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ABSTRACT

This thesis consists of studies of: 1) the 1878 Santa Barbara earthquake and
its aftershocks; 2) the depth distribution of seismicity in the Transverse Ranges; 3)
crustal-velocity structure of the Continental Borderlands derived from explosion
data; 4) the 1981 Santa Barbara Island earthquake and its aftershocks; and &)

earthquake location procedures, In particular the calibrated master-event technique.

The 6.1 My, Santa Barbara earthquake of 13 August 1978 occurred at 22" 54™
52.8° GMT. The epicenter was located 3 km southeast of Santa Barbara at 34°
23.9' N latitude and 119° 40.9' W longitude with a focal depth of 12.7 km. The
mainshock was followed between 13 August and 30 September by 373 aftershocks
that were located with the Caltech-USGS array. The aftershock zone extended 12
km west-northwest from the epicenter and was 6 km wide in the north-south direc-
tion, and it had a very clear temporal development. During the first 20 minutes of
activity, all the aftershocks were located in a cluster 7 km west-northwest of the
mainshock epicenter. During the next 24 hours the aftershock zbne grew to 11 km in
the west-northwest direction and 4 km in the north-south direction. During succeed-
ing weeks the zone extended to 12 by 6 km. This temporal-spatial development rela-
tive to the mainshock epicenter may indicate that the initial rupture propagated 7 km
unilaterally to the west-northwest, and the initial rupture plane may have been con-
siderably smaller than that of the eventual aftershock zone. This smaller area sug-
gests that the stress drop may have been significantly greater than that derived

from the area of the final aftershock zone.
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In cross-section, the aftershock hypocenters outline a nearly horizontal plane
(dipping 15° or less) at 13-km depth. The mainshock focal mechanism indicates
north-northeast/south-southwest compression and vertical extension. The preferred
fault plane strikes N 80° W and dips 26° NNE, indicating north-over-south thrusting
with a component of left-lateral movement. Focal mechanisms for 40 aftershocks
also indicate compression in the general north-south direction. For most of these
events, the north-dipping nodal plane dips between 7° and 45°, with most dipping 25°
or more, which is significantly steeper than the plane delineated by the hypocenters
themselves. These observations are consistent with a tectonic model in which much
of the slip during the Santa Barbara earthquake occurred on a nearly horizontal plane.
The aftershocks then might represent movement on a complex series of imbricate
thrust faults that flatten into the plane of primary slip. Hence, the Santa Barbara
earthquake may be taken as evidence for mid-crustal horizontal shearing in the

western Transverse Ranges.

To further test the decollement hypothesis, Caltech catalog locations were
reviewed to determine the depth distribution of earthquakes in the Transverse
Ranges. Only events with ERH < 1 km and ERZ < 2 km were utilized. These were
scrutinized further with a numerical test of location procedures to test the reliability
of the Caltech catalog quality assignments. These tests confirmed location qualities
within 40 km of the east-west axis of the Transverse Ranges, but cast doubt on

locations to the north and south.

The bottom of the seismogenic zone is clearly deepest along the southern front
of the Transverse Ranges, with the deepest earthquakes occurring in the Pt. Mugu-
Malibu area and under San Gorgonio Pass. Seismic activity is noticeably shallower
north and east of the San Andreas fault than it is across the fault to the southwest.

The seismogenic zone Is thinnest in the southern Mojave Desert and at the east end



_lx-

of the Transverse Ranges. The seismicity of the western Transverse Ranges is typi-
fied by several north-dipping planar structures that correlate with the aftershock
zones of recent earthquakes. The eastern Transverse Ranges are typified by ubiqui-
tous seismicity extending from the surface down to the floor of the seismogenic
zone. The San Bernardino Mountains are underlain by a well-defined bottom of the
seismogenic zone that dips southward from 6-km depth under the Mojave Desert to
16-km depth where it intersects the San Andreas fault. South of the San Andreas
fault, seismic activity deepens abruptly to as much as 22-km depth. The most
intense seismicity is localized in the San Gorgonio Pass between the north and south
branches of the San Andreas fault. This study falls short of the solving the decolle-

ment question, but it does add more intriguing evidence to the puzzle.

A large quarry explosion detonated on Catalina Island produced clear signals at
stations throughout southern California. Data from near-shore and island stations
were utilized to derive velocity structure by the slope-intercept method. A 6.2-
km/sec layer underlain by a 6.3-km/sec refractor was typically observed in most
azimuths. A 7.8-km/sec Moho refraction was observed at ranges beyond 120 km.
The interpretation is that the crustal refractor is at 5.5-km depth and the Moho is at
22-km depth. The upper crustal layer is significantly faster (5.5 km/sec) and thinner
(2.5 km) under Catalina Island. An early P, arrival and possible Moho reflections
observed at San Nicolas Island may constrain the Moho to be an average of 2 km
shallower in the direction west from Catalina. This velocity structure was success-

fully used to improve the locations of the 1981 Santa Barbara Island earthquakes.

The Santa Barbara Island earthquake occurred at 15:50:50 GMT on September
4, 1981, at 30° 40.9' N and 119° 3.6' W, and registered 6.3 M;. Aftershocks exhi-
bited a clear northwest-southeast alignment that coincides with the northeast-facing

escarpment of the submarine Santa Cruz-Catalina ridge. This alignment also
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coincides with a mapped bedrock fault which is herein referred to as the Santa
Cruz-Catalina fault. Focal mechanisms of the mainshock and the 3 largest after-
shocks consistently show right-lateral strike slip on a northwest-trending plane, with
possibly a component of dip slip. Aftershock depths show a near-vertical fault plane.
The aftershock zone was initially 8 km long or less, and was concentrated southeast
of the mainshock, suggesting unilateral rupture. The aftershock zone grew bilaterally
to 15-km length after 24 hours to 21 km after 10 days, and to 35 km long after

several months. This behavior may be interpreted in terms of an asperity model.

This seismic activity suggests strike-slip motion on the Santa Cruz-Catalina
fault, with Santa Monica basin being displaced southeastward relative to points
west. Structural complexities at the northwest and southeast ends of this fault sug-
gest that the Santa Monica basin and Catalina Island are behaving as a coherent
block pulling away from the Transverse Ranges, with extension at the northwest
corner of the basin and compression to the south at the Catalina escarpment. Thus
the Santa Monica basin may have formed as a triangular gap opening up between
Peninsular Ranges blocks and the Transverse Ranges along the lines of the model of

Luyendyk et al. (1980).

Nearly all earthquake location programs use Geiger's (1912) method of least
squares. This rigorous statistical method assumes that all the data are of equal qual-
ity and the only source of error is in measuring arrival times. This is not generally true
of real earthquake data, which has led to a number of attempts at improvement. One
of the most common modifications is data weighting of three types: quality weighting,
distance weighting, and residual weighting. Programs that use all three must be used
carefully to avoid feedback between weighting routines, with residual weighting
being the worst cause of feedback. Station corrections are used to correct for sys-

tematic velocity variations and permit higher precision relative locations. The two
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most popular relative location methods are Joint Hypocenter Determination (JHD) and
the master-event technique. The locations in Chapters 2 and § were performed with
a modification termed the calibrated master event (CME) method. First, an
intermediate-sized event is calibrated (preferably by explosion data) to achieve the
best possible absolute location. Then, the residuals and hypocenter of this master
event are used for establishing station delays and starting location, respectively, for
relocating the seismicity of interest. Case histories of previous location attempts

document the improvement attained with the CME method.
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Chapter 1

INTRODUCTION

This thesis is basically the summation of 4 different seismological studies. They
all involved earthquake location as a means or as an end, and they all addressed

seismological and tectonic problems of southern California.

Chapter 2 is a study of the 1978 Santa Barbara earthquake and its after-
shocks, already published by Corbett and Johnson (1882). The study greatly bene-
fited from the timely research of two other institutions. Seismologists at the Univer-
sity of Southern California (USC) installed four ocean-bottom seismometers in the
epicentral area the day before the earthquake. Marine geophysicists at the Univer-
sity of California, Santa Barbara, (UCSB) ran a seismic refraction profile just south of
the epicenter one month before the event. The data from these two studies yielded
well-constrained, calibrated master-event locations of two months of Santa Barbara
seismicity. One of the results was detailed information about the temporal develop-
ment of the aftershock zone. These results raised seismologidal questions about
asperities and stress drops, and questioned the standard practice of using the first
24 hours of aftershocks to define the rupture plane. This chapter also addressed
the tectonic question of the southern California decollement suggested by others
(Leon Silver, oral comm.; Hadley and Kanamori, 1978; Yeats, 1981). The aftershock
zone and focal mechanisms suggested a low-angle rupture zone that may be part of

this often-suggested mega-shear.

In order to evaluate further the decollement hypothesis a systematic search of

the Caltech catalog was undertaken in Chapter 3. The quality of catalog locations is



highly variable and the standards are listed in Table 1-1.

Table 141, Event Quality in the Caltech Catalog
Maximum Errors
Quality | pMs(sec) ERH(km)  ERZ (km)
A 16 1. 2.
B .3 2.5 5.
C 5 5. -
D greater than the above
E ERH>80 km or fewer than 3 stations

As indicated by the table, A-quality events are the only ones precise enough to
use for conclusions that depend on earthquake depths, and hence only these
quality-A events were considered. A numerical test was performed to evaluate the
A-quality designation. It revealed that in the area of densest station coverage, along
the axis of the Transverse Ranges, quality-A events were probably at least as reli-
able as the error bars indicate. Thus the A-quality catalog locations may be used for
tectonic conclusions within 40 km of the 34th parallel. Ironically, the evidence for a
decollement was weakest in the western Transverse Ranges. In the eastern
Transverse Ranges, however, the seismogenic zone had a well defined lower limit that
dips gently southward and is suggestive of structural control. The preliminary results

have been informally presented (Corbett and Hearn, 1981).

The impetus of Chapters 4 and 5 was to study the Santa Barbara Island earth-
quakes commencing in September 1981. Interest in the offshore area had been
stimulated by the Santa Barbara study in Chapter 2, and there was a (mistaken) idea
of finding low-angle structures offshore. The study of the 1981 earthquakes was
aided by a well-timed explosion at a quarry on Catalina in November 1981. The
arrival-time data from the explosion were studied in Chapter 4. This study added
new constraints to the Continental Borderland crustal structure (Corbett, 1983) and

was successful in providing a velocity model appropriate for locating earthquakes in



Chapter 5.

In Chapter 5, the Santa Barbara Island earthquakes were relocated with a cali-
brated master event. The aftershock locations and focal mechanisms revealed that
the earthquakes were the result of slip on a strike-slip fault similar to the other
right-lateral faults west of the San Andreas fault. This fracture is the westernmost
well-documented active fault in the southern California Continental Borderland; it is
herein referred to as the Santa Cruz-Catalina fault after the name of the northwest-
trending submarine ridge that it bounds. An attempt is made to interpret this fault in
terms of the present tectonic environment, and a suggestion is made as to what hap-
pens at the juncture between the Transverse Ranges and Peninsular Ranges prov-

inces.

Chapter 6 summarizes what | have learned about precise earthquake locations
during the last few years. Earthquake location methods and their limitations are dis-
cussed. Some examples are given of the results of erroneous assumptions in prelim-
inary studies that were corrected for in the improved locations presented in other
chapters. Finally, the calibrated master-event method, as used in this thesis, is

defined.

The research undertaken in this thesis would not have been possible but for the
timely inception of the Caltech Earthquake Detection and Recording System (CEDAR)
at the time | entered my studies at Caltech. In the preceding years, the timing of
earthquakes was a considerable task. From the inception of the Seismological
Laboratory up until the 1970's, accurate timing of earthquakes was a continual prob-
lem due to inadequate clocks, mechanical recording drums, and the limited resolution
of ink and photographic records. With the improved media of film and magnetic tape,
the accuracy problem was largely solved, but the timing of numerous events remained

a tedious task. The digital acquisition system implemented in CEDAR removed much of



the tedium and further improved the precision of timing. One of the beauties of the
CEDAR system is that all records are made on the same computer-controlled time
base. Hence, earthquake locations are always possible, even when radio time-code
is lost. And this also eliminated one of the other sources of error in previous sys-
tems: human measurement error. Even the highest resolution analog tape playbacks
are limited by stretch in the paper, ink-line thickness, and the rectitude of rulers.
The CEDAR system routinely produces data with an accuracy of .02 sec., which
allows earthquake location precision of hundreds of meters, instead of kilometers. |
say 'precision” because the timing accuracy now greatly exceeds our knowledge of
the detailed velocity structure. Nevertheless, | was able to employ these precise
locations to explore tectonic and seismological questions in the detall that is really

necessary for meaningful conclusions.



Chapter 2

THE SANTA BARBARA, CALIFORNIA EARTHQUAKE OF
AUGUST 13, 1978

INTRODUCTION

On the afternoon of 13 August 1978, the Santa Barbara area was shaken by a
magnitude 5.1 M earthquake which caused moderate damage. The epicenter was
located just offshore, 3 km southeast of Santa Barbara, with a hypocentral depth of
nearly 13 km. The event was preceded by two foreshocks and was followed by over
300 aftershocks that were locatable using the Caltech-USGS seismographic network.
This earthquake has been previously studied by Lee et al. (1978), but their locations
for the mainshock and aftershocks are systematically 4 km southwest of our loca-
tions. This discrepancy is probably due to a strong contrast between the velocity
structure in the Santa Barbara Channel and that on the mainland. We feel we have

successfully corrected for that factor in this study.

Two fortunate circumstances allowed us to obtain high quality locations for the
mainshock and many of its aftershocks. First, University of Southern California (USC)
seismologists began deploying ocean bottom seismographs (OBS) in the Santa Bar-
bara Channel on the day before the earthquake, and four of them were in operation
when the earthquake occurred (Henyey et al.,, 1978). These stations were located
almost directly above the activity and provided excellent data for controlling focal
depths. Second, one month before the earthquake, a group from the University of

California at Santa Barbara (UCSB) shot a seismic refraction line in the Santa Barbara



Channel (Crandall et al., 18979) and the arrival times at the onshore stations allowed
us to calibrate the network for the velocity gradient in the Santa Barbara region.
These two data sets greatly enhanced the location accuracy of the mainshock and
aftershocks, which enabled us to delineate the source mechanism involved in the

Santa Barbara earthquake.

The work described in this chapter was done in conjunction with Carl E. Johnson
and has been recently published as Corbett and Johnson (1982). Johnson's main
contribution was in designing and running the Caltech Earthquake Detection and
Recording (CEDAR) system (Johnson, 1979), which was the source of most of the
data used in this study. He also produced the data tape of arrival times and first
motions for the 376 earthquakes studied in this chapter. Johnson also wrote the
location program that | used and gave me considerable guidance on how to use it
properly and not introduce systematic biases into the locations. My contribution was
to do the earthquake locations, calculate their focal mechanisms, interpret the
results, and write the manuscript. My writing, of course, benefited greatly from the

many suggestions by Johnson.

Geologic Setting

The Santa Barbara earthquake occurred in the western portion of the
Transverse Ranges of southern California (fig. 2-1). This province is typified by geo-
logically young mountain ranges and deep sedimentary basins that trend east-west,
cutting across the northwest-southeast grain of most other geologic structures in
California. The western Transverse Ranges include the Santa Ynez Mountains,
located just north of Santa Barbara, the 700-m-deep Santa Barbara Channel, and the
Channel Islands. The geologic structure of the western Transverse Ranges is dom-

inated by east-trending reverse faults, such as the Santa Ynez, Red Mountain, North
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Channel Slope-Pitas Point-Ventura, Mid-Channel, and Santa Cruz Island-Anacapa
Faults; all of these show signs of Quaternary activity (Yerkes et al., 1980; Jennings,
1976). The recency of deformation is attested to by marine terraces, 45,000 to
2,500 years in age, which indicate local average uplift rates of 3-6 m per thousand
years over this period (Yerkes and Lee, 1979). Indeed, the Santa Barbara region is
tectonically a very active region, and hence the occurrence of the Santa Barbara

earthquake is not surprising.

Previous Seismicity

The Santa Barbara area is typified by abundant seismicity which has been previ-
ously studied by Hamilton et al. (1969), Sylvester ef al. (1970), Lee and Vedder
(1973), and Lee et al. (1979). These previous workers have shown that the seismi-
city is spatially diffuse and often occurs in swarms such as that in 1968 (Sylvester
et al.,, 1970). The seismic energy release apparently occurs by thrust movements on
east-striking, north-dipping faults, which is in agreement with mapped geology in the
region (Vedder et al., 1969; Lee et al., 1979). Of recent interést is a swarm that
occurred in the Santa Barbara Channel beginning in late March 1978 and continued
sporadically through July 1978 (Whitcomb et al., 1978). The swarm was located 25
km southeast of the August 1978 activity and was at the site of the small shock

that preceded the 13 August mainshock by four hours.



VELOCITY MODEL AND LOCATION PROCEDURES

Previous Velocity Models

Previous seismicity studies (Lee and Vedder, 1973; Lee et al., 1979) have used
the regional crustal velocity model of Healy (1963). It consists of 3 layers over a
half space and was derived for a northwest-southeast line that passed along the
California coast 60 km east of Santa Barbara. The preliminary study of this earth-
quake (Lee, et al., 1978) used a modification of this model that subdivided the upper
two layers into seven layers to better approximate the velocity profile in the Santa
Barbara Channel. Wallace et al. (1981) derived a velocity structure by inversion of
the strong-motion records generated by the earthquake that was basically the same
as that used by Lee ef al. (1978). Most recently, Crandall ef al, (1979) have
determined the velocity structure of the eastern end of the Santa Barbara Channel
from a seismic refraction profile. In contrast to all the above-mentioned models, they
found that both the high-velocity lower crust and the Moho are & km shallower than
has been previously observed. In addition they observed a 7-km-.thick cover of low-
velocity sediments. Evidently there is a dramatic change in the crustal structure
between the onshore and offshore parts of the Santa Barbara region. This means
that modeling the velocity structure as horizontal layers for the purpose of earth-

quake location computations will be, at best, difficult.

UCSB Seismic Refraction Line

Since the explosions used in the Crandall et al. (1979) refraction study were
detectable on the Caltech-USGS network, these were the best data to test the
above-mentioned velocity models. On July 16, 1978, the R.V. Ellen B. Scripps, sailing

from east to west along 34° 18.5'N. latitude, fired 10 shots (locations shown in fig.
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2-2). Of these, 9 could be reread from the Caltech archive magnetic tapes. The
seismograms were retimed for 17 of the closest stations, which were 25 to 150 km
from the shot points. The arrivals at the quiet stations were timed to an accuracy of
.02 sec. The seismograms from the noisy stations (SBSC and SBSM in particular)
were filtered with a 10-Hz low pass filter which allowed the arrivals to be picked out
from the noise more precisely. The filter was tested on seismograms from some of
the quieter stations and it was shown that arrival times were delayed, but by not
more than .04 sec. Thus, it is believed that all arrivals, even those at the noisy sta-
tions, were picked to an accuracy of .10 sec. A few S-arrivals were observed, but

only rarely. Consequently only P-wave first arrivals were used in this study.

All four of the above-mentioned velocity models as well as the Caltech Southern
California model were tested with this data set using the location program QED 1 writ-
ten by Johnson (1979). The explosions were first located using no station delays
and a depth of 0.5 km (average water depth along the traverse). In general, the
results were poor, with the epicenters locating 1-5 km from the given explosion loca-
tions, usually biased towards the southwest, with the mislocatién problem getting
worse towards the east end of the line (i.e. the area of interest). The results of
using the Caltech Southern California Model are indicated by the crosses in figure 2-
2. Of the 5 models, Healy's (1963) model located the explosions most accurately. It
was, however, only marginaliy better, and gave large origin time errors (> +1 sec).

Not surprisingly, the Crandall et al. (1979) model gave the best fit to origin times.

Next, an iterative process was used whereby station delays were determined
from fixed locations. The locations and origin times of the shots were fixed to those
given by UCSB, which reduced the number of useful events from nine to seven. The
P-residuals for each station were considered, and the median value was taken as the

P-delay for that station. These station delays were then used in a freed solution to
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try and relocate the explosions. This method worked well for all velocity models, with
most computed locations within 2 km of their true locations, and many within 0.5 km.
Again, Healy's (1963) model relocated the explosions most accurately. However, this
necessitated using large positive station delays (1-2 sec.) for 11 out of the 17 sta-
tions, indicating that this velocity profile does not adequately model the thick sedi-
mentary pile in the eastern Santa Barbara Channel. On the other hand, the Crandall
et al. (1979) structure appears to best model the travel times, since it requires small
P-delays (< +-.15 sec.) for 4 out of the 5 stations around the perimeter of the chan-
nel. Unfortunately, this model does the poorest job of relocating the explosions, and
indicates a systematic bias as one moves from east to west along the refraction line.
The relocations are shifted 1.5 km to the northeast at the east end of the line,
unshifted near the center, and shifted 3 km southwest at the west end of the line.
This effect may come from a systematic change in velocity structure along the axis
of the channel, but it could also be caused by decreasing azimuthal control towards
the west. Among other things, this exercise shows the difficulty of locating events

within the Santa Barbara Channel using stations outside of the channel.

Hybrid Velocity Model

Although the Crandall et al. (1979) velocity structure is probably the one that is
most appropriate within the Santa Barbara Channel, onshore there is a much thinner
cover of low-density sediments. The higher-velocity Moho and lower crust decpen
rapidly, so Healy's (1963) mode! is probably more appropriate there. This is apparent
in looking at the results of the above-mentioned attempt to fit the Crandall et al.
(1979) model to the data. Stations beyond 70 km are required to have large positive
residuals, indicating that the velocity model is too fast for the observed travel times.

