
123 SEISMICITY AND SEISMIC HAZARDS
4.

The assessment of seismic'haiards at Yucca Mountain focuseson characterizing the potential
vibratory ground motion and fault displacement that 'will be associated with future earthquake
activity in the vicinity of the site. The evaluation of these hazards serves as la basis to define
inputs for the preclosure seismic design of a potential geoldgic repository'(YMP 1997b). The
evaluation also provides information that can be used in evaluating the impacdt'of different
tectonic scenarios on the ability of the repository to contain and isolate waste during the
postclosure period.

Seismic hazards at Yucca Mountain are 'assessed probabilistically (YMP '1 997a). The
assessment is founded on the evaluation of a large database that incorporates infornation on all
known seismic sources in the Yucca Mountain region, including their maximum earthquakes,
source geometry,,and earthquake recurrence. -Much of this information is based on the detailed
history of past earthquakes on nearby' Quateimary faults. The historical earthquake record and
information on the attenuation of ground motion are also 'important components of this database.
The seismic hazard assessment considers'tectonic'models that have been proposedffor the Yucca
Mountain area (see Section 4.3) and information from analog sites in the Basin and Range
Province to characterize the patterns and amounts of fault displacement. The probabilistic
assessment explicitly incorporates uncertiinties' in the characterization of seismic sources, fault
displacement, and ground motion. The resulting'hazard calculation's thus'represent a sound basis
for seismic design and performance assessn'ie'nt by'- reflecting the- interpretations that are
supported by data along with the associated uncertainties in th6se interpretations.

This section presents the data and interpretations that support the hazard assessment, followed by
a description of the hazard assessment and the results. The section begins by describing 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, including its distribution and
characteristics, follows (Section 12.3.3). Next, information on prehistoric'earthquakes is
presented, including a description of all known and suspected Quait&Mary 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 interpretations of the
experts involved in the probabilistic seismic hazard analysis'[PSHA] project [Section 12.3.10].)
The experts' seismic source characterizations are summarized in Section 12.3.10.2.' Empirical
and numerical modeling results of ground motion'in the Yucca 'Mountain' region are then
discussed. The integration of these data and interpretations 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 design parameters are being
developed, and thus no results are yet available. '

! * 1-,. , . . , . , : . . ; . ,

When referring to earthquake magnitudes, the following' scales are cited and abbreviated as
follows: ML indicates Richter- local;' MW indicates moment; 'M ,indicates surface 'wave; mb
indicates body vave; M, or Md indicates coda duration; Ml indicates intensity-based; and M

-indicates unspecified.
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12.3.1 Data Sources

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 1 30-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

* 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 Mw 8 to produce
median peak horizontal ground accelerations of 0.1 g (98 cmls2 ) 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-la). 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 ML 6.1 Death Valley, California, earthquake (Gross and Jaum6 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- 1 900s improved with increasing numbers of seismograph stations in California
(Figure 12.3-lb). 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 i g telemetered stations was in§talled in 1968 in the eastern and
southern Nevada Test Site. In the 1 970s, 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 ML. 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 Md is calculated for all events, and ML is calculated for many events
greater than Md 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 ML 0.5 to about ML -1.0 during times of low cultural noise. The regional detection
threshold is approximately ML 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 of% 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 ML 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 Mw 5.5 and larger within the 100-kmn (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-krn (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, M, was estimated from the best available magnitude. When available,
published relationships between seismic moment (M0 ) and Mw and ML 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 (1 86-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 Mw 5.5 are located within 100 km (62 mi.) of Yucca Mountain.
The earliest entry is the 1916 ML 6.1 (Ms 5.9) Death Valley event (Gross, S. and Jaumd 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.

TDR-CRW-GS-00000 I REV 01 ICN 01 12.3-7 September 2000



1872 Owens Valley, California, Earthquake-Possibly the largest historical earthquake in the
Basin and Range Province, Mw 7.8, occurred in 1872 along the Owens Valley fault zone in
eastern California. Based on reported effects of shaking, numerous aftershocks over Ml 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 ML 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 Jaum6 (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 ML 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 Mw 6.6 (Doser 1988, p. 15,007). Amplitude
measurements from seismograms recorded at the California Institute of Technology (Pasadena,
California) indicate a ML 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 1.5 m (1.6 to 4.9 ft), and the maximum single-trace right-lateral displacement was
2.0 ± 0.5 m (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 tarthquake-The 1934 ML &3 (Mw 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 (400 ± 80) 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 l.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 Mw 7.1 Fairview Peak and the Mw 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 600 + 50 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 cm (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 M, 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 Mw 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 (550) 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 preexisting 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
250 to 350 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 ML
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.
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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, Mw 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 (20 in.) 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 1026 and 6 x 1026 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 Eureka 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 (N1 0 E), west-dipping
(430 ± 50W) 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 Mw 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
5.2 m (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- idgecrest, California, area and
the Coso volcanic field north of Ridgecrest have been the locations of a series of ML 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 Md 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 Md 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 M, 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 (ML 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 ML 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
ML 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 Mw 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 southern Mojave Desert, where
broad zones of right-lateral and minor normal faults splay northward from the San Andreas,
distributing 8 to 10 mun/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 ML 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 MI 6.0 Pine Valley and 1992 ML 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 Area-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 ML 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
380N, 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 (Mw 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
et al. 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 ML 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 Moufitaifi 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 modem 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 ML 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 ML 4.6 Massachusetts Mountain earthquake, the 1973 Ranger Mountain
sequence, the 1992 ML 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
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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 Jaum6 (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 ML 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, ML 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).

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, J.N. 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 ML greater than 4 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 ML 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 ML 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 650, 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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123.5.2 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
(Md 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 (Md 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, Mw 4.7 Frenchman Flat earthquake was the largest event within the
Nevada Test Site since the ML 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 ML 4.2 earthquake. Portable instrumentation
installed in the aftershock z26h shortly after the mainshock fecorded 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 ML 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 ML
greater than 2 beginning on July 31, 1999. Two aftershocks of ML 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 I 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
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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 ML 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 ML 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 L.W. Anderson and O'Connell (l99 , 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, R.E.,
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. HoweVdt, 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])

. 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 units, 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)

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

Commonly, uncertainties are associated 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 nipture; (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 during 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. Alternatively,
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 10-5 to
3 x 10-3 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 10-5 to
1 x 104 in./yr.). and 0.05 mm/yr. (2 x 10-3 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 4 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 total 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 104 to I x 1 0-3 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 rnm/yr. (4 x104 to 2 x 10-3 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, computing fault slip rates, and correlating displacements 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 14C
dating of charcoal, 14C 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 age. 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. Preferred 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 geochronologic 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 cm (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 I 1- 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 paleoseismic 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 nuiber and timing of coseismic& suace-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 ± 2a) 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 deposits 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
10 to 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 general, 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 inj) 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 ka to 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 12.3-1 1). These results will be superseded
by maximum magnitude distributions constructed as part of the probabilistic seismic hazard
analyses (Section 12.3.10).

TDR-CRW-GS-000001 REV 01 ICN 01 12.3-36 September 2000



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).

. 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 M. 6.4 to 6.9. Prehistoric earthquake magnitudes calculated for recurrence model
2 vary from M, 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 M, 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 M, 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, RiE., 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-I1). 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).

TDR-CRW-GS-OOOOOI REV 01 ICN 01 12.3-38 September 2000



The descriptions presented here are summaries and focd "i'A the evidence for Quaternary
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 (I 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-Pabrump 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-I l).
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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
12 km (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 (600 to 800), 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 10-3 to 4 x 104 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 10-3 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. The 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 104 to 4 x 10-3 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 750 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
650W 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 10-5 to 3 x 1 0 -4 in./yr.), with a preferred value of 0.003 mm/yr. (1 x 104
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 CaCO3 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 kmn. 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 (1 997b, p. 2) describes the "Carrara feature" as linear with nearly continuous surface
expression that strikes N500 -550 W from the Betty fluvial scarp to near the Lathrop Cone and
then strikes about N750 -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 (1997b, 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). It is
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 1-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 10-5 to
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1 x 10 4 in./yr.) is estimated for the Northern Crater Flat fault. This rate may be refined pending
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 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 10- 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 10-3 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 12.3-1 1) (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. 3-1 1). 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. 3-1 1). 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. 3-1 1). 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 1 1 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-1 5), 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 nmm/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 (Keefer 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 mi.) 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 Vajlt-This fault includes numer&q 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 (l0-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 730W. 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 730 ka
(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 10-5 ± 6 x 10 4 in./yr.). A slip rate derived
from scarp data to the north is 0.009 ± 0.006 mm/yr. (4 x104 ± 2 x 104 in./yr.). The preferred
slip rate for the entire fault ranges from 0.003 to 0.0 15 mm/yr. (I x 104 to 6 x IO 4 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 (15.4 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-kin (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
5 km (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. 4.5-3 4; 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 213i 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
2 to 150 m (7 to 492 ft). Cumulative down-to-the-west bedrock displacement ranges from up to
5 m (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.

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 Quatemary
movement is equivocal.

Kawich Valley Fault Zone-This fault zone comprises a cluster of faults near the middle 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 Quaternary deposits 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
Quatemary faulting and only equivocal evidence of isolated middle Pleistocene or older faulting
is reported. However, clear evidence for recurrent late Quatemary 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. It 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
7 to 10 Ma (Keefer and Pezzopane 1996, p. 3-1 8). 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-46-the-west displacements are documiented. 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 10- to 2 x 1 04 in./yr. [preferred 8 x 10-5 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 10-5 to 1 x 10-3 in./yr.) (0.002 to 0.015 mm/yr. [8 xIO-5 to 6 x 1 0 4 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 Quaternam' or 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 ± 4 m (89 ±
13 ft), and 37 ± 4 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 events and 11 ± 2 m (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 ± 4 m (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 (RVI 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 220
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 10- in./yr.); the southern strand has a poorly
constrained slip rate of less than 0.002 mm/yr. (8 x 10-5 in./yr.); and the medial strand has a
poorly constrained slip rate of 0.02 mm/yr. (8 x 10-4 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 10-5 to 2 x 10-3 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 (ML 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, 1 00-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 rkm (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 alluvium
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 (II mi.). It is located about I 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 730W.
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 et al. 1996, Table 4.7-3). The evidence provides an estimated
cumulative dip-slip of 2.1 m (6.9 fit) (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 104 to 8 x 10-4 in./yr.); the
preferred rate is 0.01 mm/yr. (4 x 1 04 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
41Ar/39Ar 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 Rapge 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 down-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 corner 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 5 km (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 730 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 mmn/yr. (2 x I04 to
3 x 10-3 in./yr.), with a preferred value of 0.03 to 0.05 mm/yr. (1 x 10-3 to 2 x 10-3 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.-Iong), 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
0.3 to 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 104 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-krn-long (37-mi.-long), north- to northwest-striking,
west-dipping, predominantly normal-slip fault bounds the southwestern side of the northern
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 ft] 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 10-3 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 770 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
104 to 4 x 104 in./yr.) (Whitney, Simonds et al. 1996, p. 4 .9 -3 1). A long-term slip rate of 0.27
mm/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 750 to 80E near the surface, but appears to flatten to 55° to 650E 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 15.3 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 mi.) 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/s2) (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 ML 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) = QOfV where Q, and Tr are model parameters and f is
frequency, various investigators have found significant differences in Q, and 11 (Schneider et al.
1996, p. 5-3). Computed values of Q, at 1 Hz vary between about 140 and over 750, with r
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 ML
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 (o-2 (where co is
circular frequency), and that geometric spreading is I/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 is 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 (Mw 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 nedi: or outside the current boundary of the 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 et al. (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 co-2 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 Y = b, + b2(M-6) + b3(M-6)2 + b4R + b510gR + b 6 T (Eq. 12.3-1)

in which Y is the ground motion parameter, M is moment magnitude, R = (Tb2 + h2)/ (Tb i
horizontal distance and h is depth from Boore et al. [1997]), and Fis 0 for rock sites and I 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 (b2 and b3) 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 Mw 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 prediction 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, ML 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 560 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 1024 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 6-1 1). 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 1 0).
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 (M, 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
(M 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 ML 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.

TDR-CRW-GS-OOOOOI REV 01 ICN 01 12.3-66 September 2000



The six modeling approaches were the following:

* Specific barrier method (Chin and Aki)
* Stochastic method with c2 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 I 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/s2 ) 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/s2 ). 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/s2 ] 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
et al. 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 uncertainty.
(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 la 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 discussions 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 o 2 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-00000 I REV 01 ICN 01 1 2.3-70 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:

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

* 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,
so no crust or site correction Jwas 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 ps the conversion
models. The scaling factors include the following:

• Ratios of vertical motion to horizontal motion
* Ratios of peak velocity to peak spectral acceleration
* Ratios of peak velocity to I-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 ai, bi, ci, and di 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 parallel 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 M, 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 Mw 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 estimates, 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

. 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 t is given by:

P(Z > zlt) = 1-e V(Z)t < v(z)-t (Eq. 12.3-2)

in which v(z) is the average frequency during time period t at which the level of ground motion
parameter 7 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) * t 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:

u

V(Z)= an(m ) J[_ Jf(rlm) P(Z > zImr) dr -dm (Eq. 12.3-3)

in which a, (imn) is the frequency of earthquakes on source n above a minimum magnitude of
engineering significance, m'; mu is the upper-bound magnitude event that can occur on the
source; f(rlm) is the probability density function for distance r to an earthquake of magnitude mn
occurring on source n, and P(Z > z I m,r) is the probability that, given the occurrence of an
earthquake of magnitude m at distance r 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 perform the analysis. Each branch frnih -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 (Mmra) 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 Mm ,,a 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 Mmax, 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 Mma were converted to
this scale.

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

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

* 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 MmOax shown at the bottom of Figure 12.3-37.
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Different approaches may be used to evaluate the Mma. for areal 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,
Mma, 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 model 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), Mmax, 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, ac(m0), and the relative frequency of earthquakes of
various sizes defined by the probability density of earthquake size, f(m), between m' (minimum
magnitude) and mu (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 cc(m 0) 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 12.3-3 8) 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 Mm(a. 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 M, 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 900 for strike-slip faults, 600 or 650 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 Mmac 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 Mmax 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 areal 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 Mmax 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 teani 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 dike 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 12.343. 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 1 00 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 M" 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 10-3 and 1 0 .
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 I0 4 shows that at 5 to
10 Hz (or other high frequencies), ground motions are dominated by earthquakes of smaller than
Mw 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 Mw 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: 10-3 and I 04 per
year. Mma 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 Mmay, 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 d, designated by
v(d). This frequency can be computed by the expression v(d) = ADE x P(D > d), in which 2 DE 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, 2 DE, 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 4 and 10-5, 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 10-5 annual exceedance
frequency. At 10-' annual frequency, the mean displacements are 7.8 and 32 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:

* Association with seismicity
* Structural relations with other potential Type I faults
• 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/s2) 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:

. 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

• 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

• 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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. Fault geometry at seismogenic depth, including fault dips (estimated generically for
various fault types from regional seismicity and geophysical data) and dip direction
(based on surface outcrop)

* 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 (Mv) 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 2) 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 attenuation relations exceeds the 0. I-g
(98-cm/s2 ) 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
Mw 5.7 (e.g., Ghost Dance fault) to M, 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 Mw 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 Mm)
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 cm/s 2) at the median and 2.0 g (1,961 cm/s 2) 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 produce 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/s2 ) (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 104 years and slip
rates less than or equal to 0.03 mnm/yr. (1 x 10-3 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/s2 ) and 84th percentile values no greater than 0.9 g
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(883 cm/s2). Eighteen regional sources are capable of exceeding median peak horizontal spectral
accelerations of 0.1 g (98 cmr/s 2 ), and seven are capable of exceeding median values of 0.2 g (196
cm/s2 ). Roughly half of the regional faults are predicted to produce 84th percentile fractile
horizontal acceleration spectra that exceed 0.1 g (98 cm/s2 ) 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 cml/s2 ) 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 I 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 I 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 300 m (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 Design Criteria

Proposed 10 CFR 63, Disposal of High-Level Radioactive 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 1 997b), the seismic design is being developed for two levels of seismic hazard:
Category 1 and Category 2. For vibratory ground 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 I and Category 2, respectively.

Based on the probabilistic analysis for ground motion, uniform hazard spectra were generated for
annual frequencies of exceedance of 1 0-3 and 1 04 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 104 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 10-5 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 l 997b, 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 450 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 10-5 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 (6) to the annual
frequency of exceeding a given ground motion amplitude (McGuire 1995). For this purpose, M
is the moment magnitude (Mw) and 6 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 E of log (ground motion). M, R, and s 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 10-3 and
104 annual probabilities of exceedance. This deaggregation was done at frequencies of 10, 5, 2,
and 1 Hz, and results for 5 and 1O 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 s for 5- to 10-Hz
horizontal motions corresponding to amplitudes with 1 0-3 and 10-4 annual probabilities of
exceedance, respectively. The predominant contributions at these high frequencies come from
magnitudes in the M., 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 kmn (31 mi.). The sources for these 6v6hts 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 Mw 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 I to 2 Hz, as appropriate. This scaling follows the procedure
described in Regulatory Guide 1.165. For 1 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 1 04 annual probability of exceedance, the design earthquake spectra are a maximum of
7 percent below the uniform hazard spectra; for 10-3 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 if's). With maximum expected
motions exceeding about 0.5 g (490 cm/s 2) 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 10-3
and 104) 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 magnitudes based on the hazard deaggregation, were
also obtained for each of the two design levels (10- and 104 annual probabilities of exceedance)
and two structural frequency ranges (5 to 10 Hz and 1 to 2 Hz). The three magnitudes Mmean,
M5th, and M95th 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 soil 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 (Mmea,,, M5th, and M95th), 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-OOOOO1 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.
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12.4 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
Quatemary 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 geologic repository at
Yucca Mountain for the-preclosure period (up to 300 yr.). Both volcanic and seismic 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 II 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 10-8. For this case, 5th and 95th percentile values are 7.6 x 10-1° and 5.0 x 10-8,
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 10-9. The 5th and 95th percentile values are 3.3 x 10-10
and 2.5 x 10.8, 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 required 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 concentrations 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 region 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 1,0500 to 1,1700 C
(1,922° to 2,1380 F), magma viscosity ranges from about 2.0 to 2.7 log poise, and magma density
ranges from 2,474 to 2,663 kg/mi3 (154 to 166 lb/ft3 ).

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
eruptive styles, the volume fraction of wall rock debris is much lower, generally ranging from
10 to I0-1.

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
5 and 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 10-4, spectral acceleration ranges from 0.168 g (165 cmlsec2 ) at 0.3 Hz to 1.160 g
(1138 cm/sec2 ) at 10 Hz to 0.534 g (524 cm/sec 2) 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 Ridge and Solitario Canyon faults, displacements with
an annual frequency of exceedance of 10 5 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:

. Determine design earthquakes that represent the uniform hazard spectrum at 10-3 and
10 4 annual frequencies of exceedance.

. 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.

. 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.

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

. Compute the weighted average of the spectral amplification function for the
deaggregation earthquakes corresponding to each combination of frequency of
exceedance (10-3 or 104) and structural frequency range (I to 2 Hz or 5 to 10 Hz).

. 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 1 0 4 and 10-5. 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 10-5 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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Figure 12.2-3. Post-Miocene Volcanoes in the Yucca Mountain Region
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Figure 12.2-4. Argon-40/Argon-39 Ages from Quaternary Basalt Centers of Crater Flat
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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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line defines a critical gas volume fraction of 0.75, which is assumed to be the threshold for fragmentation of
the magma. pc = wall-rock density; Pm = melt density (no bubbles); T= temperature; R = gas constant for
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Figure 12.2-8. Variation of Gas Volume Fraction with Depth
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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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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 Illustrating Procedure for Computing the Frequency of Intersection of the
Potential Repository by a Volcanic Event
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Figure 12.2-13. Annual Frequency of Intersecting the Potential Repository Footprint for the Primary
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Source: Smith, K. (2000)

NOTE: Aftershocks are shown by small red circles. Aftershock locations are poorly constrained due to limited
station coverage in the area.

Figure 12.3-11. Scatty'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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Source: Fault map is modified from Simonds et al. (1995); Pezzopane, Whitney et al. (1996)

Figure 12.3-13. Local Faults and Paleoseismic Study Sites at Yucca Mountain
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Figure 12.3-14. Example Trench Log from Paleoseismic Studies of Late Quaternary Faults near Yucca Mountain:
Paintbrush Canyon Fault at Busted Butte
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Source: Adapted from Fridrich et al. (1996)

NOTE: Slip rates are in millimeters per year. Values in parentheses are inferred. Fault abbreviations are from
Figure 12.3-10.

Figure 12.3-15. Late Quaternary Faults with Slip Rates near Yucca Mountain

TDR-CRW-GS-O0000I REV 01 ICN 01 F12.3-15 September 2000



INTENTIONALLY LEFT BLANK

TDR-CRW-GS-00000 I REV 01 ICN 01 F12.3-16 September 2000







0z

= L
0

<Di~

0.

7.0

6.9

6.8

6.7

6.6

6.5

6.4

6.3

6.2

6.1
l n

Sr . . . . . . . ; s

I & I

ex
z ~0

S* T

I I I I I I 1 --1
w.v,. _

6.0 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7.0

MAGNITUDE FROM
PREFERRED DISPLACEMENT

6.0 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7.0
MAGNITUDE FROM

PREFERRED DISPLACEMENT

Source: Pezzopane, Whitney, and Dawson (1996, Figure 5-10)

NOTE: Letters correspond to rupture scenarios (Figure 12.3-16, Table 12.3-10).

Figure 12.3-17. Magnitudes Calculated for Rupture Scenarios at Yucca Mountain

TDR-CRW-GS-000001 REV 01 ICN 01 F12.3-19 September 2000



°j 90 He ar

-Ie

800

3B

< 0 0_gP * *0
00

5.5 60 6.5 7.0 7.5 8.0

E MOMENT MAGNITUDE

EXPLANATION

S Relevant a Potentially Relevant ONot Relevant

AttenuationI Reltionn !or P7e, At!pIPr~ti~nnon Ryk gitp

0.1g. 84th poercntile B * Boorrel ciL 1994 i

C-Campbell 1981 w
- -- O.lg,median 1 -Idriss 1991 M

J=.Joyner ant Boore 1981 §
S Spudeh et al. 1996 ,

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. In 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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NOTE: To convert km/s to ft/s, multiply by 3280.8.

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 12.3-25. Median Spectral Accelerations on Rock for a Mw 6.5 Strike-Slip Earthquake at a
Distance of 25 Kilometers
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Figure 12.3-26. Results of Validation Studies in the Scenario Earthquake Modeling Study
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Figure 12.3-28. Model Standard Errors for the Little Skull Mountain Earthquake Validation
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Figure 12.3-29. Median Spectral Acceleration for Scenario Earthquakes
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Figure 12.3-31. Point Estimates for Median Horizontal Spectral Acceleration for a Mw 6.5 Earthquake at 4
Kilometers on the Hanging Wall of a Normal Fault
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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 12.3-35. Example Logic Tree for Expressing the Uncertainty in Characterizing Regional 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
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Figure 12.3-38. Alternative Recurrence Models for Large-Magnitude Events
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Figure 12.3-39. Regional Fault Sources Considered by One Seismic Source Expert Team
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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 fault.

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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Figure 12.3-40. 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 (Continued)
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Figure 12.3-42. Alternative Regional Source Zone Models Considered by One Seismic Source Expert
Team (Continued)
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Figure 12.3-43. Earthquake Recurrence Rates Determined by One Seismic Source Expert Team
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Figure 12.3-45. Summary Hazard Curves for Horizontal Peak Ground Acceleration and 1-Hertz Spectral Acceleration
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Source: Wong and Stepp (1998, Figure 4-9)

Figure 12.3-47. Location of Nine Demonstration Sites Used in Fault Displacement Hazard Assessment
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Source: USGS (2000, Figure 1)

NOTE: Three regional faults (BM, FC, and RV) included in Table 12.3-20 are highlighted. The two large circles show
50 and 100 km (31 and 62 mi.) from Yucca Mountain.

Figure 12.3-49. Faults within 100 Kilometers of Yucca Mountain Considered in the Deterministic Seismic
Hazard Analysis
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Figure 12.3-50. Local Faults Considered in the Deterministic Seismic Hazard Analysis
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Figure 12.3-51. 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

CTSTDR-CRW-GS-OOOOOI REV 01 ICNO0I F 12.3-56 September 2000



1
0

L-0
ID 0.1
a)

0~
0L- 0.01

Q

cn

s.;; jj, ,,,, ,,, , ,,, ............................. , I
..... .. : : : .:.: .. , *, . .. ...... .... *. e , .. | X . t . . *

i l:: 8 Pe:: : :::: ::40 : :::: ::::

' I -i < ii b ; 'i'::::::::::::::::::#::::::::: # :::::::::
::::::,:::'::,:1:,.?:"l't: _::::::
---.-- '---'- ' 1-' :-'
* - - - r - - - r r 5 - s - j _ 5 _ _ ' ' ' ' '

-- - - - r r ai_ ,S1 q_ . >_ s _ _ _ _ _ . * w- _

I

..........

..........

.......... ............. ..........

.......... .......... ..................

..........

..................

.......... ITI .. ................ .................

..................

Fault
SC-FW-WW
SC-IR
PC-SR-BR
WW-FW-CFS
SC
IR, BR, PC
BM
RV
FC

1 0-Hz Spectral
Acceleration (g)

1.13
1.04
1.03
0.98
0.84
0.75
0.33
0.16
0.08

0.001C . ...... ............ . . ... . .. .

.1 1 10 100
Frequency, in Hertz

0)
.- 1

C-,
0

.4-,

C-)

0~
0

1

0.1

0.01

. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . .. . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . .

- - - - - - - - - - . . . . . . .

......................

i: i. A i i* c c I c 3 xIi1:::: JI . . . . . . I

. . . . . . . . . . . . . . . . . . . . . .I. - - - - - - I . . . . . . . .. .
...............

.......... ......
............ ------- --- -th -p er JIe--

Fault
SC-FW-WW
SC-I R
PC-SR-BR
WW-FW-CFS
SC
IR, BR, PC
BM
RV
FC

10-Hz Spectral
Acceleration (a)

2.24
2.08
2.05
1.95
1.53
1.40
0.60
0.29
0.15

0.001'
i.1 1 10 100

Frequency, in Hertz
310.46.CDR. 123.S5TEDESC

12.3.52.CODSEDESC.ROI

Source: After USGS (2000, Figure 6)

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 12.3-55. Uniform Hazard Spectrum for Vertical Motions at Reference Rock Outcrop, 10-3 Annual
Probability of Exceedance
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Figure 12.3-56. Uniform Hazard Spectrum for Vertical Motions at Reference Rock Outcrop, 104 Annual
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Figure 12.3-57. General Locations of Specified Design Earthquake Ground Motions
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Figure 12.3-58. Contribution to Ground Motion Hazard as a Function of Magnitude, Distance, and
Ground Motion Deviation: 5- to 10-Hertz Horizontal Spectral Acceleration, 10-3 Annual
Frequency of Exceedance

cl9
September 2000

TDR-CRW-GS-00000 I REV 01 ICN 01 F 12.3-63



SeO

60

Source: CRWMS M&O (1998i, Figure 2.5-2)

NOTE: Moment magnitude is used. Epsilon (e) is in units of standard deviation.
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Figure 12.3-59. Contribution to Ground Motion Hazard as a Function of Magnitude, Distance, and
Ground Motion Deviation: 5- to 10-Hertz Horizontal Spectral Acceleration, 104 Annual
Frequency of Exceedance
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Figure 12.3-60. Contribution to Ground Motion Hazard as a Function of Magnitude, Distance, and
Ground Motion Deviation: 1- to 2-Hertz Horizontal Spectral Acceleration, 10-3 Annual
Frequency of Exceedance
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Figure 12.3-61. Contribution to Ground Motion Hazard as a Function of Magnitude, Distance, and
Ground Motion Deviation: 1- to 2-Hertz Horizontal Spectral Acceleration, 10-4 Annual
Frequency of Exceedance
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Figure 12.3-62. Comparison of the Uniform Hazard Spectrum with Spectra for Two Reference
Earthquakes: Horizontal Spectral Acceleration, 10-3 Annual Frequency of Exceedance
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Figure 12.3-63. Comparison of the Uniform Hazard Spectrum with Spectra for Two Reference
Earthquakes: Horizontal Spectral Acceleration, 104 Annual Frequency of Exceedance
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Figure 12.3-64. Comparison of the Uniform Hazard Spectrum with Spectra for Two Referen
Earthquakes: Vertical Spectral Acceleration, 10-3 Annual Frequency of Exceedance
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Figure 12.3-65. Comparison of the Uniform Hazard Spectrum with Spectra for Two ReferencE
Earthquakes: Vertical Spectral Acceleration, 10 4 Annual Frequency of Exceedance
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Table 12.2-1.Comparison of Potassium-Argon and Argon40/Argon-39 Ages of Volcanic Episodes in the
Yucca Mountain Region

Volcanic Episode K-Ar Age (M.y.) '4ArI39Ar Agec (M.y.) Percent Difference
Thirsty Mesa 4.63a 4.78 3.24
SE Crater Flat 3.73a 3.75 0.54
Buckboard Mesa 2.87a 3.11 8.36
Quaternary Crater Flat 1.025b 1.014 -1.07
Sleeping Butte 0 .3 3 8b 0.410 21.30
Lathrop Wells 0.119b 0.08 -32.77

Sources: aFleck et al. (1996, Table 1)
b Fleck et al. (1996, Table 2. weighted mean data)
c CRWMS M&O (1998e, Tables 2.B and 2.C)

NOTE: Percent difference is relative to K-Ar age.
K-Ar ages from Fleck et al. (1996) assume LWI and LWII determinations are the same eruptive age, Little
Black Peak and Hidden Cone erupted at the same time, and all Crater Flat centers erupted at the same
time. Values in table are calculated as weighted means as follows:

Ag bes, = n
= I

Table 12.2-2. Estimated Volume and Argon-40/Argon-39 Age of Quaternary Volcanoes in the Yucca
Mountain Region

Volcano Volume (km3)a Volume (km')' Age (M.y.)d
Makani Cone 0.006 1.16 to 1.17
Black Cone 0.105 0.07 0.94 to 1.10
Red Cone 0.105 _ 0.92 to 1.08
Little Cones 0.002 >0.01C 0.77 to 1.02
Hidden Cone 0.03 0.32 to 0.56
Little Black Peak 0.03 0.36 to 0.39
Lathrop Wells Cone 0.14 0.074 to 0.084

Source: CRWMS M&O (2000a, Table 4)

NOTES: aCRWMS M&O (1998c, Chapter 3, Table 3.1)
bStamatakos et al. (1997b, p. 327)
CAccounts for volume of buried flows detected by ground magnetic surveys
dRange of ages from CRWMS M&O (1998e, Table 2.B). Lathrop Wells ages (Heizler et al. 1999, Table 3)

represent the range of plateau ages measured, except for sample LW1 57, a statistical outlier.
40Ar/ 39Ar dates provide the most complete and self-consistent chronology data set for Quatemary
volcanoes of the YMR. A full discussion of other chronology methods used to date basaltic rocks in the
YMR can be found in CRWMS M&O (1998e). Other chronology methods may not provide consistent or
accurate estimates of the time of eruption.
To convert km3 to mi.3, multiply by 0.240.

I
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Table 12.2-3. Lathrop Wells Lava Chemistry with Associated Statistics

Parameter S102 | T 2  A1203  Fe2 0o31 Fe0Z3b FeOb MnO MgO CaO Na20 K20 P2 05

Mean 48.50 1.93 16.74 11.63 1.74 8.90 0.17 5.83 8.60 3.53 1.84 1.22

Standard 0.09 0.01 0.03 0.03 0.00 0.02 0.00 0.02 0.03 0.01 0.01 0.00
Error
Median 48.57 1.93 16.75 11.58 1.74 8.86 0.17 5.83 8.55 3.55 1.84 1.22
Mode 48.55 1.97 16.87 11.56 1.73 8.84 0.17 5.88 8.41 3.59 1.84 1.21
Standard 0.58 0.06 0.22 0.22 0.03 0.17 0.00 0.11 0.22 0.09 0.04 0.03
Deviation
Sample 0.34 0.00 0.05 0.05 0.00 0.03 0.00 0.01 0.05 0.01 0.00 0.00
Variance
Count 45 45 45 45 45 45 45 45 45 45 45 45

Source: CRWMS M&O (2000b, Table 2)

NOTES: aTotal iron is reported as Fe2O3T.
bFe2O3 and FeO were recalculated assuming a 0.15 mole fraction of ferric iron (Fe2O3).
Values are in weight percent (excluding count).

Table 12.2-4. Concentration of Constituents in Volcanic Gases

Mean Square Root of the Sum
Constituent (mole percent)a of the Squaresb Standard Deviationc

H20 73.16 17.97 19.81

H2  1.17 0.89 0.67

CO2  14.28 16.03 15.32

CO 0.57 0.59 0.75

SO2  9.45 8.90 8.95

S2 0.41 0.63 0.40

HCI 0.87 0.21 1.12

HF 0.17 0.04 0.08

H2S 0.74 1.04 0.69

f02  -10.63 (log bars) 1.92 1.80

Source: CRWMS M&O (2000b, Table 3)

NOTES: a Concentrations are given in mole percent, except for oxygen fugacity (fO2) which is given in log bars
b Square root of the sum of the squares of individual standard deviations for individual volcanic centers
c Standard deviation of the individual means for individual volcanic centers

I'
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Table 12.2-5. Calculated Saturation Pressures, Temperatures, Viscosities, and
Densities as a Function of Water Content for Lathrop Wells Magmas

Water Content Saturation Temperature Viscosity Density
(wt. %) Pressure (Pa) (TC) (log poise) (kg/rn 3)

0 1 x 105  1169 2.678 2,663

0.5 9.0 x 106 1153 2.572 2.633

1 2.4 x 107  1137 2.472 2.605

2 6.5 x 107 1106 2.284 2,556

3 1.2x 108 1076 2.112 2,512

4 1.7 x 10 8 1046 1.957 2,474

Source: CRWMS M&O (2000b, Table 4)

NOTE: To convert Pa to Ib.An.2, multiply by 1.450 x 104.

To convert kg/M3 to lb./ft3, multiply by 0.0624.
To convert *C to *F, use the formula: 'F = (TC x 1.8) + 32.

Table 12.2-6. Probabilistic Volcanic Hazard Analysis Panel Members

Expert Abbreviation Affiliation
Dr. Richard W. Carlson RC Carnegie Institute of Washington
Dr. Bruce M. Crowe BC Los Alamos National Laboratory
Dr. Wendell A. Duffield WD United States Geological Survey, Flagstaff
Dr. Richard V. Fisher RF University of California, Santa Barbara (Emeritus)
Dr. William R. Hackett WH WRH Associates, Salt Lake City
Dr. Mel A. Kuntz MK United States Geological Survey, Denver
Dr. Alexander R. McBirney AM University of Oregon (Emeritus)
Dr. Michael F. Sheridan MS State University of New York, Buffalo

Dr. George A. Thompson GT Stanford University
Dr. George P.L. Walker GW University of Hawaii, Honolulu

Source: CRWMS M&O (2000a, Table 5)
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Table 12.2-7. Reported Probabilities that the Potential Yucca Mountain Repository Will Be Intersected by a
Volcanic Event

Intersection Probability Event
Reference (per year) Comment Representation

Crowe et al. (1982, 3.3 x 10-10 to 4.7 X0-5 - point
pp. 184 to 185)
Crowe et al. (1993. 2.6 x 10-8 Median value of probability distribution point
p. 188)
Connor and Hill 1 to 5 x 10- Range of 3 alternative models point
(1995, pp. 10,121)
Crowe et al. (1995, 1.8 x 10-8 Median value of 22 alternative probability point
Table 7.22) models
Ho and Smith (1) 1.5 x 10-j, Three alternative models; third model assumes point
(1998, pp. 507 to (2) 1.09 x 10-8, 2.83 x 10-8 a spatial intersection ratio (using a Bayesian
508) (3) 3.14 x 10i7 prior) of 8175 or 0.11, approximately one order

of magnitude higher than other published
estimates, because volcanic events are forced
to occur within a small zone enclosing Yucca
Mountain

CRWMS M&O 2.5 x 1 WI Sensitivity analysis that conservatively point
(1998c, p. 6-84) assumes all aeromagnetic anomalies in

Amargosa Valley are Quaternary age
Reamer (1999, lo-, to 10'l Value of 10' assumes event length of 20 km line
pp. 61, 131, and that crustal density variations contribute to
Figures 29, 30) event location.

Source: CRWMS M&O (2000a, Table 6)

Table 12.2-8. Summary Frequencies of Disruptive Volcanic Events

Annual Frequency
Annual Frequency of Occurrence of
of Intersection of Weighted One or More

Potential Conditional Eruptive Centers
Potential Repository Repository by a Probability of No within Potential

Footprint Hazard Level Dike Eruptive Centers Repository
Primary Block 5th percentile 6.6 x 1 0' 0.58 2.8 x 10-

Mean 1.4 x 10-8 0.53 6.7 x 10-9

95th percentile 4.7 x o-, 0.53 2.2 x 1oad

Primary+Contingency Blocks 5th percentile 7.6 x 10"- 0.56 3.3 x 10 l°
Mean 1.6 x 10- 0.50 7.7 x 10-9
95th percentile 5.0 x 0o-,.51 2.5 x IO-d

Source: CRWMS M&O (2000a, Table 13)
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Table 12.3-1. Key Milestones for Earthquake Reporting in the Southern Great Basin

Date Milestone
Pre-1925 Historical compilations (Townley and Allen 1939; Slemmons et al. 1965; Meremonte and Rogers

1987); no systematic reporting, some low-gain seismographs (e.g., at Reno, Nevada; Mt. Hamilton
and Berkeley, California; and Tucson, Arizona) with detection capability of larger events (ML > 5.5)
in the southern Great Basin (e.g., 1916 Death Valley earthquake). The University of California,
Berkeley, began systematic reporting of western Nevada earthquakes north of 370 latitude in 1910
(Bolt and Miller 1975).

1925 U.S. Coast and Geodetic Survey began systematic compilation of earthquake felt reports.
1932 Felt reports and instrumental locations for larger earthquakes computed by California Institute of

Technology (CIT). First seismograph station installed in the southern Great Basin at Tinemaha in
Owens Valley, California, by CIT in 1931 (Hileman et al. 1973). Four stations installed (1938-1941)
by U.S. Bureau of Reclamation in vicinity of Lake Mead, Nevada, to monitor for reservoir induced
seismicity. Detection threshold reduced to about ML 4.0 in southern Great Basin (Anderson and
O'Connell 1993).

1960 Worldwide Standardized Seismographic Network (WWSSN) in operation-location capability
(routine operations) (Engdahl and Rinehart 1988) and detection threshold about ML 3.5 for
southern Nevada.

1961 Regional network installed around the Nevada Test Site (NTS) by U.S. Coast and Geodetic
Survey, Earth Science Laboratories, to monitor NTS activity (King et al. 1971). No significant
improvement in detection threshold.

1968 Short-duration local networks sponsored by the Department of Defense in and around the NTS.
Detection threshold decreased to about ML 2.5 (Rogers et al. 1991).

1972 Regional network installed and operated by the Seismological Laboratory at the University of
Nevada, Reno, for the State of Nevada; however, no seismographs installed in southern Nevada
(Rogers et al. 1991). No significant change in detection threshold.

1978 The U.S. Geological Survey Southern Great Basin network began operation-location capability
(routine operations) about ML < 1.0 in the vicinity of Yucca Mountain and ML 1.3 regionally
(Gomberg 1991a). Network operation taken over by University of Nevada, Reno, in 1992 (Wong
and Stepp 1998, p. G-5).

1995 University of Nevada, Reno, installed 3-component high-dynamic-range digital network and
redesigned station configuration-detection capability ML -0.5 in Yucca Mountain block and ML 1 -0
regionally (von Seggern and dePolo 1998, pp.40 to 41).

I

Source: See references listed in Table.

TDR-CRW-GS-00000I REV 01 ICN 01 T12.3-1 September 2000



JL-

Table 12.3-2. Networks Relevant to Assessing Seismicity in the Southern Great Basin

Detection Threshold
Dates of in Southern

Network Operation Great Basin Location Accuracy References
Only a few isolated Pre-1932 ML 5.5 regionally Depends on Townley and Allen (1939);
seismograph population distribution Slemmons et al. (1965);
stations and density Meremonte and Rogers

(1987)
California networks UCB ML 4.0 regionally i 50 km in epicenter Bolt and Miller (1975);
operated by 1910-1997 CIT early on and no depth Hileman et al. (1973)
University of 1932-1997 control: improved to
California, Berkeley, ± 10 km epicentrally
and the California
Institute of
Technology

Worldwide 1960-1997 ML 3.5 regionally ± 20 km in 1960s, now Meremonte and Rogers
Standardized ± 5 km. Poor depth (1987)
Seismographic control. (Data not
Network (WWSSN) used after 1977.)
Local Nevada Test 1968-1978 ML 3.5 regionally. ± 1 km in epicenter Hamilton, R.M. et al.
Site networks ML -1.0 locally and ± 2 km in depth (1971); Smith, B.E. et al.
supported by the locally (1971); Fischer et al.
Department of (1972); Rogers, A.M.,
Defense Wuolett, and Covington

(1977); King et al. (1971)
Southern Great 1978-1995 ML 1.3 regionally, ± 1 km in epicenter, Rogers et al. (1987);
Basin network ML < 1.0 in the vicinity ± 2 km in depth Harmsen and Rogers
operated by U.S. of Yucca Mountain (1987); Harmsen and Bufe
Geological Survey (1992); Harmsen (1991,
until 1992; then by 1993, 1994a)
the University of
Nevada, Reno, from
1992-1995
Southern Great 1995-1999 ML 1.0 regionally, t 1 km in epicenter, von Seggern and dePolo
Basin digital network ML -0.5 in the vicinity of ± 2 km in depth around (1998, pp. 40 to 41)
operated by Yucca Mountain Yucca Mountain,
University of ± 1 km regionally
Nevada, Reno > 2 km in depth

Source: See References column in table.

NOTE: To convert km to mi., multiply by 0.621.
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Table 12.3-3. Regional Seismicity Catalogs Used for the Yucca Mountain Seismicity Catalog

Regional Seismicity Catalog Date Reference
Southern Great Basin Earthquake Catalog 1868 to 1978 Meremonte and Rogers (1987)
Southern Great Basin Network Catalog 1978 to 1992 Rogers et al. (1987); Harmsen and Bufe

(1992); Harmsen (1991, 1993,1994a);
and Harmsen and Rogers (1987)

California Division of Mines and Geology Catalog for 1868 to 1932
California
California Institute of Technology Seismological 1932 to 1996
Laboratory and U.S. Geological Survey (USGS)
Catalog for Southern California
University of California at Berkeley Seismographic 1910 to 1972
Station Catalog for Northern California
USGS Catalog for Northern and Central California 1969 to 1996
Seismological Laboratory of the University of Nevada, 1874 to 1996
Reno, Catalog for Nevada (including the Southern
Great Basin network data for 1992 to 1994)
Decade of North American Geology Catalog 1868 to 1985 Engdahl and Rinehart (1988)
Northern Arizona University Catalog for Arizona 1891 to 1992
Stover, Reagor, and Algermissen State Catalogs for 1881 to 1985
Utah and Arizona compiled by the National Earthquake
Information Center (NEIC)
University of Utah Seismographic Stations Catalog for 1881 to 1996
Utah
NEIC Preliminary Determination of Epicenters Catalog 1938 to 1996
for Utah and Arizona

Source: Wong and Stepp (1998, Appendix G)

Table 12.3-4. Time Period as a Function of Magnitude for Which the Earthquake
Catalog Is Estimated To Be Complete

I

Magnitude (ML) Estimated Completeness Interval
1.5 1995-1999
2.0 1985-1999
2.5 1979-1999
3.0 1979-1999
3.5 1961-1999
4.0 1934-1999
4.5 1934-1999
5.0 1924-1999
5.5 1924-1999

6.0 1914-1999
6.5 1880-1999

Source: DTN: M00005SEPECINT.001
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Table 12.3-5. Significant Earthquakes within 300 Kilometers of the Yucca Mountain Region

Oirgin Time (GMT) Latitude Longitude Depth Magnitude
Date (hr:min:sec) (degrees) (degrees) (km) (Mw) Location

March 26, 1872 10:30:00 36.70 -118.10 . 7 3/4 Owens Valley, CA

November 17, 1902 19:50:00 37.39 -113.52 6 Pine Valley, NV

November 10, 1916 09:11:00 36.20 -116.90 . 6.1 Death Valley, CA

December 21, 1932 06:10:04 38.80 -117.98 | 6.8 Cedar Mountain, NV

January 30, 1934 20:16:35 38.28 -118.37 . 6.1 Excelsior Mountain, NV

April 10, 1947 15:58:06 34.98 -116.55 . 6.5 Manix, CA

December 16,1954 11:07:11 39.28 -118.12 15 7.1 Fairview Peak, CA

December 16, 1954 11:11:00 39.67 -117.90 12 6.8 Dixie Valley, NV

September 22, 1966 18:57:34 37.37 -114.18 7 5.7 Clover Mountain, NV

June 1, 1975 01:38:49 34.52 -116.50 4.5 5.2 Galway Lake, CA

March 15, 1979 21.07:17 34.33 -116.44 2.5 5.5 Homestead Valley, CA

May 25, 1980 16:33:44 37.59 -118.85 10.2 6.2 Mammoth Lakes, CA

May 25, 1980 16:49:27 37.67 -118.92 8.9 5.9 Mammoth Lakes, CA

May 25, 1980 20:35:48 37.63 -118.84 8.2 5.6 Mammoth Lakes, CA

May 27, 1980 14:50:57 37.49 -118.81 16.1 5.9 Mammoth Lakes, CA

September 30, 1981 11:53:26 37.59 -118.87 5.7 5.6 Mammoth Lakes, CA

November 23, 1984 18:08:25 37.46 -118.61 11.5 5.8 Round Valley, CA

July 20, 1986 14:29:45 37.57 -118.44 6.7 5.8 Chalfant Valley, CA

July 21, 1986 14:42:26 37.54 -118.44 10.5 6.3 Chalfant Valley, CA

July 21, 1986 14:51:09 37.49 -118.43 11.8 5.5 Chalfant Valley, CA

July 31, 1986 07:22:40 37.47 -118.37 8.1 5.5 Chalfant Valley, CA

June 28, 1992 11:57:34 34.20 -116.44 1.0 7.3 Landers, CA

June 29, 1992 10:14:20 36.72 -116.29 11.8 5.6 Little Skull Mountain, NV

September 2, 1992 10:26:19 37.17 -113.33 9.6 5.9 St. George, UT

May 17, 1993 23:20:50 37.18 -117.83 9.1 6.1 Eureka Valley, CA

August 17, 1995 22:39:58 35.77 -117.65 10.5 5.2 Ridgecrest, CA

September 20, 1995 23:27:36 35.75 -117.64 8.3 5.3 Ridgecrest, CA

Octcber 16, 1999 09:46:44 34.59 -116.27 5.0 7.1 Hector Mine, CA

Source: CRWMS M&O (2000c)

NOTE: GMT = Greenwich Mean Time; MW = moment magnitude. To convert km to mi., multiply by 0.621.
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Table 12.3-6. 1992 Little Skull Mountain Mainshock Source Parameters

Seismic Moment
Information Source Strike Dip Rake (1024 dyne-cm)

Smith, K.D. et al. ([n.d.J, Table 1) N60±-15' 70°13'SE -70°±10° Not calculated
Meremonte, Gomberg, and Cranswick (1995) N55E 565SE -72 ° Not calculated
Romanowicz et al. (1993) N43@E 66eSE -73' 3.5
Romanowicz et al. (1993) N34E 44°SE -70° 2.6
Zhao and Helmberger (1994) N45E 555SE -60 ° 3.0
Walter (1993) N35E 54'SE -87 4.1
Harmsen (1994b) N55E 56-SE -72 ° Not calculated

Source: Modified from Schneider et al. (1996, Table 6-2)

NOTE: a Rake is the angle between the strike direction and the slip vector. The negative sign indicates that this is
a normal fault.
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Table 12.3-7. Small-Magnitude Earthquakes at Yucca Mountain

Date Origin Latitude Longitude Depth
(yrlmolday) (hr./min.) Time (s) (deg/min) (deg/min) (km) ML

950505 1321 33.13 36 50.65 116 24.01 6.08 0.58

950701 1526 56.69 36 40.84 116 30.88 8.65 -0.96

950707 0758 59.68 36 49.74 116 24.75 6.06 -0.27

950728 0618 51.42 36 54.12 116 30.51 4.79 -0.48

950904 1239 47.12 36 44.46 116 29.98 4.44 0.72

951119 2216 24.90 36 50.79 116 23.66 6.32 -0.25

951120 0226 57.39 36 50.83 116 23.74 6.44 -0.43

951125 1501 23.04 36 46.39 116 21.68 8.20 -0.35

951206 2327 15.85 36 43.58 116 28.83 8.12 0.29

960101 0755 12.56 36 47.70 116 20.19 9.01 -0.14

960129 1020 32.32 36 44.23 116 29.44 9.90 -0.35

960330 1957 28.63 36 48.60 116 27.98 7.24 -0.59

960408 0714 49.64 36 49.94 116 25.19 8.26 -0.58

960602 1015 33.29 36 49.25 116 29.43 9.81 0.01

960602 1646 15.29 36 49.09 116 29.15 8.79 -0.69

960731 0357 37.30 36 45.91 116 34.54 8.55 -0.76

960812 0422 50.68 36 48.48 116 23.09 5.02 -0.62

961026 0211 34.17 36 54.89 116 27.59 5.49 0.39

970225 0604 11.76 36 53.03 116 26.17 2.86 -0.32

970614 2026 46.94 36 50.05 116 24.60 4.27 0.18

970616 2203 31.89 36 49.86 116 24.18 3.89 -0.64

970707 1536 53.26 36 42.18 116 28.68 5.22 0.07

970731 1754 50.68 36 42.29 116 26.98 9.53 1.18

980402 1218 27.99 36 43.15 116 33.49 8.58 0.12

980725 0635 50.59 36 51.52 116 32.20 5.67 -0.51

980727 0223 44.74 36 44.77 116 24.56 6.98 -0.76

990220 1936 57.34 36 57.16 116 29.21 3.59 -0.21

990329 1602 57.20 36 49.10 116 22.94 6.17 -0.09

Sources: DTNs: M0970483117412.002 and M00005SMALLEQD.002

NOTE: To convert km to mi., multiply by 0.621
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Table 12.3-8a. Event Displacements and Timing Data from Paleoseismic Studies of Yucca Mountain Faults: Summary

Fault Strike Fault Dip Fault Length (km) Number of Possible
Fault Sense of Slip at Surface at Surface Min Pref Max Fault Segments Number of Trenches'

Bare Mountain Normal-right lateral N-S 60-80°E - 20 - 1 3
Bow Ridge Normal-left lateral N5-15'E 65-85'W 6 8 10 1 7
Northern Crater Flat Normal-left lateral N5-20'E 70'W 1 11 20 1 1
Southern Crater Flat Normal-left lateral N4-28'E 82-89 0W 4 8 20 1 2
Fatigue Wash Normal-left lateral N9gE 73W 10 16 17 1 2
Ghost Dance Normal N-S >65W 3 6 9 1 4
Iron Ridge Normal-left lateral. N-S 70'W - - 21 1 1
Paintbrush Canyon Normal-left lateral N10E 701W 10 19 26 2-3 6 (plus 4 natural exposures)
Rock Valley Left lateral-oblique N60E 90 - 30 - 3 10
Solitario Canyon Normal-left lateral N8E 72°W 13 18 22 3 11 (plus 1 natural exposure)
Stagecoach Road Normal-left lateral N30E 73'W 4 - 5 1 3
Windy Wash Normal-left lateral N4-20'E 77-900W 3 22 35 3 3

Source: See source line of Table 12.3-8b.

