000 m (3,300 ft) should be free of advective heat
transport. This is consistent with its uniform temperature profile. The profile for USW G-1 is
nearly identical to that for USW H- I so that, despite the absence of hydraulic-test information, it
is considered to be conductive. Thermal conductivities were measured on 45 core samples from
the saturated zone interval logged in USW G-1. Heat flows were calculated with high
confidence to be 53 mW/mi2 for USW G-1 and 54 mW/M2 for USW H-1.

UE-25 b#1 and USW H-4 are both within the faulted zone that borders the potential site on the
east, UE-25 b#1 being at the mouth of Drill Hole Wash and USW H-4 being about 1.5 km
(0.93 mi.) southwest in a smaller, northwest-trending wash. Temperature profiles for these
holes, also shown in Figure 9.3-21, are obviously influenced by the movement of fluids in the
holes. The deeper, linear segments in USW H-4 and UE-25 b#1, respectively, have apparently
conductive gradients of about 26 and 23°C/km. Flow surveys conducted while pumping these
boreholes show that there was no detectable yield below 875 m in UE-25 b#1 (Lahoud
et al. 1984, p. 30) and that only 13 percent of the yield of USW H-4 was produced from depths
greater than 920 in (Whitfield, Eshom et al. 1985, p. 27). Also, head measurements in USW H-4
indicate that there was no hydraulic gradient between depths of 910 in (2,990 ft) and 1,192 m
(3,911 ft) (Whitfield, Eshom et al. 1985, p. 22). These observations confirm that the temperature
profile in UE-25 b#1 is conductive and that the profile in USW H-4 is probably conductive given
the lack of a significant vertical hydraulic gradient. The heat flows calculated with medium
confidence for these holes, based on the conductive segments, are 40 mW/mi2 for UE-25 b#1 and
45 mW/m2 for USW H-4.

The lowest heat flows, 36 mW/mi and 32 mW/M2, were calculated for USW G-3 and USW H-3,
respectively. These boreholes are the southernmost deep holes in the site area, and both are sited
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on the Yucca Mountain ridge crest just east of Solitario Ca yon. They penetrate similar
stratigraphy and have similar thermal gradients that appear to be relatively undistorted by
intraborehole flow (Figure 9.3-22). The core hole, USW G-3, provides thermal-conductivity
values (Sass et al. 1988, Table 3-3), and hydraulic tests were conducted in USW H-3. The head
below a depth of 1,125 m (699 ft) in USW H-3 was determined to be approximately 21.1 m
(13.1 ft) greater than the composite head above 1,125 m (699 ft), but the deep zone did not
accept detectable flow during an injection flow survey (Thordarson et al. 1985, pp. I0 to 11).
Therefore, there was hydraulic potential for uphole flow but little apparent capability for the
deep zone to provide that flow. Hydraulic tests were not conducted in USW G-3, but the
temperature log indicates some intraborehole flow, probably upward. The likelihood that the
temperature profiles for USW G-3 and USW H-3 were disturbed indicates that confidence in the
calculated heat flows is medium rather than high, as might be inferred from the overall linearity
of the profiles. The actual conductive heat flows are probably somewhat greater than the
calculated values shown on Figure 9.3-20.

A 1983 temperature profile for USW H-5 shown on Figure 9.3-22, is strongly disturbed. Using
the least-squares gradient, the apparent heat flow was 27 mW/M2 . The heat-flow value shown
on Figure 9.3-20 for USW H-5, 55 mW/m2 , is based on the November 1982 log (Sass et al. 1988,
Figure 1-16), which provided a linear, clearly conductive segment from 1,100 to 1,200 m (680 to
750 ft) depth with a thermal gradient of 250C/km. This interval, which was not accessible to
logging in 1983, penetrated a zeolitic lava of negligible permeability beneath the Tram Tuff
(Robison and Craig 1991, pp. 12 to 13) and has a thermal conductivity estimated to be 2.2 W/mK
(Sass et al. 1988, Table 3).

Borehole USW H-6 penetrates the hanging wall block of the Solitario Canyon fault, and its
relatively high heat flow, 65 mW/m2 , is considered to be a consequence of its local
hydrogeologic setting rather than a marginally typical value for Basin and Range crustal heat
flow. The significance of this log is discussed in Section 9.3.5.4.

Figure 9.3-23 shows temperature logs for USW G-2, in the northern part of Yucca Mountain, and
UE-25 p#l, located east of Yucca Mountain (Figure 9.3-20). USW G-2 has the highest apparent
heat flow in the site area, 65 to 70 mW/M2 , based on the deepest accessible 125 m (77.7 ft)
interval (1,125 to 1,250 m [699 to 777 ft]) after the hole was bridged subsequent to the
September 1982 log. However, the September 1982 log (Sass et al. 1988, Figure 1-10) shows an
irregular profile between 1,125 and 1,400 m (699 and 870 ft) that suggests, but does not
demonstrate, slight downhole flow. Because downhole flow would suppress the thermal
gradient, the higher end of the estimated heat flow, 70 mW/rn, is considered the more likely
value, though confidence is low. The UE-25 p#l log is discussed in detail in Section 9.3.5.4.
It is significantly affected by anomalous temperatures in faults that are intersected by the
borehole, and the heat flow is indeterminate.

9.3.5.3 Water Table Temperature

Temperatures at the water table, which were estimated from the temperature profiles in Sass
et al. (1988, Appendices 1 and 2) for all holes that reached the water table, are shown and
contoured in Figure 9.3-24. As contoured, the pattern indicates a distinct high-temperature zone
(34 to 38.80 C) associated with Solitario Canyon and a less prominent high-temperature zone
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(32 to 340C) associated with Midway Valley.- Both Solitario Canyon and Midway Valley overlie
zones of north-trending faults, suggesting a genetic relationship between faulting and
high-temperature anomalies at the water table. Fridrich et al. (1994) and Sass et al. (1995)
suggest that the faults provide permeable pathways for upward flow to the shallow saturated
zone from a deeper aquifer, tentatively the Paleozoic carbonate aquifer.

Alternatively, the pattern of water table temperatures has been interpreted (Lehman and Brown
1996) to show southward-protruding lobes of relatively cool water (less than 320C), possibly
resulting from recharge or, in the case of the central lobe, from southward-deepening flow from
relatively shallow, cool aquifers north of the large hydraulic gradient discussed in Section
9.3.4.4. Discussion in Section 9.3.5.4, which considers vertical temperature differences, shows
that the anomalies are correctly attributed to comparatively warm water along the faults rather
than anomalously cool water between them.

9.3.5.4 Temperature Logs

Temperature logs measured in the saturated zone in boreholes east of the Yucca Mountain ridge
crest are shown in Figures 9.3-21 to 9.3-23, taken from Sass et al. (1988, Appendix 1). The log
for USW G-1 is composed of two approximately linear segments, indicating that fluid movement
in the hole has not significantly masked the conductive thermal profile, although a small
temperature reversal at a depth of about 1,050 m (652 ft) (which was much more prominent in
the log measured seven months earlier) shows that drilling effects had not completely dissipated.
The log for USW H-i, which almost superimposes on that for USW G-1, is the last of four logs
measured in November 1980, April 1981, November 1982, and March 1983. The last three of
these are nearly identical, indicating that post-drilling stability was reached in USW H-1, as well
as indicating indirectly that the temperature in USW G-1 was also stable except for the small
residual reversal.

Below a depth of about 1,000 m in USW G-1 and USW H-1, the least-squares temperature
gradients are both about 30'C/km (Sass et al. 1988). In the deepest 100 m (62 ft) of USW H-i,
however, there is a slight decrease of the gradient. Though subtle, this curvature is consistent
with the entry of water into the hole and then flowing upward, driven by the large hydraulic head
(elevation 785 m [488 ft]) at a depth of 1,800 m (1,120 ft) in that hole, as discussed in
Section 9.3.4.3. The displacement of the temperature profile is too slight to affect the calculated
heat flow reported in Section 9.3.5.2. In the upper part of USW H-1, there is apparent upward
intraborehole flow from a depth of about 775 to 625 m (482 to 388 ft).

A much more distinct example of uphole flow is the log from USW G-4 (Figure 9.3-25). Below
a depth of 150 m, four logs obtained between March 1983 and June 1984 are identical
(Sass et al. 1988, Figure 1-12), indicating that post-drilling equilibrium had been achieved.
Luckey et al. (1996, Table 3) report that potentiometric levels measured during testing in January
1983 were 0.5 m (1.6 ft) higher in the upper half of the saturated zone (615 to 747 m [382 to
464 ft]) than in the lower half (747 to 915 m [464 to 569 ft]), which would produce a small
gradient for downward flow. However, the stability of the convex-upward temperature profile in
the borehole in four logs in a 17-mo. period after hydraulic testing was completed is rather
convincing evidence that the flow is upward. This indicates that conditions in the borehole
during testing were still perturbed by the earlier borehole construction and pumping tests.
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In the shallower sections of UE-25 b#I and USW H4 (Figure 9.3-21), approximately 600 to
900 m (370 to 560 ft), the logs are almost isothermal, indicating significant flow of water in the
holes. Small vertical hydraulic gradients are reported by Luckey et al. (1996, Table 3), upward
with a head difference of 0.1 m (0.33 ft) in USW H4 and downward with a head difference of
1.0 m (3.3 ft) in UE-25 b#1, despite the apparent similarity of the two temperature logs. Both of
these hydraulic gradients are based on bottom-hole measurements in packed-off intervals during
hydraulic testing. The transmissivity of the critical interval in UE-25 b#1, 1,006 to 1,220 m
(3,300 to 4,000 ft), was extremely small (2 x 102 m 2/day), providing an apparent average
hydraulic conductivity of 104 m/day. It is possible that, because of prior pumping tests, an
equilibrium head was not obtained during the test of this interval, diminishing confidence in the
downward gradient. Therefore, the identification of flow direction in UE-25 b9I remains
inconclusive. Because of the similarity of the USW H-4 and UE-25 b#l logs and the geographic
proximity of the holes, the flow direction in USW H-4 is also classed as indeterminate, despite
the agreement between the temperature log and the very small hydraulic gradient.

Figure 9.3-22 shows the temperature logs that were obtained from USW H-6, along the western
edge of Solitario Canyon, and from three holes (USW G-3, USW H-3, and USW H-5) along the
Yucca Mountain ridge crest on the east side of Solitario Canyon. The data from these boreholes
help to define the high-temperature anomaly of the water table along the Solitario Canyon fault.
USW H-6 is in the hanging-wall block overlying the west-dipping fault, whereas the other three
holes are in the footwall block. The logs for USW G-3 and USW H-3 are not distinctive. The
log for USW G-3 shows irregularities that indicate intraborehole flow, but the direction cannot
be determined with confidence. Head measurements in USW H-3 indicated an upward gradient
(Section 9.3.4.3). The log is permissive, but not diagnostic, for slight upward flow.

The USW H-5 log shows active intraborehole flow and, in the uppermost 100 m (330 ft) of the
saturated zone, probably temperature homogenization resulting from mixing of recharge water or
lateral flow in the aquifer. This interval, from 700 to about 800 m (2,300 to 2,620 fit) depth,
provided almost 90 percent of the pumped yield during a flow survey. The interval from 800 to
1,050 m (2,620 to 3,440 ft) displays a nearly isothermal log, but the segment is actually distinctly
convex upward, tentatively indicating upward flow. The bottom of this interval, at the base of
the Tram Tuff, yielded almost all of the remaining 10 to 12 percent of the flow-survey pumpage.
Water level monitoring in a zone isolated below a packer set at about 1,090 m (3,580 ft) shows
that the bottom 110 m (360 ft) of the hole has a head that is slightly higher (about 0.16 m
[0.52 ft]) than the composite head in the hole above the packer (Graves et al. 1997). Thus, the
hydraulic data support the thermal interpretation of upward flow. The packer blocked access to
the hole below 1,090 m (3,580 ft) after February 1983. However, the November 1982 log
provided the bottom-hole, clearly conductive log segment that was used to compute the
55 mW/m 2 heat flow at USW H-5.

The thermal regime at USW H-6 is obviously different from that in the footwall block of the
Solitario Canyon fault. The temperature profile below about 900 m (2,950 ft) is conductive with
a gradient of 360C/km, from which the heat flow of 65 mW/m2 was calculated. The
temperatures and the conductive heat flow in the headwall block are significantly greater than
those in the footwall (Figure 9.3-22), indicating the upward advective heat flux in the fault that is
projected to underlie USW H-6.
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In USW H-6, the positive temperature excursion above a depth of 625 m (2,050 ft) is difficult to
interpret based on this October 1983 log alone. However, Sass et al. (1988, Figure 1-17) also
provide logs for November 1982 (shortly after drilling and testing), March 1983, and March
1984. Figure 9.3-26 shows the March 1984 log, which is very similar to that of March 1983 and
which, except in the interval from about 620 m (2,030 ft) to about 775 m (2,540 ft), is exactly
superimposed on the October 1983 log. The earlier and later March logs both distinctly show the
concave-upward curvature that results from downhole flow in this interval, which is bordered
above and below by the only two productive zones in the borehole (Craig and Reed 1991, pp. 15
to 16). It is very probable that the March logs provide direct observations of the thermal effects
of winter or springtime recharge in the wash in which USW H-6 is located. The water table at
this site is about 520 m (1,710 ft) below the land surface, and the upper permeable zone is 100 m
(330 ft) deeper yet where it intersects the borehole. The distinct, but short-lived, temperature
anomalies on the March logs imply that they are current-year effects (not lagged by one or more
years). This, in turn, implies a permeable pathway (probably fault-related) that allows
percolation of cool water to a depth of about 600 m (2,000 ft) within a few months at the most.

Borehole UE-25 p#1 provided the most distinctive temperature logs that have been obtained at
Yucca Mountain (Figure 9.3-27). As described in Section 9.3.4.3, the head increased slightly
with depth during testing in the volcanic rocks but rose abruptly when drilling penetrated altered
tuffs and a fault zone above the lower carbonate aquifer. Although the hole was eventually cased
into the Paleozoic rocks, intense uphole flow of warm water (570C) occurred for several weeks
from a depth of 1,200 m (3,900 ft) through a temporary, leaky plug. A temperature log in
February 1983 showed that the upward flow exited the borehole at a depth of about 500 m
(1,600 ft) into the most productive zone of the volcanic section, as indicated by a borehole flow
survey while pumping (Craig and Robison 1984, p. I 1, Figure 5). A persistent high-temperature
excursion of the temperature log at this zone, shown in the October 1983 log (Figure 9.3-27a),
indicated that the effects of penetrating into the deep fault zone, probably the Paintbrush Canyon
fault, were long- lived. Subsequent logs recorded the gradual decay of the anomaly at 500 m
(1,600 ft) until a stable configuration was reached. The new equilibrium profile of April 1990,
shown in Figure 9.3-27, is essentially identical to the October 1983 log except for smoothing of
the temperature anomalies at depths of about 500 and 1,300 m (1,600 and 4,300 ft) . Based on
the geologic analysis of UE-25 p#1 (Carr, M.D. et al. 1986, p. 25, Figure 12), both of these
anomalies are associated with faults penetrated by the borehole.

The basic shape of the persistent temperature profile in UE-25 p#l, which is dominated by
positive excursions at shallow and deep fault zones, makes it difficult to assign any part of the
log to a conductive thermal gradient. However, the similarities between the logs for UE-25 p#l
and USW H-6 (Figure 9.3-26) are striking. In the deeper parts of the volcanic rocks, the two
holes have similar temperatures and gradients in the hanging-wall blocks above faults that are
associated with high-temperature anomalies at the water table. The temperatures at depths of
1,000 m in UE-25 p#l (480C) and USW H-6 (470 C) are distinctly greater than those for other
drill holes at and near the site. However, the temperature decreases below the lower anomaly in
UE-25 p#l, and below a depth of 460 m (1,500 ft) it is less than the temperature in USW G-1
(Figure 9.3-27a).

Figure 9.3-28 shows one interpretation of the thermal regime in the vicinity of UE-25 p#l.
Upwelling of the isotherms implies that fault-controlled flow parallel to the strike of the faults is
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accompanied by buoyant rise, thus vertical mixing, of warm water within the fault zones. The
actual flow paths for the anomalously warm water do not necessarily rise above the confining
layer at the base of the volcanic section. Instead, the mounding of the isotherms may reflect
mainly conductive diffusion of the heat source at the base of the volcanics and possibly minor
upward seepage along the faults. (Bredehoeft [1997] estimates by modeling that, for an assumed
width of 3 m [10 ft] for the deeper fault, a fault-zone hydraulic conductivity through the
saturated tuffs of about 0.1 m/day would provide sufficient mass and heat transfer to
approximate the water table temperature anomaly but still provide sufficient confinement of the
lower carbonate aquifer to produce the observed Earth-tide response in the borehole.) It should
be noted that this thermal cross section is also consistent with the downward reversal of the
temperature anomaly in the UE-25 p#1 log within the carbonate aquifer.

In this interpretation, the temperature between the two fault zones through most of the saturated
Tertiary rocks trends toward ambient as it does below the deeper fault, but it remains somewhat
elevated. A conductive temperature profile, unperturbed by faulting, can be approximately
reconstructed by connecting the bottom-hole and surface temperatures, varying the slope of the
profile according to the thermal conductivities of the rocks. The corresponding heat flow would
be somewhat less than the 42 mW/M2 shown in Figure 9.3-27b because the temperature at the
bottom of the hole is still decreasing with depth.

Alternatively, Sass (1998, p. 270) emphasizes the more regionally normal heat flow determined
for the unsaturated segment (62 mW/mi2 ) of the UE-25 p#l log, together with a more traditional
interpretation of the concave-upward profile to suggest downward flow between the upper and
lower fault zones. However, head measurements during hydraulic testing in the borehole reveal
a small but distinct upward hydraulic gradient in the tuffs (Craig and Robison 1984, pp. 8 to 9).
Furthermore, the reversal of temperature below the lower fault zone attests to the significant
warming that the fault produces. If it were merely the receptor for hydraulically driven
downward flow, the lower fault should be at a lower temperature than its contiguous rocks.
Given the pronounced positive temperature anomaly associated with the lower zone, the more
subdued anomaly that is proposed to be associated with a fault higher in the hole appears to be
reasonable. The consequent warming of the upper saturated zone would provide the heat needed
to support the 62 mW/mi2 heat flow in the unsaturated zone near the upper fault despite apparent
lower heat flow into the base of the Tertiary rocks.

Borehole USW G-2 is located on the broad upland of Yucca Mountain, north of the finger-like
ridges that protrude southward. As was discussed in Section 9.3.4.4, it is at or near the northern
edge of the large southward gradient of the apparent water table. A series of eight temperature
logs obtained between December 1981 and June 1984 provided effectively identical profiles
(Sass et al. 1988, Figure 1-10) below the static water level, which is about 525 m (1,720 ft)
below land surface. The temperature profile exhibited a few steps of the gradient in the first
90 m below the water level and then a nearly isothermal step from 615 m (2,020 ft) down to
about 750 m (2,460 ft). In September 1992 and again in February and September 1995, the hole
was reoccupied for studies of the large hydraulic gradient. Rather than confirming the thermal
stability that had been implied by the 1981 to 1984 repetitive logging, the isothermal step had
dissipated to a more moderate gradient, and by September 1995 the base of the step had risen
about 30 m (100 ft) (Figure 9.3-29). This thermal history, a 12-m (39 ft) decline of the static
water level between 1984 and 1995, and a possible geophysical indication of undersaturation
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have been interpreted to indicate the gradual downhole drainage of a perched water body that
was disrupted by the borehole (Czarnecki, Nelson et al. 1995).

The temperature log for USW G-2 below the depth of 750 m is shown in Figure 9.3-23, together
with the logs for USW G-1, USW H-6, and UE-25 p#l, which are repeated for reference.
Although the USW G-2 log is cooler at any given depth than those for USW H-6 and UE-25 p#1,
the gradient is about the same as that in the lower part of USW H-6, a clearly conductive thermal
regime based on both the temperature log and the hydraulic testing results. The temperatures at
depth and average gradient in USW G-1, which is the closest of the three holes to USW G-2
(Figure 9.3-20) and which also is clearly conductive, are distinctly less than those at USW G-2,
indicating differences in the thermal and thus hydrogeologic regimes (discussed further in the
following section).

9.3.5.5 Implications for Groundwater Flow

The heat-flow deficiency in the site area extends at least to near the base of the Tertiary volcanic
rocks, based on the logs for deep holes, such as USW G-1, USW H-3, and USW G-3. The
tentatively assigned heat flow in the lower carbonate aquifer at UE-25 p#l (less than 42 mW/in2 )
may indicate that the anomaly penetrates deeply into the Paleozoic rocks also. Based on these
considerations, Sass et al. (1988, p. 48) concluded that flow in the lower carbonate aquifer
intercepts crustal heat flow, transporting it laterally toward discharge areas.

The Fridrich et al. (1994, pp. 162 to 165) hypothesis that a fault underlying the large hydraulic
gradient provides a path for introducing downflow of cool water into the Paleozoic rocks is
conceptually consistent with this general concept. However, heat flow at USW G-2, 65 to
70 mW/m2 , is marginally deficient and may indicate some hydrologic capture of heat flux at the
northern edge of the gradient. Values of 50 to 55 mW/m2 at USW G-1, USW H-1, and USW
H-5 occur near the toe of the large hydraulic gradient, whereas lower heat flows (40 to
45 mW/mr2) occur farther southeast at UE-25 b#1 and USW H-4. The lowest heat flows, 32 and
36 mW/m , were determined for the southernmost boreholes, USW H-3 and USW G-3, both of
which were drilled on the ridge crest of Yucca Mountain on the east (footwall) side of the
Solitario Canyon fault. The decrease of heat flow southward from the large gradient is not
consistent with a simple model of cool recharge to the lower carbonate aquifer and southward
warming of that flow as heat is collected. The density and distribution of data are not sufficient
to resolve in detail the flow paths that might cause the observed heat-flow anomalies.

The linear temperature anomalies that correlate spatially with the Solitario Canyon fault and with
faults in Midway Valley clearly indicate that flow is strongly influenced by the north-south
striking faults. However, as Bredehoeft (1997) concludes, only a minor upward flux from the
carbonate aquifer into the Tertiary volcanics is required to produce the anomaly in Midway
Valley. The relatively high temperatures and heat flows in USW H-6 and UE-25 p#l, above the
Solitario Canyon and Paintbrush Canyon faults, respectively, attest to the local importance of
vertical mixing of dominantly lateral flow along the faults.

Alternative Interpretations-In an alternative explanation for the Eureka Low, Blakely (1988)
analyzes aeromagnetic data for the state of Nevada, producing a map showing the interpreted
depth to the Curie isotherm, about 580°C, the temperature at which crustal rocks lose their
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magnetism. Blakely suggests geographic coincidence of the Eureka Low with
magnetic-basement depths on the order of 25 to 30km (16 to 19 mi.). Although Yucca
Mountain is outside of the area providing sufficient aeromagnetic coverage for interpretation,
extrapolation over a relatively small distance would support a predicted much shallower Curie
depth, approximately 15 km (9.3 mi.). If this were demonstrated and if Curie-isotherm depth
were shown to be the principal determinant of near-surface (upper few kilometers) heat flow, the
low heat flow of the site area would be enigmatic. However, Sass et al. (1995, pp. 159 to 162)
point out that heat flow virtually doubles over a distance of a few kilometers at the site area,
indicating control by groundwater movement in the upper 3 to 4 km (1.9 to 2.5 mi.) of the crust.
Such short-wavelength heat-flow variations could not be caused by differences 10 km (6.2 mi.)
or deeper in the crust. This does not preclude the possibility that the heat flux into the base of
the hydrologically active system (i.e., into the base of the lower carbonate aquifer) is
approximately normal in the vicinity of Yucca Mountain but less than normal beneath the large
area of the Eureka Low.

Swanberg and Morgan (1978) used the silica geothermometer to estimate regional heat flow
throughout the United States. Their results for Nevada indicated high heat flow extending from
the Battle Mountain High in northern Nevada southward through the Yucca Mountain area
(including the western half of the Eureka Low) to Death Valley. The many heat-flow values
determined from measured-temperature gradients and rock-thermal conductivities are
incompatible with the silica-based analysis, which was not compensated for the high content of
soluble silica glass in the rhyolitic rocks of the southwest Nevada volcanic fields.

In discussing the tectonic and thermal framework of Yucca Mountain, Hill et al. (1995, p. 71)
cite thermal -springs as characteristic of the region and heat flow-as high as 130 mW/m2 -as
characteristic of the Yucca Mountain site. Stuckless, Marshall et al. (1998, p. 70) reply that the
highest spring temperatures in the vicinity occur in Oasis Valley, west of Crater Flat, where
deeply circulating groundwater from Pahute Mesa and Timber Mountain emerges at springs with
a maximum temperature of 410C. It is evident from the several temperature logs shown and
discussed above that temperatures of 40 to 60'C are attainable within 2 km (1.2 mi.) of the
surface in an area of clearly deficient heat flow. The cited heat flow of 130 mW/n2 occurs in
borehole UE-25 a #3 (Sass, Lachenbruch et al. 1980), which is more than 10 km (6.2 mi.) east of
Yucca Mountain (Figure 9.3-19). The borehole penetrates argillite of the Eleana Formation
before entering carbonate rocks that probably are part of the lower carbonate aquifer, which is
structurally high beneath the Calico Hills. It is likely that the high heat flow in the argillite is
driven by deeper warm water rising along a fault zone, as is apparent in UE-25 p#l and
suspected at USW H-6. Regardless of the cause in the Calico Hills, the high value of heat flow
was not observed at Yucca Mountain, where there are abundant data showing regionally
deficient heat flow.

9.3.6 Saturated Zone Hydrochemistry of Yucca Mountain

Past studies have attempted to use hydrochemistry data to evaluate the relative contributions of
various groundwater sources and pathways to the evolution of Yucca Mountain saturated zone
groundwater along flow pathways. Section 9.2.9 reviews hydrochemical characteristics of the
Yucca Mountain-Fortymile Wash flow system in comparison to other flow systems within the
Death Valley groundwater flow system and examines hydrochemical and isotopic evidence for
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mixing and compartmentalization of flow domains in the saturated zone beneath
Yucca Mountain.

9.3.6.1 Yucca Mountain-Fortymile Wash Flow System

The Yucca Mountain-Fortymile Wash flow system, defined as including the Crater Flat area. is
virtually surrounded by those discussed previously in Section 9.2.9: the Pahute Mesa-Oasis
Valley system to the north and west, the Ash Meadows system to the east and southeast, and the
Amargosa Desert system to the south. However, in each direction, hydrologic data deficiencies,
generally relating to lack of deep wells, impair an understanding of these systems as related to
that of the Yucca Mountain area. Accordingly, hydrogeochemical and isotopic data play
important roles in interpreting the hydrogeologic relationships.

A current analysis of groundwater flow paths in the site-scale flow model area (CRWMS M&O
2000a, Figure 17) shows a flow path characterized by low Cl content water (about 7 mg/L or
less) extending from the Fortymile Canyon area to the Fortymile Wash area in the northern
Amargosa Desert over a distance of 40 km (25 mi.). This flow line is constrained to the east by
groundwater of higher Cl, S04, and Na concentrations. To the west, the low-Cl flow path is
constrained by groundwater of distinctive deuterium/18 0 composition at Yucca Mountain and at
the NC-EWDP-2D well, and near the southern boundary of the model by higher Cl, SO4 , and Na
waters west of the Fortymile Wash (CRWMS M&O 2000a, Section 6.5.2.1).

The average annual net infiltration occurs through the unsaturated zone at low rates, on the order
of 6 mm/yr. in the vicinity of the potential repository site, under present climatic conditions
(CRWMS M&O 1998, p. 5.3-134). Hydrogeologic data summarized by Luckey et al. (1996,
pp. 21 to 27) indicate the potential for groundwater flow toward the potential repository from the
large hydraulic gradient to the north and from Crater Flat to the west, and from the potential
repository toward Fortymile Wash to the east. Luckey et al. (1996, pp. 27 to 29) also discussed
the potential for upward flow from the lower carbonate aquifer to the volcanic aquifers.
However, major conceptual uncertainties remain regarding the quantity of groundwater flow in
the saturated zone (Luckey et al. 1996, pp. 52 to 53).

9.3.6.2 Summary of Hydrochemical Data

Previously published material reporting on the hydrochemistry of the Death Valley region has
consisted mainly of the collection and analysis of groundwater data and the interpretation of
results for selected developed areas, such as Yucca Mountain (Benson and Klieforth 1989;
CRWMS M&O 2000e), Oasis Valley (White 1979; White and Chuma 1987), Ash Meadows
(Winograd and Thordarson 1975; Dudley and Larson 1976; Thomas et al. 1996), the Amargosa
Desert (Claassen 1985; Benson and Klieforth 1989), and Pahute Mesa (Blankennagel and
Weir 1973).

Benson et al. (1983) documented a lateral variation in water chemistry that they found consistent
with fracture flow at Yucca Mountain. Benson and McKinley (1985) reported chemical and
isotopic information from 12 boreholes drilled between 1980 and 1984 and from two water
supply wells drilled in 1971. Benson and Klieforth (1989) interpret the stable isotope data of the
Yucca Mountain region. Additional data for samples from more than 250 sites in the region
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were compiled by McKinley et al. (1991). Peterman and Stuckless (1993) and Ludwig et al.
(1993) discussed Sr and U isotope data, respectively, including some from Yucca Mountain
boreholes and springs. Perfect et al. (1995) compiled data for more than 3,000 sites in the region
between latitudes 35 and 38N and longitudes 115 and 118W. This data set contains data for all
the sites identified in the preceding references, but individual analyses may be less complete than
in the original reports. Little additional hydrogeochemistry data have been acquired since
Luckey et al. (1996) summarized the understanding of the saturated zone flow system at Yucca
Mountain as of 1995. Johannesson et al. (1997) used rare earth data and Hodge et al. (1996)
used conservative trace elements of regional discharge sites to discriminate flow pathways and
sources. Kreamer et al. (1996) classified groundwater of the region using a multivariate
statistical analysis. Thomas et al. (1996) updated a 1991 database for 209 sites in southern and
eastern Nevada and southeastern California by including additional sites in Utah, Nevada, and
surrounding areas. Campana and Byer (1996) present a 14C mixing cell model of the Nevada
Test Site and vicinity, including Yucca Mountain and the Fortymile Canyon/Wash area. Rose et
al. (1997) present isotopic results. CRWMS M&O (2000a, Table 3) presents major-ion and
available isotopic analyses of all boreholes within the site-scale saturated zone flow model area.
This compilation includes 107 major-ion analyses and some 66 isotopic analyses. The data
include major-ion and 180 analyses from five boreholes recently drilled near Highway U.S. 95
under the Nye County Early Warning Drilling Program.

9.3.6.2.1 Major-Ion Chemistry

Water in the volcanic aquifers and confining units is a relatively dilute sodium bicarbonate type
in which the cations derive from reaction with volcanic glass, primary minerals, soils, and
probably with secondary phase minerals such as calcite (Luckey et al. 1996, p. 44). In general,
the Ca/Na ratio increases from west to east, with the lowest values being west of and near the
Solitario Canyon fault. Luckey et al. (1996, p. 4) speculate that the relatively higher Ca/Na
ratios to the east may be indicative of recharge from Fortymile Wash.

Major-ion contents of waters from borehole UE-25 p#l, which taps the lower carbonate aquifer,
are significantly different from those of other boreholes, which tap the volcanic aquifers.
Borehole UE-25 p#l samples two depth zones: the upper zone, 0 to 1,200 m (0 to 3,940 ft),
opposite volcanic rocks, and the lower zone, 1,300 to 1,800 m (4,260 to 5,910 ft), opposite the
lower carbonate aquifer. Water temperature and major-ion concentrations (CRWMS M&O
1998, Table 6.2-18) of samples from the two zones are virtually identical. Since the head of the
lower zone is about 21 m (69 ft) higher than that of the shallower volcanic aquifer (Luckey et al.
1996, Table 3), it appears that the water chemistry of the upper zone is affected by inflow from
the lower zone, perhaps due to the presence of the borehole. It is assumed herein that the lower
zone sample is representative of the water of the lower carbonate aquifer.

Comparison of the lower zone sample (CRWMS M&O 1998, Table 6.2-18) with median values
of samples of all boreholes in the Yucca Mountain-Fortymile Wash area indicates the lower zone
sample is- enriched by the following factors: 1OCa, 2.7Na, 4.8HCO3 , 7.8SO4, 3.8C1,
3.8 (dissolved solids). Only silica was less in the carbonate aquifer sample at x 0.8 of the
median for all boreholes.
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A similar comparison of the lower zone sample (CRWMS M&O 1998, Table 6.2-18) with
median values of the Ash Meadows springs indicates the lower zone sample is enriched by a
factor of about 2 in most of the selected constituents; Cl represents an exception to the general
pattern, with a lower enrichment factor of 1.27.

The main implications of these comparisons are: (1) there has been little mixing of water from
the lower carbonate aquifer with that of the overlying volcanic aquifer despite the higher head of
the lower zone; and (2) enrichment of the lower zone water as compared to the discharge from
the lower carbonate aquifer at Ash Meadows suggests a similar origin for both waters, but lack
of a direct hydraulic connection between the two areas.

9.3.6.2.2 Limitations

Major-ion data of Benson and McKinley (1985) may be subject to question because Li
concentrations in all except one of the samples ranged from 1.5 to more than 20 times the
concentration in samples from nearby water supply well UE-25 J-13. The concentration of Li
may indicate the presence of contamination, because LiBr was added as a tracer in air-foam
fluids used in drilling the sample borehole. This information, along with field observation of
turbidity and foaming, indicated incomplete removal of drilling fluid prior to sample collection.
This possible contamination also raises caveats about the Carbon isotope data, because the
drilling fluid used in the boreholes was an air-water-detergent mixture.

However, Kwicklis (1997) reported that chemical analyses of groundwater samples from
boreholes UE-25 c#3 and USW WT-10 resulted in "generally good" agreement with water
samples collected from these boreholes in the early and middle 1980s. Furthermore, recent
chemical analyses from previously sampled borehole USW G-2 fit well with trends defined by
the older data. Perhaps the best argument for reliability, at least in a general sense, is that the
data describe spatial patterns and relationships that are interpretable and are unlikely to have
arisen from random contamination.

In addition to limitations placed on the data because of questionable reliability, their usefulness
is restricted by the fact that integrated depth samples were taken in most cases for the Yucca
Mountain wells, and also for most wells in the area of the regional model. This precludes the
ability to distinguish any isolated vertical domains that may exist.

9.3.6.2.3 Isotope Chemistry

The isotopic data (CRWMS M&O 1998, Table 6.2-19) consist of analyses for deuterium, 180,
tritium, 13 C, and 14 C of samples from most boreholes, and 36C1, 234U/235U, and 87Sr/86Sr from a
few selected borings.

