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V Xipuaddy

Table A.11-3
CPU Times in Minutes for FEHM Test Problem Simulations

Model Faults | Radionuclides Source Location Matrix Diffusion Simulation Time (Yrs) | CPU Time (min)
Flow No - - - - 19
Flow Yes - - - - 15

F-E Transport No Tritium SCOTCH/SERENA* No 200 71
F-E Transport No Tritium SCOTCH CHVTA** No 200 82
F-E Transport Yes Tritium SCOTCH/SERENA No 200 77
F-E Transport Yes Tritium SCOTCH CHVTA No 200 103
F-E Transport Yes Am,Pu,Sr SCOTCH/SERENA No 1000 142
F-E Transport Yes Am,Pu,Sr SCOTCH CHVTA No 1000 153
Ptrk Transport*** Yes Tracer SCOTCH CHVTA No 200 5
Ptrk Transport Yes Tracer SCOTCH CHVTA Yes 200 5

*Sources were located at the SCOTCH and SERENA working points.
**Source was located in the CHVTA (Calico Hills Vitric Tuff Aquifer) above the SCOTCH working point.
***Particle tracking solute transport model
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Appendix B

Investigation of the Influence of Faults
on Groundwater Movement in the
Pahute Mesa/Oasis Valley

Flow Model Domain

(As provided by Los Alamos National Laboratory)
Edward Kwicklis, David Broxton, David Vaniman, and Andrew Wolfsberg
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

B. 1. 0 PURPOSE AND SCOPE

The base case hydrostratigraphic model for the Pahute Mesa/Oasis Valley (PM/OV) flow system
includes roughly forty-five structural features, including faults, caldera margins, and structural zones
of unknown origin (Bechtel, 2002). Calibration of the groundwater flow model for the PM/OV area
will require estimates for the hydraulic properties of these features, which by virtue of their
considerable spatial extent, exert a potentially important influence on groundwater movement. This
influence may arise through the juxtaposition of hydrostratigraphic units (HSUs) with contrasting
hydrologic properties or through the hydraulic properties of the features themselves. In view of the
large number of hydrostratigraphic units and structural features in the model, a desirable goal is to
reduce the number of independent model parameters by obtaining an independent, if qualitative,
understanding of the influence of these features on the hydrology of the area before formal calibration

of the model is underway.

This report is intended to provide a preliminary assessment for the impact of these features on
groundwater movement in the PM/OV flow domain. To make this assessment, an overview for the
structural and tectonic/volcanic history of the area is provided, along with a brief narrative describing
each of the features in the model domain. This summary includes a qualitative evaluation for the
severity of hydrothermal alteration in various areas of the model, a process that would tend to seal
features with alteration products and possibly cause them to be barriers rather than conduits for flow.
Afterwards, examples of the influence of faults on groundwater movement from the vicinity of the
Nevada Test Site (NTS) are reviewed to provide a perspective on the expected range of hydraulic
properties and possible hydrologic behaviors. Finally, a more direct assessment of the hydraulic
behavior of faults in the PM/OV flow domain is provided by comparing the map of the structural
features in the PM/OV flow domain with maps of the potentiometric surface and of the distribution of
conservative solutes like chloride and sulfate. Together these maps may indicate the potential and
actual groundwater flow directions and suggest the influence of the structural features on these flow

patterns. Although the focus of the present investigation is the hydraulic characteristics of the
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features themselves, evaluation of the features’ hydraulic properties will also necessarily involve a
preliminary assessment of the effects of stratigraphic juxtaposition. It is believed, however, that to
the extent the hydrostratigraphic model accurately reflects the juxtaposition of various HSUs across
these features, the effects of stratigraphic offsets across features is already explicitly incorporated into
the PM/OV flow model.

The analysis presented in this appendix focuses on faults and caldera structures associated with the
base case hydrostratigraphic framework model (HFM) with the Thirsty Canyon Lineament added.
This HFM was chosen because it contains most of the same shallow structural elements that are found
in the other alternative HFMs (except for the SCCC HFM), which differ mainly at depth. The
selection of the base case HFM for analysis was based solely on the fact that most of its structural
features are shared by other HFMs and does not indicate a preference for this geologic interpretation
relative to the others. The analysis that follows does not attempt to discriminate between the
alternative HFMs and is believed to be general enough that the interpretations presented have

applicability to more than just the base case HFM.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

B. 2. 0 HYDROGEOLOGIC SETTING

The Nevada Test Site is located within the southern Great Basin region, an internally drained part of
the Basin and Range physiographic province (Laczniak et al., 1996). The region is characterized by a
complex geologic history in which episodes of sedimentation, tectonism, igneous activity, and

erosion are overprinted in space and time.

B.2.1 Pre-Cenozoic Tectonic, Depositional, and Igneous History

The NTS region is located near the western margin of the Proterozoic craton where up to 11.5 km of
Late Proterozoic and Paleozoic clastic and carbonate sequences were deposited in miogeoclinal and
foreland basins (Frizzell and Shulters, 1990; Laczniak et al., 1996; Cole and Cashman, 1999). The
miogeoclinal deposits include 3,000 m of Late Precambrian to Middle Cambrian quartzite, micaceous
quartzite, and siltstone which together form the lower clastic aquitard of Winograd and Thordarson
(1975) and the basement confining unit of Laczniak et al. (1996). This widespread confining unit is
the hydrologic basement in southern Nevada, and it is a major barrier to lateral groundwater flow in
northeastern Yucca Flat, south of Oasis Valley near Beatty, and south of Ash Meadows. Though
generally an aquitard, it yields substantial water from fractured quartzite or fault zones in northern
Yucca Flat (Laczniak et al., 1996).

The lower clastic sequence is overlain by 4,600 m of Middle Cambrian to Middle Devonian dolomite,
limestone, and thin shale and quartzite layers (Laczniak et al., 1996; Cole and Cashman, 1999). This
sequence, which is the most productive water-producing zone in the NTS region, forms the lower
carbonate-rock aquifer of Winograd and Thordarson (1975) and Laczniak et al. (1996). It conveys
most groundwater in the Yucca Flat and Frenchman Flat areas and along the Rock Valley fault
system, and it is a significant aquifer southward from the southern part of Yucca Mountain into the
Alkali Flat-Furnace Creek Ranch subbasin (Laczniak et al., 1996).
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The region remained a stable continental shelf until Late Devonian time when tectonism in the Antler
orogenic highland resulted in the emplacement of deep-water sediments over miogeoclinal deposits.
This highland, which formed to the west and north of the NTS, was the source of up to 2,400 m of
Late Devonian and Mississippian siltstone, sandstone, and conglomerate to the NTS region; minor
limestone was also deposited at this time (Frizzell and Shulters, 1990; Cole and Cashman, 1999).
Because of their generally low permeability, Winograd and Thordarson (1975) termed these rocks the
upper clastic aquitard, and Laczniak et al. (1996) called them the Eleana confining zone. The upper
clastic aquitard occurs in a narrow arcuate band in the subsurface that extends southward along the
west side of Yucca Flat to CP Hills and then westward across northern Jackass Flats and the north end
of Yucca Mountain to Bare Mountain (Laczniak et al., 1996). It is the major confining unit along the
boundary between the Alkali Flat-Furnace Creek Ranch and the Ash Meadows subbasins in western
Yucca Flat and northern Jackass Flats (Laczniak et al., 1996). Locally it yields water from fracture

zones in quartzite and limestone.

A stable platform shelf was re-established during the Early Pennsylvanian and persisted until the
Early Permian; 1,100 m of shallow-water carbonates were deposited on this platform in the NTS
region (Frizzell and Shulters, 1990). This sequence and older carbonates thrust on top of the UCCU
form the upper carbonate-rock aquifer of Winograd and Thordarson (1975) and Laczniak et al.
(1996). The upper carbonate aquifer is a local aquifer in western Yucca Flat, but generally has a
limited areal extent and does not substantially effect regional groundwater flow (Laczniak et al.,
1996).

Late Permian and Mesozoic sedimentary rocks are absent in the NTS region and probably were never
deposited there (Stewart, 1980). Small Cretaceous granite stocks intrude Early Paleozoic deposits
north of Rainier Mesa and Yucca Flat, but are of limited extent. These stocks locally yield water
from fracture zones, but they are relatively impermeable and are classified as aquitards (Laczniak
etal., 1996).

The main pre-Cenozoic structures in the NTS include the east-verging Belted Range thrust fault and
the west-to northwest-verging CP thrust system (Cole and Cashman, 1999). The Belted Range thrust
is the principal contractional structure at the NTS with Late Proterozoic and Cambrian clastic rocks

transported eastward over clastic and carbonate rocks as young as Late Mississippian. The fault trace
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extends eastward from Bare Mountain to Shoshone Mountain before turning northward to Rainier
Mesa and the Belted Range (Potter et al., 2002). The thrust plate is generally simple and displays
little folding or internal disruption (Cole and Cashman, 1999). The nominal stratigraphic throw on
the thrust is about 7 km. Both the fault and rocks in the hanging wall generally dip at a moderate
angle to the west. The footwall of the Belted Range thrust is characterized by a broad zone of duplex
faulting with east-verging folds and by imbricate thrust faults (Cole and Cashman, 1999). The
amount of lateral displacement along the Belted Range thrust is not known, but juxtaposition of
laterally equivalent miogeoclinal facies across the fault indicates significant lateral shortening (Cole
and Cashman, 1999). The timing of compressional deformation in the NTS region is poorly

constrained, ranging from Late Permian to Late Cretaceous (Cole and Cashman, 1999).

The west-to northwest-verging CP thrust system forms a parallel zone of thrusts and folds east and
south of the Belted Range thrust (Cole and Cashman, 1999; Potter et al., 2002). Folds in the CP thrust
system are typically overturned and developed kink-style bands. Thrust faults tend to be local in
nature, and they are characterized by large stratigraphic throws and extreme overturning of footwall
strata (Cole and Cashman, 1999). The thrust faults appear to be steep structures that flatten upwards.
CP folds and thrusts deform the leading edge of the pre-existing Belted Range thrust system (Cole
and Cashman, 1999).

B.2.2 Cenozoic Volcanic and Tectonic History

The Middle to Late Miocene southwestern Nevada volcanic field is the erosional remnant of an
extensive volcanic plateau broken locally by normal faults; the plateau once covered an area of more
than 11,000-km? (Christiansen et al., 1977). Volcanism from a complex of overlapping calderas and
smaller eruptive centers was centered on Timber Mountain and Pahute Mesa (Byers et al., 1976,
Christiansen et al., 1977). The volcanic field is dominated by metaluminous and peralkaline
high-silica rhyolites and subordinate trachytes, dacites and basalts (Christiansen et al., 1977) erupted
between >15 and 7.1 Ma (Sawyer et al., 1994; Fleck et al., 1996). Pahute Mesa and the two youngest
calderas, Timber Mountain and Black Mountain, are the largest intact remnants of the volcanic

plateau (Christiansen et al., 1977).

The southwestern Nevada volcanic field has been hypothesized to lie along a right-stepped zone

within the NW trending Walker Lane Belt, a continental-scale lineament that separates areas of the
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Great Basin with north-south structural features from those in the southwest with predominantly
northwest structural trends (Carr, 1990). The most intense period of volcanism occurred from 15 to
11.5 Ma (Sawyer et al., 1994) with major ash-flow sheets erupted from the central caldera complexes
(Byers et al., 1976, Christiansen et al., 1977). The locations and approximate geometries of the Silent
Canyon caldera complex, the Claim Canyon caldera, the Timber Mountain caldera complex, and the
Black Mountain caldera are reasonably well known through a combination of surface mapping,
geophysical investigations, and subsurface data from drilling (e.g., Healey, 1968; Orkild et al., 1969;
Byers et al., 1976; Christiansen et al., 1977; Noble et al., 1984; Ferguson et al., 1994, Hildenbrand et
al., 1999; Grauch et al., 1999). Calderas older than the Claim Canyon caldera are completely buried
by younger rocks or were partly destroyed where they coincide with younger caldera structures. The
locations of source calderas for older major ash-flow sheets, including the Topopah Spring, Tram,
Lithic Ridge, Tub Spring, and Redrock Valley Tuffs, are either unknown or poorly constrained
(Byers et al., 1976, Christiansen et al., 1977; Sawyer et al., 1994). In addition to calderas, smaller

vents were sources of numerous small-volume ash flows and lavas throughout the area.

Because of its youth and moderate level of erosion, the structure of the Timber Mountain caldera
complex is better known than other calderas in the Southwestern Nevada volcanic field. This caldera
complex formed during two major eruptions. The Rainier Mesa caldera formed during the initial
collapse of the Timber Mountain caldera complex with eruption of 1200 km? of the ash-flow tuffs that
make up the 11.6 Ma Rainier Mesa Member of the Timber Mountain Tuff (Byers et al., 1976,
Christiansen et al., 1977; Sawyer et al., 1994). About 250,000 years later, the Ammonia Tanks
caldera formed during eruption of an additional 900 km? of ash-flow tuffs that make up the Ammonia
Tanks Member of the Timber Mountain Tuff (Byers et al., 1976, Christiansen et al., 1977). The
Timber Mountain caldera complex consists of a central cauldron block approximately 24 km in
diameter that subsided 1.3 to 3.8 km along a continuous ring fracture fault or series of faults
(Christiansen et al., 1977). The central cauldron block probably collapsed in piecemeal fashion with
ash-flow tuffs accumulating above cauldron blocks simultaneously with subsidence (Carr and
Quinlivan, 1968; Christiansen et al., 1977). During and after collapse of the central cauldron block,
the steep, unstable walls of the caldera slumped as a series of intact foundered blocks, megabreccias
of various sizes, and debris slides and flows that are intercalated with intracaldera tuffs and bury the
caldera floor (Byers et al., 1976; Christiansen et al., 1977). Shortly after collapse, resurgence of

magma caused the floor of the caldera to rise at least 1220 m as a 19 x 13 km structural dome,
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elongated to the northwest (Carr and Quinlivan, 1968; Byers et al., 1976, Christiansen et al., 1977).
Some of the uplift occurred along the inner edge of the pre-existing caldera ring fracture zone, which
in places is intruded by granite porphyry, basalt, rhyolite, and silicic tuff dikes (Carr and Quinlivian,
1968). The resurgent dome is broken by a complex system of normal faults, including an apical

graben system that parallels the long axis of the dome.

Volcanism in the southwestern Nevada volcanic field coincided with the Miocene peak of extensional
deformation in adjoining parts of the Great Basin (Sawyer et al., 1994). Aerial distributions and
thickness variations of volcanic rocks of the field show that Basin and Range normal faulting
occurred before, during, and after eruption of the major ash-flow sheets (Christiansen et al., 1977).
Most of the extensional deformation in the NTS regional probably occurred between 8 and 16 Ma
(Sawyer et al., 1994). Table 5 of Warren et al. (2000) shows that systematic, progressive offset
occurred from >13.1 Ma to <9.6 Ma along the West Boxcar and West Greeley faults. This offset
totals nearly a kilometer across each of these Basin and Range normal faults. Within the
southwestern Nevada volcanic field, most of the extensional strain was accommodated in areas
marginal to the central complex of overlapping calderas (Christiansen et al., 1977; Sawyer et al.,
1994). For example, displacement and tilting along generally north-trending normal faults have
produced features such as the Belted Range, Yucca Flat, Yucca Mountain, Crater Flat, and Bare
Mountain. Although broken by north-south normal faults, the central complex of calderas is not
overlapped by fault controlled alluvial basins (Christiansen et al., 1977; Sawyer et al., 1994). In
addition, detachment faulting in the Bullfrog Hills area with upper plate movement to the west and
northwest occurred approximately between 12.7 and 9.5 Ma. Taken together, these features indicate
that structural activity was most intense within the central complex of overlapping calderas during
their formation, but faulting shifted to the periphery of the central complex following the period of
intense volcanism, possibly because of the greater mechanical strength of the granitic intrusive rocks

underlying the calderas.

B.2.3 Description of Major Structural Features

Table B.7-1 lists the names, types, and abbreviations used for structural components of the Pahute
Mesa — Oasis Valley Model Area, along with notes relating to orientation, offset, and measures of

reactivation by underground testing. The locations of these structural features are shown in
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Figure B.7-1. The data in this table are based largely on Bechtel (2002) with supporting information
from other sources. Estimates of the fault offset of near-surface units are cited from McKee et al.
(2001) and evidence for reactivation by underground testing follows the summary by Frizzell and
Shulters (1990). These additional sources are added in order that the evidence of offset may be
compared with fault offsets represented at depth in the model, and because recent fault reactivation
reflects likely localization of upper crustal weakness but also likely zones where new fault and

fracture openings might enhance groundwater flow.

B.2.3.1 Architecture and Mineralization of Faults

The surface geometry of small-scale faults (<10 m offset) has been characterized within the region
surrounding Yucca Flat (Minor, 1995), which borders the eastern part of the model area.
Measurements for 906 of these small-scale faults, shown in Figure 3 of Minor (1995), show two equal
populations, a narrow one with a dip of 90 degrees, and a broader population with a dip of 77°. Very
few of these faults have dips <60 degrees. But geometric details, including the width of fractured and
pulverized zones, attitudes of fault zones, and movement direction along fault zones, have not been
determined for major faults within the southwestern Nevada volcanic field (SWNVF). Warren and
LaDelfe (1991) found an average dip of 82° degrees from the surface to 500 m depth for an
en-echelon major fault system at Pahute Mesa, based on comparison of stratigraphic units on opposite

sides of these faults.

Geologists and hydrogeologists have identified two primary components, or architectural elements,
for faults in rocks of high strength. These elements are an impermeable core zone that has
accommodated most of the fault slip and a highly permeable damage zone that brackets the core zone
(Goodwin et al., 1999; Caine and Forster, 1999; Evans et al., 1997; Forster and Evans, 1991). In
contrast, the single primary element for faults in rocks of low strength is typically an impermeable
deformation band (Goodwin et al., 1999; Antonelli et al., 1999). In the PM/OV flow domain, lavas
and welded tuffs are relatively high strength rocks, whereas nonwelded tuffs are of relatively low

strength (Blankennagel and Weir, 1973).

In volcanic terrains, faults are potential conduits for hydrothermal fluids, whose past movement is
recorded by the presence of hydrothermal minerals within the faults. Such mineralization is well
studied for the Yucca Mountain region of the SWNVF (e.g., Levy et al., 1999; Carlos et al., 1995;
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Carlos et al., 1993), and within the Pahute Mesa source region (Benedict et al., 2001). This generally
associated hydrothermal alteration, depending on its intensity, can completely fill the permeable
portions of faults, converting them to impermeable barriers (Reiter, 1999). Such mineralized, now
impermeable faults can be broken by subsequent events to become permeable once again (Tamanyu,
1999). Little is known about the distribution and timing of such hydrothermal alteration as related to
structures of the SWNVF, and whether that alteration may caused faults that were once conduits to
become barriers to fluid flow. However, in most instances, clay formation, carbonate cementation,
and zeolitization localized along faults and other deep structures are likely to reduce hydraulic
conductivity while increasing the retention of solutes within the advancing groundwater. Within the
SWNVF, caldera formation provides the most likely source for hydrothermal alteration (Noble et al.,
1991), although intense, hydrothermal alteration is also associated with detachment faulting within
the Bullfrog Hills (Jorgensen et al., 1990). Known calderas within the Oasis-Valley Pahute Mesa
flow path include the Ammonia Tanks and Rainier Mesa calderas of the Timber Mountain caldera

complex, and the Area 20 and Grouse Canyon calderas of the Silent Canyon caldera complex.

B.2.3.2 Alternative Structural Treatments

Several structural alternatives to the present structural construction within the Pahute Mesa — Oasis
Valley Model are described in Bechtel (2002) and summarized in their Table 6-1. These alternatives
were presented to acknowledge the uncertainty in some facets of the hydrostratigraphic model. These
uncertainties relate to the shape of the caldera margins (arcuate versus rectilinear), the continuity and
offset of hydrostratigraphic units across faults at depth, changes in the dip of the faults with depth, the
distribution of collapse breccias along caldera margins, the depth to basement rock, and the need for
more (or less) structural and hydrostratigraphic detail, among other issues. The present report does
not consider the potential impact of alternative interpretations of the structure and hydrostratigraphy
in the PM/OV flow domain nor does it attempt to discriminate between these alternatives. The
analyses of fault behavior is limited to structural interpretations presented in the basecase model, with

the addition of the Thirsty Canyon lineament as presented in Figure 6-5 of Bechtel (2002).

B.2.3.3 Normal Faults (NF)

Normal faults of the modeled area trend generally between N 30° E and N 47° W; dips on all of these

faults are to the west, with the exception of the Bare Mountain fault, Claim Canyon fault #2, and the
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Hogback fault, which dip to the east (Table B.7-1). Note that the dip angle on all of these faults is
assigned a nominal value of 80° in the absence of direct evidence to the contrary this is a reasonable
average dip angle for the shallow segments of normal faults in the Basin and Range (McKee et al.,
2001). Warren and LaDelfe (1991) found that average dip to 500 m depth along a pair of en-echelon
faults at Pahute Mesa was 82°, in line with the general use of a nominal 80° dip. Some studies of
Basin and Range structure indicate that dips on normal faults tend to flatten with depth, but the depths

at which this occurs are below the modeled volume.

