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Age of Unstable Bedrock Landforms Southwest of Yucca Mountain,

Nevada, and Implications for Past Ground Motions

by Mark Stirling, Janice Ledgerwood, Tanzhuo Liu, and Michael Apted

Abstract We determine minimum exposure ages for unstable outcrops at three
sites in Amargosa Desert, southwestern Nevada, including a site at the southern
end of Yucca Mountain. Varnish microlamination dating techniques provide minimum
exposure ages of 12.5-36 k.y. for the unstable outcrops of welded tuff, including a
24 k.y. age for the south Yucca Mountain site. The youngest exposure age (12.5 k.y.) is
found at the site located only 10 km from the Death Valley—Furnace Creek fault,
suggesting outcrops may be more frequently modified when close to major active
earthquake sources. A simplistic stability assessment of the south Yucca Mountain
outcrops suggests peak ground accelerations (PGAs) may not have exceeded about 1g
(uncertainty bounds 0.5-2¢) in at least 24 k.y. A PGA of 1lg is consistent with the
predicted 24 k.y. return period PGAs from the near decade-old Yucca Mountain prob-
abilistic seismic hazard (PSH) model, except for the ninety-fifth percentile and above.
We gain confidence in our interpretations by additionally observing: (1) minimal
damage to the south Yucca Mountain outcrops from a recent moderate earthquake
that is estimated to have produced a PGA of less than 0.1¢ there (i.e., motions less
than 0.5¢ do not significantly damage the outcrops); and (2) severe damage to similar
volcanic outcrops associated with PGAs of the order 0.5-1¢g near a nuclear blast site
from the 1960s. These observations support our suggestion that PGAs greater than
0.5-1g have not occurred at the south Yucca Mountain site for a time period of at
least 24 k.y. Significant seismic events that substantially modify the outcrops and pro-

duce associated rubble fields may therefore occur on longer time scales.

Introduction

Opver the past two decades there have been considerable
efforts focused on developing methods to validate probabi-
listic seismic hazard (PSH) models for long return periods
(i.e., of the order 10*~10° yrs). Efforts initiated by Brune
and Whitney (1992), and furthered by Brune (1996), Bell
et al. (1998), and others, have sought to use fragile geo-
morphic features such as unstable cliff faces and precariously
balanced rocks (PBRs) to place constraints on ground mo-
tions for long return periods. While PSH models constructed
to provide ground-motion estimates for shorter return periods
(e.g., 10°-10% yrs) are able to be compared to historical
earthquake records (e.g., Stirling and Petersen, 2006; Schor-
lemmer and Gerstenberger, 2007), no testing criteria are
available for longer return periods. The most significant body
of research focused on validating PSH models for long return
periods is centered on the proposed Yucca Mountain high-
level nuclear waste repository, where the mean estimates
of peak ground acceleration (PGA) and peak ground velocity
(PGV) are about 3¢ (g is the acceleration or force of gravity;
9.8 m/sec?) and 300 cm/sec respectively, for the 10° yr
return period (Stepp et al., 2001). There is lack of confidence
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in the seismological community as to whether these ground-
motion levels could be exceeded in the normal faulting
environment of Yucca Mountain. Research funded by the
U.S. Department of Energy has been focused on studying
unstable ancient landforms such as PBRs and steep unstable
cliff faces in an effort to provide validation criteria for the
Yucca Mountain ground-motion estimates (e.g., Brune et al.,
2008; Purvance and Brune, 2008; Purvance et al., 2008;
Whitney et al., 2008). In desert environments these landform
features can be dated by cosmogenic techniques, and mini-
mum surface exposure ages can be obtained from varnish
microlamination (VML) techniques (the VML techniques
provide an estimate of the surface age since the last surface
spallation of rock from an outcrop surface; e.g., Liu and
Broecker, 2007, 2008). There have also been some efforts
to estimate the fragility of the landforms to strong ground
motions at Yucca Mountain (e.g., Purvance et al., 2008).
In this article we undertake the follow-up of the earlier
studies of unstable outcrops in the vicinity of the pro-
posed Yucca Mountain repository. Our study area is within
Amargosa Desert, immediately southwest of the proposed
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Yucca Mountain repository (Fig. 1), in which we seek to
determine the age of unstable outcrops in the area and also
consider their potential constraints on ground motions for
long return periods. Our choice of sites is based on the pres-
ence of unstable outcrops of welded tuff similar to those
of Yucca Mountain (Fig. 1), the close proximity to Yucca
Mountain, and the easy access outside of the Nevada Test
Site (NTS). Minimum surface exposure ages are estimated
from VML dating, and first-order estimates of ground
motions for major modification (destruction) of the outcrops
are made from geotechnical relationships that correlate
ground-motion levels to slope instability for a wide range
of site geology and topography (e.g., Newmark, 1965;
Jibson, 2007). We then compare these age and ground-
motion constraints for the outcrops to the ground motions
predicted from the original Stepp et al. (2001) Yucca Moun-
tain model for return periods equivalent to the ages of
the outcrops (methodology of Anderson and Brune, 1999).
Lastly, historical analogues of outcrop damage associated
with moderate versus strong ground motions are, respec-
tively, obtained from (1) observations of outcrop damage
associated with the 1992 M 5.6 Little Skull Mountain earth-
quake to the east of the study area and (2) outcrop damage at
close distances to nuclear blasts. These efforts represent a
follow-up to earlier studies conducted by Brune et al
(2003, 2005).

Methodology

We seek to determine the age and upper bounds on
ground motions implied by the presence of unstable outcrops

Figure 1.
proposed Yucca Mountain repository site as white circles.

of welded volcanic tuff at our three sites. We define unstable
outcrops as irregular cliffs with numerous open joints and
teetering slabs and columns of rock (Fig. 2). If the age of
unstable outcrop features are known for a site, and the thresh-
old ground-motion level for major outcrop damage (i.e.,
destruction of all unstable features of the outcrop, rather than
failure of just a few of them) is also known, then these data
can be used to estimate ground-motion levels that have not
been exceeded in the time span since the unstable outcrop
formed.

Our work comprises selecting and sampling key sites to
obtain minimum exposure age estimates for the outcrops
from VML methods, followed by a first-order assessment
of the fragility of the outcrops (i.e., the strength of shaking
required for failure of the outcrops), and then comparison of
these data and estimates to the predicted ground motions
from the Stepp er al. (2001) Yucca Mountain PSH model.
We follow the methodology of Anderson and Brune
(1999) in making the comparison between outcrop data
and PSH model in that the relevant ground motion from
the PSH model has a return period equal to the age of the
outcrops.

