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ABSTRACT

This paper presents an overview of the preclosure seismic
hazards and the influence of these hazards on determining the
suitability of Yucca Mountain as a national high-level nuclear-
waste repository. Geologic data, engineering analyses, and
regulatory guidelines must be cxamined collectively to asscss
this suitability. An environmental assessment for Yucca Moun-
tain, written in 1986, compiled and evaluated the existing
lccionic data and presented arguments to satisfy, in pant, the
regulatory requirements that must be met if the Yucca Mountain
silc is to become a national waste repository. Analyses have
been performed in the past five years thal belter quantify the
local seismic hazards and the possibility that these hazards could
lead to release of radionuclides Lo the environment, The results
from these analyses increase the confidence in the ability of
Yucca Mountain and the facilities that may be built there to
function satisfactorily in their role as a waste repository. Uncer-
taintics remain, however, primarily in the input parameters and
boundary conditions for the models that were used to complele
the analyses. These models must be validated and uncertaintics
reduced before Yucca Mounlain can qualify as a viable high-
level nuclear-waste repository.

INTRODUCTION

Yucca Mountain, located approximately 150 km northwest
of Las Vegas, Nevada, is being considered as a potential site for
a high-level nuclear-waslte repository. The U.S. Department of
Energy (DOE) is currently examining all factors in the site
suitability of Yucca Mountain within the framework of 10 CFR
Part 960, "General Guidelines for the Recommendation of Silcs
for Nuclear Waste Reposilories." This discussion concentrales
on onc aspect of the site suilability: scismic and faulting
hazards during the period of building, operating, and decommis-
sioning of the repository, which is known as the "preclosurc”
period. The regulatory requirements for a high-level nuclear-
wasle repository must be compared with our knowledge of these
hazards at Yucca Mountain and the ability of the planned
facilitics to retain their integrity during earthquake-induced
ground motion or surfice rupture,

General guidelines for rccommending potential sites for a
national high-level nuclear-waste repository are defined in 10
CIR Part 960. An objective of these guidelines is to ensure thal
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a site is located within a geologic sctting where any expecled
seismic hazards during the preclosure period can be mitigated by
rcasonably available technology. Scparate legislation, 10 CFR
Pant 60, "Disposal of High-Level Radioactive Wastes in Geo-
logic Repositories,” govems the licensing of a nuclear-waste
repository by the Nuclear Regulatory Commission (NRC) .
Additional requirements, such as 40 CFR Part 191, "Environ-
mental Radiation Protection Standards for Management and
Disposal of Spent Nuclear Fuel, High-Level and Transuranic
Radioactive Wasles," also must be met. 10 CFR Part 960 directs
the DOE in its investigation and evaluation of potential sites for
a high-level nuclear-waste repository, while 10 CFR Par 60 is
uscd by the NRC 10 appraise the license application for a poten-
tial high-level nuclear-waste repository.

The preclosure tectonics technical guideline for a potential
high-level nuclear-waste repository, as specified in 10 CFR Pan
960.5-2-11, establishes six distinct conditions (Table 1). These
include one qualifying condition, one favorable condition, three
potentially adverse conditions, and one disqualifying condition.
Review of only the qualifying and disqualifying conditions is
required (o assess site suitability, Although the favorable and
potentially adverse conditions are listed here, these conditions
merely aid in sclection of possible alternate sites for a repository.

EXTENT OF REGULATORY COMPLIANCE

An assessment of the Yucca Mountain site relative to the
guidelines in 10 CFR Part 960 formed par of an environmental
asscssment (EA) of Yucca Mountain, This EA! presents evi-
dence to evaluate each of the six conditions listed in Table 1, As
described in 10 CFR Part 960, evaluations at a lower confidence
level ("lower-level findings") for both the preclosure tectonics
qualifying and disqualifying conditions are required for nomina-
tion and recommendation of the site. Results of higher confi-
dence ("higher-level findings") are required for repository site
sclection,

