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Abstract

Chapters 1, 2, and 3 consider the characteristics of the earthquake stress release
along the San Jacinto fault zone and in the San Jacinto-southern San Andreas fault
region. In Chapter 1 we locate the historic M > 6 earthquakes in the San Jacinto
fault zone. Intensity data are used to locate earthquakes in 1899, 1918, and 1923.
Limited seismic data are also used for the 1923 location. Southern California stations
and empirical station corrections obtained from recent small events are used to locate
earthquakes in 1937, 1942, and 1954 and their aftershocks and preshocks. The loca-
tions and rupture zones of these earthquakes, including the 1968 Borrego Mountain
earthquake, help define patterns of large earthquake occurrence in the fault zone and
sections of fault which have not ruptured historically. One historic seismic-slip gap is
located in the central San Jacinto fault zone near the town of Anza.

We present in Chapter 2 details of the small earthquake stress release in the San
Jacinto fault zone near Anza. Small earthquake epicenters near the Anza seismic gap
define a 18-km quiescent segment of fault which is bounded to the northwest and
southeast by areas of relatively high seismicity. Recent moderate earthquakes on and
near the San Jacinto fault in the gap and their relatively depressed aftershock activity
indicate that the fault is seismogenic and highly stressed but generally locked by some
mechanism. The locked nature of the fault may be due to relatively high stress normal
to the fault resulting from the convergent geometries of the local, active, discontinuous
faults and the oblique orientation of the regional maximum compressive stress. Strain
is not being relieved by aseismic fault creep. A swarm of small earthquakes in the cru-
stal block 13 km southwest of the Anza gap beneath the Cahuilla Valley recently
released stress in an area which was previously highly active before the 1918 (M 6.8)
and 1937 (My, 5.9) earthquakes. The occurrence of these periods of increased seismicity
near Cahuilla in the years immediately before the nearby large earthquakes and the
recent swarm suggest that the ground beneath Cahuilla may be acting as a stress
meter signaling the presence of high stresses before large local earthquakes. The length
of the quiescent fault segment suggests potential for an earthquake of about M 6.5 if
the entire segment ruptures at once.

In Chapter 3 we investigate variations in the depths of earthquakes in the San
Jacinto fault zone and in the San Jacinto-southern San Andreas fault region. We
observe that the maximum depths of earthquakes in the San Jacinto fault zone vary
from 20 to 10 km along strike. The earthquake hypocenters are progressively shallower
nearer to the Imperial Valley region of high heat flow. This observation illustrates the
effect heat flow has on the maximum thickness of the seismogenic zone. In addition,
earthquakes occur predominantly in a band along the bottom of the seismogenic zone;
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few earthquakes occur in the shallower portions of the fault zone. This implies that
shear stresses must be greater in the deeper parts of the brittle fault zone than in the
shallower fault zone. This implies that loading of the brittle crust occurs by aseismic
displacement along deeper extensions of the brittle fault zones. Furthermore, we
observe that deeper earthquakes in the region of the San Jacinto and southern San
Andreas faults occur principally in the major fault zones and that shallow earthquakes
occur principally in the adjacent crust. Interpretation of these observations is less
clear, but they, in combination with other observations about deep and shallow earth-
quakes near Anza on the San Jacinto fault, seem to suggest that stresses in the deep
brittle fault zone and in the adjacent crust are similar and that stresses in the shallow
fault zone are low.

In Chapter 4 shear-wave seismograms are used to image anomalous attenuation
regions in the shallow crust beneath the Coso volcanic/geothermal region of eastern
California. Vertical-component seismograms archived by CUSP (Caltech-USGS Seismic
Processor) for earthquakes which occurred in the Indian Wells Valley-Coso-southern
Sierra Nevada region from October 1983 to February 1984 were analyzed to determine
whether attenuated S,-wave signals were present along some raypaths. Signals of this
type have previously been documented in the Long Valley magmatic area and else-
where. We have analyzed sixteen small earthquakes with S, signals that change con-
siderably with azimuth and take-off angle. Forward modeling and a tomographic
inversion illuminate several small regions within a 20 by 30 km area of the shallow
crust (some shallower than 5 km) which severely attenuate S waves passing through
them. This area is beneath the Indian Wells Valley south of the Coso Range and is
coincident with the epicentral location of earthquake swarms which occurred in 1982-
1983. This swarm sequence began in a centralized cluster which, with time, became
two clusters that migrated several kilometers north and south. No attenuating effects
were seen for rays passing beneath the Coso geothermal area above about 5 km depth.
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Part I: Seismotectonics of the San Jacinto Fault Zone

and the Anza Seismic Gap



Introduction

The San Jacinto fault zone is a major member of the group of faults which accom-
modate relative dextral motion of the Pacific and North American lithospheric plates in
southernmost California. Over half of the displacement along this section of the plate
boundary (Figure 0.1), which is calculated to accumulate at about 5% cm/yr (Minster
and Jordan, 1978), is taken up along the San Andreas (2% cm/yr; Weldon and Sieh,
1985) and San Jacinto faults (1 cm/yr; Sharp, 1967, 1981). The southern San Andreas
fault zone appears to have accommodated about 240 km of right-slip displacement in
the past 30 my, while the San Jacinto fault zone has accommodated about 29 km of
displacement (Sharp, 1967; Hill, 1984). Major studies of the San Jacinto fault zone
include that by Sharp (1967) whose extensive mapping of the central section of the
fault zone 1dentified geologic relations with which to estimate the total offset and
recent slip rate along the fault zone. The Coyote Creek fault of the southern San
Jacinto fault zone was extensively studied following the 1968 Borrego Mountain earth-
quake (U. S. Geol. Surv. Prof. Paper 787, 1972). Thatcher et al. (1975) summarized
the major historic earthquakes in the San Jacinto fault zone and identified seismic-slip
gaps, including one near the town of Anza. The high rate of small earthquake
occurrence on the San Jacinto fault zone near Anza attracted the attention of seismolo-
gists who conducted seismic field studies of the area (Arabasz et al., 1970), analyzed
moderate earthquakes on the fault (Hartzell and Brune, 1979), and used the seismicity
patterns to define a seismic gap in southern California (Kanamori, 1980a). An M, 5.5
earthquake in February 1980 on the San Jacinto fault near Anza spurred further
interest in this section of the fault (Sanders et al., 1981; Sanders and Kanamori, 1982,
1984; Given, 1983). Chapters 1 and 2 of this thesis began as a result of interest in the
Anza section of the San Jacinto fault zone inspired by questions from and discussions
with Professor Hiroo Kanamori. Most of the contents of these chapters are published

in Sanders and Kanamori (1984) and Sanders, Magistrale, and Kanamori (1986). Parts
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Figure 0.1. San Andreas and San Jacinto fault zones in southern California (from
Sharp, 1967).



of Chapter 1 were also done in collaboration with H. Magistrale.

Chapter 1 of this thesis deals with the problem of the locations of the large his-
toric earthquakes in and near the San Jacinto fault zone. Most of these locations were
previously only approximate, and important information on the particular fault strand
that ruptured and the length and direction of rupture were unknown. We have tried
in this chapter to determine epicenters of these earthquakes as precisely as possible
given the available data. These locations are useful for evaluation of the recent seismic
history of the fault zone and for evaluation of the seismic hazard along different seg-
ments of the fault zone.

In Chapter 2 we study small earthquakes in the San Jacinto fault zone, particu-
larly near Anza, using data obtained by the CalTech-USGS southern California seismic
array since about 1976. In this chapter we attempt to define and explain small earth-
quake occurrence on and near the Anza seismic gap. In this analysis we seek to under-
stand relationships between the small earthquake stress release, historic large earth-
quakes, local structural geology, and regional and local strain. Since this stretch of the
San Jacinto fault zone has been recognized as a historic seismic-slip gap (Thatcher et
al., 1975) and a recent seismicity gap (Kanamori, 1980a), knowledge of the patterns of
small earthquake stress release in the area is important for understanding phenomena
precursory to a large earthquake (M 6%) in the gap.

Chapter 3 of this thesis deals with the depths of recent, well-located earthquakes
in the San Jacinto fault zone and in the San Jacinto-southern San Andreas fault
region. This study originated from observations of cross-sectional plots of earthquake
hypocenters in the San Jacinto fault zone and depth-slice maps of hypocenters in the
San Jacinto-southern San Andreas fault region. Major lateral changes in the maximum
depth of earthquake occurrence, both in the San Jacinto fault zone and in the region,
required further investigation and explanation. Some of the observations discussed in
this chapter have implications about.the manner of strain accumulation on the San

Jacinto and southern San Andreas faults.



Chapter 1
Historical Large Earthquakes in the San Jacinto Fault Zone

1.1 Introduction

The history of large earthquakes associated with the San Jacinto fault zone is
important for identifying the areas of greatest and least historic stress release and for
indicating the maximum size of earthquakes associated with the faults in this zone.
All large earthquakes which have occurred in or near this fault zone since 1890 are
known, though some locations are uncertain. No earlier large events are reported
(Toppozada et al., 1981), but the early historical record is undoubtedly incomplete.

In this chapter we attempt to determine precise epicenters for and approximate
rupture zones of the historic M > 6 earthquakes in the San Jacinto fault zone. The
events which occurred prior to 1923 are located solely from published reports of shak-
ing intensity. In some cases, these reports, usually from towns very near the source,
can be used to determine the earthquake source with some confidence, although deter-
mination of the exact fault strand which ruptured is difficult. Since about 1923
arrival time data from at least one recording seismograph in Pasadena are available,
and since 1932 the number of stations has increased to seven or more in the southern
California region. We use this travel time information to determine precise epicentral
locations for the post-1932 earthquakes.

In evaluating the seismic potential of the San Jacinto fault zone, which is com-
posed of many en echelon, branching, and overlapping fault strands, and where earth-
quake size seems to be controlled by fault segmentation, knowledge of which segments
have broken historically is very important. Observation and theory of seismic gaps
suggest that segments of the fault zone which have ruptured more recently have less
likelihood of rupturing again soon. |

Since this seismological study of the San Jacinto fault zone grew naturally from



an initial study of the Anza seismic gap (Chapter 2), which is located in the central
part of the 180 km long fault zone, the discussion of the large historical earthquakes
will be separated into two parts, those large events which occurred northwest of the
Anza gap and those which occurred southeast. This simple geographic division also
turns out to be a temporal division with the three events between 1899 and 1923
occurring northwest of the Anza gap and the four events from 1937 to 1968 occurring
to the southeast. The epicenters of these significant historic earthquakes and their
aftershock zones are shown in Figure 1.1. Also shown on Figure 1.1 are other
significant large earthquakes in the region including the 1915 (M 6.3, M 6.3), 1940
(My, 6.7), and 1979 (M, 6.6) earthquakes which were caused by rupture of parts of the
Imperial fault (e.g. Doser and Kanamori, 19864), and the 1948 (M, 6%) Desert Hot

Springs earthquake (Richter et al., 1958).

1.2 FEarthquakes Northwest of Anza

At least two and perhaps four large earthquakes have occurred in the San
Jacinto fault zone northwest of Anza since 1890 (Figure 1.1). The two earthquakes
definitely associated with this zone occurred on December 25, 1899 (M 7; this magni-
tude is inferred by comparison of the intensities of this and the 1918 earthquake), and
April 21, 1918 (M 6.8; Richter, 1958). An event on July 22, 1923 (M 6%; Richter,
1958), is quite possibly associated with the San Jacinto fault. Another earthquake on
July 22, 1899 (Mj 6.5; M signifies magnitude determined from intensity data; Toppo-
zada et al., 1981), was strongly felt in the Cajon Pass region, near the intersection of
the San Jacinto and San Andreas faults, but could be associated with either of these
faults or others in the area. The magnitudes of the 1918 and 1923 earthquakes are
approximate Richter magnitudes obtained from a comparison of the earthquake
seismograms recorded at a few regional seismograph stations with the seismograms of
modern earthquakes recorded on the same instruments at those stations but also on

Wood-Anderson instruments (C. Richter, personal communication, December 1982).



