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ABSTRACT

Recent years have witnessed rapid advances in the understanding of
the earthqiiake generation process in the western U.S. , with particu-
lar emphasis on geologic studies of fault behavior and seismologic
studies of the rupture process. We discuss how probabilistic seis-
mic hazard analysis (PSHA) methodologies have been refined to keep
pace with scientific understanding. Identified active faults are
modeled as three-dimensional surfaces with the rupture shape and
distribution of nucleation points estimated from physical con-
straints and seismioity, Active blind thrust ramps at depth and
sources associated with subduction zones such as the Cascadia zone
off Oregon and Washington can also be modeled. Maximum magnitudes
are typically estimated from evaluations of possible rupture dimen-
sions and empirical relations between these dimensions and earth-
quake magnitude. A rapidly evolving technique for estimating the
length of future ruptures on a fault is termed "segmentation", and
incorporates behavioral and geometric fault characteristics. To
extend the short historical record, fault slip rate is now commonly
used to constrain earthquake recurrence. Paleoseismic studies of
fault behavior have led to the "characteristic" earthquake recur-
rence model specifying the relative frequency of earthquakes of
various sizes. Recent studies of have indicated the importance of
faulting style and crustal structure on earthquake ground motions.
For site-specific applications, empirical estimation techniques are
being supplemented with numerical modeling approaches.

INTRODUCTION

Conceptually, the basic elements of
probabilistic seismic hazard analysis
(PSHA) have not changed significantly
since proposed by Cornell [1]. That is,
to calculate the probability of exceed-
ing various levels of ground motions at
a site of interest, we must assess: 1)
the possible sources of earthquakes that
might affect ground motions at the site,
2) the maximum magnitude earthquakes

that each source is capable of generat-
ing, 3) the recurrence rate of earth-
quakes of all magnitudes up to the maxi-
mum on each source, and 4) the attenua-
tion of strong ground motions as a func-
tion of source-to-site distance and
magnitude. What has changed in the past
two decades has been our scientific abil-
ity to estimate these quantities with
more confidence and to quantify more
appropriately the uncertainties asso-
ciated with the input parameters.
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Recent years have witnessed rapid
advances in the understanding of the
earthquake generation process in the
western U.S., particularly with regard
to geologic studies of fault behavior
and soisraological studies of the rupture
process. In seismic hazard assessments
for engineering purposes, we are parti-
cularly interested in incorporating
these scientific advances into our meth-
odologies for calculating hazard. Of
course, this process of updating leads
to additional levels of complexity in
PSHA modelling, but, as we will discuss
in this paper, this complexity can be
readily accommodated.

Our objective in this paper is to pro-
vide a brief summary of those scientific
advances in our understanding of earth-
quakes in the western U.S. that are
being incorporated into PSHA methodolo-
gies. The issues associated with esti-
mating earthquake hazards in the eastern
and western United States are suffi-
ciently different that we treat them
separately (see Coppersmith and Youngs,
this volume). The theme in both papers
is that PSHA methodologies are now flex-
ible and sophisticated enough to incor-
porate our most recent thinking about
the earthquake process and the asso-
ciated ground motions. Recent years
have also witnessed the development of
efficient methods for incorporating
uncertainty into PSHA, such as the use
of logic trees [2, 3],

Note that we discuss here the seismic
hazards associated with earthquake
shaking, but the wider range of seismic
hazards including surface faulting,
liquefaction, and the like are also
implied.

EARTHQUAKE SOURCE IDENTIFICATION

Studies of aftershocks of large earth-
quakes, as well as inversion of geodetic
and seismic data, show that earthquake
fault ruptures can be reasonably approx-
imated by -^ree-dimensional fault
planes. As a result, PSHA typically

models faults as planes that extend from
their surface trace down to the bottom
the seismog.enic crust, The base of the
seismogenlc crust (typically about 10-15
km in the western U,S.) can be identified
by the maximum depths of well-located
hypocenters in the region or by consider-
ation of physical properties of the crusi
(e.g., [4]),