This discrepancy comes from the fact that the model would predict crossover to



lower crust and Moho velocities for stations beyond 70 km, which is not observed.
Since these more distant stations are reached by rays that travel deeper and travel
more of their path in onshore crust thqn offshore crust, it was deemed appropriate to
use a hybrid model that consists of Healy's (1963) model in the lower crust, and of

the Crandall et al. (1979) model in the upper crust. This model is tabulated in Table

2-1.
Table 2-1. Hybrid Velocity Model
P-wave velocity Depth of top
(km/sec) of layer (km)
1.7 0.0
2.2 0.5
3.23 1.2
4.9 3.1
6.4 y g
7.0 16.6
8.0 26.1

Determination of Station Delays

This model was used in the manner described above to determine P-delays and
to relocate the explosions. As shown in figure 2-2, the 4 events at the east end of
the line were located within 0.5 km of their given locations. The other § appear to
get more and more biased to the south and west as one mov.es west. P-delays
obtained for this model are listed in the middle column of Table 2-2. Stations located
on north and northeast azimuths, such as ABL, BCH, and SBCC still have large positive
delays, which indicates that velocities of this model are still not slow enough along
these azimuths. Since the area of interest, however, is at the east end of the UCSB
seismic refraction line, it is felt that this model locates the explosions to satisfactory

accuracy.
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Table 2-2, Station Delays Relative to Hybrid Model
P-delay (seconds)
Station UCSB seismic Master Event
refraction line 2311 13 August

ABL 0.71 ———
BCH 1.06 1.00
BMT ——— 1.30
CAM 0.32 0.41
CRG ——— 1.77
ECF 0.43 0.35
FTC -———- 0.39
KYP -1.10 -0.82
PKM 0.42 0.41
PYR 0.26 0.63
RYS 0.68 0.44
SAD - ———— -0.66
SBCC 0.78 0.92
SBCD 0.84 0.25
SBLC -0.13 0.01
SBLG -0.08 -0.92
SBLP -0.14 -0.24
SBSC -0.70 -1.11
SBSM 0.02 -1.14
SiP -0.07 -0.01
SYP -0.12 -0.21
YEG -— 1.62
VTR -0.09* -0.09
DCA 0.35* 0.34
DCC 0.12% 0.09
DCE 0.06* 0.08

* delays derived from first 12 hr of aftershocks
rather than UCSB seismic refraction line

This velocity model and set of station delays is a good startving model for locat-
ing the Santa Barbara earthquake sequence. It is, however, not completely appropri-
ate because the P-delays are derived for surface shots and not for an earthquake at
depth. Consequently, it was necessary to use this starting model to pick a master
event, which would In turn be used to locate the mainshock and aftershocks in the

manner described by Johnson and Hadley (19786).

Because the 4 USC stations (VTR, DCE, DCC, and DCA) had not yet been
installed when the UCSB seismic line was run, we were not able to determine station

delays for these OBS's. In trying to choose possible master events, it was observed
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that the location solutions were unstable without the data from these 4 key stations,
and it was not possible to evaluate which master events were better than the oth-
ers. Consequently, we had to derive station delays for the 4 USC stations to use Iin
the starting model. We did this by locating the mainshock and first 12 hours of after-
shocks using the hybrid model with delays, but without letting the OBS's constrain
the solution. When an appropriate starting location was used, 47 events located
reasonably well (ERZ < 2 km). The OBS station residuals for these best events were
reviewed, and the median values were selected as the P-delays. These are tabu-
lated at the bottom of the second column in Table 2-2. Thus, we have a set of
unconstrained P-delays for the Caltech-USGS stations around the Santa Barbara
Channel and the USC stations in the channel to use as a starting model for locating

the Santa Barbara activity.

Selection of Master Event

We located the mainshock and aftershocks with this model and picked A-quality
and B-quality events larger than magnitude 2.5 for consideration as possible master
events. This step also gave us the averages, standard deviations, and medians of
the P-residuals for all of the stations. We then used this statistical information to
evaluate each possible master event. From these, we selected 6 candidate master
events, the mainshock and 5 aftershocks, on the criterion that they gave consistent
station residuals for the most stations, including the 11 key stations in and around
the channel. During this process, we observed that the residuals varied noticeably
along the aftershock zone. In particular, as one moves from the mainshock location to
the northwest, the residuals at SBSM and SBSC become more negative by 0.2 sec
over a distance of only 6 km. This was observed for many of the possible master

events and is hence believed to be systematic, further reflecting the velocity
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gradient in this area. This change is sufficient to appreciably affect the earthquake
locations. Experimentation with the six candidate master events revealed that using
the mainshock as a master event would cause earthquake locations ™~ 1 km
southwest of those that would result from selecting a master event that was located
at the northwest end of the aftershock zone. At this point, we picked the aftershock
that occurred at 2311 GMT on 13 August as the master event, because it was the
one most centrally located within the aftershock zone. We used the residuals from
this aftershock as station delays, according to the master event technique (Gardner,
1964; Johnson and Hadley, 1976), and located all 376 events using the location pro-
gram QED1, the hybrid velocity model (Table 2-1), and the set of P-delays indicated
in the third column of Table 2-2. The calculated location parameters are listed in

Table 2-3.

EARTHQUAKE LOCATIONS

Mainshock

The Santa Barbara mainshock occurred on 13 August 1978 at 22" 54™ 52.8°
GMT. Our hypocentral location is 34° 23.9'N latitude and 119° 40.9'W longitude (fig.
2-3) with a depth of 12.7 km. Due to the problems in modeling velocity, we conser-
vatively estimate that the epicenter and depth may both be in error by as much as 2
km. Note that this location is 6 km north-northeast of that reported by Corbett and
Johnson (1978) and 4.5 km northeast of the location reported by Lee et al. (1978).
It is in better agreement with Bogaert et al. (1978) and Henyey et al. (1978), who

initially reported the epicenter to be closer to the Santa Barbara coastline.
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DEPTH MAC CAP NSTA Q MMS
12.29 360 E 0.00
12.86 53 A 0.03
12.55 238 E 0.03
11.29 235 A 0,01
12.06 346 E 0.00
12.78 & 54 A 0.03
12.38 8 6l A 0.04
12.50 6 237 E 0.01
12.29 4 57 A 0.046

7.67 5113 A 0.06
12.52 5 63 A 0.04
12.44 71713 E 0.02
12.29 5 65 A 0.03
13.10 3 6 A 0.02
12,29 3 67 A 0.03
12.29 360 E 0.00
11.58 0183 A 0.0}
10.54 9 64 A 0.05
12.73 3 6 A 0.0)
11.9% 9 116 A 0,04
11.9 9 116 A 0.04
12.27 183 B 0.02
13.95 0 189 A 0.03
12.29 o A 0.00
12.48 64 A 0.06
10.43 112 B 0.08
11.84 131 A 0.02
11.99 63 A 0.03
11.713 140 c 0.19
12.29 360 E 0.00
12.18 116 A 0.02
12.86 170 A 0.02
12.34 o4 A 0.06
12,72 17 A 0.04
13.20 116 A 0.04
12.51 118 A 0.05
12,24 123 A 0.02
12.70 63 A 0.04
11.96 341 E 0.00
13.37 13 A 0.05
12,29 360 E 0.00
11.81 142 E 0.01
12,67 180 E 0.01
11.94 239 E 0.00
12,29 o E 0.00
12.29 285 E 0.00
12.29 360 E 0.00
13.22 78 A 0.10
14.64 118 E 0.0
12.23 116 A 0.02
9.63 116 A 0.03
10.45 120 B 0.15
12.56 64 A 0.06
12.06 183 A 0.01
11.99 65 A 0,02
12.29 360 E 0.00
12.30 180 E 0,02
12.29 360 E 0.00
12.29 0 E 0.00
12.29 360 E 0.00
12.39 118 B 0.03
12.29 335 E 0.00
12.29 Jo0 E 0.00
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Figure 2-3. Maps showing location of epicenters for August and Septem ber 1978:
a) all locations; b) Aquality locations. Star is m ainshock. Sm all x's
are events of less than m agnitude 3. Large x's are of m agnitude 3-3.6.
+'s mark stations. Light, broken lines are faults after Yerkes et al.

(1880).
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Foreshocks

A search of Caltech-USGS network data for the two weeks prior to the
mainshock disclosed only two events that might be considered to be foreshocks. On
7 August at 1212 GMT, a magnitude 1.9 M, event occurred under Santa Barbara. Its
calculated location is § km northeast of the mainshock (fig. 2-3a) with a depth of 12
km in a spot that is nearly absent of subsequent aftershocks. This event, however,
was poorly recorded, and its location may be in error. The other event occurred at
1902 GMT on 13 August, 4 hours before the Santa Barbara earthquake. It was
located 23 km southeast of the mainshock epicenter (fig. 2-3a) at 8 km depth, and it
had a magnitude of 2.4 M;. Its location is of interest because it is at a spot where
there was considerable swarm activity in the preceding months, and there may be
some causal relationship between the swarm activity, this foreshock, and the Santa
Barbara earthquake. Most of the swarm activity occurred from March 27 to April 15,
but there was further sporadic activity in this same spot during late April, mid-June,
and mid-July. The 13 August '"foreshock' was the only event to occur here in all of
August and September, and thus may have been the final shock of the swarm
activity. In fact, the complete shutoff of activity in this area after 13 August may

actually be more significant than the "foreshock' itself.

Aftershock Locations

The data aliowed us to locate 376 events (fig. 2-3a). These inciude 2
foreshocks, the mainshock, and 373 aftershocks that occurred between 1 August
and 30 September 1978. Of these locations, 159 were of quality A (fig. 2-3b). We
feel that the relative accuracy of the quality-A events is 0.5 km in both the horizon-
tal and vertical directions, but due to possible errors in velocity modeling, the abso-

lute inaccuracy may be as much as 2 km.
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As can be seen in figure 2-3, a couple of features disappear when we look at
the higher quality data. The cluster of events located 10 km southwest of the main
aftershock zone is evidently due to location errors. Double checking the computer
solutions for these events revealed that most of them were E-quality locations that
were systematically mislocated. The two events that remain in figure 2-3b evidently
are accurately located. There are also two events located southeast of the
mainshock in figure 2-3a that suggest a lineation between the foreshock and the
mainshock. Checking their solutions indicates that these are also poor locations.
High residuals at stations to the east indicate that both these events are probably
located within the main aftershock zone. Since there are a sufficient number of A-
quality locations to delineate all the features of the aftershock zone, we will use only
these highest quality locations in further discussion, so as not to confuse the issue

with potentially inaccurate locations.

The aftershock location pattern had a very clear and intriguing development with
time, as shown in figure 2-4. The most noticeable feature is that nearly all of the
aftershocks were located north and west of the mainshock epicenter, and the great
bulk of them were located between 4 and 10 km northwest of the epicenter. All of
the first recorded aftershocks, between 2300 and 2315 GMT, occurred in a cluster
7 km northwest of the mainshock. Between 2315 and 2330 GMT, aftershocks
began to fill in the zone between the mainshock epicenter and the initial cluster.
Between 2330 and 2400 GMT the aftershock zone spread 3 km northward from the
mainshock and also extended another 4 km west from the initial cluster. During the
following 24 hours of 14 August GMT, aftershocks further filled in the zone outlined
during the first hour's activity, with a noticeable lack of activity in the spot occupied
by the initial cluster. There was also relatively little activity between this point and

the mainshock epicenter, especially after 0600 GMT. Also, between 0000 and 0600
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Figure 2-4. Maps showing temporal development of aftershock zone. Symbols as
in fig. 2-3.
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GMT, a new feature began to develop as aftershocks began to occur southwest of
the mainshock epicenter. Four out of these five events occurred during a 40-minute
period between 0046 and 0126 GMT and show a very clear migration away from the
mainshock epicenter toward the southwest and toward the surface (fig. 2-5a). Dur-
ing the following few days, aftershock activity began to die off, but it continued to
occur in the two zones outlined in the first 25 hours of activity. During the following
weeks, activity died down even further, until it was averaging one detectable event
per day by the end of September. A few of these latter events occurred up to 2 km
farther north than the previously outlined aftershock zone. The most significant of
these was a magnitude 3.4 aftershock that occurred on 12 September, 2 km north of

and 2 km deeper than the previous activity.

The hypocentral distribution of the aftershocks can be seen in the cross-
sections (fig. 2-5) and the stereo pair (fig. 2-6). These both show that most of the
aftershocks outline a roughly rectangular structure that is nearly horizontal extend-
ing 11 km in the west-northwest direction and 4 km in the north-northeast direction.
Contrary to normal expectations, there is less resolution of structure in the cross-dip
cross-section (fig. 2-5a) than in the cross-strike cross-section (fig. 2-5b). This is
due in part to the unusually shallow dip of the aftershock zone and in part due to the
fact that the aftershock zone shallows slightly in the west-northwest direction,
causing the apparent upward scatter in the N 15° E cross-section (fig. 2-5a). The

stereo plot (fig. 2-6) makes this quite evident.

The cross-sections also show the distribution of the aftershocks that trend
southwest from the mainshock epicenter. They are systematically shallower to the
south-southwest and faintly suggest a structure that dips ™ 65° to the north-
northeast. This "structure" projects to the surface near the trace of the North

Channel Slope-Pitas Point Fault as mapped by Yerkes et al. (1980) (fig. 2-3).
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Figure 2-6.
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YA X/
42

Stereographic plot of mainshock and aftershocks showing 3-D distri-
butions of hypocenters. Crosses are scaled linearly to magnitude:
mainshock is the largest cross in the southeast corner. For scale, the
box is 10 x 10 km and extends to 10 km depth.
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Yerkes et al. (1980) indicate that this fault is a reverse fault that strikes N 70° W
(at this point) and dips 70° N (25 km W of this point), and has undergone movement
in Quaternary time. Using these few aftershocks to tie a surface structure to
activity at 13 km depth is admittedly risky, but the geometry is interesting and sug-

gestive.

interpretation of Aftershock Distribution

The high resolution of the locations, and the timing of the mainshock and aft-
ershocks, allow us to make unusually precise statements about the rupture process.
The location of the mainshock epicenter in the southeast corner of the aftershock
zone (fig. 2-3) strongly suggests unilateral rupture towards the northwest. The clus-
tering of all aftershocks 7 km west-northwest of the mainshock during the first 20
minutes (fig. 2-4) then apparently marks the extent of primary rupture. The gradual
increase in the aftershock zone length to 10 km during the first hour may indicate
growth of the initial rupture surface through aseismic slip and aftershocks. The
northeast-southwest extent of the initial ruptured surface is not so ciearly deter-
mined, but it may be as narrow as 1 km, as indicated by the width of the initial clus-
ter; or it may be as wide as 4 km, as indicated by the aftershock zone width after 1
hour. By the end of the first 25 hours, an area of 4 km by 11 km was clearly outlined.
By the end of September, the aftershock zone had grown ™~ 60% to 6 km by 12 km
(fig. 2-4f). This observation of rupture-plane growth with time illustrates the
dangers of using overall aftershock zones to determine the size of the initial fault

rupture planes.

We feel that the initial rupture may have involved as little as 7 km? and may
have been as large as 28 km?. An estimate based on the whole aftershock zone

would have given 44 to 72 km?” of ruptured area, which could lead to an under-
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estimation of stress drop for the Santa Barbara earthquake. We have calculated
theoretical stress drops for these fault dimensions (fig. 2-7), according to the formu-
lation of Kanamori and Anderson (1875), for a circular fault (Keilis-Borok, 1958). We
have used this geometry in spite of our knowledge that this was primarily a dip-slip
event, because there was a significant component of strike-siip motion, and the
difference in the geometric factor for different fault types is relatively small (™ 1.3)
compared to the other uncertainities in the problem. We have used the seismic
moments of 1.1 x 10%° dyne-cm (from WWSSN short- and long-period records) and
3.6 x 102%* dyne-cm (from strong-motion records) computed by Wallace et al.
(1981). This discrepancy in seismic moments is interesting, and may be partly
explained by Ebel et al. (1980), who derived the time function for this event. The
time function has a pair of high-amplitude spikes during the first 2 seconds which are
followed by a low-amplitude tail out to 6-seconds duration. This may indicate that
the event started as a fast (or high stress drop) event that ruptured the first 5-7 km
of the fault plane, but then continued as a slow (or low stress drop) event over the
remainder of the fault plane (Ebel, personal communication). Thus the strong-motion

records may represent only the high-frequency, early part of the event.

As figure 2-7 shows, the smaller fault area and the larger moment would give an
unusually high value for stress drop (™~ 1400 bars). We consider this only as an
extreme possibility, especially since it would require an unrealistically large displace-
ment (™ 5 m) for a magnitude § earthquake. Figure 2-7 was intended to show the
variation in stress drop with fault area chosen (which depends on when one picks the
aftershock zone). But it also shows that the average stress drop for the whole Santa
Barbara sequence decreased as a function of time. (We may negiect the seismic
moment of the aftershocks, since 373 magnitude-3 events contribute about 1 x 10%3

dyne-cm, i.e. < 3% of the total moment). Since we prefer the smaller fault areas for
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the size of the initial rupture plane, this implies that the initial rupture may have had
about a meter of displacement and a stress drop of hundreds of bars. Then the fault
plane may have grown by smalil displacement, low stress drop activity (creep?) in the

surrounding area.

It is interesting to note the holes in the aftershock pattern -- the gaps that
appear between the mainshock and the main body of aftershocks. These holes
appear either when we consider just the quality-A locations or all of the locations
(fig. 2-3). It has been suggested by Wallace ef al. (1981) that the fault breakage
was rough, with several asperities. They interpret the acceleration records to indi-
cate that the later asperities were probably located 3 km and 5 km northwest of the
mainshock epicenter, which corresponds reasonably well with the locations of areas
of few aftershocks. Another asperity zone is identified by the aftershocks during the
first 15 minutes. Apparently this was an area of stress concentration where the
fault rupture either changed in character or temporarily stopped. In either case, this
stuck patch had been broken through by aftershocks by 20 minutes after the
mainshock. During the 3 days following the mainshock this patch was noteworthy for
its absence of aftershocks (fig. 2-4). A few events occurred in this spot between

17 August and 24 August, but the area became completely quiescent after that date.

The temporal development of the fault plane and the holes in the aftershock
pattern suggest an asperily model for the rupture process. We feel that most of the
energy released in the 6.1 My mainshock was radiated from a few relatively small
areas of the aftershock zone (probably < 10 km ?) of high shear stress (possibly
hundreds of bars). Then, in the ensuing hours and days, the fault extended into sur-
rounding areas of low stress. The asperities, havirg once been broken through are
then areas of few aftershocks, either because of total stress relaxation or because

they still have more strength than the surrounding plane. So the aftershocks may be
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a better indication of where new rupture is occurring than where the main rupture
was. This phenomenon has been observed elsewhere: Ebel (1980) suggested that
the short-period energy in the Borrego Mountain earthquake of 1968 was radiated
from two asperities with a few hundred bars of stress drop. And these asperity

zones correspond to areas of few aftershocks.

This feature may be common to many earthquakes but may have not been
observed for a number of reasons. Perhaps when the asperities are broken the rup-
ture plane extends into areas of low stress very quickly, -- in a matter of minutes.
Another reason is that earthquakes seldom happen where there is good station cov-
erage. Usually, portable seismographs are not installed in the epicentral region until
hours or days after activity has started. Hence, the details of locations during the
first few minutes of aftershocks are usually lost. The accuracy of our locations
would not have been possible except for the great good fortune of having 4 seismo-

graphs installed in the epicentral region the day before the earthquake.

EARTHQUAKE MAGNITUDES

The Pasadena magnitude for the Santa Barbara earthquake was 5.1 M
(Whitcomb and Hutton, 1978) and was based on readings from 18 Wood-Anderson
seismographs with good agreement between readings. Berkeley reported a magni-
tude of 5.7 Mj, also based on Wood-Anderson readings. Magnitudes of 5.6 m, and
6.6 Mg were reported in the Preliminary Determination of Epicenters (PDE). The
discrepancy between the Pasadena M, and the PDE readings is consistent with the
observation that the WWSSN records showed a factor of 3 larger seismic moment
than did the strong-motion records (Wailace et al., 1981). The discrepancy in
reported local magnitudes may be due in part to a directivity effect. The aftershock

distribution suggests that the rupture propagated unilaterally towards the northwest,
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which is away from most of the Pasadena stations and towards the Berkeley sta-
tions. Still this is a surprisingly strong directivity effect for such a small fault, but

this may argue in favor of the fault plane being quite narrow.

Magnitudes for aftershocks were caiculated by Richter's method if they were
large enough to be seen on the Pasadena Wood-Anderson instruments, and are
reported in Whitcomb et al. (19798). Magnitudes for the smaller aftershocks were
calculated by the coda-amplitude method described by Johnson (1879). The magni-
tudes for the first week of activity are plotted in figure 2-8. As can be seen, almost
all of the energy was released in the mainshock, as no aftershocks even approached
it in size. Most of the aftershocks were of magnitude 3 or less, and no aftershock

was larger than 3.5 M.

FOCAL MECHANISMS

Focal mechanisms for the mainshock, foreshock, and aftershocks were derived
using P-wave first motions. Take-off angles were calculated from the same velocity
model used in the locations, and the data were analyzed with the computer program
FOCPLT written by Whitcomb and Garmany (Whitcomb, 1973). This program assumes
a double couple and checks all possible solutions (with a resolution of 3.5°) to minim-
ize the number of '"stations in error’. The re'sults are plotted on an equal-area pro-
jection. The program worked well for most events, but for some poorly constrained

solutions, we input nodal planes that better fit the data.
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Mainshock

The focal mechanism for the mainshock (fig. 2-9) is very well constrained, using
first-motion data from the USC OBS's, Berkeley stations (R. Miller, personal communi-
cation), and the Caltech-USGS southern California network. The fault-plane solution
has one nodal plane dipping shallowly to the north (strike 280°, dip 26°, slip angle
57°), and the other dipping steeply southwest (strike 135°, dip 69°, slip angle 105°),
with the quadrant between them being compressional. In either case, the mechanism
is indicative of compression in the north-northeast-south-southwest direction with a
component of strike-slip motion. The shallow north-dipping plane is preferred as the

fault plane, based on its close agreement with the aftershock distribution.

Because of the above-mentioned problems in modeling velocity, we have some
concern that we may not have calculated take-off angles completely accurately,
particularly in the N-S direction. Stations to the south, such as SBSC and SBSM, typ-
ically have large negative P-delays, indicating that the apparent velocity in this
direction is somewhat faster than our hybrid model would predict. This means that
take-off angles in this direction are probably lower than the model predicts. Con-
versely, stations to the north, such as CRG, BCH, SBCC, and YEG have large positive
P-delays. Consequently, apparent velocities are somewhat slower, and north-going
take-off angles are probably somewhat greater (i.e., more horizontal) than the model
predicts. Since the shallow north-dipping plane is principally controlled by the sta-
tions CRG, SBSC, BCH, YEG, and SBCC, this nodal plane may be dipping at a shallower

angle than we have calculated here.

During the process of testing velocity models for location, we also tested them
to see how they influenced the mainshock focal mechanism. It was noticed that
models containing many layers, such as the Lee et al. (1978) location model (9

layers) and Wallace's et al. (1981) model (10 layers) also gave a shallower dip to
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Figure 2-9. Focal mechanism of the Santa Barbara mainshock. Equal-area, lower

hemispheric projection. C's are compressions, D's are dilation. 3-
letter designations are nearby stations.
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the nodal plane. These more smoothed velocity models may better simulate the cur-

vature of the ray paths from the source.