The principal interpretation of the D/180 and the C isotope data is presented by Benson and
Klieforth (1989), who integrated the groundwater isotopic data with stable isotope (D/1 80) data
on precipitation to arrive at a paleoclimatic interpretation of late Pleistocene-Holocene
conditions. Their principal findings, as related to the Amargosa Desert area, are discussed in
Section 9.2.9.3. Their major findings, as related to the Yucca Mountain-Fortymile Wash flow
system (Benson and Klieforth 1989, p. 57), were:
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. With two exceptions, Yucca Mountain groundwater have a deuterium excess value of
less than I0%o. The deviation from the World Meteoric Water Line (OD = 88180 + 10)
is attributed to a change in the relative humidity in the moisture source area (the eastern
Pacific [Benson and Klieforth 1989, p. 48-49]).

* Most of the Yucca Mountain groundwater was recharged during the period 18.5 ka to
9.0 ka, which they relate to a southward shift in the eastern Pacific moisture source
region during the same period. They related this change to the last lake cycle in northern
Nevada, the last retreat of North American continental glaciers, the position and
persistence of the jet stream, and a continental warming trend.

* They noted that the Yucca Mountain groundwater are generally more depleted with
respect to D/180 than those of the Amargosa Desert, but less depleted than those of
Crater Flat and Pahute Mesa (Benson and Klieforth 1989, Figure 9), which suggests the
Yucca Mountain groundwater may represent a mixture of overland flow along Fortymile
Canyon and groundwater from upland areas to the north (Pahute Mesa) (Benson and
Klieforth 1989, p. 48). The isotopically heavier sample from UE-29 a#2 in Fortymile
Canyon with an apparent 14C age of 4.0 k.y. agrees with the World Meteoric Water Line,
which Benson and Klieforth (1989, p. 48) interpreted as indicating that the Pacific
moisture source region had reached present-day relative humidity by 4.0 ka

* A plot of 180 data versus unadjusted 1 4C age (Benson and Klieforth 1989, Figure 11) of
Yucca Mountain groundwater indicated that the 180 content increased systematically by
about 1.7%o over the period of 18.5 to 9.0 ka, which they attributed. to a change in 180 of
Pacific Ocean surface water over the same period (Benson and Klieforth 1989, p. 49).

. Comparison of mean values of modern precipitation in southern Nevada with Yucca
Mountain groundwater (Benson and Klieforth 1989, Figures 17 and 18) indicates that
the groundwater is isotopically depleted with respect to snow precipitation by 0 to 4%o in
'80 (Benson and Klieforth 1989, p. 51).

A recent reevaluation of 14C ages of groundwater of the site-scale saturated zone flow model area
(CRWMS M&O 2000a, Section 6.5.7.2.2) concluded that the initial 14C activity of groundwater
in the Fortymile Wash and northern Amargosa Desert area was about 65 percent modern carbon
(pmc). Under this assumption, the adjusted ages of groundwater in the Amargosa Desert near
Fortymile Wash would be between 7 and 15 k.y. The lower limits of this age range would be
about 2 k.y. less than the apparent 14C ages reported by Claassen (1985, Table 6, Figure 15).

Waddell et al. (I984, Table 4) obtained hydrochemical samples from boreholes UE-29 a#I and
UE-29 a#2. Tritium and 14C values from these samples indicated that apparently younger water
was present at shallower depths in borehole UE-29 a#1 (65.5 m below the water table) compared
to borehole UE-29 a#2 (421.5 m below the water table where the water was older). Younger
water at shallower depth with deeper older water indicated that recharge was occurring at or near
UE-29 a# 1. In addition, the potentiometric level was about 4 m higher in the shallower borehole
(UE-29 a#l) than in the deeper borehole (UE-29 a#2), which was consistent with recharge in
this area.
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Inforrnation published subsequent to Benson and Klieforth's (1989) paper suggest that the
tritium content of the water in borehole UE-29 a#2 (37 pCi/L) may indeed have been due to the
gresence of nuclear era recharge. Fabryka-Martin et al. (1998, Table 9-1) reported nuclear era
6Cl in samples from boreholes UE-29 a3#I and UE-29 a#2. Luckey et al. (1996, pp. 39 to 40)

suggest that recharge occurs along Fortymile Canyon/Wash with some frequency. Savard (1998)
presented information on specific recharge events affecting water levels in borehole UE-29 a#2
(water table depth x) and estimated the average annual recharge from Fortymile Wash for four
reaches between the Amargosa Desert and Fortymile Canyon (Savard 1998, Table 5).

The C-isotope data of the lower carbonate aquifer water from the 1,300 to 1,800 m (4,260 to
5,910 ft) zone at borehole UE-25 p#1 (CRWMS M&O 1998, Table 6.2-19) show distinct
differences as compared to similar data from boreholes tapping the volcanic aquifers.
Comparison of the deuterium content of the lower carbonate aquifer water from the 1,300 to
1,800 m (4,260 to 5,910 ft) zone at borehole UE-25 p#I (CRWMS M&O 1998, Table 6.2-19)
with median values for all boreholes in the Yucca Mountain-Fortymile Wash area indicates the
lower carbonate aquifer water at 8D = -106%o is more depleted than the median value for all
boreholes, but is within the overall range of 5D of-93%o to -108%o. The 6 13C value of -2.3%o
at borehole UE-25 p#l is more depleted than the range of 6 13 C equal to -4.9%o to -13.10%o of
the other boreholes at Yucca Mountain. The 14C content of the water from UE-25 p#l was 2.3
pmc, which is significantly lower than the range of 7.2 to 62.3 pmc of the samples from other
Yucca Mountain boreholes. Thus, the stable isotope data suggest there may be no hydraulic
connection between the carbonate aquifer and the overlying volcanic aquifer.

9.3.6.2.4 Spatial Patterns of Groundwater Chemistry

As a means of comparing the major-ion chemistry of the flow systems near Yucca Mountain, the
concentrations of selected representative constituents (data from McKinley et al. [1991]) were
ranked in order of concentration. The selected constituents were Na and bicarbonate
(representing the principal anion and cation, respectively), SO4 and Cl (representing highly
conservative constituents), silica (an abundant but nonconservative constituent), and dissolved-
solids content (an integration of all dissolved matter).

The data of McKinley et al. (1991) included the following arrays corresponding to the flow
systems discussed in the preceding sections: northwestern Pahute Mesa (1 8 sources), Oasis
Valley (29 sources), west-central Amargosa Desert (52 sources), Yucca Mountain-Fortymile
Wash (18 sources), and Ash Meadow springs (11 sources). Data were not compiled for the
Furnace Creek Wash springs because only three sources were sampled. The flow systems
include two volcanic recharge areas (Pahute Mesa and Yucca Mountain-Fortymile Wash), two
alluvial valleys (Oasis Valley and the west-central Amargosa Desert), and the major discharge of
the lower carbonate aquifer system (Ash Meadows springs).

The water-chemistry data are summarized in Table 9.2-12, Part A, which presents for each flow
system the median value for each constituent (representing a measure of central tendency), and
the interquartile range between the 25th and 75th quartile values (representing a measure of
variability). A comparable tabulation of deuterium values is presented in Table 9.2-12.
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The water-chemistry data were processed using the STATISTICA software (StatSoft 1995).
In calculating percentiles (including the medians, 50th percentile, and quartiles, 25th and 75th
percentiles), the weighted average at X(n + I)P method was used (StatSoft 1995, p. SPR-1218).
For the major ions, results were rounded to integers to avoid conveying the impression of greater
accuracy than was shown in the original tabulations of McKinley et al. (1991). Similarly, the
median values for 5 D were rounded to integers, but the interquartile ranges were rounded to one
decimal place.

9.3.6.2.5 Characterization of Saturated Zone Water Chemistry at Yucca Mountain

Table 9.3-10 shows the range of compositions measured to date in saturated and unsaturated
zone waters. Unsaturated zone waters generally have relatively higher concentrations of Ca, Mg,
K, Cl, and Si, whereas saturated zone waters have relatively higher concentrations of S0 4 .
Relative to saturated zone waters at wells UE-25 J-12 and UE-25 J-13, unsaturated zone pore
waters are generally enriched in trace elements, particularly Mo, I, Sr, W, Cu, Mn, Ni, and Zn.
The range in pH in saturated zone waters is from 6.5 to 9.0 (McKinley et al. 1991), although
most saturated zone waters have a pH in the range of 7 to 8 and a temperature in the 250 to 40'C
range. For unsaturated zone waters, pH values range from 6.5 to 7.5 (Yang et al. 1988, 1996).
The redox potential (Eh) values reported for saturated zone waters range from -200 to +400 mV
with negative values found mainly in the deeper parts of several "H" wells (Benson et al. 1983;
Ogard and Kerrisk 1984). In general, waters from wells UE-25 J-13 and UE-25 p#l bound the
range in concentrations of most of the major constituents found in waters from volcanic units
over the entire Nevada Test Site. However, the Eh and pH of these waters do not bound the
ranges for these parameters in waters of the Nevada Test Site. Both waters have a relatively
oxidizing Eh (360 to 450 mV) and low pH (6.7 to 7.2).

In groundwater of the Yucca Mountain area, Na is the primary cation, and carbonate (as H2CO3,
HCO3, and C03) is the primary anion (Benson et al. 1983; Ogard and Kerrisk 1984; Benson and
McKinley 1985). Other major cations are Ca, K, and Mg; other major anions are S04 and Cl,
with lesser quantities of F and NO3.

Schoff and Moore (1964) distinguished three chemical signatures of water related to aquifer rock
types in the Death Valley groundwater basin. They found that water associated with volcanic
tuffs or tuff alluvium contained at least 60 percent Na and K, whereas water from carbonate
rocks or carbonate alluvium contained at least 60 percent Ca and Mg. The third water type, in
which neither cation type was dominant, was classified as mixed. The mixed type may result
from groundwater passing through both volcanic and carbonate aquifers or through alluvium of
mixed lithologies. Bicarbonate is the dominant anion in all three types. Yucca Mountain is
located in an area represented by two signatures. One signature represents evolution of a
Na-K-bicarbonate-Cl water with a probable recharge source in tuffs at Pahute Mesa and the
second represents a more highly evolved, volcanic-related water that has experienced some rock-
water interaction and evaporative influence. Saturated zone groundwater compositions appear to
reflect recharge at higher elevations where evapotranspiration rates are lower than at Yucca
Mountain. This results in water compositions with lower total dissolved solids, which are less
influenced by soil zone processes than are waters of the unsaturated zone. As the recharge water
moves to lower elevations and ultimately to the Yucca Mountain area, it reacts with tuffaceous
volcanic rocks through which it travels.
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The compositions of saturated zone waters are dominated by hydrolysis reactions. These
reactions involve the exchange of cations (dominantly Na) with H ions on the surfaces of
aluminosilicate phases in the rocks (e.g., feldspar and volcanic glass). Hydrogen ions are
supplied by the dissociation of carbonic acid. Therefore, the partial pressure of CO2 is a critical
parameter that controls hydrolysis reactions. It also has a major influence on the pH of the
waters. In systems open to the unsaturated zone gas phase, the pH of the water will remain in the
range of 7 to 8. Systems that become closed may have lower or higher pH values, depending on
whether or not there are additional sources of CO2 in the system. The Eh of saturated zone
waters will range from oxidizing to reducing, depending on whether the waters have access to
atmospheric 0 or to reducing agents.

The main effect on evolution of groundwater chemistry at Yucca Mountain is dissolution of
volcanic glass in the tuff aquifer at Rainier Mesa (White and Chuma 1987). Claassen and White
(1979) described how water containing dissolved carbon dioxide reacts with vitric and crystalline
tuffs. As dissolution proceeds, the water becomes saturated with respect to calcite and dolomite.
Because these units are composed largely of feldspar-rich volcanic rocks, weathering reactions
lead to higher pH, alkalinity, and Na contents and to lower Ca and Mg concentrations. Ogard
and Kerrisk (1984) suggested that the latter result from carbonate mineral precipitation and/or
ion exchange reactions on zeolites and clays. The competition between species added by
dissolution and removed by precipitation controls water composition. Experiments with vitric
and crystalline tuff produced aqueous solutions of different compositions, crystalline tuff giving
more Ca-rich water and vitric tuff giving more Na-rich water (White et al. 1980). Thus, waters
that have evolved over the longest periods of time by reaction with glassy tuffs would have the
greatest Na concentrations. The authors concluded that dissolution of vitric tuff was the
predominant reaction affecting water composition. White et al. (1980) showed that at Pahute
Mesa, Ca and Mg decrease with depth while Na concentration increases with depth in
groundwater. On this basis, he inferred greater reaction of groundwater with volcanic glass
with depth.

Saturated zone waters have SO4/Cl ratios that are somewhat higher than those observed in
precipitation (Triay et al. 1997). This may reflect somewhat higher SO4/Cl -ratios in
precipitation when the waters were infiltrated or the waters may be dissolving small amounts of
S0 4 as they infiltrate through the soil zone and the unsaturated zone. Saturated zone waters,
along with perched waters and pore waters from the Calico Hills, have elevated H2 CO3/Cl and
Na/Cl ratios relative to ratios observed in recent precipitation. This is supporting evidence that
these waters have been subject to hydrolysis reactions (Triay et al. 1997).

Elevated Na/Cl ratios could reflect ion exchange processes without requiring long periods of
glass reaction. However, the amount of Na in the water analysis in excess of that originally in
the water from the Na/Cl ratio in precipitation plus the Na released through hydrolysis reactions
is assumed to be the amount contributed to the solution by ion exchange reactions. From this
calculation, Triay et al. (1997) showed that about 95 percent of the excess Na in solution is from
hydrolysis reactions, with about 5 percent from ion exchange. This seems to be consistent with
the amounts of Ca and Mg lost from saturated zone waters relative to precipitation.
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9.3.6.3 Evaluation of Flow Paths and Domains

General flow paths and recharge domains in the Yucca Mountain area have been evaluated using
a variety of techniques involving analysis of hydrochemical and isotopic data. The data are used
to constrain rates and directions of groundwater flow near Yucca Mountain and to estimate the
timing and magnitude of recharge in the Yucca Mountain vicinity. This section examines the
geochemical and isotopic data analyses completed in support of the site-scale saturated zone
characterization.

9.3.6.3.1 Isotopic Evidence for Recharge Areas to Yucca Mountain

The deuterium/18 0 content of samples from borehole UE-29 a#2 provided the most definitive
data of the stable isotope content of modem recharge in the Yucca Mountain area. The only
groundwater that appear to be significantly different with respect to deuterium/!8 0 are from
boreholes near Fortymile Wash, namely production wells UE-25 J-12 and UE-25 J-13, and
borehole UE-29 a#2. The waters of UE-25 J-12 and UE-25 J-13 had unadjusted 1 4 C ages of
9.1 k.y. and 9.9 k.y., respectively, and deuterium values of -97.5%o, significantly less depleted
than the median value of -1 02%o for 21 samples from the Yucca Mountain vicinity. The waters
of borehole UE-29 a#2 (two depth zones) had unadjusted 14C ages of 3.8 k.y. and 4.1 k.y. and
deuterium values of -93.5%o and -93.0%o, significantly less depleted than the waters of UE-25
J-12 and UE-25 J-13. Moreover, the deuterium deficiency of the UE-29 a#2 samples is similar
to that of modem precipitation. This evidence, together with hydrogeologic and isotopic
evidence of nuclear-bomb period water (as indicted by tritium and 36C1 content) in water of
UE-29 a#2, suggests that the water represents a blend of ancient groundwater with modem
recharge. As such, the water of UE-29a#2, despite the indicated significant 14C age, appears to
be the only sample from the entire area indicative of deuterium content of modem recharge in the
Fortymile Wash area, namely a deuterium content even less depleted than -93%o.

Sources of water that enter the volcanic aquifers and confining units in the vicinity of Yucca
Mountain potentially include inflow from upgradient volcanic aquifers and confining units, local
recharge from Fortymile Wash, precipitation that infiltrates the surface of Yucca Mountain
(especially at higher altitudes at the northern end of Yucca Mountain), and upward flow from the
underlying carbonate aquifer (Luckey et al. 1996, p. 39). The magnitudes of most of the inflows
to the volcanic system have not been quantified. Where a vertical gradient has been measured at
Yucca Mountain, it is generally upward, indicating a potential for upward groundwater flow
(Luckey et al. 1996, p. 28). However, no evidence of significant inflow to the volcanic rocks
from the carbonates has been reported.

Potentiometric data from widely spaced boreholes upgradient from Yucca Mountain indicate that
groundwater probably flows south from upland recharge areas in the volcanic terrain of Pahute
and Rainier mesas, beneath Timber Mountain, continuing southward beneath the Yucca
Mountain area (Luckey et al. 1996, p. 51). However, the concept of inflow from upgradient
regions is based on limited data, particularly between Yucca Mountain and Pahute Mesa.

Hydrochemical data (Benson and Klieforth 1989, Table 1, p. 41) indicate that water in the
volcanic aquifer beneath Yucca Mountain and Crater Flat was recharged during wetter climatic
conditions approximately 12 ka (well USW H-1) to 18.5 ka (well USW H-6), based on apparent
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14C ages. However, these data do not preclude that some modem recharge occurs. Actual ages
may be younger than apparent ages and the water probably is a mixture from recharge events that
spanned at least a number of millennia. The data do not indicate whether the recharge occurred
far upgradient or locally. If most of the groundwater beneath Yucca Mountain was recharged in
the distant past, the flow system still may be equilibrating from an ancient recharge pulse,
resulting in a gradual decline in water levels beneath Crater Flat and Yucca Mountain over time
(Luckey et al. 1996, p. 57).

Fortymile Wash is a major southward-draining channel located east of Yucca Mountain.
Fortymile Wash begins to the north of Yucca Mountain in the highlands of Pahute Mesa and
ends in the Amargosa Desert to the south of the mountain. During extreme runoff, Fortymile
Wash would be tributary to the Amargosa River. Based on rising water levels in three boreholes
(UE-29 a#1, UE-29 a#2, and UE-29 UZN#91, located 15, 15, and 12 km [9.3, 9.3, and 7.5 mi.],
respectively, north of well UE-25 J-13 on the east side of Fortymile Canyon) following local
precipitation and runoff, Savard (1998, pp. 25-27) suggested that recharge occurred in 1983,
1992, 1993, and 1995.

Savard (1998, p. 24) estimated long-term annual recharge to groundwater from Fortymile Wash
using measured and estimated streamflow volumes and estimated strearnflow infiltration losses
for four reaches of Fortymile Wash between its confluence with Pah Canyon and a point in the
Amargosa Valley downstream of the Highway U.S. 95 crossing, about 29 krn (18 mi.)
downstream. The estimates for the four reaches total to 108,600 m3 /yr. (88 a.-ft/yr.) for the long-
term average annual groundwater recharge from Fortymile Wash downstream of Pah Canyon.

Estimates of average annual recharge from the infiltration of streamflow in Fortymile Wash of
110,000 m3 /yr. by Savard (1998, Table 5) are lower than estimates of recharge from Fortymile
Canyon and Fortymile Wash by Czarnecki and Waddell (1984) of 8 million m3/yr., by Campana
and Byer (1996, p. 476) of 6.57 million m3/yr., and by Osterkamp et al. (1994, Table 6) of
4.22 million m3 /yr. based on simulation modeling.

Local infiltration from precipitation probably occurs in the Yucca Mountain area, but the amount
of infiltration that reaches the water table may be negligible in the current climate. Although
accurate determination of the rate distribution of percolation deep in the unsaturated zone at
Yucca Mountain is important for predicting potential repository performance, this rate may be
small enough under modem climatic conditions not to have a substantial effect on the saturated
zone flow system. If average shallow infiltration of 1.4 mm/yr. (Flint, A.L. and Flint 1994,
p. 2358) was assumed to reach the water table beneath the entire 150-km area of intensive
unsaturated zone hydrologic study, recharge would amount to only about 200,000 m3 /yr.

The activity ratios of 234U to 238U are instructive with respect to infiltration and recharge at
Yucca Mountain (CRWMS M&O 2000a, Section 6.5.3.2). The 234U/238U ratios of from
secondary minerals in soil zones ranged from 1.4 to 1.8. Activity ratios for pore waters from
core samples of the unsaturated zone ranged from 1.5 to 3.8 and generally increased with depth.
Activity ratios in samples of perched water ranged from 3.5 to 8.4, which is consistent with the
small intermittent fluxes of water passing through a network of fractures. The activity ratio in
saturated zone waters (CRWMS M&O 2000a, Figure 16) ranged from 1.0 to 8.1 in the site-scale
flow model area with a distinct maximum of 6.0 to 8.1 beneath Yucca Mountain. This is
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interpreted as indicating that the predominant component of recharge to the shallow saturated
zone at Yucca Mountain is from perched waters.

Carbon-14 dating of groundwater beneath Yucca Mountain indicates uncorrected ages ranging
from about 12 k.y. to 2.2 k.y. Ages corrected using the NETPATH reaction model range from
about 6 k.y. to 16 k.y. (CRWMS M&O 2000a, Table 8); however, CRWMS M&O (2000e)
concluded that the NETPATH model tends to overcorrect and that the true ages are about
3.7 k.y. less than the uncorrected ages (CRWMS M&O 2000a, Section 7.3), that is, ages between
about 8 k.y and 18 k.y. In any event, these ages suggest that the principal component of recharge
is of late Pleistocene to early Holocene age and that younger recharge beneath Yucca Mountain
is not important. Delta deuterium and 6180 data from the same sources are in agreement with the
above conclusion (CRWMS M&O 2000a, Section 6.5.4.1).

Carbon-1 4 dating of perched waters at Yucca Mountain indicated that the perched waters were
recharged generally between 7 k.y. and 11 k.y., although waters as young as 3.3 k.y. were found
in borehole USW NRG-7a and in one interval in borehole USW UZ-14 (CRWMS M&O 2000a,
p. 90). Based on other isotopic data (36C1 and 180), CRWMS M&O (2000a) concluded that the
uncorrected ages of the perched waters approximate their true ages.

Although estimated recharge from Fortymile Wash varies widely, it is of special interest because
groundwater flow along the course of the wash is expected to be the main avenue for
contaminant transport from the potential repository to the compliance point near Lathrop Wells.
Accordin ly, CRWMS M&O (2000a, Section 6.5.7.1) estimates two-component mixing ratios
based on §34U/238U activity in the groundwater. This method uses borehole UE-25 WT-#3 as the
end member representing flow from Yucca Mountain, and it uses borehole UE-29 a#2 as
representing Fortymile Wash recharge. Calculations were made of the blends represented by
samples from boreholes UE-25 J-12 and UE-25 JF#3. In the sample from UE-25 JF#3, it was
calculated that 96 percent of the water was from Fortymile Wash; in the sample from
UE-25 J- 12, it was calculated that 50 percent of the water was from Fortymile Wash. In both
examples, Fortymile Wash was a major contributor to the blend, but at UE-25 JF#3, flow from
Yucca Mountain appeared small (4 percent).

Summarizing the results reported in CRWMS M&O (2000a, Section 7), it was concluded that:

. Flow paths based on chemical and isotopic data are in general agreement with those
based on potentiometric gradients.

. Local recharge from infiltration from Fortymile Wash was identified as a significant
component of recharge to groundwater in the 1,350 km2 area of the site-scale saturated
zone flow model at Yucca Mountain.

* Chemical evidence indicates the average recharge rate at the central block of Yucca
Mountain during the late Pleistocene to early Holocene was less than 21 mmn/yr.
Carbon-14 data suggest that the best estimate of true age of the saturated zone waters at
Yucca Mountain is about 3.7 k.y. less than the uncorrected age.

. Hydrochemical data suggest minimal mixing between water from the lower carbonate
aquifer with water in the overlying volcanic aquifers beneath Yucca Mountain.
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. Hydrochemical. evidence suggests that groundwater at Yucca Mountain originated
largely from local infiltration via perched water zones during late Pleistocene-early
Holocene.

. Hydrochemical calculations suggest that groundwater beneath Yucca Mountain makes
up 4 to 50 percent of the blend of groundwater at two wells near Fortymile Wash.
No evidence was found of modem recharge in the northern Amargosa Desert, where the
age of the groundwater appears to be similar to that of Yucca Mountain.

9.3.6.3.2 Uses of Chemical and Isotopic Trends to Discern Flow Paths and Domains

The general trend of flow in the subregional system is from north to south, but the potentiometric
surface in the area of Yucca Mountain indicates a probable west-to-east flow component (Tucci
and Burkhardt 1995). Recharge to Yucca Mountain was thought by Luckey et al. (1996) to have
been derived from inflow at Pahute Mesa. However, few data are available from the Timber
Mountain area, which could act as a barrier and divert recharge from Pahute Mesa away from the
Yucca Mountain region into the Oasis Valley subbasin (Luckey et al. 1996).

Previous studies have indicated that there are three potential sources of groundwater in the tuff
aquifer at Yucca Mountain: (1) subsurface flow from other recharge areas (e.g., Rainier and
Pahute mesas); (2) direct recharge from local precipitation or runoff; and (3) flow upward from
the underlying carbonate aquifer. White and Chuma (1987) used environmental isotopes and
carbon chemistry to differentiate various recharge areas, flow paths, and groundwater ages in
portions of the Nevada Test Site and vicinity. The isotope distribution data support a conclusion
that groundwater beneath Pahute Mesa discharges to Oasis Valley and that groundwater in tuff in
Fortymile Canyon is of local origin. This conclusion is supported by the Feeney et al. (1987)
deuterium model of the western Nevada Test Site and by the Sadler et al. (1992) calibrated stable
isotope model of the region.

Ion concentrations, AD, &180, and percent modem carbon for nine wells in the area of Yucca
Mountain show general trends. From west to east, concentrations of K, Cl, Mg, and Ca increase,
consistent with other interpretations (Kerrisk 1987; Benson et al. 1983; Benson and McKinley
1985). Concentrations of Na, HCO3 , and S04 decrease from southwest to northeast. Higher
concentrations of most ions occur west of the Solitario Canyon fault. The hydrochemical data, in
conjunction with hydrologic data, have led some workers to suggest that the Solitario Canyon
fault may be a barrier to flow from west to east (Section 9.3.4) (Ervin et al. 1994). Stratigraphic
units are offset along the fault, which may place more permeable units against less permeable
ones. Some flow crosses the fault, because there is a 45 m (150 ft) difference in hydraulic
potential across it (Luckey et al. 1996), but most of the groundwater west of the Solitario Canyon
fault probably flows south along the fault or through an aquifer in Crater Flat.

Benson and McKinley (1985) reported that the Ca/Na ratio in the groundwater increases by an
order of magnitude from west to east across Yucca Mountain, with the lowest values being west
of and near the Solitario Canyon fault. This ratio is also mirrored in the composition of
clinoptilolites across Yucca Mountain (Broxton et al. 1987). This increase in ratio may indicate
that the chemical evolution of the water has progressed farther in water to the west. This
possible evolution could be the combined effect of the Solitario Canyon fault acting as a barrier
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to flow from the west, the large hydraulic gradient acting as a barrier to flow from the north, and
less evolved water moving from the vicinity of Fortymile Wash and mixing with more evolved
water coming from the west. This evolution could also indicate a contribution of water from the
underlying Paleozoic aquifer to the volcanic system through faults on the east side of Yucca
Mountain without involvement of the Solitario Canyon fault.

Stable isotope data also show recognizable trends. The SD values in the Yucca Mountain area
vary from -93.5 to -108.0 %o. The 6180 values of 18 samples of groundwater from the Yucca
Mountain area range from -12.8 to -14.2 %o and average -13.5 %o (Benson and McKinley 1985).
The 5D values mirror the 6180 values such that the lightest values are found in samples from
Pahute Mesa and the heaviest are from samples from the Yucca Mountain area (Sadler et al.
1992). The close correlation between AD and 8180 and the fact that Yucca Mountain samples
closely approximate the meteoric water line have been used to suggest that the groundwater of
Yucca Mountain are of meteoric origin. The 618O - 8D composition of Yucca Mountain
groundwater compares well to composition of modem recharge from snow. Depleted 5D and
5180 signatures at Pahute Mesa likely reflect proximity to recharge areas of higher latitude,
higher elevation, and higher precipitation. The isotopic difference between groundwater of the
two areas is large enough to preclude recharge at Pahute Mesa for the waters beneath Yucca
Mountain under climatic conditions similar to those existing when the current Pahute Mesa
groundwater was recharged. The slight shift to the right of the meteoric water line may reflect
paleoclimatic conditions that were different from modem conditions or may reflect possible
minor modification of isotopic composition by evaporation prior to recharge.

The heaviest 6D and 6180 values occur in the area of Fortymile Wash, and these values are
coincident with those of present-day precipitation. West of Fortymile Wash, AD becomes
lighter, suggesting older ages, and this is consistent with corrected 14C ages (Kwicklis 1997).
If recent recharge events were isotopically heavier than earlier events, the water beneath
Fortymile Wash may not have mixed laterally with the bulk of the volcanic aquifer waters.

87Sr/ Sr ratios for saturated zone waters from the volcanic aquifer at Yucca Mountain range
from 0.7093 to 0.7119 (Marshall et al. 1993). The same ratio in saturated zone fracture-filling
calcites is 0.70894, close to the 87Sr/86 Sr ratio of 0.709 for the carbonate aquifer. In contrast,
unsaturated zone fracture fillings have a ratio of 0.7119 and pedogenic calcites have a 87Sr/86Sr
ratio of 0.7124. Thus, the values for saturated zone waters are bracketed by the carbonate
aquifer ratio and the ratio for unsaturated zone calcites. The 87Sr/86Sr ratio cannot be seen to
vary systematically across the site. However, Sr concentrations decrease from the west in Crater
Flat across the Solitario Canyon, with low values at Fortymile Wash. Strontium is taken up by
calcite in zeolites during cation exchange. If groundwater flow paths in the saturated zone cross
zeolitic units, and if cation exchange plays even a small role in determining the water chemistry,
as it probably does from the pattern of increasing Ca in zeolites toward the east of Yucca
Mountain with increasing Ca/Na ratios, then the decrease in Sr to the east may be explained by
ion exchange reactions as saturated zone waters pass through zeolitic units.

From Peterman and Oliver's (1997) interpretation of isotopic and chemical data, it appears that
the groundwater composition in the region around Yucca Mountain is heterogeneous at the
kilometer scale. They noted that separate domains define the groundwater composition of
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Jackass Flats, Fortymile Wash, Crater Flat (where they noted subdomains in the east and west),
and Yucca Mountain. At the subsite-scale, on the order of 1 km (0.62 mi.), it is difficult to
distinguish separate domains. This can be seen by plotting 68 7 Sr versus (Ca + Mg)/(Na + K), in
which all water samples from Yucca Mountain proper plot in a relatively coherent region.

From the observations of the different domains, the chemical and isotopic heterogeneities could
be attributed to a number of possible causes, including the following:

• Different areas of local recharge (e.g., Fortymile Wash, alluvium in Crater Flat)

. Different times of recharge producing different apparent 14C ages (e.g., more recent
recharge in Fortymile Wash than over the southern part of Yucca Mountain)

. Compartmentalized flow (e.g., the Yucca Mountain block is compartmentalized by
Solitario Canyon fault and Fortymile Canyon, as shown by compartmentalized
chemistry).

Division of the flow system beneath Yucca Mountain into flow domains cannot be completed
with available hydrochemical data. Hydrochemical data lack the resolution to discern whether
faulted block segments of Yucca Mountain provide discrete flow domains. Whether the change
in hydrochemical signature across the Solitario Canyon fault can be attributed to the fault being a
barrier to flow is conjectural on the basis of the hydrochemical data. However, the Yucca
Mountain area does appear to form a discrete domain with respect to 8D and 6180 within the
regional model (Sadler et al. 1992).

9.3.6.4 Mixing

Various approaches have been used to attempt to discern whether groundwater compositions at
Yucca Mountain reflect mixing of waters of different sources. Some of these methods include
investigation of conservative trace elements, rare earth elements, and isotopic ratios in the
groundwater themselves, as well as compositions of fracture-filling minerals deposited by the
groundwater. Vaniman and Chipera (1996) showed that lanthanide ratios and Sr contents of
fracture-filling calcites record the chemical evolution of waters flowing through the unsaturated
zone and upper saturated zone. A 300- to 400-m (980 to 1,300 ft) zone where calcite fracture
fillings are sparse straddles the water table. Their study also showed that C and 0 isotopes of the
calcites provide evidence that most of the calcite is derived from surface sources in the upper
unsaturated zone above the barren zone, whereas carbonates of the deep saturated zone volcanic
aquifer contain C and 0 derived from fluids that were in contact with Paleozoic carbonates.

Vaniman and Chipera (1996) suggest that a broad barren zone, that is observed to occur within
the tertiary volcanic rocks underlying Yucca Mountain, where secondary calcite minerals are
rare at present and are marked by surface dissolution or reaction features, might be comparable
with solution conditions that occur in some limestone caverns, where waters of different calcite
saturation are mixed (Ford and Williams 1989). This barren zone extends from about 100 m
(330 ft) above to more than 300 m (980 ft) below the current water table elevation beneath
Yucca Mountain (Vaniman and Chipera 1996; Whelan et al. 1998). The barren zone could act as
a large region of "mixing corrosion" (Ford and Williams 1989), where meteoric, tuffaceous
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aquifer, and carbonate-alteration zone waters mix and interact with zeolites and clays to provide
variable water compositions in this region and cause calcite to be unstable. From this line of
evidence, it appears that, over a very long time period, vertical mixing on the scale of hundreds
of meters may have occurred around the water table.

Whelan et al. (1998, pp. 179 to 180) analyzed textural/mineralogical, ultraviolet fluorescence and
phosphorescence, fluid inclusion, and cathode luminescence distinctions between unsaturated
zone and saturated zone occurrences of secondary calcite. They concluded that most of the
barren zone calcite occurrences, including those identified within the upper 300 m (980 ft.) of
the current saturated zone, resemble unsaturated zone mineralization. This finding requires
lowered water tables at some time during the past.

Kreamer et al. (1996) showed by multivariate statistical analysis that the trace element chemistry
of UE-25 J-12 and UE-25 J-13 is more like the trace element chemistry of the carbonate aquifer
from Ash Meadows, the Spring Mountains, and Pahranagat Valley than it is like Tippipah or
Topopah Spring, which discharge from the volcanic aquifer. On this basis, they claim that the
trace element signature of UE-25 J-12 and UE-25 J-13 indicate that the waters are primarily of
carbonate aquifer origin and thus argue for upwelling of waters from the Paleozoic carbonates.
Their characterization is based on the conservative behavior of Re, Mo, and Sc, which may
remain in solution in the carbonate aquifer and behave conservatively because they are
negatively charged oxyanions in oxygenated water (Hodge et al. 1996). In oxygenated
groundwater of the Great Basin, Re, Mo, and U appear to act conservatively, as evidenced by the
covariance observed between Re, Mo, and U with Cl, Na, and S0 4 in these waters (Hodge et al.
1996). Groundwater discharging from the regional carbonate aquifer in Ash Meadows typically
exhibit'a U/Re ratio of about 300, while groundwater that discharge in Death Valley from local
felsic volcanic sources have ratios of about 1,700. Waters in the remainder of Death Valley
springs are intermediate and may result from mixing of carbonate and volcanic-derived waters.