Study Sites and Sampling Strategy

Three sites were chosen for the study and are shown in
Figure 1. The sites are all underlain by Miocene welded tuffs
(e.g., Stuart and Carlson, 1977), as is the case at the proposed
Yucca Mountain repository site. The morphology of the
outcrops is similar to that of the area of the proposed repos-
itory site (an example of outcrop morphology is shown in
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Google Earth image of the study area. Our study sites are marked with white triangles, along with the town of Beatty and the
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estimate of the time span over which modification has been
minimal.

Figure 2.
being at the south end of Yucca Mountain and composed of vesic-
ular welded tuff of Tertiary age. (The case for all of our sample
sites.) A compass is in the center of the image for scale.

Typical unstable outcrop; this particular example

Fig. 2), especially the outcrops present on the steep west-
facing side of Yucca Mountain. We wish to constrain an
estimate of the time span that the outcrops have been in their
present unstable morphology, or in other words, the time
span of minimal modification. VML techniques provide
minimum estimates of outcrop exposure age, given that pre-
vious studies have shown cosmogenic exposure ages to be
greater than the VML ages for a given outcrop (e.g., Bell
et al., 1998). Spallation of the outcrop surfaces results in
complete removal of the accumulated varnish, whereas cos-
mogenic exposure ages are not so sensitive to spallation. Our
sampling strategy for dating of the outcrops is to obtain rock
varnish samples that are representative of the outcrop as a
whole (i.e., similar overall color, intensity of varnish devel-
opment). A similar strategy is applied to samples taken
from the tops of the boulders in the talus slopes below the
outcrops. VML dates therefore provide minimum exposure
age constraints for the outcrops and boulder fields as a
whole, rather than for restricted areas of lighter colored
surfaces that have experienced more recent spallation of
Surficial rock. While cold Pleistocene climates would have
resulted in much stronger weathering and changes to outcrop
morphology, our sampling and dating strategy gives an

The site descriptions are as follows:

1. South Yucca Mountain site: 36°41.1'/116°32.2'; located
at the south end of the west-facing Yucca Mountain
escarpment and in similar lithology to that of the pro-
posed repository site (Fig. 3a). Lithophysal welded tuff is
exposed as generally open jointed stable to unstable rock
outcrops over much of the upper slopes and crest of the
site. We plot the joint dips and dip directions and average
outcrop slope and azimuth on a lower-hemisphere stereo-
gram in Figure 3b. The joint orientations are such that the
outcrop has readily developed an irregular morphology of
unstable prismatic blocks that is typical of volcanic rocks
in the Yucca Mountain area. The steep joint sets control
the lateral extent of the prismatic blocks, and the subhor-
izontal joint set controls the vertical extent of the blocks.
The latter joint set dips across, rather than into, the out-
crop slope. Bouldery colluvial slopes are widespread
beneath the slopes (Fig. 3a). The similarity of lithology
to the actual proposed Yucca Mountain repository site is
apparent on geological maps (the length of Yucca Moun-
tain is underlain by Miocene welded tuffs of the Paint-
brush and Crater Flat Groups; Potter et al., 2002) and
also from field inspection of the repository site by the
lead author in 2006 and 2008 (photography was not
permitted on the NTS). We therefore consider our south
Yucca Mountain site to represent a close geological and
geomorphic analogue to the proposed Yucca Mountain
repository but conveniently located just outside of the
NTS. A total of five VML samples were taken from
unstable outcrops and also from boulders resting on the
colluvial slopes beneath.

2. Rhyolite Ghost Town site: 36°54.6'/116°49.6'; hill

immediately north of Rhyolite Ghost Town, and a few
kilometers east of Beatty (Fig. 3c). The hill was chosen
for its proximity to the proposed Yucca Mountain repos-
itory site (about 20 km to the north) and because of its
reasonable similarity of geology and topography to that
of the proposed repository site (Miocene welded tuff and
same prismatic outcrop morphology as the south Yucca
Mountain site). A total of three VML samples were taken
from unstable outcrops of welded tuff and from boulders
resting on the colluvial slopes below.

3. Amargosa Valley area site: 36°47.7'/116°55.5"; located in

the hill country to the west of Amargosa Valley and east of
Death Valley (Fig. 3d). This location was chosen as acom-
parative site to (1) and (2) to determine whether a close
proximity to an active seismic source has any influence
on outcrop surface age (the Death Valley—Furnace Creek
fault [DVFCF] is only 10 km southwest of the site). The
DVECF contributes significantly to the PGV hazard at
the 10° yr return period at the proposed Yucca Mountain
repository in the Stepp et al. (2001) PSH model and rep-
resents the most active source in the region in terms of
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(@)

(b)

(d)

Figure 3.  (a) Rock varnish sample locations at the south Yucca Mountain sample site. The topography and lithology (Topopah Springs
tuff) are both similar to that observed in the vicinity of the Yucca Mountain proposed repository about 20 km to the north. VML dates of
24 k.y. have been gained for the outcrop faces (see the square on the image) and 24-39 k.y. for the boulders resting on the slopes immediately
beneath the outcrops (triangle). The sample site is located above and to the right of the white slope in the lower image. (b) Lower-hemisphere,
equal area stereogram showing the poles to the planes of the major open joint surfaces (solid circles) and average slope (open circle) of
the south Yucca Mountain site. The three steeper joints (1-3), and one shallowly dipping joint (4; dip direction is slightly oblique to
the outcrop face, 5), would allow the outcrop to readily fail in prismatic blocks if failure were to occur. Joint spacings are (1) 0.4—
2 m, (2) 0.5-1 m, (3) 0.5-1.5 m, and (4) 1-2 m. (c) Rock varnish samples at the Rhyolite Ghost Town sample site. VML dates of
39 k.y. have been gained for the outcrop faces (square) and from 46 (triangle) to 60 k.y. (circle) for the boulders resting on the slopes
beneath the outcrops (oldest VML dates near the base of the slope; see circle). (d) Rock varnish samples from the Amargosa sample site.
VML dates of from 12.5 (square) to 24 k.y. (triangle) have been gained for the outcrop faces and 24 k.y. for the boulders resting on the slopes
immediately beneath the outcrops.
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magnitude and frequency of earthquakes. A total of two
VML samples were taken from unstable outcrops and one
from a boulder resting on the colluvial slopes beneath.
Three samples of a pack rat midden built against the back-
wall of an overhang developed in coarse-grained, highly
weathered tuff were also taken for radiocarbon dating.
This particular midden showed that around 15 cm of
bedrock spallation had occurred in the backwall and roof
of the overhang since the midden was deposited (see the
VML Results section). Dating the midden would allow a
rate of bedrock erosion to be calculated, although recog-
nizing that the soft, weathered, and coarsely crystalline
nature of the rocks would prevent extrapolation of the
erosion rate to (1), (2), and the rest of (3). No rock varnish
was observed on the soft weathered rock surfaces.

