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FORESHOCKS (1966-1980) IN THE SAN ANDREAS SYSTEM, 
CALIFORNIA 

BY LUCILE M. JONES* 

ABSTRACT 

The spatial and temporal distributions of seismicity preceding moderate (M, _-> 
5.0) main shocks in the San Andreas fault system in California have been analyzed 
to recognize and characterize the patterns of foreshock occurrence. Of 20 main 
shocks in the San Andreas system, 7, or 35 per cent, have been preceded by 
immediate foreshock sequences that included events within 1 day and 5 km of 
the main shocks. A possible correlation of the rate of foreshock occurrence with 
type of faulting was found such that none of the four main shocks with reverse 
faulting had foreshocks while 44 per cent of the strike-slip earthquakes had 
foreshocks. Some enhanced seismic activity was also observed at relatively large 
distances from the main shock (13 to 30 km) 1 to 5 days before 40 per cent of 
the main shocks but this activity cannot be clearly distinguished from the back- 
ground seismicity. Of the seven immediate foreshock sequences, only two had 
the swarm-like appearance of the class II foreshocks defined by Mogi. The other 
foreshock sequences appear to be single events (sometimes with their own 
aftershocks) preceding the respective main shocks. Four of these sequences are 
spatially correlated with distinct physical discontinuities in their faults between 
the hypocenters of the foreshock and main shock, and similar discontinuities 
may also be associated with the other sequences. The durations of the foreshock 
sequences were found to decrease as the depths of the main shocks increase 
from 3 to 11 km, which has been interpreted as a dependence on stress. To 
account for this stress dependence of the duration and the presence of discon- 
tinuities, a model for foreshocks occurrence is presented. This model proposes 
that foreshocks may represent a process of delayed multiple rupture and that 
the delay between occurrence of foreshock and main shock might represent the 
time needed for static fatigue to break the stronger rock at the discontinuity in 
the fault. 

INTRODUCTION 

What foreshocks are and why they occur before some but not all main shocks has 
long been an unresolved question in seismology (e.g., Richter, 1958). Mogi (1963) 
classified the types of seismicity observed in Japan and included foreshocks in his 
class II seismicity. This showed Japanese foreshocks as swarm-like events with 
several earthquakes of similar magnitude preceding the main shock. This has 
become the standard model of foreshocks so that when a swarm is observed the 
chances of it being a foreshock sequence are often evaluated (e.g., Aki, 1981; Xu et 
al., 1982; Yamashina, 1981). However, Utsu (1970) showed that many Japanese 
foreshocks are single events, sometimes with their own aftershocks that he called 
class Ib foreshocks, rather than swarms. In California, while some foreshock 
sequences (like that before the 1972 Bear Valley event) are swarm-like, many other 
foreshock sequences (like those before the 1968 Borrego Mountain and the 1970 
Lytle Creek earthquakes) appear to be single events or class Ib foreshocks so that 
swarm-like activity may not be the only type of foreshock activity in California. 

Although many individual foreshock sequences in California have been recognized 
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and studied (e.g., Ellsworth, 1975; Lindh et al., 1978; Bakun and McEvilly, 1979), 
the patterns of foreshock occurrence in California have not yet been classified. 
Moreover, it is not yet established how often foreshocks occur in California. Kagan 
and Knopoff (1978), using statistical methods, found that California may have 
anomalously few foreshock sequences but reported that their data set was too small 
for the results to be statistically valid. Therefore, one goal of this study is to analyze 
using deterministic methods, the distribution of seismicity prior to main shocks in 
the San Andreas system in California to classify the type of foreshocks and to 
determine how often they occur. 

Most of the theories for foreshock occurrence assume that heterogeniety of the 
crust contributes to foreshock occurrence. This was first proposed by Mogi (1963) 
based in part on laboratory experiments which showed that a homogeneous rock 
would fracture relatively uniformly but a more heterogeneous rock would exhibit 
more microcracking before the fracture. Several models have been proposed since 
then to explain in more detail how the heterogeneity leads to foreshocks. One 
common explanation (e.g., Jones and Molnar, 1979; Kanamori, 1981) has been that 
the heterogeneity of the fault plane results in accelerating premonitory slip such as 
has been documented in the laboratory (Dieterich, 1979). Das and Scholz (1982) 
suggested that foreshocks may result from localized decrease in rock strength within 
the initiation zone of the main shock. They also suggested, as did Fukao and 
Furumoto (1975), that foreshocks could represent a process of delayed multiple 
rupture. High-quality recordings that are now available for earthquakes in California 
and recent work on the state of stress in the San Andreas have provided a basis for 
studying the details of foreshock sequences. The data from California are examined 
in this paper to determine which, if any, model is most compatible with the observed 
foreshocks. 