The recent Coalinga (1983) and Whittier
Narrows (1987) earthquakes were generated
along thrust faults whose rupture did not
reach the surface. These moderate-magni-
tude events, which caused considerable
localized damage, are reminders that
significant earthquakes can occur along
faults that are not mapped at the sur-
face. In both cases, however, as well as
in other well-documented cases of subsur-
face thrust-faulting, the earthquake was
accompanied by readily-measurable coseis-
mic uplift reflecting permanent deforma-
tion associated with fault slip at depth.
Further, it has now been shown that the
coseismic uplift occurred coincident with
the axes of Quaternary folds that extend
to the surface and show good evidence of
geologically-recent activity [5]. The
point here is that subsurface thrust
faults associated with active folds can
be identified before the earthquake as
potential seismic sources using essen-
tially the same geologic techniques that
are used to identify active faults. In
addition, quantitative structural geology
techniques (e.g., [6]) may help provide
estimates of the geometry of buried
thrust faults for purposes of seismic
hazard analysis.

Another category of seismic sources,
which are unique in the U.S. to the
Alaska, Washington, and Oregon areas, are
sources related to plate subduction
zones. Numerous historical examples
around the world confirm that most of the
largest observed earthquakes have
occurred in subduction zone environments.
Seismologic and geophysical studies of
subduction zones show that the three-
dimensional geometry of earthquakes is
complex and vitally important to
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estimates of seismic shaking at various
locations at the surface. For example,
the C\seadia subduction zone along the
Oregon and Washington coast is probably
best, modeled as consisting of three
distinct types of seismic sources (Fig-
ure 1): 1) a plate "interface" between
the subducting Juan de Fuca plate and
the North American plate, 2) "intraslab"
sources that occur within the Juan de
Fuca plate (subducting oceanic crust is
usually termed a 'slab'), and 3) "crus-
tal" sources that occur within the upper
part of the North American plate. The
geometries of these sources can be spec-
ified for a PSHA. However, an interest-
ing problem arises in assessing the
seismogenic potential of these various
Cascadia subduction zone sources inas-
much as the observed earthquake behavior
of each has been quite different histor-
ically. The "intraslab" source has gen-
erated historical earthquakes larger
than magnitude 7 in historical times and
is known to be the source of abundant
ongoing small-magnitude seismicity. The
1949 and 1965 earthquakes that caused
damage in Seattle were intraslab events.
In contrast, the plate "interface" has
been conspicuously seismically quiescent
during the 150-200 year-long historical
period, despite the fact that we typi-
cally observe the largest subduction
zone earthquakes (M > 8) along plate
interfaces. The National Earthquake
Hazard Reduction Program is currently
focussing its attention on the seismic
hazard in the Pacific Northwest to help
resolve this problem. In the meantime,
it is possible to incorporate the uncer-
tainties associated with the potential
seismic sources in this region for seis-
mic hazard analysis using available
approaches and expert scientific opinion
[8].

MAXIMUM EARTHQUAKE MAGNITUDE

Estimates of maximum earthquake magni-
tudes for each seismic source are neces-
sary elements of both probabilistic and
deterministic approaches to evaluating
seismic hazard. Because of the usual

Fipure 1. Diagrammatic sketch of
Cascadia subduction zone showing the
potential earthquake sources: the plate
interface, intraslab, and shallow crustal
sources (modified from [7])

rarity of maximum earthquakes on seismic
sources (hundreds to thousands of years),
the historical seismicity record is not
typically used to estimate maximum magni-
tudes. In the western U.S., maximum mag-
nitudes are usually estimated from evalu-
ations of the maximum expected dimensions
of a future fault rupture (rupture
length, rupture area, maximum displace-
ment, etc.). These dimensions are empir-
ically related to earthquake magnitude
through observations of a large number of
historical earthquakes worldwide. The
past ten years have seen rapid advances
in our ability to estimate future rupture
dimensions, based primarily on geologic
studies of prehistoric earthquakes as
well as detailed evaluation of historical
ruptures. An example will serve to
illustrate the progress being made.

