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A RE-EXAMINATION OF HISTORIC EARTHQUAKES IN 
THE SAN JACINTO FAULT ZONE, CALIFORNIA 

BY ALLISON L. BENT* AND DONALD V. HELMBERGER 

ABSTRACT 

The high level of seismic activity and the potential for large earthquakes in the 
San Jacinto fault zone, southern California, make it desirable to have accurate 
locations and source parameters for as many previous events as possible. Prior 
to the installation of a dense seismic network in this region, earthquakes were 
located using only a few stations with generally poor azimuthal coverage result- 
ing in considerable uncertainty in the locations. We relocate and obtain moment 
estimates for historic (pre-WWSSN) earthquakes in the western Imperial Valley 
by comparing the waveforms and travel times with recent earthquakes in the 
region. All the events are in the M L 5.5 to 6.5 range. The historic earthquakes of 
interest occurred in 1937, 1942, and 1954. We use the 1968 Borrego Mountain, 
1969 Coyote Mountain, and 1987 Elmore Ranch earthquakes as calibration 
events. We employ regional and teleseismic data from continuously operating 
stations, with Pasadena, DeBilt, Berkeley, Ottawa, and St. Louis recording most 
of the events. The waveforms imply that all the events are almost pure strike-slip 
events on vertical or near-vertical faults. Approximate values for the strikes were 
obtained and are within the range of observed strikes for well-studied earth- 
quakes in this region. The earthquakes are relocated by comparing SoP and 
surface-wave - S travel times of historic events with the presumably well-located 
recent events. The relocations require only a small change in location for the 
1954 event and a larger adjustment in the 1942 epicenter. It also appears that 
the 1969 earthquake may have been mislocated. The moment estimates are 
obtained by direct comparison of the maximum amplitudes. The moment esti- 
mates imply that the 1968 and not the 1942 earthquake is the largest to have 
occurred in the region this century. Previous magnitude estimates suggested 
the 1942 event was larger. 

INTRODUCTION 

The San Jacinto fault zone of the western Imperial Valley is one of the most 
seismically active regions of southern California. The region is cut by a number 
of active faults including the San Jacinto, Coyote Creek, Superstit ion Hills, and 
Superstit ion Mountain faults (Fig. 1). The dominant trend is right-lateral 
strike-slip faulting on near-vertical northwest-striking faults, although left- 
lateral slip on conjugate faults has also been noted. Since many of these faults 
are closely spaced, it can be difficult to determine on which fault an ear thquake 
occurred if the epicentral location is not well constrained. Because assumptions 
of future seismic activity are based primarily on our knowledge of past behav- 
ior, it is important to have accurate locations and moment est imates for past 
events. For historic events in the Imperial Valley, the azimuthal coverage of 
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FIG. 1. Map of the western Imperial Valley showing the major faults and earthquake epicenters. 
The parallel lines show distance to Pasadena in km. The triangles represent the Caltech catalog 
locations of the large earthquakes used in this study. The circles represent small earthquakes 
recorded by the PAS streckeisen used to calibrate travel times to Pasadena. 

local stations is not good. Phases from this region, particularly S, are difficult to 
pick precisely, and for larger earthquakes the local records are often off scale. 
The use of teleseismic data can improve the azimuthal coverage and eliminate 
the problem of off-scale records. By comparing the waveforms and travel times 
of historic earthquakes with those of recent well-studied (and presumably 
well-located) events, we are able to obtain information about the size and 
location of historic events. We consider historic events to be those that occurred 
before the installation of the WWSSN network in the early 1960s and recent 
events to be those that occurred since the WWSSN network was installed. We 
use regional and teleseismic records from continuously operating stations, with 
Pasadena (PAS), Berkeley (BKS), DeBilt (DBN), Ottawa (OTT), and St. Louis 
(SLM, FLO) recording most of the events studied. 

The historic events included in this study consist of the 25 March 1937 Buck 
Ridge earthquake, the 21 October 1942 Superstition Mountain earthquake and 
a secondary event that took place about 9 hours later under the Salton Sea, and 
the 19 March 1954 Arroyo Salada earthquake. We had insufficient data to 
accurately relocate the 1937 event, but we were able to obtain a moment 
estimate. We use the 1968 Borrego Mountain, 1969 Coyote Mountain, and 1987 
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Elmore Ranch earthquakes as calibration events. The epicenters of the recent 
and historic events as listed in the Caltech catalog are shown in Figure 1. The 
1968 and 1987 earthquakes have been modeled in previous studies by Burdick 
and Mellman (1976) and Bent et al. (1989), respectively. We use their solutions 
for these two events and model the 1969 event in this article. 