DATA 

The main shock data set used in this study is the set of all earthquakes with ML 
-->_ 5.0 that occurred in the San Andreas physiographic province (as defined by 
Zoback and Zoback, 1980) from 1966 to 1980. (This is all of California, except for 
the Sierra Nevada. This region has been excluded because the data from there are 
not of as high quality as the San Andreas data and because the extensional tectonics 
of the region might produce different types of foreshock sequences.) The 20 events 
in this category are plotted in Figure 1 and their hypocentral parameters listed in 
Table 1. Since several seismic networks record earthquakes in California, three 
catalogs of earthquakes have been used to search for possible changes in seismicity 
before these main shocks. For earthquakes in southern California (south of 36°N 
latitude), the catalog of the CIT/USGS network in southern California was used. 
The seismicity before main shocks in northern California (north of 36°N latitude) 
after 1971 was studied using the records of the CALNET seismic network operated 
by the USGS. Since CALNET was not fully operational before 1971, seismicity in 
northern California before that time was taken from the California Division of 
Mines and Geology Earthquake Catalogue of California (Real et al., 1978) which 
includes earthquakes reported both by CALNET and the seismic network of the 
University of California, Berkeley. By using these three catalogs, the record before 
each of the main shocks should be as complete as possible. Table I shows which 
catalog was used for each earthquake. All magnitudes in this paper are ML from 
these catalogs. 

To search for patterns of foreshock occurrence, the seismicity before each main 
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shock is examined over a larger time and space window than that expected to be 
occupied by the possible precursory seismicity so that a change in activity can be 
compared to some background level. This study is concerned with immediate 
foreshocks such as those discussed by Mogi that occur within hours, days, or at 
most weeks of the main shock. The occurrence of longer term changes in activity, 
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FIG. 1. Map of the San Andreas fault system, California, showing major faults (from geologic map of 
California, 1972) and the location of the main shocks listed in Table 1. Main shocks with foreshocks are 
shown by closed circles, and main shocks without foreshocks are shown by open circles. 

something that occurs over years, is not considered here. A year of seismicity before 
each of the main shocks was examined, including all events within a 30 km radius 
(approximately the maximum length of rupture for main shocks of the size consid- 
ered here) of the epicenter of the main shock. For uniformity in reporting before all 
of the main shocks, only events of ML --> 2.0 are included. This may be slightly 
lower than the threshold of completeness for some of the earlier main shocks, but 
any higher threshold would too greatly limit the magnitude differential available 
between main shocks and Dossib]e for~,~haolr~ 



TABLE 1 

MODERATE (ML >---- 5.0) MAIN SHOCKS IN THE SAN ANDREAS (1966-1980) 

Main Shock Location Magnitude Depth Catalog* Source 

Parkfield 35 ° 57.50' 5.5 7.5 1 Lindh and Boore, 1981 
28 June 1966 120 ° 30.00' Aki, 1979 

WatsonviUe 37 ° 0.60' 5.3 8.0 1 
28 Sept. 1967 121 ° 47.30' 

Borrego Mountain  33 ° 9.20' 

9 Apr. 1968 116 ° 6.23' 
6.4 11.1 3 Allen and Nordquist,  1972 

Corbett and McNalley, 1981 

Coyote Creek 33 ° 20.60' 5.8 20.0 3 
28 Apr. 1969 116 ° 20.78' 

Santa  Rosa 38 ° 28.20' 5.6 11.0 1 
2 Oct. 1969 122 ° 41.40' 

Lytle Creek 34 ° 15.79' 5.4 8.8 3 This  study 
12 Sept. 1970 117 ° 34.36' 

San Fernando 34 ° 24.67' 6.4 8.4 3 
9 Feb. 1971 118 ° 24.04' 

