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VOL. 78, NO. 35 JOURNAL OF GEOPHYSICAL RESEARCH DECEMBER 10, 1973 

Seismicity Preceding Moderate Earthquakes in California 
ROBERT L. WESSO• A• WILLIAM, L. ELLSWORTH 

National Center ]or Earthquake Research, U.S. Geological Survey 
Menlo Park, ,California 94025 

Regional seismicity data have been examined to determine the nature of seismicity in the 
years preceding these moderate earthquakes in California: 1952 Kern County (M '- 7.7), 
1963 Watsonville (M -- 5.4), 1964 and 1967 Corralitos (M -- 5.0, 5.3), 1966 Parkfield-Cholame 
(M '-- 5.1, 5.5), 1968 Borrego Mountain (M = 6.4), 1969 Santa Rosa (M '= 5.6, 5.7), and 
1971 San Fernando (M -- 6.4). In each instance the moderate earthquakes occurred in areas 
characterized by a relatively high level of small earthquake activity. In most cases the pre- 
ceding activity in the area immediately surrounding the epicenter was high relative to o•her 
segments of the same fault zone or other neaxby fault zones that, on the basis of geologic 
criteria, would be considered equally likely locations for moderate earthquakes. Detailed 
observations for a moderate earthquake that occurred in 1972 near Bear Valley (M _-- 5.0), 
where seismograph station coverage is adequate to obtain reliable focal depths for small 
earthquakes, indicate that concentrations of small earthquakes were present in the immediate 
hypocentral region in the months before the earthquake. The regional observations have 
potential applications for the a•alysis of seismic risk in that fault zones or segments of fault 
zones characterized by a relatively large number of small earthquakes seem more likely to 
sustain moderate earthquakes than do adjacent fault zones or fault segments with equivalent 
geologic evidence for recency of movement. The detailed observations provide a potential 
tool for mapping stress concentrations or areas of anomalously low strength along the parts 
of fault zones capable of seismic slip. 

The relation between small earthquake activ- 
ity and the potential for moderate or larger 
earthquakes promises to provide powerful tools 
for the prediction of earthquakes. (For purposes 
of this discussion, 'small earthquakes' means 
earthquakes with local magnitudes less than 
magnitude 5. In this term we include 'micro- 
earthquakes,' which are generally taken to be 
earthquakes with local magnitudes less than 3.) 
Extensive evidence has been accumulated in 
the western United States and elsewhere that 

damaging shallow earthquakes occur along 
faults that can be (or could have been) demon- 
strated by geologic means to have sustained 
displacement in Quaternary time [e.g., Went- 
worth and Yerkes, 1971; Brown et al., 1967; 
Allen et d., 1968; Clark et al., 1972; Dibblee, 
1955]. Before the development of dense local 
seismograph networks in the 1960's the accu- 
racy of locating small earthquakes was such as 
to suggest that they occurred rather generally 
throughout an active region. With the devel- 
opment of dense seismograph networks and with 
careful attention to crustal velocity structure 
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it has been demonstrated that most small earth- 

quakes and aftershocks in California are closdy 
associated with geologically mappable faults 
[Lee, 1971; Eaton et al., 1970a, b; Hamilton, 
1972; Wesson and Wilson, 1972]. In fact, it 
has become possible to 'map' many faults by 
the distribution of small earthquakes along 
them. In contrast, several sections (as long as 
300 km) of major fault zones that have sus- 
tained large displacements in historic time dis- 
play a very low level of seismic activity at 
present [Lee, 1971; Brune and Allen, 1967; 
Page, 1972; Allen et al., 1965; Ryall et al., 
1972; Byefly, 1937]. If studies of small earth- 
quakes are to be useful in earthquake pre- 
diction, we must discover how the presence or 
absence of small earthquake activity rela.tes to 
the potential for a moderate or large earth- 
quake. 

The answer to this question has in the past 
been shrouded by the difficulties of accurately 
locating small earthquakes and by uncertainty 
about the time scale on which preceding activity 
is important. Except for some wall-defined fore- 
shocks that occur within hours prior to a 
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moderate or large earthquake, there is little or 
no evidence to suggest a buildup of small earth- 
quakes in the days and weeks prior to the main 
shock [Richter, 1955a; Allen, 1971; McEvilly 
et al., 1967]. Richter has observed, however, 
that 'In 28 years of seismograph recording from 
1929 through 1956 there was only one earth- 
quake in southern California of magnitude 5, or 
over, which was not preceded by others from 
the same or an adjacent epicenter, although 
weeks or months might intervene between the 
last previous shock and the large one [Richter, 
1958, p. 67].' 