COYOTE MOUNTAIN EARTHQUAKE 

The M L 5.8 Coyote Mountain earthquake of 28 April 1969 was well recorded 
at regional distances. Using a forward modeling technique discussed in detail 
by Helmberger and Engen (1980), we obtain the fault parameters, depth, and 
seismic moment for this event. By modeling the P n l  waveforms (Fig. 2) we 
obtain a strike of 305 °, a dip of 80 °, a rake of 180 °, and a seismic moment of 
4.8 x 1024 dyne cm. The focal mechanism is consistent with that of other events 
in the region, but it is different (15 ° in strike, dip in opposite direction) than 
that obtained by Thatcher and Hamilton (1973) from teleseismic first-motion 
data. It should be noted, however, that their nodal planes are not orthogonal. 

obs. .25 x I0 -3 crn 

R ~ . 2 7  

syn. v V / /  

COYOTE M O U N T A I N  

2 8  A p r i l  1969  
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FIG. 2. Observed (upper) and synthetic (lower) waveforms of the Coyote Mountain earthquake at 
regional distances. The large dots on the focal mechanism represent the regional stations modeled 
and the small dots are teleseismic stations. The amplitudes are given in units of 10 -3 cm and have 
been corrected for the instrument magnification. 
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Our moment estimate is similar to but  slightly smaller than their estimate of 
5.3 x 1024 dyne cm. This event was large enough to be recorded at teleseismic 
distances, but  the direct P arrival is almost always within the noise level, 
making it difficult to model. The reflected phases ( p P  and sP), however, can be 
well modeled, both in waveform and amplitude, by our regional solution, as can 
the teleseismic S H  waves. Using the teleseismic data, we obtain an approxi- 
mate depth of 16 kin, making this event one of the deepest in the region. Since 
we modeled only long-period data, we did not obtain an exact source time 
function, but  the data can be well modeled by a triangle of 2-sec duration. 

Petersen et al. (1991) obtained a strike of 295 °, a dip of 69 °, a rake of 169 °, 
and a depth of 12 km from an inversion of teleseismic P and S H  waves. Their 
seismic moment was 2.5 x 1024 dyne cm. The difference between our and 
their moment appears to be controlled primarily by the difference in dips. With 
their solution, we obtain a good waveform fit of synthetics to data for Pnl  
waves. However, the regional seismic moment using their solution is 7 x 1024 
dyne cm, which is incompatible with the teleseismic moment. With our solution, 
the regional and teleseismic moments are the same. 

RELOCATIONS 

The historic ear thquakes in this study were originally located using graphical 
methods (Richter, 1958) and a limited number of regional stations. Previous 
at tempts to relocate these events have employed the same stations used in the 
original locations. Sanders et al. (1986) determined station delays using recent 
events in the same area as calibration events and using a different set of delays 
for each source region, repicked the P and S arrival times on the original 
records, and relocated the events giving equal weight to P and S picks. Doser 
and Kanamori  (1986) determined station residuals from recent calibration 
events, used the original arrival t ime picks, and relocated the ear thquakes 
giving greater weight to P than S and to closer than distant stations. The 
locations from these studies vary by up to 15 km, although the uncertainties 
overlap. Locations based on local records are dependent on the velocity model 
used. In addition, phases from the Imperial Valley (S in particular) are often 
emergent and difficult to pick. These factors probably account for most of the 
differences in previous relocation efforts. By using recent events as Green's 
functions, we avoid the uncertainties involved in selecting a velocity model and 
in using absolute travel times. 

The problems involved in picking arrivals from the Imperial Valley and in 
using absolute travel  t imes to relocate these ear thquakes when the azimuthal 
coverage of the stations is poor can be further i l lustrated by two aftershocks. 
The 1954 ear thquake was followed by a magnitude 5.1 aftershock on 23 March 
1954. The 1942 ear thquake was followed by a comparable (M = 5) aftershock 
on 22 October 1942. Sanders et al. (1986) relocated both of these aftershocks. 
The 1954 aftershock was relocated using P data from Mt. Palomar (PLM) and 
both P and S picks from Barret t  (BAR). To relocate the 1942 aftershock, P and 
S picks from La Jolla (LJC) and Riverside (RRC) were used. They located these 
aftershocks 40 km apart, and about 20 km apart with respect to Pasadena. The 
original catalog locations give a similar source separation. Doser and Kanamori  
(1986) at tempted to relocate the 1942 aftershock but  were unable to obtain a 
location that  was within their acceptable range of uncertainty.  Records of both 
aftershocks at Pasadena (Fig. 3) are very similar and imply that  these events 
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FiG. 3. An aftershock of the 1954 earthquake recorded at PAS. The top trace is the tangential  
component recorded on a short-period Wood-Anderson instrument.  The second trace is the long-period 
Wood-Anderson record. The next two traces are the long-period record convolved with a short-period 
instrument response and vice versa. The bottom trace compares this event with an aftershock of the 
1942 earthquake. 

occurred the same distance from Pasadena, although not necessarily in the 
same location. 

Using teleseismic data, we relocated the historic earthquakes by comparing 
the travel t ime difference between two phases, such as S-P and R(or L)-S, to 
that  of recent events recorded at the same station. The variation in travel time 
with distance for body waves was determined using the Jeffreys-Bullen (1940) 
travel-time tables. For surface waves, we determined the velocity directly from 
recent events. By locating each historic event with respect to recent events at as 
many stations as possible, we obtain the absolute location of the historic event. 
This technique can be used only if the waveforms being compared are very 
similar to ensure tha t  we are aligning the same phases. Some judgment in the 
aligning of phases is involved as the waveforms, while similar, are not identical 
from one event to another. Some of the uncertainty can be removed by filtering 
the records to equalize the frequency content. Introducing some redundancy 
into the measurements also helps. For example, we can align the P waves and 
measure the S-wave offset and then align the S waves and measure the P-wave 
offset. By measuring travel-time differences instead of absolute travel times, we 
can ignore clock errors, which are often large and not well constrained for 
historic seismograms. On low-gain or noisy records, it is often difficult to pick 
the onset of a given phase accurately, but it is relatively easy to determine the 
difference in t iming between two different phases. Again, the uncertainty is 
decreased by using travel-time differences instead of absolute times. Our overall 
uncertainty in t iming is about 1 sec for long-period records. 