Many of the normal faults within Pahute Mesa are named for nearby underground tests that were
conducted beneath the mesa (Halfbeak, Rickey, Estuary, Almendro, Greeley, Boxcar, Handley, and
Purse). Most of these faults were reactivated by underground testing, as summarized by Frizzell and
Shulters (1990). Faults and other structural features are numbered so that they can be more easily

located on Figure B.7-1.

Almendro Fault (1) and West Almendro Fault (2)

The Almendro and West Almendro normal faults occur in the eastern part of the Silent Canyon
Caldera Complex. As designated within the Hydrostratigraphic Model, the Almendro fault
terminates to the south at the Southern Pahute Mesa Structural Zone (41) and is continuous to the
north with the buried Halfbeak Fault (15). The West Almendro fault branches from the Almendro
approximately where this transition occurs and trends more northerly. The Almendro and West
Almendro fault segments have experienced some degree of reactivation as a result of underground
testing (Table B.7-1), with most of this reactivation centered on the Almendro fault where it crosses
Silent Canyon caldera structural margin (29) and extending about 3 km south of this margin. The
near-surface offset of ~150 m is equal to the maximum cited across the Silent Canyon Caldera
Complex by McKee et al. (2001).

Bare Mountain Fault (3)

The Bare Mountain fault extends south from the Hot Springs Lineament (34) and extends beyond the
southern margin of the modeled block. This is one of the few normal faults in the model that dips to
the east. This fault defines the western margin of Crater Flat, a basin bounded on the west by Bare

Mountain (one of the few exposures of Paleozoic rocks within the modeled area) and to the east by a

complex series of east-tilted tuff blocks. The Bare Mountain fault may have originally been a
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strike-slope fault that has been reoccupied by a younger and mostly north-trending normal fault
(Fridrich, 1998). The Bare Mountain fault juxtaposes a thick sequence of lower carbonate aquifer
(LCA and LCA3) on the west against the Yucca Mountain — Crater Flat Composite Unit (YMCFCM)
and Pre-Belted Range Composite Unit (PBRCM) on the east (Bechtel, 2002, Cross-section A-A’).

Beatty Fault (4)

The Beatty fault is a short, buried normal fault segment in the southwestern portion of the modeled
area. Its limited extent (<6 km) makes it a relatively minor contributor to the structural system within

the modeled area.

Big Burn Valley Fault (5)

This NW-trending, SW-dipping normal(?) fault is shown in Figure 3-1 of Bechtel (2002), crossing
the Belted Range thrust (31) and passing out of the eastern margin of the modeled area. However,
this fault is not described in Table 3-1 of that report. Frizzell and Shulters (1990) show this fault as a

NW-trending normal fault, down to the SW, with only minimal offset since the Oligocene.

Black Canyon Fault (6)

This fault is listed in Table 3-1 of Bechtel (2002) but could not be located on Figure 3-1 in that report.

Boxcar Fault (7) and West Boxcar Fault (8)

The Boxcar fault extends from the Northern Timber Mountain Moat Structural Zone (38) north across
the western part of the Silent Canyon Caldera Complex. This is a major normal fault that drops the
Trail Ridge Member of the Thirsty Canyon Tuff to the west against older Thirsty Canyon and Timber
Mountain units to the east (Frizzell and Shulters, 1990). The West Boxcar fault branches from the
Boxcar fault and trends to the NNW. Both of these fault segments have experienced extensive
reactivation as a result of underground testing. Near-surface offset of ~60 m is cited for both the
Boxcar and West Boxcar faults by McKee et al. (2001); these offsets are maintained in the Pahute
Mesa — Oasis Valley Model (e.g., cross-section C-C’ in Bechtel 2002). However, Table 5 of Warren
et al. (2000) shows that offset increases to ~1,100 m for deeper units that predate the Area 20 caldera.
The increase in offset with depth indicates reactivation of fault movement over long time spans, a

process that may occur along many of the normal faults within the modeled area.
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Claim Canyon Fault #1(9) and Claim Canyon Fault #2 (10)

The Claim Canyon normal faults are listed as #1 and #2 in Table 3-1 of Bechtel (2002); one of these
faults is marked as “Claim Canyon B” on Figure 3-1 in that report but has the approximate azimuth
(5° E) attributed to Claim Canyon #1. The other Claim Canyon fault is not labeled in Figure 3-1 of
Bechtel (2002).

Estuary Faults (East [11] and West [12])

The East Estuary fault (buried) and West Estuary fault (exposed) are short, parallel fault segments
that lie within the north-central part of the Silent Canyon Caldera Complex. Although within the area
of extensive underground testing, there is no evidence for reactivation along either of these fault

segments. McKee et al. (2001) cite near-surface offset of ~60 m on the East Estuary fault.

Greeley Faults (East [13] and West [14])

The West Greeley fault crosses the entire Silent Canyon Caldera Complex; the East Greeley fault
parallels the West Greeley but is less extensive and partially buried. Both faults have experienced
some reactivation as a result of underground testing (Table B.7-1). Cross-section C-C’ of Bechtel
(2002) indicates that the West Greeley fault has more significant displacement of hydrostratigraphic
units than the East Greeley fault, particularly in disruption of continuity within the Belted Range
Aquifer (BRA). This variation in fault offset and stratigraphic juxtaposition is in accord with the
analysis by McKee et al. (2001), which lists ~150 m of near-surface offset along the West Greeley
fault but only ~30 m along the East Greeley. Table 5 of Warren et al. (2000) indicates that offset
along the East Greeley fault increases to ~850 m for units that predate the Area 20 caldera. As with
the Boxcar faults, the increase in offset with depth indicates reactivation of fault movement over long

time spans.

Halfbeak Fault (15)

The Halfbeak fault extends north from the Almendro fault (1) across the northeastern portion of the
Silent Canyon Caldera Complex. Cross sections of the modeled area in Bechtel (2002) indicate only
moderate offset of the Bullfrog Confining Unit (BFCU) along this fault, without significant

juxtaposition of hydrostratigraphic units beneath the water table within the caldera complex.
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Handley Fault (16)

The Handley fault includes an exposed segment northeast of the Black Mountain Caldera topographic
margin and a buried segment within the margin. The exposed segment has experienced extensive
reactivation as a result of underground testing (Frizzell and Shulters, 1990). Cross sections of the
modeled area in Bechtel (2002) indicate only moderate offset of hydrostratigraphic units beneath the
water table along this fault; McKee et al. (2001) report only ~30 m of near-surface offset along the

exposed fault segment.

Hogback Fault (17)

The Hogback fault is a buried fault that extends along the southwestern margin of the modeled area.
At depth, this fault separates Pre-Tertiary sedimentary rocks on the west from the volcanic aquifer
system to the east (Grauch et al., 1999). At higher stratigraphic levels, the northern portion of this
fault places the Pre-Belted Range Composite Unit (PBRCM) on the west against the Timber
Mountain Aquifer (TMA) and younger units of Timber Mountain on the east; higher stratigraphic
levels along the southern portion of the fault place the Detached Volcanics Aquifer (DVA) on the
west against the TMA and overlying Fortymile Canyon Composite Unit (FCCM) on the east
(Bechtel, 2002).

Paintbrush Canyon Fault (18)

The Paintbrush Canyon fault extends south from the Timber Mountain Caldera Complex margin and
passes beyond the southern edge of the modeled area. Cross section A-A’ in Bechtel (2002) indicates
that this fault cuts the Belted Range Thrust (31) and places Paleozoic carbonate aquifer (LCA) and
confining-unit (LCCU1) rocks on the east against the Yucca Mountain — Crater Flat Composite Unit
(YMCFCM) on the west.

Purse Fault (19) and West Purse Fault (20)

The Purse fault and West Purse fault are en-echelon normal faults, offset from each other along the
Ribbon Cliff Structural Zone (35), that lie within of the western margin of the Silent Canyon Caldera
Complex. With depth these faults probably intersect and may offset the buried western structural
margin of the Silent Canyon Caldera Complex (29,30), a major structure that creates significant

east-to-west discontinuities in all of the principal hydrostratigraphic units ranging from the

Appendix B m

Uncontrolled When Printed



Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

Pre-Belted Range Composite Unit (PBRCM) upward through the Calico Hills Intrusive Confining
Unit (CHICU) but not of the younger Timber Mountain units (Timber Mountain Aquifer, TMA). The
Purse fault and West Purse fault both break through these younger units, although the near-surface

offset along each is limited to ~30 m (McKee et al., 2001).

Rickey Fault (21)

The Rickey fault defines the northeastern margin of the Silent Canyon Caldera Complex and may be
continuous with the Split Ridge Fault (23) beyond the caldera margin to the south. Because it is
associated with a major caldera margin, with significant displacement down to the west, the Rickey
fault represents an extensive discontinuity in hydrostratigraphy, placing an exceptionally thick
sequence of the lower carbonate aquifer (LCA) against the Silent Canyon Intrusive Confining Unit
(SCICU) and the Pre-Belted Range Composite Unit (PBRCM) on the west (Bechtel, 2002,
cross-section C-C’). At higher stratigraphic levels, just below the water table, the Belted Range
Aquifer on the west is juxtaposed against the Pre-Belted Range Composite Unit (PBRCM) on the

east.

Scrugham Peak Fault (22)

The Scrugham Peak Fault extends from within the moat zone of the Timber Mountain Caldera
Complex northward to define the southeastern margin of the Silent Canyon Caldera Complex.
Offsets along this fault in the model are minor to the south, but may be extensive where the fault
coincides with the margin of the Silent Canyon Caldera Complex north of the Southern Pahute Mesa
Structural Zone (41). McKee et al. (2001) cite an offset of ~150 m along the Scrugham Peak fault,
supporting the suggestion that offset increases significantly to the north along this fault.

Split Ridge Fault (23)

The Split Ridge fault runs north from the northeastern portion of the buried Rainier Mesa Caldera
Structural Margin (27) and trends toward the Rickey fault (21), which defines the northeastern edge
of the Silent Canton Caldera Complex (29,30). The Split Ridge fault is buried along most of its
length but is exposed for about 6 km just north of the Timber Mountain Caldera Complex
Topographic Margin. Offsets along this fault are likely to be far less significant than those along the
Rickey fault (21), which bounds the northeastern edge of the Silent Canyon Caldera Complex
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(29,30), and the Scrugham Peak Fault (22) where it forms the southeastern edge of the Silent Canyon
Caldera Complex. McKee et al. (2001) cite near-surface offset of only ~30 m along the Split Ridge
fault.

B.2.3.4 Caldera Margins (CM)

Caldera margins of the modeled area are typically circular to elliptical volcano tectonic basins that
have accumulated very thick deposits of volcanic rocks compared to areas outside the caldera
structures. In Table B.7-1 caldera margin features are divided into two categories: (1) structural
margins comprised of faults and ring fracture zones that accommodated displacement of central
cauldron block(s) and (2) topographic margins that represent syn- and post-collapse widening of the
caldera depression by landslide and mass-wasting processes. Caldera structural margins of the
Hydrostratigraphic Model are based on a structural-block conceptual model in which caldera
subsidence was largely controlled by segments of pre-existing north-trending Basin and Range faults
(Ferguson et al., 1994; Warren et al., 2000) as well as inherited northwest trending structures
associated with the Walker Lane Belt (Carr, 1990). An alternative conceptual model treats caldera
structural margins as arcuate ring fractures that form more or less independently of pre-existing Basin
and Range faults (McKee et al., 2001). Despite the differences in these interpretations, locations and

amount of subsidence for calderas are similar in both conceptual models.

Except for a few rare cases, as noted below, younger volcanic rocks cover the structural margins of
calderas at the NTS, and there is little direct field evidence about the deformational characteristics of
these structures. Nonetheless, some generalizations about these structures can be made based on
models of caldera formation and on evidence collected from eroded calderas in other parts of the
western US (e.g., Smith and Bailey, 1968; Lipman, 1976 and 1984). Regardless of origin, dips on
caldera faults and ring fractures are expected to be steep (80° to 90°) based on the displacement of an
irregular piston-like block into the partially evacuated magma chamber below. Collapse may occur
along a single vertical or inward-dipping fault, or it may be distributed across a compound structure a
kilometer or more in diameter that progressively steps down towards the deepest part of the caldera
(e.g., Frizzell and Shulters, 1990, section B-B’). Some marginal caldera structures acted as conduits
during eruptions of major ash-flow sheets, and in some cases these structures are filled with welded

tuff dikes that merge upward with an ash-flow sheet (e.g., Carr and Quinlivian, 1968; Ekren and
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Byers, 1976). Caldera resurgence often reactivates faults along which collapse occurred. In the
southeast part of Timber Mountain, the inner zone of caldera ring faults is intruded by granite
porphyry, basalt, and rhyolite, presumably during the influx of fresh magma into subcaldera magma
chambers (Carr and Quinlivian, 1968). Modification of caldera structures by dikes and hydrothermal
deposits would tend to decrease their transmissivity with respect to groundwater. Transmissivity is
probably enhanced in areas where structures are reactivated by subsequent collapse, resurgence, or

Basin and Range faulting.

The topographic walls of NTS calderas are marked by unconformities between pre-caldera rocks
outside the collapse area and the syn- and post-collapse deposits that fill the caldera. Typically, the
bounding fault scarps have enlarged by slumping or erosion, producing a topographic boundary that
is larger in diameter than the structural boundary (Lipman, 1984). Debris from the caldera walls is
commonly intercalated with intracaldera tuffs and buries the caldera floor (Byers et al., 1976,
Christiansen et al., 1977). In some cases shallow listric faults bound sections of the wall that slumped
en masse onto the caldera floor. The Hydrostratigraphic Model treats the area between the structural
margin and the topographic margin as an inward-dipping erosional surface that extends from the

topographic wall to the bounding caldera fault.

Calderas are well known worldwide as active sites for mineralization and hydrothermal alteration, for
example within the Valles caldera (Hulen et al., 1988; Goff et al., 1989) and within the southwestern
Nevada volcanic field (Noble et al., 1991). Such alteration seals fractures that pervade calderas, and
also emplaces generally fine-grained, reactive secondary minerals within the “plumbing system” of
the caldera. These minerals include clay minerals that typically form at much higher temperatures
than those within extracaldera rocks, and carbonates and pyrite, both generally absent within
extracaldera rocks. Pyrite may serve as a source for aqueous SO,, or may act as a strong local
reductant to interact with aqueous actinides. Data from Warren (2003) show striking differences
among known calderas in the intensity of caldera-related hydrothermal alteration, indicating a great
range in fracture-coating mineralogy encountered along the Oasis Valley-Pahute Mesa flow path,
depending on the specific caldera, as discussed below. Although the alteration intensity of
phenocryst feldspar is inconsequential in itself, it serves as a very sensitive and easily recognizable
index for hydrothermal alteration, and is described below to characterize the intensity of

hydrothermal alteration associated with calderas along the flow path.
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Black Mountain Caldera Structural Margin (24)

Black Mountain is a relatively small caldera in the northwest part of the model area that formed
during the eruption of the Thirsty Canyon Group 9.4 Ma (Noble et al., 1984; Sawyer et al., 1994).
The structural margin is not exposed, but is interpreted in the model as being a generally circular
structure 6 to 8 km in diameter. The topographic wall is well defined and is 1 to 4 km outside the

structural margin.

The principal hydrostratigraphic unit beneath the water table within the Black Mountain caldera is the
Thirsty Canyon volcanic aquifer (TCVA), which is made up of thick lavas and densely-welded
ash-flow tuffs. TCVA is juxtaposed against a thick sequence of lower carbonate aquifer (LCA) rocks
across the caldera structural and topographic margins. TCVA overlies rocks of the pre-Belted Range
composite unit (PBRCM). The Black Mountain intrusive confining unit (CCICU) is modeled as a

large intrusion of silicic magma injected beneath the caldera.

Timber Mountain Caldera Complex Topographical Margin (25)

The combined topographical expression formed by the nearly coincident collapse of the Rainier Mesa
and Ammonia Tanks calderas is one of the most conspicuous features of the southwestern Nevada
volcanic field. The topographical margin is easily recognized for more than half of the circumference
of the caldera complex (Bechtel, 2002), extending as a continuous feature along the south, east, and
northeast side of the caldera. The prominent north-trending normal faults on Pahute Mesa are
truncated by the northern topographical margin, and the Claim Canyon caldera is truncated by the
southern topographic margin. Where the northern and southern structural margins of the Rainier
Mesa and Ammonia Tanks coincide, the distance between the topographical and structural margins is
generally 1 to 6 km. On the east side of the complex, the Rainier Mesa topographical (25) and
structural (27) margins are typically separated by 1 to 2 km, and the Ammonia Tanks topographical
(25) and structural (26) margins are up to 6.5 km apart. There is some uncertainty about the actual
location of the western topographic margin of the Timber Mountain caldera; based on more recent
drill-hole data, Warren et al. (2000) place it between drill hole ER-EC-02A and drill holes ER-EC-01

and ER-EC-06, in contrast to the location shown on earlier regional maps (e.g., Wahl et al., 1997).

The model treats the topographic margin as an inward- moderately- to steeply-dipping unconformity

that places precaldera volcanic rocks against the intracaldera Timber Mountain composite unit
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(TMCU) and the overlying Fortymile Canyon Composite Unit (FCCM) and Alluvial Aquifer (AA)
Unit. The FCCM and AA Units generally lie above the water table along the caldera complex
topographical margin (25).

Ammonia Tanks Caldera Structural Margin (26)

The Ammonia Tanks caldera formed during the eruption of the Ammonia Tanks Tuff 11.45 Ma
(Byers et al., 1976; Christiansen et al., 1977; Sawyer et al., 1994). The 21- to 24-km diameter caldera
is nested inside the related Rainier Mesa caldera. The Hydrostratigraphic Model indicates that the
southern and northern structural margins of the Ammonia Tanks (26) and Rainier Mesa (27) calderas
coincide (Bechtel, 2002), indicating reactivation of older caldera structures in those areas during the
Ammonia Tanks collapse. The Ammonia Tanks caldera is bound on the west by the Thirsty Canyon
lineament (42) and by a north-trending fault. The eastern structural margin is poorly constrained, and
it is treated in the model as a north to northeast-trending normal fault. A prominent feature of the

Ammonia Tanks caldera is the resurgent dome centered on Timber Mountain.

The principal hydrostratigraphic unit beneath the water table within the Ammonia Tanks caldera is
the Timber Mountain composite unit (TMCU), which consist of densely-welded intracaldera
Ammonia Tanks and Rainier Mesa Tuffs as well as closely-related small-volume tuffs and lavas and
landslide deposits. TMCU is juxtaposed against the lower carbonate aquifer (LCA) on the north side
of the caldera. The TMCU lies above poorly-constrained units including the subcaldera volcanic
confining unit (SCVCU) and the Ammonia Tanks intrusive confining unit, which is modeled as a
large intrusion of silicic magma injected beneath the Ammonia Tanks caldera. Caldera-filling units
such as the Fortymile Canyon Composite Unit and Alluvial Aquifer are confined to the caldera moat

between the resurgent dome and the topographical margin.

The densely-welded tuffs of TMCU are typically considered to be fractured aquifers, but it is
considered a composite unit in the model because fractures may be sealed by hydrothermal alteration
(Bechtel, 2002). Recent data from drill hole ER-EC-02A indicate that TMCU units in the northern
part of the caldera are hydrothermally altered (Table B.7-2; Warren et al, 2003). In addition to
pervasive alteration throughout the borehole, a hot spring deposit containing chalcedony, dolomite,
ankerite, and fluorite was identified between 950 and 960 m depths. Quartzofeldspathic alteration is
common in rocks as shallow as 300 m deep within drill hole ER-EC-02A (Warren et al, 2003). Drill
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hole ER-EC-06, located just north of the Ammonia Tanks caldera, is also characterized by
hydrothermally- altered units (Warren et al, 2003). Alteration principally occurs in Tiva Canyon Tuff
and older units, and may be temporally related to development of older volcanism. Alternatively, the
Tiva Canyon Member may have formed an impermeable cap for hydrothermal fluids associated with
the Ammonia Tanks caldera. Drill hole ER-EC-01, which is also located just north of the Ammonia
Tanks caldera penetrated similar stratigraphic units that are little altered (Warren et al, 2003),
suggesting that the distribution of hydrothermal alteration near the northern margin of the caldera is

locally variable.

Rainier Mesa Caldera Structural Margin (27)

The Rainier Mesa caldera formed during the eruption of the Rainier Mesa Tuff 11.6 Ma (Byers et al.,
1976; Christiansen et al., 1977; Sawyer et al., 1994). The structural margin is 21 x 37 km in diameter
and is elongated in an east-west direction. Intracaldera rocks associated with the Rainier Mesa
caldera are combined with the Ammonia Tanks Tuff as part of the Timber Mountain composite unit
(TMCU). Intracaldera Rainier Mesa Tuff is exposed only at Transvaal Hills; elsewhere, younger
volcanic rocks bury these rocks. The structurally-high Rainier Mesa Tuff at Transvaal Hill may
represent the western flank of a resurgent dome that was downfaulted to the east by the Ammonia
Tanks caldera (Bechtel, 2002).