Foreshock

The focal mechanism of the foreshock that occurred 4 hours before the
mainshock is shown in figure 2-10a. As can be seen, it is nearly identical to the
mainshock and also indicates north-northeast-south-southwest thrusting with a com-
ponent of strike-slip, in spite of being located some 23 km southeast of the
mainshock. The mechanism is fairly well constrained and has one nodal plane dipping
at 36° in the north-northwest direction and the other dipping 61° in the south-
southwest direction. We cannot say with confidence which plane is preferred as

there is no other activity located in the area.

Aftershocks

We were able to derive reliabie focal mechanisms for 46 aftershocks. We con-
sider 24 of these solutions to be well constrained (generally more than 14 first
motions and no contradictions), 20 to be fairly constrained (fewer first motions and
some contradictions), and 2 to be poorly constrained. These are plotted on the maps
in figure 2-11. Almost all of the mechanisms (40) indicate thrust movement, with the
direction of thrusting varying between west-northwest and east-northeast. For most
of these events, the northward-dipping nodal plane dips at 25° to 45° in general
agreement with the mainshock focal mechanism. A typical example of one of these

solutions is shown in figure 2-10b.

Of particular interest are the few focal mechanisms that may indicate very low-
angle thrusting. There are § in the principal aftershock zone that have a north-

dipping plane with dips ranging from 7° to 15° All 5§ of them occur along the northern
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Figure 2-11a. Large-scale map showing mainshock and aftershock focal mechan-
isms located at their epicenters. Light-colored events occurred on
August 13-14, dark-colored events, August 15 - September 30.
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edge of the aftershock zone between the mainshock epicenter and the initial aft-
ershocks (compare fig. 2-4 and fig. 2-11a). These are the only events we could find
that exhibit a possible fault plane with a dip as low as that seen in the aftershock
cross-sections (fig. 2-56). These events occurred at 102, 633, 701, and 747 GMT
on 14 August, and at 718 GMT on 18 August. Typical mechanisms of this group are
shown in figures 2-10c and 2-10d. Two of these mechanisms are well constrained
(102 and 701); two are fairly constrained (633 and 718); and one is fair to poorly

constrained (747).

There are 6 focal mechanisms that are not thrust: 3 normal and 3 strike-slip
(see fig. 2-11). Five of these 6 occurred relatively closely together in time, between
1655 GMT on 14 August and 1252 GMT on 17 August (i.e. on 3 days out of the 48-
day aftershock period we considered). This was immediately after a rather sudden
decrease in the rate of aftershock occurrence (see fig. 2-8). So these 'different”

mechanisms may be related to a change in the mode of stress release at this time.

The normal mechanisms occurred first -- at 1655 GMT on 14 August, and at 531
and 957 GMT on 16 August. All three mechanisms indicate east-west extension,
although one (1655, 14 August) has one plane so nearly horizontal (8° WSW) that it
could be considered to indicate more herizontal shearing than extension, if that nodal

plane is the fault plane. One of the normal mechanisms is shown in figure 2-10e.

The normal events were followed by two of the strike-slip events on 17 August,
at 257 and 1252 GMT (fig. 2-10f). They were both located along the southern edge
of the main aftershock zone (fig. 2-11a). The third strike-slip event occurred at 806
GMT on § September, 20 km south of the main aftershock zone (fig. 2-11b), at a
depth of 19 km, making it one of the deepest events observed in this study. All three
strike-slip events are compatible with horizontal compression in the north-northeast-

south-southwest direction.
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The significance of these "different” focal mechanisms is uncertain. During the
3-day period in which the 5 non-thrust events occurred, there were also 3 thrust
events observed, as well as numerous other events that were too small to study for
focal mechanisms. Three of these six 'different’” events are located significantly
south of the main aftershock zone (fig. 2-11b), and hence are outside the area for
which the original velocity modeling was intended. Thus there could be some error in
these fault plane solutions. Looking at the first-motion plots, however, it would take
a radically different velocity model to get a thrust mechanism out of the distribution

of first motions seen in plots such as figure 2-10e.

DISCUSSION

Mode of Faulting

The mainshock focal mechanism clearly indicates that the Santa Barbara earth-
quake was the result of reverse faulting. We prefer the nodal plane that dips 26° to
the north as the fault plane since it most closely corresponds with the strike and dip
of the aftershock hypocentral distribution. This dip, however, is somewhat greater
than the dip of the aftershock zone itself (15° or less) (fig. 2-5a). The discrepancy
may be due in part to the difficulties of velocity modeling in this area. Most of the
aftershocks have north-dipping nodal planes dipping at least 25° and ranging as high
as 45° which is significantly steeper than the plane suggested by the cross-
sections. These planes are shown in cross-section in figure 2-12. Our suggestion is
that this pattern indicates a complex series of imbricate thrust faults. A zone of
imbricate thrusting has been previously observed nearby in a similar tectonic environ-
ment: along the south front of the Transverse Ranges near Pt. Mugu (Stierman and

Ellsworth, 1876). In our case, the dip of these imbricate faults may shallow with



DEPTH (KM)

-42-

o

o | 4 1 1 L L . |

(=]

o

o

R -
8

1 L
o

(=]

f- L

: - :
g N N b
g /

ol $§=\ N
; *IEL

i o

L]

-18. 00

LN

.00 2.00 4.00 8.00 8.00 10.00 12.00 14.00
SIS KW CROSS SECTION (KM) N 1S E

Figure 2-12. SSW-NNE cross-section showing orientations of preferred planes
from mainshock and aftershock focal mechanisms. Mainshock is indi-
cated by the star.



-43-

depth into a more nearly horizontal structure. In figure 2-12 there is a slight hint of
such curved fault planes. This suggestion should be viewed with some caution, how-
ever, since the relative location accuracy of the events is only about 0.5 km. It
seems clear, however, that the planes shown in figure 2-12 represent some sort of
distributed shear. The north-south spread of these planes is not some artifact of
choosing the wrong cross-section projection, but the result of the aftershock zone
being at least 2 km wide along most of its length (see fig. 2-11a). The reason why
these aftershock planes do not outline a single plane may be because the first-
motion fault plane solutions show how the ruptures initiate but not how they progress.
Thus we are suggesting that for many of the aftershocks the rupture initiated at the
upper end of the imbricate thrust faults and propagated northward and downward.
The few flat focal mechanisms that occurred along the northern edge of the after-
shock zone then might be events that initiated at the north edge of the low-angle

structure and propagated southward.

Tectonic Implications

One possible interpretation of our results is that the Santa Barbara area is
underlain by a very low-angle thrust fault. Its complete extent is unknown, but if we
project this structure upward at a dip of 159 it would surface 48 km south of Santa
Barbara, near Santa Cruz Island. This island is bisected by a known active fault;
however, it is steeply dipping and its offset is evidently left-lateral rather than
thrust (Jennings, 1975; Weaver, 1969; Patterson, 1978). It is unduly speculative,
however, to project a fault plane over such a large distance without any other sup-
porting data. The Santa Barbara Channel is in fact cut by many steeper north-dipping
reverse faults (Yerkes et al., 1980) that are apparently active, and it is probably

more likely that the low-angle structure curves upward into one or more of these.
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Haxel and Dillon (1978) hypothesize that a large area of southern California is
allocthonous and is underlain by Pelona-Orocopia schist. They suggest that the
allocthon was emplaced during Paleocene or Late Cretaceous time along a single
thrust fault that is extensive under the Transverse Ranges and the Mojave Desert.
Campbell ef al. (1966) have reported Miocene detachment faults that surface in the
Santa Monica Mountains and Yeats (1983) has identified 3 levels of Quaternary
detachment in the Ventura area. Several workers have expressed the idea that a
low-angle mega-thrust system may be presently active under the Transverse Ranges.
Thatcher (1976) used a low-angle thrust fault to successfully model vertical dis-
placements preceding the 1971 San Fernando earthquake. The Palmdale uplift (Cas-
tle et al,, 1976) may have been caused by aseismic slip of a low-angle thrust fault
(Rundle, 1978; Rundle and Thatcher, 1880). Recent changes in horizontal compres-
sion across the San Andreas fault have been modeled as a horizontal southward-
propagating dislocation under the Transverse Ranges, south of Palmdale (Savage et

al., 1981).

Hadley and Kanamori (1978) have suggested that the central Transverse
Ranges are underlain by a shallowly north-dipping structure and that the San Gabriel
Mountains are behaving as a decollement. They cite as evidence a pair of focal
mechanisms indicating low-angle thrust at 12 km depth in the San Fernando region.
Yeats (1981) has suggested that this detachment structure is extensive under the
Transverse Ranges and comes to the surface in a zone of reverse faults that
extends from Banning Pass to the Santa Barbara Channel region, where it appears as
the Red Mountain and Pitas Point faults near Ventura. Yerkes et al. (1980) map the
north-dipping Pitas Point fault westward across the channel to other active struc-
tures in the western Santa Barbara Channel. The Santa Barbara earthquake may

have been the result of slip on such a structure, and the overlying crust here may
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also be a decollement.

CONCLUSIONS

We have calibrated seismographic stations in the Santa Barbara region from a
selsmic refraction line shot by UCSB (Crandall ef al., 1979), to obtain a model
appropriate for earthquake locations near Santa Barbara. We have used this model
to locate the 13 August 1978 Santa Barbara earthquake and all of its aftershocks to
30 September 1978. These locations suggest unilateral rupture directed towards
the west-northwest followed by progressive growth of the fault plane with time.
Hypocentral distribution and focal mechanisms for these events indicate that the
earthquake was probably caused by thrust movement on a low-angle north-dipping
structure 13 km under Santa Barbara. These observations suggest a tectonic model
in which the western Transverse Ranges are being deformed by horizontal southward

movement of the upper crust along a mid-crustal detachment surface.
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Chapter 3

The Depth of the Seismic Zone in the Transverse Ranges
of Southern California

Introduction

An Iintriguing question for many geologists and seismologists is: What lies under
southern California? The idea that southern California is underlain by some sort of
decollement has been suggested by several authors (e.g. Hadley and Kanamori,
1978; Yeats, 1981). The geologic structure in southern California is clearly different
than in northern and central California. From the Mendocino Fracture zone south, the
boundary between the North American plate and the Pacific plate is the fairly simple
strike-slip regime of the San Andreas fault system. The transform boundary at the
surface is in many places only as wide as the main strand of the San Andreas fault (<
1 km) and at most is 60 km wide where it includes two major branch faults in the San
Francisco Bay area. South of latitude 35° N, however, the character of the boundary
changes drastically. Here we have a 250-km-wide zone of compressional tectonics
(the Transverse Ranges), and south of this, an equally wide zone of active strike-slip
faulting (the Peninsular Ranges). This is undoubtedly related to the fact that the San
Andreas fault takes a big bend to the east between latitude 35° and 34° N, and the
plate boundary moves 120 km inland. But it is unclear whether this change in struc-
ture is caused by the Big Bend or vice versa. The wide zone of strike-slip faulting
may imply that the crust is weaker here and/or the zone of brittle deformation is

thinner than it is further north. In addition there is now some evidence that the
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Transverse Ranges may have been rotated a large amount, independently of sur-

rounding structures (Luyendyk et al., 1980).

Since 1977, the CEDAR system has been operating at Caltech and recording
high-quality data from a dense network of seismographs. Consequently the Caltech
earthquake catalog has been growing at the rate of about 20,000 events per year.
Those close to the data have long noticed that earthquakes do not occur below a
relatively shallow depth (10-20 km) in southern California. In addition, this lower limit
to the seismicity is consistently deeper along the southern front of the Transverse
Ranges than elsewhere in southern California (Hearn, oral comm.). Some have sug-
gested that the above-mentioned detachment surface may mark the lower limit of
seismic activity in this region, which in other parts of the world has been interpreted
as the transition from brittle to ductile crust (Meissner and Strehlau, 1882). Hence it
was decided to use the Caltech catalog for a preliminary look at what the depth of

earthquakes might say about the hypothesis of decollement.

There are many dangers inherent in using catalog locations, mainly because they
are produced from large amounts of data that are processed by routine methods
which were not intended for this kind of study. In addition, since the seismicity is so
shallow, it is difficult to constrain depth unless there is a station directly above the
activity. In light of these problems, only the A-quality events in the catalog were
used. A-quality implies that the standard errors in the epicenter are less than 1 km,
and the standard errors in depth are less than 2 km. In addition a numerical experi-
ment was done to try to duplicate the standard location procedures used by the
CEDAR system to test how well it really does locate events, and to see if quality-A
locations are as good as claimed. The strategy in this chapter will be first to present
the data, and second to discuss some of the problems in the catalog-location proc-

ess.
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This work was done initially in conjunction with fellow graduate student Tom
Hearn. He did the original work of making earthquake-depth contour maps from the
catalog, and we both noticed the correlation between deeper events and the south
front of the Transverse Ranges. He also noticed that the bottom of the seismic zone
appeared to "daylight” in the Mojave Desert and at the east end of the Transverse
Ranges. | carried this work further with a more thorough search of the Caltech cata-
log and the initial results were presented by Corbett and Hearn (1981). For that
study, Hearn helped prepare the synthetic earthquake location plots that tested the
CEDAR location procedures. The maps, cross-sections, and histograms are my own

work.

Previous Suggestions

Materials and Structures. Whatever underlies southern California is of course
controlled by the geologic history of the region. From Mesozoic up until mid-Oligocene
time, the Pacific Coast was characterized by an Andean-type subduction complex
(Atwater, 1970). At that time, 30 million years ago, the East Pacific Rise began to
impinge on the coast, and the subduction gradually began to give way to the
transform faulting that we see today. During the previous period of subduction, oce-
anic rocks of the Pelona schist may have been thrust under southern California along
a shallowly dipping zone as suggested by Haxel and Dillon (1978). They further sug-
gest that the Pelona schist is extensive under southern California and that the over-
lying crust is allocthonous. It is inferred that the Pelona schist is possibly more duc-
tile than the granites in the upper crust, and the upper crust may be behaving as a
detached plate. Such detachment structures are not unknown in southern California.
For example, an extensive mid-Tertiary detachment structure has been intensively

studied in the desert of southeastern California (Davis et al., 1980; Frost et al,,
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1981; Frost and Martin, 1982). To the west, Miocene detachment faults in the
Santa Monica Mountains have been mapped in the field by Campbell ef al. (1966).
And Quaternary detachment faults at depth in the Ventura Basin have been docu-

mented by Yeats (1983).

Seismicity and Seismic Velocities. Hadley and Kanamori {1978) have noted
events at the bottom of the San Fernando aftershock zone with focal mechanisms
that may be interpreted as representing horizontal shearing at 12-km depth. Follow-
ing this, Pechmann's (1983) study of focal mechanisms in the central Transverse
Ranges included some events that had horizontal nodal planes. Later, Corbett and
Johnson (1982) observed a near horizontal aftershock zone at 13 km depth for the
1978 Santa Barbara earthquake. They also derived a few focal mechanisms that
may indicate sub-horizontal shearing. Along the south front of the Santa Monica
Mountains, focal mechanisms for aftershocks of the 1973 Pt. Mugu earthquake pos-
sibly indicate a broad zone of imbricate faulting between 12- and 17-km depth
(Stierman and Ellsworth, 1976). This might be typical of the upper plate above a
decollement. Gutenberg (1951) postulated a low-velocity zone in the lower crust on
the basis of data from large quarry blasts. Hadley and Kanamori (1879) have derived
an S-wave velocity structure for the southem Mojave and central Transverse

Ranges which indicates a low-velocity zone between 10 and 20 km depth.

Models. Thatcher (1976) used a low-angle thrust fault successfully to model
vertical displacements preceding the 1971 San Fernando earthquake. Rundie
(1978) and Rundle and Thatcher (1980) have suggested that the Paimdale Bulge
was caused by aseismic slip of a low-angle thrust fault. Savage et cl. (1981) have
modeled changes in horizontal compression across the San Andreas fault during 1979
as a horizontal southward-propagating dislocation under the Transverse Ranges.

Luyendyk et al. (1980) have tried to explain apparent rotations of paleomagnetic
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vectors in Miocene volcanics with a model that rotates the whole Transverse Ranges
by 90° in a clockwise direction. They, however, fail to address the question of what
happens at the bottom of this block. If they are correct, the amount of rotation must
either gradually decrease downward through a ductile transition zone, or detachment

must occur at some level.

The Study

The study area considered herein is shown in figure 3-1, along with all the data:
5800 quality-A earthquakes that occurred between June 1977 and September
1981. The principal features of the seismicity are the east-west trend through the
Transverse Ranges, and the high seismicity trend along the San Jacinto fault and
southeast into the Imperial Valley. The next few figures show how the seismicity pat-
tern changes for different depth cutoffs. Figure 3-2 shows all the A-quality events
deeper than & km. The main difference from the previous figure is a thinning of
seismicity northeast of the San Andreas fault in the southern Mojave Desert and the
eastern Transverse Ranges. Below 10 km (figure 3-3), the seismicity in the southern
Mojave Desert and eastern Transverse Ranges thins dramatically, and seismicity
starts to decrease noticeably in other regions. Below 15 km (fig. 3-4) there is virtu-
ally no activity northeast of the San Andreas fault, and very little activity elsewhere.
What remains is a trend of deep activity at the southern front of the mountains, and
along the San Jacinto fault southeast toward the Imperial Valley. There are only 8
events deeper than 20 km (fig. 3-5), 4 in the western Transverse Ranges and 4 in

the San Gorgonio Pass area.

Another way to look at these data is with a histogram of the number of events
versus depth (fig. 3-6a) and log moment vs. depth (fig. 3-6b). In figure 3-6a it is

obvious that the great bulk of the activity is shallow (< 6 km) and tapers off at 20
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QUALITY A EVENTS DEEPER THAN 0O KM, 1977-198!1
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Figure 3-1. Map of study area showing all data used: 6800 quality-A earthquake
locations from the Caltech catalog.
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QUALITY A EVENTS DEEPER THAN 5 KM, 1977-1981

Figure 3-2. Map of all earthquakes deeper than § km.
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Figure 3-3. Map of all earthquakes deeper than 10 km.
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Figure 3-4. Map of all earthquakes deeper than 15 km.
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QUALITY A EVENTS DEEPER THRAN 20 KM, 1977-1981

Figure 3-5. Map of all earthquakes deeper than 20 km.
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Figure 3-6. Histograms of seismic energy release at different depths. a) number
vs. depth, b) moment vs. depth.
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km depth. The log-moment diagram shows a similar trend--a systematic decrease in
energy release with depth. Peaks at 3 km and 13 km are evidently related to single
events. If we cut the study area in two, along a line corresponding to the San
Andreas fault, a slightly different picture emerges. The western Transverse Ranges
(figure 3-7) show earthquakes down to 20 km depth, with a rather variable energy
release vs. depth. In figure 3-8, for the eastern Transverse Ranges and the area
northeast of the San Andreas fault, most of the energy release is shallow with a very

steep drop off. There is only one event below 12 km.

Next will be presented a series of north-south cross-sections through the
Transverse Ranges proceeding from west to east, using no vertical exaggeration.
Figures 3-9 through 3-16 will alternately show map views of sections of the
Transverse Ranges followed by their accompanying 4 cross-sections. On the map
views the locations of the 4 cross-sections are indicated as well as the 34th paral-

lel, which is the reference-axis for the cross-sections.

Cross-Sections through the Transverse Ranges

Western Transverse Kanges. In figure 3-9, the four cross-sections sample
seismic activity in the Santa Barbara Channel and Continental Borderland. Figure 3-
10a intersects possible north-dipping structures south of Santa Barbara. Figure 3-
10b indicates a possible north-dipping structure in the eastern Santa Barbara Chan-
nel. Figure 3-10c shows a weak hint of north dip under the mountains north of Ven-
tura. On figure 3-10d activity at x=-40 km is the 1981 Santa Barbara Island
activity, which exhibits a diffuse pattern. Depth control here is poor and it is ques-
tionable if these events are truly quality-A. At x=0 km we see the aftershock zone
of the 1973 Pt. Mugu earthquake. There are scattered events down to 20 km, but

no obvious pattern is seen.



NUMBER OF EVENTS 77-81

#00.00
L
|
s
!
!
25.00
!
L
L
S

8 8 _

g i & i
8 ]

aw - # :
8 F

g‘ M ;ﬂ‘ -
8 Ea

g* r .z,:ﬁ

8 :8

g i 21

8 =

¢ L

8

-1

18.00
—

[1

24.00 as.00

oo
7.00

o
g

0.00 12.00  18.00 20.00 24.08  98.00 400 %00 12.00  16.00  20.08
EPTH (KM) WEST TRANSVERSE RANGES DEPTH (KM) WEST TRANSVERSE RANGES

a) | b)

‘.00 w00
1]
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QUALITY A EVENTS DEEPER THAN 0O KM, 1977-1981
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Figure 3-9. Map of seismicity in the western Transverse Ranges. Vertical lines
show cross-sections in figure 3-10. Jagged lines are faults from Jen-
nings (1975).
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Figure 3-10. South to north cross-sections of figure 3-8. No vertical exaggeration.




QUALITY A EVENTS DEEPER THAN O KM, 1977-18981

a) \ b) c) d)
118° W

Figure 3-11. Map of seismicity in the west-central Transverse Ranges. Vertical lines
show cross-sections in figure 3-12.
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Figure 3-12. South to north cross-sections of figure 3-11.

No vertical exaggera-

tion. SA indicates where section croses the San Andreas fault.
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Figure 3-13. Map of seismicity in the east-central Transverse Ranges. Vertical lines
show cross-sections in figure 3-14.
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Figure 3-15. Map of seismicity in the eastern Transverse Ranges. Vertical lines show
cross-sections in figure 3-16.
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West-central Transverse Ranges. The next four cross-sections (figure 3-11)
primarily show activity near Malibu, the mountains north of San Fernando, and the Los
Angeles Basin. Figure 3-12a primarily shows the New Year's Day, 1979, Malibu
sequence. No structure is apparent, but there is activity down to 20 km, which is
deep for southern California. Some of the scatter may be due to problems with loca-
tions at that time (Kate Hutton, oral comm.). Figure 3-12b samples the west end of
the aftershock zone of the 1971 San Fernando earthquake and gives some hint of a
northerly dip. Figure 3-12c crosses the east end of the San Fernando aftershock
zone and shows a clear 45° N dip. Scattered deep to shallow activity is also
apparent in the Los Angeles Basin. Figure 3-12d illustrates scattered activity in the
eastern Los Angeles Basin and on the San Andreas fault near Palmdale. No pattern is

apparent.