To test the resolution of this method, we relocated the 1987 event with respect 
to the 1968 earthquake.  Figure 4 shows the tangential  component of these two 
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FIG. 4. Tangential component of the 1987 and 1968 earthquakes St. John's, Newfoundland (STJ). 
The spatial separation of these events with respect to STJ is determined from the difference in the 
SS-S times (after Bent et al., 1989). 

events recorded at St. John's  (STJ). Depending upon how we align the records, 
the S S - S  t imes give us a source separation of 15 to 20 km. The source 
separation according to the short-period catalog locations is 22 km. These 
results suggest tha t  our uncer ta in ty  is at worst about 10 km for a single station 
relocation. As the number  of stations increases, the uncer ta inty  decreases. 

Unfortunately,  all of our teleseismic data come from similar azimuths, allow- 
ing us to relocate these events only in an eas t -wes t  sense. To obtain absolute 
locations, we need data from a station to the north or south of the region. 
Luckily, PAS (about 200 km to the northwest) recorded all of the events in this 
study. We relocate the events relat ive to PAS in the same manner  as we 
relocated them with respect to the teleseismic stations, except tha t  we do not 
use t ravel  t ime tables to determine the change in t ravel  t ime with distance from 
PAS. A number  of small events in this region were recorded by a recently 
installed broadband ins t rument  in Pasadena (Fig. 1). These events were used to 
calibrate the S - P  t ime as a function of distance from Pasadena. The calibration 
curve is shown in Figure 5. The larger events were then added to this curve. 
The 1968 and 1987 events lie on the curve, suggesting tha t  their  locations with 
respect to PAS are good. The 1969 event  is located noticeably to the right of the 
curve, implying tha t  the ear thquake  occurred fur ther  from PAS than  indicated 
by the catalog location. 

Berkeley (BKS) is at a similar azimuth to PAS with respect to the Imperial 
Valley, but  at a greater  distance (roughly 750 kin). The historic events were 
recorded by a Galitzin instrument ,  and the recent ones were recorded by a 
WWSSN instrument .  To correct for the ins t rument  responses, we convolve the 
Galitzin records with a WWSSN ins t rument  response and vice versa. This is 
i l lustrated in Figure 3, where an aftershock of the 1954 ear thquake recorded by 
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a short-period instrument  was convolved with a long-period response and the 
long-period record was convolved with a short-period instrument  resulting in 
almost identical waveforms, as expected. To calibrate travel times to BKS, we 
used two recent earthquakes that  spatially bracket the events in question, and 
measure the time difference between the Pn arrival and an easily recognized 
part  of the Pl phase. The calibration events are the 1980 M L 5.5 Anza (711 kin) 
and the 1981 M L 5.6 Westmorland (802 kin) earthquake. 

1954 

Both Richter (1958) and Sanders et al. (1986) located the 1954 earthquake at 
the southern end of the San Jacinto fault. Hanks et al. (1975) place the event 
about 14 km northeast  of the other locations. Both the 1954 and 1969 earth- 
quakes were well recorded at SLM. If we line up the S V  waves (Fig. 6), we find 
that  the Rayleigh waves are offset by 4 sec, implying tha t  the 1954 event 
occurred 26 km west of the 1969 earthquake. If we align the Rayleigh waves 
and filter the 1969 event with a triangle of 4-sec duration to equalize the 
frequency content (Fig. 6), we obtain the same result. This location places the 
1954 event much further to the west than  expected. Part  of the travel-time 
difference between the two events may be due to differences in depth rather 
than epicenter locations. The Coyote Mountain earthquake is quite deep with a 
hypocenter at 16 to 18 km, as discussed in the section on that  earthquake, while 
the depth of the Arroyo Salada earthquake is in the 6 to 10 km range. When the 
depth difference is considered, most of the travel-time difference disappears 
(assuming a crustal P-wave velocity of 6.2 km/sec) and the events are located 
the same distance (within 5 km) from St. Louis. This would still place the 1954 
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FIG. 6. The 1969 and 1954 events at St. Louis. In the bottom trace the 1969 record has been 
convolved with a 4-sec triangle to equalize the frequency contents of the surface waves of the two 
events. 

event west of previous locations. Studies of other ear thquakes in the Imperial 
Valley have shown that  the bulk of the long-period energy does not necessarily 
come from the point of the initiation of rupture as determined from short-period 
data. The 1979 Imperial Valley ear thquake was located just  south of the 
international border, but  a detailed study of the long-period body waves showed 
that  most of the long-period energy came from a location 25 km further north 
(Hartzell and Helmberger,  1982). Bent et al. (1989), in a study of the 1987 
Superstition Hills earthquake,  found that  the most of the long-period energy 
release came from up to 30 km away from the short-period epicenter. It is 
possible that  the long- and short-period energy from the 1954 ear thquake was 
concentrated at different locations, but, unlike the 1979 and 1987 events, this 
would require the energy release to come from two different faults, since the 
San Jacinto fault strikes northwest and the apparent mislocation is in the 
southwest direction. Another possibility is that  the 1969 ear thquake was mislo- 
cated. There is some evidence discussed later in this article that  suggests this is 
the case. 

