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EXECUTIVE SUMMARY

The historic seismic record at Yucca Mountain is too brief and incomplete
to provide an accurate assessment of the frequency/magnitude relationship of
the quality required to extrapolate future seismicity. The present northwest-
southwest extension rate in the general area of Yucca Mountain appears to be of
the same order as that across that entire southern Great Basin averaged over
the last 15 million years. Thus, Quaternary tectonic activity can be used as a
rough indicator of future activity.

In situ stress measurements indicate that failure is possible along
favorably oriented faults in the Yucca Mountain region. However, no guantita-
tive statements about earthquake probability and magnitude (M) associated with
the failure can be determined from in situ data alone. Both weapons tests at
the Nevada Test Site (NTS) and impoundment of water at Lake Mead near Las Vegas
have induced or triggered earthquakes of magnitudes as high as 4 or 5 within
14 kilometers of those locations.

It is quite likely that all faults with significant scarps indicative of
large earthquakes (M_ >7) during the Quaternary-Holocene have been located and
mapped. However, faﬁlf’segmentation and the possibility of strike-slip motion
complicate the precise identification of active faults and potential fault
rupture length. A magnitude 6 earthquake could plausibly occur within
15 kilometers of the site unassociated with a known fault and could possibly
exceed 0.49 at the site. Such an event is unlikely during the preclosure phase -
of repository construction, operation, and closure. Present estimates of peak
ground acceleration at Yucca Mountain are based on empirical relationships that
were not specifically derived for normal, oblique-slip, or strike-slip faults
within an intraplate extensional regime. Thus, they should be evaluated for
application to the Yucca Mountain region, assessed for standard error and
uncertainties, and updated with more recent empirical data as appropriate.

The Death Valley region is about 50 kilometers from Yucca Mountain. This
region may have a potential for producing large earthquakes, but more study is
required to assess its earthquake capability. Ground motion in compressional
regimes such as southern California may have little relevance for predictions
of ground motion in an extensional region similar to Yucca Mountain which could
have diminished capacity for generating very high accelerations. In compensa-
tion, however, ground motion appears to attenuate less with distance in the
southern Great Basin than in California.

The determination of the largest earthquake in the region is highly
uncertain because of unknown fault characteristics at depth, and because of
tenuous links between fault dimensions and earthquake capacity. To assure
adequate design considerations, minor faults may, in some cases, be assigned
large earthquake capacity. High-frequency ground motion appears to attenuate
significantly with depth, but the site-specific attenuation properties at Yucca
Mountain are poorly understood. To ignore potential changes with depth appears
to be conservative and is probably the best approach to apply in the absence of
site-specific information.
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1.0 INTRODUCTION

At the direction of the U. S. Department of Energy (DOE), workshops were
convened on August 7 and 8, 1984, and January 28 and 29, 1985, in La Jolla,
California, to discuss effects of natural and artifical earthquakes and
associated ground motion as related to siting of a high-level nuclear waste
repository at Yucca Mountain, Nevada. A panel of experts in seismalogy and
tectonics was assembled to review available data and analyses and to assess
conflicting opinions on geologic and seismologic data.

The objective of the meeting was to advise the DOE Waste Management
Project Office at Las Vegas, Nevada, about how to present a technically
balanced and scientifically credible evaluation of the pre- and postclosure
tectonics guidelines for the Nevada Nuclear Waste Storage Investigations
(NNWSI) Project Environmental Assessment (EA). The workshop participants are
listed in Appendix 1 along with the resumes of the panel of experts.

The group considered two central issues: (1) the overall tectonic
stability of the site given the current geologic and seismologic data base and
(2) the magnitude of ground motion at Yucca Mountain due to the largest
expected earthquake. The group examined each question and prepared discussions
which often included major recommendations for more geologic or seismologfc
studfes. These responses have been edited by Drs. W. F. Brace, G. H, Frazier,
and H. R, Pratt and are compiled into this report.
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2.0 TECTONIC STABILITY ISSUE

Before discussing actual seismic effects at Yucca Mountain, such as ground
motion, it is important to assess the likelihood of a major earthquake in the
area, How large might such an earthquake be, how close to the site might it
occur, and within what period of time? Such questions were examined from a
number of different points of view using geologic, seismologic, and borehole
data, and using observed seismic effects from the nearby Nevada Test Site (NTS)
underground nuclear explosions.,

Mapping of potential fault zones, estimates of extension rates in the
southern Great Basin, and the general pattern of Holocene tectonic activity in
the area are examined from the geologic and seismologic points of view.
Borehole measurements of in situ stress might provide a more indirect assass-
ment of earthquake hazard in the area, and the recent measurements made near
the site are summarized. Underground nuclear explosions at the NTS might also
provide a test of the tectonic stability of the area and data from these
explosions are reviewed. Conclusions relevant to Yucca Mountain are presented
in this report. Following the reviews of existing data and observations,
recommendations for new or additional studies are given.

2.1 LOCATION OF POTENTIAL SEISMOGENIC FAULTS

The vicinity of the NTS and its surroundings shown in Figure 2-1 is one of
the most scrutinized areas of the Great Basin in terms of the surface geology,
tectonics, and seismicity. Although it is likely that all faults with signifi-
cant Quaternary-Holocene scarps that are indicative of geologically recent
large earthquakes {M_>7) are known, fault segmentation, strike-slip fault
motion, and 1ncomp1e§§'know1edge of the subsurface structure of the area need
to be considered in evaluating the earthquake potential of faults in the
region.

