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Executive Summary

At the request of the Los Alamos National Laboratory (LANL), URS Corporation and Pacific
Engineering & Analysis (PE&A), with support from the Earth and Environmental Sciences
Division at LANL, have updated the 1995 probabilistic seismic hazard analysis (PSHA) of
LANL (Wong et al., 1995), and developed Design/Evaluation Basis Earthquake (DBE) ground
motion parameters. Both Uniform Hazard Response Spectra (UHRS) and Design Response
Spectra (DRS) have been calculated per ASCE/SEI 43-05 for the site of the Chemistry and
Metallurgical Research Replacement (CMRR) building and for Technical Areas TA-3, TA-16,
and TA-55. Site-wide and reference rock-outcrop (dacite) ground motions have also been
developed and are recommended for use in the design of facilities in other Technical Areas.
DRS were computed for Seismic Design Categories (SDC)-3 (2,500-year return period), -4
(2,500 years), and -5 (10,000 years).

The PSHA was conducted following the guidelines of the Senior Seismic Hazard Analysis
Committee for a Level 2 PSHA. Principal inputs required for the development of the DBE
ground motions include a seismic source model, ground motion attenuation relationships, and
velocity and nonlinear dynamic properties of the lower Quaternary (1.2 to 1.6 Ma) Bandelier
Tuff beneath each site.

Since 1995, the only new geotechnical, geologic, and geophysical data available to characterize
the dynamic properties of the subsurface geology beneath LANL, particularly the Bandelier Tuff,
are the results of investigations performed at the CMRR site. Downhole-velocity, OYO-
suspension velocity, and seismic crosshole surveys were performed in boreholes drilled in 2005
at that site. The boreholes include four shallow holes at the corners of the proposed CMRR
building footprint (SSC-1 to SSC-4), one deep hole in the center of the footprint (DSC-1B), and
a deep hole outside and to the east of the footprint (DSC-2A). Dynamic laboratory testing was
also performed by the University of Texas at Austin (UTA) on 22 samples collected in the
CMRR boreholes. The dynamic properties that were evaluated are the strain-dependent shear
modulus (G) and material damping ratio (D) of the samples. Based principally on the new
CMRR data and data collected in 1995, base-case profiles of low-strain shear-wave velocity (Vs)
and compressional-wave velocity (Vp) were developed for the CMRR, TA-3, TA-16, and TA-55
sites. Of particular significance to the site response analysis was the existence of the geologic
unit Qbt3L, a low-velocity zone within the Bandelier Tuff. Unit-specific shear-modulus
reduction and damping curves were developed on the basis of the dynamic laboratory testing
results, including the 1995 testing. One set of curves for each unit was corrected for sample
disturbance by adjusting reference strains by the ratio of laboratory-to-field Vs measurements.

The 50-km-long Pajarito fault system (PFS) extends along the western margin of LANL and is
the dominant contributor to the seismic hazard at the laboratory because of its close proximity
and rate of activity. The current (or new) characterization of the PFS is significantly revised
from the 1995 study in order to incorporate a considerable amount of new mapping,
displacement measurements, and paleoseismic data for the PFS. The PFS is a broad zone of
faults that form an articulated monoclinal flexure, which consists of several distinct fault
segments that have linked together. The PFS exhibits complex rupture patterns and shows
evidence for at least two, probably three surface-faulting earthquakes since 11 ka. This recent
temporal clustering of events is in contrast to evidence for the occurrence of only six to nine
events since 110 ka although this longer record is likely incomplete. For the new analysis, both
segmented and unsegmented rupture models were considered for the PFS, favoring the latter
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Executive Summary

which is characterized by a 36-km-long, floating earthquake rupture source. Two types of
multisegment ruptures for the PFS were also considered: simultaneous (a single large
earthquake) and synchronous (two subevents). The preferred range of maximum earthquakes is
from moment magnitude (M) 6.5 to 7.3. Recurrence rates are dependent on rupture model and
both long-term slip rate and late Quaternary recurrence interval data were considered. For the
preferred unsegmented rupture model, the weighted-mean slip rate was 0.21 mm/yr, and
weighted mean recurrence intervals were 4,400 years (for the logic tree branch assuming
temporal clustering) and 17,600 years (for the not-in-a-cluster branch). For the segmented
rupture model, a moment-balancing approach was used similar to that used by the Working
Group on California Earthquake Probabilities (2003) to partition the slip rate of a segment into
earthquakes representing various rupture scenarios and to keep the fault in moment equilibrium.
Thus, rates vary for each rupture scenario but overall were consistent with the long-term slip
rates of the segmented rupture model.

In addition to the dominant PFS, 55 additional fault sources were included in the PSHA.
Parameters that were characterized for each fault include: (1) rupture model including
independent versus dependent, single plane versus zone, segmented versus unsegmented, and
linked configurations; (2) probability of activity; (3) fault geometry including rupture length,
rupture width, fault orientation, and sense of slip; (4) maximum magnitude (M); and (5)
earthquake recurrence, including both recurrence models and rates (using recurrence intervals
and/or fault slip rates). There are sparse data on rates of activity for many faults so the approach
developed by McCalpin (1995) was applied to characterize fault slip rate distributions.
McCalpin’s analysis was updated, adding 15 slip rate observations from six additional faults.

In addition to active faults, three areal earthquake source zones were defined based on
seismotectonic provinces in the LANL region: the Rio Grande rift, Southern Great Plains, and
Colorado Plateau. Due to its high level of seismicity, the Socorro Seismic Anomaly was also
modeled as an areal source zone and differentiated from the Rio Grande rift. Earthquake
recurrence rates computed for each areal source zone are based on an updated (through 2005)
historical seismicity catalog. In addition to the traditional approach of using areal source zones,
Gaussian smoothing with a spatial window of 15 km was used to address the hazard from
background seismicity and to incorporate a degree of stationarity. The two approaches, areal
sources and Gaussian smoothing were weighted equally to compute the hazard from background
seismicity in the PSHA.

A combination of both empirical and site-specific attenuation relationships were used in the
PSHA. The empirical models were weighted as follows: Abrahamson and Silva (1997),
modified for normal faulting, 0.45; Spudich et al. (1999), 0.35; Campbell and Bozorgnia (2003),
0.10; Sadigh et al. (1997), 0.05; and Boore et al. (1997), 0.05. The relationships were weighted
based on their appropriateness for the extensional Rio Grande rift. Because the epistemic
variability was deemed insufficient as provided by the five attenuation relationships, they were
all scaled to obtain a total sigma (In) of 0.4.