We have examined the seismicity data for 
some regions in which moderate earthquakes 
have occurred in California, for which adequate 
instrumental capability existed prior to the 
main shock, in order to determine the nature 
and distribution of the small earthquakes, if 
any, that occurred in the months and years 
preceding the main shock. Similar work has 
been done in Japan by Mogi [1968b, 1969] 
and in the Soviet Union by Keylis-Borok and 
Malinovskaya [1964] and Fedotov [1968]. 

ME?HOD 

To study the seismicity of regions of Cali- 
fornia in which moderate earthquakes have 
occurred and for which an adequate instrumen- 
tal capability existed prior to the earthquakes, 
we examined the published bulletins (and some 
as yet unpublished data) from the Seismological 
Laboratory, California Institute of Technology 
(Caltech), and from the Seismographic Stations, 
University of California, Berkeley (UCB), for 
the period since 1962. In addition we examined 
the Caltech data for the twenty years prior to 
the 1952 Kern County earthquake. Both seis- 
mograph networks operated by these two in- 
stitutions are regional in nature, and both grew 
significantly during the 1960'•. Both groups 
attempt to make their lists of earthquakes 
substantially complete above magnitude 3, with 
many smaller earthquakes located as well. Un- 
der favorable circumstances the accuracy of 
epicenter location is probably within a few 
kilometers; under unfavorable circumstances 
the error is doubtless somewhat larger. 

To make a truly convincing case that small 
and microearthquake activity is premonitory 
to a moderate or large earthquake, it would be 
desirable to establish a mechanistic relation- 
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ship--for example, between the focal mecha- 
nisms and source parameters of the preceding 
small earthquakes and those of the main shock. 
Unfortunately, the data available offer only a 
crude suggestion of a spatial relationship; de- 
scription of a causal relationship must await 
further studies. 

To compare the pattern of seismicity prior to 
the main shock with the rupture surface or 
surfaces, we have characterized the main shock 
by its zone of aftershock activity, as has been 
done by Fedotov [1965], Mogi [1968a], and 
Sykes [1971]. This characterization has two 
qualities to recommend it. First, the zone of 
aftershocks seems to be a good approximation 
of the area of slip during the main event. Sec- 
ond, if the earthquakes used to define the after- 
shock zone have been located in the same way 
as those preceding the main shock, the definition 
of the aftershock zone contains an estimate of 

the uncertainty of the locations. For this reason 
we have generally chosen aftershock zones as 
defined by the earthquake locations from re- 
gional networks, rather than the more precise 
definition sometimes available from studies in 

which many additional stations are deployed. 
The events selected for study are listed in 

Table 1. The distance to the closest s•ation (or 
stations) is included to give some indication of 
the detection and location capability prior to 
the main shock. The locations of these events 

relative to the major faults of California are 
indicated in Figure 1. 

In each of the moderate earthquakes studied 
we have selected a period for which we believed 
the locations were most reliable, or were at 
least consistent. We have plotted the epicenters 
of earthquakes within a region with dimen•ons 
a few to several times that of the aftershock 
zone. 

OBSERVATIONS 

1952 Kern County earthquake. The Kern 
County earthquake (M -- 7.7) of July 21, 1952, 
is the largest earthquake recorded in California 
since a sufficient number of stations existed to 

detect and locate preceding activity. In this 
earthquake, thrusting in a northwesterly direc- 
tion accompanied by left lateral slip occurred 
along a 50-km section of the White Wolf fault 
at the southern end of the San Joaquin Valley 
[Dibblee, 1955; Buwalda and St. Armand, 
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SANTA ROSA 
Oct. 2, 

WATSONVILLE 
Sept. 14, I 

CORRALITOS 

8,1967 
16, i964 

BEAR VALLEY 

24,1972 

PARKFIELD 

-- dune 28, 1966 

SAN FERNANDO 
Feb. 9,1971 • 

0 I00 200KM BORREGO MOUNTAI 
April 9, 1968 

KERN COUNTY 
June 21, 1952 

Fig. 1. Map of California showing the outlines of the seven regions surrounding the earth- 
quakes. Also shown are the major faults of the San Andreas fault system. 