"In the northern Great Basin (i.e., Wasatch Front), and at Borah Peak
(figures 2-2 and 2-3), both historic and prehistoric large earthquakes have
been observed or inferred to recur on the same segment of a larger fault. The
magnitude of an earthquake on a given segment is likely to be controlled by the
segment length. Application of this concept to the Yucca Mountain area
requires careful evaluation because the geology of this region may be different
than other areas of the Great Basin. Further, it is known that the fault
segmentation concept does not apply to all Great Basin earthquakes. For
instance, in the 1915 Pleasant Valley earthquake (M = 7.6), faulting occurred
in a band 6 kilometers wide and 60 kilometers long that followed the trends of
four separate fault-bounded range blocks (Wallace, 1979, 1984). The 1932
Cedar Mountain earthquake (M = 7.3) produced strike-slip faulting in a band
roughly 6 to 14 kilometers wide and about 61 kilometers long on 60 individual
traces that did not generate significant scarps or follow significant older
scarps (Gianella and Callaghan, 1934). In contrast to these earthquakes, the
1934 Excelsior Mountain event (M = 6.5) produced only minor surface faulting.
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Figure 2-1. Location map showing Yucca Mountain site and Nevada Test Site.
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The panel noted that analyses associated with the NNSWI Project have
assumed failure over the entire fault length, whereas for other analyses, one-
half the length has been used. Effort should be made to determine if faults of
concern can be segmented on the basis of end points, intersection of pre-
existing structures (lateral terminations), or other features. Lacking this,
use of the entire fault length would provide a conservative maximum earthquake
magnitude.

The potential of active faulting associated with seismicity has been
examined using regional seismograph network data from southern Nevada and from
detailed seismograph network studies in the immediate vicinity of the nuclear
test site. In general, the seismicity of the Yucca Mountain vicinity appears
to be associated with the western end of a general east-west trending zone of
seismicity that extends across southern Nevada at the approximate latitude 37°
commonly referred to as the Southern Nevada East-West Seismic Belt
(Figure 2-4). A notable gravity lineament of approximately 90 milligals (Eaton
et al., 1978) parallels the zone of seismicity; both trends are generally
orthogonal to the structural grain of Quaternary-Holocene Basin and Range
topography. This raises a question regarding the origin of the seismic zone in
the deeper crust that cannot be answered at this time. Seismicity decreases
westward from Yucca Mountain toward the Furnace Creek-Death Valley region. To
the northwest and west, increased activity is associated with the Nevada
Seismic Belt (Figure 2-4), '

Fault plane solutions for central and western portions of the Basin and
Range Province, including the Yucca Mountain site, show varied distributions of’
pure-normal, oblique-normal, and strike-slip solutions (Figure 2-5) (Smith and
Lindh, 1978; VanWormer and Ryall, 1980; Rogers at al., 1983). W¥hile Quaternary
faults show significant oblique-lateral-slip components, fault plane solutions
for large earthquakes show major components of extension or normal faulting.
The small events show northwest to west extension with a variety of fault plane
solutions. The 1966 M = 6 earthquake in the eastern part of the Southern
Nevada East-West Seismic Belt (Figure 2-5) was a strike-slip event (Wallace
et al., 1983; Smith and Lindh, 1978) as were many nuclear explosion aftershocks
and concurrent tectonic strain-release events at Pahute Mesa (Figure 2-5)
(Hamilton and Healy, 1969; Wallace et al., 1985).

However, the consistent parameter of the fault plane solution distribution
for the southern Great Basin is the general northwest-southeast direction of
minimum stress in accordance with extension in that direction (Smith, 1978;
Zoback and Zoback, 1980). Most large historic earthquakes in the western Great
Basin that produce surface faulting show the primary displacement in the down-
dip direction. The significance of the strike-slip solutions cannot be
ascertained at this time; they may represent the accommodation of strain
release along existing fault planes that are not now favorably oriented for
strike-slip faulting, or they may represent the potential for large lateral
slip along such fault systems as the Death Valley-Furnace Creek zone. Another
possibility (Vetter and Ryall, 1983) is that strike-siip faulting in shallow,
small magnitude events gives way to dip-slip normal faulting for large, deep
events due to the increase in overburden pressure with depth.

Although detailed studies exist for the NTS and vicinity, the historical
seismic record for the Great Basin is marked by a sparseness of data because of
the incompleteness of both personal-felt reports that were used to prepare
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early earthquake intensity maps, and the short length of time that regional
networks have been established, 1t seems imperative to examine the historical
earthquake record of the entire western and central Great Basin in order to
ascertain the level of confidence for the assignment of statistical parameters
such as the a and b values. -

Focal depth distribution of earthquakes can provide information regarding
correlations between surface geology and faulting at depth. Focal-depth
control requires that a recording station be located in an epicentral region
that 1s within a distance of a focal depth in order to obtain an accurate
measurement of the focal-depth parameter, In general, the statfon distribu-
tions in the vicinity of Yucca Mountain have allowed for partial assessment of
focal depth/surface faulting relationships. A new network operated recently by
the U. S. Geological Survey (USGS) should provide new data on focal depths in
‘the 5- to 10-kilometer range that are well constrained. Recommendations for
continued efforts are given in Section 4.1 of this report.

2.2 EXTENSION RATES IN THE BASIN AND RANGE PROVINCE

An important parameter for seismic risk assessment of the Yucca Mountain
area 1s the rate of regional strain release that is dominated by contemporary
extension between the Colorado Plateau-Great Basin boundary and the Sierra
Nevada front (Figure 2-2)., Estimates of the paleostrain rates can be deter-
mined from Quaternary fault displacement rates. Strain release from earth-
quakes, geodetic surveys, and satellite baseline ranging provide estimates of
contemporary deformation., Contemporary strain-rate tensor components can then
be converted to deformation rates that can be compared to Quaternary.paleo-
jefo;ma%ion rates, data that are useful for assessing expected strain release
in the future. o L

Geologic reconstruction of strike-slip fault zones across the southern
Gréat Basin provide estimates of regional Tertiary deformation indicating that
there has been at least 140 kilometers of east-west extension between the =
Colorado Plateau and the southern Sierra Nevada (Wernicke et al., 1982) which
are now about 350 kilometers apart., Extensional deformation began about
15 million years ago, thus the long-term extensional deformation rate is about
1 centimeter per year averaged across the southern part of the province for the
past 15 million years, - o

Intraplate Quaternary deformation rates for the western United States were
calculated by Minster and Jordan (1984) using rigid plate, kinematic models.
For-the Great Basin they calculated northwest (N 63° W) extensfon at a maximum
of 1 centimeter per year based upon & statistical model, This extension rate .
compares well with other estimates of Great Basin opening rates from various
geologic and geophysical data (summarized by Minster and Jordan, 1984) in
Table 2-1. ) . . .