Uranium isotopes also suggest some degree of mixing of waters of different sources to produce
signatures of water at Yucca' Mountain, but the degree of mixing is hard to quantify.
Uranium-234/uranium-238 is potentially a valuable tracer for groundwater flow, especially when
used in conjunction with other isotopic tracers, such as 587Sr. Three major components of
mixing were suggested by Ludwig' et al. (1993): (1) one with high 234U/238U and low 587Sr that
is present mostly in Tertiary volcanic aquifers; (2) a second with low 234U/238U and high 687Sr
that is present mostly in the Paleozoic aquifer; and (3) a third with low 234U/238U and 687Sr that is
present in both. Wells from Fortymile Wash, such as UE-25 J-12, UE-25 J-13, UE-25 JF#3,
Waterpipe Butte, Amargosa Valley, and UE-25 p#l, show an unusually high dispersion in
234U/238U, at nearly constant 687Sr compositions. Variable but small amounts of contamination
from the Paleozoic aquifer represented by UE-25 p#1 would be sufficient to cause this
dispersion, as UE-25 p#1 has the highest U content of any of the analyzed waters. However, if
this is the case, other sources must come into play in addition to UE-25 p#I, which cannot be the
only source because it does not form a straight line end member with the Fortymile Wash
samples (Ludwig et al. 1993).

Strontium isotope data do not support mixing hypotheses. Delta 87Sr values increase
progressively from values between +0.5 and +2 beneath Yucca Mountain to much larger values
to the southwest and southeast (Peterman and Stuckless 1993). All of the groundwater samples
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from the volcanic aquifer at and north of Amargosa Valley have 68 7Sr values (-0.4 to 5.4) within
the range of values for the volcanic rock units (-0.4 to 9.6). The total Topopah Spring unit has a
5 87Sr value of 5.7. The Prow Pass Member of the Crater Flat Tuff has a 587Sr value of 3.6,
whereas the Bullfrog Tuff has 0.5 and the Tram Tuff 0.8 (Peterman and Stuckless 1993). In the
vicinity of Yucca Mountain, the 58 7 Sr values of the groundwater are typically intermediate
between the bulk rock values for the Crater Flat Tuff through younger units and those units older
than the Crater Flat Tuff (with slightly negative to 0.5 values). Elevated values 887Sr (+3 to
+3.5) in groundwater of Fortymile Wash were attributed by Peterman and Oliver (1997) to
recharge occurring along Fortymile Wash and interaction of infiltrating water with calcretes
having a mean 687Sr of +4.5. Delta 87Sr values also increase from north to south downgradient in
the flow system beneath Yucca Mountain (Peterman and Stuckless 1993). The largest a87Sr
values occur in the Amargosa Desert south of Yucca Mountain, where groundwater probably
encounters alluvial basin fill derived from Precambrian rocks in the Funeral Range.

Carbon isotope data do not support mixing of waters in the volcanic and Paleozoic aquifers.
Based on the systematic relationship between the '3C/'2 C ratio and the l3C of the groundwater,
Stuckless et al. (1991) inferred that water from at least three sources is mixing under Yucca
Mountain: (1) lateral flow from the tuff aquifer on Pahute Mesa that has had a long residence
time in volcanic rocks; (2) local recharge from washes, particularly Fortymile Wash; and
(3) water that upwells from the carbonate aquifer into the tuff aquifer south of the large hydraulic
gradient. They interpreted the general southward increase in 613C in the tuff aquifer as indicating
a southward-increasing contribution from the carbonate aquifer. However, this interpretation is
not supported by hydraulic head data (Luckey et al. 1996). Furthermore, Kwicklis (1997)
observed that groundwater samples from Yucca Mountain and vicinity become enriched in 13C
with increasing concentration of HCO3 , indicating an isotopically heavy source for the additional
HCO3 . He eliminated mixing between the Paleozoic aquifer and the volcanic aquifer as a
potential source of isotopically heavy Carbon in the volcanic aquifer based on the nearly
horizontal slope of the Cl versus deuterium plot (i.e., a small change in Cl content with a large
change in 6D across Yucca Mountain). Instead, he attributed an increasing contact of
groundwater with isotopically enriched fracture calcite in the saturated zone to cause the
estimated average 613C value of calcite contributing Carbon to the groundwater increasing as a
function of groundwater age.

9.3.6.5 Summary of Hydrochemical or Isotopic Data

The hydrochemistry and isotopic hydrology of waters of the Yucca Mountain-Fortymile Wash
flow system provide complementary information on recharge and regional groundwater flow.
The major-ion chemistry is mainly indicative of rock-water interactions (i.e., dissolution of
mineral matter, precipitation, and ion-exchange reactions). Isotopic chemistry, which is subject
to different controls than major-ion chemistry, provides independent information regarding
location and environment of recharge, evaporation prior to and during recharge, mixing of
groundwater from different sources, and of time of recharge.

Taken together, the hydrochemistry indicates two basic chemical types of water, a relatively
dilute Na - HCO3 water of high silica content associated with volcanic rocks and derivative
sediments, and a more concentrated Ca-Mg bicarbonate water of low silica content associated
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with carbonate rocks. Where these two basic rock types are mixed as in alluvial valley fills, a
water of Ca-Mg-Na bicarbonate composition commonly results. In addition, some groundwater
of the valley fills reflect concentration of the chemical constituents due to evaporation; these
waters are distinguished by relatively higher proportions of SO4 and Cl ions.

The isotopic chemistry data consist mainly of analyses of the deuterium and 180 content of water
(which are sensitive to the temperature of precipitation), the radioactive tritium and 14C content
(indicators of time since recharge), and the 13C content (indicative of the degree to which 14C has
been diluted through solution of nonradioactive rock C).

The major findings that emerge from hydrogeochemical and isotopic hydrology of the Death
Valley regional groundwater flow system are as follows:

. Recharge in the uplands of Pahute Mesa and the Spring Mountains promptly dissolves
mineral matter to the limits of solubility and available carbon dioxide in the groundwater
environment.

. Downgradient flow commonly is marked by the precipitation of less soluble mineral
phases due to effects of heating, changes in pH, ion exchange, concentration through
evapotranspiration, and adsorption by clay minerals. The major-ion chemistry of a
groundwater can change completely through such reactions.

* Deuterium and 180 are sensitive to temperature of condensation, which can be a function
of land surface altitude, or the overall climatic regime. During Pleistocene glaciations,
the moisture sources changed, and the precipitation was depleted in deuterium/180 as
compared to present conditions. Most deuterium/'8 0 values are from waters having
unadjusted 14C ages in the range of 9 k.y to 18.5 k.y., and deuterium values generally are
more depleted (lighter) than 6 deuterium (6D equal to -l00%o).

. Scanty evidence from groundwater sampled in boreholes along Fortymile Canyon and
Fortymile Wash, and from samples of precipitation, suggest that the stable isotope
content of modem recharge from streamflow is considerably less depleted than the
median 5 deuterium value of -102%o that is based on samples from 21 boreholes at
Yucca Mountain. The mean value of such recharge would be expected to fall in the
range of 8 deuterium -74%o to -85%o, the means of 3 yr. of sampling of low and high
altitude precipitation collected in the Fortymile Canyon and Fortymile Wash area.

. The only groundwater that appear to be significantly different with respect to
deuterium/' O are from boreholes near Fortymile Wash, namely production wells
UE-25 J-12 and UE-25 J-13, and borehole UE-29 a#2. This evidence, together with
hydrogeologic and isotopic evidence of nuclear bomb period water (as indicated by
tritium and 36CI content) in the water of UE-29 a#2, suggests that the water represents a
blend of ancient groundwater with modem recharge. As such, the water of UE-29 a#2,
despite the indicated significant 14C age, appears to be the only sample from the entire
area indicative of deuterium content of modem recharge in the Fortymile Canyon/Wash
area, namely a deuterium content even less depleted than -93%o.
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* Because of uncertainty in interpreting 14C ages of groundwater in the region, such data
mainly are of qualitative value and cannot be used to compute groundwater flow rates
with precision. Nevertheless, the presence of these apparently ancient groundwater
throughout the area suggests that groundwater throughflow is relatively small.

. It appears that the groundwater composition in the region around Yucca Mountain is
heterogeneous at the kilometer scale. Separate domains define the groundwater
composition of Jackass Flats, Fortymile Wash, Crater Flat, and Yucca Mountain, but at
the subsite-scale, it is difficult to distinguish separate domains. All water samples from
Yucca Mountain proper plot in a relatively coherent region.

Overall, the hydrochemical and isotopic evidence is in general agreement with the hydrogeologic
understanding of the groundwater flow in the vicinity of Yucca Mountain-recharge in the
vicinity of Pahute Mesa flows via Oasis Valley and Crater Flat toward the Amargosa Desert, and
flows of Fortymile Wash were the main contributor to recharge in the west-central Amargosa
Desert. There is some evidence of modem recharge in the Fortymile Canyon and Fortymile
Wash area, but most of the groundwater at Pahute Mesa, Oasis Valley, Yucca Mountain, and the
Amargosa Desert appears to represent late Pleistocene-early Holocene recharge, suggesting that
groundwater throughflow has been minimal in the present climate.

9.3.7 Numerical Modeling of Local Flow Subsystem

To evaluate flow and transport of radionuclides through the saturated zone from beneath the
potential repository to the accessible environment at the compliance boundary, a site-scale
saturated zone flow and transport model has been developed. The most recent saturated zone
and flow and transport model developed for the YMP is the site-scale model developed to
support the TSPA-SR. The model is described in detail in the Saturated Zone Flow and
Transport Process Model Report (CRWMS M&O 2000b), which was developed based on a
series of supporting analysis and modeling reports. The starting point for the model is the
Calibration of the Site-Scale Saturated Flow Model (CRWMS M&O 2000c). Information
developed through the use of the site-scale model is incorporated into performance assessment
models to predict exposure scenarios involving potential future receptors.

The site-scale model was built upon the coupled three-dimensional/one-dimensional flow and
transport model used to support the TSPA-Viability Assessment (TSPA-VA) (DOE 1998), but
includes a number of modifications to reflect the better current understanding of the saturated
zone flow and transport. Some key differences between the current site-scale model and the
TSPA-VA model are (CRWMS M&O 2000b, Section 2.5):

. Use of a full three-dimensional numerical model to simulate flow and transport
of radionuclides

* Use of a particle tracking methodology to abstract the transport component of the model

. Use of new hydrogeologic data, including a new geologic map and cross section
prepared by the U.S. Geological Survey
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* Use of new hydraulic, geologic, geochemical, and transport data obtained from wells
recently installed south and east of Yucca Mountain by Nye County

* Use of a deep bottom boundary (approximately 2,750 m [9,020 ft] below the estimated
water table depth) to roughly coincide with that of the regional-scale model (D'Agnese et
al. 1997).

Both the TSPA-SR and TSPA-VA local groundwater system flow and transport models were
built upon a series of previous numerical flow models that were developed to simulate
groundwater movement within the Yucca Mountain region or in the immediate vicinity of Yucca
Mountain. These flow models are described in Subsection 9.3.7.1.

The purposes for developing a model of the saturated zone of Yucca Mountain and vicinity
are to:

. Estimate groundwater flow direction and magnitude from beneath the design repository
area to the accessible environment

. Characterize the complex three-dimensional behavior of flow through heterogeneous
porous and fractured media

* Provide a means to account for the distribution of groundwater temperature measured in
wells within the model area

. Identify the potential role of faults as barriers or conduits to groundwater flow

* Provide a model of the flow system for subsequent flow, heat, and radionuclide-
transport modeling.

The site saturated zone flow model simulates steady-state groundwater conditions and covers a
rectangular area of approximately 1,350 km2 (521 mi.2 ), over an estimated thickness of about
2.75 km (1.7 mi.), approximately 45 km (28 mi.) long by 30 km (19 mi.) wide (Figure 9.3-30).
The model includes the compliance point defined in 10 CFR 63.115(b)(1). The domain was
selected to be:

. Coincident with grid cells in the regional groundwater flow model (D'Agnese
et al. 1997), so that the base of the site model was equivalent to the base layer of the
regional model

. Sufficiently large to minimize the effects of boundary conditions on estimating
permeability values at Yucca Mountain

* Sufficiently large to be able to assess groundwater flow at distances as great as 30 km
downgradient from the design repository area (a regulatory issue)

* Small enough to minimize the number of computational nodes used in the model

• Thick enough to include part of the regional Paleozoic carbonate aquifer
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. Large enough to include wells in the Amargosa Desert at the southern end of the
modeled area.

9.3.7.1 Previous Flow Modeling

Several numerical models of groundwater flow have been developed at various scales to simulate
groundwater flow in the vicinity of Yucca Mountain. Regional-scale modeling of the Nevada
Test Site and vicinity was done by Waddell (1982), Rice (1984), and Sinton (1987). The areal
domain of these models was essentially identical (about 18,000 km2 [7,000 mi.2]). Waddell and
Rice examined two-dimensional areal flow, whereas Sinton's model incorporated the third
(depth) dimension in a quasi-three-dimensional model. D'Agnese (1994) modeled an even
larger area (34,141 km2 [13,200 mi.2 ]) of the Death Valley regional groundwater flow system in
three dimensions, and used geoscientific information system analyses to obtain estimates of
recharge, discharge, and hydraulic conductivity. D'Agnese et al. (1997) advanced the original
model of D'Agnese (1994) in a number of ways, including the application of nonlinear
regression techniques using MODFLOWP (Hill 1992), in which observed values of hydraulic
head and spring flows were used to estimate areal recharge rates, hydraulic conductivities, and
other selected model parameters. A flow model of an area approximating that of Waddell (1982)
has been developed for characterizing tritium migration and assessing risk subsequent to
underground nuclear testing at the Nevada Test Site (DOE 1997).

Subregional modeling included the two-dimensional model of Czarnecki and Waddell (1984), in
which parameter estimation was used to estimate values of transmissivity through most of the
model area. A smaller two-dimensional model of groundwater flow in the immediate vicinity of
Yucca Mountain was developed by Barr and Miller (1987) to relate the sensitivity of flow and
transport to uncertainties in the existing data and the response to assumed catastrophic changes in
hydraulic conductivity. Buscheck and Nitao (1992) discussed the possible effects of heat from
the design repository on groundwater flow in the unsaturated and saturated zones. Cohen et al.
(1997) created another small two-dimensional model to study the effects of fracture flow in the
vicinity of Yucca Mountain. Other models, discussed in the following sections, simulated the
potential effects of altering current climate or hydrogeologic conditions on the existing
groundwater flow system.

Czarnecki (1984) used the same finite-element mesh as Czarnecki and Waddell (1984) and a
slightly modified distribution of transmissivity values to estimate the effect of increased recharge
on water table altitude and groundwater flow direction. In that study, an assumed 100 percent
increase in precipitation over present-day conditions resulted in simulated water-level rises of as
much as 130 m near the potential repository area (Czarnecki 1984, p. 21).

A cross sectional model was developed by Haws (1990) along a flow path constructed from the
flow-field vectors of Czarnecki and Waddell (1984). Haws (1990) concluded that the large
hydraulic gradient resulted from a low-conductivity zone north of Yucca Mountain and that
upward leakage from the underlying carbonate aquifer provided a source of water to the volcanic
aquifer.

Modeling by Carrigan et al. (1991) examined potential changes of the water table altitude at
Yucca Mountain resulting from seismic events. The results of that modeling indicated that the
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consequence of a "likely" earthquake would be a 2- to 3-m (6.6 to 9.8 ft) excursion of a water
table that is 500 m below land surface. For an "extraordinary" seismic event, the estimated water
table excursion was still less than 20 m (66 ft) (Section 9.4.4).

Dressel (1992) used a two-layer, steady-state flow model to evaluate the effects of increased
areal recharge, increased recharge along Fortymile Wash, and the emplacement of hydraulic
barriers on the position of the existing water table. The maximum water table rise of 20 m (66 ft)
above the base of the potential repository was produced by simulating a combination of
increased recharge and placement of a hydraulic barrier downgradient from Yucca Mountain
(Dressel 1992, p. 100).

Ahola and Sagar (1992) simulated the effects of intrusive volcanic dikes on the groundwater
flow field in the vicinity of Yucca Mountain. These simulations indicated either little increase in
the water table elevation, or a water table drop of several meters throughout parts of the region.

Czarnecki (1992) used an existing two-dimensional flow model to estimate the effects of
increased simulated pumpage at wells UE-25 J-12 and UE-25 J-13 on water levels. Simulated
pumping rates from these wells ranged from 2.3 to 88 L/s (36 to 1,390 gpm), and simulated
values of specific yield ranged from 0.001 to 0.01. Simulated water level declines over a period
of 10 yr. ranged from 0.09 to 13.2 m (0.3 to 43.3 ft) at the pumping wells and from 0.08 to
12.7 m (0.26 to 41.7 ft) at an observation well about 800 m (2,600 ft) south of well UE-25 J-12.
The maximum simulated declines resulted from pumping each well at the maximum rate, with a
specific yield of 0.001 (Czarnecki 1992, p. 19).

Czarnecki et al. (1997) used the three-dimensional code FEHM (Zyvoloski et al. 1997) to model
flow in the saturated zone at the site scale. The model incorporates 16 zones and is calibrated
using observed water levels at wells and approximations of the flux at the boundaries. A large
gradient area at the north of the site was modeled by assuming a barrier of very low conductivity
perpendicular to the high gradient area. The model boundaries were set to be coincident with
model elements of D'Agnese et al. (1997). This model used a nonlinear regression to estimate
subsets of parameters. Estimated permeabilities differed from measured values at the C-Holes
Complex, and the groundwater flux at the southern end of the boundary was twice (Czarnecki
et al. 1997, p. 103) that found in the D'Agnese et al. (1997) regional-scale model.

A sub-site-scale saturated zone model was used to simulate three-dimensional steady flow in a
150-km2 area including Yucca Mountain (Cohen et al. 1997). These efforts simulated the
detailed geologic structure and included major faults as independent elements. The effects of
various vertical fault property scenarios (for faults in the Bullfrog Tuff) were tested through the
transport of a tracer. Minimal transverse and vertical dispersion was observed when the faults
were assumed of low permeability. A bifurcation of the tracer was observed when the faults
were assumed to be displacement-only. A scale analysis was performed that showed that natural
heat convection in high permeability units could be important in transport.

Lehman and Brown (1998) developed another sub-site-scale model. This two-dimensional
model represents an alternative conceptual view of flow through the saturated zone. The model
assumes a high conductivity contrast between wide fault zones and matrix rock, and it also
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assumes that these fault zones are long in extent. As expected under these assumptions, water
moved more quickly than in other flow models.

9.3.7.2 Data Inputs for Current Site-Scale Saturated Zone Flow Model

Data used in the construction of the hydrogeologic framework model and the groundwater flow
model developed to support the current saturated zone process model were primarily developed
from published sources or obtained from publicly available sources such as the USGS National
Water Information System. Nearly all of these sources originated or were published before the
implementation of the accepted YMP quality assurance program in 1989. Model construction
and all analyses and reviews, however, were performed in accordance with accepted YMP
quality assurance procedures (DOE 2000) and USGS policy. This process, the specific inputs,
and their qualification statuses are detailed in the Hydrogeologic Framework Model for the
Saturated Zone Site-Scale Flow and Transport Model (USGS 2000a) and the Calibration of the
Site-Scale Saturated Zone Flow Model (CRWMS M&O 2000c).

9.3.7.3 Three-Dimensional Groundwater Flow Model of the Site-Scale Saturated Zone

This section describes various components of the current site-scale saturated zone flow (and
transport) model. The components discussed include the hydrogeologic framework model,
model assumptions, parameter estimation, boundary conditions, and model calibration.

9.3.7.3.1 Hydrogeologic Framework Model

A hydrogeologic framework model (USGS 2000a, p. 3-37) was constructed, incorporating
available data from the Death Valley region flow model (D'Agnese et al. 1997), geologic maps
and cross sections, borehole data, geophysical data, digital elevation data, and the existing

2geologic framework model of the immediate 40-km (15-mi. 2 ) potential repository area.

To represent the stratigraphy in a flow model at reasonable computation times, the geologic units
generally are simplified based on their general hydrologic properties. The rocks and deposits in
the vicinity of Yucca Mountain were classified into hydrogeologic units based on hydraulic
properties. Where feasible, hydrogeologic units identified by previous investigators (Luckey
et al. 1996; Winograd and Thordarson 1975; Laczniak et al. 1996) were retained.

The framework model was developed so that it could be converted into a tetrahedral mesh for
use in the FEHM groundwater flow modeling code.

Additional subdivision of regional hydrogeologic units was done on an area bounded by latitude
360N and 3715'N and longitude 116'W and 117 0W, resulting in the identification of 18 refined
hydrogeologic units (Figure 9.3-31). These units are described in detail in Section 9.3.1; they
form the basis for layers in the three-dimensional flow model. A subarea of this refined
hydrogeologic framework model used in the site model is 1,350 km' (521 mi.2 ) and extends from
117000' to 116°001 (30 km west to east) and 36°00' to 37015' (45 km south to north)
(Figure 9.3-31). The subarea grid was chosen to be coincident with the Death Valley regional
flow model (D'Agnese et al. 1997). Sixteen of the 18 refined hydrogeologic units are present
within the subarea selected for the site saturated zone flow model (Table 9.3-11).
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To provide the simplifications needed for modeling, the geologic units were grouped into
hydrogeologic units. The geologic units used in the site geologic framework model can be
correlated with the hydrogeologic units used in the hydrogeologic framework model
(Table 9.3-12).

Construction of a three-dimensional framework model is based on information shown in
Figure 9.3-32 and involves the following steps:

1. Geologic units are classified into hydrogeologic units based on their hydraulic
properties and lateral extent.

2. Digital elevation model data are combined with hydrogeologic maps to provide a
series of points in three-dimensional space locating outcrops of individual
hydrogeologic units.

3. Cross sections and lithologic logs are used to locate hydrogeologic units in the
subsurface.

4. Maps and cross sections are used to locate faults.

5. Structure contour maps for each hydrogeologic unit are developed by interpolating
both surface and subsurface positions with gridding software which incorporates unit
offsets across faults.

6. A hydrogeologic framework model is developed when the structure contour maps for
the individual hydrogeologic units are combined, using appropriate stratigraphic
principles to control their sequence, thickness, and lateral extent.

7. The potentiometric surface is used to truncate the top of the framework model.

A surface hydrogeology map (Figure 9.3-31) provided the basis for other model-building data
and was the foundation upon which the rest of the framework model was constructed. The
published cross sections (Figure 9.3-33) used to construct the hydrogeologic framework model
were all at a scale of 1:100,000 or larger. The detailed stratigraphy was simplified into the
appropriate hydrogeologic units. The simplified cross sections were then digitized, merged,
scaled, warped to fit their digitized traces, and accurately placed in three-dimensional space.
Records for wells in the area contain lithologic data that were used to help correlate between the
cross sections.

Information on faults include fault trace maps (that show where faults intersect land surface) and
faults shown on cross sections. All faults with surface traces (1:100,000 scale), regardless of
length, are included in the hydrogeologic framework model. Faults in the model area can dip at
almost any angle, but most are high-angle faults. Given software constraints and the flow model
resolution, the faulting in the area is greatly simplified. The major simplification is that nearly
all faults are treated as vertical features. Where it was thought to be hydrologically important,
thrust faults were represented by repeating hydrogeologic units. Because of the relatively large
grid spacing (1,500 m [4,920 ft]), these simplifications are assumed to have minimal effect on
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flow model results; however, no sensitivity analyses regarding these simplifications were
performed.

To construct the three-dimensional hydrogeologic framework model, the different hydrogeologic
unit tops must be interpolated between the cross sections and wells. STRATAMODEL was used
to interpolate the hydrogeologic structure contour maps. The grid increment is coincident with
the regional groundwater flow model of D'Agnese et al. (1997). The quality of individual
structure contour maps depends on the density of the data points used to define them. Some of
these surfaces, such as the upper volcanic aquifer, were relatively well defined by more than one
data set (derived from surface information, lithologic logs, and cross sections). Others,
especially the units that outcrop less frequently, were less well defined and were extrapolated
from sparser data and published geophysical interpretations. A relative rating of data availability
for each of the hydrogeologic units appears in Table 9.3-1 1; the rating does not imply accuracy
regarding the extent and location of each unit. Although the rating is subjective, it is partially
based on the number of data points used to define each hydrogeologic unit.

These structure contour maps were stacked in stratigraphic order to build the three-dimensional
hydrogeologic framework model. Landmark's STRATAMODEL SGM (Stratigraphic
Geocellular Modeling) is a geologic modeling software product that uses "geologic rules" to help
define the geographic extent and intersection of surfaces.

Actual and inferred geologic relations within the model domain were simplified to facilitate
computer mapping, framework modeling, and groundwater flow modeling limitations.
Simplifications assumed for purposes of developing the hydrogeologic framework model
included the following (USGS 2000a, Sections 6.1 and 6.3.3):

. Each major fault zone was simplified and represented as an individual vertical fault
plane.

. Where considered to be hydrologically important, thrust faults were represented by
repeating hydrogeologic units.

* Geologic units were grouped into the hydrogeologic units.

Gridded values from the potentiometric surface were used in the construction of the
hydrogeologic framework model. The potentiometric surface was used to truncate the top of the
hydrogeologic framework model. The hydrogeologic framework model was then translated into
a finite-element mesh through the use of automated gridding software.

After the three-dimensional hydrogeologic framework model is constructed, an automated
finite-element mesh-generation computer program, GEOMESH (Gable et al. 1995), is used to
construct a computational grid of tetrahedral elements in three dimensions. The hydrogeologic
framework model is converted automatically for direct input into GEOMESH. Hydraulic-head
observation nodal points are also added to the mesh for spatially correct calibration points.
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93.73.2 Model Assumptions

Assumptions used for the hydrogeologic framework model are methodological and geological.
The major assumptions are (USGS 2000a, p. 3-38):

• The hydrogeologic framework model is an acceptable representation of the
hydrogeologic units of the saturated zone flow system. Underlying this assumption is
the idea that it is valid to treat the hydrologic properties of a hydrogeologic unit cell as
uniform.

. Hydrostratigraphic units influence the magnitude and direction of groundwater flow and
stratigraphic units can be simplified into hydrostratigraphic units.

. Boundaries of stratigraphic unit represented on maps, wells, and cross section are
sufficiently accurate for groundwater flow modeling purposes.

. Interpolation algorithms using faults and stratigraphic unit top data from maps, wells,
and cross sections are sufficiently accurate to characterize the top of a hydrogeologic
unit.

Additional assumptions made for the site-scale model include (CRWMS M&O 2000b, Section
3.5; CRWMS M&O 2000c, Section 5):

. On the scale represented by the site-scale model, the site is well-represented by an
effective continuum flow model.

* Current groundwater flow conditions in the saturated zone can be approximated as being
at steady state.

. Estimates of discharge from the volcanic aquifer, from the saturated zone expert
elicitation panel, are applicable to the entire flow path from the potential repository to
the accessible environment.

. A confined aquifer solution is adequate for the flow model (this model still allows for
recharge to be modeled as distributed inflow onto the top layer.

* Horizontal anisotropy in permeability is adequately represented by a permeability tensor
that is oriented in the north-south and east-west directions.

. Horizontal anisotropy in permeability applies to the fractured and faulted volcanic units
of the saturated zone system along the groundwater flow paths that run from the
potential repository to points south and east of Yucca Mountain. The inferred flow path
from beneath the potential repository extends to the south and east the area where
potential anisotropy could have an important impact on radionuclide transport in the
saturated zone.

. Anisotropy in permeability represents an alternative conceptual model of groundwater
flow at the Yucca Mountain site. Uncertainty in the analysis of horizontal anisotropy is
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sufficient to warrant consideration of two possible conceptual models: one with
anisotropy and one without anisotropy (i.e., isotropic permeability).

A vertical to horizontal anisotropy ratio of 0.1 is appropriate for most of the
hydrogeologic units in the saturated zone flow model. This assumption is justified by
common usage and by the Yucca Mountain expert elicitation committee.

. A spatially varying (linear with depth) but temporally constant temperature field is
adequate for the saturated zone flow model. This permits viscosity, and thus hydraulic
conductivity, to vary with depth. Other possible effects due to temperature gradients and
heat transport are assumed to be negligible.

Fractures are equally spaced, smooth, and have constant aperture.

Fluid in the matrix of volcanic rocks is stagnant. This assumption is conservative from
the perspective of the performance of the potential repository because if mass flows in
the matrix, then the mass available for faster transport and flow velocities in the flowing
intervals (fractures) is reduced.

Changes in the water table elevation (due to future climate changes) will have negligible
effect on the direction of the groundwater flow near Yucca Mountain. This assumption
has been studied in regional-scale (D'Agnese et al. 1999) and subregional-scale
(Czarnecki 1984) flow models. These studies found that the flow direction did not
change significantly under increased recharge scenarios (Section 9.4.3).

. Future wells that might be drilled in the immediate vicinity of Yucca Mountain
(including wells outside the regulatory boundary) will have a negligible effect on the
hydraulic gradient.

9.3.7.3.3 Flow Model Grid Generation

The computational grid developed for the site-scale saturated zone flow and transport model was
formulated so that the horizontal grid is coincident with the grid cells in the regional-scale
saturated zone flow model. The depth of the computational grid is approximately the same as
depth of the regional-scale flow model. To permit use of the streamline particle tracking
capability of the model code used in the site-scale model (FEHM; Section 9.3.7.3.4), an
orthogonal grid was required. Consequently, a structured grid using orthogonal hexahedral
elements was developed for the model.

Although a uniform horizontal spacing was adopted, a nonuniform vertical spacing was adopted
for the model grid. The vertical grid spacing was established to provide the resolution necessary
for accurately representing flow and transport along critical flow and transport pathways in the
saturated zone. The assignment of hydrogeologic units to grid cells is shown in the three-
dimensional representation of the grid depicted on Figure 9.3-34 (CRWMS M&O 2000b,
Figure 3-24).
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93.7.3.4 Finite-Element Heat Mass Code

To model the saturated zone flow system at the site scale at Yucca Mountain, several simulation
capabilities were considered important, including the ability to:

Simulate spatially variable permeability

. Allow specification of constant pressure, constant hydraulic head, constant fluid, and
specified flux

Represent discontinuous, irregularly shaped three-dimensional hydrogeologic units

. Permit specification of dual permeability and porosity representing both fracture and
matrix flow

Represent temperature-dependent viscosity

. Represent hydraulic-head observation points where they occur in three-dimensional
space

. Calibrate the model with respect to observations of hydraulic head through the use of
automated parameter estimation techniques

. Directly interface the resulting flow model with radionuclide transport models used in
performance assessment of the Yucca Mountain site.

The FEHM simulation code was selected because it possessed these capabilities when coupled
with the mesh generation software and with the model-independent parameter estimation
software.

The FEHM computer code is capable of simulating flow and transport through both the
unsaturated and saturated zones. FEHM is a nonisothermnal, multiphase flow and transport code.
It can simulate the flow of water and air, and the transport of heat and chemicals, in two-
dimensional and three-dimensional saturated or partially saturated, heterogeneous porous media.
The code includes comprehensive reactive geochemistry and transport modules and a
particle-tracking capability. Fractured media can be simulated using equivalent-continuum,
discrete-fracture, dual-porosity, or dual-permeability approaches. For 52 flow systems, FEHM
solves the conservation of water mass and uses particle tracking to simulate transport. The basic
conservation equations, constitutive relations, and numerical methods are described in Zyvoloski
(1983, 1986), Zyvoloski and Dash (1990), CRWMS M&O (1994), and Zyvoloski et al. (1997).

FEHM requires information about air and water properties (including density, viscosity,
enthalpy, and their derivatives) as functions of temperature and pressure. The code also requires
information about the, relation between values of relative permeability, capillary pressures, and
air-water saturations. FEHM uses a finite-element/finite-volume method to discretize the
conservation equations to be solved.
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9.3.7.3.5 Parameter-Estimation Software

The parameter estimation component of the model was achieved through the use of the model-
independent parameter estimation software, PEST (Watermark Computing 1994). PEST uses
nonlinear least-squares regression to estimate parameters.

The benefits of using nonlinear regression include:

* Expedited determination of best-fit parameter values
* Quantification of the quality of the calibration
• Estimates of the confidence limits on parameter estimates
* Identification of the correlation among parameters (Poeter and Hill 1997, p. 250).

PEST was selected because of the ability to couple it with FEHM without significantly changing
the FEHM software. PEST was used to run FEHM and to vary user-specified model parameters
prior to each run so that the weighted sum of the differences between observed and simulated
values of pressure, hydraulic head, or temperature is minimized using nonlinear regression.
PEST can generally estimate parameters using fewer model runs than other estimation methods,
which is an advantage for large models with long run times (Watermark Computing 1994, pp. 1
to 4). Additional details regarding the parameter estimation code and algorithm used are
available in CRWMS M&O (2000c, Section 6).

9.3.7.3.6 Boundary Conditions

Boundary conditions are derived from regional water-level and head data. These data are used to
form fixed-head boundary conditions on the lateral sides of the model. The bottom boundary is
no-flow, which is justified by the depth of the model (approximately 2,750 m [9,020 ft] below
the estimated water table) and is consistent with the lower boundary of the regional-scale model
(CRWMS M&O 2000b, Section 2.5 and 3.2.1). The regional water table forms the top
boundary. On this boundary, recharge amounts shown on the recharge map (CRWMS M&O
1 999a) were interpolated onto the computational grid as a specified flux on the top boundary.

A uniform, constant head was applied with depth through each layer of the model based on the
water level established at the top of the model at that location. This boundary condition tends to
limit vertical flow in the exterior portions of the model. However, vertical gradients still may
develop internally in the model domain in response to geohydrologic conditions, and the
calibrated model is capable of representing the upward vertical gradients observed between the
carbonate aquifer and overlying volcanic aquifers.

9.3.7.3.7 Assignment of Nodal Hydrogeologic Properties

For each node in the computational grid, hydrologic properties, including permeability, porosity,
and viscosity, were specified. Permeability was used as a calibration parameter. Calibration
parameters used in the site-scale model are summarized in Table 9.3-13 (CRWMS M&O 2000c,
Table 8).

The parameter values for viscosity depend on the temperature at the depth of each node.
Borehole temperature data (Sass et al. 1988, p. 2) indicate considerable variability in the
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temperature gradient at different locations and within individual wells. The approach taken to
incorporate groundwater temperature in the site-scale saturated zone flow and transport model is
to evaluate the average temperature gradient (using temperature measurements in boreholes) and
to use that temperature gradient to specify temperatures at grid nodes in the model.
The estimated temperature distribution is then interpolated onto the computational grid at the
water table level, as shown on Figure 9.3-35 (CRWMS M&O 2000b, Figure 3-25).