The structural margin of the Rainier Mesa caldera is completely buried. The limit of the northern
margin is fairly well constrained by drill hole and gravity data and by outcrops of precaldera rocks
exposed on the south side of Pahute Mesa. The southern margin is less well constrained, but it must
lie north of pre-Rainier rocks that crop out south of Beatty Wash. The southern margin is modeled as
a west-northwest striking normal fault that parallels the topographical wall of the caldera complex
(25). The southwest structural margin is coincident with the Hot Springs fault (34). The western
structural margin is poorly constrained and is modeled as three north-trending en-echelon faults that
step eastward from south to north. The eastern margin is also poorly constrained, but it must lie west
of pre-Rainier rocks that crop out east of Fortymile Wash. The eastern margin is modeled as

north-striking normal fault that parallels the topographical wall of the caldera complex (25).

The principal hydrostratigraphic unit beneath the water table within the Rainier Mesa caldera is the

Timber Mountain composite unit (TMCU). The caldera structural margin juxtaposes TMCU against
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subcrops of the lower carbonate aquifer (LCA) on all sides of the caldera. The TMCU lies above
poorly-constrained units including the subcaldera volcanic confining unit (SCVCU) and the Rainier
Mesa intrusive confining unit (RMICU), which is modeled as a large intrusion of silicic magma
injected beneath the Rainier Mesa caldera. Caldera-filling units such as the Fortymile Canyon
Composite Unit are particularly thick in the western part of the caldera and locally extend well below

the water table.

Major north-trending faults on Pahute Mesa are shown on geologic maps to be truncated by the north
caldera margin, but structural data for the Ammonia Tanks tuff (Warren et al., 2000) show that the
Boxcar fault (7) continues into the caldera, where it is largely covered by the Beatty Wash Formation.
Preferential groundwater pathways might occur where these intersecting structural features coincide
with thick subcrops of lower carbonate aquifer. Similarly, north-northwest trending faults in
Fortymile Wash and the Paintbrush Canyon Fault (18) south of Beatty Wash are truncated by the
southern structural margin. The Belted Range thrust fault (31) is truncated by the caldera structural
margins. The intersection of the Rainier Mesa caldera structural margin with the Belted Range thrust
fault might be an important hydrological pathway, particularly in the southwest part of the caldera
where the thrust fault occurs within a thick sequence of lower carbonate aquifer rocks (see cross
section J-J” in Bechtel, 2002).

Intracaldera tuffs in the Rainier Mesa caldera appear to be only slightly altered compared to those in
the Ammonia Tanks caldera (Table B.7-2). In drill hole UE-18t, where a thick section of intracaldera
Rainier Mesa Tuff was penetrated from 524 m to 792 m TD, sanidine is strongly altered within a thin
argillic bedded tuff at the top of the unit, but is unaltered below (Warren et al., 2003). Plagioclase
has been strongly altered or destroyed within samples to 580 m depth, but is unaltered within samples
622 to 792 m depths. Plagioclase has been completely destroyed in a sample of argillic bedded tuff
from 480 m depth near the base of Ammonia Tanks Tuff, and feldspar is progressively less altered
upward to slightly altered in a sample of welded tuff from 291 m depth. The upward decrease in
alteration intensity within Ammonia Tanks Tuff, coupled with a downward decrease in alteration
intensity within Rainier Mesa Tuff indicates that alteration is associated primarily with the nearby
Ammonia Tanks caldera, and that alteration associated with the Rainier Mesa caldera, exhibited by
samples from 622 to 792 m depths, is slight. As in drill hole ER-EC-02A described above, dolomite

is the primary carbonate associated with the hydrothermal activity, with calcite detected in some
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samples, but only dolomite present in most (Warren et al., 2003). Dolomite is the dominant carbonate

to TD from the shallowest sample analyzed by XRD, from Beatty Wash Formation at 171 m depth.

Claim Canyon Caldera Structural Margin (28)

The Claim Canyon caldera formed during the eruption of the Tiva Canyon Tuff 12.7 Ma (Byers et al.,
1976; Sawyer et al., 1994). The Timber Mountain caldera complex in the southern part of the model
area truncates a segment of the southern structural margin of the caldera. Except for limited
exposures north and northwest of Yucca Mountain, younger volcanic rocks cover the structural
margin of the caldera. The caldera is defined by thick sequence of densely-welded intracaldera Tiva
Canyon Tuff (Tuff of Chocolate Mountain of Byers et al., 1976). Because of their structurally-high

position, these tuffs may represent the southern flank of a resurgent dome (Byers et al., 1976).

The principal hydrostratigraphic units beneath the water table within the Claim Canyon caldera are
the Paintbrush composite unit (PCM) and the underlying Yucca Mountain/Crater Flat composite unit
(YMCFCM). On the north side of the caldera segment, PCM and YMCFCM are juxtaposed against
TMCU across the Rainier Mesa caldera structural margin. On the southeast side of the Claim Canyon
caldera, PCM and YMCFCM are probably juxtaposed against subcrops of the lower carbonate
aquifer (LCA). PCM and YMCFCM lie above the poorly-constrained Claim Canyon intrusive
confining unit (CCICU), which is modeled as a large intrusion of silicic magma injected beneath the

caldera.

Basin and Range normal faults extend into the Claim Canyon caldera from the extended terrain to the
south. Subordinate east-west faults within the caldera displace post-caldera volcanic rocks and may
be related subsidence of the Timber Mountain caldera complex (Christiansen et al., 1977). The
Belted Range thrust fault (31) probably truncates against the eastern and western caldera structural

margin.

Silent Canyon Caldera Structural Margin (29 and 30)

The Silent Canyon caldera complex is comprised of the overlapping and temporally associated but
petrologically unrelated Grouse Canyon (29) and Area 20 (30) calderas. The caldera complex is
buried by younger volcanic rocks beneath Pahute Mesa, but it is reasonably well constrained by drill

hole data and gravity measurements. Rocks of the Silent Canyon caldera complex overlie a
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considerable thickness of older volcanic rocks that were probably erupted from older undefined

calderas.

The Hydrostratigraphic Model is based on the interpretations of Ferguson et al. (1994) who presented
geophysical, borehole, and surface geology evidence suggesting that caldera collapse was
accommodated by Basin and Range normal faults and by buried west-northwest trending structural
zones. Collapse along these structures resulted in calderas with rectilinear boundaries. An alternative
conceptual model of caldera structure is presented by McKee et al. (2001) who use gravity inversion

data to suggest that an elliptical ring fracture system bounds the caldera complex.

The Grouse Canyon caldera (29) formed during the eruption of the Grouse Canyon Tuff 13.7 Ma
(Orkild et al., 1968; Noble et al, 1968; Sawyer et al., 1994). The caldera is bounded on the east by the
Scrugham Peak (22) and Rickey (21) faults, on the west by the West Greeley fault (14), on the north
by the Moor Hen Meadow structural zone (37), and the south by the East Thirsty Canyon structural
zone (36) (Bechtel, 2002). Geophysical and borehole data suggest that collapse was asymmetric with
the greatest accumulation of tuffs occurring in the northeast portion of the caldera (Ferguson et al.,
1994). Additional collapse in the north and east part of the caldera may have accompanied eruption

of the caldera-filling Dead Horse Flat Formation.

The principal hydrostratigraphic units beneath the water table within the Grouse Canyon caldera are,
in descending order, the Crater Flat confining unit (CFCU), the Bullfrog confining unit (BFCU), the
Belted Range aquifer (BRA), and the pre-Belted Range composite unit (PBRCM). The BRA is made
up of up to 1981 m of lavas and densely-welded ash-flow tuffs. BRA is juxtaposed against a thick
sequences of confining units across the caldera structural margins; the confining units include the
lower and upper clastic confining units (LCCU and UCCU) on the north, the pre-Belted Range
composite unit (PBRCM) on the east, and the Calico Hills zeolitic composite unit (CHZCM), Crater
Flat confining unit (CFCU), the Bullfrog confining unit (BFCU) on the west. The lower part of the
caldera complex is modeled as the Silent Canyon intrusive confining unit (SCICU), a large intrusion

of silicic magma injected beneath the caldera.

Hydrothermal alteration has affected caldera-forming and caldera-filling units within the Grouse
Canyon caldera. In contrast to intracaldera rocks of the Ammonia Tanks caldera, feldspar

phenocrysts have not been as severely altered within the Grouse Canyon caldera (Table B.7-2;
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Warren et al., 2003). Pyrite, generally lacking in the Ammonia Tanks caldera, is ubiquitous within
the Grouse Canyon caldera (Warren et al., 2003). Within the caldera, the lavas and densely-welded
tuffs of BRA are classified as a fractured aquifer. However, the hydrological character of these rocks
may be more composite in nature because fractures may be sealed by hydrothermal alteration
(Bechtel, 2002). For example, in UE-19gS, where the 577-m-thick intracaldera Grouse Canyon Tuff
was completely penetrated between depths of 1,631 to 2,208 m, alteration of feldspar persists upward
well into the thick caldera-filling Dead Horse Flat formation (Warren et al., 2003). The first
hydrothermally altered sample of caldera-filling rock occurs about 2/3rds of the way downhole,
marked by a consistent partial alteration of feldspar and by increasingly abundant pyrite. Feldspar,
virtually entirely sanidine within this peralkaline unit, is not completely destroyed within any single
sample of Dead Horse Flat formation. The caldera-forming Grouse Canyon Tuff is more strongly
altered, with feldspar completely destroyed within most but not all samples, and pyrite is generally
abundant. The single sample of comendite of Quartet Dome, a peralkaline unit that floors the caldera,
has a similar style of alteration as Grouse Canyon Tuff. In borehole UE-19E, which penetrated the
Dead Horse Flat formation, trachyte of Muenster, and uppermost Grouse Canyon Tuff, feldspars are
unaltered except the single samples available for the trachyte and for Grouse Canyon Tuff (Warren et
al., 2003).

The Area 20 caldera (30) formed during the eruption of the Bullfrog Tuff 13.25 Ma (Sawyer et al.,
1994). The caldera is bounded by numerous separate structural elements, most of which coincide

with Basin and Range normal faults and various linear structural zones (Ferguson et al., 1994).

The principal hydrostratigraphic units beneath the water table within the Area 20 caldera are
lithologically diverse and include, in descending order, the Calico Hills zeolitic composite unit
(CHZCM), the Inlet Aquifer (IA), the Crater Flat composite unit (CFCM), the Crater Flat confining
unit (CFCU), the Bullfrog confining unit (BFCU), the Belted Range aquifer (BRA), and the
pre-Belted Range composite unit (PBRCM). The lower part of the caldera complex is modeled as the
Silent Canyon intrusive confining unit (SCICU), a large intrusion of silicic magma injected beneath
the caldera. However, the very limited alteration of caldera fill to depths of 3 km in the Area 20

caldera places some doubt on the presence of such a large intrusion (Warren et al., 2003).
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Intracaldera rocks within the Area 20 caldera are generally much less hydrothermally altered than
within other calderas of the region (Table B.7-2; Warren et al., 2003). However, hydrologic
properties are strongly affected by low-temperature diagenetic alteration. Feldspar is completely
unaltered within caldera-filling units, which consist predominantly of glassy, devitrified, and zeolitic
lavas and zeolitic nonwelded tuffs. The caldera-filling unit is uniformly zeolitic, generally with
analcime at depths >1,500 m, with the top well below that level in drill hole UE-20F (Warren et al.,
2003). Drill hole UE-20F penetrates the caldera floor, which consists of units marginal to the
adjacent Grouse Canyon caldera. Feldspar alteration ranges from complete destruction to mild
alteration within these flooring units, but feldspars are completely destroyed in pre-Grouse Canyon
units, below approximately 3,000 m depth. This very strong alteration of pre-Grouse units suggests
that pre-Area 20 rocks were altered in association with the Grouse Canyon caldera. Faults within the
source region of Area 20 of Pahute Mesa should be poorly mineralized where the Area 20 caldera

represents the latest volcanotectonic event.

B.2.3.5 Thrust Faults (TF)

Belted Range Thrust Fault (31)

The Belted Range thrust fault is the principal pre-Tertiary structural feature in the model area
(Bechtel, 2002). The Belted Range fault is an east-verging thrust that generally places late
Proterozoic to early Cambrian rocks over rocks as young as Mississippian. The fault is present over
most of the model region except beneath the caldera complexes where the model indicates the
destruction of pre-Cenozoic rocks by the intrusion of silicic batholiths into the floors of the calderas
following their collapse (Bechtel, 2002). Because the Belted Range thrust fault is buried and only
penetrated by one borehole (ER-19-1) in the model region, its depth and the thickness of the upper
thrust sheet are poorly constrained. In most cross sections (Bechtel, 2002), the Belted Range thrust is
underlain by the upper clastic confining unit (UCCU), which is in turn underlain be the lower

carbonate aquifer (LCA) at depths of ~1 to 2 km along the eastern margin of the modeled area.

CP Thrust Fault (32)

The west-to northwest verging CP thrust system forms a parallel zone of thrusts and folds east and
south of the Belted Range thrust (Cole and Cashman, 1999; Potter et al., 2002). The thrust faults
appear to be steep structures that flatten upwards. CP folds and thrusts deform the leading edge of the
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pre-existing Belted Range thrust system (31) (Cole and Cashman, 1999). The CP Thrust lies along
the eastern and southern margin of the model area and is probably not an important contributor to

structure-related hydrology.

B.2.3.6 Structural Zones (TSZ)

Structural zones that trend approximately E-W were first described by Warren et al. (1985) to explain
significant north-south structural differences that postdate caldera formation at Pahute Mesa. Some
of these differences can be explained by erosion or deposition, but the generally consistent increase in
these differences within older stratigraphic units certainly requires a structural cause, which Warren
et al. (1985) attributed to regional subsidence related to caldera formation south of Pahute Mesa.
North-south profiles yield sawtooth patterns, with the breaks corresponding to southward-down
structural zones, and blocks dipping northward, with tilts and displacements both increasing
downward. The Ribbon Cliff (35) and Southern Pahute Mesa (41) structural zones are down to the
north. This structural complexity is further described in Warren et al. (2000).

Gold Meadows Structural Zone (33)

The Gold Meadows structural zone is a west-northwest-trending structure located east of the Silent
Canyon caldera complex in the northeast part of the model area. It is depicted as a steep growth fault
with a maximum displacement of about 400 m of offset down to the south. It is a buried structure and
does not displace units younger than the pre-Belted Range composite unit (PBRCM). The Gold
Meadows structural zone displaces the Belted Range thrust fault (31) at a depth of about 2,000 m.

Hot Springs Lineament (34)

The Hot Springs lineament is a west-northwest-trending buried structure located in Beatty Wash in
the southwest part of the model area. It is depicted as the southwest structural margin to the Rainier

Mesa caldera (27). Stratigraphic relations across the Hot Springs lineament are poorly constrained.

Ribbon Cliffs Structural Zone (35)

The Ribbon Cliffs structural zone is a buried west-northwest-trending structure located between the
Black Mountain caldera (24) and the Silent Canyon caldera complex in the north-central part of the
model area (30). The Ribbon Cliffs structural zone is truncated on the west by the northeast trending
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Handley fault (16). The eastern end of this feature truncates the north-trending West Purse fault (20)
causing an eastward jog in the Area 20 caldera boundary (30). It interrupts the trend of the Thirsty
Canyon lineament (42) and accounts for pronounced eastward structural alignment of comendite of
Ribbon CIliff (Ttr) from the Black Mountain caldera (24) (see Figures A-4 and A-5 in Warren et al.,
2000). Ribbon Cliff (RBCF) and Southwestern Gold Flat (SWGF) structural blocks may represent
southward-tilted blocks separated by this northward-down structural zone. The similar structural
relief for Pahute Mesa Tuff and Rainier Mesa Tuff indicates that the feature is post-Pahute Mesa and
thus is probably related to the adjacent Black Mountain caldera (24). However, structural control is
very poor for the Rainier Mesa Tuff, so structural relief ascribed to the Ribbon Cliff Arch might

simply represent draping of Pahute Mesa Tuff over underlying lava.

East Thirsty Canyon Structural Zone (36)

The East Thirsty Canyon structural zone is an east-northeast-trending structure within the Silent
Canyon caldera complex in the northeast part of the model area. It forms the southern structural
margin for the inner zone of collapse associated with the Grouse Canyon caldera (29). It is crossed by
the north-trending East Greeley (13), Almendro (1), and Scrughum Peak (22) faults, and it terminates
against the West Greeley fault (14) on the west and the Split Ridge fault (23) on the east. Itis a
buried structure and may not displace intracaldera units younger than Grouse Canyon Tuff and the
Dead Horse Flats Formation. This structure has been buried without reactivation by Tiva Canyon
Tuff and younger units, and has displacements down to the south. It explains marked southward
decreases in elevations for the top of rhyolite of Silent Canyon (Warren et al., 2000). This structural

feature could represent the northern topographic wall of the Topopah Spring caldera.

Moor Hen Meadow Structural Zone (37)

The Moor Hen Meadow structural zone is a west-northwest-trending structure on the northeast corner
of the Silent Canyon caldera complex in the northeast part of the model area. It forms the northern
structural margin for the outer zone of collapse associated with the Grouse Canyon caldera (29). It
has at least 1,600 m of displacement down to the south. Below the water table, pre-caldera rocks
including the lower carbonate aquifer (LCA) are displaced against intracaldera units including, in
descending order, the Calico Hills confining unit (CHCU), Belted Range aquifer (BRA), pre-Belted
Range composite unit (PBRCM), and Silent Canyon intrusive confining unit (SCICU).
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North Timber Mountain Moat Structural Zone (38)

The North Timber Mountain moat structural zone is a major west-northwest- trending structure that
extends across the central part of the model area from the northeast corner of the Timber Mountain
caldera complex (26, 27) to the southern structural margin of the Black Mountain caldera (24). It is
depicted in the model as a normal fault with a maximum displacement of about 200 m of offset down
to the south. It is a buried structure and does not displace extra-caldera volcanic units of the Black

Mountain caldera.

Silent Canyon Northern Structural Zone (39)

The Silent Canyon northern structural zone is west-northwest-trending structure within the Silent
Canyon caldera complex in the northeast part of the model area. It crosses the collapse zone
associated with the Grouse Canyon caldera. It is a buried structure that has displacements down to
the south and accounts for small north-south structural differences within units with excellent control
(e.g., Pahute Mesa Tuff); displacements become larger with depth for units penetrated in drill hole.
These structural differences probably reflect only regional subsidence related to caldera formation

south of Pahute Mesa.

Silent Canyon Structural Zone (40)

The Silent Canyon structural zone is west-northwest-trending structure within the Silent Canyon
caldera complex in the northeast part of the model area. It forms the northern structural margin for
the inner zone of collapse associated with the Grouse Canyon caldera (29). It is crossed by the
north-trending East Greeley (13), West Estuary (12), East Estuary (11), and West Almendro (2)
faults, and it terminates against the West Greeley fault (14) on the west and the Half Beak fault (15)
on the east. It displaces hydrostratigraphic units as young as the Timber Mountain aquifer (TMA),
indicating recurrent activation following caldera collapse. It is depicted in the model as a normal

fault with a maximum displacement of about 600 m of offset down to the south.

Southern Pahute Mesa Structural Zone (41)

The Southern Pahute Mesa structural zone is west-northwest-trending structure that marks the
southern structural margin of the Silent Canyon caldera complex (29, 30). It is crossed by a number

of major north-trending faults, including the West Greeley (14), East Greeley (13), Almendro (1), and
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Scrughum Peak (22) faults, and it terminates against the Boxcar fault (7) on the west and the Split
Ridge fault (23) on the east. This structural zone has displacements down to the north with
increasingly larger structural differences for increasingly older units, and accounts for the structural
relief resulting from formation of the Area 20 caldera. The northward-down geometry, and strong
activation during formation of the Area 20 caldera accommodates the 600 m thick intracaldera
rhyolite of Inlet without thinning the overlying Paintbrush Group, as recognized from structure

contours in Warren et al. (2000).

Thirsty Canyon Lineament (42)

The Thirsty Canyon lineament is a major north-northeast-trending feature that has been identified on
regional gravity and aeromagnetic maps (Mankinen et al., 1999). The lineament extends at least 35
km south-southwestward from western Pahute Mesa to the west-central margin of the Rainier Mesa
caldera (27). The Thirsty Canyon lineament approximately coincides with a water-level discontinuity
that Blankennagel and Weir (1973) and Laczniak et al. (1996) interpret as a limited barrier to
groundwater flow near Area 20. Blankennagel and Weir (1973) believed that part of the water-level
discontinuity coincided with the western structural margin of the Silent Canyon caldera complex (29,
30). The Thirsty Canyon lineament is one of the shortest and most direct routes for groundwater from
the NTS to reach inhabited areas, and as such, deserves special attention for monitoring purposes

(Mankinen et al., 1999).