To compensate for the lack of region-specific attenuation relationships, the stochastic ground
motion modeling approach was used, as it was in 1995, to develop site-specific relationships for
LANL. The point-source version of the stochastic methodology was used to model earthquakes
from M 4.5 to 8.5 in the distance range of 1 to 400 km. To accommodate finite-source effects at
large magnitudes (M > 6.5), model simulations included an empirical magnitude-dependent
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short-period saturation as well as a magnitude-dependent far-field fall off. Relationships were
developed for the CMRR, TA-3, TA-16, and TA-55 sites. A relationship for dacite was also
developed. Aleatory variabilities in stress drop, magnitude-dependent point-source depths, the
crustal attenuation parameters Q, and 7, and kappa were included in the computations of the
attenuation relationships through parametric variations. Site-specific profiles (low-strain Vg, and
Vp down to dacite) as well as modulus-reduction and hysteretic-damping curves were also
randomly varied.

Variability (aleatory) in the regression of the simulated data is added to the modeling variability
to produce 16th, 50th (median), and 84th percentile attenuation relationships. Thirty simulations
were made for each magnitude and distance, and the results fitted with a functional form that
accommodates magnitude-dependent saturation as well as far-field fall-off. Twelve attenuation
relationships developed for the CMRR site were derived from three stress drops, two velocity
models, and two sets of dynamic material properties. For the TA-3, TA-16, and TA-55 sites
there were nine attenuation relationships derived from three stress drops, one velocity profile,
and three sets of dynamic curves. There were six attenuation relationships for dacite derived
from one profile, two sets of dynamic curves, and three stress drops.

In the 1995 study, attention was focused on potential topographic effects on ground motions due
to the location of LANL facilities on mesas. In this study, a suite of topographic amplification
factors was developed for LANL on the basis of (1) recent LANL modeling results, (2) other
modeling results and observations in the literature, and (3) recommendations of Eurocode 8. The
amplification factors are based on slope angles following Eurocode 8 as well as the French
Seismic Code. To accommodate a fully probabilistic hazard analysis, both median estimates and
standard deviations were developed, based on ranges of factors in modeling results and
observations.

Probabilistic seismic hazard was calculated for the ground surface at CMRR, TA-3, TA-16, TA-
55 and the top of dacite at TA-55. The hazard from the site-specific stochastic and empirical
western U.S. soil attenuation relationships was calculated separately for each type of
relationship. The modeling shows that the probabilistic hazard for peak horizontal ground
acceleration (PGA) at all the above sites is controlled primarily by the PFS at all return periods.
The PFS similarly controls the hazard at LANL for longer-period ground motions, such as 1.0
sec spectral acceleration (SA). Background seismicity in the Rio Grande rift, which contributed
to the hazard at LANL in the 1995 study, is not a significant contributor in this new analysis,
probably due to the increased activity rate of the PFS in the Holocene (clustering).

In calculating the probabilistic ground motions at LANL, the surface motions must be hazard
consistent; that is, the annual exceedance probability of the soil UHRS should be the same as the
rock UHRS. In NUREG/CR-6728, several site response approaches are recommended for use to
produce soil motions consistent with the rock outcrop hazard. These approaches also incorporate
site-specific aleatory variabilities of soil properties into the soil motions. To compute the site-
specific ground-shaking hazard at LANL, we used two different approaches: (1) empirical
attenuation relationships for the western U.S. (WUS) generic deep firm soil and (2) site-specific
attenuation relationships. In the case of the latter, the site response is contained in the stochastic
attenuation relationships (Approach 4). For the empirical attenuation relationships, the
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computed generic soil hazard curves from the PSHA were adjusted for the site-specific site
conditions at each of the LANL sites using computed amplification factors (Approach 3).

The point-source version of the stochastic ground motion model was used to generate the
amplification factors (the ratios of the response spectra at the top of the site profiles to the WUS
soil). They are a function of the reference (WUS deep firm soil) peak acceleration, spectral
frequency, and nonlinear soil response. Amplification factors were computed for CMRR (4
sets), TA-3 (3 sets), TA-16 (3 sets), and TA-55 (3 sets), based on the velocity profiles and
properties, but only one set was computed for the top of dacite. The point-source stochastic
model was also used to compute site-specific vertical-to-horizontal (V/H) ratios. To
accommodate model epistemic variability following the approach used for the horizontal hazard
analyses, empirical deep firm soil V/H ratios were also used with equal weights between the
stochastic and empirical models.

The hazard curves derived from the empirical attenuation relationships and the amplification
factors were used to calculate site-specific hazard curves using Approach 3. These hazard curves
and the hazard curves based on site-specific stochastic attenuation relationships (Approach 4)
were then weighted equally and the topographic amplification factors and V/H ratios were
applied. In seismic hazard analyses, epistemic uncertainty (due to lack of knowledge) of
parameters and models is typically represented by a set of weighted hazard curves. Using these
sets of curves as discrete probability distributions, they can be sorted by the frequency of
exceedance at each ground-motion level and summed into a cumulative probability mass
function. The weighted-mean hazard curve is the weighted average of the exceedance frequency
values.

Based on the final site-specific hazard curves, mean horizontal UHRS were computed for
CMRR, TA-3, TA-16, and TA-55. The TA-55 UHRS is based on an envelope of the hazard
curves of CMRR and the hazard curve developed on basis of the 1995 borehole velocity profiles
(SHB-1). Dacite and site-wide mean horizontal UHRS were also computed. The site-wide
UHRS is derived from an envelope of the hazard curves of CMRR, TA-3, TA-16, and TA-55.
Table ES-1 lists the horizontal and vertical PGA values for the UHRS.

The new PSHA shows that the horizontal surface PGA values are about 0.5 g at a return period
of 2,500 years. The vertical PGA values at the same return period are about 0.3 g. The 1995
horizontal PGA values for a return period of 2,500 years are about 0.33 g. The estimated hazard
has increased significantly (including other spectral values) from the 1995 study due to the
increased ground motions from the site-specific stochastic attenuation relationships and increase
in the activity rate of the PFS. The site response effects as modeled in this study with the newer
site geotechnical data appears to amplify ground motions more than in the 1995 analysis. Other
factors could be the increased epistemic uncertainty incorporated into the empirical attenuation
relationships and in the characterization of the PFS.

Horizontal and vertical DRS for CMRR, TA-3, TA-16, TA-55, dacite, and site-wide were
calculated for SDC-3, -4, and -5. Table ES-2 lists the horizontal and vertical PGA values for the
DRS. DRS at other dampings levels of 0.5%, 1%, 2%, 3%, 7%, and 10% were computed from
the 5%-damped DRS using empirical damping ratios.
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Strain-compatible properties including Vs, Vs sigma, S-wave damping, S-wave damping sigma,
Vp, Vp sigma, P-wave damping, and strains as a function of depth were calculated for return
periods of 2,500 and 10,000 years. The strain-compatible properties are consistent with the
mean hazard.