The 1954 ear thquake falls just  to the right of the PAS calibration curve (Fig. 
5), suggesting that  the event occurred 4 km further from PAS than the catalog 
location indicates. Both the 1954 and 1969 ear thquakes were well recorded at 
BKS (Fig. 7). Only the eas t -wes t  component is shown in Figure 7, but  both 
horizontal components were used in the relocation and gave identical results. 
Using the calibration events described in the introduction to this section, both 
events appear to be located 5 to 6 km further from BKS than the catalog 
locations are, but  their relative locations with respect to BKS are unchanged. 

We measured the absolute travel t imes to Tucson (TUC) in an at tempt to 
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FIG. 7. The east-west component of the 1954 and 1969 earthquakes recorded at Berkeley. The 
1954 record has been convolved with a WWSSN instrument response and multiplied by -1; the 
1969 record has been convolved with a Galitzin response. The amplitudes (peak to peak) are in units 
of 10 -3 cm and have been corrected for instrument gain. 

resolve the problems in relocating the 1954 event with respect to the Coyote 
Mountain ear thquake.  The first arr ival  can be measured accurately on the 
short-period records. The travel  t imes suggest tha t  both events are the same 
distance from TUC. For the 1954 event, we obtain a distance of 513 km, which 
is close to the catalog distance of 517 km. The 1969 event is 515 km from TUC 
(or 523 if we correct for depth), while the catalog location corresponds to a 
distance of 534 km. The calculated distance for the 1969 ear thquake  corre- 
sponds to a location on the San Jacinto fault  northwest  of the 1954 event. 

In Figure 8, the information from all stations used in the relocation is 
combined. The SLM location on the map was determined with the 1969 Coyote 
Mountain event as the master  event. In light of the possible mislocation of this 
master  event, the SLM lines should probably be shifted to the right. Taking this 
into account, the locations from all stations overlap near  the catalog and 
Sanders et al. (1986) epicenters a few kilometers south of the southern end of 
the San Jacinto fault. 

1942  

The location of the 1942 ear thquake  shows the most scatter among previous 
studies. Richter (1958) who originally located this event placed it just  west of 
the junction of the Supersti t ion Mountain and Coyote Creek faults. Sanders et 
al. (1986) locate this ear thquake  6 km west of the southern end of the Coyote 
Creek fault, but  with an error  of 10 to 15 km one cannot completely rule out an 
epicenter on the Coyote Creek fault. In another  study, Doser and Kanamori  
(1986) relocated the 1942 ear thquake  a few km east of the junction of the 
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FIG. 8. Map showing the results of the relocation of the 1954 earthquake. The format is the same 
as Figure 9 except that we have shown only the preferred distance for regional stations to avoid 
clutter. The uncertainty for these stations is between 5 and 10 km. 

Supers t i t ion  M o u n t a i n  and  Coyote Creek  fau l t s  wi th  e r ror  e s t i m a t e s  of 10 km.  
W h e n  the  e r ror  ba r s  a re  t a k e n  into account ,  all  of these  ep icen te rs  over lap.  

The  1942 even t  was  well  recorded te lese i smica l ly .  The  1942 and  1969 even t s  
have  s imi l a r  w a v e f o r m s  at  SLM. Us ing  the  R-S t i m e  difference be tween  the  
even t s  of 4 sec we locate the  1942 even t  25 k m  f u r t h e r  a w a y  f rom St. Louis  t h a n  
the  Coyote M o u n t a i n  event .  C o m p a r i n g  the  1942 and  1954 even ts  also a t  St. 
Louis,  we ob ta in  a source s e p a r a t i o n  of 16 k m  us ing  the  R-S t ime  difference of 
2.5 sec and  8 k m  us ing  the  S-P t i m e  difference of 0.6 sec (Fig. 9), w i th  the  1942 
even t  be ing  f u r t h e r  f rom the  s t a t ion  in bo th  cases.  C o m p a r i n g  the  1942 and  
1987 even t s  a t  OTT (Fig. 10), we locate  the  1942 e a r t h q u a k e  19 k m  fu r t he r  
a w a y  t h a n  the  1987 even t  based  on a n  S-P t i m e  difference of 3.5 sec. In  th is  
case, t he re  is some diff iculty in accu ra t e ly  a l ign ing  the  phases ,  since the  1942 
e a r t h q u a k e  was  recorded on a low-gain i n s t r u m e n t  and  the  S wave  is only 
s l ight ly  above the  noise level .  

Us ing  the  PAS ca l ib ra t ion  curve  (Fig. 5), we find t h a t  the  1942 e a r t h q u a k e  
should be located 2 to 3 k m  closer to PAS t h a n  the  ca ta log  locat ion indicates .  
The  1942 e a r t h q u a k e  was  recorded  a t  BKS,  bu t  it  is nodal  and  canno t  be t i m e d  
accura te ly  enough  to be used  in r e loca t ing  the  e a r t h q u a k e .  
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P- Phase S- Phase 
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FIG. 9. EW (radial) component of body waves for the 1942 and 1954 events recorded at St. Louis. 
The offset is determined as in previous figures. The amplitudes shown are in cm and were measured 
directly from the original seismograms. 