Supersti t ion 33 ° 2.01' 5.1 8.0 3 

30 Sept. 1971 115 ° 49.24' 

Bear Valley 36 ° 34.13' 5.0 6.5 2 Ellsworth, 1975 

24 Feb. 1972 121 ° 11.29' 

Point  Magu 34 ° 3.89' 5.9 8.0 3 
21 Feb. 1973 119 ° 2.10' 

Thanksgiving 36 ° 54.13' 5.0 7.0 2 
28 Nov. 1974 121 ° 36.39' 

Galway Lake 34 ° 30.70' 5.2 2.8 3 This  study 

1 June 1975 116 ° 29.72' 

Santa Barbara 34 ° 20.82' 5.1 13.0 3 
13 Aug. 1978 119 ° 41.76' 

New Year's 33 ° 56.66' 5.0 11.3 3 
1 Jan. 1979 118 ° 40.88' 

Homestead 34 ° 19.68' 5.2 5.0 
15 Mar. 1979 116" 26.63' 

Hut ton  et al., 1980 
Stein and Liwoski, 1983 

Coyote Lake 37 ° 6.59' 5.9 7.0 2 
15 Oct. 1979 121 ° 30.68' 

Imperial Valley 32" 36.82' 6.6 12.3 3 
15 Oct. 1979 115 ° 19.09' 

Livermore 37" 49.63' 5.8 10.2 2 
24 Jan. 1980 121 ° 48.13' 

Scheimer and Cocheram, 
1982, Bolt et al., 1981 

Anza 33 ° 30.06' 5.5 13.6 3 
25 Feb. 1980 116 ° 30.79' 

Eureka 41 ° 7.03' 7.0 10.0 2 
8 Nov. 1980 124 ° 39.89' 

* 1, California Division of Mines and Geology; 2, CALNET; 3, CIT/USGS.  
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ANALYSIS 

Recognition of Foreshocks 
The seismicity preceding each of the main shocks is shown in Figure 2. The time 

before the main shock when the event occurred is plotted against its distance from 
the main shock for each main shock separately. On the basis of these distributions 
of seismicity, the main shocks are divided into three categories, those with fore- 
shocks immediately before the main shock near the epicenter of the main shock 
(Figure 2a), those with some enhanced seismic activity at relatively large distances 
from the main shock (Figure 2b), and those without any identifiable change in 
seismicity (Figure 2c). 

To compare the rate of foreshock occurrence with the rate of background seis- 
micity, the activity within 30 km radii circles centered at the epicenters of each of 
the 20 main shocks for the period of time 100 to 300 days before each main shock 
is assumed to represent the background rate of seismicity. The average rate of 
occurrence (ML > 2.0) in these circles is 4.1 x 10 .5 events/day/kin 2. The rate of 
activity in different regions ranges from 1.8 x 10 .6 events/day/km 2 around the 
Santa Rosa and Eureka main shocks to 1.2 x 10 -4 events/day/km 2 around the 
Imperial Valley and Galway Lake main shocks. 

The seven main shocks with immediate foreshocks (Figure 2a) all have earth- 
quakes within 1 day and 5 km of the occurrence of the main shock. Based on the 
calculated background rate, the chance of an event occurring randomly within a 5 
km radius circle on a given day is 0.32 per cent. For 20 main shocks, there is thus a 
6 per cent chance that one event would occur randomly within 1 day and 5 km of 
one of the main shocks. The 30 events recorded within 1 day and 5 km of 7 main 
shocks represent a rate of occurrence that is 500 times larger than the background 
rate. 

None of the other 13 main shocks (Figure 2, b and c) are associated with such a 
sudden jump in activity prior to their occurrence. Although the seven main shocks 
in Figure 2b are preceded by some enhanced seismicity, these earthquakes are not 
clearly anomalous like the immediate foreshocks discussed above because a larger 
time and space window is involved. All of these main shocks were preceded by 1 to 
5 days by another event located 13 to 30 km away from the main shock. The random 
chance of having an earthquake in 5 days in a circle with a radius of 30 km (from 
the above background rate) is 58 per cent. Thus in 20 such circles, one would expect 
12 events from background occurrence; in fact, aside from the immediate foreshocks, 
12 events were recorded in these 20 circles. Moreover, most theories of foreshocks 
(e.g., Jones and Molnar, 1979; Das and Scholz, 1981) assume that foreshocks occur 
on the same fault that slips during the main shock (which is reported for the seven 
immediate foreshock sequences, as will be discussed below). Most of the distant 
events in Figure 2b did not occur on the same section of the fault that slipped 
during the main shock including those preceding the Watsonville, Coyote Creek, 
Imperial Valley, Coyote Lake, and Santa Barbara earthquakes. Because of the 
different faults involved and the higher background level of activity in the 30 km 
radii, it is less likely that these distant events are related to the main shocks. No 
change in seismicity can be seen before the six main shocks in Figure 2c. 

