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INTRODUCTION

An evaluation of the seismic hazard in the San Francisco Bay region
requires estimation of the frequency of occurrence of damaging earthquakes in
the surrounding central Coast Ranges of California. This estimate would
ideally be based on a record that spans thousands of years of seismicity in
central California. However, the historiec record of seismicity in the San
Francisco Bay area is short, comprising only several hundred years of data.

To date, a geologic record of earthquake shaking in central California has not
been found which might extend the historic record thousands of years.

The frequency of damaging earthquakes can be calculated from fault slip
and seismic moment (Molmar, 1979). We have modified Molnar's theory to
include a lower bound on event size. We report here the application of this
theory in the San Francisco Bay region, to calculate the annual expected
number of earthquakes on faults in the central Coast Ranges.

RECENTLY ACTIVE FAULTS IN THE SAN FRANCISCO BAY REGION

The central Coast Ranges surrounding San Francisco Bay (fig. 1) are cut
by a number of faults that can be expected to produce future, damaging
earthquakes. Several have ruptured historically during large earthquakes
(table 1); a few are currently moving (fig. 2). All have been repeatedly
active throughout the last 500,000 years (late Quaternary Period).

Most of the recently active faults in the San Francisco Bay region are
northwest-trending, right-lateral, strike-slip faults. Principal among these
is the San Andreas fault zone, which extends from southern California through
the central Coast Ranges past San Francisco, then northward along the Pacific
coastline. The San Andreas is paralleled to the east by several subsidiary,
recently active right-slip faults which branch from the San Andreas southeast
of Hollister. Offshore near San Francisco the San Andreas is joined by the
San Gregorio fault zone which trends northward from Monterey.

Southeast of Oakland is the Las Positas fault. This is a small,
historically active, northeast—trending left-slip fault which ends to the
northeast at the Greenville fault zone. That fault, the Las Positas, ends to
the southwest in an imbricate thrust fault zone, the Verona, one of three
youthful thrust fault zones in the Bay area. The other two, the Monte Vista
and the Evergreen, abut the foot of the hills flanking San Jose. Farther east
of San Francisco Bay, the San Joaquin fault zone bounds the east side of the
Coast Ranges. This recently active zone, which is predominantly normal in
character (east side down), is composed of three separate en echelon parts
(northern, middle, and southern). Just west of the southern San Joaquin fault
zone, within the east flank of thelyoast Ranges, are two large, recently
active reverse faults——the O0'Neill/ and Ortigalita, and several other minor
reverse faults which are not shown in figure 1. These faults are
characterized by east-side-up movement along east—dipping fault planes.

1

._/The 0'Neill fault is considered here as a single break, although it is
actually a zone of discontinuous, en echelon, or locally parallel fault
strands (Herd, 1979a).



TABLE 1

HISTORIC SURFACE FAULT DISPLACEMENTS ASSOCIATED WITH EARTHQUAKES
IN THE SAN FRANCISCO BAY REGION

7 4

Date Fault Rupture length Magnitude

M Mg M
(Richter)

Late June 1838 San Andreas Unknown 7.0

July 4, 1861 Calaveras=-Sunol Unknown 5.3

October 21, 1868 Hayward 30 km 6.7

April 24, 1890 San Andreas 10 km? 5.9

April 18, 1906 San Andreas ~430 km 8.2 7.7
August 6, 1979 Calaveras 14.4-21 km 5.7

January 24, 1980 Greenville 4,2-6.2 km g.g,

January 27, 1980 Greenville 1.1 km 5.3

Earthquakes of 1838-1906 are referenced in Toppozada and others (1979) and
Wesson and others (1975).

Earthquakes of 1979 and 1980 are discussed in Herd and others (1979), Lee
and others (1980), Bonilla and others (1980), and Cockerham and others
(1980).

Moment magnitude of the 1906 event after Hanks and Kanamori (1979).