1955]. Geologic evidence points to more than 
3 km of vertical offset along this fault since the 
beginning of Pleistocene time. However, the 
fault had not been recognized as a contempo- 
rary earthquake hazard prior to the 1952 earth- 
quakes [Oakeshott, 1955]. Richter [1955b], in 
discussing activity preceding the earthquake, 
concluded, 'There was little prelude to the 
major earthquake of July 21, 1952.' Although 
the data available suggest that this is true on 
time scales of less than a few years, it is cer- 
tainly not true on a time scale of many years. 
Locations of earthquakes in the 20 years pre- 
ceding the main shock [Richter, 1955a] show 
that the activity within about 15 km of the 
epicenter was substantially higher than activity 
in most of the surrounding region (see Figure 
2). In particular, the activity in the vicinity of 
the epicenter was very much greater than the 
activity along either the San Andreas or Gar- 

lock faults, both of which were very active in 
Quaternary time. The region of the SaN Andreas 
fault south an.d west of the White Wolf fault 
was the site of a great earthquake in 1857, with 
ground breakage that extended for 250 km or 
more [Richter, 1958]. Of particular interest in 
the 1952 earthquake is that, although the 
region of the aftershock zone containing the 
epicenter of the main shock, and presumably 
the initiation of rupture, was relatively active 
before the main shock, the opposite end of the 
aftershock zone was relatively quiet. The after- 
shocks were concentrated at opposite ends of 
the zone. 

1963 Watsonville and 196•, and 1967 Cotta- 
lifos earthquakes. Earthquakes in the Watson- 
ville-Corralitos area are of particular interest 
because they are located at the northern termi- 
nus of the 200-km-long zone of relatively high 
seismicity along the San Andreas fault in cen- 
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Fig. 2. Seismicity of the Bakersfield region from 1932 to the occurrence of the M = 7.7 
Kern County earthquake of July 21, 1952, as reported by Richter [1955a]. Clusters of solid 
circles represent groups of epicenters with the same reported location. The epicenter of the 
main shock, marked by a hexagon, a•d the aftershock zone, enclosed by the dashed lines, are 
from Richter [1955b]. 

tral California [Bolt et al., 1968; Bolt and 
Miller, 1971]. Northward from this area to 
Cape Mendocino the San Andreas fault displays 
a relatively low level of seismicity. The 35-km 
segment of the San Andreas system south of 
Corralitos was one of the most active, generat- 
ing 7 earthquakes with magnitudes greater than 
4.0 between 1963 and 1967. 

Three of these earthquakes (M -- 4.4, 4.2, 
5.4) occurred along the San Andreas fault zone 
in the vicinity of Watsonville during the late 
spring and summer of 1963. Although no ground 
breakage was reported for these events and the 
instrumental locations indicate epicenters of 
about 5-10 km to the southwest of the fault 

zone, the earthquakes probably occurred much 
closer, perhaps along the fault itself, as more 
recent work on crustal velocities and station 

delay suggests [McEvilly, 19'66; Wesson et al., 
1•?•]. 

During the 3 years prior to the initiation of 
these moderate earthquakes this area displayed 
a relatively high level of seismicity. Ud•as 
[1965, 1969] reported an average of 2-3 earth- 
quakes per month in the magnitude range 
2.5-3.5 in the vicinity of Watsonville. The seis- 
micity in this area for the 16 months preceding 
the first moderate earthquake (M = 4.4, May 
7, 1963) was much greater than the seismicity 
either to the northwest or in the adjoining seg- 
ment of the San Andreas fault zone to the 

southeast, directly east of Salinas (Figure 3a). 
This relationship of a relatively active zone 
adjoined on either end by a quiet zone persisted 
throughout the sequence, although the active 
zone expanded northward. The large relative 
and absolute errors in the epicentral locations, 
suggested by the subsequent work on small 
earthquakes in the area by Lee et al. [1972a, b, 
el, make it difficult to draw firm conclusions 
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Fig. 3. Seismicity of the Watsonville-Corralitos area for the periods indicated as reported 
by UCB. The aftershock zone of the M = 5.4 earthquakes of September 14, 1963, is after 
Ud•½s [1965]. The aftershock zone of the M = 5.0 Corralitos earthquake of November 16, 
1964, is after McEvilly [1966]. No aftershocks were reported for the M -- 5.3 Corralitos 
earthquake of September 7, 1967. 

about the relation between the seismicity pre- 
ceding the moderate earthquakes and the mod- 
erate earthquakes themselves. However, it is 
clear (1) that the M = 4.4 earthquake of May 
7' occurred at the northern end of the active 

zone, (2) that the M = 4.2 earthquake of 
August 31 occurred toward the southern end 
of the active zone, (3) that the M = 5.4 earth- 
quake of September 14 occurred adjacent to the 
epicenter of the May 7 earthquake, and (4) that 

the aftershocks of the M = 5.4 earthquake ex- 
tended the zone of activity northwestward (Fig- 
ure 3b). 