Western East Thirsty Canyon Structural Zone (43)

The Western East Thirsty Canyon structural zone is west-northwest-trending structure that occurs
within the south-central part of the Area 20 caldera (30). It has a strike length of about 3000 m, and it
is truncated by the Boxcar fault (7) on the west and the West Greeley fault (14) on the east.
Intracaldera units of the Silent canyon caldera complex are juxtaposed across this structure. It is clear
that north-south structural breaks of the East Thirsty Canyon structural zone do not continue
uninterrupted across the West Greeley fault (14). In the 1994 version of the Structural Block Model,
the East Thirsty Canyon structural zone was thought to possibly continue westward about 1.2 km
south from its westward termination against the West Greeley fault, dividing the Eastern Area 20
block in two. Structure contours of Warren et al. (2000) indeed suggest that the East Thirsty Canyon

structural zone continues westward, but 2.5 km south from its westward termination against the West
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Greeley fault (14). The structural differences across this southward-down structure, although
moderately large, probably reflect only regional intumescence related to caldera formation south of

Pahute Mesa.

Western Silent Canyon Structural Zone (44)

The Western Silent Canyon structural zone is west-northwest-trending structure that forms a shared
structural margin for the northwest part of the Area 20 caldera (30) and the southwest part of the
Grouse Canyon caldera (29). It extends between the Purse fault on the west and the West Greeley

fault (14) on the east. It is crossed by the north-trending Boxcar Fault (7).

B.2.3.7 Detachment Faults (DFS)

Fluorspar Canyon-Bullfrog Hills Detachment Fault (45)

The Fluorspar Canyon-Bullfrog Hills detachment fault is a shallow, low-angle fault that underlies the
Tertiary rocks in the southwest part of the model area (Bechtel, 2002) (Not [shown] on Figure B.7-1).
The fault is assumed to have developed along the surface of pre-Tertiary rocks. Westward to
northwestward movement occurred between 12.7 and 9.5 Ma, resulting in extreme eastward tilting of
upper plate rocks (Fridrich et al., 1999). The model generally depicts the detachment fault as
low-angle fault separating Tertiary volcanic rocks in the hanging wall from Paleozoic and
Precambrian sedimentary and metasedimentary rocks in the footwall. Locally, the lower carbonate
aquifer (LCA) forms the upper part of the sequence of Paleozoic rocks that underlie the detachment
fault. Maldonado (1990) indicates that this aquifer is underlain by less permeable Paleozoic clastic

sediments, providing a confined transmissive unit below the detachment fault.

B.2.4 Hydrologic Effects of Major Structural Features Within SWNVF

The discussion above summarizes features of faults to consider for their hydrologic effects within the
Pahute Mesa/Oasis Valley flow model. Graduating from simple to complex below, we pose
questions or state suppositions that, if answered, might explain observed changes in water levels

and/or aqueous geochemistry.

1. Are there intrinsic differences among the types of structures identified in Table B.7-1?
Although published studies indicate that thrust faults and normal faults have similar
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architectures, their different geometries may accommodate different groundwater fluxes and
provide different environments within fault systems that have been episodically sealed by
hydrothermal alteration and episodically reopened. Structural zones may have intrinsic
differences related to their typical E-W dominant strikes, as discussed below.

2. Does the length of a vertical structure, including faults, structural zones, and caldera structural
margins, correlate with hydrologic characteristics? In the absence of complicating factors, it
would seem that the longer the vertical structure, the more pronounced the effects.

3. Is the length of a fault activated by weapons testing relevant, being an indication of the
openness of the vertical structure?

4. Ts the orientation of each structure relative to the regional stress field important? Most normal
faults, formed normal to the least stress axis of the regional field, probably have the most
permeable and widest damage zones, whereas most structural zones, formed normal to the
greatest stress axis, probably have the least permeable and narrowest damage zones.

5. What is the effect of juxtaposing rocks with different hydrologic properties across a structure?
In the strict sense where offset refers only to a mismatch of hydrostratigraphic units, then
offset can only result in a structural barrier. Note the offset is also complicated by episodic
reactivation of faults, well known for Pahute Mesa (Figure 25 of Warren et al., 1985).

6. Is hydrothermal alteration that can be associated with the formation of a particular caldera
characteristic of permeability? Although data are sparse, such characteristic alteration was
introduced along caldera structural margins, and spread outside each caldera towards the
topographic margins, but it probably was localized within such structures, likely at structural
intersections.

7. Are buried structures least transmissive, with burial reflecting lack of late reactivation? An
early episode of hydrothermal activity may have “plugged” a buried fault, producing a barrier,

which might have been broken by an episode that faulted the burying units, transforming the
fault into a conduit.
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B . 3. 0 EVIDENCE OF FAULT BEHAVIOR FROM OTHER AREAS
OF THE NTS AND VICINITY

A summary of the possible effects of faults on groundwater movement in the Death Valley region
was presented by Faunt (1997). The transmissivity of faults was described by Faunt (1997, p. 30) to
be a function of many factors, including (1) the orientation of the fault relative to the minimum
horizontal stress in the region, (2) the amount and type of fill material in the fault, (3) the relative
transmissivities of hydrogeologic units juxtaposed by offset across the fault, (4) the solubility and

deformation behavior of the rock adjacent to the fault, and (5) recent seismic history.

As noted by Faunt (1997, Figure 16), where faults juxtapose hydrogeologic units with contrasting
permeabilities, the hydrologic effects caused by juxtaposition may be difficult to isolate from the
effects of the fault properties themselves. In particular, a drop in head across a fault can occur if (1)
the fault is closed, thereby blocking flow, (2) the fault is open, thereby redirecting flow, (3) the
permeability of the material downgradient of the fault is low compared to the upgradient material, so
that flow across the fault is blocked, or (4) the permeability of the material downgradient of the fault
is high compared to the upgradient material, so that flow can drain away from the fault faster than it
can be delivered by the upgradient material. In order to understand the hydrologic behavior of a fault,

it is necessary to consider the potential effect of hydrostratigraphic offsets across the fault.

The following sections provide some examples in both non-tuffaceous and tuffaceous rocks that

illustrate the effects of some of the factors described in the preceding paragraphs.

B.3.1 Evidence of Fault Behavior in Non-Tuffaceous Rocks

Although tuffs comprise the shallow aquifers and confining units in the PM/OV flow domain, the
type and distribution of basement rocks and their structural features has the potential to influence
flow patterns at shallower depths. For instance, groundwater flow may be diverted around areas

where confining units are structurally high, or diverted toward areas where aquifers like the LCA are
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shallow and laterally continuous. Non-tuffaceous rocks are juxtaposed against tuffaceous rocks along
many caldera margins in the PM/OV hydrostratigraphic model (Bechtel, 2002) and, additionally, the
Belted Range thrust fault (31) (Section B.2.3.5) is laterally continuous through the model domain and
juxtaposes various non-tuffaceous rocks against each other. Therefore, observations regarding fault
behavior in non-tuffaceous rocks elsewhere near the NTS are highly relevant to the discussion of

faults in the PM/OV flow domain.

In the vicinity of the PM/OV model domain, the mean orientation of the minimum horizontal stress is
currently approximately northwest/southeast (see Stock et al., 1985, table 3 and references therein),
although the regional stress field may have rotated clockwise though time (Zoback and Zoback,
1980). Therefore, faults with traces oriented north/northeast are expected to be more open and
permeable than faults with traces oriented in directions that place them in either a shear or
compressive state. Faults oriented northwest, or perpendicular to the maximum horizontal stress
direction, would be expected to be least transmissive, all other factors being equal. One example
cited by Faunt (1997, p. 34-35) to illustrate that northeast-southwest trending structures may have
relatively high transmissivity is the “megachannel” formed in the Spotted Range-Mine Mountain
shear zone between Frenchman Flat and Ash Meadows. The presence of a highly transmissive zone
in the carbonate aquifer was indicated by a potentiometric trough in this area and relatively young
carbon-14 ages of groundwater discharging from springs at the distal end of the trough (Winograd

and Pearson, 1976).

Fine-grained gouge or clayey fill material and deformation can cause faults to become poorly
transmissive, even if their orientation relative to the stress field indicates they have the potential to be
highly transmissive. The effects of deformation behavior, solubility, and fill material in the clastic
aquitards and carbonate aquifer were discussed by Winograd and Thordarson (1975). These authors
pointed out that, although the lower clastic aquitard is highly fractured, the fractures probably do not
substantially augment the interstitial permeability of the unit on a regional scale because (1) the
argillaceous formations within the unit have a tendency to deform plastically, (2) micaceous partings
and argillaceous laminae tend to seal the fractures in the brittle quartzite parts of the unit, and (3) the
clastic rocks which constitute the unit have a low solubility, and solution channels, common in the
carbonate rocks, are therefore not likely to be present in this unit (Winograd and Thordarson, 1975, p.

C43). In support of these arguments, they noted that in the Spring Mountains, the total discharge
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issuing from springs in the lower clastic aquitard is only a small fraction of the total discharge of the
springs in the lower carbonate aquifer (Winograd and Thordarson, 1975, p. C42-C43; p. C53).
Similarly, Winograd and Thordarson (1975, p. c43) argued that fractures in the Upper Clastic
Confining Unit (Eleana Formation) were unlikely to remain open in the rock at depth because of the
plastic deformation behavior of the rock, evidenced by tight folds and the fact that the formation
serves as a glide plane for several thrust faults at the NTS. To further illustrate their arguments, they
noted that a trough in the potentiometric surface appears to coincide with the north-trending Yucca
Fault in Yucca Flat. The hydraulic gradient in the carbonate aquifer ranges from 5.9 ft or less per
mile along the axis of the potentiometric trough in Yucca Flat to 20 ft per mile along the flanks of the
trough (Winograd and Thordarson, 1975, p. C71), suggesting that the fault is quite permeable.
Conversely, hydraulic gradients in the northwestern and northeastern parts of Yucca Flat are several
hundred feet per mile across the upper and lower clastic confining units, respectively, indicating that

there is little large-scale fracture or fault permeability in these units.

Evidence that springs in Ash Meadows are caused by the juxtaposition of poorly permeable
sediments and rocks downgradient from carbonate aquifer across the Gravity Fault was presented in
Winograd and Thordarson (1975, p. C82). Hydraulic data in southern Indians Springs Valley were
interpreted by Winograd and Thordarson (1975, p. C67-68) to indicate the presence of two hydraulic
barriers related to the Las Vegas shear zone: (1) a northern barrier caused by the juxtaposition of the
lower clastic aquitard and lower carbonate aquifer; and (2) a southern barrier, that was attributed to

the presence of gouge along a major fault zone.

B.3.2 Evidence of Fault Characteristics in Tuff from Yucca Mountain

The evidence for fault characteristics cited in the previous section were for non-tuffaceous rocks, so
their relevance to the tuffs that constitute the shallow aquifers and aquitards in the PM/OV flow
domain is uncertain. A more relevant analog for faults in the PM/OV flow domain may exist at
Yucca Mountain, where the hydraulic properties of faults in welded and nonwelded tuffs above and
below the water table have been estimated. As noted by Carr (1990, p. 290), similarities exist
between the normal faults on Yucca Mountain and Pahute Mesa in terms of strike, spacing and
direction of displacement, suggesting a genetic association that makes hydrologic data from faults at

Yucca Mountain particularly relevant to faults at Pahute Mesa. The tectonic setting of Yucca
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Mountain was discussed by Scott (1990), who hypothesized that the dips of major normal faults
decrease with depth beneath Yucca Mountain and ultimately merge with a master low-angle normal
fault along the contact between the pre-Tertiary and Tertiary rocks at depths between 1 and 4 km.
However, subsequent seismic reflection studies across Yucca Mountain rule out a major low-angle
detachment along this contact and indicate that moderate- to high-angle faults extend to 12 to 15 km
depths beneath Yucca Mountain and Crater Flat with only modest changes in dip (Brocher et al.,
1998). This last conclusion indirectly supports the dips assumed for normal faults in the PM/OV

domain.

The tuffs at Yucca Mountain include many of the same formations that are found in the PM/OV flow
domain, such as the Tiva Canyon Tuff, the Topopah Spring Tuff, the Calico Hills Formation, the
Bullfrog Tuff and other tuffs of the Crater Flat group. Most of these units are lithologically similar
between the two regions, and should therefore show similar hydrologic character. An important
exception is the Bullfrog Tuff, which is a welded tuff aquifer beneath most of Yucca Mountain and a

major confining unit beneath Pahute Mesa (Warren, 1983; Laczniak et al., 1996; Luckey et al., 1996).

In the unsaturated zone at Yucca Mountain, estimates of fault properties have been made by direct
pneumatic testing of unfaulted and faulted rock (LeCain, 1997; LeCain et al., 2000), through
numerical inversion of the subsurface pneumatic pressure variations that occur in response to
barometric pressure variations at the ground surface (Ahlers et al., 1999; Rousseau et al., 1999), and
by the modeling the faults properties required to reproduce the observed occurrences of bomb-pulse
36Cl measured in an 8 km long tunnel at depths of several hundred meters below ground surface
(Wolfsberg et al., 2000). Collectively, these studies indicate that the permeability of both nonwelded
vitric tuffs and welded, devitrified tuffs in the unsaturated zone can be increased by several times to
several orders of magnitude in the presence of faults. Although these observations provide a useful
benchmark for estimating the behavior of faults in relatively unaltered, shallow rocks, the saturated
tuffs at greater depths in the PM/OV flow domain have, in general, undergone more pervasive and
severe degrees of alteration, which would tend to close the faults. The observations from the
unsaturated zone at Yucca Mountain therefore might provide only an upper bound on the fault

permeabilities expected at greater depths in the PM/OV flow domain.
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In the saturated zone at Yucca Mountain, permeabilities have been estimated for welded and
nonwelded tuffs from single- and cross-hole hydraulic tests. The nonwelded tuffs in the saturated
zone have undergone substantial alteration to zeolites, with zeolite mineral assemblages largely a
function of depth and proximity to the Timber Mountain caldera complex (Broxton et al, 1987).
Evidence that the hydraulic conductivity of altered, nonwelded tuffs can be substantially enhanced by
faulting is provided by data summarized by Loeven (1993) for boreholes UE-25 a#1 and UE-25 b#1.
These nearby boreholes are located on the same drillpad near the intersection of the “imbricate fault
zone” with the Drillhole Wash fault. The term “imbricate fault zone” refers to a series of closely
spaced north and northwest striking normal faults in the hanging wall of the block-bounding Bow
Ridge Fault, whereas the Drillhole Wash fault is a northwest-trending fault with probable strike-slip
motion (Day et al., 1998b). Within the nonwelded tuffs, hydraulic conductivity estimates based on
single-hole hydraulic tests at borehole UE-25 b#1 were several orders-of-magnitude higher than
hydraulic conductivities measured on unfractured cores from the same depth interval in the two
boreholes. The higher hydraulic conductivities associated with the field tests presumably reflect the

increased fracturing associated with the nearby faults.

Single-hole and cross-hole test data reported by Geldon (1996) and Geldon et al. (1997; 1998) for the
Calico Hills and Crater Flat Tuffs from the c-well testing complex at Yucca Mountain likewise
indicate that the Midway Valley Fault is a permeable feature. The Midway Valley Fault is a
northeast-trending, down-to-the-west normal fault that intersects the c-wells in the lower part of the
Crater Flat Group tuffs (Geldon, 1996). Despite indications from single-hole test data elsewhere at
Yucca Mountain that indicate permeabilities generally decrease with depth, the cross-hole test data
from the c-wells complex indicates that permeabilities locally increase with depth and with increasing

proximity to the fault (Zyvoloski et al., 2003, Figure 4).

Evidence from Yucca Mountain suggesting faults may create barriers to groundwater flow comes
from hydraulic head data in the vicinity of the Solitario Canyon Fault, which borders the western edge
of Yucca Mountain. The Solitario Canyon Fault is a north-trending “scissors” fault with variable
displacement along its strike, ranging from down-to-the-east displacement of about 70 m along its
northern part to as much as 500 m of down-to-the-west displacement along its southern part. A
deformation zone about 550 m wide consisting of anastamosing faults and highly brecciated rock

characterizes the southern part of the fault, where hydraulic heads decline by as much as 45 m across
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the fault (Day et al., 1998b; Luckey et al., 1996). It is unclear, however, if the drop in hydraulic head
is related to the intrinsic properties of the fault zone or to stratigraphic disruption across the fault. The
largest head drop across the fault occurs in an area where the most permeable tuffs have been
downdropped below the water table on the upgradient side of the fault, but have been tilted above the
water table on the downgradient side of the fault (see geologic cross-sections in Day et al., 1998a).
Very little head drop exists near the hinge point of the fault where no stratigraphic offset occurs, or

across other normal faults located parallel to and downgradient from the Solitario Canyon fault.

In summary, the evidence from Yucca Mountain generally supports a conceptual model in which the
permeabilities of both welded and nonwelded tuffs are enhanced by one- to two-orders of magnitude
in the vicinity of normal faults. Data are ambiguous as to whether observed head declines across the
Solitario Canyon fault are due to a complex fault structure that includes anastamosing fault strands

and highly brecciated rock or to stratigraphic offset across the fault.
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B . 4 0 EVIDENCE OF FAULT BEHAVIOR IN THE PM/OV FLow
DOMAIN

Discussions of the anticipated effects of faults on groundwater movement in the PM/OV flow domain
are presented in Blankennagel and Weir (1973) and Grauch et al. (1999). Blankennagel and Weir
(1973) discussed fault properties in the context of different rock types noting that, despite overall
differences in their water yields and the greater tendency of faults in zeolitic nonwelded tuffs to
reseal, nonwelded tuffs, like welded tuffs and lavas, can be quite productive where locally cross-cut
by faults. Grauch et al. (1999) speculated that the amount of the stratigraphic offset across a
structural feature will largely determine whether it exerts a significant influence on groundwater flow.
Because of pronounced stratigraphic offset along caldera margins, Grauch et al. (1999) anticipate that
these features will have the largest impact on groundwater flow. Conversely, because offset across
the northwest trending structural zones is generally small in comparison, the northwest trending

structural zones will have relatively minor impact on groundwater flow.

In this report, patterns in the distribution of hydraulic heads and conservative groundwater solutes
(CL, SO,) in the PM/OV model domain are examined to evaluate the effect of structural features on
groundwater flow patterns and infer their expected hydraulic properties. The hydraulic head
gradients provide an indication of the potential for flow in a particular direction, whereas the
conservative solute species provide an indication of the actual flow directions. Together, the
hydraulic and chemical datasets can indicate the anisotropy introduced by faults in the flow system,
whether because of the fault properties or because of the effects of stratigraphic disruption across the
faults. To help isolate the effects introduced by fault properties from those caused by stratigraphic
dislocation, frequent reference is made to hydrostratigraphic cross-sections in Bechtel (2002,
Appendix D) that are reproduced in this report in Appendix A. In general, these cross-sections
indicate that geologic dislocations across caldera boundaries can be profound and that the possible
importance of stratigraphic offsets for individual HSUs on flow patterns can be quite variable across

similar types of faults because of different amounts of offset.
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B.4.1 Comparison of Structural Feature Map with the Potentiometric Surface Map

A preliminary analysis done in support of the PM/OV flow model project used numerical simulations
to help identify patterns in hydraulic heads near faults that might be useful for diagnosing fault
characteristics (Kwicklis and Sulley, 2005). In plan view, these simulations considered permeable,
impermeable, and complexly-zoned faults oriented in various aspects relative to the regional flow
field to explore the effect of these faults on nearby hydraulic heads. In cross-sectional view, these
simulations considered the complicating effects of layering and the juxtaposition of layers with
contrasting hydraulic properties. Pathlines were traced with particle tracking methods in both the
plan view and the cross-sectional simulations. Based on their highly schematic simulations of fault

behavior, Kwicklis and Sulley (2005) concluded that:

1. High permeability features oriented parallel to the regional gradient act as drains, so that
hydraulic head contours bend toward the feature in a manner consistent with convergent flow
toward the feature.

2. High permeability features of limited extent that are oriented perpendicular or oblique to the
regional hydraulic gradient exert little observable effects on the gradient, although pathlines
are displaced laterally across obliquely oriented features. Complexly zoned faults in which an
outer zone of high permeability material surrounds an inner low-permeability zone also have
little observable effect on the hydraulic gradient when the features are of limited extent and
oriented obliquely to the regional gradient.

3. Low permeability features of limited extent oriented obliquely to the regional gradient result
in local hydraulic head contours that intersect the features at high angles and cause the
water-level contours to appear to be “discontinuous” across the feature. Complexly-zoned
faults of similar extent and orientation in which an outer zone of low permeability material
surrounds an inner high-permeability zone exert similar effects.

4. Groundwater flow is diverted around low permeability features of limited extent that are
perpendicular to the regional hydraulic gradient, so that flow diverges upgradient from the
barrier and converges downstream of the barrier.

5. Where high-permeability rocks are juxtaposed against low-permeability rocks with no distinct
structural feature present, the hydraulic gradient in the high permeability rocks can be very
small and heads decrease linearly through the low permeability material. This relationship is
maintained regardless of whether the low-permeability rocks are the upgradient or the
downgradient member. The inclusion of a very low-permeability structural feature between
the two rock types causes some of the head loss through the moderately low-permeability rock
to occur through the feature instead.
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6. Where groundwater flow through layered aquifer/aquitard systems is blocked by
low-permeability features, both upward and downward hydraulic gradients exist near the fault
as groundwater moves out of the aquifers into the adjacent aquitards and through the faults.