Time histories were developed through spectral matching following the recommended guidelines
contained in NUREG/CR-6728. The phase spectra were taken from accelerograms of the 23
November 1980 (1934 GMT) M 6.9 Irpinia, Italy, earthquake recorded at the Sturno strong
motion site.
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Table ES-1
LANL Mean PGA Values (g) From the UHRS
Return CMRR TA-3 TA-16 TA-55 Site-Wide Dacite
Period
(years) Horiz. | Vert. | Horiz. | Vert. | Horiz. | Vert. | Horiz. | Vert. | Horiz. | Vert. | Horiz. | Vert.
1,000 0.27 0.32 0.27 0.32 0.25 031 | 027 | 032 | 027 | 032 | 0.13 | 0.12
2,500 0.52 0.60 0.52 0.59 0.47 057 | 052 | 060 | 052 | 0.60 | 027 | 0.27
10,000 1.03 1.21 1.03 1.10 0.93 1.05 | 1.03 | 1.21 1.03 | 1.21 | 0.65 | 0.65
25,000 1.47 1.79 1.45 1.57 1.33 1.50 | 1.47 | 179 | 147 | 1.79 | 1.01 | 097
100,000 2.30 3.01 2.29 2.79 2.11 2.57 | 230 | 3.01 | 230 | 3.01 1.69 | 1.65
Table ES-2
LANL PGA Values (g) From the DRS
CMRR TA-3 TA-16 TA-55 Site-Wide Dacite
SPe Horiz. | Vert. | Horiz. | Vert. | Horiz. | Vert. | Horiz. | Vert. | Horiz. | Vert. | Horiz. | Vert.
3 0.47 0.56 0.47 0.53 0.43 050 | 047 | 060 | 047 | 056 | 028 | 0.27
4 0.72 0.87 0.71 0.78 0.65 074 | 072 | 086 | 0.72 | 086 | 0.47 | 0.45
5 1.17 1.50 1.17 1.39 1.07 129 | 1.17 | 1.50 | 1.17 | 1.50 | 0.84 | 0.82

SDC = Seismic Design Category
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SECTIONONE Introduction

At the request of the Los Alamos National Laboratory (LANL), the following report describes
and summarizes an update of the probabilistic seismic hazard analysis (PSHA) of LANL and
development of Design/Evaluation Basis Earthquake (DBE) ground motions for the Chemistry
and Metallurgical Research Replacement (CMRR) site and Technical Areas TA-3, TA-16, and
TA-55. Site-wide and a reference rock outcrop (dacite) ground motions have also been
developed and are recommended for use in the design of facilities in other Technical Areas.
Both Uniform Hazard Response Spectra (UHRS) and Design Response Spectra (DRS) have been
calculated per ASCE/SEI 43-05. DRS were computed for Seismic Design Categories (SDC)-3
(2,500-year return period), -4 (2,500 years), and -5 (10,000 years). This study was performed by
URS Corporation and Pacific Engineering & Analysis (PE&A) with support from the Earth and
Environmental Sciences Division at LANL. The project was initiated in September 2004.

LANL is managed and operated by the Los Alamos National Security LLC for the U.S.
Department of Energy (DOE). As part of DOE Order 420.1 (2002), LANL is required to:

1. Review and update the natural phenomena hazards assessments, as necessary, if there
are significant changes in natural phenomena hazards assessment methodology or
site-specific information, and

2. Conduct a review of the natural phenomena hazards assessment at least every 10 years.
The review shall include recommendations to DOE on the need for updating the existing
natural phenomena hazard assessments based on identification of any significant
changes in methods or data.

The purpose of this project is to update the LANL PSHA performed by Woodward-Clyde
Federal Services (WCFS) in 1995 and to revise the DBE ground motions prescribed in the
LANL Engineering Standards Manual, Chapter 5, Structural. The 1995 WCFS study was the
most comprehensive seismic hazard evaluation ever performed for LANL. The study had as its
basis several years of studies previously performed by LANL staff (Gardner and House, 1987).
The results of the WCFS study, published in an internal report titled “Seismic Hazards
Evaluation of the Los Alamos National Laboratory” and dated 24 February 1995, provided DBE
ground motions that were subsequently incorporated into the LANL Engineering Standards
Manual as the basis for the design of new or updated facilities. A supplementary report to this
report that contains final vertical DRS for LANL has also been prepared and submitted to LANL
for incorporation into the Engineering Standards Manual.

Since the 1995 study was completed, new guidelines, data and information have emerged.
Pertinent to any new PSHA for LANL are the following:

1) DOE has changed the definitions of ground motions to be used for their facilities (Natural
Phenomena Hazards Design and Evaluation Criteria for U.S. Department of Energy
Facilities, DOE-STD-1020-2002, January 2002);

2) New guidelines for conducting a PSHA have been developed (SSHAC, 1997);

3) Ground motion-attenuation models for extensional tectonic regimes such as the Basin and
Range Province, have been developed;

4) Geotechnical data on the subsurface geology of the CMRR have been collected;
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SECTIONONE Introduction

5) LANL geologists have performed a number of additional geologic investigations, including
new mapping of the Pajarito fault system (PFS);

6) Additional information on the paleoseismic chronology of events from new trenches along
the PFS and other faults in the region has become available; and

7) Issues relevant to site response and topographic effects have become the focus of the recent
geotechnical siting of the CMRR.

1.1 SCOPE OF WORK

To address and incorporate the above changes in an update of the LANL PSHA, the following
scope of work was performed (Figure 1-1). Task descriptions are provided to give an overview
of the work that was performed. Details can be found in the relevant sections of the report. The
study was performed as a SSHAC (1997) Level 2 analysis (Section 2.4).

1.1.1 Task Description

Task 1 Updating and Revision of Seismic Source Model

This task consisted of three primary subtasks: (1) updating the seismic source characterization of
the PFS; (2) reviewing and revising the McCalpin slip rate frequency distribution first developed
for the 1995 study; and (3) revising the characterization of regional faults. In subtask 1, the
initial PFS model is the model developed in the probabilistic fault displacement hazard analysis
for TA-16 (Olig et al., 2001). This model was revised based on recent LANL mapping and
paleoseismic investigations. A key issue is whether the PFS exhibits temporal clustering and if
s0, is the fault still in a cluster. For subtask 2, new paleoseismic data on Rio Grande rift (RGR)
faults were compiled and reviewed and the slip rate frequency distribution was revised. For
subtask 3, our RGR fault model (Wong et al., 2004) was revised by including (a) new data for
faults within 50 km of LANL that contribute more than 5% to the hazard at LANL, (b) slip rates
with the new RGR frequency slip-rate distribution, and (c) reassessed maximum magnitude for
each fault. The characterization of longer more active faults that contribute more than 5% of the
hazard at the site within 100 km was also revised. The recurrence models (e.g., characteristic,
maximum magnitude, or truncated exponential) were re-evaluated.

