123 SEISMICITY AND SEISMIC HAZARDS | S

N :The assessment of sersrmc hazards at Yucca Mountain focuses on characterizing the potential
 vibratory ground motion and fault dlsplacement that will be ‘associated with future earthquake
. 'actrvrty in the vicinity of the site: The evaluation of these hazards serves as’a basis to define
inputs for the preclosure seismic desrgn ‘of a potential geologic repository (YMP 1997b). The
evaluation also provides information that can be used in evaluating the impact of different
tectonic scenarios on the ability of the repository to contain and isolate waste durmg the
postclosure period.

, .Sersmrc ‘hazards at Yucca Mountam are “assessed” probabrlrstrcally (YMP '1997a). -~ The
.. assessment is founded on the evaluatlon of a large database that mcorporates 1nformatton on all
~ known seismic sources in the Yucca Mountam region, mcludmg their maximum earthquakes,
source geometry, and earthquake recurrence. -Much of this information is based on the detailed
history of past earthquakes on nearby Quatemary faults. The historical earthquake record and
information on the attenuatxon of ground motion are also important components of this database.
. The seismic hazard assessment consrders teéctonic models that have been proposed for the Yucca

: .Mountam area (see Secuon 4. 3) and information from -analog sites in the Basin and Range
Province to characterize ‘the’ patterns and amounts of fault dtSplacement The ‘probabilistic
. assessment expltcrtly mcorporates uncertamtles in_ the characterization’ of seismic sources; fault
drsplacement and ground motion. The resultmg hazard calculauons thus represent a sound basis
for seismic design and performance assessment by reﬂectmg the- mterpretatxons that are
supported by data along with the assoctated uncertamtres in those mterpretatrons

This section presents the data and mterpretatlons that support the hazard assessment, followed by
a description of the hazard assessment and the results. The section begins by descnbrng the
approach used to, compile the historical . earthquake record for the Yucca Mountain region.

... .A description of the seismicity. within 300 km of the site,- mcludmg its’ drstnbutron and

characteristics, follows (Section 12. 3.3).  Next, mformatton on prehistoric earthquakes is
. presented, mcludmg a description of all known and suspected Quatemary faults in the Yucca
Mountain region, (It should be noted that the information presented in this section, particularly
the characterization of seismic sources, does not necessarily represent the mterpretattons of the
_ experts involved in the probabllrstxc seismic hazard analysxs [PSHA] ‘project [Sectron 12.3.10].)
. The experts’ seismic source characterlzatxons are, summanzed in Section 12.3.10.2. Empirical
and numerical modelmg results of ground motion in the Yucca Mountain region. are then
discussed. The integration of these data and mterpretatlons into a PSHA of 'vibratory ground
motions and fault displacement and a deterministic ground motion evaluation are described.
Finally, the methodology to develop seismic_design parameters for vibratory ground motions
based on the assessed hazard is briefly presented At this time, the desrgn parameters are bemg
developed, and thus no results are yet available. .
When' refemng 0 earthquake magmtudes the followmg scales are crted and abbrevrated as
‘ follows . My 1ndrcates Rlchter local Mw 1nd1cates moment Ms mdlcates surface wave, my

it .

:rndrcates unspecrﬁed
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12.3.1 Data Sou!'ces ‘

The principal sources of data used in the evaluation of seismic hazards at Yucca Mountain
comprise two types: (1) data collected outside the Yucca Mountain Site Characterization Project
(YMP) and (2) data collected under the approved quality assurance programs of the
U.S. Geological Survey (USGS) and the Civilian Radioactive Waste Management System
Management and Operating Contractor.

12.3.2 Earthquake Record

Seismic hazard evaluations rely on a description of the temporal and spatial distribution of
earthquakes (both prehistoric and historical), their magnitudes, and how they relate to the
seismotectonic processes of the region. Seismically active regions around the world are
characterized by the occurrence of many small-magnitude (M less than 5) earthquakes that
typically occur much more frequently than the rare, but potentially more hazardous, larger
magnitude events. These larger earthquakes produce potentially damaging strong ground
shaking and often result in geomorphic expression at the Earth’s surface either through primary
and secondary surface faulting or other local deformation. Variations of a power law distribution
of earthquake magnitudes form the basis for estimating earthquake recurrence from the historical
record of earthquake activity within a given region. The process may also involve relating the
historical seismicity to the Quaternary history of surface faulting and possibly to geodetic
estimates of the regional strain budget to define and characterize seismic sources. The temporal
and spatial occurrence of earthquakes for a given region is evaluated from two sources: the
historical (instrumental and reported effects) and prehistoric (paleoseismic) earthquake records.

12.3.2.1 Prehistoric Earthquake Record

The identification and documentation of earthquakes occurring prior to historical times is
possible by studying the geologic record of past events. Larger events that rupture to the surface
often leave geological evidence in the form of offset strata and characteristic earthquake-related
deposits.  Geologic fault studies at Yucca Mountain reveal that the recurrence times of
large-magnitude earthquakes are on the order of tens of thousands of years (Whitney 1996,
Chapters 4.1 to 4.13, Chapter 5), much longer than the 130-yr. historical earthquake record of the
Yucca Mountain region. Thus, the prehistoric earthquake history of the Yucca Mountain site
spans at least the past several hundred thousand years and is particularly important for
probabilistic seismic hazard assessments because it extends the record for larger
magnitude events.

Geologic studies of faulted deposits are the basis for identifying the occurrence of large-
magnitude, surface-rupturing earthquakes and evaluating their size, age, and occurrence rate.
Aerial photographs were examined to locate and map evidence of Quaternary surface faulting,
such as fault scarps or small slope changes produced by faulting of geologically young colluvial
and alluvial deposits or geomorphic surfaces. Typically these deposits and surfaces are
Quaternary in age, which spans approximately the past 2 m.y. At the most promising locations,
trenches were excavated across the fault scarps, and the late to middle Quaternary soils and
stratigraphy were mapped specifically to document the size and age of surface-faulting
displacement events. The ages of critical deposits were determined where possible, using
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appropriate geochronologic techniques, to assess the timing of past earthquakes. Fault slip rates
were estimated from the age of offset geological deposits and the amount of fault displacement.
The prehistoric earthquake record has been constructed from the results of these paleoseismic
and geochronologic studies and is discussed in Section 12.3.7. ‘

12.3.2.2 Historical Earthquake Record
Information on historical seismicity in the Yucca Mountain region is obtained by:

¢ Compiling and assessing the historical earthquake record for the southern Great Basin
and adjacent regions

e Monitoring contemporary seismicity at Yucca Mountain and in the surrounding region
with both local and regional seismographic networks.

The early part of the historical record includes earthquakes known primarily through
noninstrumental means. Compilation and assessment of reports of earthquake damage, effects,
and felt ground motion form the primary basis for documenting the occurrence and size of many
historic events. The historical earthquake record also includes events that were instrumentally

~ recorded by limited distributions of seismographs (particularly prior to 1978).

Beginning in 1978, seismic monitoring in the Yucca Mountain region improved with the
installation of a network of high-dynamic-range seismic stations that were capable of recording
very small magnitude earthquakes. Instrumentally recorded events have formed the basis of the
earthquake record since that time. Instrumental recording in the Yucca Mountain region is
discussed in more detail in Section 12.3.3.1. '

For both seismic monitoring and the compilation of past activity, attempts were made to identify
seismic events that were not earthquakes, such as chemical explosions associated with mining
activities in the region and underground nuclear explosions at the Nevada Test Site. Aftershocks
of the Nevada Test Site blasts and earthquakes induced by reservoir impounding (e.g., Lake
Mead) were also identified.

12.3.3 Historical Seismicity of the Yucca Mountain Region

The region of interest for assessing probabilistic seismic hazards at Yucca Mountain is a function
of earthquake magnitude and the rate of earthquake occurrence. Because earthquake ground
motions attenuate with distance, the farther an earthquake occurs from Yucca Mountain, the
larger it must be to contribute significantly to the hazard at the site. At a distance of 100 km
(62 mi.) from Yucca Mountain, earthquakes must reach a size on the order of M,, 8 to produce
median peak horizontal ground accelerations of 0.1 g (98 cm/s?) at the site (Pezzopane 1996,
Figure 11.3). Similarly, if distant earthquakes are infrequent, ground motions from closer events
of similar or lesser size will be more significant to the probabilistic hazard at the site. Thus, as
distance from Yucca Mountain increases, seismic hazard studies focus on the longer and more
active faults.

Although the focus of the hazard studies is the area within 100 km (62 mi.) of Yucca Mountain,
the historical seismicity within 300 km (186 mi.) of Yucca Mountain is considered and described
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in the following sections. (This radius was selected to be consistent with U.S. Nuclear
Regulatory Commission guidelines.) This examination allows the seismicity of the Yucca
Mountain vicinity to be evaluated within a broader regional context and provides an appropriate
basis for the characterization of “background” earthquakes as part of the probabilistic seismic
hazard analyses. ‘

The discussion of historical seismicity in the Yucca Mountain region begins with a history of
seismographic monitoring. The distribution and type of operating seismographs determines the
completeness of the instrumentally documented record. Next, significant earthquakes and
earthquake sequences are discussed. Information on these events is derived from instrumental
recordings and from field investigations of fault surface ruptures. The section finishes with a
description of areas of general seismicity in the Yucca Mountain region. '

12.3.3.1 History of Seismographic Network Monitoring

Seismic monitoring of the southern Great Basin began in the early 1900s with isolated stations
installed and operated by the University of California, Berkeley, and the University of Nevada,
Reno. In the late 1950s and early 1960s, a global network called the Worldwide Standardized
Seismograph Network came into existence, thereby providing the capability to record
earthquakes larger than about M 4 in the southern Great Basin. Later, networks of stations were
installed to monitor and study specific areas such as the Nevada Test Site and portions of the
western United States. Milestones in monitoring are presented in Table 12.3-1. Networks that
are relevant to assessing seismicity of the southern Great Basin are listed in Table 12.3-2.

Seismic Monitoring before 1979-In the early 1900s, the first seismographs were in operation in
California (Figure 12.3-1a). One of the earliest seismographs was a drum recorder that began
operation in 1911 at the University of Nevada, Reno. This instrument was used to refine the
location and magnitude for the largest historical earthquake within 100 km (62 mi.) of Yucca
Mountain, the 1916 My, 6.1 Death Valley, California, earthquake (Gross and Jaumé 1995, p. 37).
The development and installation of seismographs accelerated from 1932 on, and standardization
of earthquake magnitude scales and an improvement in earthquake location techniques soon
followed. The detection capability for earthquakes in the western Basin and Range Province in
the early and mid-1900s improved with increasing numbers of seismograph stations in California
(Figure 12.3-1b). A seismograph station established at Tinemaha, California, in 1929 by the
California Institute of Technology was the first seismic monitoring equipment installed in the
southern Great Basin (Figure 12.3-1).

From 1936 to 1940, seismographs were installed in the Lake Mead area near Las Vegas due to a
number of felt earthquakes following the filling of Lake Mead (Anderson, L.W. and O’Connell
1993, pp. 63 to 66). In 1973, Rogers and Lee (1976) deployed a microearthquake network in the
Lake Mead area and recorded approximately 1,300 small-magnitude earthquakes during the
short deployment. :

Underground nuclear testing began in 1951, and in 1961 the National Oceanic and Atmospheric
Administration (formerly the U.S. Coast and Geodetic Survey) began monitoring seismicity
around the Nevada Test Site (King et al. 1971, p. 1) (Figure 12.3-1). By the late 1960s, several
regional stations were operating in Nevada, augmented by stations in southern Utah and eastern
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California. A network of 18 telemetered stations was instialled in 1968 in the eastern and
southern Nevada Test Site. In the 1970s, Sandia and Lawrence Livermore National Laboratories
upgraded and expanded the regional network coverage with the installation of several stations to
support the nuclear testing program.

The Yucca Mountain Analog Network, 1978 to 1992-In 1978 and 1979, the USGS established
a 47-station seismograph network out to a distance of 160 km (99 mi.) from Yucca Mountain in
support of YMP efforts (Figure 12.3-2a). In 1981, six seismograph stations at Yucca Mountain
were added to the network. The network was based on the analog technology of the 1970s and
was the primary source of earthquake data in the southern Great Basin from 1979 through
October 1995. Stations were initially configured with vertical-component 1-Hz sensors;
horizontal components were added at a few sites in late 1984. The network was operated at a
high gain or sensitivity in an attempt to record any microseismicity (M less than 2) associated
with potentially active faults near Yucca Mountain. Magnitudes were usually estimated with
coda duration (time of the earthquake signal) and coda decay methods for larger events, and
these methods were then calibrated to Mp. By the late 1980s, some stations with horizontal
components were operated at a low gain to preserve on-scale records and to calibrate coda-
amplitude magnitudes with standard magnitude scales (Rogers et al. 1987, pp. 11 to 14).

In September 1992, maintenance and operation of the analog network were transferred to the
University of Nevada, Reno, Seismological Laboratory. All seismic data from the analog and
digital stations operating in the southern Great Basin are now telemetered along a microwave
network to the University of Nevada, Reno. Radio links telemeter the signals from the remote
seismograph sites to the regional microwave network. At the University of Nevada, Reno,
earthquakes are located and My is calculated for all events, and My is calculated for many events
greater than My 2.

Three-Component Digital Network near Yucca Mountain, 1995 to Present—A high-dynamic-
range, three-component, digitally telemetered network in operation since 1995 is currently the
primary seismic network at the Yucca Mountain site. The digital network spans a radius of
50 km (31 mi.) out from Yucca Mountain (Figure 12.3-2b), in contrast to the 160-km-radius
(99-mi.-radius) area covered by the analog network. Since 1998, 26 stations, including one in
Alcove 5 of the Exploratory Studies Facility (ESF), have been in operation. The digital network
has enabled a decrease in the magnitude detection threshold in the Yucca Mountain block from
about My 0.5 to about Mg -1.0 during times of low cultural noise. The regional detection
threshold is approximately M 1.0, a decrease of 0.5 to 1.0 magnitude units from the earlier
analog network capabilities. Earthquake location accuracy has improved because of the
recording of horizontal component S-wave arrivals.

Strong-Motion Network near Yucca Mountain—In addition to the high-dynamic-range
seismograph network, 10 strong-motion accelerometers also monitor Yucca Mountain. These
stations are designed to record larger ground motions from nearby moderate to large earthquakes.
Such events would exceed the ability of the high-dynamic-range stations to record on-scale data.
Nine of the strong-motion instruments are located at the surface and one is sited in Alcove 5 of
the ESF. In combination with the high-dynamic-range seismograph network, the strong motion
stations allow on-scale recording of earthquakes at the site with magnitudes ranging from less
than 0 to greater than 6.5. ' '
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Other Regional Seismic Networks—Other regional seismic networks on the edges oft the
southern Great Basin contribute data in the Yucca Mountain region (Table 12.3-2). To the north,
the University of Nevada, Reno, operates a statewide regional network, which monitors
seismicity in northern and central Nevada and areas along the state border with California, such
as Mammoth Lakes. The University of Utah operates a number of stations in southern Utah, and
the California Institute of Technology operates stations in the southern Owens Valley and
Ridgecrest, California, areas. Northern Arizona University operates a small network of five
analog telemetered stations around Flagstaff, Arizona.

12.3.3.2 Historical Seismicity Catalog for Yucca Mountain

As part of the probabilistic seismic hazard analyses project, a catalog of historical and
instrumental earthquakes was compiled for the region within 300 km (186 mi.) of the potential
repository site at Yucca Mountain (Wong and Stepp 1998, Appendix G). This region includes
all of the relevant and potentially relevant seismic sources (Pezzopane, Bufe et al. 1996;
McKague et al. 1996). The resulting combined catalog contains 271,223 earthquakes of
approximately Mp 1 and greater from 1868 to 1996. All known magnitudes are listed in the
catalog. Figure 12.3-3 shows events greater than M,, 3.5 in the catalog. The earthquake catalog
for Yucca Mountain was compiled from several sources, including the catalogs of Meremonte
and Rogers (1987), the Decade of North American Geology, the University of Nevada, Reno, the
University of California, Berkeley, the California Institute of Technology, and the USGS for
eastern California and the Great Basin (Table 12.3-3) (Wong and Stepp 1998, Appendix G).

Catalog completeness has improved significantly with time, but the catalog is still considered to
be complete only for historical events of M,, 5.5 and larger within the 100-km (62-mi.) radius
around Yucca Mountain (Rogers et al. 1991, p. 166). Estimated periods for which the Yucca
Mountain catalog is complete for the southern Great Basin as a function of magnitude interval
are provided in Table 12.3-4.

The accuracy of information in the historical catalog is affected by several variables (e.g.,
accuracy of historical accounts, detection capability, instrumental precision), especially the
variability in seismic network coverage over time. The spatial distribution of seismicity in the
300-km (186-mi.) catalog is a function of the density of seismographic network coverage in a
particular region over time and is somewhat an artifact of the more thoroughly represented
aftershock sequences of the modern period. For example, a significant portion of the catalog is
derived from a recent series of moderate-sized earthquakes, aftershock sequences, and volcanic
swarm activity in the Mammoth Lakes, California, area. This modern sequence began in 1978
and has continued to the present. Although these events figure prominently in terms of the
number of earthquakes in the catalog, they represent an insignificant portion of the total moment
release along the western Basin and Range Province in the past two decades. When compared to
the large-magnitude (greater than M,, 6.5) historical earthquakes of the Central Nevada Seismic
Belt (Wallace, R.E. 1984, p. 5764), the total deformation or strain release represented by this
sequence is minor. For example, the Cedar Mountain earthquake of 1932 occurred prior to
complete instrumental coverage; therefore, only the larger aftershocks (relatively few) were
recorded despite its large energy release.
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Earthquake Magnitude Scale-Since the Yucca Mountain catalog was compiled from several
source catalogs, each using a variety of different magnitude scales that also changed with time, a
uniform magnitude scale was required to compute the earthquake recurrence for the region. In
addition, it was necessary to assign magnitudes to historical earthquakes that occurred prior to
calibrated seismographic instrumentation. Such magnitude estimates are usually based on the
felt area or the maximum Modified Mercalli intensity. This is particularly problematic in the
Basin and Range Province, where settlement and population growth have been erratic and sparse
due to the boom and bust nature of mining operations and the rugged environment. For each
earthquake in the catalog, My, was estimated from the best available magnitude. When available,
published relationships between seismic moment (M,) and M,, and M were used. A detailed
description can be found in Wong and Stepp (1998, Appendix G).

Identification of Nevada Test Site Explosions and Induced Seismicity—Nevada Test Site
explosions and their induced earthquake aftershocks and reservoir-induced seismicity events at
Lake Mead were identified in the earthquake catalog. Nuclear explosions were identified and
flagged in the catalog. Nevada Test Site aftershocks were identified and flagged using a space-
time window. The Lake Mead area-induced seismicity (Anderson, L.W. and O’Connell 1993;
Rogers and Lee 1976) was identified but not removed from the catalog. It is unlikely that
earthquakes in the Lake Mead area will contribute significantly to ground motion hazard at the
Yucca Mountain site.

12.3.3.3 Significant Earthquakes and Earthquake Sequences

The historical and instrumental earthquake record within 300 km (186 mi.) of Yucca Mountain
(Figure 12.3-3) includes the reported earthquakes of the southern Basin and Range Province and
portions of the southern Sierra Nevada and Mojave Desert in California. The catalog contains all
reported felt and instrumentally located earthquakes since 1868, including a few events of greater
than M,, 5 that are located slightly outside of the 300-km-radius (186-mi.-radius) region, as
discussed below. These are included because they are associated with surface ruptures that form
important historical analogs for assessing fault displacement hazards at the potential repository
site (Pezzopane and Dawson 1996).

Several events of greater than M,, 5.5 are located within 100 km (62 mi.) of Yucca Mountain.
The earliest entry is the 1916 My 6.1 (M; 5.9) Death Valley event (Gross, S. and Jaumé 1995)
(Figures 12.3-3 and 12.3-4). Of earthquakes greater than M, 5.5 in the 100-km (62 mi.)
compilation, only five events occurred outside of the areas of underground nuclear explosions
and can be unequivocally designated as tectonic in origin. - All of these greater than M,, 5.5
tectonic earthquakes, except the 1992 Little Skull Mountain event, are near the Death Valley-
Furnace Creek fault zone (Figure 4.2-2), and all occurred prior to 1966 (Figure 12.3-4). Many
earthquakes of M,, 4 and greater within 100 km (62 mi.) also occur near the Furnace Creek fault
system, the most active tectonic feature in this region.

Significant historical earthquakes and earthquake sequences in the 300-km (186-mi.) Yucca
Mountain region are described below and illustrated on Figures 12.3-3 and 12.3-5. Significant
events are listed in Table 12.3-5.
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1872 Owens Valley, California, Earthquake—Possibly the largest historical earthquake in the
Basin and Range Province, M,, 7.8, occurred in 1872 along the Owens Valley fault zone in
eastern California. Based on reported effects of shaking, numerous aftershocks over My 6
followed the earthquake. Because no instrumental record of the sequence exists, the magnitude
was estimated from felt area and surface-rupture dimensions. Much of the central Owens Valley
has had limited seismicity since the 1872 sequence.

Beanland and Clark (1994) conducted one of the most recent and detailed investigations of the
1872 earthquake rupture. The 1872 earthquake produced a 100 + 10-km-long (62 * 6-mi.-long)
zone of surface faulting along the entire length of Owens Valley, from southern Owens Lake to
north of Big Pine, California. Vittori et al. (1993, p. 159) describe additional faulting and
deformation related to the 1872 event within and south of Owens Lake. Other reported geologic
effects included fissures and cracking as far north as Bishop, California (Stover and Coffman
1993, p. 105); liquefaction, especially in the area of Owens Lake; and rockfalls and landslides in
Yosemite Valley and as far away as the White Mountains (Beaty and dePolo 1989, p. 222).

1916 Death Valley Earthquake-The 1916 My 6.1 Death Valley earthquake is the largest to
occur within 100 km (62 mi.) of Yucca Mountain. Townley and Allen (1939, p. 192) describe it
as the strongest earthquake of the year based on its seismograms. However, due to its remote
location, no damage was reported and it was only felt at maximum Modified Mercalli IV at
Rhyolite. S. Gross and Jaumé (1995, p. 38) relocated the earthquake by comparing waveforms
recorded during the 1992 Little Skull Mountain earthquake with a heliocorder recording of the
1916 event from the Reno seismograph station. The revised location suggests that the 1916
earthquake occurred near the Death Valley fault zone. They suggested a revised magnitude of
M; 5.9 based on amplitude of the signal on the 1916 heliocorder record.

The 1932 Cedar Mountain Earthquake-The 1932 M 7.2 Cedar Mountain earthquake (and
also the 1954 M,, 7.1 Fairview Peak and M, 6.8 Dixie Valley events) occurred within the
Central Nevada Seismic Belt northwest of Yucca Mountain (Wallace 1984, p. 5764) (Figure
12.3-3). Teleseismic waveform modeling shows that the 1932 Cedar Mountain earthquake
consisted of at least two subevents of M, 6.8 and My, 6.6 (Doser 1988, p. 15,007). Amplitude
measurements from seismograms recorded at the California Institute of Technology (Pasadena,
California) indicate a My, 7.2 for the earthquake (Slemmons et al. 1965, pp. 524, 541).

The Cedar Mountain earthquake produced widely distributed surface faulting. Gianella and
Callaghan (1934, p. 377) recognized a zone of rupture approximately 38 mi. (61 km) in length by
4 to 9 mi. (6 to 14 km) in width. Additional ruptures were observed by dePolo et al. (1994, pp.
50 to 51) at the southern end of the faulted area, which increased the rupture length to as much as
80 km (50 mi.) and the width to as much as 17 km (11 mi.). Individual rupture zones are
typically several hundreds of meters in length, and the longest extend for up to 16 km (10 mi.).
Surface ruptures such as left-stepping en echelon fissures and fractures, mole tracks, and swell
and depression morphology collectively indicate lateral slip. Right-lateral displacements range
from 0.5 to 1.5m (1.6 to 4.9 ft), and the maximum single-trace right-lateral displacement was
2.0+ 0.5m (6.6 1.6 ft) (dePolo et al. 1994, pp. 50 to 51). Many of the ruptures associated with
the Cedar Mountain event occurred along identifiable preexisting scarps. Geologic effects
induced by the event included liquefaction, changes in spring and well flows, cracking in
alluvium in the epicentral area, and landslides in the adjacent ranges. An analysis of the rupture
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pattern and tabulation of the geological effects can be found in Pezzopane and Dawson (1996,
pp- 9-21 to 9-51, 9-64, 9-65).

1934 Excelsior Mountains Earthquake-The 1934 Mp 6.3 (M, 6.1) Excelsior Mountains,
Nevada, earthquake took place in the Mono Lake-Excelsior Mountains region of the west-central
Walker Lane in Nevada and eastern California, a source of continuing seismicity (Figure 12.3-3).
The region is characterized by scattered, persistent microseismicity and northeast-striking, left-
lateral and left-oblique-slip faults (dePolo et al. 1993, pp. 274, 279 to 280).

The Excelsior Mountains event occurred on a northeast-striking fault and produced left-oblique
fault ruptures (Callaghan and Gianella 1935, p. 167; dePolo et al. 1993, p. 287). The poorly
constrained focal mechanism and depth of this event show a predominantly normal fault source
with a moderate dipping fault plane (40° + 8°) with a subordinate left-oblique-slip component
(Doser 1988, p. 15,014). Left-lateral slip is consistent with the sense of displacement on faults
north of the Excelsior Mountains.

The 1934 Excelsior Mountains earthquake produced a 1.5- to 1.7-km-long (0.9 to 1.1-mi.-long)
scarp along a preexisting bedrock fault in the Excelsior Mountains. The north side of the fault is
downdropped relative to the south side, and forms an uphill-facing scarp. The ruptures follow an
older fault trace across the ridges on the south side of the Excelsior Mountains, but along part of
its length, the 1934 earthquake may have ruptured previously unfaulted rock. Open en echelon
fissures with scarp heights ranging from 15.3 to 46 cm (6 to 18 in.) indicate possible left-lateral
movement along the fault. Reported geologic effects included numerous rockfalls, fissures that
formed in alluvium, and changes in spring flows in nearby marshes.

1947 Manix, California, Earthquake-The M,, 6.5 Manix earthquake produced faulting along a
4-km (2.5-mi.) section of the Manix fault zone (Buwalda and Richter 1948, p.1367)
(Figure 12.3-3). The left-lateral displacements of up to 5 cm (2 in.) on a northeast-striking fault
contrast with the many northwest-striking, right-lateral faults elsewhere in the Mojave Desert.
Other reported geologic effects included cracking along the banks of the Mojave River and a
report of liquefaction near the Mojave River (Richter 1947, p. 179; Stover and Coffman 1993,
p- 138). .

1954 Fairview Peak Earthquake-The M,, 7.1 Fairview Peak and the M,, 6.8 Dixie Valley
earthquakes occurred in December 1954 within a period of 6 min. The southern portion of the
aftershock zone of the Fairview Peak event lies at the edge of the 300-km (186-mi.) region, and
minor seismicity continues to occur there (Figure 12.3-3). The Fairview Peak earthquake
probably initiated at the northern end of the 1932 Cedar Mountain rupture zone. The focal
mechanism determined by Doser (1986, p. 12,574) has a nodal plane that aligns with the overall
strike of the surface rupture and dips 60° + 5°E; the slip vector is predominantly right-lateral
strike-slip.

The Fairview Peak earthquake ruptured several faults along a discontinuous 64-km-long
(40-mi.-long) zone (Caskey et al. 1996, Figure 1, Table 1). The longest of the individual faults is
the Fairview fault, which is approximately 32 km (20 mi.) long. The sense of displacement is
normal-right-oblique, with a maximum vertical displacement of 3.8 m (12.5 ft) and maximum
right-lateral displacement of 2.9 m (9.5 ft) along the Fairview fault, resulting in a net surface
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1985, Figure 8, p. 582) (Figure 12.3-3). The zone of surface faulting stretches for 16 km (10
mi.), from near McGee Creek on the Hilton Creek fault across the caldera margin and into the
* caldera. Normal displacements on ruptures in the Long Valley caldera form a graben with west-
and east-facing scarps. Vertical displacements on faults within the caldera are generally less
than 5 ¢m (2 in.), and many of the surface ruptures are only ground-surface cracks. Vertical to
eastside-down displacements of 20 cm (8 in.) occurred on the Hilton Creek fault but may have
been enhanced by slumping. Many ruptures occurred on surface fault traces, although it is
controversial whether or not the surface faulting was a direct manifestation of seismogenic
faulting at depth. Slip on the Hilton Creek fault may have been triggered by other earthquakes in
the sequence, or these features may represent only surficial ground failure rather than faulting.
Reported geologic effects included widespread rockfalls and landslides, lurch cracks, and
liquefaction in the Mammoth Lakes region.

1981 Mammoth Lakes Earthquake Sequence—A 1981 swarm of earthquakes culminated with
a My, 5.6 (M, 5.8) event that produced small surface displacements along faults that had ruptured
during the 1980 Mammoth Lakes earthquake sequence (Figure 12.3-3). Extensional cracks were
observed at three places and the maximum vertical displacement was 10 to 20 mm (0.4 to
0.8 in.). Reported geologic effects included liquefaction, rockfalls, and changes in geyser and
spring behavior in the Mammoth Lakes region.

1986 Chalfant Valley Earthquake Sequence-The Chalfant Valley sequence occurred near the
White Mountains beneath the Volcanic Tablelands, 15 km (9 mi.) east of the Long Valley
caldera (Smith, K.D. and Priestley 1988; dePolo and Ramelli 1987) (Figure 12.3-3). The
sequence is associated with three distinct faulting events (M,, 6.3, M,, 5.8, and M,, 5.5) and their
aftershocks (including one with M,, 5.5) that occurred over a period of 11 days. All three of
these earthquakes had predominantly strike-slip motion. The mainshock (M,, 6.3) occurred in
the hanging wall block of the White Mountains fault zone and was the largest earthquake in the
Central Nevada Seismic Belt since the 1954 Fairview Peak-Dixie Valley earthquakes.

The primary characteristic of the sequence is the conjugate fault geometry with left-lateral slip
for the initial M,, 5.8 event, followed 24 hours later by right-lateral slip during the mainshock
(Savage and Gross 1995, p. 629). Mainshock rupture extended for 12 to 15 km (7 to 9 mi.) on a
northwest-striking, southwest-dipping (55°) fault plane. Surface fracturing in the Volcanic
Tablelands area was confined to the hanging wall of the mainshock fault plane. A peak
horizontal acceleration of about 0.46 g was recorded at a sediment site on an alluvial fan about
12 km (7 mi.) northeast of the mainshock epicenter.

The Chalfant sequence produced surface ruptures along the White Mountains fault zone and
within the Tablelands fault system west of the White Mountains. Surface ruptures along the
White Mountains fault zone extended for 12 + 2 km (7 + 1 mi.), whereas cracks and open
fissures in loose sand along preexxstmg faults in the Tablelands fault system were widely
scattered, discontinuous, and occurred in a broad zone as much as 26 km (16 mi.) in length.
Surface ruptures along the White Mountains fault zone have right-lateral displacements with a
maximum single-trace displacement of 5 cm (2 in.). The total right-lateral displacement across
the zone in the same area is about 11 cm (4 in.). Although extensive fracturing occurred at the
surface along mapped Holocene faults in the Volcanic Tablelands area, it is uncertain whether
any of this is primary rupture. Lienkaemper et al. (1987, p. 297) concluded that faulting along
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displacement of 4.6 m (15.1 ft). Both the Phillips Wash and Fairview faults have displacements
that are eastside down, whereas the West Gate, Gold King, and Louderback faults exhibit
 westside down displacements. Normal-right-oblique slip occurs along portions of the
Louderback Mountains and West Gate faults, whereas the Gold King fault shows dominantly
normal slip and the Phillips Wash fault exhibits normal-left-oblique slip. The average surface
displacement over the entire zone is estimated to be 1.0 m (3.3 ft). The normal-oblique-slip
observed for this event may represent a transition zone between right-lateral displacements in the
south (e.g., 1872 Owens Valley and 1932 Cedar Mountain earthquakes) and the normal faulting
in the north (e.g., 1954 Dixie Valley event). The slip vector of the Fairview Peak event differs
from the mostly normal slip recorded in earlier Quaternary deposits.

1954 Dixie Valley Earthquake-The 1954 M, 6.8 Dixie Valley earthquake ruptured the
northern portion of the 100-km-long (62-mi.-long) zone of surface faulting produced by the
Fairview Peak-Dixie Valley earthquake sequence (Figure 12.3-3). Surface faulting from the
Dixie Valley earthquake formed a 46-km-long (29-mi.-long) zone, which at the southern end lies
parallel to the surface faulting from the Fairview Peak earthquake along the opposite side of the
valley. Displacements related to the Dixie Valley earthquake are normal, down to the east, with
a maximum vertical displacement of 2.8 m (9.2 ft) and an average surface displacement of 92 cm
(36 in.). Caskey et al. (1996, p. 775) determined that the fault dips at relatively low angles of
25° to 35°E near the surface, but the nodal plane of the focal mechanism of Doser (1986,
p. 12,583) indicates that the fault dips 60° + 20°E at seismogenic depths. Reported geologic
effects included spring flow changes, water fountains, liquefaction, landslides, rockfalls,
mudflows, and fractures in alluvium (Caskey et al. 1996, pp. 772 to 773; Slemmons 1957,
p. 353).

1975 Galway Lake, California, Earthquake-The M,, 5.2 Galway Lake earthquake
(Figure 12.3-3) produced surface faulting along a 6.8-km-long (4.2-mi.-long) section of the
Galway Lake fault zone (Hill, R.L. and Beeby 1977, pp. 1379 to 1382). Surface ruptures are
expressed primarily as left-stepping en echelon fractures, shattered ground, and mole tracks. The
surface-rupture zones range in width from 1 to 100 m (3 to 330 ft). Displacements were mostly
right-lateral, generally between 0.2 and 0.5 cm (0.08 and 0.20 in.) with a maximum single-trace
displacement of 1.5 cm (0.6 in.). Rare vertical separations between 0.5 and 1 cm (0.2 and
0.4 in.) lack a consistent sense of displacement. Reported geologic effects included downslope
mass movement of rocks in the epicentral area.

1979 Homestead Valley, California, Earthquake-The M,, 5.5 Homestead Valley earthquake
(Figure 12.3-3) produced a 3.25-km-long (2.01-mi.-long) zone of surface ruptures, discontinuous
left-stepping en echelon cracks, and mole tracks (Hill, R.L. et al. 1980, pp. 62 to 65, 67).
Displacements were mostly right-lateral, with a subordinate dip-slip displacement, and down to
the east. A maximum right-lateral single-trace displacement of 7.5 cm (3.0 in.) was observed
along the northern half of the primary rupture zone, and a maximum vertical displacement of
4 cm (1.6 in.) was observed in the southern part of the rupture zone. Other reported effects
included rockfalls and slumping along stream channels.

1980 Mammoth Lakes Earthquake Sequence-The 1980 sequence of four earthquakes of M
greater than 6 produced surface faulting along small faults in the Long Valley caldera and along

the Hilton Creek fault, a Sierra Nevada frontal fault system (Clark et al. 1982; Hill, D.P., et al.

TDR-CRW-GS-000001 REV 01 ICN 01 12.3-10 ’ September 2000

N



the White Mountains zone was associated with the mainshock, whereas dePolo and Ramelli
(1987, p. 295) concluded that surface faulting was probably sympathetic slip. Reported effects
included small landslides and numerous small rockfalls that occurred within the epicentral area.

1992 Landers, California, Earthquake-The June 28, 1992, M,, 7.3 Landers earthquake
produced 85 km (53 mi.) of surface ruptures distributed over five major faults and several minor
faults (Sieh et al. 1993, pp. 171 to 173) (Figure 12.3-3). Rupture occurred over portions of five
principal faults (Johnson Valley, Landers, Homestead Valley, Emerson, and Camp Rock)
connected by a series of right-steps. Displacements are mostly right-lateral, with a maximum
displacement of 6.1 m (20 ft). The maximum vertical slip was 1.0 m (3.3 ft) or more, and left-
lateral displacements of up to 50 cm (20in.) occurred mostly along east-trending faults.
Geologic effects included widespread rockfalls and ground fissuring.

Dreger (1994, p. 713) modeled the mainshock rupture at long periods and interpreted the source
to consist of two subevents of seismic moments 2 x 10% and 6 x 10*® dyne-cm. Rupture
directivity effects were one of the more important aspects of the Landers event and most likely
contributed to the triggering of seismicity, including the Little Skull Mountain earthquake to the
north (Bodin and Gomberg 1994, p. 835).

1993 Eureka Valley, California, Earthquake Sequence-The 1993 M, 6.1 Eurcka Valley
earthquake produced extensive cracking and minor surface ruptures on faults of the Eureka
Valley (Figure 12.3-3). Satellite interferometry data analyzed by Peltzer and Rosen (1995,
p- 1335) showed a maximum displacement of 3 cm (1.2 in.) in the southeast part of the epicentral
region. Surface ruptures along west-dipping faults were mostly discontinuous cracks that
extended 4 to 5 km (2 to 3 mi.), with vertical displacement of up to 2 cm (0.8 in.) over about
100 m (330 ft). ‘

The Eureka Valley earthquake occurred on a northeast-striking (N10°E), west-dipping
(43° £ 5°W) normal fault. The Eureka Valley mainshock hypocenter was constrained to an
11.8-km (7.3-mi.) depth, nearly identical to the Little Skull Mountain earthquake. The
aftershock zone for the Eureka Valley earthquake extended approximately 20 km (12 mi.),
whereas the Little Skull Mountain aftershock zone extended only about 10 km (6 mi.),
suggesting either a low stress drop for the mainshock or initiation of activity on faults near the
source area.

1999 Hector Mine, California, Earthquake-On October 16, a My, 7.1 earthquake struck the
Mojave Desert about 20 km (12 mi.) northeast of the 1992 Landers event. Both events occurred
within the Eastern California Shear Zone. Very little damage occurred due to the remote
location of the earthquake. The event was the result of right-lateral strike-slip faulting along the
Bullion fault and the newly named Lavic Lake fault (Jones 2000). Surface faulting extended for
a total distance of 45 km (28 mi.) with average and maximum displacements of nearly 3 and
5.2m (10 and 17 ft), respectively (Jones 2000).

12.3.3.4  Areas of Significant Seismicity

In this section, specific areas of significant seismicity within the 300-km (186-mi.) Yucca
Mountain region are discussed.
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Coso Volcanic Field and Ridgecrest, California, Area-The Ridgecrest, California, area and
the Coso volcanic field north of Ridgecrest have been the locations of a series of My 4.9 and
greater earthquakes and extended aftershock sequences beginning in 1994 and ongoing small-
magnitude seismicity in the Coso volcanic field. Earthquake sequences in the Ridgecrest area
occurred in 1938, 1961, and 1982 (Roquemore et al. 1996, p. 106). The 1982 sequence produced
cracking along the Little Lake fault zone, which lies east of the Airport Lake fault zone.

A My 5.3 earthquake on August 17, 1995, produced a less than 1-km-long (0.6-mi.-long) zone of
discontinuous surface cracking along a fault trace that ruptured again in a Mg 5.4 event on
September 20, 1995 (Figure 12.3-5). The September 20, 1995, earthquake produced surface
faulting along 2.5 km (1.5 mi.) of the Airport Lake fault zone, expressed mostly as left-stepping
en echelon fractures and scarps with a maximum vertical displacement of 1 cm (0.4 in.) and a
maximum right-lateral displacement of 0.8 cm (0.3 in.) (Hauksson et al. 1995, p. 58).

Garlock Fault, Southern Sierra Nevada, Southeastern California—The trace of the Garlock
fault in southeastern California is outlined by concentrated zones of seismicity and
microseismicity (Figure 12.3-5). It includes the northeastern extent of mainshock rupture and
aftershock activity of the 1952 My, 7.5 Kern County, California, earthquake, which was the result
of rupture on the White Wolf fault (Ellsworth 1990, p. 163) (Figure 12.3-3). The Kern County
earthquake, however, triggered slip on sections of the Garlock fault, and nearby moderate- to
large-magnitude events are sometimes associated with increased levels of seismicity on creeping
segments of the fault.

Mammoth Lakes-Chalfant Valley-Bishop, California~The Mammoth Lakes, California,
volcanic area, within and adjacent to the Long Valley caldera, has been the location of a series -
(1940 to present) of moderate-sized (M 5 to 6) earthquakes, aftershock sequences, and volcanic-
. related earthquake swarms (Hill, D.P., et al. 1985, p.575, Figure 4) (Section 12.3.3.3)
(Figure 12.3-3). Several middle Pleistocene and more recent eruptions (approximately 750 ka)
of the Long Valley caldera since the late Pleistocene shaped the physiography of the Mammoth
Lakes-Chalfant Valley-Bishop, California, area (Bailey and Koeppen 1977). Foreshock-
mainshock-aftershock sequences (mainshocks of My greater than 6) in the caldera and volcanic
earthquake swarms in and adjacent to the caldera have numbered in the tens of thousands from
1980 to the present (Hill, D.P. et al. 1990, pp. 328, 330 to 333).