The regional locations combined with the teleseismic results are shown in 
Figure 11. In Figure 11a, the 1942 ear thquake is relocated assuming the Coyote 
Mountain ear thquake was well located. The teleseismic results indicating a 
location on the northern San Jacinto fault are in conflict with the regional 
results, which imply a more southerly location between the Coyote Creek and 
Superstition Mountain faults. If the 1954 ear thquake replaces the 1969 earth- 
quake as the master  event (Fig. 11b), then the preferred locations from all 
stations used overlap in the region about 10 km west of the northern end of the 
Superstition Mountain fault and the southern end of the Coyote Creek fault. 

1942 b 

The 1942 ear thquake was followed 9 hours later by a secondary event, which 
we will refer to as 1942b. Both are well recorded at FLO (Fig. 12). Both the S-P 
(4 sec) and R-S (8 sec) t imes locate 1942b 51 to 52 km closer to St. Louis than 
the main 1942 event. Assuming our preferred location for the 1942 event, the 
1942b ear thquake would be located beneath the Salton Sea, close to its original 
catalog location. 

The 1942 sequence of ear thquakes was similar to the 1987 Superstition Hills 
sequence in that  two moderate to large ear thquakes occurred within 12 hours of 
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FIG. 10. Vertical component of the 1942 and 1987 earthquakes recorded at Ottawa. The records 
are aligned along the solid vertical line and the spatial offset is determined from the offset of the 
dashed lines. The amplitudes are not shown because the gain of the 1942 instrument is unknown. 

each other and not apparent ly  on the same fault. The aftershock zones of the 
1987 ear thquakes  imply tha t  the two events occurred on conjugate faults 
(Magistrale et al., 1989). The similar source separations for the 1942 events 
raise the possibility tha t  they also occurred on conjugate faults. Unfor tunately  
the aftershock locations do not provide the answer. The aftershock zone of the 
first event is ra ther  diffuse (Sanders et al., 1986), and there  are few aftershocks 
located for the second event. A plot of recent activity in the region of the 1942b 
(Doser and Kanamori ,  1986) event, however, suggests tha t  it is an extension of 
the Brawley Seismic zone and not on a conjugate fault  to the pr imary event. 

MOMENT ESTIMATES 

The radiation pat tern  associated with strike-slip ear thquakes  often results in 
poor recordings, part icular ly of P waves, at teleseismic distances. With modern, 
high-gain, well-calibrated instruments,  the direct P arrival  is often within or 
close to the noise level for ear thquakes  of less than  magnitude 6, making it 
difficult to be absolutely certain of the first-motion direction. This problem 
occurred in modeling of the 1969 ear thquake.  Many of the historic instruments  
had lower gains than  their  modern counterparts.  Combined with poorly con- 
strained clock errors, the difficulty in positively identifying phases and in 
modeling the seismograms is increased. Since seismic moments obtained by 
modeling are dependent on the focal mechanism and other source parameters ,  
any uncer ta inty  in the source leads to an uncer ta inty  in the moment.  

Instead of modeling the historic ear thquakes  individually, we obtained mo- 
ment  est imates for the historic ear thquakes  by comparing their  maximum 



HISTORIC E A R T H Q U A K E S  IN THE SAN J A C I N T O  F A U L T  ZONE 2301 

(surface wave) amplitudes to those of recent well-studied events in the same 
region at common stations with known gains. The spatial separation of these 
ear thquakes is very small with respect to the distances to teleseismic stations, 
resulting in almost identical paths. Thus, recent ear thquakes make better  
Green's functions for studying historic ear thquakes than synthetic Green's 
functions derived from an approximate velocity model do. The similarity of 
waveforms from one event to another (Fig. 13) suggests similar focal mecha- 
nisms so that  the effects of the radiation pat tern should be nearly the same for 
all events. The peak amplitude occurs in roughly the same place with respect to 
the origin time of each event, suggesting that  we are consistently using the 
same phase to determine the moment. Before using this method to study the 
historic events, we tested it on the calibration events. The relative moments we 
obtained by this comparative method agreed with those obtained by modeling 
the events individually. This is i l lustrated in Figure 4 and Table 1. The 
moments for the recent events listed in Table 1 were obtained by modeling the 
ear thquakes independently of each other. If the relative moments for the 1968 
and 1987 ear thquakes  are determined by comparing the S-wave amplitudes in 
Figure 4 (note the gain difference), the same ratio is obtained. For reference, 
the moment of the Borrego Mountain ear thquake is 1.1 × 102~ dyne cm (Burdick 
and Mellman, 1976), and that  of the Elmore Ranch ear thquake is 2.7 × 1025 
dyne cm (Bent et al., 1989). The magnitude and moment information is summa- 
rized in Table 1, and the surface- and body-wave amplitudes are listed in 
Appendices A and B, respectively. 

For the 1937 earthquake,  we have only one station that  was on scale that  also 
recorded a recent event on scale. From this record, we obtain a seismic moment 
of 1.2 × 1025 dyne cm. We also have several S waves that  can be compared to 
recent events. From these records, we obtain a smaller moment of 5-7 × 1024 
dyne am. 