Task 2 Updating Catalog and Evaluation of Historical Seismicity

This task consisted of updating the WCFS (1995) historical seismicity catalog, which includes
both pre-instrumental and instrumental seismicity, and evaluating the earthquake record in the
LANL region. The objectives of this task were to (1) characterize seismogenic sources in the
LANL region in terms of their geometry and earthquake-generating parameters; (2) evaluate the
possible association of seismicity with specific faults or other geological structures; and
(3) characterize the regional tectonic stresses. The network-determined earthquake locations
were reviewed for their accuracy. Earthquake recurrence rates for the regional source zones (i.e.,
areal zones of background seismicity) were estimated using the updated catalog, which was
corrected for completeness and had dependent events removed. The resulting homogeneous
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SECTIONONE Introduction

catalog of independent events was also used for the alternative approach of Gaussian smoothing
of the regional seismicity in the PSHA.

Task 3 Compilation, Review, and Analyses of Site Geotechnical Data

The objective of this task was to update the characterization of the subsurface geology for
CMRR and the three technical areas to depths beneath the Bandelier tuff, which is extensive
beneath the entire LANL and is primarily responsible for the site response effects on ground
motions. All geotechnical and site geologic data collected since 1995 were compiled, reviewed,
and analyzed. Of particular interest were the new shear-wave velocity data and dynamic
laboratory testing results from the site investigations conducted for the CMRR. Site-specific
shear-wave and compressional velocity profiles were developed for CMRR based on these new
data. Site-specific profiles for each of the three technical areas were revised based on the new
data. Shear-modulus reduction and damping curves were reassessed for their appropriateness.
Because the seismic hazard was calculated for annual probabilities of exceedance (APE) as low
as 10, the probabilistic hazard calculations used a three-sigma truncation on the aleatory
uncertainty of the ground motion attenuation relationships.

Task 4 Evaluation of Kappa

Kappa (x), the parameter that characterizes the near-surface attenuation beneath a site was
evaluated. Values of k were previously derived in 1995 from an analysis of earthquakes
recorded at several stations of the LANL seismographic network whose subsurface geology was
similar to that of the technical areas of interest. Waveforms from selected local and regional
events recorded since 1995 were analyzed to evaluate the validity of the kappa value of 0.035 sec
that was used in 1995, along with an estimate of its uncertainty.

Task 5 Review and Selection of Empirical Attenuation Relationships and Development of
Site-Specific Relationships

It was expected that new empirical attenuation relationships for normal faulting developed by the
Pacific Earthquake Engineering Research (PEER) Center-sponsored NGA (Next Generation of
Attenuation) Project would be available by mid-March 2005. However, no attenuation
relationship became available in time to be used for this study. Thus existing ground motion
prediction relationships for soil were evaluated for their appropriateness and used in our study.

Site-specific attenuation relationships for CMRR and TA-3, TA-16, and TA-55 were derived
from numerical modeling based on the stochastic point-source ground motion model as was done
in 1995. The attenuation relationships were developed for the ground surface. Relationships for
a site-wide reference rock datum, the top of dacite, were also developed. Input parameters
included magnitude-dependent stress drops and focal depths, the crustal attenuation parameters
Q and 7, and kappa (k). Epistemic and aleatory uncertainties were partitioned in the attenuation
relationships. An RVT-equivalent-linear approach was used to incorporate nonlinear site
response in the attenuation relationships.
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Task 6 Evaluation of Topographic Effects for Design

The effects of mesa and canyon topography at LANL on ground motions were re-evaluated. In
addition, a review of earthquake recordings made since 1995 at the LANL by the local
seismograph network was performed to assess topographic effects. Adjustments to design
spectra were based on the results of this task as well as other available information relating to
topographic effects.

Task 7 PSHA Calculations

The objective of this task was to perform a state-of-the-art PSHA that incorporates the most up-
to-date information on seismic sources, ground motion attenuation, and site effects. Epistemic
uncertainty was addressed through the use of logic trees. Coseismic rupture of multiple faults
was modeled. Site-specific hazard curves were calculated for CMRR, TA-3, TA-16, TA-55, and
top of dacite. The probabilistic hazard was calculated using site-specific stochastic attenuation
relationships and empirical relationships for deep firm soil. Deaggregation of the hazard was
performed to define the modal M (magnitude) and D (distance). As part of sensitivity analyses,
key parameters for the PFS, e.g., recurrence intervals/slip rates and rupture scenarios, were
varied to evaluate their impact on the hazard at the LANL.

Task 8 Development of Site-Specific V/H Ratios

Site-specific V/H ratios for ground motion were computed in a fashion similar to what was done
in 1995. The stochastic point-source model and empirically-based V/H ratios were used to
develop V/H ratios for each site and the top of dacite.

Task 9 Development of DBE Ground Motions

Approach 3 (NUREG-6728; McGuire ef al., 2002) was used to determine the site-specific hazard
at each site by modifying the hazard calculated using the empirical attenuation relationships and
amplification factors. The amplification factors were calculated using an RVT-based equivalent-
linear site response approach and the site data from Task 3. This hazard was then combined with
the hazard calculated from the stochastic attenuation relationships to arrive at the final hazard.
Topographic effects and V/H were also incorporated probabilistically into the final hazard.
Hazard-consistent hazard curves, UHRS, and DRS were calculated for CMRR and the three
technical areas. Site-wide UHRS/DRS were also calculated by enveloping the site-specific
hazard curves. Top of dacite UHRS/DRS were also calculated. UHRS/DRS were defined at
APEs of 107, 4x10™, 10, 4x107, and 10 (return periods of 2500, 10,000, 25,000, and 100,000
years, respectively). DRS were also calculated at dampings of 0.5%, 1%, 2%, 3%, 4%, 7%, and
10% using empirical damping ratios.

Task 10 Development of Risk-Consistent Spectra

UHRS down to an APE of 10” were calculated so that risk-consistent 5%-damped DRS could be
developed for each of the four sites, site-wide, and the top of dacite consistent with ASCE-43.
Risk-consistent spectra are derived by adjusting the UHRS by factors related to the appropriate
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slopes of the hazard curves. Horizontal and vertical time histories were calculated based on the
DRS for return periods of 2500 and 10,000 years.

Task 11 Meetings and Final Report

A series of workshop meetings was held at LANL with the Steering Committee and LANL staff
to ensure a comprehensive participatory review of the PSHA process and the development of
DBE parameters throughout the project; the project participants were also engaged in biweekly
conference calls. This final report, which describes and summarizes the project, reflects iterative
refinements resulting from those meetings and biweekly conference calls. A draft version of the
report was reviewed by the Steering Committee and LANL, prior to the final (stakeholders)
meeting and all comments were addressed and documented.

Task 12 Quality Assurance

URS worked under the URS’ DOE Western Branch Quality Assurance Program, which meets
NQA-1 standards. QA documentation has focused on reviews made by the Steering Committee
during the process of the project and the final report. Responses to review comments were
documented. Computer programs for the PSHA and site response analyses were validated and
verified by URS. The QA Program manual was submitted to LANL for their review. The final
report was reviewed by our contractor Burns & Roe to ensure that it conformed to the QA
Program requirements.