NOTE: "Trenches with limited or no data are not included in this compilation; for information on excluded trenches, see Whitney, Taylor, and Wesling (1996,
Chapter 4).

To convert km to mi., multiply by 0.621.
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Table 12.3-8b. Event Displacements and Timing Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data

Fault Length (km) Number of
FaultStrike Fault Dip at - Possible Fault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min] Pref Max Segments Trenches
Bare Normal-right-lateral N-S 60-80-E 20 1 3

Mountain Trench BMT-1

(Anderson Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

1996; Eventk Min Pref Max Criteria9  Confidence" Min | Pref Max Method' liability Distribution
Pezzopane, Z 150 D F, T, U NSY 14 T100 . S. Ar NSI Trapezoid

Whitney et al. Trench BMT-2 -

6) Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing
Eventk Min Pref Max Criteria9  Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z F,W NSJ 14 _ 100 S NS) Trapezoid
Y _ _ _ FW __ - Triangle

Trench BMT-3 -

Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing
Eventk Min Pref Max Criteria9  Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z 80 - D, F. U NSY 14 _ 100 S NSY Trapezoid
Y 150 300 D, F _ - - S Triangle

Bow Ridge Normal-left-lateral N5-15-E 65-85-E 6 8 10 1 5
-(Menges and Trench (T-14) - _

Whitney Displacement (cm)bEvent Event Event Timing (ka) Dating Dating Shape of Timing

Pezzopane, Eventk Min Pref Max Criteria9  Confidenceh Min Pref Max Method' Reliabilityh Distribution
Whitney et al. Z _ | F NS' 30 40-60 130 A NS) Triangle

1996) Trench (T-14D) _

Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

Eventk Min Pref Max Criteria9  Confidenceh Min | Pref 1 Max Method' Reliabilityh Distribution
Z 15 44 | 80 D,FUW NSJ 30 40-60 130 TUS NS Triangle
Y 4 13 45 D,F,UW - 130 - J150 TUS Triangle
X 1 14_ 40 D,W 250 340 1460 U _ Triangle
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Table 12.3-8b. Event Displacements and Timing Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data (Continued)

Fault Length (km) Number of
Fault Strike Fault Dip at Possible Fault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min Pref Max Segments Trenches
Bow Ridge Trench (T A/BR-3) I I
(Continued) Displacement (cm) Event Event Event Timing (ka) Dating Dating Shape of Timing

Eventk Min Pref Max Criteriag Confidenceh Mm Pref Max Method' Reliabilityh Distribution

Northern Normal-left-lateral N5-20'E 70'W 1 11 20 1 2
Crater Flat Trench (CFF-T2a) _

Menges and Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing
Whitney Eventk Min Pref Max Criteria9  Confidenceh Min Pref Max Method1  Reliabilityh Distribution
1996b; Z 0 5 DFT H 4 8 10 T NS' Triangle

Pezzopane, y 0 - 5 U M 10 150-200 433 TS - Trapezoid
Whitney et al. 40 - U ,DW H - >433 - S -

W - 50 _ D H - >>433 - S -

V _ 50 _ D M - >>>433 - S - -

Southern Normal-left-lateral N4-28°E 82-89'W 4 8 20 1 2
Crater Flat Trench (CFF-1)

(Taylor 1996; Displacement (cm)u Event Event Event Timing (ka) Dating Dating Shape of Timing

Whitney Eventk Min Pref Max Criteria9  Confidenceh Mm Pref Max Method' Reliabilityl Distribution."
1996b; Z 5 _ 10 D M 2 3-4 8 S H Triangle

Pezzopane, Y _ 10 D,UF H - < 60 - S H Triangle

1996) X 10 _ 15 _ - >250 - S Triangle-9-6- - -I

Trench (CFF-1a) _ _

Displacement (cm)ba Event Event Event Timing (ka) Dating Dating Shape of Timing
Eventk Min Pref Max Criteria9  Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z - 18 - DW H 2 2-6 8 T M Triangle
Y 5 10 15 D.U.TF H 8 - >60 S H Triangle
X 17 20 | 32 D,U,T L 130 - >250 S H Triangle
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Table 12.3-8b. Event Displacements and liming Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data (Continued)

Fault Length (km) Number of
FaultStrike Fault Dip at Possible Fault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min Pref Max Segments Trenches

Fatigue Wash Normal-left-lateral N9g E 73eW 10 16 17 1 2

(Menges and Trench (CFF-1)

Whitney Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing
1996b; Coe,k
Oswald et al. Eventk Min Pref Max Criteria9 Confidenceh Min Pref Max Methodi Reliabilityh Distribution

1996; Z 20 30 40 U L 8 20-60 70 T,U,S NS) Trapezoid
Pezzopane, Y 15 25 35 FD NS 15 60-70 100 TU,S,A Trapezoid

W hitney et al. _ _ _ _ _ _ _ _ _ _ _ _

1996) X 25 - 125 F,W,U,T.D NS - _ 450 TU,S _ Trapezoid

W - 54 - WD L 450 _ 730 TUS _ Boxcar

Pre-W _ _ _ U _ - >730 - - -

Ghost Dance Normal N-S N)65'W 3 6 9 1 4
(Taylor, Trench (12 Drill

Menges et al. Hole Wash)
1996) Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

Eventk i Pref Max Criteriag Confidence" Min Pref Max Method' Reliabilityh Distribution

__ _ __ __ __ _ _ 2_ _ _ _ _ _ __

Trench (BMT-3) _ _ _ _ _

Displacement (cm)' Event Event Event liming (ka) Dating Dating Shape of Timing

Eventk Min Pref Max Crieria9 Confidenceh Min Pref Max Methodi Reliabilityh Distribution

Trench (T4a-Split
Wash)

Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing
k Dipaemn c Eethvn

Event Min Pref Max Criteria9 Confidence" Min Pref Max Method' Reliability" Distribution

Z Fracture L NSY - >265 _ U NS) None

Trench (WBR) _

Displacement (cm) Event Event Event Timing (ka) Dating Dating Shape of liming

Eventk Min Pref Max Criteria9 Confidenceh Mi Pref Max Method' Reliabilityh Distribution

Z - Fracture j_- U L I - I - _ U NS None

I~j
0I
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0

I ( (
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Table 12.3-8b. Event Displacements and Timing Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data (Continued)

c,
0
0
0
0
0

0

z
0

CD

Fault Length (km) Number of
FaultStrike Fault Dip at PossibleFault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min Pref Max Segments Trenches
Iron Ridge Normal-left-lateral N-S -N70°W 21 11
(Solitario Trench (SCF-T2)
Canyon) . Displacement (cm)' Event Event Event Timing (ka) Dating Dating Shape of Timing

1996; Eventk Min Pref Max Criteriag Confidenceh Min Pref Max Method' Reliabilityh Distribution
Menges and Z 5 10 F L - <20 - R NS' Triangle

Whitney Y 170 _ 200 W M - mid-Q - R _
1996a;

Pezzopane, X - -_ M _ - .
Whitney etal. W M - - - -

1996) .

Paintbrush Normal-left-lateral N1OE 70°W 10 19 26 2-3 6 trenches
Canyon 4 natural

(Menges and exposures
Whitney Trench (Al)
1996a, Displacement_(cm)" Event Event Event Timing (ka) Dating Dating Shape of Timing
1996b; D

Pezzopane, Eventk Min Pref I Max Criteriag Confidenceh Min Pref Max Method' Reliabilityh Distribution
Whitneyetal. Z 5 6 10 DU H 7 - 20 T.US NSJ Triangle
1996; Keefer Y 29 39 49 U.D.W H 100 120-140 170 TAUS Trapezoid
and Whitney X 0 7 14 UDF L 220 250 280 TU.S Triangle

Trench (A2) _ = =

Displacement (cm) Event Event Event Timing (ka) Dating Dating Shape of Timing

EventK Min Pref Max Criteriag Confidenceh Min Pref Max Method' Reliabilityh Distribution

Trench (MVT3) _

Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing
Eventk Min Pref Max Criteriag Confidenceh M |Pref Max Methodi Reliabilityh Distribution
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Table 12.3-8b. Event Displacements and Timing Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data (Continued)

. Fault Length (km) Number of
FaultStrike Fault Dip at - Possible Fault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min Pref Max Segments Trenches
Paintbrush

Canyon
(Continued)

Trench (BB1) Correlated to BB4
Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of liming

Eventk Min Pref Max Criteriag Confidenceh Min Pref Max Method' Reliabilityh Distribution
Z 0 44 72 D.W NS) 35 40-50 90 U.T.S,A NS) Trapezoid
Y 16 28 56 D,WU - 80 80-150 300 U.T.S - Triangle
X 35 47 69 D - 150 - 300 U.T.S - Triangle
W 88 167 205 EW - - 270-400 - U,TS - Triangle
V 0 142 222 W - - 650-700 - U.T.A _

U 12 105 257 - - 650-700 - UTA - _
T 75 94 201 UD - - 650-700 - U,T,A -

S _ _ _ D _ _ _ _
R _ _ _ D _ _ _ _ _ _ _

Tiench (BB4) b = _

Displacement (cm)t Event Event Event Timing (ka) Dating Dating Shape of Timing
Eventk Min Pref Max Criteria9 Confidenceh Min Pref Max Methodi Reliabilityh Distribution

Z 0 44 72 DW NSY 35 40-50 90 U,TS.A NS) Trapezoid
Y 16 28 56 D,W,U -_80 80-150 300 U.T.S - Triangle
X 35 47 69 D - 150 - 300 U,T.S - Traingle
W 88 167 205 E.W - - 270-400 - U,T.S - Triangle
V 0 142 222 W - - 650-700 - U,T,A -

U 12 105 257 - - 650-700 - U,T,A - _
T 75 94 201 U,D - - 650-700 - U,T,A - _

Trench (MWV-T4) = ____

Displacement (CM)b Event Event Event Timing (ka) Dating Dating Shape of Timing
Eventk Min Pref Max Criteriag Confidenceh Mi Pref Max Method' Reliabilityh Distribution

Z -1 20 - W,U NSY 6 _ 40 NS) NY.S)

Y 44 62 77 WU 65 100 _ -

X 53 98 143 WU .- -_ _ _
w 0 40 140 w
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Table 12.3-8b. Event Displacements and Timing Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data (Continued)

Fault Length (km) Number of
Fault Strike Fault Dip at - Possible Fault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min Pref Max Segments Trenches
Paintbrush Trench (16)

Canyon Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing
(Continued) Eventk Min |Pref |JMax Criteria9 Confidenceh Min Pref Max Method' Reliabilityh Distribution

Trench (16b)

Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

Eventk Min Pref | Max Criteriag Confidence" Mi Pref Max Methodn Reliabilityh Distribution

Rock Valley Left-lateral-oblique N60°E 90° 30 _3 5
Fault System Trench (RV-1) _

(Coe. Yount, Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

1996) Eventk Min Pref Max Criteria9 Confidenceh Mi Pref Max Method' Reliabilityh Distribution
Z 10 _ 31 D.U NSJ _ _ TR NS'

Trench (RV-2) = ___

Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

Eventk Min Pref Max Criteria9 Confidenceh Mi Pref Max Methodi Reliabilityh Distribution

Z 10 _ 31 D,U NSJ _ TR NS'

Y _ _ _ D,F,U__ _±1__
Trench (RV-3) _ = _

Displacement (cm Event Event Event Timing (ka) Dating Dating Shape of Timing

Eventk Min Pref Max Criteria9 Confidenceh Min Pref Max Method' Reliabilityh Distribution
Y - <51 <609 F,U,W H 4 _ 17 TU NS)

X - <69 <824 W M-H 17 _ - T,U _

W - <39 <466 WD M pend pend pend T,U
V - <63 <753 W M pend pend pend _
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Table 12.3-8b. Event Displacements and Timing Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data (Continued)

Fault Length (kin) Number of
FaultStrike Fault Dip at -. I Possible Fault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min Pref Max Segments Trenches

Rock Valley Trench (RV-4) __ _ _ _ _ _ _ _ ___ _ _ _ _ - .i _ _ _ _ _ _ _ _

Fault System Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

(Continued) Eventk Min Pref Max Criteria Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z 0 _ 10 DUT H <2 2.5 3 T NS)

Y 0 _ 10 FU M 2 - 27 T _

X 0 _ 10 UD M -2 27 T _

Trench_(RV-5) I__ 
_ _ _ _ _ _ _ _ __ __ _ _ _ _ _ _ _ _ _

Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

Eventk Min Pref Max Criteriag Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z Fractures U L-M 5 6 7 T NS.

Y 58 _ F H 9 10 10 T _ _

X .U H _ _ _ T _

Solitario Normal-left-lateral N8E 72'W 13 18 22 3 11 trenches

Canyon 
1 natural

(Ramelli et al. 
exposure

1996; Trench (SCF-T1)

Menges and Displacement (cm)b Event Event Event liming (ka) Dating Dating Shape of Timing

1996a; Event Min Pref Max Criteriag Confidenceh Min Pref Max Method' Reliabilityh Distribution

Pezzopane, Z - - U NSJ 20 20-30 40 R L Triangle

Whitneyetal. Y 50 _ 120 F 60 70 80 R M Triangle

Trench (SCF-T3) _ _ _ _ _ _

Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

Eventk Min| Pref I Max Criteria Confidenceh Mini Pref Max Method' Reliabilityh Distribution

Z 0 - 10? U NSY 20 20-30 40 R L Triangle

Y 60 - 120 F 60 70 80 R M Triangle

x I I - - - - - - -

W 20 - 40 150 1 200 1 250 R L Triangle
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Table 12.3-8b. Event Displacements and Timing Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data (Continued)

Fault Length (km) Number of
FaultStrike Fault Dip at _ Possible Fault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min Pref Max Segments Trenches
Solitario Trench (SCF-T4)
Canyon Displacement (cm)0  Event Event Event Timing (ka) Dating Dating Shape of Timing

(Continued) Eventk Min Pref Max Criteria9 Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z 0 _ 10? U L 20 20-30 40 R L Triangle
Y 20 30 F H 60 70 80 R M Triangle

W 15 _ 30 F H 150 200 250 R L Triangle
Trench (SCF-T8) I

Displacement (cm) Event Event Event Timing (ka) Dating Dating Shape of Timing
Eventk Min Pref Max Criteria9 Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z 10 20 U,dragged M 14 15 17 U L Triangle
ash

Y 110 _ 130 F H 31 - 65- R,U.T M Triangle
124

X 20 _ 40 F L 112 - 150- U M Triangle
250

W 30 - 60 F H - - - R L Triangle

Trench (T13) =
Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

Eventk Min |IPref Max Criteria9 Confidenceh Min Pref Max Method' Reliabilityh Distribution

Stagecoach Normal-left-lateral N30'E 730W 4 _ 1 3
Road

(Menges and Trench (SCR-T1)
Whitney Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing
1996a, ka
1996b; Eventk Min Pref | Max Criteria Confidenceh Min Pref Max Method' Reliabilityh Distribution

Pezzopane, Z 40 40 | 82 D.W H 5 | 17 TU,R NS) Triangle

Whitneyetal. Y 20 42 | 70 WF,U,T H 10 | 14 TU,R . Triangle
1996) X 14 47 99 U,T,W,F M 24 | 32 T,U.R . Trapezoid

W 24 51 74 U,T,W M >32 - <38 TU,R _ Trapezoid
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Table 12.3-8b. Event Displacements and Timing Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data (Continued)

Fault Length (km) Number of *
FaultStrike Fault Dip at Possible Fault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min Pref Max Segments Trenches
Stagecoach Trench (SCR-T2) i I _

Road Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing

(Continued) Eventk Min Pref Max Criteria9  Confidenceh Min Pref Max Method! Reliabilityh Distribution

Trench (SCR-T3) _ _ =
Displacement (cm)" Event Event Event Timing (ka) Dating Dating Shape of Timing

Eventk Min Pref Max Criteria9  Confidenceh Min Pref Max Method' Reliabilityh Distribution
Z 25 43 66 WF H <22 - <28 TU,R NV, Triangle
Y 20 59 77 U,T,W H 22 - 28 T.U,R _ Triangle
X 25 57 84 UW M - - - T,U.R _ Trapezoid
W 26 67 87 TW _ 69 - 118 T.U,R - Trapezoid

Windy Wash Normal-left-lateral N4-20'E 77-900W 3 22 35 3 3
(Whitney, _

Simonds et Trench
al. 1996; (CF-2-northwall)

Menges and Displacement_(cm)0  Event Event Event Timing (ka) Dating Dating Shape of Timing
Whitney k D h
1996a; Event Min Pref Max Criteria9  Confidenceh Mi Pref Max Method' Reliabilityh Distribution

Pezzopane, Z 0 4 10 F H 2 - 3 T H Triangle
Whitney et al. Y _ _ - FD,U M 30 40 60 U M Triangle

1996) X 45 50 53 W,U L 70 75 120 U,A M Triangle

W 18 - 25 WU M 120 150 160 U M Triangle
V 70 - 83 WF M 180 200 220 R L Triangle
U 40 30 60 W.F M-L 220 240 260 R L Triangle
T 48 - 60 WU M 300 340 370 U M Triangle
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Table 12.3-8b. Event Displacements and Tliming Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data (Continued)

Fault Length (km) Number of
FaultStrike Fault Dip at - Possible Fault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min Pref Max Segments Trenches
Windy Wash Trench (CF-2 -

(Continued) southwall)

Displacement_(cm)0  Event Event Event Timing (ka) Dating Dating Shape of Timing
Evenk Min Pref Max Crileria9 Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z 0 4 10 F H 2 - 3 T H Triangle
Y 8 - 18 FD M 30 40 60 U M Trlangle
X 45 50 53 W M 70 75 120 U,A M Triangle
W 38 - 52 WU M 130 150 160 U M Triangle
V 24 - 30 W M 180 200 220 R L Triangle
U 15 19 24 W L 220 240 260 R L Triangle
T 55 60 65 W,U M 300 340 370 U M Triangle
S 45 65? 95? WF M 390 400 >400 R L Triangle

Trench (CF-2.5) .__

Displacement (cm)0  Event Event Event Timing (ka) Dating Dating Shape of Timing
Eventk Min Pref Max Criteria9 Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z 0 4 10 FD H 2 - 3 T H Triangle
Y - - - FD M-H 30 40 60 U M Triangle
X 33 - 54 D,W H 70 75 120 U M Triangle
W 25 35 50 D.F,U M 130 150 160 U M Triangle-
V - - W H 180 200 220 S,R L Triangle

Trench (CF-3
northwall) _ _

Displacement_(cm)' Event Event Event Timing (ka) Dating Dating Shape of Timing
Eventk Min Pref Max Criteria9 Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z 0 4 10 FD M 2 - 3 T H Triangle
Y _ - - FD M-H 30 40 60 U M Triangle
X 71 _ 96 DW H 70 75 120 U M Triangle
W _ - - D H 130 150 160 U M Triangle

V - - - D,W H 180 200 220 U L Triangle

En
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Table 12.3-8b. Event Displacements and Timing Data from Paleoseismic Studies of Yucca Mountain Faults: Detailed Data (Continued)

Fault Length (km) Number of
FaultStrike Fault Dip at - Possible Fault Number of

Fault Name Sense of Slip Displacement at Surface Surface Min Pref Max Segments Trenches
Windy Wash Trench (CF-3
(Continued) southwall) I . _

Displacement (cm)b Event Event Event Timing (ka) Dating Dating Shape of Timing
Eventk Min Pref Max Criteriag Confidenceh Min Pref Max Method' Reliabilityh Distribution

Z0 4 10 F.D M 2 - 3 T Triangle
Y 25 _ 45 D M-H 30 40 60 U M Triangle
X 78 98 DU H 70 75 120 U M Triangle

Source: For each fault, source(s) provided in the column labeled Fault Name."

NOTES: a Trenches with limited or no data are not included in this compilation; for information on excluded trenches see Whitney, Taylor, and Wesling (1996, Chapter 4).
bVertical displacement, corrected for local deformation effects such as backtilting and graben formation
cNet tectonic displacement, adjusted from dip-slip values by including (a) oblique-slip components and and/or (b) removal of local deformation effects such as

backtilting and graben formation
dApparent vertical displacement, not adjusted for local deformation effects or oblique-slip components
"Apparent dip-slip displacement, displacement measured along the fault zone, not corrected for oblique-slip components or local deformation
' Dip-slip displacements, slip along the fault zone, not adjusted for oblique components of slip
9D = displacement of unit; F = fault-related fissure; W = fault-related colluvial wedge; U = upward termination of fractures; T= tilted and/or deformed units
hH = high; M = moderate; L = low
T = thermoluminescence; U = U-series; S = soil development; A ash; R = relative correlation; Ar = archaeological; TR = U-trend
NS = not specified by principal investigation

kEvent Scenarios are defined In Table 12.3-10
To convert km to mi., multiply by 0.621.
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Table 12.3-9. Summary of Paleoseismic Data for Quaternary Faults in the Yucca Mountain Area

Number Displacement/Event Average Recurrence
of (cm) Most Recent Event (ka) Interval (k.y.) Slip Rate (mmlyr.)

Fault Events Range Pref. Range Pref. Range Pref. Range Preferred Value
Bare Mountain 1-2 80-300 80-150 14-100 14-100 1 0 -200a 100-200 0.06-0.01 0.01
Bow Ridge 2-3 1-80 14-44 30-130 40-60 70-215 100-140 0.002-0.007 0.003
Northern Crater Flat 3-5 0-50 0-50 4-10 4.1-10 120-160 120-160 0.002-0.003 0.002-0.003
Southern Crater Flat 2-3 5-32 18-20 2-8 2-8 NA 5-60 NA 0.002
Fatigue Wash 3-6 0-125 25-125 8-70 (Z) 20-60 (Z)b 120-250 185 0.001-0.015 0.003-0.015

15-100 (Y) 60-70 (Y)
Iron Ridge 1-4 5-200 5-200 <20 <20 ND ND ND ND

Paintbrush Canyon 3-7 0-257 6-167 7-20 (N) 7-20 (N)c 20-270 20-120 0.001-0.03 0.002-0.015
35-90 (S) 40-50 (S)d

Rock Valley 2-5 0-824 <39-<63 4-17 (N) 4-17 (N)e 5->10 1a 0.002-0.05 0.02-0.05
2-3 (S) 2-3 (S) _ _

Solitario Canyon 4-6 0-130 0-130 14-40 15-30 35-100 50-70 0.01-0.02 0.01
Stagecoach Road 2-7 14-99 40-67 <28 - 5-50 10-30 0.006-0.07 0.03-0.05
Windy Wash 3-8 0-98 65 3-7 2-3 40-57 40-45 0.009-0.01 0.011

Source: See sources for Table 12.3-8.

NOTES: Range = maximum and minimum range of values; Pref. = preferred range of values
ND = no data; NA = not applicable; paleoseismic parameters are defined in Section 12.7.
a Order of magnitude estimate made from sparse data.
bAge constraint for possible event Z. which, if it exists, is the most recent event. Otherwise most recent event is Y. with age constraint below.
CAge constraints for most recent event on northern end of fault.
dAge constraints for most recent event on southern end of fault.
'Age constraints for most recent event on northern strand of fault.
f Age constraints for most recent event on southern strand of fault.
To convert cm to in., multiply by 0.394.
To convert mm/yr. to in./yr., multiply by 0.0394.
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Table 12.3-10. Preliminary Ages, Rupture Lengths, Displacements, and Magnitudes of Proposed Prehistoric Earthquake Rupture Scenarios at
Yucca Mountain

Rupture Lengthd (km) Rupture Estimated Magnitude[ Preferred
Preferred Correlation Displacemente Scenario

Scenario Faultsa Ageb (k.y.) Confidencec Min. Max. (cm) Min. RL Max. RL Displ. Magnitudeg
Z WW, SCF, NCF 5 ± 2 H 8.5 22 18 6.16 6.64 6.16 6.2
Y PC, SCR 13 ± 3 H 18.5 25.5 43 6.55 6.71 6.43 6.5
X SC, SCR, IR 26± 5 M 15 24 59 6.44 6.68 6.53 6.4
W BM, WW, FW 40 ± 5 M 10 22 150 6.24 6.64 6.82 6.8
V PC, SCR 59 ± 5 M 9 15.5 57 6.19 6.46 6.52 6.5
U SCF, WW. FW, SC, BR, PC 75 ± 10 H 10.5 23 120 6.26 6.66 6.75 6.7 - 6.9
T PC, SCR 99 ± 10 M 14 20 98 6.41 6.59 6.68 6.6
S PC, SCR? 120 ± 13 L-M 9.5 19.5 40 6.21 6.58 6.41 6.6
R WW, BR 140 ± 10 L 8.5 22 42 6.16 6.64 6.42 6.5

Source: Pezzopane, Whitney, and Dawson (1996, Table 5-3)

NOTES: aFault abbreviations are as follows: BM = Bare Mountain; BR = Bow Ridge; FW = Fatigue Wash; IR = Iron Ridge; NCF = Northern Crater Flat;
PC = Paintbrush Canyon; SC = Solitario Canyon; SCF = Southern Crater Flat; SCR = Stagecoach Road; VW = Windy Wash.

b Preferred age is the estimated age (in k.y.) of each rupture scenario based on the overlap of the timing distributions. The preferred age and a standard
error are given; however, a better description of the age uncertainties is provided by the cumulative timing curves shown in the different plots of Figure
5-6 of Pezzopane, Whitney, and Dawson (1996).

CCorrelation confidence is a subjective assessment of confidence in the correlation of individual paleoevents to form a rupture scenario: H = high.
M = moderate, L = low.

dMinimum (Min.) and maximum (Max.) rupture lengths are derived for each scenario on the basis of the trench locations with evidence of correlative
events, as well as locations that lack evidence of the correlative event.

a Rupture displacement is the largest preferred displacement value (in centimeters) measured on an individual fault or at a single site involved in each
rupture scenario.
Estimated magnitudes (moment magnitude) are derived from scenario rupture lengths (Max. RL = maximum rupture length; Min. RL = minimum rupture
length) and rupture displacements (Displ. = rupture displacement; see Note Ve") using the appropriate empirical relation of Wells, D.L. and Coppersmith
(1994).

g Preferred scenario magnitude (moment magnitude) is the preferred magnitude for the scenario rupture.
hPreferred value based on maximum rupture length is M 6.7; if slip is summed across all west-side faults (assumes surface faults merge to a single

rupture plane at seismogenic depth), a value of M 6.9 is preferred.
To convert km to mi., multiply by 0.621.
To convert cm to in., multiply by 0.394.
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Table 12.3-11. Fault Data Interpretations and Ground Motion Estimates for the Relevant Earthquake Source Evaluation by Pozzopane
(1996) I

Minimum Minimum Maximum Maximum Average Peak SEA96h Peak
Distance to Distance to Documented Fault Moment Accelerationh Acceleratlont

CABa YMPRb Fault Name and Relevant Ouaternary Lengthe Magnitudeg Median -84th Median - 84th
(km) (km) Abbreviation Faultc Displacementd (km) Reference' (Mw) Percentile (g) Percentile (g)

0 0 Ghost Dance GD Yes? No? 3 1, 2, 3, 24 5.6 0.44 - 0.74 0.23 - 0.38
o 0 Ghost Yes? No? 5' 1,2,3,24 5.9 0.48 - 0.79 0.27 - 0.44

Dance-Abandoned
Wash GDAW

0 0 Sundance SD Yes? No? 1 1,3,4,24 5.1 0.38 - 0.66 0.18 -0.29
0 1 Solitario Canyon SC Yes Yes 28 1, 2, 5, 24 6.6 0.58 - 0.94 0.39 - 0.64
o 1.5 Drill Hole Wash DHW Yes? No? 4 1, 2, 6,24 5.8 0.46 - 0.77 0.25 - 0.42
0 2 Dune Wash DW Yes? No? 3 1, 2, 24 5.6 0.44 - 0.74 0.23 - 0.38
0 2.5 Bow Ridge BWR Yes Yes 10 1, 2, 5, 7 6.2 0.52 - 0.85 0.31 - 0.52
0 2.5 Pagany Wash PW Yes? No? 4 1, 2, 6, 24 5.8 0.46 - 0.77 0.25 - 0.42
0 2.5 Iron Ridge IR Yes Yes 9 1, 2 6.2 0.52 - 0.85 0.31 - 0.52
0 2.5 Boomerang Point BP Yes? No? 5 1, 2 5.9 0.48 - 0.79 0.27 - 0.44
0 3 Sever Wash SW Yes? No? 4 1, 2, 6,24 5.8 0.46 - 0.77 0.25 - 0.42
0 3 Midway Valley MWV Yes? Yes? 5 1,2,25 6.1 0.50 - 0.83 0.30 - 0.49
0 3.5 Fatigue Wash FW Yes Yes 17 1, 2, 5, 8 6.5 0.56 - 0.92 0.37 - 0.60
o 4 Paintbrush Canyon Yes Yes 28 1, 2, 5, 7, 9 . 6.7 0.60 - 0.97 0.41 - 0.67

PC

0 4 Paintbrush Yes Yes 331 1. 2, 5, 7, 9 6.8 0.62 - 1.00 0.43 - 0.71
Canyon-Stagecoach
Road PCSR

1 4.5 Windy Wash WW Yes Yes 25 1, 2, 5 6.7 0.56 - 0.91 0.40 - 0.66
2 6 Crater Flat CF Yes Yes 18 1, 10, 23 6.5 0.48 - 0.79 0.35 - 0.57
4 8.5 Black Cone BC Yes Yes 7 1, 5, 10 6.1 0.35 - 0.58 0.24 - 0.40
4 10 Stagecoach Road SR Yes Yes 9 1, 2, 5, 7 6.2 0.36 - 0.60 0.26 - 0.42
10 14 Bare Mountain BM Yes Yes 16 5,11,20 6.5 0.27 -0.44 0.19 - 0.31



Table 12.3-11. Fault Data Interpretations and Ground Motion Estimates for the Relevant Earthquake Source Evaluation by Pezzopane
(1996) (Continued)

Minimum Minimum Maximum Maximum Average Peak SEA96h Peak
Distance to Distance to Documented Fault Moment Accelerationh Accelerationi

CABa YMPRb Fault Name and Relevant Quaternary Lengthe Magnitudeg Median - 84th Median - 84th
(km) (km) Abbreviation Faultc Displacementd (km) Referencef (Mw) Percentile (g) Percentile (g)

12 19 Rocket Wash-Bealty Yes? Yes? 17 5,18 6.5 0.23 - 0.39 0.16 - 0.27
Wash RWBW

14 19 Mine Mountain MM (Yes) Yes? 27 5, 21 6.7 0.23 - 0.38 0.16 - 0.26
16 22 Wahmonie WAH (Yes) Yes? 15 5, 21 6.4 0.18 - 0.30 0.12 - 0.20
19 24 Oasis Valley OSV Yes? Yes? 20 5,18 6.6 0.17 - 0.28 0.12 - 0.19
21 27 Rock Valley RV Yes Yes 65 5, 19, 21 7.2 0.22 - 0.35 0.15 - 0.24
21 29 Cane Spring CS (Yes) No? 27 5, 21 6.7 0.17 - 0.27 0.11 - 0.19
27 33 West Specter Range Yes Yes 9 18 6.2 0.10 - 0.16 0.07 - 0.11

WSR
28 34 Ash Meadows AM Yes Yes 60 5,19 7.1 0.16 - 0.26 0.11 -0.18
31 36 Yucca Lake YCL (Yes) Yes? 17 5 6.5 0.10 - 0.17 0.07 -0.12
32 37 Eleana Range ER Yes Yes 13 5 6.4 0.09 - 0.16 0.07 - 0.11
33 38 Amargosa River AR Yes Yes 15 5,19 6.4 0.09 - 0.15 0.06 - 0.11
33 38 Amargosa River Yes Yes 130 i 5, 9 7.5 0.18 -0.28 0.11 -0.19

-Pahrump ARPR
34 38 Bullfrog Hills BUL Yes? Yes? 7 5 6.1 0.07 - 0.12 0.05 - 0.09
34 40 Yucca YC Yes Yes 32 5 6.8 0.11 - 0.18 0.08 - 0.13

35 42 Tolicha Pass TOL Yes? Yes? 22 5,18 6.6 0.10 - 0.16 0.07 - 0.11
36 43 Keane Wonder KW Yes Yes 25 5,18 6.7 0.10 - 0.16 0.07 - 0.11
37 43 Carpelbag CB Yes Yes 30 5 6.8 0.10 - 0.17 0.07 - 0.12
38 44 Area Three AT Yes? Yes? 12 5 6.3 0.07 - 0.12 0.05 - 0.09
39 44 Checkpoint Pass CP Yes? No? 81 5 6.1 0.06 - 0.11 0.05 - 0.08
41 46 Plutonium Valley - N Yes? No? 26 5 6.7 0.09 - 0.14 0.06 - 0.10

Hailpint Ridge PVNH
43 48 Crossgrain Valley Yes? Yes? 9 5 6.2 0.06 - 0.10 0.04 - 0.07

CGV
43 48 | Pahute Mesa PM Yes? Yes? 9 5 6.2 0.06 - 0.10 0.04 - 0.07

! (C (C
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Table 12.3-11. Fault Data Interpretations and Ground Motion Estimates for the Relevant Earthquake Source Evaluation by Pezzopane
(1996) (Continued)

Minimum Minimum Maximum Maximum Average Peak SEA96h Peak
Distance to Distance to Documented Fault Moment Accelerationh Accelerationl

CAB3 YMPRb Fault Name and Relevant Quaternary Lengthe Magnitudeg Median - 84th Median - 84th
(km) (km) Abbreviation Faultc Displacementd (km) Reference' (Mw) Percentile (g) Percentile (g)
44 48 Mercury Ridge MER Yes? No? 10 5 6.2 0.06 - 0.10 0.04 - 0.07
44 50 Furnace Creek FC Yes Yes 145 m 5, 22 7.6 0.14 - 0.23 0.09- 0.15
44 50 Death Valley-Furnaco Yes Yes 205 I n 5 22 7.8 0.16 -0.26 0.10- 0.17

Creek DVFC
44 50 Death Valley-Furnace Yes Yes 288 i.0 5 12, 22 7.9 0.17 -0.27 0.11 - 0.18

Creek-Fish Lake Valley
DFFL

45 49 Ranger Mountain RM No Yes? 5 5 5.9 0.05 - 0.08 0.04 - 0.06
45 50 South Ridge SOU Yes? Yes? 19 5 6.6 0.08 - 0.12 0.05 - 0.09
45 52 Sarcobatus Flat SF (Yes) Yes? 51 5, 18 7.1 0.10 -0.17 0.07 - 0.11
46 51 Boundary BD No Yes 7 5 6.1 0.05 - 0.09 0.04 - 0.07

47 53 Buried Hills BH Yes? Yes? 26 5 6.7 0.08 - 0.13 0.05 - 0.09
48 53 West Spring Mountains Yes Yes 60 5 18 7.1 0.10 - 0.16 0.07 - 0.11

WSM

48 53 Cockeyed Yes? Yes? 21 5 6.6 0.07 - 0.12 0.05 - 0.08
Ridge-Papoose Lake
CRPL

48 55 Death Valley DV Yes Yes loop 5,22 7.4 0.12 -0.19 0.08 -0.13

50 55 Belted Range BLR Yes Yes 54 5, 18 7.1 0.09 - 0.15 0.06 -0.10
50 57 Kawich Range KR Yes Yes 84 5, 18 7.3 0.11 - 0.17 0.07 - 0.11

52 57 Oak Springs OAK Yes? Yes? 21 5 6.6 0.06 - 0.11 0.05 - 0.08
53 58 Grapevine GV Yes Yes 20 5 6.6 0.06 - 0.10 0.05 - 0.08
54 59 Spotted Range SPR Yes? Yes? 30 5 6.8 0.07 - 0.12 0.05 - 0.08
54 59 Cactus Springs CAC No Yes? 14 5 6.4 0.05 - 0.09 0.04 - 0.07
55 60 Emigrant Valley North Yes? Yes? 28 5 6.8 0.07 - 0.11 0.05 - 0.08

EVN
55 60 Gold Flat GOL No Yes? 16 5 6.5 0.06 - 0.09 0.04 - 0.07
56 61 Kawich Valley KV Yes? Yes? 43 5 7.0 0.08 - 0.13 0.05 - 0.09

.I



Table 12.3-11. Fault Data Interpretations and Ground Motion Estimates for the Relevant Earthquake Source Evaluation by Pezzopane
(1996) (Continued)

Minimum Minimum I Maximum Maximum AveragePeak SEA96h Peak
Distance to Distance to Documented Fault Moment Acceleratlonh Acceleration'

CABa YMPRb Fault Name and Relevant Quaternary Lengthe Magnitudeg Median-84th Medlan-84th
(km) (km) Abbreviation FaultC Displacementd (km) Referencef (Mw) Percentile (g) Percentile (g)

60 66 Emigrant Valley South No Yes? 20 5 6.6 0.06 - 0.09 0.04 - 0.07
EVS

60 65 Chert Ridge CHR No Yes? 14 5 6.4 0.05 - 0.08 0.04 - 0.06

61 67 Indian Springs Valley Yes? Yes? 28 5 6.8 0.06 - 0.10 0.04 - 0.07
ISV

61 67 Grapevine Mountains Yes? Yes? 31 q 5 6.8 0.06 - 0.10 0.04 - 0.07
GM

63 70 Pahrumip PRP Yes Yes 70k 5 7.2 0.08 - 0.12 0.05 - 0.09

65 70 Fallout Hills FH No Yes? 8 5 6.1 0.04 - 0.06 0.03 - 0.05

68 74 Bonnie Claire BOC No Yes? 27 5 6.7 0.05 - 0.08 0.04 - 0.06

70 74 Stumble STM No Yes? 33 5 6.8 0.05 - 0.09 0.04 - 0.06

70 76 West Pinlwaler Range Yes Yes 82 5 7.1 0.07 - 0.11 0.05 - 0.08
WPR

71 76 Towne Pass TP No Yes 38 5 6.9 0.06 - 0.09 0.04 - 0.07

72 77 Jumbled Hills JUM No Yes? 27 5 6.7 0.05 - 0.08 0.04 - 0.06

74 80 Cactus Flat-Mellan No Yes? 35 5 6.9 0.05 - 0.09 0.04 - 0.06
CFM

75 81 East Pintwater Range Yes? Yes? 58 5 7.1 0.06 - 0.10 0.04 - 0.07
EPR

76 81 North Desert Range No Yes? 24 5 6.7 0.05 - 0.07 0.03 - 0.06
NDR

76 82 La Madre LMD No Yes? 33 5 6.8 0.05 - 0.08 0.04 - 0.06

77 84 Cactus Flat CAF No Yes? 50 5 7.1 0.06 - 0.09 0.04 - 0.07

77 82 Groom Range Central No Yes? 31 5 6.8 0.05 - 0.08 0.04 - 0.06
GRC

78 84 Three Lakes Valley No No? 27 5 6.7 0.04 - 0.07 0.03 - 0.06
TLV

79 85 Groom Range East No No? 20 5 6.6 0.04 - 0.07 0.03 - 0.05
GRE

( ( c
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Table 12.3-11. Fault Data Interpretations and Ground Motion Estimates for the Relevant Earthquake Source Evaluation by Pezzopane

(1996) (Continued)

(

Minimum Minimum I Maximum Maximum Average Peak SEA96h Peak
Distance to Distance to Documented Fault Moment Acceleratlonh Acceleration'

CABa YMPRb Fault Name and Relevant Ouaternary Lengthe Magnitudeg Median-84th Median - 84th
(km) (km) Abbreviation FaultC Displacementd (km) Referencef (Mw) Percentile (g) Percentile (g)

80 87 Cactus Range No No? 29 5 6.8 0.05 - 0.07 0.03 - 0.06
-Wellington Hills
CRWH

82 87 Chalk Mountain CLK No Yes? 20 5 6.6 0.04 - 0.06 0.03 - 0.05
84 90 Chicago Valley CHV No Yes 20 5 6.6 0.04 - 0.06 0.03 - 0.05
85 90 Tin Mountain TM No Yes 29 5 6.8 0.04 - 0.07 0.03 - 0.05
87 92 Tikaboo TK No Yes 33 5 6.8 0.04 - 0.07 0.03 - 0.05

85 92 Stonewall Mountain No Yes 22 5 6.6 0.04 - 0.06 0.03 - 0.05
SWM

90 95 Hunter Mountain HM No Yes 85 5 7.3 0.06 - 0.09 0.04 - 0.07
90 95 Panamint Valley PAN Yes Yes 100 5 7.4 0.06 - 0.10 0.04 - 0.07
90 95 Hunter Mountain - Yes Yes 185' 5 7.7 0.07 - 0.12 0.05 - 0.08

Panamint Valley
HMPN

92 97 Penoyer PEN No Yes 56 5 7.1 0.05 - 0.08 0.04 - 0.06
93 97 Racetrack Valley RTV No Yes? 22 5 6.6 0.03 - 0.06 0.03 - 0.04
101 106 Pahranagat PGT No Yes 91r 5 7.4 0.05 - 0.09 0.04 - 0.06
122 126 Owens Valley OWV No Yes 110 5 7.4 0.04 - 0.07 0.03 -0.05
130 135 Fish Lake Valley FLV No Yes 83 5, 12 7.3 0.04 -0.06 0.03 - 0.05
145 150 Garlock GAR No Yes 2515 13, 14 7.9 0.05 -0.08 0.04 - 0.06
180 185 White Mountains and No Yes 115' 5, 15 7.5 0.03 - 0.05 0.02 - 0.04

Cedar Mountain
WMCM

285 291 San Andreas SAF No Yes 420 u 16, 17 8.1 0.03 -0.05 0.02 -0.03

Source: Pezzopane (1996, Table 1)

NOTES: aMinimum distance to the controlled area boundary refers to the closest distance (in kilometers) from a point on the surface trace of the fault to the
boundary of the area. The controlled area boundary extends approximately 5 to 7 km from the potential repository outline. Thus, most faults are from
7 to 9 km farther from the center of the potential repository (approximately latitude 36.85 0N. and longitude 116.45 0W.) than the minimum distance
indicates. (See footnote b.)



Table 12.3-11. Fault Data Interpretations and Ground Motion Estimates for the Relevant Earthquake Source Evaluation by Pezzopane
(1996) (Continued)

XbMinimum distance to Yucca Mountain potential repository refers to the closest distance (in kilometers) from a point on the surface trace of the fault to the
center of the Yucca Mountain potential repository (approximately latitude 36.85"N. and longitude 116.45"W.).

C Relevant faults (indicated with "Yes") are those with documented Quatarnary activity and the potential to generate average 84th percentile peak
8 accelerations that equal or exceed 10 percent of gravity (0.1 g) at the controlled area boundary of the Yucca Mountain site (see footnote h). Potentially
8 relevant faults ("Yes?") are those with suspected or questionable Quaternary activity ('Yes?" or "No?" in column 5 of this table ) and the capability to

produce at least 0.1 g peak acceleration at the 84th percentile level. Potentially relevant faults that are considered subject to displacement on the basis
tm of potential structural associations with seismicity or other Quaternary faults are tentatively identified as relevant faults (indicated with parentheses

("Yes')). Nonrelevant faults ("No") are those that cannot produce at least 0.1 g average peak acceleration (84th percentile), regardless of their
d Quaternary activity.

z dDocumented Quaternary displacement designates the status of evidence for Quaternary fault activity with three alternatives, "Yes", "Yes?", and "No?",
o depending upon whether published studies document Quaternary (<2 Ma) displacement, or other compelling evidence supports Quaternary

displacement potential, such as associated seismicity or field studies. Faults with a 'Yes' are those with demonstrated Quaternary displacement. Faults
with a 'Yes?" are those for which evidence suspects Quaternary displacement, but the faults have not been studied in sufficient detail to either document
or disprove such displacement. Also, complete stratigraphic sections, including older Quaternary deposits, may not be preserved over the fault traces.
Faults with a "No?" are those that lack evidence of Quaternary displacement or for which the data are inconclusive.

"Maximum fault length is the along-trace length of the fault zone (in kilometers) as reported in published references or as estimated from maps and plates
in cited references (Simonds et al. 1995; Scott and Bonk 1984; Piety 1996). The maximum length represents the entire length of the mapped or inferred
fault zone, including sections portrayed as concealed, discontinuous, or both.
References for maximum fault length and Quaternary activily are keyed by number: (1) is Simonds et al. (1995); (2) Scott and Bonk (1984); (3) Spengler
et al. (1993); (4) Spongler et al. (1994); (5) Piety (1996); (6) Scott and Bonk (1984); (7) Menges et al. (1994); (8) Coo et al. (1995); (9) Dickerson and
Spengler (1994); (10) Faulds et al. (1994); (11) Klinger and Anderson (1994); (12) Reheis (1994); (13) McGill and Sieh (1993); (14) McGill and Sieh
(1991); (15) dePolo et al. (1993); (16) Sieh (1978); (17) USGS (1988); (18) Anderson, R.E., Bucknam et al. (1995); (19) Anderson, R.E., Crone et al.
(1995); (20) Anderson, L.W. and Klinger (1996); (21) Coe, Yount, and O'Leary (1996); (22) Klinger and Piety (1996); (23) Ramelli et al. (1991); (24) Day
et al. (1998); (25) Swan, F.W. et al. (1994).

9 Maximum moment magnitude (Mw) is the size of the earthquake associated with rupture of the maximum fault length. Moment magnitude is calculated
using maximum fault lengths and the empirical relation between surface-rupture length and moment magnitude derived by Wells, D.L. and Coppersmith
(1994) for all fault types.

hAverage peak acceleration (median and 84th percentile) is the average of four empirical attenuation relations appropriate for rock sites (Boore et al.
1994; Campbell 1981; Idriss 1991; Joyner and Boore 1981) calculated using the maximum moment magnitude and the minimum distance from the
source to the controlled area boundary. The value on the left is the average of the median peak accelerations derived from the four attenuation relations,
and on the right is the average of the 84th percentile peak acceleration.
SEA96h peak acceleration (median and 84th percentile) are calculated using the minimum distance from the source to the controlled area boundary, the
maximum moment magnitudes, and the attenuation relation for extensional regimes and rock sites derived by Spudich et al. (1996). These ground

'R motion values are listed for comparison and are not used to determine relevant faults.
3 iFaults are assumed to join in a compound rupture of the entire zone.

( (



-U Table 12.3-11. Fault Data Interpretations and Ground Motion Estimates for the Relevant Earthquake Source Evaluation by Pezzopane
(1996) (Continued)

kThe maximum length of the Pahrump fault zone, conmbined with other along-sthike fau!ts, has been interpreted to be 130 km (summarized in Piety
[19961). To obtain this length, the fault is projected across fong reaches where no surface trace is mapped. The total length of projection is
approximately 60 km, almost one-half of the total Pahrump fault length. The northernmost projection of this 130-km-long zone may merge or Intersect

0 with the Amargosa River, Ash Meadows, and Rock Valley fault zones. The analysis ccnsiders this possibility by including the Amargosa River (AR) fault
as the northern continuation of the Pahrump fault zone. Even with this interpretation (ARPR.), an additional 40 kin of unmapped fault length is at the
southeastern projection of the Pahrump fault zone.
Maximum length is the sum of the northern and southern traces of the western halt of the Checkpoint Pass fault (see Piety 1996).

mMaximum fault length is measured from Cucomungo Canyon at the northern end southward along the base of the Funeral Mountains east of Death
a_ Valley, almost to the town of Death Valley, California, at the southeastern end of Furnace Creek Wash.
z nMaximum fault length is measured from Cucomungo Canyon at the northern end of the Furnace Creek fault to the southern end of the southern Death
o Valley fault, almost to the Garlock fault.

'Maximum fault length combines the maximum lengths of the Death Valley and Fish Lake Valley faults and includes 105 km for the Furnace Creek fault.
The Furnace Creek fault length is measured from the southern end of the Fish Lake Valley fault In Cucomungo Canyon to the northern end of the Death
Valley fault.

P Maximum length of the Death Valley fault includes the southernmost part of the Southern Death Valley fault almost to the Garlock fault.
qThe Grapevine Mountains fault zone consists of an eastern and a western fault (Piety 1996). The maximum fault length is measured from the southern

end of the eastern fault to the northern end of the western fault.
Maximum length is for the Maynard Lake fault (see MAY in Piety [1996]), which includes the northeastward fault continuation inferred to lie beneath
Tertiary volcanic rocks.

s Maximum fault length for the Garlock fault assumes rupture of the entire fault (McGill and Sieh 1991). The minimum distance to the site Is measured
from latitude 35.60N. and longitude 117GW., at the eastern end of the Garlock fault. This location, east of its junction with the Panamint Valley fault, is
near paleoseismic study sites that document the fault's Quaternary activity (McGill and Sieh 1991, 1993).
The White Mountains - Cedar Mountain zone is an idealized seismic source that represents several large faults in a broad area located between the
1872 Owens Valley, California, and 1932 Cedar Mountain, Nevada, earthquakes. Normal and oblique-slip Quaternary faults in this area have lengths
between 20 and 70 km and are considered capable of M, 6.8 to 7.4 earthquakes (dePolo et al. 1993). This table considers an idealized fault source with
an assumed Mw of 7.5, which is larger than the expected magnitudes of the largest faults in the region, such as M 7.3 on the White Mountains fault zone
(dePolo et al. 1993) and the historical M 7.2 Cedar Mountain earthquake. The minimum distance of 185 km is measured from latitude 37.50N. and
longitude 1180W., which is slightly closer to Yucca Mountain than the minimum distances from the 1932 Cedar Mountain earthquake ruptures and from
tne White Mountains fault zone

UThe 420-km rupture length for the San Andreas fault represents an event equivalent to, or slightly larger than, the 1857 and 1906 earthquakes; both
were larger than M 8 (Sieh 1978; USGS 1988). The 1857 event ruptured SAF segments closest to the Yucca Mountain site. The minimum distance was

c, measured to a point near Pallet Creek at latitude 34.5'N. and longitude 118'W., a paleoseismic study site that provides evidence for the fault's
Quaternary activity (Sieh 1978).



Table 12.3-11. Fault Data Interpretations and Ground Motion Estimaies for the lReevant Eurthquake Source Evaluation by Pezzopane
(1996) (Continued)

CAB = controlled area boundary; YMPR = Yucca Mountain polontia! repository
This table lists faults Ihat may be relevant to seismic hazards at the potential waste repository at Yucca Mountain. Potential seismic sources are listed in
order of their minimum distance to the boundary of the Yucca Mountain conceptual controlled area and to the center of the Yucca Mountain potential
repository. To the right of the fault name are supporting data and estimates of potential peak accelerations that could be produced at the Yucca Mountain
site, given maximum-magnitude earthquakes on faults in the region. The footnotes and text provide additional explanation..
To convert km to mi.. multiply by 0.621.
To convert g to cm/s2, multiply by 980.7.
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Table 12.3-12. Average Recurrence Intervals and Estimated Magnitudes for Different Recurrence Models
Developed for Yucca Mountain Faults

Recurrence Model' Average Recurrence Interval (koy.)b Estimated Magnitude'
1 (<500 k.y.)* 44 (+10, -7) 6.7 ± 0.4
1 (<150 k.y.) 19 (+8,-4) 6.7±t 0.4
2 (<500 k.y.)* 13 (±5?) 6.4 (+0.5, -0.8)
2 (<150 k.y.) 35 (+15, -10) 6.4 (+0.5, -0.8)

3 (<150 k.y.) 17 ( ± 5?) 6.5 (+0.4, -0.3)

Source: Pezzopane, Whitney, and Dawson (1996, Table 5-4)

NOTES: 'Two different versions of models 1 and 2 are for two different time intervals, using all of the 500-k.y.
paleoseismic record (those shown with an [asteriskD or only the past 150-k.y. record, which is more
complete. Model 3 is the the recurrence model preferred by the source authors.

bAverage recurrence intervals (in k.y.) are calculated in different ways, as described in Pezzopane,
Whitney, and Dawson (1996). The uncertainties are 1-sigma values; queries (?) indicate rough
approximation.