FEast-central Transverse Ranges. The next four cross-sections (fig. 3-13)
sample activity from west of Cajon Pass, east through San Bernardino to San Gor-
gonio Pass. Figure 3-14a shows the eastern San Gabriel Mountains and eastern San
Gabriel Valley. There is no clear structure, but there is a slight hint of events becom-
ing shallower to the north. Figure 3-14b crosses through Cajon Pass. There is no
apparent structure, but events are shallowing towards the north. Figure 3-14c shows
activity under the western San Bernardino Mountains and the San Bernardino Valley.
Shallowing towards the north is even more apparent. Activity is noticeably deeper
south of the San Andreas fault. Figure 3-14d shows a most definite shallowing
toward the north, with a clear lower limit to the seismicity under the San Bernardino
Mountains. The San Andreas fault crosses at x=5 km and apparently marks the north

edge of the deep (20 km) seismicity in the San Gorgonio Pass area near Banning.

Fastern Transverse Ranges. On figure 3-15 the last 4 cross-sections show

activity in San Gorgonio Pass, in Homestead Valley, and east toward the southeastern
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Mojave Desert. Figure 3-16a again shows the seismic zone shallowing to the north
under the eastern San Bernardino Mountains, and as well as activity in the San
Andreas fault zone in San Gorgonio Pass and along the San Jacinto fault 40 km
farther south. Figure 3-16b shows deep activity along the San Jacinto fault, San
Andreas fault, and shallow activity of the Homestead Valley earthquakes of 1979
(x=36 km). In figure 3-16c activity dies out southwest of the San Andreas fault, and
is less than 10 km deep north of the San Andreas fault. Activity becomes shallower
along the San Jacinto fault. The easternmost cross-section (figure 3-16d) shows
activity on the several east-trending left-lateral faults east of the San Andreas
fault. Seismicity along the southern San Jacinto fault is evidently quite shallow (< 5

km). The San Andreas fault is noticeably quiet.

Recent Seismicity. Since this study was initially completed, seismicity has of
course continued throughout southern California. To verify that the pattern has not
changed in the interim, the Caltech catalog was re-searched for the time period from
October 1981 to August 1983. This search was carried out for the most intriguing
area: the San Bernardino Mountains. Figure 3-17 shows that the overall seismicity
pattern for the last two years is essentially the same as for the previous four (figure
3-15). The main difference is that the seismicity is thinner, reflecting the shorter
time period. Also the Homestead Valley aftershock zone has died down to background
level. In cross-section (fig. 3-18), the region also looks the same as before (fig. 3-
14d). Note that the cross-section includes a slightly wider area that is equivalent to
the whole width of the San Bernardino Mountains. There are fewer events, but deep
seismicity south of the San Andreas fault and a south-dipping bottom to the seismic

zone are still apparent.
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117° W

Figure 3-17. Map of seismicity of the Transverse Ranges in the vicinity of the San
Bernardino Mountains, October 1981 to August 1983. Vertical line
shows cross-section in figure 3-18. Horizontal line shows width of pro-
Jection. Heavy dashed line shows surface projection of the base of the
seismogenic zone, based on northward projection from figures 3-14c
and d, 3-16a and b, and 3-18.
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Figure 3-18. South to north cross-section of figure 3-18. No vertical exaggeration.
Same as figure 3-14d, except for later time period, and wider zone.
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Accuracy of Locations

There are a number of potential problems in this data set that should be men-
tioned. First, it should be noted that the overall seismicity pattern (fig. 3-1) looks
remarkably similar to the pattern of station distribution (fig. 3-19). Undoubtedly, the
heavy concentraticlm of stations through the Transverse Ranges and throughout the
Imperial Valley is partly responsible for the large numbers of well-located events in
these regions. It must be remembered, however, that the stations were in fact
installed where the highest activity had historically occurred. The histograms of
number vs. depth (fig. 3-6) also may show an artifact of velocity structure. The stan-
dard Caltech location procedure uses a starting location of 5§ km and the velocity

model indicated by table 3-1.

Table 3-1. Caltech Velocity Model
P-velocity Depth
(km/sec) (km)

65 0.0

6.3 55

6.7 16.0

7.8 37.0

Evidently, events can artifically concentrate just above 5 and 16 km, robbing the
surrounding + 2 km, and still qualify as A-quality. In this light, it was decided to test
one of the cross-sections numerically to see how much it is influenced by station dis-
tribution and velocity model. | chose the section shown in figure 3-14d, since it

seems to be the most provocative.

To test the effect of station distribution, a grid of "earthquakes'" was designed
on 5-km centers (fig. 3-20a) and theoretical travel times were calculated for about a
dozen nearby stations. The travel times were then used to locate the artificial events

to see how many would locate as quality-A. When only P-times were used, all the
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Figure 3-20. Cross-sections of synthetic A-quality earthquake locations done to
test the effects of station distribution and location method.
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events located within 1 km of their correct epicenters, but only 118 out of 205
located with quality-A (fig. 3-20b), due to incorrect depth. The missing events usu-
ally located at 5 km, the starting depth. In addition, at the south end, 3 events that
should have been 10 km deep located at § km, but were erroneously rated as A. Our
methods were discussed with some of the USGS personnel who locate and catalog
these earthquakes on the CEDAR system and it was determined that some of the sta-
tions in San Bernardino Mountains area are particularly good for picking 8-arrivals.
S-times were thus generated for these selected stations, and the 205 artificial
events were relocated. This improvement led to 133 events located as A-quality
(fig. 3-20c), which filled in some of the holes. Again, a few events on the south end
mislocated and were mistakenly classified as A-quality. When the Caltech catalog
was finalized for 1978, a number of events got special attention. The CEDAR proc-
essors looked at the solutions and decided whether to start them at a new depth.
This was simulated for the events that did not make quality-A on the first pass, by
restarting them at 15 km depth. As seen in figure 3-20d, 191 out of 205 events
now located well. There are still problems at the south end, probably due to the
sparser station distribution there (see fig. 3-19). It is difficult to assess how many
of the events in our A-catalog got this kind of special attention, but it was estimated
that this is done to only about 2% of those in the whole catalog. It is apparent that
more A-quality events could be obtained by relocating many B and C-quality events

with a new starting depth.

There was also an attempt to test how sensitive the depths are to changes in
velocity structure. Travel times were generated for 205 grid points from the stand-
ard 4-layer model used by Caltech for all of its locations, just as in the previous test.
The events were relocated with two different half-space models. Both P- and S-

times were used and all locations were started at 5§ km depth. For figure 3-21b, a
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test the effects of velocity model.
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6-km/sec half-space was used. In this case, events at O km and below 10 km gen-
erally did not locate with quality-A. Events at 10 km locate reasonably well, while
6-km-depth events demonstrate a sway-back pattern with depths varying from 4 to
8 km (fig. 3-21b). Only 63 of 205 events located with quality-A, and generally only
between -40 and +40 km on the cross-sections, which is probably an artifact of sta-
tion density, as demonstrated by the previous test. For a 6.5-km/sec half-space
(fig. 3-21c) only 38 out of 205 events located with quality-A, again with little suc-
cess more than 40 km from the centerline. Depths, however, did not seem to be as

badly mislocated.

There are two conclusions from the velocity-model test. First, this part of the
numerical experiment indicates the difficulty of separating the effects of station dis-
tribution from the velocity model. Secondly, this experiment may be showing that the
ability to locate events with quality-A is sensitive to the accuracy of the velocity
model. Note, however, that the travel times used were generated from the theoreti-
cal southern California model (Table 3-1) and do not have the scatter inherent in real
data. It is not certain that this second experiment adequately tests the effects of

velocity structure, and there may be better ways to do this.

DISCUSSION

The numerical experiment demonstrates that there are problems in hypocentral
locations, in that depths may not be reliably calculated in many parts of southern Cal-
ifornia. However, it seems to indicate that within 40 km of latitude 34° N, depth
determination may be fairly accurate, due to the heavy concentration of stations
along the Transverse Ranges themselves. Hence the data may be used to make reli-

able observations about the seismicity of the Transverse Ranges.



The seismicity of the Transverse Ranges exhibits basically two patterns, one
corresponding to the sector west of Cajon Pass, and the other corresponding to the
sector to the east. The seismicity in the western Transverse Ranges is primarily
associated with the aftershock zones of moderate-sized earthquakes that have
occurred since 1970. Usually the seismicity outlines north-dipping planar structures
that may be interpreted as faults. The exceptions to this pattern are the 1979
Malibu aftershocks, the diffuse activity disseminated throughout the Los Angeles
basin, and the cluster of minor seismicity on the San Andreas fault near Palmdale.
The eastern Transverse Ranges are characterized by more intense seismicity, with
the earthquakes pervasive from the surface down to the bottom of the seismic zone.
The bottom of this seismic zone appears planar and dips south at 10° to 20°. Seismi-
city deepens abruptly south of the San Andreas fault. The only activity associated

with an aftershock sequence is that of the Homestead Valley earthquakes of 1979.

In the Santa Barbara Channel, cross-section 3-10a intersects the aftershock
zone of the 1978 Santa Barbara earthquake. This zone appears to exhibit a north-
dipping fault which steepens at depth, which is at variance with the interpretations
of Chapter 2. This appearance results from two events that occurred later and
somewhat northeast of the aftershock zone. Also, note that these catalog events
(fig. 3-9) plot 6 km south of the relocations given in Chapter 2 (cf. fig. 2-3). In addi-
tion, the catalog contains only about two dozen events of quality-A in this area, com-
pared to 159 quality-A locations in Chapter 2. These differences point out the prob-
lems inherent in using catalog locations. They may be systematically biased, and one
sees only a small subset of the data. The significance of the two deeper events is
not clear, but it suggests that the results of Chapter 2 should be reevaluated by
relocating all the more recent seismicity in the Santa Barbara Channel with the tech-

niques employed in that chapter.
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Structure beneath the San Bernardino Mountains

The most intriguing feature uncovered in this study is the pervasive seismicity
under the San Bernardino Mountains and San Gorgonio Pass. The southward dip of
the bottom of the seismic zone is clear on 3 cross-sections and suggestive on
another 3, spanning over 100 km in the east-west direction. This structure suggests
that the granitic rocks of the San Bernardino Mountains are behaving as a shattered
brittle slab underlain by a more ductile layer. The ductile layer could be the same
crystalline basement that underlies the mountains, softened by increasing tempera-
ture with depth. But the layer may also be of a material that is inherently more duc-
tile, such as the Pelona schist, as indeed has been suggested by Yeats (1981). Let
us consider the surface projection of this interface between seismic and aseismic
crust. The interface would project 60 to 80 km north of latitude 34° N, at the loca-
tion shown in figure 3-17. The line is inferred from the cross-sections and is neces-

sarily only approximate.

Comparison to geology. The geologic history of the San Bernardino Mountains
reveals no reason to expect a south-dipping structure under them. When it was part
of the Mojave Desert, the north block of the mountains was eroded to a peneplain. In
late Quaternary time the north block was elevated so that the old erosion surface is
now a raised surface of low relief. The greatest uplift has been on the south and the
erosional surface has been tilted north toward the Mojave Desert (Dibblee, 1975).
In addition there are many range-bounding thrust faults on the north side of the range

{Meisling, 1983), but no evidence for these can be seen in the cross-sections.

The geologic map of the area (Rogers, 1967) does not reveal Pelona schist
cropping out at the line indicated in figure 3-17. However, the area north of the San
Bernardino Mountains, in the Mojave Desert, is characterized by several large plutons

exposed in the Rodman, Ord, and Granite Mountains, that are probably the northward
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continuation of the basement rocks observed in the San Bernardino Mountains. These
large granitic bodies end approximately along the line outlined in figure 3-17. North
of this boundary, Miocene volcanics and smaller isolated plutons are prevalent. This
observation supports the idea that the granitic slab of the San Bernardino Mountains
pinches out on the north but does confirm that a different basement underlies it. It
should be noted that on all of the cross-sections utilized, events become sparse
where the seismic zone thins to 6§ km, and there is no good evidence to project the
planar feature above this depth. It is just as likely that it may flatten and persist at

6-km depth in the vicinity of Barstow.

Another possibility is that a 15-million-year-old detachment structure postulated
by Leon Silver (pers. comm.) corresponds fairly closely to this suggested boundary
(fig. 3-17). His interpretation is that this ancient detachment juxtaposes two differ-
ing granitic terranes, one atop the other. Thus there is no reason to expect a major
change in mineralogy across this boundary. However, it is possible that a mylonitic or
cataclastic zone is associated with this Tertiary thrust fault and may confine brittle
behavior to the granitic "basement" above. Also, chemically, Pelona schist is not
much different from the granites, and it is not clear that the granites will be any less

ductile at depth.

San Gorgonio Pass and the San Andreas fault

Another noteworthy feature of the seismicity of the San Bernardino Mountains is
the dramatic change in character at the south front of the mountains. The seismicity
increases notably and deepens abruptly by 5 km, precisely at the north branch of the
San Andreas fault. On figures 3-14d and 3-16a it is not immediately apparent if this
change occurs as a continuation of the south-dipping ramp under the San Bernardino

Mountains or occurs as a 5-km step in the bottom of the seismic zone. This critical
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area is shown enlarged in figure 3-22, which includes data from 1977 to the present.
In this figure it is clear that the increase in seismic activity and depth occurs
abruptly, in less than 1 km, immediatedly under the surface trace of the north branch
of the San Andreas fault (Mission Creek fault of Allen (1857)). The dip of the north
boundary of the seismicity is at least 70° and may well be vertical, and the height of
this step is at least § km and may be as much as 8 km. The zone of concentrated
deep seismicity has a less sharp boundary on the south that corresponds roughly to
the surface trace of the Banning fault (Allen, 1957). Seismicity is less intense south
of this fault (see also fig. 3-156) and the depth of activity may decrease by 2 km.
Seismicity still further decreases and becomes shallower to the south toward Mt. San

Jacinto.

The complexity of the seismicity in this area correlates fairly well with the com-
plex geology. Northwest of San Gorgonio Pass, the San Andreas fault splits into two
branches that have both been active in late Quaternary time. The north branch of
Jennings (1975) is actually composed of two aligned strands, the Mill Creek and Mis-
sion Creek faults, that are not quite continuous at the surface (Allen, 1957). Their
juncture is complicated by the left-lateral Pinto Mountain fault, which trends
northeast here. The north branch shows evidence of Quaternary but not Holocene
movement (Dibblee, 1975). The south branch veers rather sharply to the south until
it intersects the Banning fault at nearly right angles. East of this intersection, the
Banning fault behaves as a shallowly dipping north-over-south thrust. To the east,
the Banning fault gradually steepens, begins to exhibit right-lateral movement, and
trends progressively more southeasterly until it rejoins the Mission Creek fault in the
Coachella Valley. The present understanding of the geologic history is as follows:
During Tertiary time the present-day Banning fault behaved as the transform bound-

ary. Near the beginning of Quaternary time, the north branch of the San Andreas fault
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took over displacement, while the Banning fault became inactive. In the late Quater-
nary, displacement shifted again to the south branch of the San Andreas fault and
the reactivated east end of the Banning fault (Dibblee, 1975; Matti and Morton,

1982).

Although the presently active San Andreas fault and its predecessors have been
primarily strike-slip faults, there has evidently been a vertical component of motion
as well, as indicated by the mountainous topography. In San Gorgonio Pass, Tertiary
sediments are in excess of 6358 feet thick. At the other extreme, basement rocks
are exposed at the 11,602-foot summit of Mt. San Gorgonio, the highest peak in
southern California. Hence, the structural relief is at least § km. Apparently most of
the uplift of the San Bernardino Mountains has occurred during the late Quaternary

(Dibblee, 1975).

The block between the north and south branches of the San Andreas fault is
apparently caught in the middle of the bend of the fault. It is presently undergoing
active brittle deformation as indicated by the intense seismicity. The mode of defor-
mation is complex, as indicated by focal mechanisms. Green (1983) shows solutions
that range from strike-slip through oblique to pure thrust mechanisms. All are con-
sistent with north-south compression, but few have nodal planes parallel to the faults
they are plotted near. The matter is complicated further by the work of Nicholson et

al. (1983) who suggest left-lateral slip on northwest-trending planes.

The deeper seismicity may have one of two explanations. First, basement rocks
on the two sides of the north branch of the San Andreas fault are very different.
North of this fault, the granitic rocks are of Mojave Desert type, and to the south
they bear affinity to the basement rocks of the San Gabriel Mountains (Dibblee,
1976). The two different types of basement have been juxtaposed by large lateral

offset on the north branch of the San Andreas fault. Hence, the south block may be
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mineralogically and structurally different enougn so that the rocks behave brittlely to
a greater depth. However, the earthquakes here occur at greater depth than any-
where else in southern California, including the San Gabriel Mountains. A second pos-
sibility is that a block of crust has been depressed south of the north branch. This is
possibly supported by the 5+ km of structural relief seen here. Allen (1957) has
suggested that the San Gorgonio Pass might have formed as a graben between
reverse faults on either side of the pass, but pointed out the lack of surficial evi-
dence for Holocene faulting on the south side of the pass. However, in figure 3-22,
there is what appears to be a vertical seismicity zone at the x=-13 km mark, which is

under the north flank of Mt. San Jacinto.

Eastern Transverse Ranges

The eastern edge of the Transverse Ranges is shown in the cross-section in fig-
ure 3-16d. It displays several vertical seismicity zones that correlate with east-
trending left-lateral faults discussed by Powell (1881). These faults are, from north
to south, the Pinto Mountain, Blue Cut, Porcupine Wash, Smoke Tree Wash, and
Chiriaco faults. On the cross-section, the Blue Cut and Smoke Tree Wash faults show
up most clearly (cf. fig. 3-15). In addition, there is an east-trending line of seismicity
just north of the 34th parallel that does not correlate with any mapped structure of
Powell {(1981) nor Jennings (1976). Powell (1881) noted that these faults all
showed evidence of Quaternary movement, were rather regular in spacing, and had
the shared characteristic of displacement increasing towards the east. Powell

(1981) stated:

"The pattern and continuity of the left-lateral faults suggests that they
have formed as a brittle mechanical response within a crystalline piate rid-
ing atop a substrate of less brittle material.... If such a brittle plate
interpretation is correct, then it would seem reasonable to expect that
hypocenters for earthquakes along the left-lateral faults within this plate
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would occur no deeper than the base of the plate."

Powell (1981) also showed seismicity cross-sections to support this
hypothesis. The more recent and higher quality locations used in my study tend to
support his observation that most of the seismicity occurs above 12 km. In fact,
most of the seismicity associated with the mapped faults (fig. 3-16d) is above 5 km.
Powell (1981) further suggests that Pelona-type schist under the Chocolate Moun-

tain thrust may project northward under the eastern Transverse Ranges.

CONCLUSIONS

From the numerical experiment there are three conclusions: 1) There are prob-
lems in locating events in certain parts of the network, but these problems probably
are not critical for the dense station distribution along the Transverse Ranges. 2)
Most of the quality-A events do have a precision of 2 km in their calculated depth.
3) It may be possible to get a clearer picture by relocating the many more B-quality

and C-quality events with a better starting depth to improve them to quality-A.

There are two conclusions about the data: 1) In the western Transverse Ranges
there appear to be a few north-dipping planar structures that extend down to 12 to
16 km depth, but there are several areas where events show no structure, but
scatter down to 20 km depth. 2) In the eastern Transverse Ranges, especially under
the San Bernardino Mountains, there does appear to be a bottom to the seismic zone.

And this zone appears to shallow as you move north toward the Mojave Desert.

This study has not clearly answered the decollement question. The data may be
supportive of the decollement idea in the area of the Transverse Ranges northeast of
the San Andreas fault. In the western Transverse Ranges, however, the catalog
locations show no clear evidence for sub-horizontal structures. The principal contri-

bution of this chapter has been to add intriguing new evidence to the case and to
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outline potential areas for more intensive study.



Chapter 4

Velocity Structure of southern California Continental
Borderland as seen from Catalina Island, California

Introduction

At noon on November 8, 1881, 180,000 1bs. of ammonium nitrate was detonated
in a single, undelayed quarry blast at the southeast end of Catalina Island. This loca-
tion is south of Los Angeles, 45 km off the southern California coast (star, fig. 4-1).
Portable seismographs were deployed on the island and the shot was timed on site by
Chuck Koesterer of the USGS. This was a relatively large blast, registering 2.6 on
the Richter scale, and it was well recorded on virtually all of the southern California
stations shown on the map (fig. 4-1). The blast was timed on the CEDAR system, and
the portable smoked paper records were read by Doug Given of the USGS. Hence the
origin time and arrival times are well documented by Given and Koesterer (1983),
who point out that blasts of this size occur in southern California only about once
every 10 years, and this afforded a rare opportunity to study the seismic velocity

structure of the Continental Borderland.

Setting

The blast occurred in the offshore province known as the southern California
Continental Borderland. This area contrasts markedly with the nearly flat, 30 to 50-
km-wide continental shelf that is typical of the rest of the California coast. The Con-

tinental Borderland is a 250-km-wide zone of bathyl deeps and elevated ridges that
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separate the southern California coast from the abyssal floor of the Pacific Ocean.
The ridges breach the sea surface in places, forming islands, Catalina being one of
these. The high bathymetric relief suggests structural complexity, and the relatively
shallow water depths suggest a crustal thickness that is intermediate between the

ocean (10-12 km) to the west and the continent (30-40 km) to the east.

Previous Work

The pioneering work in the offshore area has been by scientists at the Scripps
Institute of Oceanography (S10). They started refraction experiments in the border-
lands in 1948, initially to test and develop equipment but later to study velocity
structure. Navigation in the 40's and §0's left something to be desired. These were
the days before LORAN and satellites, and many locations were ""determined' by sun
sights, dead reckoning, and soundings. It was not uncommon for the locations of the
shooting ship and receiving ship to be off by miles. Most of this work remains unpub-
lished except for meetings and SIO reports (Shor and Raitt, 1968a, 1958b). All of
their work has been recently compiled and released by Shor et al. (1976). Despite
the above-mentioned shortcomings, these studies provide a valuable framework in
which to view more recent studies. Shor et al. (1976) have documented the rather
sudden shoaling of the Moho seaward of the Patton Escarpment. They observed
refractors of 8.2-km/sec velocity at 24-km depth under the Catalina Basin, at 14- to
17.6-km depth at the top of the escarpment and 9- to 10-km depth at the foot of
the slope. Shor et al. (1976) defined the structure of several of the deep sedimen-
tary basins, which contain § to 7 km of sediments. Shor and Raitt (1958a) noted
that the depth to basement in many of the basins is the same as west of the Patton
Escarpment. They observed "oceanic" velocities of 6.7 km/sec below 7 km and

noted that the seaward thinning of the crust was at the expense of this lower
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crustal layer. Most of their conclusions were from 5§ widely spaced profiles across
300 km. Shor and Raitt (1958a) realized, of course, the limitations of their data and

gave us an admonishment that still applies today.