Figure 1.1. Map of historic large earthquake rupture zones on the San Jacinto,
southern San Andreas, and Imperial faults in southern California. The main shock
epicenters are indicated by stars and the aftershock zones of the 1937 (M, 5.9), 1940
(M, 6.7), 1948 (M, 6%), 1954 (M, 6.2), 1968 (M, 6.8), 1969 (M, 5.8), 1979 (M, 6.6)
and 1980 (M, 5.5) events are shaded. The principal 1942 (M, 6.3) earthquake after-
shocks lie within the dotted outline. The 1923 earthquake was My, 6% and both 1915
mainshocks were M; 6.3. The combined rupture zone of the 1899 (M 7) and 1918 (M,
6.8) San Jacinto-Hemet earthquakes is approximated from empirical data. A, Anza,
C, Cahuilla; CC, Coyote Creek fault; EC, El Centro; EL, Elsinore fault; I, Imperial
fault; LL, Loma Linda; PO, Pacific Ocean, SA, San Andreas fault; SH, Superstition
Hills fault; SJ, San Jacinto fault; SM, Superstition Mountain fault; SS, Salton Sea.
Triangles mark seismograph stations used in this study.



1.3 1923 Earthquake

The July 22, 1923 earthquake is located only approximately, based on damage
reports and one seismograph reading, but is very likely associated with the San
Jacinto fault in the San Bernardino Valley (Figures 0.1 and 1.1). The P- and S-wave
arrivals of this and sixteen probable aftershocks between then and August 3, 1923
were recorded at the seismological station in Pasadena. The S-P time of the main
shock is reported as 9 s (Townley and Allen, 1939), which indicates a hypocentral dis-
tance of about 83 km from Pasadena. The S-P times of the sixteen aftershocks were
obtained from phase cards stored at the Seismological Laboratory of the California
Institute of Technology and have a range of values from 8 to 10 s (hypocentral dis-
tances of 74-92 km) with an average of 8.9 s (82 km). These S-P times do not pre-
cisely constrain the locations of the large earthquake and aftershocks; however, given
that the event probably occurred near the area of greatest damage in the eastern San
Bernardino Valley, the 83-km epicentral distance from Pasadena implies rupture on a
fault within or very near San Bernardino Valley, most likely the San Jacinto fault
near Loma Linda or the San Andreas fault northeast of San Bernardino Valley.
Minor faults in the San Bernardino Valley between the San Jacinto and San Andreas
faults are secondary features, and major seismic displacements probably do not occur
on them. If the aftershocks are assumed to be aligned along a single, northwest
trending fault trace, then the S-P times suggest a fault rupture of about 20 km.

The 1923 earthquake effects were investigated by Laughlin et al. (1923). In par-
ticular, they compiled locations of broken chimneys and found that the maximum
number occurred in areas of the eastern San Bernardino Valley, 2-15 km southwest of
the trace of the San Andreas fault. Other fallen chimneys were found south of there
and in the city of Loma Linda, which lies just east of the trace of the San Jacinto
fault (Figure 1.1). On a farm west of Loma Linda a chimney was destroyed, and a
concrete municipal water pipe was broken. Laughlin et al. also inspected the San

Andreas fault directly northeast of the area of heaviest damage in San Bernardino



Valley and commented on the easy traceability of the fault in this region due to the
unusual topographic features. They remark, however, that ‘“although there are not
many houses along the fault, those examined showed that the destruction had been
much less there than at points in the valley. No chimneys were destroyed and rela-
tively few articles overturned.” They also apparently saw no surface rupture along
the fault trace here. This seems to be evidence that the earthquake was not produced
by rupture of this segment of the San Andreas fault.

Assignment of an epicenter for the 1923 earthquake can not be made with
confidence. The S-P times at Pasadena and the intensity data seem to constrain the
epicenter to the San Bernardino Valley area which includes the San Andreas and San
Jacinto faults. The relatively mild intensities reported along the trace of the San
Andreas fault bordering the San Bernardino Valley suggest that the earthquake was
not located on this fault. The relatively severe intensities reported in the San Bernar-
dino Valley may suggest rupture of a small fault beneath the valley, however this is
by no means required since the young sedimentary deposits beneath San Bernardino
Valley could have served to intensify the shaking in the valley from a nearby large
earthquake. The large size of the earthquake suggests rupture of a major fault struc-
ture. No major faults are mapped in the Quaternary alluvium of San Bernardino
Valley (Rogers, 1967). The nearest major active fault trace other than the San
Andreas is the San Jacinto fault near Loma Linda. At present this fault appears to
be the most probable causative structure for the 1923 earthquake.

Historic reports document an increase in local seismicity at the M 3-4 level in the
3 months preceding the 1923 earthquake (see Townley and Allen, 1939, for earth-

quake listings).

1.4 1899 and 1918 Earthquakes
Both the December 1899 and 1918 earthquakes occurred along the segment of the

San Jacinto fault zone near the towns of San Jacinto and Hemet (Figures 0.1, 1.1,
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and 2.1). This location is well determined by intensity reports which document the
heaviest damage and largest concentrations of ground failure near these two towns.
The greater intensities near San Jacinto of MM VIII-IX suggest that neither earth-
quake ruptured into the Anza gap where intensities were only MM VI-VII (Claypole,
1900; Danes, 1907; Rolfe and Strong, 1918; Townley, 1918; Toppozada et al., 1981).
The distribution of secondary ground breakage was similar for both earthquakes and
was generally reported as sunken ground, probably due to liquefaction and landslid-
ing. Rolfe and Strong (1918) determined from their geologic investigation several
weeks after the 1918 earthquake that the secondary ground movement in certain
areas during this shock was less severe than that during the 1899 earthquake. Local
residents reported similar intensities for both earthquakes. Far-field intensity reports,
however, suggest that the 1899 earthquake was slightly larger in magnitude (see
isoseismal maps by Townley, 1918, and Toppozada et al., 1981). Subsurface fault
rupture probably extended southeast to the area of the zone of present high seismi-
city just northwest of the Anza gap. The epicentral region of these two earthquakes
is now characterized by low seismicity (Chapter 2).

It is not known exactly which faults broke during the 1899 and 1918 earth-
quakes. No definite surficial fault rupture was reported for either earthquake, and
reports of damage and secondary ground disruption do not provide conclusive evi-
dence. Intensity reports, though, strongly imply that both earthquakes were caused
by subsurface slippage on faults very near to San Jacinto and Hemet. These towns
are located on young sedimentary rocks deposited in a subsiding basin between the
right-stepping traces of the San Jacinto fault here (Figure 1.1). These faults, the
Claremont fault and the Casa Loma fault, bound the depression on the northeast and
southwest, respectively, and show geologic evidence of both right-lateral and normal
movement (Sharp, 1975; Rasmussen, 1981). One possible interpretation, which can
explain the apparently coincident locations of the two large earthquakes, is that each

earthquake ruptured on one of the bounding faults. Rupture of the 1899 earthquake
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on the Casa Loma fault would have produced a stress change in the graben block,
which 18 years later helped precipitate the 1918 earthquake on the opposing
Claremont fault less than 6 km away. The lack of reported surface rupture, though,
1s puzzling, and hypocentral locations east of San Jacinto on the Hot Springs fault or
somewhat south of Hemet on the San Jacinto fault can not be ruled out. Hill (1984)
reports no features along the Hot Springs fault suggestive of Holocene fault rupture,
however the fault does seem to have small earthquake activity at depth near its

southeast end (Chapter 2).

1.5 Earthquakes Southeast of Anza

Southeast of Anza four large earthquakes have occurred since 1890 (Figure 1.1).
Those associated with the fault zone occurred on March 25, 1937 (M, 5.9), March 19,
1954 (M, 6.2), and April 19, 1968 (M, 6.8). A large earthquake on October 21, 1942
(M, 6.3) does not seem to be directly related to the major faults of the fault zone but
1s located southwest of the southeast end of the Coyote Creek fault. The aftershock
zones of the 1968 Borrego Mountain (M, 6.8) and 1969 Coyote Mountain (M, 5.8)
earthquakes are well determined by readings from five regional stations (A = 50-75
km) and tens of temporary stations installed immediately after the main shocks
(Allen and Nordquist, 1972; Hamilton, 1972; Thatcher and Hamilton, 1973). We relo-
cated the 1937, 1942, and 1954 earthquakes to obtain a better understanding of their

rupture zones. These relocations are described in the next section.

1.6 Relocating the 1937, 1942, and 1954 Earthquakes: Introduction

To improve our understanding of the seismic history of this fault zone we relo-
cated the large 1937 (M, 5.9), 1942 (M;, 6.3), and 1954 (M, 6.2) earthquakes and
aftershocks which were caused by rupture of segments of the San Jacinto and Coyote
Creek faults and a fault southwest of the Coyote Creek fault. Together with the

1968 (M, 6.8) Borrego Mountain earthquake, these events represent the greatest stress
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release along the southern half of the San Jacinto fault zone since at least the late
1890’s, and their rupture zones help define those segments of the fault zone which
have ruptured historically and those segments which have not.

Originally the large earthquakes were located by graphical techniques using S-P
times from distant (A = 100-500 km) unclipped stations, and the numerous after-
shocks were given the same epicenters as the associated main shocks (Hileman et al.,
1973). Other researchers have attempted relocations of some of the mainshocks. The
1937 earthquake was originally located by Wood (1937; he called it the Terwilliger
Valley earthquake after a local place name near his epicenter) and relocated by
Gutenberg (1943), Richter (1958), Hileman et al. (1973), Hanks et al. (1975) and
Sanders and Kanamori (1984). The 1942 and 1954 earthquakes were originally
located by Richter (1958) and also relocated by Hanks et al. (1975). Wood, Guten-
berg, and Richter used mainshock S-P times recorded at some of the seven or more
southern California seismograph stations in operation at the time and then graphi-
cally located the events using empirical S-P versus A curves. Hanks et al. also graph-
ically located the mainshocks but used the average aftershock S-P times to approxi-
mate the mainshock times. This increased the number of S-P readings, since some of
the mainshock S-wave arrival times are unreadable. Hileman et al. located the 1937
mainshock using available P- and S-wave arrival times, a least-squares computer rou-
tine, and a single layer crustal velocity model. Sanders and Kanamori located the
1937 mainshock using a modern computer location program, a multi-layer crustal
velocity model, P-wave arrival times at six southern California stations (A = 100-400
km), and P- and S-wave arrivals at one station (A = 100 km). No station correc-
tions were used for this later location, however.

Since very few seismograms are available for locating these large earthquakes,
and since these are from large distances and limited azimuths, all of the previous loca-
tions suffer from large uncertainties (+ 10-15 km). In order to minimize the effects of

the sparse, heterogeneous data set, we include data on the lateral variations in the



-13-

regional velocity structure. This data is introduced into the earthquake location pro-
cedure in the form of empirical station corrections as explained in the next section.
The resulting epicentral locations hopefully suffer less from the sparse travel-time
data set. We feel that these more precise epicentral locations for the mainshocks,
plus the first locations of the aftershocks, will help clarify the recent seismic history of

the San Jacinto fault zone.