Thus, 7 of 20, or 35 per cent, of the main shocks of M _-> 5.0 in the San Andreas 
physiographic province have been preceded by immediate foreshock sequences. Of 
course, this result is dependent upon the detection level of the local seismic network. 
Although the detection capabilities in California have increased significantly since 
1966, the rate of foreshock occurrence has not (note that the 1966 to 1970 rate is 
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50 per cent); hence, this is not considered a significant problem. It should also be 
noted that there is a regional variation in the rate of foreshock occurrence. None of 
the earthquakes on the reverse faults in the Transverse Ranges (Sylmar, Point 
Magu, Santa Barbara, and New Year's Day) have been preceded by foreshocks, 
while 44 per cent of the main shocks on strike-slip faults of the San Andreas have 
had foreshocks. The enhanced seismicity shown in Figure 2b is seen before both 
reverse and strike-slip events. 

Characteristics of Foreshocks 

The seven sequences of immediate foreshocks (Figure 2a) all include an event 
within 5 km and 1 day of the main shock which could be used as a criteria for 
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FIG. 3. The spatial distribution of the foreshocks (circles) and main shock (star) of the Parkfield 
foreshock-main shock sequence. The details of the San Andreas fault are also shown. The dotted line 
shows the projection of the strike of the northern section of the fault onto the section south of the bend. 
The difference in strike is 5 ° (from Lindh and Boore, 1981). The inset shows a plot of time versus 
magnitude for the foreshocks and main shock. 

defining foreshocks in the San Andreas system. The temporal and spatial distribu- 
tion of each of these foreshock sequences is described below. In some cases, relative 
relocations of the foreshock-main shock sequences have been carried out [see Jones 
et al. (1982) for a discussion of this technique]. 

Parkfield, 28 June 1966. This earthquake occurred on the central section of the 
San Andreas fault just at the southern end of the creeping section. Lindh and Boore 
(1981) have noted that there is a change in strike of the San Andreas fault of about 
5° just north of the epicenter of the main shock (Figure 3). A cluster of immediate 
foreshocks was located just north of this change in strike starting 3.5 hr before the 
main shock. The largest of these foreshocks was a M L  = 5.1 event that occurred 17 
min before the main shock; the rest of the events were M < 3.1. Three events of M 
- 2 recorded in May and early June north of these foreshocks and are not considered 
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part of the foreshock sequence since they occurred in the seismically active creeping 
section of the San Andreas fault. 

Borrego Mountain, 9 April 1968. The Borrego Mountain earthquake was located 
on the San Jacinto fault just north of a large en-echelon step in the fault, the Octillo 
Badlands (Allen and Nordquist, 1972). The hypocenter is east of the surface fault 
strand that was offset in the event (Figure 4). Surface rupture and aftershocks were 
observed both north and south of the Octillo Badlands so it appears that rupture 
propagated through the offset. One foreshock of M = 3.7 occurred 80 sec before the 
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FIG. 4. The spatial distribution of the foreshock (circle) and main shock (star) of the Borrego 
Mountain foreshock-main shock sequence. The details of the San Jacinto fault are also shown (from 
Wyss and Hanks, 1972). The location of the main shock is from Corbett (1981), the foreshock was 
relocated relative to the master (this study). The inset shows a plot of time versus magnitude for the 
foreshock and main shock. 

main shock. Relative relocation of the event with respect to the main shock (this 
study) shows that the foreshock occurred significantly to the south of the main 
shock across the en-echelon step. 