1.1.2 Amended Scope

It should be noted that a significant change in our scope of work occurred about one year into the
study when URS/PE&A proposed to LANL and the Steering Committee to use several new
approaches in hazard analysis including the incorporation of site response and topographic
effects fully probabilistically into the LANL hazard based on the guidance provided in
NUREG/CR-6728 (McGuire et al., 2001) (Section 8). Both LANL and the Steering Committee
concurred with this recommendation. To our knowledge, this is the first time that these new
approaches have been applied to a DOE facility. Because of the innovative nature of these
approaches, a significant amount of additional effort was required including the development of
new computational procedures and software. URS/PE&A strongly believe the final design
ground motions described in this report represent a more accurate representation of the hazard at
LANL and we believe this project significantly advanced the state-of-the-practice in several
respects. These new approaches included:

(1) Moment balancing of the fault rupture model of the Pajarito fault system to properly
partition the slip rates of the segments into events, which expressed the various rupture
scenarios keeping the fault in moment equilibrium. This approach was first used by the
Working Group on California Earthquake Probabilities (2003) and is the first application
outside of California (Section 5.1.1).

(2) Implementation of a site-response analysis approach described in NUREG/CR-6728
(McGuire et al., 2001), which results in hazard-consistent surface motions (Section 8.1).
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3) Accommodation of increased epistemic variability in attenuation relations requiring
development and implementation of a procedure to do so (Section 6.1).

(4) Incorporation of topographic effects in a fully probabilistic manner. This required
several new developments: a) computation of separate horizontal and vertical factors,
mean estimates, median estimates, and associated standard deviations (different for
horizontal and vertical components), and b) determination of a defensible means of
modifying hazard curves with the topographic factors that preserves probability(hazard
consistent) (Section 6.4).

(5) Development of site-specific vertical motions which have the same probability as the
horizontal components. Typically either a generic or site-specific V/H ratio is developed
and applied to the horizontal design motions, which does not preserve the desired
probability. To achieve hazard consistency for the vertical and have them be site-specific
necessitated developing an extended suite of vertical motions by running an inclined P-
SV model with properties for each site.

1.2 DOE SEISMIC DESIGN CRITERIA

DOE Order 420.1 and associated NPH Guide, DOE G-420.1-2 requires that structures, systems,
and components (SSCs) at DOE facilities be designed and constructed to withstand the effects of
natural phenomena hazards using a graded approach. The graded approach is implemented by
the five Performance Categories established for SSCs based on criteria provided by DOE-STD-
1021-93. The following DOE documents include criteria for which this study was designed and
under which it was performed:

e DOE Standard 1020-2002 Natural Phenomena Hazards Design and Evaluation Criteria for
DOE Facilities

e DOE Standard 1022-94 Natural Phenomena Hazards Site Characterization Criteria

e DOE Standard 1023-95 Natural Phenomena Hazard Assessment Criteria

1.3 PROJECT ORGANIZATION

DOE Standard 1023-95 recommends that the input into a PSHA be derived through either (1) the
elicitation of multiple experts, or (2) peer review. The objective of both processes is to ensure
that the diversity (or uncertainty) of opinion on how to model both earthquake occurrence and
the seismic wave propagation is properly incorporated into the hazard analysis (SSHAC, 1997).
In this study, the latter approach was taken as appropriate for a SSHAC Level 2 analysis.
Guidance and review were provided by a Steering Committee selected by LANL.

This study was performed by URS and PE&A under subcontract to Burns and Roe Enterprises,
Inc. (BREI). The Project Team consisted of the following members: Ivan Wong (Project
Manager), Susan Olig, Mark Dober, Fabia Terra, Judith Zachariasen, Patricia Thomas, Shobhna
Upadhyaya, and Mark Hemphill-Haley of URS; Walter Silva and Nick Gregor of PE&A; Jamie
Gardner and Claudia Lewis of LANL; Norm Abrahamson, Consultant; and Kenneth Stokoe of
the University of Texas. LANL support was provided by Michael Salmon (Project Manager),
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Tom Houston, Richard Lee, Stephanie Luscher; Doug Volkman, Dennis Basile, and Tom
Whitacre (DOE). Zia Zafir of Kleinfelder, Inc., also provided assistance. Members of the
Steering Committee included Walter Arabasz, University of Utah; Carl Costantino, Consultant;
and Michael Machette, USGS. Jeff Kimball contributed to the Steering Committee’s
deliberations during much of the project while a member of the staff of DOE. Toby Walters
(URS) and Peter Lujan (BREI) provided project management support. We acknowledge and
thank the LANL and DOE staff and the Steering Committee for their contributions to this study.
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SECTIONTWO Probabilistic Seismic Hazard Analysis Methodology

This section provides a general description of the PSHA methodology used to calculate ground
motions at LANL. Input parameters used in the LANL PSHA are described in subsequent
sections.

The PSHA methodology used in this study allows for the explicit inclusion of a range of possible
interpretations for different components of the PSHA model, including seismic source
characterization and ground motion estimation. In this study, extensive efforts were made to
assemble and use up-to-date geologic and seismologic data to evaluate and characterize potential
seismic sources, the likelihood of earthquakes of various magnitudes occurring on those sources,
and the likelihood of earthquakes producing ground motions greater than specified levels.
Uncertainties due to incomplete knowledge about parameters and models are incorporated into
the hazard analyses through the use of logic trees in which variously weighted alternatives reflect
an informed evaluation of the current state of knowledge, refined by peer review.

21 METHODOLOGY

The seismic hazard approach used in this study follows a methodology developed principally by
Cornell (1968). The production of earthquakes by an identified fault or other seismic source
zone is assumed to be a Poisson process. The Poisson assumption is widely used and is
reasonable in regions where data are sparse and only provide an estimate of average recurrence
rate (Cornell, 1968). The occurrence of ground motions at a site in excess of a specified level
also is a Poisson process if (1) the occurrence of earthquakes is a Poisson process and (2) the
probability that any one event will result in ground motions at the site in excess of a specified
level is independent of the occurrence of other events.