CEstimated magnitude is moment magnitude derived from the Wells, D.L. and Coppersmith (1994)
relation, as described in Pezzopane, Whitney, and Dawson (1996).

Table 12.3-13. Seismic Velocity Structure Developed for Application at Potential Yucca Mountain
Repository

S-Wave Velocity (ftls)
Depth (ft) Lower Bound Median Upper Bound Poisson's Ratio

0-30 900 1,700 3,000 0.35 ± 0.10
30-125 (gradient layer) 900 to 2,500 1,700 to 5,700 3,000 to 12,000 0.30 ± 0.10

125-1,000 2,500 5,700 12,000 0.25 ± 0.10
DTN: M098PRECLOSURE.000

NOTE: To convert ft to m, multiply by 0.305.
To convert ft/s to m/s, multiply by 0.305.
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Table 12.3-14. Empirical Attenuation Models Evaluated in the Probabilistic Seismic
Hazard Analysis Ground Motion Characterization Study

Investigator Date Site Conditions

Abrahamson and Silva 1997 Rock

Boore, Joyner, and Fumal 1997 Vs categories

Boore, Joyner, and Fumal 1994 Classes A and B

Campbell 1997 Soft and hard rock

Campbell, Campbell and 1993, 1994 Hard rock
Bozorgnia
Campbell, Campbell and 1990, 1994 Soft rock
Bozorgnia
Campbell 1990 Soil, soft rock

Idriss 1993 Rock, stiff soil

Idriss 1997 Rock, stiff soil

Joyner and Boore 1988 Rock

McGarr 1984 Rock

Sabetta and Pugliese 1996 Rock

Sadigh et al. 1997 Rock

Spudich et al. 1996 Rock

Source: Wong and Stepp (1998, Table 5-3)

Table 12.3-15. Source Parameters for the 1992 Little Skull Mountain
Earthquake and Two Major Aftershocks

I

Event Stress Drop (bar)

29 June mainshock 37 + 11

5 July aftershock 23 + 8

13 September aftershock 34 ± 14

Source: Schneider et al. (1996, Table 6-7)

NOTE: To convert bars to MPa, multiply by 0.1.

TDR-CRW-GS-00000I REV 01 ICN 01 T12.3-30 September 2000



Table 12.3-16. Definition of Earthquake Scenarios

Scenario Fault M Rupture Distance (km) Mechanism
1 Paintbrush Canyon-Bow Ridge 6.3 Paintbrush Canyon branch: 4.5 Normal

Bow Ridge branch: 2.5
2 Solitario Canyon 6.5 1.0 Normal
3 Rock Valley 6.7 25 Strike-Slip
4 Bare Mountain 6.4 15.5 Normal
5 Furnace Creek 7.0 50 . Strike-Slip
6 Solitario Canyon-Fatigue Wash-Windy Wash 6.6 1.0 Normal

Source: Schneider et al. (1996, Tables 8-1 and 9-2)

NOTE: M = Magnitude
To convert km to mi., multiply by 0.621.

TDR-CRW-GS-000001 REV 01 ICN 01 T12.3-3 1 September 2000



Table 12.3-17. Form of Attenuation Equations Adopted in Probabilistic Seismic Hazard Analysis Ground
Motion Characterization Study

i

ForM<ml ForM>ml

Median motion (p) g = a1 + a2 (M-ml) + as (8.5-M)J +IL = a1 + a4 (M-ml) + a6 (8.5-M)Z +
[a3 +a5 (M-ml)] In(R2 + a8

2)112 + a7 F + [a3 + as (M-ml)] In(R2 + a8
2)112 + a7 F +

a9 WHfY(MR) + a10 WFf,(MR) a9 WHfA(MR) + al 0 WFfl(MR)
For M < b4  For M 2 b4

Aleatory variability (Oal) 0 al = b1 + b2 (M-b4) aai = b1

Epistemic Uncertainty in the a = c1 + c2 (M-c6) + C3 In(R+1) + a = c1 + c2 (M-c6 ) + C3 In(R+1) +
Median (a) C4 [ln(R+1)]2 + c5 F C4 [In(R+11)12 + C5 F

ForM<d 4  ForM d 4

Epistemic Uncertainty in the aa = d1 + d2 (M-d4) aa =I Aleatory Variability (a0 )

Source: Wong and Stepp (1998, pp. 6-2 to 6-3)

NOTE:

I

f (M~, R) = r; X-- RIrl

For R: xi
xi <R<x2

X2! R < X3
X3 < R <Zx4
R >xt

x
a ,Al -a,
a12 -al

ForM N1 a i
Ai < M

INM> a]2

In all cases,
X=3, x2 = 8, x3 = 10, x4 = 30, ml = 6.25

For normal faulting, WF = 1 for footwall case and WH = 1 for hanging wall case (0 for no footwall or hanging
wall).
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Table 12.3-18. Mean Ground Motion Hazard at 10- and 10- Annual Exceedance

FeunyHorizontal Vertical
(Hz) 10-3 104 10-3 10-4

PGA 0.169 g 0.534 g 0.112 g 0.391 g[ 0.3 0.051 g 0.168 g 0.029 g 0.1 05 g
1.0 0.162 g 0.471 g 0.073 g 0.222 g

_PGV 15.3 cm/s 47.6 cm/s 7.4 cm/s 23.4 cm/s

Sour ce: Wang and Stepp (1998,jable 7-1)

NOTE: PGA = peak ground acceleraton; PGV =peak ground velocity
To convert g to Cm/S2, multiply by 980.7.
To convert cm/s -to in is, multiply by 0.394.

Table 12.3-19. Mean Displacement Hazard at Nine Demonstration Sites

Mean Displacement (cm)

Annual Exceedance Probability
Site I Location 10-4 10D5

1 Bow Ridge fault <0. 1 7.8
2 Solitario Canyon fault <0.1 32

3 Drill Hole Wash fault <0.1 <0. 1
4 Ghost Dance fault <0.1 <0. 1
5 Sundance fault <0. 1 <0. 1
6 Unnamed fault west of Dune Wash <0. 1 <0.1

7 ______ 100 m east of Solitario Canyon fault- -

7a j2-rn small fault <0. 1 <0. 1
7b 10-cm shear <0.1 <0.1
7c 1fracture <0.1 <0. 1
7d 1intact rock <0.1I <0. 1
8 Between Solitario Canyon and Ghost Dance faults-
8a 2-rn small fault 0.1 ' 0.1
8b 1 0-cm shear 0.1 0.1
8c fracture 0.1 0.1
8d intact rock~ 0.1 0.1
9 Midway Valley <0.1 0.1

Source: Wong and Stepp (1 998, Table 8- 1)

NOTE: To convert cm to in., multiply by 0.394.

I

I

TDR-CRW-GS-00000 I REV 0 1 ICN 01 T1.-3Spebr20T12.3-33 September 2000



h
;a

0
C>
0
c)
v)0

0

0
0

-i

4.-

EA

(11

!4

V7

0

0.

ad
ED

Table 12.3-20. Summary Deterministic Seismic Hazard Analysis for Yucca Mountain

Minimum Mean Horizontal Spectral Acceleration (g)

Fault Name and Minimum Distanceto Potential Documented Fault Fault Maximum Frequency-1 Hz Frequency.10 Hz

Abbreviation Distance to YMPRc Type I Quaternary Lengthl Dipg Fault-Slip Magnitudel 84th 84th

(Combined Faultsa) CABb (km) (km) Faultd Displacement (kin) (deg) Type, (M.) Median [Percentile Median Percentile

Faults Selected as Credible Independent Sources By at Least One Probabilistic Seismic Hazard Analysis Expert Team

Black Cone (BLK) 4 8.5 Yes Yes 6 60 N, H 6.05 0.12 0.27 0.40 0.75

Bow Ridge (BR) 0 2.5 Yes Yes 13 (8) 60 N, H 6.3 0.23 0.50 0.74 1.38

Crater Flat North (CFN) 2 6 Yes Yes 13 60 N. F 6.4 0.17 0.36 0.50 0.92

Crater Flat South (CFS) 1.5 8 Yes Yes 8 60 N. F 6.1 0.10 0.22 0.32 0.60

Dune Wash (DW) 0 2 Yes? No? 5 80 N. H 5.9 0.16 0.34 0.58 1.11

East Busted Butte (EBB) 1.5 7 Yes Yes 5 60 N. F 5.95 0.09 0.21 0.33 0.63

Fatigue Wash (FW) 0 3.5 Yes Yes 17 60 N. F 6.5 0.24 0.51 0.71 1.31

Ghost Dance (GD) 0 0 Yes? No? 3 70 N. H 5.7 0.13 0.30 0.53 1.02

Ghost 0 0 Yes? No? 7 70 N. H 6.1 0.21 0.45 0.70 1.32
Dance-Abandoned
Wash (GDAW)

Iron Ridge (IR) 0 2.5 Yes Yes 9 60 N. F 6.4 0.25 0.53 0.76 1.40

Lathrop Wells Cone 8 14 Yes Yes 3 60 N, H 5.7 0.05 0.10 0.17 0.32
(LWC)

Midway Valley (MV) 0 3 Yes? No? 8 60 N, H 6.15 0.19 0.42 0.66 1.24

Paintbrush Canyon 0 4 Yes Yes 24 (15) 60 N. H 6.7 0.28 0.58 0.75 1.37
(PBC)

Paintbrush 0 4 Yes Yes 33 (24) 60 N. H 6.75 0.28 0.60 0.76 1.38
Canyon-Stagecoach
Road (PC-SR).

Paintbrush 0 2.5 Yes Yes 33 (24) 60 N. H 6.8 0.37 0.85 1.03 2.05
Canyon-Stagecoach
Road-Bow Ridge
(PC-SR-BR)I .

Solitario Canyon (SC) 0 1 Yes Yes 19 60 N. F 6.6 0.30 0.63 0.84 1.53

Solitario Canyon-Iron 0 1 Yes Yes 18 60 N. F 6.6 0.53 0.82 1.04 2.08
Ridge (SC-IR)' .

Solitario 0 1 Yes Yes 25 60 N. F 6.7 0.39 0.90 1.13 2.24
Canyon-Fatigue Wash-
Windy Wash
(SC-FW-WVW)_

( /I (
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Table 12.3-20. Summary Deterministic Seismic Hazard Analysis for Yucca Mountain (Continued)

Minimum Mean Horizontal Spectral Acceleration (g)
Fault Name and Minimum Distance to Potential Documented Fault Fault Maximum Frequency-I Hz Frequency-I0 Hz

Abbreviation Distanceto YMPRC Type I Quaternary Lengthl DIp9 Fault-Slip Magnitude' 84th 84th
(Combined Faults") CABb (km) (km) Faultd Displacement' (km) (deg) Type' (Mw) Medan Percentile Median Percentile

Stagecoach Road (SCR) 4 10 Yes Yes 9 60 N. H 6.3 0.15 0.32 0.41 0.76
Windy Wash (WW) 1 4.5 Yes Yes 25 (21) 60 N. F 6.6 0.23 0.48 0.65 1.18
Windy Wash-Fatigue 0 3.5 Yes Yes 25 (21) 60 N. F 6.7 0.33 0.77 0.98 1.95
Wash-Crater Flat South
(ww-FW-CFS)l - - 140 6 N.
Bare Mountain (BM) 10 14 Yes Yes 20 60 N, H 6.7 0.15 0.32 0.33 0.60
Furnace Creek (FC) 44 50 Yes Yes 115 (105) 90 S 7.35 0.07 0.15 0.08 0.15
Rock Valley (RV) 21 27 Yes Yes 65-48 80 S 7.1 0.10 0.20 0.16 0.29

Faults Not Selected As Credible Independent Sources By at Least One Probabilistic Seismic Hazard Analysis Expert Team
Boomerang Point (BP) 0 2.5 Yes? No? 5 60 N. F 6.0 0.17 0.37 0.61 1.16
Drill Hole Wash (DHW) 0 1.5 Yes? No? 4 80 S 5.8 0.15 0.33 0.55 1.06
Pagany Wash (PVW) 0 2.5 Yes? No? 4 80 S 5.8 0.14 0.31 0.53 1.01
Sever Wash (SW) 0 3 Yes? No? 4 80 S 5.8 0.16 0.38 0.63 1.33
Simonds Number 1 3 7 Yes? No? 3 60 N. H 5.7 0.08 0.18 0.34 0.66
Simonds Number 2 2 6 Yes? No? 3 60 N. H 5.7 0.09 0.20 0.37 0.72
Simonds Number 3 1 5 Yes? No? 5 60 N, H 5.95 0.15 0.32 0.52 0.98
Simonds Number 4 1 5 Yes? No? 5 60 N. H 5.95 0.14 0.30 0.50 0.95
Simonds Number 5 1 5 Yes? No? 5 60 N, H 5.95 0.14 0.30 0.50 0.95
Simonds Number 7 4 9 Yes? No? 5 60 N. F 5.95 0.08 0.17 0.26 -- 0.49
Simonds Number 8 4 9 Yes? No? 8 60 N. F 6.15 0.10 0.21 0.30 -- 0.56
Simonds Number 9 5 10 Yes? No? 7 60 N. F 6.1 0.08 0.18 0.26 0.49
Simonds Number 12 2 6 Yes? No? 10 60 N. F 6.25 0.15 0.32 0.48 0.90
Simonds Number 14 0 4 Yes? No? 5 60 N. H 6.0 0.15 0.34 0.56 1.06
Simonds Number 15 0 2 Yes? No? 5 60 N. H 6.0 0.18 0.38 0.62 1.18
(East Ridge-EAR)

Simonds Number 16 1 7 Yes? No? 4 60 N, H 5.9 0.11 0.24 0.40 0.77
Simonds Number 18 6 13 Yes? No? 3 60 N, F 5.7 0.04 0.09 0.15 0.29(A

(b
lb
E Source: USGS (2000, Tables 1, 2, 4)
a,

co'1

I')0o
0o



Table 12.3-20. Summary of Deterministic Seismic Hazard Analysis for Yucca Mountain (Continued)

V NOTES: aFault names and abbreviations are listed following nomenclature of Piety (1996) and Pezzopane (1996). Faults located within 5 km of the conceptual
$ controlled area boundary of the site (see column 2 and footnote b) that have been selected as a credible source by at least one probabilistic seismic

hazard analysis expert team are listed alphabetically.
bMinimum distance to conceptual controlled area boundary refers to the shortest distance from a point on the surface trace of the fault to the controlled

0 area boundary at Yucca Mountain, consistent with guidance in NUREG-1451 (McConnell et al. 1992). The conceptual controlled area boundary extends
0 outward approximately 5 to 7 km from the potential repository outline. Thus. most faults are from 7 to 9 km farther from the center of the potential

repository (approximately latitude 36.85'N. and longitude 116.45°W.) than the minimum distance indicates. (See footnote c.)
< c Minimum distance to Yucca Mountain potential repository refers to the shortest distance from a point on the surface trace of the fault to the center of the
° Yucca Mountain potential repository (approximately latitude 36.85*N. and longitude 116.450W.).

dThis column indicates whether a candidate Type I fault meets the criteria for a potential Type I fault relevant to vibratory ground motion hazard based on
Z the criteria presented in NUREG-1451 (McConnell et al. 1992). Potential Type I faults indicated with "Yes' are those with documented Quaternary activity

("Yes' in column 5 of this table) and the potential to generate average 84th percentile peak accelerations that equal or exceed 10 percent of gravity (0.1
g) at the conceptual controlled area boundary of the Yucca Mountain site. Potential Type I faults with a 'Yes?' are those with questionable or
indeterminate documentation of Quaternary activity ("No?' in column 5 of this table) and the capability to produce at least 0.1 g peak acceleration at the
84th percentile level.

'Documented Quaternary displacement designates the status of evidence for Quaternary fault activity with two alternatives, 'Yes' and 'No?, depending
upon whether there are published studies that document Quaternary displacement or other compelling evidence for Quaternary displacement potential,
such as associated seismicity or field studies. This is the primary criterion for classifying candidate and potential Type I faults. Faults with a "Yes" are
those with demonstrated Quaternary displacement. Faults with a "No?" are those that lack evidence of Quaternary displacement or for which the data are

to inconclusive
i4. 'Maximum fault length is the length of the fault zone as reported in published references or as estimated from maps and plates in cited references
ON (Simonds et al. 1995; Scott and Bonk 1984; Piety 1996). The maximum length represents the entire length of the mapped or inferred fault zone, including

sections portrayed as concealed or discontinuous or both. Values in parentheses indicate the probable length of late Quaternary rupture where it can be
estimated from either paleoseismic data in trenches or, more commonly, by the extent of Quaternary fault scarps developed along the fault trace. The
maximum length was used for MW calculations. Lengths for combined faults are measured along the single longest combination of faults in the system,
based on the assumption that the individual faults are joined in a compound rupture of the entire zone.

9The preferred dips for faults are generally assigned according to type of fault, based on regional seismic and geophysical data.
hThis column indicates the slip type of the fault source entered into the ground motion attenuation equations developed by the ground motion experts for

the probabilistic seismic hazard analysis (USGS 1998) (see text). These equations differentiate between strike-slip and normal-slip faults, and subdivide
the latter into whether the site is located on the hanging wall or foolwall of the fault. Symbols are N = normal-slip; S = strike-slip; H = hanging wall; F =
footwall.

iThis column contains the deterministic mean Mw assigned to each fault. It is the mean of a suite of MW calculated from fault length, displacement per
event, seismic moment, and rupture area data.
Individual faults that are combined together into one earthquake source; this includes, but is not limited to, the combined faults near the site with
distributed ruptures.

a-

'1

0

( (,



( (r (*J

Table 12.3-20. Summary of Deterministic Seismic Hazard Analysis for Yucca Mountain (Continued)

CAB = conceptual controlled area boundary (used previously on the YMP, but not currently in use); YMPR = Yucca Mountain potential repository.
A seismogenic depth of 15 km is assumed for all fault widths.
To convert km to mi., multiply by 0.621.

6 To convert g to cm/s2 multiply by 980.7.
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Table 12.3-21. Reference Earthquakes at the Reference Rock Outcrop from Deaggregation of Seismic
Hazard

10-3 Annual 104 Annual
Probability of Probability of

Frequency Exceedance Factor Exceedance Factor
5 to 10 Hz M,5.1, R= 10 km 2.665 M,5.9, R = 5 km 2.484

1 to 2 Hz MW5.9, R = 5 km (Not calculated or used) M, 6.3, R = 5 km (Not calculated or used)

M, 7.4, R = 52 km 2.568 Mw 7.7, R = 52 km 5.761

Source: CRWMS M&O (1998i, Section 2.6)

NOTE: R = distance, M, = moment magnitude
To convert km to mi., multiply by 0.621.

Table 12.3-22. Adjusted Reference Earthquakes Representing the Uniform Hazard Spectra

103 Annual 104 Annual
Probability of Probability of

Frequency Exceedance Factor Exceedance Factor
5 to 10 Hz Mw 6.3, R =5 km 0.574 M, 6.3, R 5 km 1.837

1 to 2 Hz MW 6.9, R =52 km 3.858 MW 7.7, R =52 km 5.631

Source: CRWMS M&O (19981, Section 2.6)

NOTE: R = distance, Mw = moment magnitude
To convert km to mi., multiply by 0.621.
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13. NATURAL ANALOGS

13.1 INTRODUCTION

Reasoning by analogy relates the likeness of a process or set of properties to a similar process or
set of properties, either in another location or a different time frame. Analogs provide an
important temporal and spatial dimension to the understanding of processes that may take place
in a radioactive waste repository and the surrounding area. In this section, analogs are
considered for the natural and engineered barrier systems at the potential Yucca Mountain
repository, and descriptions are given as to how each selected analog is used to test and build
confidence in process models that are used as input to total system performance
assessment (TSPA).

13.1.1 Purpose

The purpose of this section is to synthesize previous natural analog studies and to document
cases in which the Yucca Mountain Site Characterization Project (YMP) has used this analog
information, in order to identify and recommend areas where natural analogs could bring
additional confidence for the Site Recommendation-License Application (SR-LA), and to
provide an approach for selecting and applying natural analog information for future use in the
SR-LA and for performance confirmation.

Results of the analog studies will be used to corroborate estimates of the magnitude and
limitation of operative processes, thus building realism into conceptual and numerical process
models that underlie performance assessment in the representative case of postclosure safety.
The approach followed in this section is consistent with the U.S. Department of Energy
philosophy (DOE 1995) on the use of natural analogs (defined in Section 13.1.2) and is based on
factors important to performance and safety that are identified and prioritized in the Repository
Safety Strategy: Plan to Prepare the Safety Case to Support Yucca Mountain Site
Recommendation and Licensing Considerations (CRWMS M&O 2000d).

One of the important applications of natural analogs is for illustrative purposes (i.e., to make
complex processes understandable). In this way, analogs have a significant function in the
education of the public about how geologic repository processes work over time spans of
thousands of years. Although public confidence in this process is vital, it is not part of the
purpose of this section, and is addressed only briefly with particular analogs that might be
especially suitable examples for illustrative purposes.

13.1.2 Definition of Natural Analogs

Natural analogs refer to both natural and anthropogenic (human-induced) systems in which
processes, similar to those that might be expected to occur in a radioactive waste repository, are
considered to have occurred over long time periods (decades to millennia) and over large spatial
scales (up to tens of kilometers) that are not accessible to ordinary laboratory experiments. The
primary purpose for using natural analogs is to obtain an understanding of a system's unknown
component by comparing known components in order to determine whether something pertinent
can be said of the unknown component by analogy (comparison) with the known.
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The use of analogy has been endorsed by the international radioactive waste community as a
means of demonstrating confidence in the operation of systems, components, and processes that
are related to radioactive waste disposal (e.g., publications of the International Atomic Energy
Agency and the Natural Analog Working Group of the European Community).

The role of a natural analog should.. .be to confirm: (a) that the process is, in fact,
something which can or will occur in practice, as well as in theory, and in nature,
as well as in the laboratory; (b) where, when, and under what conditions it [the
process] can occur; (c) that the effects of the process are those envisaged in the
model; and (d) that the magnitude of the effects, in terms of scale and time, are
similar to those predicted for a similar set of conditions (Chapman and
Smellie 1986).

Use of analogy is also encouraged by the U.S. National Research Council (National Research
Council 1990, pp. 27 to 28) and by the U.S. Nuclear Regulatory Commission, in 10 CFR 60 and
in proposed 10 CFR 63 (64 FR 8640).

As pointed out by Pearcy and Murphy (Ababou et al. 1990, p. 7-2), the 10-k.y. period required
for high-level radioactive waste isolation is a difficult period to approximate using natural
analogs. Most ore deposits are on the order of a million to a billion years in age, whereas
anthropogenic sites are generally on the order of a few thousand years, or less. Most helpful in
terms of long-term processes relevant to a high-level radioactive waste repository would be
finding analogs on the order of 1 k.y. to 1 m.y.

13.1.3 Role of Natural Analogs in Process Models and Performance Assessment

Natural analogs may be applied in a quantitative manner or in a qualitative, descriptive manner,
depending on the purpose to which they are applied and on the specific analog. The analogs can
provide descriptive information about the occurrence of various processes, or they may be able
to provide boundaries to those processes. Natural analogs allow testing of the pertinence of
individual processes over geologic time and space scales, as well as providing an assessment of
the relative importance of various processes and the effects of the coupling of various processes.
For some processes (e.g., those that are thermally coupled), natural analogs may be the only
means of providing the required understanding of long-term and large-scale behavior that is
needed to provide scientific confidence in process models for input to TSPA. Through analog
investigations, conditions under which the processes occur and the effects of the processes, as
well as the magnitude and duration of the phenomena, may be determined.

Analog information can provide databases for the testing of codes and for the validation of
conceptual and numerical models. Natural analog information may also be used to build
confidence in the databases themselves. Because natural analogs can be used to test conceptual
and numerical models over long distances and time scales that are not reproducible by laboratory
or field experiments, analogs are uniquely suited to building confidence in process models. In
this manner, they can be used as a means of model validation, or confidence building. Each of
the process model reports supporting SR will include a section on validation that may use testing
against natural analog information (Section 13.2.5).
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Natural analogs can be used to evaluate the validity of extrapolating from temporally limited
field-scale experiments to longer time scales, when field-scale experiments are impractical; to
add confidence when extrapolating from laboratory and intermediate-scale experiments to tests
of larger spatial scales; and to effectively critique performance assessment model assumptions
and parameter ranges, as well as the strength, vigor, and consistency of process models. Natural
analogs may also be used (though less often) to assist and support the selection of scenarios and
to establish the probability that selected scenarios will occur.

Natural analogs do not reduce uncertainty, per se (i.e., the uncertainty bounds on a given
parameter value may remain unchanged). However, they can build confidence that the bounds
are set appropriately. Since some uncertainties are greater in natural analogs than at the site
being characterized, information from natural analogs must always be used with other
information so that laboratory and field data can be evaluated consistently.

YMP has stressed (DOE 1995) that natural analog studies should be process-oriented. In this
regard, analogs can be used to gain a better understanding of operative processes and their
bounds for testing conceptual models, or they can be used for testing and building confidence in
numerical models that represent processes. Natural analogs provide the following with respect to
process models (Petit 1990, p. 186):

. Quantitative natural experiments that replicate a process or group of processes that are
used in a model

* Specific parameter values for determining parameter bounds

. Qualitative indicators of which phenomena can occur in a system being modeled, by
reference to a parallel or similar system

* Methods for integrating the results of many processes at one site over long time periods.

Given the uncertainties in analog studies, analogs may not be able to validate models in the
strictest sense, but they can be used to test models of long-term processes. Comparison of model
predictions with the results of natural analog investigations will, in general, only permit
confirmation that the model takes into account the relevant processes in appropriate ways.
Validation of a predictive model by such comparison can result in reasonable assurance that the
model reflects future behavior. This is the level of confidence required by proposed 10 CFR 63
(64 FR 8640), which, in 10 CFR 63.101(a)(2), states: "Demonstrating compliance will involve
the use of complex predictive models that are supported by limited data from field and laboratory
tests, site-specific monitoring, and natural analog studies that may be supplemented by prevalent
expert judgment."

Care must be taken in selecting an appropriate analog to correctly represent the process of
interest (e.g., all uranium deposits are not categorically good analogs for the stability of a
radioactive waste repository). Some uranium deposits may indicate the long-term stability of
some geologic environments, but some of the same ore deposits could be used to argue for the
massive transport of radioactive materials over large distances by natural processes. The
substantial quantity of uranium contained in these types of deposits was originally dispersed
throughout a larger geologic volume but was transported and concentrated at the site of the
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present deposit (e.g., the Oklo analog in Section 13.4.3.2.3). Furthermore, evidence exists for
migration away from some ore deposits after their emplacement (e.g., the Koongarra deposit in
the Alligator Rivers analog, Section 13.4.3.2.1). Therefore, uranium ore deposits also provide
implicit evidence of potential mobility of this ore in some environments.

13.1.4 Criteria for Selection of Analogs Used in Model Validation

Because no single site will be a perfect analog to all ongoing and anticipated processes at Yucca
Mountain, focus is placed on sites having analogous processes rather than total system analogs.
However, it is still worthwhile to attempt to match as many features and characteristics as
possible when identifying suitable analog sites. An ideal analog site for long-term radionuclide
transport at Yucca Mountain would have to possess the following characteristics (DOE 1995):
(I) a known source term, (2) a similar set of radionuclides, (3) well-characterized, with site data,
(4) similar geologic conditions, (5) observable long-term conditions, (6) identifiable boundaries
of the system, and (7) a clear-cut process that can be decoupled from other processes. It would
also be useful if the proposed analog had been in place for at least thousands of years so that the
results of long-term behavior were observable.

In addition to the use of analogs for long-term predictions, models must be able to explain (and
match) the transport times and pathways from contaminated sites that provide anthropogenic
analogs, such as Hanford, Washington; the Idaho National Engineering and Environmental
Laboratory; and the Nevada Test Site. Anthropogenic analog sites will be a challenge to
constrain in models because they often occur in highly heterogeneous formations, and often
contain numerous contaminated areas, sometimes with poorly identified source terms, a complex
mixture of radionuclides and other contaminants.

When choosing different geochemical transport analogs, Chapman and Smellie (1986, p. 167)
recommend:

* The process involved should be clear cut. (Other processes that may have been
involved in the geochemical system should be identifiable and amenable to quantitative
assessment as well, so that their effects can be accountable.)

. The chemical analogy should be good. (It is not always possible to study the behavior of
a mineral system, chemical element, or isotope identical to that whose behavior requires
assessing. The limitations of this should be fully understood.)

. The magnitude of the various physicochemical parameters involved (pressure (P),
temperature (T), oxidation potential (Eh), concentration) should be determinable,
preferably by independent means.

. The boundaries of the system should be identifiable (whether the system is open or
closed, and, consequently, how much material has been involved in the process being
studied).

. The time-scale of the process must be measurable, since this factor is of the greatest
significance for a natural analog.
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However, care must be exercised in the selection of appropriate analogs to exclude those for
which initial or boundary conditions are poorly known and where important data, such as the
source term, are poorly constrained or may not be obtainable. A given site will usually be
analogous only to some portion of a repository or to a subset of processes that will occur in a
repository. Furthermore, additional processes will have occurred that are not characteristic of the
repository. Therefore, processes of the greatest relevance and processes that can be isolated for
study should be chosen, as demonstrated for Yucca Mountain in Section 13.2. The long-term
nature of analogs introduces some limitations and uncertainties, but, not withstanding, analogs
can still be used effectively if rigorous selection criteria are applied.

13.1.5 Scope of Natural Analog Section

Section 13 considers a breadth of analogs that encompasses both the engineered barriers and
natural system components of the potential geological repository at Yucca Mountain. System
components and their analogs are discussed in this order, working from the repository outward to
the natural environment:

* Waste form
* Waste package
* Other engineered barrier system and repository materials
* Thermally coupled processes
* Unsaturated flow and transport
* Saturated flow and transport.

First, the role of each component in conceptual models of Yucca Mountain or in the disposal
concept is presented. Second, examples are provided of analog studies relevant to the operative
processes in the conceptual models. Each analog study is discussed at only a moderate level of
detail. For many of the sites mentioned, a voluminous body of literature exists.

In general, there are no total system analogs and none have been identified for Yucca Mountain.
However, one exception to the general rule of having no total system analogs is Cigar Lake, in
Canada (Section 13.5). The Cigar Lake analog study was able to tie its components to virtually
all system components of the Canadian disposal concept. For this reason, Cigar Lake stands out
as being unique among analog studies and is discussed here, even though the hydrogeological-
chemical system is different from Yucca Mountain and the Canadian disposal concept is
different from that proposed by the United States.

After the relevant analog is described, a discussion of how the analog information could be
applied to testing process models and building confidence in their applications is given. Where
this has already been done for Yucca Mountain, it is noted. From the TSPA-Viability
Assessment, areas are drawn that were cited as potentially benefiting from natural analog studies,
or, more commonly, areas of uncertainty in performance assessment that, based on the natural
analogs for this section, could address some of the uncertainties in process models used for
performance assessment. Finally, insights gained from surveying many natural and
anthropogenic analogs were used to recommend the direction for application of analog
information to SR-LA and performance confirmation. The recommendations are made on the
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basis of the repository safety strategy (Section 13.2.6) and needs identified by performance
assessment.
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13.2 BACKGROUND

13.2.1 Introduction

This section provides the framework for discussing natural analogs. First, the role played by
natural analogs is presented, based on the views of oversight groups and their licensing roles as
regulated by the U.S. Nuclear Regulatory Commission. Second, the U.S. Department of Energy
(DOE) Yucca Mountain Site Characterization Project (YMP) philosophy regarding definition,
scope, and application of natural analogs is described. Third, a brief summary of the current
repository design and waste package concept follows, providing an understanding of the role
natural analogs play with regard to materials and thermal considerations. Fourth, areas of
process model uncertainty or sensitivity addressed by the 1998 total system performance
assessment (TSPA) for the Viability Assessment (VA) and areas where natural analogs may
contribute to reducing those uncertainties are described. Finally, the processes and analogs that
will be discussed are placed in a context that assigns them a priority for the License Application
(LA), based on principal and other factors that are components of the repository safety strategy
(CRWMS M&O 2000d).

13.2.2 Role of Natural Analogs in the License Application

The National Research Council endorsed the use of natural analogs as natural test cases,
geological settings in which naturally occurring radioactive materials have been subjected to
environmental forces for millions of years (National Research Council 1990, p. 27). The
National Research Council indicated that natural analogs are essential for validating performance
assessment models of geologic repositories over thousands or millions of years, as well as
forming the basis for communicating the safety of a deep geologic repository in terms the public
can understand. The Nuclear Waste Technical Review Board concurred in these
recommendations (NWTRB 1990, p. 27; 2000, p. 20).

Proposed 10 CFR 63 (64 FR 8640) does not require a license applicant to incorporate the use of
natural analogs into a case for demonstrating public health and safety. Instead, the regulation
allows for the demonstration of reasonable assurance of repository performance for thousands of
years by means of a number of different approaches, including data collection from accelerated
tests and models that are supported by such measures as field and laboratory tests, monitoring
data, and natural analog studies.

13.2.3 Yucca Mountain Site Characterization Project Philosophy on the Role of Natural
Analogs

In the early 1990s, the DOE convened a panel of international experts in natural analogs to
provide guidance in the use and selection of natural analogs for implementation by the YMP.
The Natural Analog Review Group report recommended that natural analogs be process-oriented
and address the issues resulting from the perturbation of a natural system (the geologic site) by
the introduction of a technological system (the repository) (DOE 1995, p. 2). The Natural
Analog Review Group explicitly stated that such studies should clearly be distinguished from
those that, following the classical approach of earth sciences, are based on the comparative study
of geological sites or situations. In particular, all investigations normally part of site
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characterization, even when considering comparisons with similar remote sites, such as
(paleo)hydrology, should not be considered as natural analog studies (DOE 1995, p. 2).
Continued use of the DOE-adopted, Natural Analog Review Group clarification of what
constitutes a natural analog is endorsed in this section.

The Natural Analog Review Group (DOE 1995, pp. 15 to 18) further provided a useful set of
selection guidelines for natural analog studies. Used in conjunction with Table 13.2-1, which
relates process models and natural analogs, the guidelines provide a clear-cut and defensible
rationale for selection of a natural analog study. A paraphrase of the Natural Analog Review
Group selection guidelines follows:

* Define the specific information requirements from natural analog studies

* Define the end-user and means of application of the information

* Define the preferred methodology

* Define the types of environment that could provide such information

* Use a checklist set of criteria to aid comparison of alternative sites and selection of the
best sites

* Evaluate the feasibility of obtaining the data required from the sites

* Prepare a plan for implementing a study at the selected sites.

The Natural Analog Review Group guidelines were used to select natural analogs for study and
continue to form the basis for selection of natural analog sites. For example, the checklist set of
criteria (Section 13.1.4) was applied in the selection of Pefia Blanca as the most promising
overall candidate for a flow and transport analog, as well as a spent nuclear fuel alteration
analog, to Yucca Mountain.

In April 1998, DOE convened a group of project personnel knowledgeable in natural analogs and
asked them for recommendations regarding future analog studies. This ad hoc group, the Natural
Analog Group, has met on occasion to integrate suppliers and users of natural analog information
and to provide direction. One of the main outcomes of the April 1998 meeting was the
consensus that limited work investigating analogs may be possible during the LA time frame, but
more detailed or thorough analog examination would have to be undertaken as part of
performance confirmation. It was also decided then that process modelers, as users of analog
information, should play an important role in determining how analogs can best be used to
support performance assessment and design groups in reducing uncertainties in the long-term
behavior of natural and engineered systems. Subsequently, a number of events have taken place
that helped to focus the direction of future analog investigations:

* Process models supporting TSPA were defined for the TSPA-VA

. The License Application Design Selection study identified a preferred suite of
conditions and materials for repository design
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* The YMP developed a safety strategy for the Site Recommendation-License Application
that relied on factors important to performance.

13.2.4 License Application Design Selection and Its Relation to Applicable Analogs

The License Application Design Selection study was conducted with the goal of developing and
evaluating a range of conceptual repository designs and of recommending an initial design
concept for the Site Recommendation-License Application. The following information on the
recommended design is taken from the License Application Design Selection Report (CRWMS
M&O 1999, p. viii to ix).

The recommended repository concept, called Enhanced Design Alternative II differs from the
VA design in a number of areas, and has a low thermal-impact design. This design uses
extensive thermal management techniques to limit the impact of heat released by the waste.
These thermal management techniques include the following:

* Thermal blending of spent nuclear fuel assemblies
* Closer spacing of the waste packages
* Wider spacing of the waste emplacement drifts
* Preclosure ventilation.

Thermal blending of spent nuclear fuel assemblies reduces the peak heat output of the waste
packages, making it easier to limit temperatures in the rock around the waste packages, although
the drift wall temperature may reach, but not exceed, 200'C. Close spacing of the waste
packages within the emplacement drifts reduces temperature variations in the drifts, simplifies
the analysis of heat effects, and reduces the total length of drifts excavated.

Spacing the drifts farther apart reduces the effects of heat from each drift on its neighbors, leaves
a wide region of rock between drifts that remains below the boiling point of water (970C at the
repository horizon), allowing water to circulate around the drifts, and limits the long-term heat-
induced alterations to the repository rock. Preclosure ventilation makes it possible to stay within
temperature limits in the rock and around the waste packages during operation, despite the much
closer waste package spacing, and reduces maximum temperatures after closure.

The recommended design differs from the VA design in a number of other aspects. While both
use a two-layer waste package, the recommended Enhanced Design Alternative II places the
corrosion-resistant material on the outside rather than the inside to provide long-term protection
to the more corrosion-susceptible structural material inside. The recommended design also adds
defense in depth with a drip shield covered by backfill to protect the waste packages from
dripping water while they are hot enough to be susceptible to localized corrosion. (It should be
noted that backfill has been removed since the study was completed.) The recommended design
also uses steel structural materials in the drifts, instead of concrete evaluated in the VA design, to
avoid the possible chemical impacts of concrete on mobilization and movement of radionuclides.
Neither design incorporates the use of sorptive filler in backfill.

License application design selection projections of performance using TSPA models indicate that
the recommended design would perform very well with respect to a screening criterion of
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25 mrem/yr. to an average member of a critical group living 20 km from the potential repository
during the first 10 k.y. A calculated dose of 25 mrem/yr. would not be reached for more than

*300 k.y., and the dose rate at any time would be less than 100 mrem/yr. The calculated time of
the first corrosion failure of a waste package is about 100 k.y. (CRWMS M&O 1999, p. 7-2).

The recommended design reduces or avoids uncertainties associated with the thermal pulse, and
is intended to reduce perceived uncertainties from postulated ponding of water above the
repository. Such ponding could cause water to flow into the drifts to corrode the hot drip shields
or waste packages. This is accomplished, first, by keeping larger areas of very wide pillars cool
enough to allow water to move around the drifts and drain through the pillars. Second, by
allowing only a small amount (several meters) of the rock mass around the drifts to exceed the
boiling point of water for several hundred years, the design localizes the area affected by
elevated kinetics in the presence of water. This in turn reduces the potential for long-term
hydrological and geochemical alteration of the host rock, which, in turn, should reduce
uncertainties associated with modeling coupled processes in host-rock performance. Third, the
wide drift spacing reduces the analytical complexities resulting from temperature interactions
among closely spaced drifts, thus simplifying the analysis of repository performance. Fourth, the
design does not subject the waste package material to temperature and humidity conditions
conducive to aggressive crevice corrosion. As a result of both thermal conditions and the
diversion of water by the drip shield, the waste package material is subject only to very slow
general corrosion.

The concept waste package consists of a 2-cm layer of corrosion-resistant Alloy-22 protecting a
5-cm inner structural shell of stainless steel 316L. Alloy-22 is a nickel-based alloy with
22 percent chromium. The assumed inventory is 63,000 metric tons of heavy metal of
commercial spent nuclear fuel and a total of 7,000 metric tons of heavy-metal equivalent of DOE
spent nuclear fuel and high-level radioactive waste. As an additional defense-in-depth measure,
drip shields made of the titanium alloy grade-7 would be used to prevent water from contacting
waste packages. Additional enhancements that could be added to the design during future
refinement include (CRNWVIS N&O 1999, p. 0-10):

* Ceramic coating on waste packages
* Backfill
* Filler inside the waste package
* A dual corrosion-resistant materials waste package
* Richards Barrier
* Canistered assemblies
* A trench with lid.

Analog studies of metals are discussed in Section 13.3.5; analogs related to concrete and alkaline
plumes are discussed in Section 13.3.6; and the effects of radiolysis are considered in
Section 13.3.7.
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13.2.5 Building Confidence in Total System Performance Assessment for the Viability
Assessment through Natural Analogs

The 1998 TSPA-VA (DOE 1998b) made one specific recommendation for the use of natural
analogs. This was in regard to saturated zone flow and transport, discussed below. In addition to
that recommendation, the TSPA-VA discussed processes that wvere sensitive in TSPA
calculations and that need to be understood with greater certainty. In researching information for
this section, areas were considered where TSPA-VA indicated the need for improved
understanding of the bounds of operative processes and their effects.

The TSPA-VA indicated that for peak dose rates, the fraction of waste packages contacted by
seepage water was the most important parameter in each of the three simulation periods-I 0,
100, and 1,000 k.y. (DOE 1 998a, p. 2-10). The effect of seepage water becomes more dominant
over time, because an increase in the number of waste packages contacted by water leads to an
increase in radionuclide releases from the repository.

The seepage model for TSPA-VA assumed steady-state conditions. Drift collapse and thermal
alteration of matrix hydrologic properties were not considered, nor was the possibility of
episodic flow at the repository horizon and its effect on seepage needs or the effect of discrete
fracture flow on seepage. Natural (or anthropogenic) analogs may contribute to understanding
the effects of drift collapse and thermal alteration of hydrologic properties on drift seepage.
Seepage analogs are discussed in Section 13.4.2.2.3.

The TSPA-VA model of unsaturated zone transport did not account for a number of processes,
including alteration of the unsaturated zone caused by thermal alteration of minerals, chemical
interactions of repository materials, mineral dissolution, and precipitation. Should thermal-
chemical alteration occur, reduced matrix sorption and fracture-matrix interaction could result,
thereby causing increased radionuclide release rates from the unsaturated zone. Other processes
not accounted for include colloid filtration by the host rock and fracture sorption. However, the
assumptions of no colloid filtration and no radionuclide sorption onto fracture surfaces are
conservative for transport in the unsaturated zone. Although sensitivity studies conducted to date
have found that transport is not highly sensitive to fracture sorption, this result would require
further investigation to better define the appropriate range of parameters for fracture sorption.
Radionuclide transport in the unsaturated zone is sensitive to changes in matrix diffusion, which
suggests that further effort is needed to bound the magnitude of matrix diffusion (CRWMS
M&O 1998d, p. 7-102). Natural analogs provide insights into fracture sorption and matrix
diffusion processes and may be used to place bounding conditions on their importance to various
environmental conditions. The role of fracture minerals in retarding radionuclides and the role
of colloids are discussed in Sections 13.4.2, 13.4.3, and 13.5.1.

TSPA-VA noted that process-level modeling of chemical alteration of fracture hydrologic
properties should be considered in the LA time frame. Formation of a mineral cap surrounding
the emplacement drift has been suggested in modeling studies (Hardin 1998, pp. 5.57 to 5.58) as
a result of phase-change processes during thermal loading. This issue is addressed by
geothermal and fossil hydrothermal analogs in Section 13.4.1. The fracture-matrix interaction
parameter is potentially a key factor in describing the processes altered by chemistry and,
subsequently, the manner in which fractures and matrix rock interact. The TSPA noted
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(CRWMS M&O 1998a, p. 3-191) that it is essential that flow processes be accurately
represented so that an assessment can be made as to whether the development of mineral
deposits is physically realistic. Natural analogs of carefully selected systems may help to place
bounds and add realism to the conceptualization of these coupled thermohydrologic-chemical
effects.

Thermohydrologic-mechanical processes were not considered in the TSPA-VA. Although
natural analogs to thermohydrologic-mechanical effects are not addressed in this section, except
in Table 13.2-1, this topic is considered for future work in Section 13.7.

TSPA-VA sensitivity analysis results indicate that uncertainty in calculated peak dose rates in all
three simulation periods is primarily dominated by that fraction of waste packages in contact
with seepage water. Waste package corrosion rate is also an important contributor to uncertainty
in peak dose rates. In particular, the mean Alloy-22 corrosion rate is an important contributor to
uncertainty, but to a lesser extent than the fraction of waste packages contacted by seepage
water, particularly in the l-m.y. period. In that time period, the saturated zone dilution factor
and biosphere dose-conversion factors were found to be slightly more important than the
Alloy-22 mean corrosion rate. Finally, sensitivity analysis results also indicate that neptunium
solubility is an important contributor to uncertainty in peak dose rates once uncertainties in
seepage and waste package parameters are reduced or removed (CRWNIS M&O l 998c, p. 5-63).
Metal corrosion analogs are addressed in Section 13.3.5, and biosphere analogs may be a topic of
future research.

The dilution factor in the saturated zone was shown to be a sensitive parameter for the
TSPA-VA. The appropriate range of uncertainty for dilution and transverse dispersivity is also
an open topic. TSPA-VA stated that reducing the uncertainty of these parameters will probably
depend on inferences from analog sites or, potentially, from analysis of natural solute tracers in
the saturated zone at the site (CRWMIS NI&O 1998e, p. 120). The TSPA-VA recommended that
additional effort should be devoted to an evaluation of potential analog systems of saturated flow
in fractured media or in highly heterogeneous porous media (CRWMS M&O 1998e, p. 120).
Analogs to radionuclide transport regarding dilution in the saturated zone are addressed in
Section 13.4.3.3.

13.2.6 Strategy for Establishing Priorities of Processes and Analogs

The DOE repository safety strategy (CRWMIS M&O 2000d) provides a pathway to licensing that
is based on five elements:

* TSPA
* Safety margin and defense in depth
* Consideration of potentially disruptive events and processes
. Natural analog insights
* Long-term performance evaluation and confirmation.

The strategy then builds a case for postclosure safety around these five elements by identifying
factors that contribute to waste isolation and setting priorities of their importance, based on
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design and performance assessment considerations. The factors (see Table 13.2-1) are based on
the repository safety strategy (CRWMS M&O 2000d).

As indicated above, the fourth element of the postclosure safety case (CRWMS M&O 2000d)
calls for an assessment of insights gained from the study of natural analogs.

Relevant information about the possible system performance of the site can be
gleaned from analysis of natural processes that share characteristics with the
repository system....These data may provide a degree of independent validation
of the reasonableness of selected aspects of the assessments of repository
performance (CRWVMS M&O 2000d, p. 15).

The principal factors upon which the safety case is based, as well as the other factors that will be
bounded, may be strengthened from building confidence through natural analogs.

Because the factors identified as important to safety were based in part on process model and
TSPA sensitivities, that list of factors was used to prepare Table 13.2-1. This table serves as an
organizing framework for discussing natural analogs based on process models and as a schematic
way of setting priorities for the processes that need to be further bounded and quantified.
Table 13.2-1 serves as a guideline for identifying future natural analog work that can be used in a
semiquantitative or quantitative way to improve confidence in models that are important to
performance and safety. The use of natural analogs for building public confidence is not
intended through this schematic.

In preparing Table 13.2-1 as a framework for synthesizing and applying natural analog
information, various sources were used. One source was the major body of literature about past
analog projects in the United States and other countries. Also relied on heavily were TSPA
recommendations from the TSPA-VA report and from informal memoranda and discussions with
performance assessment staff. The needs identified by performance assessment and the factors
listed in Table 13.2-1 were used to guide the natural analog studies for fiscal years 1999 and
2000 and to provide direction for future work. Section 13 covers a wide variety of relevant
analogs that meet to varying degrees the selection criteria listed in Section 13.1.4. This means
some individual analog studies were not included because they were poorly constrained to meet
the selection criteria.

One major factor important to performance listed in Table 13.2-1 that is not discussed in this
section is analogs to disturbed-case scenarios (i.e., volcanism, seismicity, human intrusion, and
criticality). Of these four scenarios, only criticality lends itself well to natural analog studies.
Criticality has been studied with regard to the Oklo natural reactors (Section 13.4.3.2.3), and
criticality calculations were made for TSPA. There are no natural analogs for human intrusion
scenarios. Volcanism and seismicity scenarios are included in the area of natural analog studies
by the U.S. Nuclear Regulatory Commission, but are categorized by DOE under normal site
characterization and have been addressed extensively in other DOE topical reports.
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13.3 WASTE FORM, ENGINEERED BARRIER SYSTEM, AND REPOSITORY
MATERIALS ANALOGS

This section addresses analogs to spent nuclear fuel and glass waste forms intended for geologic
disposal. It also includes components of the engineered barrier system (i.e., waste package
materials and other introduced engineered barrier system components). Radiolysis effects are
discussed in Section 13.3.7. Also briefly discussed are cements, even though they play a limited
role in the current repository design. Bentonite clay as backfill material is not currently planned
for use in the United States, though it plays a role in repository programs of many other
countries-as backfill and, in some cases, as a candidate disposal medium. Because bentonite is
not considered in the Yucca Mountain repository concept, it is not discussed in this section.

Sites that are addressed as analogs to spent nuclear fuel alteration frequently are discussed as
analogs to radionuclide transport as well. In Section 13.3.2, sites where most of the research has
been in the area of mineral studies are described. In Sections 13.4.2 and 13.4.3, sites are
discussed for which most of the characterization has been related to transport phenomena.
Palmottu and Pocgos de Caldas are examples of sites that have had more emphasis placed on
transport and site characterization. Sites that have been studied extensively from both
perspectives (e.g., Oklo and Pefia Blanca) are discussed in Sections 13.3.2, 13.4.2, and 13.4.3.

13.3.1 Role of Waste Form Dissolution in the Disposal Concept

Spent nuclear reactor fuel that would be disposed at Yucca Mountain consists predominantly of
uranium dioxide (UO2 ) with a cubic crystalline structure. Other radioactive isotopes make up
several percent of spent nuclear fuel, occurring as impurities in the U0 2 structure, as phase
segregations, and as grain-boundary precipitates. Spent nuclear fuel with uranium in reduced
valence (U+4) is thermodynamically unstable in oxidizing conditions such as Yucca Mountain
and will oxidize eventually to stable phases that incorporate the uranyl (U+6) ion. Natural analog
studies provide some indication as to the time scale over which secondary-phase formation can
be expected to occur. However, there is a limitation in using the naturally occurring uranium
mineral, uraninite (UO2+,), as an analog to spent fuel. It does not contain the internal phase
segregations present in spent nuclear fuel, nor does it include a substantial
transuranic component.

Most of the uranium released to solution during the dissolution of U02 combines with ions in
water to form secondary alteration phases. Both natural and experimental uranium systems
display a paragenetic sequence of mineral phase formation that is characterized by the following
general trend (Stout and Leider 1997, pp. 2.1.3.5-21, 2.1.3.5-22):

U0 2 => uranyl oxide hydrates => alkali- and alkaline-earth uranyl oxide hydrates
=> uranyl silicates = alkali- and alkaline-earth uranyl silicates + palygorskite
clay.
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Specifically, mineralization in the paragenetic sequence of alteration phases is (Wronkiewicz
et al. 1996, p. 94):

U02 =* dehydrated schoepite => compreignacite + becquerelite => soddyite >

boltwoodite + uranophane + palygorskite clay.

