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Seismic Hazards in Southern California:
Probable Earthquakes, 1994 to 2024

by Working Group on California Earthquake Probabilities'*>

Abstract We combine geodetic, geologic, and seismic information to esti-
mate frequencies of damaging earthquakes in three types of seismotectonic zone.
Type A zones contain faults for which paleoseismic data suffice to estimate
conditional probabilities. Type B zones contain faults with insufficient data for
conditional probability analysis. Type C zones contain diverse or hidden faults.
Each zone is assumed to have randomly distributed earthquakes plus charac-
teristic earthquakes on specific faults. Our “cascade” model allows for multiple-
segment earthquakes. Within each zone, distributed earthquakes are assumed
uniform in time and space, with a truncated Gutenberg—Richter magnitude dis-
tribution. Thus, seismic hazard is defined by the characteristic earthquake rate,
the rate of all distributed events, and the limiting (characteristic) magnitude.
Limiting magnitudes are determined from fault lengths, while earthquake rates
are determined by observed seismicity and seismic moment rate.

We present a preferred seismic hazard model with lognormal recurrence and
an alternate Poissonian model. The models predict 80 to 90% probability of an
m = 7 earthquake within southern California before 2024. The 17 January 1994
Northridge earthquake occurred within the 13% of southern California’s area
having the highest moment rate density. The probability of 0.2 g or greater
shaking before 2024 exceeds 60% in the Ventura and San Bernardino areas,
and 50% throughout the Transverse Ranges between Santa Barbara and San
Bernardino.

The predicted seismicity exceeds that observed historically. This may imply
that (1) we underestimate the maximum magnitudes, (2) significant strain may
be released aseismically, or (3) seismicity may have been anomalously low since

1850.

Introduction

This report has two primary purposes: (1) to update
the data and review the methods for estimating proba-
bilities of large earthquakes on the southern San Andreas
and San Jacinto faults estimated in 1988 by the Working
Group on California Earthquake Probabilities (WGCEP,
1988), and (2) to consider other potentially damaging
earthquakes throughout southern California. This is the
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second in a continuing series of reports on earthquake
hazards in southern California prompted by the 1992 m
= 7.3 Landers earthquake. It updates and expands upon
a report entitled “Probabilities of Large Earthquakes Oc-
curring in California on the San Andreas Fault,” pre-
pared by WGCEP (1988). A previous report (available
from the Southern California Earthquake Center) entitled
“Future Seismic Hazards in Southern California: Phase
I, Implications of the 1992 Landers Earthquake Se-
quence” dealt primarily with short-term hazards through
1993 posed by the Landers earthquake and its after-
shocks.

This report is timely for several reasons: (1) new
information exists on earthquake histories for the faults
considered by WGCEP (1988), including the San An-
dreas; (2) we need to address the seismic hazard
throughout southern California more broadly than WGCEP
(1988); (3) we understand better the “blind” faults that
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do not break the surface, as well as numerous lesser faults
that are individually not as hazardous, but pose a sig-
nificant aggregated danger; (4) new geodetic data on
crustal strain rates are rapidly becoming available; and
(5) improvements have been made in seismological
methods for studying recent earthquakes and in statisti-
cal methods for dealing with their uncertainties. Follow-
ing the 1989 Loma Prieta earthquake, a similar reas-
sessment of the chances for large earthquakes in northern
California was made in a report entitled “Probabilities
of Large Earthquakes in the San Francisco Bay Region,
California” (USGS Circular 1053, 1990), prepared by the
WGCEP (1990).

The Southern California Earthquake Center has co-
ordinated the post-Landers series of reports at the request
of the National Earthquake Prediction Evaluation Coun-
cil (NEPEC) and the California Earthquake Prediction
Evaluation Council (CEPEC). An ad hoc Working Group
on Southern California Earthquake Probabilities was es-
tablished to prepare this and the earlier report. For this
study, NEPEC and CEPEC asked the working group to
(1) include a regional perspective on the current tectonic
environment, (2) review the methodology of the 1988
and 1990 reports and emphasize their differences from
the current report, (3) consider new models for earth-
quake recurrence, (4) review newly available data for
inclusion in updated probabilistic analyses, and (5) in-
clude examples of strong ground-motion predictions us-
ing existing models and attenuation relationships.

NEPEC was established in 1979 pursuant to the Na-
tional Earthquake Hazards Reduction Act of 1977 to ad-
vise the Director of the United States Geological Survey
(USGS) concerning any formal predictions or other in-
formation pertinent to potential significant earthquakes.
CEPEC was established in 1976 under existing admin-
istrative authority as the successor to an advisory group
formed in 1974. For the Director of the California Office
of Emergency Services (OES), CEPEC evaluates predic-
tions of earthquakes capable of causing damage in Cal-
ifornia, including the reliability of the data and scientific
validity of the technique used to arrive at a specific pre-
diction.

SCEC was established in 1991 under the National
Science Foundation’s Science and Technology Center
Program and the USGS’s component of the National
Earthquake Hazards Reduction Program.

Preliminary versions of this report were presented to
earthquake scientists and engineers at various meetings
including a NEPEC meeting in June 1993, a joint NEPEC—
CEPEC meeting in August 1993, a symposium during
the Fall 1993 AGU meeting, and several SCEC work-
shops addressing various aspects of the study. The report
has been reviewed jointly by both NEPEC and CEPEC to
assess the extent of scientific consensus on its analytical
approach and conclusions.

Estimates of seismic hazard depend on a knowledge
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of potential earthquake sources, seismic wave paths, and
local site conditions. This report contributes to an im-
proved understanding of the first of these factors. The
earthquake source potential in each of 65 seismotectonic
zones in southern California is estimated by combining
geologic, geodetic, and historical seismicity data. We
present an up-to-date data base of fault information, with
our best estimates of the size and frequency of future
earthquakes. We also assess the likelihood of earthquake
occurrence in areas where individual faults may not tell
the whole story. We summarize the historical record of
earthquake occurrence and report on the distribution of
strain accumulation in the area. Finally, we show ex-
amples of how information in the data base can be used
in seismic hazard estimation.

The total slip rate implied by the estimated earth-
quake frequency is roughly equal to the long-term plate
tectonic slip rate, although departures in the frequency
of earthquakes predicted from this rate may-occur near
the big restraining bend of the San Andreas in southern
California. The current rate of plate tectonic slip can be
estimated from geodetic measurements, and we assume
that the strain accumulating in the brittle part of the crust
is released seismically, except for the known creeping
fault segments. This “slip budget” could be met by very
large rare earthquakes or by more frequent moderate
earthquakes. Thus, during the 30-yr time span of our
forecast, the probability of an earthquake of a given
magnitude depends on the assumed maximum earth-
quake in a given location.

Tectonic Framework of Southern California

The tectonic framework physically links the geo-
logic, geodetic, and seismological data on earthquake
sources presented in this report. It constrains geodetic
models of crustal deformation, where earthquakes are
likely to occur, and what their mechanisms are likely to
be.

Earthquakes and crustal deformation result from plate
tectonic processes. These processes have been going on
for hundreds of millions of years. They involve move-
ments of large plates of lithosphere—slabs of the earth’s
outermost layers about 100-km thick and thousands of
kilometers across. Three types of plate boundaries are
recognized: (1) spreading ridges, where oceanic plates
are formed and spread laterally away from each other;
(2) transform faults, where two plates slide horizontally
past each other along strike-slip faults; and (3) subduc-
tion zones, where one plate dives beneath another.

California—On the Pacific—North American
Plate Boundary

California has been the site of a plate boundary for
more than 200 m.y., although its character has changed
during this time. Figure 1 shows place names used
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throughout the report, and Figure 2 interprets Califor-
nia’s relationship to both ancient and present plate
boundaries. Prior to about 25 m.y.a., the boundary was
a subduction zone with an oceanic trench west of the
continental margin (Fig. 2, dashed line with barbs)—
similar to the present situation along the west coasts of
Central and South America, as well as the Pacific North-
west. Much of California’s geology reflects this early
history of subduction. However, between 20 and 30
m.y.a., a segment of the East Pacific spreading ridge
encountered the continent, annihilating itself and leading
to formation of a transform fault boundary. Currently,
the East Pacific Rise, as it is called, contacts North
America at the tip of Baja California (Fig. 2), while a
remnant of the spreading ridge still exists off the coasts
of northern California, Oregon, and Washington.

The newly formed transform boundary, later to be-
come the San Andreas fault, may have initially devel-
oped west of the continental margin, perhaps near the
site of the original trench. However, about 5 m.y.a. it
jumped ashore, began separating Baja California from
mainland Mexico, and slid coastal California north-
westward along the San Andreas fault system as we know
it today. The rate at which coastal California and the rest
of the Pacific plate is sliding past North America has
been estimated by several different methods, including
worldwide plate reconstructions, geodetic measure-
ments, and geologic offsets. All are consistent, giving
about 50 mm/yr over the last 5 m.y. or so. Since earth-
quake rupture is the primary consequence of the relative
motion between two plates, California’s seismicity should
be compatible with the observed plate tectonic rate.

The on-land presence of this Pacific—North Ameri-
can plate boundary is responsible for southern Califor-
nia’s faults and earthquakes. The boundary actually con-
sists of a complex web of faults throughout most of the
region (Fig. 3). As the principal member of this system,
the San Andreas fault carries about 70% of the right-
lateral strike-slip motion (~35 mm/yr) between the two
plates. The remaining 30% is distributed on faults both
to the east of the San Andreas (e.g., the Eastern Mojave
Shear Zone—site of the 1992 Landers earthquake) and
to the west, including the San Jacinto, Whittier—Elsi-
nore, Newport—Inglewood, Palos Verdes, and offshore
San Clemente faults.

The Big Bend in the San Andreas Fault

Southern California is complicated by considerable
thrusting in addition to strike slip. Here the San Andreas
fault, which carries the majority of the strike slip be-
tween the North American and Pacific plates, changes
from a northwesterly trend, parallel to the relative plate
motion, to a more westerly trend, making an angle of
approximately 30° to the plate motion (Fig. 3). This “big
bend” in the San Andreas causes a component of north—
south convergence across the San Andreas in southern

California. Geodetic and geologic estimates of the con-
vergence range from 5 to 20 mm/yr. The result has been
the Transverse Ranges and numerous east—west-trending
thrust faults, associated folds, and possible subhorizon-
tal, mid-crustal detachment surfaces. The tectonic pro-
cesses now operating in southern California are domi-
nated by the intersection of the northwest-trending San
Andreas family of faults (San Andreas, San Jacinto,
Whittier—Elsinore, etc.) with the east—west-trending
Transverse Ranges fault system. This complex plate
boundary explains the distinct and more regionally dis-
tributed tectonic regime of southern California compared
to those of the central and northern parts of the state.

The big bend in the San Andreas is due to a 160-
km “left step” in the fault (Fig. 3). This left step occurs
between the Coachella Valley and Carrizo segments of
the San Andreas. Within the big bend, the fault consists
of the Mojave and San Bernardino Mountains segments.
Thrust faulting along the big bend occurs north of the
San Andreas fault on the flanks of the San Bernardino
Mountains, and south of the fault along the southern
margin of the San Gabriel and Santa Monica Mountains,
in the Los Angeles and Ventura basins, and throughout
the western Transverse Ranges (Fig. 3). Many of these
thrust faults break the earth’s surface and place basement
rocks over younger sedimentary rocks. Other faults are
buried, forming the cores of large folds in the overlying
rocks. These blind thrusts occur as segmented strands
within zones of intense folding along the margins of ma-
jor oil-bearing basins of coastal California.

Earthquakes and Mid-Crustal Detachment Surfaces

Earthquake hypocenters usually occur in the upper
10 to 15 km of the earth’s crust (seismogenic zone) in
southern California, even though the base of the crust
(Moho) is at a depth of 25 to 30 km and lithospheric
plates are believed to be about 100-km thick. What hap-
pens below the seismogenic zone? There is growing evi-
dence that the lower crust is ductile and partially decou-
pled from the upper crust along one or more subhorizontal
detachment surfaces. Faults that extend down into the
lower crust may no longer be discrete fractures, but rather
zones of distributed deformation unable to support stresses
large enough to generate earthquakes. Also, in conver-
gent zones, portions of the ductile lower crust and the
underlying upper mantle may peel away from the re-
maining upper crust and sink into the deeper mantle.
Seismic velocity tomography in southern California sug-
gests that this process may be occurring beneath the cen-
tral and eastern Transverse Ranges.

An emerging view of the thrust faults associated with
the Transverse Ranges and oil-bearing basins posits that
individual thrusts flatten out and merge into detachment
surfaces at mid-crustal depths (Fig. 4). In this model,
the Transverse Ranges resemble large crustal “flakes.”
It is clear from the 1971 San Fernando, 1987 Whittier
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Narrows, and 1994 Northridge earthquakes that many of
these thrust faults are seismically active, but what frac-
tion of Pacific—North American plate convergence oc-
curs aseismically on these structures is unknown. Does
slip on the detachment surfaces occur seismically or ase-
ismically? These questions have profound implications
for seismic hazard in southern California—especially in
the populous Los Angeles and Ventura basins.

As noted earlier, the intersection of the northwest-
trending San Andreas and east—west-trending Transverse
Ranges fault systems dominates southern California’s
tectonics. The Transverse Ranges uplift is the most vis-
ible product of this deformation. Earthquakes, seemingly
random in time and space, but more recently occurring
in the Transverse Ranges seismic belt, effect this uplift
and the continuing northwestward movement of coastal
California. The major coastal basins, like Los Angeles
and Ventura, that opened during an earlier phase of crus-
tal extension before the modern San Andreas system
formed 5 m.y.a., are now being squeezed into elongate
troughs. These troughs are bounded by large fold and
thrust belts as the Pacific and North American plates en-
counter each other along the big bend. Such belts prob-
ably deform both seismically and aseismically. Aseismic
deformation should be restricted to the sedimentary sec-
tion and to slip along deep, subhorizontal detachment
surfaces below the brittle-ductile transition (the thick-
ness, H, of brittle crust is assumed to be 11 km in this
report). On the other hand, seismic slip will more likely
occur on upward-branching buried thrust faults (Fig. 4),
and along ramps and interconnecting flats of shallower
detachments.

Conditional Probabilities for Earthquakes on
Selected Faults in Southern California

In this chapter, we summarize the most recent geo-
logic data on the major faults in southern California and
update the 1988 Working Group estimates of the con-
ditional probabilities of earthquake occurrence on var-
ious fault segments over the next 30 yr. We also describe
methods for estimating earthquake recurrence times and
magnitudes from geologic data.

Geologic Data Base: Rates and Dates for Faults
with Conditional Probabilities

The 1988 Working Group estimated earthquake
probabilities for the San Andreas, San Jacinto, and Im-
perial faults in southern California. Since then new stud-
ies have been performed on these and other major faults.
In this section, we review and update the data for the
San Andreas and San Jacinto, and we add new data for
the Whittier—Elsinore fault.

Calculating conditional probabilities for a particular
fault requires information on the recurrence interval, its
uncertainty, and the elapsed time since the most recent
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characteristic earthquake on the fault. Earthquake recur-
rence can be measured directly where the ages of suc-
cessive earthquakes at a point on a fault can be dated
using radiocarbon or other methods. It can also be cal-
culated using estimates of fault-slip rate together with
characteristic displacement. The 1988 report relied al-
most exclusively on recurrence intervals calculated from
the slip rate and characteristic displacement, referring to
this approach as the “direct method.” Paleoseismic in-
terevent times were used only for the Coachella Valley
segment of the San Andreas fault.

Since publication of the 1988 report, new geologic
data on the dates of prehistoric earthquakes as well as
characteristic displacement and slip rate have been ob-
tained for several of these fault segments. Table 1 lists
estimated slip rate, characteristic displacement, earth-
quake recurrence interval, date of the last characteristic
earthquake, length of segment, and the latitude and lon-
gitude of the two points bounding each segment. Also
shown are the uncertainties in some of these parameters.
The slip rate, characteristic displacement, and mean re-
currence time are described by a preferred value, and
“positive” and “negative” uncertainties. For the first two,
the lower limit is the preferred value minus the negative
uncertainty, while the upper limit is the preferred value
plus the positive uncertainty. The upper limit of the re-
currence time is the ratio of the upper limit of mean dis-
placement to the lower limit of slip rate, and so on. These
errors are interpreted as two standard errors when used
in estimating probabilities of fault rupture. The 1988
Working Group interpreted these errors as one standard
deviation, but we feel that the geologists’ error bounds
are much more conservative than implied by WGCEP
(1988).

In Appendix C we discuss in detail the 1988 report,
the new geologic data, and the rationale for deriving the
current values listed in Table 1. The differences between
the two reports are summarized briefly below. One sig-
nificant change from the 1988 report is inclusion of new
recurrence data for the Elsinore fault zone. For those faults
treated by the 1988 Working Group, we have made only
modest changes, if any, to the basic input data (fault
length, slip rate, last displacement, and earthquake dates).
However, we calculate earthquake probabilities some-
what differently. As described in this section, we relax
the assumption used in the 1988 report that ruptures on
a given segment occur at regular recurrence intervals.
We also allow for the fact that fault segments may fail
either independently or when triggered by neighboring
segments, as recent paleoseismic data suggest. The cas-
cades model, described later in this section, accounts for
this interaction between segments.

Conditional probabilities are calculated only for
characteristic earthquakes in the type A zones. In gen-
eral, each of the segments treated in the 1988 report, and
the newly studied segments of the Whittier—Elsinore fault,
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correspond to type A zones. However, a few of the seg-
ments treated in WGCEP (1988) are designated here as
type B zones—characteristic earthquakes are assumed
Poissonian, and no time-dependent conditional proba-
bilities are computed. The Parkfield segment of the San
Andreas fault is so treated because the aseismic period
since the last earthquake in 1966 is inconsistent with the
model used in the 1988 report. The Cholame segment is
also treated as a type B zone because there is some doubt
about whether it ever ruptures as a single segment. The
Imperial fault is treated as a type B zone for the reason
described later in this section.

San Andreas Fault

In the 1988 report, the central and southern San An-
dreas fault was divided into segments named Cholame,
Carrizo, Mojave, San Bernardino Mountains, and
Coachella Valley. This nomenclature is retained in the
present report. Earthquake recurrence for each of the San
Andreas segments in the 1988 report, except the Coach-
ella Valley segment, is calculated from slip rate and
characteristic displacement. Recurrence for Coachella
Valley is based on intervals between dated earthquakes.
However, new data on the timing of prehistoric earth-
quakes are available for the Carrizo, Mojave, and San
Bernardino Mountain segments. One important differ-
ence between the two reports is that this more detailed
earthquake chronology is now used to quantify recur-
rence for the Carrizo, Mojave, and San Bernardino
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Mountains segments. A second concerns fault segmen-
tation. Although fault segments are treated as indepen-
dent sources of earthquakes, historical and paleoseis-
mological observations show that ruptures may overlap
and that some segments may not only produce their own
earthquakes but also fail when large ruptures nucleate on
adjacent segments and propagate into them. This is par-
ticularly true for long throughgoing strike-slip faults. The
event dates from sites on the southern San Andreas fault
at Wrightwood, Pallett Creek, and Indio clearly indicate
a complex rupture history, with both independent and
overlapping ruptures. For example, it appears that the
San Bernardino Mountains segment produces its own
earthquakes (the 1821 event) but also slips when rup-
tures extend into it from the north (the 1857 earthquake)
or from the south (an event occurring about 1690). This
variety complicates recurrence estimates and segmenta-
tion models. We deal with this problem in the section
on cascading earthquakes.

Cholame Segment. The Cholame segment extends from
Cholame southeastward for about 60 km. The 1988
Working Group used a value of 4.75 = 2.0 m for char-
acteristic displacement and a slip rate of 34 = 1.5 mm/
yr. There have been no new slip rate, earthquake re-
currence, or characteristic displacement data for the
Cholame segment since the 1988 report. We adopt the
1988 characteristic displacement value, but have in-
creased the uncertainty in slip rate to £5 mm/yr. These

Table 1
Input Data for Type A Fault Segments
Vel. Disp. Tbar Last Length Lat. Long. Lat. Long.
Zone Name (mm/yr) + - (m) + - (yn) + - Rupture (km) (NW) (NW) (SE) (SE)
04 SACarriz 34 3 3 7.0 40 40 206 149 125 1857 121 35.348 119.903 34.783 118.807
05 SAMojave 30 8 8 45 15 1.5 150 123 71 1857 133 34.783 118.807 34.278 117.477
06 SASanBer 24 5 5 35 10 10 146 91 60 1812 78 34.278 117.477 34.034 116.670
07 SACoache 25 5 5 40 40 20 160 240 93 1690 114 34.034 116.670 33.360 115.722
Total San Andreas 446
08 SJSanBer 12 6 6 1.2 03 03 100 150 50 1890 35 34.245 117.508 34.017 117.237
09  SJSanlac 12 6 6 1.0 02 0.2 83 117 39 1918 42 34.017 117.237 33.740 116.917
10 SJAnza 12 7 5 30 1.0 1.0 250 321 145 1750 90 33.740 116.917 33.263 116.122
11 SJCoyCre 4 2 2 07 03 03 175 325 108 1892 40 33.457 116.508 33.200 116.194
12 SJBoreg 4 2 2 07 02 02 175 2715 92 1968 29 33.200 116.194 33.011 115.975
13 SISupMtn 4 2 2 20 03 03 500 650 217 1430 23 32.993 115.922 32.888 115.702
14  SISupHil 4 2 2 1.0 03 03 250 400 133 1987 22 33.013 115.838 32.892 115.643
Total San Jacinto 281
15  Whittier 2.5 11 19 02 02 760 640 274 650 38 33.986 118.018 33.854 117.637
16 Glenlvy 5 2 2 1.6 04 04 310 340 146 1910 35 33.854 117.637 33.643 117.348
17  Temecula 5 2 2 1.2 03 03 240 260 111 1818 42 33.643 117.348 33.377 117.013
18  Julian 5 2 2 1.7 0.2 02 340 293 126 1892 75 33.377 117.013 32.965 116.362
19 CoyoteM 4 2 2 25 05 05 625 875 292 1892 38 32.965 116.362 32.779 116.006
Total Whittier 228
Total 955
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values give an average recurrence interval of 140 yr. A
question remains as to whether the Cholame segment
produces its own events or only fails in conjunction with
large 1857-type earthquakes. Because of these uncer-
tainties, the zone containing the Cholame segment is
treated as a type B zone.

Carrizo Segment. The Carrizo segment of the San An-
dreas fault is approximately 145-km long and extends
from southeast of Cholame to about Three Points. The
1988 Working Group estimated a recurrence interval of
296 yr for this segment using a slip rate of 34 = 1.5
mm/yr and a characteristic displacement of 9.5 = 2.0
m. New dates of paleoearthquakes and new estimates of
slip for the 1857 earthquake provide somewhat contra-
dictory results among themselves and with the 1988 re-
port. The new observations suggest the possibility of
clustering and rupture overlap, and argue that our un-
derstanding of this segment, which traditionally has been
considered the most stable in characteristic displacement
and recurrence interval (large offsets and long intervals),
is in a state of flux. We adopt the 1988 slip rate but the
uncertainty is increased to =3 mm/yr. The characteristic
displacement is equivocal, but we adopt 7 + 4 m to re-
flect the range of new estimates. This slip rate and char-
acteristic displacement give a mean recurrence interval
of 206 yr, similar to the average recurrence interval of
212 yr from one of the new event chronology studies.
These recurrence intervals are significantly shorter than
the value used in 1988.

Mojave Segment. The Mojave segment, as defined in
the 1988 report and used here, extends some 100 km
from about Three Points to a few kilometers northwest
of Cajon Creek at the southern limit of the 1857 rupture.
It contains the Pallett Creek paleoseismology site, where
evidence of 11 surface-faulting earthquakes since about
529 A.D. had been found in trenches. These event dates
give an average recurrence interval of 131 yr but also
suggest that the interval between events varied markedly
from the mean. The events occur as four groups or clus-
ters with intervals of about 200 to 300 yr between clus-
ters. In reviewing these data, the 1988 Working Group
noted, somewhat paradoxically, that the segment with
the most paleoseismic data at that time also appeared to
exhibit great interevent variability. Because of this they
chose to calculate recurrence using the previous (1857)
displacement, rather than the dates of prehistoric earth-
quakes. Using a slip rate of 30 * 5 mm/yr and a char-
acteristic displacement of 4.5 = 1.0 m, they derived a
repeat time of 150 yr. ~

The present report retains the 1988 slip rate and
characteristic displacement, but increases their uncer-
tainties to =8 mm/yr and = 1.5 m, respectively. Since
the 1988 report there has been no new dating of prehis-
toric earthquakes on the Mojave segment. However, new
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data for events at Wrightwood (20 km southeast of Pallet
Creek) on the San Bernardino Mountains segment and
statistical reevaluation of the published Pallett Creek dates
suggest modest adjustment of the estimated earthquake
dates. These analyses indicate the average recurrence in-
terval for a surface-faulting event passing through Pallett
Creek is 134 yr between about 644 A.D. and 1100 A.D.,
and 104 yr since. Unlike the 1988 report, we calculate
the conditional probability using a weighted average
method which incorporates the paleoseismic data, the
displacement in the last event, and the slip rate.

San Bernardino Mountains Segment. This segment of
the fault is delineated by the 1988 Working Group as a
structurally complex zone between the Mojave and
Coachella Valley segments with scant data on fault be-
havior. However, the San Bernardino Mountains seg-
ment has received the most study since the 1988 report.
(Note: we assume that the Wrightwood paleoseismic site
belongs to this segment.)