VML Dating

Rock varnish is a slowly accreting (a few micrometers
per thousand years; Liu and Broecker, 2000) dark coating on
subaerially exposed rock surfaces in arid to semiarid deserts
of the world. It consists of alternating Mn-rich and Mn-poor
microlaminations that record paleoclimatic fluctuations
(Dorn, 1990; Cremaschi, 1996; Broecker and Liu, 2001; Lee
and Bland, 2003). Mn-rich layers, which appear black in
varnish ultrathin sections under a microscope with trans-
mitted light, are formed in a relatively wet climate; Mn-poor
orange/yellow layers are deposited in a relatively dry climate
(Cremaschi, 1996; Liu and Dorn, 1996; Broecker and Liu,
2001; Lee and Bland, 2003). Because climatic signals
recorded in varnish are regionally contemporaneous (Liu
and Dorn, 1996; Liu et al., 2000), VMLs once radiometrically
calibrated have the potential use as a dendrochronologylike
correlative dating tool. A rigorous blind test of this method
has been conducted on late Quaternary lava flows in Mojave
Desert, California (Liu, 2003; Phillips, 2003). The test results
demonstrate that VML is a valid dating tool to provide
surface exposure age for late Pleistocene Surficial geo-
morphic features in the drylands of the western United States
(Marston, 2003) (Fig. 4). New radiometric age calibration
and climatic correlation of varnish microstratigraphy with
the SPECMAP record (Martinson et al., 1987) have extended
the utility of the VML method to Surficial geomorphic fea-
tures of late Quaternary (Liu and Broecker, 2007, 2008).

VML Results

Minimum exposure ages from VML data for the three
samples are shown in Table 1. The dates show that most of
the unstable outcrops and boulders on the slopes beneath them
have surface ages of at least 24—40 k.y. The south Yucca
Mountain site yields ages of around 24 k.y. for outcrops
(Yucca Mountain samples Sc—5e are all outcrop samples),
39 k.y. for the Rhyolite site (Rhyolite sample 3b is an outcrop
sample), and 12.5 k.y. for the Amargosa site (Amargosa 4c is
an outcrop sample). Boulders resting on the colluvial slopes
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beneath the outcrops yield ages generally similar to those of
the outcrops, indicating consistency in timing of the last
outcrop-erosional and slope-depositional event or phase at
each site. The one exception is the 60 k.y. age for the boulders
found near the base of the hill slope at the Rhyolite site, an age
much older than that of the outcrops and possibly reflecting
an earlier phase of outcrop erosion and slope deposition.
The concavity of this slope at this site (Fig. 3c) is probably
indicative of incomplete burial of older (60 k.y.) deposits near
the base of the slope by younger deposits further up the slope.

Samples taken from the base and top of the pack rat
midden from the Amargosa site (Fig. 5) yield calibrated radio-
carbon ages of 12.9-13.1 and 22.8-23.7 k.y., respectively.
Therefore, 15 cm of spallation of the backwall and roof of
the overhang has occurred in 12.9-13.1 k.y., yielding a spalla-
tion rate of about 1.1-1.2 cm/K.y. This is comparable to bed-
rock erosion rates that have been determined for an ensemble
of arctic to temperate environments (e.g., Rapp, 1960; Bishop
etal., 1984). However, we assume that this erosion rate will be
much faster than erosion rates on the other rock outcrops
observed in our study, given that the spalling rock is more
coarse grained and weathered than the other outcrops ob-
served in our study and that the rock is absent of rock varnish.

The 12.5 k.y. age of some of the outcrops at the Amargosa
site is the youngest of VML ages determined for outcrops at
our three sites, which is consistent with the potentially
higher levels of seismic disturbance at this site relative to the
other sites. The site is only 10 km from the DVFCF, the most
active fault source in the region.

Constraints on Past Ground Motions

The greatest potential application of our unstable out-
crop age data is to constrain seismic hazard estimates in
the vicinity of the Yucca Mountain proposed repository site.
To do so requires estimates of the fragility of the outcrops to
earthquake motions, which involves either (1) estimating the
strongest ground motions that the outcrops could sustain
without significant damage or (2) estimating the minimum
motions that would be required to destroy the outcrops. The
latter motions cannot have occurred because the outcrops
reached their present fragility; so they potentially provide
a constraint on seismic hazard. Specifically, we would com-
pare these limiting ground motions to the ground motions
predicted from the Yucca Mountain PSH model (Stepp et al.,
2001) for a return period equivalent to the minimum expo-
sure age of the outcrops from the VML data.

Estimating the threshold ground motions for major
damage of the outcrops would normally involve detailed
geotechnical modeling and analysis of the outcrops and
application of well-established methods such as that of New-
mark (Newmark, 1965; Jibson, 2007). Because this detailed
work is beyond the scope of our study we instead use some
simplistic approaches to obtain a first-order estimate of the
upper limits of ground motions at the south Yucca Mountain
site for a time period equal to the minimum exposure age of
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Layering Age Generalized Radiometric
Unit  Assignment  Layering Sequence Age Control
(ka) (ka)
LU-1
10.5 (C-14
" YD (12.5) 118 {g%ﬂ
H1 (16.5) 17.0 (Be-10)
U3 17.4 gc-u
— H228) 18.0 (C-14
25.4 (Be-10)
H3 (30) 27.0 (CI-36)
LU-4 H4 (39) 40.0 (CI-36)
H5 (46) 46.0 (CI-36)
57.1 (He-3)
H6 (60)
MIS 4/5 (74)
77.3 (Ar-40/Ar-39)
LU-5 79.0 (CI-36)
MIS Sa/5b (85) <«— 5595 (U-series)

(This graph is not drawn on scale.)