1.7 Relocating the 1937, 1942, and 1954 Earthquakes: Technique

We precisely relocated the 1937, 1942, and 1954 mainshocks and aftershocks and
the 1937 and 1954 preshocks using a simple technique. P- and S-wave arrival times
from some or all of the California Institute of Technology seismograph stations
located at Riverside (RVR), La Jolla (LJC), Palomar (PLM), Barrett Dam (BAR), Big
Bear (BBC), and Cuyamaca Reservoir (CUY) are used to find the epicentral locations
(Figure 1.1). Usually only two stations separated by about 75° azimuth are available
for use in our relocations (since we try to use only P, and S, arrivals), so very accu-
rate delay values are needed to account for the deviation between the observed travel
time through the real earth and the travel time calculated through the idealized cru-
stal velocity model used in the earthquake location program (unpublished program;
Johnson, 1979). The delay values vary from station to station and also somewhat
from source area to source area. Thus, we determined accurate delay values to each
station for many different subareas in the general region of the southern San Jacinto
fault zone (Figure 1.2, Tables 1.1 and 1.2). These values were obtained by averaging
the residuals (observed travel time minus calculated travel time) at the above named
stations from many recent (1977-1985) small earthquakes. These small earthquakes
were all carefully relocated using the dense USGS-CIT southern California seismo-
graph network and stations within 60 to 80 km of the epicenter (to minimize the
effect of uncertainties in the velocity model; Pechmann, 1983). We used a crustal P-

wave velocity model characteristic of the Peninsular Ranges of southern California
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0 20 km

Figure 1.2. Map of areas along the southern San Jacinto fault zone for which travel
time delays have been determined. The numbers are referred to in the text and in
Tables 1.1 and 1.2.
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TABLE 1.1. Recent Earthquake Residuals Near the 1937 and 1954 Earthquakes
RVR LJC (CPE) BAR PLM
# YrMoDa HrMn Latitude Longitude Depth M; P S P s P S P S
77 07 02 0122 33°37.10" 116°42.97" 14.1 3.0 -0.18 -1.12 -0.07 0.56
1 790803 0430 33°40.44' 116°41.19° 152 3.5 -0.55 -0.25 0.14
79 08 22 0201 33°42.39" 116°50.077 15,5 4.0 -0.15 -0.33 -0.02 0.32
-0.17 -1.12 -0.32 -0.14 +0.34
76 07 14 2019 33°29.40° 116° 26.86’ 9.6 27 -1.31 -0.40 -1.26 0.15 0.22
76 07 17 1121 33°29.45° 116° 26.54’ 86 28 -1.56 -1.32 0.13
770208 1239 33°28.77' 116°27.35 133 25 -0.27 -1.44 0.10
77 10 22 0933 33°27.89’ 116° 24.27 93 23 -0.42 -1.53 0.05
77 10 25 1531 33°28.92' 116°26.03 129 2.7 -0.47 -1.86 0.05
77 11 28 1857 33°26.86° 116°24.34' 11.6 3.1 -1.14 -0.54 0.16
2 780301 1141 33°27.82" 116° 24.0%5’ 98 21 -0.14
78 0512 1549 33°29.55° 116°26.19° 128 28 -0.26 -1.62 -0.19 -147 0.12 0.27
78 10 08 0652 33°30.53’ 116° 25.62’ 9.6 23 -0.33 -1.34 0.18
78 1201 0229 33°28.93 116°26.91' 140 3.0 -0.31 -1.62 -0.19 -1.29 0.14
7902 12 0448 33°27.60° 116° 25.71’ 5.5 4.2 -0.24 -0.38 -0.22 0.20
790212 0455 33°27.49' 116° 25.67 46 3.2 -0.37 -0.14 0.19 0.18
79 0212 0515 33°27.51" 116° 25.97’ 50 3.0 -0.38 -0.22 0.20
7908 12 1958 33°29.99’ 116°25.58 100 2.6 -0.33  -1.27 -1.13 0.14 0.21
7909 16 0855 33°28.96" 116° 29.58’ 7.5 30 -0.16 -0.24 -1.24 -0.26 -1.51 0.25
-0.20 -134 -0.33 -1.45 -0.20 -1.35 +0.15 +0.22
79 07 02 1151 33°29.98 116°29.96° 13.7 3.7 -0.25 -0.33 -0.20 0.11
79 07 02 1242 33°30.55’ 116°30.44’ 126 3.6 -0.28 -1.41 -0.33 -1.64 -0.21 -1.42 0.18
800225 1053 33°30.44’ 116°30.977 128 55 -0.29 -0.47 -0.32 0.15
800225 1141 33°30.64° 116°31.42° 105 2.7 -0.31 -1.37 -0.59 -0.45 -1.82 0.13 0.24
8002 25 1147 33°30.53’ 116°31.37° 11.5 24 -1.31 -0.26 -1.82 -0.21 -1.61 0.21 0.25
3 800225 1149 33°30.49’ 116°32.20' 11.5 2.5 -0.37 -1.74 -032 -1.66 0.21 0.31
8002 25 1203 33°30.58 116°31.11' 108 2.7 -0.46 -1.87 -0.33 -1.66 0.15
800225 1207 33°30.42' 116°31.29° 10.0 2.1 -0.43 -1.80 0.11
800225 1300 33°30.33' 116°31.24° 11.2 2.1 -0.24 -1.78 -0.26 -1.65 0.22 0.32
800225 1451 33°30.49° 116°31.75 11.2 33 -0.12 -1.10 -0.38 -1.70 -0.32 -1.71 0.28
8002 25 1907 33°30.26° 116°31.51' 104 24 -0.44 -1.78 -0.33 -1.59 0.16
810430 2009 33°30.70" 116°30.37" 13.8 3.2 -0.03 -1.24 -0.20 -1.38 0.15
-0.21 -1.28 -0.38 -1.75 -0.29 -1.61 +0.17 +0.28
8009 07 0326 33°32.28' 116°40.54’ 84 27 -0.23 -0.22 0.30 0.46
4 810718 1248 33°33.35 116°40.73 11.9 29 -0.24 -0.25 0.24
8206 15 2349 33°33.16° 116° 40.51' 11.4 4.5 -0.27 -0.36 0.22
-0.25 -0.28 +0.26 +0.46




-16-

TABLE 1.1. (continued)
RVR LJC (CPE) BAR PLM
# Yr MoDa HrMn Latitude Longitude Depth M, P S P S P S P S
78 04 26 1440 33°31.64° 116° 44.43’ 56 23 -0.04 -0.51 -1.47 -0.29 0.04
78 06 14 1944 33°29.83' 116°46.24' 139 30 -0.18 -1.05 -0.39 -1.06 -0.22 -1.21
7909 15 1101 33°31.50" 116° 47.34’ 5.0 21 -0.49 -0.30 0.12
810201 1927 33°30.20° 116°46.12’ 44 34 -0.03 -0.20 0.09
810309 0336 33°30.48 116°46.20° 6.0 27 -0.08
810312 1501 33°29.77° 116° 46.78 58 26 -0.00 -0.53 -0.21 -1.07 0.05
8104 02 0343 33°30.22° 116° 46.06 46 23 -0.01 0.08
8106 20 1949 33°30.73’ 116° 46.76’ 24 28 -0.14 -0.34 0.19
8107 01 0625 33°30.49° 116° 46.03 24 25 -0.11 0.16
5 810725 0624 33°29.13' 116° 46.81 1.6 3.1 -0.07 -0.23
8108 06 0218 33°29.49° 116°46.53 22 27 -0.07 -0.28
8108 13 0509 33°2896" 116°48.12' 49 25 -0.19 0.16
811015 1441 33°32.15° 116° 47.60’ 4.5 2.2 -0.03 -0.31 0.04 0.27
8110 21 0537 33°30.28° 116° 46.06’ 46 3.1 -0.10 -0.80 -0.32 0.10
811031 1951 33°29.54’ 116° 46.1% 5.0 27 -0.03 -0.60 -0.26
821022 1053 33°29.96° 116° 45.67 70 24 -030 -0.97 -0.45 -1.36 0.12
84 03 25 0147 33°29.68' 116°48.01 43 24 -0.10 -0.56 -0.40 0.18
84 08 18 0712 33°30.00° 116° 47.55' 49 30 -0.59
-0.09 -0.79 -0.51 -1.27 -0.29 -1.21 +0.11 +0.27
78 07 03 0834 33°27.63’ 116° 35.86’ 86 29 -0.35 -0.33  -1.53 0.19
78 10 26 1014 33°28.19° 116°34.22 11.0 25 -1.68 -0.33 -1.45 0.16 0.23
6 790802 1304 33°29.21' 116° 34.16’ 53 27 -0.17 -0.44 -1.51 -0.37 -1.52 0.15 0.12
8003 10 2332 33°28.27" 116°3443 100 3.0 -0.24 -143 -049 -1.72 -0.39 0.14 0.21
811230 0138 33°2811' 116°33.79° 11.0 26 -0.31 0.11
-0.24 -143 -043 -1.64 -0.36 -1.50 +0.15 +0.19
79 04 22 1652 33°25.63 116°32.92° 12.0 3.3 -1.54 -0.35 -1.52 -0.34 -1.46 0.19
790801 0831 33°26.57" 116°37.977 114 28 0.23 -0.09 -0.06 0.39 0.40
7 790816 0220 33°26.67 116° 37.94 82 30 0.27 -0.14 -1.20 -0.13 0.47
79 08 19 2255 33°27.03" 116° 37.75 82 28 017 -144 -0.25 -144 -0.23 0.36
79 08 25 1340 33°27.30° 116° 37.28' 74 23 -0.49 -0.39 0.19 0.50
+0.22 -149 -0.26 -1.39 -0.23 -146 +0.32 +0.45
78 1109 2300 33°13.98' 116° 04.46’ 6.0 3.1 -0.19 -1.28 -0.23 -1.29 0.22
8002 13 0631 33°18.09" 116° 09.90° 8.7 3.2 -0.27 -0.36 0.21
8106 23 0136 33°14.27° 116°05.32" 10.5 2.1 -0.17  -1.09 0.54 -0.14
8109 13 1553 33°13.00° 116°04.94 10.1 2.7 -0.06 -0.99 0.20
8109 21 1521 33°14.15 116°05.35 100 26 -0.13  -1.38 0.23 -0.14
810922 1011 33°14.13° 116° 04.94’ 89 21 -0.06 0.24
811017 1947 33°14.41' 116° 04.16’ 49 38 -1.21 -131 -0.30 0.29
8 811017 1953 33°14.29° 116° 03.56' 87 24 -0.07 -1.33 0.38
811017 1954 33°14.47' 116° 03.81’ 7.0 3.2 -0.19 -1.38 0.35
811205 1556 33°13.98 116°05.20° 9.7 22 0.31
8201 25 2347 33°14.27° 116°05.32° 10.5 3.1 -1.28 -0.21 0.30 -0.08
8209 07 0400 33°14.16° 116° 05.66 9.3 22 -0.13  -1.29 0.28 -0.03
8209 15 1803 33°14.51' 116°01.177 109 28 -0.06 -1.19 0.57
821212 1409 33°1592° 116°06.79° 104 25 -0.10 -1.49 0.62 0.12
8410 07 1544 33°16.14° 116° 04.04’ 6.3 3.0 -0.11
-1.21 -1.30 -0.23 -1.28 -0.16 -1.27 +0.34 -0.05