The 1988 Working Group used a slip rate of 24 *
3 mm/yr and a characteristic displacement of 4 = 2 m
to calculate a recurrence interval of 167 yr, and sug-
gested 1812 as a tentative date for the most recent event.
The present report uses a slip rate of 24 = 5 mm/yr and
a smaller characteristic displacement of 3.5 * 1.0 m to
calculate an average recurrence interval of 146 yr. New
observations at Wrightwood show that six surface-fault-
ing events have occurred since 1192 A.D. The Wright-
wood site appears to average one surface-rupturing
earthquake every 133 yr since 1192 A.D. However, the
most recent five events have been closer together, av-
eraging 106 yr between events. It now appears that the
most recent event was in 1812, which defines an elapsed
time of 181 years. For this report we incorporate the new
paleoseismicity data in our probability calculations.

Coachella Valley. The Coachella Valley segment com-
prises the southern 100 km of the fault and extends from
San Gorgonio Pass in the northwest to the Salton Sea in
the southeast. This segment has the longest elapsed time
of any on the fault zone, last experiencing a large event
around 1680. The 1988 Working Group used the paleo-
seismological event times at Indio of 1680, 1450, 1300,
and 1020 to arrive at an average recurrence interval of
220 yr. There have been no new paleoseismic data for
this segment since the 1988 report, although the new dat-
ing at Wrightwood suggests that events occurring there
in 1690 and 1450 were equivalent to the 1680 and 1450
events at Indio, and thus may have ruptured simulta-
neously the Coachella Valley and San Bernardino Moun-
tains segments of the fault. For the present report we
adopt the 1988 Working Group values of slip rate, char-
acteristic displacement, and earthquake dates.
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San Jacinto Fault

The San Jacinto fault system has been an important
source of moderate to large earthquakes in southern Cal-
ifornia this century. The 1988 Working Group divided
the fault into five segments using information on fault
geometry, historical seismicity, and slip rate. The seg-
ments, from north to south, were named San Bernardino
Valley, San Jacinto Valley, Anza, Borrego Mountain,
and Superstition Hills. We increase the slip rate and
change the estimate of characteristic displacement on those
segments.

We add the Coyote Creek and Superstition Moun-
tains segments. Also the Anza segment is redefined to
include the Clark and Casa Loma faults. As a result, the
estimate of its characteristic displacement is increased to
3.0 = 1.0 m from the 1.4 * 0.4 m value in the 1988
report. In addition, new studies near Anza indicate a slip
rate of 12 = 6 mm/yr. This rate is now extended north
to the San Bernardino Valley and San Jacinto Valley
segments, and can be compared to the respective rates
of 8 + 3 mm/yr and 11 = 3 mm/yr used in the 1988
report. Estimates of characteristic displacement for the
San Bernardino Valley and San Jacinto Valley segments
are decreased to reflect somewhat shorter rupture lengths.
These changes lengthen the recurrence interval on the
Anza segment from 142 to 250 yr, and shorten the es-
timates of recurrence on the San Bernardino Valley and
San Jacinto Valley segments from 203 to 100 yr and
from 184 to 83 yr, respectively.

Imperial Fault

The Imperial fault is a complex structure with mul-
tiple modes of slip behavior. It has produced two large
historical surface faulting earthquakes—an m = 6.9 in
1940 and an m = 6.4 in 1979. The 1979 event broke
the northern 25 km of the 1940 rupture with a similar
amount of surface offset. The 1988 Working Group noted
that the long-term slip rate for the fault is not well de-
termined, but assumed a value of 30 = 5 mm/yr, esti-
mated a characteristic displacement of 1.2 = 0.4 m, and
calculated a recurrence interval of 44 yr for the northern
section only. Repeat times of 1940-type events are un-
known. It is possible that the northern part of the fault,
which had significantly lower slip than the southern part
in 1940, is failing repeatedly at shorter intervals to fill
a slip deficit. In the present report, we adopt the 1988
Working Group’s recurrence interval for repeat of 1979-
type events on the northern part of the fault. However,
given this complicated history, we are not confident that
slip can be explained adequately here by repeated oc-
currence of a single characteristic earthquake. For this
reason we have not used the conditional probability
methods for the Imperial fault, and we treat it as a type
B zone.

Elsinore Fault

This major northwest-trending strike-slip fault ac-
commodates 10 to 15% of the plate-boundary slip in
southern California and could produce earthquakes of
magnitude 7 or larger. The fault can be traced about 250
km from Los Angeles across the United States—Mexico
border into northern Baja California. Sufficient new data
on its slip rate, earthquake recurrence, characteristic dis-
placement, and segmentation have been gathered to war-
rant calculation of conditional probabilities.

In this report, the fault is divided into five segments
(from north to south): Whittier, Glen Ivy, Temecula, Ju-
lian, and Coyote Mountain. Slip rates vary from about
2.5 mm/yr at the north end to about 5 mm/yr at the
south end. The lower apparent slip rate on the Whittier
segment may be related to branching of the fault or strain
partitioning due to the more westerly trend of this seg-
ment. The San Andreas, San Jacinto, and Imperial faults
are the only northwest-trending strike-slip faults in
southern California having higher slip rates. Segment-
specific mean repeat times range from 240 to about 760
yr and average around 400 yr. With the possible excep-
tions of the m = 7 earthquake of 1892 on the Laguna
Salada segment in Mexico and the m = 6 1910 Temescal
Valley event on the Glen Ivy segment, the Elsinore fault
has not produced an earthquake with surface faulting
during the past 200 yr.

Characteristic Earthquakes and Magnitudes

Depending on the available data, we estimate the
magnitude and expected recurrence time for ruptures on
each fault segment by three different methods described
below. Relevant data, in decreasing order of availability,
include (1) the length or area of a fault segment, (2) the
long-term slip rate, V, (3) the displacement, D, in the
most recent earthquake, and (4) a list of dates of past
earthquakes.

Our magnitude and recurrence time estimates are
based on the “characteristic earthquake” hypothesis, in
which the slip is dominated by earthquakes that rupture
the entire segment, with a characteristic displacement,
D. The magnitude of an earthquake rupturing a single
segment is based on the “seismic moment,” M, of that
earthquake,

M=up-H-L-D, 1)

where u is the rigidity of the crust (assumed to be 3 - 10"
Nm_z), H is the thickness of the brittle crust (here taken
to be 11 km), and L is the length of the fault segment.
The seismic moment is measured in units of Nm (New-
ton - meters). The predicted moment rate depends lin-
early on the assumed brittle thickness, H. Choosing H
= 11 km makes the total predicted seismic moment rate
consistent with that from observed earthquakes since 1850.
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If the brittle thickness is greater, then the predicted mo-
ment rate exceeds the observed, or in other words, earth-
quakes since 1850 have not released all of the accu-
mulated seismic moment. The assumed thickness, H =
11 km, is consistent with the deepest earthquakes in Cal-
ifornia if there is negligible seismic moment release in
the upper few kilometers of crust.

The “moment magnitude,” m, is a logarithmic mea-
sure of the seismic moment:

m =2/3-log, (M) — 6, (2)
from which it follows that
M — 101A5m+9. (3)

Below, we generalize the characteristic earthquake
concept to include simultaneous ruptures of contiguous
segments (Wesnousky, 1986). We presume that the dis-
placements on each of the segments are equal to their
respective characteristic displacements, so we simply add
the seismic moments of all the affected segments and use
equation (2) to compute the magnitude.

In using the characteristic earthquake hypothesis, we
assume that we can recognize fault segments in advance.
Long faults are generally assumed to be subdivided into
segments. We presume segment boundaries exist where
faults change direction, or where the displacement var-
ied substantially in the last earthquake. The length of a
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fault segment is generally estimated from the length of
the surface trace if this length is less than about 100 km
and details of the displacement distribution in the most
recent earthquake are unknown.

Conditional Probabilities for Selected
Fault Segments

Probabilities for segment-rupturing earthquakes in
the coming 30 yr have been obtained from the fault-seg-
ment data (type A zones, described later) presented in
Table 1, using three different models. Results are sum-
marized in Table 2 and Figure 5. In calculating these
probabilities, we follow the general approach of the 1988
Working Group, with some variations. The methods and
principal results are summarized here. The reader inter-
ested in additional detail is referred to Appendix A.

We assume that the probability of a segment-rup-
turing earthquake increases with elapsed time since the
previous earthquake, as a result of continuing tectonic
deformation which increases the stress on locked fault
segments. The calculations require information on elapsed
time since the previous earthquake and description of the
probability density function for recurrence times for that
segment. Following the precedent of the 1988 and 1990
Working Groups, we adopt a probability model which
assumes a lognormal probability density function of
earthquake recurrence intervals, T, with mean, T, and
intrinsic variability, o7, (the standard deviation of the
natural logarithm of the random recurrence interval, T).

Table 2
Probabilities and Rates for Type A Fault Segments
%

% Prob. % Prob. % Prob. % Prob. % Prob. Prob. Rate Rate Rate MR. MR.

Zone Name T. Pred. Renew. Dates Mean WG (1988) Pois. Logn. Pois. Factor Logs. Pois.
04 SACarriz 196 16 = 13 18 £ 12 18+9 10 14 1 5 1 1848 1358
05 SAMojave 31 £ 12 23 £ 16 24 = 8 26 = 11 30 18 10 7 1 1955 1317
06 SASanBer 33+ 142 23 £ 15 27 = 12 28 =13 20 19 i1 7 2 1005 618
07 SACoache 22 £ 10 16 £ 11 32 £ 16 22 + 12 40 17 8 6 I 1216 941
Total San Andreas 36 25 0 6024 4233

08 SJSanBer 41 = 16 3119 00 37 £ 17 20 26 i5 10 2 213 139
09 SJSanJac 46 * 16 36 + 22 00 43 = 18 10 30 19 12 2 257 166
10 SJAnza 18 = 10 14 =11 28 = 27 17 £ 12 30 11 6 4 2 555 356
11 SJCoyCre 19 = 12 17+ 15 0+0 18 = 13 0 16 7 6 1 63 53
12 SIBoreg 6x7 8§ =13 00 6 x <10 16 2 6 0 14 38
13 SJSupMtn 106 76 0£0 9 * 0 6 3 2 2 46 30
14 SISupHil 15 3x9 0+0 2 x 0 11 i 4 0 4 29
Total San Jacinto 53 43 1152 812

15 Whittier 63 43 0x0 53 0 4 2 1 1 41 31
16 Glenlvy 12 = 14 It + 18 0x0 12+ 15 0 9 4 3 1 74 58
17 Temecula 189 14 + 12 00 16 = 10 0 12 6 4 1 99 69
18 Julian 54 6*8 0+0 5*+5 0 8 2 3 1 72 124
19 CoyoteM 1x4 2=x5 0xo0 1x4 0 5 1 2 0 16 50
Total Whittier 14 13 301 332

Total 102 81 1 7471 5377
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For some fault segments we have estimated dates of
several past earthquakes, which permit T and Oy, to be
assessed using the method of Savage (1991), allowing
for the open interval since the most recent event (Davis,
P. et al., 1989). Probabilities obtained using this ap-
proach are identified by the column heading, “Dates,”
in Table 2.

For each segment we also estimate the expected time
until the next rupture from the displacement in the last
earthquake and the long-term slip rate. We use two sep-
arate techniques, each making different assumptions about
the relationship between recurrence times and displace-
ments. In the “time-predictable” model, referred to as
the “direct” method in the 1988 report, the expected re-
currence time is taken to be directly proportional to the
displacement in the last earthquake; that is,

T=D/Vv, 4)

where T is the expected time between successive earth-
quakes, D is the displacement in the earlier of the two,
and V is the long-term slip rate. The uncertainty in the
expected time comes only from the uncertainties in D
and V, while the conditional probability must also in-
clude the intrinsic variability of the recurrence times. In
a variant that we refer to as the “renewal” model, the
mean recurrence time is assumed to be

T=D/v, )

where D is the mean displacement for earthquakes on
the segment. The value of D is estimated using the av-
erage of all known displacements on the segment. For
all the segments considered here, only the last displace-
ment is known, so that D is assumed equal to D. Thus,
the expected recurrence time is subject to an additional
uncertainty due to the error in estimating the mean dis-
placement from just one sample. We assume here that
displacements on a segment are lognormally distributed,
with a dimensionless variance equal to the intrinsic vari-
ability of recurrence times. Because of this additional
variability, the renewal model usually predicts lower
conditional probabilities than the time-predictable model.
Both the time-predictable and renewal models de-
pend on the natural variability of the recurrence times,
expressed here by oy,7,. On the basis of recent data and
analyses, we have altered the treatment of a;,7, from that
of the 1988 Working Group. They used a value of 0.21
for ay,7, from a study of circum-Pacific earthquakes by
Nishenko and Buland (1987). However, the fault-seg-
ment recurrence times described in Appendix C, to-
gether with work by Savage (1991), suggest that oy,r,
may not be as well constrained as supposed by the 1988
Working Group, and may also bring into question using

a single low value of 0.21 for all fault segments. We
have adopted the significantly larger value, ay,7, = 0.5
+ 0.2, for our calculations based on recurrence data along
the southern San Andreas fault (described in Appendix
C). As before, we develop a model uncertainty, o7, to
reflect incomplete information about the true value of
T (Appendix A). Note that the representation of ¢y,7, now
additionally includes an indicated model uncertainty of
+0.2 in 0y,7,. The calculations of probability take these
model and data uncertainties into account (see Appendix
A).

The column labeled “Mean” in Table 2 gives the
preferred result of these calculations, which consists of
a weighted average from the three models, with weights
proportional to the reciprocal of variance, assuming equal
prior likelihood of each model. Of course, the “Dates”
method is not included in the average when it is not
available. Table 2 also includes the formal 1 o uncer-
tainties in the probabilities that arise from the uncertain
estimation of T and a7,

Probabilities estimated by the 1988 Working Group
are also given in Table 2, labeled “WG88.” For the San
Andreas, we do not consider the differences between our
estimates and the previous ones to be significant. The
1988 Working Group reported probabilities only to the
nearest 10% to indicate their estimation of significance.
Probabilities for the Carizzo and San Bernardino Moun-
tains segments are somewhat larger, and for the Coach-
ella segment somewhat less than the 1988 Working Group
probabilities. Our estimates of uncertainty in these val-
ues are generally a little over 10%.

The San Bernardino Valley and San Jacinto Valley
segments of the San Jacinto fault are now estimated to
have large probabilities of 37 and 43%, respectively—
significant increases from the 1988 values. These in-
creased probabilities result from increased slip rate es-
timates on those segments and decreased estimates of
characteristic displacement. The Anza segment is as-
signed a lower probability of an earthquake because we
increase the assigned segment length, which increases
the assumed characteristic displacement.

Table 2 gives rupture probability on several fault
segments not considered by the 1988 Working Group.
These determinations follow recent geologic work de-
scribed in Appendix C. Also shown in Table 2 are rup-
ture probabilities, assumed independent of time, calcu-
lated using the Poisson model, abbreviated “%Prob/Pois.”
For a Poisson process the probability that the next rup-
ture will occur before time 7 is

PG=T)=1-exp(-r-T), ©)

where r = V/D = 1/T is known as the rate parameter.
The rate parameter, abbreviated “Rate/Pois,” is also
shown in Table 2 (note that this rate is given in units of
ruptures/thousand years). We have also calculated an
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equivalent rate for the preferred mean probability, given
by

r=—(1/T):n(1-P), ™

where P is the weighted average conditional 30-yr prob-
ability labeled “%Prob/Mean.” The corresponding
equivalent rate is given in the column labeled “Rate/
Logn.” For the time-dependent models, the true rate var-
ies with time, and the value given in Table 2 is an av-
erage for the 30-yr time span covered by this report.

The quantity “Rate/factor” in Table 2 is the ratio of
the time-dependent Logn rate to that calculated using the
Poisson model. For most fault segments the time-depen-
dent probabilities exceed those from the Poisson model
because, barring systematic error, most fault segments
are “overdue” in the sense that the elapsed time exceeds
the estimated recurrence time.

Cascades: Simultaneous Ruptures
of Contiguous Segments

Like the earthquakes in 1857 and about 1690 on the
San Andreas fault, many past earthquakes ruptured more
than one segment in a single event. We use the term
“cascade” for an earthquake that ruptures one or more
contiguous segments. To explain the long-term slip rate,
it makes no difference whether these events are treated
as cascades or as separate earthquakes on individual seg-
ments. However, for seismic hazard estimates there is a
difference. If individual segments always rupture inde-
pendently, then there will be more earthquakes per unit
time. Thus, the frequency with which one segment trig-
gers another becomes important.

Let us distinguish between the rupture rate on each
segment and the earthquake rate for combined segments.
For a fault with just two adjacent segments, “x” and
“y,” we can identify three different types of “character-
istic” earthquakes: (1) x fails alone, (2) y fails alone,
and (3) x and y fail together. We will use the notation
X, ¥y, and xy to indicate these three possible events. The
rupture rate on segment X, for example, will be the sum
of the earthquake rates of x alone and x and y in com-
bination. The earthquake rate for the fault will be the
sum of the rates of all three types of events. If two seg-
ments always fail independently (as assumed in the 1988
Report), then the rate of multi-segment earthquakes is
zero, and the total earthquake rate is the sum of the two
segment rupture rates. If x and y sometimes fail at the
same time, the earthquake rate will be less than the sum
of the segment rupture rates.

Suppose that over the long term, segments x and y
rupture at rates of 10 and 20 ruptures per 1000 yr, re-
spectively. If these segments fail at separate times, then
the earthquake rate would be the sum of the individual
rates, or 30 events per 1000 yr. An alternative is that x
always triggers y, so that x and y fail together at the rate
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of 10 per 1000 yr, and y fails by itself at the rate of 10
per 1000 yr. In this second alternative, the earthquake
rate is 20 per 1000 yr, while the rupture rates on the two
segments are 10 and 20 per 1000 yr as given. This ex-
ample illustrates that the rupture rates do not uniquely
specify the earthquake rate, since two different scenarios
are both consistent with the observed rupture rates. Of
course, the second scenario implies some larger earth-
quakes than the first, since simultaneous rupture of two
segments will cause a larger earthquake than failure of
either segment alone.

In principle, paleoseismic data can reveal both the
rupture and the earthquake rates, by providing both the
dates and extent of past earthquakes. However, unless
the entire earthquake history of a fault is known, geo-
logic data cannot adequately define the cascade frequen-
cies. Typically, the dates of past earthquakes on various
segments have been too uncertain to determine whether
two neighboring segments ruptured separately or to-
gether. Thus, in general, the segment rupture rates are
better determined than the earthquake rates.

Consider a fault with # segments joined end to end.
Then there will be m = n- (n + 1)/2 possible cascades
involving only contiguous fault segments. In the ex-
ample above, n = 2, and there are three possible types
of earthquakes. The earthquake rupture probabilities (or
equivalently, the rupture rates) on the n segments will
not uniquely specify the m earthquake rates. However,
the degree of interaction will affect the distribution of
earthquake magnitudes, and so we might use informa-
tion about the expected magnitude distribution (for ex-
ample, the Gutenberg—Richter relationship up to some
limiting magnitude) to infer the degree of interaction. In
estimating the degree of interaction, we try to approxi-
mate this relationship, while maintaining agreement with
the estimated rupture rates on individual segments. In
practice, this requires minimizing the total earthquake
rate, subject to prior constraints on individual segments.
Otherwise, the model predicts fewer large earthquakes,
and more smaller ones, than the Gutenberg—Richter re-
lationship.

We first adopt a minimum rate for each possible cas-
cade—equal to half the observed rate for multi-segment
earthquakes that have actually been observed (e.g., the
1857 and 1690 earthquakes on the San Andreas), half
the segment rupture rate for simple, one segment rup-
tures, and zero for multi-segment ruptures never ob-
served. We then calculate the rupture rates for each seg-
ment, by summing minimum rates of all combination
events involving each segment. Lastly, we subtract from
the observed rupture rates the rupture rates predicted by
the minimum cascade rates, and explain the remainder
by the smallest possible total rate of events. To accom-
plish the last step, we rank the possible cascades in de-
creasing order of seismic moment, and for each possible
event we choose the largest rate compatible with the re-
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sidual rupture rates on the segments. By maximizing the
rates of the largest earthquakes first, we minimize the
total number of events, because it takes fewer large events
to explain a given set of rupture rates.

By incorporating the cascades approach into our
model, the resulting probabilities are lower than would
be inferred by treating all segment ruptures as indepen-
dent events. That is, the estimated rate of surface rup-
tures is explained by a smaller number of larger events,
compared to the method used by the 1988 and 1990
working groups. For example, the cascade rate of 25
events per 1000 yr for the combined four segments of
the San Andreas corresponds to a 30-yr probability of
53% that at least one characteristic earthquake will occur
on the San Andreas. The sum of the rupture rates on
these four segments is 36 per 1000 yr (Table 3), cor-
responding to a 30-yr probability of 66%, if interactions
are not included.

Assuming a characteristic displacement for each
segment may appear to contradict empirical relationships
between displacement and fault length (e.g., Scholz, 1982;
Wells and Coppersmith, 1994). However, multiple-seg-
ment earthquakes are relatively infrequent, and they may
be underrepresented in the empirical relationships. Our
assumption is based on the geological observation that
displacements on a given segment tend to fall within a
narrow range. Perhaps the best example of this is the
northern section of the Imperial fault, which was dis-
placed about 1 m in each of two quite different earth-
quakes (m = 6.9 in 1940, and m = 6.4 in 1979).

Integrated Approach to Assessing
Earthquake Potential

Beyond Rates and Dates: Additional Information
on Earthquake Likelihood

The methods for calculating conditional probabili-
ties described in the preceding section apply only to faults
with sufficient paleoseismic data. To develop probabi-
listic methods for the remaining faults in southern Cal-
ifornia, we divide the region into 65 seismotectonic zones
as shown in Figure 6. Of these, 16 contain the major
segments of the southern San Andreas, San Jacinto, and
Elsinore faults for which earthquake probabilities were
calculated in the preceding section. They are called type
A zones. Type B zones contain major faults with mea-
surable slip rates but inadequate data on segmentation,
displacement, or date of last earthquake. Type C zones
are not dominated by any single major fault, but they
may contain diverse or hidden faults. There are 25 type
B and 24 type C zones. The majority of damaging earth-
quakes in southern California, including the 1933 Long
Beach, the 1952 Kern County, the 1971 San Fernando,
the 1987 Whittier Narrows, the 1992 Landers, and the

1994 Northridge earthquakes occurred in type B or type
C zones.

In this section, we develop seismic source models
for all zones. Earthquakes caused by the failure of fault
segments as considered in the preceding section are called
characteristic earthquakes. We also consider earthquakes
not directly associated with a fault segment. We call them
“distributed earthquakes,” and include them for all zone
types.

We first review earth science information which can
be used to constrain parameters of characteristic and dis-
tributed earthquakes for all zone types. These data in-
clude the historical earthquake record, geodetic evidence
of strain accumulation, geologic estimates of slip for lesser
but important faults, and a developing knowledge base
on surface and blind thrust faults.

The Historical Earthquake Record

The locations of previous earthquakes. indicate where
future earthquakes are likely to occur. Kagan and Jack-
son (1994) showed that large earthquakes occur prefer-
entially near the sites of recent, previous large earth-
quakes. Thus, the locations of previous earthquakes
provide a reasonable indicator of future events. The
completeness and accuracy of available information on
earthquakes have evolved with time. Two significant
events that improved earthquake reporting were the pop-
ulation boom that began with the California gold rush in
1849, and the establishment of the Caltech seismological
network in 1932. Since 1932, the catalog should be com-
plete to m = 4 and locations should be accurate to a few
tens of kilometers. Of course, both magnitude and lo-
cation estimates have improved steadily as stations were
added to the network. Today, the threshold for complete
reporting is about rn = 2, and location uncertainties are
a few kilometers in most locations.

We base our conclusions on the catalog. of earth-
quakes presented in Table 4 (Fig. 7) for that portion of
California north of latitude 32° and south of latitude 36°.
This catalog is a modified and updated version of that
assembled by Ellsworth (1990) in a more complete ac-
count of California’s earthquake history than given here.
Modifications include the following: we excluded earth-
quakes smaller than magnitude 6, we added earthquakes
since 1990, and we used the revised magnitude estimates
of Hutton and Jones (1993) for earthquakes after 1932.
We also assume that no mainshock greater than mag-
nitude 6 has escaped detection since 1850, although lo-
cation errors might exceed 100 km in some places, and
magnitude errors could approach a full magnitude unit.
Aftershocks have not been excluded from the catalog,
but some aftershocks of early large events almost cer-
tainly have escaped inclusion.