9.3.7.3.8 Model Calibration

The site-scale model was calibrated by varying model parameters so as to minimize the
difference between observed and simulated conditions. An automated optimization procedure
was used to calibrate the model. However, manual adjustments to the calibration were also
performed to ensure an accurate and conservative model.

The parameters used in the calibration of the model were a combination of permeabilities of
hydrogeologic units, permeabilities of faults and other features, and permeability multipliers of
faults and features. The permeabilities of the 18 hydrogeologic units were chosen as calibration
parameters because of the importance of permeability in the flow system and the fact that each of
the units was identified in the hydrogeologic framework model (CRWMS M&O 2000c, p. 3-84).

Upper and lower bounds were placed on each permeability variable during parameter
optimization. The upper and lower bounds for the permeabilities and permeability multipliers
were chosen to reflect maximum and minimum field values (permeability) or a reasonably
realistic range of values (permeability multipliers).

Parameters that represent features were added for three reasons: They were identified as an
important structural feature, such as the Solitario Canyon fault; they were in the regional-scale
model, like the Spotted Range-Mine Mountain zone; or they were necessary for some conceptual
feature such as the high head gradient north of Yucca Mountain (east-west barrier). Specific
hydrogeologic features that were thought to potentially impact groundwater flow were identified
as higher permeability zones. These features include areas of enhanced or reduced permeability
or areas characterized by anisotropic permeability. One permeability zone, the simulated east-
west barrier, was added to the model specifically to reproduce the combination of the steep
hydraulic gradient and the relatively flat gradient located north of the steep gradient.

A number of techniques were employed during parameter optimization using PEST to ensure a
representative but conservative model. To meet this objective, several adjustments (CRWMS
M&O 2000b, Section 3.3.6.4) were made to the model in addition to the PEST parameter
optimization. In cases where field data and interpretations produced conflicting trends in
calibration, the data that produced a more conservative model were used. The most important
adjustments included those made to ensure that the specific discharge within 5 km
(approximately 3 mi.) of the potential repository was conservative with respect to the estimates
given by the saturated zone expert elicitation (CRWMS M&O 1998).

A total of 115 water level and head measurements were used as calibration targets. The
inclusion of an upward gradient within the calibrated site-scale model was considered important
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for generating a realistic model because an upward gradient tends to force flow along shallower
pathlines as indicated by geochemical data (CRWMS M&O 2000b, Section 3.3.6.2.1).

The potentiometric surface predicted by the calibrated site-scale saturated zone flow and
transport model is shown in Figure 9.3-36 (CRWMS M&O 2000b, Figure 3-26). The residual
heads at the location of each target observation, computed by subtracting the observed head from
the predicted head, also are shown on this figure. The largest head residuals (about 100-m
[330-ft]) are in the northern part of the model in the high head gradient area near the east-west
barrier. These head residuals are largely the result of the low weighting (i.e., not a likely
pathway leaving the repository) assigned to these calibration targets and of the uncertainty in
these measurements due to the perched conditions that may exist in this area. The next highest
group of head residuals borders the east-west barrier and Solitario Canyon fault. These residuals
(about 50-m) most likely result from a grid resolution insufficient to resolve the 780- to 730-m
(2,560- to 2,395-ft) drop in head that occurs over a very short distance in this area.

The particle tracking capability of FEHM was used to demonstrate the flow paths from the
potential repository predicted by the calibrated site-scale saturated zone flow and transport
model. One hundred particles were distributed uniformly over the area of the potential
repository and allowed to migrate until they reached the model boundary (Figure 9.3-37
[CRWMS M&O 2000b, Figure 3-27]). The pathways generally leave the potential repository
and travel in a south-southeasterly direction to the potential 20-km (12.5-mi.) compliance
boundary (proposed 10 CFR 63 [64 FR 8640]). From the 20-km (12.5-mi.) boundary to the end
of the model, the flow paths trend to the south-southwest and generally follow Fortymile Wash.
Some of the pathways follow fault zones along Fortymile Wash.

The specific discharge estimated for a nominal fluid path leaving the potential repository area
and traveling 0 to 5, 5 to 20, and 20 to 30 km (about 0 to 3, 3 to 12.5, and 12.5 to 18.6 mi.) is in
good agreement with that estimated by the expert elicitation panel. The specific discharge
simulated by the flow model for each segment of the flowpath from the repository was
determined using the median travel time for a group of particles released beneath the repository.
Values for specific discharge of 0.67, 2.3, and 2.5 m/yr. (2.2, 7.5, and 8.2 ft/yr.), respectively,
were predicted by the model for the three segments of the flowpath. The expert elicitation panel
(CRWMS M&O 1998, Figure 3-2e) estimated a specific discharge of 0.71 m/yr. (2.3 ft/yr.) for
the 5-km (3-mi.) distance. Thus, good agreement is found between the specific discharge
predicted by the calibrated model and that estimated by the expert elicitation panel for the 5-km
(3-mi.) distance (CRWMS M&O 2000b, Section 3.3.7). The expert elicitation panel did not
consider other travel distances.

The calibrated site-scale saturated zone flow model is believed to provide a reasonable
representation of the saturated zone groundwater flow system that matches key data from the
Yucca Mountain site. Investigators conclude (CRWMS M&O 2000b, Section 3.3.7) that the
model reasonably simulates the observed water levels and hydraulic gradients, particularly in the
area along the flow path from beneath the potential repository. The flow paths simulated by the
site-scale flow model generally agree with interpretations from the hydrochemical data. There is
good agreement between the calibrated value of specific discharge and the value estimated by an
expert panel (CRWMS M&O 2000b, Section 3.3.7).
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Uncertainty remains in the groundwater fluxes simulated by the regional-scale saturated zone
flow model. Recharge, permeability, and groundwater flow across lateral boundaries are related,
and different combinations of values for these parameters result in the same calculated head
distribution. The uncertainty introduced by this non-uniqueness is addressed in the performance
assessment calculations by considering multiple flow fields calculated by multiplying values of
recharge, permeability, and boundary flux by the same factor. It is noted that recharge applied
on the upper boundary of the site-scale flow model accounts for only a small portion (perhaps
5 percent) of the total groundwater flow through the model domain.

9.3.7.3.9 Model Uncertainty

Some degree of uncertainty remains regarding the nature and magnitude of the horizontal
gradient of the regional groundwater surface north of the potential repository area, in the area of
the large hydraulic gradient. Drilling of well USW WT-24 demonstrated that the previous
portrayal of the large hydraulic gradient (Tucci and Burkhardt 1995, Figure 4) probably included
perched water elevation data for this area. Well USW WT-24 encountered a perched saturated
zone at an elevation of about 987 m (3,240 ft) above mean sea level, then penetrated an interval
of unsaturated rock to an elevation of about 840 m (2,760 ft), where saturated conditions were
encountered. The site-scale saturated zone flow and transport model incorporates an elevation of
840 m (2,760 ft) as control for deriving the site-scale saturated zone potentiometric surface map,
implicitly assuming that this elevation corresponds to the saturated zone water table in this area.
The result of this assumption is that the magnitude of the horizontal gradient inferred for the site-
scale saturated zone flow and transport model in the area south of well USW WT-24 is
somewhat less than that previously interpreted by Tucci and Burkhardt (1995); however, the
gradient inferred according to the site-scale model to the north of USW WT-24 is steeper than
that interpreted by Tucci and Burkhardt. It is possible that if well USW WT-24 had been
extended deeper it might have demonstrated that the actual regional groundwater table is deeper
at this location than 840-m (2,760-ft) elevation; that is, the saturated zone first encountered at the
840-m (2,760-ft) elevation might represent a second perched water zone, and a small hydraulic
gradient might extend further to the north than currently postulated.

The large hydraulic gradient is treated as a linear east-west barrier or zone of reduced
permeability (CRWMS M&O 2000c). This approach permits the observed hydraulic head data
to be better simulated by the model. If the large hydraulic gradient feature does not exist in the
area, this could affect the model results. To compensate for uncertainty regarding water levels in
this area and account for the possibility of perching, water-level data from this area used as
calibration targets for model calibration were given a lower weighting (i.e., of less importance)
than water-level data in the low-hydraulic gradient region to the south and east of Yucca
Mountain. The calibration targets from the latter region were given high weighting because they
are in the likely pathway of fluid leaving the potential repository site and because small changes
in the head in this area could produce a large effect on the flow direction (CRWMS M&O 2000b,
Section 3.6.6).

9.3.8 Synthesis and Conceptual Analysis

The following discussion is taken largely from Luckey et al. (1996), who provided a status of
understanding of saturated zone groundwater flow at Yucca Mountain as of 1995. Updated and
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alternative concepts of site saturated zone groundwater flow are presented and cited as necessary
within these sections.

93.8.1 Site Saturated Zone Groundwater Flow

The groundwater flow system at Yucca Mountain primarily occurs in a sequence of fractured
volcanic rocks and underlying carbonate rocks. Groundwater also flows within Tertiary alluvial
and carbonate deposits, where the volcanic rocks pinch out, south of Yucca Mountain in the
Amargosa Desert. As described earlier in this section, the volcanic sequence is divided into two
aquifers (the upper and middle aquifers) and two confining units (the upper and middle volcanic
confining units). Generally, only a small number of intervals within the aquifers, usually
associated with fractures or faults, produce water. The confining units also may transmit water,
but to a lesser extent than the aquifers. For the volcanic tuft units, groundwater flow is
considered to occur primarily through fractures, while flow in the alluvium is in the form of
primary porosity. The less transmissive units, such as the Calico Hills Formation, probably have
a much larger proportion of their flow occurring in the matrix.

Little is known about the carbonate rocks beneath Yucca Mountain, but they constitute a major
regional aquifer. The carbonate aquifer probably underlies the lower volcanic confining unit
beneath Yucca Mountain. Several lines of evidence indicate that the lower volcanic confining
unit effectively isolates the carbonate aquifer from the volcanic aquifers. However, the altered
mineralogy of the tuffs, particularly in borehole UE-25 p~l, indicates past influx of deeper
water, possibly localized along faults (Carr et al. 1986, p. 24). Higher water table temperatures
aligned along existing faults may indicate upwelling, probably from the carbonate aquifer
(Fridrich et al. 1994). Beneath the northern part of Yucca Mountain, the carbonate aquifer may
additionally be confined by the Eleana Formation. If the volcanic aquifers are essentially
isolated from the carbonate aquifer, then the potentiometric surface in the volcanic aquifer would
be independent of the potentiometric surface in the carbonate aquifer. If, however, the
confinement is breached by faults, the potentiometric surface in one system may affect the
potentiometric surface in the other system. Recent analysis of fault permeability at borehole
UE-25 p#l by Bredehoeft (1997) indicates that the carbonate aquifer is well confined by a layer
of low-hydraulic conductivity. However, that modeling analysis also supports the concept of
upward flow from the carbonate aquifer along faults.

On a regional scale, flow is generally from the higher plateaus in the north to the Amargosa
Desert in the south, probably continuing southward or westward, or both, to still lower areas of
discharge. How flow moves through the Timber Mountain area is not clear because of a lack of
potentiometric data (Czarnecki, Steinkampf et al. 1990; Czarnecki, Faunt et al. 1997). To
evaluate likely flow paths beneath Yucca Mountain, hydrochemical and isotopic data from
groundwater samples obtained beneath and downgradient of the potential repository were
analyzed to identify areas having similar concentrations of conservative species (i.e., those not
significantly affected by water-rock interactions or other factors). Chloride data, as well as other
chemical and isotopic data, suggest that groundwater from beneath the potential repository site
may flow initially eastward, then generally south-southwestward (CRWMS M&O 2000a,
Figure 17; p. 75; CRWMS M&O 2000b, Section 3.1.1.2.3). For areas downgradient of the
potential repository, the flow paths simulated with the site-scale model's particle tracking
procedure (Figure 9.3-37) are generally consistent with the flow directions estimated from the
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hydrochemical data (CRWMS M&O 2000b; CRWMS M&O 2000c). The flow paths inferred
from hydrochemical data for areas south of the potential repository are also consistent with the
potentiometric surface map (Figure 9.3-17).

In some areas, there are differences between the flow direction estimated by the numerical model
and flow direction estimated from analysis of hydrochemical and isotopic data. The most
prominent difference is the stronger eastward component of flow under Crater Flat in the
numerical model compared to flow directions interpreted from the hydrochemical data. The
differences could be due, at least in part, to the inability of the hydrochemical analysis to account
for vertical mixing due to recharge or possibly due to mixing that might occur between aquifers.

In the area of small hydraulic gradient at Yucca Mountain, the potentiometric surface is a
continuous, almost flat surface that does not change noticeably as it passes through the various
faults east of the Solitario Canyon fault. The potentiometric surface slopes gently to the east at a
relatively constant gradient (0.0001 to 0.0003). Potentiometric surfaces constructed for 1988
(Ervin et al. 1994) and 1993 (Tucci and Burkhardt 1995) both show this type of surface and
gradient. Lehman and Brown (1906) present an alternate potentiometric surface that appears to
be influenced by northwest-southeast-trending structures on the east side of Yucca Mountain;
however, the data used to construct that map are not presented in their report so that the validity
of their map cannot be evaluated.

The potentiometric surface in the area of small hydraulic gradient also does not seem to change
as it transects aquifers and confining units. Beneath the crest of Yucca Mountain, flow is
entirely in the lower volcanic aquifer and deeper units. However, at Fortymile Wash, the upper
volcanic aquifer dips beneath the water table and dominates the flow system. There is no
obvious break in the slope of the potentiometric surface in the transition area, which must be
somewhere in Midway Valley. In the vicinity of the large hydraulic gradient in the northern
Yucca Mountain area, the potentiometric surface may or may not reflect a change in
hydrogeologic units, depending on the interpretation of the cause of the large hydraulic gradient.

Vertical hydraulic gradients could have an important impact on the analysis of the effectiveness
of the saturated zone as a barrier to radionuclide transport. Based on a very limited data set (five
boreholes), an areally extensive upward gradient can be inferred between the carbonate aquifer
and the volcanic aquifers, which may indicate that, at least for the immediate Yucca Mountain
area, radionuclide transport would be restricted to the volcanic system.

Potentiometric levels have been measured at multiple depth intervals at 1O sites in the vicinity of
Yucca Mountain. Differences in potentiometric levels at different depth intervals in the same
borehole ranged from about zero to nearly 55 m (180 ft). Potentiometric levels are higher
generally in the lower intervals of the volcanic rocks than in the upper intervals, indicating a
potential for upward groundwater movement. However, at four boreholes (USW G-4,
USW H-1, USW H-6, and UE-25 b#l), potentiometric levels in the volcanic rocks are higher in
the uppermost intervals than in the next lower intervals. Potentiometric levels in the Paleozoic
carbonate aquifer at borehole UE-25 p#l are about 21 m (69 ft) higher than levels in the lower
volcanic aquifer (Craig and Johnson 1984, p. 12). Apotential for upward groundwater
movement from the Paleozoic rocks to the volcanic rocks was, therefore, indicated.
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The volume of groundwater that flows beneath Yucca Mountain is unknown. If the large
hydraulic gradient to the north of Yucca Mountain and the moderate hydraulic gradient to the
west of the crest of the mountain effectively isolate the volcanic flow system from the regional
flow system and, if the lower volcanic confining unit effectively isolates the volcanic and
carbonate flow systems from each other, little water may be moving beneath the mountain. If
these barriers are not particularly effective, then groundwater flow beneath Yucca Mountain
could be much greater. The small hydraulic gradient can be interpreted as an area of either high
transmissivity or small groundwater flux (Ervin et al. 1993, p. 1,558), or some combination of
the two. Because there is no direct way to measure groundwater flow, resolution of the possible
causes of the small hydraulic gradient depends on both direct and indirect evidence.

9.3.8.2 Large Hydraulic Gradient Area

As discussed in Section 9.3.4.4, several hypotheses have been proposed for the cause of the large
hydraulic gradient that is believed to be present north of Yucca Mountain. Simulation of this
feature in groundwater flow models has typically been through the use of low-permeability
features, such as large areas of low permeability (Barr, G.E. and Miller 1987; Lehman and
Brown 1996; Haws 1990; Cohen et al. 1997) or a low-permeability barrier (Czarnecki and
Waddell 1984; Czarnecki, Faunt et al. 1997). Czarnecki, Faunt et al. (1997, p. 28) indicated that
simulation of the drain conceptual model resulted in unacceptable matches between simulated
and observed heads.

CRWMS M&O (1998) discussed the results of an expert elicitation conducted during 1997 for
saturated zone flow and transport at Yucca Mountain. The panel of five experts reviewed data
and arguments in support of the various hypothesized causes of the large hydraulic gradient
during a series of three workshops. The panel chose two concepts as having significant
credibility (CRWMS M&O 1998, pp. 3 to 5). In the saturated zone model, the large hydraulic
gradient is interpreted to be the result of a steeply inclined water table slope within a fully
saturated flow system. Factors such as topography, recharge, and geology contribute to the slope
of the feature. In the perched water model, the flow system consists of a (semi-perched)
saturated interval overlying a wedge of unsaturated rocks, which, in turn, overlies the regional
water table. The panelists considered both hypotheses about equally, with a slight preference
toward the perched water model. The experts were in agreement that the issue was mainly one
of technical credibility, that the probability of any long-term transient readjustment of gradients
is low, and that the probability of any large transient change in the configuration of the large
gradient is low (CRWMS M&O 1998).

9.3.8.3 Influence of Faults

Faults have been described as both barriers and conduits to groundwater flow in the region and at
Yucca Mountain. Faunt (1997) characterized the influence of faults on groundwater movement
in the Death Valley region, and related their influence to crustal stress, fracture mechanics, and
structural geologic data. Also, in a regional context, D'Agnese et al. (1997, p. 90) included
faults that were both conduits (northeast-southwest-trending features) and barriers (northwest-
southeast-trending features) to groundwater flow. Locally at Yucca Mountain, however, the
northwest-southeast-trending structures may not be barriers to flow, at least in the trend
direction. Hydraulic and tracer tests in Drill Hole Wash (Lahoud et al. 1984; Ogard et al. 1983)
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indicated that the underlying structure, whether it is a fault or merely a fracture zone, provides
continuous, permeable flow paths. Also, Geldon et al. (1997) inferred from drawdown in
observation wells while pumping at the C-Holes Complex that northwest-southeast structure
could provide a permeable connection to drill hole USW H4.

Most researchers have concluded that the Solitario Canyon fault, on the west side of Yucca
Mountain, is a barrier to west-to-east groundwater flow (Luckey et al. 1996; Czarnecki, Faunt
et al. 1997) and is a probable cause for the moderate hydraulic gradient (Luckey et al. 1996;
Ervin et al. 1994; Tucci and Burkhardt 1995). However, the Solitario Canyon fault may also
provide a conduit for upward flow to the volcanic aquifers from the underlying carbonate aquifer
(Fridrich et al. 1994). Other north-trending faults at Yucca Mountain may also provide conduits
for upward flow, particularly where they correspond to linear anomalies in water temperature
(Fridrich et al. 1994; Sass, Dudley et al. 1995; Lehman and Brown 1996; Bredehoeft 1997). The
apparent roles of the Solitario Canyon fault as a barrier to flow across the fault but as a conduit
for flow parallel to it indicate the likelihood that the fault zone itself may be poorly permeable
but that the well-fractured hanging-wall rocks are highly permeable.

Several other investigators have discussed the role of faults and other structural features as
possible conduits or preferential pathways for groundwater flow at Yucca Mountain (Luckey
et al. 1996; Lehman and Brown 1996; Cohen et al. 1997; Geldon 1996; Geldon et al. 1997;
Ferrill et al. 1999). At the C-Holes Complex, the relatively large hydraulic conductivity is
strongly influenced by the presence of faults and fractures that intersect the borehole (Geldon
et al. 1997). The distribution of drawdown in response to extensive pumping at the C-Holes
Complex is believed to be related to the location of nearby structural features, and Geldon
et al. postulated that the areal distribution of hydraulic conductivity in the area may be related to
the presence or absence of faults. Little information is available, however, concerning hydraulic
properties within the saturated zone of individual faults in the area.

9.3.8.4 Recharge

Recharge to the site area is assumed to be from the following sources:

* Downward and possible lateral recharge from episodic flooding of Fortymile Wash

* Throughflow from Pahute and Rainier mesas, which is hypothesized to result in recharge
along the northern border of the study area

* Throughflow from the northwestern part of the Amargosa Desert

* Minor recharge from episodic flooding of the Amargosa River channel

. Net infiltration from precipitation events that becomes recharge to the saturated zone
groundwater beneath Yucca Mountain is conceptualized to be derived from infiltration
from precipitation that occurs primarily along the northern part of Yucca Mountain (at
higher elevations) (Czarnecki, Faunt et al. 1997; Flint et al. 1996; USGS 2000b).

Additional water may be entering the volcanic aquifers from the underlying carbonate aquifer,
particularly along north-south trending structural features (Bredehoeft 1997; Czarnecki, Faunt
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et al. 1997). The magnitudes of inflow to the volcanic rocks from the carbonate aquifer, where it
may be occurring, have not been characterized.

Fortymile Wash is a major southward-draining ephemeral channel located adjacent to Yucca
Mountain, and it is thought to contribute intermittent recharge to the saturated zone. Based on
field studies of stream loss (Savard 1998, Table 5, p. 26), the total recharge in Fortymile Wash is
estimated at about 108,000 m3/yr. (88.2 a.-ft/yr.). This estimate represents a minimum value
based on the inability to account for all reaches of Fortymile Wash, which may have received
unobserved runoff and recharge, coupled with the minimum period of streamflow observations.

Throughflow from the northwestern part of the Amargosa Desert and Pahute and Rainier mesas
is difficult to quantify. As a result, these fluxes usually are calculated in a groundwater flow
model. The regional flow model (D'Agnese et al. 1997) employs the concept that some of the
recharge waters from Pahute and Rainier mesas likely flow to Yucca Mountain. Because of
uncertainties that result from the paucity of data, alternative conceptual models of flow toward
Yucca Mountain include the possibility of either a groundwater divide between the Crater
Flat/Yucca Mountain area and Beatty Wash, or a westward extension of a potential
hydrogeologic barrier into northern Crater Flat (Czarnecki, Steinkampf et al. 1990). Both
possibilities would result in diversion of more water from Pahute Mesa into the Oasis Valley
subbasin, although the second case would permit some flow into Crater Flat.

The Amargosa River is an intermittent stream in the southwestern portion of the model area,
where channelized flow ceases to exist. Streamflow in the Amargosa Farms area is generally
very limited (Osterkamp et al. 1994). Based on channel-morphology measurements, the
composite average recharge is estimated to be 0.2 x 106 m3/yr. (160 a.-ft/yr.) along the 15.9-km
(9.88-mi.) length Amargosa River from Ashton to Big Dune, an area proximate to the model area
(Osterkamp et al. 1994). Recharge is, therefore, assumed to be negligible along the few
kilometers of the Amargosa River in the southwestern portion of the model.

A detailed description of net infiltration to the water table in the vicinity of Yucca Mountain has
been developed (Flint, A.L. et al. 1996) that shows recharge increases on the northern end of
Yucca Mountain (relative to the central and southern end) and below some of the major surface
water drainages. Recharge (net infiltration) rates on a year-to-year basis range from zero in dry
years to more than 20 mm/yr. when average precipitation exceeds 300 mm (Flint, A.L.
et al. 1996). During an average precipitation year (approximately 188.5 mm annual
precipitation), an average annual net infiltration rate of 3.6 mm/yr. has been estimated for
modern climate scenarios over the 123.7-km2 (47.8-mi. 2) area considered in the Yucca Mountain
infiltration model domain (USGS 2000b, Table 6-8).

Based on regional recharge to the unsaturated zone flow model, investigators developing the site-
scale saturated flow and transport model estimated the magnitude of recharge represented by the
saturated zone waters in the vicinity of Yucca Mountain using the chloride mass balance method
(CRWMS M&O 2000b, Section 3.1.1.1.3). For groundwaters within the immediate vicinity of
Yucca Mountain, chloride concentrations range from 5 to 9 mg/L, from which local recharge
rates were inferred to be between approximately 7 and 14 mm/yr. These values are indicated as
being consistent with unsaturated zone model values (CRWMS M&O 2000b, Section 3.1.1.1.3).
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9.3.8.5 Discharge

Natural discharge does not occur within the immediate vicinity of Yucca Mountain. The nearest
natural discharge areas connected to the saturated zone flow system beneath Yucca Mountain are
Franklin Lake playa (also known as Alkali Flat), and possibly the major springs at Furnace Creek
Ranch and the valley floor of Death Valley. Although most models of the region (D'Agnese
et al. 1997; Rice 1984; Czarnecki and Waddell 1984) required a groundwater flow path from
Yucca Mountain to Death Valley, Czarnecki and Wilson (1991) postulated that a groundwater
flow path from Yucca Mountain to Death Valley (by way of the Amargosa Desert and the
Funeral Mountains) was unsubstantiated by (but not inconsistent with) available data. They
suggested that groundwater from Yucca Mountain ultimately discharges at Franklin Lake playa
through evapotranspiration.

Discharge through groundwater withdrawals occurs within the site-model domain in the
Amargosa Desert for agricultural and domestic use. This discharge, estimated in the USGS
regional flow model at about 6,300 m3/day (D'Agnese et al. 1997), occurs mostly in the
southwestern corner of the site-model domain. Pumpage from wells UE-25 J-12 and UE-25
J-13, just east of Yucca Mountain, was about 1,200,000 m3 (970 a.-ft/yr.) from each well from
1985 to 1995 (Graves et al. 1997, pp. 40 to 41).

9.3.8.6 Conceptual Uncertainties

Although the flow system at Yucca Mountain has been divided into a series of aquifers and
confining units, and the general direction of flow is known, substantial conceptual uncertainties
remain. Conceptually, flow in the saturated zone occurs predominantly in a network of fracture
zones, but as a practical matter, numerical models would have to simulate the system either as a
porous-media continuum or as a finite number of discrete features (i.e., by using a discrete
fracture model). A discrete fracture model could, in principle, reproduce the flow system more
precisely than a continuum model. However, for this improved model reproduction to be
realized, the amount of fracture data required to characterize the hydraulic and geometric
properties of fractures at the site scale would be impractically large. There are justifying
assumptions that support and defend selection of an effective continuum model for use in
modeling flow and transport at the site scale. These are enumerated in detail in CRAWMS M&O
(2000b, Section 3.5). A summary of these assumptions is given below:

* Multiwell pump tests show evidence of a relatively well-interconnected fracture network
in the tuffaceous rocks in this area.

. An alluvial unit, for which flow and transport is appropriately modeled using a
continuum model, comprises part of the site-scale flow system modeled.

. Studies of fractures and fracture zones in rock beneath Yucca Mountain, coupled with
investigations of the density and spacing of flowing intervals within wells, indicate that
flow generally occurs over multiple fracture zones, within most geologic units. Flow
appears to be conveyed by fracture zones separated by a few tens of meters, rather than
by a few individual fractures. The size of the grid blocks used in the site-scale model is
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sufficiently large to permit the simulation of flow through "flowing intervals" that
represent a small subvolume of each grid block.

. In the valley-fill alluvium aquifer, transport velocities are computed using the effective
porosity, consistent with a porous media conceptualization, which includes preferential
flow paths for the area.

How the groundwater flow system behaves in the large and moderate hydraulic gradient areas is
uncertain and translates into uncertainty about either external or internal boundary conditions.
Potential location of groundwater divides also contributes to boundary condition uncertainty.

Recharge is a lumped parameter and a function of the interrelationship among climate,
topography, flora, soils, and unsaturated zone flow. All components translate into a general
conceptual uncertainty about recharge rates. Perhaps equally important, the time scale at which
the flow system comes into equilibrium with climate changes is another conceptual uncertainty.

Testing involving multiple wells at the C-Holes Complex indicate higher permeabilities than
those derived from previous single-borehole testing at the same wells (CRWMS M&O 2000b,
Section 3.2.5). However, most of the data on permeability at Yucca Mountain are from single-
borehole tests. The site-scale model addresses this discrepancy by identifying reasonable upper
and lower bounds on permeability variables and optimizing permeability parameters for each
value assigned to a specific hydrogeologic unit or feature. Adjustments to initially selected
permeability values were also made during the simulations in order to better match fluxes
estimated by the model with observed field conditions.

For the purposes of conducting performance assessment, additional conceptual uncertainties that
remain regarding the flow system at Yucca Mountain include (1) the degree of horizontal
anisotropy that exists within the volcanic tuff aquifer underlying the site; (2) the groundwater
flux and the precise direction of groundwater flow within portions of the model domain (e.g., in
the area of the large hydraulic gradient and areas downgradient of the potential repository);
(3) the precise location of the transition zone where the flow path from the potential repository
transitions from volcanic to alluvial hydrogeologic units; and (4) dispersivities of the various
volcanic and alluvial units (CRWMS M&O 2000b, Sections 3.2.5, 3.5.5, and 3.7.1).

The conceptual model identifies uncertain parameters and assigns a range of probable input
parameters to be used in the model to capture predictive results within an envelope of
uncertainty. Certain assumptions are made and limitations apply when conducting model
simulations using this model. However, the simulations include an evaluation of uncertainties
pertaining to flow (and transport [Section 10]), through the use of uncertain parameter
probability distributions, alternative groundwater flow fields (with and without horizontal
anisotropy in permeability included), and a particle tracking method, to better define potential
flow paths of radionuclides (CRWMS M&O 2000b, Section 3.6.3).

9.3.9 Summary

Use of an effective continuum representation to model the host rock and alluvial units in the
saturated zone in the site-scale flow and transport model appears to be reasonable and justified,
given the scale of the model domain and the sizes of the individual model gridblocks
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incorporated into the model, available field data, and knowledge of applicable field conditions.
Field data and conditions which support selection of a continuum modeling approach include
evidence from multiwell pump tests showing that a relatively well-interconnected fracture
network exists in the tuffaceous rocks in the area, the presence of alluvial units within the model
domain, and results of investigations that generally indicate that flow within the fractured rock
units occurs over multiple fracture zones, separated by a few tens of meters, within most
geologic units.

The calibrated site-scale saturated zone flow and transport model reasonably simulates observed
water levels and hydraulic gradients, particularly in the area along the downgradient flow path
from beneath the potential repository. Evidence of some model bias exists, based on analysis of
the distribution of weighted residuals. Predicted heads along flow paths from the potential
repository area are uniformly too high; however, observed gradients of head along these paths
are simulated well. Parameters predicted by the site-scale saturated zone flow generally compare
well with predictions developed from the regional groundwater flow model.

Most researchers have concluded that -the Solitario Canyon fault, on the west side of Yucca
Mountain, is a barrier to west-to-east groundwater flow and is a probable cause for the moderate
hydraulic gradient. It has been proposed that the Solitario Canyon fault could also provide a
conduit for upward flow to the volcanic aquifers from the underlying carbonate aquifer, and that
other north-trending faults at Yucca Mountain might also provide conduits for upward flow,
particularly where they correspond to linear anomalies in water temperature. However,
hydrochemical and isotopic data for water from wells installed in the vicinity of the Solitario
Canyon do not indicate a significant amount of mixing occurring from the carbonate aquifer to
the volcanic units (CRWMS M&O 2000a, Section 6.5.5).
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9.4 LONG-TERM STABILITY OF THE WATER TABLE AND FLOW SYSTEM

9.4.1 Introduction

Various lines of evidence provide information on past water table elevations within the Yucca
Mountain region. Evidence that bears on the "stand" (elevation) of the water table at various
past times includes information derived from paleodischarge sites, paleoclimate proxy data
indicating locations and levels of past pluvial lakes in the region, isotopic and mineralogical data
obtained from studies of secondary minerals deposited above and below the current water table,
groundwater isotopic data, and measured changes in elevation of the water table in response to
earthquakes. A rise in the water table during the regulatory time period (proposed in
10 CFR Part 63 [64 FR 8640] to be 10,000 k.y. after repository closure) could affect
performance of the potential repository by reducing the thickness of the unsaturated'zone, an
important geologic barrier underlying the potential repository. Currently, at least 160 to 400 m
(525 to 1,300 ft) of unsaturated rock (the unsaturated zone) is between the water table and the
potential repository horizon. In the event that radioactive waste escaped from a waste package, a
thicker unsaturated zone would increase radionuclide transport travel times between such a
breached waste package and the water table and, once in the water table, to the
accessible environment.

The changes in hydrologic conditions that have occurred within the unsaturated zone at the
horizon of the potential repository over the last several hundred thousand to million years are of
primary importance for assessing the postclosure performance of the potential repository. This
time frame is considered most critical because past climate proxy records from throughout the
Great Basin demonstrate that episodes of higher effective moisture conditions were in effect
about 70 to 80 percent of the time during the last 400 k.y. to 2 m.y. Multiple climatic cycles are
recorded at paleodischarge sites that have been inferred as sites of former discharge of the
regional groundwater system, indicating that the lower water table elevations observed today
might be typical only for relatively short, drier interglacial periods. Based on the available data,
water table elevations would likely rise during future pluvial cycles.

This section summarizes results of previous studies of a variety of natural features located in and
around Yucca Mountain that provide information on past water table levels in the region,
discusses relevant isotopic and mineralogical data, and describes groundwater responses as
measured in groundwater wells during and following recent earthquakes that occurred within the
Yucca Mountain area. This section also includes a discussion of the results of a number of

-- groundwater flow and hydrotectonic model simulations that have been conducted to attempt to
determine a realistic upper limit to the extent that the water table could be expected to rise under
reasonable worst-case future climatic and seismic conditions.
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9.4.2 Summary of Field and Other Empirical Evidence Related to Past Water Table
Elevations

9.4.2.1 Paleohydrologic, Isotopic, and Mineralogical Data

9.4.2.1.1 Paleohydrologic Data

Paleohydrologic data, including data derived from paleo-spring deposits located throughout
portions of southern Nevada, provide information on the elevation attained by water tables of the
region during Quaternary time. There is abundant geologic evidence of previous high levels of
the water table in the south-central Great Basin (Figure 9.4-1) during the Quaternary period. The
evidence consists of tufas, spring orifices, calcitic veins, and cylindrical calcite-lined tubes that
mark the routes of former groundwater flow to springs; former water levels marked by calcite
cave deposits on the walls of Browns Room within Devils Hole (a fault-controlled solution
feature in Ash Meadows); and widespread marsh deposits (composed of silty marls,
diatomaceous earth, and authigenic clays) formed from former groundwater discharge. Most of
these features have been described in reports by Winograd and Thordarson (1975), Dudley and
Larson (1976), Mifflin and Wheat (1979), Winograd and Doty (1980), Khoury et al. (1982),
Pexton (1984), Winograd, Szabo et al. (1985), Hay et al. (1986), and Swadley and Carr (1987).
The paleohydrologic significance of these deposits is the subject of papers by Winograd and
Doty (1980), Pexton (1984), Winograd and Szabo (1988), Quade and Pratt (1989), Marshall,
Peterman et al. (1991), Paces et al. (1993), Szabo et al. (1994), Forester and Smith (1994),
Quade et al. (1995), and Paces, Forester et al. (1996).