When reviewing the favorable and polentially adverse
conditions at Yucca Mountain, the EA found that the site docs
nol qualify for the favorable condition because the nature and
rates of faulting arc not significantly less than thosc generally
allowable for the construction and operation of nuclear facilitics.
Yucca Mountain is located in a region with known low-to0-
moderate scismic activity,! Because there has been Quatemary

*This work was performed under the auspices of the U.S. Department of Encrgy, Office of Civilian Radioactive
Wasic Management, Yucca Mounlain Site Characterization Project, under Contract DE-AC04-76DPO0789.
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Table 1. Preclosure Tectonics Technical Conditions, from 10 CFR Part 960.5-2-11

I Used for Evaluation of Site Suitabil

Qualifying Condition: "The sile shall be located in a
geologic sciling in which any projected cffects of
expected lectonic phenomena or igneous activity on
repository construction, opcration, and closure will be

be met."

Disqualifying Condition: "A site shall be disqualified
if, bascd on the expecicd naturc and rates of fault
movement or other ground motion, it is likely that
engineering measures that are beyond reasonably
available technology will be required for exploratory
shaft construction and for repository construction,
operation, or closure."

such that the requirements in Section 960.5- 1(a)(3) can

Issues Uscd for Sclection of Allemnale Sites

Favorable Condition: "The nature and rates of fault-
ing, if any, within the geologic setting arc such that the
magnitude and intensity of the associated scismicity
are significantly less than those generally allowable for
the construction and operation of nuclear facilities.”

Polentially Adverse Condition #1: "Evidence of active
faulling within the geologic setting.”

Potentially Adversc Condition #2: "Historical earth-
quakes or past man-induced seismicity that, if either
were to recur, could produce ground motion at the site
in excess of reasonable design limits."

Potentially Adverse Condition #3: "Evidence, based
on correlations of carthquakes with tectonic processes
and fealures (e.g., faults) within the geologic setting,
that the magnitude of carthquakes at the sile during
repository construction, operation, and closure may be
larger than predicted from historical seismicity."

faulting at the site, the first potentially adverse condilion is also
present at the sile. Yucca Mountain still can be considered as a
candidate site for a nuclcar-wasle repository with these resulls
for these two conditions. However, if the same conclusions for
these conditions remain after sile characterization and supporting
analyses are completed, reasonably available technology must
negate any adverse cffects of these conditions.

Despite the responses the EA contains for these technical
conditions, the authors of the EA felt sufficient evidence existed
to support "lower-level findings" (see 10 CFR Part 960), as
opposed 1o "higher-level findings" or no findings at all, for both
the qualifying and disqualifying conditions for preclosure
tectonics. Confidence in the status of technical conditions for
preclosure tectonics must be raised before license application by
the DOE to the NRC for the Yucca Mountain site.

TECHNICAL BASIS CONSIDERED IN THE EA

As presented in the EA for Yucca Mountain,' the only
tectonic activity expected at or ncar Yucca Mountain during the
preclosure period are small-magnitude (M < 5) earthquakes that
are within reasonably available design limits. Basic assumptions
of the EA are that the ratc and style of tectonic aclivity during
the preclosure period will be similar to that during the period
documented in the historical record and that the likelihood of a
larger-than-historic event is low during the preclosure period.
The EA recognizes that Yucca Mountain lies on the boundary
between two seismotectonic zones that have different levels of
scismic activity. The zonc lo the south, which includes Las
Vegas, Nevada, has a recurrence interval for large (M 2 7)
earthquakes of 190,000 years (yr),? while the northern zone has
recurrence intervals for the same magnitude earthquakes on the
order of 7,000 to 10,000 yr.*> The EA assumes that recurrence

intervals for M S 7 earthquakes at Yucca Mountain arc on the
order of 25,000 yr; M < 6 earthquakes would have recurrence
intervals of 2,500 yr; and M S 5 carthquakes would have recur-
rence intervals of 250 yr. Little was known about how conserva-
tive these estimates were.