For many years it has been recognizeo
that the length of fault rupture at the
surface is related to the magnitude of
the associated earthquake--longer rup-
tures are associated with larger earth-
quakes. With the compilation of
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measurements of rupture lengths and
magnitudes of the associated earth-
quakes, linear regressions were devel-
oped (e,g, (9)) that can provide the
magnitude of a postulated earthquake
along a fault of interest, given that
one is able to estimate the maximum
rupture length expected along the fault.
Estimating this maximum rupture length
is not trivial.

In recent years, the study of historical
ruptures as well as detailed geologic
studies of the displacement and extent
of prehistoric ruptures, has led to the
development of a aew technique for esti-
mating rupture Jci.gth termed fault "seg-
mentation" (e.g., [10, 11]). Studies of
the segmentation of ruptures have grown
out of earthquake research and will
undoubtedly have predictive implications
that go well beyond merely predicting
rupture length, but at the present time
rupture length estimation is one immedi-
ate application. Geologic and seismic
studies are suggesting that the loca-
tions of ruptures do not occur randomly
along a fault zone. Rather, through
time, particular segments of faults
repeatedly rupture through several seis-
mic cycles, suggesting the persistence
of barriers to rupture propagation [12,
13]. The locations of fault segments
and the boundaries between segments are
probably physically controlled.
Research is now underway to quantita-
tively evaluate the worldwide database
of historical surface ruptures to deter-
mine those geologic characteristics that
are most diagnostic of segmentation for
use in assessing the future rupture
behavior of a fault of interest [14],
Some of the more important features to
look for along a fault zone in assessing
its segmentation appear to be:

Changes in the recency of fault slip
Changes in slip rate
ChangeJ in the sense of slip
Major bends or discontinuities in
Large stepovers or double-bends
Cross-faults or folds
Changes in trace complexity

• Changes in cumulative slip

As an example of the proposed segmenta-
tion o£ a fault zone, the segments along
the Wasatch fault in Utah are given in
Figure 2, In this case, changes in the
recency of faulting along the fault zone
as well as structural and geometric
changes along the fault zone were the
basis for defining those segment boun-
daries shown.

Figure 2. Segmentation model for the
Wasatch fault zone. Stippled bands
define segment boundaries identified by
[15]; dashed bands are additional boun-
daries interpreted by [16],

Once the segmentation of a fault zone can
be estimated, one is able to estimate the
length of rupture and, in turn, the maxi-
mum magnitude of the segment(s) of the
fault of most significance to the site.

Work is continuing on the updating of the
empirical relationships between earth-
quake magnitude and fault dimensions.
The most common relationships used in
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magnitude assessment are chose
relating magnitude to: 1) rupture
length, 2) rupture area, 3) maximum
displacement per event, 4) total fault
length, and 5) seismic moment. With the
documentation of recent historical
earthquake ruptures as well as further
study of older events, new empirical
relationships are being published ([17]
see Figure 3). Of course, in order to
use any of these relationships to pre-
dict the maximum magnitude for a fault
of interest, data must be developed on
the expected fault parameter (rupture
length, etc.). Assuming that such data
can be developed, typically we make
estimates of magnitude using multiple
published relationships and a variety of
fault parameters. Techniques have been
proposed for using the statistics of the
relationships to arrive at a consensus
estimate of maximum magnitude [18].
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Figure 3. Empirical relationship bet-
ween fault rupture area and moment mag-
nitude [17]

EARTHQUAKE RECURRENCE

Because the seismic sources in a typical
western U.S. PSHA are faults, earthquake
recurrence must be estimated for indi-
vidual faults. In nearly all cases, the
historical seismicity record, while pos-
sibly adequate to define the recurrence
rates for smaller magnitude earthquakes,
is inadequate to define fault-specific
recurrence for larger magnitude events.
In fact, in very few cases around the
world have we observed the re-rupture of
the same segment of a fault. This recog-
nition has led to the emerging field of
paleoseismology whose focus is the iden-
tification of prehistoric earthquakes,
their sizes, and their timing. By using
the geologic record, particularly the
fault-specific record, to extend the his-
torical record, we have a much stronger
basis for assessing the recurrence char-
acteristics required for PSHA.