Hydraulic heads in and near the PM/OV model domain are shown with the structural feature map
from Bechtel (2002, Figures 3-1 and 6-5) for the model domain in Figure B.7-2. To produce the
contour map of hydraulic heads, the measured hydraulic heads in Excel file
final_map_wl_headsv31.xls (Shaw, 2003) were contoured using a linear kriging algorithm contained
in SURFER 7.0 and a 500-m grid spacing. The hydraulic heads in this file included some outside the
PM/OV flow domain to provide some constraints on heads along the model boundaries. In wells
where measurements at multiple depths exist, only the lowest measured heads were included in the
excel file, primarily to eliminate the possibility that the heads might represent perched water. To help
constrain the contouring algorithm in data-poor areas in the northwest corner of the model domain,
several (6) estimated heads at fictitious “control points” were contained in the original Excel file
(Shaw, 2003). These fictitious control points were retained when the measurements were kriged onto
a regular grid for contouring, but only actual measurement locations are plotted with the contours in

Figures B.7-2 and B.7-3.

In addition to the data limitations mentioned in the preceding paragraph, it is important to note that
hydraulic heads are generally measured in open boreholes and thus represent a composite of the heads
in the formation intersecting the borehole. Where more detailed profiles of hydraulic head versus
depth exist in individual boreholes, these profiles have indicated head variations of up to several tens
of meters over the depth range of the borehole (e.g., Blankennagel and Weir, 1973, Table 7;
Wolfsberg et al., 2002, Figures 3-5 and 4-4). Thus, these composite measurements bear an uncertain
relation to the heads in any particular formation. Additionally, the composite heads originate from
relatively shallow depths compared to many of the water-bearing formations in the hydrostratigraphic

model.

Ignoring the possible effects of vertical head variations and assuming that permeability is isotropic
within the model domain, the hydraulic head contours indicate that flow from area 20 and the western
part of area 19 will be southwestward through the Timber Mountain caldera complex toward Oasis
Valley, with some of this groundwater potentially turning southward toward Crater Flat before

reaching Oasis Valley. The central part of area 19 coincides with a groundwater divide, with
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groundwater in the western part flowing toward Oasis Valley and groundwater in the eastern part
flowing toward Yucca Flat. Hydraulic head contours in Oasis Valley display a curvature that

indicates convergent flow toward this area, as expected for an important regional discharge area.
Hydraulic head contours are poorly constrained by actual data in the northwest part of the model
domain, and the linear aspect of the contour lines there reflects the predominantly southerly flow

assumed when assigning heads to the control points in this part of the model.

In some parts of the model domain, the hydraulic head contours are constrained well enough by the
data that localized changes in the regional hydraulic gradient can be used to make inferences about
the possible effects of nearby faults on groundwater flow. The following sections discuss the
occurrence and possible structural causes of four such hydraulic features identified on the contour

map (Figure B.7-2).

Hydraulic Feature #1

Hydraulic feature #1 is a southwest trending trough in the potentiometric surface. In the vicinity of
area 20, this trough is located east of the western margin of the Silent Canyon caldera complex and
the Thirsty Canyon lineament (42). Further south, this trough is coincident with, or west of, the
western margin of the Timber Mountain caldera complex (26, 27) and the Thirsty Canyon lineament
(42). Based on the simulation results summarized above, the trough in the potentiometric surface
near Area 20 may have originated from several causes: (a) The potentiometric surface trough
coincides with a zone of higher transmissivity, either because of fracturing associated with the caldera
margin, or because it coincides with a thick accumulation of intra-caldera tuffs in a structural trough
between the western caldera margin and the West Greeley Fault (14) (see Blankennagel and Weir,
1973, Plate 2). (b) The Purse (19) and West Purse (20) Faults on the western margin of the trough and
the Boxcar (7) and West Boxcar (8) Faults on the eastern part of the structural trough, combined with
the Western Silent Canyon Structural Zone (44) on the northern end of the trough, collectively limit
groundwater flow into the potentiometric trough, so that the small flux of groundwater through this
area can move under a relatively small hydraulic gradient. In addition to these explanations, the
UGTA regional model (DOE/NV, 1997) suggested that this groundwater trough was caused, in part,

by reduced permeability in the Black Mountain caldera area.
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Distinguishing between alternative explanations for this feature is difficult. Blankennagel and Weir
(1973, p. 18-19) suggested that the westernmost margin of the Silent Canyon Caldera functions as a
barrier, while caldera ring fractures form a drain on the east side of the margin, therefore effectively
combining aspects of explanations (a) and (b). Their hand-drawn representation of hydraulic heads
near the barrier represent the potentiometric surface as discontinuous across the barrier (Blankennagel
and Weir, 1973, Plate 1). The similarity between their depiction of the potentiometric surface near
the Purse (7) and West Purse (8) Faults and the simulation results described by summary result #3
above suggest that a barrier fault is part of the explanation for hydraulic feature # 1. Part of the
barrier effect may also be due to the extreme stratigraphic dislocation across the western margin of
the Silent Canyon Caldera Hydrostratigraphic cross-section C-C’ of Bechtel (2002) through the Black
Mountain Caldera and the Silent Canyon Caldera Complex). The cross-section also indicates that
important aquifers like the Belted Range Aquifer (BRA) thin toward the west, so that they are more
prone to stratigraphic disruption along faults in the western part of the caldera. However,
cross-section C-C’ shows that stratigraphic disruption of the BRA is complete across the West
Greeley Fault (14) and the BRA is only partially disrupted across the Box Car Fault (7), indicating
that hydraulic gradients should be steeper across the West Greeley Fault (14) if stratigraphic
disruption is the principal cause of steep gradients in this area. Conversely, hydraulic head contours
indicate relatively large hydraulic gradients across the East Greeley Fault (13) and the Boxcar (7) and
West Boxcar (8) Faults and relatively small gradients across the West Greeley Fault (14)

(Figure B.7-3).

Hydraulic Feature #2

Hydraulic feature #2 on Figure B.7-2 identifies a sharp break in the hydraulic gradient across the
southern part of the combined Ammonia Tanks (26) and Rainier Mesa (27) caldera structural margins
(henceforth referred to as ATS/RMS). Hydraulic gradients are small through the Timber Mountain
Complex north of the ATS/RMS, whereas gradients increase substantially south and southeast of the
ATS/RMS and moderately to the southwest of the ATS/RMS margins. Moreover, the curvature of
the 1,250 m head contour appears to parallel the southern ATS/RMS boundary, as if this boundary
were acting as a barrier to groundwater flow. The absence of a large hydraulic gradient across the
northern ATS/RMS margin, the apparent coincidence of a potentiometric trough with the western

ATS/RMS margin, and simulation summary result #5 described previously in this section,

Appendix B m

Uncontrolled When Printed



Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

collectively indicate that stratigraphic disruption across the southern ATS/RMS or RMS margins may
be the cause of these changes in the hydraulic gradient. Hydrostratigraphic unit cross-sections
support the concept that stratigraphic juxtaposition, rather than hydraulic properties of the ATS/RMS
margin, is the dominant control on hydraulic gradients. Cross-section H-H’ of Bechtel (2002)
indicates that groundwater flow directly south across the ATS/RMS may be partially blocked by
intrusive rocks associated with the Claim Canyon Caldera (CCICU). Similarly, cross-section I-I” of
Bechtel (2002) indicates that groundwater flow southeast across the RMS boundary may be partially
blocked by the Upper Clastic Confining Unit (UCCU). The more moderate gradient across the
southwest RMS margin may arise from the juxtaposition of permeable carbonate rocks on the
downgradient side of the southwestern RMS margin (Cross-section J-J’ of Bechtel, 2002). In
summary, the head patterns associated with the northern, southern and western parts of the ATS/RMS
margins indicate that these structural features are not inherently groundwater barriers, and that the
southern ATS/RMS or RMS margins functions as barriers largely because of the local stratigraphic

juxtaposition of low permeability rocks on the downgradient side.

Hydraulic Features #3 and #4

The remaining hydraulic head features discussed in this section pertain to areas 19 and 20, and are
best seen in Figure B.7-3. Hydrologic feature #3 refers to the southward hydraulic gradient indicated
by the 1,350 to 1,300 m contours between the Boxcar (7) and West Greeley Faults (14) in the vicinity
of the Western East Thirsty Canyon Structural Zone (43) (Western ETCSZ). The direction of the
gradient could indicate that groundwater flow is redirected southward by the Boxcar Fault, whereas
the steepness of the gradient in the vicinity of the Western ETCSZ could indicate that this feature, or
nearby features like the southern Area 20 Caldera Margin (30), are barriers to groundwater flow.
Wolfsberg et al. (2002) found through model calibration that permeabilities lower than those of the
surrounding rocks were needed in the Boxcar (7) and West Boxcar (8) faults to preserve a steep SW
gradient. However, the structural HSU model used in that study did not represent stratigraphic offsets

and disruption explicitly, as the current model does.

The nearest available north-south hydrostratigraphic cross-section located to the west of this area
indicates significant stratigraphic disruption across the southern Area 20 caldera margin (30), but
only slight stratigraphic displacement across the Northern Timber Mountain Structural Zone (38)

(Cross section H-H’). Although data are sparse, there is little evidence that, in general, the southern

m Appendix B

Uncontrolled When Printed



Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

Area 20 caldera margin, the Northern Timber Mountain Structural Zone, or other east-west structural
zones exert much influence on hydraulic head patterns in this area. The steepness of the southward
hydraulic gradient east of the Boxcar Fault (7) may simply reflect the deflection and accumulation of
groundwater flow parallel to the fault. This interpretation is supported by the observation that the
1,400 and 1,375 m hydraulic head contours between the West Almendro Fault (2) and the East
Greeley Fault (13) display a similar pattern (Hydrologic feature # 4), but, in this case, an east-west

structural feature is absent.

B.4.2 Comparison of Structural Feature Map with Dissolved Chloride and Sulfate
Distributions

The present study uses chloride (Cl) and sulfate (SO,) to trace the movement of groundwater within
the study area. These species were chosen as groundwater tracers because (1) they have relatively
high solubilities and are unlikely to precipitate, (2) Cl- and S-bearing minerals are generally absent or
sparse in the rocks, so large increases in Cl and SO, concentrations due to water/rock interaction are
unlikely, and (3) both historic and UGTA-project related data are available for these species, thereby
increasing the areal coverage and level of detail relative to less commonly measured isotopic species
like delta deuterium (6D) and delta oxygen-18 (6'%0). Although the sampling density of these
isotopic species was not sufficient to provide detailed information about the hydrologic properties of
individual faults, 8D has proven useful for interpreting regional flow patterns (SNJV, 2004a). It
should also be noted that potential sources of SO, in the rock include pyrite in hydrothermally altered
areas, such as that associated with the granitic intrusion encountered in borehole PM-2 in the extreme

northwest corner of Area 20 (Warren et al, 2003; Blankennagel and Weir, 1973, p. 28).

Chloride, SO, and 0D have previously been used by SNJV (2004a) to estimate regional flow paths in
the PM/OV flow domain. The results of their analyses (SNJV, 2004a) indicated that groundwater
from western Pahute Mesa flows southwest toward Oasis Valley, roughly parallel to the Thirsty
Canyon lineament. At Oasis Valley, the groundwater from Pahute Mesa mixes with groundwater
flowing southward from Gold Flat and local recharge in the highlands adjacent the discharge area.
Groundwater from the western part of NTS area 19 flows southwest across Timber Mountain before
turning southward toward Crater Flat, and groundwater in the eastern part of area 19 is estimated to
flow southward toward western Jackass Flats through Fortymile Canyon. The flowpaths depicted in

SNJV (2004a) were intended to provide an overview of regional flow directions and not intended to
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demonstrate the effects of individual faults or structural features on flow patterns. However, it is
interesting to note that these flow paths are closely aligned with the hydraulic gradient, implicitly
implying that flow directions are not affected by anisotropy associated with structural features in any

regionally consistent way.

The groundwater Cl and SO, concentration data used in the present study were obtained by querying
the Department of Energy’s comprehensive water quality database for the vicinity of the NTS
(geochem02.mdb) for data within the map area shown in Figure B.7-2. The areal distributions of
groundwater Cl and SO, concentrations obtained from this query show several trends (Figures B.7-4
to B.7-7). As noted by SNJV (2004a), groundwater Cl and SO, concentrations east of the Purse (19)
and West Purse (20 Faults are substantially more dilute than concentrations of these species to the
west of these faults. This suggests that groundwater flow eastward across these faults is small,
despite the relatively large hydraulic gradient in this area. A small amount of leakage across the
Purse Fault may be indicated by the relatively large Cl and SO, concentrations (32 and 73 mg/L,
respectively) at well UE-20ai (Egmont) located east of the Purse Fault and the Area 20 caldera
margin. However, evidence for significant mixing between these groundwaters exists only south of
the southern end of the West Purse Fault (20), where groundwater concentrations in the vicinity of the
Thirsty Canyon lineament indicate roughly subequal contributions of the groundwater found west and
east of the Purse Fault (19) further north in area 20. The presence of relatively high concentrations of
Cl and SO, east of the Thirsty Canyon Lineament (42) indicates it is not a barrier to groundwater
flow, at least southwest of the Area 20 caldera margin (30). The disappearance of east-west chemical
differences southwest of the Purse (19) and West Purse (20) Faults suggests that these faults act as

barriers primarily because they coincide with the western boundary of the Area 20 caldera (29, 30).

In order to distinguish between possible alternative flowpaths using geochemical tracers, it is
necessary that the alternative flow paths be characterized by different chemistries. Because only CI
and SO, concentrations are examined in this report, and their variability is insufficient to distinguish
between alternative flowpaths in the vicinity of most faults, it is possible to distinguish between
flowpaths in only a few instances. The first instance involves Hydrologic Feature #4, the north-south
hydraulic gradient between the East Greeley (13) and West Almendro (2) Faults (Figure B.7-3).
Direct north-south flow is precluded in this instance by the differences in the SO, concentrations

north and south of this feature (Figure B.7-7). More northeast to southwest flow near Hydrologic
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Feature #4 is indicated by the relative constancy in SO, concentrations along the NE/SW direction in
this area. However, the sparsity of data also allows a more tortuous groundwater flow path involving
southward flow along north-trending East Greeley Fault (13) and westward flow along East Thirsty

Canyon Structural Zone (36), thus producing the apparent southwest flow direction. The SO, data, in
general, preclude direct north to south flow from area 20 and the northwest part of area 19 into areas
18 and 30 (Figures B.7-6 and B.7-7). The moderately high SO, concentrations in the northwest part
of area 19 and most of area 20 are compatible with flow from the northwest part of area 19 into area
20 across the West Greeley (14) and Boxcar (7) Faults and into the potentiometric trough associated

with Hydrologic Feature #1 (Figures B.7-2 and B.7-6).

B.4.3 Evidence for Fault Behavior from Permeability Data

Hydraulic conductivities estimated for different HSUs in the PM/OV flow domain and surrounding
areas indicate substantial overlap in their values (Figure B.7-8) (Shaw, 2003). Excluding data for the
Volcanic Confining Units (VCU), the combined data indicate an overall trend of decreasing hydraulic
conductivity with increasing depth, with hydraulic conductivities spanning an approximate 2 order of
magnitude range at any particular depth. In contrast, hydraulic conductivities in the VCU vary over
an almost 4 order of magnitude range at any particular depth and show, albeit with considerable
scatter, a somewhat more rapid decrease with depth. Average conductivities are similar for VCU and
non-VCU at 400 m depth [log10 (K) ~0], but at 1 km, the mean hydraulic conductivities of the VCU
and non-VCU are about —2 and -0.5, respectively

In lavas, welded tuffs, and zeolitized nonwelded tuffs, hydraulic conductivity is dominated by
fractures and faults. The variability in the hydraulic conductivity for any particular HSU at a given
depth therefore probably reflects differences among the fracture and fault characteristics that exist at
individual test locations. In general, lavas and welded tuffs have higher fracture densities than the
zeolitized nonwelded tuffs (Drelleck et al., 1997). Thus, in densely fractured welded tuffs and lavas,
most tests intersect conductive fractures and few test zones test only the rock matrix, so the variability
in test results is relatively small. In sparsely fractured rock like the zeolitized nonwelded tufts that
comprise the VCU, test intervals may or may not intersect conductive fractures or faults, so the
variability in hydraulic conductivity is larger than in the other units. The lowest hydraulic

conductivities in the VCU presumably reflect tests done in unfractured or unfaulted zones, while the
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highest conductivities were done in intervals that contain fractures or faults. The highest hydraulic
conductivities for the VCU in the depth interval between 400 and 1,200 m depth are comparable to
those found in aquifers and composite units in the area, supporting the notion that fractures and faults
in the VCU can remain open and transmissive. However, the more rapid decrease in hydraulic
conductivity with depth in the VCU may reflect the lower compressive strength of the nonwelded
tuffs that comprise the VCU, a factor that would allow fractures and faults in the VCU to close more
readily with increasing lithostatic stresses than fractures and faults in lavas or welded tuffs
(Blankennagel and Weir, 1973).

The relatively high hydraulic conductivity values of 1 to 100 m/day evident in Figure B.7-8 are
comparable to the permeabilities of 1.0 x 10-'2 to 1.0 x 10-' m? that have been measured in fault zones
in welded and nonwelded tuffs at Yucca Mountain (LeCain et al., 2000; Loeven, 1993; Geldon et al.,
1997). This similarity suggests that faults and fault zones in the PM/OV flow domain may have
hydraulic conductivities parallel to their strike that are at least as high as those measured at Yucca

Mountain.

B.4.4 Examination of the Role of Feature Orientation, Hydrothermal Alteration,
Reactivation, Amount of Hydrostratigraphic Offset, and Feature Type on
Feature Hydraulic Properties

In this section, hydraulic gradients near faults and structural zones in the vicinity of NTS areas 19 and
20 are examined in the context of the attributes of the structural features (Table B.7-1) and the
intensity of hydrothermal alteration associated with the different calderas (Table B.7-2). The purpose

of this examination is to determine whether head gradients across faults and structural zones can be

correlated even qualitatively with the observed attributes of these features.

This examination focuses on the Boxcar (7), West Boxcar (8), West Greeley (14) and East Greeley
(15) faults. These faults were selected because they are potential groundwater pathways from the
testing areas and because hydraulic head contours near these faults are relatively well constrained by
measurements. Hydraulic head contours in the vicinity of these faults (Figure B.7-3) indicate that the
hydraulic gradient is relatively large across the Boxcar (7) and West Boxcar (8) faults, moderate
across the northern part of the East Greeley fault (13), and small across the West Greeley fault (14).

Because each of these faults trends northward, the effect of fault orientation as a possible cause for
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the differences in their associated hydraulic gradients can be discounted. An examination of the
relative intensities of alteration (Table B.7-2) indicates that the Area 20 caldera is less intensely
altered than the Grouse Canyon caldera, so that the West and East Greeley Faults, which are within or
bounding the Grouse Canyon caldera, would be expected to be less permeable and have steeper
hydraulic gradients across them than the Boxcar and West Boxcar Faults. Because the reverse
relation between alteration intensity and magnitude of hydraulic gradient is observed, alteration
intensity related to caldera formation apparently does not control fault hydrologic behavior in these
cases. Intense alteration associated with the Grouse Canyon caldera may not have been associated
with the West and East Greeley Faults. More likely, nearly a km of offset has occurred along the
West Greeley fault subsequent to formation of the Grouse Canyon caldera (Table 5 in Warren et al.,
2000), so that any initial modification of its character by caldera activity has been overwhelmed
during subsequent reactivation. Likewise, reactivation of the Boxcar (7) and West Boxcar (8) Faults
by nuclear weapons tests is near 100 percent, whereas only 50 percent of the West (14) and East (13)
Greeley Faults have been reactivated (Table B.7-1). Therefore, if reactivation percentage is the
controlling variable, head gradients would be less across the Boxcar and West Boxcar faults
compared to the West and East Greeley Faults. It is possible, of course, that reactivation has taken
place too recently to have a measurable effect on heads near the Boxcar and West Boxcar Faults, but

that long-term hydraulic readjustment may be underway.

Near-surface hydrostratigraphic offset across the West Greeley fault (150 m) is larger than estimated
for the East Greeley Fault (30 m) or the Boxcar and West Boxcar Faults (60 m) (Table B.7-1), so there
may be a correlation between stratigraphic offset and fault permeability. This relation suggests that,
with increasing stratigraphic offset, any permeability reductions that result from gouge formation are

secondary compared to permeability increases associated with the additional fracturing.

Caldera boundaries are generally thought of as normal faults, but with greater stratigraphic offset and
a broader range of orientations than most other north-trending normal faults in the PM/OV area. The
West Greeley Fault (14) forms the eastern boundary of the Area 20 caldera, whereas the Purse (19)
and West Purse (20) Faults coincide with the western boundary of the caldera. The large hydraulic
gradient associated with Purse and West Purse Faults and the small gradient associated with the West
Greeley Fault suggests that stratigraphic offsets may be the dominant difference between head

gradients in these areas. The West Greeley Fault juxtaposes a thick stratigraphic sequence of aquifers
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and confining units entirely within a complex trough, whereas the Purse and West Purse Faults define
the western boundary of this trough. Terrain west of the trough has remained structurally high
throughout caldera formation within the Silent Canyon caldera complex, accumulating alteration
from all nearby calderas within the PM/OV area. Thus this terrain, where the Pre-Belted Range
Composite Unit (PBRCM) lies at shallow depths beneath the water table, contains no stratigraphic
layers that are hydraulically conductive, and so provides a major barrier to westward flow of

groundwater (Blankennagel and Weir, 1973, p. 18-19).