After the M = 5.4 earthquake on September 
14, 1963, and its aftershocks, activity increased 
in the vicinity of the Sargent fault, culminating 
in an earthquake of M = 5.0 on November 16, 
1964 (McEvilly [1966]; see Figure 3c). In the 
18 months prior to this earthquake, 3 earth- 
quakes with magnitudes greater than or equal 
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to 3.0 occurred within 5 km of the eventual 

epicenter (Figure 3b, c). After the M -- 5.0 
earthquake, activity began to increase along the 
San Andreas fault immediately to the west of 
the epicenter (Figure 3d), including earthquakes 
of magnitudes 4.2 and 4.7 (October 14, 1966, 
and September 7, 1967). This activity con- 
trasted markedly with the quiescence of the 
area in the preceding three years (Figure 3a-•). 
On December 18, 1967, a M -- 5.3 earthquake 
occurred in this area (Figure 3d). Relocation of 
the epicenters of the September 7, 1967, earth- 
quake and the main shock by using the station 
corrections of Lee et al. [1972a] indicates that 
the epicenters of these two events were less than 
2 km apart and that they both occurred at 
depths between 10 and 12 km. No surface 
breakage or aftershocks were observed after the 
December 18 earthquake, and therefore no con- 
venient estimate of the rupture surface is avail- 
able, but a source dimension of a few kilometers 
can be inferred from the moment calculated for 

the earthquake by Wyss and Brune [1971] and 
from the magnitude by using scaling arguments 
[Dieterich, 1973]. 

1966 Parkfield-Cholame earthquakes. The 
Parkfield-Cholamc earthquakes of June 28, 1966 
(M -- 5.1, 5.5), occurred in an area that has 
been the site of several earthquakes in the mag- 
nitude 5-6 range in this century [McEvilly et 
a/., 1967]. Their occurrence was therefore not 
surprising on a time scale of tens of years. 
McEvilly et al. [1967], Allen and Smith [1966], 
and Eaton [1967] have discussed earthquake 
activity in the months prior to June 28. The 
area is on the periphery of the UCB reporting 
area, and therefore the routine detection and 
location of small shocks is not as complete or 
accurate as might be desired. The estimated 
uncertainty in the locations for the 1966 pre- 
earthquake activity (Figure 4) is 2-5 km north 
of Parkfield to 5-10 km near Cholame. 

Although only 11 earthquakes were located 
in 1966 preceding the earthquake, 43 events 
with S-P intervals less than 4 see (epicentral 
distances less than about 30 km) were detected 
by the seismograph station at Gold Hill during 
the same period of time [Eaton, 1967]. There- 
fore, although it has been reported that no 
earthquakes were recorded in a 24-hour period 
during June [Allen and Smith, 1966], it is not 
true that the Parkfield-Cholame area was 

quiescent in the months preceding the earth- 
quake. McEvilly et al. [1967] conclude that 
the 'first half of the year 1966 was characterized 
by apparently normal or •ightly increased level 
of seismicity in the general Parkfield area.' 

The 1966 preearthquake activity clusters just 
to the north of the epicenter of the main shock. 
Although the 1966 preearthquake activity shown 
in Figure 4 is not a complete set over the 
entire map area, T. V. McEvilly (personal 
communication, 1973) believes that it repre- 
sents a complete picture to magnitude 2.5 along 
the San Andreas fault between Priest and 

Cholame and therefore that the apparent clus- 
tering to the north of the epicenter of the 
main shock is significant. In other words, the 
activity just north of the epicenter was signifi- 
cantly greater than that either in the after- 
shock zone to the south or along the fault 
farther north in the 6 months prior to the main 
shocks. 

1963 Borrego Mountain earthquake. The 
San Jacinto-Imperial fault zone, which splays 
off from the San Andreas fault north of San 
Bernadino and extends southward to the Mexi- 

can border and beyond, has been one of the 
most active areas in California during this 
century [Allen et al., 1965]. Nine earthquakes 
of M -- 6.0 or greater have occurred along this 
300-km-long zone of subparallel faults since 
1915, including the M -- 7.1 E1 Ccntro earth- 
quake of 1940. Ground breakage of the M -- 
6.4 Borrcgo Mountain earthquake of April 9, 
1968, occurred along a 33-km segment of the 
Coyote Creek fault, which lies within the San 
Jacinto Fault zone [Allen et al., 1968]. After- 
shocks of the earthquake located by Hamilton 
[1972] define a zone of activity stretching about 
50 km along the fault zone and two clusters, 
one 20 km northeast of the epicenter and one 
20 km southwest of the epicenter. The breadth 
of the primary aftershock zone (in contrast to 
that of the Parkfield earthquake [Eaton et al., 
1970b]), the observed slip on the Superstition 
Hills fault and on the San Andreas fault at the 

time of the earthquake [Allen eta/., 1968], and 
the apparent aftershock activity in spatially 
separated regions all suggest a more complex 
nature for strain release in this area than for 
the Parkfield area. 