. Deformation rates in highly extended areas of the Great Basin can approach
¢ centimeters per year every several million years (calculated from data in -
Anderson et al,, 1972; Miller et al,, 1983). A key geological cbservation is
that the extension at any given time may be localized and confined in narrow .
belts, as appears to be the case today in the Death Valley region, rather than
being uniformly distributed across the province. In addition, it is clear that
some large blocks have remained strain free during Basin and Range tectonism.
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" The Yucca Mountain area is probably not within a strain-free block. It is
unreasonable, however, to place bounds on the extension rate in the Yucca
Mountain area via interpolation of province-wide strain rates because of the.
inhomogeneity of strain accommodation apparent from the geologic record.

Table 2-1. Estimates of Great Basin opening rates?

Period : Average Opening Rate Method
(em/yr)
Late Cenozoic 0.3-2.0 Geological strain -
Late Cenozoic ‘ 0.3-1.2 Heat flow
Holocene 0.1-1.2 Paleoseismicity
Historic 0.5-2.2 Seismicity
(contemporary)

?Data_from Minster and Jordan (1984).

The above approach for estimation of strain rates was based on. the
15 million-year geologic record to obtain average extensional displacement.
Another procedure is to consider the current deformation rates as determined by
precise surveying and satellite laser ranging. Trilateration networks were
established in the Yucca Flat and Pahute Mesa areas in 1971 and were reoccupied
in 1972, 1973, and 1983. The geodolite measurements were conducted by
J. Savage and co-workers at the USGS in Menlo Park, California, The data from
Yucca Flat (W. Prescott, personal communication, 1984) were measured across a
block about 40 kilometers long (north-south) and 20 kilometers long (east-west)
for the 1971 to 1983 period. The data were fitted to a uniform strain field
with the maximum principal strains being north-south and east-west to withig
the error of the measurements. The north-south strainsrate was -0.10 x 10
per year and the east-west strain rate was +0.08 x 10°° per year, The
corresponding rates for the 15 million-year averages (cited above from
geological determinations) are about +0.02 x 10~ percyear, a value that is of
the same order as the east-west strain of +0.08 x 10~ per year. Using
earthquake and Quaternary geologic data for the eastern Great Basin in Utah
“Smith, et al. (1984) reached a similar conclusion that the Quaternary and
contemporary deformation rates were of the same order. These rasults imply
that the Quaternary geologic record is a good key to the future.

Contemporary strain rates of the Great Basin have also been determined
from calculations of cumulative moment tensors of earthquakes using the method
of Anderson (1979). Greensfelder et al. (1980) applied Andersgn s (1979)
method and suggests strain rates across this region of 2 x 10" per year, but
increasing by an or9er of magnitude southward toward the Garlock fault
(Figure 2-2) to 10~ per year. Minster and Jordan (1984) applied this method
to the Greensfelder et al. (1980) data for the Great Basin and converted the
strain rates to deformation rates that gave an average of 1 centimeter per
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year, Smith (1982) and Eddington et al, (1985) also applied a modification of
the technique to homogeneous sefsmogenic regions of the southern Great Basin
and calculated a principal strain direction at N 60°W and a rate of less than
1 centimeter per year for the Nevada Test Site (NTS) area,

Strain rates estimated by cumulative moment tensors of historic sefsmicity
for other areas of the Great Basin (Smith, 1982, and unpublished data) suggest
maximum displacement rates of about 0.2 to 0.4 centimeter per year associated
with the areas of large (M = 7+) earthquakes in the central Nevada seismic
belt, compared to 0.1 to 0.4 centimeter per year or less across the NTS area,

Constraints on contemporary deformation across the Great Basin have also
been recently obtained from satellite laser ranging. This technique limits the
extension rate to 0.9 centimeter per year, based on a sparse data set (Jordan
et al., 1985). Thus the Quaternary (paleoseismic) estimates of deformation
rates and contemporary extension rates estimated for the Great Basin provide
similar values, on the order of 1 centimeter per year. Recommendations for
continued efforts are given in Section 4.2 of this report,

2.3 ADJACENT SUBPROVINCES WITH HIGH POTENTIAL FOR A GREAT EARTHQUAKE

The Death Valley region contains numerous long, normal and strike-slip
Quaternary faults associated with mountain block uplifts 2,000 to 3,000 meters
high. The large historical earthquakes in the Basin and Range Province (Dixie
Valley/Fairview Peak, Pleasant Valley, Owens Valley, and Borah Peak) (Figure
2-3) are assocfated with similar faults bounding large topographic escarpments,
Although the Death Valley fault system has been considered to be relatively
aseismic in the historical record, there is abundant evidence for major
Quaternary displacements on these faults (Hunt and Mabey, 1966). It {s highly
significant that the Borah Peak event (M = 7.3) occurred fn a region of little
seismicity. In view of the youthfulness and large topographic escarpment
associdted with the Death Valley fault system, especially the Furnace Creek and
Death Valley fault zones (Figure 2-2), the likelihood of a number of large |
events (M = 7 or greater) on these faults within the next 100,000 years should
be considered high until proven otherwise, The recommendations from the ,
workshop for inclusion of the Death Valley region in Yucca Mountafn studies are
given in Section 4.3, ' '

2.4 IN SITU STRESS

Hydraulic fracturing stress measurements at Yucca Mountain have been made
in four boreholes to depths of about 1.5 kilometers (Stock and Healy, 1984;
Stock et al., 1985). The most important aspect of the stress measurements s
that in each borehole, and at nearly every depth, the magnitude of the least
horizontal principal stress was found to be considerably lower than the
vertical (overburden) stress, As explained below, the large stress difference
between the vertical stress and least horizontal stress implies that north-
northeast striking normal faults in the vicinity of Yucca Mountain are
potentially active, ' . :

The most important issue to consider is the basic validity of the stress
measurements, The extremely deep water table in the Yucca Mountatn area
required several unique operational procedures during the hydraulic fracturing
measurements, and- introduced uncertainty into the measurement., Nevertheless,
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the measured low magnitudes of the least horizontal stress is consistent with
other observations in the Yucca Mountain area, For example, in saveral of the
wells, borehole televiewer surveys reveal that extensive hydraulic fractures
were induced during drilling due simply to the pressure of the column of
drilling mud in the boreholes (Stock and Healy, 1984). Some of the drilling-
induced hydraulic fractures in boreholes USW G-1 and USW G-2 are shown in
Figure 2-6. The drilling-induced hydraulic fractures require the magnitude of
the least horizontal principal stress to be quite low., Thus, while the
difficult testing conditions resulted in poorly constrained estimates for the
greatest horizontal principal stress, the estimates of the least horizontal
principal stress, which are most important to the normal faulting issue, seem
to be confirmed by other data. The discovery of the drilling-induced hydraulic
fractures explains the fact that no fluid could be circulated to the surface
~during drilling of the boreholes at Yucca Mountain because the fluid went out
into the drilling-induced hydraulic fractures instead.