"The surface geology of the islands is varied, indicating similar variation
beneath the submerged ridges and basins... for any set of seismic refrac-
tion data an infinity of interpretations is possible... The method is akin to
that used by a field geologist trying to determine a structural map and sec-
tion from a small number of outcrops."

More recently Crandall et al. (1983) have published a refraction study from an
east-west traverse of the Santa Barbara Channel. While somewhat removed from the
area of interest herein, this study defines structures that may occur in the southerly
part of the borderlands as well. Crandall ef al. (1983) observed 7 km of sedimentary
fill in the channel that is underlain by 6.3-km/sec crust. This is in turn underlain by a
7.0-km/sec layer at 11.6-km depth and a 8.3-km/sec Moho at 22-km depth. Keller
et al. (1983) ran a refraction line across the Santa Cruz Basin from San Nicolas
Island north to Santa Cruz Island. Their interpretation is quite complicated, with many
dipping layers and velocity gradients, but, in general, it shows 5 km of sediments
underlain by crustal layers as in Crandall et al. (1983) and a Moho of 7.8 km/sec at
20-km depth. Hearn (in press) has used earthquake sources to invert for P, veloci-
ties and crustal thickness for the whole of southern California. He determined a mean
Moho velocity of 7.9 km/sec and a mean crustal thickness of 29 km, but found that

velocities are faster and the Moho shallower offshore.
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TECHNIQUE

Data

Most of the data were recorded on the Caltech Earthquake Detection and
Recording (CEDAR) system and were timed by Doug Given (Given and Koesterer,
1983). This was suppiemented by data from stations operated by the University of
Southern California (USC) (Ken Piper, personal comm.). If we plot all the data on a
reduced travel-time plot (fig. 4-2), it is obvious that there is much scatter. It should
be emphasized that this scatter is not errors in the data. Most of the picks are
accurate to better than 0.1 sec. Instead, this demonstrates the variability of south-

em California velocity structure, which is highly azimuthally dependent.

To alleviate this problem, data were selected for only 32 stations that were
near shore or on islands (fig. 4-3). This ensures that the ray paths to these stations
spend most of their transit in offshore crust of the Continental Borderland. These
data resulted in 3 different velocity models corresponding to 3 areas within the
offshore region (fig. 4-4), which are basically similar. They all consist of a 2.5- to
5.5-km-thick upper crust with a velocity of 5.2 to 6.5 km/sec. This is underlain by a
6.2- to 6.3-km/sec lower crust which shall be referred to as the P, layer in this
report. This layer is about 17-km thick. This is in turn underlain by a Moho of 7.8
km/sec (or more) at about 20-km depth. The three slightly different models result
from looking at the data in different azimuths and ranges. The necessity for each
model is clearly indicated by the data, and the evidence for each will be discussed in

turn.
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Method

Velocities and thicknesses were determined by the slope-intercept method. The
data were initially plotted on ordinary travel-time plots. In this format, the data
displayed 3 obvious branches. Slopes and cross-over distances were determined
from this plot and used to calculate VM1 (fig. 4-4). The data and this model were
re-plotted on a travel-time plot that was reduced by 7 km/sec. This method allows
one to magnify the time scale and better assess the amount of scatter from the
model. The reduced plot revealed some systematic deviations from VM1, which led to
the derivation of the other two models. The slope-intercept method was deemed
adequate because the travel-time plot displayed 3 clear linear branches (see fig. 4-
5). The first (direct-P) and third (P,) branches were remarkably well defined. More
advanced inversion schemes were not considered appropriate, since the ultimate goal
of this project was to provide a simple flat-layered model to use in an earthquake

location program for Chapter § of this work.

At this point it became desirable to examine the original seismograms. This was
problematic since although the CEDAR system does an excellent job of timing and
archiving the seismic traces, software had never been developed to play them back.
After considerable effort, the ''code’" was broken for the CEDAR seismograms and
programs were written to plot out the traces individually or on record sections. After
the breakthrough, the record sections were analyzed to confirm, and in some cases,
better define the travel-time branches that had been observed previously. Coherent
phases were recognized by their similar waveforms, and they could be seen to carry

across the record section. Also phase breaks could be picked more accurately.



NW of Cataina Catalinals. WA&S of Catalina
5.2 9.9 2.5 D.2
5.5km 5.5km
6.3 6.2 6.3
I9km
22km S
7.8 78?7 7.8-8.2

Figure 4-4. Crustal velocity modets derived for different azimuths from blast. Veloci-
ties in km/sec.



.20 0.0

+s8LP
am
; — asac 8. 30
o arq
asmp  HUCC
- ASISC as
+Lc 1586
4 e 9 +smp
+LC
~ 5 e sesc
- g aspe,
K' ke L avs
5 +t *“ps‘l'r mseco mock
- ncp rad MBTocr saLc 385C
ser T - ane o
2 P et ST msasn
BvTe:
| e >
4 +2dpTn
+ler
0 T T L T T T T T T T T T T T T T T
0 25 50 75 100 125 150 175 200 225
KM

Figure 4-5. Reduced travel-time plot for stations with Continental Borderland ray
paths. Lines indicate travel-times of refractions predicted by model VM1.

250

22.0



-97-

RESULTS

Northwest of Catalina -- VM1

Figure 4-5 shows how well velocity model 1 fits the selected data. The majority
of the data falls along the three indicated branches, within 0.5 second of the calcu-
lated travel time. But, there are some noteworthy exceptions. 1) SBI (range, 70 km),
PTD (89 km), and SBLG (113 km) each have two arrivals, with the second one coming
in close to the time predicted for the first. The 3 early arrivals also have an apparent
velocity of nearly 6.3 km/sec. 2) VST (101 km) and SBSN (112 km) exhibit P, — P,
intervals of nearly 1 second, 40 km before such a lag is predicted by the model. In
fact, cross-over distance is not expected until 112 km. 3) Stations on Catalina
Island show a very clear break-over to a higher velocity where none is predicted.
And finally, 4) several stations beyond 150 km exhibit P, arrivals that are over a
second late. These deviations from the norm will be used to rationalize the other two

velocity models (fig. 4-4).

All of the stations with P, arrivals were on northwest to north azimuths as
shown in figure 4-6. Note that the sections of the ray paths that were refracted
along the top of the P, layer are all located northwest of Catalina. Hence, all the
evidence for a 7.8-km/sec Moho at 22-km depth comes from this area, i.e., the Santa
Monica basin and the east edge of the Santa Cruz-Catalina ridge. The P, paths
cover a much wider range of azimuth, nearly 180° from west through north to east
(fig. 4-7). If a similar plot was shown for the direct-P paths, it would show rays
going due north to Los Angeles basin stations, and due south to SCIl. These plots
show that we are not getting a true velocity profile. Station azimuth is dependent on
station distance due to the coastal geography. However, the area of maximum over-

lap is north-northwest of Catalina, and VM1 is probably most appropriate in this
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region.

Refraction vs. Reflection

In an attempt to understand the late F; arrivals beyond 150 km, a synthetic
seismogram was generated from VM1 for one of these stations: SBLC (fig. 4-8). As
would be expected, it shows emergent P, and P, refractions followed by an impul-
sive Moho reflection: P, P. The reflection's amplitude was larger than expected,
and it appears probable that the CEDAR timers (human) were picking the relatively
larger reflection as P;. With this in mind, reflection travel-time curves were also cal-
culated for VM1 (fig. 4-9). As shown, the P,, P curve comes much closer to fitting
the late arrivals beyond 150 km, and may also explain why 3 arrivals were observed
at some stations (e.g. CAM and SBSC). The arrivals are still generally about half a
second late. Note that most of these stations are in the Santa Barbara region and
the upgoing leg of the reflection would have to cross the Santa Barbara Channel at a
shallower depth than the Moho refraction. Thus, these rays may also be slowed by
the low-velocity sediments that fill the Santa Barbara Channel to a depth of 7 km

(Keller, et al., 1983; Crandall, ef al., 1983).

Catalina Model -- VM2

The stations on Catalina (0-35 km range) exhibit a very clear break-over to a
higher velocity at about 20 km. To fit these data, | used a higher velocity upper
crust (5.5 km/sec) and a slightly slower (6.2 km/sec) P, layer that is also 3 km
shallower. The 5.5-km/sec layer has a non-zero intercept, and this was accommo-
dated by a 300-m-thick 2.5-km/sec layer. The 2.5-km/sec velocity was observed
in the quarry by Given and Koesterer (1983). This velocity model is VM2 on figure

4-4. The fit to the data is shown in figure 4-10. Although VM2 fits the Catalina
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Figure 4-8. Synthetic seismogram for station SBLC, generated from mode! VM1.
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stations better, it does so at the expense of stations in the intermediate range (50-
120 km). Figure 4-11 shows the direct-P and P, ray paths on Catalina. The data

from these 9 stations sample the whole island and strongly constrain its structure.

An interesting side effect of this model is that it better explains the first
arrivals seen at SBI, PTD, and SBLG. Note on figure 4-7 that the direct path to SBI
grazes the south side of Catalina. It is possible that that energy may be laterally
refracted along Catalina and is arriving before waves that take the direct route. This
makes some sense if one looks at the seismogram for SBl. The first arrival is small
and emergent; the second arrival is large and impulsive. The SBLG seismogram also
exhibits this characteristic, but it is not as pronounced. The PTD record is noisy and
this observation is uncertain. In short, seismic waves refracting into the shallower
F, layer on Catalina may get a head start on waves taking a more "oceanic" path and

this may cause early arrivals at these three stations.

Digital Record Section

Twenty-two of the thirty-two stations were recorded digitally by the CEDAR
system and | have constructed a record section (figure 4-12). Note that | have been
selective in plotting traces since some would plot on top of others. However, traces
neglected in figure 4-12 are shown on later figures. The record section shows that
only the closest two stations (on Catalina) were clipped, and there was good signal
out to almost 240 km. The phases predicted by VM1 show up reasonably clearly,
especially the high amplitude Moho reflections in the range 70 to 120 km, which is at
the distance for critical angle and beyond. The most critical area for constraining the
model is in the range 40 to 120 km, and this is shown in blowups (figs. 4-13 and 4-
14). On fig. 4-13, the Pg phase is seen clearly at SBI, SNS, and VPD, coming in within

a few tenths of a second of the calculated time. Note the small emergent arrival at
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Figure 4-11. Map of Catalina Island showing ray paths to permanent and portable sta-
tions, for direct-P (dotted) and F,.
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SBI that precedes the larger second arrival. The F,, P reflection is seen weakly at
LCL and strongly at SBI, SNS, and VPD. On figure 4-14, the P, P is also clear, and it
is noticeably early at SBSN. The F, can be seen interfering at SAD, KYP, and SIP as
it starts to '"catch up" to the F,. Noting that PTD has reversed polarity, the emer-
gent form of the F, carries nicely across fig. 4-14. This is even true at SBSN, in
spite of the arrival of a preceding phase. The coherency of the P, argues that the
upper part of VM1 is appropriate for SBSN, and the early arrival of energy is due to

something below the top of the P, layer.

Model for Stations South and West--VM3

| interpret the arrival as an early P, which can be due to either a shallower or
faster Moho, or both. Two possible interpretations are 7.8 km/sec at 19 km, or 8.2
km/sec at 22 km depth. The fact that the Moho reflection also comes in early favors
the shallower Moho hypothesis. This choice is illustrated in figure 4-15. This model,
called VM3, appears to explain the first three arrivals at SBSN reasonably well. Note
that this model also seems to explain VST, which was also plagued by an early P,
arrival. Note, however, that VST is in the opposite direction from SBSN (see fig. 4-7).
Later in the record section (fig. 4-15) two additional curves are drawn for the double
and triple Moho reflections P, P, and P, P3. And it appears that these are indeed
seen on the record from SBSN. If so, this would also favor the Moho depth averaging

19 km along the route to SBSN.

To test the multiple reflection idea, VM3 was used to generate a synthetic
seismogram for SBSN which was compared to the real record (fig. 4-16). Although
the observed seismogram has more character than the synthetic, the timing and rela-
tive amplitude of the first § phases agree reasonably well. However, the amplitude

predicted for P, Ps is diminutive. This is apparently because VM3 predicts that
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critical reflection from the Moho occurs beyond 50 km (see fig. 4-15). Since the
first pair of legs for P, P and P, P, are 112 and 56 km, respectively, they are
super-critical, resulting in total reflection. The first leg of P,, Ps would be 37 km,
which is sub-critical with a reflection coefficient of 0.3. For three bounces, (0.3)3 is
.027. Thus, the waveform seen on the record is either the coincident arrival of an
unknown phase, or there is a structural complication that allows a high amplitude
P,, P3. However, in looking at the record for SBSN (fig. 4-16), the similarity of the
three waveforms, their equal spacing, and the apparent linear decay from one to the

next at least suggests that they were produced by the same mechanism.

DISCUSSION

Structural Implications of VM1

The simplest interpretation of the data is that the Santa Monica Basin and the
Santa Cruz-Catalina Ridge are underlain by the flat-layered structure indicated by
VM1 (fig. 4-4). And this is all the interpretation that was necessary to use in
Chapter § to locate earthquakes in this region. However, this interpretation alone
would be incredibly naive, considering the structural complexity of the region. The
ray paths used in this model (fig. 4-7 and 4-8) cross the deep sedimentary Santa
Monica and Santa Barbara basins, the elevated bedrock of the Santa Cruz-Catalina
Ridge, two strike-slip faults (one left, one right), and the North Channel Island plat-
form, as well as the major structural boundary between the Transverse Ranges and
Peninsular Ranges. In addition, the refraction '"profile" is unreversed. The variation
from the norm is probably greatest in the mid to lower crust, as indicated by the
scatter about the P, branch (fig. 4-9). The scatter about the P, branch is rather

small, which suggests that this interface is at least planar. However, since the
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profile is unreversed, 7.8 km/sec should only be taken as an apparent velocity for
the Moho. Shor and Raitt (1958a) observed Moho velocities of 8.2 km /sec. If we
use this number for a calculation assuming a dipping interface, it would imply a
northwest dip of 3.6° and 22 km only represents the depth of the point at which

critical refraction begins.

VM1 vs. VM2

The feature of VM2 that the F, layer is 3 km shallower than in VM1 is intriguing
and suggestive. One possibility is that Catalina has been uplifted as a block as much
as 3 km. Catalina has plentiful evidence of uplift. The island is geomorphically a pla-
teau, with steep sides and a gently rolling upper surface. Marine terraces occur at
300 m above sea level (Smith, 1900), and the total relief from the top of the island
_to the foot of the Catalina Escarpment is 1200 m. Pliocene beds exposed on the

island today were probably deposited at 2,000 m depth (Howell and Vedder, 1981).

It is possible that the Pg layer dips to the northwest (as was suggested above
for the P, layer). The difference between 6.3 and 6.2 km/sec is within the error lim-
its of these data, but the slightly lower F; velocity might also be a reflection of
northwest dip on the interface. The island of Catalina might thus be the high end of a
much larger block that has been tilted. The bedrock of the island is predominantly
Catalina Schist, which is genetically and mineralogically equivalent to the Franciscan
formation (Platt, 1976). Stewart and Peselnick (1878) have reported seismic veloci-
ties of 5.2 to 6.4 km/sec from laboratory testing on the Franciscan. The crustal

velocities observed in VM2 are within these limits.
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VM1 vs. VM3

Admittedly, VM3 was derived on the basis of one seismogram from SBSN. Coin-
cidentally or not, it also appears to satisfy the early P, arrival at VST, which is in the
opposite azimuth. This suggests the possibility that the Moho depth may have an
average depth of 19 km on a line from VST to SBSN, which passes just south of
Catalina. This is 3 km shallower than in VM1. This might also suggest that Catalina is
block-faulted or tilted up relative to points northwest. Since the ray path to SBSN is
better constrained, due to the multiple reflections, a more rigorous conclusion would
be that the Moho shallows in the seaward direction. This makes sense isostatically,
as we approach the 10- to 12-km-thick oceanic crust beyond the Patton Escarp-

ment, and is also suggested by observations of Shor and Raitt (1958a).

-Comparison with Previous Work

Press (1956) was the first to suggest that the Continental Borderland crust
may be 50% thinner than onshore. On the basis of Rayleigh wave phase velocities he
estimated it to be 15-20 km thick. Hearn (in press) carried out a P, inversion for all
of southern California and noted that P, arrivals were early at the offshore stations.
Assuming an average crustal velocity of 6.3 km/sec, he maps the Moho at 26 km
depth in the vicinity of Catalina, with it shallowing seaward. The differences
between his time terms would imply that the Moho is 3 km shallower at San Nicolas
than it is at Catalina. However, he estimates Moho velocities to be 8.0 to 8.2
km/sec in the offshore region. Heamn's work differs from my own in that he defines a
deeper and faster Moho, but we are both observing travel times, which trade off
depth with velocity. Keller (1983) used ten earthquakes and two blasts to deter-
mine P, velocities in the western Transverse Ranges. His data included the Catalina

blast as well as a 4.1 M, earthquake between Catalina and the mainland. All of his
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travel-time plots show 7.8 km/sec for P,.

Several models for southern California in general, and the Continental Borderland
in particular, have been derived from refraction studies, and these are summarized in
fig. 4-17. In general, the upper part of the various models agrees well with the
interpretations in this study (fig. 4-4). There Is, however, one disturbing point. All of
the other studies indicate a deep crustal layer with higher velocities (6.7 to 7.0
km/sec). This layer was not observed in the data from the Catalina blast. This is
somewhat surprising, since one would expect rock densities and crustal properties to

vary with depth, and one would not expect the P, layer to extend to the Moho.

A lower-crust layer may indeed exist, but it may be deep enough that it is never
observed as a first arrival and is masked by the upper layers, especially for
surface-focus events. There is evidence for this layer however in earthquake data
- (Keller, oral comm; Stierman and Ellsworth, 1976). The record section (fig. 4-12) was
carefully examined to look for travel-time branches with slopes and intercepts sug-
gested by the above models. Although most seismograms exhibit amplitude changes
and interference patterns suggestive of later arrivals, in general they are not
coherent across the record section. Two possible phases were noticed, and they are
illustrated in figure 4-18. The later one has the equation: z/7 + 4.72. This is quite
late, and the intercept time would imply that a 7-km/sec layer lies at 29.4-km depth.
The earlier one is /6.7 + 3.18. This would imply a 6.7-km/sec layer at 22.6-km
depth. These depths are considerably greater than in any of the other published
offshore models. Also, the P, refraction has the equation: z/7.8 + 4.67. When the
calculations are done for the intercept contribution between the 6.7 (or the 7.0) and
7.8 layers, negative thicknesses are calculated for these lower crustal layers. The
physical significance of this is unknown, but it might be that the identification of

these 'phases' is incorrect. Lower crustal layers with the ''correct” depth, as
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Figure 4-17. Previous velocity models arranged (roughly) west to east. Velocities in
km/sec.
SR58: Shor and Raitt (1958a), figure 2, Continental Borderland.
K83: Keller et al. (1983), figure 3, Santa Cruz Basin.
C83: Crandall et al. (1883), table llb, eastern Santa Barbara Chan-
nel.
RHB3: Roller and Healy (1963), east of Santa Monica Bay, model II.
H78: Hadley (1978), figure 2.3a, southem California (Mojave).
G51: Gutenberg (1951), table 1, southern Califomia.
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indicated by previous workers, should have t-intercepts in the range 1.5 to 2.5
seconds. On figure 4-18, there does not appear to be any other phase that is 1
second ahead of the suspected 6.7 branch, but it also apparent that it would be dif-
ficult to pick one out from the readily apparent ~,, Pg, and P, P phases. In short,
the unknown 'phases’’ come in too late to be simple crustal refractions, and if they
are real, they are delayed by some mechanism. One possibility is that the flat-layer
assumption may be invalid. Dipping layers would skew the t-intercepts and lead to
miscalculation of refraction depths. Another possible delaying mechanism is a low-
velocity zone in the lower crust. Such a structure has been previously suggested for
onshore southern California by Gutenberg (1951) and Hadley (1978). Of course it is
still possible that there is not a lower crustal refractor northwest of Catalina, or it
might be transitional and not produce a clear refraction. But, the most likely interpre-
tation is that there is indeed a lower-crustal layer and it is simply not discernable in

the data.

Gravity Measurements in the Continental Borderiand

Another geophysical measurement that reveals crustal structure is gravity. This
method differs from velocity studies in that gravity observations are much more sen-
sitive to density changes, but it has the disadvantage that it is very sensitive to
shallow structures which may mask deeper, more significant anomalies. Gravity maps
of the region (Oliver, 1980; Beyer, 1982) show that the gravity contours have a

northwest-southeast grain, reflecting regional structure.

Beyer (1980) notes a regional gravity decrease towards the northeast of 0.55
mgal/km. He attributes this to crustal thickening in this direction. His Bouguer gravity
map shows a high correlation with topography, i.e., highs on ridges and islands, lows

over the sediment-filled basins. The largest gravity high is +90 mgal on the ridge
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extending northwest from San Clemente Island. Another notable high (+70 mgal) is
centered on Santa Cruz Island, the south flank of this gravity high turns southeast
and parallels the Santa Cruz-Catalina Ridge to another high of +50 mgal centered on
Catalina. A third high of +60 mgal is associated with San Nicolas Island. It is
noteworthy that the island stations exhibit early P, arrivals, as shown by this study
and by Hearn (in press). The deepest lows are in the Ventura Basin (-80 mgal) and
the Santa Monica Basin (-50 mgal), probably reflecting the great thickness of low-
velocity sediments. At the Patton Escarpment, gravity increases steeply from 80 to
220 mgal. Harrison et al. (1966) attribute this feature to rapid crustal thinning from
22 km in the continental Borderland to 11 km under the ocean. They state that here
the dip of the Moho appears to exceed 45° under the Continental slope and may well

be vertical.