The epicenter of the 1968 Borrcgo Mountain 
earthquake lies 30 km northeast of the M -- 
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6.5 shock of October 21, 1942, and 10 km south- 
east of the M ---- 6.2 earthquake of March 
1954. Although the slip surfaces of these two 
earthquakes are not known in detail, Allen et 
al. •1968] state that 'no known major historic 
activity had occurred along the exact segment 
broken on April 9th.' Examination of records 
from a Caltech temporary station operated at 
Obsidian Butte, 47 km from the epicenter, by 
Allen and Nordquist [1972] led them to con- 
elude that no detectable activity occurred in the 
days preceding the event. They also reported 
that the level of activity at the Obsidian Butte 
station during the four months preceding the 
earthquake was at a very low level. 

Comparison of seismic activity in the Borrego 
Mountain region for the 5 years preceding April 
1968 (Figure 5) with other active areas in 
California clearly demonstrates the extremely 
high level of activity over most of the San 
Jacinto fault zone. Aftershocks of the M = 4.7 

earthquake of May 21, 1967, and adjoining 
epicenters from the period 1963-1965 define an 
active zone 30 km to th• northwest of the 

1968 aftershock zone along the San Jacinto 
fault zone. A second zone of high activity lies to 
the south of the Salton Sea along an extension of 
the ground breakage of the 1940 E1 Centro 
earthquake. Most of these events occurred in a 
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Fig. 5. Seismicity of the Borrego Mountain region from the Caltech catalog prior to the 
M -- 6.4 Borrego Mountain earthquake of April 9, 1968. The epicenter of the main shock 
and the aftershock zone are after Allen and Nordquist [1972]. 

swarm in June 1965 that included 5 events complex interconnection of faults, the activity 
greater than magnitude 4. along the subparallel San Jacinto fault may be 

The cluster of earthquakes adjoining the a result of the same phenomena observed to 
1968 aftershock zone to the east occurred in precede other earthquakes in this study. 
late August 1965. The Caliente fault zone to 1969 Santa Rosa earthquakes. Two earth- 
the west of the aftershock zone showed an in- quakes of M -- 5.6, 5.7 shook the city of Santa 
tensification of activity late in 1966 that con- Rosa on October 2, 1969. McEvilly [1970] 
tinued through 1967. characterized the area around Santa Rosa as 

The immediate epicentral region of the having had 'a fairly active seismic history.' 
Borrego Mountain parthquake is not charac- First motions and the distribution of after- 
terized by a high level of activity during the shocks determined by Unger and Eaton [1970] 
years preceding the earthquake, although it show right lateral slip on a northwest-trending 
adjoins the clusters of activity recorded in Au- fault that runs subparallel to the Healdsburg 
gust 1965. However, given the complexity of fault to the north. Locations for the earth- 
the geologic structure in this area and the quakes reported by UCB for the 8 years preced- 
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ing October 2, 1969 (Figure 6), are scattered, 
particularly for the smaller events, but clearly 
a relatively high level of activity existed in 
the immediate epicentral area. Of particular 
interest is the M -- 4.6 earthquake that oc- 
curred on April 25, 1968, with an epicenter 
nearly identical to that of the marin shocks. No 
earthquake greater than magnitude 4 occurred 
in the vicinity of Santa Rosa for at least the 
previous 25 years [McEvilly, 1970]. The activ- 
ity in the vicinity of Santa Rosa is isolated and 
represents a level of seismicity substantially 
greater than that associated with the San 
Andreas fault to the west, along which ground 
breakage occurred with the 1906 earthquake, 
or with the Healdsburg-Rodgers Creek fault 
zone either to the northwest or southeast of 
Santa Rosa. 

WESSON AND ]•LLSWORTH' SEISMICITY PRECEDING ]•ARTHQUA. KES 

1971 San Fernando earthquake. The San 
Fernando earthquake (M -- 6.4) of February 
9, 1971, occurred on faults not previously recog- 
nized as active, although ample geologic evi- 
dence existed before the earthquake to demon- 
strate movement along their traces in late 
Quaternary time [Wentworth and Yerkes, 
1971]. The earthquake was accompanied by 
thrusting and left lateral slip along a westward- 
trending, northward-dipping zone of thrust 
faults now termed the San Fernando fault 

zone. Prior to February 1971, no moderate or 
large earthquake had occurred in this area 
since instrumental epicenters have been deter- 
mined. Allen [1971] discussed a large damaging 
earthquake that occurred somewhere in the area 
in 1893. In trenching fault scarps from the 
earthquake, Bonilla [1973] found wood frag- 
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Fig. 6. Seismicity of the Santa Rosa area prior to the M -- 5.6 and M -- 5.7 Santa Rosa 
earthquakes of October 2, 1969, from the UCB catalog and McEvilly [1970]. The aftershock 
zone is after Unger and Eaton [1970]. 
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Fig. 7. (a) Major faults, cultural features, and aftershock zones, and (b) seismicity pre- 
ceding the M = 6.4 San Fernando earthquake of February 9, 1971, from the Calteeh catalog. 
The aftershock zone is after Allen et al. [1971] and Wesson et al. [1972]. The location of 
the main shock is after Allen et al. [1971]. 