The stress measurements have been analyzed with a simple two-dimensional
normal faulting model which is shown schematically in Figure 2-7, The equa-
tions shown in Figure 2-7 refer to the magnitude of the least horizontal
principal stress at which frictional sliding on properly oriented normal faults
is expected to occur for certain values of the vertical stress, pore pressure,
and coefficient of friction of the fault., Several Vines of evidence suggest
that this simple model is applicable, First, the orientation of the least
horizontal principal stress (N60°-65°W) is such that high-angle normal faults
striking about N25°-30°E are appropriately oriented for a simple two-
dimensional model to be applied. Considerable data from the drilling-induced -
hydraulic fractures and stress-induced wellbore breakouts support the estimate
of the least horizontal principal stress orientation (Healy et al., 1984; Stock
and Healy, 1984). Byerlee (1978) has made laboratory measurements on a wide
variety of rock types and shown that coefficients of friction between 0.6 and
1.0 are typical., Second, the value of the greatest horizontal principal stress
is ‘intermediate between that of the least horizontal principal stress and the
vertical stress as expected for normal faulting regions. Finally, similar
models seem to adequately explain stress measurements in the vicinity of active
faults in other regions (Zoback and Healy, 1984).

In the context of the simple model shown in Figure 2-7, the stress
measurements at Yucca Mountain indicate that frictional sliding on properly
oriented fault surfaces could be expected to occur if the coefficient of
friction along the faults were close to 0.6, Figure 2-8 shows least principal
stress and overburden stress data from wells USW G-1 and USW G-2. While Morrow
and Byerlee (1984) indicate that the coefficient of friction for repository
tuffs is about 0.85, the uncertainties in both the laboratory friction data and
the stress measurement lead to the conclusion that frictional sliding on north-
northeast trending normal faults should be considered to be possible, Note in
. Figure 2-8 that only a small difference distinguishes the stress necessary for
frictional sliding at a coefficient of friction of 0.6 and that for 0.85. The
straess data suggest that frictional sliding on properly oriented normal faults
is possible. Such frictional sliding could be induced tectonically by a small
change in regional stress or an increase in the local pore pressure,

On a regional scale, the magnitude and orientation of the in situ stress

measured at Yucca Mountain are generally consistent with those throughout the
Basin and Range Province. The orientation of the least principal stress is
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similar to that throughout the province (Zoback and Zoback, 1980) and three
sites along the Wasatch fault zone (Figure 2-2) have been found to have similar
least principal stress magnitudes (M.L. Zoback, personal communication). Thus,
the stress measurements are not anomalous near Yucca Mountain, but basically
reflect regional tectonics. On a more local scale, Stock (written communica- -
tion, 1984) has shown that the stress measurements are consistent with focal
plane mechanisms of earthquakes that have occurred near Yucca Mountain in the
past few years (Rogers et al., 1983). While the earthquake focal mechanisms
indicate predominately strike-slip faulting with a component of normal fault-
ing, Stock's analysis indicates that the relative components of strike-slip and
dip-slip motion are primarily a function of the orientation of the fault plane.
A similar conclusion was reached from a study of the aftershocks of the Benham
nuclear explosion (Hamilton and Healy, 1969).

Accepting the interpretation that the stress measurements indicate that
failure along favorably oriented faults is possible, what can be said about the
magnitude of the potential earthquakes? Observations by Smith and Bruhn (1984)
and Das and Scholz (1983) suggest that large (M = 7+) earthquakes nucleate at
depths of the maximum extent of seismicity near the brittle/ductile transition
zone. For the Great Basin, this appears to be at depths of approximately
15 kilometers (Smith and Bruhn, 1984). It is also clear that large earthquakes
release stored stresses from a large volume of rock.” Thus, if the measured
stresses are only indicative of the upper 1 to 2 kilometers the maximum size
earthquake would no doubt be quite moderate. Unfortunately, there is
uncertainty on the extrapolation of shallow measurements to depths of 10 to
15 kilometers. In other parts of the world, such as South Africa where
measurements to depths of 4 kilometers are available, no simple rules for
extrapolation are evident. Thus, the only way to know if the stresses at
greater depth also imply potential fault movement is to drill to greater depth
and measure the stresses. The fact that similar stresses have been measured in
all four boreholes investigated suggest a lateral continuity of the stress
field, but it is simply not possible to extrapolate these data to depth without
measurements at greater depths.

In summary, in situ stress measurements indicate that failure is possible
along favorably oriented faults in the Yucca Mountain region. However, no
quantitative statements about earthquake probability and magnitude associated
with the failure can be determined from in situ data alone. For example, fault
slip could occur through aseismic slip as in the Gulf Coast region where a
similar state of stress exists (McGarr and Gay, 1978; Brace and Kohlstedt,
1980; Zoback and Healy, 1984). However, there fs no documented evidence for
appreciable aseismic slip in the brittle crust in the Great Basin and this
possibility is probably slight. Another possibility is that relatively
numerous earthquakes of small to moderate magnitude could occur. Finally, if
high shear stresses were found at greater depth, it may be possible that the
stored stresses in the vicinity of Yucca Mountain could be released in a few
relatively large earthquakes.