Lytle Creek, 12 September 1970. The epicenter of the Lytle Creek main shock is 
not clearly associated with any fault, but lies between the San Andreas and the San 
Jacinto faults near the intersection of these two faults. No detailed study of this 
earthquake has been published, but relative relocation of the main shock with 
respect to the Lytle Creek earthquake of 19 October 1979 has provided a reasonably 
accurate hypocentral location (this study; Table 1). Locations of the aftershocks by 
Hanks (unpublished data) do not define a simple planar feature, although they are 
compatible with occurrence on a fault parallel to the San Andreas and San Jacinto 
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faults (Figure 5). The main shock was preceded by two foreshocks 20 min before it, 
a M = 4.2 event with its own aftershock o f M  = 2.4 (Figure 5). The largest foreshock 
is 2 km away from the main shock, perpendicular to the trend of the aftershocks. 
However, it is not clear if this is a real feature of the rupture zone. 

Bear Valley, 24 February 1972. Ellsworth (1975) showed that the main shock 
occurred on the central creeping section of the San Andreas fault and that the 
aftershocks which preceded the main shock for 2 days were located on a separate, 
small fault conjugate to the San Andreas. Although this area of the fault is 
seismically very active, there is a clear start to the foreshock sequence by a M = 3.4 
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FIG. 5. The locations of the main shock (star), aftershocks (open circle), and largest foreshock (closed 
circle) of the Lytle Creek sequence. The San Andreas fault and strands of the San Jacinto fault zone are 
shown. The locations of the main shock and aftershocks are from Hanks (unpublished study) and that 
of the foreshock is a location relative to the main shock (this study). The inset shows a plot of time 
versus magnitude for the foreshocks and main shock. 

event (Figure 6). Only two M = 3 foreshocks occurred almost at the epicenter of 
the main shock in the minute before it occurred. 

Galway Lake, 1 June 1975. The Galway Lake earthquake caused surface rupture 
on a small north-south trending fault in the Mojave desert which was mapped by 
Hill and Deeby (1977) who found a change in strike of the fault of a few degrees 
{Figure 7). The hypocenter of the main shock was exceptionally shallow (2.8 km) 
as were those of all of its foreshocks and aftershocks. The main shock was preceded 
by several weeks of foreshock activity all within a few kilometers of the main shock. 
The first M => 2.0 foreshock was recorded 40 days before the main shock, but a M 
= 1.9 event also occurred almost 12 weeks before the main shock on 9 March 1975 
in the same region which might be the start of the foreshock sequence (Figure 7). 
The two largest foreshocks preceded the main shock by less than 1 hr. Absolute 
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locations of them and the main shock place them north and south, respectively, of 
the change in strike of the fault mentioned above. In addition, Lindh et al. (1978), 
showed that there was a change in the fault plane solution between the foreshocks 
and main shock consistent with this change in strike of the fault. 

Homestead, 15 March 1979. This earthquake sequence appears to have activated 
two almost perpendicular faults (north-south and east-west trending) in the Mojave 
desert (Hutton et al., 1980). The whole sequence is sometimes considered a swarm 
because there were four earthquakes of M -~ 5 in the sequence, but in this study, 
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FIo. 6. The spatial distribution of the foreshocks and main shock of the Bear Valley foreshock-main 
shock sequence. The first foreshock and the last two foreshocks are shown by circles and the main shock 
by a star. The rest of the foreshocks were located within region A. Region B is the area of the aftershocks. 
The details of the San Andreas fault are also shown (from Ellsworth, 1975). The inset shows a plot of 
time versus magnitude for the foreshocks and main shock. 

the largest earthquake is taken as the main shock. It was preceded by 20 min by a 
large foreshock (M = 4.9) which had its own aftershock sequence. The foreshocks 
and main shock occurred on the same fault but the second fault intersected the 
main fault between the hypocenters of the largest foreshock and main shock (Figure 
8). Fault plane solutions of the largest foreshock and main shock (Hutton et al., 
1980) also show a change in strike of the main fault plane of 7 ° between the two 
events. 

Livermore, 24 January  1980. This earthquake sequence occurred on a small fault 
subparallel to the San Andreas in the Livermore Valley. One foreshock preceded 
the main shock by 90 sec occurring almost directly above the main shock within a 
few hundred meters (Scheimer and Cocheram, 1981). There were two groups of 
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aftershocks, one located directly above the hypocenter of the main shock and one 
extending south from the main shock along the fault, confined to approximately 
the same depth as the main shock, 9 to 12 km (Figure 9). Thus, there is a suggestion 
that both the main shock and the foreshock could have occurred at the intersection 
of two faults. 