For this and all following tables the origin times are GMT, the residuals and travel times are in units of seconds, and
depths are in kilometers.
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TABLE 1.2. Recent Earthquake Residuals Near the 1942 Earthquake
CUY (JUL) PLM LJC (CPE) RVR
# Yr Mo Da HrMn Latitude Longitude Depth M; P ) P S P 8 P s
84 0229 0207 33°08.11" 116° 05.49’ 6.5 43 0.21 0.41 -0.06 -1.17  -1.12
9 850603 0653 33°02.05° 115°59.30° 40 33 0.11 0.30 -0.33 -1.21
8506 14 2242 33°05.91’ 116° 03.50 16 25 0.02 -0.42 0.15 -0.18 -1.28
+0.11 -0.42 +0.29 -0.19 -1.26 -1.17 -1.12
820905 0521 32°55.88° 116° 51.07 42 44 016 -033 -0.25
10 831111 1636 32°57.23" 115° 53.05 50 33 -0.27  0.07 -1.36
831111 1715 32°57.43’ 115° 53.35’ 48 38 0.11 -0.15 -0.24 0.18 -0.17 -1.41
+0.14 -0.24 -0.26 +0.13 -0.17 -1.39
830920 0008 33°03.28 116°11.93 44 3.5 0.08 -0.35 0.34 -0.21
831206 0120 33°03.85° 116° 11.54’ 56 29 0.02 -0.19 -0.23 -1.40
11 831206 0910 33°03.16° 116° 11.77 40 32 0.06 0.29 -0.31 -0.28 -1.52
831206 2322 33°03.45 116°11.76° 4.2 3.1 0.03 030 -0.18 -0.30 -1.30
831207 1519 33°03.11' 116°11.777 34 3.1 0.01 0.24 -0.41 -0.16 -1.48
+0.04 -0.35 +0.29 -0.26 -0.24 -1.43
12 840202 2330 32°50.14° 116° 11.46’ 46 28 0.09 0.43 -0.25 -1.38
840226 1904 32°55.02' 116° 14.05 5.2 27 015 -0.18 0.54 0.44 -0.05
+0.12 -0.18 +0.49 +0.44 -0.15 -1.38
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(Table 1.3) (Kanamori and Hadley, 1975; Hadley and Kanamori, 1977), and the S-
wave velocities were calculated with Vp/Vg=1.78. The residuals at a particular sta-
tion from well located earthquakes in a given small area are consistent, and we are
able to obtain average residual values for many areas along the San Jacinto fault.
These average residual values become the delay values we use in relocating the older
events.

Since the seismograph stations LJC, CUY, and BBC are no longer in operation
we use the nearby modern stations CPE, JUL, and BTL for determining station
delays for the old stations. The relative locations are shown in Figure 1.1; CPE is 14
km east of LJC, JUL is 8 km north of CUY, and BTL is 8 km west of BBC. We
assume that the delays we have determined from the modern stations are also appli-
cable to the old stations. The elevations and site geology are nearly identical in each
case.

As a test, some of the recent earthquakes in the area of the 1937 earthquake
southeast of Anza were relocated using only P- and S-wave arrival times at stations
RVR and CPE, the delays determined for that area, and with depths fixed at 12 km.
These events all relocated to within 3 km of their epicenters determined by the more
dense local USGS-CIT array. The same test was performed on recent events in the
area of the 1954 earthquake using P- and S-wave readings from BAR and PLM only,
the delays determined for that area, and with depths fixed at 8 km. The events relo-
cated to within 2 km of their catalog epicenters. Also the 1968 Borrego Mountain
mainshock was relocated to within 3 km of its epicenter (Allen and Nordquist, 1972)
using only P- and S-wave arrival times at station RVR, a P-wave arrival time at sta-
tion PLM, the station (_ielays for that area, and fixing the depth at 10 km. Thus we
feel that our locations for the 1937 and 1954 events for which good P- and S-wave
readings are available are accurate to within about 5 km. This is a significant

improvement over the old location errors of 10 km or more.
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TABLE 1.3. Crustal Velocity Model

Depth to Top

Vp, km/s of Layer, km
5.5 0.0
6.3 5.5
6.7 16.0

7.8 32.0
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1.8 1937 Buck Ridge Earthquake

We relocated the March 25, 1937 earthquake (M 5.9) and aftershocks (M >
3.0) using arrival-time data from stations RVR and LJC, both about 100 km distant
and 75° apart in azimuth. We repicked the P- and S-wave arrival times from the
short period vertical seismograms and from the Wood-Anderson horizontal seismo-
grams and relocated the events using the delay values appropriate for that area of the
fault and those stations (area 2, Figure 1.2, Table 1.1). The epicenters of the main
shock and most of the aftershocks lie between the surface traces of the San Jacinto
and Buck Ridge faults (Figure 1.3) beneath the physiographic feature called Buck
Ridge. We cannot constrain the depths of these events, but the recent seismicity in
the area occurs at an average depth of about 12 km. The aftershocks located during
the first 2 hours lie northwest of the main shock, as do most of the other aftershocks,
indicating predominantly unilateral rupture of about 6 km to the northwest (Figure
1.4). Early aftershocks southeast of the main shock suggest perhaps 1 km of rupture
in that direction as well, for a total rupture of about 7 km. A rupture length less
than 10 km was also suggested by Wood (1937), Thatcher et al. (1975), and Sanders
and Kanamori (1984) based on the differences in aftershock S-P times. The arrival
times and new locations for these earthquakes are listed in Table 1.4. The P-wave
first motions are consistent with right-slip faulting on a northwest trending fault (Fig-
ure 1.5).

Previous locations for the 1937 mainshock are shown in Figure 1.3. They span a
30 by 10 km area and give no consistent indication of the fault which produced this
earthquake. The current CIT catalog location (Hileman et al., 1973) marked ’¢’ in
Figure 1.3 seems to be in error by about 16 km.

The 1980 (M, 5.5) Whitewash earthquake, which is very well located by the
dense southern California array, occurred at the northwest end of the 1937 aftershock

zone, and its rupture extended another couple of kilometers further northwest (Figure

1.3,
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Figure 1.3. Map of relocated epicenters of the 1937 (M, 5.9), 1942 (M, 6.3), 1954
(My, 6.2) earthquakes and large aftershocks. The aftershock zones of the 1968, 1969,
and 1980 earthquakes are shaded and the respective main shock epicenters marked by
flower symbols. Previous mainshock locations are indicated by single letters, C =
CIT catalog, G, Guttenberg (1943); H, Hanks et al. (1975); R, Richter (1958); S,
Sanders and Kanamori (1984); W, Wood (1937). The 1937 Catalog location is also
the Hileman et al. (1973) location and is about 16 km southeast of our 1937 epicenter.
The 1937 Richter location is coincident with the 1980 mainshock epicenter. The 1954
Catalog and Richter locations are within 1 km of our 1954 epicenter and are not plot-
ted. The 1954 location by Hanks et al. is about 14 km northeast of our 1954 epi-
center. BR = Buck Ridge fault. The magnitude symbol key for this and subsequent
figures in this chapter is: x = M, 3.0, * = My, 3.5, o = M, 4.0, O = M 4.5, small
star = My, 5.0, medium star = Mj, 5.5, large stars = main shocks.
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Figure 1.4. Time-distance plot of the 1937 earthquake and aftershocks. The dis-
tance axis is parallel to the San Jacinto fault. The early aftershocks and most of
those in the following 2 days lie northwest of the mainshock suggesting a unilateral
rupture length of about 7 km.
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TABLE 14. Relocated 1937 Main Shock and M, > 3.0 Aftershocks
RVR LJC
Yr MoDa HrMn M, P S S-P P S S-P Latitude Longitude Depth
37 03 25 1649 6.0 21.26  33.68 1242  20.70 33° 27.90° 116° 24.89 12
1747 3.5 25.73 3791 12.18  25.71 37.41 11.70  33°29.09’ 116° 26.19’ 12
1754 3.5 51.59 63.563 11.94 51.82 63.18 11.36 33° 29.32 116° 28.26’ 12
1804 3.0 46.10 57.99 11.89  45.64 57.30 11.66 33° 28.47’ 116° 27.29 12
1812 3.0 31.58  43.85 12.27  31.51 43.31 11.80  33°29.05 116° 25.51° 12
1842 3.0 26.74 39.15 1241 25.98 37.67 11.67 33° 27.36’ 116° 25.27° 12
2004 4.0 24.73  36.85 12.12 24.85 36.91 12.06 33° 29.98’ 116° 25.22' 12
2320 4.0 43.58 56.14 12,56  42.69 54.30 11.61 33° 26.81’ 116° 25.00° 12
37 03 26 0010 3.5 03.30 15.69 12.39  02.61 14.14 11.53  33°27.29’ 116° 25.89° 12
0717 3.0 43.01 55.04 12.03  42.68 54.14 11.46  33° 28.29’ 116° 27.49’ 12
0806 3.5 36.96 49.31 12.35  36.85 48.31 11.46  33° 28.38’ 116° 26.37’ 12
1033 3.5 19.77  32.12 12.35 19.80  32.08 12.28  33°29.89 116° 23.65 12
2117 3.5 48.40 60.42 12.02  48.45 60.07 11.62  33°29.27 116° 27.04° 12
2124 4.0 11.93 24.04 12.11 11.73 23.79 12.06 33° 29.34’ 116° 25.19’ 12
37 03 27 0524 3.5 36.91 49.62 12.71 36.37 48.24 11.87 3822771 116° 23.63’ 12
0528 4.0 59.9 71.8 11.9 59.96 71.58 1162  33°29.41 116° 27.48’ 12
0607 3.0 30.76 43.03 12.27  30.99 42.62 11.63 33° 29.38’ 116° 26.14 12
0742 4.5 36.90 49.10 12.20  36.52 48.27 11.75 33° 28.43’ 116° 25.88’ 12
1227 3.5 41.85 54.33 12.48  42.05 54.07 12.02 33° 29.69° 116° 24.08’ 12
2150 3.5 20.54  33.16 12.62 19.61 31.93 12.32 33°27.67 116° 22.41° 12
37 03 29 1703 4.0 33.31 46.35 13.04 32.20 43.90 11.70 33° 2597 116% 2297 12
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Figure 1.5. P-wave first motion source mechanism for the 1937 Buck Ridge earth-
quake. Solid circles, compression; open circles, dilatation. Lower hemisphere, equal
angle projection. The southern California seismograph stations are Haiwee (HAI), La

Jolla (LJC), Mount Wilson (MWC), Riverside (RVR), and Santa Barbara (SBC). Sta-
tion LJC is nodal.
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We also relocated most of the M, > 3.0 seismicity from January 1932 through
March 24, 1937, which have a CIT catalog location inside the box shown in Figure
1.6. The earthquakes were relocated using arrival times from the original phase cards
and station delays from the appropriate areas; their new locations are listed in Table
1.5 and shown in Figure 1.6a. Four main areas of earthquake concentration are seen:
in the epicentral region of the 1937 main shock; beneath the Cahuilla Valley area; on
the San Jacinto fault north of Anza; and in the general area of the future 1954 and
1968 events. The time-distance plot (Figure 1.7) illustrates the relationships in the
pre-1937 seismicity. Some preshock activity is concentrated in the rupture zone of
the 1937 event with very little activity for about 20 km or more on either side. These
earthquakes stopped about one year before the main shock. The cluster of activity at
Cahuilla began abruptly about 1Y years before the 1937 earthquake and continued
until about 4 months before the M 5.9 mainshock. This cluster of activity is out-
lined in Figure 1.6a. The concentration of activity near Cahuilla is interesting
because many of the events were clustered in time with five (M, 3.0-4.5) occurring on
November 4, 1935 and five more (M, 3.0) during the following week. This increase in
activity at Cahuilla in the year and a half before the 1937 earthquake is also interest-
ing, since a similar increase has occurred recently and also may have preceded the

nearby 1918 (M 7) San Jacinto-Hemet earthquake (Chapter 2).