Figure 4.

Generalized varnish layering sequence of the western U.S. drylands and the corresponding radiometric age calibration. The age

assignments of the dark layers are based on climatic correlation of the regional wet events recorded as dark layers in the varnish layering
sequence and the North Atlantic cold Heinrich events. LU, layering unit; WH, wet event in Holocene; WP, wet event in Pleistocene; YD,
Younger Dryas; H, Heinrich event; MIS, Marine isotope stage. See Liu (2003) for detailed discussion on VML dating terminology and

radiometric age calibration of varnish microstratigraphy.

the outcrops (24 k.y.). Such approaches have been applied to
regional landslide susceptibility studies, with reliance placed
on remote sensing techniques to estimate slope stability pa-
rameters (e.g., Godt et al., 2008). Our ground-motion estimate
is then compared to the ground motions predicted for the
Yucca Mountain proposed repository (Stepp et al., 2001)
for a return period equivalent to the VML age of the south
Yucca Mountain outcrops. Attention is limited to our south
Yucca Mountain site due to the proximity to the Yucca Moun-
tain proposed repository site where the PSH model was devel-
oped and similarity of geology and geomorphology. The two
other VML outcrop sites are further away from Yucca Moun-
tain, and our attention is therefore limited to obtaining outcrop
stability estimates at the south Yucca Mountain site.

A Newmark analysis provides a critical PGA for initia-
tion of block motion down a slope for a wide range of slope
geology and geomorphology. The applicable equation is

Ac = (FS — 1) sin(«), (D)

in which Ac is the critical acceleration for failure (PGA in
units of g), FS is the static factor of safety, and « is the slope
angle in degrees (Newmark, 1965; Jibson, 2007). The factor
of safety is the ratio of resisting forces to sliding forces and is
most simply defined for dry rock conditions (i.e., the condi-
tions of our outcrops) by the following equation:

FS = tan(¢)/ tan(), 2)

in which ¢ is the angle of internal friction and « is the slope
angle (Bell, 1993). A factor of safety of less than one repre-
sents a situation of instability without the requirement of any
external influences (earthquake motions represent external
influences in the context of our study), whereas a factor
of safety greater than one would require earthquake motions
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Table 1
VML Minimum Exposure Ages from the Three Sites
Number of Ultrathin VML Age Estimate”

Rock Varnish Sample Sections Layering Patterns and Number Observed Oldest Layering Pattern (in cal ka)
Rhyolite-3A 5 LU-1/LU-2/LU-3/LU-4 (WP6) (4) LU-1/LU-2/LU-3/LU-4 (WP6) 60

LU-1/LU-2/LU-3/LU-4 (WP5) (5 )
Rhyolite-3B 2 LU-1/LU-2/LU-3/LU-4 (WP4) (3 )  LU-1/LU-2/LU-3/LU-4 (WP4) 39
Rhyolite-3C 3 LU-1/LU-2/LU-3/LU-4 (WP5) (5) LU-1/LU-2/LU-3/LU-4 (WP5) 46
Amargosa-4A 2 LU-1/LU-2/LU-3/LU-4 (WP2) (1) LU-1/LU-2/LU-3/LU-4 (WP2) 24

LU-1/LU-2/LU-3 (WP1+) (1)
Amargosa-4C 2 LU-1/LU-2 (WPO) (2) LU-1/LU-2 (WPO) 12.5
Amargosa-4D 3 LU-1/LU-2/LU-3/LU-4 (WP2) (2) LU-1/LU-2/LU-3/LU-4 (WP2) 24
Yucca Mtn-5A 4 LU-1/LU-2/LU-3/LU-4 (WP2) (2) LU-1/LU-2/LU-3/LU-4 (WP2) 24

LU-1/LU-2 (WPO) (2)
Yucca Mtn-5B 4 LU-1/LU-2/LU-3/LU-4 (WP3+) (1)  LU-1/LU-2/LU-3/LU-4 (WP3+) 30-39

LU-1/LU-2/LU-3/LU-4 (WP3) (4)
LU-1/LU-2/LU-3/LU-4 (WP2) (4)

Yucca Mtn-5C 3 LU-I/LU-2/LU-3/LU4 (WP2) (7)  LU-1/LU-2/LU-3/LU-4 (WP2) 24
Yucca Mtn-5D 2 LU-1/LU-2/LU-3/LU-4 (WP2) (2)  LU-1/LU-2/LU-3/LU-4 (WP2) 24
Yucca Mtn-5E 3 LU-1/LU-2/LU-3/LU-4 (WP2) (5)  LU-1/LU-2/LU-3/LU-4 (WP2) 24

*The VML age estimates are based on the age scale of the generalized late Quaternary varnish layering sequence for the western
U.S. drylands (Liu and Broecker, 2008).

to initiate failure. Examination of the generally fragile nature irregular unstable blocky outcrop face, and our impression is
of the outcrops at the south Yucca Mountain site (Figs. 2 and that a large proportion of the face would become unstable
3a) is consistent with a factor of safety of close to, but  under earthquake loading. A useful visualization would be
obviously greater than, one. The open joints on three main these rock outcrops perched immediately above a highway.
orientations (Fig. 3b) have resulted in the development of an ~ Major rockfalls onto the highway during strong earthquake

V

&%

Figure 5. Spallation of the coarsely crystalline tuffaceous wall and roof of the overhang around the pack rat midden (dark deposit at
center of the figure) at the Amargosa site. Radiocarbon dates for the pack rat midden are 12.9-13.1 (square) and 22.8-23.7 k.y. (triangle) at
the top and base, respectively.
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shaking is easily imaginable in this scenario. In the context of
a Newmark model, block sliding would be expected to occur
along the joint set subparallel to the slope (joint set dip of
about 75° with joint spacing of 0.5-1.5 m, and outcrop slope
of about 60°% Fig. 3b). If ¢ (equation 2) is simplistically
assumed to be approximated by the dip of the joint set (75°),
then a factor of safety of around 2 and Ac of around lg
are implied (equations 1 and 2). There is obviously large
uncertainty associated with this value of Ac derived from
equations (1) and (2) given that we have not conducted a
detailed field geotechnical study at the site. To illustrate, a
75° £ 5° uncertainty range placed on ¢ would result in Ac
of 0.5-2¢g (i.e., 1g —0.5g/ + 1g). Therefore, the Ac estimate
of 1g is only suggestive of the levels of ground motion that
have not been exceeded since the outcrops have been in the
present unstable form and requires additional analyses for
verification.