The phases that form depend on the chemical composition of the water with which the uraninite
is in contact, which, in turn, depends on the mineralogy of the surrounding host rocks and the
hydrological environment (i.e., reducing or oxidizing). This mineral sequence appears to be
controlled by precipitation kinetics and is nearly identical to alteration patterns observed during
the weathering of naturally occurring uraninite (e.g., that which occurs at the Nopal I uranium
deposit [Pefia Blanca]; see Section 13.3.2.2.1).

The alkali- and alkaline-earth uranyl silicates represent the long-term solubility-limiting phases
for uranium in laboratory U02 tests and in the natural uranium deposits at Nopal I. This
similarity suggests that the experiments and the natural analog reactions may simulate the long-
term reaction progress of spent U0 2 fuel following potential disposal at Yucca Mountain. This
similarity was noted in the TSPA-VA (CRWMS M&O 1998c, p. 6-100). Uranium transport
generally occurs in oxidizing surface water and groundwater as uranyl species, most often as
U0 2

2 + or as uranyl fluoride, phosphate, hydroxyl, or carbonate species. The background
concentration of uranium in uranium mine waters is about 15 to 400 ppb. At Nopal I, uranium
concentrations in groundwater and seepage are much lower and ranged from 170 ppt to 5 ppb
(Pickett and Murphy 1999, Table II). The upper part of this range is similar to concentrations
seen in spent nuclear fuel dissolution experiments (Stout and Leider 1997).

Spent nuclear fuel plays an important role in the disposal concept at Yucca Mountain because it
determines the source term of radionuclides that could be released from a repository, whether the
radionuclides are solubility-limited, and whether they could be retained in alteration products of
spent nuclear fuel. Therefore, it is important to understand how spent nuclear fuel corrodes
through time. As previously stated, in an oxidizing environment, uraninite instability will
proceed to form uranyl (U+6) oxide hydrates as alteration products. The corrosion products will
have significant impact on the mobility of actinides and fission products in the fuel assembly.
The composition of schoepite (U03 e2H 2 0) is often used to represent an alteration product in
models of spent nuclear fuel alteration, but this is an oversimplification, based on observations in
nature. Many studies have shown that uraninite oxidizes in nature, as discussed in
Section 13.3.2.2.

Focus was placed on U deposits that have been studied as natural analogs to spent nuclear fuel
alteration, because these studies often included important additional characterization information
necessary to understand the larger geologic system, which is sometimes missing in mining
reports. The entire body of literature regarding uranium oxidation was not surveyed. Additional
information could be obtained from studies of uranium ore deposits, such as the Colorado
Plateau ore roll-type deposits, and countless other studies of uranium mines.

Approximately 10 percent of the waste would be encapsulated in borosilicate glass derived from
defense waste. Analogs to nuclear waste glass are discussed in Section 13.3.3.
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13.3.2 Spent Nuclear Fuel Alteration and Dissolution
<1- I,

This section summarizes five localities where studies related to spent nuclear fuel have been
conducted. They are grouped according to the relative oxidation potentials to which the analog
sites are exposed. However, this grouping is somewhat arbitrary, as some degree of oxidation is
apparent in nearly all the sites described below.

13.3.2.1 Reducing Environments

In the presence of liquid water around a waste package, a water chemistry with reducing
potential may form, but reducing conditions would be temporary. Reducing environments are
discussed briefly to point out the contrasting sequence of alteration products that form in
comparison to those that form in oxidizing environments. Oklo and Cigar Lake are two natural
analog sites where uraninite exists under reducing conditions, although some of the reactors at
Oklo (see discussion of Bangomb6 in Section 13.4.3.2.3.6) are found under oxidizing conditions.

Uraninite under reducing conditions, in the presence of saline hydrothermal solutions, may be
altered through dissolution, preferential loss of Pb or Y and lanthanides, and coffinitization
(Janeczek and Ewing 1992, p. 157). Coffinitization is the formation of the hydrated uranium
silicate coffinite (USiO4*nH20) by the reaction

U02+, + H4SiO4 -e USiO4 .2H20 + O.5xO2  (Eq. 13.3-1)

Janeczek and Ewing (1992) pointed out the strong similarity between alteration textures and
phase chemistries at Oklo and Cigar Lake. Dissolution of uraninite at both sites was associated
with precipitation of illite. The authors attribute this to saline, moderately acidic solutions with
temperatures of about 200TC. In addition to uraninite dissolution, coffinitization resulted in
uranium, lead, and lanthanide element release (Janeczek and Ewing 1992, p. 157). The
formation of Pb-rich and lead-depleted uraninites at both Oklo (Section 13.4.3.2.3) and Cigar
Lake (Section 13.5) resulted from the loss of lead due to episodic diffusion related to regional
geologic events and unrelated to uranium mobilization.

13.3.2.2 Oxidizing Environments

Uraninite will form under reducing conditions with uranium as U4+, as previously stated. The
uraninite structure can accommodate some degree of oxidation; in highly oxidizing aqueous
environments, however, uraninite is unstable and decomposes (Finch and Ewing 1991, p. 392).
Hydrated uranyl phases precipitate on the surface of the corroding uraninite, and a rind of
corrosion products forms. The impurities often contained in uraninite, such as Pb, Ca, Si, U+6,
Th, Zr, and lanthanides, affect the thermodynamic properties of uraninite, the rate of uraninite
alteration, and the composition of the corrosion products (Finch and Ewing 1991, p. 392).

The uranyl oxide hydrates are common initial-corrosion products of uraninite during weathering.
In the presence of dissolved silica, these early phases alter to uranyl silicates, most commonly
soddyite, U2SiOs82H 2 0, and uranophane, CaU2Si20 1 *6H2 0 (see Section 13.3.1). Uraninite
usually contains radiogenic lead (Finch and Ewing 1992, p. 465), and the early-formed lead-poor
uranyl oxide hydrates alter incongruently to uranyl silicates plus lead-enriched uranyl oxide
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hydrates, such as curite (Finch and Ewing 1992, p. 465). Radiogenic lead may serve to limit the
mobility of uranium in nature by fixing uranium in solid phases, such as curite. Curite may also
play an important role in the formation of uranyl phosphates, which are significantly less soluble
than the uranyl silicates and control uranium solubility in many groundwaters associated with
altered uranium ore (Finch and Ewing 1992, p. 465). In the absence of lead, schoepite and
becquerelite are the common initial corrosion products. The reaction path for the alteration oflead-free uraninite results in the formation of uranyl silicates. Thus, the long-term oxidation
behavior for ancient, lead-bearing uraninite is different from young, lead-free uraninite, which is
similar to spent nuclear fuel. Because the presence of lead effectively reduces the mobility of
uranium in oxidizing waters, the concentration of uranium in groundwater associated with
oxidized uranium ore deposits will depend in part on the age of the primary uraninite (Finch and
Ewing 1991, p. 396).

13.3.2.2.1 Nopal I Mine, Peiia Blanca, Chihuahua, Mexico

At Nopal I, uraninite occurs in rhyolite tuff in a semiarid environment, where it has been exposed
to oxidizing conditions for more than 8 ± 5 m.y. (Pearcy et al. 1993, p. 724). (See
Section 13.4.2.3.1 for a description of the Nopal I site.) Uranium was initially deposited as
uraninite at Nopal I. Geologic, petrographic, and geochemical analyses indicate that primary
uraninite at Nopal I has been almost entirely altered to hydrated oxides and silicates containing
uranium in the oxidized (uranyl) form. Because of its young geologic age, the deposit is low in
radiogenic lead. The formation sequence of uranyl minerals by alteration of uraninite at Nopal I
is shown in Figure 13.3-1 and is similar to many geologically young uranium deposits located in
oxidizing environments.

Leslie et al. (1993) and Pearcy et al. (1993) compared the alteration of uraninite from Nopal I to
laboratory experiments of degradation of spent nuclear fuel at Yucca Mountain. They found that
uraninite from the Nopal I deposit should be a good natural analog to spent nuclear fuel because
long-term experiments on spent nuclear fuel show alteration paragenesis, intergrowths, and
morphologies very similar to those observed at Nopal I (Wronkiewicz et al. 1996, p. 92).
Oxidation of the uraninite at Nopal I has produced an ordered suite of minerals, first forming
schoepite, a uranyl oxyhydroxide, followed by hydrated uranyl silicates, such as soddyite (Figure
13.3-1). Consistent with a high-Ca abundance in Nopal I groundwater, the dominant secondary
uranium phase is uranophane, a hydrated calcium-uranyl silicate. Due to abundance of calcite at
Yucca Mountain, uranophane would be a potential secondary phase there as well. In
comparison, laboratory experiments find that the general trend is to form mixed uranium oxides,
followed by uranyl oxyhydroxides, and, finally, uranium silicates, mostly uranophane with lesser
amounts of soddyite (Wronkiewicz et al. 1996). In addition, uraninite at Nopal I has a low trace-
element component (average of 3 percent by weight) that compares well with that of spent
nuclear fuel (typically less than 5 percent by weight).

13.3.2.2.2 Koongarra Uranium Deposit, Alligator Rivers, Northern Territories,
Australia

A number of uranium deposits in the Alligator Rivers region of northern Australia have been
studied as natural analogs for radionuclide migration from a spent nuclear fuel repository (Airey
1986). Of these studies, the Koongarra deposit has received the most attention. Like other
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Alligator Rivers uranium deposits, the Koongarra deposit is an unconformity-type deposit, with a
genesis similar to uranium deposits in the Athabasca Basin in northern Saskatchewan, Canada
(e.g., Cigar Lake, Section 13.5). However, Koongarra has been exposed to strongly oxidizing
conditions near the surface. (Transport features of the Koongarra deposit are described in
Section 13.4.3.2.1.)

The uranium mineralogy of Koongarra was described by Snelling (1980), Isobe et al. (1992), and
Murakami et al. (1997). Two distinct types of uraninite were identified: low Ca (1 to 3 percent
by weight) vein-type uraninite, and high Ca (3 to 5 percent by weight) hydrothermal uraninite.
The vein-type uraninites are more oxidized than the hydrothermal uraninites. Two periods of
remobilization are apparent from the uraninite in the ore zone. The first remobilization event
partially dissolved much of the originally euhedral uraninite grains, redepositing them as veinlets
and masses but without any significant change in their chemistry. The second remobilization
resulted in the precipitation of low-temperature, supergene uraninite, with increased Si, P, Ca,
and 0, and decreased U and Pb relative to the vein-type uraninites. Alteration of the primary-ore
zone also produced uranyl oxyhydroxides and uranyl silicates at depth. Often, uraninite grains or
entire veins are pseudomorphously replaced by lead-uranyl minerals vandendriesscheite,
fourmarierite, and curite. The uranyl oxyhydroxides are, in turn, replaced by uranyl silicates
uranophane, sklodowskite, and kasolite. In several areas, uraninite has completely altered to
uranyl silicates.

Koongarra is one of the most studied occurrences of uranyl phosphates in the world. The
alteration of uraninite and the genesis of uranyl phosphates at Koongarra have been examined
extensively by Snelling (1980, 1992) and Isobe et al. (1992, 1994). A variety of uranyl
phosphates have been identified among the Koongarra uranium minerals, including saleeite,
dewindtite, sabugalite, torbernite, and renardite. Saleeite is the predominant uranyl phosphate in
the weathered zone at Koongarra. Three mineralogical zones are defined at Koongarra, based on
the predominant types of uranium minerals that occur within them: a uranium oxide zone, a
uranyl silicate zone, and a uranyl phosphate zone (Snelling 1980, p. 487). Dissolved uranium is
transported roughly from the uranium oxide zone at depth to the silicate zone, also at depth, then
upward to the phosphate zone. The uranyl phosphate zone exists in the most oxidized weathered
zone near the surface.

13.3.2.2.3 Pogos de Caldas, Minas Gerais, Brazil

No secondary uranyl minerals are reported in any studies at either of the two mines in the Pocos
de Caldas caldera. See Section 13.4.3.2.2 for a more complete discussion of actinide and trace
element transport at Pocos de Caldas.

13.3.2.2.4 Shinkolobwe Mine, Shaba, Democratic Republic of Congo

Finch and Ewing (1991) studied uraninite alteration products at the 1,800-Ma Shinkolobwe
deposit as an analog to the weathering of spent nuclear fuel. The deposit occurs under near-
surface, highly oxidizing conditions. The host rocks at Shinkolobwe are dolomitic shales,
siliceous dolostones, and chloritic siltstones. The host rocks contribute to significant
concentrations of silica, carbonate, and sulfate in the groundwater, which form complexes with
the uranyl ion. Dissolved metal cations in groundwater are Ca2 +, Ba2+, Mg2 +, Cu2 +, and some
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lanthanides as rare earth element-carbonate complexes. Recrystallization of uraninite and loss of
radiogenic lead occurred 600 Ma to 720 Ma because of a thermal event that generated
hydrothermal fluids. Some oxidative alteration of uraninite may have occurred then (Finch and
Ewing 1991).

The uraninite at Shinkolobwe lacks many impurities (e.g., Th, lanthanides) common in uraninite
(Finch and Ewing 1991, p. 393). The deposit has been exposed at the surface since the
beginning of the Tertiary Period (approximately 60 Ma), and extensive weathering has altered or
replaced much of the original uraninite. The deposit is found in a monsoonal climate; large
annual rainfall accumulates during half the year, thus exposing the uranium minerals to extremes
of wet and dry conditions. Uranium (VI) mineralization occurs along fracture zones, along
which meteoric waters have penetrated 80 m or more. Uraninite crystals at Shinkolobwe are
commonly surrounded by dense rinds of corrosion products, mostly uranyl oxyhydroxides, as
well as uranyl silicates and rutherfordine, a uranyl carbonate. Uranyl phosphates are also
common within fractures throughout the host rocks, but are rare or absent from corrosion rinds.

Uranyl minerals that make up the corrosion rinds surrounding many uraninite crystals undergo
continuous alteration through repeated interaction with carbonate- and silica-bearing
groundwater, combined with periodic dehydration of (especially) schoepite and metaschoepite
(Finch and Ewing 1991, p. 396). Such secondary alteration occurs along small (approximately
0.1 to I mm) veins within the corrosion rinds. Grain size generally decreases as alteration
proceeds, most commonly along veins. Schoepite, however, is not observed to re-precipitate
where in contact with dehydrated schoepite (Finch and Ewing 1991, p. 396). Thus, while the
early formation of schoepite during the corrosion of uraninite may be favored, schoepite is not a
long-term solubility-limiting phase for oxidized uranium in natural groundwater containing
dissolved silica or carbonate (e.g., the type of groundwater at Yucca Mountain).

The following conclusions are presented on the alteration paragenesis of uraninite from
Shinkolobwe (Finch and Ewing 1991, p. 396):

. Becquerelite (Ca-bearing), Pb-bearing vandendriesscheite and fourmarierite, schoepite
[UO3.2H2 0], billietite (Ba-bearing), and compreignacite (K-bearing) are formed
relatively early in the alteration sequence.

* Pb-bearing curite and masuyite tend to be formed later.

• The uranyl silicates uranophane and cuprosklodowskite appear to be the last phases to be
formed.

13.3.2.2.5 Krunkelbach Mine, Menzenschwand, Germany

At the Krunkelbach Mine, U-bearing, quartz-barite-fluorite veins several centimeters to a few
meters wide occur in a highly differentiated two-mica granite, near the contact of the granite and
juxtaposed gneisses and metasediments (Hofmann 1989, p. 921). The veins were formed about
310 Ma and were subject to hydrothermal alteration during Tertiary time and to low-temperature
oxidation since uplift in Quaternary time (less than 2 Ma) (Hofmann 1989, p. 921). The vein of
the ore body lies parallel to, and only a few meters away from, a fracture zone that acts as a
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major groundwater channel. The ore is oxidized to a depth of at least 240 m (Hofmann 1989,
p. 921). At present, uranium migration is retarded by sorption onto iron oxyhydroxides,
gorceixite [BaAI 3(PO4)(PO30H)(OH)6 ], and clays; Ra is fixed in barite (Hofmann 1989, p. 923).
The Ba-uranyl minerals (uranocircite and heinrichite) are much more common than their Ca-
uranyl equivalents, autunite and uranospinite.

A late Tertiary or early Quaternary hydrothermal event (approximately I 50'C) is thought to have
mobilized SO42-, with sulfur derived from pyrite oxidation (Hofmann 1989, p. 921). The
increased SO42- dissolved primary barite, increasing the Ba concentration in solution and
precipitated Ba-uranyl phosphates. Suspended material composed of clays (illite > kaolinite
> smectites), quartz, gorceixite, and amorphous iron oxyhydroxides constitutes 0.006 to 5.9 ppm
of the groundwater. These particles appear to have been transported I to 2 km under the
ambient, oxidizing near-neutral pH conditions (Dearlove et al. 1989, p. 932). Over a distance of
only a few meters, the concentration of dissolved uranium drops about two orders of magnitude,
the major uranium species change from carbonate to phosphate, the secondary uranium sulfates
precipitate, and the uranium is accumulated by gorceixite, smectite, and chlorite clays (Dearlove
et al. 1989, p. 929).

13.3.2.2.6 Summary of Spent Nuclear Fuel Alteration Analogs

The paragenesis of uraninite alteration phases depends on the mineralogy of surrounding host
rocks and on groundwater composition, pH, and oxidation-reduction (redox) potential. In
general, the progression of phases will be to uranyl silicates, with coffinite in a reducing
environment and uranophane in an oxidizing environment. Numerous compositional variations
are caused by trace elements present in the system. As shown by Finch and Ewing (1991,
p. 396), the formation of intermediate-phase schoepite may be favored early during the corrosion
of uraninite, but schoepite is not a long-term, solubility-limiting phase for oxidized uranium in
natural groundwater containing dissolved silica or carbonate (i.e., the type of groundwater at
Yucca Mountain).

Uraninite alteration products that form in reducing environments are not relevant to the
assemblage that would form at Yucca Mountain. The most analogous suite of alteration products
is found at Nopal I, where groundwater is oxidizing and nearly neutral in pH, and the host
rhyolitic tuffs are similar to Yucca Mountain tuffs. The unusual Ba-rich composition of
alteration products at the Krunkelbach Mine makes it a less useful analog to Yucca Mountain.
Phosphate-rich conditions at Koongarra produce a different suite of minerals than those
anticipated at Yucca Mountain. Alteration of Proterozoic (approximately 2,400 Ma to 700 Ma)
uranium deposits, such as Koongarra and .Shinkolobwe, introduces the important Pb-bearing
phases, such as curite, that play a role in the development of other stable phases in the system.
Because of the very young age of repository spent nuclear fuel, the presence of radiogenic lead
will not be an issue at Yucca Mountain. The young age of the Nopal I deposit is another
similarity to Yucca Mountain in regard to the absence of Pb-bearing phases.

13.3.3 Nuclear Waste Glass Analogs

Among the natural volcanic glasses, basalt glasses are compositionally the most similar to
nuclear waste glasses (Lutze et al. 1987, p. 142). Basalt glass and nuclear waste glass are similar
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in silica content, alteration products, alteration layer morphologies, and alteration rates in
laboratory experiments (Grambow et al. 1986; Arai et al. 1989; Cowan and Ewing 1989).
However, there are substantial compositional differences, as shown in Table 13.3-1. Basalt glass
alteration has been studied in a number of environments, including ocean floor, subglacial,
hydrothernal, and surface conditions (Grambow et al. 1986; Jercinovic et al. 1986; Arai et al.
1989; Cowan and Ewing 1989). Inferred alteration rates, as calculated from alteration rinds,
range from 0.001 gm/k.y. to 30 g~m/k.y. (Arai et al. 1989, p. 73).

Byers et al. (1987, p. 2) reported results of a study of natural basalt glasses that were collected
from a wide range of continental and oceanic environments. Ages of the samples ranged from a
few million to 350 MIa. All of the samples had altered to palagonite and exhibited dissolution
textures. (Palagonite is a vitreous, yellow-orange to red-brown alteration product that forms as a
surface gel layer on fresh basaltic glass.) The alteration products were mainly smectite clays,
zeolites, and calcite. The paragenetic sequence of the alteration minerals was largely a function
of the altering fluid composition. Byers et al. (1987) found no simple connection between the
thickness of the alteration rinds and age or general alteration environments. Jercinovic et al.
(1986, p. 671) reported that basaltic glass from the Wanapum Basalt near Hanford, Washington,
is replaced by surface layers of palagonite that are 10 to 350 ptm thick. The palagonite
chemically resembles nontronite, an Fe-rich smectite. Later alteration causes formation of
Mg-rich clays, such as saponites. In palagonites that formed as alteration rinds in Icelandic
basalts, Jercinovic and Ewing (1987, p. xiv) showed that the formed layers were not completely
amorphous, but contained a high proportion of clays, and that channels formed in the leached
layer allowed solutions to reach the fresh glass/alteration interface so that it was not protected
from further alteration.

Basaltic glass that had weathered for the past 12 to 28 k.y. at Hanauma Bay, Hawaii, had altered
partially to palagonite and zeolites (Cowan and Ewing 1989, p. 49). Zeolites were formed in the
following order: analcime to phillipsite to chabazite. The rate of alteration was less than
predicted by experiments, which led the authors to infer that the difference was a result of the
episodic presence of the groundwater over the years.

Grambow et al. (1986) demonstrated that a glass-and-water reaction model could be used to
model the long-term reaction of basaltic glass from a variety of aqueous environments. Their
study pointed out the important role of metastable phases in controlling solution compositions.
They also noted that the reaction rate can vary by five orders of magnitude, depending on
environment, and that the reaction rate is a factor of 100 lower under silica-saturated conditions.
They concluded that the long-term stability of glass is related to low temperatures and sealing of
the glass against circulating water. According to these authors, basalt glass could be preserved
under these conditions for hundreds of millions of years, whereas under more aggressive
conditions, the glass could be altered much sooner.

Hydration rates of rhyolitic glass were determined by Ericson (1981, p. 283) using obsidians
from California and Oregon in conjunction with archaeological data. This author found that
laboratory alteration rates were much lower than the rates' of natural hydration, in contrast to
comparative hydration rates of basaltic glasses found by Cowan and Ewing (1989, p. 49). The
calculated rate of hydration of high-silica glasses is about 30 Jim/m.y. at 20°C (Zielinski 1980,
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p. 198). It was observed that as the temperature increased, the devitrification rate also increased.
At 120'C, the process was found to be faster by four orders of magnitude.

Malow and Ewing (1981) compared the thermal and chemical stabilities of two borosilicate
glasses and one glass ceramic to those of three natural (volcanic) rhyolitic glasses, through a
variety of laboratory tests and observations of natural weathering. They concluded that natural
glasses are much more stable than waste-form glasses, as a result of higher silica contents in the
natural glasses (75 percent versus 28 to 51 percent in waste form glasses [Malow and
Ewing 1981, p. 317]). No difference in weathering was observed among the natural samples,
which ranged in age from 500 yr. to 670 k.y. At elevated temperatures, the waste glasses tended
to form new phases and to recrystallize, whereas the natural glasses did not display this
tendency. They noted that most volcanic glasses are less than 2 Ma, suggesting stability up to a
few million years at ambient weathering conditions.

Tektites (nonvolcanic glass of extraterrestrial or impact origin) range in age from approximately
100 ka to 35 Ma. They rarely show signs of alteration, dehydration, or devitrification (Lutze
et al. 1987. p. 143). Their great durability may be a result of their high silica and alumina
(approximately 30 percent) contents and their low (less than 4 percent) alkali contents (Lutze
et al. 1987, p. 144).

The degradation of archaeological glass has also been the subject of study. Glass was first
manufactured in approximately 1500 B.C. (Kaplan 1980, p. 85). The earliest glass was rich in
soda and lime. Later, lead glass came into being, followed by potassium-lime glass. Some of
the earliest glass has survived 3,500 yr. with little degradation (Kaplan and Mendel 1982, p. 24;
Miller and Chapman 1995, p. 34), even though it has high alkali concentrations that would tend
to make it reactive. Kaplan and Mendel (1982) identified five styles of structural decomposition
in the ancient glasses: weeping, pitting, crizzling (formation of a tiny network of cracks),
layering, and crusting. Some of these types of decomposition could be relevant to decomposition
of borosilicate glass.

A Japanese study examined the development of alteration products on the surfaces of glasses
deposited 280 to 2,800 yr. ago and produced by ancient volcanic eruptions on Mt. Fuji and as
scorias on Izuoshima Island (Yamato et al. 1992). The glasses had been subjected to weathering
by highly oxidizing rainwater. The water on Izuoshima is also enriched in salts. Under
conditions that were favorable for leaching, the glasses appeared to deteriorate at slow rates,
between 0.2 to 3.1 pln/k.y. for the Mt. Fuji glasses, and 1.7 to 1.8 pmlk.y. for the Izuoshima
glasses (Yamato et al. 1992, p. 47).

In summary, natural glass studies suggest that the rate of devitrification is too slow for the
process to be significant in the repository, although these studies have not considered the effect
of radiation. The compositions of the glasses used in natural analog studies differ somewhat
from borosilicate glasses, however, and this makes a simple analogy dubious for quantitative
purposes. High silica and alumina contents, along with low alkali contents, are favorable for
long-term preservation. For illustrative purposes, glass studies may be quite useful.

TDR-CRW-GS-00000I REV 01 ICN 01 13.3-9 September 2000



-

13.3.4 Archaeological Analogs to Burial in an Unsaturated Environment

Illustrative archaeological analogs are introduced in this section, in connection with the studies
of glasses just described and the studies of metals that follow in Section 13.3.5. Although they
may not provide suitable data sets for testing in Yucca Mountain models, the types of
archaeological analogs described by Winograd (1986, p. 4-6) should not be overlooked in
demonstrating the efficacy of an unsaturated environment in isolating radioactive waste.
Winograd (1986) cited numerous examples of delicate objects preserved by burial in arid and
semiarid unsaturated zones, including caves. He noted the preservation of cave art as old as
35 ka and archaeological finds that included ivory animal statuettes and molded clay bison from
caves in France and Germany, respectively. The caves provided a well-drained environment
with a relatively constant annual temperature and humidity. These conditions were apparently
favorable for preserving artifacts, in spite of the presence of oxidizing conditions and high
humidity. Other examples from Winograd's (1986) much more extensive list, not limited to
caves, included the following:

* A heap of preserved horse-bean seeds in Israel, dated 6500 to 6000 B.C.
* 10-ka wood and textiles in a Peruvian cave
* 4 to 8-ka Chilean mummies in shallow burial pits
* The 2-ka Dead Sea scrolls
* The 1-ka manuscripts in Chinese cave temples in the Gobi Desert.

The main point is that considerable evidence points to the preservation of delicate materials over
many millennia in dry, unsaturated environments. An example closer to home is at Spirit Cave,
Nevada where a 9.4-ka mummy was discovered. (Dansie 1997). The body was well preserved,
with clothing and hair remaining. Stuckless (2000) has cited evidence from Paleolithic to
Neolithic paintings in caves and rock shelters in Europe and paintings and artifacts preserved in
man-made rock shelters in Turkey that support models in which flow occurs around openings in
the unsaturated zone over long time periods and in varied climates and geologic media.

Winograd (1986, p. 5-6) recommended that a detailed synthesis of preserved materials and
objects be prepared to attempt to determine the environmental conditions that led to preservation.
The archaeological record, like the paleontological record, is subject to bias, in that only some
objects are preserved. Furthermore, the environmental record of the distant past may be difficult
to determine. However, synthesizing the archeological record with past environmental data
could provide a valuable qualitative supplement to numerical models and be more easily
demonstrated to the public.

Archaeological and industrial analog studies of materials, such as glasses and cements, have
tended to provide qualitative information that can be used to infer long-term stability of these
materials. Although these studies may not provide quantitative data themselves, they can be
used to support extrapolated values from short-term laboratory experiments. Such studies may
also yield important information concerning the nature of the degradation processes
(i.e., whether radionuclides may be retained by secondary alteration products through sorption
or precipitation).
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13.3.5 Metal Analogs to Waste Package Materials: Their Role in the Disposal Concept

The current reference design is a two-layer barrier system, with a 2-cm layer of Alloy-22
(Ni-based, high-Cr) as the corrosion-resistant material, over a 5-cm layer of stainless steel
(316L) as the corrosion-allowance material. No carbon steel will be used except in the interior
basket. Because the canister is thinner than in previous designs, it is not self-shielded, so
radiation will be higher. It is not certain whether radiolysis will be a problem (CRWMS M&O
1999, p. 5-39). Although failure of the canister will most likely occur in the form of perforations
created by localized corrosion of the corrosion-resistant layer, the high-performance, corrosion-
resistant alloys could undergo degradation predominantly by general corrosion (CRWMS M&O
1998c, pp. 5.1, 5.2).

Many factors influence the potential corrosion modes of the candidate materials. These include:

* Metallurgical factors (alloy composition and microstructure)

Physical factors (temperature, relative humidity, and water contact mode)

Chemical factors (pH and concentration of aggressive species, such as chloride, sulfate,
nitrate, and carbonate ions)

* Mechanical stress (McCright 1998, p. xv).

Under the near-field environmental conditions expected in the unsaturated zone at Yucca
Mountain, the majority of waste packages are expected to be exposed to humid air conditions
during the emplacement period. In the absence of a drip shield, some fraction of the waste
packages that are emplaced in areas where seepage occurs could be dripped on during the
emplacement period. Therefore, the significant contributors to the degradation mode of the
waste package are the temperature and relative humidity in the drift and the water-contact mode.
The frequency of the seepage and its chemistry (especially pH and chloride concentration) will
also significantly affect the degradation of the waste packages (CRWVMS M&O 1998c, p. 5.1-2;
McCright 1998).

The durability of metals is discussed briefly. This discussion is brief because typically the
metals that have been studied as analogs to waste package materials are not very similar in
composition to the high-Cr, Alloy-22 composition that is planned for use in waste package
canisters or the titanium planned for drip shields in the repository. Nevertheless, it may be
possible to use information regarding degradation of common metals (e.g., iron and copper) as
evidence of their longevity, provided environmental conditions are taken into consideration.

13.3.5.1 Iron

13.3.5.1.1 Buried Nails at Inchtuthil, Scotland

An ancient hoard of buried nails has been used in a study of the corrosion of iron. These nails
were found on the site of the most northerly fortress of the Roman Empire at Inchtuthil,
Scotland. An estimated total of more than 1 million nails had been buried in a 5-m-deep pit and
covered with 3 m of compacted earth in a successful attempt to hide the nails from Pictish tribes
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when the fortress was abandoned in 87 A.D. (Miller et al. 1994, p. 336). The fortress was
excavated in the 1950s, when the surviving nails (about 850,000) were unearthed. Although the
nails were composed of iron, they were heterogeneous in composition, with regions of high and
low carbon content. The surfaces of all the nails exhibited some corrosion, but the degree of
corrosion was greatly controlled by the location within the hoard. The nails toward the inside of
the hoard showed minimal corrosion, limited to the formation of a thin, corroded layer, whereas
the nails toward the outside of the hoard, especially those near the top, were corroded to such an
extent that they formed a solid crust. This example serves to illustrate the protective role of a
corrosion-formed crust in reducing or preventing further corrosion.

13.3.5.1.2 Meteorites and Iron Artifacts

It has been suggested that iron meteorites may be good analogs of steel-alloy waste package
canisters. Iron meteorites are essentially Ni-Fe alloys (Ni content usually ranges between 5 and
11 percent by weight, with a maximum of 60 percent by weight), with minor amounts of Co
(0.3 to 1.0 percent) and traces of Cr (5 to 2,500 ppm), Cl (I to 10 ppm), and Ti and V (0.5 to
5.0 ppm) (Johnson and Francis 1980, p. 4.2). Iron meteorites lack the high Cr concentration of
Alloy-22 used in the YMP design. Nevertheless, if iron meteorites were to be studied for the
purpose of extrapolating their corrosion rates to those of a waste package canister material, it
would be necessary to select meteorites of datable terrestrial ages. Furthermore, their validity as
an analog would be increased by the ability to monitor the present environmental parameters,
such as pH, Eh, or soil moisture, and to estimate past environmental parameters in the setting
where they fell to Earth. This means that only meteorites that can be traced to their depositional
sites would yield useful information for such a study.

The presence or absence of a fusion crust (i.e., a magnetite [Fe3 O4 ]-wfistite [Fel-,O] rind formed
by rapid oxidation during atmospheric descent) may be a factor in the range of weathering that
occurs at sites where meteorites fragment on descent as well as on impact. At Canyon Diablo,
Arizona, meteoric material that developed a fusion crust during descent was, with the exception
of silica-coated metal particles, more resistant to weathering than masses formed on impact,
which developed a thin fusion crust, if any (Johnson and Francis 1980, p. 4.20).

The nickel content of a meteorite appears to affect its resistance to corrosion. Phases with 20 to
30 percent by weight Ni (ataxites) have frequently shown superior resistance to terrestrial
corrosion than phases with less Ni. By measuring potentials between selected phases, Buddhue
(in Johnson and Francis 1980, p. 6.4) determined that corrosion over a period of centuries
consumed kamacite (Fe, 7.5 percent Ni), while preserving phases such as taenite (Fe, 25 percent
Ni), schreibersite (Fe, Ni)3 P (identified by Buchwald [in Johnson and Francis 1980, p. 6.4] as the
meteorite mineral most resistant to corrosion), and draubreelite (FeCr2S4). The better preserved
phases are higher in Cr and Ni.

The durability of the iron pillar (99.7 percent Fe) of Asoka, India, is attributed to its location in a
relatively dry environment and to its fabrication with minimal impurities. Johnson and Francis
(1980, p. 6.5) indicated that the pillar was constructed by forge-welding together many solid
disks. They suggested that conditions during welding may have been favorable for formation of
corrosion-resistant oxides.
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Johnson and Francis (1980, p. 3.4) investigated general, as opposed to localized, corrosion of
more than 40 Fe artifacts and a few meteorites and obtained a rate of uniform corrosion of 0.1 to
10 gm/yr. over a range of environmental conditions, excluding sea water. Chapman et al. (1984,
p. 39) used a corrosion rate of 1 pm/yr. (in the middle of this range) to obtain a lifetime of
50 k.y. for the mechanical stability of the Swiss waste package container.

Johnson and Francis (1980, p. 6.7) noted that dry and tomb-like environments were the most
benign to all ancient materials, because lack of moisture condensation suppressed corrosion.
They further suggested that if temperatures are below the range where rapid oxidation occurs
(varying by metal), elevated temperatures (above the dew point) are an advantage to the
preservation of metals.

13.3.5.2 Copper

13.3.5.2.1 Kronan Submerged Bronze Cannon

A bronze cannon salvaged from the Swedish man-of-war ship Kronan, which sank in the Baltic
Sea in 1676, was the subject of an investigation of the rate and mechanism of copper corrosion
(Neretnieks 1986). The cannon had been partly buried in a vertical position in clay since the ship
sank. This is a close analogy to the copper canisters used in the Swedish KBS-3 spent nuclear
fuel repository design (Miller et al. 1994, p. 336), in that the cannon had a high Cu content and
the montmorillonitic clay surrounding it was tightly packed and water-saturated. Chemical
analysis showed that the copper from the cannon had diffused 4 cm into the clay, causing a
1 percent reduction in the copper content at the surface of the cannon. The sediment pore waters
around the cannon had neutral pH with variable Eh. Pore waters nearest the top of the sediments
were more strongly oxidizing, as a result of oxygen diffusion from sea water. Corrosion
products included Cu2O and Fe2O3 , which confirm a generally oxidizing environment.
A corrosion rate of 0.15 gm/yr. was calculated, and this was uniform over the bronze surface.

13.3.5.2.2 Copper Artifacts

Tylecote (1977, 1979) investigated archaeological artifacts, including those from shipwrecks of
various ages, to determine the durability of copper over long periods of time. The author found
that, under aggressive conditions, the most corrosion-resistant materials were the tin-bronzes,
and he was able to calculate an average corrosion rate of 0.225 jim/yr. for these in mildly
alkaline soil. Johnson and Francis (1980) conducted a more comprehensive analysis of
34 artifacts composed of copper or copper alloys and determined from them a range of copper
corrosion rates of 0.025 to 3.0 jm/yr., with an average rate of approximately 0.3 jim/yr. If this
rate were related to corrosion of a 10-cm-thick copper canister (e.g., of the type planned for
disposal in the Swedish radioactive waste program), it would correspond to a canister lifetime on
the order of 800 k.y. to 4 m.y. However, a simple extrapolation such as this neglects
consideration of different manufacturing techniques and compositions of modem copper alloys
compared to those found in the ancient historical record.
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13.3.5.3 Titanium

Johnson and Francis (1980, p. 2.3) indicated that titanium was not discovered until the end of
the eighteenth century and was first produced as a pure metal in 1910. Therefore, it will not be
possible to find ancient materials that used titanium. Any future studies would need to consider
its occurrence and stability in rocks. The one analog study that has considered titanium, with
respect to the Canadian disposal concept, is Cigar Lake (see Section 13.5).

13.3.6 Concrete and Alkaline Plumes: Their Role in the Disposal Concept

The interaction of water with concrete support components in emplacement drifts was considered
in the TSPA-VA, but concrete is not part of the license application design selection repository
design except as grout around rock bolts. The TSPA-VA analyses indicate that water interacting
with concrete would have a pH near 11 for at least 10 k.y. but for much less than 100 k.y. This
pH change represents a substantial change to ambient water composition and may affect the
ability of the engineered barrier system to contain radionuclides within the drift. This would, in
turn, change the source term for TSPA. In addition, higher pH fluids migrating into the
geosphere could react more readily with the host rock (CRWMS M&O 1998b, p. 4.74).

Such alkaline fluids can alter the siliceous host rock along the fracture pathways and in the
matrix. The mineralogical changes, the distance over which they may occur, and the distribution
of such alterations are still very uncertain, but they could produce changes in the amount of
fracture-matrix interaction and the sorption of radionuclides within the unsaturated zone host
rock. Because of the complex and uncertain nature of this alteration, current process models do
not include any explicit representation of these potential changes to minerals along radionuclide
migration pathways. The potential impacts from concrete-modified water compositions assessed
in the TSPA-VA sensitivity results appear to be greatest for the 10-k.y. period, because earlier
and more frequent waste package failures allow greater exposure of the waste form inventories at
earlier times (CRWMvfS M&O 1998b, p. 4.7-5).

13.3.6.1 Oman

The Oman investigation was a natural analog study of hyperalkaline groundwaters concerned
with the effect of hyperalkaline conditions on radionuclide transport processes, including
solubility and speciation, colloids, and microbial populations. A primary aim of the study was to
test the ability of thermodynamic codes to represent and predict hyperalkaline rock-groundwater
equilibrium conditions. Details of the investigations are given by Bath et al. (1987b) and are
summarized in Bath et al. (1987a) and McKinley et al. (1988).

The Oman natural analog site is located in the Semail Ophiolite Nappe of northern Oman
(Figure 13.3-2). The ophiolite represents a complete 15-km-thick cross section of obducted
oceanic crust and upper mantle rocks (Lippard et al. 1986, p. 153). The original mineralogy of
the upper-mantle harzburgites was predominantly olivine, with lesser amounts of pyroxenes,
whereas in the gabbros and basalts of the oceanic crust, the original mineralogy was
predominantly pyroxenes with lesser amounts of olivine. The Mg- and Fe-rich olivine has been
substantially hydrated by reaction with large volumes of meteoric water to form serpentine and
iron oxide phases, with the effect of increasing matrix porosity. Serpentinization causes the
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northern Oman groundwater to become both strongly alkaline and reducing. The hyperalkaline
groundwater tends to flow in the mantle-derived rocks and reach the surface at springs located at
the contact between the crustal and mantle-derived rocks. At the surface, the groundwater
degases large volumes of dissolved hydrogen. Seven springs were sampled, and the groundwater
was found to be a Na-Cl-Ca-OH solution, with pH levels between 10 and 12. This unusual
chemistry is reflected in the minerals precipitated at the springs, which include brucite
(Mg(OH)2 ) and portlandite (Ca(OH)2 ). The concentration of trace elements in the groundwater
was very low (Bath et al. 1987b).

13.3.6.2 Mlaqarin, Jordan

The Maqarin study site is located at the hyperalkaline (pH 12 to 13) natural springs of the
Maqarin area of northern Jordan (Figure 13.3-3). The rock formations of interest are Cretaceous
marls and bituminous limestones, known locally as the Bituminous Marl Formation. The
geology of the site is described by Khoury et al. (1992). The rocks are composed essentially of
calcite, with accessory quartz, dolomite, apatite, pyrite, and clay minerals, and have a high
organic content (up to 20 percent). This rock formation is of interest because it contains an
assemblage of naturally formed cement minerals. Both high- and low-temperature mineral
assemblages have been identified. High-temperature minerals include graphite, apatite, diopside,
wollastonite, and anorthite. Low-temperature minerals include gypsum, ettringite, tobermorite,
and, most importantly, portlandite as a rock-forming mineral. The portlandite forms by a
two-stage process. First, lime forms as the rock spontaneously combusts if quartz is absent, and
second, the lime hydrates to form the portlandite as groundwater is introduced. The high pH of
the groundwater is controlled by the solubility of portlandite and other cement phases. This is
analogous to the situation in a cementitious low-and-intermediate-level waste repository of the
type planned in the United Kingdom, and it is different from the system at the Oman natural
analog site, where the hyperalkaline conditions relate to the alteration of ultramafic minerals (see
Section 13.3.6.1).

High trace-element concentrations were measured in the Maqarin groundwater. High
concentrations of major ions were also measured, which likely result from the subsurface
dissolution of sodium and potassium oxides. The order of source-rock leachates appears to be
the same as predicted by models of cement degradation (i.e., NaOH and KOH, followed by
Ca(OH)2) (Maqarin Natural Analogue Site Study Group 1992, p. 130).

The principal use made of the Maqarin natural analog has been in blind testing of solubility and
speciation thermodynamic databases and, to a lesser extent, thermodynamic codes.
Microbiological and colloidal populations have also come under investigation. Full details of
these investigations are given in Khoury et al. (1992), Maqarin Natural Analogue Site Study
Group (1992, Chapter 5), and Tweed and Milodowski (1994). Although this natural analog has
only been used in model testing, the close analogy between the groundwater at Maqarin, and that
expected in a cementitious low- and intermediate-level waste repository, make this an ideal
natural analog for the study of other processes in a hyperalkaline environment. A two-volume
report that encompasses the entire body of work conducted at Maqarin was published by the
Swedish Nuclear Fuel and Waste Management Company (Smellie 1998).
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13.3.63 Gallo-Roman Cements

Cement studies have shown that calcium silicate hydrate compounds provide the strength and
stability in modem Portland cements. Calcium silicate hydrate compounds were formed early in
the development of Roman cement, which used crushed vitreous fireclay as a pozzolan in the
concrete mixture (e.g., Hadrian's wall in northern England) (Miller et al. 1994, p. 140; Miller
and Chapman 1995, p. 39). The calcium silicate hydrate compounds reduced the porosity and
permeability of the concrete and helped to ensure its preservation for more than 2,000 years with
no loss of mechanical strength. Similar results were obtained from the earliest reinforced
concrete structures in Britain and in the earliest Portland cements used in sea defenses 150 years
ago (Miller and Chapman 1995, p. 40).

However, the interaction between cements and materials with which cement is in contact is
important to examine. One industrial analog study looked at interaction between cement and
rock in a tunnel driven into marls. The concrete was found to be completely recrystallized at the
contact zone, resulting in a significant increase in porosity and loss of mechanical strength
(Miller and Chapman 1995, p. 42). It would be useful to investigate other pairs of potential
repository materials, because the effect of material stability may be unexpected. Such a study
could be conducted at the Krasnoyarsk-26 site in Russia, where a 1-km-long tunnel constructed
in granodiorite is lined with 1-m-thick concrete. The excavation has been subjected to heating
by nuclear reactor processes. The site would also afford the opportunity to investigate the effect
of thermally coupled processes on concrete stability.

13.3.7 Effects of Radiolysis

Radiolysis is chemical decomposition caused by radiation, and its effects on both the waste form
and the waste package deserve examination. The effects of radiolysis in the Oklo ore deposit are
discussed by Curtis and Gancarz (1983). The authors calculated the alpha- and beta-particle
doses in the critical reaction zones during criticality and the energy provided to the fluid phase
by these particles. The energy caused radiolysis of water and the production of reductants and
oxidants. The effect of these reductants and oxidants on the transport of radionuclides within
and outside the reactors has been difficult to quantify. Iron is most reduced in the samples that
show the greatest 235U depletion. Curtis and Gancarz (1983, p. 32) suggested that the reduction
of iron in the reactor zones and oxidation of U+4 in uraninite was contemporaneous with the
nuclear reactions and not a later supergene phenomenon of secondary enrichment. Curtis and
Gancarz (1983) suggested that radiolysis of water resulted in the reduction of Fe 3 in the reactor
zones and the oxidation of uranium. Furthermore, the authors suggested that the oxidized
uranium was transported out of the critical reaction zones and precipitated through reduction
processes in the host rocks immediately outside the zones. The reduction processes likely
involved organics or sulfides present in the host rocks. However, if the host rocks around the
natural reactor cores had not contained species capable of reducing the oxidized uranium
transported out of the cores, the uranium could have been transported much farther from the
critical reaction zones. The important point is that, even with intensive radiolysis, very little
(only several percent) of the uranium in the natural reactors was mobilized (Naudet 1978,
p. 590).
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13.3.8 Summary of Waste Package Metal and Concrete Analogs

The analogs to metals presented in Section 13.3.5 serve mainly to demonstrate that under
ambient to slightly elevated temperatures, the metals will be stable for thousands of years, even
under oxidizing conditions. Because the historical record is unlikely to offer analogs to titanium
stability, Ti-bearing minerals such as sphene and rutile may offer insights. For cements,
important considerations are the effects of elevated temperatures on stability of cement minerals
and reactions at the interface between cement and other materials. Radiolysis deserves
consideration because it is uncertain if radiolysis will be a potential problem around waste
packages in the Yucca Mountain Site Characterization Project Enhanced Design Alternative II
design scenario, in which waste packages are not self-shielded. Under criticality conditions at
Oklo, several percent of uranium was estimated to have been mobilized, but the conditions were
far more extreme than those anticipated at Yucca Mountain.
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13.4 NATURAL SYSTEM ANALOGS

This section considers analogs to natural system processes, working from the direction of the
potential repository and near-field environment (Section 13.4.1) to the unsaturated zone
(Section 3.4.2) and out to the saturated zone (Section 13.4.3).

13.4.1 Analogs to Coupled Thermal-Hydrologic-Chemical Processes

13.4.1.1 Introduction

The emplacement of heat-generating waste in a geologic repository located in the unsaturated
zone will cause perturbations to the natural environment through heat transfer, resulting from
convection and conduction, as well as by associated geochemical and geomechanical changes
taking place in the repository near-field and altered rock zones (Section 11 of this report).
Although data collected from heater tests have significantly advanced understanding of
thermohydrologic processes and coupled behavior, it will be difficult to measure
thermohydrologic behavior deterministically, because the experiments would be too limited for
the time frame over which the processes take place and thus cannot represent time and rate
scales. Natural analogs, on the other hand, provide opportunities for testing models and building
understanding in thermally coupled processes by providing data from fossil hydrothermal
systems, by observations from ongoing processes in geothermal fields, and by using data from
geothermal systems to test and build confidence in numerical modeling codes and in
thermodynamic and kinetic databases. Sections 13.4.1.2 and 13.4.1.3 discuss these three
opportunities for application of natural analogs.

13.4.1.2 Fossil Hydrothermal and Intrusive Contacts

The effects of shallow (less than 500 m) magmatic intrusions into unsaturated rocks can be quite
different from the effects associated with deeper hydrothermal, saturated systems. This
section examines the thermally coupled hydrologic-chemical processes that are relevant to
thermal-hydrologic-chemical interactions during the repository postclosure period and identifies
natural analog cases where the effects of magmatic intrusion and attendant heating have been
studied in both saturated and unsaturated systems. Processes that are relevant to
thermal-hydrologic-chemical interactions during the repository postclosure period include:

* Zeolitization of volcanic glass, affecting transport pathways and sorption

* Potential dehydration of zeolites and vitrophyre, causing water release and affecting heat
and fluid flow

* Thermal reduction of sorptive mineral properties

* Changes in water chemistry resulting from interactions between engineered barriers and
groundwater, which may affect seepage and flow

. Fracture permeability changes caused by dissolution or precipitation of minerals,
including formation of mineral caps.
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A good analogy for understanding future potential repository behavior is the fossil hydrothermal
system at Yucca Mountain itself (Bish and Aronson 1993). Detailed mineralogical examination
of Yucca Mountain tuffs showed that most zeolitic alteration occurred between 13 to 11.6 Ma, at
about the same time as tuff emplacement. After formation of the major zeolitic horizons,
deep-seated hydrothermal activity persisted until about 10 Ma. This activity was limited to
temperatures between 90° and 1000C, the zeolite stability limit. At prolonged exposure to
temperatures greater than 90'C, the sorptive zeolites clinoptilolite and mordenite are altered to
the nonsorptive zeolite analcime, plus quartz and calcite.

Conceptual models for mineral evolution at Yucca Mountain (DOE 1998a, p. 2-67) suggest that
the most likely mineralogical reactions caused by repository heating would include the
following:

. Dissolution of volcanic glass and precipitation of clinoptilolite, clay, and opal-CT
(i.e., opal with cristobalite- and tridymite-type stacking)

. Dissolution and precipitation of silica polymorphs (cristobalite, opal-CT, tridymite, and
quartz)

Alteration of feldspars to clays

* Reactions involving calcite and zeolites.

Figure 13.4-la illustrates paleotemperatures that were inferred from mineralogical data in several
drillholes at Yucca Mountain (Bish and Aronson 1993, p. 154). Measured, present-day
temperature profiles are shown for comparison. It can be seen from Figure 13.4-la that present-
day temperatures in drillhole G-3, which is within the potential repository block, compare
closely to inferred paleotemperatures. In contrast, increasingly higher paleotemperatures are
inferred for drillholes G-l and G-2, which are closer to the center of the Timber Mountain
caldera source of eruption (G-2 being the farthest north). Figure 13.4-lb shows mineral and
glass abundance and clay mineralogy from GU-3/G-3 drill core which were used to infer the
paleotemperatures. Similar mineral abundance diagrams for G-1 and G-2 drill cores indicate a
northward progression of an increasing abundance of clays and zeolites, along with decreased
glass abundance. This is in keeping with the reactions stated above.

Results from thermodynamic modeling indicate that the stability of various zeolites is a function
of silica activity, temperature, aqueous Na concentration, and the mineralogy of silica
polymorphs (Carey et al. 1997). Increasing temperature or Na concentration causes the
alteration of zeolites to other phases. Kinetic effects are, however, important in assessing the
significance of thermodynamic and natural analog study conclusions. Kinetic data suggest that
saturated conditions are necessary for notable progress in these reactions, as discussed by
Carey et al. (1997). Therefore, under ambient conditions, the reactions are likely to proceed
more slowly in the Yucca Mountain unsaturated zone (excluding perched water zones) than
below the water table. Similarly, the persistence of opal-CT below the water table indicates that
silica reaction kinetics at Yucca Mountain are slower than laboratory studies suggest. However,
if prolonged boiling occurred in saturated tuffs, significant progress in all these reactions could
occur. The thermal design of the potential repository would limit temperatures above 100°C
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within the Topopah Spring welded unit, and, in any case, the current Enhanced Design
Alternative II design scenario calls for sufficient drift spacing such that temperatures between
drifts will remain below boiling (CRWMS M&O 1999).