A recent series of moderate-sized earthquakes began in October 1978 and culminated with four
My greater than 6 earthquakes during a 48-hour period from May 25 to May 27, 1980
(Section 12.3.3.3). The activity continued with the 1984 M,, 5.8 Round Valley and 1986 M,, 6.3
Chalfant earthquakes (Priestley et al. 1988, p. 216; Smith, K.D. and Priestley 1988, p. 172)
(Section 12.3.3.3). Swarm-like earthquake activity and occasional tremor activity around the
caldera were accompanied by inflation of a resurgent dome (Savage and Clark 1982, pp. 531 to
533; Cockerham and Pitt 1984, p. 503).

An earthquake swarm under Mammoth Mountain near the town of Mammoth Lakes in 1989
included a number of deep, low-frequency earthquakes. These and other earthquakes in the
Mammoth Lakes area may have been associated with magma movement (Julian and Sipken
1985, pp. 11, 168; Pitt and Hill 1994, p. 1682). The recent series of moderate-sized earthquakes
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show strike-slip motion, but dominantly normal offsets occur on Holocene faults that bound the
Sierra Nevada and White Mountains.

Mojave Desert-The Mojave Desert, approximately 150 to 200 km (93 to 124 mi.) south of
Yucca Mountain, contains several zones of persistent seismicity (Figure 12.3-5). The 1992
M, 7.3 Landers earthquake was the largest surface-faulting event observed in the region
(Section 12.3.3.3). The Landers earthquake occurred in the southerm Mojave Desert, where
broad zones of right-lateral and minor normal faults splay northward from the San Andreas,
distributing 8 to 10 mm/yr. (0.3 to 0.4 in./yr.) of right-lateral motion along the Eastern California
shear zone (Savage et al. 1990, p. 2115). In comparison to the Basin and Range Province,
seismicity in the Mojave Desert region is shallower, with more surface-faulting events and
predominantly strike-slip motion. Other notable events previously described include the 1947
Manix, 1975 Galway Lake, and 1979 Homestead Valley earthquakes (Section 12.3.3.3 and
Figure 12.3-3). :

Mono Lake-Excelsior Mountains Area—Faults in the Excelsior-Mono domain (Stewart 1988)
could be analogous to the structural domain of the northeast-striking Rock Valley, Wahmonie,
Cane Springs, and Mine Mountain fault systems in the south-central Nevada Test Site area.
These domains disrupt the north-northwest-striking grain of the Walker Lane. Faults near
Excelsior Mountains and in the Nevada Test Site region are zones of persistent seismicity
" (Figure 12.3-5) and may represent structural transition zones fundamental to the processes of
strain accommodation within the Walker Lane belt.

Nevada-Utah-Arizona Borders Area—The 1966 My 5.5 to 6.1 Clover Mountains earthquake
occurred near the Nevada-Utah-Arizona borders and was marked by an extended aftershock
sequence (Boucher et al. 1967; Beck, P. 1970) (Figure 12.3-3). T.C. Wallace et al. (1983,
p- 594) determined a nearly pure strike-slip mechanism for the mainshock from regional records,
consistent with the short-period mechanism of Boucher et al. (1967, p. 205). No surface rupture
was reported. The local structural grain is characterized by east-west-striking faults, which are
not consistent with the right-lateral strike-slip mechanism for the mainshock.

The 1902 M, 6.0 Pine Valley and 1992 M 5.9 St. George earthquakes occurred east of the
Clover Mountain sequence in Utah (Figure 12.3-3). This area is of generally low seismicity and
the moderate- and larger-sized earthquakes are associated with the Colorado Plateau-Basin and
Range transition zone.

Northern Amargosa Valley-Sarcobatus Flat—Seismicity in the Northern Amargosa Valley is
distributed in the vicinity of Beatty and the Bullfrog Hills (Figure 12.3-4), some of which may be
related to mining. In Sarcobatus Flat, earthquakes have occurred in four clusters since the
beginning of instrumental monitoring (Rogers et al. 1987, p. 43). These clusters, which lie 10 to
20 km (6 to 12 mi.) apart, trend north along the length of the valley. Focal mechanisms for the
three southern clusters suggest right-lateral slip along northeast-trending structures. These
mechanisms are anomalous with respect to general trends observed in the southern Great Basin
(Figure 12.3-6) and represent local variability in the tectonic stress field. The fourth cluster, in
the northern part of the valley, shows normal faulting on a northeast-trending fault (Rogers et al.
1987, p. 47).
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Northern Death Valley Aréa—Seismicity associated with the Furnace Creek fault zone in
Northern Death Valley is distributed over a much larger area than the mapped surface traces of
the faults (Figure 12.3-5). Earthquakes extend northeast from the northern end of the Furnace
Creek fault through the Gold Mountain-Mount Dunfee region. The largest recent event in this
area was an My 4 earthquake at Gold Mountain. The focal mechanism for this event shows left-
lateral slip. In 1983, a northeast-trending cluster of events occurred near Gold Mountain.
A composite focal mechanism for these earthquakes suggests left-oblique normal faulting on a
northeast-striking plane (Rogers et al. 1987, p. 44).

Northern Nevada Test Site-The northern region of the Nevada Test Site includes the Timber
Mountain caldera, Pahute Mesa, Rainier Mesa, and Yucca Flat. These areas experienced
considerable earthquake activity associated with nuclear testing, in contrast to seismicity that is
tectonic in origin in the southern part of the Nevada Test Site (Figure 12.3-4). Discriminating
naturally occurring earthquake activity from events associated with underground nuclear
explosions is problematic (Section 12.3.6.1). The relative number of artificial and induced
earthquakes in the testing areas (Vortman 1991, Appendix T) suggests that the natural seismicity
of the region is close to the background activity of the southern Basin and Range Province.
In 1979 and 1983, several swarms of microearthquakes occurred in the region, apparently
unrelated to the underground nuclear explosions. Two sequences occurred during the period of
- active testing in the vicinity of Dome Mountain and Thirsty Canyon (Rogers et al. 1981; Rogers
et al. 1987, p. 40). Focal mechanisms indicate mainly right-lateral strike-slip faulting on north-
trending structures and normal faulting on northeast-trending structures.

Pahranagat Shear Zone Area-The Pahranagat shear zone, located between the 1966 Clover
Mountains sequence area and the northern Nevada Test Site (Figure 12.3-5), has been a constant
source of M 3 to 4 earthquakes over the recent period of seismic monitoring. This level of
seismicity appears to be characteristic of active northeast-striking faults or structural zones
within the Basin and Range Province. High-angle, strike-slip focal mechanisms are consistently
reported in this region. The Clover Mountains, St. George, and Pine Valley earthquakes and the
Pahranagat shear zone activity constitute most of the events located within the eastern half of the
Southern Nevada Seismic Belt of the southern Great Basin (Rogers et al. 1991, p. 154).

12.3.4 General Features of the Instrumental Seismicity in the Southern Great Basin

The more recent instrumentally recorded seismicity in the southern Great Basin is generally
expressed as clusters of earthquakes distributed in an east-west belt between latitudes 36° and
38°N, referred to here as the Southern Nevada Seismic Belt (Figure 12.3-5). The earthquake
clusters are diffusely distributed around mapped faults, covering areas larger than the surface
projections of the rupture. Most events are not readily associated with the surface traces of
known faults. These clusters may align with local structural grain, and composite and single
event focal mechanisms (see below) suggest that the P- and T-axes planes correlate with regional
stress directions inferred from other data.

The comparison of the energy release maps for the pre-1978 and post-1978 periods show that,
averaged over decades, the seismically active zones appear to be releasing moment at about the
same rates. Rogers et al. (1991, p. 165) show that the historical rate of occurrence of the largest
earthquakes (M,, greater than 7) in the Central Nevada Seismic Belt west and northwest of Yucca
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Mountain is larger by an order of magnitude than that- indicated by geologic evidence.
R.E. Wallace (1987, p. 868) noted evidence in the western Basin and Range Province of active
periods lasting hundreds to thousands of years followed by quiescent periods of 10 to 30 k.y.
For a larger region but shorter time scale, Bufe and Toppozada (1981, p. 111) described a period
of relative quiescence encompassing both California and western Nevada and extending from
1960 to 1980. The current active period for M less than 6 also encompasses the same large
region, as characterized by Bufe (1992, p. 373).

12.3.4.1 Seismogenic Depths

Earthquakes in the southern Great Basin occur predominantly between depths of 2 and 15 km
(1 and 9 mi.), as illustrated on Figure 12.3-7. The histogram is dominated by the 1992 Little
Skull Mountain sequence, which now constitutes 20 to 30 percent of the seismicity catalog for
the southern Great Basin in the Nevada Test Site area. The Little Skull Mountain sequence
occurred mainly between depths of 5 and 12 km (3 and 7 mi.), and the distribution peaks near the
lower portion of the seismogenic zone. The sequence was well recorded and depth constraints
were very good. Rogers et al. (1987, pp. 55 to 56) showed that the seismicity in the southern
Great Basin is distributed between about 2 and 15 km (1 and 9 mi.). In contrast, the 1993 Rock
Valley sequence occurred at depths less than 3 km (2 mi.), as determined using near-source (less
than one focal depth) three-component digital recorders in the immediate epicentral area (Shields
etal. 1995, p. F426).

Rogers et al. (1987, p. 61) showed that most of the seismic energy released in the southern Great
Basin occurs at depths less than 12 km (7 mi.), but this study represents a very short period of
time (1982 to 1983) with minimal moment release. Several larger magnitude earthquakes have
been reported to nucleate deeper than 15 km (9 mi.), although these events occurred early in the
instrumental record; therefore, the focal depths may not be well constrained (Doser and Smith
1989, pp. 1394, 1397). Nucleation depths ranging from 10 to 20 km (6 to 12 mi.) have been
determined from waveform modeling for several major mainshock earthquakes in the Basin and
Range Province, including the 1954 Dixie Valley earthquake; the 1959 Hebgen Lake, Montana,
earthquake; and the 1983 Borah Peak, Idaho, earthquake. All three of these earthquakes are
associated with surface faulting on range-bounding normal faults (Doser and Smith 1989,
p- 1388). Critical to the estimation of maximum moment from a particular structure is whether
rupture can propagate to these depths, which would not necessarily correspond to hypocentral
depth.

Earthquakes in the southern Great Basin also tend to distribute in vertical tubular-shaped clusters
rather than along planar fault zones. Rogers et al. (1987, p. 77) interpreted this distribution of
hypocenters to be activity at the intersections of faults. These vertically distributed localized
clusters of seismicity occur between depths of 10 and 15 km (6 and 9 mi.).

12.3.4.2 Focal Mechanisms

Focal mechanisms of earthquakes of My greater than 3.5 within the southern Great Basin from
1987 to 1997 are shown on Figure 12.3-6. These mechanisms, plus others and hypocentral
alignments, indicate that right-lateral slip on northerly-trending faults is today the predominant
mode of stress release near the site. However, faulting on east-northeast (left-lateral) and
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northeast (normal) faults has been observed, as well as oblique slip on structures of intermediate
orientation with the appropriate dip angles (Figure 12.3-6). Geologic evidence of fault
movement at Yucca Mounitsifi reflects multiple tectonic episodes of faulting over millions of
years and under the influence of different stress regimes (Sections 4.3.3.1 and 4.6.3), and, thus, is
not always consistent with these contemporary observations. The principal extensional
(minimum compression) stress axes inferred from earthquake mechanisms trend northwest and
plunge approximately horizontal (Figure 12.3-8). The principal compressional (maximum
compression) stress axes from earthquake mechanisms are concentrated along a belt (girdle) that
sweeps from vertical (normal faulting) to northeast and horizontal (strike-slip faulting)
(Figure 12.3-8). Thus, regional stress orientations indicate north-south and east-west orientations
for high-angle fault planes, with right-lateral slip on the north-striking and left-lateral slip on the
east-west striking surfaces. Normal and oblique slips are indicated on fault surfaces with
orientations intermediate to these directions. The style of faulting determined from the focal
mechanisms is not a function of depth.

Harmsen and Rogers (1986) analyzed the stress field from a set of regional earthquake focal
mechanisms. The presence of both strike-slip and dip-slip mechanisms in particular localities
was interpreted to indicate an axially symmetric stress field, in which the intermediate and
maximum compressive stresses are nearly equal (Harmsen and Rogers 1986, p. 1560). They
suggested that because no large earthquakes were present in the data set, movement along a
variety of fault plane orientations was accommodated by an ample number of small preferably
oriented faults. Rogers et al. (1987, pp. 60 to 70), Rogers et al. (1991), and Bellier and Zoback
(1995) also discuss and analyze the modern stress field in regions of Nevada near Yucca
Mountain.

12.3.5 Seismicity in the Vicinity of Yucca Mountain

‘The southern portion of the Nevada Test Site, southeast of Yucca Mountain, is one of the more

seismically active regions in the southern Great Basin (Figure 12.3-4). Most of the seismicity in
this region, including the 1992 M, 5.6 Little Skull Mountain earthquake, is concentrated around
the Rock Valley, Mine Mountain, and Cane Springs fault zones, and around the southern
boundary of the Timber Mountain caldera (Figure 12.3-9). Some of the activity near the eastern
Nevada Test Site boundary, particularly the 1971 Massachusetts Mountain earthquake and 1973
Ranger Mountain swarms (Figure 12.3-4), may have been triggered following the initiation of
testing in the Yucca Flat area, but considerable numbers of small to moderate earthquakes are
related to natural tectonic strain release (Gomberg 1991a, Figure 10; 1991b).

A wide, northeast-trending zone of seismicity centers on the Rock Valley fault zone. This area
includes the 1971 My 4.6 Massachusetts Mountain earthquake, the 1973 Ranger Mountain
sequence, the 1992 My 5.6 Little Skull Mountain earthquake, the 1993 Rock Valley sequence,
and other earthquake clusters (Harmsen 1993, 1994a, 1994b; Meremonte et al. 1995; Shields et
al. 1995) (Figure 12.3-4). Seismicity in the Rock Valley zone extends along the Mine Mountain
system and to the south, subparallel to the South Specter Range fault (R.E. Anderson, Bucknam
et al. 1995).

Earthquakes within the immediate vicinity (20 km [12 mi.]) of Yucca Mountain are shown on
Figure 12.3-9. In this area, as elsewhere in the Great Basin, little correlation exists between the

Rl
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distribution of epicenters and Quaternary faults. The earthquakes have focal depths ranging from
near-surface to 5 to 12 km (3 to 7 mi.). Focal mechanisms of earthquakes near Yucca Mountain
are strike-slip to normal oblique-slip along moderately to steeply dipping fault planes
(Figure 12.3-9). The nodal planes are consistent with right-lateral faulting on north- to north-
northwest-striking planes or normal left oblique-slip on northeast- to east-striking faults, and are
similar to regional focal mechanisms (Rogers et al. 1987, p. 91).

Two M 3.5 earthquakes in 1948, which were initially reported as being at Yucca Mountain, were
reevaluated by von Seggern and Brune (1994, pp. 16 to 20). The initial locations of these two
events were constrained by first motion data at California seismic stations. The waveforms and
S minus P times at the regional stations operating in 1948 were more consistent with a source
near the Rock Valley fault zone rather than at Yucca Mountain. By a comparison of waveforms
from Little Skull Mountain aftershocks and heliocorder records from the California Institute of
Technology station for a well-located 1948 Rock Valley area event, they concluded that the two
1948 events most likely occurred in the Rock Valley area and not at Yucca Mountain. The 1948
events were most likely part of one localized earthquake sequence in the Rock Valley area.
S. Gross and Jaumé (1995, pp. 77 to 78) also analyzed a number of small events that were in the
historical catalog and reported to be in the Yucca Mountain block from 1978 to 1992 by
reviewing the archived waveform data. They noted that some of the events were incorrectly
identified as earthquakes and included a list of them in their report.

Brune et al. (1992, p. 164) and Gomberg (1991a, pp. 16411 to 16412, 1991b, pp. 16397 to
16398) showed that the Yucca Mountain zone of quiescence is a real feature of the seismicity
and not an artifact of network design or detection capability. An experiment in high-resolution
monitoring of seismicity at the potential site by Brune et al. (1992) also confirmed the existence
of the quiescent zone. Modeling of the strain field in southern Nevada by Gomberg (1991b,
pp. 16396 to 16397) suggests that this area is not accumulating significant strain, and that Yucca
Mountain is an isolated block within the structural framework of the southern Great Basin.
Other than the 1992 Little Skull Mountain event, the largest earthquake near Yucca Mountain
after the inception of the Southern Great Basin Seismic Network in 1978 was an My 2.1 event,
which occurred on November 18, 1988, and was located 12 km north-northwest of the potential
repository at a depth of 11 km (Harmsen and Bufe 1992).

Paleoseismic events on a number of faults at Yucca Mountain (Section 12.3.7) have very long
return times, and strain may accumulate for a long time between large surface-rupture
earthquakes on the faults. Little or no microseismicity may occur on the faults during this long
strain buildup. Many faults in the Great Basin with paleoseismic evidence for prehistoric
surface-rupture earthquakes have little or no associated historical seismicity.

12.3.5.1 The 1992 Little Skull Mountain Sequence

The largest and most significant earthquake recorded by the Southern Great Basin Seismic
Network since its establishment in 1978 was the June 29, 1992, M. 5.6 Little Skull Mountain
earthquake (Lum and Honda 1992; Harmsen 1994b; Walter 1993; Meremonte et al. 1995)
(Figures 12.3-4 and 12.3-9). This event produced a horizontal ground acceleration of 0.21 g at
Lathrop Wells about 11 km (7 mi.) from the epicenter. The earthquake caused minor damage to
the Yucca Mountain Field Operations Center in Jackass Flat, which was located on the surface
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projection of the buried fault. The event was felt throughout the region. The earthquake appears
to have been triggered by the 1992 Landers event that occurred approximately 20 hours earlier
(Section 12.3.6.2). L e

The Little Skull Mountain earthquake initiated at a depth of 11.7 km (7.3 mi.), and the rupture
was confined between depths of 5 and 12 km (3 and 7 mi.). Fault rupture propagated unilaterally
from southwest to northeast for about 6 km (4 mi.), and the epicenter of the mainshock plots was
near the southwestern end of the aftershock zone. There was no evidence of primary or
secondary surface rupture. Rockfalls along the south-facing cliffs of Little Skull Mountain were
observed shortly after the earthquake. The distribution of rockfalls was found to be consistent
with the ground shaking predicted from the source model and provided a means of calibrating
the distribution of ground shaking in the epicentral region (Brune, JN. and Smith 1996,
p. A193). The earthquake occurred on a northeast-striking fault plane dipping steeply to the
southeast (Harmsen 1994b, p. 1485; Meremonte et al. 1995, p. 1039) and involved normal slip
with a small left-slip component. Table 12.3-6 is a compilation of short-period and waveform-
based focal mechanisms and reported seismic moments for the Little Skull Mountain earthquake.

Three aftershocks of M greater than4 occurred, not on the mainshock fault plane but on
adjacent off-fault structures accommodating the stress change from mainshock rupture. These
events also triggered stations of the Blume and Associates strong motion network in Las Vegas.
The first My, 4 aftershock occurred in the coda of the mainshock and the location could only be
constrained to be east of the mainshock epicenter. Focal mechanisms for two of the four My, 4+
events show northeast-trending, southeast-dipping fault plane solutions.

The Little Skull Mountain earthquake could not be correlated with any mapped faults, although
the aftershocks coincide with the projections of the Wahmonie, Cane Springs, and Mine
Mountain fault systems into the Rock Valley fault zone. Dip angles determined for the
mainshock fault plane from the short-period focal mechanisms vary from 65°, consistent with the
early aftershock activity, to 56° (Harmsen 1994b, p. 1485). The dip of structures in the Little
Skull Mountain area has implications for the orientation of faults at depth in the Yucca Mountain
site area.

The Little Skull Mountain earthquake occurred in an area of persistent recent seismicity, present
throughout the recording period of the Southern Great Basin Seismic Network (Figure 12.3-9).
This area may be a zone of stress concentration, accommodating strain from fault systems
throughout the south-central Nevada Test Site area. The Rock Valley fault zone is the primary
Quaternary fault system in this group and has the most associated seismicity. The Little Skull
Mountain mainshock locates directly along the crest of Little Skull Mountain, or at hypocentral
depth at the base of the seismogenic zone potentially near an intersection with the Rock Valley
fault system.

The sequence was recorded on a number of portable digital seismographs deployed in the
epicentral area by the USGS (Meremonte et al. 1993) and the University of Nevada, Reno
(Sheehan et al. 1994). These data were used to develop high-quality locations for the special
aftershock studies and contributed to ground motion modeling in the probabilistic seismic hazard
analyses project (Wong and Stepp 1998) (Section 12.3.10).
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12.3.5.2 Earthquakes in the Rock Valley Area

Following the Little Skull Mountain earthquake, earthquake activity in the southern Rock Valley
fault zone increased (Smith, K.D. et al. 1996, p. A193; Shields et al. 1995, p. F426). Only two
M 3+ earthquakes were included in the Southern Great Basin Seismic Network earthquake
catalog from 1979 until the Little Skull Mountain sequence. Since the Little Skull Mountain
earthquake, three M 3.5+ earthquakes and the sequence of very shallow, small-magnitude
(Mg less than or equal to 3.8) earthquakes occurred in southern Rock Valley in mid-1993. This
activity is diminishing, suggesting that the Little Skull Mountain event may have in part
triggered the increased Rock Valley activity (Smith, K.D. et al. 1996, p. A193).

The shallow sequence of earthquakes in 1993 was recorded on a near-source portable digital
instrument. This station recorded more than 500 earthquakes, of which only 140 triggered the
regional seismic network and could be located. S minus P times for the events averaged about
0.5 sat this station, and relocations of the earthquakes place them at a depth of only about 2 km
(1 mi.). The largest event of the sequence (Mg 3.8) also occurred at a 2-km (1-mi.) depth. Stress
drops were on the order of 10 bars (1 MPa) for all of the larger events. A cluster of earthquake
activity also occurred southeast of the Rock Valley fault zone in the Spotted Range in late 1993.
This cluster of seismicity was the most active in the region east of the Nevada Test Site since the
1973 Ranger Mountain sequence, but was confined to a small volume and included only one
earthquake greater than M 3.

12.3.5.3 1995 to 1999 Microearthquakes at Yucca Mountain

From May 1995 through March 1999, 28 microearthquakes have occurred generally within
10 km (6 mi.) of the Yucca Mountain block (Table 12.3-7). These earthquakes triggered at least
three stations of the three-component digital network, and three of them were large enough to
trigger the older, less sensitive analog net. The events ranged from M about -1 to 1 in size.
These microearthquakes occurred throughout the Yucca Mountain block, and all had focal
depths between 5 and 10 km (3 and 6 mi.). Short-period focal mechanisms were determined for
four of the earthquakes. Although not enough information from the focal mechanism data was
available to unequivocally correlate the earthquakes with specific mapped faults, the solutions
are consistent with normal to normal-oblique-slip on faults with orientations similar to several
Quaternary faults mapped at the surface. Although small earthquakes (M less than 1) were
occurring at the rate of about one per month from 1995 to 1996, as of March 1997, none had
been observed directly within the Yucca Mountain block since August 12, 1996 (Table 12.3-7),
suggesting that the restricted time period of the sequence is not strictly a function of the
installation and detection threshold of the digital network at the site.

12.3.5.4 The 1999 Frenchman Flat Earthquake Sequence

The January 27, 1999, My 4.7 Frenchman Flat earthquake was the largest event within the
Nevada Test Site since the My, 5.6 Little Skull Mountain earthquake in 1992. Both events are
located near the Rock Valley fault zone, but the distribution of aftershocks and focal mechanisms
indicate- that the Rock Valley fault system was not involved in either event (Smith, K. 2000).
The Little Skull Mountain earthquake occurred near the western end of Rock Valley; the
Frenchman Flat event took place at its eastern end where the Rock Valley fault zone appears to
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terminate into the basin at Frenchmen Flat. The Frenchman Flat mainshock was preceded by an
extended foreshock sequence that included a My 4.2 earthquake. Portable instrumentation
installed in the aftershock zohé shortly after the mainshock fécorded the early aftershock period;
aftershock locations constrained with portable instrument phase data are shown in Figure
12.3-10. The mainshock appears to have resulted from normal slip on a northeast-striking fault
(Smith, K. 2000).

12.3.5.5 The 1999 Scotty’s Junction Earthquake Sequence

The My 5.7 Scotty’s Junction earthquake occurred on August 1, 1999, about 11 km (7 mi.) north
of Scotty’s Junction, Nevada. The earthquake involved primarily normal faulting on a
moderately dipping, north-northeast-striking fault plane (Smith, K. 2000). The aftershock
distribution (Figure 12.3-11) shows a slight alignment with the Sarcobatus Flat fault
(Section 12.3.7.8) bordering the volcanic tuffs to the east of the mainshock. Mainshock depth is
estimated to be at about 7 km (4 mi.), although permanent station coverage in the epicentral area
is poor. The mainshock was preceded by a foreshock sequence that included 13 events with My,
greater than 2 beginning on July 31, 1999. Two aftershocks of M 4.8 and 4.9 occurred within
the first two days after the mainshock (Smith, K. 2000).

12.3.6 Induced and Triggered Seismicity

Identification of induced events is necessary to properly evaluate the distribution, characteristics,
and recurrence of natural tectonic seismicity for the probabilistic seismic hazard analyses.
Seismological analyses by the USGS and University of Nevada, Reno routinely attempt to
distinguish between the natural tectonic seismicity of the region and seismicity induced by
human activities, including underground nuclear explosions, their collapses and aftershocks,
Ochemical explosions associated with testing and mining activity, and seismicity associated with
the filling and subsequent level changes of Lake Mead.

At least one event, the 1992 Little Skull Mountain earthquake, appears to have been triggered by
seismic waves from a large distant earthquake. This type of earthquake triggering has
implications for the failure condition of faults in the area. Chemical blasting may have triggered
seismicity in the Bullfrog Hills west of the Bare Mountain fault and in various mining sites
around the region. The Nevada Test Site is the site of nuclear testing, and the level of seismic
activity may reflect tectonic release following the underground nuclear explosions. The area
around Lake Mead has experienced high levels of microseismicity related to the filling of the
reservoir behind Hoover Dam.

12.3.6.1 Earthquakes Triggered by Underground Nuclear Explosions

Large underground nuclear explosions (approximately 1 Mt) have been known to trigger release
of natural tectonic strain (Wallace, T.C. et al. 1983, 1985). Future testing could induce
displacements on faults in the Yucca Mountain site vicinity, but little coseismic release and
related effects have been observed beyond about 15 km (9 mi.) from even the largest nuclear
blasts (1 Mt). The underground nuclear explosion testing area closest to Yucca Mountain is the
Buckboard area, approximately 25 km (16 mi.) to the northeast. - Future underground nuclear

TDR-CRW-GS-000001 REV 01 ICN 01 12.3-21 September 2000



explosions would probably not be close enough to trigger seismicity on local faults at
Yucca Mountain.

" Vortman (1991) proposed that small-magnitude earthquakes are mainly induced by dynamic
stresses associated with seismic energy generated during the explosion or seem to be due to the
altered static stress field resulting from the explosion. That is, some events are triggered by the
arrival of the underground nuclear explosion phase; others appear to be responding to changes in
an altered stress field caused by the explosion. An underground nuclear explosion may cause a
stress change of several bars, a fraction of the lithostatic stress in the hypocentral region. Some
of the southern Great Basin may be in a state of critical stress in which a small perturbation in
the load on a fault, such as underground nuclear explosion-induced stress changes, could cause
the release of accumulated tectonic strain.

Portable instruments recorded about 2,500 earthquakes greater than M 2.0 from December 1968
through December 1970 and several other nuclear explosions following the Benham shot.
R.M. Hamilton et al. (1971) reported that 94 percent of the events with well-constrained focal
mechanisms were shallower than 5 km (3 mi.), but some events were as deep as 8 km (5 mi.).
Focal mechanisms show normal slip on north- to northeast-striking fault planes, implying a
down-to-the-west-northwest sense of motion for these earthquakes. Extensive aftershock
sequences followed several underground nuclear explosions in the Pahute Mesa area from 1968
through 1970 (Hamilton, R.M. et al. 1971). These sequences were not confined to the shot
locations, but were distributed along several mapped faults as far as 15 km (9 mi.) from the shot
points. Aftershocks of underground nuclear explosions also occurred in the Yucca Flat and
Rainier Mesa areas on the eastern Nevada Test Site, although they are not as numerous as the
triggered earthquakes in the Pahute Mesa area. An increase in seismicity occurred in the 1970s
following the initiation of underground testing in the southeastern Nevada Test Site south and
east of Yucca Flat.

12.3.6.2 Lake Mead Area

Since 1936, Lake Mead, the reservoir impounded by Hoover Dam, has been the site of induced
seismicity (Rogers and Lee 1976; Anderson, L.W. and O’Connell 1993). Microseismicity
continues to the present day in the Colorado River area east of Las Vegas. A summary from
L.W. Anderson and O’Connell (1993) follows.

The first felt earthquakes in the Lake Mead area occurred in 1936, 1 yr. after the filling of Lake
Mead. No instrumentation was located at Lake Mead and no record of microseismicity in the
area existed prior to 1936. Based on records of Lake Mead earthquakes at California Institute of
Technology stations, magnitudes have been revised from those based on felt reports. Only one
ML 5 event occurred, although several M| 4.9 events occurred. A special study (Rogers and Lee
1976) in 1973 using portable instruments resulted in the location of about 1,000 small
earthquakes in the Lake Mead zone of seismicity. The largest events recorded were M 3.
Hypocentral depth estimates were better constrained than-in previous studies. Depths ranged
from near the surface to 13 km (8 mi.), with most of the activity between depths of 2.5 and
9.5 km (1.6 and 5.9 mi.) and with a peak at about 5 km (3 mi.). Focal mechanisms from Rogers
and Lee (1976, p. 1675) show a range of faulting styles, with a preference for strike-slip motion
and northwest extension consistent with the regional stress field. A recalculation of the
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recurrence relations by LW Anderson and O’Connell (1993, p 70) using the Rogers and Lee

(1976) magnitude estimates shows a b-value of 1.29 for the Lake Mead seismicity as compared
" to a b-value of 0.9 estimated from a regional (200 km {124 mi.]) declustered catalog. A swarm

of five M greater than 3 earthquakes (main event M 3.7) in the Eldorado Mountains area near
Henderson, Nevada, was also followed by the deployment of portable seismographs by the
USGS. Focal mechanisms determined from that study also showed a range of normal, oblique,
and strike-slip solutions consistent with the known regional extension direction.

.12.3.6.3 Other Triggered Earthquakes

The triggering of aftershocks by underground nuclear explosions at the Nevada Test Site and the
continued occurrence of induced seismicity near Lake Mead suggest that a number of faults in
the southern Great Basin may be near failure. Evidence strongly suggests that the Little Skull
Mountain earthquake was triggered by the Landers earthquake 225 km (140 mi.) to the south less
than 24 hr. earlier. An increase in microearthquake activity in the vicinity of Yucca Mountain
was observed beginning in the coda of the Landers event (Bodin and Gomberg 1994). The
activity accelerated over the next 23 hr., culminating in the Little Skull Mountain mainshock,
perhaps indicating that the Little Skull Mountain region was near failure and that the Landers
earthquake hastened the time of rupture.

The Landers earthquake also apparently triggered smaller earthquakes in the western United
States as far away as the Yellowstone caldera (Hill, D.P. et al. 1993). Following the Landers
mainshock, Johnston et al. (1995) observed a transient strain change associated with an increase
in seismicity at the Long Valley caldera. The occurrence of the Landers earthquake produced an
unprecedented increase in seismicity in the Eastern California shear zone (Roquemore and

Simila 1994) and in the Sierra Nevada-Great Basin boundary zone, prompting several studies of

the possible triggering mechanisms. The specific mechanism involved remains uncertain, but the
dynamic strain associated with the propagation of long-period surface waves from the Landers
earthquake may have initiated a failure process involving fluids or sympathetic slip or creep
(Hill, D.P. et al. 1993; Bodin and Gomberg 1994). Bodin and Gomberg (1994) proposed that
dynamic stresses resulting from surface waves from the Landers earthquake initiated the Little
Skull Mountain sequence, and Gomberg and Bodin (1994) have proposed a model in which
static strain was propagated through interconnecting fault systems, ultimately triggering failure
of the fault at Little Skull Mountain.

- Perturbations in the timing of earthquakes as a result of tectonic or nontectonic triggers have no

impact on probabilistic hazard estimates, which assume earthquakes behave in a Poissonian
manner, but they may affect the timing of earthquakes where near-failure conditions exist.
The earthquakes probably would occur at some later time, as evidence suggests that some faults
in the southern Great Basin may be at a critical stress state, but the amount of time in which the
failure process is accelerated is uncertain.

12.3.7 Prehistoric Earthquakes at Yucca Mountain

Prehistoric earthquake studies have been conducted to determine the magnitude and frequency of
surface rupture on active faults in the Yucca Mountain area. These studies provided some of the
information necessary for the seismic source characterization component of the probabilistic
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seismic hazard analyses project for-Yucca Mountain (Section 12.3.10). The seismic source
models developed for the evaluation are fully described in Wong and Stepp (1998), whereas this
section summarizes the prehistoric earthquake information considered in developing these
models.

12.3.7.1 Prehistoric Earthquake Data

Investigations were conducted to identify faults in the Yucca Mountain area that have evidence
of Quaternary displacements (Reheis 1991, 1992; Reheis and Noller 1991; Dohrenwend
et al. 1991; Dohrenwend et al. 1992; Anderson, R.E., Bucknam et al. 1995; Anderson, RE.,
Crone et al. 1995; Piety 1996). These studies were reconnaissance in nature, consisting of a
combination of literature research, aerial photographic interpretation, and field traverses to
evaluate offset geomorphic surfaces and fault scarps. These studies identified 105 faults with
known or suspected Quaternary activity within a 100-km (60-mi.) radius of the potential
repository site at Yucca Mountain (Figure 12.3-12). Summaries of each fault included in the
probabilistic seismic hazard analyses (Wong and Stepp 1998) or considered relevant by
Pezzopane (1996) are presented in Section 12.3.7.8.

Studies, including detailed field mapping, have also been conducted of faults at and near Yucca
Mountain with known or suspected Quaternary activity (Faulds et al. 1994; Simonds et al. 1995;
Whitney and Taylor 1996). This work identified the location and surface characteristics of the
mapped faults and identified locations where Quaternary displacement is evident. Specific
physiographic and structural evidence for Quaternary displacements was identified and mapped.
Bedrock faults that lack evidence for Quaternary displacements also were mapped (Scott and
Bonk 1984; Scott 1992).

Displaced or deformed alluvial and colluvial deposits record late Quaternary faulting along
nine local faults in the Yucca Mountain area (Figure 12.3-13). These faults include, from west to
east, the Northern Crater Flat, Southern Crater Flat, Windy Wash, Fatigue Wash, Solitario
Canyon, Iron Ridge, Stagecoach Road, Bow Ridge, and Paintbrush Canyon faults. Estimates of
several paleoseismic parameters for local site faults, including information on fault lengths,
probable rupture lengths, and geometric relations between faults, are primarily based on the map
compilation of Simonds et al. (1995).

The Quaternary faults at Yucca Mountain share common characteristics (see Section 4.6). They
bound east-dipping fault blocks and displace bedrock down to the west; displacement is
dominantly dip-slip, with varying amounts of left-oblique slip. Sections of some of the faults,
particularly those on the west side of Yucca Mountain, are associated with piedmont fault scarps
developed in basin-fill alluvium. Displacement generally increases to the south along each
- north-trending fault. Fault lengths (with evidence of Quaternary movement) range from less than
2 km to about 28 km (2 to about 17 mi.). The faults are closely spaced, with interfault distances
on the order of 0.5 to 2 km (0.3 to 1.2 mi.) measured perpendicular to strike.

The faults at Yucca Mountain display anastomosing geometries in plan view (Figure 12.3-13).
Numerous bifurcations and splays are indicated by the merging and branching of individual fault
strands. These patterns indicate that many of the faults or fault splays are structurally
interconnected along strike. The overall pattern suggests that the faults on the east and west
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sides of Yucca Mountain represent two major subparallel interconnected fault systems. How
these systems are kinematically related to one another is not obvious from the mapping or from
geophysical data. HoweVéf, a number of factors suggest that distributed faulting events
(i.e., simultaneous rupture on more than one individual fault), have occurred on both the east and
west sides of Yucca Mountain. Fault characteristics that support distributed faulting include the
following:

» Close spacing between faults
¢ Interconnectedness of many faults

» Timing of paleoseismic events (summarized in Section 12.3.7.3 and Pezzopane,
Whitney, and Dawson [1996])

o Patterns of principal and distributed faulting observed from historical earthquake
ruptures in the Great Basin (Pezzopane and Dawson 1996).

Prehistoric earthquakes are interpreted on the basis of displacement of Quaternary deposits and
timing of surface ruptures at specific locations. A total of 52 exploratory trenches and natural
exposures have been excavated, cleaned, and logged in the past 20 years as part of
seismotectonic investigations in the Yucca Mountain site area (Swadley et al. 1984; Whitney and
Taylor 1996). Forty of these trenches and exposures are located across nine local Quaternary
faults described above. In the central repository block, the remaining 12 trenches are situated
across bedrock faults, which lack direct evidence for Quaternary activity. Twenty-eight trenches
display clear evidence for displacement of Quaternary deposits across the fault traces. The other
trenches lack evidence of Quaternary displacement, either because the trench did not intersect a
fault in surficial deposits or because undisturbed deposits were found to overlie a bedrock fault.
Trenches that expose unfaulted Quaternary deposits above bedrock faults also provide
constraints on the maximum possible length of prehistoric surface ruptures during the
Quaternary age.

An additional 11 trenches were excavated across the nearby Bare Mountain and Rock Valley
faults, located within a 20-km (12-mi.) radius of the site. All of these trenches exposed displaced
Quaternary deposits.

The number of sites at which trenches were excavated on an individual fault varies from two to
eight. Trenches were placed where geomorphic characteristics suggested that maximum or most
recent displacement could be studied. Because trenches were not located along the entire extent
of rupture of an individual fault, trench data provide minimum rupture length information for the
faulting scenarios discussed below and in Section 12.3.7.3.

Paleoseismic data important to seismic hazard assessment that were collected or interpreted from
trench sites include fault geometry, the character and ages of faulted and unfaulted Quaternary
surficial deposits and soils, the number and ages of individual surface displacement events,
displacement amounts, earthquake recurrence, and fault slip rates (Allen 1986; Schwartz, D.P.
1988; dePolo and Slemmons 1990; Reiter 1990; Coppersmith 1991). Paleoseismic data,
summarized in Tables 12.3-8 and 12.3-9, are based on the detailed descriptions of individual
trench investigations reported by Whitney and Taylor (1996).
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Data were collected at each trench or exposure using a prescribed set of basic logging procedures
(Whitney and Taylor 1996, pp. 4.0-8 to 4.0-12). Trench walls were cleaned to allow
identification and mapping of faults, deformation features, and the stratigraphic and soil relations
of surficial deposits. Structures, stratigraphic contacts, and soil-horizon boundaries were
identified and flagged, and the relative position of flagged features were measured and plotted on
trench logs using one of three methods: (1) manual gridding and plotting, (2) theodolite
measurement, and (3) close-range photogrammetry (Hatheway and Leighton 1979; Fairer et al.
1989; Coe et al. 1991). Deformation features, stratigraphic units, and soils were measured and
described and, where possible, stratigraphic units and soils related to faulting events were
sampled for geochronologic dating. An example log is shown on Figure 12.3-14. Logs of
excavations and field data were integrated to derive paleoseismic interpretations of the
stratigraphic position of faulted umits, the amount of displacement per event, recurrence of
faulting events, and slip rates.

The term “event” refers to a specific coseismic surface rupture or deformation occurrence.
It may include either displacement or only fracturing with no displacement. Table 12.3-8 is a
listing of the “events” recognized from paleoseismic studies at Yucca Mountain. Commonly, an
event is associated with a distinct stratigraphic horizon, or event horizon, that represents the land
surface at the time of the earthquake. Some events at different sites may not be separate
prehistoric earthquakes, but instead may be associated with a single earthquake with rupture
~ distributed on adjacent faults. Attempts to temporally and spatially correlate events between
sites along different Yucca Mountain faults are referred to as rupture scenarios. Identification of
rupture scenarios is discussed in more detail in Section 12.3.7.3 and Pezzopane, Whitney, and
Dawson (1996).

Several criteria were used to identify individual fault displacement events in trench
wall exposures:

¢ Abrupt offset or backtilting of marker horizons, contacts, or units across the fault

* Recognition of buried deposits or features, such as scarp-derived colluvial wedges or
debris-filled fault fissures, which commonly are associated with surface ruptures
(Nelson, A. 1992)

o Upward termination of fractures, fissures, or shears at the base of a stratigraphic horizon.