An estimate of 1g for Ac for the south Yucca Mountain
outcrops (24 k.y.) for the Stepp et al. (2001) PSH model
reveals that 1g is equal to the eighty-fourth percentile of
PGA (Fig. 6). In contrast, the ninety-fifth percentile PGA
of the PSH model (1.4¢) is greater than Ac, so it is inconsis-
tent with the age and stability of the outcrops unless uncer-
tainties in ¢ (previously) are taken into account.

An additional study that potentially provides low-
resolution constraints on the upper limits of ground motions
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Figure 6. Hazard curve for PGA derived from the Stepp et al.

(2001) PSH model for the proposed Yucca Mountain repository site.
The allowable range of PGA from our first-order stability analysis of
the south Yucca Mountain site is shown as the small horizontal
black line on the graph (0-1g). The y axis is equal to 1/24 k.y.
See the text for further explanation. The hazard curve has been
reproduced with the permission of Ivan Wong.

is the worldwide dataset of earthquake induced landslides of
Keefer (1984a,b). Keefer studied landslide occurrence in
relation to earthquake magnitudes and intensities across a
worldwide ensemble of physiographic and geologic environ-
ments and showed that earthquake induced landsliding
occurs for Modified Mercalli Intensity (MMI) of 5 or greater.
Utilizing the newly developed MMI-to-PGA and MMI-to-
PGV relationships of M. C. Gerstenberger. C. B. Worden,
D. A. Rhoades, and D. J. Wald (unpublished manuscript,
2009), such intensities are equivalent to a huge (and un-
informative) range of PGA (0.01-2g), and PGV (0.6-
200 cm/sec). These large ground-motion uncertainties
accommodate both the range of MMIs that have produced
landslides and the large uncertainties in converting from
MMI to PGA and PGV (M. C. Gerstenberger. C. B. Worden,
D. A. Rhoades, and D. J. Wald, unpublished manuscript,
2009). If we limit our consideration to the upper bounds
of those PGA and PGV distributions, the presence of unstable
outcrops that have not been destroyed by earthquake induced
landsliding would imply that ground-motions levels have not
exceeded about 2¢g and 200 cm/sec since the unstable out-
crops formed. However, in light of the huge uncertainties in
the threshold PGA and PGV (discussed previously), we do
not consider these to represent realistic constraints on the
maximum ground motions at the south Yucca Mountain site.
Furthermore, the unknown applicability of the geologic
environments embodied within the Keefer landslide dataset
to the south Yucca Mountain site greatly limits the applica-
tion of this work to our study.

Discussion

Our study contributes to a growing body of literature
that investigates the utility of ancient, unstable geomorphic
features for providing constraints on prehistoric ground
motions. At present unstable landforms appear to be the only
limiting criteria available for testing PSH models at return per-
iods longer than those of historical records. The VML
dating method is proving to be a readily applicable and
cost-effective tool for providing minimum exposure ages for
desert landforms, as we have found in our study. A first-order
interpretation of our VML data in the context of earthquake
hazard is that the youngest surface exposure age inversely
correlates with proximity to a major active earthquake source.
Specifically, the Amargosa site (VML age is 12.5 k.y., the
youngest of the three sites) is close to the DVFCF, the most
active earthquake source in the region. Frequent strong
ground motion from DVFCF earthquakes may therefore be
responsible for the relatively young VML age by way of
shaking-induced damage.

While the estimates of damaging ground motions for our
unstable outcrops are very crude, they imply that PGAs of the
order 1g have not been exceeded at the south Yucca Moun-
tain site in at least the last 24 k.y. The implication of the south
Yucca Mountain outcrop data is that the Stepp ef al. (2001)
PSH model is consistent with the outcrop data, except
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perhaps for the most upper-bound (ninety-fifth percentile and
above) motions predicted for the 24 k.y. return period
(=1.49). The treatment of epistemic uncertainty in the Stepp
et al. model may therefore produce discrepancies with the
outcrop data at the ninety-fifth percentile level. This interpre-
tation is limited to the 24 k.y. return period and should not
necessarily be considered relevant to longer return periods.

A further set of observations of relevance to our study is
the damages to outcrops where we can constrain the maxi-
mum strength of earthquake shaking from a recent local
earthquake. While the south Yucca Mountain site has not
experienced PGAs that would severely damage the outcrops
at the site for 24 k.y. (Ac of the order 1g¢), it is likely that
the site actually experienced slight damage during motions
of less than 0.1g during the 1992 M 5.6 Little Skull Mountain
earthquake. The earthquake occurred about 12 km east of the
south Yucca Mountain site, and ground motion modeling by
Brune et al. (2005) indicates that rock PGA was less than 0.1¢
atthat distance. A strong ground motion instrument located on
deep alluvium at the Lathrop Wells volcano (only 1 km from
our south Yucca Mountain site) recorded 0.21g during the
earthquake, suggesting amplification of PGA relative to rock
(Brune et al., 2005). While the irregular, fragile south Yucca
Mountain outcrops are almost exclusively darkish due to a
uniform cover of desert varnish (more than 80% covered with
24 k.y. vanish), two outcrop surfaces of a whitish shade can
be observed in Figure 7 (see arrows), along with a whitish
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boulder immediately beneath one of them. These whitish sur-
faces are due to the presence of caliche and are indicative of a
freshly exposed surface (caliche is removed in just hundreds
of years of exposure; Brune et al., 2005). We therefore
consider it likely that the Little Skull Mountain earthquake
PGA of less than 0.1¢ caused these relatively minor failures.
Had stronger motions occurred during the Little Skull Moun-
tain earthquake we would expect there to be a much larger
proportion of the caliche faces exposed and a lighter appear-
ance of the overall outcrop (see the outcrop damage at the crest
of Little Skull Mountain in fig. 2 of Brune et al. [2005]). The
general uniformity of dark 24 k.y. varnish on the vast majority
of the outcrop surfaces (Figs. 2 and 7) indicates that PGAs of
the strength produced by the Little Skull Mountain earthquake
do not significantly alter the outcrop face. If they did then the
outcrop would have heterogeneous varnish cover due to a het-
erogeneous exposure history. Much stronger motions would
be required to majorly alter the outcrops surfaces, consistent
with our Ac of 1g.