2.5 WEAPONS TESTING

Underground nuclear explosions (UNEs) are expected to continue at the
Nevada Test Site (NTS) as a part of the nuclear weapons program. The Threshold
Test Ban Treaty does not permit yields in excess of 150 kilotons; however, the
effects of larger tests should be considered in the event that the treaty is
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abrogated. Ground motion at- Yucca Mountain could result from a test as large
as 700 kilotons located at a distance of about 23 kilometers at the southern
end of the Buckboard area which is reserved for future weapons tests. -

The exp]osion-induced stress waves for such an event do not appear to pose
an unmanageable hazard. At a distance of 23 kilometers from a 700 kiloton
explosion, the P .wave generates a peak stress of about 5.7 bars (Vortman, 1983)
and a peak ground acceleration of about 0.06g (calculated from equation 7 in
Vortman, 1980). The peak stress fs only about 5 percent of the lithostatic
stress at the repository depth of 300 to 400 meters, and the peak acceleration
is well below values being considered for earthquakes. Spall closure and
chimney collapse produce substantially smaller stress waves and, therefore,
should pose no significant hazard.

Nuclear explosions at the NTS are frequently accompanied by tectonic
release and earthquake aftershocks. Tectonic release results from rapid
relaxation of elastic stresses stored in rocks close to the test and occurs
almost coincident with the explosion-induced waves. Wallace et al. (1983,
1985) present new evidence and summarize earlier studies on the manifestations
of tectonic release from nuclear explosions at the NTS. Although the waves
induced by tectonic release are sometimes apparent in recordings of explosions
at distances beyond a2 few kilometers, it seems unlikely that such effects could
combine with the primary explosion-induced waves so as to significantly alter
the peak values noted above for a 700 kiloton explosion at a distance of
23 kilometers.

Aftershocks result from the stress field around the explosion readjusting
to the decrease in stress caused by the explosion. The 1.1 megaton nuclear
explosion named Benham produced aftershocks for as long as 40 days (Hamilton
et al., 1969; Aki et al., 1969). The 100 largest aftershocks ranged in
magnitude from about 3 to 4.2. The aftershocks tended to delineate existing
north-south faults, and migrated away from the area of the explosion with time.
This spreading with time is consistent with strain release starting near the
explosion and successively releasing less strain with increasing distance from
the exlosion. Hamilton et al. (1969) noted that the aftershocks were confined
to within 13 kilometers of ground zero at depths no greater than 6 kilometers.

Other studies indicate that aftershocks sometimes occur to 14 kilometers
from ground zero and at depths shallower than 5 kilometers (Hamilton et al.,
1971). Surface faulting has accompanied some of the higher-yield nuclear
explosions at Pahute Mesa and at Yucca Flat. In some cases, this faulting had
a lateral extent of as much as 10 kilometers and diSplacement on some faults
has exceeded 100 centimeters (Maldonado, 1977; McKeown and Dickey, 1969;
Dickey, 1968).

Similar triggering has resulted from the impoundment of water in Lake Mead
(Carder, 1945; Rogers and Lee, 1976) in the southern part of the Great Basin.
These earthquakes are due to a pore pressure increase, occur along preexisting
faults, and are confined to shallow depth in the vicinity of the lake. Eight
of the earthquakes were magnitude 5 and had slip direction similar to earth-
quakes observed throughout the Great Basin to the north and west suggesting a
pattern consistent to the seismicity of the region.
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In summary, neither explosion-induced aftershocks nor impoundment-produced
earthquakes are necessarily indicative of the tectonic stability of the
province in which they occur, but such events may provide insight into the
state-of-stress of the region in which they occur. These observations do show,
however, that explosions can produce fault slip and aftershocks at some
distance from and at some time after the explosion. Such effects are best-
explained as readjustment of the stress field altered by the explosion. The
slip is apparently assoicated with explosion-induced earthquakes with magni-
tudes in the 3 to 4 range occurring within about 14 kilometers of the largest
weapons tests.
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3.0 GROUND MOTION ISSUE

The tectonic stability of the region was reviewed in the previous section
with a focus on its earthquake-generating characteristics. The review of
ground motion in this section focuses on issues relevant to the estabiishment
of ground motion criteria for the repository, utilizing information developed
within the review of tectonic stability. Some of the same issues are examined
in an effort to resolve differences in the estimates of fault characteristics,
potential earthquake magnitudes, and credible levels of ground motion.

The examination of earthquake ground motion was focused on a number of
questions.

1. What are the largest earthquakes unassociated with known faults
to be expected within 15 kilometers of the site?

2. Nhat is the largest earthquake of any type within 50 kilometers
of the site? -

3. ‘What is the return period for large earthquakes?

4, What are the characteristics of ground motion to be expected for
: Yucca Mountain? -

5. How will surface ground motion be attenuated‘at repository
depth?

.Current understanding of earthquake processes and data relevant to the
site area were used to develop the following observations and recommendations
to resolve relevant uncertainties.

3.1 UNASSOCIATED EARTHQUAKES

Yucca Mountain is interspersed with faults ranging outward from within a
few hundred meters of the site. WKhile there is no clear evidence to indicate
that any of the faults within the immediate site area have had movement along
them within 30,000 years, significant local earthquakes cannot be ruled out
with the information currently available. The experts concluded that an
earthquake of magnitude approximately 6 could plausibly occur at depth in this
area without significant surface manifestations. :

As a result of this evaluation, the issue of earthquakes unassociated with
known faults was reviewed. To assess the importance of unassociated earth-
quakes, preliminary bounds are developed for the recurrence interval (I) of all
earthquakes within a "typical" 1,000 square-kilometer area, and these bounds .
are used to estimate the 11kelihood of a magnitude 6 earthquake within a radfus
of about :18 kilometers (1,000 square kilometers) of the Yucca Mountain site.

The eXtension rate across the southern Great BaSin (width 650 kilometers)
can be used to estimate the recurrence interval for earthquakes in this area.
An area 32 kilometers by 32 kilometers (1,000 square kilometers) is considered



and the cumulative rate of earthquake-induced strains are constrained to match
estimates for the regional strain rates, 1.e.,

MM . , _
gx f  N(M) D(M)L(M)dM 1)
S N )3?( %_2_( ) , (

-0

where the various terms are defined as follows:

MM is the maximum magnitude;

¢ is the extensional rate of strain for the southern Great Basin (width 659
kilometers) in thg east-west to north-west/south-east direction of 5 x 10~
year <€< 3 x 107" per year (see Section 1.2 and Minster and Jordan, 1984).
D(M) is the fault displacemeﬂtsiiu k}l??eters) associated with an earthquake of
magnitude M, where D( M) = 10 - (Bonilla et al., 1984);

L(M) is the length (in kilomeaegggMof tgs fracture zone for an earthquake of
magnitude M, here M) = 10 (Bonilla et al., 1984);

and N(M) = 17 (M) is the number of magnitude M earthquakes (peraugﬁt magnitude
interval) per 1,000 square kilometers per year, where N(M) = 10 and where
the b value is assumed to be unity and the a value is.constrained by the
regional strain rates expressed above in equation (1).