The peak historical ground acceleration related to earthquake
sources recorded ncar Yucca Mountain was estimated in 1977 as
less than 0.1g.* In 1984, the United States Geological Survey
(USGS) deterministically estimated® the most likely peak accel-
cration at Yucca Mountain would be approximately 0.4g. This
acceleration is bascd on a rupture of the entire iength of the Bare
Mountain fault, 14 km west of Yucca Mountain. In a scparate
probabilistic analysis, the USGS predicted® that an carthquake
resulting in 0.4g ground acceleration at Y'.cca Mountain has a
return period of 900 to 30,000 yr. During the 90-yr lifetime of
the respository operations (the preclosure period), the probability
of exceeding 0.4g ground acceleration was estimated® 1o be
between 3 x 10*and 1 x 10 .

Quaternary faulls at Yucca Mountain were only beginning to
be recognized by palcoscismologists at the time of publication of
the EA and had not been incorporated into scismic hazard
analyses. The EA recognizes that large uncertainties exist in
these analyses and states "Al this time, it is premature to place
much confidence in these cstimales, other than using them to
provide insight until a more complete asscssmenlt can be made of
the various input parameters that are required for a probabilistic
scismic hazard analysis."!

Uncentaintics in the scismological input parameters for
scismic hazard analyses at Yucca Mountain include the follow-
ing: (1) the historical scismic record is reiatively short, approxi-
matcly 100 yr, and (2) the regional seismic net at Yucca



Mountain has been active only since 1978, Other uncertainties
alfecting seismic hazard analyscs include the nature of relation-
ships that are appropriale for estimating the ground acceleration,
velocity, and displacement associated with an carthquake of
given magnitude at a given distance from the site. These uncer-
tainties relate 1o the geometry of sources or source zoncs with
respect to the site, the distribution of earthquakes of various
magnitudes within the source zones, and the appropriate allenua-
tion function for Yucca Mountain. Relationships between fault
length and carthquake magnitude have not been well established
for the Yucca Mountain region. Calculations of expecled
carthquake magnitude based solcly on fault length contain large
uncertaintices.

DEVELOPMENTS SINCE THE EA
Geologic Data and Inferred Tectonic Setting

As presented in the Site Characterization Plan for Yucca
Mountain® and other documents,’ scveral tectonic models exist
for the mountain, Quaternary faulting in the vicinity of Yucca
Mountain may represent deformation above deeper and perhaps
different seismogenic structures, representing some type of strain
partitioning® or decoupling of deformation between the upper and
lower crusts. Thesc deeper scismogenic structures may have
diffcrent strain rates than structures near the surface. Recenlly,
geologic cross sections have been published that include low-
angle normal faults, or detachment faults, that may divide the
crust into two or more subhorizontal plates.” Figure 1 shows
schematically the proposed step-like geometry of normal fauits
at Yucca Mountain, merging at depth into a detachment fault, At
depths below 10010 12 km, there is ductile deformation and a
lack of carthquakes; this is the depth of the scismogenic zone.
Whether there are muitiplc plates in the upper crust beneath
Yucca Mountain is not known.
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Although strictly hypothetical at this time, a speculative
tectonic model with structures "hidden" bencath shallow delach-
ment faults that have higher strain rates than structures at the
surface may potentially represent the worst-case tecionic sce-
nario at Yucca Mountain. Site characterization efforts will aid in
defining the worst-casc preclosure tectonic scenario and deter-
mining if this sccnario poses an unacceptable risk. The higher
strain rates on structures beneath a shallow detachment fault for
this potential worst-case scenario could result in more frequent,
large-magnitude carthquakes than would be predicted only from
studying structures at «he surface, Historical and instrumental
seismic records, although of limited duration and resolution,
show no obvious concentration of seismicity in the Yucca
Mountain arca and would suggest that the likelihood of this
worst-case scenario is small. This and other recently developed
tectonic models, such as the model proposed by Carr, ' need to
be considered in future cvaluation of seismic hazards at Yucca
Mountain.