Another useful set of observations of damage associated
with recent strong ground motions is at outcrops close to
nuclear blasts. Observations by Brune er al. (2003) of
severely damaged cliff faces near NTS nuclear blasts clearly
show that strong ground motions and outcrop failures are
strongly linked. We have undertaken a survey of damage pro-
duced by two nuclear blasts outside of the NTS to obtain first-
order observations of shaking-induced damage to outcrops

Figure 7.

Freshly exposed rock faces at the south Yucca Mountain site (the two white areas at center left and center right of the image; see

arrows), possibly exposed by shaking associated with the nearby 1992 M 5.6 Little Skull Mountain earthquake. See the text for further

explanation.
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similar to those of our three sites. We visited the immediate
vicinities of the 1963 SHOAL and 1968 FAULTLESS nucle-
ar tests, which had yields of 12 kt and approximately 1 Mt,
respectively. For the FAULTLESS test site, we were able to
document recent (presumably blast-induced) damage to Ter-
tiary welded tuff outcrops very similar in lithology and joint
orientation/spacing to those of our study sites (e.g., see the
Data and Resources section). In Figure 8 we show six sites
near the FAULTLESS test site that reveal varying degrees of
damage to outcrops and also list the predicted PGA as a func-
tion of distance to ground zero for each in Table 2 (attenua-
tion relationships given by Murphy and Lahoud [1969] and
Vortmann [1980]). Our assessment of the degree of recent
outcrop disturbance is based on the approximate percentage
of freshly exposed (i.e., whitish caliche/nonvarnished)
outcrop surface (Table 2). In this context damage within
5-8 km of the FAULTLESS ground zero appears to have
been most severe (percentage of fresh rock exposed typically
about 50%) relative to damage at greater distances (30% or
less fresh rock exposure). The attenuation relationships
(Brune et al., 2003) indicate PGAs of 0.5-1g for the 5-
8 km distance range (Table 2) and less pronounced at around
15 km (PGA 0.1-0.2g). Assuming outcrop damage is due to
the nuclear tests, the unstable outcrops have been severely
damaged by ground motions with a predicted strength of
about 0.5-1g near the FAULTLESS test site. The absence
of similar damage at our south Yucca Mountain site is sug-
gestive that ground motions of 0.5-1g or more have not oc-
curred at the site over at least the last 24 k.y., consistent with
the 1g Ac (and lower bound Ac of 0.5g) obtained from our
simplistic Newmark analysis (equations 1 and 2). We fully
acknowledge that the predicted PGAs for the nuclear blasts
come from very different source mechanisms than those of
natural earthquakes, and the attenuation relationships used to
predict the nuclear blast-induced PGAs are also very general-
ized with respect to the great variability of damage that may
occur over short distances due to unknown local effects. In
this respect the three sites studied at Petroglyph mesa (0.5 km
from the FAULTLESS blast; Fig. 8b—d; F1, F5, and F6 in
Table 2) show damage to outcrops at the crest of the mesa
and walls of the main valley (Fig. 8b,d) but little discernible
damage to the walls of the tributary canyon walls (Fig. 8c).
Well-preserved Native American petroglyphs on these tribu-
tary canyon outcrops clearly attest to the fact that blast-in-
duced ground motions did not significantly damage the
outcrops (Fig. 8c). The contrasting damage within a short
distance may be due to contrasting lithological characteris-
tics (the tributary canyon wall rock appears more widely
jointed and massive than the other sites) and topographic ef-
fects on ground motions, in which ground motions at the
crest of the mesa and along the main valley wall are amplified
relative to those of the tributary canyon walls. Furthermore,
because our research indicates that the petroglyphs were
most likely produced by the Fremont people (700-
1300 A.D.) these tributary canyon walls appear to have sur-
vived 700-1300 yrs of fluvial and natural seismic activity, in

addition to the FAULTLESS blast. For the much smaller
yield SHOAL test site, we observed major fracturing of
granitic outcrops and localized rockfalls about 0.6 km from
ground zero (Fig. 8h) that were presumably due to the strong
ground motions produced by the blast. The attenuation rela-
tionships of Murphy and Lahoud (1969) and Vortmann
(1980) indicate a PGA of 1.8-6.3¢ for the fractured outcrops
and rockfalls at this close distance to ground zero (Table 2).
The granitic geology of the SHOAL test site is not relevant to
our study sites in terms of mineralogy and composition but
will be reasonably relevant in terms of engineering properties
(density, fracture pattern/spacing, etc.). In other words, rock
types observed at the two sites can both be considered as
engineering rock.

Though an implication of our analysis is that the Stepp
et al. PSH model would pass a test based on our VML data
(except for the ninety-fifth percentile and above), we empha-
size that the test would only be relevant for the 24 k.y. return
period and irrelevant for longer return periods.

Conclusions

We have determined minimum exposure ages for un-
stable outcrops at three sites in Amargosa Desert, including
a site at the southern end of Yucca Mountain. VML dating
techniques provide minimum exposure ages of 12.5-
36 k.y. for the unstable outcrops of welded tuff, including
a 24 k.y. outcrop age for the south Yucca Mountain site.
The youngest exposure age (12.5 k.y.) is found at the site
located only 10 km from the DVFCF, suggesting outcrops
may be more frequently modified when close to major active
earthquake sources. A simplistic stability assessment of the
south Yucca Mountain outcrops suggests PGAs may not have
exceeded about 1g (uncertainty bounds 0.5-2¢) in at least
24 ky. A PGA of lg is consistent with the predicted
24 k.y. return period PGAs from the near decade-old Yucca
Mountain PSH model, except for the ninety-fifth percentile
and above. We gain confidence in our interpretations by
additionally observing (1) minimal damage to the south
Yucca Mountain outcrops from a recent moderate earthquake
that is estimated to have produced a PGA of less than about
0.1g there (i.e., motions of less than 0.5¢ do not significantly
damage the outcrops) and (2) considerable damage to similar
volcanic outcrops associated with PGAs of the order 0.5-1g
near a nuclear blast site from the 1960s. These observations
support our suggestion that PGAs greater than about 0.5-1g
have not occurred at the south Yucca Mountain site for a time
period of at least 24 k.y. Significant seismic events that sub-
stantially modify the outcrops and produce associated rubble
fields must therefore occur on longer time scales.