In addition to considering Yucca Mountain as a self-analog, contacts between igneous intrusions
and the host rock may provide useful information as coupled process analogs. Numerous
igneous intrusion contact zones have been examined with the objective of understanding
chemical reactions and the migration of elements away from the heated contact zone, as well as
understanding thermal-hydrologic-chemical effects, both in saturated and unsaturated systems.
In early studies, elemental migration across a 2-m-wide contact zone around the Eldora Stock in
Colorado was investigated as an analog to elemental transfer in a crystalline repository during
heating by waste canisters (Brookins 1986; Wollenberg and Flexser 1986). Oxygen isotope data
showed a distinct contrast between the 58-Ma quartz monzonite stock and the Precambrian
metamorphic country rock, which Wollenberg and Flexser (1986) interpreted to indicate a lack
of hydrothermal convective cooling. No systematic uranium enrichment or depletion was
detected in rocks that could be related to distance from the contact (Wollenberg and Flexser
1986), but data were insufficient to ascertain whether uranium mineralization occurred before or
after emplacement of the stock.

In contrast to the Eldora stock, intrusion of the Alarnosa River, Colorado, stock, a monzonite
body that intruded tuffaceous and andesitic volcanic rocks about 30 Ma (Brookins 1984), appears
to have established a large-scale convecting hydrothermal system (Brookins 1986). Alteration of
the tuffs is observable to 60 m from the contact with the occurrence of calcite intergrown with
the rock matrix, chlorite and sericite, quartz overgrowths, and epidote (Wollenberg and Flexser
1986). The contact itself contains a dense intergrowth of epidote, sphene, and fine hematite-
filled fractures. Concentration gradients of Cs, Th, and Co in the tuff increase toward the
contact, but other trace elements show no indication of migration between the stock and the tuff
(Wollenberg and Flexser 1986).

The effects of shallow (less than 500 m) magmatic intrusions into unsaturated host rocks can be
quite different from the effects associated with deeper hydrothermal systems (which have been
studied more extensively) and of which the two previously mentioned studies are examples. One
site in an unsaturated environment was the contact between the Banco Bonito obsidian flow and
the underlying Battleship Rock Tuff in a steep-walled canyon on the southwest rim of the Valles
Caldera, New Mexico. This has been the focus of a number of analog studies (Krumhansl and
Stockman 1988; Stockman et al. 1994). The Banco Bonito flow filled a steep-walled canyon cut
in the Battleship Rock Tuff about 400 ka. Present hydrologic conditions are unsaturated. The
obsidian, initially at temperatures of 850'C, heated the porous tuff in the canyon walls to 1500 to
350'C for decades, and, according to models, vaporized much of the pore water, causing
refluxing of water. Contact effects include a reddish baked zone, extending tens of feet into the
tuffs. No evidence of hydrothermal alteration was noted, suggesting that the area was
unsaturated at the time of contact.

The Valles analog site presents several interesting features. First, the Battleship Rock Tuff is
very homogeneous in major- and trace-element composition, so that it would be possible to
detect distinct elemental differences caused by heating at the contact. Second, there is no
evidence of a later hydrothermal overprint that could blur the effect caused by deposition of the
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obsidian flow. Based on a detailed mineralogical, chemical, and isotopic study, Stockman et al.
(1994, p. 88) concluded that the overall effects of heating in this unsaturated environment
appeared to have been slight and were limited to the tuff nearest the contact. Some evidence
existed for devitrification and migration of volatiles in the tuff within 10 m of the contact, but
variations in major- and trace-element chemistry were small and difficult to distinguish from the
natural variability of these elements in the rock. Apart from devitrification, the principal
mineralogic change in tuff near the contact was the development of feldspar-silica linings on
voids in the pumiceous-tuff matrix. No significant development of zeolites was found.

The influence of a shallow, basaltic intrusion into pyroclastic deposits at Grants Ridge, New
Mexico, was studied by WoldeGabriel et al. (1999). At Grants Ridge, a 2.6-Ma basalt plug
intruded into 3.3-Ma nonwelded, pumice-rich, compositionally homogeneous rhyolitic tuff and
volcaniclastic sediments. A 10-m-wide aureole, characterized by color variation, contact
welding, brecciation, partial melting, and stoping, developed around the 1 50-m-wide basalt plug.
Despite the high-temperature basaltic intrusion, there was no evidence of pervasive hydrothermal
circulation and consequent alteration of the country rock that could have occurred had there been
extensive, fluid-driven, convective heat transfer. WoldeGabriel et al. (1999) found that the
proportion of volcanic glass, volatile species, Fe, and some trace-element and lanthanide-element
contents in the host rocks were somewhat depleted at the contact of the intrusion. In contrast, the
degree of devitrification and K content were higher along the contact. The authors postulated
that vapor-phase expulsion of elemental species could have been responsible for the minor
depletion of elements during devitrification of the silicic glass at near-solidus temperature related
to the basaltic intrusion.

The WoldeGabriel et al. (1999) study performed finite difference numerical modeling to model
the Grants Ridge intrusion as a dry, conduction-dominated system. Model results were
compared to an analytical solution and to results using the heat and mass transport code FEHM
(Zyvoloski et al. 1992, 1997). Modeling results, which agreed well with geochemical and
mineralogical data, indicated that contact welding of the host rocks apparently occurred at
temperatures greater than 700'C under a lateral load of approximately 1 MPa, corresponding to
the observed depth below the former ground surface of approximately 100 m (WoldeGabriel
et al. 1999). Because devitrification is generally enhanced by the presence of aqueous fluids, the
abundance of volcanic glass within a short distance (approximately 10 m) from the plug is
consistent with the inference that the plug intruded into an unsaturated environment. Although
no apparent hydrothermnal alteration was recognized in the contact zone, this field study and
others like it provide an upper-temperature-bound natural analog to evaluate the effects of heat
from decay of radioactive waste. In fact, the temperatures in these studies far exceed the highest
temperatures anticipated in a repository. Field and laboratory data from this analog study can
also be used to build confidence and to calibrate models of such processes within similar
physical and chemical environments.

In the Paiute Ridge area of the Nevada Test Site, late Miocene basaltic magma intruded a
sequence of 22- to 1- Nia tuffs (Lichtner et al. 1999, p. 5). The intrusions formed as dikes, sills,
and lopoliths. The original depth of the intrusions was on the order of 150 to 200 m (Crowe
et al. 1983, p. 266). A contact aureole approximately 3 m wide surrounds the intrusions.
Matyskiela (1997) studied alteration surrounding one intrusion, the 50-m-wide Papoose Lake
sill, in proposing the Paiute Ridge intrusive complex as a natural analog for thermal-hydrologic-
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chemical processes at Yucca Mountain. The analysis by Matyskiela (1997) was based on a pure
heat-conduction model. The model results from Matyskiela (1997, p. 1116) indicated maximum
temperatures in the tuff host rock of 5501C and cooling times ranging from 10 to 400 years
following the intrusive event. These results contrast strongly with much longer cooling times, on
the order of several thousand years, calculated by Lichtner et al. (1999, p. 21). The major
finding by Matyskiela (1997) was alteration of glass shards to cristobalite and clinoptilolite in the
host tuff within 60 m of the intrusion. He interpreted the alteration as being hydrothermal in
origin, resulting from emplacement of the intrusion, although he never conclusively
demonstrated that the alteration postdated the intrusion. Most significant was his observation of
complete,filling of pore spaces with silica at fracture-matrix interfaces, thus creating open
conduits for infiltrating fluid flow along fractures.

Matyskiela (1997, p. 1117) estimated enhanced fracture-flow in the open conduits to be as much
as five times that of ambient conditions. This is opposite to the behavior that would occur with
formation of a silica cap, as predicted by simulations conducted for Yucca Mountain (Hardin
1998, pp. 5.57, 5.58), in which fractures would become filled with quartz or chalcedony, thus
inhibiting further flow. More recently YMP modeling results based on current fracture porosity
estimates indicate no formation of a silica cap (CRWMS M&O 2000c). At issue is the extent to
which a fracture can be filled by the silica contained in matrix-pore water. The two-phase
numerical simulation results by Lichtner et al. (1999) suggest that at distances of tens of meters
from the larger of the Paiute Ridge intrusions his group studied (width greater than or equal to 39
m), prolonged boiling conditions were established for as long as several thousand years. Their
analysis assumes that, as pore fluid in the matrix is brought into equilibrium with respect to a
particular silica polymorph (e.g., amorphous silica) at boiling conditions, the matrix fluid boils
and escapes into the surrounding fracture network. Amorphous silica, with its higher solubility,
provides the largest fracture filling, followed by chalcedony and quartz. For the complete
sealing of a fracture, only a very small fracture-volume fraction is needed.

Thermal-hydrologic-chemical processes can be better constrained through analysis of selected
intrusive complexes hosted in unsaturated tuffaceous rock. The ideal intrusion to serve as a
natural analog to thermal-hydrologic-chemical processes anticipated at a Yucca Mountain
repository should be emplaced above the water table, should be of sufficient size to produce
enough heat to sustain boiling conditions for times on the order of several thousand years
(approximately 30 m wide), and should occur in host rock of similar composition and
characteristics to the Topopah Spring Tuff. The Paiute Ridge intrusive complex satisfies the first
two criteria, but the tuff host rock into which it has intruded is a nonwelded vitric tuff.
Nevertheless, this does not exclude it as a meaningful analog.

In summary, in both the Banco Bonito study and the Grants Ridge basalt-intrusion study, the
effects of high-temperature intrusions into unsaturated environments appear:

* To have been slight

. To have been limited to within approximately 10 m of the contact

To show no evidence of fluid-driven convective heat transfer or pervasive hydrothermal
alteration of the country rock.
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These field studies, along with the Paiute Ridge field studies, provide data for assessment of
magmatic intrusions into or near a potential repository. But just as importantly, they provide a
limiting, high-temperature-case natural analog for evaluating thermal-hydrologic-chemical
processes introduced by decay of radioactive waste in an unsaturated environment.

13.4.1.3 Geothermal Systems

Many processes that are expected to take place under repository conditions are the same as those
that occur in geothermal fields. These processes include evaporation, boiling, condensation, one-
and two-phase fluid flow, mineral alteration and reaction, mineral precipitation and dissolution,
and consequent potential changes in fracture-matrix interaction. Coupled processes related to
geothermal systems have been observed, measured, and simulated for more than two decades in
the geothermal industry. Data and analyses from geothermal analogs yield important
information about expected thermohydrologic conditions at Yucca Mountain and about
perturbations caused by thermally induced geochemical and mechanical changes in the rock
mass. Geothermal analogs are one of the major ways of building confidence in understanding
the thermohydrologic behavior of the repository system, as it is coupled to chemical processes,
over long time periods. Data from geothermal fields can be used to test coupled process-
modeling codes used by the YMP in order to match observations (e.g., chemical reactions,
occurrence of heat pipes) in geothermal fields with those predicted by the code.

The versatility of geothermal reservoir simulators has made possible their application to a wide
range of fluid and heat-flow problems. Main areas in which numerical simulation studies have
produced significant advances in understanding geothermal systems include the following:

* Pressure decline in the depletion of boiling reservoirs
* Evaluation of boiling and condensation zones

Reservoir exploitation strategies
. Vapor-dominated and liquid-dominated heat pipes
* Transition from liquid-dominated to vapor-dominated systems
* Natural evolution of hydrothermal convection systems
* Fluid and heat transfer in fractured porous media
* Nonisothermal and two-phase well testing
* Effects of reinjection and natural recharge
* Noncondensable gas effects.

To produce an adequate model, numerical codes must be able to handle processes of heat
transfer; two-phase flow under nonisothermal conditions in one, two, and three dimensions (with
varying degrees of nonlinearity); coupling of fluid and heat flows; and complex boundary
conditions. Modeling of geothermal systems has provided major advances toward this goal,
which adds confidence in the numerical models of Yucca Mountain.

Table 13.4-1 compares issues important to assessing coupled processes that may occur at Yucca
Mountain and processes that take place in geothermal reservoir systems. Some issues that are
important for assessing Yucca Mountain (i.e., water saturation near the heater, localized
seepage), have been omitted from the list because they are not of concern in geothermal reservoir
engineering. Table 13.4-1 shows geothermal fields that could be used as potential analogs to
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study thermal-hydrologic-chemical processes. Corresponding to each issue, geothermal sites are
listed that may, upon further evaluation, provide added confidence in modeling thermally
coupled processes at Yucca Mountain, using approaches suggested in column 4.

Conflicting conclusions regarding the effect of mineral precipitation on fracture permeability,
reported in Section 13.4.1.2 and identified by performance assessment as having uncertainty,
point toward thermal-hydrologic-chemical processes as having high priority for additional study
in active geothermal systems. Many active geothermal fields throughout the world could serve
as potential analog sites to some hydrothermal conditions expected to occur at Yucca Mountain.
An appropriate candidate site would have a high similarity factor to Yucca Mountain
(Table 13.4-1) and would include features such as temperatures ranging from 250 to 300'C, a
broad range of phenomena and features available for study, a range of water chemistries that
would bound those expected to occur at Yucca Mountain, a range of hydrologic properties (e.g.,
porosity, permeability, fracture characteristics) similar to those at Yucca Mountain, water-
saturated and unsaturated environments, a suite of hydrothermal alteration minerals similar to
those expected to form at Yucca Mountain (e.g., zeolites and clays), evidence of fracture-matrix
interactions, an active monitoring system, and access to extensive data sets from the recorded
history of the field.

The capabilities and limitations of geochemical modeling codes, such as the solubility,
speciation, and reaction-path code EQ3/6 (Wolery and Daveler 1992), and thermodynamic
databases have been tested by analyzing natural hydrothermal systems with mineralogical and
environmental similarities to Yucca Mountain. One example is the Yellowstone caldera. The
Yellowstone caldera closely duplicates characteristics of the volcanic sequence at Yucca
Mountain, as well as the temperatures anticipated at the candidate repository horizon. The
Yellowstone volcanic sequence is dominated by Quaternary, silicic-welded ash-flow tuffs and
rhyolite flows. Geothermal activity is reflected in hundreds of hot springs and geysers that emit
waters that have circulated through the volcanic rocks and have formed a variety of hydrothermal
mineral assemblages. Using data from 13 U.S. Geological Survey drill cores as a basis for
deriving paragenetic sequences of mineral deposition in the Yellowstone geothermal systems,
Meijer (1987) conducted preliminary thermodynamic simulations using an early version of
EQ3/6. His evaluation suggested that the most significant effects of the thermal pulse on the
chemical environment at the repository horizon would be the transport and redepositipn of silica
along hydrologic and thermal gradients and the precipitation of clays in the groundmass of the
devitrified repository host rock. Secondary effects could include the deposition of clays and
zeolites in fractures and cavities adjacent to the repository and in the underlying vitrophyre.
These horizons should remain stable unless acidic groundwater conditions are generated in
association with the repository. Results of the Carey et al. (1997) model of mineral evolution at
Yucca Mountain compared favorably with earlier simulations by Meijer (1987).

Bruton et al. (1995) cataloged a survey of literature and data for many geothermal fields as a
means of selecting a field-analog site for thermohydrologic-chemical studies. The sites in their
survey included many of the better-known geothermal fields: The Geysers, California; Krafla
(and other geothermal areas) in Iceland; Cerro Prieto, Mexico; Valles Caldera, New Mexico;
Larderello, Italy; Long Valley Caldera, California; Yellowstone, Wyoming; and the Wairakei
and Ohaaki-Broadlands fields of New Zealand. Some fields were considered unsuitable because
they occur in rock types dissimilar to those at Yucca Mountain, lack sufficient data, have access
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problems, or are entirely liquid- or vapor-dominated fields. The geothermal system at Wairakei
was endorsed by the YMP as the site most amenable to the study of thermal-hydrologic-chemical
processes, because it possesses the greatest number of features similar to Yucca Mountain
(Bruton et al. 1995, p. 8), because of logistic practicalities, and because of the potential for
collaborative research.

EQ3/6 was used to simulate mineral-fluid relations in Wairakei and other New Zealand
geothermal fields (Glassley and Christensen 1992; Bruton et al. 1993). Comparisons between
observed mineral assemblages and model simulations of equilibria were used to evaluate the
thermodynamic database for various environmental conditions encompassing the possible range
of temperatures and water conditions anticipated in a Yucca Mountain repository system. The
results of these modeling studies are generally consistent with observed vein and matrix mineral
equilibria at Wairakei for fluids at temperatures greater than 240'C. Both field data and model
results indicate that stable mineral assemblages can be significantly impacted by small
differences in fluid chemistry, temperature, or pressure. Comparison of laboratory data with
field data from natural hydrothermal waters at Wairakei for amorphous silica precipitation has
shown that significant discrepancies exist between results obtained with different test conditions
(Carroll et al. 1995). Rates measured in the field were 400 times faster than those obtained in
laboratory measurements. Silica precipitation under repository conditions at Yucca Mountain
could exhibit rate behavior somewhere in the range between the laboratory and field
experiments.

The results of these studies emphasize two points necessary for use of geothermal systems in
model validation. First, the natural systems must be thoroughly understood and quantitatively
characterized, if rigorous testing of simulations is to be completed. Second, simulations must be
capable of providing predictive results that can be tested in an active field setting. Thus, the
chemical and hydrological features associated with actively evolving systems must be amenable
to measurement and study, if kinetically controlled systems are to be rigorously simulated.

13.4.2 Unsaturated Zone Flow and Transport

Section 13.4.2 considers the role of the flow and transport of radionuclides in the unsaturated
zone under the ambient temperatures of the far field. Examined first are analogs to unsaturated
zone infiltration, seepage, and flow, with specific examples, including an analog study at Box
Canyon. Analogs to unsaturated zone transport of radionuclides, including a uranium-series
study at Pefia Blanca, Mexico, are discussed next.

13.4.2.1 Conceptual Model of Unsaturated Zone Flow and Transport at Yucca Mountain

The unsaturated zone at Yucca Mountain is divided into five hydrogeologic units of alternating
welded and nonwelded tuffs, with contrasting hydraulic properties. Overlying these tuffs are
surficial deposits, designated Quaternary alluvium, and consisting of irregularly distributed
deposits of alluvium and colluvium up to 30 m thick. These surficial alluvial deposits may be
absent over large areas of the site, particularly on ridgetops and side slopes. The presence or
absence of Quaternary alluvium and the slope aspect exert significant control over net infiltration
at the site, with areas of thin or absent alluvium conducting moisture rapidly to the underlying
tu.ff.
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Underlying the Quaternary alluvium is the Tiva Canyon welded hydrogeologic unit, a
moderately to densely welded, devitrified ash-flow tuff that may vary from 0 to 150 m in
thickness (Montazer and Wilson 1984, pp. 12, 14). The fractured nature of the Tiva Canyon
welded unit and its relatively low porosity may facilitate moisture flux from the surface to below
the zone of evapotranspiration. Below the Tiva Canyon welded unit is the Paintbrush nonwelded
unit, a 20- to 100-m-thick sequence of partially welded to nonwelded, vitric, and occasionally
devitrified, tuffs (Montazer and Wilson 1984, p. 14). Because it has significantly less fracturing
and higher storage capability than the welded units, the Paintbrush nonwelded unit may moderate
moisture and gas-phase fluxes between the surface and the potential repository horizon.

Underlying the Paintbrush nonwelded unit is the potential repository host rock, the Topopah
Spring welded hydrostratigraphic unit. The 290- to 360-m-thick Topopah Spring welded unit is
composed of moderately to densely welded, devitrified ash flow tuff. Average porosity of the
Topopah Spring welded units is low, except for the vitric caprock and basal vitrophyre. Below
the Topopah Spring welded unit is the Calico Hills nonwelded unit, a 100- to 400-m-thick
sequence of nonwelded to partially welded ash-flow tuffs. The Calico Hills nonwelded unit is
divided into vitric and zeolitic facies. Perched water zones are generally found high in the
Calico Hills nonwelded unit at the top of the zeolitic facies or at the Topopah Spring welded
unit/Calico Hills nonwelded unit contact.

The deepest of the six unsaturated zone hydrostratigraphic units is the Crater Flat
undifferentiated unit, which consists of 0 to 200 m of undifferentiated welded and nonwelded,
vitric, devitrified, and zeolitized ash-flow and airfall tuffs. The Crater Flat undifferentiated unit
hydrofacies lies above the water table under the western margin and the southernmost half of the
potential repository block. Toward the east and north, the unit lies below the water table, as does
the Calico Hills nonwelded unit.

Matrix saturated hydraulic conductivities measured on laboratory samples are small for the
welded units (on the order of 10.10 to 10.12 m/s for the Tiva Canyon welded unit; 10 11 m/s for the
Topopah Spring welded unit) and higher for the moderately welded to nonwelded units (on the
order of 10i7 rn/s for the Paintbrush nonwelded unit; 10-9 rn/s for the Tiva Canyon moderately
welded unit) (Flint 1998, pp. 34, 44-45). It is because of high bulk conductivities that fractures
are thought to be well connected. Bulk conductivities are higher for the moderately to highly
fractured welded units. Estimates of fracture densities for welded units are 10 to 20/mr3 (Tiva
Canyon welded unit), and 8 to 40/m3 (Topopah Spring welded unit), while moderately welded
units range from 1/mi3 in the Paintbrush nonwelded unit to 2 to 3/m 3 in the Calico Hills
nonwelded unit (Montazer and Wilson 1984, pp. 1, 12). The fractures seem to have little
interaction with the matrix. High water potentials measured throughout much of the unsaturated
zone indicate the absence of strong water potential gradients needed for matrix imbibition of
fracture water (DOE 1998a, p. 2-51).

Hydrologic properties of the potential repository block-bounding faults are poorly understood. It
is not known whether they act aspathways, or barriers, or are neutral to moisture flow. Based on
results of detecting bomb-pulse 6CI at the potential repository horizon, fault zones may act as
fast pathways (see Section 5.3 of this report). Ahlers et al. (1999) showed pneumatic-response
data indicating that faults act as fast pathways for gas flow in the Paintbrush nonwelded and
Topopah Spring welded units.

TDR-CRW-GS-00000 I REV 01 ICN 01 1 3.4-9 September 2000



AL-

Precipitation in the vicinity of Yucca Mountain is approximately 17 cm/yr. (Hevesi et al. 1992,
p. 677). Net infiltration is variable but averages approximately 8 mm/yr. (DOE 1998a, p. 2-5).
Percolation-flux estimates vary from 0.01 to 21.1 mm/yr., depending upon location and method
of estimation, but average around 7 mm/yr. (DOE 1998a, p. 2-5). At the repository horizon,
percolation flux ranges from 1 to 20 mm/yr. (DOE 1998a, p. 2-6). Even though the average
percolation flux may vary within this range over a scale of tens of meters, local fluxes at the
centimeter scale of individual fractures could be many times the average values. The seepage
into drifts depends on percolation flux, which may focus flow to cause localized, variable
seepage. The key parameter is seepage threshold-the value below which seepage cannot occur.
This value has been determined to be 200 mm/yr. (CRWMS M&O 2000a, p. 70).

Percolating water that could penetrate a waste package and contact waste materials could acquire
and transport radionuclides, either in solution, suspension, or as colloids. The radionuclide-
carrying water would then migrate toward engineered barriers, such as backfill, where it could be
retarded before reaching the near-field heated region of the rock surrounding the drift. Gaseous
transport is also part of the conceptual model for radionuclide transport, but is not discussed
further, because it is difficult to evaluate through natural analogs. Transport of dissolved or
colloidal species depends on factors that include the water chemical composition, pH, Eh, and
temperature; the type and distribution of mineral fracture coatings (especially sorptive minerals
such as zeolites, clays, and Fe/Mn oxides); and the nature and extent of fracture-matrix
interaction.

Fracture flow has been shown to be the most likely mode of transport in the Topopah Spring
welded unit, but water continuing downward would encounter different hydrologic conditions
and flow properties when it reached the Calico Hills nonwelded unit (DOE 1998a, p. 2-38). In
some regions of the Calico Hills nonwelded unit, it is expected that percolating water would
contact both zeolitic and vitric tuffs. Flow in the zeolitic units would probably retard sorbing
radionuclides, such as neptunium, cesium, and strontium. In other areas, perched water zones
resulting from low-matrix permeabilities or hydrologic discontinuities may result in lateral
diversion. Depending on the extent of the perched zone, water either may be laterally diverted
for short distances before returning to the unsaturated zone or flowing vertically down faults, or
may continue laterally to the water table, bypassing the lower unsaturated zone.

13.4.2.2 Analogs to Unsaturated Zone Infiltration, Seepage, and Flow

This section examines analogs to unsaturated zone infiltration, seepage, and flow.
Section 13.4.2.2.1 presents results of a modeling study that used data from Box Canyon, Idaho,
to build confidence in modeling approaches to unsaturated zone flow employed in Yucca
Mountain process models. Section 13.4.2.2.2 considers aspects of seepage and flow at Rainier
Mesa analogous to those at Yucca Mountain. Section 13.4.2.2.3 addresses aspects of the Apache
Leap site that may be used as an analog to processes occurring at Yucca Mountain.
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13.4.2.2.1 Box Canyon, Idaho

13.4.2.2.1.1 Introduction

The variably saturated, fractured-basalt hydrogeological system at Box Canyon, Idaho, was
chosen for study (CRWMS M&O 2000b) in order to examine the applicability of conceptual and
numerical modeling methodologies used at Yucca Mountain to similar hydrogeological systems.
Confirmation of the applicability of these approaches at natural analog sites serves to
substantiate use of the analogs as predictive tools for the potential Yucca Mountain repository.
Box Canyon was chosen for the study, because a considerable body of hydrologic data was
available from studies at the Idaho National Engineering and Environmental Laboratory of
unsaturated fracture flow in fractured basalts. The studies had been conducted at scales ranging
from core sample measurements (centimeter-scale) and meter-scale laboratory tests, to field tests
that covered tens of meters, to a kilometer-scale aquifer pumping test. The Box Canyon tests
were in the intermediate-scale range.

The Box Canyon site is located on the Eastern Snake River Plain near the Idaho National
Engineering and Environmental Laboratory (Figure 13.4-2) and is adjacent to the Big Lost River,
a tributary of the Snake River. The Snake River Plain is composed primarily of fractured
Quaternary basalt flows, interbedded with sedimentary deposits. Sedimentary interbeds may
separate basalt flow units that were formed at disparate times, and their thickness may range
from a few centimeters to as much as 15 m. Basalt flow units are comprised of a number of
basalt flows from the same eruptive event. Individual basalt flows are from 3 to 12 m thick,
elongated in one direction, and 20 to 60 m wide. The total basalt thickness in the Snake River
Plain may exceed 3 km (Faybishenko et al. 1999, p. 5; Knutson et al. 1993). The Box Canyon
site is located on a basalt flow that is approximately 10 to 12 m thick, with a nearby cliff-face
exposure at the Big Lost River. Additional basalt flows underlie the upper basalt flow directly
beneath the experimental site.

Several infiltration experiments were conducted at the Box Canyon site to study the flow of
water in the variably saturated fractured basalt (Faybishenko et al. 1998, 1999). Instrumentation
was used to delineate the subset of fractures that actively conducted the infiltrating water. The
purpose of the Box Canyon analog study was to construct and calibrate a numerical model to
simulate the observed infiltration behavior of water at the Box Canyon site. The methodology
adopted to simulate the Box Canyon site was based on the dual-permeability numerical approach
used to characterize variably saturated flow at Yucca Mountain (Bandurraga and Bodvarsson
1999). Hydrogeological parameters used to calibrate the Box Canyon model could then be used
to substantiate values for the same parameters obtained during calibration of the Yucca Mountain
site. Direct comparison of parameters obtained from Yucca Mountain is problematic at best,
given that Box Canyon has a scale of tens of meters, whereas Yucca Mountain is on a scale of
thousands of meters. Therefore, upscaling of parameters was an issue. The investigation
(CRWMS M&O 2000b) involved identifying physical processes and calibrating parameters
controlling the observed infiltration of water at the Box Canyon site.
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13.4.2.2.1.2 Geological Model Conceptualization

Conceptualization of the geological model for the Box Canyon site followed directly from
Faybishenko et al. (1999). The site consists of layered basalt flows containing horizontal and
vertical columnar fractures resulting from cooling of the basalt. The water table (a perched water
body) at the Box Canyon site is approximately 20 m below the ground surface (Faybishenko
et al. 1999, p. 7). Field data consisted of monitoring pneumatic and infiltration tests almost
entirely within the upper-basalt flow, which had an average thickness of 12 m. Columnar
cooling fractures, originating from the top and bottom of the basalt, reach an identical spacing
where the two cooling fronts met at the dimensionless depth (the dimensionless depth is defined
as the depth from the ground surface divided by the thickness of the upper-basalt flow) of
0.6 (Grossenbacher and Faybishenko 1997, p. 7).

The conceptual geological model addressed issues related to the geometry of fast preferential
flow paths of infiltrating water in the basalt hydrogeological system. To do this, fractures were
identified that actively conducted water during the 1996 and 1997 infiltration tests (Faybishenko
et aL 1998, 1999), and these data were then used to determine an interconnected fracture
network. The locations in plan view of these water-conducting fracture and borehole
intersections are provided in Figure 13.4-3.

13.4.2.2.1.3 Numerical MIod el Conceptualization

Calibration of the model was performed in two steps, using air-injection and infiltration test data.
The conceptual geological model was used to develop a numerical model to simulate the physics
of water- and gas-phase advection through the fractured basalt at Box Canyon. The numerical
modeling effort was conducted using TOUGH2 (Pruess 1991) with the EOS3 module, which
involves both mobile water and gas phases.

The fracture-matrix system of the basalt was simulated using a dual-permeability grid in a
manner analogous to that used to simulate the site-scale unsaturated zone flow field at Yucca
Mountain. A three-dimensional visualization of the model structure, including the zonation of
the upper basalt, inclusion of the rubble zone, and a portion of the lower basalt, is shown in
Figure 13.4-4. Two separate views of the model are shown to illustrate the variable thickness of
the upper basalt flow. Based on the observations of active water flow features, a conceptual
fracture network was constructed and mapped onto a plan view of the mesh. Details on how this
was done are explained in CRWMS NI&O (2000b).

The fracture network was then used to condition the permeability and porosity of the fracture-
continuum nodes that were calculated from the fracture aperture. The fracture aperture was
calculated from fitting to the air permeability test data. Weighting factors were used to
subjectively increase the permeability and porosity of nodes where flow was actually observed to
occur relative to the unconditioned background nodes. Flow of water and gas occurs between
the fracture and matrix continuum according to the mass conservation laws discretized by
TOUGH2 (Pruess 1991). This formulation is consistent with that used in the dual-permeability
simulations of the Yucca Mountain site-scale unsaturated zone flow model.
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13.4.2.2.1.4 Pneumatic Test Analysis

Pneumatic tests were conducted at the Box Canyon site (Benito et al. 1998) to assess the
permeability of the basalt. The intent of these tests was to delineate vertical variations in the
permeability of the upper basalt flow. The pneumatic tests were simulated using the
three-dimensional model in order to calibrate the permeability of the fracture continuum nodes.
To calibrate the model, only steady-state pressure responses within the injection intervals were
used. An initial estimate of fracture permeability surrounding the injection interval for each
pneumatic test was obtained using an analytical solution. To calibrate the permeability of the
fracture continuum nodes, the injected air is assumed to flow entirely through the fractures.
This procedure is consistent with the calibration methodology employed at Yucca Mountain
(Huang etal. 1999).

13.4.2.2.1.5 Infiltration Test Analysis

Two sets of infiltration experiments were conducted at Box Canyon in 1996 and 1997
(Faybishenk-o et al. 1998, 1999). Subsequent analysis of the infiltration experiments involved
calibrating hydrogeological parameters in the dual-permeability model of the Box Canyon site to
match the arrival times of the infiltration front at various monitoring points (CRWMS M&O
2000b). Simulations were also performed to determine whether the fracture pattern inferred
from active water flow features in the subsurface acts to preferentially redistribute the infiltrating
water within the computational domain. Furthermore, the model was used to examine the
influence of the fracture density zonation within the basalt flow and rubble zone on flow patterns
of the infiltrating water. The permeability of the fracture-continuum nodes for the dual-
permeability model was taken directly from the pneumatic test calibration (CRWMS M&O
2000b).

Calibration of hydrogeological parameters controlling the infiltration rate of water in the
fracture-matrix basalt system involved manually adjusting the porosity of the fracture continuum,
the permeability of the matrix continuum, and the interfacial area between the fracture and
matrix continua (CRWVMS M&O 2000b). These parameters were modified until the infiltration-
front arrival times, simulated by the numerical model, matched field data obtained at sampling
intervals during the infiltration events. The arrival times of the infiltration front were inferred
from the first significant increase in bromide concentration in water samples, taken as part of the
tracer tests conducted during each infiltration test. It was assumed that the bromide tracer was
conservative and advected at the same velocity as the infiltration front in the fracture continuum.
The bromide data were used to constrain parameters controlling variably saturated groundwater
flow, but were not used to simulate transport.

The model was calibrated by extracting one-dimensional, vertical columns from beneath the
infiltration pond where the bromide data indicated boreholes. intersected with fractures that
actively conducted water. Fracture continuum porosity was a sensitive parameter controlling the
arrival time of the infiltration front. The resulting fracture-continuum porosity for the upper
basalt ranged from 0.01 to 0.02.
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Results of the analyses of the one-dimensional vertical columns indicated that the ability to
simulate preferential flow of infiltrating water in a specific columnar fracture relative to another
could be achieved only using the full three-dimensional site model.

Simulation of the three-dimensional infiltration front indicated that the front is relatively
uniform, both laterally and vertically. It shows little, if any, influence from either the zoned
distribution of hydrogeological parameters in the upper basalt or the fracture network that was
meant to channel the flow of infiltrating water. This may be a consequence of equally
distributing the water that was observed to infiltrate from the pond during the various infiltration
tests to all surface nodes within the perimeter of the pond. Alternatively, the bias applied to the
fracture nodes may have provided an insufficient permeability contrast to preferentially channel
the infiltrating water as expected.

In general, a consistent set of parameters was obtained that allowed the dual-permeability model
to replicate the field data. Although the dual-perrneability approach is also applied to explain
groundwater flow at Yucca Mountain, the vastly different scales of Box Canyon and Yucca
Mountain imply that upscaling is an issue when comparing parameter values.

13.4.2.2.2 Rainier Mesa, Nevada

Rainier Mesa is approximately 20 miles northeast of Yucca Mountain. The Rainier Mesa area
contains a number of tunnels that were excavated for the underground nuclear weapons testing
program. Before construction of the Exploratory Studies Facility at Yucca Mountain, the
hydrogeologic data collected at Rainier Mesa provided the only extensive underground
observations in tuff units similar to those of Yucca Mountain.

Rainier Mesa is situated at a higher elevation than Yucca Mountain and has a mean annual
precipitation of approximately 320 mm/yr., approximately double the Yucca Mountain mean
(Wang et al. 1993, p. 676). About 8 percent of the measured Rainier Mesa mean precipitation
was observed to be infiltrating a tunnel constructed in zeolitic tuffs. The seepage was associated
with a small number of faults and fractures (Wang 1991, p. 79). These structural features are
thought to be a pathway for flow from perched water above the zeolitic horizon (Wang 1991,
p. 82). The seepage is geochemically similar to meteoric water (Wang et al. 1993). Tracer tests
and tritium samples indicate that the likely rate of fast pathway flow is from 1 to 6 yr. to move
from the surface to the water table at a depth of 1,000 m. The travel time is orders of magnitude
less than the matrix travel time calculated using measured matrix-sample conductivities. This is
supported by measurements of bomb-pulse 3Cl in several samples from one tunnel (Wang
et al. 1993, p. 677).

The stratigraphy of both Rainier Mesa and Yucca Mountain consists of alternating welded and
nonwelded tuffs. The zeolitic Tunnel Bed tuffs at Rainier Mesa show a range of mineral
compositions similar to those in the Calico Hills nonwelded zeolitic tuff at Yucca Mountain.
Also, the higher Rainier Mesa mean precipitation is similar to the long-term average predicted
for Yucca Mountain. However, the relative thicknesses of the welded and nonwelded tuff units
at the two sites differ significantly (Figure 13.4-5). Below the welded tuff caprock at Rainier
Mesa lies the approximately 1 50-m-thick nonwelded Paintbrush Tuff. The bottom third of this
unit is extensively zeolitized due to hydrothermal alteration of the tuff shortly after its
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emplacement. At Yucca Mountain, the Paintbrush nonwelded unit is mostly vitric, with thin,
localized lenses of clays and zeolites. Seepage at Rainier Mesa occurs in tunnels constructed in
the zeolites; for the tunnel constructed in nonzeolitized nonwelded tuff, no seepage is observed.

Tuff matrix permeabilities at Rainier Mesa are reported to be a few orders of magnitude higher
than those of corresponding units at Yucca Mountain. Since the tuffs at the two sites have
similar origins, mineralogy, and porosity, there is no apparent reason why their permeabilities
should be different. Wang et al. (1993, p. 676) suggested that the differences could be an artifact
of different measurement methods. Now that extensive matrix permeability data are available
for Yucca Mountain tuffs, this issue should be readily resolved by repeating the permeability
measurement procedure on Rainier Mesa samples by using the same methods.

In spite of differences in thickness of stratigraphic units and reported permeabilities, Rainier
Mesa provides one of the best opportunities to study a number of processes analogous to Yucca
Mountain. These include the following:

* Episodic pulses, such as those that affect the Paintbrush nonwelded unit
* Flow patterns and percolation fluxes, based on geochemical signatures
* Seepage into drifts
* Sorption in vitric and zeolitic units.

Substantial data already exist that could be applied in the unsaturated zone flow and transport
model to evaluate seepage and percolation under wetter climate scenarios. Additional tests
would have to be conducted to evaluate sorption and retardation. An aspect of the Rainier Mesa
site that affects its suitability as an analog is the perturbation from nearby underground nuclear
weapons testing that may have affected the Paintbrush nonwelded unit and increased the number
of structural features that act as fast flow pathways. This effect will need to be evaluated before
the Rainier Mesa data can be used to develop long-term predictions of the Yucca Mountain
response to climate perturbations.

13.4.2.2.3 Other Flow and Seepage Analogs

In addition to the sites discussed above, other locations may be suitable analogs to infiltration
and flow processes at Yucca Mountain. One already used in Yucca Mountain analyses is the
U.S. Nuclear Regulatory Commission Apache Leap site in Arizona. Saturated and unsaturated
flow parameters from tuff at the site were compared to Yucca Mountain data (Wang 1992).
Based on the differences between the flow parameters, a relationship between the pore-size
distribution index and saturated permeability was developed. The relationship could be applied
to test its potential utility in scaling hydrologic parameters of Yucca Mountain faults or fractures,
based on measured data from other sites.

Mitchell Caverns is an unsaturated limestone site in the East Mojave National Park-, California,
where speleothems (mineral deposits created by dripping water) have formed and where the
National Park Service reportedly has data pertaining to the rate of speleothem formation and
water infiltration. These data may be useful for future confidence-building in seepage models by
providing bounds to initial model conditions and by providing a check on seepage threshold.
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13.4.23 Analogs to Radionuclide Transport in the Unsaturated Zone

Most natural analogs to radionuclide transport are located in saturated environments (e.g., Oklo,
Gabon; Cigar Lake, Canada) or in shallow, weathered, saturated or unsaturated sites
(e.g., Alligator Rivers, Australia; Bangomb6, Gabon). In this section, only three unsaturated
zone analogs are considered: the Nopal I uranium deposit at Pefia Blanca, Chihuahua, Mexico;
the collective northwestern Nevada-southeastern Oregon uranium deposits; and the trace-metal
migration study at Santorini, Greece. Other sites that are mainly in the saturated zone, but are
subject to weathering under oxidizing conditions in the unsaturated zone, are discussed in
Section 13.4.3.

13.4.2.3.1 Natural Analog Studies of Nopal I at Pefia Blanca, Mexico

This section summarizes the analysis of data from Pefia Blanca, Mexico (CRWMS M&O 2000b)
relevant to radionuclide retention in the unsaturated zone. In the analysis model report, new
U-series disequilibria data are applied to evaluate this site regarding open- versus closed-system
U-series evolution, and recommendations are made for application of information from Pefla
Blanca to test and build confidence in Yucca Mountain unsaturated zone flow and transport
models.

13.4.2.3.1.1 Background Setting

In the 1980s, the Pefia Blanca U deposits in Chihuahua, Mexico, were recognized as a possible
natural analog for the potential Yucca Mountain repository (Goodell 1985; Murphy 1995). Since
that time, the Nopal I deposit at Pefla Blanca has been extensively studied by U.S. and European v

researchers as an analog for evaluating the fate of spent nuclear fuel, associated actinides, and
fission products at a geologic repository. CRWMS M&O (2000b) includes a bibliography of
natural analog work conducted at Pefia Blanca.

The Nopal I uranium deposit represents an environment that closely approximates the potential
high-level radioactive waste repository at Yucca Mountain, in the following ways:

* Climatologically, both are located in semiarid to arid regions.

. Structurally, both are part of a basin-and-range horst structure composed of Tertiary
rhyolitic tuffs overlying carbonate rocks.

. Hydrologically, both are located in a chemically oxidizing, unsaturated zone 100 m or
more above the water table.

* Chemically, the alteration of uraninite to secondary uranium minerals at Nopal I may be
similar to the eventual fate of uranium fuel rods in a potential geologic repository like
Yucca Mountain (see Section 13.3.2.2.1).

The Pefia Blanca uranium district is located in the northern part of the Sierra Pefia Blanca, in
central Chihuahua, Mexico (Figure 13.4-6), approximately 50 km north of Chihuahua City,
Mexico. The region is part of the Chihuahua tectonic belt, which is characterized by
northwesterly vergent folds and thrust faults in Mesozoic and lower Tertiary rocks. A regionally
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extensive sequence of Tertiary volcanic rock unconformably overlies the older units. The region
was affected by north-south-trending normal faulting, which is thought to be the southern
manifestation of the Rio Grande Rift tectonism. North-south oriented basin-and-range
topography now characterizes the region (Goodell 1985).

The Pefia Blanca uranium district consisted of three exploration camps: El Nopal, Margaritas,
and El Cuervo. Many of the uranium deposits in the district were drilled or developed by
underground or open-pit mining, but there has been no mining activity at Pefia Blanca since
1985. Combined, these deposits contained more than 2,000 metric tons of U3 0 8 and constitute
the bulk of Mexican uranium sources. The deposits occur close to the eastern edge of the Sierra
Pefia Blanca range and are generally concentrated in the lower part of the Tertiary volcanic
section. Uranium mineralization locally extends downward into the upper part of the Cretaceous
limestone.

The oldest rocks in the vicinity of the Pefia Blanca district are Early to Late Cretaceous reef,
back-reef, and basinal, thinly bedded to massive limestones. The limestone is unconformably
overlain by a sequence of Tertiary volcanic and lesser sedimentary rocks. From older to
younger, these Tertiary units are the Pozos conglomerate and rhyolitic ignimbrite of the Corrales,
Coloradas, Nopal, and Escuadra Formations. Locally, the Piloncillos fanglomerate separates the
Nopal and Escuadra Formations. The Nopal Formation was dated at 44 Ma (K-Ar age) (Alba
and Chavez 1974; Pearcy et al. 1994).

Nopal I is a small, high-grade uranium deposit located in a highly brecciated zone that occurs at
the intersection of two steep faults (Figure 13.4-7). The Nopal I deposit is interpreted to have
formed by hydrothermal solutions that precipitated uraninite as they moved through a
subvertical, highly fractured zone within welded silicic tuff (Pearcy et al. 1994, p. 714). This
deposit is roughly cylindrical, with approximate horizontal dimensions of 18 m by 30 m, with a
nominal ore zone extending approximately 100 m vertically (Figure 13.4-7) (Pearcy et al. 1995,
p. 685). Currently, about 300 metric tons of oxidized uranium remains on site. The upper,
highest-grade portion of the deposit is hosted by heavily fractured, silicic tuffs of the Nopal and
Coloradas Formations. The deposit extends into the underlying Pozos Formation, although the
grade decreases significantly. In the vicinity of the ore body, the Nopal Formation is a densely
welded, crystal-lithic rhyolitic tuff, with phenocrysts of quartz, sanidine, and biotite. A highly
altered vitrophyre occurs at the base of the formation. The Coloradas Formation is a lithic-
crystal, densely welded tuff, with phenocrysts of quartz, sanidine, plagioclase, and biotite.

Uraninite occurs only very locally in highly silicified pods near the center of the ore body. The
uraninite is interpreted to be part of a relict ore assemblage that was altered by oxidizing fluids
that produced the secondary suite of uranyl oxyhydroxides (schoepite) and uranyl silicates
(uranophane) (Pearcy et al. 1994) (see Figure 13.3-1). Uranophane is the primary ore mineral,
but at least seven other uranium-bearing minerals have been identified (Pearcy et al. 1994).
Uranophane occurs as euhedral needles, as well as granular masses in highly oxidized zones that
are also enriched in kaolinite, limonite, and chalcedony. As noted in Section 13.3.2.2.1, the
sequence of uranium-bearing oxidation products observed at Nopal I is very similar to those
produced in laboratory experiments of uranium oxide exposed to oxidizing conditions in the
presence of simulated groundwater (Wronkiewicz et al. 1996).
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13.4.23.1.2 Characterization of Radionuclide Transport Using Uranium-Series
Disequilibria

Uranium-series isotope activity ratios can be used to determine the apparent age of samples
based on isotopic disequilibria (Ivanovich and Harmon 1992). Samples from Pefia Blanca have
been analyzed to estimate margin mobility in an environment similar to Yucca Mountain. The
relevant decay series are shown below:

238U(ty,=4.47x109 yr.) 23U(tj=2.45x105 yr.) 2"Th(t,=7.54x104 yr.) 2 2 6R(tv=1600 yr.) _ 206Pb

'35U(t/,=7.04x 108 yr.) 231 Pa(ty,=3.28xl 4 yr.) 207Pb

-0 228

232Th(tv,=1.41xI0'° yr.) 22'Ra(t,/,=5.77 yr.) 208Pb

13.4.2.3.1.2.1 Previous Work

The Center for Nuclear Waste Regulatory Analyses at the Southwest Research Institute has
conducted studies to consider using Pefia Blanca as an analog to Yucca Mountain. Many of
these studies are discussed in this section.

To determine the relative mobility of uranium along fractures and in the rock matrix, Pearcy
et al. (1993, 1995) mapped and sampled portions of the Nopal I deposit. Fracture mapping
carried out at a scale of 1:25, included 11,374 individual fractures. Distribution of uranium in
the host tuff, examined at scales ranging from 106 to 10 m, indicates that uranium occurs outside
the primary deposit, mainly along fractures in secondary minerals (iron hydroxides, oxides, and
silicates). Uranium-rich caliche, located at an elevation of about 3 m outside the limit of
uranium mineral occurrence, has been dated by U-series isochron techniques at 53.6 A 0.8 ka,
suggesting that weathering of the deposit has been the dominant mode of alteration for at least
that period (Pearcy et al. 1994, p. 714). Major conclusions from this work (Pearcy et al. 1995),
based on both field study and 23tU analyses, include the following:

* Transport of uranium away from the deposit occurred mainly along fracture paths.

* Transport along mesofractures (aperture greater than 1 mm and trace length greater than
10 m) (Pearcy et al. 1995, p. 693) occurred at 20 times greater distance (up to 30 m) than
along microfractures (aperture less than I mm).

* Mobilization of uranium from the deposit occurred within the last I m.y.

• Matrix transport was limited to distances of less than 1 mm.

Prikryl et aL (1997) reported electron microprobe analyses of uranium concentration in
fracture-filling minerals, as well as 238U/234U/2 3Th alpha spectrometry data on bulk-fracture
samples from the major east-west trending fracture at 13.5 m north (fracture B in Figure 13.4-8).
Uranium concentrations in bulk-fracture materials and in goethite and hematite show a
decreasing trend away from the ore body. This trend suggests that uranium was mobilized and
transported away from the deposit, most likely by episodic infiltration of meteoric water.
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Uranium and Th isotopic data on the 13.5 m north fracture also revealed a 234U/238U ratio greater
than unity, both within and outside the deposit. This suggests that uranium mobilization was
relatively recent (less than I Ma) and is related to uptake of uranium from fracture fluids that
carried excess 234U. Variations in 2-4U/238 U were interpreted as resulting from a multistage
mobilization process.

Pickett and Murphy (1997) obtained additional 238U/234U/ 23cTh data for other fractures at
Nopal I. Most of their data for fracture-filling materials plots in the forbidden zone (e.g.,
Figure 13.4-9), which is the region on a Concordia diagram where there is no finite single-stage
age solution. Pickett and Murphy (1997) explained the data by invoking multiple U-mobilization
events, involving both enrichment and removal, over the past few hundred thousand years.
Three samples of uranophane gave 238U/ 206Pb and 235U/207Pb internal and external isochron ages
of 3.4 and 3.2 m.y., respectively (Pickett and Murphy 1997). The isotopic and chemical data
indicate the following history:

* Primary uraninite mineralization occurred approximately 8 Ma.

* Deposition of uranyl silicates occurred during a single period around 3 Ma.

. Complex episodic uranium mobilization and remobilization, including dispersion of
uranium via aqueous transport into the surrounding fractured tuff, took place over the
past few hundred thousand years.

Complementary to studies of fracture-filling materials, Pickett and Murphy (1999) recently
presented measurements of U-Th isotope composition and concentration in samples from
perched water, seep water, and groundwater collected near the Nopal I uranium deposit. The U
and Th concentrations generally correlate with concentrations of major cations and anions and
total conductivity, which may reflect evaporation followed by dilution or rock dissolution effects
on all of these species. Thorium and U concentrations also correlate strongly with each other.
Pickett and Murphy (1999) interpret these concentrations in the context of solubility control by
various uranium silicate minerals (haiweeite, soddyite) and thorianite.

Activity ratios for 234U/238U are highest for the seep water (2.85 to 5.07), lower for the perched
water (2.19), and still lower for the groundwater (1.39) (Pickett and Murphy 1999, pp. 4 and 7).
A positive correlation between 1/U concentration and 234U/ 238U for the perched and seep waters
is consistent with selective leaching of 234U in dilute seep waters versus greater dissolution for
the perched waters. This interpretation is also consistent with results for the major element
concentrations and Th. Activity ratios for 230Th/P32Th are also highest for the seep water, which,
along with the higher 234U/238U, may reflect greater influence of selective leaching and recoil
effects. Activity ratios for 230Th/234U are quite low (less than 0.01) relative to typical values in
the rock of I to 1.5, indicating that thorium is significantly less mobile than uranium (Pickett and
Murphy 1999, p. 8).

Wong (1998) studied U-series disequilibria using gamma spectrometry for fracture-filling
materials at Nopal I. The 230ThI2 38U and 226Ra/230Th activity ratios ranged from 0.58 to 1.74 and
0.85 to 1.54, respectively (Wong 1998, pp. 87, 93). Samples with higher uranium concentrations
within the deposit had narrower ranges in 230Th/238U and 226Ra/23OTh with activity ratios of
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approximately 1.0 to 1.2 and 0.87 to 1.2, respectively. Because errors in gamma spectrometry
data are fairly large (±10 percent or more; this is the reason for error bars on Figure 13.4-9), it is
difficult to draw strong conclusions from these data. However, the observations of disequilibria
for both 230Th/ 8U and 226Ra/230Th led Wong to conclude that there had been open-system
behavior for these nuclides-within the past 8 k.y. for Ra/Th and within the past 300 k.y. for
Th/U.

Using electron paramagnetic resonance, Allard and Muller (1998) tested the potential use of
point-defect centers (essentially, radiation damage from absorbed dose) in kaolinite to detect
uranium mobilization. They compared integrated defects to current uranium distribution to infer
the past distributions of uranium at Peiia Blanca. This investigation indicated two major
migration events:

1. Past accumulation of uranium outside the mineralized zone, followed by leaching
2. A late-stage accumulation of uranium in the area of the primary uranium deposit.

Previous work on U-series thermal ionization mass spectrometry by YMP found closed-system
behavior in fracture-filling material for U, Th, and Pa for the last 100 to 400 k.y. (Murrell
et al. 1997). In an effort to settle the apparent discrepancies with Pickett and Murphy's (1997)
results and to learn the extent of uranium mobility at Peiia Blanca, additional samples were
analyzed from four prominent uranium mineralized fractures emanating into surrounding silicic
tuff.