Palcoscismic studics since the EA have recognized that
certain faulis ncar Yucca Mountain have been active within the
Quaternary; these studics have begun to quantify movement® and
to recognize scgmentation'' and the possible distributive nature
of faulting'? at Yucca Mountain. The dectails of fault segmenta-
tion during seismic cvents are still under investigation. Evidence
cxists that multiple faults may be active during the same or a
closcly related scismic event.'? The implications of this distribu-
tive faulting on scismic hazards at Yucca Mountain are not well
understood.

The Paintbrush Canyon fault (Figure 2) and its southern
extension, the Stagecoach Road fault, now are considered the
dominant source of ground-motion hazard at Yucca Mountain,
instcad of the Bare Mountain (ault.” The Paintbrusi Canyon
fault, which lics o the cast of and dips westward toward Yucca
Mountain, is thought to extend for approximately 33 km.* Sljp
rales on the Paintbrush Canyon and other ncarby faults have
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Figurc 1. Conceptual Cross Scction From the Calico Hills to the Bullfrog Hills, Modified From Scotl®
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Figure 2. Fau!t Map of Yucca Mountain, Nevada, Modificd From Scot®

varicd both temporally and spatially from the Tertiary into the
Quaternary.® Venrtical slip rates from 10 to 13 million yr ago for
the Paintbrush Canyon and Stagecoach Road faults average
about 0.04 mm/yr and 0.45 mm/yr, respectively, synchronous
with eruption of the Paintbrush Tuff that makes up Yucca
Mountain. Higher percentages of E-W extension are scen in the
southemn portion of the mountain than in the north.® Rates on
both faults have slowed to about 0.005 mm/yr in the Quaternary.

Recent results indicate a left-lateral component to displacements
on the Paintbrush Canyon fault."

Potential for Ground Motion and Surface Rupture
Recent studies on scismic hazards at Yucca Mountain have

concentrated on the critical surface facilities, including the
waste-handling buildings wherc waste would be received and



repackaged for placement underground during the preclosure

period. It is thought that the hazard for seismically induced 102

damage to the underground facilitics is less than for the critical

surface facilitics during the preclosure period. Waste is most

vulncrable to potential reicase to the environment while it is

being received and repackaged for placement underground. This

handling occurs within the hot cells of the waste-handling 10

buildings. At other times, the spent fuel is sealed within waste .

canister and containers. URS/Blume!? studied the contribution

by nearby faults to the ground-motion hazard (Figure 3) for these

buildings at their proposed location within Midway Valley at the

eastern base of Yucca Mountain. They found that, of the local g 10
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Figure 4 shows the estimatcd total seismic hazard for the
proposed site of the surface facilitics within Midway Valley from
the URS/Blume study.'* At the lowest values of ground accel-
eration, the highly active Califomnia faults, such as the Garlock
and Death Valley fault zones, control the ground-motion hazard. 104
For acceleration values in the 0.1 to 0.2g range, background
earthquakes dominate. These background carthquakes are not
associated with any recognized fault, At ground accelerations
above 0.2g, the Paintbrush Canyon fault dominates the scismic
hazard.
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URS/Blume' present ground-motion-hazard curves for three
different speculative tectonic models (Figure 5). The total Peak Horizontal Ground Acceleration (g)
seismicily varics between models with changes in slip rates that
result from differing fault dimensions. The results of URS/
Blume suggest that different tectonic models may not have a Figurc §. Total Scismic Hazard for Yucca Mountain Bascd on
significant impact on the expected ground-motion hazards at Three Different Tectonic Models, From URS/Blume!'?
Yucca Mountain.



The "oblique" tectonic model assumes that faults at Yucca
Mountain have horizontal slip on strike-slip and normal-oblique
faults, and vertical slip on normal-oblique and normal faults.
Horizontal and venrtical slip rates are assumed to be the same.
Background seismicity rates were calculated based upon a total
scismicity of 0.015 events ol magnitude 4 or greater per year per
1,000 km2, A b-parameter of 0.9 (used in defining the relation
between earthquake frequency and magnitude), the rupture-
magnitude relations of Bonilla et al.," the Utah attenuation
model ol Campbell,'® and the 2-slope power-law relation be-
twceen slip rate and fault length were assumed. In this model, the
scismogenic zone extends to a depth of 15 km.