The largest known earthquake in southern Califor-
nia’s history was in 1857. It ruptured the San Andreas
fault for a distance of about 350 km from about Park-
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Table 3
Cascade Earthquake Rates
Lognormal Poissonian
Length Disp. Rate Rupt. Rate Rate
Fault Zones (km) (m} mw Rupt. Rate Floor Rate Est. Rate Floor Est.
San Andreas 04-05-06-07 446 4.9 7.90 0.25 1.80 0.25 0.68
04-05-06 332 5.2 7.84 0.00 0.00 0.00 0.00
04-05 254 5.7 1.79 1.50 1.50 1.50 1.65
05-06-07 325 4.1 1.76 0.00 0.49 0.00 0.00
05-06 211 4.1 7.64 1.00 1.16 1.00 1.00
04 121 7.0 7.63 6.61 3.31 3.31 4.86 2.43 2.52
06-07 192 3.8 7.59 1.75 1.75 1.75 175
05 133 4.5 7.53 9.90 4.95 4.95 6.67 3.34 3.34
07 114 4.0 7.45 8.08 4.04 4.04 6.25 3.13 3.82
06 78 3.5 7.30 11.15 5.58 5.95 6.86 3.43 3.43
Total San Andreas 35.74 22.37 24.95 24.63 16.82 18.20
San Jacinto 08-09-10-11-12-13 268 1.7 7.45 0.00 1.07 0.00 1.00
08-09-10-11-12-14 275 1.6 7.43 0.00 0.00 0.00 1.00
09-10-11-12-14 233 1.8 7.42 0.00 0.00 0.00 0.00
08-09-10-11-12 243 1.7 7.42 0.00 0.00 0.00 0.00
09-10-11-12-14 240 1.7 7.40 0.00 0.00 0.00 0.00
08-09-10-11 210 1.8 7.40 0.00 2.05 0.00 0.00
10-11-12-13 188 2.0 7.39 0.00 0.00 0.00 0.00
09-10-11-12 208 1.8 7.38 0.00 0.00 0.00 0.00
08-09-10 170 2.1 7.38 0.00 0.00 0.00 0.00
10-11-12-14 195 1.8 7.37 0.00 0.00 0.00 0.00
09-10-11 175 2.0 7.37 0.00 0.00 0.00 0.00
10-11-12 163 2.0 7.35 0.00 0.00 0.00 0.00
09-10 135 2.3 7.34 0.00 0.00 0.00 0.00
10-11 130 2.3 7.33 0.00 0.00 0.00 0.00
10 90 3.0 7.30 6.23 3.1 3.11 4.00 2.00 2.00
11-12-13 98 1.0 7.00 0.00 0.00 0.00 0.00
08-09 80 1.1 6.96 0.00 4.57 0.00 3.00
11-12-14 105 0.8 6.91 0.00 0.00 0.00 0.86
12-13 58 1.3 6.89 0.00 0.00 0.00 0.00
12-14 65 0.8 6.76 0.00 0.00 0.00 0.00
11-12 73 0.7 6.80 0.00 0.00 0.00 0.00
13 25 2.0 6.79 3.02 1.51 1.96 2.00 1.00 1.00
09 45 1.0 6.76 18.53 9.26 10.84 12.00 6.00 7.00
08 35 1.2 6.76 15.38 7.69 7.69 10.00 5.00 5.00
14 32 1.0 6.57 0.58 0.29 0.58 4.00 2.00 2.14
11 40 0.7 6.64 6.77 3.39 3.66 5.71 2.86 2.86
12 33 0.7 6.55 2.13 1.07 1.07 5.71 2.86 2.86
Total San Jacinto 52.64 26.32 36.60 43.43 21.71 28.71
Whittier 15-16-17-18-19 228 1.8 7.41 0.00 0.25 0.00 0.66
16-17-18-19 190 1.7 7.36 0.00 0.00 0.00 0.14
15-16-17-18 190 1.6 7.33 0.00 0.61 0.00 0.00
17-18-19 155 1.8 7.30 0.00 0.00 0.00 0.00
18-19 113 2.0 7.24 . 0.25 0.25 0.80 0.80
16-17-18 152 1.5 7.26 0.00 0.60 0.00 0.82
17-18 117 1.5 7.18 0.00 0.00 0.00 0.47
15-16-17 115 1.5 7.18 0.00 0.00 0.00 0.00
18 75 1.7 7.08 1.71 0.00 0.00 2.94 0.00 0.05
15-16 73 1.7 7.08 0.00 0.00 0.00 0.00
19 38 2.5 7.00 0.50 0.00 0.00 1.60 0.00 0.00
i6-17 77 1.4 7.03 0.00 0.59 0.00 0.00
15 38 1.9 6.92 1.72 0.86 0.86 1.32 0.66 0.66
17 42 1.2 6.81 5.93 2.96 3.88 4.17 2.08 2.08
16 35 1.6 6.84 4.12 2.06 2.06 3.23 1.61 1.61

Total Whittier 13.99 6.13 9.10 13.25 5.15 7.29

Total Cascades 102.37 54.82 70.64 81.31 43.68 54.20
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field to Cajon Pass, with a right-lateral strike-slip dis-
placement reaching 11 m in some places. The 1857
event is often used as an archetype for “the big one”
in the popular press. Many seismologists now discour-
age this colloquial terminology, because it suggests that
San Andreas earthquakes are much alike, and that there
is only one such earthquake to worry about. In fact,
many different earthquake scenarios are possible on the
San Andreas, as discussed in the section on cascades,
and we cannot conclude that any one earthquake,
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however large, will preclude future damaging earth-
quakes.

The next largest earthquake since 1850 was the 1952
Kern County earthquake on the White Wolf fault. This
event offers graphic evidence of the tectonic complexi-
ties caused by the big bend in the San Andreas fault.
The White Wolf dips down to the south under the Te-
hachapi mountains, and one effect of the earthquake was
to thrust the mountains up and to the north. The stresses
that caused the earthquake undoubtedly resulted from the

Table 4
Earthquake Catalog
Lat Long
Year Mon Day Hour Min ) min ] min m Note* Zone Type
1852 11 29 20 0 32 30 115 0 6.5 b 64 C
1855 7 11 4 15 34 6 118 6 6.0 b 33 B
1857 1 9 16 0 35 42 120 18 7.8 a 3 B
1858 12 16 10 0 34 0 117 30 6.0 b 59 C
1862 5 27 20 0 32 42 117 12 6.0 b 22 B
1875 11 15 22 30 32 30 115 30 6.2 b 24 B
1883 9 5 12 30 34 12 119 54 6.2 b 55 C
1890 2 9 12 6 33 24 116 18 6.5 b 10 A
1892 2 24 7 20 32 33 115 38 7.0 b 24 B
1892 5 28 11 15 33 12 116 12 6.5 b 11 A
1894 7 30 5 12 34 18 117 36 6.0 b 5 A
1899 12 25 12 25 33 48 117 0 6.4 b 9 A
1901 3 3 7 45 36 0 120 30 6.4 b 1 B
1906 4 19 0 30 32 54 115 30 6.2 b 23 B
1908 11 4 8 37 36 0 117 0 6.0 b 61 C
1915 6 23 3 59 32 48 115 30 6.0 b 23 B
1916 11 10 9 11 35 30 116 0 6.1 b 62 C
1918 4 21 22 32 33 48 117 0 6.8 a 9 A
1922 3 10 11 21 36 0 120 30 6.1 a 1 B
1923 7 23 7 30 34 0 117 18 6.0 a 8 A
1925 6 29 14 42 34 i8 119 48 6.9 a 55 C
1927 11 4 13 50 34 42 120 48 7.3 a 39 B
1933 3 11 1 54 33 37 117 58 6.2 a 20 B
1934 6 8 4 47 36 0 120 30 6.1 a 1 B
1937 3 25 16 49 33 24 116 16 6.0 b 10 A
1940 5 19 4 36 32 44 115 30 6.9 a 23 B
1942 10 21 16 22 33 3 116 5 6.6 a 12 A
1946 3 15 13 49 35 44 118 3 6.0 a 60 C
1947 4 10 15 58 34 59 116 33 6.6 a 47 C
1948 12 4 23 43 33 56 116 23 6.0 a 7 A
1952 7 21 11 52 35 0 119 1 7.5 a 25 B
1952 7 21 12 5 35 0 119 0 6.4 b 25 B
1952 7 29 7 3 35 23 118 51 6.3 a 53 C
1952 11 22 7 46 35 44 121 12 6.0 b 51 C
1954 3 19 9 54 33 17 116 11 6.4 a 10 A
1966 6 28 4 26 36 0 120 30 6.1 a 1 B
1968 4 9 2 28 33 11 116 8 6.5 a 12 A
1971 2 9 14 0 34 25 118 24 6.7 a 32 B
1979 10 15 23 16 32 36 115 18 6.4 a 23 B
1983 5 2 23 42 36 14 120 19 6.4 a 52 C
1986 7 8 9 20 34 0 116 36 6.2 a 7 A
1987 11 24 13 16 33 1 115 51 6.5 a 14 A
1992 4 23 4 50 33 58 116 19 6.1 c 64 C
1992 6 28 11 57 34 12 116 26 7.3 c 29 B
1992 6 28 15 5 34 12 116 50 6.2 c 42 C
1994 1 17 11 18 34 12 118 32 6.7 d 54 B

*(a) Moment magnitude from Ellsworth (1990); (b) “M” from Ellsworth (1990); (c) Hauksson ez al. (1993); and (d) Hauksson er al. (1994).
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same plate motions causing slip on the San Andreas fault
in the area of the “big bend” near Gorman. However,
rates and dates on the San Andreas would not provide
adequate information on the likelihood of this or similar
events. The 1952 event taught us that thrust faults are
important in southern California, that some of the largest
earthquakes occur off the San Andreas, and that tech-
niques beyond paleoseismology are required for com-
prehensive hazard assessment.

The third largest event on our list is the Landers
earthquake of 1992. It was due to a right-lateral strike-
slip rupture, close to but clearly not on the San Andreas
fault. Seismological (Hauksson, 1994), geological (Sieh
et al., 1993), and geodetic studies (Hudnut ez al., 1994)
all indicate that it was a complex event, rupturing several
known and previously unknown fault segments. There
was no evidence available before the earthquake to sug-
gest that this group of fault segments would join to pro-
duce such a large earthquake. The Landers earthquake
provides yet more evidence that large earthquakes occur
off the San Andreas, and that it is not easy to foretell
which faults are most likely to produce large earthquakes
in our lifetimes.

The fourth largest event since 1850 was probably the
so-called Lompoc earthquake of 1927. The earthquake
occurred offshore, before the inception of the southern
California seismic network, and its location and mag-
nitude are uncertain. We know little about its focal
mechanism. Since it triggered a tsunami, it may have
been a thrust event, although submarine landslides trig-
gered by strike-slip earthquakes may also cause tsuna-
mis. In spite of these uncertainties, the 1927 event again
shows that the San Andreas fault has no monopoly on
producing large California earthquakes.

For most earthquakes prior to 1932, we lack the data
to estimate magnitudes accurately. Exceptions include
those earthquakes large enough to be detected by seis-
mographs around the world, and those that left a clear
surface trace from which the length and slip could be
measured accurately. For the remaining earthquakes, we
must estimate the magnitudes by comparing the sizes of
the damaged areas with those of modern earthquakes of
known magnitudes. With the exceptions noted below,
the magnitudes for earthquakes before 1932 are deter-
mined from the area over which shaking of a given in-
tensity, say Modified Mercalli Intensity VII, was ex-
perienced. The exceptions are the 1857 and 1872
earthquakes, whose moment magnitudes are estimated
from the rupture length and surface displacement; and
the 1927 earthquake, whose magnitude was estimated by
instrumental recordings and from the size and duration
of the tsunami it caused.

Because future earthquakes will not necessarily oc-
cur precisely where past ones have, forecasting requires
a smoothed map of earthquake data (Kagan and Jackson,
1994). Statistical studies show that a function inversely
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proportional to distance, out to some maximum distance,
r., represents well the concentration of probability that
a future earthquake will occur within a distance, r, of a
previous one. A sum of such functions, each centered
on the location of a past earthquake, with a weight pro-
portional to its magnitude, provides one forecast in map
form. In this report, we take r,, = 250 km. This value
is determined by maximum likelihood techniques using
the Harvard catalog of Centroid Moment Tensor Solu-
tions, 1977 through 1993 (e.g., Dziewonski et al., 1993).
The smoothed seismicity rate per unit area is then inte-
grated over each zone to give the earthquake rate. This
is combined with geologic and geodetic data to estimate
regional earthquake potential as described later.

Regional Strain as a Measure
of Earthquake Potential

With the exception of the “creeping” section of the
San Andreas, faults that rupture in large earthquakes re-
main locked by friction between earthquakes, even though
the crustal blocks separated by the faults continue to be
deformed by tectonic forces. A consequence is that much
of the differential strain occurs near the faults bounding
the blocks. Geodetic measurements can reveal regions
where locked faults are accumulating strain, even though
those faults may not be exposed at the surface. Active
faults may be hidden if they occur underwater or beneath
deformable sediments that stretch or fold instead of
breaking.

The creeping section of the San Andreas, which runs
from about San Juan Bautista in the north to Parkfield
in the south, slips continuously right up to the surface,
so that only minor strain accumulates in the adjoining
blocks. While this fault segment experiences many small
earthquakes, the record size for any earthquake here is
less than magnitude 6.0. Some other major exposed faults
creep slightly, but their creep is generally insufficient to
keep up with the relative block motion or prevent strain
buildup on adjacent blocks. The relative importance of
creep versus seismic strain accumulation and release on
hidden faults remains a serious unanswered question.

Triangulation (Reid, 1910; Bowie, 1973; Thatcher,
1979) and trilateration measurements (Savage et al., 1979;
Lisowski et al., 1991) have shown strain accumulation
across the San Andreas, San Jacinto, Garlock, and other
major faults, and how it is released in earthquakes on
these structures. Little is known about the pattern of strain
accumulation near lesser faults.

Both triangulation and trilateration methods require
line-of-sight observations, imposing a constraint of about
40 km on the longest baselines observed. High-accuracy
trilateration requires temperature and pressure measure-
ments by aircraft along the line of sight, preventing mea-
surements in some populated areas. Beginning in about
1975, Very Long Baseline Interferometry (VLBI) be-
came accurate enough to measure strain over baselines
with no length limitation. However, these measurements
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require expensive and bulky antennas, so that VLBI mea-
surements were made at only about 20 sites in southern
California. Then, in 1986, the Global Positioning Sys-
tem (GPS) was first used to measure tectonic strains in
California. This satellite system, originally for military
navigation, now allows extremely accurate and cost-
effective geodetic measurements. There is no need for
line-of-sight observations between ground sites and no
limitation on baseline length. Accurate strain-rate mea-
surements require a sequence of observations covering
several years, a requirement now met at a number of
sites in southern California.

We use strain data to assess the seismic hazard of
more obscure faults, including blind thrusts. Ward (1994)
determined regional strain from GPS data in southern
California, and interpolated these strains to provide av-
erage values in each of the 65 source zones. Ward used
the geological data for slip rates on the San Andreas and
San Jacinto faults to resolve the spatial ambiguities that
result from the large spacing of relevant geodetic sites.
The GPS and VLBI data show that the net displacement
rate across southern California from about the middle of
the Mojave desert to San Nicolas Island is about 40 mm/
yr (Feigl et al., 1993). Ward assigned about 75% of that
rate to the San Andreas system, consistent with the slip
rate determined by geological studies. He partitioned the
remainder throughout southern California to fit the GPS
data as well as possible.

Models which restrict the bulk of the regional strain
accumulation and release to the biggest faults disagree
in some important respects with recent geodetic obser-
vations. The geodetic data show a very broad region of
strain accumulation in parts of southern California,
whereas discrete fault models predict that the strain should
be concentrated, for example, near the San Andreas fault.
Figure 8 illustrates this difference. The squares are the
observed velocities parallel to the San Andreas as a func-
tion of distance from the fault. Error bars indicate one
standard deviation. The velocities were observed using
GPS from 1987 to 1993 on a profile from San Nicolas
Island, across the Mojave section of the San Andreas,
to the central Mojave desert (Feigl ef al., 1993; Shen et
al., 1995). The triangles show the velocities predicted
from the discrete fault model. All faults with slip rate
greater than 3 mm/yr are included, and we assumed that
all faults are locked to a depth of 20 km in this region.
The locking depth of 20 km was chosen to minimize the
discrepancy between geological prediction and geodetic
observation. Had we used H = 11 km, as we do else-
where in the report, the discrepancy in Figure 8 would
be even greater.

If the crustal strain in a region is purely elastic within
an upper brittle layer of thickness, H, and purely in-
elastic below that depth, then straining also implies the
accumulation of seismic moment. We express this mo-

ment accumulation by a simplified version of the Kos-
trov (1974) equation,

M = 2uHAS, (3

where M is the rate of moment accumulation, A is the
area of the region, u is the average rigidity of the crust,
and ¢ is the average strain rate. In principle, both M and
€ are tensors. Here we use a scalar version, where & is
the maximum horizontal shear strain rate estimated from
geodetic measurements or calculated from a dislocation
model.

Faults with Slip Rates Exceeding 3 mm/yr

Segments of the San Andreas fault have slip rates of
about 25 to 35 mm/yr, the San Jacinto fault-slip rate is
about 12 mm/yr, and the slip rate for the Whittier—El-
sinore fault averages around 5 mm/yr. These rates are
geologically high and reflect recurrence intervals for large
earthquakes of hundreds, rather than thousands, of years.
During the past 10 yr, geological studies have shown
that there are other important faults in southern Califor-
nia with relatively high rates of slip. In this report, we
identify faults with slip rates of at least 3 mm/yr. While
this is an arbitrary cutoff value, faults with this slip rate
are also likely to have recurrence intervals of hundreds
of years and, therefore, represent important sources of
future large earthquakes. In Appendix C we discuss the
Cucamonga, Garlock (east and west segments), Palos
Verdes (north and south segments), Oak Ridge, San
Cayetano, San Simeon, Sierra Madre, and Santa Susana
faults. The faults have preferred slip rates of 3 to 7 mm/
yr and estimated recurrence intervals of 225 to 685 yr.
Each of these faults can generate magnitude 7 earth-
quakes but the historical record indicates that none has
produced an event of this size in approximately the past
200 yr.

Surface and Blind Thrust Faults

Within southern California, northwest-trending strike-
slip faults of the San Andreas system are clearly impor-
tant sources of large-magnitude earthquakes. However,
the big bend in the San Andreas (the primary plate
boundary structure) has given rise to a strong component
of north—south crustal compression in southern Califor-
nia which is accommodated by reverse and thrust faults.
The 1971 m = 6.7 San Fernando earthquake and sec-
tions of the m = 7.5 1952 Kern County earthquake were
produced by reverse faults that produced mappable sur-
face faulting. In contrast, the 1987 m = 5.9 Whittier
Narrows and 1994 m = 6.7 Northridge earthquakes oc-
curred on blind thrust faults that did not rupture to the
surface.

Surface Reverse and Thrust Faults. Surface reverse and
thrust faults can be mapped and their behavior quantified
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in a manner similar to strike-slip faults. Numerous sur-
face reverse and thrust faults have been studied within
the Transverse Ranges. Although there are few fault-
specific paleoseismic data on earthquake recurrence, there
is sufficient stratigraphic, structural, and in a few cases
geomorphic information for preliminary slip-rate calcu-
lations. Some of these faults, like the Cucamonga, Oak
Ridge, San Cayetano, Sierra Madre, and Santa Susana,
have slip rates in excess of 3 mm/yr and these are de-
scribed separately in Appendix C. For this report, the
earthquake potential of surface reverse and thrust faults
has been treated by assigning them to the type B seismic
source zones in the integrated seismic hazard model.

Blind Thrust Faults. Blind thrust faults are low-angle
structures that do not cut the earth’s surface. This makes
it difficult to assess directly segmentation, recurrence in-
tervals, characteristic displacement, and slip rate by tra-
ditional techniques such as trenching or microgeo-
morphic analysis. However, these faults do have surface
expressions in the form of overlying folds that are known
to grow during large earthquakes (Stein and Yeats, 1989).
In the past decade, quantitative approaches have been
developed that relate fold shape and growth rate to fault
geometry and slip rate (Suppe, 1983; Suppe et al., 1992).
Specifically, kinematic and geometric modeling of ac-
tive axial surfaces in fault-bend folds, based on shallow
seismic reflection profiles and borehole stratigraphic data,
allow the location, geometry, and cumulative slip of un-
derlying blind thrust faults to be inferred.

Davis, T. et al. (1989), Shaw (1993), and Shaw and
Suppe (1994a, b) have used this approach to infer the
locations and geometries of major blind thrusts in coastal
southern California and in the Los Angeles basin. Davis,
T. et al. (1989) developed retrodeformable cross sec-
tions for the Palos Verdes anticlinorium, the central Los
Angeles basin, the Santa Monica Mountains anticlinor-
ium, the Verdugo—San Rafael Hills, and the San Gabriel
Mountains. They proposed that the Los Angeles region
is underlain by active thrust faults composed of inclined
ramps and near-horizontal faults that root into a postu-
lated basal detachment at mid-crustal depths. They sug-
gest that during the past 2.2 to 4.0 m.y. these faults have
accommodated 20 to 30 km of horizontal convergence
between the Palos Verdes Peninsula and the San Andreas
fault.

Dolan et al. (1994) summarized evidence for blind
thrust faults in the Los Angeles basin and along the
southern margin of the Transverse Ranges. Locations,
estimated slip rates, and possible magnitudes for char-
acteristic earthquakes (based on a provisional segmen-
tation model) are shown in Figure 9. The Elysian Park,
Santa Monica Mountains, and Compton-Los Alamitos
blind thrust ramps are important members of this fault
system in the Los Angeles basin. Hauksson and Jones
(1989) conclude that the Elysian Park thrust caused the
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1987 Whittier Narrows earthquake based on its focal
mechanism and aftershock distribution. Dolan ez al. sug-
gest that the Santa Monica Mountains thrust ramp may
be capable of producing earthquakes as large as m =
7.3. Shaw (1993) interprets the Compton—Los Alamitos
fold trend as overlying a thrust ramp along the south-
western margin of the basin. They suggest that this ramp
extends over 80 km from the Santa Monica bay coastline
southeast into northwestern Orange County and may
connect with the Elysian Park thrust to the northeast along
a detachment below Los Angeles. Based on well data,
they estimate that this buried thrust ramp has had an av-
erage slip rate of 1.3 mm/yr for the past 2.5 m.y. From
the estimated fault rupture area, they propose that the
fault ramp can produce earthquakes of m = 6.8. Lastly,
in the Santa Barbara Channel, Shaw and Suppe (1994a)
define the Channel Islands thrust ramp, which they di-
vide into two segments on the basis of differing fold ge-
ometry south of Santa Barbara. They estimate a slip rate
of about 1.3 mm/yr for the past 3.3 ma. Based on es-
timates of fault rupture area, they suggest that the Chan-
nel Islands thrust could produce earthquakes of m = 7.2
to 7.4.

Earthquake Hazards from Blind Thrust Faults. Blind
thrust faults have demonstrated their importance in re-
gional seismic hazard. However, there is considerable
uncertainty about their extent, geometry at depth, and
the nature of the postulated regional detachment into which
they might root. The relation between northwest-trend-
ing strike-slip faults and the thrust ramps raises questions
about modeling ramp geometry in certain areas. For ex-
ample, the Compton—Los Alamitos thrust ramp postu-
lated by Shaw (1993) truncates the Palos Verdes fault at
a depth of about 5 km. Shaw and Suppe (1994b) and
Davis, T. et al. (1989) model the Palos Verdes fault as
a west-dipping reverse fault that extends to a depth of
about 5 km. However, recent geomorphic observations
indicate that the Palos Verdes fault is a major right lat-
eral strike-slip fault with a slip rate of about 3 mm/yr.
Similarly, the Compton—Los Alamitos thrust is modeled
as detaching the strike-slip Newport-Inglewood fault at
a depth of about 8 km. In modeling the Elysian Park
thrust, Davis, T. et al. (1989) require the Whittier fault
to be inactive. However, as noted earlier, the Whittier
fault is a major active strike-slip segment of the Elsinore
fault.

At present there are no direct data on recurrence in-
tervals or characteristic displacements for individual blind
thrust segments. As noted, Shaw and Suppe (1994a, b)
estimate long-term rates on the Channel Islands and
Compton—Los Alamitos thrusts of 1.3 and 1.4 mm/yr,
respectively. These rates are averaged over 2.5 to 3.3
m.y. For most blind thrust ramps there is much uncer-
tainty as to when thrusting began. Because rates can
change over time, slip rates averaged over millions of
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years do not necessarily provide adequate constraints on
present behavior. Slip during individual earthquakes
cannot be directly measured from fold geometries. Shaw
(1993) uses an estimated characteristic displacement of
about 2 m for an expected magnitude 7.2 earthquake to
calculate an average repeat time of about 1500 yr on the
Channel Islands thrust. They also use a displacement range
of 1.2 to 3.0 m from historical blind thrust events to
calculate a recurrence interval of 850 to 2100 yr on the
Compton—-Los Alamitos thrust. If present slip rates are
1 to 2 mm/yr, the co-seismic slip of one to a few meters
that occurs during moderate to large thrust events would
give repeat times of one to a few thousand years.

The magnitude of an earthquake that a blind thrust
can produce is a function of the fault’s area and char-
acteristic displacement. As modeled by Shaw and Suppe
(1994a, b), areas of individual ramp segments can vary
from about 250 km? (Whittier segment of the Elysian
Park thrust) to about 2000 km? (Channel Islands thrust).
This range indicates that we can expect earthquakes
ranging in size from m = 6.4 to perhaps as large as m
= 7.5 on individual blind thrust segments (e.g., Dolan
et al., 1994). However, because of the modeling and
fault behavior uncertainties described here, we do not
treat blind thrusts explicitly as individual structures with
a specific magnitude and recurrence. However, the slip
rates for blind thrusts are included in the estimates in
Tables 5 and 6 for both type B and type C source zones.