1.9 Observations on the Use of Older CIT Catalog Locations and Archived
Data

Location of My, > 2% - 3 earthquakes in southern California began on a routine
basis in 1932 with the installation of seven continuously recording seismograph sta-
tions. Since that time the number of seismograph stations has increased, but the
quality of epicentral location did not increase dramatically until the mid-1970’s fol-
lowing the initial installation of stations of the current dense southern California

array. Prior to the mid-1970’s most routine earthquake epicenters seem to have



-96-

Figure 1.6. (a) Relocated epicenters of My, > 3.0 earthquakes near the southern San
Jacinto fault in the time period January 1932 to March 1937. The earthquakes origi-
nally all had catalog locations within the box described by the dotted line segments.
The Cahuilla swarm is outlined. The 1937 main shock and the 1954 and 1968 rup-
ture zones are indicated. (b) Catalog locations of these same events.
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TABLE 1.5. Relocated 1932-1937,3,24 Activity
RVR LJC
Yr MoDa HrMn M, P S S-P P s S-P  Latitude Longitude Depth
320110 1539 3.0 8.0 33°41.5°  116°46.5 -
3207 10 0833 3.0 13.5 14.0 33°33.5 116°11.5 -
32 09 05 0832 3.0 577 69.1 114 595 708 11.3 33°33.0° 116°30.5 12
3210 02 0448 3.0 16.8 13.5 33°12 116° 06.5’ +
32 10 02 1623 3.0 16.1 121  33°14’ 116° 13.5’ +
321010 2312 3.0 15.2 13.5 33028’ 116° 07.5’ -
321116 0947 3.0 7.3 33°42.5  116°48.5 -
321209 1304 3.5 454  53.7 83 483 578 9.5 33°32.7 116°55.3 4
321229 1931 3.5 17.5 15 33° 20 115° 59’ -
330118 1921 3.0 16.8 13 33° 10 116° 08.6’ -
330131 2031 3.5 10.8 15 33048’ 116° 25’ -
33 03 08 1058 3.5 11.8 11.5 33°28.5"  116°27’ +
3308 05 2331 44 384 547 16.3 349 474 12,5 33°16.8  116°10.5 10
33 08 06 0332 4.7 536 69.8 16.2 49.1 33°14.6" 116°11.2 10
3310 05 2020 3.0 363 457 94 361 457 9.6 33°28.2  116°49.3 4
3310 05 2220 29 510 691 181 443 574 131 33°05.6° 116°05.1 10
331021 0406 3.3 9.3 8.8 33°24.6° 116°53.4’ -
331222 0818 30 545 65.6 11.1 532 646 11.2 33°27.1' 116°32.1 10
34 0113 2226 3.5 160 247 87 210 327 117 33°40.2° 116°41.% 16
34 02 07 0927 3.2 489 600 11.1 509 625 11.6 33°34.1' 116°30.7 12
34 02 20 1035 40 21.2 328 116 203 31.7 114 33°27.9° 116°28.8 12
34 03 02 1940 3.0 13.2 12.2  33°28.8  116°19.2 -
34 04 07 1343 3.0 362 548 186 293 442 149 33°05.0'° 115°57.% 10
34 04 08 1014 3.0 448 529 81 481 60.5 124 33°38.9  116°40.8 16
34 06 02 2115 3.0 657 841 184 609 755 14.6 33°11.7 115°57.9 10
34 07 22 0718 3.0 419 50.2 83 468 582 114 33°39.6° 116°44.2 16
34 08 14 1129 3.5 17.8 33° 09’ 116° 07’ -
34 09 02 1016 3.0 14.3 13.3  33°30 116° 11’ -
34 10 30 0451 3.0 572 658 86 59.1 684 9.3 33°31.1' 116°54.6° 4
341115 0717 3.5 472 649 17.7 427 56.2 135 33°129  116°03.5 10
3412 07 0334 3.0 357 48.0 123 350 467 11.7 33°27.9° 116°25.3 12
341221 1224 3.0 6.3 . 33° 46’ 116° 54’ -
3501 29 2104 3.0 551 705 154 517 643 126 33°18.8  116°12.9’ 10
3503 12 1351 3.0 067 14.6 79 125 246 121 33°42)5  116°43.9 16
3504 07 0932 3.5 192 315 123 188 306 11.8 33°28.7 116°25.0° 12
3504 15 0421 30 569 763 194 527 669 14.2 33°10.2° 115°56.1 10
3505 27 0843 30 100 217 11.7 109 226 11.7 33°31L7 116°27.8 12
3507 15 1002 3.0 389 479 9.0 400 50.6 106 33°31.6° 116°47.1’ 4
35 08 22 1624 3.0 12.5 17.1  33°50’ 116° 10’ +
35 09 02 0344 3.0 9.2 33°31.8"  116° 48’ -
3510 18 1350 3.0 529 708 179 476 610 134 33°10.3 116°03.7 10
3511 02 1734 3.5 245 373 128 239 354 115 33°27.3  116°24.2 12
3511 04 0355 45 636 726 9.1 648 754 106 33°31.77 116°46.7 4
3511 04 0547 3.0 646 735 89 669 780 11.1 33°34.1' 116°45.9 4
3511 04 0657 3.0 760 854 94 781 893 11.2 33°338  116°43.4 4
3511 04 0714 3.0 534 631 9.7 552 661 109 33°32.77 116°43.2 4
3511 04 0911 3.0 476  56.6 9.0 495 599 104 33°32.5  116°48.1 4
35 11 08 1002 3.0 187 277 9.0 209 323 114 33°34.4  116°44.4 4
351110 0021 3.0 198 287 89 217 33°32.77  116°48.1 4
351111 1544 3.0 513 616 93 524 624 100 33°30.6° 116°48.3 4
351112 1145 3.0 331 425 94 342 450 108 33°31L7  116°44.7 4
3511 12 1346 3.0 482 57.0 88 505 61.5 11.0 33°34.00 116°46.7 4
351119 2205 3.0 8.9 33°33.77 116°46.6 -
351120 1616 3.0 7.0 33° 44’ 116° 51’ -
3511 24 2352 3.0 8.2 33°40.5"  116° 45’ -
3511 26 1200 3.0 9.7 33° 33’ 116° 44’ -
36 01 24 1749 3.0 16 33°14.5  116° 14’ -
36 01 26 1413 3.0 336 446 110 323 440 11.7 33°27.5 116°3L7 10
36 01 30 1714 3.0 319 28.6 33° 20’ 116° 14’ -
36 01 31 0909 3.0 11.5 11.2 33°29 116° 28’ +
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TABLE 1.5. (continued)

RVR LJC

Yr MoDa HrMn M, P S S-P P S S-P  Latitude Longitude Depth
36 02 01 0501 3.0 9.0 11.3  33°37.%5 116° 41° +
36 02 05 2109 3.0 558 64.6 88 567 66.2 9.5 33°29.9 116° 52.7’ 4
36 02 06 0813 3.0 570 69.4 124 581 69.6 11.5 33°31.1 116° 25.9’ 12
36 02 06 1856 356 321 51.0 189 282 429 147 33°13.7 115°565.7 10
36 02 10 0946 3.0 400 49.8 9.8 419 51.5 9.6 33°31.00 116° 47.9’ 4
36 03 17 1227 3.0 8.7 9.6 33°30.5 116° 53.5 +
36 03 19 1639 3.5 9.5 9.8 33°29 116° 47’ <
36 04 05 1958 3.0 313 43.5 12.2 303 339267 116° 27.3’ 12
36 05 07 0346 3.5 686 89.2 206 594 759 16.5 32°52.0° 115° 49.8’ 10
36 05 07 1147 4.5 515 69.5 18.0 47.1 61.3 14.2 33°13.% 116° 00.3’ 10
36 05 07 1446 3.0 12.5 29.2 16.7 70 205 13.5 33°12.4 116° 06.8’ 10
36 05 12 1206 3.0 13.7 23.0 9.3 1565 254 9.9 33°31.%5 116° 48.8’ 4
36 06 14 2305 3.0 17.0 13.5 33°11 116° 05.5’ +
36 06 21 1419 3.5 9.0 10.3 33°32.3 116° 49’ +
36 07 29 1422 4.0 9.5 33% 2 116° 45’ -
36 08 10 0759 3.0 433 58.3 15.0 473 654 18.1 33°49.4 115° 59.5 16
36 08 19 1318 3.0 46.0 55.2 9.2 470 56.8 9.8 33°30.4 116° 50.4' 4
36 09 05 1024 3.5 8.8 100 33°32.3 116° 50’ +
36 09 11 0932 3.0 19 12.8  33°04’ 116° 02’ -
36 10 14 0630 35 272 40.1 129 319 484 16.5 33°47.7 116° 11.8’ 16
36 12 02 0433 3.0 401 48.5 84 423 520 9.7 33°32.1 116° 53.8’ 4
36 12 07 2344 3.0 290 46.6 176 232 372 140 33°104 116° 02.7 10

In the depth column the numbers indicate the assumed depth based on local seismicity and used in the loca-
tion calculations. + means good relative location based on two S-P values; - means poor relative location.
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Figure 1.7. Time-distance plot of earthquakes shown on Figure 1.6a. The distance
axis parallels the San Jacinto fault. All earthquakes on Figure 1.6a are plotted except
for the eight northeasternmost and the one southwesternmost. The 1937 aftershock
zone is marked. The Cahuilla cluster is outlined. The future rupture zones of the
1954 and 1968 earthquakes are indicated.
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errors of about 10 to 15 km, and some are in error by as much as 20 km. We would
like to illustrate the problem of using the older epicenter and phase data by looking
at the example of the 1937 earthquake mainshock, aftershocks, and preshock seismi-
city.

Figure 1.6 shows two maps with the locations of M > 2.5 earthquakes in the
area of and prior to the 1937 earthquake. On one map (Figure 1.6b) the epicenters
are taken from the CIT catalog of southern California earthquakes. These events are
located in general to the nearest tenth of a degree, and swarm events are given the
same location as the largest event in the swarm. The alignment of epicenters along
the southeastern Coyote Creek fault may be an indication of some subjectivity in the
epicenter assignment. On the other map (Figure 1.6a) the same earthquakes are plot-
ted after relocation as described in the preceding sections. Many features become
more apparent after relocation, including the concentrated activity near Cahuilla,
some activity near the epicenter of the 1937 mainshock, activity on the San Jacinto
fault northwest of Anza, and the concentration of epicenters along the southeastern
Coyote Creek fault disappears. The differences between the catalog locations and the
relocations seem great enough that researchers who wish to study the historic seismi-
city should relocate the earthquakes with a technique such as we have used before
attempting detailed analysis.

Another illustrative example of how the catalog data should be used with caution
is given by the 1937 earthquake mainshock and aftershocks. Figure 1.8 shows the
same data set processed in three different ways. Within the close-spaced dotted
enclosure lie the epicenters of the 1937 mainshock and twenty aftershocks (Table 1.4)
determined after the P- and S-wave arrival times at stations RVR and LJC were
carefully picked from the original seismograms and each earthquake located with
appropriate station delays. Within the wide-spaced dotted enclosure lie the same
earthquakes but relocated using the original phase data. The relocations using the

original phase data show a larger spread in epicenters by about 6 to 8 km. This is
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116.5 S e —

Wood, 1937

XX

Hilemaon et al.,

1973

Figure 1.8. Epicenters of the 1937 mainshock and twenty aftershocks. The bold
symbols within the close-spaced dotted outline are the epicenters determined from
relocation of the events using arrival times at stations RVR and LJC repicked from
the original seismograms and station delays determined for area 2 (Figure 1.2, Table
1.1). The lighter symbols within the wide-spaced dotted outline are the epicenters
determined from relocation of the events using the original phase data from stations
RVR and LJC and the station delays for area 2. The symbols outside the dotted
enclosures are the CIT catalog locations for these earthquakes. The mainshock loca-
tions by Wood and Hileman et al. are indicated. Note how the seismicity pattern
becomes much clearer when the data is reanalyzed with modern techniques.
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partly due to the absence of an S-wave arrival time for some of the events. Often
these S-wave arrival times can be obtained from close examination of the seismo-
grams. The CIT catalog locations for these earthquakes are all outside of the dot
enclosed areas. The catalog epicenters for most of the aftershocks are the same as
that assigned to the mainshock by Wood (1937). The catalog location for the
mainshock was changed by Hileman et al. (1973) and is 32 km east of the catalog
aftershock epicenters and 16 km southeast of our relocation.