ments in what he interpreted as collapse rubble in the northernmost area represent continuing 
from a scarp resulting from a previous earth- activity in the aftershock zone of the 1952 
quake. Dating by the carbon 14 method indi- Kern County earthquake. Earthquakes in the 
cared an age of about 200 years, suggesting southernmost area occur over a wide area south 
that an earthquake causing surface rupture of the Santa Monica mountains. The San Fer- 
occurred sometime in the 1700's, perhaps the nando earthquake and its aftershock zone are 
earthquake of 1769 [Richter, 1958]. Between contained within the area of activity in the 
1963 and 1970, as reported by Caltech, three center of Figures 7a, b. 
broad areas of activity in the San Fernando 1972 Bear Valley earthquake. The Bear 
area are apparent (Figure 7b). Earthquakes Valley earthquake of February 24, 1972 (M ---- 
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119Ol5 ' 

Fig. 7b. 

5.0), occurred within a dense network of seismo- the aftershocks occurring in the first 3 days 
graph stations, affording the opportunity for an after the main event. The hypocenter of the 
exceedingly detailed look at the distribution of main shock, or the point at which rupture 
small earthquakes preceding and following the began, occurred at a point on the fault surface 
main shock [Ellsworth and Wesson, 1972]. The that had been the site of several preceding 
epicenter of the main shock and those of its events, including two in excess of M -- 3.0 in 
aftershocks were contained within one of the November 1970. 

most active segments of this part of the San The cluster of events 11 km southeast of 
Andreas fault zone for the preceding 3 years point A at a depth of 5-6 km represents activity 
(Figure 8). Earthquakes in the 17 months associated with a magnitude 4.0 earthquake 
preceding the M -- 5.0 shock are shown in a December 29, 1971. A plot of the number of 
vertical section parallel to the San Andreas earthquakes with magnitudes greater than or 
fault in Figure 9, along with the locations of equal to 1.0 per 2-by 2-km square on the fault 
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Fig. 8. 
earthquake after Lee et al. [1972a, b, c]. The locations of the main shock and the aftershock 
zones are after Wesson et al. [1972]. 

Seismicity along the San Andreas fault system preceding the M -- 5.0. Bear Valley 

surface [Figure 10] clearly indicates the occur- 
rence of the hypocenter adjacent to a concen- 
tration of preceding earthquakes. 

A CONCEPTUAL MODEL 

In the seismic histories of the earthquakes 
examined in this study a clear tendency emerges 
for the hypocenter of a moderate earthquake to 
occur within a relatively active region. This is 
true on scales ranging from tens of kilometers, 

as in the Kern County earthquake, to the order 
of a kilometer, as in the 1972 Bear Valley earth- 
quake. The case is strongest for this association 
in the situation where the data set is the most 

complete and the locations are the best (1972 
Bear Valley earthquake). 

These observations argue strongly that the 
stress distribution along typical fault zones in 
California is sufficiently inhomogeneous that, as 
the general level of tectonic stress is increased 
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Fig. 9. Locations of earthquakes projected onto vertical section parallel to the San Andreas 
fault after Ellsworth and Wesson [1972]: (top) seismicity preceding M ---- 5.0 Bear Valley 
earthquake and (bottom) first three days of aftershock activity. 

(most probably as the result of plate motions), 
relatively small areas are brought up to failure 
before a large segment of a fault fails. 

A conceptual model of how this process might 
occur, for example, along the San Andreas fault 
near Bear Valley, is depicted in Figure 11. No 
earthquakes are located at depths greater than 
about 15 km, but the thickness of lithospheric 
plates is inferred to be much greater than 15 
km; therefore it is reasonable to assume that 
slip occurs without the generation of earth- 
quakes below this depth. Fault creep is observed 
at the surface along some parts of the fault 
[cf. Savage and Bur[o•d, 1973; Nason, 1971], 
and it is also reasonable to assume that, at 
least locally, the zone of aseismic slip extends 
to the surface. (This is not necessary for the 