Northridge Blind Thrust Fault: Implications
for Earthquake Hazards

The m = 6.7 17 January 1994 Northridge earth-
quake was produced by a south-dipping blind thrust fault
that extended northward from beneath the San Fernando
Valley to the Santa Susana Mountains. The Northridge
blind thrust occurs in a structurally complex zone be-
tween the Sierra Madre fault zone to the east and the
Oak Ridge and Santa Susana faults to the west. The east-
ern end of the 1994 rupture is south of, and actually
extends below, the rupture of the 1971 earthquake. The
earthquake nucleated at a depth of 19 km (Hauksson et
al., 1994). The displacement averaged about 1.5 m with
a maximum of 3.5 m (Wald and Heaton, 1994), and
most of the slip occurred at a depth between 6 and 13
km with little or no slip in the upper 5 km of the crust
(Hudnut et al., 1994). These interpretations of deep slip
are consistent with the absence of primary co-seismic
surface faulting (USGS Staff, 1994a, b).

Since the Northridge earthquake, there have been
preliminary attempts to interpret the structure associated
with the causative fault, which had not been mapped prior
to the earthquake. Davis and Namson (1994), using oil
company data, surface geology, and a balanced cross-
sectional approach, suggest that the Santa Clara syncli-
norium, a major structure on the north side of the Santa
Susana Mountains, is a fault propagation fold produced

by a southward-dipping thrust that roots into a mid-crus-
tal detachment surface beneath the San Fernando Valley.
In their model, the Santa Susana fault becomes a rela-
tively minor structure in the hanging wall of the blind
thrust. Yeats (1994), in an alternative interpretation us-
ing similar data, suggests that the Northridge blind thrust
is an eastward continuation of the Oak Ridge fault of the
Ventura basin, and argues that the fault imaged by the
aftershocks has a moderate dip down to 18 km with no
sign of flattening into a detachment. He concludes that
reconstructions using balanced sections that do not in-
volve the entire brittle crust are not applicable to this
fault, and offers no suggestions as to how deformation
associated with the Northridge blind thrust affects inter-
pretations of the seismogenic potential of the Santa Su-
sana fault. Suppe (personal comm.), in a modification
of the Davis and Namson model, suggests that the Santa
Susana is a wedge fault kinematically linked to the
Northridge blind thrust.

None of the proposed models provides strong con-
straints on recurrence of earthquakes produced by the
Northridge blind thrust. Davis and Namson suggest a re-
currence interval of 3000 yr using geodetically modeled
slip for the Northridge earthquake and an assumed min-
imum slip rate of 4 mm/yr for the past 2 to 3 m.y. How-
ever, it is highly uncertain that long-term rates are con-
stant and present-day rates could vary significantly from
the long-term average. Also, the characteristic displace-
ment value has an uncertainty that will affect recurrence
calculations. Yeats does not quantify the recurrence;
however, he suggests from geomorphology that south-
dipping faults in the San Fernando Valley slip more slowly
than north-dipping faults and that Northridge-type earth-
quakes are relatively rare.

In summary, the 1994 Northridge earthquake rein-
forces the idea that blind thrusts and surface reverse faults
in the Transverse Ranges will continue as important
sources of future earthquakes. It does not fundamentally
change our view of the earthquake hazards or the way
in which blind thrusts are treated in this report. While
the specific fault had not been known prior to the event,
the location, magnitude, and style of the earthquake are
typical for this region of compressional deformation. The
differences regarding interpretations of the structure of
the Northridge blind thrust, the inability to model its lo-
cation before the Northridge earthquake, its relation to
the brittle-ductile transition or a region-wide detach-
ment, and a poor understanding of slip rates and recur-
rence intervals again highlight the uncertainties in quan-
tifying the behavior of such faults throughout southern
California.

Data Integration and Regional
Earthquake Potential

The foregoing sections present important informa-
tion, beyond the traditional paleoseismic data, that can
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Table 5
Preferred Seismic Source Model
M, My M,
10f5 My M, w0* 108 My
Area Length M, RaeFull RatePart Nm/ 10° 10 Nm/ Nm/ 1083 fa fe

Number Name Type Km? \Y Km Mod. 10_3/yr 1073 fyr yr Nm/yr Nm/yr yr yr Nm/yr 1073 /yr 1073 /yr  aDist.
01 SACreepi B 718 0 200 6.01 2.33 1.18 0 0 56 2 0 2 2.33 0.00 3.367
02 SAParkfi B 881 34 30 6.79 3.05 1.32 347 337 70 11 331 342 3.05 21.79 3.484
03 SACholam B 1045 34 50 7.05 3.54 0.81 515 561 84 18 520 538 3.54 13.74 3.549
04 SACarriz A 2265 34 121 7.51 8.19 3.05 1094 1358 193 29 1358 1387 3.05 casc 3.484
05 SAMojave A 2847 30 133 7.56 8.67 3.27 1036 1317 200 34 1317 1350 3.27 casc 3.515
06 SASanBer A 1799 24 78 7.28 4.78 2.35 585 618 112 17 618 634 2.35 casc 3.371
07 SACoachell A 2793 25 114 7.48 5.62 3.85 860 941 134 36 941 976 3.85 casc 3.585
08 SJSanBer A 409 12 35 6.87 1.19 0.47 109 139 28 2 139 140 0.47 casc 2.672
09 SISanJac A 820 12 42 6.96 2.41 1.19 129 166 57 5 166 172 1.19 casc 3.076
10 SJAnza A 1482 12 90 7.36 3.65 2.12 281 356 87 17 356 373 2.12 casc 3.326
11 SJCoyCre A 495 4 40 6.94 1.33 0.72 47 53 32 3 53 56 0.72 casc 2.857
12 SIBorreg A 745 4 29  6.77 2.63 1.65 83 38 63 6 38 44 1.65 casc 3.217
13 SJISupMtn A 415 4 23 6.65 1.3 1.08 81 30 31 3 30 33 1.08 casc 3.033
14 SJSupHil A 332 4 22 6.63 1.03 0.73 50 29 25 2 29 31 0.73 casc 2.863
15 Whittier A 1065 2.5 38 6.91 2.09 1.12 91 31 47 5 31 36 1.12 casc 3.049
16 Glenlvy A 739 5 35 6.87 1.41 0.73 54 58 33 3 58 61 0.73 casc 2.863
17 Temecula A 823 5 42 6.96 1.44 0.79 60 69 34 4 69 73 0.79 casc 2.898
18 Julian A 1323 5 75 7.26 2.38 1.49 106 124 56 10 124 134 1.49 casc 3.173
19 CoyoteM A 1162 4 38 6.91 2.65 1.97 72 50 63 8 50 58 1.97 casc 3.294
20 Newplngl B 1313 1 30 6.79 2.39 1.54 72 10 53 8 33 41 2.39 2.14 3.378
21 NIOffsho B 1155 1.5 40 6.94 1.52 0.86 37 20 35 7 22 28 1.52 0.86 3.182
22 RoseCany B 1661 1.5 40 6.94 1.97 1.33 45 20 46 9 24 32 1.97 0.94 3.294
23 Imperial B 1497 30 90 7.36 4.24 4.04 720 891 102 33 772 806 4.24 7.15  3.627
24 LaguSala B 1332 4 40 6.94 3.89 2.92 85 53 93 17 52 69 3.89 2.04 3.590
25 WhitWolf B 2423 2 80 7.29 7.58 5 76 53 178 55 9 64 7.58 0.11 3.880
26 BigPine B 568 1 40 6.94 1.48 0.66 11 13 34 6 6 12 1.48 0.22 3.170
27 GarlockW B 1697 5 100 7.41 3.78 2.17 50 165 88 32 75 108 3.78 0.58 3.577
28 GarlockE B 2813 7 130 7.55 3.47 2.66 80 300 82 35 155 190 3.47 0.74 3.540
29 PintoMtn B 1226 2 30 6.79 2.48 1.97 17 20 59 9 10 18 2.48 0.64 3.394
30 Brawley B 992 25 10 6.22 2.21 1.75 0 83 53 3 38 41 2.21 17.79 3.344
31 SierMadr B 1879 3 81 7.30 4.5 2.25 83 80 99 33 49 82 4.5 0.55 3.653
32 SanGabFa B 895 0.5 45 7.00 2.33 1.34 40 7 51 11 13 24 2.33 0.40 3.367
33 SaMoMali B 1473 2 55 7.10 2.74 1.64 71 36 55 15 38 54 2.74 0.86 3.438
34 PaloVerd B 1727 3 55 7.10 2.54 1.57 100 54 56 14 63 77 2.54 1.41 3.405
35 StaCruzl B 1637 3 40 6.94 2.19 1.25 11 40 49 10 16 25 2.19 0.62 3.340
36 StaRosal C 1309 2 50 7.05 1.37 0.86 8 33 31 8 0 8 1.46 0.00 3.164
37 Rinconad B 2563 1 40 6.94 4.48 2.53 64 13 107 20 19 .39 4.48 0.75 3.651
38 HosgriN B 2164 3 60 7.15 2.74 1.92 29 59 66 16 28 44 2.74 0.54 3.438
39 HosgriS B 1778 3 60 7.15 2.48 1.47 21 59 59 15 26 40 2.48 0.49 3.394
40 StaYnez B 4473 0.5 50 7.05 8.16 4.54 78 8 189 42 1 43 8.16 0.02 3.912
41 SierNeva B 2082 1 50 7.05 3.66 2.98 13 17 86 19 0 19 3.66 0.00 3.563
42 SanBerMt C 2039 2 20 6.58 4.69 2.87 37 13 110 25 0 25 9.54 0.00 3.980
43 MojaveW C 5191 0.1 30 6.79 11.04 5.31 34 1 255 36 0 36 10.34 0.00 4.014
44 MojaveC C 12736 5 70 7.23 18.7 12.42 83 116 438 103 0 103 15.64 0.00 4.194
45 Salton C 1977 0.3 30 6.79 4.58 2.97 26 2 109 21 0 21 5.97 0.00 3.776
46 Ventura C 1957 16 81 7.30 3.65 1.87 214 417 81 120 0 120 16.48 0.00 4.217
47 MojaveNE C 4920 3 30 6.79 5.13 3.05 58 30 121 38 0 38 10.78 0.00 4.033
48 Coso C 2161 0.5 20 6.58 3.23 2.81 14 3 76 11 0 11 4.34 0.00 3.637
49 SanGabMt C 1060 0.5 15 6.43 2.88 1.35 33 2 65 19 0 19 9.54 0.00 3,980
50 CoasRanC C 3293 0.5 40 6.94 7.92 3.23 62 7 189 48 0 48 11.03 0.00 4.042
51 CentCoas C 3371 1 30 6.79 5.03 3.02 62 10 120 40 0 40 11.30 0.00 4.053
52 SanJoVaW C 5854 2 30 6.79 14.87 7.34 39 20 353 46 0 46 12.96 0.00 4.113
53 SanJoVaC C 7688 0.3 15 6.43 15.74 9.95 50 1 373 41 0 41 20.14 0.00 4.304
54 SimiSaFe B 1388 2 30 6.79 2.91 1.85 135 20 55 10 67 77 2.91 4.42 3.464
55 StaBarCh C 3754 1 50 7.05 5.32 3.38 223 17 122 125 0 125 24.22 0.00 4.384
56 OffsIsla C 38124 4 50 7.05 23.37 14.43 247 66 513 184 Q 184 35.56 0.00 4.551
57 OffshorC C 22274 0.5 50 7.05 16.81 11.15 [} 8 401 43 0 43 8.41 0.00 3.925
58 PeniRanW C 9118 0.1 20 6.58 14.78 10.26 56 1 350 47 0 47 18.28 0.00 4.262
59 PeniRanC C 3960 0.3 20 6.58 9.51 5.95 49 2 225 37 0 37 14.29 0.00 4.155
60 SoutSier C 7530 0.3 20  6.58 14.38 10.49 91 2 338 64 0 64 24.89 0.00 4.396
61 BasiRang C 11834 4 70 7.23 7.5 7.47 77 92 179 63 0 63 9.59 0.00 3.982
62 MojaveE C 20564 0.3 50 7.05 8.49 6.81 131 4 203 87 0 87 16.91 0.00 4.228
63 ColoCorr C 19376 0.5 40 6.94 13.31 10.84 115 7 319 87 0 87 19.76 0.00 4.296
64 SECorner C 12564 1 40 6.94 18.95 16.18 83 13 454 83 0 83 18.94 0.00 4.277
65 TranRanW C 5588 5 70 7.23 10.43 4.84 144 116 245 106 0 106 16.14 0.00 4.208

All A 19514 50.77 26.58 4738 5377 1193 183 5377 5560 26.58 70.64

All B 41380 82.66 51.55 2700 2919 2172 451 2365 2816 82.66 78.79

AllC 208242 241,68 158.85 1936 982 5670 1484 0 1484 346.51 0.00

Total 269136 375.11 236.98 9374 9277 9036 2118 7742 9860 455.75 149.43
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Table 6
Alternate Seismic Source Model
W, o, M,
v 101 M, 10" My 10" M, Rate
Area mm/ M,  Rate Full RatePart  Nm/ 10"  Nm/ 105  Nm/ 10" Rate 107%/

Number Name Type Km? yr Length  Km 1073y 1073 /yr yr Nm/yr yr Nm /yr yr Nm/yr 1073 /yr yr a Dist.
01  SACreepi B 718 0 200 7.00 2.33 1.18 0 0 56 11 0 11 233 0.00 3.367
02 SAParkfi B 881 34 30 7.9 3.05 1.32 347 337 70 22 320 342 3.05 374 3.484
03  SACholam B 1045 34 50 7.55 3.54 0.81 515 361 84 36 502 538 3.54 236 3.549
04  SACarriz A 2265 34 121 8.01 8.19 3.05 1094 1358 193 56 1358 1414 3.05 casc 3.484
05  SAMojave A 2847 30 133 8.06 8.67 3.27 1036 1317 200 64 1317 1381 3.27 casc  3.515
06  SASanBer A 1799 24 78 7.78 4.78 235 585 618 112 32 618 650 235 casc  3.371
07  SACoachell A 2793 25 114 7.98 5.62 3.85 860 941 134 68 941 1009 3.85 casc  3.585
08  SJSanBer A 409 12 35 7.37 1.19 047 109 139 28 4 139 142 0.47 casc 2.672
09  SISanJac A 820 12 42 7.46 2.41 1.19 129 166 57 11 166 177 1.19  casc  3.076
10 SJAnza A 1482 12 90 7.86 3.65 2,12 281 336 87 32 356 389 2.12  casc  3.326
1l SJCoyCre A 495 4 40 7.44 1.33 0.72 47 53 32 6 53 59 0.72  casc  2.857
12 SJBorreg A 745 4 29 7.27 2.63 1.65 83 38 63 12 38 50 1.65 casc 3.217
13 SISupMtn A 415 4 23 7.15 1.3 1.08 81 30 31 6 30 37 1.08 casc 3.033
14 SJSupHil A 332 4 2 7.13 1.03 0.73 50 29 25 4 29 33 0.73  casc  2.863
15  Whittier A 1065 2.5 38 7.41 2.09 1.12 91 31 47 9 31 41 1.12 casc  3.049
16 Glenlvy A 739 5 35 7.37 1.41 0.73 54 58 33 6 58 64 0.73 casc  2.863
17 Temecula A 823 5 42 7.46 1.44 0.79 60 69 34 7 69 76 0.79 casc  2.898
18 Julian A 1323 5 75 1.76 2.38 1.49 106 124 56 20 124 144 1.49  casc  3.173
19  CoyoteM A 1162 4 38 7.41 2.65 1.97 72 50 63 17 50 67 1.97 casc  3.294
20 Newplngl B 1313 1 30 7.29 2.39 1.54 72 10 53 17 24 4] 239 0.28 3.378
21 NIOffsho B 1155 1.5 40 7.44 1.52 0.86 37 20 35 13 15 28 152 0.11 3.182
22 RoseCany B 1661 1.5 40 7.44 1.97 1.33 45 20 46 17 15 32 1.97  0.11 3.294
23 Imperial B 1497 30 9 7.86 4.24 404 720 891 102 64 741 806 424  1.22 3.627
24 LaguSala B 1332 4 40  7.44 3.89 2.92 85 53 93 34 35 69 3.89 0.24 3.590
25  WhitWolf B 2423 2 80 7.79 7.58 5 76 53 178 106 0 106 7.58  0.00 3.880
26  BigPine B 568 1 40 7.44 1.48 0.66 11 13 34 13 0 13 1.48  0.00 3.170
27 GarlockW B 1697 5 100 7.91 3.78 2.17 50 165 88 61 46 108 3.78  0.06 3.577
28 GarlockE B 2813 7 130 8.05 3.47 2.66 80 300 82 67 123 190 3.47  0.11 3.540
29  PintoMtn B 1226 2 30 7.29 2.48 1.97 17 20 59 18 1 18 2.48  0.01 3.39%4
30  Brawley B 992 25 10 7.00 2.21 1.75 0 83 53 11 31 41 221 0.97 3.344
31 SierMadr B 1879 3 81  7.80 4.5 2.25 83 80 99 63 18 82 4.5 0.04 3.653
32 SanGabFa B 895 0.5 45 7.50 2.33 1.34 40 7 51 22 1 24 2.33 0.0l 3.367
33 SaMoMali B 1473 2 55 7.60 2.74 1.64 71 36 55 30 24 54 2.74  0.09 3.438
34 PaloVerd B 1727 3 55 7.60 2.54 1.57 100 54 56 28 50 77 2,54 0.20 3.405
35  StaCruzl B 1637 3 40  7.44 2.19 1.25 11 40 49 19 6 25 2.19  0.04 3.340
36  StaRosal C 1309 2 50 7.55 1.37 0.86 8 33 31 11 0 11 1.08 0.00 3.032
37  Rinconad B 2563 1 40  7.44 4.48 2.53 64 13 107 39 0 39 4.48  0.00 3.651
38  HosgriN B 2164 3 60  7.65 2.74 1.92 29 59 66 32 13 44 274  0.04 3.438
39 HosgriS B 1778 3 60  7.65 2.48 1.47 21 59 59 29 12 40 2.48  0.04 3.394
40  StaYnez B 4473 0.5 50  7.55 8.16 4.54 78 8 189 83 0 83 8.16 0.00 3.912
41 SierNeva B 2082 1 50 7.55 3.66 2.98 13 17 86 37 0 37 3.66 0.00 3.563
42 SanBerMt C 2039 2 20 7.08 4.69 2.87 37 13110 31 0 31 579  0.00 3.763
43 MojaveW C 5191 0.1 300 7.29  11.04 5.31 34 1 255 57 0 57 7.89  0.00 3.897
44 MojaveC C 12736 5 70 773 187 12.42 83 116 438 16l 0 161 12.59 0.00 4.100
45  Salton C 1977 0.3 30 7.29 4.58 2.97 26 2109 29 0 29 410 0.00 3.613
46  Ventura C 1957 16 81  7.80 3.65 1.87 214 417 81 133 0 133 9.41  0.00 3.974
47 MojaveNE C 4920 3 30 7.29 5.13 3.05 58 30 121 47 0 47 6.60 0.00 3.820
48 Coso C 2161 0.5 20 7.08 3.23 2.81 14 3 76 16 0 16 2,92 0.00 3.465
49 SanGabMt c 1060 0.5 15 7.00 2.88 1.35 33 2 65 23 0 23 4.87 0.00 3.688
50  CoasRanC C 3293 0.5 40 7.44 7.92 3.23 62 7189 66 0 66 7.49  0.00 3.875
51 CentCoas C 3371 1 30 7.29 5.03 3.02 62 10 120 49 0 49 6.83 0.00 3.835
52 SanJoVaW C 5854 2 30 7.29 14.87 7.34 39 20 353 73 0 73 10.15  0.00 4.007
53 SanJoVaC C 7688 0.3 15 7.00 15.74 9.95 50 1 373 63 0 63 13.07 0.00 4.116
54  SimiSaFe B 1388 2 30 7.29 2.91 1.85 135 20 55 21 57 77 291 0.66 3.464
55  StaBarCh C 3754 1 50 7.55 5.32 3.38 223 17 122 139 0 139 13.57 0.00 4.132
56 Offsisla C 38124 4 50 7.55 2337 14.43 247 66 513 243 0 243 2376  0.00 4.376
57 OffshorC C 22274 0.5 50 7.55 16.81  11.15 0 8 401 86 0 86 8.41  0.00 3.925
58  PeniRanW C 9118 0.1 20 7.08 14.78  10.26 56 1 350 68 0 68  12.61  0.00 4.101
59  PeniRanC C 3960 0.3 20 7.08 9.51 5.95 49 2 225 50 0 50 932 0.00 3.969
60 SoutSier C 7530 0.3 20 7.08  14.38  10.49 91 2 338 84 0 84 15.66 0.00 4.195
61  BasiRang C 11834 4 70 71.73 7.5 7.47 77 922 179 87 0 87 6.75 0.00 3,829
62  MojaveE c 20564 0.3 50 7.55 8.49 6.81 131 4 203 109 0 109  10.65 0.00 4.027
63  ColoCorr C 19376 0.5 40  7.44  13.31  10.84 115 7 319 116 0 116  13.21  0.00 4.121
64  SECorner C 12564 1 40  7.44 1895  16.18 83 13 454 125 0 125 1420 0.00 4.152
65  TranRanW C 5588 5 70 773 1043 484 144 116 245 139 0 139 10.83 © 0.00 4.035

All A 19514 50.77  26.58 4738 5377 1193 355 5377 5731  26.58 70.64
All B 41380 82.66  51.55 2700 2919 2172 895 2032 2927 82.66 10.32
All C 208242 241.68 158.85 1936 982 5670 2004 0 2004 231.76  0.00
Total 269136 375.11  236.98 9374 9277 9036 3254 7409 10662 341.00 80.97
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improve our understanding of earthquake potential
throughout southern California. We use the seismic mo-
ment (equation 1), which is directly related to parame-
ters of the causative fault, to measure the seismic po-
tential implied by the various kinds of information.
Seismic moment can be measured by seismology (from
the amplitude of seismic waves), geology (from the mea-
sured fault length and slip), or geodesy (by deducing po-
tential fault slip on the rupture surfaces from observed
-ground displacements at the earth’s surface). Similarly,
the rate of seismic moment release in a region can be
estimated from each of the three data sets. In this section
we describe how we use these data sets to assign a rate
of seismic moment release to each of the various seis-
motectonic zones.

We first identify the fault segments for which we
could apply the conditional probability analysis. Each of
these fault segments corresponds uniquely to a single type
A zone. Then, for each of the 65 zones we estimate the
rate of distributed earthquakes, assumed to be Poisson-
ian in time, equally probable anywhere within a given
zone, and having a modified Gutenberg—Richter mag-
nitude distribution. The original Gutenberg—Richter dis-
tribution is given by

N@m) = 10, )

where N(m) is the annual number of earthquakes with
magnitude equal to or greater than m. We use the mo-
ment magnitude for m, and assume that b is 1.0. In the
modified form that we use (see Appendix D), N(m) de-
creases more rapidly for large m, approaching zero as m
approaches the limiting magnitude m,. In addition to the
distribution described by the above formula, we allow
for the occurrence of “extra” characteristic earthquakes
with magnitude m, at the annual rate f.. Thus, for each
zone, there are three parameters to be determined from
the data: a, m,, and f..

For type A zones, we set f, = 0, because charac-
teristic earthquakes have already been accounted for by
the cascade model, and we take m, to be the character-
istic magnitude from geological studies. We estimate the
seismicity rate (a value) from the rate of observed m =
6 earthquakes using the smoothed, modified Ellsworth
catalog with large characteristic earthquakes removed.
We removed the large earthquakes to avoid double-
counting in the A zones, for which the characteristic
earthquakes are treated separately.

For type B zones, geologists have documented faults
that may have characteristic earthquakes, but informa-
tion about their behavior is incomplete. Thus, we allow
for characteristic earthquakes with the specified magni-
tude m,. We fix the a value for distributed seismicity
from the observed rate of m = 6 earthquakes using the
complete, smoothed catalog with all earthquakes in-
cluded. The rate f. of extra earthquakes is then set so

Working Group on California Earthquake Probabilities

that the predicted seismic moment rate matches the “ob-
served” moment rate. For these zones, we take the ob-
served moment rate to be the average of the geological
and geodetic estimates.

For type C zones, we lack direct evidence of a pre-
ferred characteristic earthquake, although the length of
exposed fault segments may suggest an upper limit. For
these zones we set f, = 0 (no characteristic earthquakes),
and we set the seismicity rate to the average of the
smoothed catalog seismicity rate and the value corre-
sponding to the observed geodetic moment rate. In cal-
culating the seismicity rate for a given moment rate, we
need to assume the value of m, (Appendix D).