SEISMIC SLIP

Seismic slip rates can be determined or inferred for most of the recently
active faults in the San Francisco Bay region (fig. 3). Long~term offset
rates, which include both seismic and aseismic slip, have been determined
geologically on several faults in the San Francisco Bay area (fig. 1; table
2). The contribution of aseismic fault creep to fault slip in the San
Francisco Bay region is well known (fig. 2). For the majority of the other
faults, long-term rates can also be deduced from geologic information.

An average of 3.7 cm/yr of total slip occurs along the San Andreas fault
zone south of Hollister. Part of the displacement (currently as much as 3.6
cm/yr) occurs locally as creep. North of Hollister, near San Francisco, only
2 cm/yr of total slip has been documented along the San Andreas fault zone,
but creep is not discernible. About 1.0 cm/yr of total slip has been
documented on the San Gregorio fault. This slip increases the long—-term
offset rate on the San Andreas north of the city, where these two faults join,
to about 3.0 cm/yr.

Most of the 1.7 cm/yr of total slip that is not carried northward along
the San Andreas beyond Hollister occurs on the Calaveras—-Paicines fault, which
branches eastward from the San Andreas just south of the town. Although the
total offset rate along the Calaveras—Paicines fault has not been directly
measured (a minimum offset rate of 0.14-0.71 cm/yr has been geologically
established (Nakata, 1977)), the rate is believeg to be about 1.5 cm/yr—-

slightly more than the 1.0-1.2 cm/yr creep rate../

Slip along the Calaveras—Paicines fault zone is apportioned at San Jose
between the Hayward and Calaveras-Sunol faults (fig. 1). Although geologic
rates of offset have not been locally determined along either fault, the
measurement of 0.6 cm/yr of creep on both the Hayward and Concord (the
northern en echelon prolongation of the Calaveras-Sunol, fig. 1) faults at
about the same latitude suggests that the 1.5 cm/yr of slip along the
Calaveras-Paicines is equally divided between the two. Displacement rates for
the northward continuations of the two faults are unknown, but are assumed to
be equal to or less than the probable 0.75 cm/yr long-term slip rate on the
Hayward and Calaveras—Sunol faults. About 0.02 cm/yr of movement has occurred
on the Verona fault, the thrust fault east of the Calaveras—Sunol, during
approximately the last 70,000 years (table 2). This slip rate is presumed to

E/Large historic earthquakes accompanied by surface faulting occurred in the
last century on the Hayward and Calaveras—Sunol faults (table 1), branches of
the Calaveras—Paicines fault. If observed creep rates in the San Francisco
Bay area have been constant through the recent geologic past, there must be a
few millimeters of seismic slip on the Calaveras—Paicines fault that is
unrepresented in the fault creep rate. However, not all of the missing 1.7
cm/yr of fault slip can be ascribed to the Calaveras-Paicines fault. A
portion of the slip (0.2 cm/yr?) is shared with other faults that lie between
the San Andreas and Calaveras, or that parallel them to the east.



TABLE 2

GEOLOGICALLY DETERMINED RATES OF OFFSET ON FAULTS IN THE
SAN FRANCISCO BAY AREA

Fault Of fset unit Age (m.y.) Rate (cm/yr) Reference
Calaveras Volcanic rocks 3.5 >0.14-0.71 Nakata (1977)
1

Midway Tulare-age /0.6 0.005 This report
erosion
surface

0'Neill Corcoran Clay 0.6 0.01 Herd (1979a)

San Andreas Merced(?) and 1.8-5.0 0.6-2.2 Addicott (1969)
Santa Clara
Formations

San Andreas Santa Clara 1-3 1-3 Cummings (1968)
Formation

San Andreas Stream channel 0.003 3.7 Hall and Sieh

' (1977)
San Gregorio Marine terraces 0.20 0.63~-1.3 Weber and Lajoie
(1977)
1

San Joaquin Tulare Forma- /0.6 0.02 Herd (1979b)
mation

Verona Buried soils 0.070 0.02 Herd and Brabb

(1980)

1

/Along the east side of the Coast Ranges near the San Joaquin and Midway
faults, the Corcoran, a regionally extensive 600,000-year-old nonmarine clay
(Janda, 1965), occurs near the base of the Tulare (Herd, 1979a).