Commonly, uncertainties are assoctated with the identification of some rupture events at a given
site due to ambiguities and complexities in structural and stratigraphic relationships. Thus, a
qualitative rating of the confidence in identification of events was developed (Table 12.3-8b).
In some trenches, paleoseismic reconstructions primarily depend on interpretations of fault-
related colluvial deposition in the hanging wall adjacent to the fault, not on offset Quaternary
deposits. The result may be an overestimation of the number of events. Direct measurement of
offset of Quaternary units is available from only six trenches and natural exposures, because
most trenches were located where faults separate bedrock from colluvium. Not all events are
represented in the stratigraphic record because of a number of factors, including poor
stratigraphic definition, pedogenesis, deformation during subsequent events, and erosion or
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nondeposition of units. The completeness of event recognition varies from site to site, but
generally decreases as the age of deposits increases.

A range of geologic interpretations may be made from deposits and structures observed in
exploratory trenches at Yucca Mountain. The interpretations may include the following:
(1) independent fault rupture; (2) distributed faulting; (3) triggered slip; (4) aseismic strain, such
as fault creep and folding; (5) mass movements, possibly induced by earthquakes, volcanic
eruptions, or climatic events; (6) fissures and compaction related to deposition, groundwater
fluctuations, or pore water volume changes, also possibly induced by local earthquakes, volcanic
eruptions, or climate changes; (7) mechanical piping associated with groundwater fluctuations,
possibly induced by local earthquakes, volcanic eruptions, or climate changes; (8) bioturbation
from plant roots and animal and insect burrows; (9) expansive effects associated with pedogenic
carbonate accumulation and crystallization, especially in the fault zone, within the footwall, or
near the bedrock-alluvium contact; (10) effects associated with shrink/swell behavior of
expansive clays during periods of hydration and dehydration; (11) channeling and hillslope
erosion along old bedrock faults; and (12) deposition due to climate change. Within the context
of the recognized geologic, hydrologic, and seismotectonic setting of Yucca Mountain, all of
these mechanisms could produce or enhance some of the fault-related features exposed at Yucca
Mountain. Some mechanisms (1 and 2) occur durmg only moderate- to large-magnitude local
earthquakes, whereas others (3, 5, 6, and 7) could be associated with almost any size local or
regional earthquake. A number of mechanisms (5 through 12) are nontectonic processes that
likely have operated at Yucca Mountain at different times and to differing degrees.
Distinguishing which of these processes is responsible for a specific feature or deposit is difficult
because similar-looking features (e.g., cracks and fissures) may originate from different
processes. Thus, care must be taken to consider these sources of uncertainty when interpreting
the paleoseismic history for Yucca Mountain.

Accounting for the various geologic processes, evidence exists for recurrent middle to late
Quaternary fault displacement activity on the block-bounding Quaternary faults in the Yucca
Mountain site area (Tables 12.3-8 and 12.3-9). At least two, and as many as eight, individual
displacement events are evident. These events are associated with discrete displacements related
to either individual or scenario earthquakes (see Section 12.3.7.4). The events due to fracturing
and fissuring with no detectable offset are nearly as common as displacement events.
The fracturing events, if tectonic in origin, record relatively frequent, small- to moderate-
magnitude earthquakes that do not produce measurable rupture at the surface. Altematively,
they are a record of distributed faulting and fracturing produced by rarer, larger-magnitude,
surface-rupture earthquakes on one of several nearby faults, or large distant earthquakes.

12.3.7.2 Fault Slip Rates

Fault slip rate is the time-averaged rate of displacement on a fault in millimeters per year. Slip
rate is an important paleoseismic parameter; it is a standardized measure of activity on the fault,
which can be directly used for comparing the activity of many different faults. Fault slip rates
are calculated by dividing the amount of cumulative net slip by the age of a specific faulted
deposit or horizon. Fault slip rates were computed at each trench site from measurements of the
observed net displacement of one or more dated units. Minimum, maximum, and preferred slip
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rates were calculated at each site. These rates vary over a large range of values. The range of
slip rates reflects uncertainties in both age control and displacement measurements.

In practice, attention must be directed at the relative time spans included in slip-rate calculations
(McCalpin 1995). Meaningful slip rates should span at least several seismic cycles, as indicated
by multiple displacement events. This is particularly important for long recurrence, low slip-rate
faults such as those observed at Yucca Mountain. Fortunately, deposits as old as middle to late
Quaternary are exposed at most trench sites (Section 12.3.7.3). These deposits provide
sufficiently long paleoseismic records to yield valid average fault slip rates. At Yucca Mountain,
slip rates are averaged values derived from the oldest faulted units with adequate age control,
which typically are displaced by two, and commonly three or more, events.

The spatial distribution of fault slip-rate measurements for local faults at Yucca Mountain is
determined by the distribution of trench sites with suitable paleoseismic data (Figure 12.3-13).
One to four slip-rate determinations were computed for nine of the Quaternary faults at Yucca
Mountain, as well as the nearby Bare Mountain and Rock Valley faults. The level of study of
known and suspected Quaternary faults at distances greater than about 25 km from Yucca
Mountain is lower, except for the large, high slip-rate Death Valley and Furnace Creek faults
(Figure 12.3-12). Trench-derived paleoseismic data, most suitable for slip-rate calculations, are
not available for most regional faults. Instead, estimates, with large uncertainties, are derived
from the observed offset of geomorphic surfaces using generalized ages based on soil
development (Whitney and Taylor 1996, p. 4.0-12). The morphology and distribution of alluvial
fan surfaces adjacent to the range front have been used to calculate Quaternary slip rates on the
Bare Mountain fault (Ferrill et al. 1996, 1997), but results from these analyses are controversial
(Anderson, L.W. et al. 1997; Ferrill et al. 1997).

Estimates of slip rates for faults at Yucca Mountain vary from 0.001 to 0.07 mm/yr. (4 x 10” to
3 x 107 in/yr.). (See Table 12.3-9, Section 12.3.7.8, and Whitney and Taylor [1996] for more
detailed discussions.) Preferred slip rates are on the order of 0.002 to 0.003 mm/yr. (8 x 107 to
1 x 10 in./yr.). and 0.05 mm/yr. (2 x 107 in./yr.). For comparison, slip rates for regional faults
in the southern Basin and Range Province range over several orders of magnitude, from
0.00001 mm/yr. to as high as 6 to 13 mm/yr. (0.24 to 0.51 in./yr.) for the very active Furnace
Creek fault (Klinger and Piety 1996, p. 56) (Section 12.3.7.8).

Even given the uncertainties in slip-rate estimation, the slip rates at Yucca Mountain are low to
very low. For example, faults with slip rates of 0.01 mm/yr. (4 x 10* in./yr.) or less are
associated with extremely low rates of activity in a classification of active faulting developed by
Slemmons and dePolo (1986). The slip rates observed at Yucca Mountain fall within the
moderately low to low activity fault classification in a regional scheme developed by dePolo
(1994a, p. 49) that uses slip rates to categorize the activity of normal faults in the Basin and
Range Province. The slip rates on faults at Yucca Mountain are equal to or less than the lowest
values in a regional compilation of slip rates developed by McCalpin (1995) from fault studies in
the entire Basin and Range Province. Only slip rates from the Pitaycachi fault in the southern
Basin and Range Province are in the same general range of values as the Yucca Mountain faults.
It should be noted that paleoseismic investigations capable of providing slip rates are rarely
conducted on faults with these low rates of activity.
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The spatial distribution of slip rates among faults at Yucca Mountain is shown on
Figure 12.3-15. Slip rates are generally lowest at northern sites, intermediate at central sites, and
highest at the southernmost sites. This southern increase in the level of Quaternary tectonism
resembles other late Cenozoic tectonic patterns at Yucca Mountain. For example, the cumulative
offset of bedrock units generally increases to the south along faults at Yucca Mountain
(Scott 1990). Similarly, in the Yucca Mountain area the fotal amount of extension across all of
the faults increases to the south (Fridrich et al. 1996). Also, the amount of paleomagnetic
rotation of volcanic rocks increases southward (Rosenbaum et al. 1991; Hudson et al. 1994).

The Stagecoach Road and southern Windy Wash faults (Figure 12.3-12) provide a comparison
between long- and short-term slip rates (Whitney, Menges et al. 1996). Long-term rates are from
offsets of two volcanic units dated at 8.5 to 3.7 Ma. These units are vertically displaced
approximately 100 m (328 ft) vertically across the southern ends of the faults, yielding long-term
slip rates of 0.012 to 0.027 mm/yr. (5 x 10*to 1 x 10 in./yr.) over Plio-Quaternary time. The
rates are generally similar, within the same order of magnitude, for preferred late Quaternary slip
rates of 0.01 to 0.05 mm/yr. (4 x107 to 2 x 107 in./yr.)computed from the paleoseismic trench
data.

Volcanic units of differing ages display similar amounts of offset, suggesting a 2- to 4-m.y.
hiatus in significant Pliocene activity on both faults. Fox and Carr (1989) suggest a similar
hiatus in the Crater Flat basin, with basin extension and faulting resuming with the 3.7-Ma
episode of volcanism. This hypothesis is also supported by the analysis of Fridrich et al. (1996).

12.3.7.3 Timing of Surface-Displacement Events and Possible Distributive Rupture
Scenarios

Estimates of timing of surface-rupture events form the basis for developing earthquake
recurrence models, computlng fault slip rates, and correlating dlsplacements along faults in
distributive faulting scenarios. The timing of individual events at a given site is constrained by
ages of faulted and unfaulted deposits and soils either exposed in trenches excavated across the
fault or located adjacent to the surface trace of the fault.

The ages of faulting events are best constrained at trench sites where successfully dated
stratigraphic or soil units can be directly tied to displacement events. In some cases, the dated
units are features, including scarp-derived colluvial wedges on the hanging wall and fissure fills
or carbonate laminae in fault zones, that can be directly associated with a faulting event. In the
cases of colluvial wedges and fissure fills, they may postdate the event by a few hours or years.
More typically, age control is provided by faulted or unfaulted deposits or soils that
stratigraphically overlie or underlie the event horizon. This condition provides only upper and
lower temporal bounds on the rupture event. Without a direct physical line to the event, the
amount of time between deposition of the dated units and the event itself is unknown. In some
cases, this intervening amount of time can be approximated by observing the degree of soil
development on the deposits. Pedogenesis suggests a period of surface stability during which
deposition and erosion are minimal (Birkeland 1984).

Ages of regional fault displacement events have been estimated from one or more geomorphic
characteristics, including the surface expression of the fault, fault scarp morphology, and
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relationship of the fault to adjoining Quaternary surfaces and deposits, with age assignments
based on surface morphology or soil development.

Ages of faulted and unfaulted units and soils are based on geochronologic studies. An ongoing
integrated program, initiated in 1992, provides specific geochronologic control for paleoseismic
investigations at Yucca Mountain (Paces et al. 1994, 1995; Whitney and Taylor 1996). This
program employs two basic absolute dating techniques: thermoluminescence analysis of fine-
grained, polymineralic sediment, and U-Th disequilibrium series (U-series) analyses of
pedogenic carbonate-silica laminae and clast rinds, matrix soil carbonate, and rhizoliths
(carbonate-replaced root casts).  These techniques have undergone extensive testing,
development, and refinement during the course of the studies.

Additional geochronologic constraint is provided by correlation of trench deposits and soils with
a composite Quaternary chronosequence of surficial deposits in Yucca Mountain (Section 4.4.3)
(Whitney, Taylor, and Wesling 1996; Taylor 1986; Peterson 1988; Hoover, D.L. 1989; Wesling
et al. 1992; Lundstrom et al. 1993; Peterson et al. 1995). Age assignments for map units in this
regional chronosequence are based on a number of geochronologic techniques, including "*C
dating of charcoal, '*C and cation ratio dating of rock varnish on geomorphic surfaces,
thermoluminescence dating, and U-series and U-trend dating of soil carbonate. Some age-dating
techniques that were used earlier in the project, such as U-trend dating of soil carbonate, have
since been found to be unreliable (e.g., Latham 1995). Data from these techniques have not been
used in the geologic site characterizations. Compilations of all Quaternary age determinations
completed in the Yucca Mountain area as part of both trench-specific and regional stratigraphic
studies are in Whitney, Taylor, and Wesling (1996, Tables 3.4-2 and 4.1.4-1).

The distribution and quality of geochronologic control of displacement-event ages varies widely
on faults studied in the Yucca Mountain area. Samples for dating have been collected from
mapped lithologic units and soils at almost all trench sites that contain evidence for paleoseismic
events. Thus, at least one, and commonly two or more, data sites are on all of the trenched
Quaternary faults in the Yucca Mountain vicinity (Figure 12.3-13). The number of samples
collected varies widely among sites; typically at least 3 and locally as many as 12 dates were
determined at a single locality.

Individual age determinations vary widely in quality and resolution. This variation primarily
reflects intrinsic problems in the suitability of the materials available in the trenches for sampling
and analysis. Commonly, only loose sand and silt could be collected for thermoluminescence
and porous, impure secondary carbonate affected U-series dates. The quality of dates obtained
generally has improved with time due to continual refinement of sampling and laboratory
procedures. In particular, the reliability and precision of U-series ages has improved since 1994
with use of mass spectrometry analysis of small, precisely located samples and collection of
more reliable materials, such as secondary silica rinds on clasts.

Geochronologic studies have revealed that deposits and soils exposed in trenches vary in age
from late Holocene (1 to 2 ka) to early Pleistocene (1 Ma). For example, trenches have exposed
deposits that are as old as 400 k.y. on the Windy Wash and Fatigue Wash faults, up to 750 k.y.
(Bishop ash in natural exposures) on the Paintbrush Canyon fault, and over 900 k.y. (U-series-
dated soil) on the Solitario Canyon fault. The mapped Quaternary stratigraphy provides a long
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record of paleoseismic activity for characterization of the long recurrence, low slip-rate faults at

Yucca Mountain. The resolution and completeness of the paleoseismic record of faulting events
decreases with increasing agé. In particular, in deposits older than 500 k.y., fewer events are
recognizable and the geologic context of those identified is more poorly understood.
This situation is due to incompleteness of older stratigraphic records, deformational overprinting
by younger events, and commonly poorer resolution in age control for older deposits.
The inventory is most complete and the age data are of highest quality for displacement events
that occurred within the past 150 k.y. Thus, this time interval is emphasized in developing
recurrence models and rupture scenarios.

Table 12.3-8, updated from Pezzopane, Whitney, and Dawson (1996), provides maximum and
minimum age estimates for each event interpreted at trench sites where direct age control is
available (see also Whitney and Taylor 1996). Indirect evidence for event timing accounts for
the wide time range given for most of the events. Additional uncertainty in event ages is due to
error in the bounding age estimates themselves. Preferred dates or ranges of ages (Table 12.3-8)
are based on available geologic constraints in addition to the bounding dates of trench units.
A midpoint or midrange of the bounding dates was chosen to represent the preferred age of the
event if no. additional constraints could be made.

Nine rupture scenarios were developed for the main Quaternary faults at Yucca Mountain
(Table 12.3-10). The scenarios accommodate distributed displacements on more than one fault
during a single prehistoric earthquake (Figure 12.3-16 and Table 12.3-9). Methods for
identifying scenarios and the characteristics of each scenario are described by Pezzopane,
Whitney, and Dawson (1996). The scenarios are based on correlations of event timing data
within the past 150 k.y. between individual trench sites on each of the faults. The scenario
correlations are developed from simple probability distribution plots with three basic shapes
(boxcar, triangle, and trapezoid), which represent the minimum, maximum, and preferred timing
constraints for a given event at each site, using the timing data in Table 12.3-8. The event timing
distributions are superposed upon one another and a simple average is calculated from the
number and sum of the overlapping distributions. Peaks in the cumulative probability density
function occur at times when more than one event’s distribution function overlaps with another
event’s timing. At times when two or more events overlap, the cumulative average is higher than
when no events overlap. Thus, the shape and overall range of the cumulative distribution
characterizes the resultant event correlations and their timing distributions for the different
recurrences presented here.  Scenarios identified in this manner are then tested for
reasonableness using other geologic constraints, such as correlations of deposits and soils offset
by the event at the trench sites involved in the scenario, the spatial association of these sites, and
the structural and geophysical relationships of faults in the scenario. Préferred ages for all of the
nine rupture scenarios thus identified are listed in Table 12.3-10. The correlations are rated also
as high, moderate, or low on the basis of both geochronologlc and geologic constraints.

12.3.7.4 Per-Event Displacements

Per-event displacements are an important paleoseismic parameter for estimating the maximum
magnitude of prehistoric earthquakes (see Section 12.3.7.7). The most precise per-event
displacements were estimated directly from trench log data. Up to eight measurements of

" per-event displacement are available for faults at and adjacent to the Yucca Mountain area
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(Table 12.3-8). Fewer data on per-event displacements are available for regional faults, and the
estimates generally are less precise. They are based primarily on the projected measurement of
geomorphic surfaces across topographic scarps or the surface trace of the faults
(Section 12.3.7.8).

Per-event displacement data are obtained from trench logging in the following manner. Where

possible, displacements associated with each faulting event are determined directly by measuring
the apparent offset of marker horizons across the fault, and then subtracting the amount of offset
related to any younger events identified higher in the stratigraphic section. This procedure
cannot be used if different deposits are present on opposite sides of the fault. For example, at
some sites, late Quaternary deposits on the hanging-wall block are faulted against much older
deposits or bedrock on the footwall block. Several methods are used in this situation. In some
cases, rupture amounts are derived from the thickness of fault-related colluvial wedges, which
may result in minimum estimates that are 50 to 80 percent of the actual surface displacement
(e.g., Swan et al. 1980, p. 1441). An alternative method involves measuring vertical separation
between a displaced event horizon in the hanging-wall block and the stratigraphically highest
faulted unit on the footwall block. Displacements per event are then derived by subtracting from
this measurement the offsets related to events stratigraphically higher in the hanging-wall block.
A similar technique uses the stratigraphic thickness of deposits between successive event
horizons on the hanging-wall block as a maximum estimate for the displacement associated with
the stratigraphically lower event. Measurement uncertainties, inherent in all of these methods,
are included in the range of displacements reported. The resolution of per-event displacement
measurements generally decreases with increasing age due to the propagation of measurement
error for successively older displacements in an event sequence.

Dip-slip values for single-event displacements are adjusted to derive net-slip estimates wherever
possible. The amount of normal-oblique slip is calculated for any site that contains possible slip
indicators. Examples of slip indicators include Quaternary slickensides on bedrock shears or,
less reliably, fault striations on carbonate coatings. At some sites, units in the hanging wall are
deformed near the main fault zone either by backtilting towards the fault surface or by
development of antithetic grabens. The effects of this secondary deformation are removed by
projection of displaced horizons into the fault zone from undeformed sections of the hanging
wall and footwall prior to measuring displacements on the main fault. All measurement
uncertainties are incorporated in derivations of net single-event displacements. Slip indicators
clearly associated with Quaternary displacements were rarely observed. Consequently, studies in
Whitney and Taylor (1996) often report dip-slip estimates of single displacements that do not
consider modest components of lateral slip. The few slip indicators observed increased
displacement amounts by factors of 1.1 to 1.7.

Table 12.3-8 includes maximum, minimum, and preferred estimates of displacements for each
event. Table 12.3-9 summarizes this information for each fault. Most of the uncertainty in the
estimates results from measurement uncertainties noted above. Preferred values are based on
additional geologic constraints and/or the judgment of the investigator. Preferred per-event
displacements vary from near 0 to 824 cm (0 to 324 in.). Fracture events with no detectable
offsets are also identified in the table. Disregarding events that occurred more than 500 ka,
12 events have preferred displacements equal to or greater than 50 cm (20 in.) or maximum
displacements equal to or greater than 100 cm (39 in.). These displacement events form the basis
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for one of the inter-event recurrence models (model 1) described in Section 12.3.7.6.
Displacements per event are larger (150 to 824 cm [59 to 324 in.]) for the Rock Valley and Bare
Mountain faults. Available estimates of single-event displacements for regional faults are in the
general range of those for site faults, with the exception of displacements of 240 to 470 ¢m (94 to
185 in.) on the Death Valley-Furnace Creek fault system.

Single-event displacements are also tabulated for each of the nine scenarios of distributive
faulting at Yucca Mountain described in the previous section. Paleoseismic displacements are
compiled and plotted as a function of position along the faults, providing a crude slip distribution
for each scenario earthquake (see Pezzopane, Whitney, and Dawson 1996). A method is used to
project along-trace fault lengths and paleoseismic study sites onto a north-south plane using a
join line at 36°50"N. Displacements associated with each rupture scenario are plotted at the
projected position onto this line.

Generally, several scenarios exhibit asymmetrically shaped slip distributions, with displacements
increasing to the south. At least one scenario (scenario U) displays a more symmetric triangular-
shaped distribution, whereas scenarios V and S appear to be relatively flat.

12.3.7.5 Rupture Length Constraints

Coseismic surface-rupture length is an important parameter used to define the maximum
magnitudes of prehistoric earthquakes. Estimated rupture lengths for prehistoric earthquakes are
restricted by surficial mapping data, the locations of trenches, and displacement-event timing
data. As noted previously, trench sites generally are located for purposes other than defining
paleorupture length. The length of a rupture is determined by the lateral extent a given event can
be identified along one or more faults. In some cases, this identification is accomplished via
event correlations between sites using similarities in ages and other supportive geologic criteria
(see Section 12.3.7.3). Surface-rupture lengths may be equivalent to the total fault length or may
be restricted to a specific portion, or segment, of the fault, as discussed below.

Lengths of individual site faults and regional faults in the Yucca Mountain area have been
measured along their curvilinear traces (Tables 12.3-8 and 12.3-11, Section 12.3.7.8) (Pezzopane
1996, Table 11-1; Piety 1996). Maximum, minimum, and preferred lengths are given in
Table 12.3-8 for the site faults. These variations in length reflect the manner in which specific
disconnected sections of mapped fault traces could be linked together. Individual site fault
lengths vary from 1 to 35 km (0.6 to 22 mi.). Fault lengths in the region surrounding the site
range from several kilometers to more than 300 km (186 mi.) for the Death Valley-Furnace
Creek-Fish Lake fault system. Except for very long, likely segmented faults, the total measured
length of a fault represents its maximum rupture potential. This assumption is considered
reasonable, especially for short faults at Yucca Mountain with mapped lengths of 5 to 30 km
(3 to 19 mi.) based on the relationships identified by D.L. Wells and Coppersmith (1994) and
Pezzopane and Dawson (1996).

Fault lengths determined from their mapped surface traces do not always correspond to the
length of coseismic surface rupture. Coseismic surface rupture may be segmented, that is,
confined to a particular section of the fault because of geometric irregularities, physical
characteristics of the fault zone, or by the magnitude of the associated earthquake (Aki 1979,
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1984; Schwartz, D.P. and Coppersmith 1984, 1986; Schwartz, D.P. 1988). Segmentation of fault
rupture can be proposed only when analysis of timing constraints on displacement events from
~ multiple sites along a fault or system of faults is used. Even then, resolution of chronologic
methods is not sufficient to preclude multiple closely timed events. Rupture segmentation is
considered likely on most of the long regional faults, although adequate timing data for faulting
events generally are not available to precisely define segment boundaries and lengths.

The presence of rupture segmentation on local Yucca Mountain faults is not well established.
However, based on geometric complexities, possible fault segments are identified on at least
three local site faults: the Paintbrush Canyon, Solitario Canyon, and Windy Wash faults
(Table 12.3-8). The distribution and resolution of events data are not sufficient to uniquely
constrain any rupture segmentation on these three faults. Most of the geometric segments are
short (5 to 10 km [3 to 6 mi.]) and are, therefore, considered unlikely to rupture independently;
however, the displacement-timing data suggest that the entire lengths of the faults may not have
ruptured in all displacement events. To account for possible rupture segmentation on site faults,
minimum rupture lengths are determined for each scenario rupture based on the distribution of
sites that contain a given event.

Maximum and minimum lengths are estimated for the nine rupture scenarios proposed for
distributed faulting on local site faults (Section 12.3.7.3, Table 12.3-10, Figure 12.3-16).
The fault trace lengths and locations of paleosetsmic study sites associated with each scenario are
projected into a common plane using the projection technique developed for scenario
displacements. This method provides a way to obtain composite rupture lengths for scenario
events that span more than a single fault at Yucca Mountain. This projection method has
inherent distortion that may overestimate rupture length by 1 to 2 km (0.6 to 1.2 mi.).

Minimum rupture lengths are derived from the northernmost and southernmost trenches that
contain the same displacement event associated with a particular scenario. In instances where no
trench data are available to constrain the surface-rupture extent, the endpoints of ruptures along
nearby faults with trench data are used. In most cases, this results in a partial rupture length
relative to the entire length of the projected fault system. Note that on some faults, estimates of
minimum rupture length are based on paleoseismic evidence that indicates that an event at a site
did not occur. This results in a rupture length that is shorter than would be obtained using the
trench-to-trench length method. Maximum rupture lengths are estimated by using the longest
fault or combination of faults based on the preferred fault length measurements (Table 12.3-8).
Maximum scenario rupture lengths are derived by assuming that an entire fault ruptured if any
‘study site had evidence for the scenario event. As with the minimum rupture length estimates,
the maximum scenario rupture length using the entire fault length can be superseded when
paleoseismic data preclude the occurrence of a particular scenario event. Thus, in a few cases,
the maximum rupture length is shorter than the length of any individual fault involved in the
scenario rupture.

12.3.7.6 Recurrence Intervals

Recurrence interval is defined in this section as the time interval between successive surface-
rupture earthquakes. It is an important temporal measure of fault behavior in seismic hazard

analysis. Recurrence intervals are calculated for individual faults at all relevant sites using
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paleoseismic data of the number and timing of coseismic”Siirface-rupture events. Individual
recurrence intervals are estimated when there is adequate age control to isolate the timing
- between specific pairs of events. Recurrence interval errors are smaller when dated units are
colluvial wedges or fissures that can be directly tied to faulting events. Unfortunately, this
condition is rare in the study trenches. More commonly, deposition occurred at an unknown
time prior to or following an event. Thus, the ages for events bracketed by the poorly dated
deposits are uncertain. In these cases, an average recurrence interval is calculated by dividing
the time bracketed with the age estimates by the number of potential events. Uncertainties in
both the dating of units (reported as + 2c) and the number of possible events are incorporated
into the reported ranges of recurrence intervals. Late Quaternary recurrence intervals typically
are shorter than those of older (greater than 100 to 200 ka) events because small displacement
events are better preserved in younger deposits and these deposxts are more likely to have better
age control.

At least one, and commonly two or more, recurrence interval estimates are made along
individual faults at Yucca Mountain (Whitney and Taylor 1996). Average recurrence intervals
of individual faults range from 5 to 270 k.y.; preferred average recurrence intervals for all events
range from 5 to 200 k.y. (Table 12.3-9). The long recurrence intervals are likely due to relatively
small numbers of observed displacements in middle Pleistocene deposits. The range in preferred
recurrence intervals between specific events is similar, although they are less than or equal to
50 k.y. for a few faults (e.g., Stagecoach Road and Rock Valley faults) and as great as 100 to
200 k.y. (with large errors associated with poor age control). Average recurrence intervals of
10to 30 k.y. estimated for the Stagecoach Road and Rock Valley faults are poorly resolved
because of poor date constraints on some events.

Estimates of recurrence intervals for regional faults are, in géneral, based on limited
- paleoseismic data. Recurrence intervals vary from up to 100 k.y. to as little as 0.5 to 1.5 k.y. for
the Death Valley and Furnace Creek faults (see Section 12.3.7.8 for discussion of these sources).

Because the Quaternary faults in the Yucca Mountain site area have independent rupture
histories, the potential repository site has experienced local earthquakes, on average, more
frequently than the average recurrence interval of any given fault. Three recurrence models,
presented in Pezzopane, Whitney, and Dawson (1996), describe composite prehistoric
earthquake events on multiple Quaternary faults in the site area.

Recurrence model 1 is based on surface-rupture displacement data. Each large displacement
(greater than or equal to 50 cm [20 in.]) event, on each fault, is considered to be an independent
seismic event. Events older than 500 ka, or those with poorly constrained ages, are omitted.
As described in Section 12.3.7.4, 12 events have preferred displacements equal to or greater than
50 cm (20 in.) or maximum displacements equal to or greater than 100 cm (39 in.). Eight of
these 12 large-displacement events occurred between 15 and 150 ka. The remaining four events
occurred between 200 and 500 ka based on U-series-dated soils. If the 12 events occurred within
485 k.y. (500 ka to 15 ka is 485 k.y.) and are separated by 11 equal intervals of time, the average
recurrence interval is 44 k.y. (Table 12.3-12). Considering that eight events occurred within
135 k.y. (150 kato 15 ka is 135 k.y.) and are separated by seven equal time intervals, the average
recurrence interval is 19 k.y. for the younger events. However, the 12 events are combined from
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several sites. Some of the large-displacement events may be repeated as a result of uncertainties
between sites, thus model 1 probably is not reliable.

Recurrence model 2 treats the data in Table 12.3-8 as though each interpreted paleoseismic
event, including events characterized by fracturing and small offsets (0 to 15 cm [0 to 6 in.]), on
each fault is an independent earthquake. Thirty-nine events are identified within the past
500 k.y. This estimate includes all events recognized at all sites, even events at different sites
along the same fault. It also disregards the fact that numerous paleoseismic events recognized
along different faults appear correlative in time. Model 2 average recurrence intervals are
approximately 13 k.y. (Table 12.3-12). This model is considered unlikely because, given the
numerous, closely spaced, and anastomosing (in map view) faults at Yucca Mountain, it is more
likely that multiple fault events occur in the region.

Multiple fault events form the basis for recurrence model 3. This model attempts to correlate
events using stratigraphic and geochronological constraints from the trench studies and develops
the nine rupture scenarios described previously (Section 12.3.7.3) (Pezzopane, Whitney, and
Dawson 1996). Nine events within 150 k.y. yield an average recurrence interval of 17 £ 5 k.y.
(Table 12.3-12). ‘

12.3.7.7 Magnitude Distribution

Estimates of paleoearthquake magnitudes are derived from empirical relations using
paleoseismic surface-rupture lengths and displacements for faults with known or suspected
Quaternary activity. Magnitudes are also estimated for regional faults. These estimates use
empirical magnitude-rupture relations developed for maximum single-event displacement and/or
surface-rupture lengths for all fault slip types (Wells, D.L. and Coppersmith 1994). The D.L.
Wells and Coppersmith (1994) relationships were chosen because they closely fit the magnitudes
and displacements of 24 historical surface-rupture earthquakes in extensional regimes, consistent
with the Basin and Range Province (Pezzopane and Dawson 1996).

Maximum earthquake magnitude was estimated for all known or suspected Quaternary faults in
the Yucca Mountain region (Table 12.3-11) (Pezzopane 1996). The maximum earthquake is the
estimated size of the largest earthquake that can occur on a fault in the present tectonic regime
given the physical constraints of the fault, such as length and dip. Maximum earthquake
magnitudes are estimated using moment magnitude and surface-rupture length empirical
relationships (Wells, D.L. and Coppersmith 1994). Fault length is used because it is more
reliably and consistently measured for all faults in the region, regardless of whether any
paleoseismic data are available to estimate displacement. The analysis uses maximum fault
length (the entire mapped or inferred length) and the conservative assumption that the entire
length ruptures during a single earthquake (i.e., no segmentation). Using the length of individual
fault segments to measure earthquake magnitude reduces the estimated maximum magnitude.
Maximum magnitudes computed in this analysis range from M,, 5.1 to 7.9 for faults within a
100-km radius of the potential repository site (Table 12.3-11). These results will be superseded
by maximum magnitude distributions constructed as part of the probabilistic seismic hazard
analyses (Section 12.3.10).
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More detailed estimates of prehistoric earthquake magnitudes are available for site faults using
paleoseismic  information (Pezzopane, Whitney, and Dawson 1996). Specifically,
paleomagnitudes are computed for events from all three recurrence models (described in
Section 12.3.7.6) using the relationship between maximum surface displacement and moment
magnitude (Wells, D.L. and Coppersmith 1994). Preferred paleoseismic displacements
(Table 12.3-8) are used for the following reasons:

¢ Only the largest displacement events are selected (model 1).

e For each fault the maximum preferred value from all trenches was selected for each
event and investigators reported preferred displacement values that tended towards
maximum values.

« Trenches are sited where fault scarps display maximum apparent offset.

The 12 large-displacement events in recurrence model 1 yield a range of magnitude estimates
ranging from My, 6.4 to 6.9. Prehistoric earthquake magnitudes calculated for recurrence model
2 vary from My 5.6 to 6.9. The range in values is large because all events at all sites are
included. Magnitudes calculated from displacements assigned to the nine rupture scenarios of
recurrence model 3 range from M,, 6.2 to 6.9 (Table 12.3-10). This range of values is similar to
that derived from the large single-fault events of model 1.

For recurrence model 3, the largest preferred displacement value measured on an individual fault
or at a single site (Table 12.3-8) is used to calculate moment magnitude for each distributed
rupture scenario. Displacements in each scenario are not summed because smaller displacements
on related faults are considered to be distributed secondary ruptures. This assumption may not
be appropriate for scenario U because both eastside and westside faults may have moved
simultaneously. If these are individual structures that penetrate to seismogenic depths, the
displacements and rupture areas should be summed to estimate the magnitude. If, however, the
westside and eastside faults merge at shallow depth and displacement along the eastside fault is
secondary, the magnitude should be estimated by summing the displacements across the westside
faults, Summing displacements on the westside faults for scenario U provides an estimated total
displacement of 2 m (7 ft), which corresponds to an M,, 6.9.

Magnitudes are also estimated using minimum and maximum rupture lengths of each rupture
scenario in recurrence model 3 and using the relationship between surface-rupture length and
magnitude (Wells, D.L. and Coppersmith 1994). For each scenario, rupture lengths are
measured from the composite fault lengths and distribution of trench sites containing evidence
for the event using the projection method described in Section 12.3.7.5 (Table 12.3-8).
Magnitudes based on minimum and maximum scenario rupture lengths range from about My, 6.2
to 6.7 (Table 12.3-10). The scenario rupture lengths depend on how individual faults and fault
segments are combined into rupture zones, which is subject to differences of interpretation.
Maximum scenario rupture lengths are estimated on the conservative assumption that the entire
fault length ruptures during the event.

Figure 12.3-17 compares magnitudes derived from scenario rupture lengths with those derived
from displacement data. If magnitudes derived from scenario rupture lengths were the same as
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magnitudes derived from displacement data, the points would plot along the diagonal line.
However, in almost all scenarios, the maximum rupture lengths are more consistent with those
derived from displacement data than the minimum rupture length-based estimates.

Preferred scenario magnitudes listed in Table 12.3-10 are derived by considering the single
displacement data and scenario rupture length data independently, then assessing which values
(rupture lengths or displacements) are most reasonable given the geological constraints.
Preferred scenario magnitudes range from My, 6.2 to 6.9.

12.3.7.8 Descriptions of Known and Suspected Quaternary Faults in the Yucca Mountain
Region

One of the primary objectives of the YMP is to identify faults with known or suspected
Quaternary activity that may have a potential impact on the design and performance of a high-
level radioactive waste facility. Included in the region of interest, generally within a 100-km
(62-mi.) radius of the potential repository site, are diverse fault types, including long, continuous,
high slip-rate, oblique-slip, and strike-slip faults of the Eastern California Shear Zone to the west
of Yucca Mountain; potentially long, mostly discontinuous, moderately active normal- and
oblique-slip faults of the Walker Lane belt, located northwest and south-southeast of Yucca
Mountain; and the intermediate length, moderately segmented, and moderately active range-
bounding normal faults typical of that part of the Basin and Range Province that lies east and
northeast of Yucca Mountain.

Several investigations of regional scope were conducted to identify and characterize faults by
Reheis (1991, 1992); Reheis and Noller (1991); Dohrenwend et al. (1991, 1992); Piety (1996);
Anderson, R.E., Bucknam et al. (1995); and Anderson, R:E., Crone et al. (1995). Numerous
studies of local faults have also been conducted at and near Yucca Mountain, including detailed
mapping of trench exposures at selected localities. Results of these local fault studies are
described briefly here and in more detail in Whitney and Taylor (1996). Faults and fault systems
near the potential repository site that have been trenched and are described in detail include Bare
Mountain, Bow Ridge, Crater Flat, Fatigue Wash, Ghost Dance, Iron Ridge, Paintbrush Canyon,
Rock Valley, Solitario Canyon, Stagecoach Road, and Windy Wash faults (Table 12.3-8).
Descriptions of faults within and adjacent to the immediate site area (generally within 10 km) are
based on results of recent' large-scale along-fault mapping, exploratory trench studies,
geochronological studies, and a compilation of detailed fault data presented by Simonds et al.
(1995).

During the course of fault investigations in the Yucca Mountain region, approximately
100 individual faults have been considered as possible sources of seismicity and potentially
significant levels of ground motion (Pezzopane 1996) (Section 12.3.8). A total of 67 faults or
combinations of faults are considered by Pezzopane (1996) to be relevant or potentially relevant
sources of seismicity, depending on whether evidence of Quaternary movement is demonstrable
or only suspected (Table 12.3-11). Two or more closely spaced faults aligned end to end are
combined in some cases because an event incorporating the combined rupture length would
result in a large-magnitude event and associated ground motions would be substantially larger
than if rupture occurred on only one of the faults (Table 12.3-11) (Pezzopane 1996).
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activity. Note that delineations of known and suspected Quaternary faults are strongly dependent
on information contained in published literature. In particular, significant limitations are
associated with combining short, individual fault traces (or related geomorphic features) into a
single seismotectonic source with a given length and rupture age. Where uncertainties exist, the
maximum mapped lengths are given in the fault descriptions. The Quaternary histories of many
regional faults are poorly known because the faults are poorly exposed. Even in instances where
faults are well exposed or trenched, a complete sequence of Quaternary deposits with which to
accurately date the history of Quaternary fault movements is rarely preserved.

In this section, the faults are described in alphabetical order. Approximate age ranges of various
time intervals included in the Quaternary period are Holocene (less than 10 ka), late Pleistocene
(10 to 128 ka), middle Pleistocene (128 to 760 ka), and early Pleistocene (760 ka to 1.6 Ma).
The late Tertiary period extends from 1.6 to 5.0 Ma. In instances where specific age limits
within the Quaternary have not been determined (or reported), surficial deposits or fault
movements are stated only as being Quaternary in age. Fault distances refer to the distances
between the closest point on the surface trace of a given fault to both the preclosure controlled
area boundary and the center of the potential repository site at Yucca Mountain. Fault length
refers to the maximum length of a given fault or fault zone as reported or shown on maps in
published references (e.g., Piety 1996). Unless otherwise indicated, the following descriptions
for regional faults, including temporal and behavioral data, are from Piety (1996) and the field
reconnaissance work is from R.E. Anderson, Bucknam et al. (1995) and R.E. Anderson, Crone et
al. (1995). Piety’s (1996) report is an excellent synthesis of most of the data available for
characterizing regional faults, and it contains an extensive list of published references.

The known or suspected Quaternary faults and their seismic source parameters are listed in
Table 12.3-11 in order of increasing minimum distance from Yucca Mountain and are shown on
Figures 12.3-12 and 12.3-13. :

Also included are several local faults that exhibit no evidence for Quaternary activity (e.g., Ghost
Dance fault), but are of potential regulatory interest.

Amargosa River Fault Zone-This 15-km-long (9-mi.-long) fault zone is a diffuse band of
scarps extending northwest across the central part of Ash Meadows, about 38 km (24 mi.)
southwest of Yucca Mountain. Scarps have small vertical offsets (1 to 3 m [3 to 10 ft]) and
unknown amounts of horizontal offset. The evidence for Quaternary activity is strike-slip offset
along a single fault. Movement along the fault probably occurred during the late Pleistocene
(Keefer and Pezzopane 1996, p. 3-4). The age of the most recent event is more than 10 k.y.
(Keefer and Pezzopane 1996, p. 3-4).

Amargosa River-Pahrump Faults-If the Amargosa River-Pahrump fault systems (see
description of Pahrump fault below), which have a combined length of about 130 km (81 mi.),
are structurally related and act seismically as a single feature, the estimated values for the
maximum moment magnitude and peak acceleration will be greater than the estimated values for
either one figured separately (Table 12.3-11).
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Area Three Fault-This fault is located in the east-central part of Yucca Flat, about 44 km
(27 mi.) east-northeast of the potential repository site. Total fault length may be as much as
12km (7 mi.), depending upon whether individually mapped shorter fault segments are
connected.  Structural and stratigraphic relations indicate Quaternary activity; the latest
movement may be as recent as Holocene (Fernald et al. 1968; Swadley and Hoover 1990).
Displacements of surficial deposits were triggered during underground nuclear explosions.