Table 5 lists the seismicity parameters for each of
the 65 zones. The first 10 columns are input data, and
the following eight columns are derived from the input
values. “Length” is the length (in kilometers) of the
longest fault segment. “Area” is the total area (in km?)
of the zone. “V” is the estimated slip rate (in mm/yr)
for the dominant fault in the type A and type B zones,
and the estimated slip across the width of the zone for
type C zones. Where oblique slip occurs, V represents
the magnitude of the slip vector. For most zones the lim-
iting magnitude, m,, is estimated from the fault length
using the regression formula of Wells and Coppersmith
(1994), although it is revised upward for a few type C
zones where the length of exposed faults did not ade-
quately indicate the limiting earthquake magnitude. “Rate
Full” is the rate r of m = 6 earthquakes (in events per
1000 yr) predicted by the smoothed earthquake catalog.
The choice of unit does not imply that the seismicity
rates are constant for period of 1000 yr; rather they are
chosen to make the values a convenient size. “Rate Part”
is the smoothed seismicity rate r (again in events per
1000 yr) for the special catalog with characteristic earth-
quakes removed before smoothing. “M,”’ is the moment
rate (in units of 10" Nm/yr) for each zone estimated
using the Kostrov formula (equation 8) and the geodet-
ically measured strain rate for each zone. “M,” is the
moment rate estimated from the fault-slip rate, V,

M, = pHLV. (10)

“M,” is the moment rate implied by the smoothed com-
plete catalog, assuming a generic value of m, = 8.22,
which is appropriate for the Harvard catalog of global
earthquakes since 1977 (Kagan, 1993). “M,” is the mo-
ment rate predicted by the model to result from distrib-
uted earthquakes. It is directly proportional to the pre-
dicted rate of distributed earthquakes, with a
proportionality factor that increases with the limiting
magnitude m,. ““M_.” is the characteristic earthquake mo-
ment rate predicted over the long term. For type A zones,
it is computed directly from the fault-slip rate (in fact it
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is equal to M)) so it does not account for the accelerated
probability of characteristic earthquakes on overdue fault
segments. “M,,” is the total long-term moment rate pre-
dicted by the model (again neglecting the enhanced rate
of predicted characteristic earthquakes in the overdue type
A zones). For type A zones, the total moment rate for
the model generally exceeds the geological estimate be-
cause the characteristic earthquakes fully account for the
geological moment rate, and the moment rate of distrib-
uted earthquakes then contributes a small excess. “f,” is
the predicted rate of distributed earthquakes, equal to or
greater than magnitude 6, for each zone. “f,” is the pre-
dicted rate of characteristic earthquakes of magnitude m,,
in the type B zones only. In the type A zones, the rates
and magnitudes of characteristic earthquakes are given
by the cascade model, and in the type C zones there is
no allowance for characteristic earthquakes. Finally, the
column labeled “a/Dist” gives the a value of the mod-
ified Gutenberg—Richter distribution for distributed
earthquakes only. The equations used for the calcula-
tions are given in Appendix D.

Entries at the bottom of Table 5 give sums of several
quantities for each zone type, and for all zones together.
Note that the geologic, geodetic, and seismic estimates
of the moment rate are consistent for all of southern Cal-
ifornia. If we take the length of the plate boundary within
southern California to be 500 km, the average relative
plate motion to be 50 mm/yr, and assume g = 3- 10"
Nm™? and H = 11 km, the expected moment rate con-
tributed by plate tectonics can be calculated by equation
(10) to be about 8300 - 10" Nm/yr. This value is con-
sidered a lower estimate of the total seismic moment rate,
as the elastic thickness of the crust may well exceed 11
km. Also, the estimate neglects the moment involved in
crustal convergence, mountain building, and reshaping
of the plates. The rate estimated from the seismic catalog
using equation (3) is 8300 10" Nm/yr. However, the
distribution of moment rate differs among the three types
of data. The smoothed seismicity catalog suggests a higher
moment rate for the type C zones, while the geologic
data puts most of the moment rate into the type A zones.
Note that almost half of the seismically observed mo-
ment was released in the 1857 Fort Tejon earthquake on
the San Andreas.

The geographic distribution of earthquake potential
is perhaps best displayed in terms of the seismic moment
per unit area, which after division by 2uff is equal to
the average strain rate (see equation 8). This represen-
tation is relatively insensitive to assumptions about the
magnitude distribution. Figures 10 through 13 show the
strain rate by zone derived from the geological, geo-
detic, and seismic data, and the combined form for input
to the resulting hazard model of Table 5. The geological
data (Fig. 10) indicate the equivalent rate for the Pois-
sonian assumption; that is, they show the long-term rate,
rather than the higher rate implied by the lognormal re-

currence hypothesis. The geological data show high strain
rates in all of the type A zones, as well as type B zones
Parkfield and Imperial.

The geodetic data (Fig. 11) generally agree with the
geological data for the type A zones. This should be no
surprise, as the geodetic data are interpreted with geo-
logic slip rates where the geodetic data lacked adequate
spatial resolution, especially along the San Andreas fault.
However, the geodetic data show high strain rates in the
Sierra Madre, San Gabriel, Santa Monica~Malibu, and
Simi—-San Fernando Valley zones where the geological
slip rates imply lower strain. In the case of the seismic
data (Fig. 12), the plotted strain rate assumes a uniform
maximum magnitude, so that the strain rate is propor-
tional to the seismicity rate per unit area. Only the seis-
micity rate itself is used in deriving the model parame-
ters. Seismic strain rates are distributed more broadly
than either the geologic or geodetic slip rates, primarily
because of the smoothing applied to the catalog. The
seismic strain rate exceeds the geologic rate in the White
Wolf, Laguna Salada, San Gabriel, and Sierra Madre
zones, where recent earthquakes have occurred despite
low slip rates on the major faults in those zones. The
combined strain-rate map or master model (Fig. 13) is
not a simple average of the others, because of different
assumptions made in the different zone types. Never-
theless, it is apparent that the master model is a com-
promise, gaining robustness by including three major
categories of data.

Figure 14 shows the predicted cumulative magnitude
distribution following from the preferred model, along
with the observed distribution as measured by the cata-
log of Table 4. The contributions from characteristic and
distributed earthquakes in the various zone types are also
shown. The average rate of m = 6 earthquakes is pre-
dicted to be about 0.61 per year for the next 30 yr, cor-
responding to an average recurrence time of 1.6 yr. This
rate is about double the observed rate since 1850, which
is 0.32 per year. The largest contribution to the total
earthquake rate comes from the distributed earthquakes
in type C zones, where the geodetic strain weighs heavily
in the calculation. Although the strain rate in most type
C zones is quite modest, their large area suggests that
the cumulative probability of m 2 6 earthquakes is rather
high. However, we note that type C zones are at the
margin of, or even outside, the geodetic network, and
the strain estimates are relatively uncertain there. Also,
we assumed that the strain estimated by geodesy will be
released completely as earthquakes. Some of the mea-
sured strain might be inelastic, so that it would not even-
tually result in earthquakes. The extent of inelastic strain
is unknown, so we adopt the conservative view that all
accumulated strain will be released in future earth-
quakes.

The difference between the predicted and observed
rate of m = 6 earthquakes might also be related to our
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Figure 3.

Major active surface faults in southern California.
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Figure 4. Cutaway block diagram of crust along profile from San Clemente
Island to Mojave Desert.
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Figure 5. Fence diagram illustrating rupture probabilities for the time period 1994 to 2024 for fault segments associated with type A zones.
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Seismic Source Zones

Figure 6. The 65 seismotectonic source zones for southern California. Zones are classified into type A, B, and C according to the quantity of available geologic data.
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Station Velocity Parallel to San Andreas Fault
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Figure 8. Predicted (triangles) and observed (squares) geodetic velocities across
the Mojave segment of the San Andreas fault. Observed velocities estimated from
GPS data, predicted velocities estimated from fault-slip rates.
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Figure 9.  Exposed faults and buried thrust ramps in the greater Los Angeles basin.
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Figure 11. Strain rate in 10~ rad/yr estimated from GPS geodetic data for each seismotectonic source zone.
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Figure 12. Strain rate in 10”° rad/yr estimated from the smoothed southern California earthquake catalog since 1850 for each seismotectonic source zone.
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Figure 13.

Strain rate in 107° rad/yr calculated for the preferred model for each seismotectonic source zone.
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Figure 14. Annual rate of earthquakes with magnitude greater than M pre-
dicted for the preferred model, compared with the rate observed since 1850. Also,

the contributions to the predicted rates from the type A, B, and C zones are shown
separately for characteristic and distributed earthquakes.
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Figure 15. Annual rate of carthquakes with magnitude greater than M pre-
dicted for the alternative model, compared with the rate observed since 1850.
Also, the contributions to the predicted rates from the type A, B, and C zones
are shown separately for characteristic and distributed earthquakes.

413



414

PGA (Rock Site) and 1 Second Spectral Acceleration (Soil Site)
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Figure 16.  The 30-yr probability of peak ground acceleration exceeding a given
value at the Los Angeles City Hall assuming a rock site. The contributions from
events on the San Andreas and San Jacinto faults are shown separately. Also, the
30-yr exceedance probability is shown for the 1-sec-period spectral acceleration
assuming a soil site.
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Figure 19. Procedure for calculating seismic hazard for a particular source
zone. At each integration point X, all vertical faults with surface traces that start
or end at X and are on the one side of the line AB, perpendicular to 7(%,%), share
the same closest distance to the site. The distance from the integration point to
the boundary in any direction, X(%,1), defines the longest possible rupture length
at ¥ in that direction and is used to set the criteria for the occurrence of earth-
quakes with different rupture lengths. This contrasts with the point source model,
which instead assumes a uniform probability of occurrence for earthquakes with
different rupture lengths in all directions and at all points within the source zone.
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assumption that the largest magnitude in any zone is lim-
ited by the length of surface fault traces. We adjust the
estimated maximum magnitude to account for blind
thrusts, but the 1992 Landers earthquake, which rup-
tured several apparently distinct fault segments, showed
that fault length may not adequately constrain the max-
imum magnitude even in a strike-slip environment. In-
creasing the maximum magnitude in all zones would re-
duce the number of predicted m = 6 earthquakes, but it
would take a very large increase—nearly a full magni-
tude unit—to bring the predicted rate down to the ob-
served level. The difference between the predicted and
the long-term rates could be caused by natural variations
in seismicity. The prediction is based on geological and
geodetic data which reflect the long-term moment re-
lease, whereas the earthquake catalog covers a relatively
brief time interval. Another Fort Tejon earthquake to-
morrow would make up the deficit. A further consid-
eration is that the predicted rate implicitly includes the
contributions of aftershocks, which can relieve strain just
as any other earthquake can. The catalog, however, may
omit a number of m = 6 aftershocks, especially in the
period before 1932, which includes three of the five larg-
est earthquakes, including the 1857 event. However, based
on typical aftershock statistics, it is unlikely that missing
m = 6 aftershocks would make up more than 20% of
the deficit.

The predicted rate of m = 7 earthquakes is 0.067/
yr, again about double the average rate since 1850 (0.035/
yr). The predicted annual rate corresponds to a 30-yr
probability of 86%. All of the above arguments regard-
ing the comparisons of observed and predicted m = 6
earthquakes also apply for m = 7 events. Comparison is
more difficult at m = 7, because the sampling is inad-
equate and the magnitude uncertainties before 1932 af-
fect the results more. At m = 7 the predicted rate is
dominated by characteristic events in the type A and type
B zones. The predicted rates would be reduced if we
increased the estimated maximum magnitude substan-
tially, or if we relaxed the constraints on the cascade
model to include more interaction between segments.
Either of these changes would replace several large
earthquakes with a smaller number of even larger ones
in the moment budget for the next 30 yr. At present, we
lack any direct evidence to establish the maximum mag-
nitude or the degree of segment interaction. Another
possible modification, explored below, would be to use
the Poissonian probability estimates, rather than the higher
rates resulting from the lognormal model as assumed
above. In this report, we accept the model presented in
Tables 3 and 5 as the preferred model, and we use it in
the probabilistic seismic hazard calculations below.

The preferred model predicts that great earthquakes
like the 1857 event should be quite rare. Earthquakes of
magnitude 7.8 or greater should occur at the rate of about
two or three per 1000 yr, corresponding to a 6 to 9%

probability in 30 yr. Note that these estimates are par-
ticularly sensitive to the assumed maximum magnitude
on many faults. The 1857 earthquake contributed 41%
of the seismic moment release in the catalog, and only
because of this large event are the seismic estimates of
the moment rate comparable to those from plate tecton-
ics and geodesy. In fact, 1857 was the only earthquake
on the San Andreas in southern California since 1850
that expended significant seismic moment.

We also calculated seismic hazard parameters for an
alternative model that conforms more to the observed
distribution of earthquakes since 1850. For this model,
we assume Poissonian behavior for cascades, with rates
given in the last column of Table 3. We raised the max-
imum magnitude to 7.0, or 0.5 magnitude unit above the
values predicted from the length of observed surface faults,
whichever is greater. This allows for unanticipated
earthquakes, and for the fact that the regression of mag-
nitude versus fault length given by Wells and Coppers-
mith (1994) predicts the average magnitude, rather than
the maximum magnitude. We also reduced the geodetic
moment rate estimate in zones 35, 41, 44, 48, 52, 61,
and 64 to values corresponding to maximum shear strain
rates of 10 nanorad/yr. These zones presently have sparse
geodetic coverage, and their estimated geodetic strain rates
are very uncertain. Hazard parameters for this model are
shown in Table 6, and the predicted magnitude distri-
butions are given in Figure 15. The predicted rate of m
Z 6 earthquakes is 0.43 per year, only slightly above
the observed rate of 0.32 per year. For a Poisson process
the relative uncertainty in the rate is the square root of
the reciprocal of the number of events. Since the catalog
contains only 49 earthquakes since 1850, the uncertainty
in the average rate estimated from the catalog is 0.045
per year. Thus, the discrepancy between the alternate
model and catalog rates is approximately two standard
deviations. The predicted rate of m = 7 earthquakes is
0.064 per year, compared to an observed rate of 0.035
per year. Since the observed rate is based on just five
events, the uncertainty in the mean rate is about 0.015.
Again, the discrepancy is about two standard deviations.
Because the alternate model assumes a fully Poissonian
process, and because the moment rate predicted by the
model only exceeds the average rate from the earthquake
catalog by about 25%, any significant difference in the
rate of events must be related to the assumed magnitude
distribution. According to the alternate model, the prob-
ability of an m = 7 earthquake in southern California
before 2024 is 85%.

Uncertainties

A formal estimate.of the rate uncertainties for char-
acteristic earthquakes can be obtained from the data in
Table 2. We convert the uncertainty in each mean prob-
ability to a relative uncertainty, and multiply this by the
conditional rate estimated for the lognormal model, to
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estimate the standard deviation of each rate estimate. We
then square and sum these values, with appropriate
weighting, to get the varia..ce of any weighted sum of
the rates. The relative error in the total rate given in Ta-
ble 2 is about 17%, and the estimated total cascade rates
in Table 3 have about the same relative uncertainty. Be-
cause most of the m = 7 earthquakes are characteristic
earthquakes, this relative uncertainty of 17% will also
apply to the rates of these large earthquakes. Thus, the
1-0 range of predicted rates for the preferred model is
0.055 to 0.078 per year, corresponding to 30-yr proba-
bilities in the range 81 to 90%. For the alternate model,
the corresponding ranges are 0.053 to 0.075 events/yr,
and 80 to 89%. These formal uncertainties reflect only
errors in estimating displacements and slip rates, and to
some extent the intrinsic variability of recurrence times
about the median. The true uncertainties are undoubtedly
much greater, as our calculations are based on several
credible but unproven assumptions.

The close agreement between the preferred and al-
ternative models at m = 7 is fortuitous; the preferred
model has more characteristic earthquakes in the type B
zones, while the alternate model has more distributed
earthquakes in the type C zones. Only at this magnitude
level do the two models agree so closely, and this co-
incidence should not be interpreted to mean that the model
is insensitive to the assumptions.

For m = 6. the yearly rates estimated by the pre-
ferred and alternate models differ strongly (0.614 versus
0.433), indicating that the predicted rate of moderate
earthquakes depends very strongly on assumed maxi-
mum magnitude. Thus, a formal error estimate would
not be very useful at this magnitude level.

Probabilistic Seismic Hazard Analysis

The previous sections present information about the
earthquake potential of specific faults and regions of
southern California. The information includes estimated
probabilities of large characteristic earthquakes on the
major fault segments. These events capture one’s atten-
tion because they cause damaging levels of ground-mo-
tion over wide areas. On the other hand, smaller events
are more frequent and can occur anywhere, although their
strong ground-motion effects will be less widespread. A
person or structure located at a specified site in southern
California is exposed to this spectrum of potential events.

It is the objective of probabilistic seismic hazard
analysis (PSHA) to capture all contributions to a site’s
hazard, and to report various measures of the seismic
hazard there. The results are presented in terms of the
probability of the site’s experiencing a ground motion of
a specified level or larger in a specified future time win-
dow. We chose a 30-yr time window to illustrate the
effects of the master model on PSHA in southern Cali-
fornia. As one measure of the intensity of the ground
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motion, we use the peak ground acceleration (PGA) at a
level of 20% g (20% of gravity) and greater.

The Probabilistic Seismic Hazard Analysis Method

The PSHA computational method is conceptually
simple. In essence, it sums the contributions to the site
hazard (probability) from each square kilometer of the
region around the site and for each magnitude level or,
more precisely, each magnitude interval (e.g., 6.45 to
6.55). For example, the contribution at a particular site
to the 30-yr probability from m = 6.5 earthquakes in a
particular square kilometer a distance R km away can be
approximated by

Ay 30 P[PGA > 0.2|m = 6.5 and distance = R].

The parameter A, is the mean annual rate per unit area
of magnitude m events (here m = 6.5). The values of
A, are obtained from the seismicity information provided
in later sections. The probability P[PGA > 0.2{m = 6.5
and distance = R], which is read as “the probability that
the PGA exceeds 0.2 g given a magnitude 6.5 event at
a distance of R km,” is obtained from empirical and the-
oretical studies that predict how the ground-motion in-
tensity decays with distance and how it increases with
magnitude, coupled with empirical studies of the statis-
tical variability of real observations about these predic-
tions. This variability is quite large; it is not uncommon
to observe ground-motion intensities more than twice as
large or less than half as large as the predicted values.

Modifications to this procedure are necessary for large
characteristic events on major fault segments (or cas-
cading multiple segments). In effect, each such rupture
is concentrated at the point on the fault closest to the
site. In addition, if the non-Poissonian recurrence model
is adopted, the product A4 5 - 30 must be replaced by the
30-yr probability values in Table 2.

Finally, the simple summing of these hazard con-
tributions is a valid approximation only when the final
hazard is small (less than 10%). A better approximation
for our analysis is

1 —exp(—r-T),

where r is the sum of the hazard rates (probabilities per
year) and T is the time interval (30 yr in our example).
The analysis procedure is easily automated, and many
computer programs are available for these calculations.
The specific procedure used in this report is described
in Appendix E. The process can be repeated for different
ground-motion levels, e.g., 0.1 g, 0.2 g, etc., leading
to a decreasing plot of hazard versus increasing ground
motion, or a “seismic hazard curve.” Furthermore, the
process can be repeated for a fine grid of sites to produce
a site hazard map. PSHA can be applied to many dif-
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ferent measures of ground-motion intensity depending
on the application. Examples will follow.

The final product will be a probability that reflects
all the uncertainties involved—mnamely, how many
earthquakes will occur, how large they will be, where
they will be, and to what degree the ground motions at
the site will deviate from the predicted values. As we
shall see below, the result can be readily dissected to
display contributions to the site hazard from different
hazard sources.

Specific Input to the Analysis

The input data are the predicted seismicity rates, b
values, and limiting magnitudes for the 65 zones (Table
5) and the 30-yr probabilities for the specified charac-
teristic earthquakes and cascades on the major faults
(calculated from the annual rate given in Table 3). Re-
call that two alternative representations of these seismic
recurrence models are presented. We focus on the pre-
ferred model in which the distributed seismicity is given
by Table 5 and the characteristic earthquake probabilities
are given by Table 3.

The site hazard calculations are based on empirical
ground-motion prediction models by Geomatrix Consul-
tants (1991) and Sadigh et al. (1986). They predict the
peak ground acceleration at a site on “rock” or “soil”
(engineering terms) at a specified distance from an earth-
quake of given magnitude. The local conditions may af-
fect the level of ground motion; the two broad site clas-
sifications, rock and soil, each cover a spectrum of local
geological conditions. The models also provide a prob-
ability distribution describing the variability of obser-
vations about these predictions; these variations are cen-
tered on the predicted value (i.e., the model is unbiased)
and have a degree of variability measured by a standard
deviation. The standard deviation of the natural loga-
rithm of the PGA ranges between (.69 and 0.38 from
smaller to larger magnitudes for the rock site model. These
models are currently in use and are selected as repre-
sentative.

Seismic Hazard Curves for Downtown
Los Angeles and San Bernardino

Seismic hazard curves for the Los Angeles City Hall
site are shown in Figure 16. The upper dashed line is a
plot of the 30-yr hazard versus peak ground acceleration,
assuming a rock site. Note that at a level of 0.2 g the
30-yr probability is about 30%. At acceleration levels
potentially damaging to small modern buildings, the
probability is less than a few percent. The lower dashed
curve shows the fraction of PGA hazard contributed by
the San Andreas and the San Jacinto alone. Their con-
tribution is as much as one-third of the total probability
for frequent low-level ground motions, but less than 10%
for ground motions above 0.2 g. Faults closer to Los
Angeles City Hall, although less dramatic in many ways

and not capable of earthquakes as large as on the San
Andreas and San Jacinto, are more likely to cause po-
tentially damaging ground motions in the city. These
conclusions are unchanged for soil sites.

The situation changes mildly for longer period mo-
tions which cause more damage to flexible multi-story
buildings. Also, soil sites tend to enhance the effects of
these motions. The solid curves in Figure 16 show the
hazard associated with the 1-sec period “spectral accel-
eration” for a soil site. The San Andreas and San Jacinto
contribute more to the 1-sec spectral acceleration than to
the PGA at all levels; although they are farther away,
they are likely sources of the large earthquakes that gen-
erate longer period seismic waves. Even so, the local
sources dominate the 1-sec hazard for higher accelera-
tions.

Figure 17 shows the 1-sec spectral acceleration haz-
ard for the San Bernardino City Hall site, again presum-
ing a soil site. The 30-yr hazard for ground motions greater
than about 0.2 g is several times larger here than in Los
Angeles. The threat at virtually all levels is from the large
fault systems, which pass near the city.

An Illustrative Seismic Hazard Map
of Southern California

We have generated seismic hazard curves like those
in Figures 16 and 17 for many sites across southern Cal-
ifornia, and the results for the 0.2 g PGA (rock site) ground
motion at each site are plotted and contoured in Figure
18. As seen in Figure 16, the probability that the peak
ground acceleration exceeds 20% of gravity in the next
30 yr is about 30% at Los Angeles City Hall. Although
the probability is significant throughout southern Cali-
fornia, it exceeds 80% only in the Parkfield area (Fig.
18). The probability exceeds 60% in the Ventura and
San Bernardino areas. A high-probability zone includes
much of the Transverse Ranges fold and thrust belt be-
tween Santa Barbara and San Bernardino. The master
model we are developing can produce a map like Figure
18 for any ground-motion parameter that may be useful.

The foregoing patterns of high seismic hazard change
when we choose different mapping parameters. For ex-
ample, when we contoured the 0.3-sec spectral accel-
eration for the 10% probability of exceedance in 50 yr,
the high accelerations were concentrated along the San
Andreas, San Jacinto, and Elsinore faults, rather than the
east—west-trending zone between Santa Barbara and San
Bernardino.

Conclusions and Future Needs

We reviewed the methods used by WGCEP (1988)
for estimating the conditional probability of rupture for
a fault segment, and we found it appropriate to revise
the standard deviation of the logarithm of recurrence in-
terval—a fundamental parameter. This parameter is
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composed of two terms—one describes the intrinsic
variability of earthquake recurrence and the other ac-
counts for uncertainties in the input data. The intrinsic
part is due to the erratic behavior of the dynamic process
of earthquake rupture and unknown interactions from
nearby faults. Based on new, high-quality paleoseismic
data and advances in computer modeling of fault inter-
actions, we now believe that earthquake recurrence is
intrinsically more variable than was assumed in 1988.
Increasing the variability reduces the periodicity. Con-
sequently, we revised downward the conditional proba-
bilities for some segments that have not ruptured re-
cently. The largest reductions, still within the estimated
errors, are for the Coachella Valley and Anza segments
of the San Andreas and San Jacinto faults, respectively.

In addition to the time-predictable model used by
WGCEP (1988), we considered a renewal model that does
not assume a strong correlation between the previous
displacement and time until the next earthquake. Fur-
thermore, when we knew the dates of enough past earth-
quakes, we estimated statistical parameters directly from
them. The 30-yr probabilities listed in Table 2 represent
a weighted average of the three estimates (with weight
proportional to the reciprocal of variance; i.e., assuming
equal prior likelihood for each estimate).

The revised probability estimates are similar to those
given in 1988, with a few exceptions. For the reasons
mentioned above, the 30-yr probability is reduced from
0.4 to 0.22 for the Coachella Valley segment of the San
Andreas, and from 0.3 to 0.17 for the Anza segment of
the San Jacinto. On the other hand, the probability is
increased from 0.1 to 0.43 for the San Jacinto Valley
segment of the San Jacinto, partly due to the revision of
the mean recurrence time to nearly half the 1988 esti-
mate. For these revisions we followed the basic as-
sumption of WGCEP (1988) regarding the existence of
earthquakes characteristic to given fault segments. This
assumption has been questioned by investigators who have
found evidence for ruptures occurring over various com-
binations of contiguous segments. To allow for failure
over multiple segments, we develop a “cascade” model
in which the amount of slip is assumed to be character-
istic to a given segment, but all earthquakes that can oc-
cur by combining contiguous segments are allowed. The
model minimizes the total earthquake rate, subject to the
geologically constrained rupture probability on each seg-
ment. This criterion brings the predicted annual rate for
m = 7 earthquakes into better agreement with the his-
torical record since 1850.