be comparable with that of the other two thrust fgults in the San Francisco
Bay region-—-the Monte Vista and Evergreen faults.—

The northeast-trending left-slip Las Positas fault is assumed to move at
a rate comparable to the 0.02 cm/yr on the Verona, since the two are directly
connected. The Greenville fault zone, a northwest—trending right-slip fault
which truncates the Las Positas, is also presumed to move at a rate of about
0.02 cm/yr. The fault is conjugate to the Las Positas, but is not connected
to any of the other principal, recently active right-slip faults in the Bay
area.

Slip rates of the Midway, San Joaquin, and O'Neill faults at the east
side of the central Coast Ranges can be deduced from their apparent vertical
offset of the Tulare Formation (table 2). Because the Ortigalita fault lies
beyond the westernmost extent of the Tulare Formation, a direct estimate of
its geologic slip rate cannot be made. However, the fault 1is préesumed to move
at a rate equal to that (0.0l cm/yr) on the nearby 0'Neill fault.

EARTHQUAKE MAGNITUDE

It is necessary to estimate the maximum earthquake magnitude that can
occur on the faults in the San Francisco Bay region to calculate the frequency
of occurrence of damaging earthquakes. The maximum magnitude (Richter) can be
calculated from fault length using Slemmon's (1977) linear regressions of
earthquake magnitude on length of surface rupture:

for strike-slip faults, M = 0.597 + 1.351 log;q(L)

for reverse faults (including thrust faults),

and for normal faults M= 1.845 + 1.51 loglo(L)

where M is magnitude and L is fault length in meters.

It should be noted that other analyses (for example, Wesson and others,
1975) have assumed that only one-half a fault's entire length could rupture
during a maximum earthquake. Although rupture of the total length of a fault
is unlikely, it is not unprecedented (Bonilla, 1979).

E/Little is known about either fault, except that both offset Pliocene and
Pleistocene Santa Clara Formation gravels and younger late Pleistocene
alluvium. If both faults dip at about 45°, the 30-m-high scarp on the Monte
Vista and the 20-m~high scarp on the Evergreen could have been formed in about
424,000 and 280,000 years, respectively, at a slip rate of 0.01 cm/yr.



RATES OF OCCURRENCE OF EARTHQUAKES

Consider, for generality, an arbitrary earthquake magnitude scale. With
the distribution of earthquake magnitudes specified (by a magnitude range and
Richter b-value) and with seismic slip rate estimated, we can determine an ,
annual rate of occurrence (expected number of events per year in the magnitude
range) for each fault in the San Francisco Bay region. To do this, we modify
the theory of Molnar (1979) to include a non-zero lower-bound M~ on magnitude.

The magnitude distribution for earthquakes on each fault, a truncated
exponential distribution, is

fM(M) = kBe—B(M —Mz) where Mz < M< MM,
k=@ - exp(-gf - w)))7L,
and B = ¢nl0eb (b is the slope of the log-number versus magnitude

relation, or the so-called "Richter b” value.
is the maximum magnitude.)

Thus, the cumulative distribution function on M is
2
Fy(m) = k(@ - e B,
Seismic moment M  is related to magnitude M through:

10g10 MO =cM+ d

_ 1 d
or M= - log10 Mo i

We seek the probability density function on Mo. The cumulative function is
—— 1 —
FMO(MO) = Fy (4 log o, M = d/e)

—B‘
—k-ka M /%3C

where a = exp C—é%— + BMQ)

Differentiating, we obtain the probability density function:

-8
8 M 203C 1
2.3¢ [o] ¢

fM (Mo) = ka
o



The expected seismic moment, then, is

2
EM] = [ M £, (M )dM
Ml o
[0}

where Mﬁ and Mg can be obtained substituting Mz and MM into the relation:

— CM+do
Mo = 10

For E[MO] we get

ka 8/3.3¢ ! 1-%/2.3¢ _ 0 1—8/2.3c].
[o] o

E[M ] =
° 1 -82.3¢
The activity rate of a fault is calculgted through the "rate of occurrence of

seismic moments” which Molnar calls ﬁb « It is just y, the rate of

occurrence of earthquakes, times E[M,]: ﬂbz = v E[MO] . Also, it 1s equal

to:

o I
Mo = pAS

where S is the seismic slip rate. Equating the last two, and solving for the
rate, gives:

uAS

TTEM T

Here, py is the shear modulus and A is the area of the entire fault (not just
the section which is expected to rupture). This gives us a method of
calculating y from the fault parameters and S.

For the San Francisco Bay region, the following values were used (Hanks
and Karamori, 1979):

3 x 1011 dynes/cm2

u:

A =10 km x length
C=105

d = 16.

The frequency of occurrence of damaging earthquakes on recently active
faults in the San Francisco Bay area (table 3) has been calculated from
seismic slip and seismic moment using the method described in this paper, and
using Richter magnitude as the description of earthquake size. Table 3 is
ordered by fault, but is constructed to reflect differences in slip rates or
in earthquake behavior on segments of the same fault where they occur.
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The San Andreas and Calaveras faults have been divided into segments and
grouped into fault systems to reflect differences in slip rates and historic
seismicity along these fault systems. The long-term rate of movement along
the San Andreas decreases from 3.7 cm/yr south of Hollister to about 2 cm/yr
between Hollister and San Francisco. North of San Francisco, the slip rate
increases to about 3 em/yr. The part of the San Andreas fault between San
Francisco and Hollister (herein referred to as the peninsular San Andreas) has
been seismically active since the San Francisco earthquake of 1906. The
portion of the San Andreas north of San Francisco (the northern San Andreas)
has been practically aseismic since 1906 (Eaton, in press). Apparently only
large earthquakes (magnitude 6.5-8 earthquakes) occur on the northern San
Andreas. Similarly the rate of long-term slip along the Calaveras-Paicines
fault falls from about 1.5 em/yr north of Hollister to about 0.75 cm/yr east
of San Jose, where the Hayward fault splays westward from the Calaveras-Sunol.

The northern San Andreas fault has been coupled with both the peninsular
San Andreas and the San Gregorio faults to reflect the differences in slip
rates along the San Andreas north of Hollister, as well as to explain the
apparent absence of small and moderate earthquakes on the San Andreas north of
' San Francisco (Eaton, in press). Because both the peninsular and northern San
Andreas faults ruptured continuously in 1906, great earthquakes on the San
Andreas can apparently break through portions of the fault that have different
slip rates. A fault system composed of both the northern and peninsular
portions of the San Andreas fault (table 3) has been assigned earthquake
magnitudes assuming that only great earthquakes can occur on that fault
combination. The maximum earthquake for the fault combination has been
determined assuming that the entire combined length of the two fault segments
(430 km) would break in the maximum earthquake. The lower bounding magnitude
(7.6) is the earthquake that most likely would occur if the peninsular or
northern sections ruptured in totality. A lower bound magnitude of 5.0 has
been used on other faults and fault combinations because, in the context of
seismic hazard analysis, small events rarely produce ground motions of
engineering concern.

Hanks and Kanamori (1979) introduced a moment-magnitude scale M which is
uniformly valid for M; and MS.S.7‘5’ and My > 7.5, where My is the magnitude
scale introduced by Kanamori (1977). This energy-based scale does not
saturate and hence is a better measure of earthquake source strength than
magnitude scales reliant on instrument response. Table 4 of this report
contains recurrence intervals based on M rather than Richter magnitude. The
magnitude (M) range has been recalculated for each fault, using the
relationships suggested by Abe (1975):

3
22 3/2 ,

M, =1.23x10 A dyne/cm where A is the fault area (10 km x length),
and Hanks and Kanamori (1979):

H = 2/3 log Mo - 1007.
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The result is a smaller upper bound magnitude, MM, for each fault. This
change in the magnitude range reduces the expected moment for each fault
because the interval of integration is smaller. The resulting recurrence
intervals for each fault are thus shorter than those calculat Mﬁd using Richter
magnitude. For most of the smaller faults in the Bay Area, 27.2), the
recurrence intervals are shortened by a factor of no more than 2-3, which is
close to the average accuracy of the relationship between Mo and M calculated
in the described manner (Percaru and Berckheimer, 1978).