SUMMARY

A 90-ton explosion on Catalina Island was used to study the velocity structure
of the southern California Continental Borderland. This blast generated coherent
refractions and reflections that can be interpreted with a simple well-constrained
model. The basic model is a 5.5-km-thick upper crust (5.2 km/sec) underlain by a
6.3-km/sec Pg layer, with a Moho of 7.8 km/sec at 22-km depth. The model was
sightly different for Catalina Island, with the F; layer located at 2.5 km-depth. In
conjunction with geological data, this suggests possible uplift of 3 km for Catalina.
The seismogram from San Nicolas Island exhibited an early £, and single, double, and
possibly triple Moho reflections. These strongly constrain the crust to average 19
km thickness along a path towards San Nicolas. In general, these observations agree
well with previous studies, with one notable exception. Most of the previous workers

reported lower crustal velocities of 6.7-7.0 km/sec which were not observed in this
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study. Phases with these velocities were possibly observed, but they occur too late
to be simple critical refractions. Structural complications or a low-velocity zone may
explain their absence at the expected time. The simplified flat-layer model will be

used to locate earthquakes in Chapter 5.
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Chapter 5

THE SANTA BARBARA ISLAND, CALIFORNIA EARTHQUAKES
OF
SEPTEMBER - OCTOBER 1981

Introduction

On September 4, 18981, a moderate earthquake that occurred at 15:50:50.3
GMT (8:51 A.M. PDT) was felt throughout coastal southern California. It registered
5.3 on the Richter scale, but it was located 50 km offshore from the southern Califor-
nia coast so that it did no real damage. Its epicenter is indicated by the star on fig-
ure 5-1. The closest point of land is tiny Santa Barbara Island, which is 1 km by 2 km
and was uninhabited except for a solitary U.S. Park Service Ranger, who was the only
person strongly shaken by the temblor (Ken Giles, pers. comm., his account is included
in the Appendix). The earthquake and its many aftershocks were well recorded by
the many seismographic stations in southern California. At that time, the Geophysical
Laboratory of the University of Southern California (USC) was opérating 22 stations
in the area, including the 2 closest (SBI & CIW). In addition, the 160 stations of the
Caltech-USGS southern California network were being recorded by the Caltech Earth-
quake Detection and Recording (CEDAR) system. Hence, by the joint efforts of Cal-
tech and USC, this seismic activity had good azimuthal coverage. A preliminary report
has been given by Corbett and Piper (1981). Subsequent studies have led to a
better understanding of offshore velocity structure, and hence improved locations for
this earthquake and its aftershocks. The new improved locations and their interpre-

tation are the basis of this chapter.
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Geological Setting

This earthquake occurred in a physiographic province known as the southern
California Continental Borderland. The Continental Borderland extends from Point Con-
ception on the north to Bahia Sebastian Vizcaino on the south, and from the southern
California coastline on the east to the Patton escarpment on the west. At the Patton
escarpment, the ocean floor drops precipitously to the 4,000-m depth of the Pacific
abyssal plain. The Continental Borderland is different from most of the continental
margin along the California coast in that it is a 250-km-wide offshore area of deep
sedimentary basins and intervening bedrock ridges, with local relief exceeding 2,000
m in places. (See figure 5-1.) At their highest points, the ridges protrude above the
sea surface to form the 8 Channel Islands. Many of the submarine ridges are nearly
flat-topped, having been beveled by erosion when they were exposed during the
low-sea stands of the Pleistocene (Junger, 1976). The earthquake occurred along
one of these: the Santa Cruz-Catalina ridge, at the location indicated by the star in

figure 5-1.

Regional Geology

The Continental Borderland is considered to be part of two of the geomorphic
provinces of southern California (Vedder, 1976). The northern end is characterized
by the east-trending faults and structures typical of the Transverse Range province.
The southern portion is characterized by the northwest-trending structures of the
Peninsular Ranges Province. The two provinces are separated by the Dume-Santa
Cruz Island fault trend which runs along the Malibu coast and the south side of the
northern Channel Islands. The 1981 earthquake activity occurred in the southerly
Peninsular Ranges province, 30 km south of the boundary with the Transverse Range

province. The generalized geology of the region is depicted in figure 5-2. The main



Figure 5-2.

Generalized geologic map of the region surrounding the mainshock (star).
QTs is Quaternary-Pliocene sediments. Tm is Miocene sediments. Tmv is
Miocene volcanics. Tmu is Miocene, undifferentiated. Te is Eocene sedi-
ments. Mz is early Tertiary and Mesozoic basement (mostly Catalina
Schist). After Vedder et al (1974) and Blake, et al. (1978).
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feature is the northwest-trending exposure of Miocene volcanics that makes up the
Santa Cruz-Catalina ridge, which lies between the Santa Monica basin on the east
and the Santa Cruz basin to the west. These basins are both floored with Pliocene
and Quaternary marine sediments. The Santa Cruz-Catalina ridge is cut and, in
places, delimited by several major bedrock faults. In particular, a prominent bedrock
fault between the volcanics and Miocene sediments bounds the east side of the
Santa Cruz-Catalina ridge in the vicinity of the September 4, 1981, mainshock epi-

center.

The basin-and-ridge topography of the Continental Borderland is indeed curious,
and many theories abound as to its origin. The northwest-grain that controls the
edges of the ridges and basins is believed to be fault controlled, as first suggested
by Shepard and Emery (1941) in their pioneering work on the offshore area. Most
authors believe that the basin-ridge structure has been formed since the early
Miocene. The basic hypotheses are that the Continental Borderland has been formed
by rifting (Yeats, 1968a, 1976), by strike-slip faulting (Howell, et al., 1974; Crouch,
1979), by folding (Junger, 1976), or as pull-apart basins (Crowell, 1974). All of
these models are now complicated by recent paleomagnetic work that indicates that
several of the Channel Islands have also been rotated 90° in the clockwise direction
since the Miocene (Luyendyk ef al. 1980; Kamerling and Luyendyk, 1981). Whatever
the original mechanism, most of the above workers seem to agree that the original
Miocene structures have subsequently been taken over by the right-shear system
associated with the San Andreas fault system, and the southern California borderland
Is now behaving under convergent wrench tectonics similar to that seen on the

Newport-inglewood fault (Harding, 1973; Yeats, 1973).

It is not clear that present-day seismicity can determine which of the above

models is correct. However, the data of this chapter indicate clearly what the
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present-day tectonic process is, at least on one of the northwest-trending struc-
tures. And it is presumed that this process has been going on for some geological
length of time. Knowledge of past tectonics gives insight into the present process,
because it constrains where the crustal pieces could have come from. Likewise,
present activity places neo-tectonic constraints on all models of the geologic evolu-

tion of the southern California Continental Borderland.

Previous Seismicity

In contrast to the plentiful literature on the Tertiary geological history of the
southern California Continental Borderland, there is a dearth of seismological studies
on the area. The reasons for this appears to be two-fold. First, there are not many
seismographic stations offshore, since they are necessarily limited to islands; and
these have only become numerous within the last few years. And secondly, no large
earthquakes have occurred offshore since instrumental recording began in the

1930's.

The first study of offshore seismicity was done by USC oceanographers who
were looking for some relation to offshore geology (Clements and Emery, 1947).
These workers noted that there was a correlation between epicenfers and the loca-
tion of offshore escarpments. Of particular interest, they noted epicenters along the
San Clemente escarpment and the Santa Cruz-Catalina ridge. The only study since
that time has been by Legg (1980). He also noted weak correlations with the San
Clemente fault trend. Even the more recent data that Legg (1980) studied were still
subject to poor locations offshore, as well as the scarcity of detectable events

(compared to onshore southern California).

The seismic history dates back to 1812 when two large earthquakes rocked the

missions along the southern California coast. The earthquake of December 8
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destroyed the mission at San Juan Capistrano. Isoseismal studies place its epicenter
near the coast in the vicinity of Santa Ana with a magnitude of 6.9 (Toppozada et al.,
1981). On December 21, 1812, another earthquake did extensive damage to the
missions at Santa Barbara, La Purisima, and Ventura. Toppozada et al. (1981) esti-
mate a magnitude of 7.1 and place its epicenter in the Santa Barbara Channel.
Although both events are poorly located, it is unlikely that either was near the epi-
center of the 1981 earthquake. On December 9, 1861 an earthquake of unknown
size and location was felt on Catalina (Townley and Allen, 1839). Since that time,
the only documentation of offshore events has been by the Caltech Seismological
Laboratory (Gutenberg et al., 1932; Gutenberg, 1941; Wood, 1847; Hileman ef al.,
1973). The 6.3 M, Long Beach earthquake of March 10, 1933 was evidently on the
Newport-Inglewood fault with an epicenter located just barely offshore (Hileman et
al., 1973). The largest known shock in the southern offshore province is a 6.9 M,
event that occurred on the southeast tip of San Clemente Island on Dec. 25, 1951
(Richter, 1958, p. 5635). This earthquake had the curious characteristic of not having
a single known aftershock. In addition, this event had compressional first motions at
all of Caltech stations which would be unexpected for a right-lateral event on a
northwest-trending fault (Allen et al., 1960). Its epicenter was at the southern tip of
a restricted U.S. Navy base, which has led some to speculate that its origin was other
than natural. Legg (1980) attempts to dispel this notion by observing that many
borderland earthquakes exhibit disparately few aftershocks and noting that a number
of "reverse mechanism'" earthquakes have occurred in this same region. In any case,
very few events larger than magnitude 5 have been observed in the Peninsular
Ranges province of the Continental Borderland, and the 1981 event is the second

largest instrumentally recorded event in this province.
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The Caltech catalog was searched for all quality A, B, or C events reported in
the vicinity of the Santa Cruz-Catalina ridge prior to the 1981 activity and the
results are shown in figure 5-3. Figure 5-3a shows scattered activity occurring
throughout the area between 1932 and 1966. The scatter pattern is probably due
largely to poor locations during this time period. Locations were hampered by the
fact that the station on San Nicolas Island was not installed until 1958, and the
Catalina station, not until 1971. The plotted epicenters could be in error by as much
as 15 km. The largest event during this time period was a magnitude 5.0 event in the
vicinity of San Nicolas Island on November 18, 1947. It apparently had only one
detectable aftershock. In addition, two magnitude 4 events occurred in the general

vicinity of the Santa Cruz-Catalina ridge, one in 1852, and the other in 1956.

Figure 6-3b shows all the activity occurring during the 10-year period, 1967~
1976, with the location of the future 1981 mainshock superimposed. The most
noteworthy activity occurred southwest of Santa Barbara Island in 1969. It com-
menced on October 24, with a 6.1 My mainshock and was followed by numerous aft-
ershocks, including two of magnitude 4.7 and 4.8. The 1969 activity is probably
more tightly clustered than the poor-quality locations indicate, and a relocation study
of them would probably produce interesting results. Although the accuracy of epi-
centers is probably no better than 10 or 156 km, it is nevertheless clear that they
occurred well to the south of the 1981 activity and were probably located along
another fault southwest of Santa Barbara Island. Legg (1980) did a focal mechan-
ism of the mainshock and indicates that it is consistent with right-lateral slip on a
northwest-trending fault. Note that there is very little seismicity near the locus of
the 1981 mainshock--only three small events within 20 km during this 10 year

period.
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In 1977, the Caltech CEDAR system came on line with better timing, better sta-
tion coverage, and presumably better locations than at any time in the past. It is
believed that since 1977, location accuracy is better than 6 km, and the main source
of error has now become systematic bias due to uncertainties in the velocity struc-
ture. Figure 6-3c shows the activity from 1977 up to the day before the 1981
earthquake. The main activity during this four-year interval is the 5.0 M, New Year's
Day, 1979, earthquake that occurred just south of the Malibu coast. It was accom-
panied by numerous aftershocks, indicated by the heavy concentration in the
northeast corner of the map. Notice that during that time period, no activity occurred
within a 20 km radius of the impending mainshock. Figure 6-3d combines the activity
from 1967 to 1981. This figure gives the appearance that the 1981 mainshock
occurred in the center of a quiet zone that was ringed by an aureole of seismicity.
This bears some resemblance to the doughnut pattern described by Mogi (1969) as a

precursor to earthquakes.

1981 Seismicity

The Data

The data to study this new activity came from several sources, at Caltech and
USC. The current Caltech-USGS Seismic Processing (CUSP) system produces index
tapes known as Q-tapes. These were searched for phase data for all events occur-
ring within the box delimited by the edges of figure 5-3 between February 1981 and
December 1982. When seismic activity commenced on September 4, the stations,
SBI and CIW were being recorded on analog magnetic tape, and SBI was also being
recorded on paper at USC, but neither station was being recorded at Caltech. Phone

lines were exchanged with USC and the two stations began recording on the CEDAR
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system by September 11. All data on the CEDAR system is routinely read to an accu-
racy of .02 sec. In all, 868 events triggered and were located by the CEDAR system
in this offshore region. These data were supplemented by the following data from
USC for the period from Sept. 4 to Sept. 11. The USC network stations were read by
Ken Piper for all events above magnitude 2.5, to an accuracy of .02 sec. The USC
network analog tape was saved for only the first 24 hours of activity. This was sub-
sequently played back, and all of the events that had triggered the CEDAR system
were read at SBI, to an accuracy of .02 sec by Ken Piper. The only records for
smaller events from Sept. 56 to Sept. 11 were the paper drum recordings for SBI, and

these were read by myself, to an accuracy of only 0.1 sec.

Velocity Model

The earthquakes were initially located with the Santa Barbara Channel velocity
model used by Corbett and Johnson (1982). It was used on the weak criteria that:
1) it produced lower residuals than the standard Caltech southern California model;
and 2) it might correspond more to offshore crust than onshore crust. The results of
this study have been presented previously by Corbett and Piper (1981). At that time
it was suspected that this model had introduced a bias, because all the epicenters
plotted systematically west of the submarine escarpment between the Santa Monica

basin and the Santa Cruz-Catalina ridge.

A most fortunate opportunity to calibrate the network for velocity structure
occurred on November 8, 1981 when a large quarry blast was detonated on the south
end of Catalina Island. It was timed in the field by USGS personnel (Given and Koes-
terer, 1983), as well as recorded by portable seismographs deployed on Catalina. All
of the seismographic stations of interest for this earthquake were at this time now

being recorded on the CEDAR system, and hence the explosion was well recorded.
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The velocity structure derived from the blast has been presented by Corbett (1983)
(also Chapter 4, this volume). The VM1 model of Corbett (1983) is most appropriate
for the area northwest of Catalina, and it was selected to relocate the earthquake

activity (Table 5-1).

Table §-1. Velocity Model
P-velocity Depth
(km/sec) (km)

6.2 0.0

6.3 6.5

7.8 22.0

Location Procedures

All locations were determined with the computer program QED1 written by John-
son (1979). Selecting the proper location procedure is difficult, and it depends criti-
cally on what assumptions one makes about velocity structures, stations delays, and
the quality of picks. Several different location procedures were tested on the first
24 hours of activity to see what kind of biases they could produce. These tests are
discussed in detail in Chapter 6, and only the final results are summarized here. First,
the Catalina quarry blast was used as a calibration event. ‘Its location was fixed at
that given by Given and Koesterer (1983) and station residuals (P-delays) were cal-

culated. These delays are summarized in column 2 of Table 5-2.
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Table 6-2, Station Delays

Catalina Blast Master Event
Station 2000 8 Nov 1981 1008 21 Sep 1981

P-delay P-delay S-delay

CAM 0.356 0.32 -
CIs 0.13 0.05 0.560
Ciw -0.26 -0.06 0.32
ECF 0.63 0.96 -
IRC 0.20 0.82 -
KYP -0.10 -0.12 -0.38
MWC 0.49 0.91 -
PAS 0.51 0.37 -
PTD 0.14 0.02 0.11
SBI -0.01* -0.06 0.50
SBLC -0.16 0.47 0.80
SBLG -0.43 -0.40 -
SBSC 0.06 -0.77 -0.64
SBSN -0.96 -0.96 -1.31
SCI 0.27 - -
SCY - 0.356 -
SIP -0.19 -0.06 -0.16
SYP -0.01 0.58 0.74
VPD -0.23 0.41 -
VST -0.79 -0.26 -
* second arrival (see Chapter 4)

After testing, it was decided that the best results for locating regional seismi-
city would be achieved by locating the earthquakes with these P-delays and a freed
starting location. This step is referred to as Phase | and the results are shown in fig-
ure 5-4. Subsequently it was desirable to relocate the activity. in just the after-
shock zone (box in figure 5-4) with a master event chosen from the aftershocks. An
aftershock is probably more appropriate than the quarry blast because it is located
closer to all the seismicity, and it has occurred at some depth. An aftershock also
has the advantage that one can use S-delays, which improve the location of small
events and constrain depth. It was decided to pick an event that occurred after

September 11, so that SBI and CIW would both be recording on the CEDAR system.

The aftershock at 1008 on September 21 was chosen because it showed the

largest number of clear P- and S- readings at all the key stations. Its location was
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Figure 5-4. Phase | locations, Feb 81 - Dec 82, all events. Square denotes area
used for Phase Il locations. Symbols as in figure 6-3.
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started at several different depths to test how well depth is constrained by the
data. When started at § km, the solution did not iterate in depth, indicating insuffi-
cient depth control to locate very shallow earthquakes. When started at 10, 15, or
20 km, the solution consistently iterated to 10.65-km depth. This was taken as the
master event's depth. The delays for this event are indicated in the last two
columns of Table 6-2. All of the earthquakes were then relocated with these delays

and with master event hypocenter as the starting location (Phase II).

EARTHQUAKE LOCATIONS: PHASE |

Figure 6-4 shows the 729 events located in phase |. Roughly half of these are
quality C or better, and these are plotted in figure 6-5. As can be seen, most of the
east-west spread in the aftershock locations in figure 56-4 is probably due to poor
locations. These Phase | locations are considered to be significantly better than

Caltech-USGS catalog locations, and they are listed in Table | of the Appendix.

Foreshocks?

Figure 56-6 shows the distribution of precursory seismicity relative to the after-
shock zone. One event occurred on June 24 (2.7M), 5 km wesf of Santa Barbara
Island, in the vicinity of the 1969 activity (figure 5-3b). It is well off the aftershock
trend and over 20 km south of the impending mainshock, although still closer than
some of the aftershocks. Commencing July 29, (36 days before the mainshock), a
series of events began to occur 35 km northeast of the aftershock zone (figure 5-
6b). This is as close as any activity occurred during the preceding 4 years (figure
6-3c). The events located under the floor of Santa Monica Bay, in the vicinity of the
San Pedro basin fault zone. Although the precursory seismicity is intriguing, it clearly

does not occur on the aftershock trend of September 1981. Hence these
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earthquakes cannot be termed "foreshocks' sensu strictu.

EARTHQUAKE LOCATIONS: PHASE i

The Phase | locations were winnowed by selecting all earthquakes within the
box in figure 5-4. This left 458 events, which were relocated in Phase |l with the
master event. The results are plotted in figure 6-7a and the location parameters are
listed in Table Il of the Appendix. The main aftershock zone is 25 km long, 5 km wide,
and trends NS50°W. The mainshock is nearly centrally located. Two additional clus-
ters of aftershocks occurred 18 and 30 km southeast of the mainshock epicenter.
Figures 5-7b and 5-7c show progressively higher qualities of event locations. They
seem to indicate that the east-west spread of the aftershock zone is probably due
primarily to mislocations and not structures. Another way of filtering for quality is
shown in figure 6-7d, which depicts all events larger than magnitude 3. These large
events are presumably clearly recorded at a large number of stations and there is lit-
tle doubt as to P-arrival times. Almost all of these larger events occurred within .5
km (the location precision) of a line trending N 50° W. This strongiy favors a straight,

nearly vertical fault as the causative structure.

Mainshock

The calculated location of the mainshock is 33° 40.92' N and 119° 3.60' W. The
corresponding origin time is 15"50™ 50.68° GMT. The depth was calculated at 11.48
km. It should be remembered that this depth is relative to the master event (10.65
km depth) and may be in error as much as 5 km. This location puts the mainshock in a
spot strongly suggestive of fault topography. This is on the Santa Cruz-Catalina ridge
escarpment at the head of a 500-ft. deep canyon leading down into a closed depres-

sion (figure 5-7d). This general area has been previously referred to as a rift valley
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Figure 5-7a. Mainshock and aftershocks. Phase |l locations, all events. Light lines
show submarine topography, contour interval 300 ft. Symbols as In fig-

ure 6-3.
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Figure 6-7b. Mainshock and aftershocks. Phase Il locations, quality A, B, C. Light
lines show submarine topography, contour interval 300 ft. Symbols as

in figure 5-3.
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Figure 5-7c. Mainshock and aftershocks. Phase Il locations, quality A only. Light
lines show submarine topography, contour interval 300 ft. Symbols as

in figure 5-3.
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Figure 5-7d. Mainshock and aftershocks. Phase Il locations, all events larger than
magnitude 3. Light lines show submarine topography, contour interval

300 ft. Symbols as in figure 5-3.
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by Shepard and Emery (1941).

Aftershocks

The aftershocks line up along the submarine escarpment as well as along a
mapped bedrock fault shown In figure 5-2. The main aftershock zone is about 25 km
long, stretching equal distances on both sides of the mainshock. The heaviest after-
shock concentration is on the reach southeast of the mainshock (figures 5-7a and
6-7b). A cluster of aftershocks occurred 18 km southeast of the mainshock (includ-
ing a magnitude 4.0 event), and they appear to be on the continuation of this same
fault trend. Another aftershock cluster occurred 30 km south-southeast of the
mainshock. This appears to be on another fault trend to the southwest that is del-
ineated by the northwest-trending escarpment along the northeast side of Santa
Barbara Island (fig. 5-7), and is also apparent in the bedrock geology (fig. 5-2). The

temporal development of the aftershocks will be discussed in detail in a later section.

FOCAL MECHANISMS

Mainshock

The mainshock was well recorded throughout southern California, and clear,
impulsive (O weight) first motions were obtained for 74 stations. They are plotted in
figure 5-8a, along with the derived focal mechanism. Azimuthal control was good,
with a sweep of over 180° The dips of the planes are not as well controlled. Note
on figure 5-8a that there is poor control to the south and west. The stations plotted
there are northeast stations whose upgoing rays are projected onto the lower hemi-
sphere. Nevertheless, the interpretation is clear. The mechanism must be very

nearly vertical-strike slip, with northwest and northeast-trending nodal planes. Two
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A21=228.0 DIP1= 75.0 R22-318.0 DIP2= 80.0

Figure 6-8a. Focal mechanism of mainshock. Equal-area, lower hemisphere projection.
U=up, D=down direction of first motion. Names of key stations are desig-
nated.
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nodal points where compressions flip to dilatations are well controlled, one to the
northwest and the other to the northeast. The angle between these points is nearly
80°, although station azimuths constrain it to be (barely) significantly less, between
82° and 87° This requires there to be a slightly less than vertical dip on the nodal
planes. The preferred interpretation is that it is the northeast-striking plane that is
non-vertical, dipping northwest at about 75°. The dip on this plane could be as little
as 70° but could not be less. Admittedly, this much precision is pushing the limits of
how well we can calculate take-off angles, and does not allow for possible lateral
refractions. And a slightly different velocity model such as used earlier (Corbett and
Piper, 1981) would give less constraint on dips. Nonetheless, if correctly plotted,
the azimuthal distribution of first motions requires at least one plane to be non-
vertical. The northwest plane strikes N 42° W; reasonably close to the aftershock
zone and the mapped fault. This compares favorably with the routine moment tensor

solution published in the PDE: strike 314°, dip 729, slip -174° (NEIS, 1981).