Ash Meadows Fault—This fault consists of discontinuous lineaments and subdued scarps that
extend north-south for at least 30 to 40 km (19 to 25 mi.), and possibly as much as 60 km
(37 mi.). It is located along the eastern side of the Amargosa Desert through Ash Meadows.
At its northern end, the fault, which exhibits normal dip-slip movement, is about 34 km (21 mi.)
southeast of the potential repository site. At one locality, the larger of two multiple-event scarps
has 3.4 m (11.2 ft) of surface offset on middle or early Pleistocene deposits and 1.8 m (5.9 ft) of
surface offset on late Pleistocene alluvium (Keefer and Pezzopane 1996, p. 3-5). Typically,
scarp offsets attributed to the most recent event range from 0.7 to 1.5 m (2.3 to 4.9 ft) and are
commonly less than 1 m (3 ft). The age of this event is considered late Pleistocene, based on
scarp morphology and the estimated age of the youngest offset geomorphic surface. These
measurements provide a maximum slip rate of 0.1 mm/yr.; a lower slip rate of less than 0.01
mm/yr. is estimated for smaller scarps along most of the fault length. The recurrence interval for
surface-rupture events is probably in the range of several tens of thousands of years (Keefer and
Pezzopane 1996, p. 3-5).

Bare Mountain Fault-This fault is generally north-striking, east-dipping (60° to 80°), with
normal-oblique slip (dextral). It forms the structural boundary between Bare Mountain to the
west and Crater Flat basin on the east (Reheis 1988; Monsen et al. 1992). The fault is
approximately 20 km (12 mi.) long and lies about.- 14 km (9 mi.) west of the potential repository
site. Direct evidence for the total amount of bedrock offset along the Bare Mountain fault is not
available because it is located within surficial deposits for most of its length. In several places,
fault scarps are developed in middle Pleistocene alluvial fans (Anderson, L.W. and Klinger 1996,
p- 21). One to two surface-rupture events are interpreted at three trench sites excavated along the
fault. Estimates of average preferred single displacements range from 80 to 150 cm (32 to
59 in.). Available data indicate that the most recent surface-rupture event is more than 14 ka and
as old as 100 ka. The recurrence of moderate to large surface-rupture events is on the order of
tens of thousands to 200 k.y. or more. The late Quaternary slip rate interpreted from trenching
data is on the order of 0.08 to 0.01 mm/yr. (3 x 10™ to 4 x 10™ in./yr.) (Anderson, L.W. and
Klinger 1996, p. 65). Ferrill et al. (1996) infer a higher slip rate of 0.06 mm/yr. (2 x 107 in./yr.)
along the southern end of the fault, based on more indirect and controversial methods of using
variations in the morphology and distribution of alluvial fan surfaces adjacent to the range front
(Ferrill et al. 1997). ’

Belted Range Fault-This normal fault generally trends north with a maximum length of 54 km
(34 mi.). It is located about 55 km (34 mi.) north of Yucca Mountain. Total down-to-the-west
displacement exceeds 610 m (2,001 ft). Quaternary displacement is expressed by a relatively
continuous, 22-km-long (14-mi.-long) zone of well-defined alluvial scarps (Keefer and
Pezzopane 1996, p. 3-5). Total scarp offsets range from 0.6 m (2.0 ft) in the youngest faulted
alluvium to 11.3 m (37.1 ft) in older alluvium. Scarps with less than 1 m (3.3 ft) of surface offset
probably result from a single faulting event, whereas those with larger offsets show evidence of
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multiple displacements. Th& most recent movement along the Belted Range fault is probably
early Holocene to latest Pleistocene, based on scarp morphology and the surface characteristics
of the youngest offset alluvial fans (Keefer and Pezzopane 1996, p. 3-5). Poorly constrained late
Pleistocene slip-rate estimates vary from 0.01 to 0.1 mm/yr. (4 x 10 to 4 x 107 in./yr.). Timing
data are too poorly resolved to determine recurrence intervals.

Black Cone Fault-This north- to northwest-striking fault located northeast of Black Cone in the
central part of Crater Flat lies about 8.5 km (5.3 mi.) west of the potential repository site. This
7-km-long (4-mi.-long), down-to-the-east normal fault offsets Quaternary deposits of middle to
late Pleistocene age and locally produces subtle scarps with as much as 0.5 m (1.6 ft) of
topographic relief (Keefer and Pezzopane 1996, p. 3-6). No trenches have been excavated to
provide temporal or behavioral data. ' '

Boomerang Point Fault-This 5-km-long (3-mi.-long) north- to northeast-striking dip-slip fault
is located along the western side of Boomerang Point in the western part of the potential
repository site (Scott and Bonk 1984). The fault dip averages about 75° west. Down-to-the-west
displacement in mid-Tertiary volcanic rocks is about 30 m (98 ft). No evidence exists for
displacement of Quaternary surficial deposits along the southern end of the fault.

Bow Ridge Fault-This fault is a prominent north to northeast-striking, west-dipping, normal-
oblique (sinistral) slip fault. It is up to 10 km (6 mi.) long and lies in the eastern part of the
potential repository site. The fault is buried beneath alluvium and colluvium for most of its
extent along the western margin of Midway Valley. The best topographic expression of the fault
occurs where a 760-m-long (2,493-ft-long) section follows the base of the west side of Exile
Hill, although the fault is buried by colluvium (Menges and Whitney 1996a, p. 4.2-16). Tertiary
volcanics are displaced at least 125 m (410 ft) down to the west at this locality. The fault dips
65°W to 85°W. Trenches and the Exploratory Studies Facility (ESF) expose a complex fault
zone in highly fractured Tertiary volcanic bedrock and colluvial deposits that have been
subjected to multiple Quaternary faulting events. At least two and possibly three surface-rupture
events are evident in late to middle Pleistocene colluvial deposits at Trench 14D (Menges and
Whitney 1996b, p. 4.4-24). A minimum age of 30 to 130 k.y. is established for the most recent
surface-rupture event. Displacements range from 15 to 80 cm (6 to 32 in.) for the most recent
faulting events and from 20 to 165 cm (8 to 65 in.) for all events. Average recurrence intervals
vary from 70 to 215 k.y. (preferred range, 100 to 140 k.y.). Average slip rates are 0.002 to
0.007 mm/yr. (8 x 107 to 3 x 10 in./yr.), with a preferred value of 0.003 mm/yr. (1 x 107
in./yr.) (Menges and Whitney 1996b, p. 4.4-26).

Bullfrog Hills Fault Zone-This fault zone includes several north- to northwest-striking faults in
the Bullfrog Hills area, about 38 km (24 mi.) northwest of the potential repository site.
The longest fault is 7 km (4 mi.); others are about 4 km (3 mi.) long. Displacements have been
observed to be down to the southwest. Parts of all faults have been mapped either as concealed
by Quaternary deposits or as faulted contacts between Tertiary bedrock and
Quaternary alluvium.

Buried Hills Faults—These faults include several north-striking discontinuous faults in a zone
that extends for a total distance of about 26 km (16 mi.). The faults, located 53 km (33 mi.) east
of Yucca Mountain, show both down-to-the-east and down-to-the-west displacements. Based
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largely on air photo interpretation, the faults are shown primarily as weakly to moderately
expressed lineaments and scarps on surfaces of Quaternary and Tertiary deposits (Reheis 1992).
In a few places, faults are also portrayed as juxtaposing Quaternary alluvium against bedrock
(Keefer and Pezzopane 1996, p. 3-7). .

Cane Spring Fault-This fault is a northeast-striking, left-lateral fault that is part of the Spotted
Range-Mine Mountain structural zone. This zone also includes the Mine Mountain, Rock
Valley, and Wahmonie faults. The fault lies about 29 km (18 mi.) east of the potential repository
site and may be as much as 27 km (17 mi.) in length, depending on how many individual faults
are included. Tertiary volcanic rocks are displaced largely by left-lateral strike-slip displacement
with a smaller component of normal dip-slip motion. Total amount of displacement along the
fault has not been determined. In general, the fault is shown to be concealed by Quaternary
alluvium, except for sections shown as fault contacts between Tertiary bedrock and younger
Tertiary or early Quaternary surficial deposits (Reheis, M.C. and Noller, J.S. 1991, p. 1.3).
Although recent studies do not indicate Quaternary activity, the fault is situated in proximity to
faults of known Quaternary activity (e.g., Rock Valley, Mine Mountain) and historical seismicity
has occurred in the vicinity of the fault.

Carpetbag Fault System—This fault system, located about 43 km (27 mi.) northeast of Yucca
Mountain, consists of several subparallel, north-striking, steeply east-dipping, normal-oblique
fault strands in a zone about 30 km (19 mi.) long. The fault system is largely concealed at the
surface; its total length is derived from geophysical studies and other subsurface imaging
techniques. Vertical displacement of Tertiary volcanic rocks is 600 m (1,969 ft). The amount of
right-lateral slip could be even greater, to account for as much as 1,500 m (4,921 ft) of horizontal
extension. Several episodes of Quaternary fracturing (and perhaps minor faulting) were
interpreted from U-series dating of secondary CaCOj; in fracture-fill deposits (Shroba et al.
1988a, p. 231, 1988b, p. 30). The approximate timing of fractures was 30, 45, 65, 100, 125 to
130, and 230 ka. No surface rupture appears to have occurred during the last 130 k.y. and
possibly the last 230 k.y. The slip rate along this fault system between about 30 ka and 125 to
130 ka or earlier has been nearly zero. The average recurrence interval for fracture events is
inferred to be about 25 k.y. during the last 125 to 130 k.y. A 1.5-m-high (5-ft-high) scarp was
formed along part of the fault system as a result of an underground nuclear explosion at Yucca
Flat (Carr 1974, Figure F; Shroba et al. 1988a, p. 231).

Carrara (Highway 95) fault-This 23- to 34-km-long (14- to 21-mi.-long) feature has been
described by Slemmons (1997b, p. 1) as a potential active fault and potential earthquake source.
The closest distance of the Carrara fault to the repository is 17 km. Slemmons (1997a) cites
evidence for late Quaternary activity along the Carrara fault that includes a potential late
Quaternary uplifted block based on drill hole data, outcrops and geophysical information; a
25-m-high (82-ft-high) scarp located above the Bare Mountain alluvial fans; deformation of a
Pleistocene clay layer; a negative geodetic anomaly between Beatty and Las Vegas at the Carrara
fault; and seismic reflection, aeromagnetic and isostatic gravity data that indicate faulting. In
~ addition, Stamatakos et al. (1997a) report alignment of surficial features such as possible fault
scarps and push-up ridges along the proposed Carrara fault and suggest that they indicate an
active, first-order fault.
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Slemmons (1997b, p. 2) describes the “Carrara feature” as linear with nearly continuous surface
expression that strikes N50°-55°W from the Betty fluvial scarp to near the Lathrop Cone and
then strikes about N75°-90°W at the south end of Yucca Mountain. Near Yucca Mountain the
feature is mainly expressed on gravity and aeromagnetic maps. Blakely et al. (2000, p. 14)
describe a short but prominent magnetic anomaly along Highway 95 that coincides with the
proposed Carrara fault. Stamatakos et al. (1997a, p. F453) report that detailed gravity and
ground magnetic surveys indicate that both dextral strike-slip and down-to-the-southwest motion
have occurred along the fault. They suggest that preliminary estimates of slip along the fault,
based on offset magnetic anomalies, include a minimum of 300 m vertical and 3 km horizontal
displacement. Aerial reconnaissance shows a 10- to 15-km-long elongate uplifted block that
appears to be partly controlled by fault scarps that influences Late Pleistocene stream channels
(Slemmons, 1997b, p. 2). Slemmons (19970, p. 2) reports discussions with Jim Yount (USGS)
who reports tectonic and fluvial scarps along an uplifted horst-like block with an upper surface
of late Quaternary age (ca 125 ka). Slemmons (1997b, p. 2) states that in the absence of
additional field studies, his observations, based largely on aerial reconnaissance, of geomorphic
features suggest that the Carrara fault is active but definitive evidence is still needed. Connor et
al. (2000, pp. 423 to 424) suggest that some volcanic centers and vent alignments may be fault
controlled. They consider the intersection of faults in the vicinity of the Carrara fault to coincide
with the location of the Carrara Fault Basalt.

Checkpoint Pass Fault-This fault lies 44 km (27 mi.) east-southeast of Yucca Mountain.
. It strikes northeast to east for a distance of 8 km (5 mi.). Displacements are predominantly left-
lateral strike-slip, but some segments show dip-slip, down-to-the-west movement. In places, the
fault juxtaposes Quaternary alluvium against bedrock (Keefer and Pezzopane 1996, p. 3-8). Itis
also shown as being concealed by alluvial deposits of Quaternary and Tertiary age along a large
part of its length (Keefer and Pezzopane 1996, p. 3-8).

Cockeyed Ridge-Papoose Lake Fault—Two northwest-striking normal faults, in a segmented
zone about 21 km (13 mi.) long, make up the Cockeyed Ridge-Papoose Lake fault. The faults
are located 53 km (33 mi.) east-northeast of the site area. Most of this fault is shown to displace
Quaternary deposits in the form of weakly expressed lineaments or scarps (Keefer and
Pezzopane 1996, p. 3-9).

Crater Flat Fault System—This fault system, located about 6 km ( 4 mi.) west of the potential
repository site, consists of two fault zones. Abrupt changes in orientation, differences in
geomorphic expression, and contrasts in paleoseismic history revealed in exploratory trenches
(Coe 1996; Taylor 1996) suggest that the two fault zones are separate structures; it is unlikely
that they are different segments of a single fault zone. The amount of down-to-the-west
displacement of bedrock across the fault system is unknown.

The approximately 11-km-long (7-mi.-long) Northern Crater Flat fault comprises two
subparallel, northeast-striking strands that are 300 to 600 m (984 to 1,969 ft) apart. Up to five
events have been interpreted from evidence of faulted middle to early Pleistocene alluvium
(Coe 1996). The most recent event may be Holocene in age (Coe 1996, p. 4.11-8). Individual
displacements are up to 50 cm (20 in.); however, the two most recent events are small, less than
5 cm (2 in.). Local graben formation and backtilting reduce the cumulative net tectonic
displacement to a maximum of 100 cm (39 in.). A slip rate of 0.002 to 0.003 mm/yr. (8 x 10° to
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1 x 10 in./yr.) is estimated for the Northern Crater Flat fault. This rate may be refined pendiﬁg
results of additional dating. Preliminary recurrence intervals are in the range of 120 to 160 k.y.
(Coe 1996, p. 4.11-12).

The Southern Crater Flat fault is characterized by a northeast-striking basalt-alluvium contact,
fractured carbonate-cemented alluvium, subtle scarps in alluvium, and a linear stream channel
(Simonds et al. 1995; Menges and Whitney 1996a). The nearly vertical fault is about 8 km
(5 mi.) long. Two trenches excavated across the fault provide evidence for three Quaternary
events. Preliminary age estimates for the events are 2 to 8, 8 to 60, and greater than 250 k.y.
(Taylor 1996). Individual displacements vary between 5 and 32 c¢cm (2 and 13 in.), with preferred
estimates of 18 to 20 cm (7 to 8 in.). A slip rate of 0.002 mm/yr. (8 x 107? in./yr.) is estimated
for the last 250 k.y. Taylor (1996) estimates recurrence intervals of 5 to 60 k.y. for the Southern
Crater Flat fault.

Crossgrain Valley Fault Zone—This northeast-trending, 9-km-long (6-mi.-long) fault zone lies
48 km (30 mi.) southeast of Yucca Mountain. Motion is left-lateral strike-slip with a down-to-
the-northwest normal dip-slip component. The fault zone displaces surfaces on both Quaternary
and Tertiary deposits. Several sections are shown as moderately to strongly expressed

lineaments or scarps in surfaces on Quaternary deposits (Reheis 1992, p. 1.3; Dohrenwend et al. -

1991). In other places, faults within the zone are shown as forming the contact between alluvium
and bedrock or as being concealed beneath the alluvium.

Death Valley Fault-This north-northwest-striking, down-to-the-west predominantly normal
fault bounds the eastern side of Death Valley along the western side of the Black Mountains.
At its nearest point, the fault is about 55 km (34 mi.) southwest of the potential repository site.
It has a total length of 100 km (62 mi.), which includes the southernmost section, referred to as
the southern Death Valley fault. Late Pleistocene and Holocene fault scarps are prominent along
the fault. Recent studies indicate that three and possibly four surface-rupture events have
occurred along the central portion of the fault in the last 2 to 4 k.y. (Klinger and Piety 1996,
p. 56). Based on scarp morphology and offset of a 0.2- to 2.0-ka surface, the age of the most
recent event may be nearly historic. Scarps are west-facing, with heights ranging from 5 to
9.4 m (16 to 31 ft). Maximum vertical displacement of late Pleistocene surfaces is 15 m (49 ft).
Scarps, interpreted to be the result of several large-magnitude earthquakes, provide evidence for
an average of 2.4 m (7.9 ft) of surface offset per event. Based on per-event displacements,
deformational style, geomorphic expression, and other structural evidence, Klinger and Piety
(1996, p. 56) estimate paleorupture lengths of at least 45 km (28 mi.) to as large as 60 km
(37 mi.).

Estimates of fault slip rates range from 0.15 mm/yr. (6 x 107 in./yr.) to as much as 11.5 mm/yr.
(0.45 in./yr.) during the Holocene, depending on which segment of the fault is measured. A late
Holocene slip rate of 3 to 5 mm/yr. (0.12 to 0.20 in./yr.) is estimated for one segment of the
Death Valley fault at a locality where an alluvial fan surface with an estimated age of about 2 to
4 k.y. has been displaced vertically 10.5 m (34.4 ft) (Klinger and Piety 1996, p. 56). These rates
are considerably larger than those estimated for the late Tertiary to middle Pleistocene time
interval, suggesting either a significant increase in fault activity or a deficiency in evidence for
long-term activity. Based on evidence for three or more late Holocene (less than 2 ka), surface-
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rupture events on the Death Valley fault, the average recurrence interval is less than 650 yr. The
average Holocene recurrence interval ranges from 0.5 to 1.3 k.y. (Klinger and Piety 1996, p. 56).

Death Valley-Furnace Creek Fault System—This combined fault system (which includes the
southern Death Valley fault) extends along the eastern side of Death Valley as a nearly
continuous series of normal and right-lateral faults for about 205 km (127 mi.). The fault’s
closest distance to the potential repository site is 50 km (31 mi.). If considered a single structural
feature, the estimated values for maximum moment magnitude and peak acceleration are greater
than the values estimated for each separate fault system (Table 12.3-11) (Pezzopane 1996).

Death Valley-Furnace Creek-Fish Lake Valley Fault System—This fault system includes the
active Fish Lake Valley fault to the north. The right-lateral, oblique-slip Fish Lake Valley fault
provides an additional 83 km (52 mi.) to the Death Valley-Furnace Creek fault system (Keefer
and Pezzopane 1996, p. 3-11). This combined fault system, at almost 300 km (186 mi.) long, is
the longest and most active fault system in the Yucca Mountain region. At its closest approach,
the system lies 50 km (31 mi.) west of Yucca Mountain.

Drill Hole Wash Fault-This fault extends northwest along Drill Hole and Teacup washes on the
northeastern side of the repository block. It is concealed by surficial deposits, except for a short
distance where it crosses a spur-of bedrock near the confluence of the two drainages. Drillhole
data from Drill Hole Wash and from the ESF excavation indicate the presence of two
interconnected faults that offset the Tertiary volcanic rocks (Keefer and Pezzopane 1996,
p- 3-11). The mapped length of the fault is about 4 km (2 mi.). The principal displacement is

-normal oblique-slip with a right-lateral sense of offset. Middle Pleistocene to early Holocene

surficial sediments cover most of the fault without evidence of disruption.

Dune Wash Fault-This south- and southeast-striking fault is mapped along the eastern side of
the potential repository site for a distance of 3 km (2 mi.). It is mapped in exposures of bedrock
as a west-dipping normal fault with down-to-the-west displacement. Toward the northern end of
the fault, Tertiary volcanic rocks are displaced 50 to 100 m (164 to 328 ft) (Keefer and
Pezzopane 1996, p. 3-11). No evidence of Quaternary movement has been found in surficial
deposits that bury the fault toward the south.

East Busted Butte Fault—This down-to-the-east normal fault bounds the eastern side of Busted
Butte and may extend along Fran Ridge, suggesting a maximum length of 11 km (7 mi.) and a
distance of roughly 3 km (2 mi.) to the potential repository site. Small, arcuate scarps offset
middle to late Quaternary deposits, but the details of Quaternary activity are not known (Wong
and Stepp 1998, p. AAR-19). This fault was not considered in the analysis by Pezzopane (1996).

East Lathrop Cone Fault-This short (less than or equal to 9 km [6 mi.]), northeast-striking
fault lies on the eastern side of Lathrop Wells basalt cone, about 11 km (7 mi.) south of Yucca
Mountain. This down-to-the-west fault may be part of the Paintbrush Canyon-Stagecoach Road
fault system. A small scarp (less than 0.5 m [1.6 ft] high) offsets late Quaternary alluvium
(Wong and Stepp 1998, p. AAR-15), but little else is known about this fault’s Quaternary
activity. This fault was not considered in the analysis by Pezzopane (1996).
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East Nopah Fault-This northwest-striking fault is located about 85 km (53 mi.) from the
potential repository site. The minimum mapped length of the fault is about 17 km (11 mi.)
~ (Hoffard, J.L. 1991, p.28). The fault may extend farther but no detailed mapping has been
conducted to the north or south. To the north, strong vegetation lineaments occur along the
western side of Stewart Valley; however, evidence does not support actual displacement through
Chicago Pass between Pahrump and Stewart valleys. Hoffard (1991, p. 30) suggests that the
fault terminates at the north through a series of north-striking, left-stepping, normal faults.
Individual faults within the East Nopah fault are 1.8 to 3.0 km (1.1 to 1.9 mi.) long. The fault is
complex; the southern 9 km (6 mi.) consists of en echelon faults. Because of the nearly linear
surface trace of the overall fault, even through topography, Hoffard (1991, p. 33) suggests that it
may be nearly vertical. Evidence for right-lateral displacement along the East Nopah fault
includes the straight and narrow fault trace, scarps facing both east and west, juxtaposition of fan
deposits of different ages, lack of substantial topographic expression, apparent right-lateral
displacement of drainages, and left-stepping en echelon faults. Scarps along the fault formed in
early Pleistocene (more than 800 ka) and late Tertiary surfaces are up to 8 m (26 ft) high
(Hoffard, J.L. 1991, p. 40). The highest scarps occur where older alluvial fan remnants are
juxtaposed against younger fan deposits. Neither vertical nor horizontal estimates of
displacement have been calculated, although it appears that the lateral component exceeds the
vertical slip. The most recent surface-rupture event is estimated to be middle to late Pleistocene,
based on faulted fan surfaces older than 10 k.y. and younger than 300 to 500 k.y. At a single
locality, an early Holocene to latest Pleistocene surface may be faulted. No evidence for faulting
of early to late Holocene surfaces is reported. At a single location, a vertical slip rate of 0.006 to
0.06 mm/yr. was calculated for the fault using a 3-m-high (10-ft-high) scarp formed in a middle
to late Pleistocene surface (50 to 500 ka) (Hoffard, J.L. 1991, p. 48). No recurrence interval
information is available. This fault was not considered in the analysis by Pezzopane (1996).

East Pintwater Range Fault-This north-striking fault is located along the eastern side of the
Pintwater Range, about 81 km (50 mi.) east of the potential repository site. It consists of a
58-km-long (36-mi.-long) zone of discontinuous normal faults with down-to-the-east
displacements. Scarps are mapped at one location in depositional or erosional surfaces of
possibly early to middle Pleistocene age (Keetfer and Pezzopane 1996, p. 3-12). In general, other
faults within the zone are visible as weakly to moderately expressed lineaments and scarps in
surfaces on Quaternary deposits (Reheis 1992).

Eleana Range Fault-This 13-km-long (8-mi.-long) northeast-striking normal fault is located
about 37 km (23 mi.) northeast of the potential repository site. Displacement is down to the east.
Over much of its length, this fault is considered to form the contact between Quaternary alluvium
and Paleozoic and Proterozoic bedrock. Scarps are mapped in alluvial surfaces at several
localities. The youngest surfaces in which scarps are mapped are late Pleistocene, but most are
early Pleistocene (more than 740 k.y.) and Pliocene in age.

Emigrant Fault-This 13-km-long (8-mi.-long), north-striking fault is located about 73 km
(45 m1.) from the potential repository site. Displacement along the fault has been depicted as
down to the west but no style of faulting has been reported. Prominent lineaments or scarps have
been mapped in Quaternary deposits. No information about the amount of displacement, slip
rate, or recurrence is available. This fault was not considered in the analysis by Pezzopane
(1996).
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Emigrant Valley North Fault-This fault includes numer6us short, subparallel normal faults
. within Emigrant Valley. It is located 60 km (37 mi.) northeast of the potential repository site.

" The faults are in a 28-km-long (17-mi.-long) northeast-trending zone. Displacements are
predominantly down to the northwest with possible minor strike-slip movement. Aerial
photograph interpretations indicate fault scarps in late Quaternary alluvial fan deposits and
possibly in pluvial lake deposits (Reheis 1991, p 2).

Emigrant Valley South Fault-This 20-km-long (12-mi.-long) fault is located about 66 km
(41 mi.) from the potential repository site. It is probably more appropriate to refer to the
Emigrant Valley South fault as a fault zone because its estimated width is reported to be between
4 and 9 km (2 and 6 mi.). The zone is defined by short, subparallel, north-northeast-striking fault
traces and lineaments east of and between Papoose Lake and Groom Lake. The style of faulting
within the zone is equivocal; scarps show both east- and west-side-down motion. A single fault
may show evidence for strike-slip displacement. The age of displacements is poorly constrained;
evidence for Quaternary activity includes weakly to moderately expressed lineaments and scarps
on surfaces of unknown age developed in Quaternary deposits and faults in Quaternary deposits
- (Reheis 1992, p.4). No further information about amount of displacement, slip rate, or
recurrence interval is available.

Fatigue Wash Fault-This 16-km-long (10-mi.-long) fault is north-northeast-striking, with
down-to-the-west, normal-oblique (sinistral) slip. It is located about 3.5 km (2.2 mi.) west of the
potential repository site. Average dip of the fault is 73°W. Displacement of Miocene volcanic
bedrock is 75 m (246 ft) (Menges and Whitney 1996a, p. 4.2-11). The majority of Quaternary
slip appears to have taken place along the central and southern portions of the fault (Coe, Oswald
et al. 1996). Two trenches were excavated across the fault. The trenches and seven topographic
profiles provide evidence for three to six paleoearthquakes (five preferred) since the early to
middle Pleistocene (Coe, Oswald et al. 1996, p. 4.8-18). Four of the five preferred events
occurred since 730 ka; the two most recent events probably occurred between 8 and 100 ka. The
age of the most recent event, which resulted in up to 40 cm (16 in.) of vertical offset of the
youngest soil, is constrained to between 8 and 70 k.y. (20 to 60 k.y. preferred). The penultimate
event, with a displacement of about 25 cm (10 in.), is constrained to between 15 and 100 k.y. in
age (60 to 70 k.y. preferred). Earlier events include one between 100 and 450 ka with a
displacement of 25 to 125 cm (10 to 49 in.), another event between 450 and 730ka
(displacement about 54 cm [21 in.]), and an old event that occurred prior to 730 ka. Estimates of
the average recurrence interval range from 120 to 250 k.y. The Quaternary slip rate, estimated
from 2.0 + 0.2 m (6.6 £ 0.7 ft) of cumulative vertical offset of middle Pleistocene deposits
mapped in the trench, is 0.001 to 0.015 mm/yr. (4 x 10°+6 x 10™ in./yr.). A slip rate derived
from scarp data to the north is 0.009 + 0.006 mm/yr. (4 x10™ £ 2 x 10* in./yr.). The preferred
slip rate for the entire fault ranges from 0.003 to 0.015 mm/yr. (1 x 10 to 6 x 10™ in./yr.).

Furnace Creek Fault Zone-This significant component of the Death Valley-Furnace Creek-
Fish Lake Valley fault system is a northwest-striking, right-lateral strike-slip fault. It is nearly
coincident with the axis of northern Death Valley for a distance of about 145 km. (90 mi.). The
point of the fault closest to the Yucca Mountain site is 50 km (31 mi.) away. Total lateral
displacement on the fault is on the order of tens of kilometers. Evidence for multiple late
Pleistocene to Holocene surface-rupture events is common along the fault. Displacements are as
young as 0.2 to 2 k.y. and several are less than 10 k.y. Recent studies (Klinger and Piety 1996,
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p. 56) document at least three late Holocene surface-rupture events. The average lateral
displacement for the most recent event is about 4.7 m (154 ft). Average individual
displacements for other events are 2.5 to 3.5 m (8.2 to 11.5 ft). The age of the most recent event
is not well constrained. A short-term slip rate of 6 to 13 mm/yr. (0.24 to 0.51 in./yr.) is estimated
based on a 248- to 330-m (814- to 1,083-ft) offset of a 25- to 40-ka alluvial fan. A long-term slip
rate of 8 to 10 mm/yr. (0.31 to 0.39 in./yr.) is based on a 6- to 8-km (4- to 5-mi.) right-lateral
offset of an alluvial fan deposit that overlies a tephra bed correlated with the 760-ka Bishop ash.
The late Quaternary recurrence interval for surface-rupture events along the Furnace Creek fault
zone is about 600 to 800 yr. The maximum surface rupture length is estimated to be about
105 km (65 mi.) (Klinger and Piety 1996, p. 56).

Ghost Dance-Abandoned Wash Fault-The Abandoned Wash fault is a down-to-the-west
normal fault that displaces Tertiary bedrock. The fault trends southwest from the southern end of
the Ghost Dance fault for about 2 km (1.2 mi.). The Ghost Dance and Abandoned Wash faults,
located less than 1 km (0.6 mi.) from the Yucca Mountain site, have a combined length of about
5km (3 mi.) and, if active, could rupture as a single feature. However, evidence does not
support Quaternary offsets on either fault (Taylor et al. 1996, p. 4.5-34; Menges and Whitney
1996a, p. 4.2-15).

Ghost Dance Fault Zone—This fault zone is located in the central part of the potential repository
site. The total length of the fault is uncertain; however, Taylor et al. (1996) report a length of
about 6 to 8 km (4 to 5 mi.). The fault is mapped for approximately 3 km (2 mi.) as a zone of
numerous splays that not only parallels the main north-trending trace of the zone, but locally
branches away from the main trace. Spengler et al. (1993) interpret the fault zone as complex,
varying in width from a few meters to as much as 213 m (699 ft), with individual faults
commonly spaced 15 to 46 m (49 to 151 ft) apart. The estimated width of the zone varies from
2t0 150 m (7 to 492 ft). Cumulative down-to-the-west bedrock displacement ranges from up to
S5m (16 ft) at its northern end to 12 to 15 m (39 to 49 ft) in the central portion (Taylor et al.
1996, p. 4.5-8). No latest Pleistocene or Holocene offset or fracturing has been documented in
numerous trenches excavated across the fault. A single fractured bedrock exposure, in Trench
4a, has associated secondary carbonate and opaline silica laminae that provide U-series age
estimates of 22 to 265 ka. An unfractured deposit overlies the fractured bedrock and provides
U-series ages of 45 to 50 ka. Thus, the fracturing event may range from about 45 to more than
265 ka (Taylor et al. 1996, p. 4.5-25). ‘The Ghost Dance fault bifurcates; one branch connects
with the Abandoned Wash fault to the southwest (Day et al. 1996), and the other branch trends
southeast, but does not appear to connect with the Dune Wash fault (Keefer and Pezzopane 1996,
p- 3-14).

Grapevine Fault-This 20-km-long (12-mi.-long), northwest-striking fault is located
approximately 58 km (36 mi.) west of Yucca Mountain. It is a normal fault with down-to-the-
southwest displacement. Vertical displacement of Tertiary rocks may be up to several thousand
meters. Although activity was highest during late Pliocene and early Pleistocene time, recurrent
movement as recent as Holocene time is documented.

Grapevine Mountains Fault-Two principal normal faults and subsidiary faults mark the
Grapevine Mountains fault along the northwestern end of the Grapevine Mountains, about 67 km
(42 mi.) northwest of Yucca Mountain. The faults with down-to-the-west displacement trend
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northeast for a distance of 31 km (19 mi.). The principal faults juxtapose Quaternary alluvium
against bedrock. Portions of one normal fault form scarps in early to middle and possibly late
Pleistocene surfaces. ' e

Hunter Mountain-Panamint Valley Faults-These combined faults extend for 185 km
(11.5 mi.). The Hunter Mountain fault may be seismogenically linked to the Panamint Valley
fault. Both faults exhibit evidence for Holocene activity. The length of the combined faults is
sufficient to make them relevant seismic sources.

Indian Springs Valley Fault Zone-This fault zone, bounding the western side of Indian Springs
Valley, consists of subparallel faults in a 28-km-long (17-mi.-long), north-to-northwest-trending
zone. The fault zone is 67 km (42 mi.) east of Yucca Mountain. Down-to-the-east displacement
along the fault zone is variously expressed as fault contacts between Quaternary alluvium and
bedrock or as weakly to moderately expressed lineaments and scarps in surfaces on Quaternary
and Tertiary deposits.

Iron Ridge Fault-This up to 21-km-long (13-mi.-long) fault extends southeast from about 2 km
(1.2 mi.) south of the potential repository site. The fault may serve as the southeastern splay of
the Solitario Canyon fault. It may also connect with the Stagecoach Road fault; however, there
is no direct evidence that the faults are structurally or temporally connected. In addition,
paleoseismic evidence indicates that the Iron Ridge fault is significantly less active than the
Stagecoach Road fault (Ramelli et al. 1996). The fault forms a bedrock-alluvial contact for half
its total length where prominent scarps between bedrock and colluvium are visible locally
(Keefer and Pezzopane 1996, p. 3-16). Displacement is primarily normal dip-slip with down-to-
the-west motion. The average dip of the fault is about 70°W. At one locality, evidence for
multiple late Quaternary faulting events is documented (Keefer and Pezzopane 1996, p. 3-16).
Paleoseismic evidence from a single trench suggests one to possibly four events including a
probable Holocene event with displacements up to 10 cm (4 in.). Several poorly resolved middle
Quaternary events associated with individual displacements of 170 to 200 cm (67 to 79 in.) are
also reported (Ramelli et al. 1996). Age constraints are insufficient to estimate recurrence
intervals or slip rates. Soil stratigraphic relationships suggest no correlation of events with either
the Solitario Canyon or Stagecoach Road faults.

Kawich Range Fault Zone-This fault zone comprises numerous subparallel northeast- to
northwest-striking normal faults with down-to-the-west displacements. The zone, located along
the western side of the Kawich Range, is about 57 km (35 mi.) north of the potential repository
site. Over its 84-km (52-mi.) length, the zone contains faults that are mostly in bedrock or form
the bedrock-alluvium contact. Recent work suggests that latest Pleistocene scarps in alluvium
are up to 2.6 m (8.5 ft). The scarps are discontinuous and span 3.6 to 7.4 km (2.2 to 4.6 mi.) of
the fault zone (Keefer and Pezzopane 1996, p. 3-16). Evidence for recurrent late Quaternary
movement is equivocal.

Kawich Valley Fault Zone-This fault zone comprises a cluster of faults near the middie of the
northern end of Kawich Valley and scattered faults along the western side of the valley.
Generally, the faults strike north for a distance of about 43 km (27 mi.). This zone is located
61 km (38 mi.) north of the Yucca Mountain site. The fault is expressed primarily as weakly
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developed lineaments and east-facing scarps in Quatemary deposns and erosion surfaces (Keefer
and Pezzopane 1996, p. 3-16).

Keane Wonder Fault Zone-This fault zone consists of a 25-km-long (16-mi.-long)
anastomosing group of northwest-striking fault strands and topographic lineaments mapped
along the southwestern flank of the Funeral Mountains in Death Valley (Keefer and Pezzopane
1996, p.3-17). The fault zone lies 43 km (27 mi.) southwest of Yucca Mountain. Style of
faulting is primarily normal, with down-to-the-southwest displacement. No evidence of late
Quaternary faulting and only equivocal evidence of isolated middle Pleistocene or older faulting
is reported. However, clear evidence for recurrent late Quaternary faulting is reported along a
2-km-long (1.2-mi.-long) fault splay near the southern end of the fault zone (Keefer and
Pezzopane 1996, p.3-17). The youngest faulted fan surface at this locality is offset 1.8 m
(5.9 ft); older fan deposits have been offset as much as 8 to 10 m (26 to 33 ft). The most recent
event is estimated to have occurred 4 to 8 ka; earlier events are estimated between 70 to 730 ka.

Mercury Ridge Faults—The Mercury Ridge faults are two northeast-striking faults that bound
Mercury Ridge. They are located about 48 km (30 mi.) east-southeast of the potential repository
site. The maximum length of the longest fault is 10 km (6 mi.). Both normal dip-slip and strike-
slip motions have been documented. Both faults have been mapped as either forming the
bedrock-alluvium contact or as concealed by Quaternary and Tertiary alluvium (Keefer and
- Pezzopane 1996, p. 3-17).

Midway Valley Fault-This fault is concealed within Midway Valley, about 3 km (2 mi.) east of
the potential repository site. It is shown in structure sections (Scott and Bonk 1984) and in
gravity and magnetic surveys (Ponce 1993). These geophysical surveys suggest down-to-the-
west displacements of Tertiary bedrock by up to 40 to 60 m' (131 to 197 ft). Neither method has
detected displacement of overlying early and middle Quaternary deposits in surface mapping or
trenches in Midway Valley (Keefer and Whitney 1996, p. 4.3-7). The geophysical profiles
define a structure at least 1 km (0.6 mi.) and possibly as much as 5 km (3 mi.) long.

Mine Mountain Fault Zone-This fault zone is a major feature of the Spotted Range-Mine
Mountain structural zone. [t extends along the southern flank of Mine Mountain as two
northeast-striking subparallel faults separated by as much as 200 m (656 ft). Depending upon
how various sections are connected, the length of the zone may be up to 27 km (17 mi.).
The closest distance between its projected trace and the potential repository site is about 19 km.
The fault dip is unknown. The Tiva Canyon Tuff has a left-lateral offset of 1.2 km (0.8 mi.) at
Mine Mountain. It is reported that the fault zone was active sometime during the period from
7to 10 Ma (Keefer and Pezzopane 1996, p. 3-18). Fault activity may have continued into the
Pleistocene epoch at a lower rate, but clear evidence of Pleistocene faulting has been found at
only one locality at the northeastern corner of Shoshone Mountain. The absolute age of this
displacement is unknown; however, soil and caliche development in the deposit suggests that the
faulting is older than about 50 k.y.

Oak Springs Butte Faults—These faults consist of a series of north-striking normal faults
located along the eastern side of the Belted Range. They form a zone 21 km (13 mi.) long
located 57 km (35 mi.) northeast of Yucca Mountain. These faults are also referred to as the Oak
Springs Butte faults by Piety (1996, p. 257) and Keefer and Pezzopane (1996, p. 3-18) Both
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down-to-the-east and down-td-the-west displacements are documented. The youngest observed
fault in the zone is evident as a scarp in late Pleistocene depositional or erosional surfaces
(Dohrenwend et al. 1992). Short portions of other faults in the zone form weakly to moderately
expressed lineaments or scarps in Tertiary deposits or fault contacts between Quaternary
alluvium and bedrock (Keefer and Pezzopane 1996, p. 3-18). :

Oasis Valley Fault Zone-This fault zone forms a 20-km-long (12-mi.-long) cluster of north-
striking normal faults in Oasis Valley, along 24 km (15 mi.) northwest of Yucca Mountain. Dip-
slip motion is both down to the east and down to the west. No compelling evidence for late
Quaternary movement has been found along this fault zone (Keefer and Pezzopane 1996,
p. 3-19). However, a 2.5-km-long (1.6-mi.-long) section of a prominent strand forms a distinct
air photo lineament that may reflect minor early Pleistocene displacement.

‘Pagany Wash Fault-This fault is one of the northwest-striking right-lateral strike-slip faults
mapped across the northeastern part of the site area about 2.5 km (1.6 mi.) from the potential
repository site. It occurs in Tertiary volcanic rocks throughout much of its 4-km (2.5-mi.)
length; a few short portions are exposed as small scarps in bedrock. A 1-km (0.6-mi.) portion is
buried by middle Pleistocene deposits toward the northwestern end of the wash (Keefer and
Pezzopane 1996, p.3-19). The fault terminates against the Solitario Canyon fault to the
northwest and the north-striking Bow Ridge fault to the southeast. A trench excavated across
Pagany Wash exposes a tightly cemented shear zone in bedrock that underlies undisplaced
bedrock regolith and colluvial units, suggesting a lack of late Quaternary activity (Keefer and
Pezzopane 1996, p. 3-19).

~ Pahrump Fault Zone-This fault zone is a northwest-striking, high-angle, west-dipping, right-
lateral, oblique fault zone. It lies 70 km (44 mi.) southeast of the potential repository site and
extends for about 70 km (44 mi.) along the eastern side of Stewart Valley and into central
Pahrump Valley. Compelling evidence for late Quaternary deformation is present along only
about an 18.5-km-long (11.5-mi.-long) section. Right-lateral displacement of Paleozoic rocks is
estimated to be greater than 16 to 19 km (10 to 12 mi.) (Keefer and Pezzopane 1996, p. 3-19),
with a minimum vertical displacement of about 300 m (984 ft) (Stewart 1988, p. 694). The
amount of Quaternary slip, assumed to be primarily right-lateral, is unknown. Age of the most
recent activity is Quaternary, evidenced by a few scarps of limited length and small offsets of
surficial deposits (Keefer and Pezzopane 1996, p. 3-20). Scarps range from 0.7 to 2.0 m (2.3 to
6.6 ft) in height. Though poorly constrained, these scarps may be early to middle Holocene in
age (Keefer and Pezzopane 1996, p. 3-20). Based on the geomorphic expression of 15-m-high
(49-ft-high) scarps in early Pleistocene or Tertiary sediments, the Quaternary slip rate on the
Pahrump fault zone is low.