Data and Resources

VML thin section photographs and layer-age assign-
ments are freely available from the corresponding author.
Outcrop field data and digital photographs are held by the
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Figure 8. (a) Ground zero for the FAULTLESS nuclear test site, marked by the large-diameter drill casing in the center of the image, and
subsidence scarps in the distance. Outcrops of welded tuff located at distances of 5-15.6 km from nuclear tests are shown as follows: (b) 5.0,

(c)5.4,(d)5.8,(e) 6.5, (f) 7.6, and (g) 15.6 km from the FAULTLESS ground zero, and (h) 0.6 km from the SHOAL ground zero. See Table 2
and the text for further explanation.
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Table

2

PGAs as a Function of Distance to Ground Zero for the FAULTLESS and SHOAL Nuclear Test Sites

Site Site Latitude Site Longitude Distance (km) PGA (g) Equation (1) PGA (g) Equation (2) Fresh Rock (%)
F1 38.67 —116.18 5.8 0.76 0.76 ~50%
F2 38.69 —116.18 6.5 0.62 0.63 ~50%
F3 38.70 —116.18 7.6 0.47 0.48 ~50%
F4 38.77 —116.19 15.6 0.14 0.15 ~20%
F5 38.67 —116.18 5.0 0.85 0.85 ~70%
F6 38.68 —116.18 5.4 0.98 0.97 ~30%
S1 39.20 —118.39 0.6 6.33 1.76 ~50%

Coordinates of observations made in the vicinity of the FAULTLESS (F1-F6) and SHOAL (S1) nuclear test
sites, distance of the sites to ground zero, predicted blast-induced PGAs based on the attenuation relationships
of Murphy and Lahoud (1969) and Vortmann (1980), and percentage of the outcrop surface comprising newly
exposed fresh rock. Not surprisingly, the most significant evidence of damage to outcrop features (generally
50% fresh rock exposure) is observed in the vicinity of 5-8 km from ground zero where PGAs of 0.5-0.8g are
predicted. At the FAULTLESS site no outcrops closer than 5 km were able to be observed. FAULTLESS (F)
ground zero is 38.634° latitude and —116.216° longitude. SHOAL (S) ground zero is 39.200° latitude and

—118.384° longitude.

first author and freely available. The locations and direc-
tions to the nuclear test sites are given in many Web
sites, for example, http://www.nbmg.unr.edu/earthcache/
ProjectFaultless.pdf (last accessed May 2009); http:/
ludb.clui.org/ex/i/NV3134/ (last accessed May 2009);
http://ndep.nv.gov/shoal/SHOAL1.HTM  (last accessed
May 2009).

Acknowledgments

Reviews of the manuscript by Matthew Purvance and Kelsey Stanton
were of great assistance, along with reviews of an earlier version by David
Rhoades and John Ristau. Brian Sherrod’s, BSSA Associate Editor, com-
ments were also very helpful and encouraging. Financial support from
the Electrical Power Research Institute (EPRI) is gratefully acknowledged,
along with the advice and encouragement of John Kessler and Andrew
Sowder. Randy Jibson is thanked for assistance with the stability analysis
and Matt Gerstenberger is thanked for his assistance with developing
PGA and PGV estimates from MMI. Matt Purvance, Jim Brune, Rasool An-
ooshehpoor, John Anderson, Dylan Rood, Chris Massey, Graeme Hancox,
and Stuart Read are thanked for discussions and relevant references. The
ideas pursued in this study were developed as a follow-on from the Yucca
Mountain-related research of Jim Brune and John Whitney, and their col-
lective insights have been of immense value to us. Finally, a helpful Southern
California Earthquake Center (SCEC) scientist (still have to identify him
from the 2007 SCEC Annual Meeting) is thanked for originally alerting
me to the existence of, and free access to, the FAULTLESS nuclear test site.

References

Anderson, J., and J. Brune (1999). Methodology to use precarious rocks
in Nevada to test seismic hazard models, Bull. Seismol. Soc. Am.
89, 456-467.

Bell, F. G. (1993). Engineering Geology, Blackwell Science, Oxford, UK,
ISBN 0-632-03223-5.

Bell, J. W., J. N. Brune, T. Liu, M. Zreda, and J. C. Yount (1998). Dating
precariously-balanced rocks in seismically active parts of California
and Nevada, Geology 26, 495-498.

Bishop, D. G., J. K. Lindgvist, D. D. Ritchie, and I. M. Turnbull (1984).
Modern sedimentation at Falls Dam, upper Manuherikia River, Central
Otago, New Zealand, New Zeal. J. Geol. Geophys. 27, 305-312.

Broecker, W. S., and T. Liu (2001). Rock varnish: Recorder of desert
wetness? GSA Today 11, no. 8, 4-10.

Brune, J. N. (1996). Precariously balanced rocks and ground-motion maps
for Southern California, Bull. Seismol. Soc. Am. 86, 43-54.

Brune, J. N., and J. W. Whitney (1992). Precariously balanced rocks with
rock varnish—Paleoindicators of maximum ground acceleration?,
Seism. Res. Lett. 63, no. 1, 21.

Brune, J. N., K. D. Smith, and Y. H. Zeng (2005). Precarious rock evidence
for seismic shaking during and prior to the 1992 M 5.6 Little
Skull Mountain, Nevada, earthquake, Earthq. Spectra 21, no. 4,
967-985.

Brune, J. N., D. von Seggern, and A. Anooshehpoor (2003). Distribution of
precarious rocks at the Nevada test site: Comparison with ground-
motion predictions from nuclear tests, J. Geophys. Res. 108, 2306.

Brune, J. N., J. Whitney, J. G. Anderson, M. D. Purvance, and
A. Anooshehpoor (2008). An overview of the constraints on
unexceeded ground motions based on precariously balanced rocks
and unstable precipitous cliffs at Yucca Mountain, and unfractured
sandstones along the San Andreas fault, Seism. Res. Lert. 79,
no. 2, 283.

Cremaschi, M. (1996). The desert varnish in the Messak Sattafet (Fezzan,
Libryan Sahara), age, archaeological context and paleo-environmental
implication, Geoarchaeology 11, 393-421.

Dorn, R. 1. (1990). Quaternary alkalinity fluctuations recorded in rock
varnish microlaminations on western U.S.A. volcanics, Palaeogeogr.
Palaeoclim. Palaeoecol. 76, 291-310.

Godt, J. W., B. Sener, K. L. Verdin, D. J. Wald, P. S. Earle, E. L. Harp, and R.
W. Jibson (2008). Rapid assessment of earthquake-induced landslid-
ing, in Proc. of the Ist World Landslide Forum, November 2008,
Tokyo, Japan, International Programme on Landslides, 219-222.