A second tectonic model, the "detachment” model that has
some similarities to that of Scott,” assumes the same slip veclors
on faults as in the "oblique" model, but incorporates a subhori-
zonlal detachment fault that truncales these faults at depth. For
this model, plastic deformation below the detachment fault limits
the seismogenic zone to only 7.5 km depth. Beccause of the
truncation of aulls at depth by a detachment fault and the
resulting reduced width of fault surfaces, the upper bounds of
magnitudes for earthquakes on faults in the immediate vicinity of
Yucca Mountain are reduced in accordance with the reduction in
maximum seismic moment, The URS/Blume study found that
the detachment model has a lesscr seismic hazard than the
oblique tectonic model.

A major differcnce between the detachment models of
URS/Blume'? and Scotl’ is that the model of URS/Blume has a
single detachment fault that lies at the brittle-ductile transition,
while the model of Scott, as seen in Figure 1, potentially has
muitiple detachment faults that lie within the zone of brittle
dcformation of the upper crust. The model for detachment
faulting as depicted by Scott could result in seismogenic sources
of an unknown nature below a shallow, upper crustal detachment
fault. The implications of various styles of detachment faulting
on ground-motion hazards at Yucca Mountain have not becn
addressed.

The third tectonic modcl considered by URS/Blume," the
"shear" modcl, assumes that Crater Flat, located to the west of
Yucca Mountain, lies within a broad "lcaky" transform fault
zone; the Qualemary volcanism in Crater Flat is related to this
transform zone. In this model, Crater Flat represents a pull-apart
basin with associated volcanism, The basin is assumcd to have
formed between the NW-trending Bare Mountain fault and an
unmapped extension of the NW-trending Yucca Wash faull. The
extension of certain NW-trending faults, such as the Yucca Wash
fault, beyond their present assumed lengths causes the slightly
higher predicted ground-motion hazards for this model.

‘The other seismic hazard to be considcred at Yucca Moun-
tain is earthquake-related surface rupture (Figure 6). Fault
displacements could affect the foundations of the waste-handling
buildings as well as the underground repository.  Subramanian
ct al." concentrated their study of surface-rupture hazard on the
surface facilitics and assumed a location for these facilitics
immediately east of Exile Hill within Midway Valley. They also
assumed that any Quatemary faults beneath the foundations
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Figure 6. Surface Rupture Hazard Curve for the Waste-Handling
Building, Assuming a Location East of Exile Hill in
Midway Valley, From Subramanian et al."”

would be found during trenching studies. The probabilities of
exceedance for significant vertical ruptures, as shown in Figure
6, arc at Icast two orders of magnitude less than the probabilities
for significant ground motion shown in Figure 5. Subramanian
et al, concluded that surface rupture is less of a hazard than
ground motion to the critical surface facilities.

Failure Hazard

To cvaluate the failure hazard of the surface facilitics, the
ground-motion and surface-ruplurc hazards must be integraled
with a design level for the facilitics. Subramanian ct al."”
assumed five design levels from 0.2g to 1.0g for the surface
facilities. The surface facilities are intrinsically robust structures
because of the radiation shiclding requirements. These shiclding
requirements include several feet of reinforced concrele around
the hot cell within the waste-handling building.