Summary. Five of the seven foreshock sequences begin in the last day before the 
main shock. All of these sequences have either only one foreshock (Borrego Moun- 
tain and Livermore) or one large foreshock with its own aftershocks (Parkfield, 
Lytle Creek, and Homestead). (The Homestead sequence overall appeared more 
like a swarm, but the events before the main shock were one large event with 
aftershocks.) The Bear Valley foreshock sequence preceded the main shock by 58 
hr and appeared more swarm-like with 14 events of 2.0 -< M =< 3.5 in the sequence. 
The Galway Lake foreshock sequence also had a swarm-like character with a 
gradual increase in number and magnitude of the events. Thus, of seven sequences, 
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only two, or 10 per cent of all the main shocks, had foreshocks similar to those 
described by Mogi. One sequence, Homestead, could be a class IIIa sequence [as 
modified by Utsu (1970)] or multiple main shocks. The remaining four foreshock 
sequences are single events, sometimes with their own aftershocks, or the class Ib 
foreshocks of Utsu (1970). 

Four of the foreshock sequences had discontinuities in the fault surface between 
the foreshocks and main shocks. Parkfield had a change in strike, Borrego Mountain 
had an en-echelon step, and Bear Valley and Homestead had intersecting faults. 
The other three sequences also had possible discontinuities in their faults. This 
suggests that the physical discontinuities in the faults may be related to the 
occurrence of the foreshocks and is in agreement with previous findings that the 
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geometry of fault zones can play an important role in determining seismicity 
patterns (Bakun et al., 1980; Bakun, 1980). 

Magnitudes 

The magnitudes of the largest foreshocks are plotted against the magnitudes of 
the main shocks in Figure 10a. As was found in a worldwide study of foreshocks 
(Jones and Molnar, 1979), the magnitudes of the foreshocks do not seem to be 
related to those of the main shocks. In addition, the magnitudes of the foreshocks 
do not seem to be related to the time between the foreshocks and main shocks 
(Figure 10b). 

Main Shock Depth and Duration of Sequence 

The durations of the foreshock sequences vary from 80 sec at Borrego Mountain 
to perhaps as much as 12 weeks at Galway Lake. Although the duration of a 
sequence does not depend on the magnitude of the foreshock (Figure 10), there does 
seem to be a relationship between the depth of the main shock and the time between 
the earliest foreshock and the main shock. In Figure 11, the depth of the main 
shock is plotted against the logarithm of the duration of the foreshock sequence. 
With the exception of the Homestead sequence, the logarithm of the duration of 
the foreshock sequence decreases linearly as the depth of the main shock increases. 

Of the parameters that vary with depth, the stress state is one of the most likely 
to affect the occurrence of earthquakes. McGarr et al. (1982) have estimated the 
variation in minimum compressive stress with depth near the San Andreas from 
measurements in the top kilometer of the crust as 

~1 = 2.90 + 0.60 + (19.28 _ 1.52)*z (1) 

where ~1 is in MPa and z is in kilometers. The stress calculated from this relationship 
is shown with the depths in Figure 11. Hence, the durations of the foreshock 
sequences are inferred to decrease with increasing stress. 

INTERPRETATION 

To understand how the depth of the main shock could be affecting the duration 
of the foreshock sequences, the relationships between the stresses close to failure 
in the fault zone need to be examined. Failure in brittle materials, either fracture 
of the material or frictional sliding on a preexisting surface, obeys Coulomb's Law 
(e.g., Jaeger and Cook, page 95, 1976); 

a s = C + q . a l  (2) 

where as and ~1 are the maximum and minimum principal effective stresses, 
respectively, C is the cohesion, and q is the coefficient of friction. In addition, failure 
can occur at lower stresses than those given above for instantaneous failure, by the 
process of static fatigue (e.g., Scholz, 1972). The rock will not fail instantaneously 
after the application of these lower stresses but will after a period of time that 
depends on the ratio of the applied stress to the instantaneous strength, or 

[ \ 
t =  T exp | -Ka~ (3) 

\ ~ c /  
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where T and K are constants ,  t is the  t ime  to failure, ~ is the  appl ied m a x i m u m  
principal  stress, and ~c is the  m a x i m u m  principal  stress  needed for ins tantaneous  
failure [which is a funct ion  of  pressure by equat ion (2). There  is also a sl ight 
addit ional  effect of  conf in ing  pressure which  increases  the  t ime needed  as pressure 
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increases but this effect is not very strong when the rock is saturated with water 
(Kranz, 1980).] The equation above is valid for fracture of brittle materials but a 
similar failure mode has been recognized in frictional deformation (Dieterich, 1981). 