The relationships above are substituted into equation (1), an upper
magnitude 1imit is set to 8, and the integration is performed to obtain

é = 103‘10.39 = 10&-" 10"'10.39
a N(M) 10M-10-39, (2)

The recurrence interval I(M) = N'I(M) is thereby related to the regional
strain rate €, i.e.,

I(M) = é-110M-10.94.

Bounds on the recurrence interval (in years) per unit magnitude for
earthquakes in a "typical” 1,000 square-kilometer area are estimated from the
range of regional strain rates presented above. The results are presented in
Table 3-1 along with estimates from other sources. Figure 2-4 shows the.
locations of the seismic belts listed in the table.

It is noted that the estimated recurrence intervals for magnitude 6
earthquakes in a 1,000 square-kilometer area range from several hundreds to
several thousands of years. If 90 percent of these earthquakes were associated
with identifiable seismogenic faults, then the recurrence intervals for magni-
tude 6 earthquakes unassociated with known faults would increase by a factor of
10, i.e., from several thousands to several tens of thousands of years.

Because extension (and earthquakes) in the Great Basin has not been uniform but
has varied spatially and temporally, it is difficult to assess the applica-
bility of these bounds to any particular area within the region. That recent
seismicity has been concentrated along the western and eastern margins of the
basin could indicate lower strains and longer recurrence intervals for Yucca
Mountain and vicinity than those listed above.
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: ;Tabie 3-1.

Estimates of recurrence intervals .
-for Great Basin, earthquakes in years per

1,000 square kilometers '

Reglon

~ W5

Y]

‘ M>6a,v Source

S. Great Basin 230 2,300 23,000 stréin = 5x10° per year
S. Great Basin 38 380 3,800 strain = 3x10 per year
Southern Nevada S A 5
E-W Seismic Belt 250 2,500 25,000 Greensfelder et al.- (1980)
1932-1973 o ¥ : ' ' o
Intermountain - 120 1,100 10,000 Greensfelder et al. (1980)
Seismic Belt . L
1932-1970
Northern Nevada 100 830 6,700 Greensfelder et al, (1980)
1932-1969 A o | |
S. Basin and 1,900 19,000 190,000 Greensfelder et al. (1980)
Range 1932-1973 ‘ ' {also Douglas and Ryall,

| | 1975)
400-kilometer radius 72 490 3,900 Rogers et al. (1977)
from NTS
1845-1974
E. California, Nevada, 780 . 6,900 61,000 Ryall (1977)

1970-1974




Based on these estimates for earthquake activity, the panel concludes that
an earthquake capable of producing severe shaking at the site is unlikely
during the preclosure period. Nevertheless, the potential for earthquakes
unassociated with identified seismogenic faults should be considered in the
development of ground motion criteria for the site. Although the seismogenic
characteristics indicate that ground accelerations in excess of 0.4g are not
likely during preclosure, more severe levels of ground motion cannot be ruled
out. However, McGarr (1984) regards 0.59 as the maximum surface acceleration
1ikely in an extensional regime, like Yucca Mountain. The working group
recommended three approaches for dealing with the issue of unassociated
earthquakes. These approaches are described in Section 4.4,

3.2 LARGEST EARTHQUAKES IN THE REGION

Knowledge of existing faults is based primarily on surface expression.
Large scarps have been assocfated with both large earthquakes and cumulative
displacements. Unless there is a clear surface manifestation of a fault
terminus, the precise subsurface length will remain uncertain.

Relationships between surface fault rupture length and associated
earthquake magnitude (Bonilla and Buchanan, 1970; Mark and Bonilla, 1977;
Bonilla et al., 1984) result from data with considerable spread in the surface
fault rupture length associated with a given magnitude, even when normal-siip,
normal oblique-slip, and strike-slip faults are treated separately. For
example, a predicted magnitude for 17 kilometers of fault rupture is 6.8 + 0.8
based on standard errors of the estimates (Bonilla et al., 1984). Much of this
spread is due to differences in the true fault rupture length and surface
expression. Because of uncertainties in the actual extent of the seismogenic
faults at depth, magnitudes from 6.6 to 6.8 have been estimated for faults
within about 30 kilometers of the site. The relationship between earthquake
fault rupture length and magnitude appears to be one of the most tenuous links
in hazard assessment. The course of action recommended by the working group is
defined in Section 4.5,

3.3 SEISMICITY

Estimates for the average rate and magnitude distribution of future
earthquakes in the Great Basin can be extrapolated from the historic and .
geologic record. The historic record is too brief to represent the potential
for earthquakes on individual faults or in a small region the size of Yucca
Mountain. The historical record of the southern Great Basin is needed to
assure complete sampling statistics, and the corollary follows that
extrapolations of future earthquakes during preclosure (about 90 years) can
only be applied with confidence over larger regions.

To demonstrate a reliable basis for extrapolating the rate and magnitude
distribution of future earthquakes, alternate procedures for characterizing
previous earthquake activity should be examined, and consistency should be
established. Recommendations of the working.group for developing the basis for
assessing future seismicity are given in Section 4.6.
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3 4 DETERMINATION OF PEAK GROUND MOTION

The expected peak accelerat1on specified in USGS (1984) for Yucca Mountain
was based on the seismic hazard analysis developed by Rogers et al. (1977).
This analysis utilized a ground motion attenuation relationship developed by
Schnabel and Seed (1973). Although this relationship has been accepted in the
past, other attenuation curves have been developed as a result of more recent,
data. Furthermore, the analysis does not include a specified standard error,
thereby preventing estimates of uncertainty and influencing the accuracy of
estimates for return periods. Recent attenuation relationships need to be . -
utilfzed. Analysis by McGarr (1984) of the peak acceleration data in the
context of crustal strength suggests that the stress state imposes bounds on
the peak ground acceleration. Specifically, the bound on peak acceleration in
a compressional regime such as southern California could be nearly three times
greater than the bound in an extensional regime such as Nevada. This further
suggests that the use of acceleration relationships from events in California
may be misleading for hazard assessment at Yucca Mountain. Ongoing studies
using the seismic network data by Rogers et al. (1985) should provide useful
data on the characteristics of local ground motion and how it might differ from
ground motfon recorded in other areas. Specific recommendations to accomplish
this are defined 1n Section 4.7. -

3.5 ATTENUATION OF GROUND MOTION WITH DEPTH

‘Ground motions resulting from both earthquakes and underground - nuclear
explosions (UNEs) are important in the assessment of the underground reposftory
facilities located at a depth of 350 meters. While motions at depth have been
and continue to be recorded at the Nevada Test Site (NTS) for UNEs, few -
subsurface recordings of earthquakes have been made.