Analysis of petrographic and morphological differences between calcite deposits precipitated
below, at, or above the present static water table in Browns Room, a subterranean air-filled
chamber connected to Devils Hole, provides a chronology of water table fluctuations for the past
120 k.y. (Szabo et al. 1994). Szabo et al. indicate that the water table was more than 5 m
(16.4 ft) above its present level (approximately 17 m [56 ft] below the ground surface) between
about 116 to 53 ka, fluctuated between about 5 and 9 m (16 and 30 ft) above its current level
during the period between about 44 and 20 ka, and declined from 9 m higher than its current
level to its present level during the past 20 k.y. Because the Ash Meadows groundwater basin is
so large (approximately 12,000 km [4,600 mi.2] in area), the authors suggest that "the Browns
Room calcite deposits may record the timing of regional hydrologic changes that occurred in the
southern Great Basin." Differences in details aside, they note that water-level fluctuations
recorded within the Browns Room calcites generally correlate with other Great Basin proxy
paleoclimatic data. Based on the inferred rapidity of the water-level fluctuations documented in
Browns Room, they considered climate change, particularly the previous occurrence of wetter
and drier episodes in the Great Basin, to be the dominant determinant of these paleowater
table fluctuations.

Quade (1994) and Quade et al. (1995) reported additional relevant results with respect to
previous water table elevations in the Yucca Mountain area with the publication of their studies
of fossil spring deposits located in the southern Great Basin. They attributed these fine-grained
deposits to the presence of elevated water tables and increased groundwater discharge at various
times during the Pleistocene. Based on the nature and position of these deposits, the authors
determined that the water table may have been as little as 15 m (49 ft) to as much as 116 m
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(380 ft) higher than levels present during the Pleistocene. One such set of paleospring deposits
studied by Quade et al. (1995) is located only 15 km (9 mi.) southwest of Yucca Mountain, in the
southern part of Crater Flat (Figure 9.4-2). Quade et al. (1995) referred to these deposits, the
Lathrop Wells Diatomites, as the closest unequivocal groundwater discharge deposits to Yucca
Mountain. Other spring deposits included in their studies were the Corn Creek Flat deposits,
north of Las Vegas (water table 25 m [82 ft] higher than at present); Three Lakes Valley
deposits, north of the Spring Mountains (30- to 40-m [98- to 130-ft] water table rise); Indian
Springs Valley deposits (60- to 70-m [200- to 230-fl] water table rise); Pahrump Valley deposits
(40-m [130-ft] water table rise); Paiute Valley deposits (more than 30-m [98-ft] water table rise);
South Coyote Springs Valley deposits (95-m [310-ft] water table rise); North Coyote Springs
Valley (15-m [49-ft] water table rise); and Sandy Valley deposits (10- to 20-m [33- to 66-ft]
water table rise) (Quade 1994, p. 2532).

Paces et al. (1993) conducted uranium-series disequilibrium age dating and characterization of
two paleospring deposits, Crater Flat and Horse Tooth Deposit (also known as Lathrop Wells
Diatomite Deposit), located in the southern end of Crater Flat. The deposits are situated between
15 and 20 km (9.3 and 12 mi.) southwest of the potential repository site. Additional age dating
investigations were performed by others on samples taken from these and other paleo-spring
deposits within the vicinity, using a combination of 14C and thermoluminescent techniques.

The Horse Tooth deposit contains tuffaceous beds, vertebrae deposits (including Mammuthus sp.,
Equus sp., and a camelid), and various diatoms, leading some investigators (e.g., Swadley and
Carr 1987) to infer this deposit was the remains of a lake of the early Pliocene or late
Pleistocene. However, in a subsequent investigation, Quade et al. (1995) found that no diatoms
diagnostic of saline or lacustrine settings are present in the deposit.

Samples of fine-grained, nodular carbonate from both the Horse Tooth and Crater Flat deposits
yielded nearly identical 2 3 0Th/U ages of about 45 k.y., confirming that the two deposits were at
least partly contemporaneous (Paces et al. 1993). Identical ages for the two samples also
suggests that springs supplying water to both sites were probably linked to the same
hydrodynamic system.

A rhizolith from a marl forming the stratigraphic top of the Lathrop Wells deposit was 14C age-
dated at 6,510 ± 160 years old (Paces, Forester et al. 1996). Mollusc shells collected from near
the top of the deposit yield 14C calibrated ages of between 16.2 k.y. and 16 k.y. Fifteen samples
of rhyzoliths and nodular calcite yielded uranium-series ages with essentially the same range of
ages (Paces, Forester et al. 1996). Thermoluminescence ages within the diatomite unit
underlying the capping marl are somewhat older (around 30 k.y.) and in agreement with the
stratigraphic relationship. Two rhyzoliths at the base of the unit yielded still older ages of 42 k.y.
and 56 k.y. In contrast, uranium-series ages for a greensand, the deepest unit, ranged from about
115 k.y. near the top of the unit to 186 k.y. near the bottom (Paces, Forester et al. 1996).
Forester et al. (1996) indicate that the modern carbon percentages for the samples having the
latter ages are low, suggesting that, despite care taken in specimen selection, those dates might in
fact be indefinite. Aquatic bivalves and a terrestrial snail from the greensand unit yielded 14C
ages of about 35 k.y. to 42 k.y., but these appear to be contaminated with small amounts of
secondary calcite overgrowth (Paces, Forester et al. 1996).
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The general convergence of paleohydrologic data, morphological and petrographic data, and the
overall concordance of ages determined by the different geochronometers described above
supports the interpretation that discharge occurred in the area of the Crater Flat and Lathrop
Wells deposits during the latest glacial cycle between about 20 and 10 ka (Forester et al. 1996,
p. 56). Discharge activity occurring during this time period at these paleo-discharge sites and at
other paleo-discharge sites in the region is interpreted to be consistent with a regional
phenomenon rather than isolated activity related to local hydrologic conditions (Forester et al.
1996, p. 56). When coupled with data on isotopic compositions of samples obtained from the
upper portions of the Crater Flat and Lathrop Wells deposits (Section 9.4.2.1.2), these data
strongly suggest that groundwater from the regional Tertiary volcanic aquifer provided the
source for these deposits (Paces et al. 1993).

Based on the current depth to groundwater in the vicinity, the Crater Flat deposit is estimated to
be 98 to 116 m (320 to 380 ft) above the current potentiometric surface (Paces et al. 1993). The
authors inferred that the water table had risen to that maximum height during the late Quaternary
and may have fluctuated repeatedly. The authors noted that no similar deposits were found at
higher elevations in the region, implying that these values represent maximum water table
fluctuations (Paces et al. 1993). The Horse Tooth site is estimated to be 79 to 85 m (260 to
280 ft) above the current potentiometric surface (Paces et al. 1993).

9.4.2.1.2 Isotopic Data

Forester et al. (1996) used combined isotopic evidence derived from fracture and cavity-filling
paleospring deposits identified within the volcanic rock section in the Yucca Mountain area,
including 34U/238U, 87sr/86Sr, and 13C/12C ratios, as well as spatial and temporal data, to
conclude that previously discharging water at these paleospring sites represented regional
groundwater rather than local perched conditions. This conclusion lead these authors to claim
that the regional water table elevation fluctuated during the past in response to higher effective
moisture levels during wetter past climates. They further inferred that the former groundwater
levels indicated by the presence of the Lathrop Wells Diatomite deposits, Crater Flat Wash
deposits, and Crater Flat deposits near Yucca Mountain appear to represent maximum former
groundwater levels occurring in the Yucca Mountain area over the last 250 k.y. The data
indicate that these regional groundwater levels, approximately 80 to 120 m (262 ft to 394 ft)
higher than current regional groundwater table elevations at these locations, appear to have been
common during the last two glacial cycles (60 to 10 ka and 170 to 100 ka) (Forester et al. 1996,
p. 63).

Uranium isotopic compositions of samples of the Lathrop Wells and Crater Flat deposits provide
evidence that groundwater discharged at these sites originated from the regional Tertiary
volcanic aquifer as opposed to a previously active localized Crater Flat perched water zone.
Uranium isotopic analysis conducted by Paces et al. (1993) reveals that samples from these
deposits, regardless of their determined age, have initial 234U/238U isotopic ratios between 2.8 and
3.8. These compositions fall within the range of modem groundwater samples from wells
throughout the region, in contrast to those of pedogenic carbonates which show lower initial
234U/238U ratios. Subsequent analysis of samples of rhizoliths and nodular calcite from the
Lathrop Wells capping marl yield similar initial 234U/238U ratios of about 3.5 to 4.0, and two
rhyzoliths at the base of the unit also yielded similar initial 234U/238U ratios of 3.8 and 4.7 (Paces,
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Forester et al. 1996). On the basis of their analysis of 234U/238U activity ratios for all of the
samples analyzed in these studies, the authors inferred that groundwater from the regional
Tertiary volcanic aquifer rather than surface water or perched water was probably the source of
the paleo-discharge flow formerly found at these locations.

Stable carbon and isotopic data from carbonates from paleo-discharge sites in the Yucca
Mountain vicinity and surrounding region provide information on the source of the discharging
water (813 C value) and the temperatures at which the recharge and discharge occurred (6180
value). Paleodischarge sites near Yucca Mountain are often carbonate poor, in contrast to other
springs in southern Nevada where the discharge sources are the deep, carbonate-hosted aquifers
(Forester et al. 1996, p. 58). The carbonate-poor deposits could be the result of discharge waters
having little capacity to precipitate calcite due to either dilute, calcite-undersaturated discharge
waters, or calcite-saturated but calcium-poor or carbonate-poor waters. These data, therefore, do
not preclude possible higher stands of the water table in the past because such conditions may
have existed but may not have been conducive to calcite precipitation. Nevertheless, the
generally smaller 6180 values associated with carbonate mounds at active southern Nevada
spring sites such as Ash Meadows and Devils Hole, compared to higher 618O values for the
carbonate-poor sites, suggest waters in the active southern Nevada spring sites have thermally
equilibrated along deeper, warmer flow paths than the carbonate-poor deposition sites.

Marshall et al. (1993) developed estimates of past water table elevations at Yucca Mountain
based on analysis of strontium isotope ratios from subsurface mineral and groundwater samples.
They sampled calcite lining and coating fractures from core samples drilled through both the
unsaturated and saturated zones within the vicinity of Yucca Mountain. Strontium isotopic ratios
from the mineral samples were compared to 87Sr/86Sr ratios from groundwater samples located in
the Tertiary volcanic aquifer; groundwater samples were taken from the same boreholes as the
mineral samples. Comparisons were also made with 875r/86Sr ratios of pedogenic calcite from
previous investigations. The samples tested were derived from five boreholes (UE-25 b~l,
USW G-l, USW G-2, USW G-3/GU-3, and USW G-4). The locations of these boreholes are
shown on Figure 9.4-3.

Results of the isotopic analysis indicated that calcite collected from the unsaturated zone in one
core sample (USW G2) within a vertical distance of 85 m (280 ft) above the current water table
contained distinctly lower 87Sr/86Sr ratios than samples obtained from 100 m (330 ft) or more
above the current water table. These results were compared to results from calcite samples taken
at shallower locations (Marshall et al. 1992). The shallower samples were found to have a
distribution of strontium isotope ratios that resemble those of pedogenic (i.e., formed in the soil
zone) calcite (Marshall et al. 1992, 1993) more than samples collected from below the current
water table. In general, the strontium isotope compositions from the unsaturated drill core
samples clearly separate unsaturated zone samples from saturated zone occurrences
(Figure 9.4-4). Based on their analyses, the authors concluded that the water table at the location
of the USW G-2 samples was probably situated at an elevation about 85 m (280 ft) higher than
present levels.

Strontium isotopic analytical data for over 40 samples of secondary calcite from the unsaturated
zone within the Exploratory Studies Facility (ESF), near the potential repository horizon,
indicate 87Sr/86Sr ratios suggestive of apparent mineralization at different depths within the
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unsaturated zone (Paces, Neymark et al. 1996). Subsamples of calcite obtained from the ESF at
a location 300 m (980 ft) above the current water, representing the latest (most recent) stage of
calcite formation, reveal 87Sr/86Sr isotopic ratios closely matching values measured in several
drill core samples from the upper portion of the current unsaturated zone, providing similar
evidence of an unsaturated zone origin for the ESF samples (Figure 9.4-4).

An alternative hypothesis to that of the unsaturated zone origin of calcite deposition described
above has been put forward by Szymanski (1989) and Archambeau and Price (1991). They
examined fracture-cementing carbonate and opaline silica deposits exposed when excavating an
exploratory trench (Trench 14) across Bow Ridge fault just east of Yucca Mountain
(Figure 9.4-3) and interpret these fillings as being possible evidence of ancient spring activity
and/or upwelling or thermal groundwater due to seismic activity. They postulate that the large
calcite-bearing veins seen in the fault exposed in the trench are produced by upward seismic
pumping (upwelling) of groundwater, and further infer this upwelling to have occurred over an
areally extensive area. Because Trench 14 is located several hundred meters above the elevation
of the potential repository, if this mineral formation is the result of previous upwelling of the
regional groundwater, potential reinundation of this horizon, as a result of wetter climatic
conditions, could lead to flooding of the repository. However, Quade and Cerling (1990) noted
that comparison of the stable carbon and oxygen isotopic compositions of the fracture carbonates
with those of modern soil carbonates in the same area shows that the fracture carbonates are
pedogenic in origin. This suggests they were formed from descending and percolating water,
typical of past glacial climates exposed to vegetation. The authors note that the isotopic
composition of the fracture carbonates differs from that of carbonate associated with nearby
spring deposits and, based on this evidence, conclude that the regional groundwater table
remained below the level of Trench 14 during the time that the carbonates and silica precipitated
(probably during the last 300 k.y.). Consistent with Quade and Cerling's (1990) interpretation,
Taylor and Huckins (1995) concluded that physical, chemical, mineralogical, biologic,
petrographic, and isotopic data collected at Trench 14 indicate that the calcium carbonate and
opaline silica in the veins and slope-wash alluvium exposed within and around Trench 14 are
characteristic of an environment with descending water that is exposed to a
pedogenic environment.

Quade et al. (1995) stated that from their extensive study of modern and fossil spring deposits in
the region, the carbonates and silica cements exposed in Trench 14 have no modern spring
analog. They noted that many years of field mapping and investigation failed to identify
unequivocal paleospring deposits adjacent to Yucca Mountain. They interpret the secondary
carbonate that cements much of the exposed Quaternary alluvial and eolian deposits in the area
to be calcic and petrocalcic soil carbonates, in contrast to the travertines found in Death Valley
and the groundwater micrites associated with the fine-grained paleospring deposits in this region.

9.4.2.1.3 Mineralogical Data

Welded and Nonwelded Tuffs-Bish and Vaniman (1985) noted that glass within tuffs occurs
both above and below the welded zone in the Topopah Spring Member of the Paintbrush Tuff.
They stated that "the lower nonwelded vitric zone thins and disappears to the east where
stratigraphic dip and structural displacements bring the basal Topopah Spring Member glassy
zone closer to the static water level. The vitric nonwelded material may have important
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paleohydrologic significance because the preservation of open shards and pumice made of
nonwelded glass is rare below past water levels (Hoover 1968)." The minor glass that does exist
below past zones of saturation may do so because of armoring by alteration products (Bish and
Chipera 1989). Where present, the base of the lower nonwelded vitric tuff occurs about 80 to
100 m (260 to 330 ft) above the present water table. On the basis of mineralogy, Bish and
Vaniman (1985) concluded, "the only apparent change in phase assemblage near the water table
in Yucca Mountain is the alteration of vitric tuff of Calico Hills and lower Topopah Spring
Member." The observations by Bish and Vaniman (1985) suggest that past water levels beneath
Yucca Mountain may never have been more than 100 m (330 ft) higher than the modem water
levels.

Levy (1991) reevaluated the base of the vitric tuff as a paleohydrologic indicator of structures
and uplift that occurred after devitrification. Levy noted that some of the devitrified tuff, which
occurred farthest above the current water table, was not coplanar with the water table and had
apparently formed prior to tilting of the tuffs. Thus, some of the devitrification must have
occurred more than about 12.8 Ma. Other past water table elevations must be younger and post-
date major tectonic events. The occurrence of such a stand probably cannot be dated, but might
have occurred several million to several thousand years ago. Even in the absence of a date for
the alteration, the base of the nonwelded vitric tuff shown on Bish and Vaniman's (1985) cross
sections is tens of meters to more than 100 m (330 ft) below the base of the potential repository
horizon. Thus, a possible maximum (though undated) water table stand is significantly lower
than the repository horizon under consideration.

The current water table is situated approximately 100 m (330 ft) below a glassy-zeolitic (vitric-
zeolitic) boundary in the Yucca Mountain vicinity. Levy's (1991) interpretation of the degree of
glassy zeolitization in nonwelded tuffs was based on the determination that such zeolites appear
to have been precipitated, over a 10-k.y. timeframe, at ambient temperatures in a water-rich
environment. The fact that the time required to form zeolites from glass is on the order of 10 k.y.
indicates that larger short-term fluctuations in the water table are not precluded by the elevation
of devitrified tuff.

Based on the present distribution of vitric and zeolitized nonwelded tuffs in the area, Levy
concluded that the vitric-zeolitic transition in the central-eastern part of Yucca Mountain
probably marks the highest static water level established at the mountain during the last
12.8 m.y. (about 120 m [394 ft] above the present static water level) (Levy 1991, p. 482). Levy
inferred that the static water level remained at its highest position no more than about 1.2 m.y.,
but that subsequent water levels may have existed at higher elevations than the present static
water level (about 120 m [394 ft] below the zeolitic transition in USW G-4 [Figure 9.4-3]) but
have not been any higher than 16 m (52 ft) below the zeolitic transition and perhaps no higher
than 59 m (194 ft) below the transition (adding the 43-m [141-ft] thickness of the devitrified
zone in USW H-6 to the 16-m depth of glassy tuff below the transition). This reconstruction is
applicable to central Yucca Mountain but does not extend to the vicinity of borehole USW G-2
(Figure 9.4-3) to the north because available data are insufficient to justify a northward
extrapolation.

Levy estimates that the maximum rise in the water table, for a long enough period of time to
cause devitrification, is about 60 in (200 ft). Levy determined that the highest groundwater
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levels, reached about 11.6 to 12.8 Ma, subsequently declined, and the water table at Yucca
Mountain has probably not climbed more than about 60 m (200 ft) above its current level since
that time.

As discussed in Section 5.2.2.4, Levy's (1991) interpretations were not directly applicable to the
central and southern part of the potential repository block because no data were available from
those areas at the time. Zeolitic abundance data from boreholes USW SD-7 and USW SD-12
suggest a past maximum water table rise of on the order of 106 m (348 ft) (or 45 m [148 ft] or
less based on tridymide distributions) and from borehole USW SD-12, a maximum rise of 211 m
(692 ft) (or 127 m [417 ft] or less based on the persistent presence of tridymide at depth at this
location), respectively. Based on the identified magnitude of real dispersion in the vitric-to-
zeolitic transition (over a 67-m [220-ft] interval) in borehole USW SD-12 and on the
inconsistencies between the magnitude of water table rise inferred from the zeolitic abundance
data compared to that estimated from the tridymide data, there is considerable uncertainty
associated with the interpretation of zeolitic alteration data and tridymide distribution data as
indicators of past water table elevations.

Formation of Secondary Minerals-Paces, Neymark et al. (1996) interpreted mineralogical data
derived from secondary minerals (mainly calcite and opal) in samples obtained from the ESF as
indicating that deposition of these minerals occurred under unsaturated, rather than saturated,
conditions. They inferred from textural/morphological evidence and 23OTh/U analysis in the ESF
that low-temperature mineralization occurred slowly, over extended periods of time (with
deposition over the last 400 k.y. or more). The deposits lack any evidence such as banded
travertine textures, mineralization on cavity roofs, and planar high-water marks that would be
indicative of deposition from even local zones of saturation. The deposits are associated with the
presence of air-filled cavities in the rock mass during mineral deposition. The invariable
presence of these minerals observed on fracture footwalls and cavity floors in the ESF also
indicates the strong influence of gravity on percolating unsaturated zone water in the formation
process. The cumulative evidence from the secondary mineral deposits is interpreted as being
compatible with a formation mechanism for these deposits involving water moving down
fractures as sheets or films that drip into open cavities above the groundwater table within which
slow growth of the deposits occurs.

Data on the distribution and ages of secondary calcite and opal deposits in the ESF do not
provide an indication that deposition rates of these minerals varied greatly during wetter past
climatic intervals, even though higher water tables throughout the region reflected greater
recharge during pluvial conditions. Paces, Neymark et al. (1996) concluded that the available
data are consistent with the assertion that deposition of secondary minerals deep in the
unsaturated zone, including deposition within the ESF horizon, may have been relatively
constant throughout the last several thousand years. Forester et al. (1996, p. 56) noted the higher
water tables that existed throughout the region and at Yucca Mountain during the last and
penultimate glacial cycles, as evidenced by the regional paleo-spring deposit data, did not appear
to translate to greater rates of unsaturated zone mineralization at the potential repository horizon

Paces et al. (1999) and Paces, Neymark et al. (1996) interpret the spatial distributions and
mineral textures of calcite and opal deposits lining cavities in 12.7-Ma welded tuffs at Yucca
Mountain to be consistent with slow deposition of these deposits in the unsaturated zone from
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thin films of descending fracture water at sites where solutions lose carbon dioxide and water
vapor to an independently migrating gas phase. The authors note that geothermal gradients
through a thick vadose zone would tend to favor convective migration of a gas phase upward.
from as deep as the water table, provided connected pathways are present . They conclude that
the available mineral age data imply that processes of calcite and opal deposition from fracture
flow occurred extremely slowly and uniformly over very long time periods (10 to 100 k.y.). On
a longer time scale, uranium-lead ages for interior (older, or early-stage) layers of opal and
chalcedony range from 0.5 to 10 m.y., and uranium-lead ages from successively older layers
within individual coatings yield deposition rates that vary by less than a factor of two over the
past 8 m.y. Paces et al. (1999) concluded that the uniform mineral growth rates indicate that the
long-term liquid/gas flow system in deep unsaturated zone fractures at Yucca Mountain did not
vary substantially despite a major shift in Tertiary to Quaternary climatic conditions and repeated
Pleistocene climate fluctuations that occurred throughout the region.

Fluid Inclusion Evidence of Mineralization under Unsaturated Conditions-On the basis of
studies of fluid inclusions within the calcites from subsurface drill core samples obtained from
the present unsaturated zone, Roedder et al. (1994) indicated these are "low-temperature"
minerals. Roedder et al. noted that most inclusions are fluid only, thereby demonstrating that
calcite had formed at temperatures less than 60 to I000 C. The few two-phase inclusions contain
either carbon dioxide (CO2 ) and/or methane (CH4 ). Roedder et al. (1994) indicated that the
presence of the latter suggests very low, perhaps near-surface, temperatures. Crushing of the
fluid inclusions shows that they formed at low (essentially atmospheric) pressures. Had they
formed under water-saturated conditions with saturation existing all the way to the ground
surface, the overlying* fluid pressures would have generated as much as 3,039 kPa
(30 atmospheres) of pressure for the deepest sample investigated. The authors reported that
calcite formed in the unsaturated zone has fluid inclusions that are typically single-phase, and
either all-liquid or all-vapor, indicative of entrapment in an unsaturated zone setting.

Fluid inclusion studies of secondary calcite deposits from the ESF indicate that the largely gas-
phase inclusions in early calcite have gas compositions dominated by methane (Paces, Neymark
et al. (1996, p. 26). These authors observed that high methane concentrations and/or a thermal
event provide possible explanations for enriched 813C values in early calcite, noting that methane
is strongly depleted in 1 3C with respect to calcite. They concluded that the fluid inclusion data
are consistent with a thermal event that evolved methane-rich (possibly C0 2-rich as well) gases
from the saturated zone groundwaters, which then mixed and equilibrated with the downward
percolating fluids in the overlying unsaturated zone. The temperature and pressure data from the
fluid inclusions argue against any kind of spring-like water upwelling origin for the calcites.
Fluid inclusions from the unsaturated zone are in equilibrium with the host rocks. Upwelling
waters do not equilibrate with the surrounding rock. This is demonstrated by the abundant warm
springs in Ash Meadows (Dudley and Larson 1976) and Oasis Valley (White 1979).
Furthermore, any spring-like origin would result in deep calcites forming at high pressures,
which is not observed.

Fluid Inclusion Evidence of Mineralization under Saturated Conditions-Whelan et al.
(1998) indicated that, in contrast to secondary minerals deposited under unsaturated zone
conditions, most saturated zone secondary calcite mineralization appears to have formed during a
moderate-temperature alteration event that introduced heated Paleozoic groundwater into the
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deeper tuff section with relatively low 6 '3C values (0 ± 2 percent) (Whelan et al. 1994). Whelan
et al. further indicate that potassium-argon ages of this alteration event average 10.4 Ma, and are
consistent with the timing of the Timber Mountain caldera formation.

Some fluid inclusions found in mineral deposits at Yucca Mountain provide evidence of the past
presence of fluids at elevated temperatures (at least 720C) in the vicinity of the repository
(NRC 1998, p. 126). Isotopic compositions of early-stage calcite are consistent with
temperatures of formation for the early calcite slightly higher than temperatures characteristic of
the modem-day geothermal gradient (i.e., temperatures of about 60 to 70 0C, as opposed to 30 to
40'C) (Paces, Neymark et al. 1996, p. 26).

As described in Section 9.4.2.1.2, the potential for upwelling of heated
groundwater/hydrothermal fluids at Yucca Mountain has been the subject of some debate. The
question of the timing of the past presence of fluids at elevated temperatures in the vicinity of the
potential repository was recently addressed in a review report prepared by the U.S. Nuclear
Waste Technical Review Board (NWTRB 1998). The presence of fluid inclusions indicating
former elevated temperatures (e.g., greater than 720 C) could be an indicator of some degree of
past hydrothermal activity; however, data confirming the age of these fluid inclusions are not
currently available. The U.S. Nuclear Waste Technical Review Board indicated that if such
fluids were present 100 ka or more recently, this could lend credence to the hypotheses of
ongoing hydrothermal activity at Yucca Mountain. However, the board concluded that if these
fluids were present on the order of 1O Ma or earlier in time, they could be associated with
volcanic events related to the original formation of Yucca Mountain and would have no bearing
on the hypotheses of ongoing hydrothermal activity (NWTRB 1998, pp. 2 to 3).

In their report, the U.S. Nuclear Waste Technical Review Board (NWTRB 1998, pp. 2 to 3)
concluded from their review of 11 reports prepared by Szymanski, Dublyansky and Szymanski,
and others purporting to support the upwelling water model that the data and interpretations
presented in these reviewed reports lent little credence to the hypothesis of ongoing, intermittent,
hydrothermal activity at Yucca Mountain. They concluded that the fluid inclusion data presented
in some of these reports potentially represented the most important type of data for possibly
substantiating the hydrothermal hypothesis. However, they noted that the fluid inclusion data
were limited, poorly documented, and indirect, especially data relating to the ages of the fluid
inclusions. To further document the ages of fluid inclusions for which an elevated temperature
of deposition was indicated, the Board recommended that a study be conducted to collect, age-
date, and analyze fluid inclusions. In response to the Board's recommendation,
a U.S. Department of Energy-funded investigation of fluid inclusions has been initiated and
is ongoing.

Dublyansky (1999) interpreted results of his study of primary all-liquid and liquid-vapor fluid
inclusions obtained from the open-space calcite-opal crusts from the ESF above and at the
potential repository horizon to indicate that calcite formation occurred in a saturated environment
from aqueous fluid with elevated temperatures. Dublyansky reported that the vast majority of
the 22 samples studied were consistent with homogenization temperatures between 35 to 450C
and that homogenization temperatures between 55 to 850C were identified in the three other
samples. The author further reported that all 22 samples studied contained abundant all-liquid
inclusions and 13 samples contained two-phase liquid-vapor inclusions. Results of Raman-
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microprobe analysis of large (20 to 120 pin) near-isometric all-gas inclusions were interpreted by
Dublyansky (1999) as indicating that the all-gas inclusions occurred independently of the liquid-
dominated ones. He interpreted the spectra for the all-gas inclusions as indicating the possible
presence of aromatic hydrocarbons. Noting that such heavy hydrocarbons are not typical of the
vadose zone atmosphere, Dublyansky postulated some link with natural gas or oil occurrences.
Dublyansky further postulated that the inferred aromatic hydrocarbons may have been derived
from ascending (thermal) fluids from Paleozoic limestone underlying the Miocene rhyolitic tuffs
of Yucca Mountain. This limestone is known to have moderate potential for natural gas.
Dublyansky's (1999) published interpretations do not include any discussion regarding either the
age of the fluid inclusions analyzed or any inferences regarding the age or timing for past influx
of the hypothesized ascending thermnal hydrocarbon-bearing fluids.

9.4.2.2 Other Evidence

Packrat Middens-Spaulding (1994, 1997) documented the existence of a set of ancient packrat
middens in the middle reaches of Fortymile Canyon, approximately 12 km (7.4 mi.) northeast of
Yucca Mountain. One midden site, designated the FMC-7 site, is located near the confluence of
Pah Canyon with Fortymile Canyon, about 460 m (1,510 ft) north of the UE-29 UZN#91
groundwater well. The present water table at this location is shallow (about 30 m [98 ft] deep),
at an elevation of approximately 1,185 m (3,890 ft) above mean sea level. Two assemblages
from this site were age-dated using radiocarbon dating at more than 52 ka and 472 ± 3 ka
(Spaulding 1997, p. 1).

The FMC-7 site contains specific plant species (willow, wild rose, and knotweed) preserved in
the packrat midden that are indicative of damp soil conditions and the presence of a nearby
former water table. Spaulding noted that, although a spring source for the former saturated site
conditions could not be ruled out based on hydrologic evidence, the presence of remains of
arroyo bursage (Ambrosia acanthicarpa) at this site, which is restricted to the sandy, disturbed
floors of washes and does not occur near springs, argues for the existence of a nearby former
water table. Using the observed height difference of 55 m (180 ft) between the Fortymile
Canyon thalweg and the elevation of the midden site, Spaulding inferred that an additional
accumulation of about 25 m (82 ft) of saturated alluvium was needed to bring riparian habitat to
within 30 vertical m (98. ft) of the site. Based on this information, he estimated a minimum
previous water table elevation of 1,235 m (4,050 ft) corresponding to the site. Based on the
midden location, current groundwater table elevations in the area, and the plant species
identified, and taking into account estimated magnitudes of geomorphic changes that have
occurred in this part of the canyon area since the time the midden was formed, Spaulding (1997)
estimated that the water table was formerly a minimum of about 50 m (160 ft) higher at this
location and could have been a maximum of about 80 m (260 ft) higher during early to middle
Wisconsin time. Therefore, the FMC-7 packrat midden site provides evidence for a former water
table elevation at least 50 m (160 ft), but probably no more than 80 m (260 ft), higher than
current groundwater levels at the midden site at the time it was deposited.

Current and Past Lake Elevations-Another climate-associated feature that can be related to a
decline of the regional water table is the decline in the level of Lake Manly, a Pleistocene lake
that filled Death Valley to about 120 m (394 ft) above sea level (Hunt and Mabey 1966). During
the latest Quaternary, pluvial Lake Manly and other lake stands of Death Valley were .the end
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points for surface waters from the Mojave River, flowing through the Mojave Desert, and the
Amargosa River. In addition, these lake stands received groundwater discharging from a
regional carbonate aquifer whose recharge area includes the Spring Mountains (Anderson 1999).
With the subsequent drying of the lake, the groundwater base level in Death Valley would have
declined.

The age of Lake Manly is the subject of continuing study. Hale (1985) suggested that Lake
Manly is perhaps of early- to mid-Pleistocene age. Four cores tested in 1999 that were taken
from southern Death Valley within the inferred boundaries of Lake Manly yielded uncalibrated
14C ages ranging from about 45 to 10 ka (Anderson 1999). Anderson (1999) notes the possibility
of slight contamination of the sample age dated at 45 ka, and indicates that sediment character
and radiocarbon ages of the four dated cores suggest the presence of more than one lake event
between 35 and 10 ka. She correlated certain inferred Death Valley Basin lake-filling events
with other regional paleohydrologic events, including Lake Mojave I, Lake Mojave II, and Lake
Dumont II, all former lacustrine features within the Mojave River drainage.

9.4.2.3 Summary of Field and Other Empirical Evidence Pertaining to Past Water
Table Elevations

Investigators have used a number of lines of evidence to infer that the regional groundwater table
in the Yucca Mountain region was present at higher elevations during various times in the past.
The large majority of investigators interpret isotopic, morphological, and texture data for
secondary calcite minerals found above the current water table as being consistent with a vadose
zone origin for secondary calcites. As described in Section 9.4.2.1.2, the only exception to this
interpretation was found in four samples of secondary calcite obtained from borehole USW G-2;
samples were taken from the lowermost 85 m (280 ft) of the current unsaturated zone. Some
investigators interpret this secondary calcite, based on strontium isotopic data, as having a
saturated zone origin.

Stable isotopic data from carbonates from paleodischarge sites and mineralogical data for
calcites from above the current water table do not preclude possible higher stands of the water
table in the past. In fact, Whelan et al. (1994) report microscopic dissolution textures in some
calcite samples obtained from the vadose zone, typically in the form of dissolution unconformity
surfaces separating different stages of calcite crystallization, which demonstrates that infiltrating
waters at the deposition location may have been either saturated or undersaturated with respect to
calcite at different times. Whelan et al. (1998), citing earlier work by Benson and McKinley
(1985) as indicating that modem groundwaters hosted by Tertiary tuff aquifers beneath Yucca
Mountain are undersaturated with respect to calcite, noted that dissolution of calcite by these
groundwaters may account for the current scarcity of calcite occurrences observed in the upper
300 m (980 ft) of the current saturated zone. They also conclude that the very low abundance of
calcite in the lower 100 m (330 ft) of the current unsaturated zone could reflect either calcite
dissolution during past high water table stands or calcium loss (and calcite undersaturation of
unsaturated zone percolation waters) through cation exchange.

A variety of techniques have been used and analyses performed to estimate the height to which
the water table in the Yucca Mountain vicinity and surrounding region might have risen at
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different locations during the past. Table 9.4-1 summarizes the extent of former water table rise
that has been estimated by various investigators for various locations.

9.4.3 Numerical Models as Predictors of Water Table Elevations Given Future Climate
Assumptions

A number of investigators have conducted modeling simulations to evaluate the effects of past
and hypothetical future changes in climate on the height of the water table in the Yucca
Mountain region. This section describes and summarizes the results of these simulations.