A larger set of on-scale data is available for the 1942 earthquake.  We obtain a 
moment of 3.3 × 1025 dyne cm, which is about 1/3 that  of the 1986 Borrego 
Mountain event. Some previous magnitude estimates had suggested that  the 
1942 event was larger. The 1942 ear thquake has an estimated M L of 6.5 in the 
Caltech catalog, while that  of the Borrego Mountain event is 6.4. Other studies, 
however, give the 1942 magnitude (ML) as 6.3 (Sanders et al., 1986) and the 
1968 magnitude as 6.8 (Kanamori and Jennings, 1978). These magnitudes are 
in better  agreement  with our moment estimates. 

Although the secondary 1942 event is relatively small, we have a lot of 
amplitude data because, in addition to comparing it with recent events, we can 
also compare the amplitudes to the first 1942 event at stations for which the 
gain is unknown, assuming that  we have an accurate estimate for the first 
event. We obtain a moment of 1.5 × 1025 dyne cm, suggesting that  the magni- 
tude is larger than the Caltech catalog magnitude of 5.5 by at least 0.5. 

A good data set is also available for the 1954 earthquake.  We obtain a 
moment of 1.9 × 1025 dyne cm. The magnitude (ML) of this ear thquake is the 
same as that  of the 1987 event, but  the moment is smaller, suggesting that  
either the magnitude of the 1954 event was overestimated or that  the 1954 
ear thquake was a lower stress drop event. 

Doser (1990) calculated the moments of these events individually using a 
waveform inversion, which also solved for the focal mechanism, depth, and time 
function. Her moment est imate for the 1954 ear thquake is slightly larger than 
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FIG. 11. (a) Map showing the results  of the relocation of the 1942 ear thquake assuming the 1969 
event was correctly located. The solid lines show the  preferred location with respect to the stat ion 
shown. The dashed lines indicate the uncertainty.  (b) Map showing the results  of the relocation of 
the 1942 ear thquake  assuming tha t  the  1954 event was correctly located. 

but similar to ours, but  her values for the 1937 and 1942 ear thquakes are 
noticeably smaller. The uncertaint ies  in the focal mechanism for these events 
were on average a factor of 2 to 3 higher than  for the 1954 earthquake,  and this 
may be the cause of the discrepancy. 

DISCUSSION AND CONCLUSIONS 

Our relocated epicenters based on the combined regional and teleseismic 
results are shown in Figure 14. The locations are also summarized in Table 2 
along with the results of previous relocation studies. We move the 1942 event 
north and west of the catalog location and place it about 10 km west of the 
nor thern end of the Supersti t ion Mountain fault. The 1954 ear thquake remains 
at or slightly north and east of the catalog location, but it may have had a 
significant amount  of long-period energy release from fur ther  southwest (if the 
1969 event was not mislocated). We obtain more consistent locations teleseismi- 
cally for the historic events if we move the 1969 event to the San Jacinto fault. 
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There is additional evidence tha t  suggests that  the Coyote Mountain earth- 
quake could have occurred on the San Jacinto fault, but none proves that  it did. 
We rechecked the original t iming information for this earthquake and found 
that  the azimuthal coverage of local stations was not uniform. There were a 
large number of stations located along a northwest-southeast  path on both 
sides of the epicenter, so presumably the event is well located in this direction. 
There was only one station (Mt. Palomar) in the northeast-southwest  direction, 
and this is the direction in which the apparent mislocation seems to have 
occurred. We compared the travel time residuals at Mt. Palomar for the Coyote 
Mountain and a number of other recent earthquakes (M > 4.5) in the San 
Jacinto fault zone. The Coyote Mountain earthquake had the largest negative 
residual, suggesting it should be moved westward and not toward the San 
Jacinto fault. A large number of aftershocks from this event occurred on both 
the Coyote Creek and San Jacinto faults (Thatcher and Hamilton, 1973), 
suggesting that  the earthquake could have occurred on either fault. The focal 
mechanism is also inconclusive. We obtained a strike of 305°; in the region of 
the 1969 earthquake, the San Jacinto fault has a strike of about 300 ° and the 
Coyote Creek fault has a strike of 310 °. Petersen et al. (1991) have suggested 
that  the Coyote Mountain earthquake occurred on a minor cross fault. If the 
1969 event did occur on a cross fault, then the short- and long-period moment 
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FIG. 12. EW (radial) component of the 1942 earthquakes recorded at Florissant MO. Spatial 
separation is determined from both the S-P and R-S times. The amplitudes for the P and S phases 
have not been corrected for instrument gain. 

release could have come from different segments of the same fault, result ing in 
a discrepancy between the network and long-period locations, as discussed 
earlier  in the section on the 1954 ear thquake.  A mislocation, however, cannot 
be completely ruled out by placing the ear thquake on a cross fault. Because 
moving the Coyote Mountain ear thquake from the Coyote Creek to the San 
Jacinto fault  or to a cross fault  results in a potential  seismic gap on the 
nor thern end of the Coyote Creek fault, it is important  to resolve the issue. 