YMP measured 238U-234 U-230Th-226Ra and 235U-231Pa in 18 samples obtained from the Center for
Nuclear Waste Regulatory Analyses from fractures that emanate from the primary U-bearing
zone of the deposit. Details of sample preparation are provided in CRWMIS M&O (2000b). All
samples were analyzed by thermal ionization mass spectrometry.

13.4.2.3.1.2.2 New Uranium and Thorium Isotopic Results

Results for uranium and thorium isotopes for the samples and standards are provided in CRWMS
M&O (2000b). The sampling locations referred to in this section are shown on Figure 13.4-8.
Uranium concentrations for the samples generally decrease from the outer margin of the deposit
to the far end of the fractures, in general agreement with prior studies (Pearcy et al. 1995; Wong
1998). The absolute concentrations for the powders agreed well with the results obtained by
Pickett and Murphy (1997).

The 234U/238U activity ratios are shown in Figure 13.4-10 and range from 0.94 to 1.49, with a
mean of about 1.2. There is no obvious -systematic spatial trend for these data within the
fractures. These results are also similar to values reported by Pickett and Murphy (1997, p. 118).
The 234U/23 8U results are generally consistent with an old 234U enrichment (approximately 100 to
1,000 ka) (Ivanovich and Harmon 1992, p. 77), produced during dissolution processes and
preserved in precipitated minerals. However, as can be seen from Figure 13.4-10, there appears
to be a small-scale, post-depositional loss and gain of 234U to the fracture materials that have
spread the distribution about the mean.
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Figure 13.4-9 has been modified from Pickett and Murphy (1997) by the addition of typical error
bars and data (shown as orange dots) from Murrell et al. (1997). Pickett and Murphy (1997)
used decay-counting methods. Murrell et al. (1997) used more precise thermal ionization mass
spectrometry. In this type of plot, known as a Concordia plot, the evolution of a closed system
through time is shown by the curved arrow labeled "time." Most of the data of Pickett and
Murphy (1997) fall in the "forbidden zone," the region of no finite, single-stage age solution.
These values led Pickett and Murphy (1997) and Wong (1998) to invoke multiple
U-mobilization events involving both U-enrichment and removal over the past few hundred
thousand years to explain their data. The values that fall in the forbidden zone are a consequence
of their higher 230Th/234U and variable 226Raj 230Th measurements, which cannot be explained by
a simple model of closed system evolution.

The 23OTh/ 234U activity ratios measured by Murrell et al. (1997) are generally close to I and fall
along the curved time arrow. These values differ significantly from those obtained by Pickett
and Murphy (1997). These latter values are difficult to discern from secular equilibrium using
the decay-counting methods employed by previous studies. This difficulty may be the reason for
the difference between the more precise thermal ionization mass spectrometry data and Pickett
and Murphy's (1997) results and conclusions. Because the thermal ionization mass spectrometry
data are more precise, the closed system interpretation is preferred.

Because the fracture minerals were deposited by aqueous solutions, the ages of the mineral
phases are related to the timing of the primary fluid flow. Subsequent alteration of these mineral
phases during more recent fluid movement can also be evaluated using U-series disequilibria
data. As shown in Figure 13.4-1 1, the majority of the U-Th data provide finite solutions to the
age equation, and, although most points plot very near the forbidden zone, only two points
actually fall in this area. The data for these two samples are consistent with the small amounts of

34 U loss. Model U-Th ages for the other samples indicate ages of greater than 300 k.y., with the
exception of discordant sample NOPI 320, at an age of 88 k.y. which also indicated 2 3

4U loss.

The U-Th ages are calculated using zero initial 230Th in the samples. While this is a reasonable
assumption for these samples, since their U concentrations are so high, a correlation observed for
fracture B is related to the Th/U of the sample, with highest ages for samples with the lowest
authigenic component and greatest Th/U. Since the ages appear to be affected by the relative
abundances of authigenic and nonauthigenic components in the samples, a correction is needed
to obtain an age for only the authigenic component (Ivanovich and Harmon 1992). The
measured Th/U ratios were used to correct the measured 230Th/234U and 234U/23SU ratios for the
nonauthigenic component within these samples. Based on these ratios, the calculated age for the
authigenic component is 425 ± 80 k.y. (based on 7 data values). Based on this age, initial
234u/p38U activity ratios are approximately 2, in reasonable agreement with typical values for the
modern water samples near Nopal I (Pickett and Murphy 1999). While this isochron age for
fracture B agrees with the uncorrected data from sample NOPI-418 (398 ± 20 k.y.), the sample
with the highest U concentration, the fit is not exact, suggesting that there have been small
degrees of secondary 234U redistribution along the fracture that have disturbed, but not
completely reset, the isochron.

The 231Pa/235U activity ratios are either at, or very near, secular equilibrium (sample mean
= 0.996 ± 0.007 [CR V/MS M&O 2000b]). Analytical errors are smaller than the data points and
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are typically less than 1 percent. This means that 23Pa/235 U (and 23sU since the 238/235 ratios
are natural) have behaved as a closed system in the fractures over the last 200 k.y. From these
observations, it can be concluded that U (235, 238) has remained in the fractures over the last
200 k.y. Based on these results, the mobility of U discussed above seems limited to 234U.

One sample (NOPI-320) is younger, with a U-Pa model age of 47 ± 2 k.y. This samrple also has
an anomalously low U-Th model age of 88 ± 4 k.y. The U-Pa model age is similar to U-Th ages
for caliche (Pearcy et al. 1995, P. 714) and opal of about 50 k.y. This event caused a resetting of
sample NOPI-320 but had no measurable effect on 235 U or 238U, Th, or Pa mobility in the vast
majority of fracture samples.

The 22 6Ra/230Th activity ratios range from 0.7 to 1.1 (CRWMS M&O 2000b). These results are
similar to values reported by Wong (1998, pp. 87, 93). The 226 Ra/230Th results are consistent
with open-system radium behavior and demonstrate that fluids have occupied the fractures over
the last 5 k.y., which implies that U has had ample opportunity for fluid interactions.
Furthermore, a variety of plant (Phacelia robusta) growing in the vicinity has very high radium
content (Leslie et al. 1999, p. 833).

13.4.2.3.1.3 Discussion and Conclusions of Uranium-Series Analyses

Transport of U-series nuclides at Pefia Blanca has occurred over a range of time scales. From the
U-Th age data, it appears that the primary transport of U to the fractures occurred more than
300 ka. Subsequently, there has not been significant 238U or 235U redistribution. The 231Pa/235U
activity ratios for the fracture samples support this conclusion. Results for one anomalous
sample, along with U-Th ages for opal and caliche, suggest enhanced aqueous fluxes at
approximately 50 to 90 ka and local uranium mobility. The enhanced flux had no effect on 235 u
or 23 8 U, Th, or Pa distribution in the remainder of the fracture samples. The 226Ra/230Th activity
ratios indicate redistribution of radium within the last 5 k.y. as a result of secondary fluid events.
The fluid events appear to have also produced small redistributions of 234U. Presumably, this
reflects the preferential mobility of 34U resulting from selective leaching and direct-recoil
effects. Such effects are well documented in rock-water systems (e.g., Ivanovich and Harmon
1992). In an analog sense, this stability should extend to transuranics and the lanthanide
elements. The high mobility of Ra is also remarkable and should be considered in modeling
transport of strontium and cesium.

The 300-k.y. stability of 235U, 238U, Th, and Pa in the fracture-filling minerals has apparently
survived even recent hydrologic disturbances from surface-water infiltration of the fracture
because of mining activities, as well as the infiltration of rainwater, since the fractured rock was
uplifted above the water table (Pearcy et al. 1994, p. 714). Hence, U, Th, and Pa in secondary
fracture materials appear to be unaffected by surface-water infiltration and, perhaps, saturated
groundwater flow over approximately 1 00-k.y. time scales.

The two data sets discussed above (Pickett and Murphy 1997; Murrell et al. 1997) directly
contrast with each other in their final interpretations. The major implication of the Pickett and
Murphy (1997) and Wong (1998) data is that the host rhyolitic tuffs around Nopal I have not
effectively retained the uranium mobilized from uraninite alteration. In contrast, the more
precise thermal ionization mass spectrometry data (Murrell et al. 1997; CRWMS M&O 2000b)
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indicate that the geochemical system at Nopal I restricts adtinide mobility in the unsaturated
environment. By analogy, the tuffs at Yucca Mountain should have similar retentive properties
to impede oxidized uranium mobility. The accumulation of natural analog data from Pefia
Blanca and similar sites would be of particular importance if they demonstrate the general
validity (or lack thereof) of low actinide mobility in unsaturated siliceous tuffs under semiarid
climate conditions.

13.4.2.3.2 Uranium Deposits in Northwestern Nevada and Southeastern Oregon

The McDermitt caldera uranium deposits, and other uranium deposits in northwestern Nevada
and southeastern Oregon, have been suggested as possible analogs to potential radionuclide
transport processes at Yucca Mountain (Alexander and Van Luik 1991) and were the focus of a
field trip by YMP representatives in 1995. As a follow-up, Castor et al. (1996) compared
features of 16 of the deposits, five of which are located in settings having a thin vadose zone.
These are the Moonlight, Bretz, and Opalite mines of the McDermitt caldera, Virgin Valley
deposits of northwestern Nevada, and Painted Hills deposits near Reno, Nevada
(Figure 13.4-12). Mines in the Lakeview and Steens Mountain uranium districts of southeastern
Oregon all occur in saturated rhyolite flows, bedded tuff, or mafic volcanic rock. Mineralization
of the McDermitt caldera is discussed in Wallace and Roper (1981). More details on these
deposits can be found in Castor et al. (1996).

Tuffs in the McDermitt caldera and Virgin Valley are 15.7 to 16.5 Ma (Castor et al. 1996).
Distance to the water table is 38 to 50 m. At the Moonlight Mine, uranium deposition has
occurred along faults. Host rocks are dacite flows and rhyolite ash-flow tuffs in the footwall and
biotite rhyolite breccias in the hanging wall. Ore deposition was associated with epithermal
fluids and occurs mainly in the rhyolite breccias. The Moonlight Mine is the only area at
McDermitt with recorded U production (approximately 700 kg of U3 08, with an average grade of
approximately 0.13 percent U3 08 ) (Dayvault et al. 1985, p. 383).

At the Bretz and Opalite mines, mineralization is associated wvith mercury (1.6 percent Hg) in hot
springs and caldera ring-fracture faults in silicified breccia. Uranium deposition is genetically
related to magmatic systematics in Virgin Valley and is associated with airfall and minor ash-
flow tuffs and lacustrine sediments (including diatomite and lignite). Stratiform opal deposits
contain uranium, which is also found along fractures in rhyolitic breccia. In the Painted Hills
district near Reno, Nevada, uranium mineralization is associated with late-stage mineralization
within a caldera. Notable concentration is found at the contact between rhyolitic ash-flow tuff
and a basalt dike, and as fracture-filling in the tuffs. Of the sites discussed above, zeolites are
observed only in the Virgin Valley area but have been reported at the Bretz and Moonlight mines
(Castor et al. 1996). In all of the deposits mentioned, uranium is found as U+6; only at the
Moonlight Mine is it also found as U+4, in association with zircon.

Some of the uranium mineralization at McDermitt caldera and the other northern Nevada
deposits may seem to be good analogs to aspects of radionuclide transport at Yucca Mountain,
but this is questionable for several reasons. One reason is that the host volcanic rocks for these
deposits are somewhat different (i.e., peralkaline rhyolite and trachyandesite flows, bedded tuffs,
lacustrine sediments, and basalt dikes). Another reason is that the uranium mineralization is
fine-grained and low in concentration in these deposits. Age of deposition is poorly constrained
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for most of the deposits. Drilling has taken place in only two of the areas, which could provide
solid samples for analyses; hydrologic data are sparse. Previous characterization has included
the geologic setting of uranium deposition, uranium oxidation state, primary and secondary
mineral assemblages, and water chemistry for a few locations (Table 13.4-2).

Furthermore, the origin of the Virgin Valley and Painted Hills deposits is uncertain. Deposition
by ascending fluids along dike barriers is suggested for Painted Hills, since mineralization occurs
almost exclusively along footwalls of mafic dikes. At both the Painted Hills deposits and at
Virgin Valley, evidence suggests remobilization and redeposition of uranyl minerals to account
for local enrichment. Source-term information needed for models is lacking. In spite of their
appealing proximity to Yucca Mountain for ease of study, the northern Nevada uranium deposits
would require extensive additional characterization before data could be used, in any sense, for
building confidence in flow and transport process models.

13.4.2.3.3 Akrotiri, Santorini, Greece

Murphy et al. (1998) conducted a study of trace-element transport at the Akrotiri archaeological
site on the island of Santorini, Greece, to evaluate the use of natural analog data in support of
long-term performance-predictive modeling for a potential Yucca Mountain repository. This
analog study produced primarily qualitative results. Akrotiri is similar to Yucca Mountain in its
silicic volcanic rocks, dry climate, and oxidizing, hydrologically unsaturated subsurface
conditions. Bronze and lead artifacts were buried under 1.5 to 2.0 m of volcanic ash 3.6 ka
(1645 B.C.) (Murphy et al. 1998) by the Minoan eruption.

The Minoan eruption buried settlements under 30 m of volcanic sediment. Evidence for a plume
of copper, tin, and lead was indicated through selective leaching of packed earth and bedrock
samples collected directly beneath the site where bronze and lead artifacts were excavated. Field
data indicated that little of the bronze material had been transported away from its primary
location. Original textures and patterns were preserved in fine detail, even on artifacts that were
apparently crushed by compacting volcanic ash. The total amount of copper predicted to have
been removed from the artifacts is approximately 38 cm3, roughly three orders of magnitude
smaller than the volume of the artifacts (Murphy et al. 1998, p. 273). Neither copper nor lead
was detected below a depth of 45 cm.

A numerical model of elemental transport was developed that used geological characteristics and
hydraulic properties of the enclosing tuff. The well-constrained location of the contaminant
source, well-constrained time scale for transport processes, and relatively well-known physical
characteristics of the site facilitated development of the transport model. Some of the model
results were qualitatively consistent with the field data, including the small amount of material
transported, limited amounts of sorbed material, and relatively elevated sorption on a
packed-earth layer. System heterogeneity and complexity also played an important role in the
distribution of contaminants on solids in the excavated area. The Akrotiri study shows
preservation of artifacts for a long period of time in an oxidizing environment, leading Murphy
et al. (1998) to conclude that unsaturated systems in arid environments may provide favorable
sites for geologic disposal of radioactive waste.
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13.4.2.4 Summary of Unsaturated Zone Transport Analogs

Although aspects of some uranium deposits in northwestern Nevada may be suitable for study as
analogs to unsaturated zone transport at Yucca Mountain, considerable additional site
characterization would be required at all of them before the strength of the analogy could be
demonstrated. Both the Pefia Blanca and Akrotiri sites demonstrate that arid, unsaturated,
oxidizing environments may provide suitable conditions for limiting the migration of
radionuclides and metals over thousands of years. Pefia Blanca further shows that migration of
U-series isotopes has been limited at Nopal I over the past 300 to 400 k.y., with only small
amounts of migration along fractures.

13.4.3 Saturated Zone Flow and Transport

Section 13.4.3 considers analogs to saturated zone flow and transport at Yucca Mountain. First,
natural analogs are considered at six sites: Alligator Rivers, Po9os de Caldas, Oklo, Bangomb6,
Tono, and Palmottu. Various anthropogenic sites in Russia, Ukraine, and the United States are
then examined.

13.4.3.1 Conceptual Model of Saturated Zone Flow and Transport

The water table near the potential Yucca Mountain repository block is currently at an elevation
of approximately 730 m, more than 300 m below the potential repository horizon (DOE 1998a,
p. 2-56). Water infiltrating the unsaturated zone becomes recharged to the regional flow system.
Water moves generally southeast beneath the site before flowing south out of the volcanic rocks
and into the thick valley fill of the Amargosa Desert. The hydraulic gradient is very low
(approximately 0.0001) (Fridrich et al. 1994) downgradient from Yucca Mountain so that the
travel time of groundwater may be long. Near Yucca Mountain, volcanic rocks up to several
thousand meters thick cover the Paleozoic and older rocks of the region (DOE 1998a, p. 2-58).
Their hydrologic properties change dramatically over short distances, which produces a complex
hydrogeology. The volcanic rock section becomes thinner to the south and is not an important
component of the saturated zone flow system in southern Amargosa Valley,; where the major
aquifer consists of Quaternary-Tertiary heterogeneous valley-fill deposits.

The dominant regional aquifer is the carbonate aquifer. This consists of Paleozoic marine
limestones, dolomites, and minor clastic sediments that are thousands of meters thick. Fractures
enlarged by dissolution provide the large permeability associated with this aquifer, which
underlies most of the Ash Meadows and part of the Alkali Flat-Fumace Creek subbasins that
make up the regional saturated zone flow system. In the Yucca Mountain area, the carbonate
aquifer is not tapped as a groundwater source because of its great depth below the surface
(DOE 1998a, p. 2-58).

Luckey et al. (1996) divided the volcanic rocks below the water table into four hydrogeologic
units. From top to bottom, these are the upper volcanic aquifer, the upper volcanic confining
unit, the lower volcanic aquifer, and the lower volcanic confining unit. The upper volcanic
aquifer is composed of the Topopah Spring Tuff, which occurs in the unsaturated zone near the
repository, but is also present beneath the water table to the east and south of the potential
repository and in Crater Flat. The upper volcanic confining unit includes the Calico Hills
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nonwelded unit and the uppermost, unfractured part of the Prow Pass Tuff, in areas where they
are saturated. The lower volcanic aquifer includes most of the Crater Flat Group (Luckey et al.
1996, p. 18-20), and the lower volcanic confining unit includes the lowermost Crater Flat Group
and deeper tuffs, lavas, and flow breccias. The upper volcanic aquifer underlying Yucca
Mountain is generally productive and provides a groundwater source for the site. The main
distinction between saturated zone volcanic aquifers and confining units is that the aquifers tend
to be more welded and contain more permeable fractures. However, alteration of the tuffs to
zeolites and clays, which reduces permeability, is more pronounced at depth, where greater
pressure reduces fracture permeability.

The chemistry of saturated zone waters beneath Yucca Mountain (Oliver and Root 1997) reflects
processes that affected these waters as they flowed to the Yucca Mountain area from recharge
areas to the north (McKinley et al. 1991). In general, these dilute, sodium-bicarbonate waters are
neutral to mildly alkaline and mildly oxidizing. Similarities between the composition of
saturated zone waters in the recharge areas north of and beneath Yucca Mountain suggest that
water compositions primarily reflect water-rock interactions in the recharge areas (DOE 1998a,
p. 2-60).

After reaching the water table, flow continues downgradient (generally to the southeast) away
from the repository. The majority of saturated flow occurs in zones with enhanced
permeabilities caused by fractures. Retardation processes, such as sorption, matrix diffusion, and
dispersion, would also function in the saturated zone. Water may contact sorbing zeolites in the
Calico Hills and Prow Pass tuffs, and, as in the unsaturated zone, fracture minerals may have a
significant effect on both the hydrology and transport properties of the repository system.

At Yucca Mountain, the major control on fracture mineralogy is the location above or below the
water table. Fracture minerals in the unsaturated zone are more varied than in the saturated zone.
Fracture minerals in the unsaturated zone include clays, zeolites, manganese oxides, hematite,
calcite, fluorite, opal, and the silica polymorphs (cristobalite, tridymite, and quartz) (Carey et al.
1997). Calcite and opal are the most characteristic fracture minerals deposited by percolation in
the unsaturated zone. Below the water table, the variety of fracture minerals decreases. Smectite
is the only common clay. Manganese oxide minerals occur, and hematite is more common than
in the unsaturated zone. The only common silica minerals in saturated zone fractures are quartz
and opal-CT. The only common zeolites in saturated zone fractures are clinoptilolite and
mordenite, the same zeolites that characterize the altered-rock matrix below the water table
(Carey et al. 1997). The differences between saturated zone and unsaturated zone fracture
mineralogy may affect transport properties above and below the water table (Vaniman and
Chipera 1996). Laboratory experiments have shown that fractures containing smectite,
manganese oxides, and calcite show particular affinity for plutonium retention (DOE 1998a,
p. 2-66).

13.4.3.2 Natural Analogs of Saturated Zone Flow and Transport

Section 13.4.3.2 discusses some of the major analog studies that have been conducted in
saturated environments. All occur in uranium ore deposits and rare-earth (lanthanide) deposits in
varying types of host rocks. The sites are relevant to the degree that they demonstrate something
about the potential transport of radionuclides in particular environments. Sites in strongly
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reducing environments, such as Tono, have little relevance to groundwater conditions at Yucca
Mountain, but the uranium deposits that display a redox front (e.g., Pogos de Caldas, Oklo, and
Palmottu) or that are subject to weathering and periodic influx of water (e.g., Alligator Rivers
and Bangombd) are somewhat more relevant. The saturated zone transport analogs that are
perhaps most relevant to Yucca Mountain are the anthropogenic analogs that are discussed in
Section 13.4.3.3.

13.4.3.2.1 Alligator Rivers, Australia

The Alligator Rivers Analog Project, 1987 to 1992, involved agencies from five countries
(including the U.S. Department of Energy [DOE] Office of Civilian Radioactive Waste
Management) under the auspices of the Organization for Economic Cooperation and
Development, Nuclear Energy Agency. The Alligator Rivers Analog Project was an
investigation of the Koongarra secondary enriched-uranium deposit in the Northern Territory of
Australia (Figure 13.4-13). Investigations at Alligator Rivers were designed to study the
migration of radionuclides away from a uranium deposit so that it could be used as an analog to
migration from a waste repository. The Alligator Rivers Analog Project focused on the
Koongarra deposit because it contains high uranium concentrations, its hydrology has been
undisturbed by mining, and elemental migration has occurred. The Alligator Rivers uranium
deposits are the most significant mineralization in the Pine Creek Geosyncline, which comprises
an approximately 14-km thickness of Lower Proterozoic metasediments (carbonaceous shales,
sandstones, and carbonates), together with interlayered tuffs that were deformed and
metamorphosed around 1,800 Ma (Airey 1986). These Lower Proterozoic rocks rest on late
Archean granites and are overlain by the Kombolgie Sandstone of Middle Proterozoic age. The
uranium deposits lie at the base of the Cahill Formation schists and are located in extensively
chloritized zones adjacent to massive dolomites (Figure 13.4-14).

Numerous reports and papers discussing the analog characteristics and project goals have been
published (e.g., Duerden et al. 1987; Hardy and Duerden 1989; Airey and Ivanovich 1985; Airey
et al. 1987; Airey 1986). Results from the Alligator Rivers Analog Project were presented at the
Fifth Natural Analog Working Group Meeting (von Maravic and Smellie 1994).

The Koongarra uranium deposit was discovered in the early 1970s by airborne geophysical
measurements. More than 40 boreholes were drilled to characterize the ore body. The deposit
was never exploited and, hence, is relatively undisturbed. The natural analog study had two
broad objectives: to investigate the processes leading to the decomposition and leaching of the
primary ore (uraninite and pitchblende) and to investigate the processes of radionuclide transport
and retardation in the system, including the effect of colloids. As part of this program,
techniques for in situ distribution coefficient measurements were improved as was testing of
thermodynamic solubility and speciation codes.

The Koongarra ore body lies in two distinct parts, separated by a barren zone. The two parts are
composed of uraninite- and pitchblende-bearing veins within a zone of steeply dipping, sheared,
quartz-chlorite schists and a fault that brings the ore body in contact with the Kombolgie
sandstone (Figure 13.4-14). The primary ore at depth is being leached by groundwater to form a
secondary mineralization (Isobe et al. 1992) that extends from the ground surface to the base of
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the weathered zone at about 30 m. This leaching process has resulted in the ore body, and the
region above it, forming four zones:

l. The primary ore of uraninite and pitchblende

2. A uranium silicate zone formed by in situ alteration of the primary ore

3. A zone of secondary uranyl phosphate minerals that are currently being leached by the
groundwater

4. A shallow dispersed uranium zone, with the uranium in association with clays and iron
oxyhydroxides.

Distinctive zones of weathering are apparent at Koongarra, differing only in the relative intensity
of weathering. As a result of the weathering front, a dispersion fan has developed in the
weathering zone, where uranium has been mobilized. Secondary minerals are found as far as
50 m downstream from the ore body, with detectable concentrations of U-series nuclides for
about 300 m downstream in the dispersion fan. The age of the dispersion fan has been estimated
from 0.5 to 3.0 m.y., with a median age in the range of 1 to 1.5 m.y. (Golian and Lever 1992,
pp. 245 to 250). These estimates are based on a number of assumptions about the variation of
the U addition to the fan over time.

The uppermost of the four weathering zones (above approximately 20 m) is the most weathered.
Here, chlorite has been altered to kaolinite, minor amounts of smectite, hematite, and various
iron oxyhydroxides. A transitional zone (20 to 25 m) of less-weathered rock consists
predominantly of vermiculite derived from primary chlorite (present below approximately 24 m)
and altering to kaolinite and iron oxides. Weathering of the quartz-chlorite schist produces
different mineral assemblages according to the degree of alteration. The migration behavior of
nuclides at each depth is thought to be related to the chlorite alteration mineral assemblage
(Ohnuki et al. 1990). The zone of lowest uranium concentration corresponds to the chlorite-rich
zone, that of intermediate U concentration to the vermiculite-rich zone, and that of the greatest
uranium concentration to the kaolinite-rich zone. The highest uranium concentrations in the
dispersion fan are associated with the lower part of the kaolinite-weathered zone (Ohnuki et al.
1990; Isobe et al. 1992; Murakami et al. 1997, pp. 889 to 897).

Isobe et al. (1992) describe uranium redistribution associated with weathering. Uranium activity
closely follows oxidation fronts in the slightly weathered zone and advances most readily along
cracks and fissures in which percolation of oxidizing groundwater is most enhanced. Significant
flow occurs as fracture flow, rather than as porous media flow. Uranium distribution in the most
strongly weathered rocks depends only on the mineralogy present and is not controlled by the
presence of fissures, as is the case for the more moderately weathered rocks. In the dispersion
fan, processes that control the amount of radionuclides removed from groundwater include
equilibrium sorption, chemical incorporation into iron oxides, uranium minerals or other
crystalline phases, and recoil transfer of daughter products caused by alpha-particle decay
(Golian and Lever 1992).

The groundwater is slightly acidic to neutral in pH, oxidizing, and relatively dilute, with the
major ion chemistry dominated by Mg and bicarbonate. Water from the weathered zone is
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undersaturated with respect to a number of U-bearing minerals. This is consistent with the idea
that the present groundwater may be dissolving and dispersing the uranium in the deposit's
phosphate zone (Sverjensky et al. 1992).

Groundwater samples from Koongarra drillholes were studied for colloidal content (Airey 1986;
Ivanovich et al. 1987). Drillholes closest to faults were found to have the greatest variety of
colloids (Ivanovich et al. 1987). Identified colloids included particles of Fe, kaolinite, chlorite,
silica, Pb, U, and Ti. All colloid samples were dominated by Fe-rich particles, and uranium was
only found in Fe-rich species (Ivanovich et al. 1987). Low colloid concentrations
(approximately 106 particles/L or less) and the absence of radionuclides in colloids outside the
center of the ore body indicated that colloidal transport of radionuclides is minor at Koongarra
(Payne et al. 1992).

In summary, Koongarra may represent a worst-case scenario for transport, with its near-surface
exposure to oxidizing weathering conditions and monsoonal climate. The dissolution and
reprecipitation of U in the dispersion fan is especially notable. Its relevance would be greater as
a total system analog for a shallow repository or as a disturbed case rather than as an analog to
deep unsaturated disposal. However, it might be very instructive to use data associated with the
migration rate and dispersion pattern in the Koongarra dispersion fan in testing models of
saturated zone plume dispersion at Yucca Mountain.

13.4.3.2.2 PoVos de Caldas, Brazil

The Pogos de Caldas plateau is located in the state of Minas Gerais in Brazil (Figure 13.4-15).
This area has been investigated for about 20 yr. because of its high levels of natural radiation.
Morro do Ferro, in particular, has been identified as among the most naturally radioactive places
on earth (Miller et al. 1994). The area was identified as a promising site for a natural analog
study, and a 3-yr. project was undertaken (1986 to 1989). The project was cofunded by the
Swedish Nuclear Fuel Waste Management Company (Sweden), NAGRA (Switzerland), the U.S.
DOE, and the United Kingdom Department of Energy and was supported by Uranio de Brasil.
The project generated a series of technical reports that were published in 15 volumes, of which
the summary volume is Chapman et al. (1991). A collection of papers appeared in a special
issue of Journal of Geochemical Exploration (Chapman et al. 1992). The project aims were
focused on performance assessment requirements. The above-mentioned reports include the data
collected, their interpretation, and the predictive modeling and relationship to radioactive waste
disposal, particularly to performance assessments.

The objectives of the Poqos de Caldas project, as discussed in detail by Smellie et al.
(1989), were:

1. To assist in the validation of equilibrium thermodynamic codes and databases used to
evaluate rock-water interactions, and solubility and speciation of elements in an
environment rich in natural radionuclides and lanthanides

2. To determine interactions of natural groundwater colloids, radionuclides, and mineral
surfaces with respect to radionuclide transport processes and colloid stability
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3. To produce a model of the geochemical evolution of redox fronts specifically aimed at
understanding long-term, large-scale movements of redox-sensitive natural-series
radionuclides

4. To model the migration of lanthanide and U-Th series radionuclides during
hydrothermal activity, similar to that anticipated in the very-near-field of some spent
nuclear fuel repositories.

The Poqos de Caldas caldera is a ring structure approximately 53 km in diameter, composed of
alkaline volcanic and plutonic rocks, mainly phonolites, carbonatites, and nepheline syenites of
Cretaceous age (Schorscher and Shea 1991; Miller et al. 1994). Two major hydrothermal events
that affected the caldera led to widespread argillization (alteration to clay minerals) and zeolite
formation. Local magmatic brecciation occurred in association with intense hydrothermal
potassium and sulfur-rich alteration (Schorscher and Shea 1991). The second hydrothermal
event was more localized than the first and is believed to be responsible for the formation of the
numerous ore bodies within the caldera complex. The mineralizing events ended about 76 Ma
(Schorscher and Shea 1991).

Two of these ore bodies were the focus of the Popos de Caldas natural analog study: (1) the
Osamu Utsumi Mine, which is a uranium-ore body with subsidiary thorium, zirconium, and
lanthanide enrichment, and (2) Morro do Ferro, which, in contrast, is a thorium and lanthanide
element ore body, with subsidiary uranium. The Osamu Utsumi uranium mine is known for its
well-developed redox front within the uranium ore (Figure 13.4-16). At Osamu Utsumi, research
was directed toward the behavior of natural decay-series nuclides at the redox fronts, whereas at
Morro do Ferro, attempts were made to relate the distributions of Th, U, and light rare-earth
elements to the groundwater flow patterns in order to evaluate the extent of mobilization of these
elements (MacKenzie et al. 1991). In addition to the analytical aspects of the study, much
attention was paid to testing thermodynamic solubility and speciation codes and databases in
blind predictions at both sites.

The Osamu Utsumi open pit mine is about 100 m deep, I km long, and 0.5 km wide. The mine
consists of an upper weathered zone (laterite soil, top 40 m) that is completely argillized,
depleted in Si and K, and enriched in alumina. The underlying oxidized zone is approximately
150 m thick and consists of alternating areas of oxidized and reduced bedrock. The reduced
zone consists of essentially altered phonolites (62 percent potassium-feldspar, 37 percent clay
minerals, with accessory pyrite, fluorite, and barite). The primary mineralogical difference
between the oxidized and reduced rocks is the presence of pyrite in the reduced rocks (Smellie
etal. 1989).

Primary mineralization is mostly low-grade and is disseminated throughout the rock. The redox
front is generally very sharp but irregular in profile, as it follows the dips of faults and fractures
along which oxidizing waters have penetrated (see Figure 13.4-16). Uranium mineralization
occurs at the redox front itself in the form of pitchblende accumulations several centimeters
across. The mine has been excavated to the level of the redox front.

Morro do Ferro is a roundish hill that stands about 140 m above the surrounding plateau and is
5 km north of the Osamu Utsumi Mine (Figure 13.4-15). It has been weathered to a much
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greater degree than the Osamu Utsumi Mine, to a depth of at least 100 m, so that now the hill is
composed of gibbsite, kaolinite, and illite, with additional veins of magnetite and manganese
hydroxides that tend to form distinct layers. The thorium and rare earth element ore occurs as
elongated mineralized lenses that extend down the hill slope. Major ore minerals include
bastnaesite, monazite, cheralite, goyazite, thorianite, and thorite (Waber 1991). Thorium and
lanthanide element mineralization are very enriched, with up to 3 percent by weight ThO2 and up
to 20 percent by weight total rare-earth elements, in some soils and weathered rocks (Chapman
et al. 1992). No uranium mineralization is present at Morro do Ferro.

Groundwaters in the Poqos de Caldas area typically have low concentrations (less than I mg/L)
of colloids (Miekeley et al. 1989, 1991 a). Most of the colloids are composed of iron and organic
species. Only minor amounts of uranium are associated with colloids, but greater amounts of
thorium and rare-earth elements are transported in the colloidal fraction. The suspended particle
concentration is 5 to 10 times greater at Morro do Ferro than, at Osamu Utsumi, but there appears
to be very little thorium transport at Morro do Ferro, either by colloids or true solution.
Filtration of particulate material, even in the highly fractured and porous rocks of the Pogos de
Caldas plateau, seems to be an efficient process (Smellie et al. 1989). The colloidal material acts
as a largely irreversible sink for many elements (especially as they are immobile).

Groundwater at Morro do Ferro is lower in most major- and trace-element concentrations than
groundwater at the Osamu Utsumi Mine (Miekeley et al. 1989). However, high concentrations
of manganese in groundwaters are an exception and result from the presence of nodular
Mn-oxides.

The groundwaters at Osamu Utsumi have high concentrations of uranium (up to 24 mg/L
[Nordstrom et al. 1990]), whereas those from Morro do Ferro are much lower (Miekeley et al.
1991b). Concentrations of 232Th are low in groundwaters from both sites (less than 0.1 pg/L),
but are occasionally higher (up to 100 times) in surficial waters with abundant humic compounds
or sulfate. Disequilibria is noted between 234U and 238U in the groundwaters from both sites
(Miekeley et al. 1991a).

The groundwaters in the Pogos de Caldas area have an unusual K-Fe-SO4 composition because
of the weathering of the altered, mineralized, K-rich rocks (Nordstrom et al. 1990). Also,
relatively high concentrations of Ba and S04 detected in the Osamu Utsumi Mine groundwater
may be important, since microcrystalline barite can act as a scavenger for radionuclides. The
Osamu Utsumi Mine groundwater flow is upward from depth, except for the upper 10 to 15 m,
where lateral surface-flow predominates. All groundwaters appear to be of meteoric origin, as
indicated by tritium and stable isotope measurements (Nordstrom et al. 1990). Shallow
groundwaters are less than 40 yr. old, but deeper waters may be a mixture of younger and older
fluids, producing an apparent age of 40 to 60 yr. (Nordstrom et al. 1990).

Microbial activity is important for the pyrite oxidation and may be responsible for uraninite
mobilization and reprecipitation at the redox front. At Pogos de Caldas, microbes were found in
all core and groundwater samples, independent of depth (West et al. 1989, 1990). West et al.
(1989) reported that microbes are enhancing the supply of oxidants from the rock mass, thereby
accelerating the rate of advance of the redox front. This could explain the observation that the
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redox front is moving faster than would be expected, simply on the basis of dissolved oxygen
concentration.

The natural plutonium concentration in a centimeter-sized pitchblende nodule was measured.
Neither 238Pu nor 240Pu was detected. The concentration of 239Pu was calculated to be 2.3 ± 0.7 x
108 atoms/g, with the uranium concentration 43 ± 2 percent (Chapman et al. 1991, pp. 37, 39).
The presence of natural plutonium (formed via neutron capture by uranium) is a function of host-
rock composition and the length of time the system has been open to loss or gain of U or Pu. In
a system that has been closed for about 100 k.y. (several half-lives of Pu), a state of secular
equilibrium is reached between the parent U and the daughter Pu. In such a system, the Pu/U
ratio is independent of time. The Pu/U in the pitchblende nodule is consistent with a state of
secular equilibrium with the matrix phonolite. Based on the Pu/U ratio in the nodule, it appears
that the two elements have resided, unfractionated, in the most highly uraniferous rock in the
deposit for the last 100 k.y. Even if alteration has occurred more recently, the processes did not
significantly fractionate Pu from U (Chapman et al. 1991, pp. 37, 39).

The Poqos de Caldas project, in common with other natural analog studies, illustrates the
complexity of natural groundwater systems. In particular, it highlighted the importance of
amorphous phases in suspension, or as coatings on rock, as the principal reactive surfaces for
many trace elements in solution. The presence of amorphous phases tends to reduce the
concentration and mobility of trace elements in solution. Some of the fixing processes appear to
be irreversible over long time scales, compared to reversible sorption used in performance
assessment models, which tends to make these models conservative (Chapman et al. 1991).

Study of the redox front provided direct evidence of the operation of flow channeling in fractures
and solute transport in the rock matrix as the key controls on the shape and movement of these
fronts. A consistent picture emerged of very slow front movement and solute transport over the
front dominated by diffusion. The front plays a significant role in retarding a wide spectrum of
trace elements.

13.4.3.2.3 Oklo, Gabon

13.4.3.2.3.1 Introduction

The Oklo uranium mine contains the only known examples of natural fission reactors and is
perhaps the best known natural analog. Most of the early investigations at Oklo were performed
under the auspices of the International Atomic Energy Agency, which organized two symposia
(IAEA 1975, 1978). The Commission of European Communities sponsored an international
program at Oklo that began in 1991: Phase III ended in January 1999. A vast amount of
literature about the Oklo natural fission reactors has been published. The literature review by
Jakubick and Church (1986), although dated, provides an introduction to all aspects of work
conducted to that date. More recent summaries of the investigations on radiolysis and the
behavior of the radionuclides in the reactors are given by Curtis et al. (1989), Loss et al. (1989),
and Brookins (1990). The Commission of European Communities program results are
summarized by Chapuis and Blanc (1993), Gauthier-Lafaye et al. (1996), and Louvat and Davies
(1998).
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13.4.3.2.3.2 Background

Oklo is located in the southeast part of the Republic of Gabon (Figure 13.4-17) in the Franceville
Basin. The Franceville Basin rocks are of Early Proterozoic age (approximately 2,000 Ma).
They consist predominantly of deltaic sandstones, conglomerates, and marine black shales with
interbedded dolomites, cherts, and some rhyolitic tuffs in the upper strata. Despite their ancient
age, the rocks have survived virtually unmetamorphosed, with only brittle deformation. Sixteen
reactor zones have been identified among three uranium deposits in the Franceville Basin
(Smellie 1995). The uranium deposits containing the natural fission reactors are located at the
top of the basal sandstone-conglomerate unit, the FA sandstone of the Francevillian Series
(Gauthier-Lafaye et al. 1989; Gauthier-Lafaye and Weber 1989). The FA-Sandstone is
immediately overlain by a carbon-rich mudstone (green pelite) that belongs to the FB-Formation
of the Francevillian Series.

Two grades of ore, associated with two different occurrences of uranium, are distinguished in the
Franceville Basin, a schematic of which is shown in Figure 13.4-18. The low-grade ore contains
0.1 to 1.0 percent uranium and the high-grade ore (greater than 1.0 percent) commonly contains
up to 10 percent uranium (Gauthier-Lafaye et al. 1989). The low-grade ore is primary and is the
most widespread. It occurs in disseminated blanket- or pod-like concentrations within black
silicified sandstones containing secondary silica, chlorite, and illite, and is always associated
with hydrocarbon material (Gauthier-Lafaye and Weber 1989). Common sulfides include pyrite
and galena. The uranium exists predominantly as fine-grained botryoidal uraninite (pitchblende)
with sporadic coffinite surrounding the pitchblende. Uranyl minerals are rare or absent, but
when present these minerals are always associated with recent alteration.

The high-grade ore is secondary and occurs within fractured sandstones that have been
interpreted as hydraulic breccias associated with faults or joints ini the sandstone (Gauthier-
Lafaye et al. 1989). As with the low-grade ore, uranium occurs as pitchblende with rare
coffinite, but the high-grade ore usually occurs within secondary porosity caused by the
dissolution of detrital quartz. The formation of the high-grade ore is attributed to the
remobilization of low-grade ore by oxidizing hydrothermal fluids, which transported the uranium
along the faults, followed by precipitation within the fracture zones when conditions became
more reducing. In places, the uranium ore in this secondary type of deposit is extremely
enriched (up to 70 percent uranium oxide) so that, at the time of formation, a critical mass of
235U was formed, which initiated the natural fission reactions.

13.4.3.2.3.3 Evidence for Natural Fission

In 1972, French scientists from the Pierrelatte Diffusion Plant found an isotopic anomaly in the
Oklo ore. The 235U content was depleted from the normal 0.72 percent down to 0.62 percent.
The discrepancy in 235U was small, but significant, and led to an investigation that discovered
other samples with depletions to as low as 0.296 percent. The occurrence of ancient nuclear
chain reactions was confirmed when substantial quantities of fission products were found in the
depleted ores (Naudet 1978).

Today, 235U constitutes only 0.72 percent of natural uranium, because 235U has a shorter half-life
(700 m.y.) than 238U (4,500 m.y.). In the past, the proportion was higher. The fission reactions
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were possible because the 2 35U/ 8U ratio 2,000 Ma was approximately 3.5 percent (a value
similar to 235 U enrichment for modem nuclear fuel). This concentration, and the presence of an
appropriate moderator (probably groundwater), allowed the formation of a self-sustaining
nuclear reaction (Cowan 1976). The conditions leading up to spontaneous nuclear fission were
discussed by Naudet (1978), who showed that criticality and subsequent nuclear reaction may
occur spontaneously if the uranium content reaches 10 percent within a 2-cm-thick layer. Such
concentrations occur within the high-grade ores at Oklo. The fission reactions may have
occurred spontaneously in relatively small volumes within the high-grade ore. Heat generated by
these fission reactions would have resulted in local convective circulation of groundwater that, in
turn, caused U migration to some of the reactor zones, thereby sustaining fission reactions for
several thousands of years. It is unlikely that Oklo is the only place where natural nuclear chain
reactions have occurred, but searches have turned up no other sites (Cramer 1986).

According to Holliger (1993), criticality was reached approximately 1,968 ± 50 Ma and lasted
intermittently for 0.1 to 0.8 m.y. Roughly 1,000 to 2,000 metric tons of uranium were initially
present as fuel, of which about 6 to 12 metric tons consisted of 235U, which underwent fission
and produced some 4 metric tons of plutonium (Naudet 1978).

13.4.3.2.3.4 The Oklo Reactor Ore Bodies

Mineralogy of the reactors consists of uraninite, chlorite, illite, and carbonates. There is little
organic carbon or quartz in the reactor zones. Figure 13.4-19 shows a schematic of an idealized
reactor zone. The mineralized regions are usually less than 10 m thick, from 10 to 20 m in
length, and, normally, have a maximum ore grade of I to 2 percent (Jensen et al. 1997). The
reactors consist of an inner core and an outer aureole. The core contains only uraninite, while
the aureole contains uraninite with coffinite and pitchblende. The loss of quartz is due to heat
generated by the reactions (temperatures to 350'C). The type of clay mineralization within the
reactor zones is related to the temperature regime (Gauthier-Lafaye et al. 1989).

13.4.3.2.3.5 Retention of Radionuclides

Early natural analog investigations at Oklo concentrated on the mobility of the fission product
elements during the 2,000 m.y. since their production. Some fission products are the same as
radioelements to be emplaced in a radioactive waste repository (e.g., Tc, Np, Pu, Am). The
fission products originally collected in the crystalline uraninite of the reactor zones as the nuclear
reaction proceeded. Radiometric dating and modeling of the nuclear reaction allow estimates to
be made of the production and decay of fission products at the site (Curtis et al. 1981). Although
little alteration of uraninite occurred subsequent to its formation, some of the fission products
have escaped from the uraninite, probably by solid-state diffusion (Curtis et al. 1981), and
transport of some radionuclides has occurred subsequent to their release from the uraninite.

Palladium and Te appear to have been retained in the reactor zones, whereas Ag, Sn, and Cd
were lost, and Ag and Sn may have been retained in the surrounding host rock (De Laeter et al.
1980). According to Gancarz et al. (1980) and Curtis et al. (1981), Ru, Tc, and Nd were
dispersed into rocks surrounding the reactor zones, but appear to have been contained within a
few tens of meters of their source. Curtis (1986) postulated that increased temperatures and
greater oxidizing conditions in the reactors led to dissolution of Tc in hydrothermal fluids and
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migration to the surrounding rocks, where the Tc precipitated in response to a drop in
temperature and more reducing conditions. Curtis et al. (1989, p. 49) suggested that a portion of
the fission-produced Te, Ru, Pd, Tc, Cd, and Mo was retained, essentially at the site of
production and the portion that escaped the uraninite crystals of origin was completely removed
from the reactor zone. Curtis et al. (1989) presented evidence that Nd and Sn were removed
from the site of their production, but were retained within the reactor zone.

Because the reactions ended nearly 2,000 Ma, the short-lived radionuclides have decayed to
more stable daughter nuclides. Analysis of the behavior of these short-lived radionuclides is
problematic. According to Brookins (1978), Pu, Np, and Am were likely retained within the
reactor, while Bi and Pb would have been redistributed locally without substantial migration
(Brookins 1978). Most geochemical observations at Oklo support these predictions to varying
degrees. Curtis et al. (1989) conclude that the retention of fission products is related to their
partitioning into uraninite or secondary mineral assemblages. Those fission products that
partitioned into the secondary mineral assemblages were largely lost over time, pointing to the
importance of small uraninite grains in controlling the chemical microenvironment.

13.4.3.2.3.6 Bangomb6

The Bangombd uranium deposit is located approximately 25 km west-northwest of Franceville
and is strongly affected by near-surface ferralitic (Fe-rich) weathering (Bros et al. 1998).
The reactor zone consists of an approximately 5-cm-thick reactor core, overlain by an up to
0.3-m-thick hydrothermal clay mantle (Bros et al. 1993 p. 1352). Immediately above this mantle
lie black shales and green pelites of the FB-formation (Figure 13.4-19).

The Bangombd uranium deposit is located within the saturated zone (groundwater is within
4 to 6 m of the surface in the vicinity of the reactor zone). Smellie et al. (1993) interpreted the
deposit as being located in a groundwater discharge area (Figure 13.4-20). Field measurements
of pH, Eh, and alkalinity suggest three groundwater types that are broadly related to geological
units intercepted by the boreholes. Surface waters have low pH (5.08 to 5.76) and high Eh
(322 to 455 mV). Groundwaters of deeper origin have higher pH (6.00 to 6.14) and lower Eh
(189 to 225 mV), and a second groundwater of deep origin has high pH (6.80 to 6.90) and
moderate Eh (241 to 284 mV) (Smellie et al. 1993). These authors concluded that preservation
of the Bangombd mineralization is attributable to the discharging groundwater that is less
oxidizing than surface waters and that the green pelites act not only as a potential hydraulic
barrier, preventing large-scale penetration of surface and near-surface oxidizing waters from
reaching the mineralization, but also as a trap for the U-rich solutions reaching the surface. In
short, at the Oklo and Bangomb6 uranium deposits, retention of uranium and fission products in
the reactor zone appears to rely on reducing conditions in groundwater, sequestration within
small uraninite grains, and hydraulic barrier properties of the green pelite.

13.4.3.2.3.7 Progress to Date

Natural analog investigations at the Oklo and Bangomb6 sites have focused primarily on the
stability and longevity of U0 2, the transport and retardation of radionuclides, the degradation and
radiolysis of bitumen, and the production of radiolytic oxidants. Present Commission of
European Communities studies have concentrated on Reactors 10, 13, and 16 at Oklo, which
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currently experience reducing conditions. Additional emphasis is placed on the spatial
distribution of these reactor zones, both geologically and hydrogeologically, in an attempt to
explain rock-water interactions via paleo and recent signatures of uranium and fission-product
mobilization, within and from the reactor zones at different stratigraphic horizons.

Significant work has already been performed to characterize the Bangombd site. At the 1997
Oklo working group meeting (Louvat and Davies 1998), results of the first phase of
investigations at Bangomb6 were presented. A comprehensive table in that report presents
available data from all Bangomb6 cores. Bulk and fracture mineralogy studies were conducted
on cores from BAX-09 and BAX-13. Petrographic, scanning electron microscope, and chemical
analyses have been performed on uraninites and uranium-alteration phases. Microprobe analyses
have been performed to determine compositions of uraninites, and a model was developed
showing stages of alteration of the deposit. Laboratory studies have been conducted on uraninite
dissolution and leachability of other ions. Uranium-series disequilibrium studies have been
performed. Other investigations included colloids, microbes, stable isotope and ion groundwater
chemistry, uranium sorption and desorption studies, and geochemical modeling.

As an example of natural analog data being used to test models, Gurban et al. (1998) presented
results using hydrogeological and geochemical data from Bangomb6 to compare the outcome of
two independent approaches to modeling natural conditions surrounding the reactor. The
modeling study was aimed to compare results, using a deterministic, multisolute, reactive
coupled code with results using a statistical, performance assessment-oriented code. The authors
concluded that, since both codes were able to represent the ongoing processes with similar
outcomes (e.g., redox buffer around the reactor, increase in alkalinity because of microbial
decomposition of organic material), the two approaches could be used to complement one
another and to build tools that can better be used to support performance assessment. At the
eighth Natural Analog Working Group meeting in March 1999, results of the second phase of
study at Oklo and Bangombd were presented. These results are to be published soon, as the
study has concluded.

13.4.3.2.4 Tono Mine, Japan

The Tono region, located approximately 350 km southwest of Tokyo, is the site of Japan's most
extensive uranium deposits (Figure 13.4-21). The largest of these deposits the Tsukiyoshi
uranium ore body, has been the focus of most of the natural analog studies in the area. This ore
body has not been commercially exploited, and only one gallery, at a depth of 150 m below the
ground surface, has been constructed. Thus, the ore body can be examined in a relatively
undisturbed state. The Tsukiyoshi ore body is approximately 3.4 km long, between 300 to 700 m
wide, and is I to 3 m thick (Ochiai et al. 1989, p. 127). The primary, unoxidized uranium ore
comprises accumulations of coffinite and pitchblende, closely associated with pyrite, altered
biotite, or bituminous plant materials, in cleavages in quartz grains, and on mineral grain
boundaries in or around the porosity of the sediments (Yoshida 1994). These associations
indicate that uranium concentrations and fixation processes have a close relationship with
mineralogical phases controlling redox conditions. The secondary, oxidized uranium
mineralization is comprised of U-bearing autunite, zippeite, and uranocircite, in association with
montmorillonite, limonite, and other minerals in oxidized zones. Rocks with a high uranium
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content have a higher permeability and sorption capacity than low uranium zones within the rock
mass (Yoshida et al. 1994b, pp. 481, 483).

The ore bodies at Tono lie in paleochannels in the unconformity between Cretaceous granitic
basement rocks (the Toki Granite) and overlying Miocene lacustrine sediments, which
themselves form the lowest unit in a 200-m-thick sequence of Miocene and Pliocene marine and
lacustrine sediments (Mizunami Group) (Figure 13.4-21). The basement granitic rocks contain
about 6 ppm of uranium and are considered to be the source of the Tono uranium mineralization.
The sandstones and mudstones at the unconformity (the Toki Lignite-bearing Formation) contain
significant quantities of carbonaceous material and pyrite in a strongly reducing environment.
The uranium mineralization itself occurs in conglomerate, sandstone, and the lignite-bearing
formations. The uranium deposit, which is disseminated in the lowermost part of the Mizunami
Group, is considered to have formed when uranium in the granite was dissolved into migrating
pore fluids and then deposited under more reducing conditions in the lignite-bearing strata
(Katayama et al. 1974).