€%

The probability that a ground motion parameter “Z” exceeds a specified value “z” in a time
period “t” is given by:
p(Z>z)=1-"" 2-1)

where v(z) is the annual mean number (or rate) of events in which Z exceeds z. It should be
noted that the assumption of a Poisson process for the number of events is not critical. This is
because the mean number of events in time t, v(z)=t, can be shown to be a close upper bound on
the probability p(Z > z) for small probabilities (less than 0.10) that generally are of interest for
engineering applications. The annual mean number of events is obtained by summing the
contributions from all earthquake sources, that is:

v(2) = Zvi(2) (2-2)
n

where vy(z) is the annual mean number (or rate) of events on source n for which Z exceeds z at
the site. The parameter v,(z) is given by the expression:

in(2) = %JZBn(mi)°p(R:fjImi)°p(Z>Zlmi,rj) (2-3)

where:
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Br(my) = annual mean rate of recurrence of earthquakes of magnitude increment m; on
source n;

p(R=r;j|m;) = probability that given the occurrence of an earthquake of magnitude m; on
source n, 1j is the closest distance increment from the rupture surface to the
site;

p(Z> z|m,r)) = probability that given an earthquake of magnitude m; at a distance of rj, the

ground motion exceeds the specified level z.

The hazard calculations for vibratory ground motion were made using the computer program
HAZ38 developed by Norm Abrahamson (consultant, unpublished, 2006). The computer
program has undergone verification testing under the LANL project-specific procedure
PSNQAP-3.3.1, which is contained in the URS DOE West Nuclear Quality Assurance Manual.

2.2 SEISMIC SOURCE CHARACTERIZATION

Two types of earthquake sources are characterized in this seismic-hazard analysis: (1) fault
sources and (2) areal source zones (Section 5). Fault sources are identified faults or zones of
faults, represented as three-dimensional surfaces that define the locations of future earthquakes.
Areal source zomes are regions (more correctly, volumes) in which future earthquakes are
assumed to occur randomly in space and time, independent of mapped faults. As part of the
seismic source characterization, seismic sources are modeled in terms of their probability of
activity, source geometry, and earthquake recurrence.

The geometric source parameters for faults include location, segmentation model, dip, and
thickness of the seismogenic zone. The recurrence parameters include recurrence model,
recurrence rate (slip rate or average recurrence interval for the maximum event), slope of the
recurrence curve (b-value), and maximum earthquake magnitude. The parameters for geometry
and recurrence are not totally independent. For example, if a fault is modeled with several small
segments instead of large segments, the maximum magnitude is lower and a given slip rate
requires many more small earthquakes to accommodate a cumulative seismic moment. For areal
source zones, we need only to define the geometric bounds, maximum depth, maximum
magnitude, and recurrence parameters based on the historical earthquake record.

Uncertainties in the source parameters are included in the hazard model using logic trees
(Section 5). In the logic tree approach (Kulkarni et al., 1979), we include discrete values of the
source input parameters along with our estimate of the likelihood that the discrete values
represent the actual values. Generally, in the LANL PSHA most input parameters are represented
by three to five values: a best estimate or 50th percentile together with lower and upper values
that are part of a distribution about the best estimate (Section 5).

2.2.1 Probability of Activity

Probability of activity [P(a)] expresses the likelihood that a fault is active, ranging from 1.0
(definitely active and therefore seismogenic) to 0.0 (completely inactive). Faults with definitive
evidence for repeated Quaternary movement were generally assigned probabilities of being
active and seismogenic of 1.0 unless other evidence suggests they may not be seismogenic
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structures (Section 5.1). A probability of activity of less than 1.0 was assigned to faults that do
not show definitive evidence for repeated Quaternary movement. Each fault was judged
individually, based on available data and the above criteria (Section 5).

2.2.2  Source Geometry

The geometry of seismic sources needs to be defined in the PSHA. Because fault geometries are
not well constrained in some cases, variable configurations are considered for each fault
(typically three fault dips and three depths for the seismogenic crust, giving rise to nine possible
combinations). Generic constraints on fault dip applicable to the majority of faults in the region
come from seismic-reflection data, earthquake hypocenters, and the focal mechanisms of
instrumentally recorded earthquakes.

For fault sources in this PSHA, it is assumed that earthquakes of a certain magnitude may occur
randomly along the length of a given fault or fault segment. The distance from an earthquake
source to the site depends on the fault geometry, the size and shape of the rupture on the fault
plane, and the likelihood of the earthquake occurring at different points along the fault length.
The distance to the fault is defined to be consistent with the specific attenuation relationship used
to calculate the ground motions. The distance, therefore, is dependent on both the dip and depth
of the fault plane; a separate distance function is calculated for each geometry and each
attenuation relationship. The size and shape of the rupture on the fault plane depend on the
magnitude of the earthquake, with larger events rupturing longer and wider (downdip) portions
of the fault plane.

2.2.3 Style of Faulting

For each fault, the style of faulting was specified as normal, strike-slip, or oblique-normal. This
parameter was required by each of the attenuation relationships (Section 6.1). No reverse faults,
which are sparse in the RGR, are deemed significant seismic sources for the LANL region.

2.2.4  Types of Multisegment Ruptures

Large earthquakes on faults having multiple segments can rupture as multiple subevents
(synchronous rupture) rather than just a single large event (simultaneous rupture), as is typically
assumed and modeled in standard PSHAs. The type of multisegment rupture (synchronous
versus simultaneous) can significantly impact ground motion estimates, depending on the
location of the site relative to the segments (e.g., CRWMS M&O, 1998). Several LANL
facilities are located between different segments of the PFS, and so we explicitly considered both
simultaneous and synchronous types of multisegment ruptures for the PFS (Section 5.1.2.3).

PSHA calculations typically consider each fault to be a single rupture plane and for each fault to
rupture independently including any segments. However, modeling synchronous ruptures in
PSHAs is somewhat new and more complex, therefore, we discuss our approach further here.
Synchronous model parameters and their weights are discussed in Section 5.1.1.

In the case of the synchronous rupture one fault is considered to be the location of the main event
or first subevent, and the other fault is considered to be the location of the second subevent. In
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the hazard calculations, the first subevent’s rupture plane is defined in detail (that is its
curvilinear surface, dip, and downdip extent), but the second subevent is only defined by
magnitude and distance to the site. The second subevent is allowed to rupture only when a
defined minimum magnitude of the first subevent is achieved and when the rupture distance
between the two subevents is within a defined range (Table 2-1). The final ground motion value
of the two ruptures is calculated by taking the square root of the sum of the squares (SRSS) of
the two subevent ground motions values. This approach is similar to what was done in the
Yucca Mountain PSHA (CRWMS M&O, 1998). The principal issue with this approach is
whether the ground motions from multiple ruptures are correlated or independent. In the Yucca
Mountain PSHA, the ground motion experts generally considered the ground motions to be
independent (CRWMS M&O, 1998).

The total sigma for the synchronous rupture is calculated using the following equation:

- \/012 -(exp(InY))* + o7 - (exp(InY,))* (2-4)

(exp(InY,))” + (exp(In ¥, ))*

where InY; = the log ground motion value of the first subevent, InY, = the log ground motion
value of the second subevent, o; = the sigma of the first subevent and ¢, = the sigma of the
second subevent.