Pahute Mesa Faults—A number of faults have been mapped on Pahute Mesa north of Yucca
Mountain. Lengths range from 0.5 to 4 km (0.3 to 2.5 mi.), with the longest series of
overlapping fault traces in a zone measuring about 9 km (6 mi.) in length. The nearest of the
faults is 48 km (30 mi.) from the potential repository site. The faults have diverse east to
northwest trends and generally have dip-slip movement, although some evidence suggests a
right-lateral strike-slip component. Based on air photo interpretations, weak to prominent
lineaments or scarps have been delineated on surfaces of both Quaternary and Tertiary deposits
(Reheis 1992). '
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Paintbrush Canyon Fault-This fault is located 4 km (2.5 mi.) east of the potential repository
site. It continues from about 10 km (6 mi.) north of Yucca Wash to as far south as the northern
end of the Stagecoach Road fault, for an overall length of about 26 km (16 mi.) (Menges and
Whitney 1996b). Estimates of the amount of Tertiary bedrock displacement range from 250 to
500 m (820 to 1,640 ft) down to the west (Menges and Whitney 1996a, p. 4.2-19). Average dip
on the fault is about 70°W. Measurements on slickenside indicate that net displacement is
normal dip-slip to left-oblique (Menges and Whitney 1996a, p. 4.2-20). Paleoseismic studies,
including exploratory trenching and exposure logging, reveal multiple Quaternary surface-
rupture events along the Paintbrush Canyon fault. The most recent event may be as young as
early Holocene to latest Pleistocene. Fault relationships, exposed on the western side of Busted
Butte in eolian sand deposits, record the last 600 to 700 k.y. of Pleistocene depositional and
faulting history (Menges and Whitney 1996b, p. 4.4-10). Three to seven faulting events are
identified. Deposits associated with the oldest event are located above a sand unit with

interbedded silicic ash that is correlated to the Bishop ash. Three to four events occurred after’

formation of a soil dated at about 400 ka. The youngest event occurred within a time period of
7 to 20 ka (Menges and Whitney 1996b, p. 4.4-11). Three to four faulting events are recorded in
Quaternary deposits exposed in Trench MWV-T4 excavated at the southeastern edge of Midway
Valley (Menges and Whitney 1996b, p. 4.4-14). The most recent event displaces a unit dated at
40 ka. This faulted unit is overlain by an unfaulted unit dated at about 6 ka (Menges and
Whitney 1996b, p. 4.4-15). Trench Al, excavated at the northwestern base of Alice Ridge,
provides better timing constraints for the most recent event at 7 to 20 ka. Evidence supports at
least four events at this site (Menges and Whitney 1996b, p. 4.4-15). The amount of late
Quaternary cumulative slip estimated from the Midway Valley trench is 1 to 3.6 m (3.3 to
11.8 ft). Total Quaternary displacement from the Busted Butte exposures is 2.3 to 10.8 m (7.5 to
35 ft). Total cumulative displacements are 1.45 to 1.7 m (4.75 to 5.6 ft) at Alice Ridge. Single
displacements vary widely both within and among sites, with preferred dip-slip ranges of 0 to
2.6 m for Busted Butte, 0.2 to 1.4 m (0.7 to 4.6 ft) for Midway Valley, and 0.05 to 0.4 m (0.2 to
1.3 ft) for Alice Ridge. Combined age and displacement data indicate average recurrence
intervals of 20 to 50 k.y. and a slip rate of 0.001 to 0.03 (preferred 0.002 to 0.015) mm/yr. for the
Midway Valley trench locality. Preferred recurrence intervals of 50 to 120 k.y. and a slip rate of
0.001 to 0.01 (preferred 0.007) mm/yr. are estimated for the Busted Butte locality. Preferred
recurrence intervals of 80 to 100 k.y. and slip rates of 0.001 to 0.004 (preferred 0.002) mm/yr.
(4 x 107 to 2 x 10 in./yr. [preferred 8 x 107 in./yr.]) are estimated for the Alice Ridge site
(Menges and Whitney 1996b, p.4.4-21). The average recurrence interval for the entire
Paintbrush Canyon fault is 20 to 270 k.y. (20 to 120 k.y. preferred) with a slip rate of 0.001 to
0.03 mm/yr. (4 x 107 to 1 x 102 in./yr.) (0.002 to 0.015 mm/yr. [8 x107 to 6 x 107 in./yr.]
preferred).

Paintbrush Canyon-Stagecoach Road Faults—The combined length of these two faults is about
33 km (21 mi.). The minimum distance to the potential repository site is 4 km (2.5 mi.). Each
fault displays a history of recurrent Quaternary activity. If the faults behave seismically as a
single feature, the potential rupture could cause moment magnitudes and peak accelerations that
are larger than the ruptures that might occur on either individual fault (Table 12.3-11)
(Pezzopane 1996).

Panamint Valley Fault-This 100-km-long (62-mi.-long) fault bounds the eastern side of the
north-trending Panamint Range. The fault is about 95 km (59 mi.) south-southwest of Yucca
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Mountain. The sense of displacement is predominantly normal dip-slip, with evidence for
significant right-lateral motion along some sections of the zone. The fault displays abundant
evidence for late Quaternary 6r Holocene activity, with scarps from up to 61 m (200 ft) high
formed during multiple faulting events (Keefer and Pezzopane 1996, p.3-21). Dip-slip
displacements associated with the most recent event at the southern end of the fault are 0.4 to 1.2
m (1.3 to 3.9 ft) along the range-front fault (Zhang et al. 1990, p. 4859). Right-lateral
displacement of topographic ridges at various locations are 24 £+ 4 m (79 + 13 ft),27 £+ 4m (89 +
13 ft), and 374 m (121 £ 13 ft) (Zhang et al. 1990, pp. 4862 to 4863). The maximum age
estimate for the ridges is 17 = 4 k.y. (Zhang et al. 1990, p. 4866). Scarps from older events show
right-lateral displacements of 6 to 7 m (20 to 23 ft) for possibly two eventsand 11 +2m (36 £ 7
ft) for three to four events (Zhang et al. 1990, pp. 4861 to 4862). Based on a maximum right-
lateral displacement of 37 £ 4m (121 £ 13 ft) of a ridge dated at 17 £ 4 ka, a minimum
Holocene-latest Pleistocene lateral slip rate of 2.4 + 0.8 mm/yr. (0.09 £ 0.03 in./yr.) is estimated
(Zhang et al. 1990, pp. 4865 to 4866). The average recurrence interval ranges from 0.7 to 2.5
k.y. (Smith, R.S.U. 1979, p. 415). ,

Plutonium Valley-North Halfpint Range Fault Zone-This fault zone is located along the
western side of the Halfpint Range at its junction with Plutonium Valley and Yucca Flat.
Various strands of this north- to northwest-trending fault zone can be traced for a total distance
of about 26 km (16 mi.). The zone is located 46 km (29 mi.) east-northeast of the potential
repository site. Faults within the zone primarily have normal dip-slip motion, with both down-
to-the-east and down-to-the-west orientations. Short sections of this fault zone are expressed as
weak lineaments and scarps on surfaces in Quaternary and Tertiary deposits (Keefer and
Pezzopane 1996, p.3-22). Other sections either form a fault contact between bedrock and
Quaternary alluvium or are concealed by the alluvium (Keefer and Pezzopane 1996, p. 3-22).

Rock Valley Fault Zone-The 30-km-long (19-mi.-long) Rock Valley fault zone comprises three
principal sets of faults within Rock Valley, including long, east-northeast-striking left-lateral
faults; short, northeast-striking connecting faults of varying displacement styles; and minor,
northwest-striking normal and strike-slip faults. Within the first set of faults, three strands are
prominent and have been studied the most. The fault zone, located about 27 km (17 mi.)
southeast of Yucca Mountain, has been episodically active since late Oligocene time. Total left-
lateral displacement across the three subparallel strands is less than 4 km (2.5 mi.) (Keefer and
Pezzopane 1996, p. 3-22). Quaternary activity has been distributed across the three principal
fault strands within Rock Valley. The southernmost strand extends for a distance of about 14 km
(9 mi.) and has continuous scarps up to 2.5 km (1.6 mi.) long (Coe, Yount, and O’Leary 1996).
The northernmost strand extends for an inferred distance of about 18.5 km (11.5 mi.). The
eastern portion of the fault has no expression in Pleistocene-aged deposits. Farther to the west,
scarps are present in fan remnants (Coe, Yount, and O’Leary 1996). The third strand occurs
between these two faults. It is referred to as the “medial strand” and has a continuous mapped
length of 9.5 km (5.9 mi.) and may extend as much as 7.5 km (4.7 mi.) farther to the west.
Quaternary scarps are preserved principally in the prominent central and northern part of the
Rock Valley fault zone with scarp heights up to 2.5 m (8.2 ft).

Two exploratory trenches (RV1 and RV2) were excavated in 1978 and logged in 1984 across the
medial strand (Yount et al. 1987). Eight additional trenches were excavated in 1995, with four
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excavated on the northern strand (site RV3) and four excavated on the southern strand (sites RV4
and RV5). The trenches along the medial strand provided evidence of multiple Quaternary
_events; however, unreliable dates were obtained from those excavations. The most recent event
had a vertical displacement of between 10 and 30 cm (4 and 12 in.) (Coe, Yount, and O’Leary
1996). Although not directly measured, a left-lateral component of displacement using a 22°
rake yields a possible 0.85 m (2.8 ft) of net displacement (Yount et al. 1987). Up to four events
are observed from exposures along the northern fault strand (Coe, Yount, and O’Leary 1996).
The most recent event occurred between 4 and 17 ka; dates for the prior three events are pending.
About 14.2 m (46.6 ft) of lateral and 2.3 m (7.5 ft) of vertical cumulative net-slip are associated
with these four events based on total offset of a channel thalweg (Coe, Yount, and O’Leary
1996). Three events were interpreted from the trenches along the southern fault strand. The
most recent event occurred at about 2 to 3 ka based on evidence from Trench RV4 (Coe, Yount,
and O’Leary 1996). This event does not correspond with the most recent event along the
northern strand, suggesting that these faults have behaved independently, at least recently. Slip
rates have been calculated for the individual strands and for the entire fault zone. The northern
strand has a slip rate of less than 0.05 mm/yr. ( 2 x 107 1n /yr.); the southern strand has a poorly
constrained slip rate of less than 0.002 mm/yr. (8 x 107 in. /yr.); and the medial strand has a
poorly constrained slip rate of 0.02 mm/yr. (8 x 10 in./yr.) based on the most recent event (Coe,
Yount, and O’Leary 1996). A slip rate range of 0.002 to 0.05 mm/yr. (8 x 107 to 2 x 107 in. /yr.)
is estimated for the entire fault zone (Coe, Yount, and O’Leary 1996, p. 4.13-26). An average
recurrence interval for the entire fault zone ranges from 5 to more than 10 k.y. (Coe, Yount, and
O’Leary 1996, p. 4.13-27). Repeated, clustered, small-magnitude (M 4.0) earthquakes within
and in the vicinity of Rock Valley indicate that faults within the zone remain seismically active
(Section 12.3.5.2). An M 3.5 strike-slip earthquake that occurred along the zone on September
7, 1995, had a hypocentral depth of 4 km (2.5 mi.) (Shields et al. 1995).

Rocket Wash-Beatty Wash Fault-This fault strikes generally north for a distance of
approximately 17 km (11 mi.). It is located about 19 km (12 mi.) northwest of the potential
repository site. The zone consists of a series of north-trending fault strands. Miocene volcanic
rocks have been displaced 10 to 30 m (33 to 98 ft) both down to the east and down to the west.
Geomorphic and geologic relationships indicate that most or all displacement on this fault zone
occurred in the late Miocene.

Sarcobatus Flat Fault Zone-This fault zone is located along the western margin of Pahute
Mesa and northeast of Sarcobatus Flat, about 52 km (32 mi.) northwest of the potential
repository site. The 51-km-long (32-mi.-long), north- to northwest-trending zone contains a
series of relatively short faults (maximum length 12 km [7.5 mi.]). Tertiary rocks are generally
displaced down to the west. A single, 100-m-long (328-ft-long) scarp -with about 0.6 m (2.0 ft)
of relief occurs in alluvium; however, evidence does not suggest a fault scarp. Several short,
inconspicuous lineaments in Quaternary deposits are recognizable on aerial photographs, but no
lineaments examined in the field show surface offsets (Keefer and Pezzopane 1996, p. 3-23).

Sever Wash Fault-This 4-km-long (2-mi.-long) northwest-striking, right-lateral strike-slip fault
occurs about 3 km (2 mi.) north of the potential repository site (Scott and Bonk 1984). The near-
vertical main trace of the fault is exposed in Tertiary volcanic rocks on the southern flank of
Sever Wash. Evidence for right-lateral strike-slip movement includes slickensides and Reidel
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shears (Day et al. 1996). Portions of the fault are concealed by unfaulted Holocene alluvmm
along the floor of the wash (Keefer and Pezzopane 1996, p. 3-23).

Solitario Canyon Fault-The main trace of this north-striking fault extends southward from
Yucca Wash for about 18 km (11 mi.). It is located about 1 km (0.6 mi.) from the western
boundary of the potential repository site. At about 2 km (1.2 mi.) south of the potential
repository site, the Solitario Canyon fault appears to splay. The southeastern splay of the fault is
referred to as the Iron Ridge fault (Ramelli et al. 1996). The structural and tectonic relationships
between the two faults are not well understood. Bedrock displacement varies from 61 m (200 ft)
down to the east at the northern end to more than 500 m (1,640 ft) down to the west at the
southern end (Keefer and Pezzopane 1996, p. 3-24). Average dip of the fault plane is 73°W.
Slickensides indicate that the fault has primarily normal slip with minor left-lateral slip.
A continuous 14-km-long (9-mi.-long) Quaternary tectonic and erosional scarp is present at the
bedrock-surficial deposit contact. Eleven trenches and one natural exposure have been
documented. Evidence from five exploratory trenches suggests four late Quaternary surface-
rupture events (Ramelli etal. 1996, Table 4.7-3). The evidence provides an estimated
cumulative dip-slip of 2.1 m (6.9 ft) (Ramelli et al. 1996). Individual displacement amounts
vary from fracturing to 1.3 m (4.3 ft). An equivocal most recent event occurred between 14 and
40 ka (15 to 30 ka preferred) (Ramelli et al 1996, p. 4.7-3). All four observed events probably
occurred within the last 250 k.y. The average late Quaternary recurrence interval is within the
range of 35 to 100 k.y., with preferred values of 50 to 70 k.y. (Ramelli et al. 1996, p. 4.7-48).
Preliminary average slip rates range from 0.01 to 0.02 mm/yr. (4 x 10* to 8 x 10™ infyr.); the
preferred rate is 0.01 mm/yr. (4 x 10 in/yr.) (Ramelli et al. 1996, p. 4.7-49). A faulted basaltic
ash is present in four trenches along the fault. The ages of faulting events associated with the ash
are estimated between 60 and 100 k.y. (preferred age of 75 £ 10 k.y.) (Ramelli et al. 1996,
p. 4.7-48). The ash date is based on preliminary U-series ages and tentative geochemical
correlations of the ash with likely source eruptions at the Lathrop Wells cone, which yield
PArAr ages of 77.3 £ 6.0 and 76.6 + 4.9 k.y. for associated flows (Heizler et al. 1999, p. 767).

South Ridge Faults—These faults consist of two principal faults, one of which is nearly 19 km
(12 mi.) long. The faults strike east to northeast and have variable dip-slip to strike-slip
displacement. They are located 50 km (31 mi.) east-southeast of Yucca Mountain. One fault is
mapped as the contact between bedrock and Quaternary alluvium. Sections of the other fault are
either prominently to weakly expressed lineaments and scarps on surfaces in Tertiary deposits or
are concealed by Quaternary and Tertiary alluvium (Keefer and Pezzopane 1996, p. 3-24).

Spotted Range Faults—These faults are located primarily along the western side of Spotted
Range, approximately 59 km (37 mi.) east-southeast of the potential repository site. Several
north- to northeast-striking normal faults with dowri-to-the-west displacements are combined for
a length of more than 30 km (19 mi.). Individual faults juxtapose Quaternary alluvium against
bedrock or occur as scarps on Quaternary and Tertiary surfaces (Keefer and Pezzopane 1996,
p. 3-24).

Stagecoach Road Fault-This north- to northeast-striking normal to left-oblique fault is mapped
along the southeastern comer of Yucca Mountain. It is located about 10 km (6 mi.) south of the
potential repository site (Scott 1992). It is mapped in middle Pleistocene alluvium for
approximately 4 to 5km (2 to 3 mi.) south of Stagecoach Road, where it is concealed by
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Holocene surficial deposits. The fault has variously been connected northward with the Iron
Ridge fault or northeastward with the Paintbrush Canyon fault (Keefer and Pezzopane 1996,
p. 3-25). Estimated bedrock displacement is 400 to 600 m (1,312 to 1,968 ft) down to the west
(Keefer and Pezzopane 1996, p. 3-25). Average dip of the fault is 73°W. Trenches expose
evidence for two to four late Quaternary faulting events between about 5 to 118 ka (Menges and
Whitney 1996b, p. 4.4-30). The most recent event is estimated to be early Holocene to latest
Pleistocene (5 to 17 ka) (Menges and Whitney 1996b, p. 4.4-32; Menges et al. 1998). Individual
displacement estimates vary from 0.14 to 0.99 m (0.46 to 3.25 ft). Age relationships provide an
average recurrence interval estimate of 5 to 50 k.y., with a preferred range of 10 to 30 k.y.
(Menges and Whitney 1996b, p. 4.4-33). Slip rates range from 0.006 to 0.07 mm/yr. (2 x 10™ to
3 x 107 inJ/yr.), with a preferred value of 0.03 to 0.05 mm/yr. (1 x 102 to 2 x 107 in./yr.)
(Menges and Whitney 1996b; p. 4.4-33). Menges and Whitney (1996b, p. 4.4-33) report that
these are the shortest recurrence intervals and highest slip rates estimated for any Quaternary
faults in the Yucca Mountain area.

Sundance Fault-Spengler et al. (1994) described this fault as a series of near-vertical,
northwest-striking faults that intersect the Ghost Dance fault in the northern part of the repository
block. Detailed mapping indicates that the total length of the fault is 1 km (0.6 mi.), and that it
cannot be traced across the Ghost Dance fault (Keefer and Pezzopane 1996, p.3-25).
Cumulative down-to-the-northeast displacement of Tiva Canyon Tuff bedrock is up to 11 m
(36 ft) in surface exposures. The fault, developed entirely in bedrock, shows no evidence for
Quaternary activity.

Tolicha Pass Fault Zone—This fault comprises several north- to northwest-striking faults located
about 42 km (26 mi.) northwest of Yucca Mountain. The combined length of the faults is
approximately 22 km (14 mi.). Displacements are mapped as down to the southwest, but at some
localities movement is apparently down to the northeast. At a single location, right-lateral,
oblique-slip is reported (Keefer and Pezzopane 1996, p.3-25). Moderately to prominently
expressed lineaments and scarps are mapped in Quaternary surfaces from photo interpretation
(Reheis 1992). R.E. Anderson, Bucknam et al. (1995) found no unequivocal evidence for
Quaternary faulting in the field or evidence supportive of a through-going fault in this area.

Towne Pass Fault-This 38-km-long (24-mi.-long), down-to-the-west normal fault is located
about 76 km (47 mi.) from the potential repository site. The fault extends from Panamint Valley
to Emigrant Wash in Death Valley. Several investigators have identified evidence for
Quaternary and, in some locations, Holocene activity. No detailed paleoseismic investigations
are reported by Piety (1996). The amount of displacement is reported only as a long-term rate
ranging from at least 153 m (502 ft) in deposits of unknown age to a long-term amount of at least
2,380 m (7,808 ft) that accounts for most of the elevation of the Panamint Range south of Towne
Pass. Also, most of the displacement on the fault is older than an overlying, unfaulted late
Pliocene basalt. No additional information about slip rate and recurrence interval along the
Towne Pass fault is available.

Wahmonie Fault-This northeast-striking fault is within the 30- to 60-km-wide (19- to
37-mi.-wide) Spotted Range-Mine Mountain structural zone. The zone comprises small-
displacement, left-lateral faults. The length of the Wahmonie fault is approximately 15 km
(9 mi.), and its closest distance to the potential repository site is 22 km (14 mi.). Based on the
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presence of scarps and lineaments in 270- to 740-ka deposits and burial of the fault by Holocene
deposits, the most recent event is probably Pleistocene (Keefer and Pezzopane 1996, p. 3-26).
At the southwestern end of the fault, displacement is down to the northwest; at the northeast end,
it is down to the southeast. The total displacement along the fault is unknown.

West Pintwater Range Fault-This west-dipping normal fault trends north along the western
flank of the Pintwater Range. The fault, located about 76 km (47 mi.) east of Yucca Mountain, is
discontinuous over a length of about 82 km (50 mi.). Down-to-the-west displacements are
expressed as prominent lineaments and scarps primarily in early to middle and/or late
Pleistocene and Tertiary deposits. At its northern end, the fault is mapped as the contact between
bedrock and Holocene to Pliocene alluvium and colluvium (Keefer and Pezzopane 1996,
p. 3-26).

West Specter Range Fault-This fault bounds the western flank of a south-trending arm of the
Specter Range, about 33 km (21 mi.) southeast of Yucca Mountain. The fault strikes north for a
distance of about 9 km (6 mi.). Displacement is predominantly normal dip-slip, down to the
west, and possibly has a minor lateral component. Approximately 40 percent of the fault has
scarps in Quaternary materials and about 35 percent has tonal or vegetational lineaments or
drainage alignments that may be associated with surface rupture. The remaining 25 percent is
concealed by unfaulted Quaternary deposits (Keefer and Pezzopane 1996, p. 3-26). The most
recent surface-rupture event is interpreted to be latest Pleistocene or Holocene along the northern
section of the fault. The total surface offset, represented by scarps in alluvium, ranges from
0.3to 0.5 m (1.0 to 1.6 ft) on the youngest faulted alluvium (about 15 ka) to as much as 1.4 m
(4.6 ft) on older faulted alluvium (more than 128 ka). A poorly constrained recurrence interval
of 113 k.y. and a slip rate of less than 0.004 mm/yr. (2 x 107 in./yr.) for the period of time
between 15 and 128 ka (Keefer and Pezzopane 1996, p. 3-27) are estimated for this fault.

West Spring Mountains Fault-This 60-km-long (37-mi.-long), north- to northwest-striking,
west-dipping, predominantly normal-slip fault bounds the southwestern side of the northem
Spring Mountains. The fault is about 53 km (33 mi.) southeast of the potential repository site.
The main fault has predominantly normal-slip, but scarps along the southern extension have a
left-stepping pattern that suggests a possible right-lateral component of slip. The fault forms
scarps in Pleistocene surfaces. The most recent surface-rupture event occurred during latest
Pleistocene or early Holocene time. It resulted in 1.8 to 2.0 m (5.9 to 6.6 ft) of surface offset
along the central section of the fault (Keefer and Pezzopane 1996, p. 3-27). The longest scarps
are located along the 11-km-long (7-mi.-long) central section of the fault, suggesting that either
larger or more frequent displacement events occur on the central section than elsewhere along
the fault. Scarps up to 13.4 m (44.0 ft) (9.4 m [30.8 fi] of surface offset) formed in middle
Pleistocene alluvial fans along the central section may record an average recurrence interval of
more than 28 k.y. and a long-term slip rate of less than 0.07 mm/yr. (3 x 107 in./yr.) (Keefer and
Pezzopane 1996, p. 3-27). '

Windy Wash Fault-This fault, located on the eastern side of Windy Wash and about 4.5 km
(2.8 mi.) west of the potential repository site, is north- to northeast-striking, west-dipping, with
normal-oblique motion. The fault is mapped for about 22 km (14 mi.) as a discontinuous
structure from the southern rim of the Claim Canyon caldera to the southeastern edge of Crater
Flat (Keefer and Pezzopane 1996, p. 3-27). The amount of down-to-the-west Tertiary bedrock:
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displacement is reported to be less than 500 m (1,640 ft) (Keefer and Pezzopane 1996, p. 3-27).
The average dip of the fault is 77°W to vertical. Slickenside orientations vary and indicate
mostly dip-slip motion, with small components of right- and left-lateral slip. Evidence for
Quaternary displacement along the northern and southern parts of the fault is limited to fault
scarps in alluvium and fractures in the hanging walls of fault-line scarps. Trenches excavated
across scarps in alluvium along the central portion of the fault contain evidence for three to eight
events since about 400 ka (Whitney, Simonds et al. 1996, pp. 4.9-23 to 4.9-30). The most recent
event displaces a late Holocene vesicular silty sand deposit, by less than 0.1 m (0.3 ft), that
underlies the modern desert pavement (Whitney, Simonds et al. 1996). Individual vertical
displacements for the other events range from 0.08 to about 1.0 m (0.3 to about 3.3 ft) (Whitney,
Simonds et al. 1996, pp. 4.9-24 to 4.9-30). An average recurrence interval ranges from 40 to
57 k.y. (40 to 45 k.y. preferred), and average slip rates range from 0.009 to 0.01 mm/yr. (3.5 x
10 to 4 x 10 in./yr.) (Whitney, Simonds et al. 1996, p. 4.9-31). A long-term slip rate of 0.27
mmV/yr. (0.01 in./yr.), calculated from 101 m (331 ft) of net offset of a 3.7-Ma (K-Ar) basalt flow
(Whitney, Simonds et al. 1996, pp. 4.9-33 to 4.9-34), is significantly higher than the short-term
rate. ‘

Yucca Fault-This north-striking, east-dipping fault is about 32 km (20 mi.) long. The fault is
located within Yucca Flat, about 40 km (25 mi.) northeast of the potential repository site. The
~ fault dips at 75° to 80°E near the surface, but appears to flatten to 55° to 65°E at depth. Tertiary

volcanic rocks are displaced vertically 200 m (656 ft) down to the east. An apparent right-lateral .

component of motion may equal or exceed this amount. Evidence for Quaternary activity
includes scarps in Quaternary deposits (scarp heights up to 153 m [50.2 ft]) and faulted
Quaternary deposits (Keefer and Pezzopane 1996, p. 3-28). Deposits from 160 to 800 ka are
displaced along much of the fault. The youngest surface-rupture event may be late Pleistocene.
In places, the fault is concealed by small deposits of Holocene alluvium.

Yucca Lake Fault-This northwest-striking fault exhibits normal motion with down-to-the-
northeast displacement. Total length of the fault is about 17 km (11 mi.). The fault lies about
36 km (22 mt.) northeast of the potential repository site. Cornwall (1972) reports that the fault
displaces Quaternary alluvium along a 13-km (8-mi.) section. No additional paleoseismic
information is available for the fault.

12.3.8 Relevant Earthquake Sources

Pezzopane (1996) evaluated the relevance of faults in the Yucca Mountain region to the seismic
hazard assessment for the potential repository site. This evaluation was subsequently updated in
the deterministic seismic hazard analysis (Section 12.3.11). The objectives were to provide a
preliminary evaluation of whether known and suspected Quaternary faults within the region are
subject to displacement and to evaluate whether maximum earthquakes on these faults could
produce an 84th percentile peak horizontal acceleration on rock at the potential repository site
that equals or exceeds 10 percent of gravity (0.1 g) (98 cm/s?) (McConnell et al. 1992). Faults
with known Quaternary activity meeting this criterion were defined as “relevant” earthquake
sources. “Potentially relevant” earthquake sources are similarly defined, with the only difference
being that Quaternary displacement is suspected, but not documented. Results of this study were
made available to the expert panel evaluating seismic sources for their consideration in
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__ characterizing inputs to the probabilistic seismic, hazard analyses (Section 12.3.10). The
remainder of this section is from Pezzopane (1996) unless otherwise referenced.

One hundred and three known or suspected individual faults and six fault combinations (assumed
compound rupture on two or more faults) were identified for consideration as potential
independent earthquake sources within the region (within 285 km [177 mi.] of the Yucca
Mountain site) (Table 12.3-11). This evaluation was based on compilations of regional and local
faults by Piety (1996) and Simonds et al. (1995). The evidence for Quaternary displacement,
together with estimates of maximum fault length, were tabulated for each fault. Empirical
relations were used with maximum fault lengths to calculate maximum earthquakes (Section
12.3.7.8). Ground motions were calculated using the maximum magnitudes and minimum fault-
to-site distances with the average of five attenuation relations. The evaluation did not consider
time-dependent data, such as fault slip rates or earthquake recurrence rates. It thus provides an
evaluation of the potential level of peak acceleration an estimated maximum earthquake on each
fault would produce at the site independent of time. The evaluations resulted in the identification
of 67 faults or fault combinations that are classified as either relevant or potentially relevant

_earthquake sources.

Brief descriptions of the faults classified as relevant or potentially relevant are given in
Section 12.3.7.8. The descriptions, which incorporate much of the information from Piety
(1996) and Simonds et al. (1995), as well as the results of recent paleoseismic studies of faults
within and near the potential repository site (Whitney and Taylor 1996), summarize the
documented evidence for Quaternary fault activity, such as slip-rate data, and supplement the
data presented in this section.

Thirty-two Quaternary faults or fault combinations were identified as relevant seismic sources.
Five more faults, which have only suspected Quaternary activity, were considered relevant
because the faults may be structurally related to historical seismicity or other Quaternary faults
or both, resulting in a total of 37 relevant fault sources, all within 100 km (62 mi.) of Yucca
Mountain (Figure 12.3-18). Thirty potentially relevant faults were also identified
(Figure 12.3-18). Some of the suspected Quaternary faults at Yucca Mountain are only a few
kilometers long and are structurally bounded by longer, more prominent Quaternary faults.
On the basis of their limited potential rupture dimensions, these local faults are unlikely to be
individual seismogenic sources; yet some of the short, intrablock faults are relevant to fault
displacement hazard assessments because they could slip during nearby earthquakes on the
bounding Quaternary faults. All but 6 of the 67 relevant and potentially relevant faults and fault
combinations are located within 60 km of Yucca Mountain. More than half of the 37 relevant
faults and most of the 30 potentially relevant sources have only limited paleoseismic data with
which to assess Quaternary activity, slip rates, and recurrence intervals for use in probabilistic
hazard assessments.

12.3.9 Estimation of Vibratory Ground Motion

The vibratory ground motions adopted for the seismic design of the potential repository should
incorporate the effects of the seismic sources, propagation path, and local site geology specific to
the Yucca Mountain region and site to the extent possible. Ideally, recorded ground motions
from earthquakes in the Yucca Mountain region or Basin and Range Province would be used to
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develop attenuation relations for application at Yucca Mountain, but such data are small in
amount and are not sufficient to adequately constrain any empirical models. The few data
recorded in the Yucca Mountain region and Basin and Range Province and the geophysical and
seismological properties derived for the region do nevertheless provide valuable information for
estimating ground motions at the potential repository site.

Ground motions could be estimated from the empirical attenuation relations used for sites in the
- western United States, but these are based primarily on strong motion records from reverse and
strike-slip earthquakes in California. The style-of-faulting factors incorporated in some recent
attenuation relations distinguish between reverse- and strike-slip mechanisms. Normal faulting
“events are usually grouped with strike-slip events because the few normal faulting recordings
have not shown ground motions larger than predicted for strike-slip events. Thus, characterizing
ground motions at Yucca Mountain using attenuation relations involves resolving whether (and
to what extent) existing attenuation models for the western United States are applicable to the
Basin and Range Province, in general, and to Yucca Mountain, in particular. The seismological
questions asked must include whether differences in the factors that influence ground motions in
the Yucca Mountain region and in the western United States would lead to significant differences
in ground motion estimates for the two regions. These factors include seismic source properties,
regional crustal properties, and shallow geologic site properties at the repository. Generally,
comparisons must be made between Yucca Mountain factors and average factors inherent in the
strong motion database for the western United States.

Four ground motion studies that address these issues have been completed recently. The first
study, conducted by the USGS, was an empirical analysis of worldwide ground motion data from
extensional regimes (Spudich et al. 1996). Expansion beyond the Basin and Range Province was
necessary to build up a large enough database to yield statistically significant results.
The second study comprised numerical modeling of selected scenario earthquakes near Yucca
Mountain in which ground motions were estimated using seismological models of the source,
path, and site effects (Schneider et al. 1996). The numerical modeling allowed the region-
specific crustal structure and site-specific rock properties to be incorporated in the ground
motion estimates. The third study, conducted by the University of Nevada, Reno, used weak
motion recordings to characterize the near-surface attenuation at Yucca Mountain (Su et al.
1996). The fourth study is a ground motion characterization performed as part of the
probabilistic seismic hazard analyses project (Section 12.3.10) and is the most comprehensive of
the four (Wong and Stepp 1998). It incorporated results from the other three studies and resulted
in ground motion attenuation relations specific to Yucca Mountain. The results of these four
studies are described in the following sections.

12.3.9.1 Key Seismologic Parameters

Several key seismologic parameters are integral to the four ground motion studies discussed
subsequently, particularly the various modeling studies. Insofar as they form the input to the
various models, the parameters, and often their uncertainties, must be accurately quantified.
The following discussion presents the current understanding of several of these parameters.
The values assigned to the parameters used in each study are included in their primary
references.
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Path Q and Geometrical Spreading-The attenuation properties for the southern Great Basin
(including Yucca Mountain) vary widely, depending upon the data set and the analysis method.
Several studies have observed the ground motion attenuation rate with distance, which includes
the combined effects of geometrical spreading and the damping parameter “Q.” In a study of
Modified Mercalli intensities for the 1952 Kern County earthquake, Evernden (1975, p. 1297)
concluded that the ground motion decay rate toward the southern Great Basin was slightly lower
than in southern California. On the other hand, Chavez and Priestley (1985, p. 1596) found
slightly greater attenuation in the southern Great Basin than in southern California from an
evaluation of the My scale. And in the most recent study, Herrmann (Schneider et al. 1996,
p. 5-3) showed comparable rates of decay in normalized geometrical spreading curves from the
southern Great Basin and New Madrid.

Considering Q alone, and taking Q(f) = Q.f" where Q, and 1 are model parameters and f is
frequency, various investigators have found significant differences in Q, and n (Schneider et al.
1996, p. 5-3). Computed values of Q, at 1 Hz vary between about 140 and over 750, with n
values ranging from 0.04 to 1.05.

Influences of the following factors contribute to these differences:

Assumptions about geometrical spreading and scattering

Other source, path, and site effects '

Widely varying frequency bands, source-receiver distances, and regions of coverage
Scattering versus anelastic Q

Vertical versus horizontal component records

Earthquake versus explosion sources.

Although the apparent differences in Q can be quite large, it is likely that a significant portion of
these differences have origins in one or more of these factors.

For ground motion estimation at Yucca Mountain, uncertainty in Q has a relatively small impact
on ground motion variability due to the dominance of close-in sources, as suggested by the
seismic hazards analysis of the ESF (Wong et al. 1996). However, the uncertainty is a factor at
very high frequencies, for very low Q values, and for long travel paths (e.g., 50 to 100 km [31 to
62 mi.]).

Two-Dimensional Crustal Structure-Many underground nuclear explosions have been
recorded at Yucca Mountain and in the surrounding region. Some of these data have been
analyzed by Walck and Phillips (1990). The data constitute 1,829 recordings from 109 events;
of the recordings, 429 are from Yucca Mountain, including 128 downhole recordings.

Based on these data, Walck and Phillips (1990) developed two-dimensional velocity profiles
from Pahute Mesa to Yucca Mountain and from Yucca Flat to Yucca Mountain. The
two-dimensional structure is more prominent from Yucca Flat to Yucca Mountain than from
Pahute Mesa to Yucca Mountain. For very shallow sources, such as underground nuclear
explosions, this structure can have a significant effect on the ground motion. However, the effect
on ground motions from earthquake sources at typical seismogenic depths (5 to 15 km [3 to
9 mi.]) compared to the near-surface explosion sources has not been evaluated.
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Site Kappa—Recordings of regional earthquakes at Yucca Mountain have been used by Su et al.
(1996) to evaluate the near-surface attenuation (or spectral decay) parameter kappa at 12 sites.
Their data set comprises broadband digital recordings of 20 aftershocks of the 1992 Little Skull
Mountain earthquake. These aftershocks occurred southeast of Yucca Mountain at distances of
about 15 to 30 km (9 to 19 mi.), focal depths of 9 to 12 km (6 to 7 mi.), and magnitude range Mg
2.6 to 4.5. The recording sites are located generally east and southeast of Yucca Mountain
within about 40 km. (25 mi.) Thus, the results represent an estimate of kappa only for paths
between Yucca Mountain and sites about 30 km (19 mi.) to the southeast.

The computational approach involves simultaneous least-squares fitting of kappa, seismic
moment, and corner frequency to the S-wave spectra (Anderson, J.G. and Humphrey 1991).
(The corner frequency is the frequency where the high- and low-frequency trends intersect on an
earthquake source spectrum.) The equation forms assume that the source spectrum corresponds
to a Brune pulse with the displacement spectrum falling off proportional to w? (where ® is
circular frequency), and that geometric spreading is 1/R (where R is distance). All other
differences between the source and site spectra, including all path and site effects, are mapped
into kappa.

The values of site kappa vary between a minimum of 0.005 s at a station on Paleozoic rock and a
maximum of 0.03 s for a station on soil over Tertiary rock. Kappa measured at a tuff site on the
Yucca Mountain crest is 0.023 s, and on the flank on tuff it 1s 0.014 s. The median kappa for all
sites is 0.015 s, with a median standard deviation of the computed kappas of about 0.003 s. The
average kappa of the two tuff sites is 0.018 s. These values are lower than those for typical
California soft rock (0.03 to 0.04 s). Therefore, at low levels of shaking, damping from the tuff
is less than that for California soft rock conditions, leading to larger high-frequency ground
motion on the tuff as compared to that on California soft rock, assuming that all other parameters
are the same.

Although these results pertain to conditions in the Yucca Mountain region, the values obtained
are limited by the data set available for interpretation. The data are deficient in large-magnitude
earthquakes (M, 6.5 and larger); the smaller magnitudes limit the strains that develop in the
media, and consequently limit any potential nonlinear site effects. The data are also limited in
the range of source-to-site recording distances and geometries. Variations in properties due to
deeper structure, which would be sampled by earthquakes at longer distances, and due to any
azimuthal differences in structure cannot be evaluated.

Local Seismic Velocity Structure—Of the many geotechnical and geophysical studies completed
at the potential repository site, only very recent studies have reliably measured in situ velocities
(Majer et al. 1996a). Most geophysical surveys were not conducted to measure near-surface
values, and the results are not reliable within the uppermost several hundred meters.
Furthermore, the few geotechnical investigations yielding dynamic properties are not consistent
with in situ velocity measures (Majer et al. 1996b). Only the Vertical Seismic Profile logging
performed by Majer et al. (1996a) and Balch and Erdemir (1996) provides a reliable measure of
the velocity profiles at six borings at Yucca Mountain. The results of these investigations are
specifically applicable only at low strain. At strains of engineering interest, the shape of the
strain-dependence must be assumed.
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Vertical Seismic Profile surveys have been performed in six boreholes (Figure 12.3-19) (G-2,
G-4, NRG-6, SD-12, and WT-2 by Majer et al. [1996b]; UZ#16 by Balch and Erdemir [1996]).
These boreholes all lie néar or outside the current boundary ofthe potential repository.
The borings have not directly sampled the repository block or the materials around the entire
perimeter of the block. Therefore, conclusions made about repository conditions are
inferences only.

Testing in boreholes G-4 and SD-12 used a hammer source, which adequately samples shallow
strata. Testing in the remaining boreholes and other testing in SD-12 used a vibroseis source.
The deepest depth sampled was about 2,200 ft (671 m) in borehole G-2. The Vertical Seismic
Profile field measurements were processed to obtain P- and S-wave interval velocities (Majer
et al. 1996b). The S-wave velocities from all borehole tests are shown on Figure 12.3-20.

Interval velocities were used to infer a representative velocity profile to a depth of about 1,000 ft
(305 m) (Table 12.3-13). The S-wave profile is shown on Figure 12.3-21, together with the
thermal-mechanical layer velocities. The extreme upperbound and lowerbound limits on the
velocities reflect the wide spread in the interpreted interval velocities.

Below these depths, the velocity structure can be inferred to depths of about 3 km (2 mi.) from
refraction survey data (Mooney and Schapper 1995), assuming a constant Poisson’s ratio of 0.25.
Below 3 km (2 mi.), the only available information on the velocity structure is found in the
profiles used in regional earthquake locations (Harmsen 1993, Appendix F). This deeper
structure is shown on Figure 12.3-22.