At present, the above method of estimating proba-
bilities of fault failure can be applied only to the San
Andreas, San Jacinto, Whittier, and Elsinore faults due
to the lack of data on other faults, including those re-
sponsible for the 1933 Long Beach, 1971 San Fernando,
and 1994 Northridge earthquakes. To supplement the
geologic data, we used the catalog of past earthquakes
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and crustal deformation (geodetic) data from GPS net-
works in southern California. To combine the geologic,
earthquake catalog, and geodetic data, we introduce
seismotectonic source zones for earthquake source char-
acterization. In the present report, we adopted 65 source
zones as shown in Figure 6. Of the 65 zones, 41 are
named after the fault they contain. Segments of the San
Andreas, San Jacinto, and Elsinore, faults constitute 16
zones. We distinguish three types of source zones: type
A zones each contain one major fault segment, with
enough data for conditional probability analysis; type B
zones contain well-known active faults for which seg-
mentation and recurrence data are incomplete; and type
C zones are not dominated by any single major fault,
but may contain diverse and/or hidden faults. Our gen-
eral strategy is to combine the contributions from faults
with sufficient paleoseismic data and those from earth-
quake catalog data in such a way that the total displace-
ment across southern California is consistent with the
relative motion between the Pacific and North American
plates. We also assumed that all the accumulated strain
in the 11-km-thick brittle zone estimated from geodesy
will be released by earthquakes.

Before integrating the three different data sets to
produce a seismic hazard map, we compared what each
data set is telling us about seismic sources in southern
California. Crustal strain estimated from geology and that
from earthquake catalog data show some markedly dif-
ferent patterns. The geology data show concentrated strain
along the San Andreas and San Jacinto faults. The earth-
quake catalog data show significant strain release away
from these major faults. The geodetic data show strain
diffused outside the San Andreas fault zone (Fig. 8) as
compared to the pattern expected from a simplified geo-
logic fault model.

The sum of the predicted rupture rates on all char-
acteristic fault segments exceeds 0.1 per year, which is
greater than the rate of 0.03 to 0.04 per year for m = 7
earthquakes in the catalog. By allowing for segment in-
teractions using the cascade model (Table 3), the pre-
dicted rate of all characteristic earthquakes on those seg-
ments is reduced to about 0.071 per year as shown in
Table 3 and Figure 14. Including characteristic and dis-
tributed earthquakes in all zones, and allowing for in-
teractions with the cascade model, our preferred model
predicts m = 7 earthquakes should occur at a rate of
0.067 per year (Fig. 14), corresponding to a 30-yr prob-
ability of 86%. Note that the predicted rate of charac-
teristic earthquakes exceeds that of m = 7 events, be-
cause many of the characteristic magnitudes are less than
7. The predicted rate for m = 7 exceeds the catalog rate
mentioned above. The predicted rate can be further re-
duced if the values adopted for the maximum magnitude
of distributed earthquakes are increased. Figure 15 shows
the case where we adopted a maximum magnitude of
either 7.0 or 0.5 magnitude unit above the geologically
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estimated value, whichever is greater. Using the alter-
nate model, the predicted rate for m = 7 earthquakes is
about 0.064 per year, corresponding to a 30-yr proba-
bility of 85%. The values for the preferred and alternate
models are very similar at m = 7. This is a coincidence,
as the uncertainties in the predictions are of the order of
15 to 20%.

We interpret the difference between predicted and
observed rates of m = 7 earthquakes to mean that earth-
quakes of this size have been less frequent over the last
150 yr than would have been expected based on ob-
served fault lengths, slip rates, and accumulating strain.
On the other hand, great earthquakes like the 1857 event
should occur only about two or three times per millen-
nium, and recurrence of such an event in the next 30 yr
is relatively unlikely (6 to 9%). Thus, it appears that
earthquake activity at m = 7 has been anomalously low
since 1850, although we had one great earthquake. An-
other great earthquake in the next few decades would
help make up this apparent deficit in m = 7 events.

The above calculated rates of 0.064 to 0.067 per year
for m = 7 earthquakes in southern California, however,
are lower than the upper-bound estimate of 0.12 per year
made in the first report (Phase I, WGCEP, 1992) in this
series. Thus, the upper-bound estimate made on the ba-
sis of a recently increased level of seismicity is not con-
sidered to apply over the long term. The observed and
calculated rates for southern California may be put into
perspective by comparing them with the corresponding
rates for the San Francisco Bay Region. According to
the 1990 Working Group, the calculated 30-yr proba-
bility for an m = 7 earthquake anywhere in the Bay Re-
gion is estimated as 67%, which corresponds to an an-
nual Poissonian rate of 0.037 per year. This calculated
rate is about 1.6 times the rate of 0.023 per year esti-
mated from the catalog of earthquakes since 1836. Since
the length of the plate boundary for southern California
(about 500 km) is 2.5 times longer than that for the Bay
Region (about 200 km) studied by the 1990 Working
Group, the extrapolation of the 1990 Working Group’s
results to the same area as southern California would give
0.093 and 0.058 for the calculated and observed annual
rates, respectively. This comparison shows that our pre-
dicted annual rate is consistent with that predicted for
the Bay Region.

The predicted rate of 0.064 to 0.067 per year cor-
responds to a probability of 85 to 86% for the occurrence
of a large m = 7 earthquake in the next 30 yr somewhere
in southern California. The probability of strong shaking
at a given location, however, is not so high and varies
from place to place. For illustration, we adopted a peak
ground acceleration exceeding 0.2 g as a criterion for
strong shaking. Figure 18 shows the probability of ex-
periencing a ground acceleration of 0.2 g or higher in
the next 30 yr for southern California. Although signif-
icant throughout southern California, the probability ex-

ceeds 80% only in the Parkfield area. The probability
exceeds 60% in the Ventura and San Bernardino area,
and a high probability zone (50 to 60%) coincides with
the Transverse Ranges fold and thrust belt, which in-
cludes the epicentral region of the Northridge earth-
quake.

The model parameters in Tables 2, 3, and 5 repre-
sent the first generation master model for earthquake po-
tential in southern California. The Northridge earthquake
of 17 January 1994 was no surprise from the perspective
of this model. The earthquake occurred in zone 54, a
type B zone characterized by relatively high earthquake
potential, falling in the top 13% of southern California
in terms of moment rate per unit area. While the specific
fault had not been known prior to the event, the location,
magnitude, and style of the earthquake are consistent with
our understanding of the regional geology and tectonics.

Additional research is needed in several areas to make
seismic hazard estimation more reliable, precise, and
pertinent to the user.

* We need to consider ground-motion parameters in ad-
dition to the peak ground acceleration when generating
seismic hazard maps. In this report, we used peak
ground acceleration as an illustration because of its rel-
ative insensitivity to local geologic site conditions. Our
next target should be developing a similar character-
ization and consensus on local site effects, which is
the prerequisite for considering other useful ground-
motion parameters like response spectra at various fre-
quencies. This research requires close cooperation be-
tween seismologists and geotechnical engineers.

* Seismic hazard estimates depend on the upper mag-
nitude limit adopted for each seismotectonic source
zone. We used the widely practiced method of relating
earthquake size to the length of an independent fault
segment, but the recent Landers earthquake demon-
strated that several fault segments can break in a single
earthquake rupture. We need to understand better the
relationship between fault geometry and earthquake size,
and more generally what limits the size of large earth-
quakes. This research must be multi-disciplinary, in-
volving geologists, seismologists, geodesists, and rock
mechanists.

* Despite progress in studying hidden faults (blind thrusts)
in southern California, we still lack sufficient infor-
mation to treat individual segments explicitly. We need
to better understand the processes that control the mag-
nitude distribution. We need to know if strain accu-
mulating across basins containing one or more blind
thrusts is being stored as elastic strain or is released
aseismically. We also need a better understanding of
the more shallow-dipping thrust ramps and detachment
surfaces posited to exist beneath large parts of southern
California—their relationship to the more steeply dip-
ping, upper plate thrusts and strike-slip faults, and their
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seismic potential. This research will also require co-
operation among geologists, seismologists, geodesists,
and rock mechanists.

» Geodetic and seismic data are potentially very impor-
tant in assessing regional seismic hazard. We pushed
the existing geodetic data base to the limits of its res-
olution, especially in the type C zones, where its in-
fluence is strong in assessing the hazard. We need wider
geodetic coverage at increased resolution, especially
away from the San Andreas fault. We also need a bet-
ter understanding of the relationship between geodetic
strain, active faults, and historical seismicity. This re-
search must also be multi-disciplinary involving ge-
ologists, seismologists, geodesists, and hazard ana-
lysts.
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Appendix A: Recurrence Models and Tabulations
of Probabilities

The probability model assumes a lognormal proba-
bility density function of earthquake recurrence times T’
with mean u, median £, and intrinsic (or aleatory) vari-
ability oy, (strictly the standard deviation of the natural
logarithm of the random recurrence interval 7) with
probability density function f(¢):

1 exp{_[ln /W1
ta’,nrl V 2 20-12“7)

For the lognormal distribution

fr() = } (AD)

p = fexp(a’/2). (A2)

If i (or equivalently p) and oy, are precisely known,
the conditional probability of recurrence in some time
interval (z,, ¢, + AT) given the earthquake has not oc-
curred prior to ¢, is

Pt.=T=1t+Ap)

P, =T=w)
(A3)

Pt,=T=t+AM|T>1)=
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where ¢, is the elapsed time and

P =T=1r)= J' f(@) dr. (A4)

However, due to current limitations, p and oy, are
themselves uncertain and this introduces uncertainties into
the probability calculation. To account for this, a distri-
bution of the conditional probability is obtained by per-
forming a large number of calculations for the condi-
tional probability using values of u and oy, repeatedly
drawn from distributions assigned to these parameters to
reflect our current uncertainty in these values. The ap-
propriate distributions on u and oy, are posterior dis-
tributions given the observation T > ¢, (see Appendix A,
Working Group, 1990, for a discussion of the posterior
distribution of . See also Davis, P. er al., 1989). Dis-
tributions of the uncertain probabilities obtained by var-
ious methods are calculated by the procedure of Savage
(1992), and from those distributions the mean probabil-
ity and its standard deviation are then obtained (Table
2). Three specific methods are used to obtain fault-seg-
ment probabilities.

Paleoseismic Dates Method

For some fault segments, data for a sufficient num-
ber of recurrence intervals are available to estimate the
recurrence parameters directly. Probabilities obtained from
these recurrence data are designated as “Dates.” The
method is described in Savage (1991). Briefly, it in-
volves finding the lognormal probability density function
that best fits the observed recurrence data (see Nishenko
and Buland, 1987). From this parent distribution » re-
currence intervals are randomly drawn, where r is the
number of recurrence observations in the original data,
and from the drawn intervals a trial distribution is con-
structed and probabilities and their weights (given 7 >
t,) are computed. This procedure is repeated a large
number of times (3000 for the results presented here),
each time employing a new set of recurrence times drawn
from the parent distribution. These calculations yield
distributions of both the uncertain probability and the un-
certain parameters, @ and Gy,

Time Predictable Model

Many fault segments do not have sufficient recur-
rence data to apply the paleoseismic dates method, but
have data on displacement U in the last event and long-
term fault-slip rate V which are used to obtain u and its
uncertainty o,,. Where those data are available, proba-
bilities are obtained using two different approaches: the
“time predictable” model which follows the method of
the 1988 Working Group and the “renewal” model. As
described in the body of the report, we assume oy,;, =
0.5 £ 0.2 for these models.

With the time-predictable probability model (Shi-
mazaki and Nakata, 1980), the estimate of u appearing
in equation (A1) pertains only to the next event and is
based on the slip only of the previous earthquake. Spe-
cifically, as implemented here and previously (Working
Group Reports, 1988, 1990), the mean of the expected
recurrence interval for the next earthquake depends on
the slip in the last event U, and long-term fault-slip
rate V-

Mrext = Ulast/v- (AS)

The uncertainty in p,,, derives from the measurement
uncertainty in U, and V. Following the usual error anal-
ysis, the standard deviation of pu,, is estimated by

2 2
a, a,
= Moext “ +{=), A6
g, Hoext HMenex \/ (Ulast> ( V) ( )

where o, and ¢, are the uncertainties (standard devia-
tions) in measurement of U and V, respectively. Equa-
tion (A6) is evaluated using the current estimates of fey
/’l’lash V

Renewal Model

The renewal model assumes independence among
recurrence intervals. In this model, the estimate of w now
pertains to all events on a segment and is estimated from
the mean of all earthquake slips U on the segment,

May = U/ V. (A7)

Hence, analogous to equation (A6) the uncertainty on

Ma is
2 2
oy Oy
O, = My =) +\—i,
a — Han \/<U) <v>

where oy, is the uncertainty on the mean slip U. In ad-
dition to measurement error, the possibility of intrinsic
event-to-event variation of U introduces the possibility
of additional sampling error into the determination of
U giving for n slip events:

(A8)

(A9)
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where oy is the uncertainty in measurement of U and
gy, is the intrinsic event-to-event variation of slip. Com-
bining equation (A8) with equation (A9) gives

oy | oy | Oy
= —_— 4 =
O = Man Un Un V2

There is, at present, little basis to fix oy,. However, the
observed variability of recurrence times and limited ob-
servations of recurring slip indicate U is not the same
for all events. Savage (1992) implicitly assumes that the
event-to-event variation of U follows the intrinsic vari-
ation of recurrence times

(A10)

L=, (Al1)

where o7, is the standard deviation of the random recur-
rence interval T (i.e., from the standard relations for the
moments of the lognormal distribution) o7, = u’
exp(aﬁm) — 1). We note that the assumption of equation
(A11) has a physical basis if recurrence and slip are re-
lated and strictly follow either the time-predictable or
slip-predictable models. For calculation of the renewal
model probabilities we have followed Savage and adopted
equation (Al1). For all fault segments only the last slip
was employed (n = 1), giving the following from equa-
tions (A9) and (A10):

)
= — 4 — 4 4
Oy Hay UZ Vz Uz ’

which is evaluated using the current estimates of V,
U= Ulasv Man = Mncxt’ and equation (Al 1)

(A12)

Discussion

The time-predictable and renewal models may be
compared by constructing a marginal distribution in which
o represents the net standard deviation of recurrence time
and is made up of two components: (1) the parametric
(epistemic) uncertainty o, in the estimation of the mean
w (e.g., uncertainty in measurement of U and V) and (2)
the intrinsic (aleatory) variability o, of recurrence times
about the actual mean (Working Group, 1988):

=\/42 2
o= Vo, t oz,

As implemented here and by the 1988 and 1990 Working
Groups, the time-predictable probability model does not
strictly adhere to the time-predictable assumption, be-
cause an intrinsic variability of recurrence time about the
estimated mean is permitted. If the time-predictable model

(A13)
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has some measure of validity, the intrinsic variability of
the next recurrence interval is less than the overall event-
to-event variability by some amount (i.e., for the next
event o7,|Upy = o7,). Hence, for the time-predictable
model 0'T1| U, should replace o7, in equation (A13) and
in calculating probabilities using Equation (Al). How-
ever, in the absence of reliable information we assume
that o7,| U, = o7, Hence, from equations (A6) and (A13)
the net uncertainty for the next recurrence interval with
the time-predictable method is

2 2
g, a,
g = \/l-“iext(U_U) + f"ixt(?) + 0'22“,- (A14)
last,

From equations (A10) and (A13) the net uncertainty for
the renewal model is

2 o 2 o 2 2 o 2
o= E(_—”) +,u,§u<_—”> +@(_—”’) + 02,
n \U | n \U

(A15)

In this report, only the slip in the last event was em-
ployed for calculations with the renewal model. Hence,
n=1,U = Uy, and py = tyey. Using those equalities
and equation (A11) to evaluate o, /U gives the net un-
certainty for the renewal model:

2 2
o= \/ u(—g—) + u<f';) +20%. (Al6)
last,

In summary, because py; = fnex, the models differ
only in their net uncertainty as given by the doubling of
the o7, term in equation (A16) compared to equation
(A14). This difference accounts for differences in prob-
abilities obtained from the two models, listed in Table 2.

We differ on the relative merits of the renewal and
time-predictable probability models. The issue hinges on
the validity of the time-predictable assumption, which
has not been definitively demonstrated. However, in us-
ing only the slip information in the last event, both models
in effect employ the time-predictable assumption for es-
timating the mean recurrence time for the next event and
further assume an intrinsic variation of recurrence times
about that mean. If there is a time-predictable compo-
nent to the intrinsic event-to-event variability of recur-
rence times (i.e., 07,|Upy = o7,), then the renewal model
assumption of independence among intervals may over-
estimate net uncertainty. In principle, displacements and
dates for several earthquakes on a fault segment could
be used to evaluate the assumption of equation (All)
and to test for a time-predictable component to earth-
quake recurrence.
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Appendix B: Procedures for Constructing
“Cascades” Model

We assume that each time a segment ruptures,
whether alone or with others, it slips about the same
amount. This is called the characteristic displacement for
the segment. Given an assumed thickness of the ruptured
part of the crust (11 km) and an assumed rigidity (3 - 10"
Nm™?), we then calculate a characteristic seismic mo-
ment for each segment. The seismic moment for a cas-
cade is then the sum of the characteristic moments for
all segments involved, and the moment magnitude is cal-
culated by the standard formula.

Preliminary tests showed that it is difficult to match
the power law magnitude distribution without maximiz-
ing the number of large earthquakes, and minimizing the
number of small ones. We use the following procedure:

1. List all possible earthquakes involving contiguous
segments, in decreasing order of their moment mag-
nitudes. Establish a minimum or “floor” rate for each
possible event, equal to 0.5 - n/T for each type of event
known to have occurred n times within the past T
years, and equal to 0.5 - u for single segment events.
Here u is the segment rupture rate. A zero is assigned
to multi-segment ruptures never observed.

2. Compute the segment rupture rates implied by the
minimum earthquake rates in step 1, and subtract these
from the total rupture rates in Table 2.

3. Set the rate w of the largest possible earthquake equal
to the smallest residual rupture rate on any segment
composing the earthquake.

4. Decrease the residual rupture rates for all involved
segments by w.

5. Repeat steps 3 and 4 for the next largest earthquake,
and continue until all the rupture rates have been ex-
plained.

We show occurrence rates of all possible cascades in Ta-
ble 3.

The procedure above minimizes the total earthquake
rate on a fault, subject to the total rupture rate from Ta-
ble 2, and the constraints in step 1, above. If we use the
Poisson rupture rates in step 1 and adopt the character-
istic displacement concept, then the procedure above also
predicts correctly the long-term moment rate for the fault.
Because the 30-yr conditional probabilities are generally
higher than the long-term unconditional probabilities, the
lognormal earthquake rates in Table 3 imply slip and
moment rates higher than the long-term average.

Appendix C: Geologic Data Base for Selected
Faults in Southern California

San Andreas Fault
In the WGCEP (1988) report, the central and south-
ern San Andreas fault was divided into segments named

Cholame, Carrizo, Mojave, San Bernardino Mountains,
and Coachella Valley. This nomenclature is retained for
the present report. It is important to emphasize that al-
though these segments are treated as independent sources
of earthquakes, historical and paleoseismological obser-
vations show that ruptures may overlap and that some
segments may both produce their own earthquakes and
fail when large ruptures nucleate in an adjacent segment
and propagate into them. For the San Andreas fault the
present working group has made generally minor changes
in estimates of slip rate and characteristic displacement.
The most important changes are in developing a more
extensive and precise earthquake event chronology at
different locations along the fault.

Cholame Segment. The Cholame segment extends from
Cholame southeastward for about 60 km. It lies between
the Parkfield segment of the fault to the northwest, and
the Carrizo segment, which experienced 7- to 11-m dis-
placements in 1857, on the southeast. There are no in-
dependent slip-rate or recurrence data for this segment
of the fault. However, there are alternative estimates of
slip during the 1857 earthquake. Sieh (1978) concluded
that the northwest 20 km of this section of the fault slipped
about 3.5 m in 1857, with slip increasing to 9.5 m along
the southeast 35 km of the segment. He suggested that
the event prior to 1857 also produced about 3.5 m of
slip along the northern half. Alternatively, Lienkaemper
and Prescott (1989) concluded that slip during the 1857
earthquake averaged 6 m. The 1988 Working Group could
not resolve this difference, and made a representative
calculation using a median value of 4.75 + 2.0 m for
the 1857 slip. They also adopted a slip rate of 34 + 1.5
mm/yr, based on extrapolation from the Carrizo seg-
ment. There have been no new slip-rate, earthquake re-
currence, or characteristic displacement data for the
Cholame segment since the 1988 report. The question
remains open as to whether the Cholame segment pro-
duces its own event or only fails in conjunction with large
1857-type earthquakes. We adopt the 1988 characteristic
displacement value but increase the uncertainty to +5
mm/yr to reflect uncertainties in interpretation. These
values give an average recurrence interval of 140 (+93,
—69) yr.

Carrizo Segment.. The Carrizo segment of the San An-
dreas fault extends from about 145 km southeast of Cho-
lame to Three Points. Along the northwestern part of the
segment, near Wallace Creek, 1857 offsets of 8 to 10 m
are reported and slip along most of this segment aver-
aged 6 to 7 m (Sieh, 1978). In fact, the large and con-
sistent amount of slip in 1857 distinguishes this part of
the fault from the adjacent, and apparently lower, char-
acteristic displacement Cholame and Mojave segments.
The 1857 surface rupture clearly shows that slip during
large earthquakes can extend beyond the boundaries of
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this segment. The 1988 Working Group estimated re-
currence for this segment using a slip rate of 34 = 1.5
mm/yr and a characteristic displacement of 9.5 * 2.0
m based on offsets associated with the 1857 earthquake
and the two prior events at Wallace Creek (Sieh and Jahns,
1984). Since the 1988 report, new recurrence interval
and characteristic displacement data have been devel-
oped. Two recent studies provide somewhat contradic-
tory results. Sims et al. (1993) use offset stream and
colluvial deposits exposed in trenches at Phelan Creek
to interpret the occurrence of large earthquakes in 1857,
1505, 1367, 1231, and 1001. This history suggests an
average recurrence interval of 212 (+190, —171) yr. Grant
and Sieh (1994) trenched offset alluvial fan deposits at
the Bidart site, located about 3 km from Phelan Creek.
They present strong evidence that the penultimate Car-
rizo event occurred shortly after 1405 to 1510. This
demonstrates at least one long interval of 350 yr, which
is consistent with the late Holocene slip rate and the large
characteristic slip. However, they conclude that the three
prior events occurred between 1218 and the penultimate
event, and interpret this as a temporal cluster.

Uncertainties also exist in estimates of characteristic
displacement. The amount of slip during the past three
earthquakes has been estimated at 9.5 = 0.5 m., 12.3
+ 1.2 m, and 11.4 = 2.5 m (Sieh and Jahns, 1984).
Grant and Sieh (1993) used subsurface observations to
measure 6.6 to 6.9 m for 1857 slip about 2.5 km south
of Wallace Creek. Alternatively, Grant and Donnelian
(1994) use monuments from an 1855 survey and a 1991
repeat survey to infer 11.0 £ 2.5 m of right slip in the
Carrizo Plain during the 1857 event. Finally, Grant and
Sieh (1994) suggest that some of the events within their
proposed cluster may have slip less than the 1857 offset.
However, this interpretation is qualitative and is based
on variations in the width of the zone of faulting rather
than on measurement of actual offset.

Data and interpretations on the behavior of the Car-
rizo segment, which traditionally has been considered
the most stable with regard to characteristic displace-
ment and recurrence interval (large offsets and long in-
tervals), are clearly in a state of flux. It is difficult for
us to resolve both the differences and uncertainties in the
paleoseismic recurrence intervals and characteristic dis-
placement. For the present report, we prefer a slip rate
of 34 + 3 mm/yr (Sieh and Jahns, 1984). The choice
of characteristic displacement is somewhat equivocal, but
we rely on the new subsurface data and estimate a value
of 7 = 4 m. This encompasses the resurveying and would
also allow for smaller slip events. These values yield a
mean recurrence interval of 206 (+149, —125) yr. This
calculated value is similar to the average recurrence in-
terval using the preliminary event chronology.

Mojave Segment. The Mojave segment, as defined in
the 1988 report and used here, extends southeastward
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some 100 km from about Three Points to a few kilo-
meters northwest of Cajon Creek. The northwest end of
the segment is not well defined and represents a 40-km-
long transition zone where slip increased from about 3
to 7 m in 1857. The southeastern end is the southern
limit of the 1857 rupture. A primary characteristic of the
Mojave segment is a relatively consistent 3 to 4 m of
slip during the 1857 earthquake, although Salyards ez al.
(1992) estimate slip during the 1857 and two prior events
at about 6 m per event near the south end.