In these two examples relocations using the original phase data give dramatically
improved pictures of seismicity patterns compared to the routine pre-mid-1970’s cata-
log locations. This level of refinement probably is sufficient for most seismicity stu-
dies. Repicking arrival times from the original seismograms (which is time consum-
ing) and adding missing phase data when possible seems to further improve the epi-

central locations for more detailed seismicity pictures.

1.10 1954 Arroyo Salada Earthquake

We relocated the March 19, 1954 earthquake (M, 6.2) using P-wave arrival times
at stations PLM, BAR, RVR, and BBC, ranging in distance from 60 to 140 km and
spanning 110° in azimuth. The M; > 3.9 aftershocks were relocated using P- and S-
wave arrival times recorded at stations PLM and BAR, both about 75 km distant and
60° apart in azimuth. Except for the main shock all of the arrival times were
obtained from the original phase cards. The delays used are those determined for the
area numbered 8 in Figure 1.2 and Table 1.1. The new epicenters are shown in Fig-
ure 1.3 and listed in Table 1.6. The main shock is located at the southeastern
mapped termination of the San Jacinto (Clark) fault, and the aftershocks extend
about 15 km further southeast beneath Arroyo Salada indicating unilateral rupture to
the southeast. Most of the aftershocks cluster at the southeast end of the apparent
rupture zone. One of the largest aftershocks (My, 5.5) occurred near or on the Coyote

Creek fault near the future epicenter of the 1968 Borrego Mountain earthquake. The
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TABLE 1.6. Relocated 1954 Main Shock, M;, > 3.9 Aftershocks, and a Preshock Cluster
PLM BAR RVR BBC
Yr MoDa HrMn M, P S B S P P Latitude Longitude Depth
54 01 04 1513 3.1 40.90 48.90 42.60 52.70 38° 1791 116° 08.35 8
1850 3.9 68.40 69.90 79.60 33° 16.00’ 116° 06.00° 8
1949 3.0 20.50 29.00 21.80 31.60 33°15.97° 116° 06.82’ 8
2106 3.0 22.70 30.90 24.60 34.50 33°17.59 116° 08.28’ 8
2331 4.2 63.90 65.90 75.80 33°17.63’ 116° 06.77 8
54 01 07 2122 3.2 22.30 30.90 24.50 34.40 33° 18.09’ 116° 07.23’ 8
54 03 19 0954 6.2 40.30 42.60 51.20 49.70 33°17.73’ 116° 10.58’ 8
1015 4.5 32.80 42.30 34.90 44.50 33° 16.75 116° 04.64’ 8
1020 4.5 8.00 16.80 9.30 19.40 33° 16.52’ 116° 05.16’ 8
1021 5.5 28.60 37.20 29.30 33°12.49’ 116° 08.17’ 8
1026 4.0 30.70 23.00 33.30 33°17.48’ 116° 03.24’ 8
1201 3.9 28.50 29.90 39.80 33°16.10° 116° 04.53’ 8
1308 4.3 15.30 25.30 16.10 25.80 33°13.70° 116° 01.49’ 8
1401 4.1 8.80 9.90 19.80 33°15.28’ 116° 03.43’ 8
1438 4.0 1.30 2.40 12.20 33°15.12 116° 03.99’ 8
1604 3.9 31.90 41.40 33.50 43.40 33°16.34’ 116° 03.50’ 8
54 03 20 0419 4.9 30.80 32.10 41.90 33°15.66° 116°04.71 8
0604 4.3 4.70 6.30 16.10 33° 16.44’ 116° 05.81’ 8
54 03 23 0414 5.1 1.60 3.30 12.90 33°16.31° 116° 07.30° 8
0423 3.9 41.50 43.90 53.70 33° 18.38’ 116° 08.84’ 8
54 04 04 0429 4.1 31.40 41.10 32.70 42.60 33°15.53’ 116° 02.52’ 8

A station delay of -0.16 s for the BBC P wave was determined from three recent earthquakes in the
recorded at station BTL (Figure 1.1). A station delay of -0.20 s was used for the P, arrival at RVR from the 1954 main
shock. The P-wave station delay for area 8 listed in Table 1.1 is for the P, arrival which is the first arrival for most of
the aftershocks.

1954 area
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original mainshock location by Richter (1958) is essentially identical to ours, but the
relocation by Hanks et al. (1975) lies about 14 km northeast (Figure 1.3). The P-
wave first motions constrain a source mechanism that indicates right-slip on a N 56°
W trending fault (Figure 1.9).

The aftershock (rupture) zone of the 1954 earthquake occurred in an area where
no surface expression of strike-slip faulting is mapped. Instead, folded late Tertiary
and Quaternary sediments are seen (Sharp, 1975, 1981; Bartholomew, 1970).

Relocated Mj, > 2.5 seismicity in the region of the 1954 earthquake for the six
years preceding the main shock is shown in Figure 1.10a. Although some seismicity
occurred in the area of the eventual aftershock zone, small earthquakes are noticeably
absent from the main shock epicentral area. Ten weeks before the main shock a
burst of five earthquakes (M; 3.0-4.2) occurred during an eight-hour period. These
earthquakes occurred in the center of the future rupture zone between the main shock

and the cluster of aftershocks (Figure 1.10b).

1.11 1942 Earthquake

The October 21, 1942 earthquake (My, 6.3) was determined by Richter (1958) to
have an epicenter a few kilometers west of the junction of the Coyote Creek and
Superstition Mountain faults. Taking into account the error possible in that epicen-
tral determination, previous researchers (e.g. Thatcher et al., 1975, Sanders and
Kanamori, 1984) assumed that the 1942 earthquake was very likely situated on the
northwest end of the Superstition Mountain fault abutting the southeast end of the
1968 Borrego Mountain earthquake rupture. Such a location would fit nicely into a
picture of large earthquake rupture on adjoining segments of the San Jacinto fault
zone. Our analysis of the P- and S-wave arrival-time data from stations PLM, LJC,
CUY, and RVR, however, indicates that the 1942 event is probably not located on
the Superstition Mountain fault but rather is located near the Fish Creek Mountains

southwest of the 1968 Borrego Mountain fault rupture.
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Figure 1.9. P-wave first motion source mechanism for the 1954 Salada Wash earth-
quake. Solid circles, compression; open circles, dilitation. Lower hemisphere, equal
angle projection. The southern California seismograph stations are Barrett Dam
(BAR), Big Bear (BBC), China Lake (CLC), Fort Tejon (FTC), Mount Wilson
(MWCQ), Pasadena (PAS), Palomar (PLM), Riverside (RVR), and Tinemaha (TIN).
Stations BAR and RVR are nodal.
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For the 1942 main shock the only arrival times available from nearby stations
(80-160 km) are P-wave times at stations PLM, LJC, and RVR. At these stations no
main shock S-wave times can be read since the seismograms are clipped after the first
arrivals. Since the use of these three arrival times would result in a poorly con-
strained location we have attempted to determine the range of possible S-P times at
PLM, LJC, and RVR from the seismograms of the early aftershocks. At station LIC
the S-P times of five larger (M;, > 3.5) early aftershocks from 10 to 105 minutes
after the main shock range from 12.8 to 13.6 seconds. At station RVR four after-
shocks from 2%, to 8 minutes after the main shock have S-P times ranging from 19.3
to 21.8 seconds. The similar record from station PLM is missing from the Caltech
seismogram library, so we cannot determine the S-P times of the early aftershocks
recorded at this station. We calculated main shock epicenters using the delay values
from area 9 (Figure 1.2, Table 1.2), the extreme LJC S-P times, and the smaller RVR
S-P time, and find that they fall within an area about 5 km in radius centered on the
epicenter shown in Figure 1.3 and listed in Table 1.7. The larger RVR S-P time gives
large location errors and so is not used. A location determined using only the three
P-wave times lies 15 km west of our preferred location. We feel that the epicentral
location error for the 1942 mainshock is about 10-15 km.

Even with the location uncertainty it appears that the 1942 earthquake was not
caused by rupture of the Superstition Mountain fault. Rupture of the southeastern
part of the Coyote Creek fault, though, may be considered a possibility. The surface
displacement along this section of the Coyote Creek fault during the 1968 Borrego
Mountain earthquake was only about 25 per cent of the maximum measured further
northwest near the 1968 main shock epicenter, suggesting that this section of the
fault may have slipped during an earlier event. However, eight of the best located
1942 aftershocks (M, 4.0-4.5, location error about 5 km) are located within a 15 by 18
km area not associated with any one fault strand, and all have epicenters southwest

of the Coyote Creek fault (Figure 1.3) in an area of intensely faulted Pliocene
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TABLE 1.7. Relocated 1942 Main Shock and Some M;, > 4.0 Aftershocks

cuYy PLM LJC RVR
Yr MoDa HrMn M, P S P P S P S Latitude  Longitude Depth
42 10 21 1622 6.5 30.0 34.43 40.96 33°02.93° 116° 05.28’ 7
1625 5.0 46.06 67.85
1626 5.0 16.62 23.72 43.06 32°58.64' 116° 08.07’ 10
1634 4.5 00.51 14.08 28.55 32°55.53" 116° 00.64’ 10
1910 4.5 4883 61.34 58.70 80.26 32°44.04’ 116°07.90 10
2149 4.5 45.6 49.2 62.2 32°58.81° 116° 03.94’ 10
2250 4.0 49.0 52.3 64.5 32° 57.62' 116° 08.22 10
42 10 22 1139 4.0 02.7 09.5 12.1 26.2 18.7 40.2 32°56.60" 115° 58.24’ 9
12556 4.0 05.2 13.1 15.0 30.1 19.8 41.2 33°04.03° 115° 53.40’ 6
1813 5.0 46.8 60.8 53.2 74.9 32°55.89" 115° 57.16’ 10
42 10 25 1859 4.0 53.8 57.5 70.0 64.8 32°59.07° 116° 07.45’ T
42 10 26 0434 4.0 21.8 24.2 36.0 53.2 32°53.16° 116° 10.12’ 10




sediments. This suggests that a main shock location on the Coyote Creek fault is
unlikely since large aftershocks would be expected to lie along the fault trace, as was
observed for aftershocks of the 1968 Borrego Mountain earthquake. In addition, the
dissimilarity of strong motion seismograms recorded at El Centro for the 1942 and
1968 earthquakes supports the conclusion that the two events were not produced by
the same fault. The P-wave first motions provide some constraint on one of the

source nodal planes; however a unique solution cannot be obtained (Figure 1.11).