2.2.5 Maximum Magnitudes

Consistent with current state-of-the-practice, we estimate the maximum magnitude for each fault
source based on empirical relations between expected slip and/or rupture dimensions (i.e.,
displacement per event and/or fault rupture length and width, and the resultant area) and magnitude.
Estimates of maximum earthquakes from empirical data such as rupture length and displacement are
limited by uncertainties in the empirical data, the range of observed rupture parameters underlying
the empirical relations, and uncertainties in the assessment of rupture parameters for the fault under
investigation.  Therefore, the final assessment of maximum magnitude is a judgment that
incorporates an understanding of specific fault characteristics, the regional tectonic environment,
similarity to other faults in the region, and seismicity data.

The most common approach to estimating maximum magnitude is to use an empirical relation
based on worldwide fault rupture lengths and earthquake magnitudes. There have been no
historical earthquake surface ruptures in New Mexico. However, considerable uncertainty often
exists in the selection of the appropriate rupture length to be used in the analysis (Schwartz et al.,
1984). Rupture lengths of historical surface-rupture events on a specific fault may provide direct
evidence.

The empirical relationships for surface rupture length and fault displacement used in the
maximum magnitude assessments are those developed by Wells and Coppersmith (1994).
Specific relations are given in Section 5. The regressions on which these particular relationships
are based have high correlation coefficients and the standard deviations range from 0.28 to 0.40
magnitude unit (Wells and Coppersmith, 1994). Maximum magnitudes for the areal sources are
based on arguments of the minimum threshold for surface faulting (Section 3.2.4).
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2.2.6 Fault Recurrence Models

Earthquake recurrence for the fault sources is modeled using three alternative recurrence models:
A) the characteristic earthquake model, B) the maximum magnitude model, and C) the truncated
exponential model. These models are individually weighted to represent our judgment on their
applicability to the sources. Only the truncated exponential recurrence relationship is assumed
appropriate for the areal source zones.

We have used the form of the truncated exponential model of Youngs and Coppersmith (1985),
which was first proposed by Cornell and Van Marke (1969). The number of events exceeding a
given magnitude, N(m), for the truncated exponential relationship is

)i O-b(m-m") -] O-b(m“-m")
]- IO-b(m”-m") (2_5)

N(m)=a(m®)

where a(m°) is the annual frequency of earthquakes greater than the minimum magnitude (m°); b
is the Gutenberg-Richter parameter defining the slope of the recurrence curve; and m" is the
upper-bound magnitude event that can occur on the source. A value of m® equal to moment
magnitude (M) 5.0 was used for the hazard calculations because smaller events are not
considered likely to produce ground motions with sufficient energy to damage well-designed
structures.

We have included a model that allows faults to rupture with a specific “characteristic” magnitude
on individual segments. This model is described by Aki (1983) and Schwartz and Coppersmith
(1984) and numerically modeled by Youngs and Coppersmith (1985) (Figure 2-1). For the
characteristic model, the number of events exceeding a given magnitude is the sum of the
characteristic events and the non-characteristic events. The characteristic events are typically
distributed uniformly over + 0.25 magnitude unit (AMcn,) around the characteristic magnitude
(Mchar) and the remainder of the moment is distributed exponentially using the above equation
with a maximum magnitude one unit lower (AM2) than the characteristic magnitude (Figure 2-1;
Youngs and Coppersmith, 1985). We used this model for segmented faults. For unsegmented
faults, we used a slightly wider distribution with AMchsr = 0.3 to reflect our belief that faults in
the RGR show a broader distribution in size of the characteristic magnitude than typical range-
bounding faults elsewhere in the Basin and Range Province (Section 5.1.1.4).

We adopted the maximum-magnitude model proposed by Wesnousky (1986), which can be
regarded as an extreme version of the characteristic model. In the maximum magnitude model,
there is no exponential portion of the recurrence curve, i.e., no events occur between the
minimum magnitude of M 5.0 and the distribution about the maximum magnitude.

2.2.7 Fault Recurrence Rates

The recurrence rates for the fault sources are defined by either the slip rate or the average
recurrence interval for the maximum or characteristic event and the recurrence b-value. The slip
rate is used to calculate the moment rate on the fault arising from the following equation for
defining the seismic moment of a single earthquake:
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M,=pnAD (2-6)

where M, is the seismic moment, p is the shear modulus, A is the area of the rupture plane, and
D is the average slip (or displacement) on the fault plane. Dividing both sides of the equation by
time results in the moment rate as a function of slip rate:

M,=pAS 2-7)

where M , 1s the moment rate and S is the slip rate. Hanks and Kanamori (1979) derived the
following relation between M, and M:

M=2/31logM, - 10.7 (2-8)

Using this relationship and the relative frequency of different magnitude events from the
recurrence model, the slip rate can be used to estimate the absolute frequency of different
magnitude events. The average recurrence interval for the characteristic or maximum magnitude
event controls the high magnitude (low-likelihood) end of the recurrence curve (Figure 2-1;
Youngs and Coppersmith, 1985).

2.3  GROUND MOTION ATTENUATION

To characterize the ground motions at a specified site resulting from earthquakes considered in
the PSHA, we used both empirical and site-specific stochastic attenuation relationships for
spectral accelerations (Section 6). The empirical relationships used in this study were selected
on the basis of the appropriateness of the site conditions and tectonic environment for which they
were developed.

The uncertainty in ground-motion attenuation was included in the probabilistic analysis by using
the log-normal distribution about the median values as defined by the standard deviations
(epsilons) associated with each attenuation relationship. Three standard deviations about the
median value were included in the analysis. This is standard practice but has recently been
challenged by Abrahamson and Bommer (2006). Their study concluded that there is no
technical basis for truncating the ground motion distribution at an epsilon value of less than 3.
The authors recommend that “an untruncated lognormal ground motion distribution in PSHA is
appropriate for ground motions that are below the physical limits of the underlying rock or
soils.” This issue is discussed in Section 8.4.

24  ADHERENCE TO THE SSHAC PROCESS

Methodological guidance on how to perform a PSHA has been developed as part of a major
project sponsored by the U.S. Nuclear Regulatory Commission, DOE, and the Electric Power
Research Institute. Referred to as the SSHAC (Senior Seismic Hazard Analysis Committee)
guidelines, they have become the standard by which PSHAs for critical and important facilities
are now judged. These guidelines are applicable to all levels of analyses.

In view of epistemic uncertainties, the objective of a PSHA is to estimate the composite
probability distribution of the inputs to the analysis based on an evaluation and integration of the
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informed technical community’s state-of-knowledge of seismogenic processes and ground
motions (SSHAC, 1997). To satisty this objective, the analyst conducts an evaluation process
that systematically identifies and evaluates the sources and quantifies the epistemic uncertainty
in the PSHA.