Japanese data on earthquakes, reported by Okamoto (1973), Kanai et al.
(1951, 1953, 1966), and Iwasaki et al., (1977) indicated that motfons in
general decrease with depth, although little or no reduction was observed at
isolated sites for some earthquakes. A velocity attenuation curve developed
for a depth of 300 meters in rock, predicts velocities less than curves for
surface rock velocities at the same focal distance (Pratt et al., 1978). Owen
and Scholl (1980) have observed that the amount of reduction of motion with
depth is dependent upon site geology, wave form, and motion duration. The
latter two parameters are, in turn, dependent upon earthquake magnitude, source
type, epicentral distances, and wave path geometry. King (1982) compared
earthquake ground motions recorded at the ground surface and at a depth of
332 meters in a drill hole located at Calico Hills on the NTS. Comparing
pseudo-relative velocity spectra, he found that the subsurface spectra were
lower in amplitude across the recorded bandwidth by an average factor of 1.5.
However, peak values in some subsurface velocity components were observed to be
comparable or larger than the peak values in the corresponding surface
components.

Given the uncertainties in modeling depth dependence and the sparsity of
ground motion measurements at depth for earthquakes, it is not feasible at this
time to provide precise predictions of the motions at depth from values at the
surface. Current evidence indicates that acceleration at the repository depth
will be significantly less than at the surface and that velocity will also
attenuate with depth, but less significantly than for acceleration. Below the
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free surface of the earth, displacement will probably not be significantly
reduced, but the data base is sparse.

Data summarized by Dowding (1978) indicate that, in general, underground
structures are less likely to be damaged than surface structures at the same
epicentral distance. Dowding found that tunnels sustained no damage for
surface accelerations below 0.2g9, minor damage between 0.2 and 0.5g, and major
damage only above 0.35g. When major damage has occurred, it has been almost
always associated with the portal regions and shallow cover. Also,
observations demonstrate that tunnel systems are susceptible to damage at
frequencies -higher than those which typically damage surface structures and
generally require higher levels of acceleration to initiate damage. Thus, the
underground repository can be designed to accommodate ground motions as severe
as those used to design surface structures.

The working group reviewed results of ground motion from UNEs and observed
the trend of decrease in peak vector acceleration, velocity, and displacement
with depth., On average, the peak vector acceleration at 350 meters is reduced
by a factor of 2 relative to that at the surface. Reduction of peak vector
velocity and displacement is less. All three parameters show strong effects of
the geology at the point of measurement. Frequency content of the waves at the
surface and at depth are different and vary significantly with the site
conditions. '

Because the depths of UNEs are ordinarily shallow compared to earthquake
hypocenters and because the yave characteristics are significantly different,
caution should be exercised in any effort to apply depth effects from UNEs to
earthquakes. At intermediate and large distances, some comparisons could be
?ade provided differences in the wave types and the frequency content are taken

nto account.
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4. .0 RECOMMENDATIONS

4.1 RECOMMENDATIONS FOR EVALUATING SEISMICITY AND FAULTING

4,1.1 Near-Term Investigations |

Future investigations in the near term should address historic seismicity,
current seismicity, and future seiSmicity as follows:

1.

2,

Historic seismicity within the Basin and Range Province should be
carefully reviewed to refine or determine:

a) Estimates of recurrence interval.

b) Association of major earthquakes with faults of known length and
preexisting fault scarps.

c) Source mechanisms of large earthquakes.

d) Intensities of ground motion associated with Basin -and Range
earthquakes compared to California earthquakes. '

Current seismicity from the local Yucca Mountain network should be
analyzed for:

a) Association of microearthquakes with known faults.

b) Source mechanisms as a function of depth to predict likely mode
.of rupture for possible future major earthquakes.

Future seismicity, namely recurrence intervals for earthquakes,
should be established through:

a) Examination of historic seismicity concentrating on the Basin
and Range Province and excluding San Andreas and related faults.

b) Estimation of fault slip for the Ho]otene in the Yucca Mountain
area, '

c) Estimation of the local and regional rate of deformation from

A geodetic, seismic moment release rate, and geologic data to the
best possible degree of comparability. In particular, a careful
analysis of existing geodetic data is needed.

4.1.2 Long-Term Investigations -

Longer term investigations should include the following efforts:

1.

Conduct detailed seismic reflection profiling across the faults

responsible for the largest Basfn and Range earthquakes (i.e., Hebgen

Lake, Dixie Valley/Fairview Peak, Cedar Mountain, and Borah Peak).
Conduct similar reflection profiling across Yucca Mountain area to
determine whether structures similar to those found in the above
areas exist. Because the great earthquakes had focal depths of



around 15 kilometers, it would be important to plan the profiling so
as to penetrate to these depths in all the areas. Although the scope
and expense of this suggested study are considerably greater than the
other suggestion, the results could have a major impact on seismic
assessment at the site.

2. Carry out detailed studies of Holocene faulting within 30 kilometers
of Yucca Mountain using low-sun-angle aerial photography, radar
surveys, and trenching to locate active faults in the alluvium and
.determine their rates of slip, earthquake recurrence intervals, and
incremental displacements associated with individual events.

4,2 RECOMMENDATIONS FOR DETERMINING EXTENSION RATES

Although the east-west extension rate in the general Yucca Mountain area
appears to be of the same order as that across the entire southern Great Basin,
considerable variability would be expected on a small scale. To be useful in
the present context, these variations should be carefully mapped by either
existing methods, or by the new satellite laser ranging system. An east-west
survey is recommended extending 30 kilometers on either side of Yucca Mountain
with a station spacing of 5 kilometers, to help identify the variation in the
present extension rate near the site.