For certain well-studied faults, such as
the San Andreas and Wasatch faults, geo-
logic studies have successfully identi-
fied paleo-earthquakes and their timing.
For example, exploratory trenches across
normal faults like the Wasatch fault
allow identification of individual scarp-
forming earthquakes and associated collu-
vial wedges. The displacement associated
with each earthquake can also be assessed
as well as the timing, if geologic condi-
tions so allow. Detailed geologic
studies and dating of prehistoric earth-
quakes have been done along the part of
the San Andreas fault that ruptured in
1857 (e.g., [19]), as shown in Figure 4.
Recurrence intervals derived from data of
the type shown in Figure 4 can be quite
useful to a seismic hazard analysis,
except that the magnitude of the prehis-
toric earthquakes must be estimated.
Progress has been made in this area as
well, as discussed below.

Statistical studies of the historical
seismicity of large regions have shown
that the number of earthquakes is
exponentially distributed with earthquake
magnitude. The general form of this
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Figure 4. Estimates of the dates of
paleo-earthquakes (95% confidence inter-
vals) at Pallet Creek along the south-
central San Andreas fault (from [19])

recurrence model
Gutenberg-Richter
relationship:

is the familiar
frequency-magnitude

log N(ra)= a - bm (1)

where N(m) is the cumulative number of
earthquakes greater than or equal to m,
and a and b are constants. In the
absence of fault-specific recurrence
data, it has commonly been assumed that
the exponential recurrence model is
appropriate to individual faults as it
is to regions. However, recent geologic
studies of late Quaternary faults
strongly suggest that the exponential
recurrence model is not appropriate for
expressing earthquake recurrence on
individual faults or fault segments.
Instead, these studies are suggesting
that many individual faults and fault
segments tend to generate essentially

the same size or "characteristic" earth-
quakes having a relatively narrow range
of magnitudes at or near the maximum [15,
20], The characteristic earthquake hypo-
thesis was developed by observations of
the displacement-per-event associated
with individual faulting events at points
along the Wasatch and south-central San
Andreas faults. These data showed that
at a point the amount of displacement
during successive surface-faulting earth-
quakes remained essentially constant. A
major implication of this conclusion is
that earthquake recurrence on an indi-
vidual fault does not conform to an expo-
nential recurrence model, but rather one
that has a non-constant b-value, such as
that shown in Figure 5.
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Figure 5. Comparison of recurrence
curves based on exponential magnitude
distribution (solid) and a characteristic
earthquake distribution (dashed). Both
curves assume the same fault slip rate,
maximum magnitude, and b-value (from
[21])

Second D O E Natural Phenomena Hazards Mitigation Conference - 1989

267



At the present time, the type of geo-
logic recurrence interval data developed
for the Wasatch and San Andreas faults
is not generally available for most
faults in the western U.S. Thus, PSMA
methodology must incorporate another
type of geologic recurrence data that is
more generally available. Fault slip
rates, derived from the amount of slip
that has occurred over a geologically-
defined interval, offer the advantage
over historical seismicity data of span-
ning several seismic cycles of large
earthquakes on a fault and they can be
used to estimate average earthquake
recurrence rates. Slip rates are deter-
mined simply by assessing the amount of
fault displacement of a geologic unit
having a known age. Typically, the best
geologic units (either stratigraphic
units or geomorphic surfaces) for
assessing .slip rate for recurrence pur-
poses are late-Quaternary or Holocene
units. Assessing slip rates over rela-
tively young units will avoid averaging
out long-term changes in the slip rate
due to, perhaps, regional changes in
tectonic stresses. The assumption is
that the fault slip rate reflects the
average rate at which strain energy
(seismic moment) accumulates along the
fault and is available for release.
Slip rates are readily translated into
seismic moment rates (e.g., [22]), given
the three-dimensional geometry of the
fault.