Earthquake Stress Drop—An evaluation of stress drops for earthquakes in extensional regimes
was performed in support of the ground motion characterization effort in the probabilistic
seismic hazard analyses project (Wong and Stepp 1998, p. 5-11). (Stress drop is the difference
in stress across the fault before and after an earthquake.) Stress drop affects high-frequency
ground motions so that a value greater than the typical value for western U.S. earthquakes will
increase high frequency motions above what is given by western U.S. empirical attenuation
relations.

For the YMP, a data set composed of earthquake records from extensional tectonic regimes,
including both normal and strike-slip mechanisms, was compiled by Spudich etal. (1997)
(further discussed in Section 12.3.9.2). These data were supplemented with data from the 1995
Dinar, Turkey, earthquake, which were not available to Spudich et al. (1997). The final data set
comprised 210 horizontal components from 140 sites in 24 earthquakes, a magnitude range of
M,, 5.1 to 6.9, and distances from 0 to 102 km (63 mi.). The Fourier spectra of these data were
fit to a Brune-type spectrum with o™ spectral roll-off. A two-step inversion process was adopted
to decouple the inversions for kappa and for stress drop. Stress drops computed for each
earthquake were weighted to yield a median value for each mechanism.

The median stress drop for normal faulting earthquakes was about 45 bars (4.5 MPa), and the
value for strike-slip earthquakes (in extensional regimes) was about 55 bars (5.5 MPa). In
comparison, stress drops for western U.S. earthquakes are about 70 to 100 bars (7 to 10 MPa)
(e.g., Atkinson 1995, p. 1341). These differences in stress drop contribute to lower high-
frequency motions in extensional regimes compared to transpressional regimes, such as coastal
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California. The differences in normal faulting stress drop compared with the western U.S. values
account for about a 15 percent reduction of normal faulting ground motion relative to western
U.S. motion. Within extensional regimes, the stress-drop differences between mechanisms result
in ground motions in normal faulting earthquakes, which are about 85 percent of the ground
motions from strike-slip events.

12.3.9.2 Strong Motion Attenuation in Extensional Regimes

Spudich et al. (1996) conducted an empirical study of strong ground motions recorded in
extensional regimes to assess whether the attenuation was different from standard attenuation
models for shallow crustal earthquakes in other tectonic regions, particularly California. They
also developed a new set of attenuation relations based solely on these extensional regime data.

The earthquakes used in their study were all located in extensional tectonic regimes. Because the
number of events in the entire Basin and Range Province is limited, the database includes ground
motion recorded world wide. Earthquakes with normal dip-, oblique-, and strike-slip
mechanisms were evaluated together. A total of 373 recordings (253 horizontal and 120 vertical
recordings) is included in the final database. These represent earthquakes between M,, 5.1 and
6.9 and distances up to about 100 km (62 mi.).

Extensional Data and Western U.S. Empirical Attenuation Relations—Several representative
attenuation relations based on western U.S. data were compared to the extensional data by
Spudich et al. (1996): Boore et al. (1994), Idriss (1991), Sadigh et al. (1993), Campbell (1989,
1990), Campbell and Bozorgnia (1994), and Sabetta and Pugliese (1996). These relations
generally represent the state of the art in ground motion attenuation studies at the time of the
Spudich et al. (1996) study.

The mean residual, or bias, was computed for each attenuation relation and indicates whether
that model systematically underpredicts or overpredicts the extensional strong motion data. In
-general, the computed residuals indicate that the standard western U.S. attenuation relations
overpredict ground motions from extensional regimes by about 15 to 35 percent on average
(Spudich et al. 1996). At Yucca Mountain, near-fault ground motion is important because of the
hazard contributions from local faults (Wong and Stepp 1998, p. 7-22). Therefore, the bias was
computed for a subset of the extensional data that included only sites at distances less than 20 km
(12 mi.) (Spudich et al. 1996). For this short distance range, the overprediction is somewhat
greater than for the full data set, although the standard deviations of the residuals are also larger.

The standard errors of the western U.S. models were compared to the standard errors computed
from the extensional regime database for all distances and for distances less than 20 km (12 mi.)
(Spudich et al. 1996). For all distances, the computed standard errors are consistent with the
range of standard errors from the attenuation models. For distances less than 20 km (12 mi.), the
computed standard errors are toward the lower end of the range of the attenuation model
standard errors, but the uncertainty in the estimated standard error is much larger. The standard
errors in the western U.S. attenuation models appear to be comparable and thus applicable to
extensional regimes.
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Spudich et al. (1996) also evaluated the distance and magnitude scaling inherent in the western
U.S. relations against the extensional data. They found that the distance attenuation represented
by the extensional data set is weaker than in the western U.S. attenuation models. No systematic
difference was found in the magnitude scaling of events in the extensional database as compared
to the western U.S. models.

Extensional Regime Attenuation Relation—Spudich et al. (1996) developed a new attenuation
relation to estimate ground motions in extensional regimes. The model is based on a functional
form developed by Boore et al. (1994):

log ¥ = b; + by(M-6) + b3(M-6)* + bR + bslogR + bsl” (Eq. 12.3-1)

in which Y is the ground motion parameter, M is moment magnitude, R = (ry° + #9)* (r is
horizontal distance and # is depth from Boore et al. [1997]), and 7"is O for rock sites and 1 for
soil sites.

The extensional regime data set is rather sparse in terms of the magnitudes represented, and has
little data from rock sites at distances less than 10 km (6 mi.). Consequently, in the regression
analysis several model parameters were fixed to values determined by Boore et al. (1994).
The fixed parameters include the magnitude scaling terms (b, and b;) and the depth term (h).
All other parameters were estimated, and the resulting coefficients are listed in Table 3 of
Spudich et al. (1997).

Comparisons of median predictions from this model with those from several western U.S.
attenuation models illustrate their differences. Figure 12.3-23 compares median acceleration
response spectra for a rock site on the footwall of a dipping fault (57.5°) at a rupture distance of
10 km (6 mi.) for M,, 5, 6, and 7 events. Figure 12.3-24 makes the same comparisons for a rock
site on the hanging wall. In general, at short to moderate periods the Spudich et al. (1997) model
predictions are less than, or lie at the lower limit of, the western U.S. values. At long periods,
the Spudich et al. (1997) model is similar to the western U.S. models. Notably, however, the
Spudich et al. (1997) model has a much larger standard deviation at long periods than is usual for
the western U.S. relations.

A third comparison is made for a rock site 25 km (16 mi.) from a M,, 6.5 strike-slip event
(Figure 12.3-25). At this larger distance, the Spudich et al. (1997) model predlctlon is about
30 to 40 percent lower than the average of the western U.S. values.

12.3.9.3 Little Skull Mountain Earthquake Ground Motions

The June 29, 1992, M, 5..6 Little Skull Mountain earthquake is the largest recorded earthquake
within 20 km (12 mi.) of Yucca Mountain. Moreover, it is the only earthquake in the Yucca
Mountain region (excluding aftershocks) for which significant recordings of strong motion are
available.

Focal mechanisms and seismic moments have been derived by several investigators. In general,
the mainshock mechanism and moment are very well constrained, with a dip of 56° and rake
angle indicating a normal mechanism (Table 12.3-14). Based on aftershock locations, the
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rupture plane extended about 4 km (2 mi.) along strike and 6 km (4 mi.) down dip with the
hypocenter at the lower southwestern corner of the rectangle. The mainshock seismic moment

~ was computed at about 3.7 x 10%* dyne-cm.

The stress drops of the mainshock and two large aftershocks were estimated from a point source
inversion of the Fourier amplitude spectra (Schneider et al. 1996, pp. 6-6 to 6-11). The stress-
drop estimates are listed in Table 12.3-15 and are consistent with those of other Basin and Range
Province earthquake sequences (Section 12.3.9.1).

The earthquake strong ground motion recordings provided a valuable opportunity for comparison
with existing empirical attenuation relations. An analysis of residuals with respect to five
attenuation relationships was performed by Abrahamson and Becker (1996, Chapter 10).
In general, the residuals indicate that for larger distances, the empirical relations tend to
overpredict the observed ground motions for the Little Skull Mountain earthquake. The average
level of all residuals tends to decrease with period. The underprediction of ground motion at
high frequencies can be attributed to lower kappa at the site compared with typical western
U.S. values.

As part of the Scenario Earthquake Modeling Project, the ground motions from the Little Skull
Mountain earthquake also were modeled by six groups as part of a model evaluation and
validation process. Detailed results of this study are provided by Schneider et al. (1996) and are
summarized in the following section.

12.3.9.4 Scenario Earthquake Modeling Project

Due to the lack of near-fault strong motion data from earthquakes in the Yucca Mountain region
and the Basin and Range Province, the USGS organized a project to estimate vibratory ground
motion for several earthquake scenarios affecting Yucca Mountain (Schneider et al. 1996).
Participants in the study used established numerical modeling methods to simulate ground
motions that were appropriate to the specific conditions at Yucca Mountain. As part of the
modeling exercise, both median ground motion and its variability were estimated for each
faulting scenario. -

Six earthquake scenarios were evaluated (Table 12.3-16) based on two geologic criteria: the
postulated sources are likely to have generated significant earthquakes in the past, and they are
considered likely to produce ground motions that would impact seismic hazard estimates at
Yucca Mountain. The six scenarios include four normal faulting events (My 6.3 to 6.6) at
source-to-site distances of 1 to 15.5 km (0.6 to 9.6 mi.) and two strike-slip faulting events
(My 6.7 and 7.0) at distances of 25 and 50 km (16 and 31 mi.), respectively.

Six modeling teams, each with a different preferred modeling approach, first validated their
Yucca Mountain-specific models using records from the 1992 M, 5.6 Little Skull Mountain
earthquake. The teams were allowed to modify input parameters with the constraint that they be
consistent with the observations and results of previous work. Slip distribution and other fault
dynamics were unspecified and left to the modelers to define. Following the validation phase of
the project, each team prepared ground motion estimates (median and uncertainty) for the
SiX scenarios.
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- The six modeling approaches were the following:

Specific barrier method (Chin and Aki)

Stochastic method with @’ subevents (Silva)

Stochastic slip functions method (Joyner)

Composite fractal source method (Zeng and Anderson)

Broadband Green’s function method (Somerville)

Empirical method using underground nuclear explosion sources (Bennett).

In the six modeling methods, the seismic source is prescribed only by the rupture geometry,
seismic moment, and hypocenter. The manner in which the seismic slip is distributed and
released on the fault plane varies between methods. The methods also vary significantly in their
assumptions of wave propagation, site response, and overall level of complexity, but all the
methods accommodate the essential aspects of seismic energy being generated from a finite
source and propagated along a path to a site at the Earth’s surface. A complete description of
each modeling method is provided in Schneider et al. (1996).

Taken together, the six modeling methods represent the state of the art, and the differences in
resulting predictions capture an important component of the uncertainty in ground motions in
these scenario earthquakes that can be applied to the variability of other simulations.

Model Validation-In the validation phase of the project, the teams incorporated various Yucca
Mountain source, path, and site parameters to calibrate their models to best fit ground motions
from five sites that recorded the Little Skull Mountain earthquake. Most of the six methods had
also been previously calibrated against recordings from recent earthquakes.

The computed 5 percent damped response spectra for each of the six modeling teams are plotted
on Figure 12.3-26, along with an observed spectrum from the Little Skull Mountain earthquake.
The comparisons are for the recording site (Lathrop Wells) nearest to the Little Skull Mountain
main shock source.

The mean residual and standard deviation for all five sites were computed for each model. The
average model bias for all groups is included on Figure 12.3-27. The models produced ground
motion estimates that were comparatively unbiased for periods less than 1 s, indicating that they
are applicable to estimating ground motions in the Basin and Range Province. However, the bias
for periods greater than 1 s indicates that the numerical simulation models do not work well for
this event at long periods. '

The standard errors of the modeling misfits are plotted on Figure 12.3-28. This is the model
uncertainty and represents the limitations of each model. This modeling uncertainty is part of the
total uncertainty of numerical simulations discussed later in this section.

Computed Ground Motion—Using the Little Skull Mountain-calibrated models, the six teams
proceeded to compute motions for the six faulting scenarios. Five of the teams whose models
were numerical simulations (i.e., all except the empirical underground nuclear explosion model)
ran multiple realizations of the source process and computed a mean spectrum for each scenario.
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Nonlinear site response effects were incorporated in the scenario ground motions. Lacking
information on the dynamic response of tuffs at Yucca Mountain, the nonlinear response of these
materials was assumed to be similar to the response of tuffs from those tested (Wong et al. 1995,
Section 6.2.3). The simulated ground motions were modified to account for the expected
nonlinear response of the top 40 m (131 ft) of the tuff. For the nearby normal faulting event
scenarios, the increase in damping from nonlinear effects reduced the high-frequency ground
motion by about a factor of two as compared to the ground motions computed assuming linear
site response. In the more distant strike-slip faulting scenarios, the ground motions were much
lower, so the expected nonlinear response of the tuff is not significant.

The computed median spectral accelerations for the scenario events based on the team’s models
are shown on Figure 12.3-29. Ground motions computed for the normal faulting scenario events
at close distances (Bow Ridge, Solitario Canyon, and Paintbrush Canyon faults) are large: 34-Hz
spectral accelerations range from 0.5 to 1.0 g (490 to 981 cm/s?) at distances of 1 to 3 km (0.6 to
2 mi.). The more distant normal faulting scenario earthquakes (Bare Mountain and Rock Valley
faults) resulted in ground motions with 34-Hz spectral accelerations from 0.2 to 0.3 g (196 to 294
cm/s?). The scenario event at farthest distance (Furnace Creek fault, a strike-slip scenario)
produced the lowest high-frequency motion (less than 0.1 g [98 cm/s?] at 34 Hz); its long period
motions are comparable to the Bare Mountain and Rock Valley fault events as a result of the
larger magnitude of the Furnace Creek fault event.

Comparisons with Western U.S. Attenuation Relations—The model simulations were
compared with several western U.S. empirical attenuation relations (Sadigh et al. 1993; Boore
etal. 1994). The simulated median ground motions for the four normal faulting events exceed
the western U.S. predictions by about 60 percent at distances less than 5 km (3 mi.) and by about
20 percent at 15 km (9 mi.). The differences are largest at high frequencies, attributable
primarily to low damping (kappa effects) in the shallow rock at Yucca Mountain and to larger
crustal amplification for the Basin and Range Province. At long periods, the difference is
attributed to the larger crustal amplification and directivity effects.

For the more distant strike-slip faulting earthquakes, the simulated median ground motions are
greater than the western U.S. attenuation predictions by about 30 percent at a distance of 25 km
(16 mi.), also at the high frequencies. This increase is similarly attributed to low kappa and
larger crustal amplification. At 50 km (31 mi.), the simulated longer period ground motions are
consistent with western U.S. empirical attenuation predictions because the effect of kappa is not
as significant.

The simulated higher ground motions at high frequencies are consistent with records from the
1992 Little Skull Mountain earthquake. The high-frequency ground motions from this event
were significantly larger than those predicted by western U.S. empirical attenuation relations.

The variability of the simulated motions is also greater than that computed for western U.S.
empirical attenuation relations. The standard error is about 0.15 natural log units larger than that
found for empirical attenuation relations.

Ground Motion Variability—The variability of the ground motion was estimated in the Scenario
Earthquake Modeling Project, including modeling, method, parametric, and geometric variability
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(Schneider et al. 1996). The total variability is the combination of these sources of uncértainty.

~ (The uncertainties in the ground motion part of the probabilistic seismic hazard analyses project
- were treated slightly differently [Wong and Stepp 1998].) Two types of uncertainty are

considered: aleatory, representing random variations and captured in the standard deviation, and
epistemic, representing scientific uncertainty due to limited data. Epistemic uncertainty is
inherent in both median estimates and their aleatory variability.

The model variability (aleatory) is estimated from comparisons of the model predictions with
recordings from actual earthquakes. In the Scenario Earthquake Modeling Project, this was
captured in the Little Skull Mountain validation exercise and other validations each investigator
had performed. Method variability (epistemic) is the uncertainty in the median ground motion
introduced by the inability to know which numerical model will provide estimates closest to the
correct median. Parametric variability (aleatory) is caused by variations in ground motion for
future earthquakes due to variations in source, path, and site parameters in those events. It is
computed by varying these parameters (optimized in the validation exercise) in other
simulations. Geometric variability (epistemic) results from the inability to know what the
geometry of a source truly is. For example, for a single fault, it is the uncertainty in the dip of
that fault. In the Scenario Earthquake Modeling Project, geometric variability was included only
in the computation of the total uncertainty, depending on the details of the individual
simulations.

The uncertainty computed for all the simulations is included in Schneider et al. (1996). The four
sources of uncertainty for the Paintbrush Canyon scenario event are shown on Figure 12.3-30.
In general, the total uncertainty increases with period and the greatest contribution to the total
uncertainty is the modeling uncertainty.

12.3.9.5 Ground Motion Characterization Supporting the Probabilistic Seismic Hazard
Analysis Project

The most comprehensive evaluation of ground motions at Yucca Mountain was performed in
support of the probabilistic seismic hazards analyses (Section 12.3.10). The goal of the
evaluation was to formulate attenuation models describing vibratory ground motion at the
potential repository. Expert elicitation methods were followed to integrate the range of scientific
interpretations. Seven experts participated in the characterization, each with recognized

~ technical expertise. The experts impartially evaluated various proponent models of ground

motion based on information presented in a series of workshops. The characterization is
documented in Wong and Stepp (1998).

The experts provided point estimates of ground motion for a suite of prescribed faulting cases,
and these point estimates were subsequently regressed to attenuation equations. The ground
motions constituted response spectral values (horizontal and vertical components) for specified
spectral periods. The point estimates constituted an estimate of the median ground motion, its
variability (aleatory variability), and the uncertainty in each (epistemic uncertainty). Each
faulting case corresponded to a particular magnitude earthquake, fault geometry, and source-site
distance. The cases were designed to sample the magnitude-distance-faulting space in sufficient
detail to provide a robust regression.
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The ground motion estimates and, thus, the resulting attenuation relations were developed for a
free-field reference rock outcrop whose geotechnical conditions are the same as those at the
depth of the buried repository, not those at the ground surface (Section 12.3.10).

In the course of the ground motion workshops, the results of all known relevant studies were
presented. Among other issues, these workshops included discusstons of several seismological
parameters, including stress drop, crustal structure, Q, and site effects, including kappa, site
response, and material nonlinearity. Workshop presentations covered seismological records
from the 1992 Little Skull Mountain mainshock and aftershocks and the 1993 Rock Valley
sequence. The experts were briefed on source focal mechanisms, event locations, and elements
of the seismograms. The extensional regime data set and results (Spudich et al. 1997) and the
scenario earthquake investigation (Schneider et al. 1996) were of direct relevance to the ground
motion characterization. Ground motion estimation methods were also reviewed, including
empirical attenuation relations, numerical simulations, and hybrid empirical numerical schemes.

Proponent Models—The experts computed their point estimates not from further analyses of
measured strong ground motion data, but rather from existing proponent models. The proponent
models fell into several classes: empirical attenuation relations, hybrid empirical, point source
numerical simulations, finite-fault numerical simulations, and blast models. All ground motion
modeling relations evaluated as part of this study are listed in Table 12.3-14.

Because no empirical attenuation models exist for the Yucca Mountain region or the Basin and
Range Province, the empirical models used in this study resulted from regression analyses of
strong motion records primarily from California earthquakes. Thus, all empirical relations
required adjustments so they would better fit conditions in the Yucca Mountain region. The
hybrid empirical model is derived from these relations and implicitly includes conversion factors
that must be separately applied to the empirical relations.

The blast models are based on empirical records from underground nuclear explosions at the
Nevada Test Site (Schneider et al. 1996, pp. 3-15 to 3-17). Three blast models were assessed,
each with a different approach to account for differences in earthquake sources and
explosion sources.

The numerical simulations were tailored to Yucca Mountain conditions and required no
adjustments. The point source models are the simplest numerical models and also the best
understood. The finite-fault numerical simulations were derived from the six models evaluated
in the Scenario Earthquake Modeling Project previously described (Section 12.3.9.4). Three
model approaches were chosen by the experts for their analyses:

« Stochastic method with ©* subevents (Silva)
¢ Composite fractal source method (Zeng and Anderson)
¢ Broadband Green’s function method (Somerville).

Conversion Models—Depending on the nature of the data sets upon which they were based, the
empirical relations often represented source, path, and site conditions different from those
encountered at Yucca Mountain. Suites of conversion factors were consequently computed as
part of the study. They were developed using the results of numerical finite fault simulations,

TDR-CRW-GS-000001 REV 01 ICN 01 12.3-70 September 2000



stochastic point source simulations, and empirical attenuation relations. Complete summaries of
the conversion factors are presented in Wong and Stepp ( 1998) The factors included corrections
for the following:

e Source: western U.S. transpressional seismic sources to Yucca Mountain extensional
seismic sources

e Crust: western U.S. crust to Yucca Mountain crust
 Site: reference rock outcrop to Yucca Mountain surface conditions.

Eight conversion models for source and four for combined crust and site effects were available
‘for application. The experts selected the conversions they wished to apply to the various
empirical relations. If an empirical model did not require a correction term, then none was
. applied. For example, the numerical simulations were computed for Yucca Mountain conditions,
0 no crust or site correction was needed and none was applied.

Additionally, many of the proponent models did not include the full range of ground motion
parameters required. For example, not all the empirical models included vertical ground
motions. Thus, scaling factors were also developed in the same manner as the conversion
models. The scaling factors include the following:

» Ratios of vertical motion to horizontal motion

¢ Ratios of peak velocity to peak spectral acceleration
e Ratios of peak velocity to 1-Hz spectral acceleration

¢ Component-to-component variability models
Spectral acceleration interpolation models.

The scaling factors were applied in a manner analogous to the conversion models.

Attenuation Relations—Each expert developed a set of point estimates for the several cases
representing different faulting styles, event magnitudes, source geometries, and source-site
distances. The estimates comprised median ground motion, its variability, and the uncertainty in
both. The estimates were derived directly from the models, the conversion factors, the
adjustment factors described above, and other judgments by the experts.

These estimates were then parameterized using attenuation relations. The forms of the
attenuation relations used by each expert are provided in Table 12.3-17. The experts constrained
the relations, describing their estimates as much or as little as they chose. For example, each
selected a distance measure for the regression. Some chose to constrain the degree of magnitude
saturation at close distances. Some chose to regress hanging wall and footwall point estimates
together rather than separately. Regression coefficients a,, bi, ¢;, and d; are listed in Wong and
Stepp (1998, Appendix I).

During the course of the probabilistic seismic hazard analyses project, two faulting cases were
identified that could not be captured by the cases for which the experts were developing point
estimates. These special cases were (1) multiple rupture scenario on paralle] faults and (2) a
low-angle detachment zone rupture scenario. The experts addressed these scenarios by
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providing rules for applying their attenuation equations in each specialized case. Their
adjustment factors are provided in Wong and Stepp (1998, Appendix F).

As an example of the process, the point estimates for horizontal spectral acceleration for a case
representing normal faulting (hanging wall) in a My, 6.5 earthquake at a distance of 4 km are
shown on Figure 12.3-31. Figures showing all four ground motion estimates, for all cases and
for all experts, are contained in Wong and Stepp (1998, Section5). All median estimates
developed by a single expert were regressed using the median motion equation form (Table 12.3-
17), subject to any constraints imposed by that expert.

Ground motion estimates for any of the four ground motion parameters may be computed using
the- sets of coefficients. Figure 12.3-32 presents one such set of estimates, corresponding to the
median horizontal peak ground acceleration in a M, 6.5 normal faulting earthquake on the
hanging wall.

Typically, the seven sets of attenuation relations predict median ground motion, which differs by
less than a factor of 1.5. The experts’ horizontal aleatory estirhates, the epistemic uncertainties
in their median estimates, and the epistemic uncertainties in their aleatory estimates all vary by
less than about 0.1 natural log unit.

12.3.10 Probabilistic Seismic Hazard Analysis

To assess the seismic hazards of vibratory ground motions and fault displacement at Yucca
Mountain, a PSHA was performed (Wong and Stepp 1998; CRWMS M&O 2000e). The
objectives of the PSHA are to provide quantitative hazard results to support a viability
assessment of the potential repository’s long-term performance with respect to waste
containment and isolation and to form the basis for developing seismic design criteria for the
license application. The hazard results are in the form of annual probabilities for the exceedance
of various levels of fault displacement at selected locations in the preclosure controlled area and
various levels of vibratory ground motion at a hypothetical rock outcrop at the ground surface.

The PSHA consists of three primary activities:

¢ Identification, evaluation, and characterization of seismic sources that will contribute to
the fault displacement and vibratory ground motion hazard at Yucca Mountain

e Evaluation and characterization of vibratory ground motion attenuation, including
earthquake source, wave propagation path, and rock site effects

¢ Analyses of probabilistic seismic hazards due to both fault displacement and vibratory
ground motion.

Both the preclosure and postclosure performance periods of the potential repository are being
addressed in the study. '

By necessity, evaluations of seismic source characteristics, earthquake ground motions, and fault

displacement involve interpretations of data. These interpretations have associated uncertainties
related to the ability of data to fully resolve various hypotheses and models. In the PSHA, the
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input includes both estimates of the parametric variability and uncertainty in the interpretations.
To evaluate scientific uncertainty, seismic source characterizations have been made by six teams
of three experts each, who together form a composite expertise in the seismicity, tectonics, and
geology of the Yucca Mountain site and region. The ground motion assessments have been
made by seven individual experts (Section 12.3.9.5).

Interpretations for hazard assessment have been coordinated and facilitated through a series of
workshops. Each workshop was designed to accomplish a specific step in the overall
interpretation and to ensure that the relevant data were fully considered and integrated into the
evaluations. '

The following sections present the PSHA methodology for both vibratory ground motions and
fault displacement, the expert teams’ seismic source characterization for analyses of vibratory
ground motions and their fault displacement models, and the associated hazard results. The
ground motion characterization performed by the PSHA ground motion experts was presented in
Section 12.3.9.

12.3.10.1 Probabilistic Seismic Hazard Analysis Methodology

The PSHA methodology for vibratory ground motions was first developed by Cornell (1968,
1971) and has become standard practice in evaluating seismic hazards. The use of the
methodology results in calculated annual probabilities that various measures of vibratory ground
motion (e.g., peak horizontal acceleration) will be exceeded at a site (Figure 12.3-33). The
resulting seismic hazard curve represents the integration over all earthquake sources and
magnitudes of the probability of future earthquake occurrence and, given an occurrence, its
effect at a site of interest. The methodology for evaluating fault displacement hazard
probabilistically is very similar to that for vibratory ground motions.

The calculation of probabilistic ground motion hazard requires three basic inputs
(Figure 12.3-33):

» Identification of relevant seismic sources and a characterization of their source geometry
» Rate of earthquake occurrence for each seismic source and its magnitude distribution

¢ Attenuation relationships that provide for the estimation of a specified ground motion
parameter as a function of magnitude, source-to-site distance, local site conditions, and
in some cases, seismic source characteristics.

For evaluating fault displacement hazard, the ground motion attenuation relationships are
replaced by relationships that describe the distribution, sense, and amounts of displacement with
earthquake occurrence. Both primary and secondary fault displacement are addressed. The three
basic inputs for assessing both vibratory ground motions and fault displacement hazards are the
products from the previously described characterization activities.

The mathematical formulation used for probabilistic seismic hazard analyses typically assumes
that the occurrence of damaging earthquakes can be represented as a Poisson process. Under this
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assumption, the probability that a ground motion parameter, Z, will exceed a specified value, z,
in time period ¢ is given by:

P(Z>zf) = 1-e7"9 <y(z)-1 (Eq. 12.3-2)

in which v(z) is the average frequency during time period ¢ at which the level of ground motion
parameter z exceeds value Z at the site from all earthquakes on all sources in the region. The
inequality at the right of Equation 12.3-2 is valid regardless of the probability model for
earthquake occurrence, and v(z) - f gives an accurate and slightly conservative estimate of
P(Z > z) for probabilities of 0.1 or less, if v(z) is the appropriate time-averaged value for the
specific time period of interest.

The frequency of exceedance, v(z), is a function of the frequency of earthquake occurrence, the
randomness of size and location of future earthquakes, and the randomness in the level of ground
motion they may produce at the site. It is computed by the expression:

W2)=Tay (m°)'"j° [:f?(r[m)- P(Z > dm,r)- dr} -dm (Eq. 12.3-3)

m

in which o, (m®°) is the frequency of earthquakes on source n above a minimum magnitude of
engineering significance, m°, m" is the upper-bound magnitude event that can occur on the
source; f(r|m) is the probability density function for distance r to an earthquake of magnitude m
occurring on source n; and P(Z > z | m,r) is the probability that, given the occurrence of an
earthquake of magnitude m at distance » from the site, the peak ground motion will exceed level
z.

An important aspect of the probabilistic seismic hazard calculations is the treatment of
uncertainty. For the above inputs, uncertainties are quantified by the experts and included in
their models. These uncertainties are propagated throughout the probabilistic analyses using a
logic tree methodology resulting in a suite of hazard curves typically showing the mean, median,
and various percentile curves.

The PSHA methodology shown on Figure 12.3-33 is formulated to represent the randomness
inherent in the natural phenomena of earthquake generation and seismic wave propagation. The
randomness in a physical process has come to be called aleatory uncertainty
(Budnitz et al. 1997). In all assessments of the effects of rare phenomena, one faces uncertainty
regarding the selection of the appropriate models and model parameters because the data are
limited and/or alternative interpretations of the data exist. This uncertainty in knowledge has
come to be called epistemic uncertainty (Budnitz et al. 1997). The seismic source experts placed
a major emphasis on developing a quantitative description of the epistemic uncertainty.

The logic tree formulation for seismic hazard analysis involves setting out the logical sequence
of assessments necessary to perform the analysis and addressing the uncertainties for each step in
the assessment. Thus, it provides a convenient approach for breaking a large, complex
assessment into a sequence of smaller, simpler components that can be addressed more easily.
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- Figures 12.3-34 and 12.3-35 show examples of logic trees composed of a series of nodes and

branches from the nodes. Each node represents a state of nature or an input parameter that must
be characterized to perforti the analysis. Each branch from a node represents one possible
alternative interpretation being evaluated. In practice, a sufficient number of branches are placed
at a given node to represent the evaluator’s uncertainty in estimating the parameter.

Assigned to each branch is a probability that is associated with the expert’s evaluation that the
branch represents the correct value or state of the input parameter. These probabilities are
conditional on the assumption that all the branches from that node represent the true state of the
preceding parameters. Because they are conditional probabilities for an assumed mutually
exclusive and collectively exhaustive set of values, the sum of the conditional probabilities at
each node is unity. The probabilities are often based on scientific expert judgment because the
available data are often too limited to allow for objective statistical analysis and because
scientific evaluation is needed to weigh alternative interpretations of the available data. The
logic tree simplifies these evaluations because the uncertainty in each parameter is considered
individually, conditional on assumed known states from prior evaluations. The nodes of the
logic tree are sequenced to express conditional aspects or dependencies among the parameters
and to provide a logical progression of evaluations, from general to specific, in characterizing the
input parameters for PSHA.

12.3.10.2 Seismic Source Characterization for Vibratory Ground Motions

Two main types of seismic sources were characterized by the seismic source expert teams: fault
sources and areal source zones. Fault sources are used to represent the occurrence of
earthquakes along a known or suspected fault trace or traces. Uncertainty in the definition of
fault sources is expressed by considering alternative rupture lengths, alternative fault dips, and
possible linkages with other faults. In addition, an evaluation is made of the probability that a
particular fault is active (Figure 12.3-35); that is, it produces earthquakes in the current
tectonic regime.

Faults were represented in the PSHA by segmented planar features; the fault dip and the
minimum and maximum depths of rupture on the fault plane were specified by the seismic
source expert teams (Figure 12.3-35). Earthquake ruptures typically are considered to occur with
equal likelihood at any point on the fault plane; the size of the rupture is specified by an
empirical relationship between magnitude and rupture area.

Areal source zones represent regions of distributed seismicity that are not associated with
specific known faults, such as “background earthquakes,” and, therefore, the events are
considered to be occurring on unidentified faults or structures whose areal extents are best
characterized by zones. Areal zones may also be used to model the occurrence of earthquakes at
great distances from a site when the details of the individual faults are not significant to the
hazard assessment. The boundaries of regional source zones delineate areas that have relatively
uniform seismic potential in terms of earthquake occurrence and maximum earthquake
magnitude (Figure 12.3-36). Uncertainty in defining areal zones typically was expressed by
considering alternative zonations of the region surrounding the Yucca Mountain site.
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Two alternative approaches were used by the seismic source expert teams to characterize the
spatial distribution of future earthquakes within the areal zones. The first considers equal
likelihood of occurrence of earthquakes at all locations within the areal zone. The alternative
interpretation was non-uniform spatial occurrence expressed by a non-uniform spatial density
function for the areal zone based on the historical seismicity. This interpretation implies that
future seismicity is more likely to occur near where it has in the past. This interpretation
currently is being used to develop the national seismic hazard maps for the United States
(Frankel 1995).

12.3.10.2.1 Assessment of Maximum Magnitude

The maximum magnitude (Mmax) for a seismic source represents the largest earthquake that can
be generated by that source, regardless of its frequency of occurrence. The approach used to
evaluate M, for a fault source was to estimate the maximum physical dimensions of rupture on
the source and use relationships between rupture dimensions and earthquake magnitude. The
types of empirical relationships available are magnitude versus surface- or subsurface-rupture
length, rupture area, maximum surface displacement, average surface displacement, and slip rate.
Some published empirical relationships include more than one parameter, such as rupture length
and slip rate or the product of rupture length and displacement (e.g., Anderson, J.G. et al. 1996).
Estimates of the rupture area and average slip on the fault can also be used to estimate the
seismic moment of the M., which is then converted to M,, using an empirical relationship, such
as the one developed by Hanks and Kanamori (1979). The probabilistic seismic hazard analyses
were conducted using M,, as the magnitude measure, and all estimates of M,ax Were converted to
this scale.

In estimating My,x for faults, the seismic source expert teams considered multiple sources of
uncertainty:

o The relative merit of alternative rupture characteristics for estimating magnitude
(e.g., estimates based on rupture length versus estimates based on maximum
displacement)

o The relative merit of alternative published empirical relationships
» Uncertainty in estimating the physical dimensions of the maximum rupture on a fault.

The logic tree on Figure 12.3-37 illustrates an example approach used to express these
uncertainties. Alternative fault widths are assessed by considering a range of permissible
maximum depths of rupture and alternative fault dips. Alternative maximum rupture lengths are
assessed based on evidence for lasting segmentation points and differences in fault behavior.
Alternative empirical relationships are considered: magnitude versus rupture length or rupture
area from D.L. Wells and Coppersmith (1994), or magnitude versus rupture length and slip rate
(Anderson, J.G. et al. 1996). If the J.G. Anderson et al. (1996) relationship is used, then a
distribution of possible fault slip rates is assessed. The example logic tree (Figure 12.3-37)
shows only some of the branches to illustrate the various evaluations. The complete logic tree
leads to the discrete distribution for Mpax shown at the bottom of Figure 12.3-37.
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Different approaches may be used to evaluate the My, for atéal source zones. In cases where an

- areal source zone is used to model the occurrence of earthquakes at large distances from a site

where the details of the individual fault sources are not significant to the hazard assessment,
Mmax represents the largest earthquake determined to occur on any of the faults within the source
zone. In cases where areal source zones are used to mode! the occurrence of earthquakes on
unknown faults (there may be fault sources within the areal source zone that are modeled
explicitly as separate sources in the hazard), Mp.x for the areal zone is determined by the largest
fault not explicitly considered within the zone or the largest earthquake that is not associated
with surface faulting. The size of this fault will depend on the level of detailed mapping of the
region and the identification of fault sources. Guidance for this evaluation is provided by studies
that examine the frequency at which earthquakes of various magnitudes rupture the surface
(e.g., Wells, D.L., and Coppersmith 1993; dePolo 1994b; Pezzopane and Dawson 1996). The
data sets of dePolo (1994b) and Pezzopane and Dawson (1996) are specific to the Basin and
Range Province.

12.3.10.2.2 Assessment of Earthquake Recurrence

Earthquake recurrence relationships for a seismic source describe the frequency at which
earthquakes of various magnitudes occur. They are determined by estimating the overall
frequency of earthquakes on the source, a,(m°), and the relative frequency of earthquakes of
various sizes defined by the probability density of earthquake size, f(m), between m° (minimum
magnitude) and m" (maximum magnitude). Different approaches were used to determine the
recurrence relationships for areal source zones and fault sources.

The earthquake recurrence relationships for areal zones were determined from the historical
seismicity catalog compiled for the Yucca Mountain region (Section 12.3.2.2). The catalog was
analyzed to identify and remove explosions and dependent events (earthquakes that were
aftershocks or foreshocks of larger earthquakes) to produce data sets of earthquakes that can be
considered to correspond to a Poisson process. Several alternative methods for identifying
dependent events were used to express the uncertainty in the process. The seismic source expert
teams used the alternative catalogs to develop alternative recurrence relationships for their
areal zones.

The distribution of earthquake sizes in each areal source zone was interpreted to follow the
Gutenberg and Richter (1954) exponential recurrence model. Because each source has a defined
Mmax, the truncated exponential magnitude distribution was used to define the recurrence
relationships.

The recurrence parameters needed for each areal source zone are cu(m®) and b (slope of the
recurrence curve). The maximum likelihood procedure developed by Weichert (1980) was used
to estimate these parameters from the recorded data. The likelihood function used in this study
was modified from that presented by Weichert (1980) to allow for variable periods of complete
reporting within the boundaries of the source, as well as variable magnitude intervals.

Two approaches were used to estimate the earthquake recurrence relationships for faults. The
first involved estimating the frequency of large-magnitude surface-rupture earthquakes either by
the use of recurrence intervals or by dividing an estimate of the average slip per event by an
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estimate of the fault slip rate. The complete recurrence relationship for the fault is then specified
by constraining a particular form of an earthquake recurrence model (magnitude distribution
function) (Figure 12.3-38) to pass through the estimated frequency of large events. The second
approach was to translate the estimated fault slip rate into seismic moment rate and then partition
it into earthquakes of various magnitudes according to the recurrence model used. Both of these
approaches constrain the earthquake recurrence relationship for the fault at the frequency of
magnitudes near M. The frequency of smaller-magnitude earthquakes is then extrapolated
from this frequency based on the form of the recurrence model used. Various recurrence models
were considered by the seismic source expert teams, including the characteristic earthquake
(Youngs and Coppersmith 1985), exponential, truncated exponential, and the maximum moment
(Wesnousky et al. 1983) (Figure 12.3-38).

12.3.10.2.3 Summary of Experts’ Seismic Source Characterization Assessments

The following section summarizes the range of interpretations made by the seismic source expert
teams regarding key components of their seismic source characterization models. More detailed
discussions are included in Wong and Stepp (1998).

Regional Faults—Regional faults were treated similarly by the seismic source expert teams.
They were defined by most teams as Quaternary faults between about 15 and 100 km (9 and
62 mi.) from Yucca Mountain that were judged to be capable of generating earthquakes of My, 5
and greater. Paleoseismic data from Piety (1996) and Whitney (1996) were used by all the teams
to identify and characterize potential regional fault sources. Other sources, such as R.E.
Anderson, Bucknam et al. (1995); R.E. Anderson, Crone et al. (1995); McKague et al. (1996);
Keefer and Pezzopane (1996); and Pezzopane (1996) also were used to varying degrees by some
of the teams. Some of the faults that McKague et al. (1996) identified as Type 1 faults were
considered but not judged relevant to the hazard analysis and were not included by the teams
because of their short lengths, distance from Yucca Mountain, and evidence indicating that many
of these faults either have no significant Quaternary displacement or are much shorter than
previously thought.

The number of regional faults considered by the expert teams ranged from 11 to 36 (e.g.,
Figure 12.3-39), reflecting in part the judgments of the teams regarding the activity of various
faults, as well as the decision by some teams to also include potentially active faults. All of these
faults are described in Section 12.3.7. One team included only faults that were judged to be
active with a probability of 1.0, whereas other teams also included faults that were judged to be
active with probabilities of less than 1.0. All of the teams modeled the regional faults as simple,
planar faults to maximum seismogenic depth with generalized dips depending on the style of
faulting (often 90° for strike-slip faults, 60° or 65° for normal-slip faults). Alternative fault
lengths were included for most of the faults by all of the teams.

A variety of empirical relations was used by the teams to estimate Mpax as previously described
for both the regional and local fault sources. Two general approaches were used to estimate
recurrence rates for the regional and local fault sources: slip rates and recurrence intervals. The
four recurrence models previously described were used by the teams.
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Local Faults—Varying fault behavioral and structural models were employed by the expert teams
to capture the full range of complex rupture patterns and fault interactions in the characterization
of local faults. Figure 12.3-40 shows an example of fault locations for an independent versus
coalesced local fault model. A planar-fault block model was preferred by most teams, with
linkages along strike or coalescence down dip considered by all teams. Some type of
simultaneous rupture of multiple faults was included in all models (e.g., Figure 12.3-40b).
In general, preferred models for multiple-fault rupture included two to four coalescing fault
systems. Several teams used detachment models to constrain the extent and geometry of local
fault sources. A seismogenic detachment fault was considered but not strongly favored by the
teams as a source of large earthquakes. An example of the Mpay distribution for several local
faults estimated by one of the seismic source expert teams is shown on Figure 12.3-41.