Two basic principles underlie the SSHAC (1997) approach to PSHAs: (1) the inputs should
represent the composite distribution of the informed technical community and (2) the analyst
must establish ownership of these inputs. SSHAC (1997) recommends two different approaches
to performing PSHAs based on the makeup of the analyst or what is called the “integrator.”
These two approaches are called the Technical Integrator (TI) and Technical Facilitator
Integrator (TFI) approaches. The TI and TFI are defined in the following (SSHAC, 1997):

TI: a single entity (individual, team, company, etc.) who is responsible for ultimately
developing the composite representation of the informed technical community (herein
called the community distribution) for the issues using the TI approach. This could
involve deriving information relevant to an issue from the open literature or through
discussions with experts.

TFI: a single entity (individual, team, company, etc.) who is responsible for aggregating
the judgments and community distributions of a panel of experts to develop the composite
distribution of the informed technical community for the issues using the TFI approach.

The major differences between the TI and TFI approaches are the TFI is responsible for
facilitating the discussions and interactions between experts versus the TI who are the
“evaluator” experts, who act as individual integrators, in the development of the community
distribution (SSHAC, 1997).

The PSHA process should be developed in a manner consistent with the study level. The process
can range from a modest to complex. In the parlance of SSHAC (1997) these would be Level 1
to 4 evaluations. Most PSHAs (Levels 1 to 3) are performed using the TI approach. SSHAC
(1997) recommends the following 5-step process:

Step 1. Identify and select peer reviewers;

Step 2. Identify available information and design analyses and information retrieval
methods;

Step 3. Perform analyses, accumulate information relevant to issue and develop
representation of community distribution;

Step 4. Perform data diagnostics and respond to peer reviews; and
Step 5. Document process and results.

For the LANL PSHA, the TI consisted of Susan Olig, Jamie Gardner, Claudia Lewis, and Ivan
Wong for seismic source characterization. For ground motion characterization, the TIs were
Walt Silva, Ivan Wong, and Norm Abrahamson. External expert input was provided by Richard
Lee, Kenneth Stokoe, Mark Hemphill-Haley, Alexis Lavine, Tom Houston, Steve Reneau,
Michael Machette, Keith Kelson, James McCalpin, David Love, Scott Minor, Bob Kirkham,
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Tony Crone, Larry Anderson, Mike Timmons, Ram Kulkarni, and Daniel Koning. Peer review
was provided by the members of the Steering Committee.
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Table 2-1
Threshold Magnitudes and Distances for Synchronous Rupture of the PFS
Rupture Scenario* Minimum Magnitude of Maximum Rupture
First Subevent to Trigger | Distance to First Subevent
Second Subevent (M) (km)
RS-e 6.46 10
RS-f 6.45 10
RS-g 6.44 10
RS-h 6.29 10

* See Section 5.1.1 for explanation of rupture scenarios and calculation of maximum magnitudes for the
PFS.
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SECTIONTHREE Seismotectonic Setting and Historical Seismicity

LANL is located within the RGR, an intracontinental Neogene structural feature that dominates
the seismotectonic setting of the LANL region. The rift is a physiographic and structural
depression bordered by the southern Rocky Mountains Province to the north, the Colorado
Plateau Province to the west, and the Great Plains Province to the east (Figure 3-1). It is a
continental rift system characterized by basin subsidence, Quaternary extensional faulting,
Quaternary volcanism, high heat flow, and moderate seismicity. These elements are reflected in
the local and regional geology around LANL, which is situated on the Pajarito Plateau, a fault-
bounded plateau underlain by the early Quaternary Bandelier Tuff and traversed by several late
Quaternary normal faults. LANL is also located at the western edge of the Espafiola Basin, one
of several fault-bounded basins in the RGR (Figure 3-2). The following section summarizes the
seismotectonic setting of LANL and the historical and contemporary seismicity of northern New
Mexico. A more detailed description can be found in the 1995 LANL study (Wong et al., 1995).

3.1 SEISMOTECTONIC SETTING

The seismotectonic provinces within the LANL region and the basins of the northern and central
RGR are described below (Figures 3-1 and 3-2).

3.1.1 Seismotectonic Provinces

LANL’s location on the Parajito Plateau places it at the transition between the tectonically active
RGR and flanking regions of tectonic stability. LANL is at the western margin of the RGR,
where it abuts the Valles Volcanic Field to the west (Figure 3-2). The rift and volcanic field are
bordered on the west by the Colorado Plateau. To the north and east of LANL, two prongs of the
Southern Rocky Mountains Province extend southward into the region from Colorado and bound
both sides of the RGR. Lastly, to the east of LANL is the Great Plains Province (Figures 3-1 and
3-2). We have divided the region into seismotectonic provinces for the purposes of delineating
background seismicity based on similar seismotectonic characteristics (Section 5.2; Figure 3-1).

Rio Grande Rift

The RGR, extending from central Colorado to Texas and northern Mexico (Figure 3-1), is a
continental rift that is a part of the greater Basin and Range Province, which accommodates
extension across a broad swath of the western United States (Chapin, 1971; Hawley, 1986). The
rift is a relatively narrow feature compared to most of the Basin and Range (Figure 3-1) and has
geologic and geophysical characteristics similar to continental rifts elsewhere in the world, such
as the Kenya rift of the East African rift system and the Baikal rift of the Mongolian Plateau
(Keller et al., 1991). The rift occupies a region of elevated topography, with rift flanks as high
as 4,000 m that is in some measure a remnant of broad uplift during the Laramide orogeny
(Chapin and Cather, 1994). However, the high elevations are also due to more recent isostatic
uplift in response to unloading from lithospheric thinning during extension and thermally driven
uplift caused by asthenospheric upwelling (Davis, 1991; Keller et al., 1991). Gravity, seismic-
refraction, and other geophysical studies show that the lithospheric mantle is anomalously thin or
absent beneath the axis of the RGR, as it is in the Kenyan rift (Russell and Snelson, 1994).
Mantle lithosphere is replaced beneath the rifts with warm, buoyant asthenospheric mantle,
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which probably accounts for the regional elevated topography, high heat flow, low gravity, and
late Cenozoic magmatism (Keller et al., 1991).

The RGR widens southward, from narrow graben-like basins in Colorado to wide, multi-basin
horst and grabens in southern New Mexico. Structurally, the rift consists of a suite of north-
trending, right-stepping en echelon basins that began forming in the late Oligocene in response to
generally east-west directed extension. Previously during Laramide time, this region had
undergone compression and crustal thickening that drove regional uplift; collapse of this uplift in
the late Oligocene led to the formation of structural basins along the rift (Chapin and Cather,
1994; Figure 3-2). In general, these basins are broad asymmetric half-grabens as much as 65 km
wide and 240 km long. The grabens are tilted either to the east or west and typically have deep,
narrow inner grabens, half-grabens, and horsts. The inner half-grabens contain as much as 10
km of late Cenozoic volcanic deposits and rift-fill sediments derived from the flanks of basin-
border uplifts. The top