The geologic origins of many of the W- and NW-trending structural zones in the PM/OV flow
domain are uncertain, but some may be the structural margins of buried calderas (Bechtel, 2002), in
which case they would be normal faults. Because the direction of minimum horizontal stress is
NW-SE in the PM/OV flow domain, these structural zones would be in a state of relative compression
compared to N-trending normal faults, a condition that would tend to make them less permeable than
N-trending faults in the area, other factors being equal. Furthermore, since many structural zones are
buried by younger unfaulted rocks, the structural zones have clearly not been reactivated by recent
weapons testing or other seismic events. The relatively steep N-S hydraulic gradients associated with
the West Silent Canyon Structural Zone in hydrologic feature #1 and the Western East Thirsty
Canyon Structural Zone in hydrologic feature #3 support the inference that these NW-trending

structural zones may be barriers to southerly groundwater movement.
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B. 5 0 SUMMARY AND CONCLUSIONS

Preliminary interpretations regarding the hydrologic properties of selected faults, caldera margins,
and structural zones have been made where hydrologic and geochemical data are sufficiently
numerous to make interpretations of hydraulic gradients and flow patterns near these features. In
these instances, estimates are made of the permeability of these features relative to the surrounding
unfaulted rocks. Furthermore, in many instances the observed hydraulic gradients and interpreted
flow patterns are not necessarily controlled by single structural features, but are the complex
hydrologic response to multiple structural features, so unique interpretations may not be possible
without the aid of a numerical model. Integrating the discussion presented in this report, the
remainder of this summary provides a summary of inferred fault behavior that can help guide

development of the PM/OV groundwater flow model.

As a first approximation, the PM/OV flow model should be run with all faults assigned permeabilities
equal to the permeabilities of the HSUs they intersect. This model formulation, which considers
faults as having no effect on groundwater flow, will allow for testing of hydraulic response to HSU
offsets across fault zones and indicate whether the shallow composite head measurements are
sensitive to offsets of HSUs at greater depths. Then, faults should be grouped based upon the

following guidelines for permeability and considered with the numerical model.

Caldera structural margins may be relatively high permeability features because of considerable
offset and brecciation of the rock near these faults. A trough in the potentiometric surface inside the
western margin of the Area 20 caldera (30) and roughly coinciding with the western margin of the
Timber Mountain caldera (27) is consistent with this interpretation. The relatively steep hydraulic
gradients downgradient from the southern margin of the Timber Mountain caldera complex (26, 27)
may have resulted from the juxtaposition of low permeability intrusive and clastic rocks on the
downgradient side of the caldera margin. The absence of a comparably steep hydraulic gradient
across the northern margin of the Timber Mountain caldera complex also indicates that the caldera

margin is not an inherently low permeability feature.

Appendix B B'49

Uncontrolled When Printed



Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

Aside from two possible exceptions, the W- and NW-trending structural zones do not appear to be
either barriers or conduits for groundwater flow. The two possible exceptions involve the steep
hydraulic gradients south of the West Silent Canyon Structural Zone (44) and the steep hydraulic
gradient near the Western East Thirsty Canyon Structural Zone (43). In both cases, however, other
nearby structural features or stratigraphic offsets could be contributing to these apparent effects. The
West Silent Canyon Structural Zone coincides with the northern margin of the Area 20 caldera (30),
across which there is considerable stratigraphic offset (Bechtel [2002] — Cross-section J-J’). The
nearby N-trending Purse (19) and West-Boxcar (14) faults may also be contributing to the apparent
steep N-S gradient by blocking west-to-east and east-to-west flow south of the West Silent Canyon
Structural Zone (44). Likewise, an apparent head drop near the Western East Thirsty Canyon
Structural Zone (43) could be the result of influence of the nearby N-trending Boxcar (7) and West
Greeley (14) faults, stratigraphic offsets across the nearby southern margin of the Area 20 caldera
(30), and the lack of control on hydraulic heads. These two particular features should be modeled
first as low-permeability features. However, where the northwest trending structural zones coincide

with caldera margins, they can first be modeled as high-permeability features.

Normal faults in Areas 19 and 20 should be modeled first as relatively low permeability features,
except where they coincide with caldera margins. However, differences in the hydraulic gradients
across several of the many N-trending faults in areas 19 and 20 are not readily explainable in terms of
differences in alteration intensity associated with the Grouse and Area 20 calderas or by differences
in the percent of the fault trace length reactivated by nuclear weapons tests. Hydraulic gradients
across these faults may be inversely related to the amount of offset across the fault, a possibility that
is consistent with the inference that faults with considerable offset along caldera margins are
essentially high-permeability features. This concept is also supported by the small hydraulic gradient
across the West Greeley Fault (14), which coincides with the western boundary of the Grouse Canyon
caldera (29) and which has 150 m of near-surface offset. However, the Purse (19) and West Purse
(20) Faults are modeled as coinciding with the western margin of the Area 20 caldera (although each
has only 30 m of near-surface offset) and a large hydraulic gradient coincides with this margin. If the
head gradient across the Purse (19) and West Purse (20) Faults is not accurately reproduced using this
conceptual model and the modeled hydrostratigraphic offsets, it may be necessary to make different

assumptions regarding the permeability of the western margin of the Area 20 caldera.
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The Thirsty Canyon Lineament (42) appears to coincide with a trough in the potentiometric surface
over most of its length and to be a zone in which high and low salinity groundwaters mix. These

characteristics suggest it is a high permeability feature over most or all of its length.

In general, the flow directions inferred from conservative geochemical tracers like chloride and
sulfate are nearly coincident with those that would be inferred from the hydraulic gradient assuming
that large-scale hydraulic conductivities are isotropic. This agreement implies that the many
structural features present in the model domain do not impart a large-scale anisotropy to the flow
system in any regionally consistent manner. However, this does not eliminate the possibility that
flow patterns may be more complex and tortuous on a more local scale due to the influence of the
structural features. Finally, hydraulic head and geochemical data are sparse beneath the resurgent
dome and moat zone of the Timber Mountain caldera complex, and so the effects of faults and other
structures on groundwater flow in this part of the model domain are poorly understood relative to

other areas using the methods of analysis applied in this report.
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Table B.7-1

Structures of the Pahute Mesa/Oasis Valley Model Area

(Page 1 of 4)

(11) (12)
(2) (2) 3 (4) (5) (6) (7.) 9) (20) Active Percent
Map Fault Dip Dip (8) Notes . .
Structure Name Type Symbol . . Offset (m) | Activated? | Length Active
no. Strike | Azimuth Amount
(Km) Length
Ammonia Tank; caldera 26 cM ATCSM .80 (~800)
structural margin
Ammonia Tanks cal.dera 25 cM ATCTM Iqward variable minor
topographical margin dip
Black Mountaln caldera 24 cM BMSM V_arlable inward (~750)
structural margin dip
Claim Canyon caldera 08 cM CCCSM Variable inward (~600)
structural margin dip
Rainier Mesa caldera 27 cM RMCSM -80 Inward dip (>2,000)
structural margin
Rainier Mesa caldera 25 cM RMCTM -80 Inward dip minor
topographical margin
Silent Canyon c_:aldera 29,30 cM SCCCSM V_arlable inward (>2,500)
structural margin dip
Silent Canyon caldera Variable inward
complex topographical CM SCCCTM di minor
margin P
Fluorspar Canyon — Strike
Bullfrog Hills detachment DF FC-BH DF 90 180 -3 approximate; dip
fault <5
Almendro Fault 1 NF AL 15 285 -80 150 Y 5.5 80
Bare Mountain fault 3 NF BM 343 73 -80 Actual dip 457 in (~2,000)
model?
Beatty fault 4 NF BF 0 270 -80 (>500)
Offset from
Big Burn Valley fault 5 NF ? 325 235 -80 Hinrichs 45
etal., 1967
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Table B.7-1

Structures of the Pahute Mesa/Oasis Valley Model Area

(Page 2 of 4)

(2) (2) 3 4) (5) ((?) (?) 9) (20) A(c]i:iL\)/e Pe(:-cze)nt
Structure Name Map Type Symbol Faglt F)Ip Dip (8) Notes Offset (m) | Activated? | Length Active
no. Strike | Azimuth Amount (Km) Length
Black Canyon fault 6 NF BC 352 262 -80 ?
Boxcar fault 7 NF BX 3 273 -80 Strike range 0-5 60 Y 16 100
Claim Canyon fault 1 9 NF CC1 5 275 -80 ?
Claim Canyon fault 2 10 NF cc2 313 43 -80 ?
East Estuary fault 11 NF EE 0 270 -80 60
East Greeley fault 13 NF EG 0 270 -80 30 Y 7 55
Halfbeak fault 15 NF HB 30 300 -80 (~100)
Handley fault 16 NF HA 30 300 -80 30 Y 5 45
Hogback fault 17 NF HOG 355 85 -80 (~200-1000)
Paintbrush Canyon fault 18 NF PC 352 262 -80 (~200)
Purse fault 19 NF PU 8 278 -80 30 Y 7.5 60
Rickey fault 21 NF RY 16 286 -80 (~2,000)
Scrugham Peak fault 22 NF SP 16 286 -80 150
Split Ridge fault 23 NF SR 5 275 -80 30
West Almendro fault 2 NF WAL 356 266 -80 (~100)
West Boxcar fault 8 NF wB 342 252 -80 60 Y 8.5 100
West Estuary fault 12 NF WE 0 270 80 NOS:Z?{:."’T%? 30
West Purse fault 20 NF WP 0 270 -80 30 35 70
West Greeley fault 14 NF/CM WG 0 270 -80 150 Y 10.5 50
Thirsty Canyon lineament 42 NF? TCL 10 100 -80 (>2,000)
Belted Range thrust fault 31 TF BRT 45 315 -20 Dip range 0-40
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Table B.7-1
Structures of the Pahute Mesa/Oasis Valley Model Area
(Page 3 of 4)

(11) (12)
2 5 6 7 .
(2) (2) 3 4) (5) (.) (.) 9) (20) Active Percent
Map Fault Dip Dip (8) Notes . .
Structure Name Type Symbol . - Offset (m) | Activated? | Length Active
no. Strike Azimuth Amount
(Km) Length
CP thrust fault 32 TF CcPT 315 2 5 Dip <10, azimuth
varies
Colson Pond fault 46 TSZ CPF 90 180 -80 (<30)
Fleur de Lis fault 47 TSZ FDL 90 180 -80 Azimuth (<100)
approximate
Gold Meadows structural 33 TS7 GMSZ 285 195 -80 (~100)
zone
Hot Springs lineament 34 TSZ HSL 87 357 -80 (>2.000)
Ribbon CIiff structural 35 Ts7 RCSZ 285 15 -80 150
zone
East Thirsty Canyon 36 TSz/ICM | ETCSZ 90 180 -80 0-300
structural zone
Moor Hen Meadow 37 TSZICM | MHMSZ 290 200 -80 (~1800)
structural zone
North Timber Mountain 38 TSZICM | NTMMSZ | 296 206 -80 (~100)
moat structural zone
Silent Canyon northern 39 TSZICM | SCNSZ 292 202 -80 15-250
structural zone
fgﬁgt Canyon structural 40 TszicM | scsz 297 207 -80 50-1300
Southern Pahute Mesa 41 TSZICM | SPMSZ 286 16 -80 25-500
structural zone
Western East Thirsty 43 TSZICM | WETCSZ 90 180 -80 75-400
Canyon structural zone
Western Silent Canyon a4 TSZ/CM WSCSZ 285 " .80 Dips both SSW (~200)

structural zone

and NNE
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Table B.7-1
Structures of the Pahute Mesa/Oasis Valley Model Area
(Page 4 of 4)

@)

Structure Name

()
Map
no.

3)
Type

4
Symbol

(5)
Fault
Strike

(6)
Dip
Azimuth

(7)
Dip
Amount

(8) Notes

©)
Offset (m)

(10)
Activated?

(11)
Active
Length

(Km)

(12)
Percent
Active
Length

Notes to Table B.7-1: Column 1 lists the name of the structure; column 2 lists the type of structure (CM = caldera margin, DF = detachment fault, NF = normal fault, TF = thrust fault,
TSZ = transverse fault or structural zone); column 3 lists the abbreviation used to mark the structure in this report and in Bechtel (2002); column 4 lists the fault strike in northern-sector

360° coordinates; column 5 lists the dip azimuth; column 6 lists the dip angle below horizontal (note that all normal faults are assigned an arbitrary dip of -80°), column 7 provides
explanatory notes; column 8 lists the offset of faults near-surface as summarized by McKee et al. (2001) or other references as noted, with additional interpretations from cross

sections in Bechtel (2002) in parentheses, ranges of offset in italics reflecting increase in offset with depth where such information can be deduced from Warren et al. (2000), and “?”
indicating offsets that could not be estimated; columns 9-11 provide information on whether a fault has been reactivated by underground testing and if so the total length reactivated
and the percentage of reactivated length relative to total mapped length (calculated from Frizzell and Shulters, 1990).
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Table B.7-2
Hydrothermal Alteration Associated with Calderas of the SWNVF
Caldera Age Feldspar Pyrite Altn Location Caldera Fill
. . Overlying Beatty Wash formation strongly altered to
Ammonia Tanks 11.45 Destroyed Trace High ER/EC2A 400 m above Ammonia Tanks Tuff
Rainier Mesa 11.65 Slightly altered Slight Slight UE18T Overlying Ammonia Tanks Tuff is unaltered
Claim Canyon 12.7 Unaltered None None Chocolate Mtn Basal unit, rhyolite of Vent Pass, is unaltered
Area 20 13.2 Unaltered None None UE20F Basal unit, rhyolite of Jorum, is unaltered
Grouse Canyon 13.7 Strongly altered Abundant High UE19G\S Overlying Dead Horse Flat formation strongly

altered to 240 m above Grouse Canyon Tuff

Data are from tables strat and pa_measure in database of Warren et al. (2003), or from petrographic analyses planned for addition to database. Feldspar phenocrysts have
been altered as described within drill hole or outcrop location designated. Alteration indicates intensity (severity) of hydrothermal alteration suggested for caldera.
Caldera-filling units are altered in same style as caldera-forming unit upward to the level within the indicated drill hole.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada
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Figure B.7-1
Map Showing Structural Features and Model Boundaries for the PM/OV Flow Model

(Structural features are from Figures 3-1 and 6-5 of Bechtel, 2002). Identification numbers are defined within
Section B.2.3 in descriptions of each feature and in Table B.7-1.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

Fault map with hydraulic head contours
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Figure B.7-2

Map Showing Hydraulic Head Measurements and Contours,
Including Structural Features in the Vicinity of the PM/OV Flow Model
Hydraulic heads are expressed in meters above sea level. Numbered hydraulic features are discussed in text.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

Fault map with hydraulic head contours
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Figure B.7-3
Map Showing Hydraulic Heads Measurements and Contours

with Structural Features in the Vicinity of NTS Areas 19 and 20
Hydraulic heads are expressed in meters above sea level. Numbered hydraulic features are discussed in text.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada
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Figure B.7-4

Map Showing Groundwater Chloride Concentrations, Hydraulic Head Contours,
and Structural Features in the PM/OV Flow Domain
Hydraulic heads are expressed in meters above sea level. Chloride concentrations are in milligrams per liter.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada
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Figure B.7-5
Map Showing Groundwater Chloride Concentrations, Hydraulic Head Contours,

and Structural Features in the Vicinity of NTS Areas 19 and 20
Hydraulic heads are expressed in meters above sea level. Chloride concentrations are in milligrams per liter.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada
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Figure B.7-6

Map Showing Groundwater Sulfate Concentrations, Hydraulic Head Contours,
and Structural Features in the PM/OV Flow Domain
Hydraulic heads are expressed in meters above sea level. Sulfate concentrations are in milligrams per liter.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada
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Figure B.7-7
Map Showing Groundwater Sulfate Concentrations, Hydraulic Head Contours,

and Structural Features in the Vicinity of NTS Areas 19 and 20
Hydraulic heads are expressed in meters above sea level. Sulfate concentrations are in milligrams per liter.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada
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Figure B.7-8
Figure Showing Hydraulic Conductivities as a Function of Hydrostratigraphic Unit

and Depth in the PM/OV Flow Domain and Surrounding Areas
Data and figure are from Shaw (2003).
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Appendix C

Development of a Steady-State
Thermal Field and Evaluation of the
Potential Use of Temperature Data
To Constrain Pahute Mesa CAU
Groundwater Flow Models

(As provided by Los Alamos National Laboratory)
Edward Kwicklis, Jenny Boryta, and Andrew Wolfsberg
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

C. 1. 0 INTRODUCTION

In geologically complex environments, groundwater head and spring discharge data by themselves
may not sufficiently constrain groundwater flow patterns. In the PM/OV area, this geologic
complexity is associated with tuffs and lavas having varying degrees of welding and fracturing, faults
with little known and possibly varying hydraulic properties, caldera boundaries, and other features
recognized from geophysical investigations of unknown geologic origins (e.g., Grauch et al., 1999).
Consequently, there has been a growing interest in the use of other types of data to help identify, or at
least constrain, patterns of groundwater movement in these environments. These data have included
groundwater geochemical and isotopic tracers and subsurface temperature data to help delineate flow
patterns (SNJV, 2004; Fridrich et al., 1994; Gillespie, 2002). The use of groundwater geochemistry is
described in detail in Section 2.4 of this report. In this appendix, we investigate the use of heat (a) for
developing a steady-state thermal field for use in the groundwater flow models and (b) as a tracer for
which departures of measured temperature from temperatures simulated by purely conductive
heat-flow models provide information about groundwater flow patterns. The purpose of this thermal
study is to develop a heat conduction-only model that matches temperature observations in boreholes
and estimates steady-state temperatures at every node in the flow model domain. Then, by examining
specific locations where the conduction model fails to adequately match temperature profiles,

advective processes are identified for further investigation with the calibrated flow models.

Because temperatures increase with depth in response to geothermal heating, groundwater
temperature patterns may be useful for identifying vertical flow components. Relatively warm
groundwater compared to other areas at the same elevation may indicate that groundwater has flowed
upward from depth; conversely, relatively cool groundwater may indicate downward flow. Because
aquifer temperature data are sensitive to vertical groundwater movement, temperature data may be
helpful in identifying whether groundwater is actually flowing in response to vertical head gradients

that have been identified. Alternatively, if the distribution of hydraulic heads with depth is unknown,
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

groundwater temperature data may provide indirect indications of the likely changes of head with

depth.

Two approaches involving the use of subsurface temperature data in groundwater flow models have
been discussed in the literature. In the first approach, a coupled groundwater flow and heat transport
model is calibrated to hydraulic head and temperature data using either a formal parameter
optimization method (Woodbury et al., 1987; Woodbury and Smith, 1988) or through trial-and-error
(Painter et al., 2003). In the second approach, the effects of groundwater flow on subsurface
temperatures are not modeled explicitly, but are inferred based on the differences between the
measured subsurface temperatures and temperatures simulated with a pure heat-conduction model
(Arnold et al., 2003). This report uses the second approach to infer groundwater flow patterns in the
PM/OV flow domain.

To assess the possible influence of groundwater on subsurface temperatures, a three-dimensional,
steady-state thermal conduction model was developed for the PM/OV flow domain. As described
below, identification of a set of high-quality temperature observations for modeling required careful
screening of scores of digitized temperature profiles to eliminate portions of temperature logs where
flow within the borehole appeared to have disturbed in situ temperatures. The model attempts to
simulate borehole temperature measurements by adjusting either the thermal conductivities of
individual HSUs or groups of HSUs while also adjusting lower boundary temperatures or heat fluxes.
Both automated calibration using the PEST code and manual adjustments to thermal conductivities
and boundary conditions are used. Temperatures measured at the composite water level, or in the
unsaturated-zone just above the composite water level were used as the upper thermal boundary
condition in the model. Areas of the model domain where the conduction model could not match the
measured borehole temperatures are interpreted to be areas where groundwater flow may have

affected the borehole temperature data.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

C. 2 . 0 BACKGROUND

To help evaluate borehole temperature logs from the PM/OV area, it is useful to conduct some simple
one-dimensional, heat-transport simulations to illustrate the expected effects of groundwater
movement on borehole temperature profiles. Although their one-dimensional nature make these
results somewhat idealized, these simulations nonetheless help both to identify borehole temperature
measurements that have been perturbed by the presence of the borehole or by hydraulic tests, and to
develop hydrologic interpretations for borehole temperature measurements that appear to reflect
actual formation temperatures. The departures from purely conductive heat flow resulting from
advective heat flow described here are used to interpret field measurements described later in this

appendix.

At steady-state in a homogeneous medium, the temperature gradient resulting from purely
conductive heat-flow processes would be linear (Figure C.2-1) and heat flux would be constant with
elevation (Figure C.2-1). A steady, downward groundwater flux would result in cooler temperatures
at any elevation compared to the conduction-only profile, resulting in a concave-upwards profile. For
downward flux, the concave-upward profile implies a decrease in the geothermal gradient (and,
hence, in the heat flux), with elevation (Figure C.2-1). This decrease in heat flux occurs because,
with increasing elevation, more and more of the heat flux existing at depth has been consumed by
warming the downwardly moving groundwater. Conversely, where groundwater flow is upward,
rock temperatures at any elevation are warmer than those that would result from heat conduction
alone (Figure C.2-1). In this case, the steepening of the temperature profile with elevation implies an
increase in the upward heat flux with elevation (Figure C.2-1). This increase occurs because the
upward moving groundwater loses heat to the surrounding rock, so that with increasing elevation,

more and more heat must be transmitted conductively through the rock.