1.12 1968 Borrego Mountain and 1969 Coyote Mountain Earthquakes

The Borrego Mountain earthquake (Mj, 6.8) of April 28, 1968 occurred on the
southern extension of the Coyote Creek fault (Figures 1.1 and 1.3). Seismicity of the
8 years prior to the main shock has been relocated by Corbett and McNally (1978; E.
Corbett, personal communication, 1982), who found two clusters of small earthquakes
that preceded the main shock by several years. These clusters occurred in the crustal
blocks northeast and southwest of the Coyote Creek fault. Both were 10-15 km from
the fault in a direction nearly perpendicular to the fault at the eventual main shock
epicenter (Figure 1.12). The southwest cluster was active during late summer 1961
and winter 1962-1963, and the northeast cluster was active during late summer 1965,
nearly three years before the main shock. A foreshock (M, 3.7) occurred about 1
minute before and in nearly the same location as the main shock.

The aftershocks associated with this earthquake have been analyzed by Hamilton
(1972) and Allen and Nordquist (1972). Most of the aftershocks are located parallel
to the northwest trending surface rupture and slightly to the northeast, suggesting a
steeply northeast dipping fault plane (Figure 1.12). The aftershock zone extended
northwest and southeast from the main shock, but aftershocks were much more
numerous to the southeast. There is a 6-km gap in the aftershock pattern where the
main shock is located. This is consistent with complete stress release on a 8-km-

diameter source area due to the breaking of an asperity (Ebel and Helmberger, 1982).
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Figure 1.11. P-wave first motions for the 1942 main shock. The dashed and dotted
lines indicate two of the different mechanisms permissible by the data. Closed circles,
compression; open circles, dilitation. Lower hemisphere, equal angle projection. The
seismograph stations are Haiwee (HAI), La Jolla (LJC), Mount Wilson (MWC),
Pasadena (PAS), Riverside (RVR), and Tucson (TUC).
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The aftershock distribution is similar to the distribution of surface rupture which
extended about 7 km northwest and 25 km southeast from the main shock epicenter.
Aftercreep was reported southeast of the main shock for at least 1000 days following
the earthquake, more than doubling the initial slip on portions of the central break
(Burford, 1972). Creep has continued on the southeastern Coyote Creek fault since at
least 1971 at an average rate of 5.8 mm/yr (Louie et al., 1985).

Figure 1.13a is a cross section parallel to the Coyote Creek fault showing the
combined aftershocks of the Borrego Mountain and Coyote Mountain earthquakes.
One of the apparent features of the distribution of hypocenters is the abrupt termina-
tion of the northwest group of Borrego Mountain aftershocks, perhaps suggesting that
rupture was stopped by a barrier. This abrupt end coincides with the southeast
extent of the Coyote Ridge uplift block (Figures 1.12 and 2.19). The few Borrego
Mountain aftershocks which do occur farther northwest are in the eventual rupture
area of the Coyote Mountain event.

The aftershocks of the 1969 Coyote Mountain earthquake (M, 5.8) were analyzed
by Thatcher and Hamilton (1973). They found relatively few aftershocks compared
to other events of similar magnitude (5 My >2.5 in 1 month). The aftershocks were
distributed about equally on the Coyote Creek and adjacent San Jacinto faults (Fig-
ure 1.12). The main shock ruptured at a depth of about 12 km on the Coyote Creek
fault. The aftershocks which occurred on the Coyote Creek fault were some of the
largest and extended southeast from the main shock at depths between 10 and 14 km
suggesting a rupture zone 8 km long by 4 km thick. A high percentage of these after-
shocks were deep (Sibson, 1982) suggesting that rupture was not allowed to propagate
to shallower depths. Teleseismic short-period P-wave spectra indicate that the main
shock was a high stress drop event on a small source area (Thatcher and Hamilton,
1973). The P-wave first motions in Thatcher and Hamilton (1973; the fault plane
solution they give does not have perpendicular nodal planes) constrain a source

mechanism which indicates right-oblique slip on a near vertical, N 50° W trending
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Figure 1.13. (a) Vertical section parallel to the aftershock zones of the Borrego
Mountain (crosses) and Coyote Mountain (dots) earthquakes. The 1968 and 1969
main shock locations are shown. The extent of the 1968 surface rupture is indicated
(after Thatcher and Hamilton, 1973). (b) Vertical section M-N (Figure 1.12) perpen-
dicular to the 1968 rupture zone. The dashed outlines enclose the shallow aftershocks
discussed in the text. The arrow indicates the position of the surface fault trace
(after Hamilton, 1972).
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fault plane. The oblique component indicates relative uplift of Coyote Mountain. No
preshock or foreshock activity is apparent before this earthquake, since these events

cannot be distinguished from the Borrego Mountain aftershocks.

1.13 Relative Sizes of the 1937, 1942, 1954, and 1968 Earthquakes

The local magnitudes determined by Richter for the 1937, 1942, 1954, and 1968
earthquakes are 6.0, 6%, 6.2, and 6.4. Depending on the availability of on-scale
Wood-Anderson recordings, each of the M values was determined by Richter in a
slightly different manner.

Richter found the 1937 and 1954 local magnitudes by averaging the magnitudes
at three of the southern California seismograph stations which recorded the maximum
S wave on scale. For the 1954 earthquake there are on-scale recordings at HAI, PAS,
and TIN, and for the 1937 earthquake there are recordings at these same stations
plus SBC (Table 1.8). To obtain the 1937 magnitude Richter threw out the lowest
value at PAS before averaging to obtain Mj 6.0. PAS is also the low value in the
1954 readings but was included in the calculations for the average M 6.2. It seems
that for consistency the PAS amplitude data for each earthquake should be given the
same consideration. Whether the PAS data is used or not the 1954 earthquake is, by
comparison of individual stations, 0.3-0.5 Mj, units larger than the 1937 earthquake.
The median local magnitudes of the 1937 and 1954 earthquakes are 5.9 and 6.2,
respectively.

The amplitude data for the 1942 mainshock are shown in Table 1.8. Richter’s
approximate M;, 6% for the 1942 event seems to have resulted from his uncertainty in
the readings at the nearly clipped southern California stations and the high M, values
at the stations in the central California area (Berkeley, BRK; Fresno, FRE; Mount
Hamilton, MHC; Palo Alto, PAC; San Francisco, SFB). Of course the central Califor-
nia stations are well beyond the distance range originally intended by Richter for use

in Mj, determinations, and he must have extrapolated his attenuation curve somehow
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TABLE 1.8. 1937, 1942, 1954, and 1968 Main Shock Magnitudes

1937 1942 1954 1968
Station | A NS EW M, |A NS EW M | A NS EW M | A NS EW M,
CWC-WA 402 58 6.4
HALWA | 326 54 59 380 99 102 64 354 94 87 6.2
MWC-WA | 221 130+ 139+ 59+
PAS-WA |178 64 52 54 |225 90+ 119 60 |206 152 154 59
RVR-WA |156 136+ 150+ 5.8+
SBC-WA [322 114 73 59 [366 135 133 6.3
TIN-WA [430 51 62 6.1 456 93 8 6.4
WDY-WA 374 496 6.0
59 6.3 6.2 6.2
CWC-LG 402 46 50 66
PAS-LG 217 250 311 67
RVR-LG 146 59 42 67
SBC-LG 359 253 170 6.9
67
ECC-SM 6.4 7.0
BRK 771 97 83 65
FRE 531 65 6.5
MHC 691 11 95 6.3
PAC 745 18 24 6.2
SFB 78 47 66

Units of A are kilometers. The values beneath N-S and E-W are the maximum O-peak amplitude in milimeters on the
respective north-south or east-west component Wood-Anderson seismogram.
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in order to obtain the magnitudes. If we use only the southern California amplitude
data we determine a median Mj 6.3 for the 1942 main shock. Station by station
comparison with the 1937 earthquake shows that the 1942 event was 0.4-0.6 M, units
larger. Stations HAI and PAS suggest that the 1942 earthquake may have a slightly
greater My, than the 1954 earthquake.

The 1968 mainshock was clipped on most of the southern California Wood-
Anderson seismograms, so Richter used an Mj, 5.2 aftershock to calibrate several low-
magnification torsion instruments which recorded both the aftershock and mainshock
on scale (Allen and Nordquist, 1972). From this calibration he found an Mj, 6.4 for
the main shock. Four pairs of these 100x torsion seismometers were also used by
Kanamori and Jennings (1978) to obtain an M; 6.7 for the Borrego Mountain
mainshock. The 0.3 M, unit discrepancy between the Richter and the Kanamori and
Jennings values may not be significant due to measurement errors of the small ampli-
tudes of the M 5.2 aftershock on the low-gain instruments and also due to the uncer-
tainty in the response of the 100x torsion instruments (they are supposed to be essen-
tially the same as the regular Wood-Anderson instruments) and the true gain of the
regular Wood-Anderson instruments. The preferred M, is 6.8 (the average of the
100x torsion and strong motion local magnitudes; Kanamori and Jennings, 1978) since
it 1s based on the largest number of data and, hopefully, errors are averaged out.

The strong-motion records at El Centro (ECC) can also be used to compare the
relative sizes of the 1942 and 1968 earthquakes. Kanamori and Jennings (1978) used
these strong-motion records to synthesize the equivalent Wood-Anderson response
and found local magnitudes of 6.4 and 7.0 for the 1942 and 1968 events at El Centro,
indicating an M difference of 0.6 units.

In conclusion, it appears that local magnitudes of 6.8, 6.3, 6.2, and 5.9 reflect the

short-period sizes of the 1968, 1942, 1954, and 1937 earthquakes, respectively.
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1.14 Older Large Earthquakes

Earthquakes in February 1890 (Mj 6.3) and May 1892 (M; 6.3) are poorly located,
but a comparison of the reported intensities (Toppozada et al., 1981) with those of
the 1937 and 1954 events indicates similar general locations somewhere along the cen-
tral section of the San Jacinto fault zone. In particular, the 1890 earthquake was
reported to be ‘“‘felt with equal severity in each town on the Southern Pacific line
between Pomona and Yuma” (Toppozada et al.,, 1981). Since this railroad line runs
near the trace of the San Jacinto and San Andreas faults north and east of Riverside,
along the Banning fault through San Gorgonio Pass, and near the San Andreas fault
east of the Salton Sea, the fact that the earthquake was felt with equal severity all
along the train route suggests that the earthquake did not occur on any of the fault
segments near the railroad (such as the December 14, 1948, earthquake which pro-
duced widely differing intensities along the train route; Toppozada and Parke, 1982).
In this case the most likely causative structure is near the central San Jacinto fault
zone southeast of Anza. The relatively moderate description of the shaking in San
Jacinto seems to rule out a location very near San Jacinto or at Anza. This earth-
quake may not have been generated by the southeasternmost Elsinore or San Jacinto
faults, since a similar sized event near the southeastern San Jacinto fault in October
1942 (Figure 1.1) produced lower intensities in the Los Angeles County region (inten-
sity map by Toppozada and Parke, 1982).

The 1890 earthquake had a local magnitude larger than 6.0 based on a com-
parison of the areas of MM V and greater shaking for this and the 1937 earthquake
(M, 6.0).

The May 1892 earthquake had an intensity distribution similar to the February
1890 event. The area of MM V and greater shaking appears to be the same size for
both events suggesting similar magnitudes. The 1892 earthquake, however, had lower
intensities in the Los Angeles area, implying a location farther southeast than the

1890 epicenter.



-49-

Prior to 1890, the largest reported earthquake possibly associated with the cen-
tral or northern San Jacinto fault zone occurred on December 16, 1858, and was felt
with MM VII-IX intensities near San Bernardino (Toppozada et al.,, 1981). This can
perhaps be regarded as an aftershock of the great 1857 earthquake which resulted
from slip on the San Andreas fault northwest of San Bernardino (Sieh, 1978; Agnew
and Sieh, 1978).