Czarnecki (1984) evaluated the effects of increased recharge on the groundwater system in the
vicinity of Yucca Mountain using a two-dimensional finite-element groundwater flow model of
the region. Czarnecki specifically addressed how increased recharge rates, based on a future
conceptual climate model that assumes increased precipitation (similar to past pluvial
conditions), would affect future water table elevations beneath Yucca Mountain. As a baseline
assumption, and in order to simulate the increased recharge regime, Czarnecki assumed a
maximum increase in precipitation of 100 percent compared to modem-day annual average
precipitation levels. Czarnecki's assumption of a 100 percent increase in precipitation was based
on previous investigations performed by Spaulding et al. (1984), who estimated that after about
12 to 9 ka, increased (pluvial) precipitation may have caused average annual precipitation to be
more that 100 percent greater than present precipitation. Czarnecki assumed no flow boundaries,
coincident with current groundwater divides and streamlines. Recharge and discharge
boundaries employed in the model were consistent with current recharge/discharge boundaries.
Input parameters and initial conditions for the model were primarily developed based on
previous investigations (Czarnecki and Waddell 1984) in order to derive a baseline
potentiometric surface (current water table levels). The model was used to examine the change
in the water table levels from the baseline given the modifications to recharge rates. Results
from Czarnecki's model showed a maximum increase in water table elevation of about 130 rn
(426 fit) beneath the site of the potential repository. This model may be considered conservative
for a number of reasons. First, a 100 percent increase in precipitation during pluvial periods was
assumed, resulting in a 15-fold increase in recharge from the estimated modem rate of
0.5 mm/yr. to an increased simulated rate of about 8 mrnm/yr. at Yucca Mountain. Czarnecki
acknowledged that this recharge rate is probably too high. Second, half of the calculated
recharge flux in the model was applied directly east of the potential repository site, along a
segment of Fortymile Wash. This is consistent with the proposal of Claassen (1985) that
Fortymile Wash is a recharge area under wetter climatic conditions. The flux at Fortymile Wash
causes about 75 percent of the computed water table rise of 130 m (426 ft). Czarnecki noted,
however, that under a 100 percent increase in precipitation, large quantities of runoff might flow
away from the area down Fortymile Wash and other drainage ways. This would decrease the
effective groundwater recharge to less than the calculated values.

Certain nonconservative assumptions were adopted in the model that might have limited the
predicted extent of the water table rise. First, recharge into Fortymile Wash was limited to the
main stream channel near Yucca Mountain. If recharge had been included along the full length
of Fortymile Wash and its tributaries, which extend beyond the town of Amargosa Valley, the
water table might have risen to higher elevations. Second, assigning a discharge boundary
southeast of the town of Amargosa Valley helped to limit the water table rise beneath the
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primary potential repository area. If this discharge area was reduced in size, assuming more
limited hydraulic conductivities of the discharge area formations, the simulated water table rise
might be greater. Third, if the groundwater system was still equilibrating to recharge that may
have occurred 10 to 20 ka, then the values of transmissivity used in the model by Czarnecki
might be too high. Use of smaller, rather than larger, transmissivities in the recharge simulations
would produce a greater water table rise.

Another flow model was developed by Ahola and Sagar (1992), who used a regional
groundwater flow model for the Yucca Mountain area to assess the effects of various postulated
conditions on the height of the water table. Their simulations included an evaluation of the
effect of a wetter climate on the water table elevation. To simulate baseline conditions, they
adopted present boundary and initial conditions to derive a steady sate solution. To simulate this
wetter climate regime, they evaluated the effect of a hypothetical 10-fold increase in
groundwater recharge (as a result of a 10-fold increase in precipitation levels) occurring within
an area of enhanced recharge located in the Yucca Mountain area and within Fortymile Wash.
Simulation results indicated that the water table might rise about 75 to 100 m (246 to 330 ft).
The authors noted this model was preliminary, requiring adoption of interpolated data based on
previous calibrated models. At the time of printing, this regional model had not been fully
calibrated.

D'Agnese et al. (1999) performed modeling simulations to assess the potential effects of future
climate changes on the regional groundwater flow system in the Death Valley region. The model
was calibrated by assuming past pluvial conditions to derive known paleo-and current discharge
regions. They assumed a pluvial climatic regime representative of a full glacial condition (21 ka)
as their initial condition. An initial simulation based on this assumed past-climatic condition was
evaluated by comparing the results of the simulation to observed paleodischarge sites around the
region. This allowed the climate model to be validated. The cooler and wetter conditions
present during the past 21-k.y. period were also considered to represent a reasonable potential
wet climate that could occur in the future during the operational life of the potential repository
(D'Agnese et al. 1999, p. 4).

A second simulation was performed where recharge to the Death Valley regional groundwater
flow system was increased assuming a future climate that is wetter and warmer due to increased
CO2 concentrations. The authors assumed future increases in CO2 concentrations would produce
wetter climates, which served as their rationale for increasing recharge rates in this future-
climate simulation.

In each of the above simulations, the changes in climatic conditions were simulated by changing
the distribution and rates of groundwater recharge over the model grid. Average annual
precipitation maps for both past-climate and future-climate scenarios were reassigned to the
model grid resolution. Results of two climate-change simulations were evaluated through
analyses of simulated discharge areas, water-level changes, potentiometric surface
configurations, and water budgets. The simulation for the past climate at 21 ka was estimated to
have increased recharge five-fold, which led to an increase in elevation of the potentiometric
surface near Yucca Mountain between approximately 60 and 150 m (200 and 490 ft).
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For the past-climatic condition, the most substantial water-level rises in the Yucca Mountain area
occurred to the north and northeast of Yucca Mountain in the Timber and Shoshone mountain
areas. The model predicted enough groundwater in the system to maintain paleolake levels in
the northern parts of the model domain and at Lake Manly in Death Valley. Groundwater
discharge occurred at most of the observed paleodischarge sites, which indicated that the
recharge distribution used in the simulation generally was valid. Higher water table levels
predicted to occur between Rainier Mesa and Yucca Flat north of Yucca Mountain increased the
areal extent of the present-day large hydraulic gradient in this area. The steepness of the large
hydraulic gradient was predicted to become more pronounced; however, the large gradient
appeared to remain fixed (i.e., it did not migrate southward toward the potential repository block)
(D'Agnese et al. 1999, p. 27). Under these extremely wet conditions, simulated water levels in
the vicinity of Yucca Mountain may rise between 60 and 150 m (200 and 490 ft) (Figure 9.4-5).

Under simulated future-climate conditions, recharge both increased and decreased throughout the
model domain. The configuration of the simulated potentiometric surface changed only slightly
relative to simulated present-day conditions to indicate depressions at discharging playas.
Simulated discharge to these playas, however, was not as great as during the full-glacial (past)
climate, and perennial lakes probably were not supported at these locations. Simulated discharge
under global-warming conditions increased over present-day discharge at Ash Meadows, Oasis
Valley, and Death Valley. Under future-climate conditions, large hydraulic gradients were
maintained and enhanced in some areas. Simulated recharge throughout the modeled area
increased by a factor of about 1.8 compared to simulated present-day recharge levels, causing the
water table beneath the potential repository to rise about 50 m (160 ft) (Figure 9.4-6).

Limitations in the Use of Numerical Models-There are always some limitations in evaluating
the effects of climate change on regional groundwater flow systems when using numerical
models. These limitations are described in detail by D'Agnese et al. (1999). Those relevant in
predicting future water table elevations are:

. The predictive'simulations can be no more accurate than the present-day, steady-state
regional groundwater flow model on which they are based.

* Paleohydrologic evidence is critical to the validity of the assumptions, and this evidence,
including evidence of past-discharge areas, is subject to interpretation.

* The size of the model grid from which the average annual precipitation distributions for
past-climate and future-climate conditions were extracted was greater than the size of
the grid required for the regional groundwater flow model.

Based on the above considerations, the simulated effects of climate change should be considered
conceptual in nature and should be used only to describe potential impacts to the regional
groundwater flow system relative to the present-day conditions.

Table 9.4-2 presents a summary of the estimated amounts of water table rise predicted to occur
in the regional groundwater table by various groundwater modelers in response to past glacial
and hypothetical future wetter climate conditions.
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9.4.4 Effects of Seismic Events on the Groundwater Flow System

Various investigators (e.g., Carrigan et al. 1991; National Research Council 1992; O'Brien 1993;
La Camera and Westenburg 1994; Davies and Archambeau 1997) have compiled data relevant to
the effects of earthquakes on groundwater levels and have evaluated the potential for earthquakes
to produce changes in regional groundwater levels in the Yucca Mountain region. Modeling
simulations conducted to evaluate this issue are presented in this section, along with water level
data that provide insight on the effects that historical regional earthquakes have had on
groundwater levels.

9.4.4.1 Modeling of Seismic (Hydrotectonic) Effects on the Water Table

A number of investigators have evaluated the possible effects of an earthquake on the water table
elevation in the area of Yucca Mountain. Key investigators have included Carrigan et al. (1991),
the National Research Council (1992), Cook and Kemeny (1991), and Bredehoeft (1992).

Carrigan et al. (1991) investigated the potential for seismic events to cause changes in the water
table elevation near a fault at the potential repository site at Yucca Mountain. The investigation
included the use of numerical simulations to model strain-induced changes in the elevation of the
deep water table. The investigations focused on evaluating the response of the water table as a
free surface to elastic crustal deformation resulting from constant displacement or slip along a
normal fault. The model included the existence of an unsaturated zone above the groundwater
surface to permit free excursions of the water table zone to be evaluated. The simulations
employed a two-dimensional elastic boundary element model of the Earth's crust to determine
the pore-pressure distribution following a seismic event. A maximum moment magnitude of
6.5 was estimated for earthquakes that have occurred on the types of faults modeled in the
investigation. A plausible fault-patch model, in which local variations of fault slips, bends,
offsets, or blocked patches are assumed to occur, was adopted for purposes of the modeling.
This assumption maximizes strain concentrations to produce the largest possible hydrologic
effects. Displacement was also assumed to be very rapid on the fault so that volumetric strains
would be established before groundwater began to flow.

Carrigan's team estimated that earthquakes typical of the Basin and Range province would
produce 2- to 3-mn (6.6- to 9.8-ft) excursions in a water table that is 500 m (1,640 ft) below the
land surface. For the assumed magnitude 6.5 earthquake, a maximum water table rise of about
8 m (26 ft) was predicted. In the absence of anisotropic conditions, the authors found the
strongest flows to be horizontally and not vertically oriented. For a modeled case wherein
vertical channeling in a fracture (i.e., a local vertical-to-horizontal permeability enhancement
factor of up to 1,000) was conservatively assumed to occur, the maximum water table rise was
predicted to be only on the order of 12 m (39 ft). For a hypothetical large magnitude earthquake
(magnitude 8), an extrapolation of the modeling results could create a temporary 17-m (56-ft)
rise of the water table near the fault.

A National Research Council (1992) panel applied a preliminary evaluation of earthquake
probabilities to Yucca Mountain using estimated slip rates for identified and suspected active
normal fault or normal-oblique faults in the region, and developed estimates of changes in the
water table that could be induced by hypothetical magnitude 6.5 to 7 earthquakes on these faults.
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The 10 faults considered in the analysis (National Research Council 1992, Table 5.2), which are
depicted on Figure 9.4-7, are:

* Windy Wash fault
* Faulted Zone 1
. Fatigue Wash fault
• Solitario Canyon fault
• Ghost Dance-Abandoned Wash fault
* Faulted Zone 2
. Faulted Zone 3
* Bow Ridge fault
* Faulted Zone 4
. Paintbrush Canyon fault.

Based on this modeling, a review of modeling done by others, and the historical record,
the National Research Council (1992, p. 124) determined that changes in the water table induced
by earthquakes are likely to be small; however, the panel stated that larger changes could not be
ruled out, given uncertainties in rock properties at the site. The panel concluded that:

while there are specific uncertainties in current interpretations because site
specific data are not available, the panel concludes that there is nevertheless
sufficient confidence in the aseismicity of the site and in the inability of
earthquakes to generate large water table changes at the site, to warrant further
characterization of the site to determine its suitability for a mined geologic
disposal site (National Research Council 1992, p. 124).

Cook and Kemeny (1991) analyzed regional changes in stress in the deep crustal rocks
accompanying a hypothetical earthquake occurring in the Yucca Mountain area. They used a
poro-elastic analysis based primarily on the elastic properties of the rocks. The analysis assumed
a 10,342-kPa drop in the regional shear stress accompanying the earthquake, and a 7 percent
unsaturated zone porosity. Results of their analysis indicated an estimated water table rise of
about 10 m (33 ft) in response to such an earthquake. Using a regional stress change model
similar to the one used by Cook and Kemeny (1991), the National Research Council conducted
an independent analysis to assess the regional change in stress in deep crustal rocks that
accompany a nearby earthquake. The panel estimated a potential temporary water table rise of
about 20 m (66 ft), assuming a 1 percent unsaturated porosity and a ratio of unsaturated to
saturated hydraulic conductivity of 0.66 (National Research Council 1992, p. 115). The National
Research Council (1992) reported that both its analysis and that of Cook and Kemeny (1991)
were sensitive to the moisture content above the water table, as well as to the amount of stress
change and the compressibility of the whole rock versus the compressibility of the individual
rocks making up the rock. Noting that lower values of. assumed porosity would increase the
amount of hydrologic response of the water table to an earthquake, the National Research
Council estimated that Cook and Kemeny would have estimated a water table rise of about 70 m
(230 ft), rather than 10 m (33 ft), had they used an unsaturated zone porosity value of 1 percent
(as assumed by the National Research Council), rather than 7 percent. Bredehoeft (1992), using
a rock dislocation strain model, evaluated the order-of-magnitude effects of a magnitude
6 earthquake on the water table beneath Yucca Mountain. Bredehoeft assumed a normal
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displacement of 1 m (3.3 ft) along a 30-km (I9-mi.)-long fault plane, dipping 600 to the vertical,
and extending to a depth of 10 km (6.2 mi.). Bredehoeft also assumed that the rock just above
the water table is 99 percent saturated and that 500 m (1,640 ft) of saturated tuffaceous rock
overlies Paleozoic rock to a depth of 17 km (11 mi.) beneath Yucca Mountain. Results of this
simulation indicate a rise of about 1 m (3.3 ft) in the height of the water table near the site of the
potential repository (Bredehoeft 1992, p. 222).

Szymanski (1989) and, more recently, Davies and Archambeau (1997) developed alternative
interpretations regarding the magnitude of potential hydrologic effects that might be associated
with earthquakes. They attributed the existence of the large hydraulic gradient in the water table
near Yucca Mountain to a difference in rock permeabilities between a zone lying close to and
parallel with the region of the large hydraulic gradient, and surrounding the core of the Timber
Mountain Caldera, and areas located south of the large hydraulic gradient, in the vicinity of the
potential repository (Davies and Archambeau 1997, p. 23). They attributed this difference in
rock permeabilities to the presence of different stress regimes in the rocks underlying these two
areas, with the northward zone having relatively lower permeabilities created as a result of the
existence of relatively higher levels of fracture-closing crustal stress (least principal stress)
within a 10- to 20-km (6.2- to 12.4-mi.)-wide zone comprising that zone. They postulate that a
change in the magnitude or orientation of the tectonic stresses in the rock within the area of the
large hydraulic gradient could produce a rapid change in the dilatation of fractures, resulting in
changes in the rate of fluid flow through fractures. Zones nearly impervious to flow could result
when fractures are closed; highly permeable zones could result when fractures are open.

Based on their examination of the fault orientation and distribution north and south of the large
hydraulic gradient, Davies and Archambeau (1997), using an analytical modeling approach,
modeled the effects of a hypothetical moderate (magnitude 5 to 6) earthquake occurring
immediately south of the large hydraulic gradient at the north end of Yucca Mountain, on the
Bow Ridge Canyon fault, on the stress and strain fields in rock in the Yucca Mountain area.
Combining these simulated earthquake-induced changes in the stress and strain fields coupled
with concomittent change in hydraulic conductivity, they predict that the water table below
Yucca Mountain could rise on the order of 150 m (490 ft) as a result of such an event. They also
modeled the possible effects of an earthquake of magnitude somewhat greater than 6, having a
length of 15 km (9.3 mi.), on the Bow Ridge fault. Using arguments similar to those used in the
moderate earthquake simulation, they predict a water table rise of about 250 m (820 ft) below the
potential repository.

In their simulations, Davies and Archambeau (1997) used fracture-opening pressures deduced
from slug-injection tests in boreholes at Yucca Mountain, including data for at least two
boreholes (USW G-1 and USW G-2; Figure 9.4-3) that were not tested by the slug-test
technique. However, USW G-1 and USW G-2 were among the holes in which in situ stress and
the orientation of least principal stress were determined by the production and testing of new
fractures by controlled hydraulic fracturing, with the induced fractures observed by acoustic
televiewer (Stock and Healy 1988). These results, and an earlier compilation of regional-stress
characteristics by hydraulic fracturing and other techniques (Stock et al. 1985), do not support
the assignment by Szymanski (1989) and Davies and Archambeau (1997) of different stress
regimes to areas within and south of the large hydraulic gradient.
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Carrigan et al. (1991) noted that their model-predicted earthquake-induced water table rises
compare reasonably well with observed water table excursions associated with earthquakes at
other locations. They noted, for example, that the 1954 Dixie Valley-Fairview Peak, Nevada,
earthquake (magnitude 7) produced water table excursions of about 1 to 3 m (3.3 to 9.8 ft), citing
work done by Raney (1988). They also noted that the 1983 Borah Peak, Idaho, earthquake
(magnitude 7.3) caused local water table elevation increases of about 4 m (1.3 ft), citing a report
by Dudley (1990). Recent data obtained from groundwater monitoring wells in the vicinity of
Yucca Mountain during and following the magnitude 7.5 June 28, 1992, earthquake at Landers,
California, (296 km [184 mi.] from the Yucca Mountain area), the magnitude 6.6 Big Bear,
California, earthquake (298 km [1 85 mi.] from the Yucca Mountain area), and the magnitude 5.6
June 29, 1992, earthquake at Little Skull Mountain (in southern Jackass Flats southeast of Yucca
Mountain) show relatively small excursions (e.g., less than about 1 to 2 m [3.3 to 6.6 ft]) of the
water table in response to these earthquakes. These data tend to further corroborate the above
model-predicted earthquake-induced water table response magnitudes. Documented local water
table responses to previous earthquakes in the Yucca Mountain area are discussed in greater
detail in Section 9.4.4.3.

In a related investigation, the National Research Council (1992) also evaluated the possibility of
volcanic processes causing a perturbation of the water table in the Yucca Mountain area. In
assessing the likelihood of different categories of volcanic events occurring in the vicinity in the
future, the panel determined that the only likely style of volcanic intrusion into the Yucca
Mountain area during the lifetime of the potential repository would be a low-volume basaltic
dike (National Research Council 1992, p. 136). This type of volcanism was deemed to be
consistent with the change to extensional tectonics that occurred in the region subsequent to the
predominantly explosive silicic type of volcanism that had occurred during the Tertiary period.
The panel postulated a hypothetical 2- to 4-m (6.6- to 13-ft)-wide basaltic dike intruding to
within 1 km (0.62 mi.) below the potential repository horizon. Given this scenario, the panel
estimated rises of the water table of less than 10 m (33 ft) based on modeling of poro-elastic
effects, and 12 to 14 m (39 to 46 ft) based on modeling of thermal effects.

Summary of Model-Predicted Impacts of Seismic Events on Water Table-Table 9.4-3
summarizes the results of previous modeling of hydrotectonic effects of an earthquake on the
water table at Yucca Mountain. As shown in Table 9.4-3, with the one exception of the much
higher model-predicted magnitudes of water table rise developed by Davies and Archarnbeau
(1997), the amount of water table rise predicted to occur based on these simulations of
earthquake effects is on the order of 20 m (66 ft) or less.

9.4.4.2 Expert Elicitation Opinions Regarding Potential for Seismic Effects

The U.S. Department of Energy expert elicitation team was also asked to present its opinions
regarding the potential for seismic events to induce changes in the regional groundwater table
elevation. The experts concluded that changes to the water table resulting from a seismic event
would not be significant and would not be long-lived (CRWMS M&O 1998). The team noted
that a perturbation in the stress field could be caused by such a seismic event and that such a
perturbation could produce a short-lived spike of higher fluid pressures within confined aquifers.
It was concluded that such short-term changes to the water table would not cause a significant
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transfer of water to occur in the aquifer; therefore, seismic events would not likely cause long-
term changes in water table elevations.

9.4.4.3 Documented Earthquake-Induced Water Table Fluctuations

Historical regional earthquakes have been observed to cause simultaneous water-level
fluctuations in several groundwater monitoring wells located within the Yucca Mountain
vicinity. On June 28, 1992, two earthquakes occurred, the first near Landers, California (296 km
[184 mi.] from the Yucca Mountain area) with a magnitude of 7.5, and the second near Big Bear,
California (298 km [185 mi.] from the Yucca Mountain area), with a magnitude of 6.6 (O'Brien
1993, Figure 1, Table 1). On June 29, 1992, one earthquake occurred at Little Skull Mountain,
Nevada (located in southern Jackass Flats southeast of Yucca Mountain), with a magnitude of
5.6 (O'Brien 1993, Figure 1, Table 1). Two observation wells at Yucca Mountain, USW H-5
and USW H-6, were monitored continuously at that time, producing detailed records of effects of
the seismic ground motion on the water levels (upper intervals) and on fluid pressures (lower
intervals) in both wells. The effects of the June 28 California earthquakes are shown at the same
scales on Figure 9.4-8 for USW H-5 and on Figure 9.4-9 for USW H-6.

The confined pressure responses to all three earthquakes in the lower intervals of both wells
exceeded the recording scales, although only slightly for the Little Skull Mountain earthquake at
USW H-5. O'Brien (1993, p. 7) explains that the apparent sustained pressure decrease at
USW H-6 resulted from the packer being pushed up the hole by the pressure surge and that
pressure in the monitored zone returned to normal when the packer was reset. For the Landers,
Big Bear Lake, and Little Skull Mountain earthquakes, respectively, O'Brien (1993, p. 8)
estimates that the double-amplitude pressure responses in USW H-5 were 1.5, 1.0, and 0.6 m
(4.9, 3.3, and 2 ft) and that the responses in USW H-6 were 2.2, 1.4, and 1.1 m (7.2, 4.6, and
3.6 ft). Water-level responses in the upper intervals to the three earthquakes were estimated or
measured as 0.9, 0.2, and 0.4 m (2.95, 0.66, and 1.3 ft) in USW H-5 and as 0.6, 0.06, and 0.22 m
(2, 0.2, and 0.72 ft) in USW H-6. The pressure recordings from the lower intervals provide the
better record of the relative effects of the three earthquakes on crustal dilitation at Yucca
Mountain. Borehole construction and rock-mass hydraulic characteristics near the boreholes
strongly influence the water-level responses observed in the upper intervals.

O'Brien (1993, p. 1) also reported that these three earthquakes caused short-term responses in
17 depth intervals of 14 wells being monitored hourly. Long-term effects on water-level
fluctuations from the June 28 to 29, 1992, earthquakes are thought to have occurred in wells
UE-25 WT#4, UE-25 WT#6, UE-25p #1, and USW WT-l 1 (Graves et al. 1997, pp. 59, 61)
(Figure 9.4-10). These effects are:

In well UE-25 WT#4, the water-level rose about 0.25 m (0.82 ft) (from 730.92 m
[2,398 ft] above mean sea level on June 25, to 731.17 m [2,398.9 ft] above mean sea
level on July 15, 1992) and then returned back to a water level consistent with levels
prior to the earthquakes (730.83 m [2,397.7 ft] above mean sea level, August 10, 1992).
This complete cycle of water-level fluctuation occurred within about 42 days of the
earthquakes. (Because the measurements for well UE-25 WT#4 during this time were
periodic, the maximum rise and fall in water level are not known.)
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* In well UE-25 WT#6, there was a maximum rise in water level of about 1.07 m (3.51 ft)
(1,035.02 m [3,395.7 f] above mean sea level on June 23 to 1,036.09 m [3,399.2 fi]
above mean sea level on July 17, 1992) followed by a decline in water level of about
2.66 m (1,036.09 m [3,399.2 ft] above mean sea level on July 17 to 1,034.33 m
[3,393.5 ft] above mean sea level on September 22, 1992). This cycle of water-level
change occurred within about 85 days of the earthquakes. The water level continued to
decline in well UE-25 WT#6 (0.07 m [0.23 ft] more) through October 16, 1992.
However, because the water level in this well never recovered to the levels prior to the
earthquake, it is believed that water-level changes after September 22, 1992, are normal
fluctuations in the well after it reached its new equilibrium. (Because the measurements
for well UE-25 WT#6 during this time were periodic, the maximum rise and fall in
water level are not known.)

. Water-level changes in well USW WT- 1 immediately following the earthquakes are
believed to be due to the earthquake activity. However, it is not known whether the
gradual 9-mo. cycle of water-level change following the earthquakes was coincidental or
due to the earthquake events. In well USW WT- 11, the water level initially increased
(730.72 m [2,397.4 ft] above mean sea level on June 28 to 730.75 [2,397.5 ft] on June 29
and 30, 1992) and then decreased (730.72 [2,397.4 ft] and 730.68 [2,397.2 ft] above
mean sea level on July 1 and 2, 1992, respectively). This quick change was followed by
a slow decrease in water level from July through November 1992, with a maximum
change in water level of 0.24 m (0.79 ft) (730.72 m [2,397.4 ft] above mean sea level on
June 28 to 730.48 m [2,396.6 ft] above mean sea level on November 26, 1992).
Following this low, the water level slowly rose to 730.72 m [2,397.4 ft] above mean sea
level on April 5, 1993,"which is consistent with levels prior to the earthquake. This
whole cycle of decline and rise in water level occurred within about 9 mo. of the
earthquakes (July 1992 through March 1993). (Hourly data were collected for well
USW WT-I I during 1992. Hydrograph data plotted in Figure 9.4-10 represent monthly
mean values for all data except June 28 to July 2, 1992, which are daily mean values.)

. In well UE-25 p#1, the water level declined about 0.53 m (752.44 m [2,468.6 ft] above
mean sea level on June 28 to 751.91 m (2,466.9 ft) above mean sea level on July 8,
1992). Following this decline, the water level in well UE-25 p#1 began to rise and had
fully recovered from the effects of the earthquakes by December 7, 1992 (water level of
752.44 m [2,468.6 ft] above mean sea level). This complete cycle of water-level change
occurred within about 191 days of the earthquakes. (Hourly data were collected for well
UE-25p#l during 1992. The hydrograph data plotted in Figure 9.4-10 represent
monthly mean values for all data except June 28 to July 8, 1992, which are daily
mean values).

O'Brien (1993, p. 10, Figure 6) states that it is difficult to determine from the hourly hydrograph
record at UE-25 p#l whether the June 28 Landers earthquake or the June 29 Little Skull
Mountain earthquake had the dominant effect on well UE-25 p#l. Water-level excursions
appear at the time of each earthquake, and the downward trend of the water level, though
somewhat obscured by earth-tide effects, appears to have started on June 28.
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An alternative view of the effects of the June 28 and 29, 1992, earthquakes on water-level
change in the Yucca Mountain area has been suggested. Davies and Archambeau (1997, p. 26)
state that in response to the Little Skull Mountain earthquake of June 29, 1992, a long-term
increase in water-level change was observed with a maximum increase of about 5 m. Wells cited
as having significant water-level change were "J-1 1 and J-12" and "AD-i l and AD-16" (Davies
and Archambeau 1997, p. 26, Figures 3 and 4). The water-level data presented by Davies and
Archambeau (1997) for these wells were reviewed and compared to water-level data collected by
the U.S. Geological Survey for the same wells and for the same period of time. Comparison of
the two data sets indicates that the data presented by Davies and Archambeau (1997) were
flawed:

* Davies and Archambeau (1997, p. 26) reference O'Brien (1993) when discussing the
locations of the four wells monitored and the fluctuations of water levels in these wells.
The report by O'Brien (1993) shows well locations and water-level changes due to the
June 28 and 29, 1992, earthquakes only in wells USW H-3, USW H-5, USW H-6, and
UE-25 p~l, not in wells UE-25 J-1 1, UE-25 J-12, AD-i 1, or AD-16.

* Davies and Archambeau (1997) attribute the water-level changes to the Little Skull
Mountain earthquake without mention of the larger California earthquakes on the
previous day. Davies and Archambeau (1997, Figure 4) show abrupt water-level rises
initiated at the same times, unlabeled but presumably June 29, for each of the four wells,
but they do not acknowledge explicitly that the wells were measured at approximately
monthly intervals.

* Davies and Archambeau (1997, Figures 3 to 4) located well AD-Il incorrectly and
plotted a hydrograph of water-level change that was completely erroneous for well
AD-1 1. The water-level fluctuation in well AD- 1 before and after the Little Skull
Mountain earthquake was only 0.012 m (0.04 ft) (water level 68.62 m [225.14 ft] below
land surface, June 15, 1992; water level 68.61 m [225.10 ft] below land surface, July 20,
1992) (La Camera and Westenberg 1994, p. 72, Table 2, plate 1). The location for well
AD-1I shown by Davies and Archambeau (1997, Figure 3) agrees with the location for
well AD-I0 (La Camera and Westenburg 1994, plate 1), and the decline of water-level
elevation from about 665.7 to 665.1 m (2,184 to about 2,182 ft) during the second half
of 1992 also agrees with the actual record for well AD-10 (La Camera and Westenburg
1994, p. 71, Table 2). However, the water-level change in well AD-10 before and after
the earthquake was 0.73 m (2.4 ft) (664.98 m [2,181.7 ft] above mean sea level,
April 13, 1992; 665.71 m [2,184.1 ft] above mean sea level, August 18, 1992)
(La Camera and Westenburg 1994, p. 71, Table 2), not 4.6 m (15 ft) as shown by Davies
and Archambeau (1997, Figure 4). The actual dates of measurements also do not
support the abrupt rise at the end of June as depicted by Davies and Archambeau (1997,
Figure 4).

. Well AD-16 reported by Davies and Archambeau (1997, Figures 3 and 4) could not be
found in any other report. Consequently, the water levels reported by Davies and
Archambeau could not be confirmed. However, well AD-16 was found to be at the
same location, and the water level at approximately the same altitude, as well AD-12
(La Camera and Westenberg 1994, plate 1). The water-level change reported for well
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AD-12 was compared to the water-level change reported by Davies and Archambeau for
well AD-16. The water-level elevations and change in each well were about the same,
so it may be assumed that Davies and Archambeau's well AD-16 is the same as well
AD-12 in La Camera and Westenberg (1994, pp. 72 to 73, Table 2). Again, however,
the actual dates of measurements (June 15 and July 20, 1992) (La Camera and
Westenburg 1994, p. 72, Table 2) do not support the abrupt rise in the water level at the
end of June as depicted by Davies and Archambeau (1997, Figure 4).

. Davies and Archambeau (1997, Figure 4) report water-level increases in wells UE-25
J-1 1 and UE-25 J-12 of about 0.9 and 1.5 m (3 and 5 ft), respectively. O'Brien et al.
(1995, Figures 13 to 14, Tables 15 to 16) report minimal water-level change in wells
- TE-25 J-1 1 and UE-25 J-12, with a maximum monthly fluctuation of only 0.04 m
(0.13 ft) in either well UE-25 J-l1 or UE-25 J-12 from June through August of 1992.

The hydrographs presented by Davies and Archambeau (1997, Figure 4) all show water-level
rises, which those authors represent as resulting from the strain change that is expected in a
normal-faulting environment. However, in three of the four Figure 9.4-10 hydrographs, water-
level declines followed the earthquakes, although O'Brien (1993, p. 10) does report a probable
28-cm (11-in.) rise in pressure in the lower interval of USW H-3. The National Park Service
also reported a slight (less than 25-cm [9.8-in.]) decline in the level of the pool in Devils Hole
(O'Brien, 1993, p. 10), an exposed fault zone in the lower carbonate aquifer at Ash Meadows,
close to the "AD" wells discussed by Davies and Archambeau (1997).

Earthquakes occurring prior to the June 28 and 29, 1992, events also had some minimal effects
on water levels in the Yucca Mountain area. Four earthquakes in California during late
April 1992 produced water-level fluctuations in well USW H-5 (O'Brien 1992). On April 22,
1992, a 6.2-magnitude earthquake near Palm Springs, California (approximately 311 km
[193 mi.] from the Yucca Mountain area), caused a peak water-level rise and fall of
approximately 26.1 cm (10.3 in) in well USW H-5. On April 25 and 26, 1992, three earthquakes
of magnitudes 7.0, 6.5, and 6.6 occurred near Eureka, California (approximately 789 km
[490 mi.] from the Yucca Mountain area), and caused a peak water-level rise and fall in excess
of 52.5 cm (20.7 in) in well USW H-5, upper interval. Following all of the April 1992
earthquakes, the fluctuations in water levels generally lasted no more than 2 hr. No long-term
effects on water-level fluctuations were seen in other wells in the Yucca Mountain area due to
the April 1992 earthquakes. Short-term effects could have occurred in other wells, but only well
USW H-5 was instrumented to monitor for earthquake activity during this time.

9.4.5 Summary and Conclusions

Various investigators have analyzed multiple lines of field and other empirical evidence and
conducted a number of numerical model simulations to evaluate the effects that various natural
processes have or might have exerted on water table elevations beneath Yucca Mountain in the
past, or that could affect water table elevations in the future. Processes investigated for their
potential effects include wetter (pluvial) climatic conditions, seismic activity associated with
earthquakes, volcanic intrusions, and hydrothermal activity.
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The results of several investigations of natural spring features in the region, coupled with
analyses of packrat midden sites, Tertiary groundwater, and mineralogical and isotopic indicators
in unsaturated zone volcanic rock, indicate that water tables during Quaternary time were a
maximum of about 115 to 120 m (377 to 394 ft) higher than the current water table level. If past
water table gradients were similar in configuration to present-day gradients, then the paleospring
data indicate that a maximum 116-m (381-ft) water table rise could be extrapolated to have
occurred at Yucca Mountain. These estimates suggest that most of the horizon of the potential
repository remained at least 85 to 285 m (279 to 935 fit) above the level of the regional
groundwater table during the last glacial cycle, at least as far back as the Pleistocene.

A number of independent modeling simulations indicate there could be an increase in the water
table elevations ranging between about 50 to 130 m (160 to 430 ft) for hypothetical future wetter
climatic conditions. The convergence of the maximum water table rises predicted by the
hydrologic models, by morphological, texture, and isotopic data on secondary calcite mineral
deposits, by mineralogic data from the current unsaturated and saturated zone, and by estimated
elevations of the regional water table at paleodischarge sites, strongly suggest that the saturated
zone has not risen to the level of the potential repository during the last two glacial cycles. The
large majority of investigators have concluded that a rise in water table elevation of less than
120 to 130 m (394 to 430 ft) appears to be a good estimate of the maximum likely rise due to
future climate changes that could occur during the regulatory time period (10 k.y. after closure)
for the potential repository. Inundation of the potential repository would require a water table
rise of more than 200 to 400 m (660 to 1,300 ft). The majority of investigators do not believe
this is possible given the numerical model results, the known distribution of paleodischarge sites,
and other available data.