At steady-state in a layered medium, the temperature profile resulting from purely conductive
heat-flow processes would have linear segments within a layer, and the temperature gradient

associated with each linear segment would be inversely related to the thermal conductivity of that
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Simulated Temperature Profiles in homogeneous rock (a) Simulated heat fluxes in homogeneous rock (D)
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Figure C.2-1
Simulated (a) Temperature and (b) Heat Flux Profiles in Homogenous Rock
Simulated (c) Temperature and (d) Heat Flux Profiles in Layered Rock
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layer (Figure C.2-1). For pure heat conduction, the thermal conductivity and thermal gradient within
each layer result in a constant heat flux with elevation (Figure C.2-1). As in the case of homogeneous
rock, a downward groundwater flux results in cooler temperatures at any elevation compared to the
pure conduction profiles, with the segments within each layer having an upward concavity. In this
case, the heat flux changes with elevation in a way that is similar to that found for a homogenous
medium with downward groundwater flow (Figure C.2-1). An upward groundwater flux through a
layered medium results in higher temperatures compared to temperatures associated with a pure
conduction profile, with each segment in the profile for the layered rock having a downward
concavity (Figure C.2-1). The heat flux associated with downward groundwater flow through the
layered rock resembles the heat flux profile for downward groundwater flow through a homogeneous

medium.

The heat flux qH at some elevation, z2, can be expressed as a function of gy, at a lower elevation z1 by

dq_» = 9y — 9;CAT (C.2-1)

where:

qy = the heat flux (J s' m?);

q, = the liquid mass flux (kg s! m?);

C, = the specific heat capacity of water (4,187 J kg! °C);

AT = the temperature difference between elevations z, and z, (°C);
z = the elevation (m), positive upwards.

Fluxes are positive when upwards and negative when downward. As the equation indicates, the heat
flux at the higher elevation z, depends on the heat flux at the lower elevation z,, on the direction and
magnitude of the liquid flux, and on the change in the temperature the water undergoes as it moves
through the rock. If heat flux can be estimated at two distinct elevations and assumed to be
one-dimensional, the vertical groundwater flux can be calculated from these heat fluxes and
corresponding temperature difference between these elevations. The equation also indicates that heat
flux between two elevations would not be changed by horizontal groundwater movement where the
temperature of the water did not change. However, in some instances, temperature at a given

elevation varies spatially because of spatial variations in heat flux or due to the insulating effects
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associated with variable thickness of the overburden. In this case, horizontal groundwater flow could
alter the heat flux because the groundwater would warm or cool as it moved from one area to another

area at a different temperature.

Other factors can also cause the interpretation of temperature profiles to be more complicated than
described above. The three-dimensional distribution of temperatures (and heat flux) in a rock mass is
a function of the spatial variability in heat flux at depth, topography, and the variability in rock
thermal properties, as well as groundwater flow. In the PM/OV area, variability in heat flux could
potentially arise because of the presence of now-dormant volcanic centers coinciding with the Timber
Mountain, Silent Canyon and Black Mountain caldera complexes. Model calculations indicate that in
a homogeneous medium, subsurface temperature distributions are a subdued reflection of the
topography (Rousseau et al., 1999). Heat flux vectors tend to diverge under ridges and converge
toward washes, resulting in decreasing heat fluxes with elevation beneath ridges and increasing heat
fluxes with elevation beneath washes. Likewise, the subsurface distribution of rocks with different
thermal conductivities can concentrate heat flow toward some areas and away from others. A
preliminary analyses of heat flux in the vicinity of the NTS (Gillespie, 2003) has indicated that heat
flux tends to be redirected around low thermal conductivity alluvium in basins like Yucca Flat and
Frenchman Flats and into the higher thermal conductivity rocks beneath ridges bordering the basins.
The deflection of heat flux from beneath the alluvium into the surrounding rock is possible because
the insulating properties of the alluvium cause temperatures to be higher beneath the alluvium than in

rocks at the same elevation beneath the ridges.

One difficulty in using temperature measurements as a constraint on hydrologic models is that only
after all of these processes and their uncertainties are accounted for can the hydrologic significance of
temperatures measurements be reliably identified. The foregoing discussion indicates that borehole
temperature profiles should be interpreted with a three-dimensional model that incorporates all of the
relevant processes and their uncertainties. Even then, however, features of the temperature profiles
that cannot be explained by the 3-D conduction model may have hydrologic significance or they may

simply be the result of an inadequate thermal conduction model.
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C. 3 . 0 MobDEL OVERVIEW

C.3.1 Modeling Approach

Although a desirable goal, the development of models that explicitly couple groundwater flow and
heat transport for the entire PM/OV flow domain was beyond the scope of this study. In this report,
the effects of groundwater flow on subsurface temperatures in the PM/OV flow system are inferred
indirectly from the differences between temperatures simulated with a pure heat-conduction model
and measured temperatures. These differences, or residuals, are interpreted in terms of the possible
hydrologic processes that may have produced them, based on analyses from past hydrologic studies
that use temperature data (Gillespie, 2003; Rousseau et al., 1999; Constantz et al, 2003; Reiter, 1999)
and simple scoping simulations of coupled flow and heat transport (Figure C.2-1). However, other
factors, such as uncertainty in boundary conditions and thermal conductivities, are also considered in

the interpretation of model results.

The heat-conduction models described in this report include a combination of forward models, in
which boundary conditions and thermal properties were systematically varied to evaluate the
sensitivity of simulated temperatures to these parameters, and inverse models in which either thermal
properties or boundary conditions were optimized by minimizing the differences between simulated

and measured temperatures.

C.3.2 The PM/OV Heat-Conduction Model

The numerical model of heat conduction in the PM/OV flow domain was created with the
finite-element heat and mass transport code FEHM (Zyvoloski et al., 1997). This model uses the
hydrostratigraphic framework model (BN, 2002) and the computational grid developed for the
base-case PM/OV flow model. The computational grid includes nearly 1.5 million nodes and over 7
million finite elements to represent faults and HSUs in a volume that is approximately 50 km by 50
km in area and 5 km deep. The grid has variable spatial resolution, with the highest resolution

applied to fault zones, thin HSUs, and nuclear test locations (see Section C.4.0).
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

Borehole temperature data from the PM/OV area are used as observations for model calibration and
to estimate upper and lower boundary conditions. The selection of temperature data to calibrate the
PM/OV heat-conduction model is discussed in Section C.4.0 of this report and the use of temperature
data to estimate boundary conditions is discussed in Section C.6.0. The data used in this study were
carefully selected from a much larger dataset of uncertain quality to ensure that the temperature data

were reliable indicators of actual formation temperatures.

The simulated temperatures within the PM/OV heat-conduction model depend on the distribution of
thermal properties in the model and on the boundary conditions imposed along the upper and lower
surfaces of the model. The distribution of thermal conductivities in the model depends on both the
thermal conductivities estimated for individual HSUs and the spatial distribution of different HSUs in
the HFM (BN, 2002). As described in Section C.5.0, thermal conductivities were estimated for
individual HSUs based on previous compilations of thermal conductivities for rocks from the vicinity
of the NTS (e.g., Gillespie, 2003; Sass et al., 1987) and thermal conductivities reported in the

literature for similar rock types.

Boundary conditions are discussed in Section C.6.0 of this report. The upper boundary of the
heat-conduction model coincides with the potentiometric surface, which in this report is taken to be
synonymous with the water table. The upper boundary was assigned constant, but spatially variable
temperatures that were determined by contouring shallow groundwater temperatures measured at
boreholes within the model domain. Lower boundary conditions in the forward models are assumed
to be either uniform, constant temperature or uniform, constant heat flux. Additionally, one inverse
model described in this report is used to calibrate heat fluxes at the base of the model in six different

intra- and extra-caldera areas.

The following sections describe these aspects of the model in greater detail.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

C. 4. 0 TEMPERATURE OBSERVATIONS

Borehole temperature data in the PM/OV flow domain have been collected by various investigators
over a four-decade period under a variety of conditions (see Attachment A). These data are widely
distributed throughout the model domain (Figure C.4-1; Table C.4-1), suggesting that temperature
data could provide an important constraint for estimating temperatures and potentially flow
processes. However, as previous reports have indicated (Pottoroff et al., 1987; Rehfeldt, 2002;
Gillespie, 2003), measured borehole temperatures may not reflect the actual formation temperatures
to varying degrees because of residual drilling effects, hydraulic tests conducted prior to temperature
logging, and either intra-borehole flow or flow within the annular space between the casing and
formation. Building on an earlier report (Kwicklis et al., 2003), this report eliminates temperature
data that are suspected to be unrepresentative of actual formation temperatures to derive a set of
reliable temperature measurements that can be used in model calibration. The disqualification of data
was based on temperature logging dates relative to drilling and hydraulic testing history, borehole
completion information and, most importantly, the temperature data itself. Data was avoided from
depth intervals where temperatures varied erratically or in ways incompatible with known physical
processes, in favor of depth intervals where temperature profiles were approximately linear. During
this evaluation, a very conservative approach towards data retention was applied, so that some valid
data may have been excluded from use as calibration targets. However, the possible rejection of valid
measurements was considered preferable to the more likely possibility that erroneous conclusions

would be made based on data affected by intra-borehole flow or the other factors listed above.

Ultimately, a subset of 67 temperature measurements were selected as calibration targets from the
over 800 temperature measurements listed in Attachment A, Table A2. This subset of borehole
temperature measurements (Table C.4-2) was chosen based on (1) the aforementioned criteria that
measured temperatures reflect actual formation temperatures, (2) the resolution of the numerical grid
near the measurement locations, and (3) the need to obtain as broad a geographic distribution in as

many structural domains (Figure C.4-2) as possible, given the constraints imposed by the first two
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Figure C.4-1
Location of Boreholes Used in Study
Numbers correspond to boreholes listed in Table C.4-1.
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

Table C.4-1
Borehole Names and Locations (see Figure C.4-1)
(Page 1 of 3)

Map No. Borehole UTM-Easting UTM-Northing
1 U-19u 560207.3 4133751.4
2 U-19d#2 560056.3 4133534.8
3 PM-2 538256.7 4133028.2
4 UE-19h 555488.4 4132881.8
5 UE-20p 542331.4 4132503.2
6 UE-20e#1 548110.5 4129980.7
7 UE-19b 562088.5 4129826.5
8 UE-19b1 562090.7 4129796.6
9 U-20e 547789.2 4129655.1
10 U-19g 556340.5 4129244.0
11 UE-19¢gS 556306.1 4129056.8
12 U-20aa 546837.4 4128745.2
13 U-19gj 559768.3 4128539.1
14 U-20g 552440.2 41283435
15 U-20m 541289.6 4128104.3
16 UE-20j 541285.3 4128082.0
17 UE-19e 559111.7 4127849.3
18 U-19e 559100.9 4127774.9
19 U-20i 548242.9 4127580.9
20 U-19bj 560900.4 4127416.2
21 UE-20ad 548286.2 4126975.0
22 U-19t 562271.5 4126843.3
23 U-19bk 554585.6 4126723.0
24 PM-1 552668.1 4125925.1
25 U-19aS 555856.8 4125370.8
26 UE-20ab 552284.5 4125130.3
27 UE-20h 550191.7 4124986.5
28 UE-20f 545400.8 4124900.4
29 UE-19c WW 560338.9 4124701.6
30 U-19c 560769.4 4124276.5
31 ER-20-6#1 551362.9 4123691.8
31 ER-20-6#2 551328.0 4123662.0
32 ER-20-6#3 551295.7 4123578.8
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

Table C.4-1
Borehole Names and Locations (see Figure C.4-1)
(Page 2 of 3)

Map No. Borehole UTM-Easting UTM-Northing
33 U-19p 559541.6 4123266.9
34 UE-20ae 546339.7 4123243.6
35 U-20ww 550614.0 4122711.7
36 U-19i 557922.1 4122637.7
37 UE-19i 557922.3 4122592.0
38 U-20d 546102.6 4122300.8
39 UE-20d 546102.7 4122275.3
40 U-19v 558003.1 4122055.1
41 UE-20bh#1 552402.2 4122007.3
42 U-20n 551424.4 4121743.1
43 U-20a2 551333.2 4121743.0
44 U-20a 550480.6 4121740.0
45 UE-20n#1 551273.2 4121483.8
46 PM-3 539011.8 4121281.3
47 U-20bg 552511.9 4121139.3
48 U-20c#1 546698.7 4120477.7
49 U-19bh 555683.6 4120389.3
50 U-19f 556107.4 4119811.5
51 UE-19fS 556107.5 4119780.7
52 ER-20-1 545113.1 4119467.8
53 U-20y 546651.3 4119290.9
54 ER-20-5#1 546385.9 4119208.3
55 ER-20-5#3 546384.8 4119177.0
56 ER-20-2#1 553210.6 4118447.1
57 ER-EC-1 541729.8 4117659.5
58 ER-EC-6 544673.5 4115728.5
59 ER-19-1 567541.6 4114743.3
60 HTH-1 569000.3 4112499.0
61 ER-EC-4 532759.6 4112355.8
62 ER-EC-2A 538420.8 4110841.2
63 UE-18r 549322.0 4109762.0
64 UE-18t 559591.0 4109095.0
65 ER-18-2 555724.6 4106388.7
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Groundwater Flow Model of CAUs 101 and 102: Central and Western Pahute Mesa, Nye County, Nevada

Table C.4-1
Borehole Names and Locations (see Figure C.4-1)
(Page 3 of 3)

Map No. Borehole UTM-Easting UTM-Northing
66 ER-EC-8 532763.8 4106141.8
67 ER-EC-5 538701.8 4104136.9
68 ER-OV-6a2 528416.9 4104084.5
69 ER-30-1 560804.7 4100463.0
70 ER-OV-5 520280.1 4099808.5
71 ER-OV-2 526310.0 4098715.8
72 ER-OV-3b 531007.6 4097776.6
73 ER-OV-3a3 526298.8 4094586.9
74 ER-OV-3c2 535494.2 4094374.1
75 ER-EC-7 546483.5 4093127.3
76 ER-OV-4a 525671.4 4089315.7

criteria. The second criterion limited the number of data from borehole intervals with reliable
measurements to the number of model nodes coinciding with that interval. Grid resolution varies
considerably with location and depth, and occasionally imposes significant limitations on the number
of temperature measurements that could be used. The third criterion ensures that spatial bias in the
calibration will be minimized, given the inherent bias that the uneven distribution of wells in the

model domain imparts to the analysis.

Of all the boreholes with temperature observations used to evaluate the results of the forward and
inverse models, only boreholes PM-1, UE-18r, and HTH-1 were considered by Gillespie (2003) to
have reliable temperature measurements throughout the entire borehole. Measurements in these
boreholes were made in depth intervals where the casing was grouted to the formation, eliminating
the possibility of flow in the annular space surrounding the casing. Additionally, at least one year had
elapsed after drilling before the temperature measurement were made, thereby allowing time for the
effects of drilling on formation temperatures to dissipate. However, as described above, careful
screening of temperature data from other boreholes in the PM/OV flow domain allowed parts of
temperature profiles from other boreholes to be used in this study. The inclusion of data from
additional wells was necessary to achieve the geographic coverage that was considered essential for

model calibration.
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Table C.4-2
Observed Temperature and Elevation in Boreholes that Correlate with Elevation in Model Simulations
Observed Temperature and Elevations Used in Calibration Shown in Grey
(Page 1 of 6)

Observed E(Ifgsgr(\)/r;c?f Class/ Temperature Mean Mean Mean
Borehole Easting | Northing Tempezature Temperature Stratigraphy? Rock Type HGU?2 HSU? Log (date) No. | Residual | Residual Residue_;ll
(C°) (m) (HF85) (T160) | (HF Subregional)
Purse Fault-W. Boxcar Fault (1)
ER-20-5#3 | 546385 | 4119177 43.8 750.1 Thp PL TCU | CHZCM | 2/6/1996
ER-20-5#3 | 546385 | 4119177 47.7 656.5 Thre NWT TCU | CHZCM | 2/6/1996 2 7.88 4.93 1.93
U-20c#1 546699 | 4120478 44.9 609.4 Thp LA LFA | CHZCM | 9/27/1968
U-20c#1 546699 | 4120478 45.8 562.5 Th BED TCU | CHZCM | 9/27/1968
U-20c#1 546699 | 4120478 47.1 515.7 Th BED TCU | CHZCM | 9/27/1968 | 3
uU-20d 546103 | 4122301 37.3 939.4 Tptm NWT unk TSA 1/31/1967
U-20d 546103 | 4122301 38.1 890.6 Thp BED TCU | CHZCM | 1/31/1967
U-20d 546103 | 4122301 38.9 844.9 Thp BED TCU | CHZCM | 1/31/1967
U-20d 546103 | 4122301 40.4 750.4 Thp BED TCU | CHZCM | 1/31/1967
UE-20d 546103 | 4122275 43.0 564.5 Thre LA LFA | CHZCM | 7/28/1964 1
UE-20f 545401 | 4124900 121.0 -1876 To LA LFA | PBRCM | 6/25/1964
124-128 -2000 1
W. Boxcar Fault-Boxcar Fault (2)
UE-20e#1 548110 | 4129981 51.5 471.5 Tcps LA LFA | CFCM 6/2/1964 3 15.93 9.50 10.26
UE-20e#1 548110 | 4129981 53.4 377.0 Tcps LA LFA | CFCM 6/2/1964
UE-20e#1 548110 | 4129981 57.2 29.6 Thdk LA LFA BRA 5/27/1964
58.0 0.0
Boxcar Fault-W. Greeley Fault (3)
ER-20-6#1 | 551363 | 4123692 34.1 1125.2 Thp LA LFA | CHZCM | 3/8/1996 0.80 0.90 1.10
U-20a2 551333 | 4121743 41.1 601.7 Tmw IN ICU | CHZCM | 2/17/1964
UE-20h 550192 | 4124987 50.0 -194.5 unk unk unk | CFCM | 8/16/1964
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Table C.4-2
Observed Temperature and Elevation in Boreholes that Correlate with Elevation in Model Simulations
Observed Temperature and Elevations Used in Calibration Shown in Grey
(Page 2 of 6)

Observed E('?g:;ir?lf;(?f Class/ Temperature Mean Mean Mean
Borehole Easting | Northing Tempeiature Temperature Stratigraphy? Rock Type HGU?2 HSU? Log (date) No. | Residual | Residual Residugl
(C°) (m) (HF85) (T160) | (HF Subregional)
S of Silent Canyon Caldera Structural Margin-N of Timber Mountain Caldera Topographic Margin (4)
ER-EC-1" 541730 | 4117660 43.6 797.2 Tptm VT WTA| TSA 2/17/2000 | 7 7.55 5.54 -1.98
ER-EC-1" 541730 | 4117660 45.7 750.4 Tptm NWT-PWT | unk TSA 2/17/2000
ER-EC-1" 541730 | 4117660 a47.7 703.5 Thre BED TCU| CHCU | 2/17/2000
ER-EC-1" 541730 | 4117660 50.0 656.4 Thre BED TCU | CHCU | 2/17/2000
ER-EC-1" 541730 | 4117660 54.3 562.8 Thre BED TCU| CHCU | 2/17/2000
ER-EC-1 541730 | 4117660 60.5 468.8 Tcpe LA/FB LFA | CFCM | 4/20/1999
ER-EC-1 541730 | 4117660 61.7 375.0 Tcpe BED TCU| CFCM | 4/20/1999
ER-EC-6' | 544673 | 4115729 45.0 938.0 Tpcm PWT |WTA| TCA | 3/82000 | 12| 193 | 022
ER-EC-6"1 | 544673 | 4115729 46.7 890.8 Tpcm PWT WTA| TCA 3/8/2000
ER-EC-6"1 | 544673 | 4115729 48.6 843.9 Thre NWT TCU| LPCU 3/8/2000
ER-EC-6"1 | 544673 | 4115729 50.4 797.0 Thre NWT TCU| LPCU 3/8/2000
ER-EC-6"1 | 544673 | 4115729 52.4 750.4 Tptm PWT WTA| TSA 3/8/2000
ER-EC-6"1 | 544673 | 4115729 54.2 703.2 Tptm MWT WTA| TSA 3/8/2000
ER-EC-6"1 | 544673 | 4115729 56.1 656.5 Tptm PWT WTA| TSA 3/8/2000
ER-EC-6"1 | 544673 | 4115729 58.1 609.5 Thre NWT TCU| CHCU 3/8/2000
ER-EC-6"1 | 544673 | 4115729 60.0 562.7 Thre NWT TCU| CHCU 3/8/2000
ER-EC-6"i |544673 | 4115729 62.3 516.0 Thre NWT TCU| CHCU 3/820/00
ER-EC-6"1 | 544673 | 4115729 64.4 469.2 Tcpe LA LFA | CFCM 3/8/2000
ER-EC-6"1 | 544673 | 4115729 68.7 375.5 Tcpe LA LFA | CFCM 3/8/2000
Handley Fault-Purse Fault (5)
PM-3#1 539012 | 4121281 33.8 1218.8 Tpex B TCU| UPCU |12/15/1999¢| 3 5.00 4.73 2.70
PM-3#1 539012 | 4121281 34.7 1172.0 Tpcm MWT WTA| TCA |12/15/1999¢
PM-3#1 539012 | 4121281 35.5 1125.0 Tpcm PWT WTA| TCA |12/15/1999¢
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Table C.4-2
Observed Temperature and Elevation in Boreholes that Correlate with Elevation in Model Simulations
Observed Temperature and Elevations Used in Calibration Shown in Grey
(Page 3 of 6)