The Mojave segment contains the Pallett Creek site,
where paleoseismic evidence of 11 surface faulting
earthquakes since about 529 A.D. has been identified in
trenches. Sieh ef al. (1989) present revised dates for these
events. These dates indicate an average recurrence in-
terval of 131 yr, but suggest that the interval between
events ranges markedly from the mean value. Five in-
tervals are less than 100 yr, three longer than about 190
yr, and the events could be partitioned into four groups
or clusters with intervals of 200 to 330 yr between clus-
ters. Since the 1988 report, there have not been any new
paleoseismic studies initiated on the Mojave segment.
However, dating of events at Wrightwood, 20 km to the
south on the San Bernardino Mountains segment of the
fault (see below), and reevaluation of the published Pal-
lett Creek dates using Bayes’ theorem to reduce the C-
14 dating uncertainty (Biasi and Weldon, 1994a) provide
new insights into the behavior of the Mojave segment.
Biasi and Weldon (1994b) conclude that the past five
events at Pallett Creek occurred in 1857, 1812, 1546,
1360, and 1087, with the dates of the three older events
differing somewhat from Sieh et al.’s (1989) estimates.
Of these, the 1360 and 1087 events do not appear to be
correlative with Wrightwood. At least three Wrightwood
events during the same time interval do not appear in the
Pallett Creek record. This observation strengthens the
interpretation that Pallett Creek and Wrightwood are at
sites on the fault that experience overlapping ruptures.
Because of this the event dates do not define the behav-
ior of an individual rupture segment. The 1988 Working
Group recognized that, paradoxically, the segment with
the most paleoseismic data also appeared to exhibit great
variability and uncertainty in behavior. Because of this
the 1988 Working Group chose the direct method of cal-
culating probabilities and used a slip rate of 30 £ 5 mm/
yr and a characteristic displacement of 4.5 = 1.0 m to
calculate a recurrence interval. This segment of the fault
lacks a well-constrained Holocene slip rate. For the pres-
ent report we adopt the preferred value of 30 mm/yr
from the 1988 report, but we increase the uncertainty to
+8 mm/yr to accommodate possible rates from kine-
matic models (Weldon, 1991), although there are no new
data. The uncertainty in the characteristic displacement
is increased slightly to 4.4 = 1.5 m to take into account
the paleomagnetic slip estimate at Pallett Creek. These
values yield a calculated recurrence interval of 150 (+123,
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—71) yr. Alternatively, using the newly revised dates for
Pallett Creek, the average recurrence interval for a sur-
face-faulting event passing through Pallett Creek is 134
yr since 644 A.D.

San Bernardino Mountains Segment. This segment,
delineated by the 1988 Working Group, was recognized
to be a structurally complex zone between the Mojave
and Coachella Valley segments for which there were few
data. They used 1812 as a tentative date for the most
recent event, a long-term slip rate of 24 = 3 mm/yr
(Weldon and Sieh, 1985), and a characteristic displace-
ment of 4 = 2 m. The San Bernardino Mountains seg-
ment has received the most study since the 1988 report.
At Wrightwood, Fumal et al. (1993) exposed the fault
in a sequence of layered peat deposits. They show that
the past five surface-faulting events occurred in 1857 and
1812 A.D., and about 1700, 1610, and 1470 A.D. Biasi
and Weldon (1994b) modified the dates of the prehis-
toric events to 1693, 1587, and 1452, and added the date
of a sixth event at 1192. At Pitman Canyon, 5 km south
of Cajon Pass, Seitz and Weldon (1994a, b) identify the
two youngest events on the fault. The most recent ap-
pears to correlate with the 1812 event at Wrightwood.
The penultimate event post-dates 1659 and also appears
to correlate with Wrightwood. In addition, they measure
a displacement of a debris flow of 4 m during the most
recent event and a cumulative offset of 7 to 8 m of right
slip for these two earthquakes. The new paleoseismic
data provide several important constraints for estimating
behavior of the San Bernardi no Mountains segment. It
appears that the most recent event was in 1812, which
defines an elapsed time of 181 yr. New observations of
offset allow us to adopt a characteristic displacement of
3.5 = 1.0 m. Using a slightly modified slip rate of 24
+ 5 mm/yr we calculate an average recurrence interval
of 14 (+91, —60) yr. However, the event dates from
Wrightwood, Pallett Creek, and Indio (see below) in-
dicate a complex rupture history for the southern San
Andreas fault. It appears that the San Bernardino Moun-
tains segment (a) produces its own earthquakes (1812,
1546 to 1587, 1192), some of which extend to Pallett
Creek and others that do not, and (b) slips when ruptures
extend into it from the north (1857, 1360, 1087) or from
the south (1693, 1452). Because of this fault interaction,
calculating average repeat times from slip rate and char-
acteristic displacement is a questionable approach to es-
timating conditional probability. The Wrightwood site
has averaged one surface-rupturing earthquake every 133
yr since 1192. The most recent five events have been
closer together, averaging 106 yr between events. For
the present report we use the new paleoseismic data to
define the average interval for surface-faulting events at
this location.

Coachella Valley Segment. The Coachella Valley seg-

ment comprises the southern 100 km of the fault zone
and extends from San Gorgonio Pass on the northwest
to the Salton Sea on the southeast. This segment has the
longest elapsed time of any on the fault zone, last ex-
periencing a large event around 1680. The 1988 Work-
ing Group used the paleoseismic event times at Indio of
1680, 1450, 1300, and 1020 (Sieh, 1986) to arrive at an
average recurrence interval of 220 + 13 yr. There have
been no new paleoseismic studies on this segment since
the 1988 report. However, the new dates at Wrightwood
suggest that events occurring in 1690 and 1450 may have
ruptured both the Coachella Valley and San Bernardino
Mountains segments of the fault. Here we adopt the 1988
Working Group values, of slip rate, displacement, and
previous dates.

San Jacinto Fault

The San Jacinto fault system has been an important
source of moderate- to large-magnitude earthquakes in
southern California this century. In 1988, the Working
Group divided the fault into five segments using infor-
mation on fault geometry, historical seismicity, and new
slip-rate data. The segments, from north to south, were
named San Bernardino Valley, San Jacinto Valley, Anza,
Borrego Mountain, and Superstition Hills. Significant
changes for the present report include modifying the seg-
mentation model, increasing the slip rate on the fault,
and changing estimates of characteristic displacements.
These changes are described below.

San Bernardino Valley Segment. The San Bernardino
Valley segment extends about 35 km from just south of
the San Jacinto—Cucamonga fault intersection to the
northern end of San Jacinto Valley. The main trace is
the Claremont strand although there are parallel fault
traces. The segment may have been the source of the 22
July 1899 earthquake (m = 6.4) but has not clearly been
the source of documented surface faulting. The most re-
cent paleoseismic study in San Bernardino shows a very
well-developed fault zone with a minimum late Holo-
cene slip rate of 1.7 to 3.3 mm/yr. There is no earth-
quake event chronology for this segment.

The 1988 Working Group used a slip rate of 8 = 3
mm/yr, a calculated characteristic displacement of 1.4
* 0.4 m, and an elapsed time since 1890 to calculate
30-yr probabilities. For the present report we revise these
values. The slip rate is increased to 12 + 6 mm/year,
which is an extrapolation along the fault of the new slip
rate data at Anza (see below). The characteristic dis-
placement decreases slightly to 1.2 = 0.3 m. There are
no independent data on characteristic displacement. The
value is derived from Wells and Coppersmith (1994) and
reflects a slightly shorter segment length than was used
in 1988.

San Jacinto Valley Segment. The 1988 Working Group
defined the San Jacinto Valley Segment on the basis of
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microseismicity data and on the inferred extent of the m
= 6.8 21 April 1918 earthquake. The segment included
the Claremont fault and parallel Casa Loma fault in the
northern part, as well as the northern section of the Clark
fault. They used a slip rate of 11 + 3 mm/yr, a cal-
culated characteristic displacement of 1.8 * 0.5 m, and
a 70-yr elapsed time to calculate a conditional probabil-
ity.

For the present report we define the segment as ex-
tending about 45 km. It includes the Claremont and Casa
Loma faults. The southern boundary zone of the segment
is placed where the two faults merge to form the single
Clark fault. The Clark fault is reassigned to the Anza
segment (see below). As with the San Bernardino Valley
segment, the slip-rate value is increased to 12 + 6 mm/
yr to reflect the new data to the south. Similarly, the
estimate of characteristic displacement is lowered to 1.0
+ 0.2 m because of the shorter segment length. We use
75 yr as the time since the most recent event.

Anza Segment. As defined in the 1988 report, the Anza
segment extended about 50 km from the inferred south
end of the 1918 rupture just north of Anza. It is a struc-
turally complex segment containing part of the Clark fault,
the Coyote Creek fault, and the Buck Ridge fault. The
Working Group recognized that the level of activity on
the different strands might vary, but assumed most of it
occurred on the Clark fault. They used a slip rate of 11
+ 3 mm/yr, a characteristic displacement of 1.4 * 0.4
m, and an elapsed time of 96 yr assuming that a large
earthquake in 1892 occurred on one of the strands. New
slip-rate and earthquake recurrence data have been ob-
tained on this segment. Rockwell et al. (1990) measured
offsets of and dated late Pleistocene and Holocene al-
luvial fans near Anza. They conclude that a rate of 12
(+7, —5) mm/yr is the best estimate of fault-slip rate.
Klinger and Rockwell (1989) trenched the San Jacinto
fault at Hog Lake near Anza. They observed three sur-
face-faulting earthquakes since about 1210. Evidence
suggests these events occurred about 1210, 1530, and
1750.

For the present report we consider the Clark fault,
which extends about 90 km, as the Anza segment. The
Coyote Creek fault is now treated as a separate segment.
We adopt the new slip rate of 12 (+7, —5) mm/yr. The
characteristic displacement is calculated from Wells and
Coppersmith (1994) and increased to 3.0 = 1.0 m be-
cause the segment has been lengthened. Using these val-
ues, the average repeat time for a magnitude 7.0 to 7.5
earthquake is 250 (+321, —145) yr.

Coyote Creek Segment. This segment of the San Ja-
cinto fault extends some 40 km from the intersection with
the Clark fault in the north to the north end of the 1968
Borrego Mountain segment in the south. There are no
independent fault parameters for this segment. The slip
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rate of 4.0 = 2.0 mm/yr is extrapolated from the Bor-
rego Mountain segment (see below). The calculated
characteristic displacement, based on fault length and
empirical regressions, is 0.7 == 0.3 m. This gives a mean
recurrence interval of 175 (+158, —95) years. There has
not been a large surface-faulting earthquake along this
segment of the fault since at least 1892.

Borrego Mountain Segment. The Borrego Mountain
segment is defined on the basis of the lateral extent of
the m = 6.5 1968 Borrego Mountain surface faulting.
The 1988 Working Group considered the earthquake to
be a characteristic event for this part of the fault. They
used a geologically determined slip rate of 4.0 £ 1.0
mm/yr (Sharp, 1981) and a characteristic displacement
of 0.7 = 0.1 m to derive a mean recurrence of 175 yr.
No new data have been developed on this segment. For
the present report we retain the mean values, but in-
crease the uncertainty on the slip rate and characteristic
displacement by 0.1 mm/yr and 1.0 m, respectively.

Superstition Hills Segment. In the 1988 report, the Su-
perstition Hills segment was composed of two parallel
strands, the eastern Superstition Hills fault and the west-
ern Superstition Mountains fault. No slip-rate or recur-
rence data are available for either fault. On 23 Novem-
ber 1987 the Working Group discussed the segment and
decided that the level of information was too poor to
justify a conditional probability. On 24 November the
fault ruptured in the m = 6.2 Elmore Ranch and m =
6.6 Superstition Hills earthquakes. The Elmore Ranch
event was associated with 10 km of left-slip surface rup-
ture on a northeast-trending fault zone conjugate to the
main Superstition Hills fault. Twenty-seven kilometers
of surface rupture occurred along the Superstition Hills
trace, averaging about 0.5 m with a maximum surface
slip of 0.9 m. Postearthquake studies provide informa-
tion on earthquake recurrence, characteristic displace-
ment, and slip rate. Trenching of the rupture (Hudnut
and Sieh, 1989) exposed faulted deposits of the latest
high stand of Lake Cahuilla, which occurred about 330
yr ago. Based on these trenches, Hudnut and Sieh (1989)
conclude that for the past 330 yr the slip rate on the fault
has been in the range of 2 to 6 mm/yr, the penultimate
event occurred between about 300 and 150 yr ago, and
slip during the penuitimate event was about half the
amount of the 1987 offset at that point on the fault. We
use these new observations to estimate a slip rate of 4.0
+ 2.0 mm/yr of the fault and characteristic displace-
ment of 1.0 = 0.3 m for the fault. This gives a calcu-
lated average recurrence interval of 250 (+400, —133)
yr. This value is consistent with the paleoseismic inter-
val of 150 to 300 yr.

Superstition Mountains Segment. The Superstition
Mountains segment is added to the San Jacinto fault zone
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for the present report. It extends approximately 25 km
southward from the south end of the 1968 Borrego
Mountain surface rupture. Recent trenching by Gurrola
and Rockwell (1994) at a site where the fault crosses the
northern shoreline of Lake Cahuilla shows the occur-
rence of three surface-faulting events between 885 and
1440. The most recent event occurred about 1440, the
penultimate event occurred between 1250 and 1300, and
the third event back occurred between 885 and 1250. In
addition, Gurrola and Rockwell measured a channel off-
set of 2.0 * 0.3 m associated with the most recent event.

There is no independent slip rate for this segment
and we extrapolate the Borrego Mountain rate of 4.0 =
2.0 m. Assuming that the observed slip is characteristic
for the fault, we calculate a recurrence interval of 500
(+650, —217) yr. Inspection of the preliminary event
dates shows that individual intervals appear to range from
about 200 to 400 yr. Simply using the time from 885 to
the present and three intervals in the ensuing 1019 yr,
we derive an average interval of 340 yr. Approximately
550 yr have elapsed since the most recent event on this
segment.

Imperial Fault

The Imperial fault has produced two large historical
surface-faulting events of m = 6.9 in 1940 and m = 6.4
in 1979. The 1979 event reruptured the northern 25 km
of the 1940 event with a similar amount of surface off-
set. The 1988 Working Group noted that the long-term
slip rate for the fault is not well determined and assumed
a value of 30 = 5 mm/yr. They also used strong-motion
estimates of deep slip of 1.2 = 0.4 m, as opposed to the
average surface offset of 0.8 m, to calculate recurrence.

Subsurface investigations at the United States—Mex-
ico border led Sharp (1981) to suggest that several hundred
years had passed between the penultimate event and the
1940 earthquake. Based on relations between the fault and
deposits of the last high stand of Lake Cahuilla, they con-
clude that only the 1940 Imperial Valley earthquake pro-
duced significant surface offset during the past 300 yr and
that the penultimate event dates to about 1670. Rockwell
and Thomas (1994) also suggest that the slip rate on the
Imperial fault for the past 300 yr is only about 15 to 20 mm/
yr, which is substantially less than the geodetic esti-
mates. The Imperial fault appears to be a complex struc-
ture with possible multiple modes of behavior. There is no
real basis for estimating repeat times for 1940-type events.
It is possible that the northern part of the fault, which had
a smaller offset in 1940, is failing at shorter intervals to fill
a slip deficit. In the present report, we adopt the 1988
Working Group values to estimate an average recurrence
interval of 40 (+24, —17) yr.

Whittier—Elsinore Fault

Whittier Segment. The Whittier segment extends 25 to
30 km from the Whittier Narrows in the north to the

Santa Ana River in the south. The slip rate for the Whit-
tier fault has been determined near Yorba Linda. Rock-
well et al. (1992) report a minimum dextral slip rate of
2.5 to 3.0 mm/yr, based on laterally displaced channels
incised into a dated alluvial fan. The maximum age of
the fan is determined from C-14 dating of land snails
recovered from the surface of a buried soil (A horizon)
below the uppermost fan deposit. Minimum slip is in-
ferred from the deflection of small channels incised into
the fan alluvium. Because the incisions are younger than
the fan deposits, the slip rate is a minimum. Three-di-
mensional (30) trenching by Gath et al. (1992) in the
Olinda Oil field also established a minimum slip rate for
the fault zone. They measure a rate of about 1 to 1.5
mm/yr on one of four strands of the fault. Two of the
strands are well expressed geomorphically and have sim-
ilar-sized stream deflections suggesting similar slip rates.
Gath et al. infer a minimum rate for the entire fault zone
of about 2 mm/yr.

The dates of the past two events and the amount of
surface offset in the most recent event have been estab-
lished at Olinda Oil field by 3D trenching (Patterson and
Rockwell, 1993). The timing of the last two events is
estimated at between 1400 and 2200 yr ago and 3000
and 3100 yr ago, respectively, based on C-14 dating of
faulted and unfaulted alluvium. The characteristic dis-
placement estimate is a minimum because investigation
focused only on the main strand of the fault, and addi-
tional slip may have occurred on a more northerly trace.
Nevertheless, at least 1.9 m of dextral slip was produced
in the most recent event based on direct measurement of
a laterally displaced channel.

We use these preliminary paleoseismic data to es-
timate a slip rate of 2.5 = 1.0 mm/yr. Although the
observed displacement during the most recent event is a
minimum value we use 1.9 = 0.2 m. These values give
a calculated minimum recurrence interval of 760 (+640,
—274) yr. Based on the initial dating, a minimum of at
least 1400 yr has passed since the last large-magnitude
strike-slip event on the Whittier fault.

Glen Ivy Segment. Paleoseismic studies at Glen Ivy
Marsh provide new information on slip rate, recurrence,
and characteristic displacement on this segment. An av-
erage slip rate of about 5.5 mm/yr, with a maximum
range of about 2 to 9 mm/yr was determined by Millman
and Rockwell (1986) based on correlating offset alluvial
fan deposits and using the soils to estimate the fan ages.
This rate has not been corroborated with radiometric dates
on offset deposits. :
Trenches at Glen Ivy marsh (Rockwell et al., 1986)
show that five and probably six earthquakes have dis-
rupted the sediments there since about 1060, yielding an
average recurrence interval of 150 to 200 yr. Age control
is by C-14 dating of peat horizons that bracket individual
events. The presence of nearly 40 peat horizons in about
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3.5 m of section facilitated high-precision dating of some
events. These events occurred in 1910, post-1660, 1360
to 1660, ~1300, 1260, and ~1060. The most recent sur-
face rupture is associated with the 1910 Temescal Valley
earthquake (m = ~6). The surface displacement in this
event (about 250 to 300 mm right lateral) was measured
by excavating a circa 1890s concrete flume built across
the fault in about 1890. A 1914 pipe is not offset lat-
erally. More recent historical subsidence due to ground-
water withdrawal has complicated the slip measure-
ments. A channel displaced by the circa 1300 earthquake
is laterally displaced about 50 cm on a secondary splay
of the fault, but the net offset in that event could not be
measured.

Using the Glen Ivy observations, we estimate a slip
rate of 5 + 2 mm/yr. This is consistent with rates mea-
sured along the fault to the south. Because the charac-
teristic displacement is not well constrained, we adopt a
value of 1.55 = 0.4 m, halfway between that of the
Whittier segment to the north and the Temecula segment
to the south. However, the available data suggest dis-
placement may have varied from event to event.

Temecula Segment. Recent trenching across the Wil-
domar fault in the Temecula segment has yielded a late
Holocene slip rate for the principal strand. A fluvial
channel, dated by C-14 at about 2000 to 2400 yr, is lat-
erally displaced about 10 = 1 m and gives a slip rate of
about 4.2 mm/yr (Bergmann et al., 1993). This rate is
a minimum because there are several minor strands of
the fault that also have geomorphic expression. Never-
theless, it is similar to the rates determined at other lo-
cations along.the fault.

Individual prehistoric earthquakes have not yet been
directly dated along this fault segment. The historical
record precludes a large earthquake since about 1818,
when the Serrano family occupied the valley. Indirect
evidence of recurrence from a trench across the Murrieta
Creek strand, a minor fault that accommodates princi-
pally dip-slip in response to. a series of small right steps
along the Wildomar fault, suggests a maximum average
recurrence interval of between 250 and 600 yr (Rock-
well, personal comm.). As noted, the slip rate on this
segment is measured at a minimum of 4.2 mm/yr. We
have selected a rate of 5.0 * 2.0 mm/yr, which ac-
counts for slip on additional minor strands and is con-
sistent with the rate observed on other parts of the fault.
Because there are no measurements of characteristic dis-
placement, we have calculated a value of 1.2 = 0.3 m
using the segment length and empirical relations of Wells
and Coppersmith (1994). These yield an average recur-
rence interval of 240 (+260, —111) yr. A minimum of
175 yr has passed since the most recent large event on
the segment.

Julian Segment. The Julian segment is the longest in-
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dividual segment on the fault. It extends about 65 km.
The northern end zone is a broad restraining bend and
the southern end is a 4- to 5-km-wide dilational step to
the Coyote Mountains segment. Paleoseismic data are
sparse along this segment of the fault. Vaughan and
Rockwell (1986) used soils to correlate and date dis-
placed alluvial fan deposits. They determined a slip rate
of 5 = 2 mm/yr, which is close to other rates for the
fault zone. At present there are no data on characteristic
displacements or recurrence intervals of individual earth-
quakes.

To calculate probabilities on this segment, we use
the slip rate of 5.0 = 2.0 mm/yr and calculate a char-
acteristic displacement of 1.7 = 0.3 m using segment
rupture length. These values give a calculated repeat time
of 340 (+290, —125) yr. The historical record in this
region indicates a minimum elapsed time of 101 yr.

Coyote Mountain Segment. The Elsinore fault is well
expressed in the Coyote Mountains as a narrow zone of
faulting that laterally displaces alluvial deposits, and
erosion features that vary in age from late Holocene to
mid-Pleistocene. It is the southernmost segment of the
fault within the continental United States. The segment
length is 30 to 35 km. Both the northern and southern
boundary zones are defined by releasing step-overs to
the Julian and Laguna Salada segments, respectively.
The slip rate has been estimated at 3.5 to 5.5 mm/
yr (Pinault and Rockwell, 1984), and more recently at
about 3.5 mm/yr (Rockwell, 1991, personal comm.)
based on offset Holocene deposits. Numerous small gul-
lies along the fault indicate that the displacement during
the most recent event varied between about 1.5 m along
the southern part of the segment to a maximum of 2.8
m along the central portion of the segment. Older offset
deposits also show a similar increase in slip toward the
middle of the segment (Rockwell, 1991, personal comm.),
suggesting that this displacement pattern is characteristic
for the segment. Timing of the three most recent pre-
historic earthquakes has been estimated with thermal lu-
minescence dating of fissure fill deposits along the fault
(Rockwell, 1991, personal comm.). These occurred at
about 400, 1200, and 2000 yr ago. All of these age es-
timates have errors of several hundred years, but suggest
repeat times for large earthquakes of about 600 to 1000
yr. For the Coyote Mountain segment we use the range
of slip rates to derive a value of 4.0 = 2.0 mm/yr. The
observed gully and stream offsets indicate a character-
istic displacement of 2.5 * 0.5 m. From these we cal-
culate an average recurrence interval of 625 (+875,
—292) yr. Although the timing of individual events has
large uncertainties, the calculated repeat time and the
measured intervals are similar. Like the Julian segment,
historical data indicate a minimum elapsed time of 101

yT.
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Cucamonga Fault

The Cucamonga fault is a major east-striking thrust
fault that extends for 25 km along the south front of the
eastern San Gabriel Mountains. The fault appears to be
accommodating a portion of the convergence between
the Transverse Ranges and Peninsular Ranges that oc-
curs near the San Jacinto fault. Young faulting is ex-
pressed as a series of fault scarps in late Pleistocene~
Holocene alluvial fans. Based on trenching and fault scarp
profiling, Morton and Matti (1987) measured about 36
m of net surface displacement in the past 11,000 to 13,000
yr, and calculate a slip rate for the fault of 4.5 to 5.5
mm/yr. From scarp profiling they estimate a character-
istic displacement of 2 m. They conclude that the most
recent event on this fault occurred before deposition of
a fan deposit that might be as old as 1000 to 1750 yr.
Taking into account the uncertainties in C-14 dating, we
assign a slip rate of 4.0 = 2.0 mm/yr to the fault.

Garlock Fault

The Garlock fault is a 250-km-long left-lateral strike-
slip fault that separates the Sierra Nevada and Basin and
Range Province on the north and east from the Mojave
block on the south. The Garlock fault changes character
between its western and eastern ends. West of Koehn
Lake the fault shows a relatively complex fault trace,
produces continuous mild seismicity, and locally ex-
hibits aseismic creep. The eastern portion of the fault
produces very few small earthquakes, is not known to
exhibit aseismic creep, and is characterized by a simpler
fault trace (Astiz and Allen, 1983). A large step in fault
trace also occurs at Koehn Lake. Wesnousky (1986) used
these observations to divide the Garlock fault into east-
ern and western segments, and we use that segmentation
here.

The Garlock fault has been the subject of numerous
slip-rate studies during the past two decades. These are
summarized by McGill (1992, 1994) and they show rates
ranging from 1 to 11 mm/yr. McGill and Sieh (1991,
1993) observed geomorphic features along the eastern
half of the fault and suggest that displacements during
the past few earthquakes ranged from 4 to 7 m, 2 to 3
m, and 2 to 4 m near the El Paso Mountains, Searles
Valley, and the Pilot Knob areas, respectively. They in-
terpreted the Holocene slip rates at these same three sites
at between 4 and 7 mm/yr, 4 and 9 mm/yr, and 3 and
9 mm/yr, respectively. Their slip rate estimate of 4 to
9 mm/yr at Searles Lake is the best documented.

Our preference is to assign the entire fault a slip-rate
value of 4 to 11 mm/yr with a preferred rate of 7.5 mm/
yr. The lengths of 100 and 130 km for the western and
eastern segments give moment magnitudes of 7.3 and
7.5, respectively.

Oak Ridge Fault

The Oak Ridge fault is a steeply south-dipping re-
verse fault bordering the south side of the Ventura basin.

The onshore segment of the fault is about 40-km long,
extending from the intersection with the Santa Susana
fault on the east to the Oxnard Plain. It is interpreted as
continuing for about 50 km offshore into the Santa Bar-
bara Channel. Based on cross sections from oil-well data,
Yeats (1988) estimated the displacement of the top of
the Pleistocene Saugus Formation and calculated a slip
rate of 5.9 to 12.5 mm/yr since the end of Saugus de-
position 200,000 to 400,000 yr ago. However, the slip
rate is sensitive to the age of the top of the Saugus For-
mation. Levi and Yeats (1993) have reevaluated that age
at 500,000 yr using paleomagnetic data. This yields a
revised long-term rate of 4.8 to 5.0 mm/yr (Huftile, 1992;
Yeats et al., 1994). In this report, we adopt a slip rate
of 4.9 = 1.0 mm/yr.