The possibility that right-lateral shear is being accommodated in the Yucca Mountain region by a
buried strike-slip fault was considered by all expert teams. Most of the teams included some
variation of a regional buried strike-slip fault source, though with low probability.

Volcanic Sources—Seismicity related to volcanic processes, particularly seismicity related to
basaltic volcanoes and dike-injection, was considered by all teams but explicitly modeled as
distinct source zones by only two teams. Volcanic-related earthquakes were not modeled as a
separate seismic source by the other four teams because the low magnitude and frequency of
volcanic-related seismicity were assumed to be accounted for by earthquakes in the areal zones.

Areal Source Zones—Areal source zones were defined by the expert teams to account for
background earthquakes that occur on potential buried faults or faults not explicitly included in
their model. Some teams included alternative areal zone models within a 100-km (62-mi.) radius
of the Yucca Mountain site in their characterization. The teams also defined aréal zones that
extended beyond a 100-km (62-mi.) radius of the Yucca Mountain site. Several teams defined a
site area or zone solely for assigning a lower Mp,, to the area where more detailed investigations
have been conducted and the inventory of fault sources is more complete. Examples of one
team’s alternative seismic source zones are shown on Figure 12.3-42.

All seismic source expert teams used the truncated exponential model to estimate earthquake
recurrence rates within the areal source zones. All teams had their catalogs declustered to
remove dependent events. Adjustments for underground nuclear explosions in relevant zones
were also made. Varying treatments of the background seismicity were included: Uniform
smoothing of seismicity was used solely or given significant weight by most teams, and non-
uniform smoothing via Gaussian kernels with different smoothing distances was used by
several teams.

Consideration of Tectonic Setting and Models—Each team of seismic source experts
considered tectonic setting and models in developing their interpretations of seismic sources in
the Yucca Mountain region. Information on the tectonics of the site area was presented to the
experts at one of the workshops associated with the PSHA process (Wong and Stepp 1998,
Appendix C, pp. C-39 to C-40). Most teams explicitly discussed the tectonic setting and models
in their elicitation summary (Wong and Stepp 1998, Appendix E). In addition, teams also
described how tectonic structure was incorporated into their interpretation of seismic sources.
Tectonic models were employed to the degree that each team found them useful in characterizing
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future sources of earthquakes. Brief summaries of each team’s use of tectonic setting and
models follows.

The Arabasz-R.E. Anderson-Ramelli team determined that Yucca Mountain lies in the Crater
Flat domain and that simple (rotational) shear processes control the tectonics. They also allow
the possibility that a northwest-southeast dextral shear structure might influence earthquake
occurrence. Three options are considered for such a shear structure: a through-going regional
dextral shear zone, a right-stepping shear zone that produces a pull-apart basin, and a right-
stepping shear zone in which the pull-apart basin is underlain by a cross-basin dextral fault.
While regional detachment faults are discounted, local detachments are accommodated in their
interpretation of seismic sources. The local detachments are given low weight as seismogenic
sources, but do constrain other elements of the seismic source interpretation (Wong and Stepp
1998, Appendix E, pp. AAR-1 to AAR-6).

The Ake-Slemmons-McCalpin team evaluated five classes of tectonic models (a caldera model, a
volcanic-tectonic model, detachment models, planar fault blocks models, and lateral shear
models) in interpreting seismic sources for the Yucca Mountain area. They found the caldera
and lateral shear models unlikely; the planar fault block models plausible; evidence against the
detachment models compelling, but not enough to rule out detachments at greater than 6 km; and
that the volcanic-tectonic model may operate some of the time (Wong and Stepp 1998, Appendix
E, pp. ASM-2 to ASM-8). In developing their seismic source interpretations, they employed a
composite model based primarily on the planar fault model but incorporating elements of the
detachment and lateral shear models.

The Doser-Fridrich-Swan team identified Yucca Mountain as a multiple-fault-block ridge in the
eastern part of the extensional Crater Flat basin. They indicated that Crater Flat basin is a
subbasin of the Amargosa trough and is bounded to the west by the Bare Mountain fault and to
the east by the “gravity” fault. They also noted that the Timber Mountain caldera complex has
influenced the development of structures in the northernmost part of the basin. The team
observed that deformation in the Crater Flat basin is dominantly extensional, but includes a
significant component of northwest-directed right-lateral strike-slip strain. They determined that
the basin opened obliquely with greatest extension in its southwest corner. While the basin
resembles a strike-slip pull-apart basin, evidence of master strike-slip faults is lacking. The
strike-slip deformation is diffuse, rather than discrete (Wong and Stepp 1998, Appendix E, pp.
DFS-1 to DFS-3). The Doser-Fridrich-Swan team considered detachment fault models and a
caldera model. In interpreting seismic sources, the detachment model was given very low weight
and the caldera model was given no weight. A planar fault model with high-angle faults
extending to seismogenic depth was given the greatest weight (Wong and Stepp 1998, Appendix
E, pp. DFS-34 to DFS-37).

The Rogers-Yount-L.W. Anderson team concluded that none of the tectonic models presented in
the PSHA workshop provided a complete explanation of the available data. Therefore, they
identified potential seismic sources and used geologic and geophysical constraints to characterize
source properties. They concluded that Yucca Mountain faults are planar to listric and may
coalesce to a small number of master faults at depth (Wong and Stepp 1998, Appendix E, pp.
RYA-1 to RYA-2). Their interpretation of local seismic sources included pure planar faults that
ruptured independently, faults that lie above a detachment or zone of decoupling and move in
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response to slip on a buried fault, and faults that are planar to listric and coalesce down dip.
They considered pure planar faults and detachment-decoupling model to be end-members of the
" coalescing fault model (Wong and Stepp 1998, Appendix E, pp. RYA-6 to RYA-7).

. The K. Smith-Bruhn-Knuepfer team used tectonic models to constrain fault geometry and
behavior and to estimate the characteristics of buried seismic sources. In evaluating tectonic
models, the team considered several types of volcanic models. They concluded that a volcanic
caldera model was not viable. A rift model is identified as an older structure that may provide
part of the tectonic framework for current activity. A dike injection model is recognized as a
potential influence on seismic strain rates; seismic sources related to volcanism are treated
separately from primary faulting sources (Wong and Stepp 1998, Appendix E, pp. SBK-3 to
SBK-6). The team concluded that detachment faults, which are a component of low-angle fault
models, are not seismogenic sources. There is a small possibility, however, that they constrain
the down-dip width of faults (Wong and Stepp 1998, Appendix E, pp. SBK-6 to SBK-7). A
lateral-shear model involving a buried regional shear zone is given a low weight by the team.
The model to which the team assigned the highest weight is a high-angle faulting model that
includes a component of lateral shear related to Walker Lane deformation. The Yucca Mountain
faults in this model are part of a half graben, which is bound on the west side by the Bare
Mountain fault (Wong and Stepp 1998, Appendix E, pp. SBK-7 to SBK-8).

The R. Smith-dePolo-O’Leary team examined tectonic models characterized by dextral-shearing
and buried strike-slip faults, detachment faults, and a half-graben structure. For dextral-shearing
models they considered evidence that shearing is restricted to the Crater Flat basin and also that
it is related to a northwest-striking strike-slip fault that projects into the basin from the southeast.
They concluded that a buried strike-slip fault has a 40 percent likelihood of existing (Wong and
Stepp 1998, Appendix E, pp. SDO-8 to SDO-9). The team determined that detachment fault
models were not well supported by the available geologic, geophysical, and seismic evidence.
Detachment models were not incorporated in their characterization of seismic sources (Wong
and Stepp 1998, Appendix E, pp. SDO-10 to SDO-15). The team found the half-graben model to
be most consistent with the available data. The model consists of two components: the half
graben itself and a volcanic carapace that has collapsed into the graben. Defining two alternative
realizations accommodates uncertainty on the role of the carapace. In one realization, all Yucca
Mountain faults are planar faults that extend to seismogenic depth. In the other, only major,
block-bounding faults extend through the crust; other faults are confined to the carapace or link
to other faults at depth (Wong and Stepp 1998, Appendix E, pp. SDO-3 to SDO-4, SDO-15 to
SDO-19). Interaction between the Paintbrush Canyon-Stagecoach Road fault and the Bare
Mountain fault is identified as having a possible relation to basaltic d1ke intrusion (Wong and
Stepp 1998, Appendix E, p. SDO-7).

In summary, when defining seismic sources the expert teams gave more weight to planar fault
models than other models. Teams generally accommodated some component of dextral shear in
their interpretations, but through-going, buried, strike-slip faults were usually given low weight.
Detachment faults were weighted low as seismic sources, but were incorporated in some
interpretations as possible constraints on the depth of faulting. Use of tectonic models by the
expert teams is summarized in Wong and Stepp 1998 (Table 4-1, Appendix E).
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Calculated Recurrence-An example of calculated earthquake recurrence relationships for one
of the expert teams is shown on Figure 12.3-43. Part (a) shows the distribution of earthquake
frequencies computed using the team’s model for local fault sources. The team’s local fault
source model contains about 1.5 orders of magnitude uncertainty in the combined recurrence rate
for the local sources. Part (b) shows the distribution of earthquake frequencies for regional
faults. Occurrence rates were computed for those portions of the regional faults that lie within
about 100 km (62 mi.) of the Yucca Mountain site. The uncertainty in the recurrence rate for the
regional faults is significantly smaller than that for the local fault sources. It should be noted that
for all of the expert teams’ characterizations, the predicted recurrence rates for regional faults are
dominated by those estimated for the Death Valley and Furnace Creek faults. Also shown on
part (b) are the observed frequencies of historical earthquakes occurring within 100 km (62 mi.)
of the Yucca Mountain site. Most of the smaller earthquakes are not close to the regional faults.
Part (c) shows the computed recurrence for regional source zones for those portions of the
regional source zones that lie within 100 km (62 mi.) of the Yucca Mountain site. The
uncertainty in the recurrence rate for the regional source zones is also significantly smaller than
that for the local fault sources. Also shown are the observed earthquake frequencies. The
predicted earthquake frequencies for the regional zones are somewhat greater than the observed
frequencies because they are based on larger source areas that include regions of higher
seismicity rates that lie beyond the 100-km (62-mi.) circle. Part (d) shows the distribution of
~ earthquake frequencies computed for all the seismic sources in this team’s model for the region
that lies within 100 km (62 mi.) of the Yucca Mountain site compared to the observed
earthquake frequencies. The observed and predicted rates reasonably agree for magnitudes of
interest to the ground motion hazard assessment.

Figure 12.3-44 compares the combined distribution for earthquake recurrence from all seismic
sources and the mean results of the characterization by the six expert teams. Uncertainty in the
estimation of regional seismicity rates ranges generally less than an order of magnitude.
At smaller magnitudes, the range reflects the differences in how the teams characterized the
regional source zones. The overprediction of the observed rate of My 4 to 5 earthquakes within
100 km (62 mi.) of the site reflects the teams’ general assessment that larger regions are needed
to characterize the seismicity rates. At larger magnitudes, the assessments from the individual
teams lie within the uncertainty in the occurrence rates of earthquakes based on the historical
record. Because the ground motion hazard is influenced largely (at least for high-frequency
ground motions) by nearby seismic sources, the larger uncertainty in recurrence rates for the
local sources, as typified by one team’s interpretations on Figure 12.3-43, has a significant effect
on the uncertainty in the ground motion hazard.

12.3.10.3 Vibratory Ground Motion Hazard

Vibratory ground motion hazard was computed at a defined reference rock outcrop having the
properties of tuff at a depth of 300 m (984 ft) below the ground surface at Yucca Mountain—the
waste emplacement depth. Ground motion was computed at this reference location as a control
motion for later determination of seismic design bases motions for surface and potential waste-
emplacement level locations.

Based on equally weighted inputs from the six seismic source expert teams and the seven ground
motion experts, the probabilistic hazard for vibratory ground motion was calculated for
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horizontal and vertical peak acceleration (defined at 100 Hz), spectral accelerations at
frequencies of 0.3, 0.5, 1, 2, 5, 10, and 20 Hz, and peak velocity, and are expressed in terms of
hazard curves (e.g., Figure 12.3-45). The hazard is also expressed in terms of uniform hazard
spectra. Peak ground acceleration, 0.3- and. 1.0-Hz spectral values, and peak velocity are
summarized in Table 12.3-18 for the annual exceedance probabilities of 107 and 10
The largest source of epistemic uncertainty in the hazard results is in the ground motion
characterization.

Deaggregation of the mean hazard for an annual exceedance frequency of 10™* shows that at 5 to
10 Hz (or other high frequencies), ground motions are dominated by earthquakes of smaller than
My 6.5 occurring at distances less than 15 km (9 mi.) (Figure 12.3-46). Dominant events for
low-frequency ground motions, such as at 1 to 2 Hz, display a bimodal distribution that includes
large nearby events and M, 7 and larger earthquakes beyond distances of 50 km (31 mi.)
(Figure 12.3-46). The latter contribution is due mainly to the relatively higher activity rates for
the Death Valley and Furnace Creek faults.

Extensive evaluations of parametric sensitivities of the ground motion hazard were performed.
The recurrence approach (either slip rates or recurrence intervals) and recurrence model
(e.g., characteristic, exponential, or maximum moment) are the parameters that contribute the
most to uncertainty in the ground motion hazard, at the design basis hazard: 10 and 10™ per
year. Mupax has a small effect on uncertainty, especially for 10 Hz, because a large fraction of the
hazard at this frequency comes from more frequent moderate-magnitude events. Geometric fault
parameters (e.g., rupture lengths, dips, maximum depths) are minor contributors to uncertainty.
These parameters have a moderate effect on the locations of earthquakes and on M;,,, but do not
affect earthquake recurrence. Although the seismic source expert teams’ results vary somewhat,
the dominant sources for seismic hazard at 10-Hz ground motions are the Paintbrush Canyon-
Stagecoach Road and Solitario Canyon faults (or coalesced fault systems including these two
faults) and the host areal seismic source zone. For 1-Hz ground motions, the dominant seismic
sources are the Death Valley and Furnace Creek faults and the same three sources mentioned
above. Multiple-rupture interpretations of the type with comparable seismic moment release on
more than one fault (i.e., those requiring modification of the attenuation equations) make a small
contribution to the total hazard. Buried strike-slip faults, volcanic seismicity, and seismogenic
detachments contribute negligibly to the total hazard.

The major contributor to epistemic uncertainty in the ground motion hazard is the expert-to-
expert epistemic uncertainty in ground motion amplitude. Additional contributions to epistemic
uncertainty arise from moderate differences among the seismic source expert teams and among
the ground motion experts, as well as from the uncertainties expressed by the seismic source
logic trees.

12.3.10.4 Fault Displacement Characterization

Several original approaches to characterize the fault displacement potential were developed by
the seismic source expert teams, based primarily on empirical observations of the pattern of
faulting at the site during past earthquakes determined from data collected during fault studies at
Yucca Mountain. Empirical data were fit by statistical models to allow use by the experts.
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The potential for fault displacement was categorized as either principal or distributed faulting.
Principal faulting is the faulting along the main plane (or planes) of crustal weakness responsible
for the primary release of seismic energy during the earthquake. Where the principal fault
rupture extends to the surface, it may be represented by displacement along a single narrow trace
or over a zone that is a few to many meters wide. Distributed faulting is defined as rupture that
occurs on other faults in the vicinity of the principal rupture in response to the principal
displacement. Distributed faulting may or may not be the source of seismic energy release, but it
is assumed insignificant compared to the principal fault. It is expected that distributed faulting
will be discontinuous in nature and occur over a zone that may extend outward several tens of
meters to many kilometers from the principal rupture. A fault that can produce principal rupture
may also undergo distributed faulting in response to principal rupture on other faults.

Both principal and distributed faulting are important to the assessment of the fault displacement
hazard at the Yucca Mountain site. Nine locations within the preclosure controlled area were
identified to demonstrate the fault displacement methodology (Figure 12.3-47). Two of the nine
sites each had four identified faulting conditions. These locations were chosen to represent the
range of potential faulting conditions. Some of these locations lie on faults that may experience
both principal faulting and distributed faulting. The other points are sites of only potential
distributed faulting.

The basic formulation for the probabilistic evaluation of fault displacement hazard is analogous
to that for the ground motion hazard. The displacement hazard is represented probabilistically
by a displacement hazard curve that is analogous to a ground motion hazard curve. Thus, the
hazard curve is a plot of the frequency of exceeding a fault displacement value 4, designated by
v(d). This frequency can be computed by the expression W(d) = Apg x P(D > d), in which Apg is
the frequency at which displacement events occur on a feature at the site of interest and P(D > d)
is the conditional probability that the displacement in a single event will exceed value d.

The approaches developed by the seismic source expert teams for characterizing the frequency of
displacement events, Apg can be divided into two categories: the displacement approach and the
earthquake approach. The displacement approach provides an estimate of the frequency of
displacement events directly from observed feature-specific or point-specific data. The
earthquake approach involves relating the frequency of slip events to the frequency of
earthquakes on the various seismic sources defined by the seismic source characterization
models for the ground motion assessment. Both approaches are used for assessing the fault
displacement hazard for principal faulting and distributed faulting.

The conditional probability of exceedance, P(D > d), can be considered to contain two parts: the
variability of slip from event to event and the variability of slip along strike during a single
event. The teams developed several approaches for evaluating the distribution of slip at a
location given a principal faulting event. Some used the two-part representation of variability;
others combined them into a single distribution function.

Principal faulting hazard was assessed for sites located on faults that the seismic source expert
teams identified as being seismogenic. The preferred approach for estimating the frequency of
displacement events is the use of slip rate divided by the average displacement per event.
The slip rates were primarily based on the teams’ seismic source characterization for the ground
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motion hazard assessment. The teams used a number of approaches to evaluate the conditional
probability of exceedance. These are based on empirical distributions derived from Yucca
Mountain trenching data normalized by various parameters, including the expected maximum
displacement in the maximum event, the average displacement estimated from displacement
data, and the average and maximum displacements estimated from the length of the feature.

To characterize the frequency of displacement events, the teams used the frequency of
earthquakes developed for the ground motion hazard assessment multiplied by the conditional
probability that an event produces surface rupture at the site of interest. The along-strike
intersection probability was computed using the rupture length estimated from the magnitude of
the event randomly located along the fault length. Most teams used an empirical model based on
historical ruptures to compute the probability of surface rupture. The approach used by most of
the teams to assess the conditional probability of exceedance was to define a distribution for the
maximum displacement, based either on the magnitude or the rupture length of the earthquake.
This distribution is then convolved with a distribution for the ratio of the displacement to the
maximum displacement to compute P(D > d).

The majority of the seismic source expert teams considered the frequency of displacement events
on features subject to only distributed faulting to be estimated by slip rate divided by the average
displacement per event. The slip rates were based on the cumulative displacement and slip
history. The teams used approaches for evaluating the conditional probability of exceedance that
are similar to those used in the displacement approach for characterizing principal faulting
hazard. The empirical distributions used were correlated with the scaling relationship used to
estimate the average displacement per event.

The seismic source expert teams displayed the most variability in characterizing distributed
faulting potential using the earthquake approach. The basic assessment of the frequency of
earthquakes was derived from the seismic source characterization for ground motion hazard
assessment defined by each team. The probability that an earthquake causes slip at the point of
interest was assessed in a variety of ways. Most teams used the logistic regression model based
on analyses of the pattern of historical ruptures. The widest variations in approaches were those
for assessing the distribution for displacement per event on the distributed ruptures.

All of the teams considered the points on the Bow Ridge and Solitario Canyon faults as subject
to principal faulting hazard. A few teams also considered some potential for principal faulting
hazard at two locations on two intrablock faults. The teams varied widely in their assessments of
the probability that distributed faulting could occur in future earthquakes at points that are
located off of the block-bounding faults. These assessments were based on fault orientation,
cumulative slip, and structural relationship. Four teams considered that the probability of
displacement at a point in intact rock due to the occurrence of a future earthquake is
essentially 0. ’

12.3.10.5 Fault Displacement Hazard

The probabilistic fault displacement hazard was calculated at nine demonstration sites within the
preclosure controlled area (Figure 12.3-47). Two of the sites have four hypothetical conditions
representative of the features encountered within the ESF. The integrated results provide a
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representation of fault displacement hazard and its uncertainty at the nine sites, based on the
interpretations and parameters developed by the six seismic source expert teams. Separate .
results were obtained for each site in the form of summary hazard curves (e.g., Figure 12.3-48).
Table 12.3-19 summarizes the mean displacement hazard results for the two design basis annual
exceedance probabilities, 10™* and 107, at the nine demonstration sites.

With the exception of the block-bounding Bow Ridge and Solitario Canyon faults (sites 1 and 2,
respectively), the mean displacements are 0.1 cm (0.04 in.) or less at 10 annual exceedance
frequency. At 10” annual frequency, the mean displacements are 7.8 and 32 c¢cm (3.0 and
12.6 in.), respectively, for these two faults (Table 12.3-19). Thus, for sites not located on a
block-bounding fault, such as the potential waste emplacement area, the average recurrence
interval for displacements exceeding 0.1 cm (0.04 in.) is 100 k.y.

The fault displacement hazard results display significant uncertainty. This uncertainty is
indicative of the state of practice in PSHA for fault displacement, which is less mature than
probabilistic analysis for ground motions. Nonetheless, the results obtained here are considered
robust by virtue of the large amount of empirical data for the site, extensive efforts at expert
elicitation and feedback, as well as the methodological developments, that were undertaken as
part of this study. Sites with the highest fault displacement hazard show uncertainties
comparable to those obtained in ground motion PSHA. Sites with low hazard show much
higher uncertainties.

Also, a not-unexpected correlation exists between the amount of geologic data available at a site
and the uncertainty in the calculated hazard at that site. For sites with significant geologic data,
the team-to-team uncertainty is less than one order of magnitude. For sites with little or no data,
the individual team curves span three orders of magnitude. The larger uncertainty at these sites
is considered to be due to data uncertainty (i.e., less certain constraints on the team’s fault
displacement characterization models).

12.3.11 Deterministic Seismic Hazard Analysis of Potential Type I Faults at Yucca
Mountain

YMP scientists conducted a deterministic analysis of earthquake sources relevant to vibratory
ground motion hazards at the Yucca Mountain site (USGS 2000). This analysis was designed to
meet a U.S. Department of Energy commitment to the U.S. Nuclear Regulatory Commission to
conduct deterministic analyses of Type I faults within 5 km (3 mi.) of the preclosure controlled
area boundary as a supplement to the PSHA (Brocoum 1995, p. 3) (Section 12.3.10). The PSHA
results provide the seismic hazard input to the repository design. The general methodology of
the deterministic seismic hazard analysis consists of identification and characterization of
Quaternary faults as independent seismic sources for maximum earthquakes (i.e., the largest
possible earthquake that can reasonably be expected to occur in association with a fault in the
present tectonic regime). Source characterization includes estimation of deterministic maximum
magnitudes from fault parameters, such as rupture dimensions and single-event displacements.
Critical ground motion parameters, such as horizontal spectral response and peak horizontal
acceleration, are then calculated using ground motion attenuation equations. This deterministic
analysis differs from the probabilistic methodology discussed in Section 12.3.10 primarily in that
it does not include earthquake frequency information, fault slip rates and recurrence intervals,
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and it uses conservative, but reasonable, single-value data as input that do not explicitly
incorporate uncertainty. ‘

An evaluation of Type I faults in the Yucca Mountain area, based on the definition of Type I
faults in McConnell et al. (1992), is currently under way using the above approach. These faults
are of sufficient length and location to potentially affect the design and performance of the
potential repository . These faults are also potentially subject to displacement, based on either
direct evidence for Quaternary displacement or one or more of the following indirect criteria:

e Association with seismicity
e Structural relations with other potential Type I faults
o Favorable orientation with respect to the contemporary stress field.

A fault is identified as a candidate Type I fault if it meets at least one of the subject-to-
displacement criteria. A candidate. Type I fault is then classified as a potential Type I fault for
ground motion hazard if it meets the additional criterion that it is capable of generating an 84th
percentile peak horizontal acceleration that equals or exceeds 0.1 g (98 cm/s®) at the former
conceptual controlled area boundary. This definition of a potential Type I fault approximately
corresponds with the “potentially relevant” and “relevant” fault definition of Pezzopane (1996),
as adapted from McConnell et al. (1992) and summarized in Section 12.3.8.

12.3.11.1 Methods

Compilation of Fault Characteristics—A list of 118 seismic sources was developed from
" several published compilations of known and suspected Quaternary faults within approximately
a 100-km (62-mi.) radius of Yucca Mountain (Pezzopane 1996; Piety 1996; McKague et al.
1996). Thirty-eight are local sources inside or within 5 km (3 mi.) of the preclosure controlled
area boundary; they consist of 32 individual faults and 6 fault rupture combinations that are
possible sources of distributed ruptures (Figures 12.3-49 and 12.3-50). The latter distributed
rupture sources are modified from the specific rupture scenarios described in Section 12.3.7.3,
based on reevaluation of timing and geologic constraints for faulting events summarized in
Table 12.3-9. Data for each source were compiled from published and unpublished literature
sources. The compilation includes the following fault characteristics:

e The shortest horizontal distance between the nearest point on the surface trace of the
- fault and both a point in the center of the potential repository and the former conceptual
controlled area boundary

¢ Documentation of Quaternary displacements

o Maximum fault lengths, used as a proxy for surface-rupture length without segmentation
(see Section 12.3.7.5), as measured along the mapped fault trace

o Where paleoseismic data are available (for 30 percent of the faults), estimates of single-
event displacements (Section 12.3.7.4), including the maximum (single largest
measurement on the fault) and average (mean of measurements at all trench sites)
displacements
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o Fault geometry at seismogenic depth, including fault dips (estimated generically for
various fault types from regional seistnicity and geophysical data) and dip direction
(based on surface outcrop)

o Sense of fault slip, determined from surface displacement patterns and slip indicators.

A 15-km (9-mi.) seismogenic depth was assigned to all faults, based on local and regional
seismicity catalogs.

Calculation of Maximum Magnitude—A suite of four to seven maximum magnitudes (M,,) was
calculated for each fault, depending on the type of available data. Six values were computed
from the series of log-linear regression equations developed by D.L. Wells and Coppersmith
(1994) from empirical data on all slip-types of historical earthquakes (Section 12.3.7.7). These
regression equations relate M,, to surface-rupture length (here approximated by maximum fault
length), average and maximum displacements per event, and three estimates of fault rupture area
(the product of fault length and down-dip width—the latter derived from seismogenic depth and
three estimates of fault dip). An additional M, was converted with the regression of Hanks and
Kanamori (1979) from direct estimates of the seismic moment, defined as the product of rupture
area, average displacement, and the shear modulus. The arithmetic mean of these computed M,,
estimates defines the deterministic maximum magnitude assigned to each fault or fault
combination. '

Calculation of Ground Motions—The vibratory ground motions were evaluated for each source
by calculating horizontal acceleration response spectra and peak horizontal acceleration.
Acceleration response spectra constitute the primary measure of the deterministic seismic hazard,
whereas peak horizontal acceleration is used primarily for determining whether the maximum
earthquake of the fault meets the 0.1-g (98-cm/s®) criterion for potential Type I faults as defined
earlier. The median (50th), 84th, and 16th percentile of both ground motion parameters are
derived from the average of attenuation equations developed specifically for the probabilistic
seismic hazard analyses project (Wong and Stepp 1998) (Section 12.3.9.5). These calculations
use the mean M,, and minimum distance to the potential repository (for response spectra) and
former conceptual controlled area boundary (for peak horizontal acceleration), as well as other
input parameters (e.g., strike-slip versus normal faulting, hanging wall versus footwall position
on normal faults, and single versus multiple-rupture fault). The seven-function average
developed by the PSHA ground motion experts (for the reference rock outcrop)
(Section 12.3.9.5) represents a significant improvement from the attenuation equations used in
previous studies (Pezzopane 1996; McKague et al. 1996) because it emphasizes data from
extensional tectonic regimes similar to the Yucca Mountain area, including region- and site-
specific attenuation effects, and explicitly incorporates additional source and site parameters
(e.g., fault type and multiple faults).

Identification of Candidate and Potential Type I Faults—Each seismic source was classified
initially as a candidate Type I fault on the basis of data, such as evidence for Quaternary
displacements, source-to-site distance, fault length, historical seismicity, mapped fault patterns,
and general fault orientation, that address the subject-to-displacement criteria in NUREG-1451
(McConnell et al. 1992). Candidate Type I faults were then classified as potential Type I faults
relevant to ground motion hazard on the basis of whether the average of the 84th percentile peak
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horizontal acceleration calculated from the PSHA att:nuéﬁbn relations exceeds the 0.1-g
(98-cm/s?) criterion, as shown by sources plotted below and to the right of the attenuation
isopleth of the seven-function average in the magnitude-distance plot of Figure 12.3-51.

12.3.11.2 Deterministic Magnitudes-Ground Motions and Revised Potential Type I Faults

The deterministic maximum magnitudes calculated for the local seismic sources range from
My 5.7 (e.g., Ghost Dance fault) to My, 6.8 (e.g., the Paintbrush Canyon-Stagecoach Road-Bow
Ridge fault combination) (Figure 12.3-51, Table 12.3-20). The largest magnitudes, in the range
of M,, 6.6 to 6.8, are associated with either the three largest block-bounding faults (the Solitario,
Paintbrush Canyon, and Windy Wash faults), or fault combinations on the eastern and western
sides of the mountain that involve these faults. Most of the small-magnitude deterministic
earthquakes are related to either short isolated Quaternary faults (e.g., the Black Cone, Lathrop
Wells, and East Busted Butte faults) or short bedrock faults with no direct stratigraphic or
geomorphic evidence for Quaternary displacements (e.g., the Boomerang Point and Simonds
faults). Even if active, the latter faults probably do not extend to large seismogenic depths, based
on their short lengths and proximity to the large principal block-bounding faults and, thus, are
unlikely to act as independent seismic sources (Table 12.3-20). All sources with magnitudes
greater than M,, 6.3 are associated with 21 faults or fault combinations identified as credible
seismic sources (i.e., a probability of Quaternary activity greater than 0) by the seismic source
expert teams (Table 12.3-20). The mean and median values of the distribution of Mpax
calculated for these sources in the deterministic seismic hazard analyses and the PSHA have
small differences, averaging less than 0.1 magnitude units. The deterministic magnitude
estimates of the remaining 17 faults that were not included as independent seismic sources by the
PSHA expert teams are small, ranging from M,, 5.7 to 6.25, which were accounted for in the
probabilistic analysis by a background earthquake.

Horizontal response spectra computed for the 38 local sources and three selected regional faults
are summarized on Figure 12.3-52 and in Table 12.3-20. These data indicate four controlling
deterministic earthquakes that are associated with four rupture scenarios involving mainly
multiple parallel and colinear rupture combinations along three principal Quaternary block-
bounding faults in the site area: Solitario Canyon, Paintbrush Canyon, and Windy Wash faults
and their subordinates. The single most significant scenario is the three-fault multiple rupture of
Solitario Canyon-Fatigue Wash-Windy Wash. The four controlling earthquake scenarios are
predicted to produce peak horizontal spectral accelerations at approximately 10 Hz equal to or
exceeding 1.0 g (981 cr/s?) at the median and 2.0 g (1,961 cm/s?) at the 84th percentile. The
next most important deterministic earthquakes with slightly lower 10-Hz spectral accelerations
are associated with the large Quaternary block-bounding faults modeled as independent sources.
Local seismic sources identified by the PSHA expert teams could ?roduce median horizontal
10-Hz spectral accelerations from 0.17 to 1.13 g (116 to 1,108 cm/s”) (Table 12.3-20), whereas
similar ground motions for sources not characterized by expert teams are equal to or less than
0.63 g (618 cm/s®) (Table 12.3-20). All of these local deterministic earthquakes are rare events,
in that they are associated with faults with recurrence intervals greater than 10* years and slip

rates less than or equal to 0.03 mm/yr. (1 x 107 in./yr.) (Sections 12.3.7.6 and 12.3.7.2).

Regional deterministic sources are predicted to produce median horizontal 10-Hz spectral
accelerations no greater than 0.5 g (490 cm/s®) and 84th percentile values no greater than 0.9 g
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(883 cm/s?). Eighteen reg1onal sources are capable of exceeding median peak horizontal spectral
acceleratlons of 0.1 g (98 cm/s?), and seven are capable of exceeding median values of 0.2 g (196
cm/s?). Roughly half of the regional faults are predlcted to produce 84th percentile fractile
horizontal acceleration spectra that exceed 0.1 g (98 cm/s’) across the frequency range from
slightly below 1 Hz to approximately 50 Hz.

Of the 118 local and regional seismic sources considered in this study, 111 sources meet either
the Quaternary displacement and/or indirect criteria for candidate Type I faults described in
NUREG-1451 (see above; McConnell et al. 1992). However, only 53 faults meet the criterion
for potential Type I faults, in that they are considered subject to displacement and have the
potential to produce peak horizontal accelerations that equal or exceed 0.1 g (98 cr/s?) at the
84th percentile, using the deterministic mean maximum magnitudes, minimum horizontal
distances, and the mean of the values derived from the average of the seven attenuation equations
developed by the PSHA ground motion experts. All local sources (32 individual faults and
6 fault rupture combinations) characterized within 5 km (3 mi.) of the former conceptual
controlled area boundary are included. Of the 32 faults, 21 lack evidence of Quaternary
displacement and may not be independent sources of earthquakes, mainly because they seem to
be too short to penetrate to large seismogenic depths. Fifteen of the 80 regional faults are
potential Type I faults relevant to ground motion hazard. Ten of these faults have documented
Quaternary displacements; activity on the remaining five is probably pre-Quaternary; therefore,
they may not be earthquake sources.

The results of this deterministic analysis differ from those of previous studies of Type I relevant
faults in the Yucca Mountain area presented in McKague et al. (1996) and Pezzopane (1996)
(Section 12.3.8). The number of local potential Type [ faults in the site area is larger in the
deterministic seismic hazard analyses because the analysis includes all mutually exclusive
candidate Type I faults identified in both previous studies, as well as several other faults and,
particularly, fault combinations not included in either. All of the local sources are potential
Type I sources, in a strict sense, because of their very close proximity to the site, irrespective of
maximum magnitude size. However, a number of the sources (65 percent) of the individual
faults are considered to be unlikely seismogenic sources because of lack of evidence for
Quaternary activity, fault dimensions, and structural setting. The number of regional potential
Type 1 faults is significantly less, primarily because this analysis uses attenuation equations
developed specifically for the Yucca Mountain site by the PSHA ground motion experts. These
relations predict that the ground motion effects at the site of far-field sources are markedly
reduced, relative to the attenuation equations used in the previous studies.

The deterministic analysis of Type I faults employed the attenuation relationship developed for
the PSHA. This relationship gives ground motion for the reference rock outcrop defined for the
PSHA, an outcrop with rock properties found at a depth of about 300m (984 ft)
(Section 12.3.10.3). The results of the deterministic analysis do not, therefore, take into account
the site response of the upper 300 m (984 ft) of rock. When calculation of the site response is
completed (Section 12.3.12.4), this additional information can be incorporated into the
deterministic analysis and a final evaluation of Type I faults can be carried out.
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12. 3 12 Development of Seismic Desxgn Crltena

Proposed 10 CFR 63, Disposal of High-Level Radloactxve Wastes in a Proposed Geologic
Repository at Yucca Mountain, Nevada (64 FR 8640), requires that structures, systems, and
components important to safety be designed so that natural phenomena and environmental
conditions anticipated at the operations area of the potential geologic repository will not
compromise necessary safety functions. Vibratory ground motion and fault displacement
hazards are among the natural phenomena that must be considered in the design of structures,
systems, and components important to safety. The results of the PSHA of both ground motion
and fault displacement that have been performed for Yucca Mountain (Section 12.3.10) (Wong
and Stepp 1998) have been used to develop preliminary seismic design inputs for the structures,
systems, and components of the potential repository (CRWMS M&O 1998i).

In accordance with Preclosure Seismic Design Methodology for a Geologic Repository at Yucca
Mountain (YMP 1997b), the seismic design is being developed for two levels of seismic hazard:
Category 1 and Category 2. For vibratory %round motion, the reference annual frequencies of
exceedance for these two categories are 10~ and 10, respectively. Hence, the seismic design
ground motions reflect ground motion hazard with average return periods of 1 k.y. and 10 k.y.
for Category 1 and Category 2, respectively.

Based on the probablhstlc analySIS for ground motlon uniform hazard spectra were generated for
annual frequencies of exceedance of 102 and 10 for both horizontal and vertical motions
(Figures 12.3-53 to 12.3-56) for the reference rock outcrop (Point A on Figure 12.3-57). These
spectra were the starting point for the seismic design input calculations. For fault displacement,
the annual exceedance frequencies are 10 and 10° 5 , corresponding to displacement hazard return
periods of 10 k.y. and 100 k.y., respectively.

The potential repository will have structures, systems, and components at multiple locations,
including locations at the ground surface and within the subsurface. The seismic design ground
motion values have been developed for each of these locations. Input ground motions are
provided for a rock site at the surface (referred to as the tuff outcrop; Point C on Figure 12.3-57);
for a location at 300 m (984 ft) depth (Point B on Figure 12.3-57), the approximate depth of the
proposed waste emplacement area; and at the site of the proposed Waste Handling Building in
Midway Valley (Point D on Figure 12.3-57). Design inputs for ground motion consist of peak
values for acceleration and velocity, response spectra, and time histories. Results are presented
for both vertical and horizontal components. In addition, strains and curvatures are presented as
a function of depth from the surface to 300 m (984 ft).

The following section describes the methodology used to develop seismic design fault
displacement and ground motion input for the safety-related structures, systems, and components
of the potential repository. Implementation of the methodology is in process and thus is not
reported here.

12.3.12.1 Seismic Design for Fault Displacement

. According to the fault displacement hazard results described in Section 12.3.10.5, locations away
from block-bounding faults have a low probability of experiencing significant displacement.
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At the 107 annual exceedance probability, results for all such sites indicate displacements less
than 1 cm (0.4 in.). For such sites, a specific design criterion for Category 1 and Category 2
structures, systems, and components will not be required.

For the two block-bounding faults considered (Solitario Canyon and Bow Ridge), the PSHA
results indicate a higher fault displacement hazard. If safety-related structures, systems, and
components cross these faults, they should be designed to accommodate displacements.
For Category 2 structures, systems, and components that cross the Bow Ridge fault, design for a
displacement of 7.8 cm (3 in.) is indicated, and for the Solitario Canyon fault, design should be
for a displacement of 32 cm (12.6 in.). It should be noted, however, that the primary approach to
seismic design for fault displacement is to avoid faults (YMP 1997b, Section 4.3).

If safety-related structures, systems, and components cross the Bow Ridge or Solitario Canyon
faults, either at the surface or at the potential repository elevation, a local determination of the
fault width must be made to determine the distance over which faulting may occur.
Alternatively, the displacements indicated above can be considered to be knife-edge
displacements. The sense of displacement (vertical, horizontal, or some combination) should be
assumed to be in the most critical direction for each structure, system, and component being
designed. For purposes of computing extension or compression on linear structures, systems,
and components resulting from fault displacement, a dip angle of 45° can be assumed in lieu of a
fault-specific determination.

In summary, fault displacement hazard results at sites located away from identified principal
faults indicate a low hazard of displacement, even for a 10~ annual exceedance probability.
Therefore, structures, systems, and components located away from identified faults need not be
designed for fault displacement. ‘

12.3.12.2 Deaggregation of Vibratory Ground Motion Hazard

The deaggregation of probabilistic seismic hazard is the process of determining the contributions
of combinations of magnitude (M), distance (R), and ground motion deviation (g) to the annual
frequency of exceeding a given ground motion amplitude (McGuire 1995). For this purpose, M
1s the moment magnitude (M,,) and € is the difference between the logarithm of the ground
motion amplitude and the mean logarithm of ground motion (for that M and R), measured in
units of the standard deviation € of log (ground motion). M, R, and & combinations contribute
differently, depending on the ground motion amplitude and the structural frequency of the
ground motion measure.

The seismic hazard was deaggregated at ground motion amplitudes corresponding to 10” and
10 annual probabilities of exceedance. This deaggregation was done at frequencies of 10, 5, 2,
and 1 Hz, and results for 5 and 10 Hz were averaged, as were results for 1 and 2 Hz, consistent
with recommendations in Regulatory Guide 1.165.