4.3 RECOMMENDATIONS FOR STUDIES IN ADJACENT SUBPROVINCES
The workshop participants recommend the following efforts:

1. The implication of a large (M = 7 or 8) event in the Death Valley
region should be carefully considered for the Yucca Mountain site.
Expected ground motion should be estimated for a range of earthquake
scenarios.

2. Furthermore, the recommendation in Section 4.1 regarding further
geodetic studies of east-west extension should be broadened to
include the Death Valley region.

4.4 RECOMMENDATION FOR UNASSOCIATED EARTHQUAKES

The working group recommended three approaches to deal with the issue of
unassociated earthquakes. . The recommended approaches are that:

1. The historic seismicity within the Basin and Range Province should be
carefully reviewed for unassociated earthquakes of magnitude greater
than 5.5. The frequency and magnitude of earthquakes not associated
with faults within the Basin and Range could then be used to estimate
the potential for unassociated earthquakes in the near-site regfon by
scaling the results to thé site area. Completeness of the seismic
record is critical for these studies.

2. Extensive field investigations should be conducted within about 10
kilometers of the site to further assess the potential for
significant local earthquakes. The investigations should identify
any throughgoing fault-related features and characterize the local
earthquake history using geologic evidence and a combination of
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3.

gravity and magnetic surveys, radar Soundings. fault trenching; and .
age dating. s

Ground motion criteria should be developed over a range that
accommodates reasonably plausible earthquakes, including local
earthquakes not associated with any tdentified seismogenic fault.

4,5 RECOMMENDATION FOR IDENTIFICATION OF RELATIONSHIP BETWEEN FAULT LENGTH. :
DISPLACEMENT, AND MAGNITUDE

The recommendations of the working group include the following .actions:

1.

A concerted effort should be made to identify the fault length and
fault displacement relationship most applicable for estimating the

“largest credible magnitude on local seismogenic faults, and this

relationship should be applied to evaluate current peak acceleration
estimates.

Field work should be initiated to establish constraints on the fault
length that could plausibly fracture in a single earthquake.
Trenching and age-dating of faults especially close to Yucca Mountain
(Bow Ridge, Paintbrush Canyon, Solitario Canyon, Ghost Dance, etc.)
should be evaluated. The effort should be extended to several -
locations along ea¢h capable fault longer than a few thousand feet
whose displacement history makes it signifjcant to faciiity design.

4.6 RECOMMENDATIONS FOR ASSESSMENT OF FUTURE SEISMICITY

The working group recommends the following studies to assess the potential
for future seismicity:

1.

2.

3.

Develop recurrence relations based on a and b values derived from
historical magnitude and intensity data. Rogers et al. (1977)
developed recurrence estimates using a data base containing earth-
quakes within 400 kilometers. This data base fncluded large earth-
quakes on the San Andreas fault system, as well as earthquakes within
the Basin and Range Province. This work should be revised to include
data specific to the Basin and Range Province. Predictions of
recurrence intervals on the basis of historical data should include a
measure of the uncertainty.

Develop slip rates by dating fault offsets within the Basin and Range
Province. Spatial varfations in the rate of deformation should be
estimated to identify the relative stability or instability of the
area surrounding Yucca Mountain. Estimates of the uncertainty in
slip rate estimates should also be developed. Both: sensitivity and
resolution of slip rate estimates should be detennined using the
extreme ranges of significant parameters.

Estimate the regional deformation rate using geodetic control and
provide estimates of the uncertainties.
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Compare the activity rates from historical seismicity, fault offsets,

and geodetic surveys to test consistency. Also, compare the results
with estimates of the Great Basin activity developed in other
studies. Use these results to develop a range for the return period
of the local earthquakes of varying magnitude and site-specific
levels of ground motion.

4.7 RECOMMENDATIONS FOR GROUND MOTION ATTENUATION RELATIONSHIPS AND SEISMIC
HAZARD ANALYSIS

The following recommendations were made by the working group in order to
develop improved ground motion attenuation relationships and seismic hazard

analyses:

1.

2.

3.

4.

5.

It is recommended that updated attenuation relationships that include
an estimate of standard error should be used to predict peak ground
acceleration at Yucca Mountain. Campbell (1981) and Joyner and Boore
(1981) provide such relationships; however, these relationships were
developed from a data base that is dominated by data from southern
California.  The application of these relationships may introduce
errors into hazard calculations because of differences between earth-
quake source properties and wave paths in southern California and
those in the tectonic subprovince containing Yucca Mountain. The
possibility of biasing the results with the application of these
attenuation relationships should be investigated. Ongoing studies by
Rogers et al. (1984) on attenuation within the southern Great Basin
may provide attenuation relationships more applicable to the Yucca
Mountain site.

Determination of peak ground motion values should utilize data
recorded in the Basin and Range Province, supplemented by earthquake
recordings in other extensional regimes, e.g., the magnitude 7
Naples, Italy, earthquake of November, 1980. In addition, the effect
of site-specific conditions (rock, alluvium, etc.) should be consid-
ered in the development of site-specific ground motion criteria,

Without better predictors, it is reasonably conservative to ignore
potential reduction of ground motion with depth for the purpose of
design of tunnel and underground chambers.

The working group noted that currently no earthquake measurements are
being made at the repository horizon in Yucca Mountain. Site-
specific measurements are needed to utilize reductions in ground
motion with depth in the design criteria.

Sensitivity studies should be conducted to determine which earthquake
scenario is most likely during the next hundred years and which
scenario constitutes the greatest hazard. Information currently
available does not permit a determination of whether the local faults
or the more-distant large faults (e.g., Furnace Creek) constitute the
greater hazard to the Yucca Mountain site. A magnitude 6.5
earthquake at a distance of 15 kilometers would be expected to



generate higher accelerations than a magnitude 7.5 at 50 kilometers
or greater, Furthermore, a magnitude 6 earthquake at distances less
than 15 kilometers could produce even higher accelerations. A
probabilistic hazard analysis should account for the hazard from both
small local events and large distant events.
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