Since 1899 the time between M>6 earthquakes in the San Jacinto fault zone,
excluding the 1942 earthquake, has been 18, 5, 14, 17, and 14 years; the latest occur-
ring in 1968.

1.15 Discussion

The locations of most of the historical large earthquakes in the San Jacinto fault
zone are now known with varying degrees of confidence. These locations and their
approximate rupture zones based on aftershock locations delineate those sections of
the fault that have ruptured historically and those that have not. The San Jacinto
fault zone is a member of the group of strike-slip faults which accommodate the
right-lateral shear displacement in southern California due to the relative movement
of the Pacific and North American lithospheric plates. The slip rate on the San
Jacinto fault near Anza (where the offset appears to occur principally on one strand)
has been about 1 cm/yr for the last 700,000 years (Sharp, 1967). It is assumed that
this slip rate applies along the entire fault zone, though individual overlapping fault
strands may have smaller slip rates. If shear strain is accumulating at about this rate
on the faults in the San Jacinto fault zone, and if we know the time since a section of
fault last ruptured (assuming nearly complete strain release), we can approximately
predict the current accumulated strain along many sections of the fault zone. Sec-
tions which have not ruptured recently or have not ruptured completely and have
significant strain accumulation relative to other ruptured sections of the fault are

called seismic slip gaps (e.g. Thatcher et al., 1975) and are assumed to have a higher
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potential for generating large earthquakes than the already ruptured sections.

In Figure 1.1 the rupture zones of larger earthquakes in the San Jacinto fault
zone are shown. The combined rupture zones of the 1899 and 1918 earthquakes are
approximated based on magnitude versus fault length relations (Slemmons, 1977).
From this map alone, and assuming that complete strain release accompanied each
earthquake, we can identify the sections of the fault zone where strain accumulation
is relatively high, and thus fault rupture more probable. These are the northwest sec-
tion of the fault zone near San Bernardino, the section of the San Jacinto fault near
Anza, the San Jacinto fault between the 1937 and 1954 breaks, the northwestern
Coyote Creek fault, and the Superstition Mountain and Superstition Hills faults.
Except for the northwest section of the fault zone, portions of which may have rup-
tured to cause earthquakes in 1899 and 1923, these sections of the San Jacinto fault
zone have not released significant strain since at least 1892. In addition, the section
of the fault zone which ruptured in 1899-1918 has by now accumulated significant
potential slip.

Thatcher and others (1975) used seismic moments determined for these large
earthquakes to show that two major seismic-slip gaps exist along the San Jacinto
fault zone. These are the northwestern section of the fault zone between the end of
the 1899-1918 rupture and the intersection of the San Jacinto and San Andreas faults
(Cajon Pass to Riverside) and the central section of the fault zone between the
northwest end of the 1968 rupture and the southeast end of the 1899-1918 ruptures
(Anza to Coyote Mountain). Even though the seismic moments they determined may
be in error by a factor of two or more (since data is often from only one station), the
great difference in the moments of the largest events (1899, 1918, 1954, 1968) com-
pared to the smaller events (1923, 1937) leaves no doubt about the existence and loca-
tion of the seismic-slip gaps in the fault zone. Since the 1942 earthquake is no longer
thought to be located on the Superstition Mountain fault, this section of the fault

zone may also be considered a seismic slip gap. The seismic moments determined for
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the large San Jacinto earthquakes are listed in Table 1.9.

1.16 Conclusions

The purpose of this work is to locate as precisely as possible the large earth-
quakes in the San Jacinto fault zone. This is done so that we can understand better
the spatial relationships between the large earthquakes in this fault zone and also the
patterns of preshock and aftershock activity. Our locations reveal many new facts
about the historical earthquakes in the San Jacinto fault zone. They are:

1. The 1899 and 1918 San Jacinto-Hemet earthquakes severely damaged the
small towns of San Jacinto and Hemet and very likely were caused by ruptures on
separate en echelon strands of the San Jacinto fault zone near these towns.

2. The 1923 earthquake location is ambiguous, however, seismic and intensity
data suggest a location on the San Jacinto fault near the town of Loma Linda.

3. The 1937 Buck Ridge earthquake has an epicenter between the surface traces
of the San Jacinto and Buck Ridge faults. Aftershocks suggest a rupture length of
about 7 km, mostly to the northwest.

4. The 1980 Whitewash earthquake occurred on the San Jacinto fault at the
northwest end of the 1937 aftershock zone and broke another couple of kilometers
further northwest into the edge of the Anza seismic gap.

5. A significant earthquake cluster occurred near the Cahuilla Valley 1% years
before the 1937 event.

6. The 1954 Arroyo Salada earthquake epicenter is located at the southeast end
of the Clark strand of the San Jacinto fault, and aftershocks suggest unilateral rup-
ture to the southeast of about 15 km. No evidence of major faulting is apparent in
the surface rocks of this area; instead folded young sediments are seen. The P-wave
first motions indicate right-slip faulting on a subsurface extension of the San Jacinto
fault.

7. A significant cluster of seismicity occurred in the center of the 1954 rupture
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TABLE 1.9. Seismic Moments of Some Larger Earthquakes, San Jacinto Fault Zone

Year| M M, (x10%) Method (# of readings or name of station used), (reference)
1890 | M; 6.3
1892 | M; 6.3
1899 (M 7 15 A~yp, comparison with 1918, (Hanks et al., 1975)
1918 |M;, 6.8| 15 AR (Berkeley), Ayy, (Hanks et al., 1975)
1923 |My, 6%, 1.0 surface wave (1), AR (Berkeley), Ayy, (Hanks et al., 1975)
1937 |Mp, 59| 0.3 surface wave (1), AR (Berkeley), Ayy, (Hanks et al., 1975)
1942 | M, 6.3| 9.4 S-spectra (Pasadena), (Thatcher and Hanks, 1973)
1954 |My, 6.2 4.4 S-spectra (Pasadena), (Thatcher and Hanks, 1973)
1968 |[M;, 6.8| 8.3 teleseismic P-spectra (8) and S-spectra (4), (Hanks and Wyss, 1972)
11.2 teleseismic long period body waves (28), (Burdick and Mellman, 1976)
7 strong motion (El Centro), (Heaton and Helmberger, 1977)
6.3 teleseismic short period body waves (11), (Ebel and Helmberger, 1982)
8.2 teleseismic long period body waves (11), (Ebel and Helmberger, 1982)
1969 (M, 5.8| 0.5 teleseismic long and short period body waves (9), surface wave (1), (Thatcher and Hamilton, 1973)
1975|My, 47| 0.03 |surface waves (several), (Kanamori, 1976; Hartzell and Brune, 1979)
0.019 |Love waves (4), (Frankel, 1984)
1980 |My, 5.5| 0.025 |strong motion (4), (Frankel, 1984)
0.056 |Love waves (4), (Frankel, 1984)
1982 /M, 4.8 0.011 |strong motion (4), (Frankel, 1984)
0.023 |Love waves (5), (Frankel, 1984)

M, units are dyne/cm
AR = surface wave envelope
Ay = area MM VI intensity
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zone ten weeks before the main shock.

8. We locate the 1942 earthquake mainshock near the Fish Creek Mountains
area southwest of and parallel to the southern end of the Coyote Creek fault. This
earthquake is probably not located on the Superstition Mountain nor Superstition
Hills faults. Eight M;, > 4.0 aftershocks are spread over a 15 by 18 km area and do
not cluster on any one fault. Differences in the strong motion seismograms at El Cen-
tro between the 1968 and 1942 earthquakes support the relative locations of the two
events.

9. The relation of the 1942 earthquake to slip in the San Jacinto fault zone is
unknown.

10. Segments of the San Jacinto fault zone that have not slipped in large earth-
quakes since at least 1892 include the northwest end of the San Jacinto fault near
San Bernardino, the 20-km-long Anza seismic gap, the 25 km segment of the San
Jacinto fault between the 1937 and 1954 events, the northwest end of the Coyote
Creek fault, the 45-km-long Superstition Mountain fault, and the 40-km-long Super-
stition Hills fault. Some of these fault sections may have accumulated a meter or
more of potential seismic slip.

11. Large earthquakes may be expected to occur on structures not presently con-
sidered as major parts of the San Jacinto fault zone. The 1942 and 1954 earthquakes

are examples of this.
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Chapter 2

Small Earthquakes in the San Jacinto Fault Zone

and the Anza Seismic Gap

2.1 Introduction

Historically the San Jacinto fault zone has been the most seismically active fault
system in southern California. Since 1890 at least seven and perhaps as many as ten
earthquakes greater than M 6 have been associated with faults in or very near this
zone (Chapter 1). The relatively short recurrence time for M>6 earthquakes makes
this fault zone desirable for studying earthquake sequences. In addition, the record of
M>3 earthquakes in this area is relatively complete since 1932, though the locations of
most of the events prior to the mid-1970’s are known only to a precision of about 10-20
km. In Chapter 1 we attempted to obtain precise locations for the seven large earth-
quakes in and near the fault zone since 1899. In this chapter we analyze the seismicity
in the fault zone since about 1976 and in particular focus on a section of the fault zone
near the town of Anza. The goal of this analysis is to understand relationships
between the small earthquake stress release, historic large earthquakes, local structural
geology, and regional strain.

The spatial distribution and sizes of the large earthquakes in the San Jacinto fault
zone indicate that three sections of the fault zone are relatively deficient in seismic slip
and can be considered seismic-slip gaps (Chapter 1). One of these, the “Anza to Coy-
ote Mountain seismic slip gap’’ is defined as the 40-km stretch of the fault zone
between the 1918 San Jacinto and 1968 Borrego Mountain earthquake ruptures (Fig-
ures 1.1 and 2.1) (Thatcher et al., 1975). The “Anza seismic gap” as presented in this
discussion is defined as the 18 km long currently aseismic section of the San Jacinto
fault centered near the town of Anza and is coincident with the northern half of the

larger seismic slip gap (Figure 2.1) (Kanamori, 1980¢; Sanders et al., 1981). The length
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Figure 2.1. Map of all M>4 earthquakes located during the time period January 1932
to June 1985. Locations of large earlier events are also plotted. Specific earthquakes
are mentioned in the text. x, M 4+; small star, M 5+; medium star, M 6+; large star,
M 6.5+.
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of the Anza seismic gap implies potential for a magnitude 6.5 event, similar to historic
large earthquakes in other parts of the fault zone.

The details of the current seismicity along the San Jacinto fault zone and near
Anza are studied using the earthquake locations provided by the California Institute of
Technology-U.S. Geological Survey southern California seismic network (SCARLET).
The epicentral location uncertainty for most earthquakes in this area since about 1978
is less than a couple kilometers, and the catalog since about 1976 is reasonably com-
plete for earthquakes with magnitudes greater than 2. The study of the earthquakes in
the Anza area was undertaken in order to understand better the relation between the
geology and seismicity in the area of the seismic gap and to determine the nature of
seismic stress release near the gap. The data for the analysis includes the historical
seismicity, present day seismicity and source mechanisms, local three-dimensional fault

geometries, tectonic and geologic setting, and local and regional strain measurements.

2.2 Seismicity in the San Jacinto Fault Zone

The small earthquakes which occured in the region of the San Jacinto fault zone
during the years 1980 through June 1985 are shown in Figure 2.2. The San Jacinto
fault zone is one of the three most active fault zones in the region along with the
Brawley-Imperial and Banning fault areas. In general seismicity is not distributed
evenly along the San Jacinto fault zone but clusters in certain areas. Three clusters
predominate: one where the Banning fault intersects the San Jacinto fault; one on the
San Jacinto and Hot Springs faults north of the town of Anza; and one southeast of
Anza o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>