argument, because surface creep could also be 
generated by the stresses due to a pileup of 
screw dislocations beneath a horizontally infinite 
welded strip along the fault if the surface 
strength were low enough.) Along patches of the 
fault surface the physical properties or environ- 
mental factors (for example, coe•cient of fric- 
tion or pore pressure) are such that aseismic 
slip is at least retarded (high coe•cient of fric- 
tion or low pore pressure), perhaps as illus- 
trated by the schematic displacement contours 
in Figure 11. Stresses will be set up on this 
patch as a result of the internal stresses of the 
dislocation loops surrounding it, and the 
strength may be decreased by secondary non- 
linear effects such as flow of pore fluids. Our 
observations suggest that the difference be- 
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tween stress and strength are inhomogeneous 
on the patch, leading to small earthquakes 
where •he failure criterion is met locally. Indi- 
vidual small earthquakes will lead to a spatial 
smoothing of the difference between stress and 
strength. This smoothing can be accomplished 
both by the 'priming model' of Weertman 
[1964, 1969], in which the internal stresses of 
the dislocations nucleated during slip are sub- 
tracted from the prestress, and by the flow of 
pore fluids and resulting changes in strength, 
as suggested by Nut and Booker [1972]. Conse- 
quently, when the shear stress on the patch is 
increased generally by continued or renewed 
aseismic slip, a larger area will reach failure at 
the same time because the spatial irregularities 
in the difference between stress and strength 
are smoothed out. This results in a larger 
earthquake. In this way the small e.arthquakes 
that precede moderate earthquakes are not only 
symptomatic of circumstances favorable to 
seismic slip; they may be a fundamental part 
of the process leading to failure in a moderate 
earthquake. 

It is tempting to relate these observations to 
the results of small-scale experiments in the 
laboratory that demonstrate premonitory phe- 
nomena prior to fracture or sudden sliding in 
rock materials. Mogi [1962], Scholz [1968], 
and others have demonstrated that microfrac- 

turing occurs in unbroken rock prior to fracture 
and prior to. frictional sliding on fracture sur- 
faces. Generally, however, a rapid increase in 

the number of microfracturing events i.s ob- 
served just before failure. Our observations 
suggest that, if this analogy 'holds, the increase 
in activity must occur over years to tens of 
years. This sort of rapid increase in the number 
of small earthquakes preceding a moderate 
earthquake is not obvious before any of the 
earthquakes studied, although tenuous argu- 
ments might be made for such increase in the 
case of a few. 

DISCUSSION 

Moderate earthquakes in California seem to 
occur in areas characterized by a relatively 
high level of small-earthquake activity. Prior 
to each of the earthquakes included in this 
study, the region containing the epicenter could 
not be considered quiescent over a period of 
years. Prior to most of the earthquakes, the 
area immediately surrounding the epicenter had 
a high level of activity relative to other seg- 
ments of the same fault zone or other nearby 
fault zones. These moderate earthquakes oc- 
curred in a variety of seismic environments. The 
absolute level of small-earthquake activity 
varied immensely from locality to locality, and 
the moderate earthquakes included both thrust 
and strike-slip mechanisms. The preceding 
activity occurred predominantly on the-same 
fault as the moderate earthquake, but the 
activity preceding the Borrego Mountain earth_- 
quake appeared to occur on a parallel fault 10 
km east of the strand along whic h ground 
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-15km 

Fig. 11. Conceptual model of the vertical dis- 
tribution of relative displacement u along a sec- 
tion of a fault that slips by creep at depth and 
around a patch that slips only during earthquakes, 
in arbitrary units. 

breakage occurred. In some of the areas, mod- 
erate earthquakes are frequent events; in other 
areas they are infrequent. Moderate earth- 
quakes have occurred near Parkfield several 
times in this century [McEvilly et al., 1967]. 
In contrast, the San Fernando area had not 
had a moderate earthquake in this century until 
1971. 

The occurrence of a small earthquake clearly 
requires two physical conditions. First, the 
stress in some region about the hypocenter 
must exceed the breaking or frictional strength 
of the fault. Second, the nature of the breaking 
or sliding surface, at least in the immediate 
vicinity of the hypocenter, must be conducive 
to the accumulation and sudden release of 

strain energy. These conditions are required 
for the occurrence of a moderate or large earth- 
quake as well. Some evidence exists, however, 
that moderate and large earthquakes may be 
complex, multiple events [Wyss and Brune, 
1967; Tri•unac and Brune, 1970], so that these 
conditions may not be required over the entire 
slip surface, but only on parts of it. 

Fedotov [1965], Mogi [1968b, 1969], Sykes 
[1971], Kelleher [1972], and Kelleher et al. 
[1973] have suggested that along primary 
plate boundaries such as the Kurile-Kamchatka, 
Aleutian-Alaska, and South American seismic 
zones, great earthquakes (M • 7.9) occur in 
'gaps' between the aftershock zones of previous 
great earthquakes. The earthquakes that we 
studied included no great earthquakes, but an 
extrapolation of our observations suggests that 
a great earthquake would be preceded by a rela- 
tively high level of small and moderate earth- 
quake activity. This has been suggested for 
the 1906 San Francisco earthquake by Tocher 

[1959]. It seems quite important that seismicity 
studies aimed at determining the level of small 
earthquake activity be carried out in these 
gaps. The analysis by Tobin and Sykes [1966] 
of seismicity in Alaska for the 10-year period 
prior to the Alaska earthquake of March 28, 
1964, suggests that considerable activity was 
clustered at each end of the aftershock zone. 