The major differences between Table 3 apd Table 4 are in the recurrence
intervals calculated for the large faults (M, > 7.2) where the Mg, M; scales
saturate. For the most active faults in the“San Andreas system (#1-4 in Table
4), the recurrence intervals are decreased by a factor of ~5. This translates
to a recurrence interval of about 30 years for a moderate to large earthquake
on the northern San Andreas fault. Such a recurrence rate has not been
observed this century; in fact, the northern San Andreas has been rather
quiescent since the 1906 event. The long-term behavior of this part of the
San Andreas fault may be characterized by alternating periods of quiescence
and activity, with a periodicity on the order of centuries (Herd et al.,

1981). The average recurrence interval indicated in Table 4 is consistent
with this characterization.

SUMMARY

We have developed and applied a logical rationale for taking geologic and
tectonic information into account for the estimation of average rates of
occurrence of earthquakes. A note of caution is appropriate: Not all of the
data necessary for confident application of the methodology are available in
the San Francisco Bay region. Some values given in Table 3 and 4, in
particular those for seismic slip rates on some faults, represent only guesses
on the basis of data available at other locations and of an understanding of
the regional tectonic framework. A second possible source of error is in the
division of total slip between seismic slip and creep. On the Rodgers Creek,
Maacama, Calaveras-Sunol and Green Valley faults, little creep is discernible
so the bulk of the total slip has been attributed to seismic activity. This
results in activity rates four to five times higher than those observed in the
recent past. Clearly, the relationship between creep, total slip, seismic
activity, and recent earthquake history is not well understood for these
faults.

The choice of magnitude scale has an important influence on calculated
rates of seismic activity. The use of Richter magnitude, with upper bounds on
magnitude of the order of 8.2, indicate recurrence intervals of about 150
years for large (M > 7.5) earthquakes on the northern San Andreas. These
upper bounds also indicate inordinately large displacements on the San
Andreas, which have not been observed historically. The use of moment
magnitude, with lower maximum magnitudes, indicates recurrence intervals on
the order of 40 years for M > 7.2. Upper bound values of M indicate
displacement consistent with those observed during the 1906 San Francisco
earthquake. The small recurrence intervals obtained using M, while not
observed in the recent past, may be a better estimate of average activity over
long time intervals than estimates consistent with recent observations. For
this reason, and because moment magnitude is a more consistent measure of
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earthquake size than Richter magnitude, a consistency which aids the theory
presented here, we generally prefer estimates of recurrence intervals which
are based on moment magnitude.

The ultimate purpose of calculating seismic recurrence rates is the
evaluation and mitigation of seismic hazard. To best serve these ends, the
seismic activity rates presented here must be scrutinized to ensure either
that the seismic hazard they imply is consistent with historical observations
or that reasons for differences are well understood. Only by examining all
relevant theories and data, and by understanding their implications in light
of historical observations and prehistorical evidence, can we make rational
assessments of earthquake hazards.
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FIGURE CAPTIONS

Figure 1. Map of principal recently active faults in the San Francisco Bay
region, showing zones of surface rupture associated with historic
earthquakes (table 1). Solid squares denote locally determined rates of
geologic offset (table 2).

Figure 2. Documented fault creep in central coastal California. Rates marked
by * are from Savage and Burford (1973), ** from Frizzell and Brown
(1976), *** from Harsh and others (1978), #*#%*#*%* from Thenhaus and others
(1979). All others are from Wesson and others (1975).

Figure 3. Rates of fault slip in the San Francisco Bay region. Long-term

geologic slip rates appear first. Seismic slip rates (geologic slip
minus fault creep) follow in parentheses.
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