Once a seismic moment rate has been cal-
culated for a fault, it must be parti-
tioned into earthquakes of various magn-
itude according to a recurrence model.
Several authors (e.g., [22, 24, 25])
have developed relationships between
fault slip rate and earthquake recur-
rence rates assuming an exponential
recurrence model. However, as discussed
previously, the characteristic earth-
quake model is probably more appropriate
for individual faults than the exponen-
tial model. Youngs and Coppersmith [21]
developed a generalized characteristic
earthquake recurrence model that can be
used when fault slip rate data are

available (Figure 5). The model was
tested against the historical seismicity,
geologic recurrence intervals, and slip
rate data of the Wasatch and San Andreas
faults. Note that the basic differences
between the exponential and characteris-
tic models are that, for a given slip
rate, the characteristic model predicts
significantly fewer moderate and small-
magnitude earthquakes, and slightly more
large-magnitude events. Depending on the
distance from a site of interest to the
fault, this difference in recurrence
models can have a significant effect on
the seismic hazard results.

Earthquake recurrence is usually
expressed as the average number of events
per year and hazard is usually expressed
as the annual probability of exceeding
some level of ground motion. Increasing-
ly, however, efforts are being made to
develop "real-time" or "time-dependent"
hazard estimates that express the proba-
bility of ground motions in, say, the
next five years as opposed to any five
year period. To do this, simple models
that consider the earthquake process to
be one of strain accumulation and release
along faults can be used. For example,
if the fault slip rate is assumed to
reflect the average rate of strain accum-
ulation between large earthquakes, and
the size of the earthquake is related to
the slip, then the time to the next
earthquake is directly related to the
time since the most recent earthquake
[26]. A "renewal model" can account for
these dependencies (e.g., [10]). A
recent example of the use of time-depen-
dent recurrence models was a study of the
probabilities of large earthquakes on the
San Andreas fault system for use in
regional planning [27].

GROUND MOTIONS

The assessment of ground shaking hazard
in the western U.S. (WUS) has benefited
from an extensive data base of strong
motion recordings. These have been used
to develop ground motion attenuation
relationships that allow reliable
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estimation of the expected levels of
strong ground shaking that can occur ac
distances of about 10 km or more from
earthquake ruptures in as large as Ms
7.5 incorporating the effects of site
classification and type of faulting.
Joyner and Boore [28] present a detailed
summary of the available attenuation
relationships appropriate for predicting
ground motion in the WUS.

There are situations, however, when the
available empirical attenuation rela-
tionships may not be applicable or
require significant extrapolation beyond
the available data base. Examples
include evaluations for a site located
a few kilometers of the San Andreas
fault or a site directly above the pos-
tulated seismogenic subduction zone
along the coast of Washington and
Oregon. Hazard assessment in these
situations has benefited from the
advances made in understanding of the
dynamics of earthquake rupture and
numerical modeling of earthquake ground
motions. Investigators are now able to
simulate strong ground motion in the
frequency range of interest for engi-
neering design. For example, Figure 6
compares response spectra for observed
and simulated ground motions at sites
directly above Mu 8 subduction zone
earthquakes. Numerical simulations such
as these can be used to extend the empi-
rical attenuation relationships to
closer distances and/or larger magni-
tudes. As one example, Youngs et al.
[29] have used numerical simulations of
large subduction zone earthquakes to
develop attenuation relationships for
predicting response spectra for rocks
sites directly above subduction zone
earthquakes as large as M,, 9. These
relationships have been used in a PSHA
for a site in western Washington [8].

CONCLUSION

We have described many of the recent
advances in our understanding of the
earthquake generation process in the
western U.S. and have indicated how they
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Figure 6. Comparison of 5%-damped
response spectra for recorded and simu-
lated motions from 1985 My 8 Valparaiso,
Chile and Michoacan, Mexico earthquakes
(from [29])

are being implemented in PSHA. It is
important to recognize that uncertainty
exists in applying these new methods
arising from alternative hypotheses
and/or data interpretations. Modern PSHA
can readily and should accommodate these
uncertainties formally into the analysis
to provide an assessment of the uncer-
tainty in the computed hazard. An
assessment of uncertainty is an important
aspect of the use of PSHA results in
design and safety evaluation.
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