A number of independent modeling simulations have been performed to assess the potential
effects of earthquakes on the water table, and estimate the possible effects of a hypothetical
volcanic intrusion near Yucca Mountain on the water table. Results of these simulations strongly
suggest that, compared to climate change, other mechanisms such as seismic events appear to
have the potential to produce much less pronounced changes in water-level elevations, for
earthquake-induced ground accelerations and volcanic regimes reasonably expected to occur for
the Basin and Range province during the regulatory period for the potential repository.
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9.5 WATER SUPPLY FOR THE POTENTIAL REPOSITORY

9.5.1 Introduction

If the potential repository is approved, a long-term water supply source will be required to
support future Yucca Mountain Site Characterization Project (YMP) repository related activities.
Historically, water furnished to the YMP, primarily in support of site characterization activities,
has been obtained from groundwater wells (UE-25 J-12 and UE-25 J-13) previously installed in
Jackass Flats, on the eastern flank of Yucca Mountain. The geographic features of Jackass Flats
and Fortymile Canyon comprise Hydrographic Basin 227A (Figure 9.5-1) according to basin
classifications established by the Nevada State Engineer.

The U.S. Department of Energy (DOE) has recently submitted water rights applications to the
Nevada State Engineer to allow for continued appropriation of groundwater, on an indefinite
basis, as permanent federal water rights, from wells UE-25 J-12 and UE-25 J-13. Separate
applications have also been filed to allow for additional future withdrawal of groundwater from
the C-Holes Complex, also located in Jackass Flats. The total combined annual permitted
withdrawal requested by the DOE for all of these wells would not exceed 531,000 m3/yr.
(430 a.-ft/yr.). Information regarding this requested water rights appropriation, projected future
YMP water supply needs, a discussion of historical and recent groundwater development in the
immediate area of Yucca Mountain, and a description of existing federal and nonfederal water
rights in the Yucca Mountain vicinity is presented in the following sections.

9.5.2 Projected Future Yucca Mountain Site Characterization Project Needs

Future water demand for the YMP will include water supplied to support site activities, including
road construction, dust suppression, tunnel and pad construction, testing, culinary and domestic
uses, possible washdown/decontamination facilities, and other uses associated with future
operation of the potential repository (Turnipseed 2000, p. 18). Water supplied to the site would
also support operation, monitoring, and closure of the potential repository (DOE 1999, p. 4-27).

Future demands for water to support the YMP are estimated to vary over time depending on the
activity or activities under way at the site and the selected packaging scenario (DOE 1999,
p. 4-27). Water demand during the construction phase would also depend on the thermal load
(i.e., the amount of spent nuclear fuel emplaced per unit length of repository drift). Demand is
projected to be at higher levels during the initial and continuing construction period and the
operation and monitoring period, lower during and following closure of the potential facility
(DOE 1999, p. 4-27).

Peak demand is expected to occur during the time when radioactive material is being placed in
completed drifts, while other drifts are simultaneously being developed (DOE 1999, p. 4-27).
Water demand during the initial construction would range from about 185,000 to 210,000 m3 /yr.
(150 to 170 a.-ft/yr.), depending on whether the thermal load is considered to be high,
intermediate, or low (DOE 1999, p. 4-27). The highest demand is projected to occur between
years 2010 and 2033, during the emplacement and development activities portion of the
operation and monitoring phase, with water demand ranging between an estimated 272,000 and
593,000 m3/yr. (220 and 480 a.-ft/yr.), depending on the thermal load scenario (DOE 1999,
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p. 4-27). Demand is expected to drop between about years 2033 to 2036 to about 197,000 to
247,000 m3 /yr. (160 to 200 a.-ftlyr.) during the monitoring activities portion of this phase.
During and following waste emplacement, water demand is projected to range between about
99,000 and 11,000 m3/yr. (80 and 90 a.-ft/yr.) (DOE 1999, p. 4-27).

9.5.3 Groundwater Development at Yucca Mountain and Vicinity

9.5.3.1 Historical Groundwater Usagre

Historical groundwater use in the immediate vicinity of Yucca Mountain was due primarily to
the Nevada Test Site and the YMP activities, including construction of the Exploratory Studies
Facility (ESF). Groundwater development in the immediate vicinity of the Yucca Mountain area
began in the 1950s. Wells UE-25 J-12 and UE-25 J-13, located southeast of Yucca Mountain in
the western part of Jackass Flats (Figure 9.5-2), were developed for water supply during the early
1960s (Luckey et al. 1996, p. 41). Wells UE-25 J-12 and UE-25 J-13 have total depths of
347 and 1,063 m (1,140 and 3,490 ft), respectively. Well UE-254J-12 is perforated in the welded
tuff aquifer within the Topopah Spring Tuff of the Paintbrush Group; well UE-25 J-13 is
perforated in the Topopah Spring Tuff of the Paintbrush Group, the Tram Tuff of the Crater Flat
Group, and the upper part of the Lithic Ridge Tuff (Graves et al. 1997, pp. 95 to 96). The well
capacities for wells UE-25 J-12 and UE-25 J-13 are and 48 and 43 L/s (760 and 680 gpm),
respectively (DOE 1996, Table 4-3). Information describing the drilling and testing of well
UE-25 J-13 is presented in Thordarson (1983).

Between 1962 and 1967, wells UE-25 J- 12 and UE-25 J- 13 were pumped extensively to supply
water for a nearby rocket development station (Young 1972). The annual average pumping from
these two wells during this time period is estimated to be 690,000 m3/yr. (560 a.-ft/yr.) (Luckey
et al. 1996, p. 41). The 1983 to 1997 average annual pumping rate from well UE-25 J-12 ranged
from 47,450 m3/yr. (38.43 a.-ft/yr.) to 181,405 m3/yr. (146.94 a.-ft/yr.), and averaged
107,3 10 m3/yr. (86.92 a.-ft/yr.) (Tucci and Faunt 1999, p. 5). The 1983 to 1996 average annual
pumping rate from well UE-25 J-13 ranged from 62,415 m3/yr. (50.56 a.-ft/yr.) to 184,325 m3/yr.
(149.30a.-ft/yr.), and averaged 116,800 m3/yr. (95 a.-ft/yr.) (Tucci and Faunt 1999, p. 5).
Table 9.5-1 presents a summary of the historical pumping that has occurred in wells UE-25 J-12
and UE-25 J-13. Well UE-25 J-11, also located in Jackass Flats, -was completed in 1957.
However, this well was not used for water supply due to poor water quality and a well casing
problem (Luckey et al. 1996, p. 41).

Within the Yucca Mountain area, groundwater has been pumped intermittently from various
boreholes for hydraulic testing purposes, including wells UE-25 J-12, J-13, and the C-Holes
Complex in Basin 227A, and boreholes USW VH-1 and USW H-6 in Crater Flat. Wells at the
C-Holes Complex were pumped for short periods of time (days to weeks) intermittently for
hydraulic testing in the mid-1980s, 1995, and early 1996 (Tucci and Faunt 1999, p. 5). The
pumping rate at borehole UE-25 c#l (one of the wellbores at the C-Holes Complex) during
November 1984 in a multi-borehole pumping test was about 32,000 m3 (26 a.-ft) (Luckey et al.
1996, p. 41). At the same borehole complex, water was pumped from well UE-25 c#3 from May
1996 through November 1997 for the purpose of hydraulic and tracer tests (Tucci and Faunt
1999, p. 5). During 1997, the average pumping rate from well UE-25c#3 was 773 m3/day
(0.62 a.-ft/day) (Tucci and Faunt 1999, p. 5).
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Groundwater withdrawal for the purpose of hydraulic testing generally is not classed as
groundwater development. However, long-term testing resulting in large quantities of
groundwater being discharged requires that temporary applications to appropriate (i.e., formally
obtain permits for future usage of) water be filed with the Nevada State Engineer. This was the
method used, for example, in conjunction with the well testing conducted at the C-Holes
Complex, in Hydrographic Basin 227A. Table 9.5-2 presents a summary of the historical annual
groundwater withdrawals in Basin 227A. The approximate boundary of Hydrographic Basin
227A, and boundaries of adjacent Hydrographic Basins 227B (Buckboard Mesa), 228 (Oasis
Valley), 229 (Crater Flat), and 230 (Amargosa Desert), are depicted on Figure 9.5-1.

In Crater Flat (Basin 229), water has been occasionally pumped from borehole USW VH-1
(Figure 9.5-2) at low rates (Luckey et al. 1996, p. 41). The volume of water pumped from
borehole USW H-6 during pumping tests in 1982 and 1984 was 25,000 m3 (20 a.-ft)
(Luckey et al. 1996, p. 41). Groundwater was also pumped elsewhere in Crater Flat in support of
private mining operations. Committed groundwater resources by water permits and
certificates for Basin 229, as of January 9, 1999, were 1.43 x 106 m3/yr. (1,160.83 a.-ft/yr.)
(CRWMS M&O 2000e). Approximately 95 percent of this amount-1.36 x 106 m3/yr.
(1,099.44 a.-ft/yr.)-was committed for mining use and the remainder-75,75,700 m3/yr.
(61.38 a.-ft/yr.)-was committed for industrial use.

Water use on the Nevada Test Site has varied considerably over the history of the facility. The
groundwater withdrawal rate has ranged from 1 to 4.2 x 106 m3/yr. (850 to 3,430-a. ft/yr.)
(DOE 1996, p. 5-29). The total pumping capacity is estimated to be about 8.6 x 106 m3 /yr.
(7,000 a.-ft/yr.) based on the Nevada Test Site Environmental Impact Statement report
(DOE 1996, Table 4-3). This potential capacity is much greater than the historical pumping rate.

9.5.3.2 Recent Groundwater Pumpage in Basin 227A

Wells UE-25 J-12 and UE-25 J-13 are currently used to supply the water needs of the YMP and
other uses at the Nevada Test Site. Between 1993 and 1997, the combined amount of water
pumped from wells UE-25 J-12 and UE-25 J-13 averaged 281,000 m3/yr. (228 a.-ft/yr.)
(CRWMS M&O 2000e, p. 25). During this same time period, the amount of water pumped from
the C-Holes Complex ranged from 0 (1993 and 1994) to a high of 238,000 m3/yr. (193 a.-ftlyr.)
in 1997, with an annual average withdrawal rate of 97,400 m3/yr. (79 a.-ft/yr.) (CRWMS
M&O 2000e, p. 25). An average of 191,000 m 3/yr. (155 a.-ft/yr.) of this diverted water was
supplied to the YMP (CRWMS M&O 2000e, p. 25). The balance of the water (an average of
187,000 m3/yr. [152 a.-ftlyr.1) was used on the Nevada Test Site. Table 9.5-3 summarizes water
pumping rates from Basin 227A between 1993 and 1997.

9.5.3.3 Existing Water Rights and Water Distribution Systems in Basin 227A

9.5.3.3.1 Federal Water Rights

A summary of the DOE's current YMP water rights is presented in Table 9.5-4. The approved
appropriation permits are scheduled to expire at various times between December 31, 2000, and
April 9, 2002. Initially, four applications were filed in December 1992 to cover water
withdrawals from wells UE-25 J-12 and UE-25 J-13 in Jackass Flats, and USW VH-l in Crater
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Flat (Figure 9.5-2). These applications were approved with the provision that the combined
withdrawals not exceed 530,000 m3/yr. (430 a.-ft/yr.) and that the permits would expire for wells
UE-25 J-12 and UE-25 J-I3 in April 2002, and for well USW VH-1 in April 1998. The DOE
had previously obtained three water rights permits (permits 63383T through 63385T) to extract
9.4 L/s (149 gpm) (duties of between 3,700 and 23,400 m3/yr. [3 and 19 a.-ft/yr.] each) from
locations in T13S, R49E and T12S, 14E. These permits expired on December 15, 1998. In
March 1996 and March 1998, the DOE applied for permits to withdraw water from the C-Holes
Complex (wells UE-25 c#1, UE-25 c#2, and UE-25 c#3) at rates up to 0.0255 m3/s (0.900 ft3/s)
from each well for the purpose of aquifer testing. These permits were approved with an
expiration date of December 31, 2000, and the condition that total withdrawals for the YMP not
exceed the original permitted total of 530,000 m3 /yr. (430 a.-ft/yr.). As noted earlier, the amount
of water delivered to support the YMP from wells UE-25 J-1 2 and UE-25 J- 13 (both located on
the Nevada Test Site and also serving Nevada Test Site water demands) averaged much less than
the permitted amount, and the total water diverted to the YMP even with the additional pumping
from the C-Holes Complex did not exceed the permitted 530,000 m3/yr. (430 a.-ft/yr.)
annual permitted withdrawal.

In addition to the above existing water appropriations, the YMP has also received a potable water
supply permit (NY-0867-12NCNT) covering a water distribution system to permit the water
withdrawn from well UE-25 J-13 to be transferred to the North Portal area. The distribution
system comprises the following components: (1) a 190,000 L (50,000 gal.) potable water tank
atop Exile Hill, adjacent to well UE-25 J-13; (2) an approximately 6.5 km (4 mi.).-long polyvinyl
chloride water transfer line, at the booster station at the ESF; and (3) two 76,000 L (20,000 gal.)
forebay tanks, located at the ESF (CRWMS M&O 1999b, p. 2).

9.5.3.3.2 Other Water Rights

Other (nonfederal) current water rights in Basin 227A are limited to: (1) a single State of Nevada
water right (certificated application No. 21593), which entails an annual permitted withdrawal of
19,900 m3 /yr. (16.14 a.-ft/yr.) from a single diversion point located in Section 18, Township 15
South, Range 50 West; (2) a certificated commercial water right and permitted commercial water
right (combined permitted withdrawal of 47,700 m3/yr. [38.67 a.-ftlyr.]); and (3) a certificated
stock water right, having an annual permitted withdrawal of 21,200 m3/yr. (17.22 a.-ft).
Table 9.5-5 (adapted from CRW1vMS M&O [2000e, Tables 4.1, 4.9]) summarizes existing
nonfederal water rights in Basin 227A. The State of Nevada diversion point, administered by the
Nevada Department of Transportation, is located approximately 14 km (9 mi.) from well
UE-25 J-12, 18 km (11 mi.) from well UE-25 J-13, and 19 km (12 mi.) from the C-Holes
Complex (CRWMS M&O 2000e, p. 22).

9.5.3.4 U.S. Department of Energy Yucca Mountain Site Characterization Project
Water Rights Applications in Basin 227A

The DOE recently (July 22, 1997) filed water rights applications with the State of Nevada on a
permanent basis from within Jackass Flats (Basin 227A). A total of five different applications
were filed. These recent filings provide for the projected future water needs of the DOE for the
construction, operation, and maintenance of the potential repository and any ancillary facilities in
conjunction with the YMP. The potential repository is located partly on the Nellis Air Force
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Range and partly on public lands administered by the U.S. Department of the Interior, not on the
Nevada Test Site. The DOE chose to apply to the Nevada State Engineer for water rights
permits for groundwater to be used for the YMP. The applications apply to wells UE-25 J- 12
and UE-25 J-13, and the C-Holes Complex. There is no additional permitted withdrawal sought
by the new DOE applications compared to existing and recent groundwater withdrawal rates in
Basin 227A. The total combined permitted withdrawal for all the wells, including the permitted
withdrawal for existing well USW VH-1 in Crater Flat, is 530,865 m3/yr. (430 a.-ftlyr.).
Information regarding DOE's recent YMP water rights applications is summarized in
Table 9.5-6.

The total combined permitted withdrawal of the recent DOE water rights applications and other
existing committed water rights within Basin 227A is 619,791 m3/yr. (502 a.-ft/yr.), consisting of
the total of the currently certificated and permitted duties listed in Table 9.5-5 plus the total
DOE-requested permitted withdrawal listed in Table 9.5-6). This amount represents less than
1.7 percent of the total currently committed appropriations and permits 37,129,705 m3/yr.
(30,075.01 a.-ft/yr.) for seven contiguous hydrographic basins (Basins 225, 226, 227A, 227B,
228, 229, and 230) that encompass and surround Yucca Mountain (CRWMS M&O 2000e,
p. 28).

The applications were formally considered in a public administrative hearing held on
November 8 to 10 and November 15 to 16, 1999, before the Nevada State Engineer. A ruling
regarding these applications was issued by the Nevada State Engineer on February 2, 2000.

9.5.3.4.1 Nevada State Engineer's Hearing for Permit Applications 63263
through 63267

Permit Applications 63263 through 63267 were initially discussed in a prehearing conference
held in Las Vegas, Nevada, on June 15, 1999. The applications were subsequently formally
considered in a public administrative hearing held on November 8 to 10 and November 15 to 16,
1999, in Las Vegas and Carson City, Nevada, before the Nevada State Engineer. The purpose of
the hearing was to allow testimony to be provided in support of, or in opposition to, these permit.
applications (Turnipseed 2000, p. 10).

By Ruling #4848, issued on February 2, 2000 (Tumipseed 2000), the Nevada State Engineer
rendered the following findings with respect to the DOE permit applications:

. The Nevada Agency for Nuclear Projects and the DOE stipulated that based on prior
rulings of the Nevada State Engineer, the Nevada Agency for Nuclear Projects agrees
that there is sufficient water available at the source for the appropriation of 530,000 m3

(430 a.-ft) annually from Basin 227A (Turnipseed 2000, p. 11).

. Protestants to the applications did not provide testimony or evidence in support of their
claim that the proposed use conflicts with existing water rights, and therefore that claim
was subject to being overruled (Turnipseed 2000, pp. 19 to 20).
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* A previous Nevada legislature veto of the use of water for the purposes applied for under
these applications was not preempted by the federal Nuclear Waste Policy Act of 1982.
Based on a review of existing state law that prohibits the proposed appropriation of these
water rights for the uses described in testimony provided at the hearing by the applicant,
and based on a review of previous case law in the State of Nevada, the existing state
legislative action was upheld and the protests to these applications were therefore upheld
(Tumipseed 2000, pp. 23 to 24).

On March 2, 2000, the U.S. Department of Justice, acting on behalf of the DOE, filed an appeal
on the State Engineer's decision to deny the water permits. The federal government also filed a
Protective Notice of Appeal and Petition for Judicial Review in the Nye County District Court on
March 3, 2000.

9.5.3.4.2 Effects of Proposed Pumping on Groundwater Flow

Westenburg and La Camera (1996, p. 17) suggested that if groundwater withdrawals from
Jackass Flats affect groundwater levels, the effects could be detected at Jackass Flats before they
are detected elsewhere within the Yucca Mountain region. In a summary of groundwater
monitoring well data compiled for the Yucca Mountain region for the time period up to and
including December 1994, the authors evaluated groundwater level data for seven wells in
Jackass Flats for the period between 1983 and 1994. The water level data (Westenburg and
La Camera 1996, pp. 18, 73) indicated that the median water level in well UE-25 JF#3 (located
about 0.8 km [0.5 mi.] south of well UE-25 J-12) (Figure 9.5-2) during 1994 was 0.06 m (0.2 ft)
lower than the median water level in this well during a previous baseline monitoring period
(1992 to 1993) considered for this well. They also reported that the median water levels in wells
UE-25 J-12 and UE-25 J-13 during 1994 were 0.03 and 0.09 m (0.1 and 0.3 ft) lower,
respectively, than the median water levels in these wells for previous baseline periods established
(1989 to 1991 and 1990 to 1991, respectively). For well UE-25 J-12, the reported 0.03-m
(0.1-ft) drop in the median water level was within the range of the average deviation for the
baseline period and for the 1994 measurements. However, for the case of well UE-25 J-13, the
data suggested that the slight decline (possible drawdown) in water level noted in well UE-25
JF#3 in 1994 could be attributable to increased pumping that occurred in well UE-25 J- 13 during
1994 compared to its baseline period.

Historical groundwater level data from ongoing periodic monitoring of water levels in wells
UE-25 J-12 and UE-25 J-13 indicate that relatively minor fluctuations have occurred in
groundwater levels (less than about 0.1 m [0.33 ft] for the period of record between 1985 and
1995) as a result of pumping from wells UE-25 J-12 and UE-25 J-13 through 1995 (Westenburg
and La Camera 1996, Figure 12; Graves and Goemaat 1998, pp. 86 to 90). Graves et al. (1997,
p. 40) noted a slight overall decline (about 0.2 m [0.66 ft]) in the water level in well UE-25 J-12
during the period between 1989 and 1995. They also observed that the average water level in
well UE-25 J-13 remained stable over the 10 yr. of record between 1986 and 1995, suggesting
that there was no measurable dewatering of the aquifer at this location due to
groundwater pumping.

To further evaluate the quantitative impacts of the proposed long-term pumping from
Basin 227A on surrounding groundwater levels, Thiel Engineering Consultants recently
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conducted modeling simulations of regional groundwater flow in which various pumping
scenarios were considered (CRWMS M&O 2000e). The simulations included four transient
pumping scenarios to permit evaluation of the impact on the surrounding groundwater system
due to proposed pumping from Basin 227A at the Yucca Mountain area (at both an assumed
average pumping rate of 179,000 m3/yr. [145 a.-ft/yr.], and at an assumed annual maximum
permitted withdrawal of 530,865 m3lyr. [430 a.-ft/yr.]). For the latter case, Basin 227A
groundwater withdrawals were assumed to be uniformly distributed between wells UE-25 J-12,
UE-25 J-13, and the C-Holes Complex. Pumping was also simulated to simultaneously occur in
Basins 225, 226, 228, 229, and 230 over the same 100-yr. time period, at levels corresponding to
both 1997 use levels and the estimated full pumping rate potential for each basin. The latter
pumping rate value was estimated from the committed water rights and pending applications on
file at the Nevada State Engineer's office with filing dates prior to July 27, 1997.

Simulations results for the various scenarios indicated total simulated pumping rates for all six
basins ranging from 14,637,667 to 30,400,694 m3/yr. (11,856.49 to 24,624.52 a.-ft/yr.).
Predicted maximum drawdown at a hypothetical monitoring site near the town of Amargosa
Valley, after pumping 100 yr. (assumed to be the period from 1998 to 2097), was less than
0.36 m (1.2 ft) (CRWMS M&O 2000e, p. 89). The modeling results indicated that the
subsurface flux from Basin 227A to the Amargosa Desert (Basin 230) after 100 yr. of pumping
would change from approximately 8,409,891 to 8,254,335 m3/yr. (6,812 to 6,686 a.-ft/yr.),
implying a net reduction of about 155,556 m3/yr. (126 a.-ft/yr.) (CRWMS M&O 2000e, p. 89).

The simulated impact of the proposed pumping on water levels in the Ash Meadows area was
found to be negligible (CRWMS M&O 2000e, p. 89). The simulated drawdown at a
groundwater monitoring site at Devils Hole following 100 yr. of pumping at the maximum
proposed permitted withdrawal was estimated to be less than 0.03 m (0.1 fit). Compared to
currently estimated outflow levels, the total simulated subsurface flux from Basins 225, 226, and
227A to Basin 230 was estimated to decline by about 75,309 m3 /yr. (61 a.-ft/yr.), to about
155,556 m3/yr. (126 a.-ft/yr.) (CRWMS M&O 2000e, pp. 89, 90).

Independent modeling simulations were also conducted by Tucci and Faunt (1999) to evaluate
the effects of potential withdrawals on the groundwater flow system in the vicinity of the Yucca
Mountain area and in the Amargosa Desert to the south. The simulations were performed using
the 1997 regional flow model described in detail by D'Agnese et al. (1997). Two steady-state
simulations, a baseline simulation covering the time period from 1983 to 1997 and a predictive
simulation, were performed. The authors considered the baseline simulation to be representative
of existing hydrologic conditions (D'Agnese et al. 1997, p. 10). In the predictive simulation,
potential pumping was assumed to occur at wells UE-25 J-12, UE-25 J-13, and UE-25 c93 at a
rate of 207,685 m3 /yr. (168.2 a.-ft/yr.) for each well, an increase of 397,507 m3/yr.
(322.26 a.-ft/yr.) over the total baseline simulation pumping rates assumed for each well. The
total pumping rate from these wells assumed for the predictive simulation was therefore
approximately 622,964 m3/yr. (504.6 a.-ft/yr.). This total amount of pumping represents the
change in pumping rate requested by the DOE (about 529,248 m 3 /yr. [428.69 a.-ft/yr.]) plus an
amount (93,087 m3/yr. [75.4 a.-ft/yr.]) assumed by the DOE to represent groundwater
withdrawals not under existing permits for the Nevada Test Site.
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Results of the Tucci and Faunt (1999) simulations indicated that water levels at a site near the
town of Amargosa Valley, approximately 14 km (8.7 mi.) south of well UE-25 J-12, were about
1.1 m (3.6 ft) lower in the predictive simulation than the levels in the baseline simulation.
Water-level declines at the model cells that included the pumped wells were larger than those
near Amargosa Valley, but the declines generally were less than 2 m (6.6 ft) within a few
kilometers of the pumped wells (Tucci and Faunt 1999, pp. 13 to 14). Groundwater outflow
from the Jackass Flats area to the Amargosa Desert in the predictive simulation was
182,500 m3 /yr. (147.8 a.-ft/yr.) less than that of the baseline simulation. The authors concluded
that, within the limitations of the simulations, their results probably provide a reasonable
estimate of the effects of increased groundwater withdrawals at Yucca Mountain, particularly at
large distances from the pumped wells, such as in the Amargosa Desert (Tucci and Faunt 1999,
p. 14).

9.5.4 Summary

Groundwater is the principal source of water for agricultural, mining, industrial, municipal, and
domestic uses within the Death Valley region. Most of the producing wells in the region capable
of yielding large discharge rates are completed in the alluvial sands and gravels in the upper 55
to 150 m (300 to 500 ft) of the basin-fill (valley-fill aquifer) sediments in the Amargosa Desert
The quality of groundwater in the region is generally suitable for agricultural use, industrial uses,
and for potable drinking water. Fractured welded tuffs and, to a lesser degree, lavas are the
principal aquifers within the Tertiary volcanic suite of rocks underlying the Yucca Mountain
region, although some nonwelded tuffs may also be moderately productive.

An extensive (10-plus yr.) record of well pumping data from existing water supply wells UE-25
J- 12 and UE-25 J- 13, located southeast of Yucca Mountain, and results of independent modeling
simulations performed to assess the potential long-term impacts of continued groundwater
withdrawals, suggest that, if wells UE-25 J-12 and UE-25 J-1 3 (along with the nearby C-Holes)
were to be pumped at a level equal to that proposed (531,000 m3 /yr. [430 a.-ft/yr.]), in permanent
water rights applications recently filed by the DOE, the magnitude of water level effects in the
surrounding water table would be very small to negligible at distances beyond the immediate
vicinity of the pumping wells.
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9.6 SUMMARY

The saturated zone (the zone below the water table in which all pore spaces and open fractures
are filled with water) underlying Yucca Mountain and the surrounding region represents the
environmental medium through which radionuclides could most likely be transported from the
potential repository at Yucca Mountain to the accessible environment. For this reason, a
thorough understanding of the groundwater flow characteristics in the saturated zone beneath
Yucca Mountain and underlying the region surrounding Yucca Mountain is fundamental to
determining the risk posed by the potential radioactive waste repository.

The saturated zone underlying Yucca Mountain is part of the Death Valley regional groundwater
flow system, which underlies the Great Basin portion of the Basin and Range physiographic
province. Many regional groundwater flow systems, having horizontal dimensions of more than
200 km, exist within the Basin and Range Province, the Death Valley regional groundwater flow
system being one such system. Many of those flow systems traverse multiple hydrographic
(surface water flow) basins.

The Yucca Mountain-Fortymile Wash flow system, a part of the Alkali Flat-Furnace Creek
groundwater basin, represents the local saturated zone flow system underlying the site. The
Alkali Flat-Furnace Creek groundwater basin constitutes a portion of the central Death Valley
subregion of the Death Valley regional groundwater flow system. The Yucca Mountain site
occupies an intermediate position between the areas of recharge and discharge within the Death
Valley regional groundwater flow system.

Movement of groundwater in the saturated zone within the Death Valley regional groundwater
flow system has been conceptualized as a series of relatively shallow and localized flow paths
that are superimposed on deeper regional flow paths. Hydrochemical and isotopic data from
analysis of water samples derived from the Death Valley regional groundwater flow system, and
from smaller flow systems within it, provide complementary, indirect data for interpreting
hydrogeologic relationships and help to reduce uncertainties regarding regional groundwater
flow patterns and rates of flow. Data derived from temperature profiles measured within several
boreholes drilled at and near Yucca Mountain and the Nevada Test Site also have been used to
estimate vertical thermal gradients and infer conductive heat-flow patterns within the saturated
zone underlying Yucca Mountain and the surrounding area. These estimated and inferred
parameters have, in turn, been used to interpret such phenomena as fault-controlled flow and
vertical mixing that occur within the groundwater flow system, and determine possible
relationships of local flow systems to deeper underlying regional flow systems.

Over the past two decades, several computer models have been developed and used to help
understand regional groundwater flow characteristics in the Death Valley regional groundwater
flow system and to predict the direction and magnitude of groundwater flow within the local
saturated flow system. The three-dimensional framework model used in the regional flow model
was developed using digital elevation models, geologic maps and cross sections, and lithologic
well logs. Numerous faults, recharge and discharge components, and groundwater pumpage data
were incorporated into the model. Output from the regional flow model was used as input for
local saturated flow system model simulations.
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Regional Groundwater Flow System-Yucca Mountain is located within the Death Valley
regional groundwater flow system, in the southern part of the Great Basin. The Death Valley
regional groundwater flow system comprises an area of approximately 50,000 km2 (19,000 mi.2 ).

The area encompassed by this flow system is contained entirely within Nevada and California.
Groundwater movement within this regional flow system occurs in an asymmetric radial-flow
pattern from recharge areas in mountains and other highlands, which are located principally
along the periphery of the basin, toward the regional hydraulic sink in the bottom of
Death Valley.

The Alkali Flat-Furnace Creek groundwater basin underlies the potential Yucca Mountain
repository, and is a part of central Death Valley subregion of the Death Valley regional
groundwater flow system. This basin is bordered on the north and northwest by the Pahute
Mesa-Oasis Valley groundwater basin and on the east by the Ash Meadows groundwater basin.
Potentiometric data from widely spaced boreholes upgradient from Yucca Mountain indicate that
groundwater probably flows south from upland recharge areas in the volcanic terrain of Pahute
and Rainier mesas, beneath Timber Mountain, which are the principal uplands of the northern
Fortymile Canyon hydrographic area, and continues to flow southward toward the Yucca
Mountain area. The groundwater flows through the aquifers of the Tertiary Age volcanic and
volcaniclastic sequence beneath Crater Flat, Yucca Mountain, and Jackass Flats, eventually
entering into the valley-fill sedimentary deposits of the Amargosa Desert.

The maximum change in elevation (maximum relief) of the local saturated zone flow system
potentiometric surface between the upland areas surrounding the Amargosa Desert and flanking
Oasis Valley, and the regional sink in Death Valley (86 m [282 ft] below mean sea level), is
about 2,400 m (7,870 ft). The configuration of the potentiometric surface of the Death Valley
regional groundwater flow system does not mimic closely the distribution of valleys and basins
(hydrographic areas) that govern surface water drainage characteristics of the Death
Valley region.

In the eastern and southern parts of the Death Valley region, which comprise part of the
carbonate-rock province of the Great Basin, thick sequences of carbonate rock form a generally
deep regional aquifer component of the regional flow system and allow for interbasin transfer of
groundwater within the region. This regional carbonate aquifer is known to occur at one location
near Yucca Mountain, and is inferred elsewhere, to underlie the Tertiary volcanic rocks in the
Yucca Mountain vicinity.

In the Death Valley region, direct discharge of groundwater to the surface as springs or base flow
of streams is consumed nearby, almost entirely by evapotranspiration. Groundwater in the
regional carbonate aquifer discharges to a relatively few high temperature springs, that typically
have large and nearly constant rates of discharge. Springs that discharge from the regional
groundwater flow systems typically emerge from valley fill deposits or the adjacent consolidated
rocks at low altitudes along the borders or on the floor of some valleys. Numerous intermediate
discharge areas, derived from nearby (local) groundwater sources, also occur within the regional
flow system boundaries discharges. The distribution of these smaller, intermediate springs is
more areally extensive than that of regional springs. Spring water at these locations commonly
represents perched or semiperched, local groundwater flow systems associated with regional
recharge areas.
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Development of Water Resources in the Region-Groundwater is the principal source of water
for agricultural, mining, industrial, municipal, and domestic uses within the Death Valley region.
By contrast, surface water, which is sparsely distributed, and occurs generally at small and
unreliable rates of flow, is a very minor component of the region's water resource inventory.
Most of the groundwater-resource development in the central Death Valley subregion has
occurred in Nevada, although minor development has taken place in extreme southwestern
Amargosa Desert near Death Valley Junction, California. In the Furnace Creek area of Death
Valley National Park, spring discharge supplies the small domestic and commercial use. The
quality of groundwater in the region is marginally suitable for agricultural use, and in most
respects is suitable for industrial uses and for potable drinking water. A notable exception to the
latter is the fluoride content, which typically exceeds state and federal limits in groundwater
supplied to areas near Beatty and Lathrop Wells (Amargosa Valley).

Most of the producing wells in the region are completed in the alluvial sands and gravels in the
upper 91 to 150 mi. (300 to 500 ft) of the basin-fill (valley-fill aquifer) sediments in the
Amargosa Desert. These permeable deposits are most prevalent in the north-central part of the
structural basin, where tributaries of Fortymile Wash have washed in vast quantities of sand and
gravel. This is known as the "Amargosa Farms area" and contains one of the densest
concentrations of wells in the region. These sediments are capable of yielding large discharge
rates (well yields from 6.3 to 130 L/s [100 to 2,000 gpm]). The valley-fill aquifer provides water
for irrigation, mining, commercial, and domestic use in the western Amargosa Desert and Oasis
Valley, and to support operations of the Nevada Test Site in Mercury Valley, Frenchman Flat,
and Yucca Flat.

Paleozoic (carbonate aquifer) rock units currently provide productive quantities of water for
commercial/domestic use at a few locations within the region. The capacity of a well installed
within this aquifer depends primarily on the number and condition of fractures present in the
carbonate rocks that are intersected by the well. Due to the relatively great depth of the
carbonate aquifer in the Amargosa Desert-as much as 762 m (2,500 ft) in the Amargosa Farms
area-where water is most in demand, and because of the unpredictability of encountering
productive zones, there is currently little interest in developing the carbonate aquifer for private
use.