Aftershocks

Several aftershocks were also well recorded with many impulsive first arrivals,
but the number of good first motions decays rapidly with magnitude. The three larg-
est aftershocks were of magnitudes 4.6, 4.6 and 4.0; and their focal mechanisms are
presented here. Figure 5-8b depicts the first motions for the first magnitude 4.6
aftershock on October 23. As can be seen, it is also well-constrained azimuthally,
less so in dip. The inter-nodal gap is 78° to 93° and the most straightforward
interpretation is vertical strike-slip. The northwest-trending plane corresponds to

right-lateral motion, and it strikes N 48° W.

The second magnitude 4.6 aftershock occurred 2 hours after the first, and its

corresponding first-motion plot is figure 5-8c. It was located at the same epicenter
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A11=312.0 DIPI= 80.0 R22=222.0 DIP2= 90.0

Figure 6-8b. Focal mechanism of 1st 4.6 M| aftershock.
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as the previous one, and all first motions were identical: there were fewer clear
arrivals, and the inter-nodal gap is slightly less constrained: 67° to 93°. The simplest
interpretation is again vertical strike slip with the northwest-trending plane striking N

60° W. However, the data do allow a non-vertical dip on either plane.

The magnitude 4.0 aftershock occurred 9 months after and 18 km southeast of
the mainshock. First motions are plotted in figure 5-8d. Note that station SBI has
switched polarity as the result of the different location, Santa Barbara Island is now
in the west quadrant of this mechanism. The nodal planes are noticeably less well-
constrained than in the previous example. The inter-nodal gap is 70° to 116° and

the mean interpretation is vertical strike-slip with a N 45° W right-slip nodal plane.

In summary, focal mechanisms for the mainshock and 3 largest aftershocks sup-
port vertical strike slip, with the strike of the right-lateral plane varying between N

42° W and N 50° W. But some oblique motion is suggested.

TEMPORAL DEVELOPMENT OF AFTERSHOCK ZONE

A study was done of the growth of the aftershock zone with time, using only the
locations of quality C or better (ERH < 6 km) (figure 5-7b). These are shown in a
series of time slices as figure 6-9. During the first three hours of activity (figure 5-
9a), all of the aftershocks, save one, were along a stretch of 8 km southeast from
the mainshock, strongly suggesting unilateral rupture in this direction. In fact, during
the first hour of activity, this stretch was only 6 km long, raising the possibility that
the initial rupture was less than 6 km in length. The first decipherable aftershock
(3.6 Mp), 7 minutes after the mainshock, was 4.3 km southeast, and this might be
interpreted as a minimum rupture length. The single aftershock 9 km to the northwest
of the mainshock is a bit of an enigma, but it suggests that bilateral rupture cannot

be ruled out. It occurred 28 minutes after the mainshock.
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RZ1= 40.0 DIP1= 80.0 RZ2=310.0 DIP2= 90.0

Figure 6-8c. Focal mechanism of 2nd 4.6 M| aftershock.
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Figure 5-8d. Focal mechanism of 4.0 M| aftershock.
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Figure 6-9. Distribution of aftershocks for dates and times indicated (GMT).
Mainshock shown for reference.
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During the following 29 hours (fig. 5-9b), the aftershock zone clearly grew 7 km
northwest from the mainshock, but remained 8 km long to the southeast. During the
succeeding 9 days (fig. 5-9c), the aftershocks extended to 11 km northwest and 10
km southeast. For the month following (fig. 5-9d), a few events occurred as far as
18 km northwest, and several events up to 14 km southeast. Also during this time,
"wings' of aftershocks began to appear 7 km northeast and 7 km southwest of the
main one. Commencing October 23, new activity began 9 km southwest of the
mainshock, with the two largest aftershocks, both 4.6 M, two hours apart. Their epi-
center continued to mark a hot spot for the next 3 weeks (fig. 5-9e). For the follow-
ing 7 weeks, up to the end of the year (fig. 5-9f), most of the activity continued in
the 10 km northwest of the mainshock. During the first 3 months of 1982 (fig. 5-
9g), diffuse activity continued along the zone from 17 km northwest to 15 km
southeast. On April 15, 1983, the third largest aftershock (4.0 M;) occurred at a
point 18 km southeast of the mainshock (fig. 5-9h). It was succeeded during April
and early May with a cluster of aftershocks at the same epicenter. The rest of the
year was characterized by diffuse activity, mostly within 7 km of the mainshock. In
summary, the aftershock zone showed a clear temporal growth from a 6-km length at
the end of one hour, to 15 km for one day, to 21 km after 10 days, to 35 km after

several months.

AFTERSHOCK DEPTHS

Calculating depths for these earthquakes is difficult for this station geometry.
The closest station to the activity is SBI, which is 15 to 25 km from most epicenters.
The assumed depth for most of the earthquakes (from the master event) is about 10
km. The calculated takeoff angles from the hypocenter to SBI range around 110°,

which corresponds to a dt/dz of .06 sec/km. In other words, depth resolution is
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rather small. An uncertainity of .10 sec in arrival at SBl would correspond to an
uncertainty of 1.7 km in depth at the hypocenter. Nonetheless, the computer pro-
gram used, QED1 (Johnson, 1979), calculates that 83 events (including the
mainshock) have A-quality locations. This is defined as ERH < 1 km and ERZ < 2 km.
And evidently most of these earthquakes have depth control that is probably not
much better than +2 km. In this light, the following remarks on the depth distribution
of aftershocks should be taken with some caution. And note that all depths are rela-

tive to a starting depth of 10.65 km. Absolute errors may be +5 km.

The 83 A-quality events are shown in cross-section in figure 5-10. Both sec-
tions are centered on the mainshock, and events within 16 km of the specified plane
are projected onto that plane. The cross-section transverse to the aftershock zone
(fig. 5-10a) is the view from Catalina looking northwest. It shows a planar structure
that is either vertical or dipping steeply southwestward. A few events scatter off to
the northeast, on the Santa Monica Bay side of the aftershock zone. The locations
are significantly distant so that they probably do indicate subsiduary faulting off of

the main fault trend, but they do not delineate a particular structure.

The longitudinal cross-section (fig. 5-10b) shows the view from Santa Monica
Beach looking seaward. It gives the appearance of discrete patches of activity on
the fault plane. On the southeast side of the mainshock is a heavy concentration of
small aftershocks that outline a zone 3 km long and 4 km deep, which | will call zone
1. Southeast of this zone, all of the aftershocks are at the mainshock depth or up to
3 km shallower. This extends 15 km southeast and shall be called zone 2. The third
zone is northwest of the mainshock. All of the aftershocks here are at or below the

mainshock depth. Zone 3 is 17 km long by 4 km deep.

The earlier discussion of the temporal distribution of aftershocks raised the pos-

sibility that the initial rupture plane may have been less than 6 km long. One possible
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Interpretation of the depth distribution is that zone 1 represents the area of the ini-
tial rupture plane, with an area of only 12 km?. Then, the aftershock zone grew dur-
ing the succeeding days and weeks by progressive rupture to the southeast along
zone 2 and to the northwest along zone 3. There are no clear reasons why after-
shocks should occur above the mainshock in zone 2 and below the mainshock in zone
3, but this might indicate the presence of asperities. It is interesting to compare
these same events on figure 5-7c and note how surface topography along the Santa

Cruz-Catalina ridge changes at the mainshock location.

The above interpretation may be reaching beyond the depth precision, and there
may be other explanations for the observed pattern. Another way to look at fig. 6-
10b is that depths are getting systematically greater to the northwest. This could
be due to variations in velocity structure. It was noted in chapter 4 that the top of
the Py layer may be dipping to the northwest. Also, as one moves northwest, depth
control from SBI gets progressively worse. Another factor to be considered is that
locations often cluster around the master event because its hypocenter was used as
the starting location. This does not appear to be a severe problem in figure 5-10b.
The master event is 6 km southeast, while the clustered events are 0 - 3 km
southeast of the mainshock. However, clustering above and below the starting depth
might be occurring, even if it isn't happening close to the epicenter. Hence patterns
seen in figure 5-10 may only be reflections of lateral velocity variations and

artifacts of the location problem.
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DISCUSSION

Tectonic Implications

A number of studies have been carried out that bear on the question of whether
or not an active fault is present along the northeast escarpment of the Santa Cruz-
Catalina ridge. A look at the detailed bathymetry (fig. 5-7) suggests several faults
along the steep banks and narrow canyons in the offshore region northwest of
Catalina. Emery (1960) drew in several faults strictly on the basis of topography
(fig. 5-11). His map suggests a complicated pattern of bifurcating and anastomosing
structures with northwest and west-northwest trends. More recent work by Vedder
et al.(1974) (fig. 5-2) shows a pattern of northwest-trending en echelon faults that
are not necessarily connected. Of particular interest is a mapped bedrock fault
between Miocene volcanics and sediments that parallels the aftershock trend and
passes 1 km northeast of the mainshock epicenter. If this is the causative fault, this
small discrepancy may be accounted for by the suggestion of a steep southwest dip
on the aftershock zone, but this is certainly within the accuracy of the epicentral
locations. In addition, Vedder et al. (1974) show this fault as dying out 15 km
northwest of the mainshock, which is at about the same point as the aftershocks
end. They continue the fault 40 km to the southeast where it disappears under the

margin of the Catalina basin.

This fault was also picked out by Ziony et al. (1974) as an "offshore topo-
graphic lineament that may represent possible fault or fault zone". Their work was no
more detailed than that of Emery (1960). Much more detailed work has been done by
Junger and Wagner (1977) who ran several seismic reflection lines across the Santa
Cruz-Catalina ridge. Of particular interest is profile C-C', which they made directly

across the epicentral region (fig. 5-12). On their map they show the fault as cutting
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Figure 6-11. Fault map based chiefly on sea floor topography. Wide lines indicate long
primary faults; narrow lines show shorter secondary faults, some of which
may prove to be limbs of folds. Note that many of the secondary faults
have a more westerly trend than the primary faults. (Emery, 1960).
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Pleistocene rocks (cutting the sea-floor in places) with sediments downthrown to the
northeast against volcanic rocks. In the accompanying text they state that the age
of the fault is "indeterminate''. Their next cross-section to the northwest, profile B-B'
shows the fault as truncated by the Pliocene Pico formation. However, the wave-cut
truncation at the north end of the Santa Cruz-Catalina ridge and the terrace deposits
along the ridge have subsided, locally as much as 600-650 m. Junger and Wagner
(1977) estimate the age of subsidence to be early late Pliocene (™ 3 million years
ago), but feel that it was accomplished by steepening of the north flanks, i.e., folding,

not faulting.

In short, it appears that the 1981 activity is associated with a major bedrock
fault, but it is not clear that it would have been identified as active on the basis of

the geological evidence alone.

Fault Mechanics

If this structure is an active fault that has been operating for a geological
length of time, the relevant question is, what is the extent of displacement to the
northwest and southeast. Emery (1960) connected it to the south with the San
Clemente fault. This is a major active structure along the 2300-m-high San Clemente
escarpment, flanking the northeast side of San Clemente Island (Jennings, 1975;
Ridlon, 1972; Lonsdale, 1979; Legg, 1980). However, this fault appears to truly die
out at its northern end, under the Catalina basin where it is covered by surficial sedi-
ments (Ford and Normark, 1980). And there is no evidence that the Santa Cruz-
Catalina fault continues to the south beyond the Catalina escarpment (Vedder, et al.,
(1974). On the north, Vedder et al. (1974) terminate the fault 15 km northwest of
the epicenter, but Blake et al. (1978) project it along the bedrock contact between

the elevated Miocene volcanics of Santa Cruz-Catalina ridge and the Plio-Pleistocene
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sediments of the Santa Monica basin--all the way to the intersection with the east-
west Santa Cruz Island-Dume fault trend. The Santa Cruz Island-Dume fault is
apparently geologically active with well-documented left-lateral slip (Patterson,
1978; Junger and Wagner, 1977; Jennings, 1975). This poses a significant struc-
tural problem. If the Santa Cruz-Catalina fault is undergoing right-lateral shear, why
hasn't it offset the Santa Cruz Island-Dume fault? It may be that the Santa Cruz
Island-Dume fault is geologically younger. But if this is the case, where is the left-
offset north end of the Santa Cruz-Catalina fault? There are no mapped northwest-
trending right-lateral faults north of this boundary. It appears that the northwest-
trending Peninsular Ranges structures end abruptly at this boundary, while the

Transverse Ranges structural trends begin, just as suddenly.

This structural problem is not unique to the Santa Cruz-Catalina fault. An analo-
gous situation occurs 90 km to the east in the Los Angeles basin with the Newport-
Inglewood fault. This fault is presently active and has well-documented evidence for
right-lateral slip (Harding, 1973; Barrows, 1974). Yet at its northern terminus, it
abuts against the Santa Monica fault, without any measurable offset (Barrows,
1974; Hill et al.,, 1979). The Newport-inglewood fault clearly does not continue into
the well-exposed rocks of the Santa Monica Mountains. Barrows (1974) speculates
that the Newport-Inglewood fault veers to the west at its northern extremity and is

overridden by thrust faults that are branches of the Santa Monica fault.

The best geological data on the structure at the intersection of the Santa Cruz
Island-Dume fault and the Santa Cruz-Catalina fault come from Junger (1979) (fig.
6-13). He shows the wedge between the two faults as being occupied by lesser
faults of intervening azimuths. All of these faults are down-faulted towards the
inside of the wedge, forming a graben within a graben. This gives the appearance

that this area is undergoing extension. This suggests that the Santa Monica basin is
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being pulled southeastward relative to Santa Cruz Island, and the tip of the fault
wedge is subsiding as it loses lateral support. This is much like what happens at the

tip of a slice of hot apple pie as it is served.

This model has certain geological implications that can be tested. One implica-
tion is that the rate of left-lateral offset on the Santa Cruz Island-Dume fault
increases east of its intersection with the Santa Cruz-Catalina fault. Another is that
the southwest side of the Santa Cruz-Catalina fault may be fixed relative to the
south side of Santa Cruz Island (south of the Santa Cruz Island fault). Thus motion
relative to the Transverse Ranges may be occurring only on the northeast side of the
Santa Cruz-Catalina fault. This is not necessarily required. Junger and Wagner's
(1977) observation that the northwest end of the Santa Cruz-Catalina ridge may be
down-faulted 600m may indicate that it too is being pulled away from Santa Cruz
Island, but at a lesser rate than Santa Monica basin. This might be structurally

necessary to accommodate the next right-lateral fault to the west.

Another implication of this model is that down-to-the-east movements on the
Santa Cruz-Catalina fault may be shallowly rooted, and the major deformation at
depth could be pure strike-slip. This brings up the question of what caused the
800-m-high escarpment facing Santa Monica basin. One suggestion might be that
displacement is purely strike slip and the escarpment might have been caused by pul-
ling away the high ground around Catalina to the southeast. This would require over
60 km of offset. This seems unrealistically high, especially with regard to the hole it
would create in the crust. Junger and Wagner (1977) indicate that the Santa Monica
basin has been down-warped 'only" 3,000 m since the late Miocene, and this
greatest down-warping also occurs in the northwest corner of the basin. In fact,
Junger (1975, 1976) feels quite strongly that the Continental Borderland basins

were formed primarily by folding, and in particular, he maps the Santa Cruz-Catalina
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ridge as an anticline (Junger, 1976).

Another possibility is that the Santa Cruz-Catalina fault is a right-lateral fault
with a vertical component. The 1881 mainshock focal mechanism does allow a verti-
cal component of motion. The interpretation shown in fig. 6-8a gives 75° of
northwest dip to the auxiliary plane. This corresponds to 15° of oblique, down-to-
the-northeast slip. The calculated ratio of vertical to horizontal slip would be about
25%. At this rate, an 800-m-high escarpment could be produced with 3.2 km of
right-lateral slip. This seems to be a reasonable amount of slip that would not pro-

duce too big a hole in the northwest end of the Santa Monica basin.

There is also the question of what happens to the southeast end of the Santa
Cruz-Catalina fault. Vedder et al.(1974) carry the fault to the edge of the Catalina
basin and end it there. However, 12 km farther southeast on the same trend, the
Catalina escarpment abruptly begins. This is a 1200-m-high slope, striking N 76° W
that separates Catalina Island (highest elevation 700 m) from the Catalina basin
(deepest depth 1400 m). Junger (1976) has interpreted this escarpment as a thrust
fault, with Catalina being shoved southward over the adjacent basin. Note that this
structure strikes 25° more westerly than the Santa Cruz-Catalina fault, which means
that right-shear movement from the northwest would have to be taken up with a
thrust component on the Catalina escarpment. The connection at this end of the
fault is, however, purely conjectural. There is no geologic, seismic, or seismological
evidence linking these two faults. These two faults are merely consistent in terms of

the local tectonic pattern.

The overall tectonic picture may be as follows. The Santa Monica basin block
appears to have pulled southeast, away from Santa Cruz Island. As a result of this,
at the northwest end of the basin, extension and downwarping are occurring. At the

southeast end, compression and uplift is occurring. Catalina surely shows signs of
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uplift. The island has plentiful uplifted marine terraces (Smith, 1900). Early Pliocene
beds now exposed were probably deposited at depths greater than 2,000 m (Howell
and Vedder, 1981). And the Catalina Schist basement rocks are believed to have

been emplaced originally in a subduction zone at 30-40 km depth (Platt, 1976).

This simple tectonic model is undoubtably an oversimplification. The only sup-
porting evidence is for right-lateral motion at one side, along a length as short as 30
km. It may well be that this is the only place along the fault where measurable offset

is going on, with displacement dying out at the ends.

Relation to other models

There are five different proposed models to explain the formation of the south-
ern California Continental Borderland. They all agree in that deformation started at
some time in the Miocene. They seem to disagree as to whether the deformation is
ongoing; deformation may have ended in the Pliocene with present topography main-
tained because of the relatively slow rate of submarine erosion. They all appear to
agree in that, whatever the original mechanism, the formative structures have been
taken over by the current San Andreas right-shear tectonics. Modern-day seismicity
certainly cannot delineate what has been happening ever since Mioﬁene time, but the
data presented here may put limitations on how well the west side of Santa Monica

basin fits the various models.

Yeats (1968a, 1976; Yeats ef al.,, 1974) and Cole (1975) have suggested that
the Continental Borderland has been formed by east-west rifting. Shepard and Emery
(1941) also felt that the area was formed by extension and even referred to the
area as "Basin and Range." This model would seemingly imply normal faulting on the
boundaries between ridges in basins. Along the Santa Cruz-Catalina fault, Monterey

formation is downfaulted against older (?) Miocene volcanics (Junger and Wagner,
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1977; Vedder et al., 1974). However, the focal mechanisms of the 1981 earth-
quakes (fig. 5-8) and the transverse cross-section (fig. 5-10a) appear to indicate

that this fault is vertical or dipping steeply away from the basin.

Crowell (1974) thought that the Continental Borderland might have been formed
as a series of pull-apart basins. He envisioned right-stepping right-lateral faults with
the zones between being pulled apart by the transfer of strain between the two
faults. This might well describe what is happening to the Catalina basin, which has
the San Clemente fault on the southwest margin and the Santa Cruz-Catalina fault at
its northeast comer. This model is, however, a bit difficult to apply to the Santa
Monica basin. The basin evidently is bounded on the southwest by a right-lateral
fault. However, there is no right-lateral fault to the northeast, due to the intersec-
tion of the basin with the Transverse Range province. However, left-lateral displace-
ment on the east-trending Dume fault would have the same effect in pulling apart the

Santa Monica basin.

Howell et al. (1974) and Crouch (1979) used palinspastic reconstructions to
argue that the outer Continental Borderland has been offset 120-160 km to the
northwest since the early Miocene. To explain this they proposed the East Santa
Cruz Basin fault system, which they envisioned to be a broad zone of northwest-
trending right-lateral faults. The Santa Cruz-Catalina fault might be part of this sys-

tem. However, it probably has not taken up all of the 160 km of displacement.

Junger (1975, 1976; and Wagner, 1977) felt strongly that the ridges and
basins were formed primarily by folding, and faulting was only a secondary feature.
His tectonic map shows the Santa Cruz-Catalina ridge as an anticline between the
down-warped Santa Monica basin and Santa Cruz basin (Junger, 1976). Structure
contour maps (Junger and Wagner, 1977) show the top of the Miocene to be

downwarped as much as 3000 m in Santa Monica basin. And reflection profiles (fig.



-172-

56-12) do show anticlinal structures on the Santa Cruz-Catalina ridge. Junger (1976)
conjectured that the Continental Borderland is underlain by several deep-seated
convergent wrench faults, and the upper crust is folding in response to their dis-
placement. The data in this chapter demonstrate strike-slip at 10 km depth, but evi-
dently on a fault that does reach the surface. This does not refute Junger's (1976)
model, but it raises the possibility that fault displacement may contribute to the

deformation as much as folding.

The Junger (1976) model is in analogy to the wrench fault tectonics of the
Newport-inglewood fault (Harding, 1973; Wilcox et al., 1973) which is on land in the
Los Angeles basin. Harding (1973) used clay models to show that the discontinuous
faults and aligned folds of the Newport-Inglewood structure are the expected result
of plastic deformation in soft sediments due to parallel shear along an underlying
wrench fault. Although maps such as Vedder ef al. (1974) show the Santa Cruz-
Catalina fault as continuous, it must be remembered that it was "mapped’ from ship
tracks that crossed it at widely-spaced points. It is just as possible that it too is
made up of discontinuous segments at the surface. In addition, Pilger (1976)
mapped the Santa Cruz-Catalina ridge by reflection profiling and shows many folds,
parallel and oblique to the ridge trend, as well as a prominent anticlinal structure
along the northeast flank of the Santa Cruz-Catalina ridge. Pilger (1976) concludes
that this structure is consistent with oblique convergent right-lateral shear. How-
ever, he also concludes that most of the deformation was pre-late Miocene and that
plate motion is no longer being transformed across the Continental Borderland to the
San Andreas fault, but is now being absorbed by underthrusting at the Transverse

Ranges.