Our error bars from long-period teleseismic data are about the same as those 
from relocations employing local short-period data for the 1942 ear thquake and 
slightly larger for the 1954 ear thquake.  Although the uncer ta inty  for the 1954 
ear thquake is up to 10 km, our location is very close to tha t  obtained in other 
studies (Fig. 14), suggesting tha t  we may have overestimated the uncertainty.  
These results suggest that ,  at least for ear thquakes  recorded by only a few local 
stations, the events can be equally well located by long-period teleseismic data 
and by local ar ray data. In some cases, the teleseismic data may provide bet ter  
azimuthal  coverage and therefore bet ter  locations. Since we are measuring the 
relative t iming of phases, we can avoid the problems tha t  occur in t rying to pick 
the absolute arr ival  t imes of phases coming from the Imperial  Valley, selecting 
a suitable velocity model, and using poorly constrained clock errors. This 
method of relocating historic ear thquakes  will also prove useful in regions with 
no historic seismic stations, where the improvement in locations should be 
greater  than  for southern California. 

Some of our uncer ta in ty  may be due to the dispersive nature  of Rayleigh 
waves. What appears to be an offset in t ime may be actually caused by a phase 
difference. However, the source separation of the ear thquakes  is small with 
respect to the total distance traveled, and the part  of the wavetrain that  we are 
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FIG. 13. North-south component of Pasadena records shown in order of increasing distance from 

Pasadena. To equalize the frequency content of the records, those recorded on short-period instru- 
ments were convolved with a long-period instrument response and vice versa. 

TABLE 1 
SUMMARY OF SEISMIC MOMENTS 

ML ML MO Mo(D) 
Event (catalog) (S) (1025 dyne cm) (1025 dyne cm) 

1968 6.4 6.8 11.0 
1969 5.8 0.48 
1987 6.2 2.7 
1937 6.0 5.9 1.2 0.3 
1942 6.5 6.3 3.3 1.5 
1942b 5.5 1.5 
1954 6.2 6.2 1.9 2.4 

D = Doser, 1990; S = Sanders et al., 1986. 

us ing  to de te rmine  the  offset is not  not iceably  dispersive, so this  effect should 
not be significant.  The problems associated wi th  dispersion could be avoided by 
us ing  only body waves,  bu t  m a n y  of the  older i n s t rumen t s  had  low magnif ica-  
tions, which resul ted  in P waves  too small  to t ime accurate ly .  

The 1968 Borrego Moun ta in  e a r t h q u a k e  was the larges t  event  to have  
occurred in the  wes te rn  Imper ia l  Val ley since the  1930s based on our m o m e n t  
calculations.  The 1942 event  was  the  second largest ,  wi th  a seismic momen t  
rough ly  1/3 t h a t  of the  1968 event .  The 1937, 1942b, and 1954 ea r t hquakes  all 
have  s imilar  momen t s  t h a t  are less t h a n  tha t  of the  Elmore  Ranch  ea r thquake .  
The calcula ted momen t s  sugges t  t h a t  the  1937 and  1954 ea r t hquakes  are  
smal ler  t h a n  previously  a s sumed  and  the 1942b event  is s ignif icant ly  larger.  
The 1969 e a r t h q u a k e  has  the  smal les t  m o m e n t  of the  events  studied. The lack 
of correla t ion be tween m a g n i t u d e  and m o m e n t  (Table 1) m a y  be due in par t  to 
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F~o. 14. Relocated epicenters (stars) and original catalog locations (open triangles) for the 
ear thquakes  in this  study. Previous relocations are also shown. The Sanders et al. (1986) locations 
are indicated by S, the Doser and Kanamor i  (1986) locations by D, and the Hanks  et al. (1975) 
locations by H. 

TABLE 2 

SUMMARY OF RELOCATIONS 

Lat i tude Lor~gitude Uncer ta inty  
Event  ( ° N) ( ° W) (kin) Source 

1942 32.97 116.00 > 10 C 
1942 33.05 116.09 10-15 S 
1942 33.03 115.96 5-10 D 
1942 32.97 116.03 < 10 B 
1954 33.28 116.18 > 10 C 
1954 33.4 116.1 H 
1954 33.30 116.18 < 5 S 
1954 33.29 116.18 < 10 B 

B = this  study; C = Caltech catalog; D = Doser and 
Kanamori ,  1986; H = Hanks  et  al . ,  1975; S = Sanders 
et  al . ,  1986. 



HISTORIC E A R T H Q U A K E S  IN THE SAN JACINTO F A U L T  ZONE 2307 

the fact that  M L was determined from short-period records and the seismic 
moment was calculated from long-period records. For the historic events, only a 
small number of on-scale regional records were available, so M L may be 
strongly biased by site effects at one or more stations. Magnitude estimates 
obtained by comparative methods (Sanders et al., 1986; Kanamori  and 
Jennings, 1978) are more consistent with our moments than  the catalog 
magnitudes are. 