Subramanian ct al.' present fragility curves for the wasle-
handling building for dilferent design levels. These fragilitics
present the probability of failure for different peak ground
accclerations and surface displacements (Figures 7 and 8). They
dcfine four different damage levels, from a light damage leve!
(walls arc cracked but there is no release of radioactive maierial)
1o total damage (the facilitics arc completely destroyed and all
the radionuclides arc relcased). For the ground-acceleration
curves, a cut-off acceleration of 2.5g was chosen. This cut-off
valuc is very conscrvative since it is equivalent to the largest
carthquake-induced ground motion ever recorded. Portions of
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the curves to the right of this cut-off acceleration are not geologi-
cally realistic. The probability of failure for a light damage level
becomes significant only over 1.0g ground acceleration, For
moderate-to-total damage levels that include releasc of radionu-
clides, much stronger ground accelerations are required than are
expected at Yucca Mountain. If a higher design level than 0.4g
is chosen, all of these curves are shifted to the right, reducing the
probability of failure for a given peak ground acceleration.

In addition, Subramanian ct al."” assumed different amounts
of fault displacements beneath the foundations of these facilities
(Figure 8), They uscd the same deflinitions for damage levels in
these calculations as with the ground-motion hazards, Displace-

ments less than 1 cm should have little effect on the surface
facilities, These authors used a cut-off displacement of 10 cm
for the maximum cxpected surface-rupture displacement.
Although surface rupturcs with vertical separations in excess of
10 cm are seen throughout the world, the authors considered this
valuc to be conservative at this site because they assumed that no
Quaternary faulting would be found during a trenching study of
the facititics' foundations. The low probabilitics for surface
ruplure found on Figure 6 also indicate a low hazard from
surface-rupture displacement.

CONCLUSIONS

The EA for Yucca Mountain, published in 1986, compiled
and evaluated the cxisting preclosure tectonics data and com-
pared these data with the technical guidelines prescnted in 10
CFR Pan 960 for evaluating a potential site for a high-level
nuclear-waste repository, Lower-level findings were made for
both the qualifying and disqualifying preclosure teclonics
conditions at Yucca Mountain, These findings allow site nomi-
nation and recommendation to proceed, but higher-level findings
arc required if Yucca Mountain is 10 be sclected as a repository.

Analyses have been performed in the past five years that
better define the seismic hazards and the potential efiects of
these hazards on a nuclcar-waste reposilory at Yucca Mountain,
Confidence has been ingreased that the planned designs for
structures within the repository will be able 10 withstand the
cxpected ground motion and surface ruptures without release of
radionuclides. Thesc analyses have concentrated on the critical
surface facilities, which include the waste-handiing building.
Limited quantitative data on fault activity were acquired during
this period. Thesc data were incorporated, at least in part, into
ncw analyses, Perhaps most significant, faulls within the imme-
diate vicinity of Yucca Mountain, such as the Paintbrush Canyon
fault, are now recognized as thc dominant secismogenic sources.

A hiatus of several years has occurred in collection of site-
specific data at Yucca Mountain, because of programmatic
dclays, although ficld work has now recommenced. These site-
specific data are needed to refine and validate the scismic hazard
and failure analyses. As additional information becomes avail-
able, new probabilistic and combined probabilistic/deterministic
scismic hazard analyses arc nceded to update assessments,
Explicit quantitative goals for cvaluating potential hazards at a
potential nuclear-waste repository are not included in 10 CFR
Part 960. Additional site-specific data are needed until a point
when the DOE has sufficient confidence in understanding the
scismic hazards at Yucca Mountain so that higher-level findings
for both the qualifying and disqualifying conditions for
preclosure tectonics can be made. Otherwise, another site for a
potential nuclear-waste repository must be considcred, Prelimi-
nary assessments of the ground-motion and the surface-rupture
hazards indicate that there is a low probability of either of these
hazards occurring at the site and that the hazard from surface
ruplure is significany less than from ground motion.

The low probability of strong ground motions and large
surface-rupturce displacements, combined with the intrinsically
robust nature of the surface facilities, results in an extremely



small probability of relcase of radionuclides from these facilities.
The results of more detailed scismic hazards ana'yses and failure
analyses have increased confidence that the Yucca Mountain sile
can meet regulatory requircments. However, the assumplions
made during thesc analyses must be validated by site-specific
data before licensc application for the site.
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