Figures 12.3-58 and 12.3-59 show the relative contributions of M, R, and ¢ for 5- to 10-Hz
horizontal motions corresponding to amplitudes with 10° and 10 annual probabilities of
exceedance, respectively. The predominant contributions at these high frequencies come from
magnitudes in the My, 5 to 6 range and distances less than 15 km (9 mi.).
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Figures 12.3-60 and 12.3-61 show the equivalent contributions for the 1- to 2-Hz horizontal
motions. These plots show more contribution coming from large events (approximately M 7) at

- distances of about 50 km (31 mi.). The sources for these &véiits are the Death Valley-Furnace

Creek faults, which have a higher slip rate than do the local faults (Wong and Stepp 1998).
12.3.12.3 Reference Rock Outcrop Spectra

To derive horizontal spectra for seismic design, the deaggregation results were used to identify
reference earthquakes at moderate frequencies (5 to 10 Hz) and low frequencies (1 to 2 Hz).
Reference earthquakes for vertical motions were taken to be identical to those for horizontal
motion for consistency. The deaggregation shows that the controlling event for moderate
frequencies is My, 5 to 6 at close distances, but for low frequencies, two events contribute
significantly to the hazard. These results are summarized in Table 12.3-21.

For each event indicated in Table 12.3-21, acceleration response spectra were calculated based
on the attenuation relationships provided by the ground motion experts in the probabilistic
analysis (Section 12.3.9.5). The factors indicated in Table 12.3-21 are the multiplicative factors
used to raise the spectra of the controlling events to match the uniform hazard spectra at the
average of 5 to 10 Hz and 1 to 2 Hz, as appropriate. This scaling follows the procedure
described in Regulatory Guide 1.165. For | to 2 Hz, the larger-magnitude events were used
because they have a broader spectral shape at low frequencies; factors for the smaller magnitudes
were not calculated.

Adjustments in M were made based on the results presented in Table 12.3-21, resulting in the
reference earthquakes presented in Table 12.3-22, which represent the combined hazard due to
all earthquakes represented by the uniform hazard spectra.

The M and R selections shown in Table 12.3-22 broaden the spectrum for the design
earthquakes, result in slightly higher motion, and allow two reference earthquakes to represent
all frequencies of the uniform hazard spectra (Figures 12.3-62 to 12.3-65). The revised
multiplicative factors are also shown in Table 12.3-22.

In both comparisons, the two horizontal reference earthquake spectra envelop the uniform hazard
spectra except in a narrow frequency range between 2 and 5 Hz (Figures 12.3-62 and 12.3-63).
For 10 annual probability of exceedance, the design earthquake spectra are a maximum of
7 percent below the uniform hazard spectra; for 10" annual probability of exceedance they are a
maximum of 10 percent below the uniform hazard spectra. This agreement is considered
reasonable, given that the procedure outlined in Regulatory Guide 1.165 has been followed and
that elsewhere the individual design earthquake spectra exceed the uniform hazard spectra, often
by more than 10 percent. For consistency, the same design earthquakes are used for vertical
motions as for horizontal motions (Figures 12.3-64 and 12.3-65).

These reference earthquakes, which have been determined at the reference rock outcrop, are used
for two purposes. First, they represent individual earthquakes used in the site response studies to
calculate equivalent response spectra for the repository interface, and at the surface, for both tuff
and soil conditions. Second, they are the basis for generating time histories of ground motion at
these locations that can be used in detailed checking of design levels.
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12.3.12.4 Methodology to Develop Seismic Design Ground Motions

Site response, including peak motions and strains, is computed using specific earthquakes
derived from the PSHA matching the outcrop uniform hazard spectra. Because the dynamic
properties of the materials in the tuff overburden and soil are variable and have not been
characterized in detail, the seismic design ground motions are obtained at a reference rock
outcrop (hypothetical free surface) at the potential repository interface at an average depth of
300 m (984 ft). Available velocity measurements suggest surficial tuff and soil layers with
shear-wave velocities as low as 300 to 400 m/s (984 to 1,312 ft/s). With maximum expected
motions exceeding about 0.5 g (490 cm/s?) at zero period, this shallow material may be expected
to exhibit significant nonlinear response.

Defining the control point at the ground surface requires equivalent-linear deconvolution using
broadband surface motions for the development of at-depth motions. This approach is generally
considered undesirable, as motions can diverge (become unrealistically large) at depth due to
anomalous high levels of strain induced by the use of a broadband surface control motion
(CRWMS M&O 1998i, p. 3-1). Similarly, for the development of surface and repository-level
motions, the use of broadband at-depth outcrop control motions is inappropriate. Accordingly,
specific earthquakes (the reference earthquakes) have been identified by deaggregating the
hazard at each target design level (uniform hazard spectra annual exceedance frequency of 107

~ and 10™) at the reference rock outcrop (Point A on Figure 12.3-57).

To properly represent the potential magnitude-dependence of site response spectra, three control
motions, representing a range of earthquake magmtudes based on the hazard deaggregation, were
also obtained for each of the two design levels (10” and 10 annual probabilities of exceedance)
and two structural frequency ranges (5 to 10 Hz and 1 to 2 Hz). The three magnitudes Mpean,
Msw, and Mosy, represent magnitudes associated with the mean, 5th, and 95th percentile of the
deaggregated hazard. Site response analyses are performed for each of the these three control
motions. These 12 earthquakes, three for each of the four reference earthquakes, are designated
the deaggregation earthquakes.

For the computation of design spectra for a site with uncertain properties that exhibits a degree of
lateral variability, a best-estimate base-case velocity profile is developed and used to simulate a
number of shear-wave models (EPRI 1993, Volume 2, Appendix 6.A). Additionally, strain-
dependent shear modulus and hysteretic damping are randomized about a best estimate base
case. A large number of simulations can be required to achieve stable statistics on the response.
The simulations attempt to capture the variability and uncertainty in the 5011 or rock parameters
and layer thickness.

Given the variability and uncertainties of properties within the potential repository block,
60 randomized profiles were produced for the tuff overburden base case velocity profile.
For each of the three deaggregation earthquakes (Mmean, Msm, and Mosy), motions at each
location, as well as strains and curvatures throughout the tuff overburden, are computed by
equivalent-linear convolution analysis of each set of 60 simulations. The mean response spectra
(based on analysis of the 60 convolutions) are divided by the control motion spectrum to produce
a mean spectral amplification function for each deaggregation earthquake. The weighted
average of the three mean spectral amplification functions, which reflect the distribution of

TDR-CRW-GS-000001 REV 01 ICN 01 12.3-94 September 2000



earthquake magnitudes contributing to the uniform hazard spectra, produce a magnitude-
weighted mean spectral amplification function. The product of this spectral amplification
function and the reference earthquake spectrum is taken as the design earthquake spectra. This
process is repeated for each component of the four reference earthquakes.

For the repository interface and tuff overburden seismic design motions (Points B and C on
Figure 12.3-57), design earthquake spectra are developed using a base case velocity profile.
If necessary to represent the velocity variability of the emplacement block, multiple base case
profiles can be used (e.g., best estimate, lower bound, and upper bound). The need for this
approach will depend on the variability indicated by the velocity data available to characterize
the emplacement block.

TDR-CRW-GS-000001 REV 01 ICN 01 12.3-95 : ; September 2000



INTENTIONALLY LEFT BLANK

TDR-CRW-GS-000001 REV 01 ICN 01 12.3-96 September 2000




124 SUMMARY

Volcanic and seismic activity pose the tectonic hazards of concern in the evaluation of Yucca
Mountain as the potential site for a geologic repository for high-level radioactive waste. Both
volcanic and seismic events have occurred in the vicinity of Yucca Mountain during the
Quaternary period. The hazard from possible volcanic and seismic events in the future was
assessed probabilistically. Expert elicitation was used to interpret the large amount of data that
was collected and to formulate inputs to probabilistic hazard calculations. The frequency of
future seismic activity is taken into account in the design of a potential geolog1c repository at
Yucca Mountain for the preclosure period (up to 300 yr.). Both volcanic and selsmlc effects are
considered in assessing the long-term performance of such a repository.

Igneous Activity and Volcanic Hazard—Two major types of volcanism have occurred in the
Yucca Mountain region: an early phase of Oligocene to Miocene silicic volcanism and a more
recent phase of Miocene and post-Miocene basaltic volcanism. . The silicic volcanism occurred
primarily between about 15 and 11 Ma, forming the southwestern Nevada volcanic field. This
activity was largely coincident with a major period of extension in the region. Yucca Mountain
is an uplifted, erosional remnant of the voluminous ash-flow tuff deposits formed during the
early phase of this silicic volcanism.

Basaltic volcanism commenced during the latter stages of the silicic volcanism phase and can be
divided into two episodes: Miocene (eruptions between about 9 and 7.3 Ma) and post-Miocene
(eruptions between about 4.8 and 0.08 Ma). While basaltic volcanism has continued into the
Quaternary period, activity since about 7.5 Ma represents just 0.1 percent of the total eruptive
volume of the southwestern Nevada volcanic field. In evaluating the volcanic hazard for Yucca
Mountain, experts considered which periods of past activity were most relevant to determining
the frequency of future activity.

Volcanic hazard at Yucca Mountain was assessed probabilistically. A ‘panel of 10 volcanism
experts evaluated available data to develop interpretations of the future spatial and temporal
distribution of igneous events in the Yucca Mountain region. The experts also provided
interpretations that allow the determination of whether an igneous event will result in an
intersection of the potential repository by an associated dike, given the event occurs at some
point in the Yucca Mountain region. The experts further provided quantitative descriptions of
the uncertainties associated with their interpretations. The result of the probabilistic analysis was
the annual frequency with which an igneous event resulted in a dike intersecting the repository
footprint. A subsequent analysis recalculated the hazard for a revised repository footprint
(Enhanced Design Alternative II) and used the experts’ interpretations to address the frequency
of a volcanic eruption through the potential repository.

To describe the temporal occurrence of future igneous activity, the probabilistic volcanic hazard
analysis experts considered interpretations in which events occur randomly at a uniform rate
(homogeneous), as well as those with a variable rate of activity (nonhomogeneous). Spatial
models used by the experts to describe future volcanic activity in the Yucca Mountain region
included homogeneous source zones, in which the likelihood of an igneous event was spatially
uniform, and nonhomogeneous models, in which the likelihood of an event varied with location.
Criteria used to define source zones included the distribution of observed basaltic volcanic
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centers, geochemical affinities, and structural and tectonic attributes. Nonhomogeneous
interpretations included representation by a bivariate Gaussian distribution and by kernel density
estimation techniques that use various smoothing operators in combination with observed data.

Results of the probabilistic volcanic hazard analysis, recalculated for the Enhanced Design
Alternative II repository footprint (primary plus contingency blocks), indicate that the mean
annual frequency of intersection of the potential repository footprint by an igneous dike is
1.6 x 10®.  For this case, 5th and 95th percentile values are 7.6 x 10 and 5.0 x 107,
respectively. Disaggregation of these results yields the distribution of dike orientation and length
within the footprint of the emplacement area, which can be used to determine the number of
waste packages that might be disrupted by an igneous dike.

To determine the annual frequency of a future volcanic eruption through the potential repository,
it is necessary to evaluate the frequency of an eruptive vent forming through the repository,
given that an igneous dike intersects the repository. The interpretations of the experts were
examined to see how many eruptive vents they attributed to past events and the average spacing
between eruptive vents. Alternative representations, based on different assumptions concerning
the distribution of eruptive vents along a dike and the independence of vents, are included to
determine the frequency of eruptive vents through the repository. Based on this analysis, the
mean annual frequency of an eruptive vent forming through the combined primary and
contingency emplacement areas is 7.7 x 10®. The Sth and 95th percentile values are 3.3 x 107"
and 2.5 x 10% respectively. These results are used to evaluate the effect on long-term
performance of a volcanic eruption through the repository.

An understanding of the characteristics of potential future eruptive processes at Yucca Mountain
is réquired to determine the effects of eruptive vents that may disrupt the potential repository and
affect long-term performance. For some parameters, site-specific data are available and used to
assess the range of values. In cases for which site-specific data are unavailable, eruptive
processes are characterized by examining evidence from other locations. Based on such
analyses, ranges of values are defined for parameters such as eruptive conduit width, physical
and chemical properties of magma, bubble nucleation, fragmentation, duration, mass output, and
bulk grain size.

The range of diameters for volcanic conduit width is defined on the basis of evidence from
Kamchatka (Tobalchik) and New Mexico (Grants Ridge). A median width of 50 m (164 ft) is
assessed, with an upper limit of 150 m (492 ft) and a lower limit of 15 m (49 ft). For dike width,
based on data from the Yucca Mountain region, the mean is determined to be 1.5 m (4.9 ft). The
number of dikes associated with an igneous event is determined to range from 1 to 10 with a
mean value of 3.

Chemistry of future magmas is interpreted to follow that for the Lathrop Wells basalts. These
deposits are the most recent and represent a composition associated with the more violent
basaltic explosive eruptions in the Yucca Mountain region. Water content for future basalts in
the Yucca Mountain region is based on inferences from basalts with similar composition. The
assessed water content ranges from 0 to 4 percent. Mole percent toncentrations of volcanic
gases for Yucca Mountain region basalts are interpreted to follow concentrations measured for
basalts world-wide.
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Physical properties of future basalts in the Yucca Mountain regich are determined from estimates
of water content and the composition of Lathrop Wells basalt. For a range of water content and
calculated saturation pressure values, magma temperature ranges from about 1,050° to 1,170°C
(1,922° to 2,138°F), magma viscosity ranges from about 2.0 to 2.7 log poise, and magma density
ranges from 2,474 to 2,663 kg/m> (154 to 166 1b/ft’).

Eruptive styles documented for volcanoes in Crater Flat and at Lathrop Wells indicate that a
- range of styles characterize basaltic eruptions in the Yucca Mountain region. Styles include
violent strombolian, strombolian, and effusive eruptions of aa lava flows. Key aspects of the
eruptive process are the depth at which the magma fragments, its ascent velocity, and the
duration of an eruption. For a model of magma ascent using an initial volatile content ranging
from 0 to 4 percent, the depth at which the magma starts to fragment ranges from 200 to 900 m
(656 to 2953 ft). The duration of an eruption lasts from 1 day to 15 yr., with a mean of 30 days,
a duration that pertains to the formation of the entire volcano.

Studies of the amount of lithic fragments incorporated from the walls of volcanic conduits into
erupted material provide some guidance on how radioactive waste from degraded waste
packages might be entrained in ascending magma. The volume fraction of wall rock debris in
erupted material varies with the style of eruption. For hydrovolcanic eruptions, the volume
fraction of wall rock debris ranges from 0.32 to 0.91. For strombolian, Hawaiian, and effusive
eru?tive stsyles, the volume fraction of wall rock debris is much lower, generally ranging from
10 to 10™.

To determine the consequences of a volcanic eruption through the potential repository, it is
necessary to understand the characteristics of ash plumes and ash fallout sheets. Violent
strombolian eruptions produce plumes that carry ash up into the atmosphere where it can be
distributed by winds as it settles back to the ground. Its settling velocity in air depends on its
bulk density, shape, and size. Based on the available data, particle size for future violent
strombolian eruptions in the Yucca Mountain region are determined to range from 0.01 to 1 mm
(0.0004 to 0.04 in.), with a mode value of 0.1 mm (0.004 in.). The density of particles varies
with size.

Seismicity and Seismic Hazard-Studies to evaluate seismic hazards at Yucca Mountain
focused on characterizing the contemporary seismic environment, the history of faults active
during the Quaternary period, and the generation of ground motion from local and regional
earthquakes. These studies formed the foundation for a probabilistic seismic hazard analysis
(PSHA).

Contemporary seismic activity is documented through historical accounts of past earthquakes
and through monitoring by seismometers. The number of seismometers monitoring earthquakes
in the Yucca Mountain vicinity has varied with time and, thus, the size of earthquakes that could
be detected has also varied. While present day monitoring can detect some events with
magnitudes less than 1, monitoring for much of the 1900s could detect only earthquakes with
magnitudes greater than 5.5 in the southern Great Basin.

Five earthquakes with magnitudes greater than 5.5 that are not located in regions of underground
nuclear explosions are documented in the historical catalog as occurring within 100 km (62 mi.)
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of Yucca Mountain. Except for the Little Skull Mountain earthquake, which occurred about
15 km (9 mi.) from Yucca Mountain, the larger documented events are located near the Death
Valley-Furnace Creek fault system, more than 50 km (31 mi.) from Yucca Mountain.

Contemporary seismicity at Yucca Mountain is occurring at a low rate. Only a few
microearthquakes have been detected in the immediate vicinity of the site. The Rock Valley
fault zone to the southeast has had more seismicity spatially associated with it. The 1992 Little
Skull Mountain earthquake occurred near the end of this zone, although it did not result from
“movement along the Rock Valley fault. Some of the smaller earthquakes associated with the
Rock Valley fault zone exhibit focal mechanisms consistent with movement along the fault.

Contemporary earthquakes in the southern Great Basin occur predominantly at depths between
Sand 15 km (3 and 9 mi.). Modeling of seismograms for some larger events in the Basin and
Range Province indicate that these earthquakes nucleate at depths between 10 and 20 km (6 and
12 mi.).

Focal mechanisms for earthquakes in the southern Great Basin indicate that right-lateral slip on
northerly-trending faults is today the predominant mode of stress release near Yucca Mountain.
Left-lateral faulting on east-northeast-striking faults and normal faulting on northeast-striking
faults have also been observed, as well as oblique slip on structures of intermediate orientation
with the appropriate dip angles. The principal extensional (minimum compression) stress axes
inferred from earthquake focal mechanisms trend northwest and plunge approximately
horizontal. The principal compressional (maximum compression) stress axes range from vertical
(normal faulting) to northeast and horizontal (strike-slip faulting).

While Yucca Mountain shows quiescence with respect to contemporary seismicity, evidence
from nearby faults indicates that some have experienced earthquakes in the Quaternary period.
Faults with possible Quaternary movement have been investigated via trenching and mapping to
document evidence of past events. Based on these studies, estimated slip rates for Quaternary
faults near Yucca Mountain range from 0.001 to 0.07 mm/yr. These rates are generally low
relative to rates observed elsewhere in the Basin and Range Province.

Preferred values for single-event displacements documented for Quaternary faults near Yucca
Mountain vary from near 0 to 2.0 m (0 to 6.6 ft). Constraints on the timing of events are often
insufficient to discriminate between independent earthquakes on single faults and distributed
events on multiple faults. Given the close spacing of faults (0.5 to 2 km [0.3 to 1 mi.]), it would
not be surprising if at least some past earthquakes involved rupture of more than one of the
mapped surface faults.

Lengths determined from geologic mapping of faults near Yucca Mountain range from about 1 to
35 km (0.6 to about 22 mi.). These lengths represent the maximum fault rupture for future
events if the faults rupture independently. Alternatively, only part of a fault may rupture in a
single event, or multiple faults may rupture together, creating a longer combined length.
Available data are generally insufficient to discriminate between these possibilities.

Average recurrence intervals for faults near Yucca Mountain range from about 5 to 270 k.y.
Many values are uncertain because dated deposits bracket the features associated with the
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earthquake rather than being from those features themselves. Recurrence interval estimates are
also affected by whether each fault is considered to rupture independently or as part of an event
in which multiple faults rupture at the same time.

In addition to information on the occurrence of current and past earthquakes in the Yucca
Mountain vicinity, an analysis of seismic hazards for the site also must incorporate information
on the ground motions that future earthquakes will generate. Ground motion characterization
relies on both empirical and numerical studies. A key issue is how to apply to the Yucca
Mountain site the ground motion relations determined primarily from data collected in
California.

Site characterization studies have addressed a number of factors that affect ground motion.
These factors include those that affect ground motion at its source, such as stress drop; along its
travel path from the source to a site, such as damping (Q); and in the vicinity of the site, such as
site attenuation (kappa) and local rock and soil velocities.

Stress drops for earthquakes in extensional tectonic regimes, such as the southern Great Basin,
average about 45 bars for normal faulting earthquakes and 55 bars for strike-slip earthquakes.
This compares to stress drops for earthquakes in California that range from about 70 to 100 bars.
The lower stress drops for earthquakes in an extensional regime result in lower, high-frequency
ground motions relative to those observed in California.

Aftershocks from the Little Skull Mountain earthquake have been studied to determine site
attenuation, as represented by the parameter kappa. Measured values for different sites ranged
from 0.005 to 0.03 s. These values are lower than those for typical soft rock, as observed in
California. Thus, at higher frequencies, this factor contributes to higher ground motions at
Yucca Mountain than in California for a given magnitude earthquake.

Ground motion is dependent on the velocity of the soil and rock underlying any particular site.
Shallow velocities have been measured in six boreholes near Yucca Mountain using vertical
seismic profiling. Measured velocities show borehole-to-borehole variability, which must be
taken into account in developing seismic design inputs.

An empirical ground motion attenuation relation for extensional regimes was developed for
potential use in the Yucca Mountain vicinity. Comparison of this relation to those developed for
the western United States, primarily on the basis of data from California, shows that the relation
for extensional regimes gives lower ground motions than those for the western United States.

Numerical methods were evaluated by using them to simulate ground motions for a suite of
scenario earthquakes. Scenario earthquakes were defined to represent earthquakes that may have
occurred on faults in the Yucca Mountain vicinity in the past. The different methods were first
validated by simulating the ground motions for the Little Skull Mountain earthquake of 1992.
Analysis of uncertainties for the different methods indicated that modeling uncertainty (our
inability to know which model provides estimates closest to the true median) had the greatest
contribution to total uncertainty.

Seismic hazard at Yucca Mountain was assessed probabilistically. Both ground motion and fault
displacement hazards were evaluated. The PSHA employed an expert elicitation process
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involving 25 experts to develop inputs on seismic sources, fault displacement, and ground
motion. The interpretations were based on the results of site characterization activities and other
_ available information. Uncertainties in interpretations were also documented and formed part of
the input to the analyses. The analyses resulted in the annual frequencies with which various
levels of ground motion and fault displacement would be exceeded at Yucca Mountain.

- The experts defined two types of seismic sources. Fault sources were based on the known
characteristics of Quaternary faults mapped at the surface in the vicinity of Yucca Mountain.
Areal source zones were used to account for seismic activity that cannot be associated with
specific faults. This type of source zone also was used, in some cases, to characterize faults
whose distance from the site made the details of fault geometry unimportant. For all seismic
sources, the experts provided interpretations of the rate of future earthquake occurrence and the
maximum size of future events. Rates were based on fault slip rates, paleoearthquake recurrence
intervals, and contemporary seismicity. Assessed fault length, rupture area, and past
displacement were factors that contributed to the determination of maximum magnitude.

Ground motion experts developed interpretations of expected ground motion for a matrix of
combinations involving magnitude, distance, fault type, location relative to the fault plane, and
structural frequency. Their interpretations were based on empirical and numerical methods. For
empirical methods, adjustments were made to account for differences between the site conditions
at Yucca Mountain and those where the data were collected (primarily California). Ground
motion values were developed for a hypothetical reference rock outcrop with properties of the
rock found at a depth of 300 m below Yucca Mountain. Based on the experts’ interpretations,
attenuation relations were determined for the ground motion hazard analysis.

Ground motion hazard results were calculated for peak ground acceleration (taken as spectral
acceleration at 100 Hz), peak ground velocity, and spectral acceleration at structural frequencies,
ranging from 0.3 to 20 Hz. For horizontal acceleration with an annual frequency of exceedance
of 10™, spectral acceleration ranges from 0.168 g (165 cm/sec’) at 0.3 Hz to 1.160 g
(1138 cm/sec?) at 10 Hz to 0.534 g (524 cm/sec?) at peak ground acceleration. Deaggregation of
the mean hazard indicates that ground motions at higher frequencies are dominated by
earthquakes smaller than magnitude 6.5 at distances less than 15 km (9 mi.). Dominant events
for lower frequencies include both large nearby events and magnitude 7 and larger events at
distances greater than 50 km (31 mi.).

Fault displacement hazard was assessed for a suite of conditions spanning those existing in the
site area. Nine sites were defined with conditions ranging from those on block-bounding
Quaternary faults to those on unfractured rock. The experts addressed displacement hazard using
two approaches. The displacement approach estimated displacement events from feature-
specific or point-specific data. The earthquake approach related the frequency of displacement
events to the frequency of earthquake occurrence on the source. Both principal faulting and
distributed faulting were included in the analysis. Interpretations provided the rate of future
surface faulting events, the distribution of displacements on primary and distributed faults, and
the uncertainties in those evaluations.

Fault displacement hazard results indicate that, except for block-bounding faults, displacements
with an annual frequency of exceedance of 10™ are equal to or less than 0.1 ¢cm (0.04 in.). For
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block-bounding faults, such as the Bow Rxdge and Solitario Canyon faults, displacements with
an annual frequency of exceedance of 10 are 7.8 and 32 cm (3.0 and 12.6 in.), respectively.

To develop seismic design inputs for ground motion on the basis of the PSHA results, the rock
and soil overlying the reference rock outcrop (used in the PSHA) must be taken into account.
Seismic design inputs will be developed for a rock outcrop at the surface, a rock interface at the
waste emplacement level, and the site of the Waste Handling Building located on soil. The
methodology for developing the seismic design inputs generally consists of the following steps:

o Determine design earthquakes that represent the uniform hazard spectrum at 10 and
10 annual frequencies of exceedance.

e To account for the magnitude dependence of site response, determine deaggregation
earthquakes that represent the mean, 5th, and 95th percentile magnitude contribution to
the uniform hazard spectrum at a given frequency of exceedance and for structural
frequency ranges of 1 to 2 Hz and 5 to 10 Hz.

o Perform site response analyses for each of the deaggregation earthquakes that
incorporate randomization of the velocity profile for the overlying material, shear
modulus reduction, and damping.

o For each deaggregation earthquake, develop a spectral amplification function from the
site response analyses.

e Compute the weighted average of the spectral amplification function for the
deaggregation earthquakes corresponding to each combination of frequency of
exceedance (10 or 104) and structural frequency range (1 to 2 Hz or 5 to 10 Hz).

o Multiply the weighted average spectral amplification function by the appropriate design
earthquake reference rock outcrop spectrum and take the smooth envelope as the
design spectrum.

If the velocity profile is uncertain, upper-bound and lower-bound base case profiles can also be
used, weighted average spectral amplification functions determined for each, and the design
spectrum determined by enveloping all the resulting spectra.

Seismic design inputs for fault displacement are based on hazard levels of 10™* and 10°. Away
from block-bounding faults, displacements with these annual frequencies of exceedance are 1
mm or less. Such small displacements do not need to be specifically addressed in the design.
For the Bow Ridge and Solitario Canyon faults, any safety-related structures, systems, or
components that need to accommodate displacements with a 107 annual probability of
exceedance (Category 2) should use displacement values of 7.8 and 32 cm (3.0 and 12.6 in.),
respectively, as design inputs.
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Submittal date: 05/24/2000.
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date: 06/28/2000.

TDR-CRW-GS-000001 REV 01 ICN 01 12.5-34 . September 2000



MO0006 YMP00062.000. Seismograph Stations Operating in the Southwestern United States,
1980 and 1996. Submittal date: 06/26/2000.

MOO0006YMP98125.002. Historical Earthquake Epicenters Within 300 Kilometers of Yucca
Mountain. Submittal date: 06/26/2000. ’

MOQO0006YMP98136.002. Historical Seismicity Within 100 Kilometers of Yucca Mountain.
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MO98PRECLOSURE.000. Design Event Spectra Based on the Results of Probabilistic Seismic
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Development of Ground Motion Design Inputs. Submittal date: 02/20/1998.
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Figure 12.2-2. Location of Miocene and Post-Miocene Basaltic Vents, as Well as Probable Basaltic Vents of Unknown Age, in the Yucca
Mountain Region
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Figure 12.2-3. Post-Miocene Volcanoes in the Yucca Mountain Region
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NOTE: Left to right on the figure corresponds to north to south for the location of basalt centers within Crater Flat.

Figure 12.2-4. Argon-40/Argon-39 Ages from Quaternary Basalt Centers of Crater Flat
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each eruptive unit.

Figure 12.2-5. Estimated Volume versus Age for Volcanic Rocks of the Southwestern Nevada Volcanic Field
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NOTE: Most of the volume of the southwestern Nevada volcanic field consists of early erupted silicic volcanic rocks.
Compare with Figure 12.2-5.

Figure 12.2-6. Percent Cumulative Volume Erupted versus Age of Volcanic Units of the Southwestern
Nevada Volcanic Field
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Figure 12.2-7.  Local Structural Domains and Domain Boundaries of the Yucca Mountain Region, and
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Source: After CRWMS M&O (2000b, Figure 2)

NOTES: Calculations assume p, = 2,000 kg/m?, p,,, = 3,000 kg/m?, T= 1,300 K, and R = 461 J/kg/K. The dashed
line defines a critical gas volume fraction of 0.75, which is assumed to be the threshold for fragmentation of
the magma. p. = wall-rock density; p,, = melt density (no bubbles); T = temperature; R = gas constant fer
water, n; = initial dissolved water content.

Figure 12.2-8. Variation of Gas Volume Fraction with Depth
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NOTE: Solid curves show values calculated by Wilson and Head (1981), whereas dashed lines are graphical
extrapolations to include the range of initial volatile contents of concern for Yucca Mountain. Calculations
assume homogeneous flow and lithostatic pressure in the rising magma column.

Figure 12.2-9. Variation of Eruption Velocity with Initial Dissolved Water Content for Various Mass
Discharge Rates along a Fissure
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Figure 12.2-10. Variation of Eruption Velocity with Initial Dissolved Water Content for Various Mass
Discharge Rates from a Circular Conduit
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Source: CRWMS M&O (20004, Figure 10)

NOTE: The models for specifying the spatial and temporal distributions for volcanic events define the occurrence
rate for events at a point. Associated with this point “event” is a dike system of uncertain length and
azimuth. The distance from the point event to the end of the dike system, d, and the azimuth of the dike
system, f, determine whether or not a volcanic event occurring at a point will result in an intersection of the
repository. Distributions for d and f were specified by the probabilistic volcanic hazard analysis experts.

Figure 12.2-11. Schematic lllustrating Procedure for Computing the Frequency of Intersection of the
Potential Repository by a Volcanic Event
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NOTES: (a) Aggregate distribution and median and means for individual probabilistic volcanic hazard analysis
expert hazard models for the primary block case. (b) Range for 5th and 95th percentiles for results from
individual probabilistic volcanic hazard analysis expert hazard models compared to range for aggregate
distribution for the primary block case.

Two-letter code indicates initials of experts identified in Table 12.2-6.

Figure 12.2-12. Annual Frequency of Intersecting the Potential Repository Footprint for the Primary Block
Case
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NOTES: (a) Aggregate distribution and median and means for individual probabilistic volcanic hazard analysis
expert interpretations for the primary + contingency blocks case. (b) Range for 5th and 95th percentiles
for results from individual probabilistic volcanic hazard analysis expert interpretations compared to range
for aggregate distribution for the primary + contingency blocks case.

Two-letter code indicates initials of experts identified in Table 12.2-6.

Figure 12.2-13.  Annual Frequency of Intersecting the Potential Repository Footprint for the Primary
Plus Contingency Blocks Case
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NOTE: The maps represent the mean results averaged over 10 experts and over each expert's logic tree (CRWMS
M&O 1996, Appendix E). Black area in center of maps is the potential repository footprint.

Figure 12.2-14.  Spatial Distribution of Volcanic Hazard Defined by the Probabilistic Volcanic Hazard
Analysis Expert Panel
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Figure 12.3-4. Historical Seismicity within 100 Kilometers of Yucca Mountain
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Figure 12.3-8. Principal Stress Axes from Focal Mechanisms of Southern Great Basin Earthquakes
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Figure 12.3-10. Frenchman Flat Earthquake Sequence of 1999
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. Figure 12.3-11. Scotty’s Junction Earthquake Sequence of 1999
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Figure 12.3-12. Known or Suspected Quaternary Faults and Significant Local Faults within 100 Kilometers of Yucca Mountain
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Figure 12.3-14.
Paintbrush Canyon Fault at Busted Butte
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Figure 12.3-16. Surface Rupture Length
Scenarios
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Figure 12.3-17. Magnitudes Calculated for Rupture Scenarios at Yucca Mountaih
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Source: Pezzopane (1996, Figure 11-3)

NOTES: Candidate seismic sources are plotted as a function of their closest distance to the former Conceptual
Controlled Area and their estimated maximum magnitude. !n general, fault abbreviations are found in
Figure 12.3-10. Additional abbreviations are; ARPR = Amargosa River-Pahrump; BLK = Black Cone; BC =
Bonnie Clair; CF = Cactus Flat; CFM = Cactus Flat-Mellan; CRF = Crater Flat; DFFL = Death Valley-
Furnace Creek-Fish Lake Valley; DVFC = Death Valley-Furnace Creek; GDAW = Ghost Dance-Abandoned
Wash; GM = Grapevine Mountains; HMPN = Hunter Mountain-Panamint Valley; ISV = Indian Springs
Valley; LM = La Madre; MV = Midway Valley; PCSR = Paintbrush Canyon-Stage Coach Road; PM = Pahute
Mesa; YW = Yucca Wash

Figure 12.3-18. Assessment of Relevant and Potentially Relevant Earthquake Sources for the Yucca
Mountain Region
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Figure 12.3-19. Borehole Locations for Vertical Seismic Profile Surveys
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Figure 12.3-22. Deep Shear-Wave Seismic Velocity Model for Yucca Mountain
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Figure 12.3-23. Median Spectral Accelerations for Rock on the Footwall of a Normal Fault
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Figure 12.3-24. Median Spectral Accelerations for Rock in the Hanging Wall of a Normal Fault
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Figure 12.3-28. Model Standard Errors for the Little Skull Mountain Earthquake Validation
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Figure 12.3-31. Point Estimates for Median Horizontal Spectral Acceleration for a M,, 6.5 Earthquake at 4
Kilometers on the Hanging Wall of a Normal Fault
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NOTE: These estimates are computed from the probabilistic seismic hazard analysis ground motion experts’
attenuation relations. :

Figure 12.3-32. Median Horizontal Peak Ground Acceleration for a M,, 6.5 Earthquake on the Hanging
Wall of a Normal Fault
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Figure 12.3-33. Schematic Diagram of the Elements of a Probabilistic Seismic Hazard Analysis for
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Figure 12.3-34. Example Logic Tree for Expressing the Uncertainty in Characterizing Local Fault Sources
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Figure 12.3-36. Example Logic Tree for Expressing the Uncertainty in Characterizing Areal Source Zones ~
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NOTE: The top graphic is a logic tree for uncertainty assessment. The bottom graphic is the resulting discrete
distribution for maximum magnitude.

Figure 12.3-37. Example Assessment of Maximum Magnitude for a Fault Source
F12.3-39
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-118
-117
-1 -116
-115

38 l | | L l .
0\%4.
TN
RN
RN
7N\
= + —
37 - + - 37
*YUCCA @
\ MOUNTAIN
. } SITE
\K
= -+ -
36 + -1 36
1 ! ! 1 1 LS
® = = =
- N iy D
EXPLANATION
Fault Lengths:
Intermediate
Y NOTE: Fault names are listed in Table 12.3-12
e —— e
0

12.3-39.00C.SITEDESC-R01

Source: Wong and Stepp (1998, Figure 4-21)

Figure 12.3-39. Regional Fault Sources Considered by One Seismic Source Expert Team
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(a) Local Faults Considered as Independent Faults
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Source: Wong and Stepp (1998, Figure 4-18)

NOTE: Fault names are listed on Figure 12.3-12. Exceptions are NCF, CCF, and SCF, which refer to the North,
Central, and Southern Crater Flat faults; NWW, CWW, and SWW, which refer to the North, Central, and
Southern Windy Wash faults; and WD1 and WD2, which refer to the West Dune Wash fauit.

Figure 12.3-40. Example of Local Faults Considered as Independent Faults and Coalesced Faults
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(b) Local Faults Considered as Coalesced Faults
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Example of Local Faults Considered as Independent Faults and Coalesced Faults
(Continued)
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Figure 12.3-42.  Alternative Regional Source Zone Models Considered by One Seismic Source Expert
Team

TDR-CRW-GS-000001 REV 01 ICN 01 F12.3-45 ' September 2000



2 = = 2 o x 2
-~ n - ) i iy ! 40
0 ; T —T T T '
!
1
i
39 - + + + 4 + 39
\ RERo |
. NARIO-2
\ 'ez% |
%4%\,, l‘
AY + k1.
= +
38 *ﬂ% N F + +  unpErGROUND |
: . NUCLEAR |
Le==""=><.. EXPLOSIONS
l
37~ + +— —1 37
~ ¢ + - 36
- + ZONE1 ¥ e~ea. !
SCENARIO-2 r
N 1
N ¢
N D
N ) )
s ] 1 ¥ I DAY ] s
2 w e 2 o z 2
0 I00km

12.3-420.00C. SITEDESC-RO1, ICN 01

Source: Wong and Stepp {1998, Figure 4-24)
NOTE: YM = Yucca Mountain

Alternative Regional Source Zone Madels Considered by One Seismic Source Expert
Team (Continued)

Figure 12.3-42.
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Team (Continued)

TDR-CRW-GS-000001 REV 0l ICN 01

F12.3-47

12.3-42¢.DOC.SITEDESC-R01, ICN 01

Alternative Regional Source Zone Models Considered by One Seismic Source Expert

September 2000



o

T T TL00m

Mean

=N U oo owm
£ IITHH‘

o .

LA RRLLL]

oo
-~

.005

.002
.001
.0005

.0002
.0001

Annual Frequency

Ty

— 1 o

{a) Local Faulls

—— 5th, 95th

bl

sl

T T T

L

!
LSRRI

g !
LR R AL S SRR R AL

aaud

(b) Regional Faults

@ Observed
Mean
——— 5th, 95th

] Ll L lik

b

Ll oo

|

10

5 (c) Regional Zonesg
@® Observed -

—— Mean

LERALRLLLL

S O PR

.05

02
.01
.005

.002
.001
.0005

.0002
.0001

Annual Frequency
LIS X'Xl-'

RLRELLL |

LRRRRLLU!

——— 5th, 95th

Lo and

LBRELRELLL llnn."’f_f"l'mﬁ

saannl

I
LLILEALIL

e dd Ll

il

LLALARLLL)

(d) All sources
@ Observed

Mean

—— 5th, 95th

| . ! | . |

eyt

Ll

RS

[¥]
wn

4.5 5.5 6.5
Magnitude

Source: Wong and Stepp (1998, Figure 4-26)

75 8535

4.5 5.5 6.5 7.5

Magnitude

12.3-43 00OC SITEDESC-RO1

NOTE: The solid dots with vertical error bars represent the observed frequency of earthquakes occurring within

100 km of the Yucca Mountain site.

Figure 12.3-43. Earthquake Recurrence Rates Determined by One Seismic Source Expert Team
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Figure 12.3-44. Earthquake Recurrence Rates for All Sources Combined Predicted by All Teams
Combined and by Individual Seismic Source Expert Teams
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Figure 12.3-49.
Hazard Analysis
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Fault Legend

Abbreviation Fault Name

AW  Abandoned Wash
Black Cone

BM  Bare Mountain

BP  Boomerang Point
BR Bow Rid‘ge

Crater Flat North
Crater Flat South
DHW Dirill Hole Wash
Dune Wash

East Busted Butte
Fatigue Wash

GD Ghost Dance

IR Iron Rld%

Lathrop Wells Cone
M Midway Valley
Pagany Wash
Paintbrush Canyon
SW  Sever Wash

Abbreviation Fault Name
1 Simonds Number 1
Simonds Number 2
3 Simonds Number 3
4 Simonds Number 4
5 Simonds Number 5
7 Simonds Number 7
8 Simonds Number 8
9 Simonds Number 9
1 Simonds Number 12
1 Simonds Number 14
1 Simonds Number 15
1 Simonds Number 16
1 Simonds Number 18
S Solitario Canyon
SCR Stagecoach
Windy Wash
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Source: USGS (2000, Figure 2)

Figure 12.3-50. Local Faults Considered in the Deterministic Seismic Hazard Analysis
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NOTE: Fault abbreviations are, in general, defined in Figures 12.3-49 and 12.3-50. In addition to the definitions

given on those figures, the following additional abbreviations are used: ARPR = Amargosa Valley-Pahrump;

DVFCFL = Death Valley-Furnace Creek-Fish Lake Valley; GDAW = Ghost Dance-Abandoned Wash: NDR =
North Desert Range; PCSR = Paintbrush Canyon-Stagecoach Road; PC-SR-BR = Paintbrush Canyon-
Stagecoach Road-Bow Ridge; SC-FW-WW = Solitario Canyon-Fatigue Wash-Windy Wash; SCIR = Solitario
Canyon-Iron Ridge; WW-FW-CFS = Windy Wash-Fatigue Wash-Crater Flat South. PSHA = Probabilistic

Seismic Hazard Analysis

Deterministic Maximum Magnitudes in Relation to Minimum Distance to the Former

Conceptual Controlled Area Boundary for Fault Sources within 100 Kilometers of the

Yucca Mountain Site
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NOTE: Fault names are listed in Figures 12.3-49 and 12.3-50 and the Note to Figure 12.3-51.

Figure 12.3-52.  Acceleration Response Spectra for 38 Local and 3 Selected Regional Deterministic
Earthquakes
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Figure 12.3-63.  Uniform Hazard Spectrum for Horizontal Motions at Reference Rock Outcrop, 107
Annual Probability of Exceedance
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