Fission-track dating indicates that the ore deposit is approximately 10 Ma (Ochiai et al. 1989,
p. 127). It was split into two sections, about 5 to 10 Ma, by the Tsukiyoshi fault, which has a
vertical displacement of 30 m and does not continue upward into the youngest sedimentary rocks
in the region, the Seto Group. Consequently, the Tsukiyoshi uranium deposit has been preserved
despite fault movement, uplift, subsidence, denudation, deposition, and climatic and sea-level
changes since its formation about 10 Ma.

Groundwater in the lowermost Mizunami Group, containing the ore deposit, is of meteoric
origin, older than 10 k.y. at a depth of 100 m (Ochiai et al. 1989, pp. 129 to 130), while
groundwater in the Seto Group is modem meteoric recharge. Uranium-series nuclides (238U,

4 U, and 230Th) in rock samples collected from different locations in the deposit were found to
be in nearly equilibrium states (Yusa and Yoshida 1993). This indicates that these nuclides have
been maintained in a closed system over a long time. It is considered that movement of uranium
and thorium has been confined within a range of a few centimeters (migrated from sediments
into the fault gouge) for at least 1 m.y. (Yoshida et al. 1994a). However, it is possible that
uranium was transported alone- the fault by oxidizing groundwater at a sufficiently rapid rate to
prevent the development of 2 4U/238U disequilibrium. It can be inferred that the uranium ore
deposit has been preserved because a deep, chemically reducing geological environment with a
minimal flow of groundwater has been maintained for thousands of years (Iwatsuki et al. 1995;
Shikazono and Utada 1997).

The natural analog studies at Tono are described by Yusa and Yamakawa (1992), Nohara et al.
(1992), and Seo and Yoshida (1994). The objective of current studies is to evaluate U-series
radionuclide migration, over about 10 m.y., in both the pristine ore and the ore around the fault.
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Preliminary results of U-series disequilibrium studies (Nohara et al. 1992, p. 409) indicate the
following:

* Reducing conditions have been maintained for at least the last 1 m.y.

. Although limited uranium migration has occurred along the fault, the greatest uranium
migration has occurred in the ore matrix, but this has been limited to less than I m over
the 1 m~y.

* Radium has been mobilized during the last several thousand years. The relative mobility
of radium, as compared to uranium, and the limited migration along faults or fractures
are similar to the situation at Nopal I (see Section 13.4.2.3.1.3), although Nopal I is in an
oxidizing environment.

13.4.3.2.5 El Berrocal, Madrid, Spain

The El Berrocal study (92 km southeast of Madrid) was conducted from 1991 to 1995.
It consisted of teams from 10 institutions in five European Union countries. The primary
objective was to understand past and present elemental migration processes to provide field-
derived evidence for radionuclide behavior in the geosphere that could be used to constrain
transport models for radionuclide release from a geological radioactive waste repository. Results
of the study are reported in Rivas et al. (1998). The El Berrocal granite pluton forms the hill
upon which the site is located. The granite hosts two uranium ore bodies mined in the 1960s but
since abandoned. One of the abandoned mines was the focus of the El Berrocal study. The
study generated a large body of geologic, hydrologic, and chemical data from extensive
characterization and integrated modeling.

13.4.3.2.6 Palmottu, Finland

The Palmottu natural analog study was based on a small U-Th deposit in southwestern Finland
(Figure 13.4-22). The purpose of the study was to improve the scientific basis of performance
assessment in fractured, crystalline bedrock under groundwater-saturated conditions. The project
was led by the Finnish Geological Survey through the Commission of European Communities
and involved participants from Sweden, Spain, France, and the United Kingdom. The project
was completed in 1999.

The deposit at Palmottu is hosted by Precambrian gneisses and migmatites whose protoliths were
arkoses and greywackes. These high-grade metamorphic rocks are part of the Svecofennian fold
belt that extends from southwestern Finland into central Sweden. The ore body was discovered
in the late 1970s by airborne geophysical investigations. In the subsequent characterization,
62 boreholes were drilled, with a total length of more than 8 km. Three boreholes, drilled
perpendicular to the ore body strike, were investigated as part of the natural analog study
(Figure 13.4-23).

The deposit is up to 15 m thick, 400 m long, and 300 m deep, but it is discontinuous in the form
of uraniferous pegmatites and veins (Figure 13.4-23). The principal ore mineral is disseminated
grains of uraninite, thinly coated with coffinite. The average grade of the ore reaches up to
0.1 percent by. weight uranium (Ruskeeniemi et al. 1989, p. 602). The uranium is thought to
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have been derived during the latest stages of metamorphism, 1,700 to 1,800 Ma from late-stage
granitic fluids of the nearby Pemi6 granite.

The natural analog study has concentrated on processes, such as colloids and matrix diffusion,
which may affect radionuclide migration and retardation in fractured crystalline rocks. A major
focus has been on understanding the redox control of the system and propagation of the redox
front. Other performance assessment applications have included scenario development based on
Palmottu, investigation of mobilization within the main uranium mineralization, and interface
with the biosphere (Blomqvist et al. 1998). Primary results of the Palmottu natural analog study
are given in project reports by Blomqvist et al. (1987, 1991, 1998) and Jaakkola et al. (1989).
Summaries of the results from the radionuclide migration investigations are given in papers by
Ruskeeniemi et al. (1989), Suutarinen et al. (1991), and Suksi et al. (1991).

The groundwaters, measured in open boreholes, show a distinct layered zonation, with the upper
waters being oxidizing, Ca-Na-HCO3 type, and the lower waters being slightly saline and
reducing (Na-CI-SO4 -CO3 type) (Ruskeeniemi et al. 1989). The change in water composition
and the redox front both occur at about 125-m depth. The pH increases from 7.4 close to the
surface to approximately 9.0 at the drillhole bottom (195 m) (Jaakkola et al. 1989, p. 20).
Tritium values also decreased with depth to below detectable limits, indicating a lack of meteoric
water infiltration at depth.

Uranium is contained in primary uraninite, coffinite, and monazite and is associated with
iron-oxides and clay minerals in the more altered areas and as fracture coatings. Coffinite has
precipitated along fractures short distances (less than I m) from uraninite grains. Significant
dissolution of uraninite has occurred at all depths, regardless of the modem, measured oxidation
potential. Jaakkola et al. (1989) suggest that the oxidation potential at depth was higher in the
past, perhaps because of the infiltration of meteoric waters to greater depths.

Uranium concentration is higher in the oxidizing upper waters than in the lower, more reducing
waters, even though the uranium concentration in the rock is greatest at depth (Valkiainen 1989,
p. 112). The opposite trend is observed with uranium in particulate matter. Most particulate
matter in the upper 100 m contains little or no uranium, whereas uranium at depth is associated
predominantly with particulate matter.

Sorption onto fracture coatings, particularly calcite, efficiently retards uranium transport in
fractures at Palmottu. Uranium concentrations in calcite up to 1,600 ppm have been measured
(Rasilainen et al. 1991 p. 280). The long retention time of uranium in calcite, determined by
U-series disequilibrium measurements, has also been recognized. Uranium-234/uranium-238 in
the dissolved fraction increases with depth from a value of nearly 1.0, whereas 234U/238U in the
particulate fraction shows a slight (though less significant) decrease 'with depth. The 234U/238U
ratios of extracted phases suggest limited mixing of groundwaters in the study area (Blomqvist
et al. 1995, p. 24).

13.4.3.2.7 Summary of Natural Analogs of Saturated Zone Flow and Transport

Sections 13.4.3.2.1 to 13.4.3.2.5 discussed, in some detail, six natural analogs of saturated zone
flow and transport. Although these sites are considerably different from Yucca Mountain in their
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totality, they were chosen because they had the most relevance to understanding radionuclide
migration and sequestration. (To this list, Cigar Lake could have been added; instead, it is
considered as a total system analog in Section 13.5.) In addition, these sites have been
characterized the most extensively of any natural analogs. The six sites differ significantly in
geologic and hydrologic settings and in the nature of U occurrence; nevertheless, a few points of
comparison can be made.

The Tono Mine, in a deep crystalline, strongly reducing environment, has the least to offer of the
six as an analog to processes that could occur at Yucca Mountain. The Palmottu deposits also
occur in a deep crystalline setting, but at Palmottu a redox front occurs at depth, indicating that
circulation of oxygenated water has taken place and has caused migration of uranium. At Oklo
and Bangombd, uranium occurs at various depths, under reducing and oxidizing conditions,
respectively (although reducing groundwaters are thought to be a contributing factor to uranium
sequestration at Bangombd). The Bangomb6 occurrence is somewhat similar to Koongarra and
Po9os de Caldas in that deposits in the three areas are located in shallow, deeply weathered
environments that are subject to monsoonal precipitation and are, at times, unsaturated.
However, the host rocks are very different at these three sites (sandstone/shale, quartz-chlorite
schist, and carbonatite, respectively), and the chemistry of groundwater-host rock interaction
plays a significant role in understanding the migration of uranium and other elements away from
their original sites of deposition. Collectively, these three sites may provide a qualitative, overly
conservative estimate of radionuclide migration in an unsaturated to saturated environment. At
Oklo, U migration on the order of only a few meters has occurred over 2,000 m.y., with evidence
that many of the fission products of the critical reactions were retained within the uraninite ore
body or a few meters away within the reactor zone.

Overall, the six sites contribute to understanding migration processes at a detailed scale in a
variety of different settings. These sites provide a better understanding of the stability of
radionuclides over long time frames, allowing the placement of broad bounds on processes such
as colloid transport. In addition, they confirm the importance of fracture flow and sorption onto
fracture-coating minerals, such as calcite and hematite. As seen in Section 13.4.3.3, although
anthropogenic analogs have operated over time periods orders of magnitude shorter than the
natural analogs discussed, anthropogenic analogs may also enhance knowledge of radionuclide
transport.

13.4.3.3 Anthropogenic Analogs of Saturated Zone Flow and Transport

The purpose of investigating anthropogenic analogs is to obtain a better understanding of the
migration of shorter-lived transuranic elements than is amenable to study by natural analogs.
Through natural analogs it is possible to observe processes that began thousands to millions of
years ago. The disadvantage is that over such long time periods a number of the shorter-lived
radioelements of concern at a high-level radioactive waste repository, such as 237Np (half-life
2.14 x 106 years), have decayed to small quantities or are nonexistent. To gain a better
understanding of the transport of radionuclides over shorter timeframes and, in many cases, of
the distinct migration pathways that are amenable to quantitative modeling, anthropogenic
analogs are examined. In this section, in varying degrees of detail, radionuclide transport
relative to Chernobyl, the Idaho National Engineering and Environmental Laboratory, Hanford,
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and the Nevada Test Site is reviewed, and the applicability of future investigations of selected
radionuclide plumes in Russia as anthropogenic analogs is briefly discussed.

13.4.3.3.1 Russian Sites

Hundreds of radionuclide-contaminated sites are found in Russia and the former Soviet republics
and in the seas bordering the Russian coastline. The wastes range from low to high levels of
radioactivity and resulted from both civilian and military activities. A portion of the readily
available literature was surveyed for the purpose of investigating whether information from these
sites may be applied usefully as analogs to geologic repository processes. The degree of
contamination, source-term composition, and degree of characterization and monitoring that had
taken place were considered. Based on the degree of characterization that has already taken
place, the most promising future analog investigations would be directed toward assessing the
utility of geohydrologic and chemical transport data from the Lake Karachai site and three
liquid-waste deep-injection sites at Tomsk, Krasnoyarsk-26, and Dmitrograd.

Lake Karachai, declared to be the most radionuclide-contaminated site in the world
(Rumynin et al. 1998, p. 3), plays a unique role in the advancement of knowledge about the
subsurface behavior and fate of many hazardous radionuclides. Lake Karachai is located at the
southern extent of the Ural Mountains. In the Chelyabinsk region, several surface waste
reservoirs between two rivers have been used for more than 45 years to store low- and
intermediate-level liquid wastes. Lake Karachai is the largest of the reservoirs. It contains a
total of 120 MCi of activity (Rumynin et al. 1998, p. 3). Leakage from the reservoir has resulted
in a contamination plume traveling through the underlying fractured, metavolcanic rock aquifer.
The li uid wastes have a pH of approximately 7.9 to 9.3 and an inventory consisting of 90Sr,
137 Cs, 20Co, and 106Ru, as well as exceedingly high nitrate concentrations (up to 50,000 mgfL in
the plume-contaminated brines) (Rumynin et al. 1998, p. 6).

Deep injection of liquid radioactive waste was a preferred disposal methodology in Russia and
has been the subject of many papers and a treatise (Rybal'chenko et al. 1998). The concept
involved injecting waste into a confined geologic unit within specified boundaries of a
permeable geologic medium. Leakage from the confining unit has taken place at the deep
injection site of Krasnoyarsk-26. The disposal setting at Krasnoyarsk affords an opportunity to
investigate plume dispersion in fractured biotite gneiss. It also affords an opportunity to observe
the effects of short-term (decades), radioactivity-caused thermal effects on mineralogy in the
injected medium. Additional gathering of background information is planned on the
opportunities for building confidence, using data from deep-injection sites.

13.4.3.3.2 Chernobyl, Ukraine, Russia

13.4.3.3.2.1 Introduction

Section 13.4.3.3.2 reviews information from the Chernobyl, Ukraine, accident regarding the
distribution of radioactive contaminants and the processes affecting their migration to determine
what information can be used to build confidence in conceptual models of unsaturated zone
radionuclide transport for Yucca Mountain. Because the Chernobyl Nuclear Power Plant
contamination products differed widely from cosmic background and nuclear weapons
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radioactive fallout, ejected radionuclides can be used as tracers to better understand coupling of
atmospheric, terrestrial, vadose zone, and groundwater transport processes (Belyaev et al. 1997).
Although various compilations of Chernobyl data have been prepared, none has focused on
information that could be useful to radioactive waste disposal.

The April 1986 Chernobyl accident resulted from explosion of the Unit 4 reactor of the
Chernobyl Nuclear Power Plant. Radioactive particles were carried into the atmosphere,
spreading to many regions of the globe (Castle 1988; Holloway and Liu 1988; Erlandsson
et al. 1987; Eliassen 1990; Rigol et al. 1999; Thiessen et al. 1997). On a regional scale, the
accident led to radioactive contamination of fields, rivers, tributaries, canals, drainage ditches,
and agricultural lands in the Pripyat and Dnieper river basins of the Ukraine. Of approximately
32.5 million people in the Dnieper basin, about 9 million people who use the Dnieper River as a
drinking water source could have potentially been contaminated. No statistics are available on
the total number of people who were affected by the accident, in part, because of the difficulty in
accounting for all the people who might have been affected, and, in part, because of the difficulty
in isolating Chemobyl-induced health effects from effects resulting from other causes.

The total amount of radionuclides released by the accident was estimated to be as much as
150 MCi (Stone 1998, pp. 623 to 625). (A curie is a measure of radionuclide activity: I curie
(Ci) = 3.7 x 1010 becquerel (Bq); I Bq = 1 nuclear transformation per second.) At Chernobyl,
the highest single release of radionuclides into the environment resulted from the worst nuclear
accident in the world (Shestopalov 1997, p. 224). Research into many environmental and health
effects of the Chernobyl accident has become a major international enterprise aimed at
understanding long-term transport processes and the effects of exposure to radioactivity
(Devarakonda and Hickox 1996; Vasenko 1998; Wendum 1998; Hatano et al. 1998; Moltenbrey
1999).

13.4.3.3.2.2 Hydrogeologic Setting

Ukraine is situated within two large tectonic regions, the East European Platform and the Alpine
geosynclinal belt. Figure 13.4-24 shows a map of Europe with an expanded view of the Ukraine
and the location of the 30-km-radius Chernobyl Nuclear Power Plant exclusion zone. The term
"exclusion zone" refers to an area surrounding the site that was sealed off as an institutional
control to prevent further access after the accident. Its total area, except for part of the Kiev
reservoir, is 2,044 km2 (Shestopalov 1996, p. 3). The Chernobyl region has a humid climate,
with mild, short winters having frequent thaws and a warm summer. Average annual
precipitation ranges from 500 to 700 mm/yr. (Shestopalov 1997, p. 200).

The Chernobyl Nuclear Power Plant exclusion zone is located in the central part of the Ukrainian
Polesiye physiographic province. Its relief consists of slightly elevated denudation plains, with
gently waved surfaces, as well as hills, sand ridges, and irregular bogs and kettles. Variations in
landscape affect the location and depth of infiltration of surface groundwater. The relatively
dense network of Pripyat and Dnieper river tributaries forms valleys of moderate relief.
Approximately 40 percent of the land in the exclusion zone is covered by forest, 30 percent by
arable farm land, and the remaining 30 percent by urban areas, bogs, and water bodies
(Shestopalov 1996, p. 22).
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Several aquifers confined by aquitards underlie the exclusion zone (Figure 13.4-25). The
Quatemary aquifer extends beneath the entire Chernobyl Nuclear Power Plant exclusion zone.
The lower part of this aquifer consists of sands that become coarser with depth; the upper part is
composed of loamy sand, loam, and clay. Hydraulic conductivity of the Quaternary sediments
ranges from 0.5 to 15 m/day (Shestopalov 1996, p. 20). Infiltration of precipitating water is the
main source of the groundwater recharge to the Quaternary aquifer. Groundwater recharge
occurs mainly within the Dnieper and Pripyat River drainage basins.

The Eocene aquifer underlies almost the entire territory, except for a small area west of the
Chernobyl Nuclear Power Plant exclusion zone. The Eocene aquifer is composed mainly of fine
sand, with hydraulic conductivity from 0.1 to 10 m/day (Shestopalov 1996, p. 20). In most of the
exclusion zone, the Eocene aquifer is artesian and is separated from the upper Quaternary aquifer
by an aquitard composed of Kiev Suite marls. Vertical water exchange between the Quaternary
and Eocene aquifers can take place through hydrogeological discontinuities in the aquitard that
provide hydraulic connections between aquifers. The Eocene aquifer formerly provided the
main water supply of the cities Pripyat and Chernobyl prior to the Chernobyl accident.

The Cenomanian-Callovian (Cretaceous-Jurassic) aquifer underlies the Eocene aquifer and is
separated from it by Upper Cretaceous marls and chalks, which generally form a regional
aquitard. The Cenomanian-Callovian aquifer sediments consist of sandstone, clay, and flint
concretions. Hydraulic conductivity ranges from I to 15 m/day. The Cenomanian-Callovian
aquifer and the underlying Bajocian (Jurassic) aquifer are hydraulically separated by
low-permeability clays and aleurites (metamorphosed clays). These aquifers are the main
sources for the water supply to the city of Kiev. Calculations using Darcy's formula showed that
within the Chernobyl exclusion zone, lateral flow velocities range from 10 to 200 m/yr. for the
Quaternary aquifer and I to 15 m/yr. for the Eocene aquifer (Shestopalov 1996, p. 20).

13.4.3.3.2.3 Radionuclide Composition of the Chernobyl-4 Reactor Core and Sources of
Contamination

Palmer et al. (1996) listed radionuclides that could be present at Yucca Mountain. Other authors
listed radionuclides emitted by the Chernobyl accident, including Loshchilov et al. (1991c), who
estimated mass released. These radionuclides are listed in Table 13.4-3, which shows that of the
longer-lived radionuclides released at Chernobyl, and detected within the zone affected by the
radionuclide fallout, only plutonium (238, 239, 240, 241), U (234, 235, 236, 238), and 2 4"Am are
also of concern for Yucca Mountain. Among short-lived radioisotopes released at Chernobyl,
only 242Cm is of concern for Yucca Mountain, as it decays to plutonium. Table 13.4-3 also
shows that both Chernobyl and Yucca Mountain have numerous common radioelements, but the
radioisotopes of concern are different.

During the accident, nuclear fuel in the destroyed reactor was reported to exceed temperatures of
about 2,0000C (Shestopalov 1997, p. 206). High temperatures caused evaporation of volatile
radioactive elements from the fuel. The fuel was partially released during the explosion in the
form of finely dispersed components, which were distributed in the atmosphere. Subsequent
fires and fuel heating caused the reactor to continue to expel products of graphite burning,
radioactive gases, aerosols, and finely dispersed fuel dust. The size of dust particles ranged from
less than I pm to hundreds of pim.
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The atmospheric oxidation of dispersed nuclear fuel and reactor-containment materials resulted
in the formation of fine, highly active, solid particles, called hot particles. A hot particle is
defined here as a fuel particle that originated by condensation or adsorption with an activity
concentration exceeding 105 Bq/g (Shestopalov 1997, p. 235). Hot particles at Chernobyl were
formed from:

* Fuel particles containing elements of low volatility
* Condensed matter from the vaporized fuel that formed metallic particles
• Particles of uranium dioxide fuel fused with the metal cladding of the fuel rods
* Fuel mixed with sand or concrete (Loshchilov et al. 1991 c; Gudzenko 1992).

Hot particles carried a number of long-lived radionuclides (Kashparov et al. 1996; Shabalev et al.
1997). Tcherkezian et al. (1994, p. 127) determined that hot particles contributed not less than
65 percent of the total activity in the exclusion zone.

13.4.3.3.2.4 Radionuclide Contamination

In this section, some radionuclides of interest (137 Cs, 9 0Sr, 23 4u, 23 5 U, and 241Pu) released from
the Chernobyl explosion are examined. Their sequestration in the atmosphere, geosphere, and
hydrosphere are then described. The radionuclides discussed here were chosen on the basis of
their concern at Chernobyl, as shown in Table 13.4-3;

13.4.3.3.2.4.1 Radionuclides of Concern

According to data from the Ukrainian State Committee on Geology (Shestopalov 1997, p. 223),
an area of about 130,000 km2 in Ukraine (20 percent of the total territory) was contaminated with
137CS to a level of at least 1.8 x 1010 Bq/km2 (10 or more times higher than preaccident
conditions). In total, from 1.04 x 1016 to 1.1 x 1016 Bq of radionuclides were scattered over the
Ukraine, with 90 percent being 137Cs. Cesium is strongly retained by clay minerals, humus, and
biota. For all soil types, 60 to 95 percent of cesium was strongly bound to soil particles. The
area with 137 CS contamination of more than 5 to 15 Ci/km2 significantly exceeds the area of the
exclusion zone. Secondary accumulation of 137Cs in soils is taking place in some areas, where
concentrations have increased by a factor of 2 to 3 and locally from 5 to 10. One of the
processes affecting the redistribution of contaminants in soils is the resuspension of
contaminated soils into the atmosphere (Garger et al. 1997).

Strontium-90 is the radionuclide of greatest concern because it is almost unadsorbed by soils and
biota and is only slightly adsorbed by soil humus. Efficient geochemical barriers for this isotope
are unknown. Strontium has advanced downward in the unsaturated zone toward the water table
and is expected to migrate through groundwater to surface-water reservoirs and then to the
Dnieper River. By the spring of 1987, the percentage of water-soluble strontium had not
exceeded I to 2 percent of the total, whereas by 1992 it had grown to 7 percent in the podzolic
soils and to 3 percent in the peat soils.

Lebedev et al. (1992, p. 516) determined that plutonium concentration in soils of the European
part of the former USSR varied in different directions from the Chernobyl Nuclear Power Plant,
ranging up to tens of mCi/cm2 . Although plutonium accumulates mostly in soils, its
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accumulation in the irrigated lands in the Ukraine to levels that become a health risk may occur
only after a long time. This issue with plutonium needs further research, which partly accounts
for its high-priority rank in the risk assessment.

In summary, because of their high concentrations, the main radionuclides of concern at
Chernobyl are 137Cs and 90Sr. These radionuclides are the focus of attention in the following
discussion on contamination and transport.

13.4.3.3.2.4.2 Atmospheric Contamination

The reactor explosion caused radioactive gases and aerosol particles to enter the atmosphere as
part of a hot, turbulent jet that reached a height of I to 2 km. The jet followed, more or less, the
prevailing wind direction and, after some time, became the flow of radioactive-contaminated air
(Shestopalov 1996, p. 6). Atmospheric transport affected by weather conditions during burning
of the reactor led to radioactive pollution over an area reaching westward to the Atlantic Ocean,
southward to the Mediterranean Sea, eastward to eastern regions of the Ukraine, and northward
to Arctic regions, eventually reaching China and Japan. About a quarter of the total released
radioactivity entered the atmosphere during the first day after the accident. By the fifth day, the
release had decreased by approximately six times as a result of mitigation efforts. Over the long
term, the wind-borne transport of radionuclides became insignificant in comparison to aqueous
migration.

13.4.3.3.2.4.3 Surface Water Contamination

After the Chernobyl Nuclear Power Plant accident, radionuclides that percolated from the land
surface through the unsaturated zone were detected in both the unsaturated zone and in
groundwater. Radioactive contaminants accumulated in bottom sediments in the Pripyat and
Dnieper rivers and in several reservoirs along the Dnieper River. In 1989, the content of 137Cs in
the Kiev, Kremenchug, and Kanev reservoirs ranged from 0.2 to 0.5 Bq/L. Cesium and
strontium were detected in surface waters in suspended and dissolved forms. From 1989 to
1993, transport by the Pripyat River to the Kiev Reservoir had removed 60 percent of 90Sr from
the exclusion zone and 20 percent of 137CS.

The total amount of 137Cs has been increasing in surface waters by a rate of about
10 to 40 percent per year. Cesium-137 is not hazardous to irrigated agricultural lands away from
the exclusion zone because it is not easily removed from contaminated soils within the zone. In
contrast, 90Sr in the dissolved state is expected to gradually accumulate in soils and be transferred
into agricultural products. One of the important problems is how to retain easily soluble 90Sr in
natural deposits, such as the left-bank floodplain of the Pripyat River, where 90Sr content is about
3.7 x 1014 Bq, as well as in about 800 temporary radioactive waste repositories in the exclusion
zone (Shestopalov 1997, p. 223). Even though contamination of surface water has not yet posed
a public health concern, monitoring is needed to ensure that discharge from the watersheds
containing radioactive elements will not contaminate surface waters in the future.
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13.4.3.3.2.4.4 Soil Contamination

Deposition and distribution patterns of radioactive material on the ground surface were mainly
determined by the pattern of jet and turbulent transport in the atmosphere. Local soil
contamination anomalies are present within areas where radionuclides fell with rain. The soils
themselves are relatively homogeneous in composition, with mostly podsols and peaty podsols
as the topsoil layer in the exclusion zone. However, the overall result was a heterogeneous
distribution of radionuclide concentration in soils. Among the areas of highest concentration is
the western finger (Shestopalov 1992, p. 7). This plume extends almost in a straight line
westward from the Chernobyl Nuclear Power Plant. This finger is 1.5 to 5 km wide; over a
distance of less than 70 km, the concentration of 137Cs along its axis decreases from greater than
10,000 Ci/km2 to 10 Ci/km2 .

The southern finger splits into five separate tracks and has the highest concentrations of 90Sr and
transuranic radionuclides. The widespread northern finger reflects a pattern of rain deposition.
In its central part, the 137Cs concentration reaches 500 to 1,500 Ci/krn2. The southwest finger has
the most complex shape. The main part of this anomalous zone also has features of rain
deposition.

As a result of both radionuclide leaching from the hot particles and their adsorption onto soil, the
concentration of mobile forms of radionuclides reaches a maximum and then decreases. It is
supposed that the maximum concentration of mobile 137Cs in soils was reached 1.5 to 2.5 yr.
after the accident, and a maximum concentration of 90Sr was expected to be reached 6 to 15 yr.
after the accident. After May 1986, 137CS soil contamination had decreased in the exclusion zone
by about 25 to 50 percent. The decrease was caused by the following factors: natural
radioactive decay of 37 Cs (about 20 to 21 percent), partial washout of the surface layer of soil
from elevated areas and slopes, soil decontamination, and penetration underground deeper than
20 cm from the soil surface. At the same time, many other areas were affected by the
redistribution, causing secondary contamination of 13'Cs in local soil depressions, the edges of
marshes, and reservoir banks. Absolute concentration of '"Cs in the exclusion zone reached
50,000 to 150,000 Ci/km', which is 5 to 15 times greater than in the so-called "red forest" soils
around the Chernobyl Nuclear Power Plant, where intense radioactivity caused leaves to lose
chlorophyll and turn red.

The total content of 238U in the soils varies from 0.63 to 2.14 1tg/g (Sobotovich 1992, p. 44,
Table 3.5). Table 13.4-4 illustrates the results of investigations of the vertical migration of
U and Pu in soils. This table shows that about 99 percent of the plutonium accumulated within
the top 2 cm of the soil layer. This table also shows that the 238U/ 35U ratio remained unaffected
below a 3-cm depth. The limited migration of plutonium and uranium in soils is explained by
these radionuclides being released in the form of radionuclides sorbed to hot metal particles that
are relatively stable in the near-surface weathered zone. Silant'-ev et al. (1989) determined that
the concentration of radionuclides entering the soil profile decreased exponentially with depth.

13.4.3.3.2.4.5 Cooling Pond

The cooling pond of the Chernobyl Nuclear Power Plant was heavily contaminated as a result of
the 1986 reactor accident. From 1989 to 1993, the cooling pond represented one of the major
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sources of 9OSr migration from the Chernobyl site to the Dnieper River. Several attempts were
made to contain radioactive contamination within the pond. Overestimation of releases via
groundwater pathways and design mistakes led to unsuccessful remedial actions in 1986 and
later (Bugai et al. 1997). Heterogeneous spatial accumulation of radionuclides occurred not only
in the soils and surface waters, but even in the pond (Pinder et al. 1995). A heterogeneous flow
and transport pattern from the pond to the groundwater is also likely.

13.4.3.3.2.4.6 Groundwater Contamination

The greatest source of radionuclide contamination to groundwaters is from about 800 radioactive
waste disposal sites within the exclusion zone. Soil contamination involved a much larger area
than surface water and groundwater contamination (Shestopalov 1992). Cesium-137 and 90Sr
contamination was detected in the Cretaceous aquifer at depths of 80 to 120 m (Gudzenko 1992,
p. 4). The presence of 134Cs in groundwater (half-life of 2.06 yr.) and the increase of 90Sr
concentration by two orders of magnitude (from 4. to 400 mBq/L) confirm that radionuclides of
the Chernobyl origin reached groundwater at 50 to 70 m depths within one year after the
explosion (Shestopalov 1997, p. 254). Field investigations indicated a lack of correlation
between 13 Cs soil concentration and its travel time to the water table (Gudzenko et al. 1991,
p. 3). Therefore, the soil contamination cannot be used as an indicator of the groundwater
contamination.

A hydrogeological study of groundwater contamination in the exclusion zone demonstrated that
90Sr is the most critical radionuclide, because it could locally contaminate water supply sources
above acceptable limits. Radioactive contamination of the Eocene aquifer is expected to occur
under the entire contaminated area and could locally . exceed the maximum permissible
concentration in 5 to 10 yr. Maximum concentrations of radionuclides in the deep Cretaceous-
Jurassic aquifer used for the water supply of Kiev and other urban areas may be reached by 2010
or 2020. Skurat et al. (1995) estimated that beneath radioactive storage sites in nearby Belarus
the groundwater contamination is expected to occur in 10 to 100 yr., with 13 7 Cs concentration not
reaching the maximum limit and the 90Sr concentration significantly exceeding it.

13.4.3.3.2.5 Gamma-Spectrometry

For the past 13 yr. field-monitoring data have been collected by more than 40 governmental and
private organizations. Monitoring was established over the hydrosphere, geosphere, and
biosphere to characterize main processes and pathways for contaminant migration. Radionuclide
transport within watersheds of the Pripyat and Dnieper rivers and accumulation and release of
radionuclides from bottom sediments have been measured.

The most detailed data have been obtained by gamma-spectrometry surveys on the scales of
1:100,000 (approximately 28 percent of the area) and 1:25,000 (33 percent of the area). In
addition, direct gamma-spectrometry measurements of 137Cs were made for the soils of almost all
villages and towns. Test soil-sampling was conducted many times along the so-called
benchmark network. This is a radial, concentric network of observation points situated on
36 radii (every 10°), with Chernobyl Nuclear Power Plant Unit 4 at the center (Figure 13.4-26).
In general, soil contamination of the Chernobyl exclusion zone and adjacent contaminated
territories has been characterized using one to four monitoring points per square kilometer. The
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monitoring has demonstrated that in order to increase the efficiency of characterization of large
areas, soil sampling should be supplemented by borehole gamma measurements (Loshchilov
et al. 1991a, pp. 18 and 19).

13.4.3.3.2.6 Radionuclide Transport Processes

Section 13.4.3.3.2.6 discusses the radionuclide transport mechanisms in the exclusion zone and
the parameters that affect those processes. Most of the discussion relates to soils. Applications
of different models of radionuclide retardation in soils are discussed in papers by Koss and Kim
(1990), Mamikhin (1995), Olekhovich et al. (1995), Absalom et al. (1996), and Shestopalov
(1997).

13.4.3.3.2.6.1 Biogenic and Colloidal Transport

Biogenic removal of radioactive contamination outside the borders of the Chernobyl Nuclear
Power Plant exclusion zone does not exceed several curies per year for 137CS and 90Sr.
Technogenic (remediation-related) migration of radionuclides outside the Chernobyl Nuclear
Power Plant exclusion zone is insignificant at less than 1 Ci/yr. Cerium-144 was detected in
particles less than 0.02 gm in diameter, which suggests that it could be found in the colloidal
state (Ivanov et al. 1991, p. 55). Potential evidence for colloidal transport of other radionuclides
has not been demonstrated in the available literature. Only Von Gunten et al. (1988, p. 237)
found a very small radioactivity on colloids greater than 0.05 pm in diameter, suggesting the
retention of radionuclides by glaciofluvial outwash deposits (pebbles, gravel, sand, clays).

13.4.3.3.2.6.2 Diffusion Coefficients

Laboratory investigations of soil samples from the exclusion zone were conducted to determine
the effect of moisture content on the diffusion coefficient of Sr and Cs (Ivanov et al. 1991, p. 54,
Table 1). The diffusion coefficients for 90Sr and 137Cs in sand under different saturations are
summarized in Table 13.4-5. When the soil saturation increases from 30 to 100 percent, the
diffusion coefficient increases by 1.5 to 3 times. These studies confirmed the known significant
effect that moisture content has on kinetics in vadose zone soil processes.

13.4.3.3.2.6.3 Retardation of Radionuclides in Soils

Several factors affect retardation of radionuclides in soils, such as the type of pore space and
fracture density, drying-wetting cycles, mineralogical composition of sediments and rocks,
organic matter content and composition, and chemical composition of pore solution and
groundwater, as well as the concentration of radionuclides in dissolved and exchangeable forms.
The volume of the exchangeable fraction of strontium and cesium in soils decreased soon after
the explosion, but it remained constant in soil samples taken in the 6 yr. thereafter (Rigol et al.
1999). The retardation of 137CS is enhanced by the presence of organic matter and illitic clay
(Hird et al. 1995; Rigol et al. 1999; Smith et al. 1999). Both physical sorption and cation
exchange may account for retardation. Table 13.4-6 summarizes the maximum content of
dissolved and exchangeable radionuclides in exclusion-zone soils, and presents retardation
factors (R) for the total amount of adsorbed radionuclides and distribution coefficients (Kd)
characterizing the radionuclide exchange with the soil exchangeable complex.
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Gudzenko et al. (1990, p. 123) reported 137Cs retardation factors of 9,200 to 29,000 and the
distribution coefficients of 6,550 to 8,550 cm3/g for two samples of sandy loam, 0 to 5 cm deep.
Such high values of Kd and R may be explained by the presence of organic matter in the near-
surface zone (Llaurado et al. 1994). For a sand sample from a depth of 30 to 35 cm, these values
are smaller: R = 1,100 and Kd =242 cm3 /g (Gudzenko et al. 1990, p. 123).

Konoplev et al. (1988) presented experimental results for 90Sr and 13'Cs migration in the main
soil types of the exclusion zone and stated that "a significant amount" of nonexchangeable 90Sr
and l Cs is present in the soils. Kononovich et al. (1996) determined that there are fast and slow
transport fractions of 137Cs in soil water, with substantially different sorption characteristics. The
portion of the fast fraction was about 10 3 of the slow one.

Kliashtorin et al. (1994) used field lysimeters to study the migration of radionuclides in different
soils. They found that the total concentration of radionuclides-144Ce, 134Cs, 137Cs, '06Ru, and
90Sr-ranged from 0.5 to 90 MBq/m2 . Their study determined that 0.01 to 0.6 percent of
radionuclides was removed from the 20- to 30-cm layer of soil every year. The mobility of
radionuclides in the soil water was highest for 90Sr and was reduced in the following order:
106Ru, 134CS, 137Cs, and 144Ce.

13.4.3.3.2.6.4 Evidence of Rapid Preferential Flow in the Vadose Zone and
Groundwater

Investigations conducted within the area affected by the Chernobyl explosion showed
the relatively rapid contamination of the vadose zone and groundwater, which might have
occurred because of the phenomenon of fast, preferential flow (Gudzenko et al. 1991;
Shestopalov et al. 1995, 2000). Investigation of fast migration in the vadose zone, and its
influence on radionuclide contamination within the Chernobyl exclusion zone, involved the
evaluation of anomalous morphosculptures, which are small surface depressions (Shestopalov
et al. 2000). This investigation involved measuring the concentration of soil-gas radon, C0 2, and
the ratio of 222Rn/2tgRn, using ultra-short radio-wave impulses, supplemented by a surface radar
survey. Figure 13.4-27 shows the results of field investigations of the 222R/2 9Rn ratio in soil
gases taken in shallow boreholes and the data from the surface radar survey. This figure shows
the increased moisture content below the surface depression and corresponding increase in the
222Rn/2'9Rn ratio confirming the presence of a near-surface zone of preferential flow. These
investigations showed that in the near-surface zones of preferential flow, the flow rate exceeds
2 to 2.5 m/yr. and is higher in depressions by I to 1.5 orders of magnitude, in comparison to
surrounding areas (Shestopalov et al. 2000).

*13.4.3.3.2.7 Chernobyl Summary

Conditions at Chernobyl and Yucca Mountain are different in several major aspects, such as
climate, geologic and tectonic setting, and depth to the water table. The Chernobyl catastrophe
resulted in steam and fuel vapor explosions and the release of significant quantities of radioactive
materials to the environment. Radionuclides that descended from the atmosphere to the land and
were distributed through surface water reservoirs then entered the unsaturated zone and
percolated downward through zones of preferential flow toward the water table. In contrast,
deep disposal of high-level radioactive waste is being planned at Yucca Mountain, where
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atmospheric transport will not be a factor and where surface-water transport of radionuclides, if
it occurs, would be minor. Furthermore, as shown in Table 13.4-3, the suite of radionuclides of
concern at Yucca Mountain is somewhat different from that of Chernobyl.

Even though background conditions and expected modes of contamination for Chernobyl and
Yucca Mountain are not directly analogous, what was learned from more than 13 years of
investigations of infiltration and contaminant transport within the Chernobyl exclusion zone can
provide insight into some of the flow and transport processes at Yucca Mountain. The most
important conclusions of this study are the following:

* Spatial and temporal variations of infiltration rates, and fast, preferential flow in the
near-surface zone, depend on topography and geomorphological conditions. The near-
surface fast infiltration and migration of radionuclides in the unsaturated zone is taking
place within land-surface depressions of the exclusion zone. Despite the low level of
contamination detected in groundwater, the appearance of Chernobyl radionuclides
confirms the presence of localized, preferential, radionuclide transport through the
unsaturated zone.

* The rapid groundwater contamination around Chernobyl may not be directly associated
with the near-surface zones of preferential flow.

Even though Chernobyl does not provide a good analog for Yucca Mountain, the Chernobyl
experience and long-term data sets could be a valuable aid in validating the site characterization
methods, monitoring program, and the performance and risk assessment modeling at several
other DOE contaminated sites, such as Hanford, Washington, and Oak Ridge, Tennessee. It
might be of interest to examine remediation efforts undertaken at Chernobyl (e.g., applying a
new foam spray to stop radioactivity leaking from the damaged reactor [Edwards 1997] and
phytoremediation [Richman 1996]). Another area of Chernobyl research is the evaluation of
flow and transport processes in the vadose zone and groundwater as affected by a number of
radioactive waste storage sites located in the Ukraine and Belarus (Serebryanyi et al. 1995).. The
experience obtained at these sites could be used in evaluating flow and transport processes under
leaking tanks and waste disposal areas at a number of DOE sites (e.g., Hanford and the Idaho
National Engineering and Environmental Laboratory).

13.4.3.3.3 Idaho National Engineering and Environmental Laboratory

One of the facilities at the Idaho National Engineering and Environmental Laboratory is the
Idaho Chemical Processing Plant. The Idaho Chemical Processing Plant was designed
principally to recover highly enriched uranium (greater than or equal to 93 percent 235w from
different fuel types used in naval propulsion, research, and test reactors. From 1952 until 1984,
low-level radioactive waste was discharged from the Idaho Chemical Processing Plant directly to
the Snake River Plain by means of an injection well and seepage Fonds. Over time, a suite of
radionuclides has been measured in the aquifer, including H, 3 Cl, 90Sr, 137 Cs, 129I, and Pu
isotopes. Beasley et al. (1998) reported the first measurement of the long-lived radionuclides
99TC, 236U, and 237Np in the aquifer and their downgradient concentration changes during water
transport through fractured basalt. Their study showed that 36CI and 99Tc behave conservatively
during transport, while 129i, 236U, and 237Np were retarded.
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The location of the Idaho National Engineering and Environmental Laboratory is shown in
Figure 13.4-2. The Idaho Chemical Processing Plant is located east of the Big Lost River, in the
south-central part of the Idaho National Engineering and Environmental Laboratory. In
Figure 13.4-2, the Idaho Chemical Processing Plant would be located approximately at the first
"a" in "Laboratory." Beasley et al. (1998, p. 3875) reported that water in the Snake River Plain
aquifer is unconfined, with the highly fractured tops of basalt flows leading to high hydraulic
conductivities. Beasley et al. (1998, p. 3876) further stated that the calculated residence time of
water in the Snake River Plain is 55 to 82 yr., although water travel times within different parts
of the aquifer, from recharge to discharge points, are estimated to range between 12 and 350 yr.
Groundwater flow is from the northeast to the southwest, and depth to groundwater varies from
approximately 60 m at the northern site boundary to approximately 275 m at the southern site
boundary. Beasley et al. (1998, p. 3876) reported that the average hydraulic gradient across the
Idaho National Engineering and Environmental Laboratory is approximately 2 m/kim, and water
travel times between the Idaho Chemical Processing Plant and the southern site boundary have
been estimated at 2 m/day.

From 8 to 23 groundwater monitoring wells at the Idaho National Engineering and
Environmental Laboratory were sampled for radionuclide measurements in 1991, 1992, and
1994. Activity concentrations were measured for 36CI, 99Tc, 236U, 1291, and 237Np. To determine
the relative mobilities of these radionuclides, individual radionuclide activities in wells near the
Idaho Chemical Processing Plant were normalized to those at a distance. Figure 13.4-28 shows a
best-fit plot of these normalizations for each radionuclide. The close correspondence in the
decrease of 36CI and 99Tc with distance from the Idaho Chemical Processing Plant suggests that
99Tc, like 36C1, behaves conservatively in the fractured basalt and that observed concentration
decreases occur only as a result of dilution or dispersion (Beasley et al. 1998, p. 3880).
Iodine-129 is attenuated and 237Np and 236U are even more attenuated. Because none of the
radionuclides discussed was routinely monitored in low-level waste streams discharged from the
Idaho Chemical Processing Plant, the possibility cannot be excluded that the relationships shown
in Figure 13.4-28 could have arisen from variable discharge rates over time for the radionuclides
shown. However, the authors point out that, even though the absolute amounts of radioactivity
most likely varied over time, the ratios of radionuclides in the discharges probably were
consistent and, therefore, did not affect the composition of radioactivity in the waste streams.

13.4.3.3.4 Hanford Effluent Treatment Facility

13.4.3.3.4.1 Objectives of Hanford Study

The Hanford analog project uses a well-studied saturated zone contaminant plume at Hanford to
aid in evaluating the representation and implementation of processes and mechanisms in the
Yucca Mountain saturated zone flow and transport model. In particular, focus is on the
description of dispersion based on a particle-tracking module and an Eulerian approach in order
to provide performance assessment with a more defensible particle-tracking module than
presently exists. To date, the new approach has been documented and compared with analytical
solutions. The sensitivity of tritium plume migration in dispersion models for site-scale
simulations remains to be evaluated. Eventually, the Yucca Mountain saturated zone flow and
transport model will be benchmarked against the Hanford tritium plume data and Hanford's
previous modeling results. Following this step, a variety of sorbing and nonsorbing
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radionuclides will be considered in simulations. Possible candidates include 6 0 Co, 137CS, 1291, Pu,
90Sr, 99Tc, and U (Cole et al. 1997).

13.4.33.4.2 Background

The Hanford Effluent Treatment Facility, also known as the State-Approved Land Disposal Site,
is being used as an anthropogenic analog for modeling studies of radionuclide migration in the
saturated zone at Yucca Mountain. The Effluent Treatment Facility, located in Area 200 at the
Hanford Reservation, is a combined treatment plant and disposal facility. At the Effluent
Treatment Facility, waste streams resulting from various cleanup activities are treated and
discharged into the unsaturated zone. The treated effluent containing tritium migrates through
the soil column to the water table. Tritium was first detected in groundwater monitoring wells in
July 1996, roughly 1 yr. after operations began at the site. The plume emanating from the
Effluent Treatment Facility site is well characterized and provides a unique opportunity for
studying transport of nonreactive and reactive groundwater constituents (Barnett et al. 1997).
Migration of the tritium plume has been successfully modeled using the CFEST code (Barnett
et al. 1997), enabling a comparison between existing models and the FEHM code (Zyvoloski
et al. 1997) used for modeling flow and transport in the saturated zone at Yucca Mountain.

One of the main questions to be addressed in this study is the role of dispersion tensor off-
diagonal terms on radionuclide migration. Modeling studies by Pacific Northwest National
Laboratory (Wurstner et al. 1995; Barnett et al. 1997) employed a diagonal representation of the
dispersion tensor with values for longitudinal and transverse dispersivities of 20 m and 2 m,
respectively. However, if flow does not occur along one of the axes, and off-diagonal terms are
not incorporated into the model, incorrect behavior of dispersion is obtained. Part of the purpose
of this study is to investigate the extent of the discrepancy that can result from neglect of
off-diagonal terms. Investigation results are presented in the following section.

13.4.3.3.4.3 Progress to Date

13.4.3.3.4.3.1 Particle-Tracking Methods for Dispersion

As part of the Hanford project, YMP developed a particle-tracking method to handle dispersion
in three dimensions in an anisotropic medium. The particle-tracking method used an Eulerian
approach. Details of development of the algorithm and theory behind the approach taken await
publication. The study showed that incorporation of the off-diagonal terms of the dispersion
tensor is important in order to obtain the proper behavior for dispersion that is parallel and
perpendicular to the direction of flow, when flow is not parallel to any of the coordinate axes
(e.g., in a heterogeneous flow field). In the principal-axes coordinate system, the dispersion
tensor is diagonal. As a consequence, a solute plume spreads along the direction of flow
according to the longitudinal dispersivity, and occurs perpendicular to the direction of flow
according to the transverse dispersivity. Ignoring the off-diagonal terms of the dispersion tensor
in the original coordinate system would thus indicate a false behavior of spreading in the
direction of the coordinate axes and not in the direction of fluid flow. The off-diagonal terms
serve, in effect, to rotate the plume so that it points in the direction of flow.
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13.4.3.3.4.3.2 Particle-Tracking Numerical Simulations

Several test cases were executed to confirm the accuracy of the particle-tracking method by
comparing them with analytical solutions. All test cases reported were performed on a
three-dimensional grid in which flow having an average pore velocity of 34 m/yr. is aligned with
the x-axis. The grid dimensions are 10 km x 20 km in the horizontal directions and 500 m in the
vertical to represent a domain typical for large-scale flow and transport in an aquifer. In the first
test case, the particles were inserted at the inlet within a single cell, and the breakthrough curve
at a downstream location (15 km from the inlet) was recorded for the case of longitudinal
dispersion with a dispersivity of 100 m. The excellent agreement of the model against an
analytical solution in test cases, including a sorbing solute and matrix diffusion combined with
the transport solution, showed that these mechanisms are captured by the code.

A similar series of simulations was performed in which the solute was input as a patch on the
inlet face of the model. The dimensions of the patch were 3,000 m in the y-direction and 12.5 m
in the z-direction, starting at the surface (z = 0). A model run, including both longitudinal and
transverse dispersion, was carried out with longitudinal dispersivity of 100 m and transverse
dispersivity of 0.1 m. As the plume progresses downstream, spreading in the z-direction lowers
the maximum concentration of particles and allows the particles to migrate to greater depths.
Over long periods of time, at a constant solute injection concentration, the plume approaches a
steady-state concentration distribution within the model. The agreement of model and data are
fairly good, but the particle-tracking module captures the dispersion process more accurately
when larger numbers of particles (e.g., 106 as opposed to 104) are used.

Preliminary results show the effect of off-diagonal terms of the dispersion tensor for propagation
of a plume across the grid at a 450 angle. A simple grid was set up to test the ability of the
developed anisotropic particle-tracking module to simulate dispersion. The grid is three-
dimensional and has 1,000 nodes. There are 10 equally spaced nodes in the x and y directions,
with a spacing of 1,000 m, and 10 equally spaced nodes in the z direction, with a spacing of
450 m. The model has a uniform permeability of 10-14 m2 and uniform porosity of 10 percent.
The simulated flow field has uniform velocity in the x-y plane and 0 velocity in the z direction.
The flow velocity in the x-y plane is oriented 450 to the x-axis. This is accomplished by
assigning uniform pressure gradients to the boundaries in the x-z and y-z planes and assigning
no-flow boundaries at the z = 0 and z = 450 m planes. The dispersivity tensor is anisotropic.

Two cases were run-one that included off-diagonal components of the dispersion tensor and
one that did not. Results for the case that included the off-diagonal components showed that the
particles spread out in an ellipsoid, with its major axis oriented along the flow direction. In the
case that did not include the off-diagonal elements, the particles again spread out in ellipsoids,
but the ellipsoids were oriented with the major axis along the x-direction instead of the flow
direction. Results of the simulations demonstrated that the effect of the off-diagonal terms is to
rotate the plume along the direction of flow.

13.4.3.3.4.4 Hanford Effluent Treatment Facility Project

Work on the Hanford Effluent Treatment Facility project as an anthropogenic analog for Yucca
Mountain has proceeded slowly. The goal of the data transfer was to facilitate construction of a
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computational model of flow and transport that could be compared to work already carried out at
Hanford. As an initial step, the geometric information for hydrostratigraphy had to be
transferred. To date, a preliminary grid has been generated that needs to be checked for
consistency with the original grid used with the CFEST software package. After preliminary
calculation, if it is decided that different gridding strategies are required (e.g., increased or
nonuniform resolution), additional grid refinement will be needed.

The grid consists of uniform, orthogonal grid blocks. Seven materials are represented in the
geometric model. The computational grid has eight materials, with the last material identifier
indicating the part of the grid that does not overlap and is outside the geometric model. The
model extent encompasses the geologic model and forms a parallelepiped with a west-east
dimension of 6,775 m, a south-north dimension of 5,225 m, and a depth of 160 m. The
parallelepiped is broken into a grid of 39 x 30 x 59 cells of equal size. This grid is superimposed
on the geometric model, and material properties of the regular grid are assigned according to the
material in which they are contained.