In particular, the activity in the northeastern 
end of the aftershock zone clustered near the 

epicenter of the main shock. Kelleher and 
Savino [1973] observed a concentration of 
activity in the vicinity of the epicenter preced- 
ing several large earthquakes but not preceding 
the 1972 Sitka, Alaska, earthquake (M -- 7.6). 

Considerable disagreement exists about the 
relation between seismicity, strain, fault creep, 
and geologic structure and the potential for a 
great earthquake in the apparent gap along the 
San Andreas fault in central California [Allen, 
1968; Wallace, 1970; Scholz and Fitch, 1969, 
1970, 1971; Savage and Bur•ord, 1970, 1971]. 
This 175-km-long segment of the fault, termi- 
nated on the north by the fault breakage of the 
1906 San Francisco earthquake and on the south 
by the fault breakage of the 1857 Fort Tejon 
earthquake, is substantially more active than 
either of the adjoining segments at the level of 
small and moderate earthquakes but has not 
been the site of an historic great earthquake. 
Analysis of the strain and creep data [Savage 
and Bur[ord, 1970, 1971] suggests that strain is 
not accumulating at the present time within 
the resolution of the measurements. 

The absence of strain a½cumalation at the 

present time (last few tens of years) may be 
a relatively steady state phenomenon, as was 
suggested by Wallace [1970] and Allen [1968], 
or it may be that the strain does not accumulate 
linearly with time. For example, the rate of 
strain accumulation might decrease as the effec- 
tive stress approaches the ultimate strength of 
the fault. The observation that a high level of 
small-earthquake activity exists along this seg- 
ment does not distinguish between these two 
possibilities. It implies only that the difference 
between the effective stress and the frictional 

strength approaches• zero. We cannot distinguish 
between a high level of shear stress or a low 
frictional strength. To resolve this question, we 
require either (1) measurements of stress and 
fluid pressure, (2) a better understanding of the 
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strength, or (3) evidence from the geologic 
record on whether or not great earthquakes 
have occurred along th!s segment in Holocene 
time. 

CONCLUSION 

On the basis of these observations of the 

s9ismicity preceding moderate earthquakes we 
conclude that the occurrence of substantial 

small earthquake activity along a particular 
fault zone is diagnostic of (and in all probability 
a fundamental part of) the tectonic processes 
leading to a moderate earthquake in California, 
Although intuitive arguments can be made sug- 
gesting that a sustained period o.f quiescence is 
required to accumulate sufficient elastic strain 
to generate a moderate earthquake, our obser- 
vations suggest, and elementary physical argu- 
ments support, the hypothesis that local stress 
concentrations lead to the occurrence of small 

earthquakes prior to moderate earthquakes. The 
regional observations (with the possible excep- 
tion of the Borrego Mountain earthquake) are 
at least consistent with, and in most instances 
support, this hypothesis. The detailed obser- 
vations of the small earthquakes preceding the 
1972 Bear Valley earthquake are unequivocal. 

The regional observations presented here 
have potential implications for the analysis of 
seismic risk. Moderate earthquakes in California 
seem to occur along segments of fault zones 
characterized by a relatively high level of ac- 
tivity. This seismicity is high relative to 
cent faults or segments of fault zones, which, 
on the basis of geologic criteria for recency of 
displacement, would be considered equally likely 
to be the locations of moderate earthquakes. 

The problem arises, however, of a great 
earthquake, the hypocenter of which is along 
an active segment of a fault, but which ruptures 
into an adjacent quiescent segment, as suggested 
by Weertman [1971]. Until the circumstances 
leading to great earthquakes are better under- 
stood and capable of measurement, the useful- 
ness of an analysis of seismic risk for moderate 
earthquakes is limited. 

The detailed observations of the small earth- 

quakes preceding the moderate earthquakes 
near Bear Valley and the suggested persistence 
through time of small areas of the fault plane 
being close to failure offer a potential tool for 
mapping this property along fault zones. 

Many details of the relation between the 
small earthquakes that precede moderate earth- 
quakes and the moderate earthquakes them- 
selves remain unsolved. However, with the in- 
creased density of seismograph stations in 
California, it is hoped that these questions can 
be resolved and that the potential uses of this 
information for the prediction of moderate and 
larger earthquakes can be realized. 
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