The proposed model for foreshock occurrence assumes that the strength of the 
future rupture surface of the main shock is variable [i.e., that C and q in equation 
(2) are functions of position along the fault] such that the discontinuities in the 
faults (seen for the foreshock-main shock sequences, Figures 3 to 10) would be the 
strongest parts of the faults and the foci of the main shocks. The strength of the 
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FIG. 11. The logarithm of the duration of the foreshock sequences in hours versus the depth of the 

main shock. Also shown is the minimum principal stress calculated for those depths from the relation of 
McGarr et al. (1982). For the Galway Lake sequence, the duration shown is from the first M -- 1.9 
foreshock. 

fault at the main shock foci would be given by 

~TSm = Cm -Jr- qm .as. (4) 
Suppose a nearby section is somewhat weaker with a strength of 

asf = Cf + q[. 0" 2 (5 )  

where C~ < Cm and q/_-< qm. As the shear stress on the fault increases, the failure 
strength of the weaker patch will be reached first. If the failure of this weaker 
section is unstable, an earthquake (foreshock) will occur, loading the nearby 
discontinuity with a stress at the failure strength of the weaker section [given by 
equation (5)]. If the differences in strength between the two regions is sufficiently 
large, failure will not occur instantaneously but the process of static fatigue will be 
accelerated. The time to failure (duration of the foreshock sequence) by equation 
(3) will depend on the ratio of failure strengths of the source regions of the foreshock 
and main shock loci. 
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Combining equations (1), (4), and (5), the ratio of strengths is 

as/ Sf + q/. (2.9 + 19.29.z) 

as,~ Sm+ qm.(2.9 + 19.28.z) " 
(6) 

Thus the ratio (and hence the duration of the foreshock sequence) depends on the 
cohesions and coefficients of friction of both the stronger and weaker patches and 
the depth. The depth dependence is quite strong because of the large increase in 
minimum compressive stress with depth. 
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FIG. 12. The ratio of maximum principal effective stresses needed for failure of a weak patch of the 

fault divided by that needed for failure of a strong patch versus duration of the foreshock sequence. 

To examine the depth dependence, a test case has been calculated where the 
weaker patch (the foreshock focus) has a strength of ~3 = 0 + 4.04. ~1 (Byerlee's 
Law) while the stronger patch has some cohesion for a strength of ~3 = 85 MPa + 
4.04. ¢1. This ratio of strengths has been calculated for the depths of each of the 
seven foreshock-main shock sequences (Table 1) and plotted against the logarithm 
of the durations of the foreshock sequences in Figure 12. This relationship between 
ratio and duration is in general agreement with laboratory results. For instance, for 
dry Barre granite, Kranz (1980) found that  the time to failure would be 1 min to 1 
hr for applied stresses that  were 90 per cent of the instantaneous fracture strength 
and on the order of months for 70 per cent of the instantaneous fracture strength. 
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Thus, static fatigue of rock with variable strength similar to that found in the 
laboratory could produce the durations of foreshock sequences seen in California. 

DISCUSSION 

This model could explain why none of the thrust faults in the Transverse Ranges 
have experienced foreshocks. The stress versus depth relation of McGarr et al. 
(1982) is valid only for the strike-slip faults of the San Andreas system, where the 
vertical stress is the intermediate principal stress. For thrust faulting, the vertical 
stress is the least principal stress leading to principal stresses much higher than in 
a strike-slip regime. Thus, the thrust faults could be discontinuous [such as the 
proposed down-dip bend in the fault the 1971 Sylmar earthquake, e.g., Heaton 
(1982)] but the stress on the fault would be too high for the "foreshock" and "main 
shock" to be separated in time. 