If used, additional testing of the particle-tracking algorithm used in the computer code FEHM
would be needed. Calculations using a full dispersion tensor, with off-diagonal terms, would
need to be compared with previous modeling work at the Hanford Effluent Treatment Facility
site for migration of the tritium plume.

13.4.3.3.5 Nevada Test Site

The 0.75-kiloton underground nuclear test, Cambric, was conducted at the Nevada Test Site in
1965 in tuffaceous alluvium 73 m (220 fit) below the water table (Hoffman and Daniels 1981). "

Data from a field experiment initiated in 1974 at the Cambric site have provided direct
information on the transport rates of radionuclides through alluvium. Tests began after the
cavity and chimney were predicted to be filled with groundwater to the preshot static water level.
It was assumed that tritium, plutonium, and uranium fission products would be present in the
cavity (and in the groundwater within the cavity) and could be used to study possible migration
from the cavity (Hoffman and Daniels 1981).

The field study began with the completion of a satellite well 91 m from the Cambric cavity,
followed by drilling of a reentry well into the cavity itself. Both solid and liquid samples were
taken from the reentry well to determine the radionuclide distribution between the solid material
and the groundwater. Water was then pumped from the satellite well to induce an artificial
gradient sufficient to draw water from the Cambric cavity through the surrounding rocks.

Approximately two years after pumping began, significant amounts of tritiated water were found
in water from the satellite well, signaling the arrival of water from the Cambric cavity region.
After almost six years of pumping, the tritium concentration in the pumped water reached a
maximum (Hoffman and Daniels 1981). By the end of September 1984, about 60 percent of the
initial tritium inventory had been pumped out through the satellite well (Thompson 1986).

Other radionuclides have also been measured in water from the satellite well, including 36Ci,
85Kr, 106Ru, and 1291. During the 10-year experiment 90Sr and 137Cs were not detected in water
from the satellite well (Thompson 1986). The 36CI pulse preceded the tritium pulse in the
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satellite well. Krypton was shown to be correlated with tritium but more strongly sorbed onto
alluvium than tritium (Thompson 1986). Ruthenium-1 06 was detected in water from the satellite
well and was unretarded in the alluvium. Iodine-129 arrived at the satellite well sooner than
tritium.

The Cheshire event took place in 1976 (Buddemeier and Hunt 1988). Detonation occurred at a
depth of 1,167 m, approximately 537 m below the water table, in fractured rhyolitic lavas of
Pahute Mesa. Water was obtained from two wells, one inside the Cheshire experimental site and
the other approximately 300 m away. Tritium, Kr, Sr, Cs, Sb, Co, Ce, and Eu were detected in
the pumped water. More than 98 percent of the Co, Ce, and Eu were associated with colloids in
samples from both locations. The authors concluded that the presence of colloidal radionuclides
outside the cavity indicates radionuclide transport as colloids.

The Benham test was detonated in 1968 at a depth of 1,402 m below the water table. In a recent
field test, plutonium was measured in groundwater at the Nevada Test Site ER-20-5 wells at a
maximum activity concentration of 0.63 pCi/L (Kersting et al. 1999, p. 57). The ratio of
240Pu/ 239pU indicates that the plutonium originated at the site of the nuclear test, Benham, a
distance of 1.3 km from the wells. The minimum distance for plutonium migration at the
Nevada Test Site is, therefore, 1.3 km in 28 years. The plutonium detected was associated with
colloidal material consisting mainly of clays, zeolites, and silica (Kersting et al. 1999). It is not
likely that the plutonium was transported by prompt injection or that its soluble fraction migrated
along fast flow paths. Colloidal transport is a possible mechanism for plutonium migration,
since colloidal transport of radionuclides was observed at the Cheshire site. However, stability
arguments limit the amount of colloids in suspension that are able to migrate. The association of
plutonium in colloidal form at the Nevada Test Site indicates the need to incorporate the
colloidal transport mechanism into transport process models and performance assessment
calculations for radionuclide releases at Yucca Mountain.
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13.5 TOTAL SYSTEM ANALOG: CIGAR LAKE

As stated in Section 13.1.5, Cigar Lake is the only total system analog identified for a repository
concept. The Cigar Lake deposit, although different from Yucca Mountain in geologic,
hydrologic, and chemical conditions, deserves special attention because extensive studies were
conducted to match as many features of the ore deposit setting as possible to those of a
geologic repository.

The Cigar Lake uranium deposit in northern Saskatchewan, Canada (Figure 13.5-1) was
extensively studied as an analog for a radioactive waste disposal vault under water-saturated,
reducing conditions located deep below the water table. The Cigar Lake deposit has many
similarities to the proposed Canadian spent fuel repository, as well as to the proposed European
radioactive waste repositories, as summarized by Goodwin et al. (1989) (Table 13.5-1). Results
of the Cigar Lake international natural analog project, involving Canada, Sweden, Spain, and the
United States, are documented in progress reports and reviews (Cramer and Sargent 1994;
Sargent and Cramer 1986; Cramer et al. 1987; Cramer 1989, 1995a; Cramer and Strellie 1994).
The goal of the natural analog project was to investigate the stability of the uraninite as a natural
analog for spent nuclear fuel and the mechanisms that caused the retention of the radionuclides
in the ore body, particularly the effect of colloids.

The Athabasca Basin in northern Saskatchewan contains several unconformity-type uranium
deposits (Figure 13.5-1). These deposits are at the base of the Proterozoic Athabasca Sandstones
and are associated with faulting in the basement schists and gneisses of the Archean Canadian
shield. The base of the Athabasca Formation constitutes a paleosurface resulting from erosion of
the preexisting metamorphic terrain. Located at the southwestern tip of Waterbury Lake, the
Cigar Lake ore body lies about 440 m below the surface, where it straddles a ridge in the
basement rocks and overlies a fracture zone. The ore is surrounded by a clay-rich halo (5 to
30 m thick), an area substantially depleted in silica and consisting predominantly (more than
80 percent by volume) of kaolinite and illite (Figure 13.5-2). At the contact between the ore and
clay halo, a narrow band (I to 10 m thick) of amorphous iron oxides coats the clays. Above the
clay halo, the sandstone is enriched in kaolinite, illite, and other clay minerals and depleted in
quartz relative to the surrounding unaltered sandstone. Above this altered zone lies a band of
silica-rich sandstone, the quartz cap, in which secondary silica fills fractures in the sandstone.
Above the quartz cap, the sandstone is relatively unaltered.

The Cigar Lake ore body, which was discovered in 1981 by airborne geophysical measurements,
is the world's richest uranium deposit (Miller et al. 1994, p. 311). The ore body is lens shaped,
about 2,000 m long, 20 to 100 m wide, and 1 to 20 m thick. The U ore is uraninite, pitchblende
and subordinate coffinite, with an average grade of 8 percent, but reaching 55 percent in some
areas. The primary mineralization occurred 1,300 Ma (Cramer and Smellie 1994, p. 2).
Although the Cigar Lake deposit is more U-enriched than that at Oklo, spontaneous nuclear
fission was not possible in the Cigar Lake deposit because of its younger age. By the time the
ore body formed, the natural 235U/238U ratio had decayed to too low a level to allow a critical
mass to be reached. Several major fractures cut the ore body and the clay envelope
(Figure 13.5-2). These fractures were originally features of the basement rocks but were
reactivated after sandstone deposition and ore formation. The uranium was apparently
transported by hydrothermal solutions upward to the base of the unconformity along the fracture
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zone and deposited as uraninite at the unconformity when these solutions came into contact with
groundwater in the sandstone. These hydrothermal solutions are also responsible for the
alteration of the sandstone surrounding the ore body. Perhaps the most outstanding feature of the
Cigar Lake deposit is the absence of surface geochemical or radiometric expression of the
deposit, despite the fact that the host sandstone is a permeable aquifer cut by fractures
(Cramer 1986).

According to Curtis et al. (1999, p. 275), naturally produced plutonium and technetium at the
Cigar Lake deposit have migrated short distances but have remained within the deposit. Only
one event seems to have disturbed the system since its formation (Cramer 1995b, p. 37). Small,
isolated pockets of remobilized uranium have been found in some of the steeply dipping
fractures above and in the shield rocks directly beneath the main ore body. The age of this
younger event has been estimated at between 320 and 293 m.y., most likely representing the
temporary opening of fractures and faults in association with tectonic movement of the North
American plate that allowed groundwater to mobilize some of the U (Cramer 1995b, p. 37).
Since then, the deposit has been affected only by gradual uplift through erosion of the overlying
sandstone. Figure 13.5-2 shows the current setting of the deposit and the extent of sandstone
weathering that took place since the last glaciation, 10 ka.

Migration of radionuclides from the deposit into the surrounding rocks has been limited at Cigar
Lake by a combination of hydrogeological, mineralogical, and geochemical factors (Cramer
1986). First, the deposit is in a basal sandstone unit, which is the main local aquifer, and this
unit has a much higher groundwater flux than the deposit itself. Second, the present fluids are
reducing; Eh is estimated at -0.2 to +0.2 V (Sunder et al. 1988, p. 470). Consequently, there is
little dissolution of the uraninite or of daughter radionuclides contained within. The
U concentrations in the groundwater are low (usually much less than 107 NM) (Cramer and
Sargent 1994, p. 2240) and are similar to those expected for uraninite equilibrium. Third, the
clay-rich zones surrounding the ore have relatively low hydraulic conductivities compared with
the sandstone of the overlying aquifer (Cramer and Sargent 1994). This effectively seals the ore
zone from bulk groundwater flow and filters out colloids during mass transport from the ore
zone. In addition, the clay-rich rocks and hydrothermally altered sandstones are enriched in
sulfides, providing effective redox buffering in the undisturbed system (Sunder et al. 1988).
Fourth, any radionuclides that dissolve and migrate away from the ore zone encounter a naturally
sorptive mineralogical barrier in the form of the clay alteration zone (Cramer 1986, 1995b).

Vilks et al. (1988) studied particulate and colloid matter in groundwater and showed that the
concentration of uranium in particles and dissolved uranium are similar. Radiolysis of the
groundwater within the ore zone may be the cause of locally oxidizing conditions causing
formation of the iron-oxyhydroxides (e.g., goethite) at the top of the ore body, as well as the
uranyl minerals (Fayek et al. 1997). Perhaps because of absorption onto amorphous iron-silicon-
hydroxides at the ore/clay interface, uranium concentrations in the surrounding sandstone are
depleted with respect to the ore body water. Also, the filtration of particulate matter by clay
minerals probably plays a role in reducing groundwater uranium concentration (Vilks
etal. 1988).

Goodwin et al. (1989) list analog aspects of the Cigar Lake deposit to the planned Canadian
radioactive waste disposal concept. These features are also listed in Table 13.5-1. They are
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primarily the following: (1) uraninite is a good analog to U0 2 spent nuclear fuel of the Canadian
program; (2) the Canadians may use a titanium container, which would alter to have a rutile
(TiO2) coating in an aqueous environment, for which the accessory rutile in the alteration zone of
the deposit is a good analog; (3) a planned bentonite and sand buffer is approximated by the
illite-rich alteration zone around the ore; and (4) groundwater circulation in the host porous
sandstone is much greater than that expected in the planned granitic repository, so the deposit
provides a conservative estimate of the effects of circulating groundwater.
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13.6 SUMMARY AND CONCLUSIONS

13.6.1 Summary

Carefully selected natural analogs are important tools for understanding flow and transport
processes anticipated at a potential nuclear waste repository. In fiscal year 1999, the Yucca
Mountain Site Characterization Project (YMP) began to address process model areas that could
benefit from improved confidence through natural analog studies. As a first step, Section 13 was
prepared to include knowledge gained from previous natural analog studies and new work
regarding many relevant natural and engineered barrier system processes. This will help to
identify areas of existing analog information that can be used to build confidence in
understanding long-term behavior of a waste repository, areas where no appropriate analogs can
be identified, and areas where natural analog work could be focused. The key points of each
analog or group of analogs that contribute to a process model (e.g., analogs to saturated zone
transport), are summarized under their respective sections and are not repeated here.

A number of areas were not covered in this section. These areas included biosphere analogs,
microbially-induced corrosion, efficacy of a clay buffer in backfill, the role of organic materials
and microbes in enhancing or preventing radionuclide migration, public perception and analogs,
and the ways in which other countries, or performance assessment exercises conducted by other
agencies in the United States, have used analogs quantitatively in their performance or
safety assessments.

Areas identified by performance assessment in which analog studies may contribute to testing
and building confidence in models include the seepage threshold and the fraction of waste
packages contacted by seeps (including seepage enhanced by thermally-induced drift collapse),
alteration of hydrologic properties by mineral precipitation or dissolution, sorption onto
fractures, the role of colloid filtration in reducing radionuclide migration, Alloy-22 corrosion, Np
solubility, and saturated zone dilution.

Previous YMP Incorporation of Natural Analogs-In the past, most of the YMP's use of
natural analogs has been indirect, although a handful of direct uses can be cited. Indirectly, the
YMP has acknowledged the role of natural analogs in a repository license application by
participation in topical meetings (e.g., various meetings of the Commission of European
Communities' Natural Analogue Working Group), in the U.S. Nuclear Regulatory Commission's
1991 workshop on the role of natural analogs in geologic disposal of high-level nuclear waste
(Kovach and Murphy 1995), and in a number of studies via the Office of Civilian Radioactive
Waste Management's international program. The YMP supported participants in projects at
Oklo, Pogos de Caldas, Alligator Rivers, and Cigar Lake. The technical reports resulting from
these projects contributed to the overall understanding of repository processes. The Office of
Civilian Radioactive Waste Management also contributed (along with Sweden, Canada,
Switzerland, and the Commission of European Communities) to making a video on natural
analogs that has been distributed to repository programs throughout the world for public
awareness and educational purposes.

Four examples come to mind of ways in which the YMP has used analogs directly for testing and
building confidence in conceptual and numerical process models. First, the concept of viewing
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Yucca Mountain as a self analog (i.e., using past thermally-driven hydrochemical processes of
secondary mineral formation and mineral alteration zones as a key to future alteration) has been
supported by studies at Yellowstone that identify the same mineral alteration assemblages for the
same temperature regimes. This increases confidence that the same alteration assemblages could
be expected to form under repository conditions. Second, thermochemical data from the
Wairakai, New Zealand, geothermal field have been used to increase confidence in
thermodynamic parameters for silica minerals in geochemical modeling databases. Third, analog
studies such as those reported in Section 13.4.1.2 (e.g., Matyskiela [1997] and others) have been
called upon to demonstrate either reduced or enhanced fracture flow caused by thermal-
hydrologic-chemical processes. The results of these studies are inconclusive and require
additional substantiation (see Section 13.7). Finally, spent nuclear fuel dissolution rates and
spent nuclear fuel alteration parageneses (as determined in laboratory experiments) have been
compared to those of Nopal I. The results of these studies (summarized in Section 13.3.2.2.1)
greatly increase confidence in spent nuclear fuel alteration models.

13.6.2 Conclusions

Conclusions that can be drawn from natural analogs in Section 13 include:

. As noted by others (e.g., Wronkiewicz et al. 1996), the sequence of U alteration
paragenesis at Pefia Blanca is a very good analog to alteration of uranium oxide spent
nuclear fuel. The reaction path of alteration of spent nuclear fuel at Yucca Mountain
will be similar to that of geologically young, Pb-free uraninite, with schoepite and
becquerelite forming as intermediate products, followed by uranyl silicates. Additional
work in the area of spent nuclear fuel analogs is not needed unless it focuses on analogs
to alteration under disturbed conditions (e.g., a radical change in groundwater chemistry
or erosion) or focuses on alteration of other compositionally-distinct types of fuel that
would be disposed.

. Natural glass analog studies, although different in composition in significant ways from
borosilicate nuclear waste glass, indicate that glass waste forms will be stable in a
repository environment at Yucca Mountain. Higher stability is favored by higher silica
and alumina content and by lower alkali content of the glass. Basaltic glass, which is
lower in silica and alumina (but simultaneously lower in alkalis) than rhyolitic glass, has
been shown to have a hydration rate of 0.001 to 30 pA.ka in the absence of radiation.

. The analogs to common metals (e.g., Fe, Cu, bronze, Ni) presented in Section 13.3.5
serve mainly to demonstrate that under ambient to slightly elevated temperatures, the
metals will be stable for thousands of years, even under oxidizing conditions. Because
the historical record is unlikely to offer analogs to Ti stability, Ti-bearing minerals
(e.g., sphene and rutile) may offer insights.

. A consistent set of parameters was obtained to calibrate the site-wide Box Canyon
model to both pneumatic and infiltration tests using the dual permeability approach.
Modeling results of the Box Canyon study demonstrated that the dual permeability
approach used in large-scale, volume averaged numerical models, such as the
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unsaturated zone flow and transport model at Yucca Mountain, can be applied with
confidence.

Preliminary results at Nopal I appear to indicate low actinide mobility in unsaturated
siliceous tuffs under semiarid, oxidizing conditions. Uranium-thorium age data indicate
that the primary transport of uranium away from the Nopal I deposit along fractures
occurred more than 300 ka. The 226Ra Th activity ratios indicate redistribution of
radium within the last 5 ka as a result of secondary fluid events. Therefore, the data
demonstrate stability over approximately 100 k.y. time scales for U (235, 238), Th, and
Pa in fracture-filling materials. In an analogous sense, this stability should extend to
transuranics and the rare earth elements. The high mobility of radium can be considered
analogous to transport of strontium and cesium. By analogy, the tuffs at Yucca
Mountain should have similar retentive properties to impede oxidized uranium mobility.

* Even under criticality conditions at Oklo, less than 10 percent of uranium was estimated
to have been mobilized, under far more extreme conditions than those anticipated at
Yucca Mountain, where criticality is unlikely.

* At Pocos de Caldas, Chapman et al. (1991) showed that plutonium and uranium have
reached secular equilibrium in a pitchblende nodule and that the two elements have
resided, unfractionated, in a system closed to them, but not closed to groundwater
circulation, for the last 100 k.y. within the matrix phonolite. The implication from this
observation (i.e., that plutonium and uranium may remain unfractionated in spent
nuclear fuel of a repository) needs to be examined more completely.

* Colloidal transport of uranium was shown to be minimal at Koongarra and Pogos de
Caldas, where filtration of colloids appears to be effective. The observation of rapid
transport of colloids at the Nevada Test Site must be tempered by knowledge that the
natural system has been disturbed there by both nuclear testing and by pumping. The
YMP TSPA-VA assumed no colloid filtration, an assumption that may be unnecessarily
conservative.

• Fractures act as both transport pathways and places of retardation at a number of the
analog sites. At Nopal I, uranium has been transported short distances, essentially
completely along fractures, and is sorbed onto iron oxides and calcites. The same is true
at Poqos de Caldas. Matrix diffusion appears to have been inconsequential at Nopal I;
thus, data from Nopal I is not likely to contribute to improved constraints on matrix
diffusion in performance assessment models. Advective transport along fractures has
been identified as a more significant transport mechanism than matrix diffusion in all of
the analog sites, although matrix diffusion may account for loss of lead in uraninites at
Oklo and Cigar Lake (Janeczek and Ewing 1992, p. 157). Even at Palmottu, where
migration of uranium has been extensive, sorption onto fracture coatings has been
identified as an important retardation mechanism. In the YMP TSPA, transport models
are not sensitive to fracture sorption, but analogs suggest that fracture sorption enhances
radionuclide retardation significantly.

TDR-CRW-GS-000001 REV 01 ICN 01 13.6-3 September 2000



* Although the study indicated that Chernobyl is generally not applicable as an analog to
Yucca Mountain, two relevant points should be reiterated. First, spatial and temporal
variations in infiltration rates and fast, preferential flow in the near-surface zone depend
on differences in topography and geomorphology; at Chernobyl, these variations are
more subtle than at Yucca Mountain. Second, rapid groundwater contamination around
Chernobyl may not be directly associated with near-surface zones of preferential flow.
The possibility of a similar discrepancy needs to be investigated in Yucca Mountain
unsaturated zone flow and transport models in which high infiltration rates at the crest of
the mountain may not correlate with data indicative of percolation flux at the potential
repository horizon.

. Although the initial conditions and geologic medium are different at the Idaho National
Engineering and Environmental Laboratory than at Yucca Mountain, the Beasley et al.
(1998) study at the Idaho National Engineering and Environmental Laboratory provides
a degree of confirmation of the conservative or retarding nature of a number of the same
radionuclides that would be present in a Yucca Mountain repository (e.g., 36Ci, 99Tc,
236U, 1291, and 237Np). This Idaho study provides a good bridge to future anthropogenic
analog modeling exercises.
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13.7 RECOMMENDATIONS

Given more time, additional potential analogs might have been identified. Some sites might be
good potential analogs for certain processes, but the data are not readily available in the
published literature (e.g., Mitchell Caverns, East Mojave National Park, California). Work in
fiscal year 2000 is focusing on system components for which information appears to be sparse or
for which no suitable analogs have been found and on areas that seem promising but for which
little data are available.

One of the objectives of Section 13 is to provide a foundation for future direction of natural
analog investigations. The following work is recommended:

The literature search should be updated to include areas that were not covered in this
report, such as biosphere processes, the role of microbes in radionuclide immobilization,
the efficacy of a clay buffer in backfill, and chemical reactions at a cement-rock or
cement-metal interface. The search should include other areas identified by
performance assessment and design as their analyses mature. A diligent search for
analogs of waste package metals or design enhancements such as backfill might be
warranted. Additional radiolysis analogs deserve consideration because it is uncertain
whether radiolysis will be a potential problem around waste packages in the Yucca
Mountain Site Characterization Project Enhanced Design Alternative II design scenario,
in which waste packages are not self-shielded. Furthermore, the role of microbes in the
natural system at Yucca Mountain should be reassessed through more focused analog
studies, based on observations at Po9os de Caldas, where microbes have been cited as
being responsible for reprecipitation of uraninite along the redox front and for enhancing
the rate of migration of the redox front. The question at Yucca Mountain is whether a
sufficient quantity of microbes would be present to affect uranium precipitation,
combined with appropriate minerals (e.g., pyrite is absent at Yucca Mountain, but it is
key to the microbial sulfur oxidation and uranium fixing at Pogos de Caldas).

. Rainier Mesa data should be revisited to evaluate data gaps and determine where
additional limited data collection may be necessary. These data could be used in drift
seepage models for comparison with seepage under long-term average climate
conditions. The data could be used to evaluate episodic pulses, such as those that affect
the Paintbrush nonwelded unit, flow patterns and percolation fluxes from geochemical
signatures, and sorption in vitric and zeolitic units.

• To understand preferential flow paths and dispersion/dilution in the saturated zone, well-
characterized plumes at the Idaho National Engineering and Environmental Laboratory,
supported by monitoring and characterization data, appear to be the most suitable and
should be applied for testing models of saturated zone flow and transport. Results of the
Box Canyon study provide a numerical foundation for future assessment of radionuclide
transport at the Idaho National Engineering and Environmental Laboratory.

. Geochemical studies at Nopal I should be extended to the third dimension to ascertain
whether preferential flow or drainage has taken place through fractures. This could be
accomplished with analyses of rock and mineral samples from a cored borehole.
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Samples of groundwater, perched water, and seepage water should be collected to
address the extent and spatial dependence of uranium transport from the deposit through
groundwater and other issues related to mechanisms controlling uranium concentration
and transport, such as colloids, sorption onto fracture coatings, and preferential flow.
With the availability of solid and fluid samples, data should be sufficient to model
radionuclide transport at Pefia Blanca using a natural analog approach based on parent-
daughter relationships for the uranium and thorium decay series. The results could be
used to understand and predict the mobility (or retardation) of analogous radioactive
contaminants at Yucca Mountain.

Data from vapor-dominated geothermal systems, having high similarity factors to Yucca
Mountain (e.g., Larderello, Yellowstone, parts of New Zealand fields) (Table 13.4-1)
and having similar thermal-hydrologic-chemical characteristics to those predicted at
Yucca Mountain, should be used for building confidence in mineral reactions and rates
used in numerical models of thermally coupled processes. Previous thermal-hydrologic-
chemical thermodynamic and kinetic modeling studies described in this section should
be extended to include the testing of reactive transport codes and models
(e.g., TOUGHREACT, FEHM) using natural analog data. Analyses using codes capable
of handling reactive transport associated with thermally coupled processes, such as those
used in geothermal studies, are needed to represent the potential changes in hydrologic
properties caused by mineral precipitation or dissolution. The changes in hydrologic
properties and the extent of reaction of host rock to heat will be quite different in dry and
saturated systems.

. Portions of the Pahute Ridge intrusive complex should be studied to observe fracture-
matrix margins and to provide data for testing and validating porosity-permeability and
fracture-matrix interaction models. A detailed petrologic study of devitrified and vitric
host rocks as a function of distance from the intrusive contact should allow
determination of key mineral reactions and hydrologic effects, including changes in
matrix and fracture porosity and permeability. Field observations at the Pahute Ridge
complex will also help to estimate kinetically and thermodynamically possible mineral
reaction rates and to determine whether mineral reactions increase or decrease matrix or
fracture permeability, with the objective of settling the controversy over potential
fracture sealing at Yucca Mountain.

Although most of the thermal-hydrologic-mechanical effects tend to be reversible and of
small magnitude (CRWMS M&O 1998a, p. 191), the mechanical influence on the
fracture network may require further analysis with respect to large-scale gas-phase flow
effects while the repository is at its hottest. An anthropogenic analog, such as
Krasnoyarsk-26, Russia, or another heated underground facility with decades of
monitoring data, would be useful for building confidence in thermal-hydrologic-
mechanical issues, in addition to examining the thermal effects on seepage.

. Some well-constrained analog data sets are available for immediate use. These data sets
should be used to test models or make model predictions. The data sets and
corresponding process models or total system performance assessment models include:
(1) Koongarra dispersion fan data in saturated zone plume dispersion models
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(e.g., uranium transport is detected 300 m downstream in dispersion plume over 0.5 to

3 m.y.), (2) Akrotiri trace-element migration in unsaturated zone flow and transport

models, (3) Nevada Test Site colloid data in unsaturated zone flow and transport model,

(4) Nopal I U-series data in unsaturated zone flow and transport model, and (5) Nopal I

uraninite dissolution rates in total system performance assessment models of spent

nuclear fuel dissolution.

The issue of illustrating confidence in operative processes to the public should be

addressed, not only through the obvious archaeological materials that have survived for

hundreds or thousands of years, but by using the results of some of the more quantitative

analogs discussed in this section. In the absence of a total system analog for Yucca

Mountain, the approach taken for the Canadian concept (Table 13.5-1), which used a

one-to-one matching of repository component to a variety of analogs, would be a good

illustration.

For all analog systems or processes studied, a careful review of data and previous modeling

studies used is recommended to provide an understanding of the potential analog process or

system coupled with comparison of the process or system to site-specific characteristics of the

potential Yucca Mountain repository. Where feasible, this analysis should be followed by

quantitative use of the analog information to build confidence in conceptual and numerical

process models applied to Yucca Mountain.
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Figure 13.3-1. Relative Sequence of Formation and Abundance of Uranium Minerals at the Nopal I
Deposit
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NOTE: The locations of springs sampled as part of the Oman natural analog study are shown.

Figure 13.3-2. Distribution of Ophiolites and Hyperalkaline Springs in Northern Oman
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NOTE: Sites of the hyperalkaline springs are shown.

Figure 13.3-3. Location of the Maqarin Natural Analog Study Site in Northern Jordan
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Source: Bish and Aronson (1993)

NOTE: Part (a) illustrates paleotemperatures inferred from mineralogical data in driliholes USW G-3, G-2, and G-1,
along with present-day temperature profiles. Part (b) compares mineral and glass abundances in drill core
USW GU-3/G-3 determined by X-ray powder diffraction.

Figure 13.4-1. Anticipated Mineral Alteration at Yucca Mountain
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Figure 13.4-2. Map of East Snake River Plain Showing the Location of the Box Canyon Experimental Site
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NOTE: Labeled symbols represent boreholes. Red symbols: location of borehole top. Green symbols: plan view of
observed flow-features in slanted boreholes. Symbol shapes used to identify different borehole groups by
name.

Figure 13.4-3. Plan View of the Locations where Boreholes Intersected Active Water-Conducting
Fractures at the Box Canyon Experimental Site
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Figure 13.4-5. Comparison between Hydrogeologic Stratigraphic Sections of Rainier Mesa and Yucca
Mountain
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NOTE: The Yucca Mountain potential repository site is located northwest of the Pela Blanca district along a general
trend of Tertiary volcanic rocks in the Basin and Range Province.

Figure 13.4-6. Nopal I Uranium Deposit in the Peia Blanca Mining District, Chihuahua, Mexico
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NOTE: Figure illustrates location above the water table and within silicic tuffs of the Nopal and Coloradas formations
and the basal conglomerate of the Pozos formation.

Figure 13.4-7. Orthogonal, Vertical Cross Sections of the Nopal I Deposit
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NOTE: The figure illustrates the extent of visible uranium mineralization (black shaded area), major Fractures A to H
located near the deposit, numbered sampling locations from CRWMS M&O (2000b), and proposed locations
for drilling of near-field groundwater monitoring wells (stars and location marked 00). Most of the samples in
the CRWMS M&O (2000b) study were taken along Fracture B. IllegibRity of some topographic contour labels
does not affect the technical purpose of this figure.

Figure 13.4-8. Topographic Map of Nopal I Area
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Figure 13.4-9. Plot of Measurements of Uranium-234/Uranium-238 versus Thorium-230/Uranium-238
for Fracture-Filling Materials Obtained by the Center for Nuclear Waste Regulatory
Analyses
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Figure 13.4-11. Measurements of Uranium-234/Uranium-238 versus Thorium-230/Uranium-238 for
Fracture-Filling Materials at Peha Blanca
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Source: Castor et al. (1996, p. 1)

Figure 13.4-12. Location of Uranium Districts in Northwestern Nevada and Southeastern Oregon
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NOTE: The Koongarra deposit was the focus of the Alligator Rivers natural analog study.

Figure 13.4-13. Location of the Uranium Ore Bodies in the Alligator Rivers Region, Northern Territories,
Australia
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Figure 13.4-14. Cross Section through the Koongarra Ore Body Showing the Distribution of the Major
Rock Types and Uranium-Bearing Minerals
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Source: Chapman et al. (1991)

Figure 13.4-15. Location Map of the Osamu Utsumi Mine and Morro do Ferro Study Sites at Pogos de
Caldas, Minas Gerais, Brazil
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cE NOTE: Illegibility of vertical axis does not affect the illustrative purpose of this figure.

Figure 13.4-16. Cross Section of the Osamu Utsumi Mine Showing the Geoiogy, Hydrology, and Location of the Redox Front
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Source: Smellie (1995)

NOTE: Map shows (1) known cratonic areas aged between 1,750 and 2,000 Ma, and (2) probable extensions of
those cratonic areas.

Figure 13.4-17. Location of the Oklo Uranium Deposits, Gabon, Western Africa
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NOTE: Indicated is the Oklo open pit showing the position of the C1 layer of pelitic sediments that host the presently
mined uranium and the fossil reactor zones.

Figure 13.4-18. Schematic Geological Profile across the Western Margin of the Franceville Basin
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Figure 13.4-19. Idealized Cross Section of a Fossil Reactor Zone at Oklo and Bangombe
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Figure 13.4-20p Schematic Representation of Groundwater Flow Paths in the Bango.b. Area
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NOTE: Part (a) shows Tono mine site, including regional geology. Part (b) is a cross section through the Tsukiyoshi
ore body (black) showing its faulted nature.

Figure 13.4-21. Geology of the Tono Natural Analog Study Site
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Figure 13.4-22. Regional Geologic Map of Palmottu and Location of the Natural Analog Study Site
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Figure 13.4-23. Lithology at Palmottu with Respective Uranium and Thorium Contents
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Source: Shestopalov (1996, p. 1)

NOTE: Part (a) is a map of Europe; part (b), the Ukraine; and part (c), the Chemobyl exclusion zone.

Figure 13.4-24. Location of the 30-km-Radius Chernobyl Nuclear Power Plant Exclusion Zone
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NOTE: I-Water levels:
1-Cenomanian-Albian aquifer: (a) prior to water intake, and (b) present conditions
2-Bajocian aquifer (a) prior to water intake, and (b) present conditions

Il-Hydrogeologicat profile:
3-Oligocene-Quatemary aquifer (sands, sandy loams)
4-Eocene aquifer (sands)
5-Cenomanian-Albian aquifer (limestones, chalks, sands, sandstones, gravel)
6-Bajocian aquifer (limestones), aquitard deposits
7-Quaternary loams and clays
8-Kiev (Eocene) marls
9-Turonian marls
10-Bathonian-Callovian clays and clayey limestones
1-Boreholes of the Kiev water intake

Figure 13.4-25. Hydrogeological Profile across the Kiev Region
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NOTE: Part (1) is a zone of contamination primarily by fuel particles; part (2) is a zone of contamination primarily by
condensed particles; and part (3) is a zone of contamination by an approximately equal quantity of fuel and
condensed particles.

Figure 13.4-26. Soil Sampling Network within the 30-km Chernobyl Exclusion Zone
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NOTE: For chlorine-36, technetium-99, and iodine-129, the values are normalized to their concentrations in well 57,
whereas uranium-236 and neptunium-237 concentrations are normalized to well 123.

Figure 13.4-28. Decrease in Relative Concentrations of Selected Radionuclides in the Snake River Plain
Aquifer with Distance from the Idaho Chemical Processing Plant
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Table 13.2-1. Process Models and Natural Analogs

Factors Important to Performance Process Model Analog
(CRWMS M&O 2000d)

Unsaturated Zone Flow and Transport
Climate Range of climate conditions Paleoclimate studies in Great

Basin (already in total system
performance assessment)

Infiltration Range of infiltration values Negev Desert, Mitchell Caverns
Seepage into drifts Drift seepage model; effect of discrete Rainier Mesaa for wetter

fractures conditions; Peia Blanca; Hell's
Half Acre

Coupled processes-effects on Unsaturated zone flow and transport, Magma intrusion (Papoose Lake
unsaturated zone flow thermally coupled hydrologic chemical Sill)

process
Coupled processes-effects on seepage (1) Rockfall and other (1) Mined openings; (2) magma

thermomechanical effects; (2) dryout, intrusion (Papoose Lake Sill):
permeability changes geothermal fields

Moisture, temperature, and chemistry Mineral reaction rates Geothermal fields (e.g., East
on drip shield Mesa, Cerro Prieto), Yucca

Mountain as self-analog
Moisture, temperature, and chemistry Mineral reaction rates Geothermal fields. Yucca
on waste package Mountain as self-analog
Engineered barrier system radionuclide Mineral reaction rates, degradation of Geothermal fields, Yucca
migration-transport through invert invert and other engineered barrier Mountain as self-analog

system materials

Unsaturated zone flow and (1) Unsaturated zone flow; effects of (1) Pena Blanca; Alligator Rivers;
transport-advective pathways transient flow; (2) effect of water table Idaho National Engineering and

rise Environmental Laboratory;
Apache Leap; (2) records
associated with historical
earthquakes in Nevada

Unsaturated zone flow and Unsaturated zone flow and transport Peha Blanca
transport-sorption and matrix diffusion
Unsaturated zone flow and Unsaturated zone flow and transport Idaho National Engineering and
transport-colloid-facilitated transport Environmental Laboratory
Coupled processes-effects on Unsaturated zone flow and transport, Oman (alkaline plume)
unsaturated zone transport thermally coupled hydrologic chemical

process
Waste Package Degradation

Performance of waste package barriers Degradation of steel alloys and Meteorites for nickel-base alloy;
cladding * eskolaite for Cr2O3; rare-earth

phosphates as analog to GdPO4
(neutron absorber); Santorini and
Asoka pillar (qualitatively)

Microbial-Induced Corrosion
Moisture, temperature, and chemistry Waste package degradation by (Analysis needed)
within waste package I microbes I
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Table 13.2-1. Process Models and Natural Analogs (Continued)

Factors Important to Performance Process Model Analog
Waste Form Degradation

Commercial spent nuclear fuel waste Secondary mineral formation Hydrothermal uranium deposits,
form performance Okloa, Pe'la Blancaa
Defense spent nuclear fuel, Navy fuel, Secondary mineral formation None available
plutonium disposition waste form
performance
High-level radioactive waste glass Stability of glasses Natural glasses (volcanic),
waste form performance manufactured uranium-bearing

glasses
Dissolved radionuclide concentration Solubility of waste form Hydrothermal uranium deposits
limits
Colloid-associated radionuclide Colloids in spent fuel, glass, and Peiia Blanca
concentrations plutonium fuel
In-package radionuclide transport Radiolysis, sequestration in secondary Oklo, Peiia Blanca

minerals
Saturated Zone Flow and Transport

Saturated zone flow and Transverse and longitudinal dispersion Contaminant plumes at U.S.
transport-advective pathways Department of Energy and

Environmental Protection Agency
sites (e.g., Hanford)

Saturated zone flow and Sorption coefficient in alluvium Nevada Test Site
transport-sorption and matrix diffusion
Saturated zone flow and Colloidal transport in saturated zone Nevada Test Site, Idaho National
transport-colloid-facilitated transport Engineering and Environmental

Laboratory, El Berrocal,
Steenskampskraalb

Biosphere
Biosphere transport and uptake Plant uptake of radionuclides Pogos de Caldas, Perla Blanca

Disturbed Case Factor
Volcanism Volcanism Nevada-California-Arizona

eruptive histories of similar basalt
fields

Seismicity Seismicity Nevada-California historic
earthquakes

Criticality Criticality Oklo
Human Intrusion Human intrusion None

Engineered Barrier System
Design Enhancements

Performance of backfill EBS transport Analog needed
Performance of cements EBS transport Maqarin; Krasnoyarsk; New

Zealand; Roman concretes
Performance of gettering (sorptive EBS transport Cigar Lake; Dunarobba Forest;
materials in backfill) Loch Lomond

Source: this document I

NOTE: a Strongly recommended by performance assessment
bNot all analogs listed in Table 13.2-1 are discussed in text.
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Table 13.3-1. Comparison of Volcanic Glass and Nuclear Waste Glass Compositions (wt %)

Volcanic Glass

Oxide Basaltic Rhyolitic Nuclear Waste Glass
SiO2  50.76 74.67 45.48

A1203  13.62 12.17 4.91

8203 14.02

L120 _ _ 1.98

Na2O 2.48 4.25 9.86

MgO 7.35 0.10 _
K20 0.18 2.78

CaO 10.72 1.68 4.04

T102 1.66 0.30
MnO2  0.16 0.72

FeO 8.18 3.21
Fe203  4.08 2.91

ZnO _ _ 2.50

ZrO2  2.65

Cs2O _ X 1.42

Other oxides (rare-earth 8.00
elements, actinides)

Source: Modified from Petit et al. (1990, p.1942)

NOTE - = not detected
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Table 13.4-1. Application of Geothermal Field Information as Analogs to Coupled Processes Anticipated
at the Potential Yucca Mountain Repository

Yucca Mountain Issue Geothermal Analog Potential Sites Possible Approach
Multiphase flow (liquid, Multiphase flow (liquid, All Numerical modeling,
vapor, gas) vapor, gas) conducting and reviewing

geothermal post audits
Hydrologic properties Hydrologic properties Kamojang (Indonesia), Tianjin Numerical modeling

(China), Wairakei (New Zealand),
Oguni (Japan), Sumikawa (Japan)

Preferential flow Preferential flow Wairakei (New Zealand), The Numerical stochastic
Geysers (California), Dixie Valley modeling, geothermal
(Nevada), East Mesa (California), tracer study results
Cerro Prieto (Mexico) evaluations

Fracture network Fracture network All modeled fractured sites (e.g., Use of reservoir model
permeability permeability Cerro Prieto [Mexico], Krafla calibrations

[Iceland], Matsukawa (Japan],
Sumikawa [Japan], Olkaria
[Kenya], Krafla [Iceland], Wairakei
[New Zealand], The Geysers
(California], Kamojang [Indonesia],
Larderello [Italy])

Fracture-matrix Fracture-matrix Yellowstone (Wyoming), Long Field and laboratory
interaction interaction Valley (California), Olkaria experiments, evaluate

(Kenya), Dixie Valley (Nevada) geothermal tracer study
results evaluations

Heat pipes, boiling, and Heat pipes, boiling, and The Geysers (California), Numerical modeling to
condensation condensation Kamojang (Indonesia), Matsukawa extend measurements

(Japan), Larderello (Italy)
Mineral precipitation and Mineral precipitation Larderello (Italy), Fenton Hill (New Laboratory experiments,
dissolution and dissolution Mexico), Dixie Valley (Nevada), analog site investigation,

Wairakei (New Zealand), numerical modeling
Broadlands (New Zealand), Long
Valley (California)

Self-sealing Caprocks The Geysers (California), Core sample evaluation,
Kamojang (Indonesia), Matsukawa water chemistry evaluation,
(Japan), Larderello (Italy), Cerro numerical modeling
Prieto (Mexico), Reykjanes
(Iceland)

Mineral alteration Mineral alteration Wairakei (New Zealand), Core sample evaluation,
Broadlands (New Zealand), Dixie numerical modeling
Valley (Nevada), Yellowstone
(Wyoming)

Thermal-hydro- Subsidence, flow Wairakei (New Zealand), Bulalo Numerical modeling
mechanical effects changes (Philippines), Krafla (Iceland)

NOTE: The following sites have (a) similar water chemistry to Yucca Mountain, (b) similar geology to Yucca
Mountain, and/or (c) similar alteration mineralogy to Yucca Mountain: Larderello (Italy)-b, possibly c;
Yellowstone (Wyoming)-a,b,c: Fenton Hill (New Mexico)-b; Dixie Valley (Nevada)-c; Wairakei (New
Zealand)-a,b,c; Broadlands (New Zealand)-a,b,c; Long Valley (Califomia)-a,b, possibly c.
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Table 13.4-2. Water Chemistry Characteristics
Districts

of Northwestern Nevada/Southeastem Oregon Uranium

Total
Dissolved

Temperature Solids Depth to
Study Site Water Type (0C) pH (mg/L) Water (m)

McDermitt caldera area, Ca-Na-HCO 3-S04  0-28 6.8-9.4 66-724 50
Nevada-Oregon
Virgin Valley, nonthemmal, Na-HCO3-SO4  7-24 6.4-9.7 95-184 <60
Nevada
Virgin Valley, thermal, Nevada Na-SO4-HCO3  26.5-92 7.5-9.05 600-630 <60
Lakeview, Oregon Ca-Na-HCO 3  7.8 6.3-8.1 - 0
Steens Mountain, Oregon -- - -

Bottle Creek, Oregon Ca-Na-HCO 3-SO4  7-90 6.4-10.1 42-1216
Painted Hills, Nevada _ - -

Dogskin Mountain, Nevada Ca-Na-HCO 3  86-121

Peterson Mountain, Nevada _- - - -_

Yucca Mountain, Nevada Na-HCO3-SO4 33.8-44 6.8-8.7 245-530 28-752a

Source: Castor et al. (1996, Table 12)

NOTES: a Values greater than 300 m are most representative of the water-level depth beneath Yucca Mountain.
- = information not available

)
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Table 13.4-3. Comparison of Radionuclides Released from the Chernobyl Unit 4 Reactor to Radionuclides
of Concern for Yucca Mountain

Total Activity of Total Mass of Potentially
Radionuclides Radionuclides Present at

Released at Chemobyl Released at Present at Yucca
Radionuclide Half-Life (MCI)a Chernobyl (g)a Chernobyl Mountain'

65Zn 243.8 days _- xa
89Sr 50.5 days 2.2 78.1 Xa, b. c

90Sr 29 yr. 0.22 1,496 Xa, b.c _

TsMO 3.4 x 0I yr. _ - x

93Zr 153 x 106 yr. x
9 bNb 34.97 days - -

96Zr 64 days 3.8 177.4 Xa, b. c -

99 Mo 2.75 days - xb.c

10JRu 39.4 days 3.2 99.8 xa. b, c -
106Ru 372 days 1.6 496 xa. b, c -

12b1  1.57x 107 yr. - - x

1311 8.04 days 7.3 59 X b, c _

132Te 3.26 days - xb.c

Cs 2.06 yr. 0.5 412 Va. b. c __

13s 2.95 x 106 yr. -X

1.31cs 30.2 yr. 1 114.9 Xa, b, c

14uBa 12.75 days _ __ xb__c

40La 1.68 days -

32.5 days 2.8 98.5 Xa b. c_

74 2Ce 5 x 10' Oyr. - _ X

'4Ce 285 days 2.4 758 xa. b. c _

14 4Pm 360 days - - xa

23ju 1.59x103 yr. - - x
234u 2.45x10 yr. - - xc x

U 7.04 x 106 yr. - _ xc X

2_6u 2.34 x10' yr. - xc X

2J'Np 2.14 x 106 yr. - - X

=UPU 87.7 yr. 0.8 X 103 46.7 xa. b. c. d x

_ _u _ 4.47x 109 yr. - xc X

z35Np 2.36 days - xb.c C

24,110 yr. 0.7 X 10 11.410 Xabc,d x
240pu 6,560 yr. i X 10 3 4,390 Xa, b. c, d x

241Am 433 yr. - Xd X

Y41Pu 14.4 yr. 0.14 2.072 Xa.c d X
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Table 13.4-3. Comparison of Radionuclides Released from the Chemobyl Unit 4 Reactor to Radionuclides
of Concern for Yucca Mountain (Continued)

Total Activity of Total Mass of Potentially
Radionuclides Radionuclides Present at

Released at Chemobyl Released at Present at Yucca
Radionuclide Half-Life (MCi)a Chernobyl (g)a Chemobyl Mountain"

Y42CM 163 days 2.1 X 10b 3.72 X 104 Xa b. C, d X

248.5 x I0; yr. X
746Cm 4.73 x 103 yr. _ _ X

NOTES: aShestopalov (1997, pp. 260-261)
bEliassen (1990, p. 149)
CSobotovich (1992, pp. 41-45)
dLoshchilov et al. (1991c, p. 45)
eIdentified by Palmer et al. (1996) as being of concern at Yucca Mountain
- = information not available or radionuclide not present;
X = present at the site

Table 13.4-4. Vertical Distribution of Plutonium and Uranium in Soils in the Vicinity of the Chernobyl
Nuclear Power Plant

Depth (cm) Plutonium-239 and/or 240 (%) 238-Uranium/235-Uranium
0-1 92-96 79.9-103.5
1-2 2.9-7.4 126.7-135.8
2-3 0.3-0.6 129.6-137.3
3-4 0-0.2 137.1-137.8
4-5 0-0.1 137.6-137.8

Source: Modified from Sobotovich (1992, Table 3.6, p. 44)

NOTE: Numbers indicate range of values at six sites.

Table 13.4-5. Diffusion Coefficients for Strontium-90 and Cesium-137 in Low Humus Sand Near the
Chernobyl Nuclear Power Plant

Soil Saturation (%) Strontium-90 (*109 cm Is) Cesium-137 (,108 cm21s)
30 21,22 0.51, 0.6
60 27, 29 0.6, 0.9
100 48,53 0.9, 1.8

Source: Modified from Loshchilov et al. (1991b, p. 38)

NOTE: Numbers indicate values obtained by fitting experimental data by two models.

I9
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Table 13.4-6. Maximum Content of Dissolved and Exchangeable Radionuclides in Soils of Chernobyl
Exclusion Zone and Maximum Values of Retardation Factors and Distribution Coefficients

Distribution Coefficient
Radionuclide Dissolved (%) Exchangeable (%) Retardation Factor (dimensionless)

14Ce 3.9 12.7 n.r. n.r.
1UbRu 25.8 34 1,420 34
134Cs 18.5 26 n.r. n.r.

12 22.5 5,180 600
9uSr 27 33.5 117 580

Source: Modified from Sobotovich (1992, pp. 83 to 84, Tables 4.16, 4.17,4.18)

NOTES: Values are maxima measured on 47 samples.
n.r. = not reported
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Source: Cramer (1995a, p. 2)

Figure 13.5-1. Location Map Showing Uranium Deposits of the Athabasca Basin in Northern
Saskatchewan, Canada
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Source: Cramer and Sargent (1994, p. 2,239)

NOTE: This section runs parallel to the direction of regional groundwater flow, and the heavy arrows indicate thegeneral flow directions of groundwater within the three distinct flow regimes (I to ll). 'USS' refers to theupper sandstone unit; 'LSS' refers to the lower sandstone unit.

Figure 13.5-2. Schematic Cross Section through the Cigar Lake Uranium Deposit
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Table 13.5-1. Comparison of the Cigar Lake Ore Body with the Canadian Deuterium Uranium Reactor
Spent Fuel Repository

Feature Repository Ore Body
Composition Used Canadian deuterium Uranium ore-mostly uraninite (UO2),

uranium reactor fue-more than grading from 12 to 55 wt.% U
86 wt.% U

Stable phase U0 2 assumed to be stable U0 2 appears to be the stable phase; it has
persisted for 1.3 x 109 years

Inventory 1.5 x 10o Mg (U) in completed Ore reserve estimated to be
vault 1.5x 105 Mg (U)

Waste form Radioactive Fission, activation, and decay Spontaneous fission products and decay
isotopes products products
Dissolution Congruent dissolution assumed Apparently congruent; radiogenic lead from
mechanism 1.3 x 109 years of decay still found in

uraninite
Uranium Solubility limit assumed; the Observed concentrations in present day
groundwater median value is 106 M in reducing groundwaters are less than 107 M
concentrations reducing groundwaters

Container Material Titanium metala No container analog
Material Mixture of clay and quartz; clay Clay-rich halo in sandstone; mostly illite with

is bentonite quartz
Hydraulic Bentonite-based buffer; high Illite-rich clay halo; lower swelling capacity

Buffer properties swelling capacity and very low and somewhat higher hydraulic conductivity
hydraulic conductivity

Chemical Assumed to sorb many elements Evidence suggests that the clay has retained
properties from water, including uranium elements, such as uranium
Thickness of Reference depth of the vault is Ore was formed more than 3 km below the
geosphere barrier between 500 and 1,000 m surface; its present depth is about 430 m
Groundwater Groundwaters below about 400 Hydrothermal ore-forming solutions had a
composition m in the Canadian Shield have salinity of 250 to 350 g/L total dissolved

salinities in excess of 100 g/L solids
total dissolved solids

Geosphere Hydraulic Crystalline host rock, such as Sandstone porosity is 10 to 100 times that of
properties granite, is chosen to have a low granite: hydraulic conductivities are also

hydraulic conductivity higher
Chemical Assumed to sorb many elements Sorbs many elements from water; Pb, Ra,
properties from water; Pb, Ra, and U are and U are strongly sorbed

strongly sorbed
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Table 13.5-1. Comparison of the Cigar Lake Ore Body with the Canadian Deuterium Uranium Reactor
Spent Fuel Repository (Continued)

N

Feature Repository Ore Body
Configuration Used fuel is isolated by a clay Uranium ore is isolated by a clay-rich halo

buffer and is located 500 to and covered by more than 350 m of
1,000 m deep in crystalline rock; sandstone; studies suggest that ore has
entire system is expected to be always been saturated
saturated soon after closure

Colloids Radionuclide migration due to Colloids formed in the ore zone are trapped
colloids assumed to be in clay-rich halo

Other _unimportant

Timescale Regulatory criteria require Uraninite ore has survived more than 1,000
protection for at least 10 k.y. M.y. in water-saturated rock

Thermal impacts Peak temperature of less than Hydrothermal solutions at about 150 to
100*C for more than 20 k.y.; 200CC over 50 M.y.; U0 2 stable phase at
U02 expected to be stable these temperatures

Environmental Regulatory criteria place No indications (e.g., radiological, thermal,
impacts limitations on impacts to man direct geophysical, or geochemical) at the

and the environment surface that the ore deposit exists

Source: Goodwin et al. (1989)

NOTE: aCanada also considered copper containers (Zach et al. 1996).
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