Observed E(Ifgsagr(\)/r;c?f Class/ Temperature Mean Mean Mean
Borehole Easting | Northing Tempeiature Temperature Stratigraphy? Rock Type HGU?2 HSU? Log (date) No. | Residual | Residual Residugl
(C°) (m) (HF85) (T160) | (HF Subregional)
NW of Handley Fault (6)

PM-2 538257 | 4133028 39.8 13155 Thq NWT unk | PBRCM | 7/11/1964 | 4 | -0.75 | -0.65

PM-2 538257 | 4133028 46.0 1126.5 Tor NWT unk | PBRCM | 7/11/1964

PM-2 538257 | 4133028 60.2 751.6 Tgm LA LFA | PBRCM | 7/11/1964

PM-2 538257 | 4133028 83.8 45.1 Tgm LA LFA | PBRCM | 8/10/1964

PM-2 538257 | 4133028 | 85.5-85.7 0.0

W. Greeley Fault-E. Greeley Fault (7)

PM-1 552668 | 4125925 34.2 1265.6 Thp BED TCU | CHZCM | 8/3/1994¢ 7 1.88 -0.06 0.34

PM-1 552668 | 4125925 35.5 1218.9 Thp BED TCU | CHZCM | 8/3/1994¢

PM-1 552668 | 4125925 36.7 1172.0 Thp BED TCU | CHZCM | 8/3/1994¢

PM-1 552668 | 4125925 38.0 1125.0 Thr BED TCU | CHZCM | 8/3/1994¢

PM-1 552668 | 4125925 39.3 1078.2 Tcj BED TCU| CFCU | 8/3/1994¢

PM-1 552668 | 4125925 40.5 1031.2 Tcblr NWT TCU| BFCU 8/3/1994¢

PM-1 552668 | 4125925 42.7 937.7 Tcblp NWT TCU | BFCU 8/3/1994¢

PM-1 552668 | 4125925 65.5 -381.0 unk unk unk BRA 5/1/1964
UE-20bh#1 | 552402 | 4122007 35.3 1265.6 Thp LA,GL LFA | CHZCM | 10/1/1991¢ | 3 0.98 0.18 -0.02
UE-20bh#1 | 552402 | 4122007 36.7 1218.8 Thp LA,GL LFA | CHZCM | 10/1/1991¢
UE-20bh#1 | 552402 | 4122007 38.2 1171.9 Thp LA,ZE,DV | LFA | CHZCM | 10/1/1991¢
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Table C.4-2
Observed Temperature and Elevation in Boreholes that Correlate with Elevation in Model Simulations
Observed Temperature and Elevations Used in Calibration Shown in Grey

(Page 4 of 6)

Observed E(Ifgsagr(\)/r;c?f Class/ Temperature Mean Mean Mean
Borehole Easting | Northing Tempeiature Temperature Stratigraphy? Rock Type HGU?2 HSU? Log (date) No. | Residual | Residual Residugl
(C°) (m) (HF85) (T160) | (HF Subregional)
Silent Canyon Structure Zone-W and E Estuary Faults (8)

U-19em 559101 | 4127775 38.5 938.5 Thdl MWT WTA| BRA 3/6/1966 8 7.22 4.36 2.75
U-19em 559101 | 4127775 39.4 892.8 Thdl NWT unk BRA 3/6/1966

U-19em 559101 | 4127775 40.5 844.0 Thdl BED unk BRA 3/6/1966

U-19em 559101 | 4127775 41.8 798.3 Thdl MWT WTA| BRA 3/6/1966

U-19em 559101 | 4127775 42.8 752.6 Thdl DWT WTA| BRA 3/6/1966

U-19em 559101 | 4127775 44.4 703.8 Thdl BED unk BRA 3/6/1966

U-19em 559101 | 4127775 47.0 655.0 Thdk PWT WTA| BRA 3/6/1966

U-19em 559101 | 4127775 49.1 612.3 Thds LA LFA | BRA 3/6/1966

UE-19e 559112 | 4127849 46.6 621.5 Thdk LA LFA BRA 8/23/1964
UE-19gS 556306 | 4129057 61.6 -238.0 Thq NWT unk | PBRCM | 5/4/1965

E. Greeley Fault-Almendro Fault (9)
UE-19fS 556107 | 4119781 41.1 711.7 TCj NwT  [Tcu| crcu | 8201965 | | 880 | 650 | 2.00
Almendro Fault-Scrugham Peak Fault (11)

U-19i9 557922 | 4122638 35.3 1266.7 Tcps NWT TCU| CFCU 8/24/1967 | 4 -1.22 -2.14 -3.07
U-19i¢ 557922 | 4122638 37.1 1221.0 Tcps NWT TCU| CFCU 8/24/1967

U-19i9 557922 | 4122638 40.0 1126.5 Tcblp NWT TCU| BFCU 8/24/1967

U-19i¢ 557922 | 4122638 44.9 937.6 Tcbhx LA LFA | BFCU 8/24/1967

UE-19i 557922 | 4122592 73.8 -344.1 Thgs LA LFA BRA 9/3/1965

Scrugham Peak Fault-Split Ridge Fault (12)

U-19p 559542 | 4123267 315 1218.9 Tcblp NWT TCU | BFCU | 10/29/1975 | 2 3.91 3.31 2.11
U-19p 559542 | 4123267 32.0 1173.2 Tcblp NWT TCU | BFCU | 10/29/1975
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Table C.4-2

Observed Temperature and Elevation in Boreholes that Correlate with Elevation in Model Simulations

Observed Temperature and Elevations Used in Calibration Shown in Grey
(Page 5 of 6)

Observed E(Ifgsagr(\)/r;c?f Class/ Temperature Mean Mean Mean
Borehole Easting | Northing Tempeiature Temperature Stratigraphy? Rock Type HGU?2 HSU? Log (date) No. | Residual | Residual Residugl
(C°) (m) (HF85) (T160) | (HF Subregional)
Halfbeak Fault-Rickey Fault-Moor Hen Meadow Structure Zone (13)
U-19t 562271 | 4126843 38.9 1218.9 Tcpk "FB" LFA KA 9/27/1993¢ | 2
U-19t 562271 | 4126843 45.1 1125.1 Tepk "FB" LFA KA 9/27/1993¢
UE-19cWWHk | 560339 | 4124702 35.8 13125 Thdl LA LFA | BRA |11/13/1992¢| 3
UE-19cWWk | 560339 | 4124702 36.6 1221.9 Thdl LA LFA | BRA |11/13/1992¢
UE-19c 560339 | 4124702 46.6 769.0 Thdl LA LFA | BRA 5/7/1964
47.0 750.0
Split Ridge Fault-Rainier Mesa/Ammonia Tanks Caldera Topographic Margin (14)
ER-19-1 567542 | 4114743 23.3 13125 Tor PWT WTA | PBRCM | 12/6/1993¢ | 4 14.69 15.81 6.54
ER-19-1 567542 | 4114743 25.9 1125.0 Tor MWT-DWT | WTA | PBRCM | 12/6/1993¢
ER-19-1 567542 | 4114743 31.2 937.6 CzZw SLT/QTZ/SS | SCU | LCCU1 | 12/6/1993¢
ER-19-1 567542 | 4114743 34.8 779.4 MDc SLT SCU| UCCU | 12/6/1993¢
34.9-37.7 750.0
HTH-1f 569000 | 4112499 225 1312.8 Tor PWT WTA | PBRCM | 8/19/1991¢ | 4 12.95 14.27 6.55
HTH-1f 569000 | 4112499 24.9 1125.0 Tor MWT WTA | PBRCM | 8/19/9191¢
HTH-1f 569000 | 4112499 27.9 938.5 Tot NWT TCU | PBRCM | 8/19/1991¢
HTH-1f 569000 | 4112499 29.9 750.7 Tot BED TCU | PBRCM | 8/19/1991¢
E of Thirst Canyon Lineamint-S of Silent Canyon Caldera Structural Margin (15)
ER-EC-2A | 538421 | 4110841 43.7 375.5 Tmaw NWT TCU | TMCM 2/9/2000 2 23.36 19.76 5.86
ER-EC-2A | 538421 | 4110841 50.2 0.3 Tmar MWT WTA| TMCM 2/9/2000
Ammonia Tanks Caldera Structural Margin-W of Scrugham Peak Fault (16)
UE-18r |549322]4109762| 334 | 3751 | Tmx | NwT [viAa| TMCM | 3/16/1993 | 1 | 2226 | 19.56 12.86
Ammonia Tanks Caldera Structural Margin-E of Scrugham Peak Fault (17)
ER-182 [555725[4106389| 527 | 9375 | Tmar | MWT-DWT |WTA| TMCM | 771471009 | 1 [JEEVENEEPET -1.24
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Table C.4-2
Observed Temperature and Elevation in Boreholes that Correlate with Elevation in Model Simulations
Observed Temperature and Elevations Used in Calibration Shown in Grey
(Page 6 of 6)

Observed E(Ifgsagr(\)/r;c?f Class/ Temperature Mean Mean Mean
Borehole Easting | Northing Tempeiature Temperature Stratigraphy? Rock Type HGU?2 HSU? Log (date) No. | Residual | Residual Residugl
(C°) (m) (HF85) (T160) | (HF Subregional)
E of Ammonia Tanks Caldera Structural Margin-Within Rainier Mesa Caldera Structural Margin (18)
UE-18t  [559591[4100095| 384 | 11261 | Tmb | NwT  [Tcu[ TMCM |12/12/1999°| 1 [ERCOINIEICE -1.86
E of Thirst Canyon Lineamint-Hogback Fault-Ammonia Tanks Caldera Structural Margin (19)
ER-EC-8 [532764]4106142| 368 | 7500 | Tmap | MwT |wTA| TMCM | 7/22/1999 | 1 | 1208 | 1168 | 4.38
W of Thirst Canyon Lineamint-SW of Silent Canyon Caldera Structural Margin (20)
ER-EC-4! 532760 | 4112356 38.0 844.2 Tmap PWT WTA| TMA 8/25/2000¢ | 3 16.72 17.32 11.52
ER-EC-4' |532760 | 4112356 38.6 750.3 Tmap MWT WTA| TMA | 8/25/2000¢
ER-EC-4' 532760 | 4112356 42.1 562.7 Tmab BED TCU| TMA 8/25/2000¢
Claim Canyon Caldera Structure Margin (21)
ER-EC-7" |546484 | 4093127  25.9 11255 Tfor BED |Tcu| Fccm | 6/1/2000 | 1 | 149 | 0.99 -0.01

aExplanation of abbreviations can be found at the end of Attachment A.

b HSUs in gray have linear (possibly dominantly conductive) temperature profiles; temperature gradients are listed in Table A2.

¢ Temperature logged more than one year after drilling.

4 Temperature logged about 5 months after drilling.

¢ Basalt/mafic-rich composition.

f Casing perforated over five intervals from 582.2 to 740.7 m depth; cased to 1,131.1 m depth.

9 May not have been cased to 1,220.4 m depth at time of temperature log.

h Casing perforated over three intervals between depths of 700.4 to 860 m, 1,020.3 to 1,146.2 m, and 1,355.9 to 1,447.6 m. Analcime found at depth.

"Intense low-temperature hydrothermal alteration below the Rhyolite of Benham of the Paintbrush Group (analcime is the zeolite in minor amounts).

I Casing perforated over four intervals between depths of 496.3 to 570 m, 668.9 to 764 m, 1,047.8 to 1161.5 m, and 1,347.4 to 1,494.6 m.

kCased to 737.9 m.

' Casing perforated over three intervals between depths of 301.5 to 372.1 m, 582.2 to 686.7 m, and 945.9 to 1,037.8 m. Temperature gradients low throughout borehole,
approximately one week after hydraulic tests. Is this borehole significantly affected by pumping? Is there not-yet-equilibrated borehole mixing between intervals?

™May not have been cased to 1,529 m depth at time of temperature log.

" Borehole gravel packed and casing perforated over two intervals between depths of 278 to 312.1 and 360.9 to 399.3 m.
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Figure C.4-2
Location of Structural Zones Used in Study
See Attachment A, Tables Al and A2.
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C. 50 THERMAL CONDUCTIVITY ESTIMATES

The distribution of temperatures within the PM/OV heat-conduction model is determined by the
boundary conditions and the distribution of thermal conductivities within the model. The model
described in this report uses the base case HFM described in BN (2002) to distribute thermal
conductivities throughout the model. The following sections describe the basis for assigning thermal
conductivities to each of the 46 HSUs in the PM/OV model domain, as listed in BN (2002, Table 4-4).
Thermal conductivity estimates are described below, grouped by HSU type (Table C.5-1).
Table C.5-1
Range of SZ Thermal Conductivity Estimates for Rock Types in HSU

(Based on Attachment A, Tables B1, B2, and B3)
(Page 1 of 2)

HSU# Group # HSUP (VC/rLOXZ:)c (vt/?nafg)c (v\x//:]nI %?:)c
1 1 LCCU 2.23 3.9 5.8
2 2 LCA 4.67 4.95 5.23
3 3 UCCU 2.47 3.1 3.66
4 1 LCCU1l 2.23 3.9 5.8
5 2 LCA3 4.67 4.95 5.23
6 4 MGCU 2.26 2.26 2.6
7 4 SCICU 2.6 2.6 2.9
8 4 CHICU 2.6 2.6 2.9
9 4 CCIcU 2.6 2.6 2.9
10 4 RMICU 2.6 2.6 2.9
11 4 ATICU 2.6 2.6 2.9
12 5 BMICU 2.1 2.1 241
13 6 PBRCM 1.71 2.13 2.71
14 6 BRA 1.84 2.63 3.06
15 6 BFCU 1.57 2.61 2.95
16 7 KA 1.77 1.85 1.89
17 8 CFCU 1.43 1.61 1.79
18 7 CFCM 1.78 1.87 1.96
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Table C.5-1
Range of SZ Thermal Conductivity Estimates for Rock Types in HSU
(Based on Attachment A, Tables B1, B2, and B3)
(Page 2 of 2)

HSU # Group # HSU? (VC/rLOoVZ:)c (vt/?nafg)c (VC/E: g°rc]:)c
19 7 1A 1.65 1.86 2.06
20 7 CHCU 1.56 1.84 2.12
21 7 CHZCM 1.67 1.81 1.95
22 7 CHVCM 1.48 1.7 1.93
23 8 CHVTA 1.42 1.5 1.61
24 7 YMCFCM 1.66 1.86 2.16
25 8 TSA 1.57 1.69 1.81
26 8 LPCU 1.52 1.69 1.86
27 7 PLFA 1.58 1.75 1.92
28 7 TCA 1.7 1.75 1.8
29 8 UPCU 1.59 1.69 1.8
30 7 BA 1.7 1.9 2.11
31 8 PVTA 1.54 1.68 1.82
32 7 PCM 1.42 1.95 2.16
33 2 LCA3a 4.67 4.95 5.23
34 8 FCCU 1.42 1.58 1.73
35 6 SCVCU 2.16 2.61 2.79
36 8 TMA 1.46 1.59 1.73
37 7 THCM 1.67 1.81 1.95
38 7 THLFA 1.66 1.86 2.16
39 6 TMCM 1.7 2.79 2.98
40 7 FCA 1.66 1.86 2.16
41 7 FCCM 1.58 1.74 1.89
42 7 DVA 1.66 1.86 2.16
43 8 DVCM 1.43 1.56 1.68
44 8 TCVA 1.42 1.64 1.78
45 7 YVCM 1.67 1.81 1.95
46 9 AA 1.2 1.44 1.44

aGroup number used to assign lumped thermal conductivities for calibration purposes.

PHSU in bold is more indurated, intracalera tuff.

¢Tuff HSU thermal conductivity estimated from harmonic mean of tuff rock types in boreholes (Attachment A, Table
B3).
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C.5.1 LCA, LCA3, LCAA, and UCCU

Laboratory measurements of saturated thermal conductivity reported for the carbonate aquifer (LCA,
LCA3, LCA3a) and upper clastic confining unit (UCCU) were used as initial estimates of thermal
conductivity for these HSUs (Sass et al., 1980; Sass et al., 1987) (Attachment A, Tables B1 and B3).
Thermal conductivities of the LCA, LCA3, and LCA3a were estimated from the arithmetic average
of 4.95 W/me°K calculated by Gillespie et al. (2003) from measurements on the Lone Mountain
Dolomite and Roberts Mountain Formation in Well UE-25 p#1 at Yucca Mountain (Sass et al.,1987,
Table 3-5). The harmonic average of 3.1 W/me<°K estimated by Sass et al. (1980) for the Eleana
Formation argillite unit in borehole UE-25 a-3 in the Calico Hills was used for the UCCU. This
thermal conductivity is similar to the value of 3.3 W/m+°K estimated by Gillespie et al. (2003) for the

UCCU based on values for other argillites reported in the literature.

C.5.2 LCCU

Thermal conductivity measurements for the lower clastic confining unit (LCCU and LCCUI) in the
NTS area have not been reported in the literature. This unit includes the late Proterozoic to early
Cambrian Wood Canyon, Stirling Quartzite, and Johnnie Formations, rocks described as having a
siltstone to quartzite lithology. Gillepsie et al. (2003) estimated an average thermal conductivity for
the LCCU of 5.8 W/m+°K, based on thermal conductivities of 4.5 to 7.1 W/m+°K (pure quartzite)
reported in the literature for rocks with dominantly quartzite lithologies. However, a thermal
conductivity of 3.9 W/me+°K is considered as the base case thermal conductivity of the LCCU in this
report, a value that is an average of typical values for a quartzite (5.8 W/m+°K) and a muddy
sandstone (2.23 W/m<°K) (Gillespie, 2003).

The thermal conductivity of the LCCU was initially allowed to vary in the inverse THERMAL
models, but was later fixed at 3.9 W/me<°K because simulated temperatures at the observation points
were insensitive to its value. The insensitivity of the simulated temperatures to the thermal
conductivity of the LCCU is a consequence of its small volume in the flow model domain, despite its
widespread presence at greater depths in the hydrostratigraphic model (BN, 2002). However, where
present at the base of the model domain, the LCCU influences the distribution of calculated

temperatures using specified heat flux boundary conditions.
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C.5.3 Intrusive Confining Units

Thermal conductivity measurements for the granitic plutons that comprise the Mesozoic Granitic
Confining Unit (MGCU) in the NTS area have not been reported in the literature. Neither were they
available for the deep granitic intrusive rocks (the SCICU, CHICU, CCICU, RMICU and ATICU
HSUs) thought to be present at depth beneath the caldera complexes, areas that may also include
older volcanic rocks and sedimentary rocks (BN, 2002, Table 4-4). Thermal conductivities of 1.77 to
2.40 W/m+°K were reported by Sass et al. (1987) for extrusive latitic lavas encountered in boreholes
at Yucca Mountain; however, the relation of these values to the thermal conductivities of more
widespread intrusive rocks at depth are unknown. In this study, a base-case thermal conductivity of
2.6 W/me=°K is used for the intrusive confining units, based on the compilation for granodiorite
reported by Gillespie (2003). For comparison, Morgan et al. (1996) reported a thermal conductivity
of 2.26 W/me°K for quartz monzonite in the Jemez Mountains, New Mexico and Lin et al., (2000)

used a thermal conductivity value of 2.9 W/me°K for granite in the Ozark Mountains, Arkansas.

Thermal conductivity laboratory measurements for the trachytic (more basaltic) intrusive rocks
thought to be present beneath the Black Mountain caldera (the BMICU) were not found in the
literature. Gillespie (2003) reported a thermal conductivity estimate of 2.1 W/m+°K for basalt
extrusive, and this estimate was used as both a lower bound and base case thermal conductivity for
the BMICU in this study. A thermal conductivity of 2.41 W/m+°K was estimated as an upper bound
thermal conductivity for the BMICU, based on the possibility that greater alteration or induration at

depth may have increased its thermal conductivity relative to the lavas.

C.5.4 Volcanic Rocks

The volcanic HSUs in the BN (2002) HFM were defined in an attempt to group lithologic units that
had similar degrees of welding and alteration history, and would therefore be likely to have relatively
similar hydrologic and solute transport properties. However, this was not always possible where
lithologic units were relatively thin or where the scarcity of subsurface data precluded more detailed
definition of the hydrostratigraphy. In some cases, the inclusion of different types of rock in a single
HSU is explicitly acknowledged through the definition of “composite” units. However, detailed
borehole stratigraphic logs indicate that even HSUs characterized as aquifers or confining units can

have considerable variability in rock types.
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