Numerous wells on the Nevada Test Site and Oasis Valley produce from volcanic rocks.
Volcanic rocks have also been tested in numerous exploratory holes drilled at Yucca Mountain.
Two wells in Crater Flat currently produce from the tuff aquifer. Fractured welded tuffs and, to
a lesser degree, lavas are the principal aquifers within the Tertiary volcanic suite of rocks
underlying the Yucca Mountain region, although some nonwelded tuffs may also be moderately
productive. The Topopah Spring Tuff, a formation within the Paintbrush Group, is the
transmissive aquifer developed in the current Jackass Flats production wells, UE-25 J-12 and
UE-25 J-13. These wells have reported well yields of about 48 and 43 L/s (760 and 680 gpm).

Hydrochemical and Isotopic Indicators of Regional and Local Saturated Zone Flow-
Information obtained from hydrogeochemical studies, including analysis of rock-water
interaction and water-chemistry evolution and isotopic data from analysis of samples of water
from within the Death Valley regional groundwater flow system, and from smaller flow systems
within it, provide independent, indirect data for interpreting hydrogeologic relationships. These
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indirect data have been used to help reduce uncertainties regarding regional, as well as local,
groundwater flow patterns and rates of flow.

Comparison of the chemical and isotopic character of Amargosa Valley groundwaters with those
of representative groundwaters of the Nevada Test Site, Yucca Mountain, Crater Flat, and Pahute
Mesa, indicates that water beneath Pahute Mesa is chemically related to that underlying Oasis
Valley. The geochemical data, together with isotopic data, indicate that groundwater flows from
Pahute Mesa toward Oasis Valley, where much is consumed as evapotranspiration, with a small
residue discharging by subsurface flow to the Amargosa Desert.

Available hydrogeochemical evidence suggests that groundwater movement in the Ash Meadows
groundwater basin is characterized by large-scale flow through a thick and highly permeable
carbonate aquifer and is derived predominantly from groundwater underflow from the Spring
Mountains on the southeast and from the adjacent White River flow system on the east via
Pahranagat Valley. The groundwater flow in this basin is distinctly different in character than
groundwater flow in the vicinity of Yucca Mountain and surrounding nearby areas. Major-ion
content data from waters derived from well UE-25 p#l, completed in the lower carbonate aquifer
in the immediate Yucca Mountain vicinity (approximately 3 km [1.8 mi.] southeast of the
potential repository) imply that there has been little mixing of water from the lower carbonate
aquifer with that of the overlying Tertiary volcanic aquifers beneath Yucca Mountain, despite
hydraulic head differences observed in some wells in the area that suggest the presence of
upward flow gradients. Testing involving multiple wells at the C-Holes Complex indicates
higher permeabilities than those derived from previous single-borehole testing at the same wells
(CRWMS M&O 2000b, Section 3.2.5). However, most of the data on permeability at Yucca
Mountain are from single-borehole tests. The site-scale model addresses this uncertainty by
identifying reasonable upper and lower bounds on permeability variables and optimizing
permeability parameters for each permeability value assigned to a specific hydrogeologic unit or
feature. Adjustments to initially selected permeability values were also made during the
simulations in order to better match fluxes estimated by the model with observed field
conditions.

Hydrochemical data indicate that water in the volcanic aquifer beneath Yucca Mountain and
Crater Flat was probably recharged during past wetter climate conditions, originating largely
from local infiltration via perched water zones during late Pleistocene to early Holocene time.
Carbon-14 dating of groundwater beneath Yucca Mountain indicates corrected apparent ages
ranging from about 8 to 18 k.y. old. Carbon-14 dating of perched waters at Yucca Mountain
indicated that the perched waters were recharged generally between 7 and 11 ka. These ages
suggest that the principal component of recharge to Yucca Mountain groundwaters is of late
Pleistocene to early Holocene age and that younger recharge beneath Yucca Mountain is not
important. Data on 8D and 6180 compositions of waters from the same sources allow for
interpretations that are consistent with the above conclusion.

Apparent ages of groundwater appear to generally increase from northwest to southeast across
Yucca Mountain. Groundwater west and south of Yucca Mountain, based on testing of two
wells near Fortymile Wash, is estimated to be approximately 11 to 12 k.y. old. East and
southeast of Yucca Mountain, beneath Fortymile Wash, groundwater is estimated to be 4 to
7 k.y. old, providing evidence of more modem recharge in the Fortymile Wash area.
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Yucca Mountain groundwaters are generally more depleted with respect to 8D and 8180 levels
than those of the Amargosa Desert, but less depleted than those of Crater Flat and Pahute Mesa.
Yucca Mountain groundwater may represent a mixture of infiltration along Yucca Mountain and
groundwater underflow from Crater Flat and/or from upland areas to the north. However, the
observed differences in SD and 8180 compositions between Yucca Mountain groundwaters,
which compare well to the composition of modern recharge areas of modem snow, and Pahute
Mesa waters, appear to be large enough to preclude recharge at Pahute Mesa for the waters
beneath Yucca Mountain under climatic conditions similar to those existing when the current
Pahute Mesa groundwaters were recharged.

Overall, the hydrochemical and isotopic evidence from studies of water within the Death Valley
regional groundwater flow system and from the Yucca Mountain-Fortymile Wash flow system
are in general agreement and are consistent with hydrogeologic understanding of the
groundwater flow in the vicinity of and surrounding Yucca Mountain. Flow paths inferred based
on chemical and isotopic data are in general agreement with those based on potentiometric
gradients, but with a stronger north-south component. The stronger north-south component
could reflect the general north-south structural fabric of the rock. Alternatively, because flow
paths derived based on chemical and isotopic data are traced in two dimensions only, do not
involve consideration of local recharge effects or vertical mixing between aquifers, and include
data obtained from a broad range of (widely spaced) sampling depths and different geologic
units, the inferred north-south flow path trend might be an artifact of the available data set, or the
inability of the method to account for chemical mixing due to recharge or mixing due to upward
pressure heads exerted by the carbonate aquifer.

Analysis and Modeling of Regional Flow System-A number of groundwater flow models have
been developed to simulate regional (and local) hydrogeologic conditions in the Death Valley
region. The current major regional groundwater flow model developed to simulate current
regional groundwater flow conditions for the YMP was developed by personnel at the
U.S. Geological Survey in 1997. Output parameters generated from this regional groundwater
flow model are used to provide input for defining local saturated zone system flow-model
boundary conditions:

Parameters estimated for use in the modeling simulations include hydraulic heads and spring
flows (matched by model regression), hydraulic conductivities, estimated water budgets, and
faults. Because the inflow and outflow volumes for subregions or sections defined for the flow
system are not precisely defined, a lumped value water budget was developed for use in the
modeling. Two types of faults were incorporated in the model framework: (1) those that are
inferred to serve as conduits (northeast-southwest-trending features) to groundwater flow; and
(2) those. that are inferred to act as barriers (northwest-southeast-trending features) to
groundwater flow.

The regional flow system was conceptualized and analyzed using the three-dimensional, steady-
state MODFLOWP model. The model incorporates a finite-difference grid comprised of
163 rows, 153 columns, and three layers. The grid cells are oriented north-south and are of
uniform size, with side dimensions of 1,500 m (4,920 ft). The first and second layers included in
model framework are designed to simulate local and subregional flow paths, mostly within
valley-fill alluvium, volcanic rocks, and shallow carbonate rocks, and the third (lowest) layer
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designed to simulate deep regional flow paths in the volcanic, carbonate, and clastic rocks.
Calibration of the regional model using the techniques available in MODFLOWP allowed for
estimation of a series of parameters that provide a best fit to observed hydraulic heads
(500 observations) and flows (63 observations). The model was evaluated to assess the likely
accuracy of simulated results by comparing measured and expected quantities with
simulated values.

Model results indicate that values of residuals (i.e., differences between observed [estimated] and
simulated values) for most major groundwater discharge areas appear to be negative, indicating
that, for most of these areas, simulated (modeled) total flows (including spring flow and
evapotranspiration) are apparently less than observed flows. Residuals values for hydraulic
heads are generally within 50 m (160 fit) in areas of flatter hydraulic gradients, and are
sometimes larger (as large as 300-m [6,600-ft] differences between simulated and observed head
values) in areas of steep hydraulic gradients, for model layers 1 through 3. The degree of match
between simulated and observed hydraulic heads is considered to be relatively good, considering
the overall greater than 2,000-m (6,600 ft) head drop across the flow system area modeled.
Although some evidence of important model error may be indicated by the finding that the
weighted residuals resulting from the model predictions are not entirely random in nature, this
relatively good overall match of head values suggests that this regional flow system model
provides a reasonable representation of the physical system.

Local Saturated Zone Flow Subsystem-The Yucca Mountain site is located in an area
intermediate between areas of recharge and discharge of the Death Valley regional groundwater
flow system. The Yucca Mountain-Fortymile Wash flow system, a part of the Alkali Flat-
Furnace Creek groundwater basin, represents the local saturated zone flow system underlying the
site. The combined Fortymile Canyon and Crater Flat sections of the Yucca Mountain-Fortymile
Wash flow system, including the Yucca Mountain area, are virtually surrounded by the Pahute
Mesa-Oasis Valley basin to the north and west, the Ash Meadows basin to the east and southeast,
and portions of the Amargosa Desert basin to the south.

Potentiometric data from widely spaced boreholes upgradient from Yucca Mountain indicate that
groundwater probably flows south from upland recharge areas in the volcanic terrain of Pahute
and Rainier mesas, beneath Timber Mountain, continuing southward beneath the Yucca
Mountain area. However, the concept of inflow from upgradient regions is based on limited
hydrogeologic data, particularly between Yucca Mountain and Pahute mesa.

Groundwater flow beneath Yucca Mountain primarily occurs within a sequence of fractured
Tertiary-Age volcanic rocks and underlying carbonate rocks. From west to east between block-
bounding faults, the generally eastward dip of the layered volcanic rocks underlying Yucca
Mountain causes successively younger strata to be submerged beneath the more gently sloping
water table. South of Yucca Mountain in the Amargosa Desert, where the volcanic rocks pinch
out, groundwater also flows within Tertiary alluvial and carbonate deposits. Beneath Yucca
Mountain, the slope of the water table surface, currently located about 200 to 400 m (660 to
1,300 ft) below the potential repository horizon, is generally relatively flat, sloping to the east at
a horizontal gradient of about 0.0001 to 0.0003.
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Hydrogeologic data indicate the potential for groundwater f toward the potential repository
from the area of the large hydraulic gradient to the north and from Crater Flat to the west, and
from the potential repository toward Fortymile Wash to the east. The flow path from. beneath the
potential repository appears to initially be eastward to southeastward toward Jackass Flats, then
south-southwestward. Beneath the crest of Yucca Mountain, flow is entirely in the lower
volcanic aquifer and deeper units. However, at Fortymile Wash, the upper volcanic aquifer dips
beneath the water table and dominates the flow system. That portion of flow reaching the
Fortymile Wash area from beneath Yucca Mountain then generally flows south-southwestward
toward the Amargosa Desert.

Some uncertainty exists regarding the manner in which groundwater flow behaves in the areas of
the large and moderate hydraulic gradient. The potentiometric surface in the area of the large
hydraulic gradient may or may not reflect a change in hydrogeologic units, depending on the
interpretation of the cause of the large hydraulic gradient. Several hypotheses have been
proposed for the cause of this feature, the two prominent ones involving a saturated zone model,
in which the large hydraulic gradient is interpreted to be the result of a steeply inclined water
table slope within a fully saturated flow system, and a second concept involving a perched water
conceptual model, wherein the flow system consists of a saturated interval overlying a wedge of
unsaturated rocks, which in turn overlies the regional water table. Simulation of the large
hydraulic gradient feature in groundwater flow models has typically been through the use of
low-permeability features, such as large areas of low permeability or a low permeability barrier.

In the area of small hydraulic gradient at Yucca Mountain, the potentiometric surface is a
continuous, almost flat surface that does not appear to change significantly in configuration as it
transects aquifers and confining units or change noticeably as it passes through the various faults
east of the Solitario Canyon fault. The small hydraulic gradient can be interpreted as an area of
either high transmissivity or small groundwater flux, or some combination of the two.

Vertical-hydraulic gradients could have an important impact on the analysis of the effectiveness
of the saturated zone as a barrier to radionuclide transport. No unambiguous areal patterns in the
distribution of vertical hydraulic gradients around Yucca Mountain are apparent. Based on a
limited data set (five boreholes), an aerially extensive upward gradient can be inferred between
the carbonate aquifer and the volcanic aquifers, which may indicate that, at least for the
immediate Yucca Mountain area, radionuclide transport would be restricted to the volcanic
system. Data from a well southeast of Yucca Mountain indicates the potential for upward flow
from the lower carbonate aquifer to the volcanic aquifers.

Numerous faults exist within the local saturated zone subsystem. Faults that lie within the local
saturated zone flow system influence the movement of groundwater, variously serving as either
preferential pathways or barriers to flow. North-striking faults border and intersect the site.
Northeast-striking faults are regionally important to the east and south of the site, projecting into
the southern part of the saturated zone study area. These faults are part of a more extensive set
of faults that forms additional ridges to the east and west of the Yucca Mountain site and that
underlies the intervening valleys.

Northwest-striking faults occur just to the north, as well as to the south and southeast, of the
potential repository site. Locally at Yucca Mountain, the northwest-southeast-trending structures
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may not be barriers to flow, at least in the trend direction. Hydraulic and tracer tests in Drill
Hole Wash indicated that the underlying structure, whether it is a fault or merely a fracture zone,
provides continuous, permeable flow paths. Drawdown observed in nearby wells while pumping
at the C-Holes Complex southeast of Yucca Mountain allows the inference to be made that a
northwest-southeast structure provides a permeable flow path toward the direction of the
potential repository. An alternative interpretation of the anisotropy inferred from the C-Holes
Complex pump tests is presented by Ferrill et al. (1999, pp. 6 to 7), who interpreted observation
well data as indicating a horizontal anisotropy having a maximum estimated principal direction
of NNE-SSW. The distribution of drawdown in response to extensive pumping at the C-Holes
Complex is believed to be related to the location of nearby structural features, and the areal
distribution of hydraulic conductivity in this area may be related to the presence or absence of
faults.

Most researchers have concluded that the Solitario Canyon fault, on the west side of Yucca
Mountain, is a barrier to west-to-east groundwater flow and is a probable cause for the moderate
hydraulic gradient. However, the Solitario Canyon fault may also provide a conduit for upward
flow to the volcanic aquifers from the underlying carbonate aquifer. Other north-trending faults
at Yucca Mountain may also provide conduits for upward flow, particularly where they
correspond to linear anomalies in water temperature.

Numerical Modeling of Local Flow Subsystem-The current numerical model used to
characterize the saturated zone beneath Yucca Mountain and its vicinity is the site-scale
saturated zone flow and transport model. The model is a three-dimensional, steady-state,
numerical flow and transport model that uses an effective-continuum modeling representation to
model host rock conditions. This model was developed to: (1) allow better understanding and
prediction of the direction and magnitude of groundwater flow from beneath the potential
repository area to the accessible environment; (2) provide a means of accounting for the
observed groundwater temperature data obtained from wells within the model area; (3) identify
the potential role of faults as barriers or conduits to groundwater flow; and (4) provide a model
of the flow system for subsequent flow, heat, and radionuclide-transport modeling.

The site-scale saturated zone flow and transport model simulates steady-state groundwater
conditions and covers an area of approximately 1,350 km2 (521 mi.2), over a saturated thickness
of about 2.75 km (1.7 mi.), delimited by a rectangular box approximately 45 km (28 mi.) long by
30 km (19 mi.) wide. The area considered for the local saturated zone flow model simulations
extends approximately from central Jackass Flats on the east to western Crater Flat on the west,
and from the headwaters of Beatty Wash on the north to northern Amargosa Desert on the south.
The model domain was also selected to be thick enough to include part of the regional Paleozoic
carbonate aquifer as well as large enough to include well control in the Amargosa Desert at the
southern end of the model, and to be able to assess groundwater flow at potential downgradient
receptor locations in the Amargosa Desert.

A detailed three-dimensional hydrogeologic framework model was first developed to
characterize the complex three-dimensional, heterogeneous, porous, and fractured media beneath
Yucca Mountain and within the local saturated zone system model area. The simulation code
FEHM developed in 1997 was used in the modeling effort. The FEHM computer code is
capable of simulating flow and transport through both the unsaturated and saturated zones. It can
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simulate the flow of water and air, and the transport of heat and chemicals, in two-dimensional
and three-dimensional saturated or partially saturated, heterogeneous porous media. Fractured
media can be simulated using either equivalent-continuum, discrete-fracture, dual-porosity, or
dual-permeability approaches. The parameter estimation component of the model was achieved
through the use of the model-independent parameter estimation software PEST (Parameter
Estimation Software) developed in 1994.

Permeabilities estimated during calibration of the flow and transport model were compared to the
permeability values estimated from pump test data from Yucca Mountain and to data from
elsewhere at the Nevada Test Site. For most of the geologic units, the model-calibrated
permeabilities are within the 95 percent confidence limits of the mean permeabilities estimated
from the field data. The model-calibrated permeability for the carbonate aquifer is lower than
the mean measured permeability of the carbonate aquifer at the Nevada Test Site and at Yucca
Mountain. With the exception of the model-calibrated values for the upper volcanic aquifer, the
calibrated permeabilities are generally consistent with most of the permeability data from Yucca
Mountain and elsewhere at the Nevada Test Site. The calibrated permeability for the upper
volcanic aquifer is about two orders of magnitude less than the mean measured permeability of
this unit. A good match was achieved between model-predicted and measured permeabilities of
both the Bullfrog and Prow Pass units; because these units convey most of the groundwater flow
in the region 5 km (3.1 mi.) downgradient from the potential repository, this is an important
finding. An apparent discrepancy exists between the model-calibrated permeability for the Tram
unit of the Crater Flat Tuff and the mean permeability derived from field data.

Results of model validation efforts provide sufficient confidence that the hydrogeologic
framework model and the model transport methodology are adequate for use as components of
the site-scale flow and transport model. Analysis of the distribution of weighted residuals
indicates that some bias is present in the model conceptualization. Apparently, there is some
aspect of the real system that is not completely captured in the site-scale saturated zone flow and
transport model. Predicted heads along flow paths from the potential repository area are
uniformly too high. However, observed gradients of head along these paths are simulated well.

The calculated vertical direction of flow (upward) matches the direction indicated by lead
measurements in the single well (UE-25 p#l) that penetrates the carbonate aquifer. However,
the magnitude of the model-predicted gradient is about half of the observed gradient. Although
the upward gradient produced by the model is not as large as that indicated by field
measurements, it is sufficient to keep the simulated flow path lines downgradient from the
potential repository in the shallow volcanic aquifers (a condition corroborated by
geochemical data).

The boundary fluxes estimated by the site-scale model are generally in good agreement with
those estimated by the regional scale groundwater flow model. The total fluxes across the
northern boundary computed by the regional-scale model and the site-scale flow model differ by
only 14 percent based on the regional-scale value. This difference can be expected because the
regional scale and site-scale flow models are based on different hydrogeologic framework
models. A good match was found for boundary fluxes estimated along the east side of the site-
scale flow model domain. The difference in the fluxes estimated by the two models across the
southern boundary is approximately 21 percent. The southern boundary flux is the sum of the
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other boundary fluxes plus recharge. The fluxes across the western boundary computed by the
regional scale model and the site-scale flow model do not match as well as along the northern
and eastern boundaries. The regional scale model predicts a greater inflow along the western
boundary than does the site-scale flow model. The discrepancy in fluxes computed along the
western boundary by the two models largely is the result of the different hydrogeologic
framework models upon which the two models are based. The different hydrogeologic
framework models appear to be responsible, at least in part, for the discrepancies in fluxes on the
northern boundary.

Comparisons performed for model validation indicate that flow paths predicted by the model
generally agree with those interpreted from hydrochemical and isotopic data. The primary
difference is the stronger eastward component of flow in Crater Flat predicted by the flow model
compared to the flow directions estimated in the hydrochemical analysis. The most important
flow paths estimated by the numerical model (i.e., the flow paths from the potential repository
area) are similar to those estimated from the hydrochemical and isotopic data.

Thermal Characteristics of Groundwater Flow in Local Saturated Zone Flow System-At
Yucca Mountain, available temperature data provide evidence that this area is characterized by
deficient heat flow, compared to higher heat flow values measured at several other locations in
the Basin and Range. Anomalously low heat flow values (36 and 32 mW/M2) were reported for
two boreholes (USW G-3 and USW H-3) drilled along the Yucca Mountain ridge crest just south
of the potential repository area. Recent data compilations indicate that saturated zone heat flow
at and near the potential repository area generally ranges between 30 and 60 mW/mi2. The range
of heat flow is comparable to heat flow in the Eureka Low, an area of regional heat-flow
deficiency (less than 63 mW/m 2) that has been delineated in southeastern Nevada. The Eureka
Low has been attributed to downward seepage of water and subsequent lateral transport of water
and its contained heat in regional aquifers.

Temperatures at the water table in the Yucca Mountain vicinity, as estimated from temperature
profiles compiled for boreholes extending to the groundwater, indicate the presence of two areas
characterized by high temperature anomalies (320 to 38.80 C). The first such area is associated
with Solitario Canyon, and the second is a less prominent high-temperature zone (32° to 340 C)
associated with Midway Valley. Both Solitario Canyon and Midway Valley overlie zones of
north-trending faults, suggesting a genetic relationship between faulting and high-temperature
anomalies at the water table. The linear temperature anomalies that correlate spatially with the
Solitario Canyon fault and with faults in Midway Valley clearly indicate that flow is strongly
influenced by the north-south striking faults.

The heat-flow deficiency in the Yucca Mountain vicinity extends vertically downward to at least
near the base of the Tertiary volcanic rocks, based on temperature log data from deep holes such
as USW G-1, USW H-3, and USW G-3, located beneath the Yucca Mountain crest. Higher
temperature anomalies were encountered in borehole UE-25 p#l, located about 3 km (1.8 mi.)
southeast of the potential repository, at depths of about 500 and 1,300 m (1,640 and 4,270 ft)
below the ground surface. These higher temperatures are interpreted to be associated with the
presence of faults penetrated by this borehole. One interpretation of the thermal regime in the
vicinity of UE-25 p#1 is that upwelling of the isotherms implies that fault-controlled flow
parallel to the strike of the faults is accompanied by buoyant rise, thus vertical mixing, of warm
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water within the fault zon-es. Borehole temperature data obtain6d from borehole USW H-6, west
of Solitario Canyon fault, from a depth below about 900 m (3,000 ft), is indicative of upward
advective heat flux in a fault that is projected to underlie this borehole. The relatively high
temperatures and heat flows observed in USW H-6 and UE-25 p#l, above the Solitario Canyon
and Paintbrush Canyon faults, respectively, attest to the local importance of vertical mixing of
dominantly lateral flow along the faults.

An apparently anomalously high heat flow value, 130 mW/m 2 , was reported for borehole
UE-25 a#3 in the Calico Hills, located more than 10 km (6.2 mi.) east of Yucca Mountain. The
high heat flow observed in borehole UE-25a #3 occurred at the depth of an argillite unit
penetrated by this borehole. Because the argillite represents a portion of the Eleana Formation
that overlies carbonate rocks that probably are part of the lower carbonate aquifer, a structurally
high feature beneath the Calico Hills, it is likely that the high heat flow measured in this borehole
is therefore driven by deeper warm water rising along a fault zone. This phenomenon is also
apparent in borehole UE-25 p#l, and is suspected to similarly be the case for borehole
USW H-6.

Long-Term Stability of the Water Table and Flow System-There are various lines of
evidence that provide information on past water table elevations at Yucca Mountain. Evidence
which bears on the "stand" of the water table during the past includes: (1) paleohydrologic data;
(2) isotopic data obtained from studies of secondary minerals (primarily secondary calcite)
deposited above and below the current water table and isotopic studies of groundwater samples;
(3) mineralogical data from secondary mineral deposits in the current unsaturated zone,
including zeolite abundance data, secondary calcite and opal mineralization textural and
morphological data, and fluid inclusion data; (4) measured responses of the water table due to
recent earthquakes; and (5) other data, such as pack-rat midden data and information regarding
inferred past pluvial lake shoreline elevations. The potential for substantial rise in the elevation
of the water table is an important consideration to the performance of the potential repository.
A rise in the water table during the regulatory time period (on the order of 10 k.y. after repository
closure) could reduce the thickness of the unsaturated zone, an important geologic barrier
underlying the potential repository. A thinner unsaturated zone would result in reduced travel
times for a hypothetical future release of radionuclides from a repository waste package. The
vertical separation that currently exists between the potential repository horizon and the current
groundwater surface, for various portions of the potential repository, ranges from approximately
200 to 400 m (660 to 1,300 ft).

Paleohydrologic data obtained from a number of natural existing and relict features throughout
the southern Great Basin demonstrate that episodes of higher effective moisture have occurred in
the past compared to present-day conditions. The results of several investigations of natural
existing spring features and paleodischarge sites located within the region, coupled with analyses
of packrat midden sites, groundwater samples, and mineralogical and isotopic indicators in.
unsaturated zone volcanic rock, indicate that, in the past, the groundwater table appears to have
been situated a maximum of about 115 to 120 m (377 to 394 ft) higher than the current water
table level. If past water table gradients were similar in configuration to present-day gradients,
then the paleospring data indicate that a maximum 116 m (381 ft) water table rise could be
extrapolated to have occurred at Yucca Mountain during the last glacial cycle. These estimates
indicate that most of the horizon of the potential repository has remained at least 85 to 285 m
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(279 to 935 ft) above the level of the regional groundwater table at least as far back in time as the
Pleistocene age of the Lathrop Wells Diatomite deposits. The estimated maximum 115 to 120 m
(337 to 394 ft) water table rise could be considered a reasonable maximum limit for the amount
of rise of the groundwater table that might occur at Yucca Mountain during future pluvial times.

A number of independent modeling simulations were conducted between 1985 and 1999 to
evaluate the possible effects of past, as well as hypothetical future, changes in climate on the
configuration of the groundwater table beneath Yucca Mountain and the surrounding region.
Results of these simulations generally indicate that a water table rise of between about 50 and
130 m (160 to 430 ft) appears to represent a maximum rise of the water table that might have
occurred during the past pluvial climate maximum or that could likely occur for postulated
hypothetical future wetter climatic conditions. The climatic conditions simulations in the current
(1999) alternate-climate model included: (1) one simulation based on past-climatic (wetter,
cooler) conditions (21 ka, a full glacial condition); and (2) a second simulation involving a
possible future groundwater flow system representing global-warming conditions (for which a
doubling of atmospheric CO2 levels was assumed).

As mentioned above, inundation of the potential repository would require a water table rise of
more than 200 to 400 m (660 to 1,300 ft) compared to current water table levels. Based on this
magnitude consideration of current vertical separation, and on the convergence of the calcite
data, mineralogic data, the implied former depths of the water table as inferred from the past
discharge deposits, and the theoretical maximum water table rise predicted from the hydrologic
models, the large majority of investigators have concluded that the saturated zone has not risen to
the level of the potential repository over at least the past 10 to 20 k.y., and probably has not risen
to this extent during the last two glacial cycles (170 to 100 ka and 60 to 10 ka) or longer, and is
not likely to do so within the future regulatory time period of the potential repository.

A number of independent modeling simulations were also performed to assess the potential
hydrotectonic effects (i.e., effects of a hypothetical earthquake or a volcanic intrusion) on
groundwater levels in the YMP study area. The range of values of potential groundwater altitude
changes predicted by each of these modeling simulations was rather low, ranging from a low of
about 1 m (3.3 ft) to a high of about 20 m (66 ft). In marked contrast to the above predictions is
a set of predictions developed in 1997 by one team of investigators who used an analytical model
to predict that a large rise (on the order of 150 to 250 m [490 to 820 ft]) in the water table below
Yucca Mountain could occur in response to hypothetical earthquakes of magnitude 5 and
somewhat greater than 6, both assumed to be located at the approximate northern end of the
potential repository. However, the orientation of least principal stress assumed by these authors,
and their assignment of different stress regimes to areas within and south of the area of the large
hydraulic gradient for use in their modeling simulations are not supported by an earlier
compilation of regional-stress characteristics for the area.

The general convergence of results of the hydrotectonic effect simulations indicate that,
compared to climate change, other mechanisms such as earthquake-induced seismic events and
hypothetical volcanic events appear to have the potential to produce much less pronounced
changes in groundwater water levels in the Yucca Mountain vicinity for earthquakes and
volcanic regimes reasonably expected to occur for the Basin and Range Province during the
operational life of the potential repository.
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Water Supply for Potential Repository-If the potential repository is approved, a long-term
water supply source will be required to support future YMP repository-related activities.
Historically, water furnished to the YMP, primarily in support of site characterization activities,
has been obtained from groundwater wells (wells UE-25 JC-12 and UE-25 JC-13) previously
installed in Jackass Flats, on the eastern flank of Yucca Mountain. Jackass Flats, together with
Fortymile Canyon, comprises Basin 227A, according to basin classifications established by the
Nevada State Engineer.

In 1997, the U.S. Department of Energy filed applications with the State Engineer's office to
appropriate groundwater from Basin 227A (Jackass Flats). A total of five permit applications
were filed. These five applications pertain to existing wells UE-25 JC-12 and UE-25 JC-13, and
the C-Holes Complex (UE-25 #1, UE-25 #2, and UE-25 #3), and request a combined annual duty
not to exceed 430 a.-ft/yr, The water would be used to supply the future needs of the potential
repository subsequent to December 31, 2000, or April 9, 2002, when the existing appropriation
permits for these wells are scheduled to expire. The recent applications entail no increase in total
annual duty compared to that currently permitted. The total combined requested duty involved
in the recent U.S. Department of Energy water rights applications and other existing committed
water rights within Basin 227A represents less than 1.7 percent of the total currently committed
appropriations and permits (3.71 x 107 m3 /yr. [30,075.01 a.-ft/yr.]) for seven contiguous
hydrographic basins (Basins 225, 226, 227A, 227B, 228, 229, and 230) that encompass and
surround Yucca Mountain.

Available historical data and results of recent modeling simulations suggest that continued future
pumping from water production wells UE-25 J-12 and UE-25 J-13 at current levels is expected
to have a limited effect on groundwater levels beyond the local vicinity of these wells.
A maximum fluctuation of about 0.4 m (1.3 ft) was observed in water levels measured in these
wells between 1985 and 1995, during which times the wells continued to be used as supply water
wells. One set of modeling simulations conducted in 1999 to further evaluate the possible
impact of the proposed future groundwater withdrawals from Basin 227A indicated that possible
impacts would primarily be confined to Jackass Flats (Basin 227A) and Crater Flat (Basin 229).
The simulated drawdown at a monitoring site near the town of Amargosa Valley, after 100 yr. of
pumping in Basin 227A, was estimated to be less than 0.37 m (1.2 ft). The simulated impact of
the proposed pumping on water levels in the Ash Meadows area following 100 yr. of pumping
was found to be less than 0.03 m (0.1 ft).

Independent steady-state simulations conducted by others (at the U.S. Geological Survey) in
1999 generally corroborated these model results, indicating that water levels at a site near the
town of Amargosa Valley, approximately 8.7 mi. (14 km) south of well UE-25 J-12, would be
reduced by about 1.1 m (3.6 ft). The simulation results also indicated that water-level declines
nearer the pumped wells would be larger than those near Amargosa Valley, but that the declines
generally were less than 2 m (6.6 ft) within a few kilometers of the pumped wells. The
U.S. Geological Survey investigators concluded that, within the limitations of the simulations,
the results of their simulations probably provide a reasonable estimate of the effects of potential
increased groundwater withdrawals at Yucca Mountain, particularly at large distances from the
pumped wells, such as in the Amargosa Desert.
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The proposed water rights permit applications were recently ruled on by the State Engineer
(Turnipseed 2000). The State Engineer's ruling indicated that no evidence was provided
showing that there was not sufficient water available at the source for the appropriation of
530,000 m3 (430 a.-ft) annually from Basin 227A. It was also ruled that there was no evidence
available to indicate that the proposed use would conflict with existing water rights. However,
based on a review of previous State of Nevada case law, the State Engineer upheld a previous
State of Nevada legislative veto prohibiting the proposed appropriation of these water rights for
the uses described in testimony provided by the applicant at the hearing. On March 2, 2000, the
U.S. Department of Justice, acting on behalf of the U.S. Department of Energy, filed an appeal to
the State Engineer's decision to deny the water permits.

/
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Figure 9.2-4. Estimated Potentiometric Surface of the Death Valley Region
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Figure 9.2-5. Hydrographic Areas of the Death Valley Region
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Figure 9.2-6. Locations of Regional Inflows across Flow System Boundaries
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Figure 9.2-7. Subregions, Groundwater Basins, and Associated Flow Paths of the Death Valley Regional
Groundwater Flow System
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Figure 9.2-9. Locations of Water-Level Data Wells in the Death Valley Region
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Figure 9.2-10. Locations of Regional Springs
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Figure 9.2-11. Final Evapotranspiration Areas in the Death Valley Region
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Figure 9.2-12. Refined Potential Recharge Areas for the Death Valley Region
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NOTE: Type I waters characterize the regional carbonate aquifer; type 11 waters characterize waters from the tuff
aquifer (or waters in tuff-derived alluvial aquifers). Type liI and VI waters are believed to be derived through a
mixture of types I and II either by mixing of waters or by flow through a mixed source. Circles with crosses
represent perched waters.

Figure 9.2-14. Piper Diagram Showing Types of Chemical Compositions Found at and near the Nevada
Test Site
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iCD Figure 9.2-17. Plot Showing the Relationship between Uranium Concentration and Isotopic Composition in Water from the Carbonate Aquifer
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Figure 9.2-18. Map Showing Delta Oxygen-18 Values for Groundwater in the Valley-Fill Aquifer
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Figure 9.2-19. Map Showing Delta Carbon-13 Values for Groundwater in the Valley-Fill Aquifer
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Figure 9.2-20. Location of Wells and Springs Analyzed for Delta Strontium-87 from Waters
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Figure 9.2-21. Northern Death Valley Subregion0
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Figure 9.2-22. Southern Death Valley Subregion

CZ0
TDR-CRW-GS-000001 REV 01 ICN 01 F9.2-22 September 2000

-, Sv~. "Il~'l~ - ... - .". - g. - .a. M. ........... -11I av 1- -- - ' .. .............. - - .... . ..... ... . .... ... I



EXPLANAnON

0

.. . b at = = _ C anst d cellin layer3

UCbmat head celli. y. I

*Spng C r layer 3

D ing Cell in layer I

3Inaivecellinali ayers

... .. ... ...|S

_Wv U

Source: D'Agnese et al. (1997, Figure 36)

NOTE: All boundaries in Layer 2 were set to no-flow conditions.

Figure 9.2-23. Numerical Model Grid Map Showing Regional Model Boundary Conditions: Constant
Heads, Springs, and Wells
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Figure 9.2-24. Hydraulic Head Residuals (Observed Minus Simulated) for Model Layer 1
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Figure 9.2-25. Estimated Hydraulic Conductivity Parameters, Their 95-Percent Linear Confidence
Intervals, and the Range of Reasonable Values
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