Palos Verdes Fault

The Palos Verdes fault is a right-lateral oblique-slip
fault extending approximately 115 km from Santa Mon-
ica Bay south to Lausen Knoll in the southern San Pedro
Channel. The fault is onshore for only about 15 km along
the northern flank of the Palos Verdes Hills. We rec-
ognize two segments. The northern segment is a broad
zone of faulting in Santa Monica Bay (Clarke et al., 1985);
its southern end is defined by its intersection with the
Redondo (submarine) Canyon fault. The southern seg-
ment has a major left step and bend north of the Los
Angeles harbor where it splits into a series of subparallel
strands.

The Palos Verdes fauit has been modeled by Davis,
T. et al. (1989) and Shaw and Suppe (1994b) as a south-
west-dipping back thrust above a large blind thrust.
However, recent geomorphic studies on an offset paleo-
channel in the Los Angeles harbor (Rockwell, 1991) are
more consistent with the fault being dominantly a right-
lateral strike-slip fault, with a slip rate of about 3 mm/
yr. Other studies have estimated rates of vertical dis-
placement on the fault but have provided little infor-
mation on horizontal displacement. Vertical rates have
ranged from about 0.2 to 0.7 mm/yr (Clarke et al., 1983).
However, Stephenson et al. (1994) show that onshore
the ancestral channel of the Los Angeles River is incised
into an 80 to 120 thousand-yr-old surface and is offset
about 300 m. This gives a right-lateral slip rate of 2.5
to 3.5 mm/yr. Ward and Valensise (1994) model the
uplifted marine terraces on the Palos Verdes Peninsula
and calculate a vertical rate of 3 mm/yr associated with
slip on a right oblique-slip fault. This occurs at a major
restraining bend in the Palos Verdes fault and is consis-
tent with at least 3 mm/yr of horizontal displacement.
Finally, on the basis of regional considerations, 5 to 6
mm/yr of slip on the Agua Blanca fault appears to feed
directly into the Coronado Bank fault (about 4 mm/yr)
and Descanso-Rose Canyons faults (Rockwell, 1991,
personal comm.; Rockwell et al., 1987). This amount
of slip is expected to be distributed between the Palos
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Verdes and Newport—Inglewood faults because they are
direct northward continuations.

Based on the available data, we assign a slip rate of
3.0 = 1.0 mm/yr to both segments of the Palos Verdes
fault. At present there are no data on characteristic slip
or on earthquake recurrence intervals.

San Cayetano Fault

The San Cayetano is a north-dipping reverse fault
on the north side of the Ventura Basin. A 24-km-long
western segment and 16-km-long Modelo lobe segment
are defined by Huftile (1992). Along the western seg-
ment of the fault Rockwell (1988) used fluvial terrace
deposits and alluvial fan surfaces to measure slip rates
of 1.05 = 0.2 mm/yr at Sisar Creek, 1.35 = 0.4 mm/
yr at Bear Canyon, and 2.35 = 0.55 to 4.15 * 0.85
mm/yr at Mud Creek. At Timber Canyon he measured
a rate of 3.6 = 0.4 mm/yr and suggested that a long-
term rate (180 * 20 ka) could be as high as 8.7 = 1.9
mm/yr. Huftile (1992) uses displacement of the top of
the Saugus Formation and its revised age to calculate slip
rates of 3.6 to 5.8 mm/yr for the western segment and
4.4 to 10.4 mm/yr for the Modelo lobe segment. Taking
into account the range of rates and uncertainties, we adopt
a slip rate of 4.5 = 1.5 mm/yr. There has been no sur-
face-faulting event on this fault is at least the past 200

yr.
Sierra Madre Fault

The Sierra Madre fault extends for approximately 85
km along the base of the San Gabriel Mountains as a
northeast-dipping reverse fault. The Cucamonga fault is
the eastward extension of the Sierra Madre, and the
northwest section of the Sierra Madre fault contains the
rupture of the 1971 San Fernando earthquake. Along most
of its length, there is very limited geomorphic evidence
of Holocene slip. Also, there is no independent evidence
for quantifying either slip rate or earthquake recurrence.
On the basis of general geologic mapping and trenching,
Crook et al. (1987) conclude that major earthquakes have
not occurred for several thousand years, and possibly for
as long as 11,000 yr. However, they note that it is anom-
alous that high parts of the San Gabriel Mountains are
adjacent to segments of the fault where evidence of Ho-
locene displacement is least persuasive.

On the north end of the Sierra Madre, trenching across
the 1971 surface rupture (Bonilla, 1973), although open
to interpretation, suggests recurrence intervals for San
Fernando-type events could be as short as 200 yr. Be-
cause the ends of the Sierra Madre fault are so active,
and because the San Gabriel Mountains are consistently
high along their length, there is reason to conclude that
most of the central section of the fault should have a rate
of activity similar to the ends. Therefore, we extrapolate
the Cucamonga fault rate of 4.0 = 2.0 mm/yr to the
remainder of the Sierra Madre fault. The apparent ab-
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- sence of a well-defined geomorphic expression can be

attributed to the occurrence of infrequent but very large
displacement events, strong modification of scarps by
erosional and depositional processes at steep range fronts,
or the presence of associated blind thrusts along much
of the fault’s length. These alternatives need to be eval-
uated with additional geologic studies.

Santa Susana Fault

The Santa Susana fault extends along the southern
edge of the Santa Susana Mountains from the San Fer-
nando Valley in Los Angeles County approximately 40
km west-northwest into Ventura County. The extensive
geological studies of the fault zone are summarized by
Yeats (1987). Faulting is complex with numerous strands,
and Yeats et al. (1993) divide the fault into three seg-
ments. Recent investigations by Levi and Yeats (1993)
suggest the leading edge of the fault flattens to near hor-
izontal due to gravitational and topographic effects, which
may explain the apparent absence of Holocene surface
faulting. The Santa Susana fault may have been the source
of the 1893 Pico Canyon earthquake and the San Fer-
nando lateral ramp of the fault was seismically active
during and after the 1971 San Fernando earthquake (Yeats,
1987). Based on 4 km of displacement of the Saugus
Formation in the past 500 ka, Yeats (1987) suggested a
preliminary slip rate of 8 mm/yr. Revised rates for the
Newhall-Portrero (northern) and Placerita (southern)
segments are 2.0 to 2.3 mm/yr and 5.7 to 6.7 mm/yr
(Huftile, 1992). For this report we use a slip rate of 6.2
= 0.5 mm/yr to characterize the Santa Susana fault. There
are no independent data on recurrence interval.

San Simeon Fault

The San Simeon fault zone is the central part of the
San Gregorio—Hosgri system of near-shore coastal strike-
slip faults. The fault is 70- to 90-km long and locally
extends onshore near Point San Simeon. Offset Pleis-
tocene marine terraces (Hanson ef al., 1994) and offset
Holocene deposits exposed in trenches (PG&E, 1988)
indicate a right-lateral slip rate in the range of 0.5 to 6.0
mm/yr. To capture this range of uncertainty, we assign
a slip rate of 3 £ 2 mm/yr . Data from exploratory
trenches and offset stream channels show multiple Ho-
locene displacements of 1 to 2 m per event (PG&E, 1988;
Hall et al., 1994). Assuming a rupture of 80 = 10 km,
we estimate a maximum earthquake of magnitude 7.1.

Appendix D: Formulas Used to Construct
Tables 5 and 6

1. Universal constants assumed for all zones
rigidity 0 = 3-10"° Nm
elastic thickness H = 11 km
2. Input data for each zone
Geologic data: maximum magnitude m,, length L,
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slip rate V, displacement d, and rate of characteristic
earthquakes r, )
Geodetic data: moment rate from strain M,
Seismic data: yearly rate r of m = 6 earthquakes
for the whole catalog, and r’ for the special catalog
with characteristic earthquakes removed
3. Formulas used for all zones
Integrated moment over 6 = m = m,, perm = 6
event, in units of Nm is calculated by the following
formula:

00'5”1" _ 100.5' 6

Cimy) =2-10° ——————
Am) 1076 — 107

Moment per characteristic earthquake, in units of
10¥ Nm is given by

Cc(mx) — 10145m“+9

Cumulative rate of m = m, earthquakes, is cal-
culated by the following formula:

11— 10"™

N(m, m)=f,- 10" ——
(m ) fd 1 - 106—m_‘

4. Calculated quantities for each zone
Calculated quantities, A zones
fLi=r rate of distributed earthquakes
fo=r. rate of characteristic earthquakes
M, = pHLV + C,-f; moment rate (model)

Calculated quantities, B zones
Ja=r ) :
f;; = max[o,(O.S ° Mf + 05 : Mg - Cd 'fd)/C(]
M,=C.-f.+ Cys fy moment rate (model)

Calculated quantities, C zones
f=05r+05M,/C,

moment rate (model)

_ Calculated quantities, all zones
M; = pHLV moment rate (geol)
M, =r-C,8.22) moment rate (seis)
a =6+ log(fy a value for distributed events

In the A zones, characteristic and distributed earth-
quakes are treated separately. Characteristic frequencies
are used as input to the cascades model. The rate of dis-
tributed earthquakes is determined by a smoothed cata-
log of earthquakes with characteristic earthquakes re-
moved. The modeled moment rate will exceed the
geologically determined rate by the contribution from
distributed events. Note that the reported moment rate
(model) is based on the long-term fault-slip rate, and as
such it neglects the acceleration implied by the time-de-
pendent modeling of characteristic earthquakes.

In the B zones, the moment rate is conserved by

introducing extra characteristic earthquakes. The target
moment rate is the mean of the geological and geodetic
rates. In the equation for f., the first two terms give the
target moment rate, and the third (negative) term sub-
tracts the moment rate already accounted for by distrib-
uted earthquakes. A positivity constraint is applied to
account for the fact that the distributed earthquakes might
by themselves imply more than the target moment rate;
in that case f, = 0, and the modeled moment rate may
exceed the average of the geologic and geodetic moment
rates.

In the C zones, the rate of characteristic earthquakes
is constrained to zero. The rate of distributed earth-
quakes is taken as the mean of the observed (smoothed)
seismicity rate and the rate needed to supply the geodetic
moment-rate estimate. The value reported as M, or “MR
Seis,” is the implied seismic rate assuming m, as deter-
mined from global earthquake catalogs. The only seis-
micity data used in the model are in the rates r and r’,
which are calculated with no assumption about the max-
imum magnitude. Thus, the modeled moment rate in the
C zones will be less than the average of M, and M,, and
it will depend on m,. In fact,

M, = 0.5-{[C,(m)/C.(8.22)]- M, + M,}.

Appendix E: Procedure for Calculating
Seismic Hazard

The general methodology to calculate seismic haz-
ard at a site is well established in the literature (Cornell,
1968). In this report, we used the line source model (Der
Kiureghian and Ang, 1975) for characteristic earth-
quakes and 80% of distributed earthquakes in type A
zones. For the rest of distributed earthquakes in type A
zones and all earthquakes in type B and C zones, we
modified the standard procedure in such a way that we
can accommodate geologic constraints implied by the
shape of each source zone as well as take into account
the difference in focal mechanism; strike-slip or thrust.

In calculating ground motion, we used an empirical
model by Geomatrix Consultants (1991) and Sadigh et
al. (1986), in which strike slip, oblique slip, and thrust
mechanisms are distinguished and the source to site dis-
tance is defined as the closest distance to the fault rup-
ture surface. For the line source model, a spatial prob-
ability distribution function for the rupture length is
calculated by moving the mid-point of a given length
along the line source. Since our zone allows faults strik-
ing along various azimuths, this method become tedious.
The usual approach in this case is to use point sources
which tend to overestimate the source-site distance as
compared to the line source model. In our model, which
we call “three-dimensional probabilistic ground motion
analysis (PGMA-3D),” we search for the feasible rupture
arcas within the source zone that share a common source-
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site distance. A scanning of the source zone determines
the ranges of azimuths that allow for the occurrence of
earthquakes with specific rupture lengths that share a
common source-site distance. This procedure provides
the information on the spatial distribution of earthquakes
with different rupture lengths within the seismic zone
and the corresponding source-site distances.

We denote the distance between the site %, and an
integration point X on the earth’s surface within a given
source zone as r(X,, ¥). As shown in Figure 19, it is the
closest distance from the site to the surface traces of those
rupture areas that start or end at £ and are on one side
of the line perpendicular to 7(%,, £). All vertical rupture
areas that are to one side of the line AB, perpendicular
to 7(%,, %), and start or end at point £ have their closest
distances to the site as 7(X;, X) = V r? %, %) + K, where
h is the depth to the seismogenic zone. The rupture areas
on the other side of the line AB have shorter surface
distances to the site than r(%,, X). At each location, the
source zone is searched, over different azimuths, for all
possible rupture lengths that have r(%;, £) as their closest
surface distances to the site. As was discussed earlier,
all lines to one side of the line AB, i.e., X(%, ¢) in Fig-
ure 19 are feasible candidates. X (£, ¢) is the longest pos-
sible rupture length from £ along azimuth ¢ that has r (%,
%) as its closest surface distance to the site. A compar-
ison between a rupture length (/) and X (%, ) determines
if an earthquake with the rupture length / can occur within
the region along the azimuth i starting or ending at %.
The objective is to construct spatial probability density
functions for the rupture lengths. Let us define the func-
tion ¢(x|l) as

1 Papt+T

T Jysn

where i,z is the azimuth of the line AB at %, and HY ]
is the Heaviside function:

HIMD -XE ) —11=0

if 1> A1) -X(% ¢) and

HMD-XE, P —11=1 fI=AD-XE ¢). (E2)

The A(]) is a factor that allows a fraction of the rupture
length to extend the boundaries of the region; i.e., for
A > 1. x| = 1if I = A()- X(%, ¢) for all azimuths
and ¢(x£}l) = 0 if I > A(l)- X (%, ) for all azimuths. A
spatial probability density function for the rupture length
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can be constructed by taking the ratio of ¢(%|/) to the
integration of ¢ (%|/) over the entire area source,

o1

, (E3)
f G| di

L& D=

where § represents the source area. For a uniform spatial
distribution of all rupture lengths over the entire source
fi(%|1) becomes a constant. In that case, the rupture lengths
do not play any role in the PGMA of the source zone,
which is equivalent to the point source model. This con-
dition can be simulated by selecting a large value for
A(l), i.e., allowing the rupture lengths to go beyond the
boundaries of the source zone. In other words, the point
source model is a special case of PGMA-3D when earth-
quakes with portions of their rupture lengths outside the
source zone are included in the PGMA.

Following the traditional formulation of the PGMA,
the probability that the ground motion at a site %, exceeds
a specific level y from earthquakes within the source §
is formulated as

P(Y>)’|fs,5)=ff fP[Y>y|m, F(X, )]
S§JIMJL

fs(i“)fM(m).ﬁ,(llm) di.dl.dm,
(E4)

where P(Y > y|m, 7(%,, ©)] is the probability that the
ground motion at the site will exceed y from a magnitude
m earthquake at a distance of 7(%, ). The term f5(¥|!)
is defined by equation (E3). The term f;,(m) is the mag-
nitude density function and f;(I|m) is the probability
density function for the rupture length as a function of
magnitude. For the cases of the nonvertical rupture areas,
F (%, X£) becomes a function of the dipping angle and azi-
muth. For dipping faults the term f,(%|/) is the same as
is described by equation (E3); but at each location the
closest distance is computed taking the dip and strike of
the fault rupture area into account.

For the majority of our 65 seismic zones, the fault
is assumed to be vertical strike-slip. Table 7 lists the
fault type, dip direction, dip angle, and range of strike
direction for seismic zones with nonvertical and/or oblique
slip. This table is based on a consensus among geologists
who participated in an SCEC workshop held at USC on
25 February 1994.

Appendix F: Joint Commentary of the National
Earthquake Prediction Evaluation Council
and the California Earthquake Prediction

Evaluation Council

This joint statement of the two earthquake predic-
tions evaluation councils addresses the suitability of the
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conclusions presented in this report for application to
public policy and compares them to the existing earth
science basis for public policy. It also presents some ca-
veats that should be considered when the conclusions are
applied to policy.

The scientific conclusions that drive policy appli-
cations must follow from a broad consensus within the
earth science community, based on objective, internally
consistent analyses that use appropriate data sets and
methodologies. This critique by the two councils further
extends the report’s peer review process. An advanced
draft of the report was circulated to the members of both
councils. This resulting commentary compares the re-
ports conclusions on damaging earthquake potential to
the results of earlier studies that have supported public
policy.

Background

The 1988 Working Group report presented long-term
30-yr probabilities for the occurrence of m = 7 earth-
quakes on segments of the San Andreas fault and m =
6.5 on the San Jacinto fault. After the June 1992 Lan-
ders/Big Bear earthquakes, an earlier (November 1992)
report in this series reexamined m = 7 earthquake prob-
abilities in southern California over a 1- to 5-year time
frame, specifically considering implications for in-
creased hazard following the 1992 events. The present
report reappraises the 30-yr probabilities of m = 7 earth-

Table 7
Dip and Dip
Zone Number Range of Strikes Direction
15 N to N9OW 45 E and NE
20 N to NoOW 45 W and SW
26 N30E to N9OE 45 N and NW
N30W to N9OW 45 N and NE
31 N30E to N9OE 45 N and NW
N30W to N9OW 45 N and NE
32 N to N9OW 45 N and NE
33 N30E to NOOE 45 N and NW
N30W to N9OW 45 N and NE
34 N to N9OW 45 W and SW
35 N30E to N9OE 45 N and NW
N30W to N9OW 45 N and NE
40 N30E to N9OE 45 N and NW
N30W to N9OW 45 N and NE
46 N30E to N9OE 45 N and NW
N30W to N9OW 45 N and NE
49 N30W to N9OW 45 N and NE
54 N30E to N9OE 45 S and SE
N30W to N9OW 45 S and SW
55 N30E to N9OE 45 S and SE
N30W to N9OW 45 S and SW
65 N30E to N9OE 45 S and SE
N30W to N9OW 45 S and SW

quakes in southern California using new data and re-
vised, expanded methodologies.

Comparing Conclusions

Comparing San Andreas/San Jacinto Independent
Segment Probabilities with Earlier Studies

The probability estimates of the largest (character-
istic) earthquakes to be expected on individual southern
San Andreas or San Jacinto fault segments range from
about 10 to 40% in the 1988 report compared with about
6 to 43% (with uncertainties between 6 and 18%) for
those same segments in this report (Table 2). Although
methods and data sets differ somewhat, the present au-
thors do not consider the differences between their 1994
probability estimates for individual segments of the San
Andreas/San Jacinto fault system and the 1988 conclu-
sions significant. Single segment probabilities in the 1994
report are presented between 1 and 24% (with 3 to 15%
uncertainties) for two additional segments of the San Ja-
cinto fault and for portions of the Whittier/Elsinore faults
(Table 2) that were not considered in the 1988 report.

Policy Implications. This study assesses the southern
San Andreas and San Jacinto segments using important
data acquired after 1988 and refinements in analysis. It
is the first comprehensive evaluation of these fault seg-
ments since 1988. The results are reassuring. The prior-
ities currently given to earthquake preparedness are not
likely to change significantly in response to the 1994
conclusions, except perhaps for some fine tuning at the
local scale. These conclusions may help the private sec-
tor refine the geographic focus of their earthquake prep-
arations.

Comparing the Independent Segment Probabilities
with the 1994 Cascade Model

In addition to the independent segment probability
estimates, the present authors have developed a cascade
model that accounts for the interactive rupture of mul-
tiple segments during individual earthquakes (Table 3).
Multiple-segment earthquake estimates reduce the num-
ber but increase the average size of ruptures expected
during the next 30 yr compared to predictions for in-
dependent-segment events. The present report estimates
that, if segments are independent, there is an aggregate
66% probability that at least one characteristic earth-
quake will occur on one of the four southern San An-
dreas segments in the next 30 yr. This compares with a
53% probability estimate that a multiple-segment earth-
quake will occur at least once during the same period
according to the cascade model.

Policy Implications. Both the independent-segment and
cascade model analyses estimate a significant likelihood



438

of large damaging events. The present rationales for
earthquake preparedness in areas adjacent to the San An-
dreas, San Jacinto, and Whittier /Elsinore faults are not
significantly modified by the cascade model conclu-
sions.

Southern California Earthquake Regional m = 7
Probability Estimates

From a more regional perspective, this report ad-
dresses that portion of the state south of latitude 36° with
a “preferred” model which apportions the seismic mo-
ment budget for all of southern California among 65 source
zones using geologic (including paleoseismic), geodetic,
and earthquake catalog data. This holistic analysis is based
upon the comprehensive concept of the SCEC master
model. Rules are established to partition the seismic mo-
ment among the 65 zones categorized into A, B, and C
types, depending upon the amount of geologic data
available for combining with geodetic and earthquake
catalog sources. The preferred model predicts a rate of
0.067 events/year for m = 7 earthquakes in southern
California, corresponding to a 30-yr probability of 86%.
This value exceeds the 1988 southern California estimate
of about 50 to 60% that only considered the aggregated
San Andreas and San Jacinto probabilities in southern
California. While the present estimate raises the proba-
bility somewhat, it expands the area of consideration.

Policy Implications. The regional m = 7 probability
estimates of this report underscore the need for continu-
ing earthquake preparedness efforts in urban areas. They
further justify the need for earthquake preparedness ac-
tivities in the more rural areas of southern California which
were not considered in the 1988 report.

Using the Regional Preferred Model
in Probabilistic Seismic Hazard Analysis
for Public Policy

The preferred model characterizes the 65 source zones
using standardized rules for partitioning seismic moment
rate. The manner of establishing the boundaries and par-
titioning the seismic moment are inevitably somewhat
arbitrary. Greater confidence in characterizing the seis-
mic sources using these procedures might have resulted
from a close correspondence between the predicted seis-
mic rate for large events such as m = 7 and the histor-
ically observed rate. Although not emphasized in this
report, there is a disparity between the observed moment
release represented by seismic activity since 1850 and
the larger moment accumulation budget during that pe-
riod, calculated from the currently observed rate of plate
movement. The long-term nature of this disparity is dif-
ficult to quantify. An important qualification to the re-
sults of the preferred model results from the observed
rate of m = 7 earthquakes since 1850 (0.035 events/yr):
only about half the calculated preferred model rate (0.08

Working Group on California Earthquake Probabilities

events/yr). As the authors point out, there are changes
that can be made in the approach such as adjusting the
cascade analysis to lower the rate of m = 7 events to be
closer to the observed value. By making some of these
changes, an alternative model (Table 6) comes closer
(0.065 events/yr compared to 0.035 events/yr ob-
served), but still leaves a significant gap. As the authors
point out, an unknown but significant portion of the cu-
mulative plate motion budget in southern California can
be taken up by anelastic deformation and not entirely
released by earthquakes. Additionally, given the limited
temporal extent of the earthquake catalog, we cannot rule
out the possibility that futare very large earthquakes will
more closely balance the observed and calculated mo-
ment release rates.

Comparing the calculated and observed seismic rates
of m Z 7 earthquakes does not definitively test the va-
lidity of the model. In the absence of such a test, another
approach should be used to evaluate the suitability of the
preferred model to public policy applications. To be used
in public policy, a seismic hazard model should not yield
maps with patterns of ground motion that are severely
affected by the choice of seismic zone characteristics that
are relatively unconstrained by data. Studies are needed
to show the sensitivity of seismic hazard analyses to
variations in the selection of seismic source boundaries
and parameter values.

Another limitation of the preferred model is the
present lack of consensus on how to characterize some
types of seismic sources such as blind thrusts.

Policy Implications. At present, caveats must be ap-
plied to the ways in which detailed conclusions of this
report are used for particular sites. The appropriateness
of the rules and the assumptions used in defining and
partitioning seismic moment among the source zones
should be further examined to see how variations in the
least-constrained parameters affect the overall patterns
of ground motion.

Continuing Investigations are Recommended
to Emphasize the Following Issues

* Blind thrust geometry and slip rates, and their incor-
poration into the preferred model methodology.

+ The intrinsic variability in characteristic earthquake re-
currence rates and its significance in probability anal-
yses.

* Further acquisition and appraisal of geologic evidence
that significantly modifies earlier paleoseismic inter-
pretations such as that concerning the Carrizo segment
of the San Andrea fault.

» The assumptions used in the distribution of seismicity
and the sensitivity of the seismic rate and hazard maps
to reasonable variations in these assumptions.
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* The geographic characterization of type C seismic source
zones and the sensitivity of predicted seismic rate and
seismic hazard maps to variations in their definition.

In the meantime, from a public policy point of view,
the maps derived from the preferred model can be used
to characterize regional seismic hazard in southern Cal-
ifornia. Like any other single model, the preferred model
should be used with professional caution-and appropriate
sensitivity studies when applied to site-specific geotech-
nical estimates for earthquake resistant design of indi-
vidual structures.

Despite inevitable uncertainties, this report signifi-
cantly advances the characterization of southern Cali-

fornia seismic sources using regional geologic, geodetic,
and earthquake catalog observations. The earth sciences
and the citizens of California are in debt to SCEC and
its investigators for this effort. This line of investigation
is promising and should continue.

Tom McEvilly, Chair
National Earthquake Prediction
Evaluation Council

Jim Davis, Chair
California Earthquake Prediction

Evaluation Council
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