The similarity of waveforms from one event to another suggests that  all have 
similar source mechanisms. Recent well-studied events in this region all exhibit 
either right-lateral slip on northwest-striking faults or left-lateral slip on north- 
east-striking faults, both of which have the same radiation patterns teleseismi- 
cally, so it is not surprising tha t  the historic events look similar. Without better 
azimuthal coverage, we cannot obtain exact fault-plane solutions or source time 
functions for the historic events, although we can obtain a few constraints. The 
1942 earthquake is nodal with respect to Berkeley (BKS), implying a strike of 
roughly 315 ° . When the uncertainty is taken into account, this corresponds to 
what Doser (1990) refers to as the auxiliary plane in a solution obtained from a 
waveform inversion. Doser (1990) has suggested tha t  the 1942 earthquake 
occurred on a cross fault. We see no evidence for this, but neither can we rule it 
out. The 1954 and 1969 earthquakes have opposite polarities at BKS, indicating 
that  the strike of the 1954 event is 315 ° or greater. We modeled the 1954 
earthquake at BKS in an at tempt to further constrain the faulting parameters. 
For a source duration of 2 sec, a minimum strike of 325 ° is required to produce 
an amplitude of the right order of magnitude, but a more northerly strike does 
not adversely affect either the waveform or amplitude fit. This strike is 10 ° 
larger than  the maximum strike obtained by Doser (1990), who had no data at 
this azimuth. A strike of 315 ° is compatible with the local array data (Sanders 
et al., 1986) if the auxiliary plane is not vertical. It is difficult to reconcile a 
strike of 325 ° with the local data unless there is a significant amount of dip-slip 
motion, which would be incompatible with the waveforms. Possibly the earth- 
quake began with a small subevent with a focal mechanism different from that  
of the main rupture. 

The difference in strikes between the 1969 and 1954 events may indicate that  
they occurred on different faults. However, neither the San Jacinto nor the 
Coyote Creek fault is perfectly straight, and it is possible for a single fault to 
produce two earthquakes tha t  do not have the same focal mechanism. The 
strike of the 1954 earthquake is incompatible with the surface trace of the San 
Jacinto fault, but it is possible tha t  the fault orientation changes with depth. 
Another possibility is tha t  one of these earthquakes occurred on a fault conju- 
gate to the San Jacinto fault. There are some mapped conjugate faults in this 
region, and Petersen et al. (1991) have suggested that  the 1969 earthquake 
occurred on one. 

In summary,  we have presented an alternate method for relocating historic 
earthquakes, one that  avoids many of the problems associated with previous 
locations. This technique, however, is not infallible, as it assumes that  the 
master events have been accurately located and this is not always the case. 
Some judgment  is involved in aligning records and in calibrating travel-time 
differences with distance. Nevertheless, we have been able to use long-period 
records to locate earthquakes within the same degree of accuracy as is obtained 
from short-period stations. By comparing recent and historic earthquakes at the 
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same  s ta t ions ,  we were  able  to ob ta in  se ismic m o m e n t s  and  a p p r o x i m a t e  
fau l t -p lane  solut ions  for a n u m b e r  of his tor ic  e a r t h q u a k e s .  
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APPENDIX 1 

TABLE 3 

MAXIMUM SURFACE-WAVE AMPLITUDES 

Event Station Component Amplitude Event Station Component Amplitude 

1942 DBN Z 1.9 1942b FLO E 11.0 
1942 DBN N 1.55 1954 FLO N 4.7 
1942b DBN N 0.5 1954 FLO E 1.9 
1954 DBN Z 1.0 1942 OTT Z 3.1 
1954 DBN N 0.9 1942b OTT Z 1.8 
1954 DBN E 0.95 1942 SFA N 3.1 

1968 DBN Z 5.1 1942 SFA E 3.0 
1968 DBN N 6.4 1942b SFA N 1.1 
1968 DBN E 6.7 1942b SFA E 1.2 
1969 DBN Z 0.35 1954 SLM N 15.6 
1969 DBN N 0.3 1954 SLM E 16.5 
1969 DBN E 0.5 1969 SLM Z 5.8 
1937 FLO Z 6.4 1969 SLM E 5.4 
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APPENDIX 2 

TABLE 4 

MAXIMUM BODY-WAvE AMPLITUDES 

Event Station Component Phase Amplitude Event Station Component Phase Amplitude 

1937 FLO Z P 0.4 1942b FLO E S 2.3 
1937 FLO Z S 0.4 1942 SLM N P 0.6 
1937 FLO N P 0.2 1942 SLM N S 5.55 
1937 FLO N S 1.25 1942 SLM E P 1.5 
1937 FLO E P 0.5 1942 SLM E S 8.7 
1937 FLO E S 2.8 1942b SLM N P 0.25 
1942 FLO Z P 1.5 1942b SLM N S 1.3 
1942 FLO Z S 0.9 1954 SLM N P 0.3 
1942 FLO N P 0.4 1954 SLM N S 2.8 
1942 FLO N S 5.1 1954 SLM E P 1.2 
1942 FLO E P 1.8 1954 SLM E S 9.9 
1942 FLO E S 9.5 1969 SLM Z P 0.7 
1942b FLO Z P 0.7 1969 SLM Z S 0.55 
1942b FLO Z S 0.7 1969 SLM N P 0.2 
1942b FLO N P 0.3 1969 SLM N S 0.5 
1942b FLO N S 1.2 1969 SLM E P 0.65 
1942b FLO E P 0.8 1969 SLM E S 1.7 

All amplitudes are given in cm and represent the peak to peak amplitude on the original record 
(i.e., the gain has not been removed); at SLM the gain was decreased by 25 per cent after 1961. 

DBN is DeBilt, Netherlands; FLO is Florissant, Missouri; SLM is St. Louis, Missouri; OTT is 
Ottawa, Ontario; SFA is Seven Falls, Quebec. 
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