This could also explain why the Homestead sequence does not fit in the apparent 
relationship (Figure 11). The difference in magnitude between foreshock and main 
shock is much smaller for the Homestead sequence than for the other foreshock 
sequences. Such a large foreshock could concentrate stress at the hypocenter of the 
main shock. This stress concentration factor is the total area of the fault that slips 
in the sequence divided by the area that did not slip in the foreshock (Jones and 
Molnar, 1979). If the foreshock is small compared to the main shock, this factor is 
close to 1; for all of the sequences except Homestead it is less than 1.05. Assuming 
the areas of the earthquakes from the relationship between area and magnitude of 
Wyss and Brune (1968), the factor for Homestead is 1.6. 

Several other models for foreshock occurrence have been proposed but at least 
two of these models seem to be incompatible with the data presented here. One has 
suggested that foreshocks could result from accelerating premonitory creep on a 
frictional surface (e.g., Jones and Molnar, 1979). However, laboratory studies of 
this process (Dieterich, 1978) have shown that the time from onset of creep to 
failure increase with increasing stress. While there are large errors in the values of 
stress assumed here, it is clear that the duration of the sequence does decrease with 
increasing stress, not increase as in the laboratory experiments, so that just creep 
does not seem a likely mechanism for producing these foreshocks. 

Other models (e.g., Jones et al., 1982) have suggested that increased pore pressure 
caused by the foreshocks could be triggering the main shock and thus controlling 
the duration of the foreshock sequences. If this were true, the durations of the 
sequences should decrease as the magnitudes of the foreshocks increase. No such 
dependence is seen in these data (Figure 10), suggesting that this model is not 
applicable to California foreshocks. 

While the data presented here are compatible with a foreshock model of delayed 
multiple rupture, this does not require that all foreshocks everywhere result from 
the same process. Foreshocks produced by delayed multiple rupture seem more 
likely when the magnitudes of the foreshocks are relatively large. As noted before, 
two types of foreshock sequences, swarms and single events, are seen in both the 
San Andreas and Japan. Das and Scholz (1981) suggested that two processes, 
delayed multiple rupture and initiation cracking due to localized decreases in 
strength, could produce foreshocks. If the delayed multiple rupture produces the 
single foreshocks, perhaps initiation cracking causes swarm-like foreshocks. How- 
ever, the two Californian sequences with the appearance of swarms, Bear Valley 
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and Galway Lake, fit the depth-time relation in Figure 11, so more foreshock 
sequences need to be studied to answer this question. 

The generally small temporal spacing between foreshocks and main shocks in the 
San Andreas system may limit the usefulness of foreshocks in earthquake prediction 
in that area. However, since the duration of the foreshock sequence is a function of 
the geometry of the fault and the material properties of the rocks, the duration of 
the sequence should be the same for different sequences at the same location. 
Indeed, the temporal distributions of several Parkfield foreshock-main shock se- 
quences have been very similar. Thus, a repeat of the 1857 Fort Tejon earthquake 
could have the same foreshock distribution as the 1857 event (Sieh, 1978). If these 
foreshocks could be recognized in time, this might allow a few hours for preparation. 

CONCLUSIONS 

Immediate foreshocks, as a phenomena distinct from background seismicity, have 
occurred before 35 per cent of the 20 moderate and larger main shocks in the San 
Andreas system of California. These foreshock sequences can be defined as having 
an event within I day and 5 km of the main shock. None of the four reverse-faulting 
earthquakes of the Transverse Ranges had foreshocks while 44 per cent of the 
strike-slip earthquakes did have. Enhanced seismic activity at relatively large 
distances from the main shock (13 to 30 km) has also preceded 40 per cent of the 
main shocks by 1 to 5 days but this activity cannot be clearly distinguished from 
the background seismicity. Of the seven immediate foreshock sequences, only two 
had the swarm-like appearance of the class II foreshocks defined by Mogi. The 
other foreshock sequences appear to be single events (sometimes with their own 
aftershocks) preceding the main shocks. Four of these sequences were correlated 
with physical discontinuities in their faults between the hypocenters of the foreshock 
and main shock, and this is also possible for the other four sequences. The durations 
of the foreshock sequences are found to decrease as the depths of the main shocks 
increase from 3 to 11 km, which is interpreted as a dependence on stress. This 
suggests that foreshocks may represent a process of delayed multiple rupture and 
that the delay between occurrence of foreshock and main shock might represent the 
time needed for static fatigue to break the stronger rock at the discontinuity in the 
fault. 
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