Jibson, R. W. (2007). Regression models for estimating coseismic landslide
displacement, Eng. Geol. 91, 209-218.

Keefer, D. (1984a). Landslides caused by earthquakes, Geol. Soc. Am. Bull.
95, 405-421.

Keefer, D. (1984b). Rock avalanches caused by earthquakes; Source char-
acteristics, Science 223, no. 4642, 1288-1290.

Lee, M. R., and P. A. Bland (2003). Dating climatic change in hot deserts
using desert varnish on meteorite finds in Australia, Earth Planet. Sci.
Lett. 206, 187-198.

Liu, T. (2003). Blind testing of rock varnish microstratigraphy as a
chronometric indicator: Results on late Quaternary lava flows in the
Mojave Desert, California, Geomorphology 53, 209-234.

Liu, T., and W. S. Broecker (2000). How fast does rock varnish grow?
Geology 28, 183-186.

Liu, T., and W. S. Broecker (2007). Holocene rock varnish microstratigraphy
and its chronometric application in the drylands of western USA,
Geomorphology 84, 1-21.


http://www.nbmg.unr.edu/earthcache/ProjectFaultless.pdf
http://www.nbmg.unr.edu/earthcache/ProjectFaultless.pdf
http://www.nbmg.unr.edu/earthcache/ProjectFaultless.pdf
http://www.nbmg.unr.edu/earthcache/ProjectFaultless.pdf
http://www.nbmg.unr.edu/earthcache/ProjectFaultless.pdf
http://www.nbmg.unr.edu/earthcache/ProjectFaultless.pdf
http://ludb.clui.org/ex/i/NV3134/
http://ludb.clui.org/ex/i/NV3134/
http://ndep.nv.gov/shoal/SHOAL1.HTM

86

Liu, T., and W. S. Broecker (2008). Rock varnish microlamination dating of
late Quaternary geomorphic features in the drylands of western USA,
Geomorphology 93, 501-523.

Liu, T, and R. I. Dorn (1996). Understanding spatial variability in environ-
mental changes in drylands with rock varnish microlaminations, Ann.
Assoc. Am. Geogr. 86, 187-212.

Liu, T., W. S. Broecker, J. W. Bell, and C. W. Mandeville (2000). Terminal
Pleistocene wet event recorded in rock varnish from Las Vegas
Valley, southern Nevada, Palaeogeogr. Palaeoclim. Palaeoecol.
161, 423-433.

Marston, R. A. (2003). Editorial note, Geomorphology 53, 197.

Martinson, D. G., N. G. Pisias, J. D. Hays, J. Imbrie, T. C. Moore Jr., and
N. J. Shackleton (1987). Age dating and the orbital theory of the ice
ages: development of a high-resolution 0 to 300,000-year chronostra-
tigraphy, Quaternary Res. 27, 1-29.

Murphy, J. M., and J. A. Lahoud (1969). Analysis of seismic peak ampli-
tudes from underground nuclear detonations, Bull. Seismol. Soc. Am.
59, 2325-2341.

Newmark, N. M. (1965). Effects of earthquakes on dams and embankments,
Geotechnique 15, no. 2, 139-160.

Phillips, F. M. (2003). Cosmogenic *°Cl ages of Quaternary basalt flows in
the Mojave desert, California, USA, Geomorphology 53, 199-208.

Potter, C. J., R. P. Dickerson, D. S. Sweetkind, R. M. Drake, E. M. Taylor,
C. J. Fridrich, C. A. San Juan, and W. C. Day (2002). Geologic map of
the Yucca Mountain region, Nye County, Nevada, U.S. Geol. Surv.
Geologic Invest. Series 1-2755.

Purvance, M. D., and J. N. Brune (2008). Fragile geomorphic features on
Yucca Mountain, Nevada, Seism. Res. Lett. 79, no. 2, 296.

Purvance, M. D., R. Anooshehpoor, and J. N. Brune (2008). Freestanding
block overturning fragilities: Numerical simulation and experimental
validation, Earthq. Eng. Struct. Dyn. 37, no. 5, 791-808.

Rapp, A. (1960). Recent development of mountain slopes in Karkevagge
and surroundings, northern Scandinavia, Geogr. Ann. 41, 34-48.

Schorlemmer, D., and M. Gerstenberger (2007). RELM testing center,
Seism. Res. Lett. 78, no. 1, 30-36.

Stepp, J. C., I. Wong, J. Whitney, R. Quittmeyer, N. Abrahamson, G. Toro,
R. Youngs, K. Coppersmith, J. Savy, and T. Sullivan (2001). Probabil-
istic seismic hazard analyses for ground motions and fault displace-
ment at Yucca Mountain, Nevada, Earthq. Spectra 17, 113-151.

Stirling, M. W., and M. D. Petersen (2006). Comparison of the his-
torical record of earthquake hazard to seismic-hazard models for

M. Stirling, J. Ledgerwood, T. Liu, and M. Apted

New Zealand and the continental United States, Bull. Seismol. Soc.
Am. 96, 1978-1994.

Stuart, J. H., and J. E. Carlson (1977). Geologic map generalised from
Preliminary Geologic Map of Nevada, U.S. Geol. Surv. Misc. Field
Studies Map MF609.

Vortmann, L. J. (1980). Prediction of ground motion from underground
nuclear weapons tests as it relates to siting of a nuclear waste storage
facility at NTS and compatibility with the weapons test program,
Report SANDS0-1020/1, Sandia National Laboratory, Albuquerque,
New Mexico.

Whitney, J. W., D. H. Rood, R. C. Finkel, S. E. Buckingham, and
J. E. Magner (2008). Preservation of extreme ground-motion surface
effects from underground nuclear detonations at Pahute Mesa, Nevada
Test Site, Nevada, Seismol. Res. Lett. 79, no. 2, 284.

GNS Science

PO Box 30368

Lower Hutt, New Zealand
M.S.)

Fine Arts and Social Sciences

Reedley College

995 North Reed Avenue

Reedley, California 93654
J.L.)

560 Riverside Drive 2G
New York, New York 10027
(T.L.)

Monitor Scientific
3900 S Wadsworth Boulevard, Suite 555
Denver, Colorado 80235

(M.A)

Manuscript received 8 December 2008