Since we are considering an analogy with the Newport-inglewood fault, it is

relevant to consider its juncture with the Transverse Ranges. Like the fault offshore,
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the inland fault apparently does not offset the range front fault, despite the fact
that it has documented right-lateral slip of 200 to 800 m in fold axes and other
structural elements observed in oil fields (Harding, 1973). The Newport-Inglewood
fault is evidently the southwestern structural boundary of the Los Angeles basin.
The Los Angeles basin is quite deep: basement rocks are 10 km deep and the top of
the Miocene is at 6-km depth (Yerkes, et al.,, 1965). This deepest part is in the
northwestern wedge of the basin, similar to Santa Monica basin. At the junction
between the Newport-Iinglewood fault and the Santa Monica fault, Hill et al. (1979)
show subsidence of the northeast side of the Newport-inglewood fault occurring
between 1955 and 1977. The tectonic significance of this is questionable since the
area is pumped by the Beverly Hills Water Department and is located over the Beverly
Hills (East) oil field. However, Hill et al. (1979) conclude that the subsidence is
partly due to fluid withdrawal and is partly due to tectonic movements. In summary,
there is some evidence for subsidence of the wedge between the Santa Monica fault
and the Newport-Inglewood fault. Thus, this area too may be in extension due to the
Los Angeles basin being pulled away from the Transverse Ranges, as was suggested

for the Santa Monica basin.

Subsidence between diverging faults in the Continental Borderland has also
been discussed by Nardin (1981). He referred to these as "tipped fault wedges" by
analogy with the model of Crowell (1974). Nardin (1981) documented a graben
structure between the faults along the San Pedro escarpment and the San Pedro

Basin fault zone.

Finally, there is the work by Kamerling and Luyendyk (1979, 1981) presenting
paleomagnetic evidence that parts of the Transverse Ranges and several of the
offshore islands have been rotated as much as 90° in the clockwise direction since

the early Miocene. In particular, Santa Cruz, Anacapa, and Catalina islands have
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been rotated, and Santa Barbara and San Clemente islands have not been. In an
attempt to explain these data, Luyendyk et al. (1980) have proposed a model in
which the Transverse Ranges have been rotated clockwise as a whole. To accommo-
date this rotation, the blocks of the Peninsular Ranges to the south, slipped right-
laterally relative to each other. A series of triangular gaps would be created
between the northern tips of the Peninsular Ranges blocks and the Transverse
Ranges blocks. These gaps could be interpreted as the loci of the many deep sedi-
mentary basins formed during the Miocene. This model could explain the creation of
the Santa Monica basin, which | suggested was formed by pulling away from the
Transverse Ranges. However, the apparent 90° rotation of Catalina complicates the
model at this point. Rotating the Catalina block would cause the Santa Monica basin
to open as a rhomboid instead of a triangle (Luyendyk et al.,, 1980). Inasmuch as
they feel that most of the rotation occurred by the end of the Miocene time, the
present day activity may only represent a continuation of post-Miocene activity. The
shape of Santa Monica basin could be fit equally well by a rhomboid or a triangle. But
If Miocene-type deformation is continuing still today (at a lower rate), the Luyendyk
et al. (1980) model raises the possibility that Catalina could be pivoting around its

west end, as Santa Monica basin pushes southward.

In summary, several different models have been suggested for the formation of
the basins and ridges of the Continental Borderland. Although the geological evi-
dence makes it clear that the burlk of the deformation occurred in Mio-Pliocene time, it
is possible that some of the formative processes have continued into the present.
Yeats (1968a, 1976) rifting model cannot be operating presently. Strike-slip as pro-
posed by Howell et al. (1974) or wrench tectonics with folding (Junger, 1976) could
be carrying on into the present day. Also, some elements of Crowell's (1974) pull-

apart-basin concept could be operating today. In short, the present-day tectonics
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could be a combination of these three models. Kamerling and Luyendyk's (1979,
1981) data require reconsideration of some aspects of all of the above models, but
one element of Luyendyk ef al.'s (1980) model could well explain the basin forma-
tion. However, any neo-tectonics model must consider that right-lateral faulting is
now occurring along the Santa Cruz-Catalina fault. It is suggested that previous geo-
logic evidence and the seismological data presented in this chapter favor the Luyen-
dyk ef al. (1980) model insofar as it applies to the formation of Santa Monica basin

and Santa Cruz-Catalina ridge.

Seismological Implications

The tectonic model suggested above also has a seismological implication that
can be tested. That is, it would imply that active normal faulting is taking place at
the northwest wedge of the Santa Monica basin block. Although this has not yet
been seen, there are some 1981 aftershocks in this region (see fig. 6-5) that may
bear investigation. Further east, there may be an analogous tectonic environment
where the northwest-trending Whittier fault abuts against fhe Santa Monica-
Hollywood fault. Real (in press) indicates that earthquakes with normal mechanisms

are occurring there.

Magnitude and Moment. The 1881 earthquake exhibits a discrepancy
between long-period and short-period magnitudes. For comparison, other calculated
magnitudes are 6.6 M (Berkeley), 6.4 m;, and 5.9 Mg from the PDE (NEIS, 1981). The
PDE also lists a moment of 7.0x10?* dyne-cm for the 1981 earthquake. This
corresponds to an My of 5.9 (Kanamori, 1878), which is in agreement with the Mg
observation. This moment was used with the formulas of Kanamori and Anderson
(1975) and the time-dependent assumptions of fault dimensions to calculate stress

drops (Ac) and average displacement (D) in Table 5-3.
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Table §-3. Range of fault parameters.
time w L A D Ao
7min 4 km 3km 12km?® 194cm 93 bars
1hr 4 6 24 87 46
3 hr 4 8 32 73 356
24 hr 5 16 76 31 12

If we use the aftershock zone for the later times (3-24 hrs) as the size of the fault
rupture, the implied average stress drops and average displacement are typical for
shallow earthquakes. However, the small size of the initial aftershock zone may sug-
gest that the rupture plane was much smaller with the corresponding high stress

drops and displacements.

Let us consider the possible Mogi doughnut, the lack of precursory activity on
the fault plane, and the M; vs. My discrepancy in terms of an asperity model
(Kanamori, 1981). There were clearly no events detected in the 1981 aftershock
zone during the 4 years preceding the mainshock (fig. 6-3c) and only 4 or 5 detect-
able events during the 14 years preceding it (fig. 5-3d). Meanwhile, seismicity was
evidently frequent on surrounding faults. If we interpret the 1981 mainshock as
occurring at an asperity on a much longer fault, the model of Kanamori (1981) would
infer that the surrounding fault plane was much weaker than the asperity itself. It
had either mostly slipped before 1967 or it was slipping aseismic;ally during the 14
years prior to 1981. Finally, the concentration of stress broke through the asperity
with the 6.3 M, earthquake. Exactly what happened at rupture depends on whether
one interprets the calculated seismic moment (NEIS, 1981) to have been released: 1)
on a small fault plane, as indicated by the 6.3 M; or 2) on a larger fault plane as sug-
gested by the 5.9 M. In case 1, it is presumed that a ~ 20 km? asperity ruptured
with the implied high stress drop and large displacement (Table 5-3). The aftershock
zone then would have spread quickly due to the relatively low strength of the rest of

the fault plane. In case 2, it would appear that failure of the asperity would have
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allowed 75 km? to rupture bilaterally with the early aftershock concentration due to
the inherent roughness of the former asperity. Which is the correct case depends on
whether the discrepancy between My and Mg is a valid measurement of energy
release at different frequencies, or is a reflection of the uncertainity in magnitude
determinations. These observations raise the possibility that other earthquakes may
exhibit this pattern if scrutinized in as much detail. If so, many earthquakes may
have primary rupture planes much smaller than indicated by the ultimate aftershock
zone. This could mean that previous calculations of stress drop may be inaccurate in

some cases.

Mognitude and Fault Area. If one believes the depth control on the 1981
earthquakes (fig. 5-10), the fault rupture plane may have been initially small, perhaps
only 12 km?. This has been observed for other earthquakes by Corbett and Johnson
(1982) and Ebel (1980). The question arises: Is this an appropriate size fault plane
for a magnitude 5.3 earthquake? There are several theoretical and empirical equa-
tions available in the literature that relate magnitude to fault length (L) or fault area
(A). All of these relationships are based primarily on Mg for earthquakes larger than
magnitude 6.5, and the appropriateness of downward extrapolation may be ques-
tioned. However, three of these equations were tested with consistent results.
Kanamori and Anderson (1975) derived: log A = Mg— 4.0, theoretically, assuming a
stress drop of 30 bars. This would imply that a 6.3 Mg earthquake would have a rup-
ture area of 20 km®. Slemmons and Chung (1982) regress surface rupture length on
magnitude for data from strike-slip faults with the result: log L = 0.762 Mg— 3.459.
This yields L = 3.4 km for 6.3 Ms. Probably the most appropriate relation is that of
Wyss (1978) who uses data from the My, Mg, and My, magnitude scales. He calcu-
lates the median line through the data as M = log A+4.15, but cautions that it is

derived only for M > 5.6. However, if we assume fault dimensions from the
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aftershock pattern and test the two extremes with Wyss's (1979) equation, 12 km?
corresponds to 5.2 M and 75 km? corresponds to 6.0 M. So, evidently the observa-
tions of initial fault rupture area made in this chapter are consistent with the rela-

tionships derived for larger earthquakes.

This study is evidently only the third seismological report on the Continental
Borderland. Clements and Emery (1947) recognized the correlation between epi-
centers and topography, despite poor locations. Legg (1980) makes it clear that
right-lateral mechanisms have occurred throughout the Continental Borderland, in par-
ticular along the San Clemente Island trend. The main contribution of this chapter is
to document the strike-slip nature of tectonics along the boundary between Santa
Monica basin and Santa Cruz-Catalina ridge, and to attempt to fit the movement into

the larger tectonic picture.

CONCLUSIONS

Systematic location biases of earthquake locations due to velocity structure in
the Continental Borderland have been identified and corrected for. The improved
locations and focal mechanisms indicate that the September 4, 1981 Santa Barbara
Island earthquake was probably caused by right-lateral strike slip along a bedrock
fault located along the northeast escarpment of the Santa Cruz-Catalina ridge.
Aftershock distributions indicate: 1) the first rupture may have been unilateral to the
southeast; and 2) the fault plane grew progressively with time. The length of the
aftershock zone grew from 6 to 36 km, and the initial rupture area may have been as
small as 12-30 km®. These earthquakes and previous geological studies suggest the
following model for the neo-tectonics. Santa Monica basin may be sliding southeast
relative to the Transverse Ranges. This is resulting in extension at the northwest

corner of the basin and compression at the southeast end, with Catalina overriding
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the Catalina escarpment. This model is in partial agreement with previous models of

the tectonic development of the southern California Continental Borderland.
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Chapter 6

Earthquake Location Methods -- Some Conclusions

Introduction

The basic tool used in all of the previous chapters was an earthquake-location
program, and thus it is appropriate to consider how this tool works, what its limita-
tions are and how it was used in these studies. The most basic data used in seismol-
ogy are the arrival times of seismic phases, and thus the oldest problem has been to
invert these arrival times to learn the origin of the causative earthquake. As in all
sciences, the first seismological studies were empirical, and consisted of observa-
tions of arrival times from an earthquake with a "known" source. These observations
quickly led to travel-time plots that showed the coherent relationship between times
and distances. The observed relationships led to theory and to the understanding of
the physical mechanisms of wave propagation in the earth. Understanding led to
more careful and more precise recognition and timing of phases; and this led to
further refinement of velocity models. Hence the history of seismology has been cir-
cular, with improved travel-time observations being used to calibrate better our model
of the earth at each cycle. A limiting factor has always been the accuracy to which
arrival times could be measured. In modern-times, the advent of digital seismology
has greatly reduced that limitation. In addition, modern day experiments with con-

trolled sources (i.e. explosions) eliminate the location ambiguity.
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Earthquake Location Methods

In the early days of seismology, many schemes were tried to deduce earthquake
location. Most were graphical methods, which involved swinging arcs and dropping
perpendiculars, on the basis of S-P times and other phase differences. These inevit-
ably required many approximations of earth geometry and of the velocity model. One
of the oldest methods of inverting travel times for hypocenter is that of Geiger
(1912), popularly known as the "least squares method.” Due to the great number of
tedious calculations required, it was not very popular in the first half of this century.
With the advent of the digital computer in the 1960's, however, it became immedi-
ately practical and was quickly rediscovered (Pavlis, 1882). Virtually all modern

location programs use this method in one form or another.

Geiger's Method

For an observed arrival time (7;) at a station (z;,.y;, 2;), a trial hypocenter is

assumed (zg, Yo, 2¢), With a trial origin time (£;).

This allows one to calculate a predicted arrival time,

t;' = ti (:0’ yOs 201 tOs Tis yg') 2"),

which is usually a non-linear function of the velocity structure.
The residual is defined as the difference s = Ty — 1.

If the hypocenter were adjusted by the amount: Az, Ay, Az, At, we would get a new

residual

'y =Ty — t'(zo + Az, yo + By, 2o + Bz, to + AL, ¢, Y1, 24).
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This is linearized by the approximation

ot, at, Bt, at,
t’'y=t + + —AL .
. . 620 o byo Ay * 820 he ato s
. at, at, at, at,
So, 7 =1 (Bz°M+GyoAy+6ngz+atoAt)'

N
The object then is to minimize ) (r*;)? for all N stations. This is achieved by partial
1

differentiation with respect to all 4 parameters which results in 4 equations known as

the normal equations

S Sy Sw Syt Yl - v
Sez Ssy Sss Su| |Az =t
Stz Sty Stz Su t Ry
N oot ot N at,
= —_— : = —7,, etc.
where S, 21: 5z, ayn,etc, and R, 21:620 Ty, etc

This is solved by the mc;.thods of linear algebra for Az, Ay, Az, and A, and the
hypocenter Is adjusted by these amounts. The process is re-iterated until some con-
vergence criteria are reached. This method is straightforward mathematically, but it
is based on some assumptions that may not always be valid. These flaws in the
method are discussed in detail by Pavlis (1982) and are summarized here. Some of

the problems with the method are:
1) Not all of the data may be of equal quality.

2) Inversion will frequently fail because the matrix is singular.
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3) The method assumes that the velocity model is perfect, and the only source of

error is statistical error in measuring arrival times.

Attempts at improvement

Data weighting. The data are in fact of variable quality because of factors
that may vary from station to station. These factor include: signal-to-noise ratio,
whether the onset is impulsive or emergent, size of the event, magnification of
seismometer, method of timing, distance from source, etc. The usual method for deal-
ing with these problems is to weight the data. Common weighting schemes are quality

weighting, distance weighting, and residual weighting.

Quality weighting is usually based on the opinion of the timer. A common system
Is that used in HYPO71 (Lee and Lahr, 1975), where the arrival is rated O for full
weight; 1: three-quarters weight, 2: half weight; 3: quarter weight; and 4 for zero
weight. This method is subjective, and it is not clear that it is a reasonable method
because it produces a rigorous number that controls the inversion. A better method
would be one that mathematically considers the accuracy of the measurements. One

such method, used at the University of Washington (Pavlis, 1882), weights the data

according to -3—-, where ¢, is the estimated error in arrival time. An identical system
i

is that used by the USGS (Caltech) to weight the data according to how precisely

the timer observes a particular arrival, according to the standards in Table 6-1.
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Table 6-1. Phase Pick Error Bars
Weight Error

+0.02 sec
+0.06

+0.10

+0.30

AON=0O

The location program can then calculate the actual variance of the data and use this

in the inversion.

Distance weighting is employed because of the observation that travel-time
errors increase linearly with distance (Ergas and Jackson, 1981), for three reasons:
1) the scattering of wave energy (Aki, 1973); 2) decay in phase amplitudes; and 3)
uncertainity in the velocity model (Pavlis, 1982). Distance weighting is usually han-
died by a simple distance cutoff, or a ramp function that linearly down-weights data

with distance.

Residual weighting Is based on the assumption that large residuals are the
results of gross errors in picking arrival time. Consequently large residuals are
down-weighted, usually by Jeffreys' weighting method, as in HYPO71 (Lee and Lahr,
19786) or QED1 (Johnson, 1879). This method is the one that is most prone to misuse

by blind computing and is known colloquially as the "residual eater."

The problem with using three weighting functions is the potential for feedback
between them. An extreme example is as follows: A subjective timer may give a P-
arrival a low quality-weight because of its low amplitude. This may, however, be the
result of being from a distant station, so the distance-weighting subroutine rates it
even lower. Consequently, the datum from this station does not have much influence
on the inversion, and a high residual may result. And the residual weighting algorithm
thus weights the station even lower. So, important data often get ignored because

of the vagaries of the weighting routines. On the other extreme, the weighting
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algorithms have a disconcerting tendency to zero-weight the data from the closest
stations. This apparently results because they have the most influence on the solu-
tion, and discarding them can lower the rms. In other words, the more numerous dis-
tant stations "outvote''the nearby stations. This feedback is a real problem, and is
the result of using too many weighting functions at once. Most typical location pro-
grams use all three types of weighting, including HYPO71, QED1, and HYPOINVERSE
(Klein, 1978). My experience has taught me that data weighting in all of these pro-
grams is dangerous, and weighting must be done very carefully. If the programs are

not used systematically, they do not produce repeatable locations.

| propose that only a single weighting method be used, and it should be a method
that reflects the accuracy of the arrival times, as in Table 6-1. This observation
simultaneously reflects the effects of the earthquake magnitude, noise on the
record, and amplitude decay with distance. Whether or not to use a distance weight-
ing factor depends on whether one has proper station corrections. If station correc-
tions are used that are accurate for the particular area under study, the effect of
velocity-model uncertainty with distance and azimuth is elimi-nated. If distance
weighting is used, it should probably be an all-or-nothing distance cutoff, so that a
systematic choice of stations is made. Residual weighting may be useful for identify-
ing bad picks, but once the bad data are identified, they should not be used, and

there is thus no need for residual weighting.

Inversion Method. Another major problem with Geiger's (1912) method is that
it may be numerically impossible to solve the linear equations because the matrix is
singular. This is usually caused by the hypocenter being poorly constrained by the
data (e.g. the location is shallow or outside the network). This may also be caused
by a poor starting location, resulting in high residuals with the first iteration. Most

location programs solve the latter problem by starting the location at the first arrival
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station (e.g. HYPO71, QED1). A more clever method is that of Anderson (1981), which
uses the arrival order at stations to estimate location. | suggest an alternate method
of selecting a first approximation starting location: One might use the first four clear
arrivals (which are usually the four closest stations) to solve the travel-time equa-

tions for the four unknowns, which are linear if one assumes an average velocity.

HYPO7 1 attempts to solve the inversion stability problem by using a step-wise
muitiple regression. Since 7, is a function of Az, Ay, Az, and At, a statistical
analysis is performed to determine which independent variables are the most signifi-
cant, and the normal equations are set up for only those variables (Lee and Lahr,
1976). One problem with this method is that often only one variable at a time will
invert, so epicenters have a tendency to "walk" along latitude and longitude lines
during iteration. This leads to a grid pattern and/or misleading line-ups of epicenters

on location plots.

All of the locations in this dissertation were done with QED1 (Johnson, 1978). It
uses the superior approach of the generalized inverse, after Wiggins (1872). While
HYPO71 Is restricted to the coordinate system of latitude, longitude, and depth, the
generalized inverse approach transforms the coordinate system to one dictated by
the ""data space'. A set of normal equations that is well-conditioned in the new coor-
dinate system is inverted, and the results are transformed back. Consequently, all
four parameters are varied simultaneously, instead of in a step-wise fashion. The

generalized inverse is also used by HYPOINVERSE (Klein, 1978).

Station Corrections. The third major problem with Geiger's method is the impli-
cit assumption that travel-time curves are perfect, and the only source of error is in
measuring arrival times. in fact, systematic velocity variations are common and are
usually caused by geologic structure. And it is in fact these systematic velocity

variations that have taken the most consideration in the work of this thesis. This is
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mainly because of the recent advances in methods of timing. Computer-based digital
systems now routinely time arrivals to a few hundredths of a second. Thus our ability
to measure short-wavelength velocity changes now greatly exceeds our understand-
ing of the velocity structure. The usual way of dealing with this problem is to intro-
duce station corrections (also called station delays) which are added to the time cal-
culated from the velocity model. Common examples are large positive delays for sta-
tions in deep sedimentary basins and negative delays for stations on high-velocity
bedrock. All station delays are valid only for the velocity model for which they were

derived.

There are many ways of deriving station delays. The best would be to set off
an explosion at the hypocenter of interest. Since this is never practical, the second
best solution is a well-timed source at the surface. Explosions comparable in size to
earthquakes are rare, and expensive to produce. Consequently, many methods
employ the earthquake data themselves to determine station delays. This is difficult
to do correctly, and care must be taken to ensure that the model used is truly

independent of the data it is processing.

One popular method is to average station delays for a large number of events.
For example, HYPO7 1 outputs a new station list with new delays which are calculated
as a weighted sum of residuals, and their weights assigned by the location program.
This process is frankly referred to as '"generating delays'. It is standard practice to
relocate the same data with the new delays and repeat the process in order to
reduce rms values for all the earthquakes. This procedure is questionable because
the nature of location programs is to reduce residuals. Hence, the process produces
station delays that minimize residuals, but it does not discover the systematic veloc-

ity variations.
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Relative Location Methods

Relative location methods differ from absolute methods in that they attempt to
locate earthquakes relative to other earthquakes or explosions. Relative locations
may be less accurate than absolute locations, but they are more precise. A group of
earthquakes may be located well relative to each other, but as a group they may be
systematically mislocated in the absolute sense. Thus accuracy may be sacrificed in
favor of better resolution of structure. According to Paviis (1982), the two most
commonly used methods of relative location are the Master Event Technique and Joint

Hypocenter Determination (JHD).

Master Event Location

The master-event method is to simply make residuals equivalent to station
corrections. It is a rather obvious thing to do and it would be difficult to attribute its
invention to a particular individual. One of the earliest applications was by Gutenberg
and Richter (1937) who used travel-times differences between stations to deter-
mine relative positions of teleseismic epicenters. They plotted travel-time differ-
ences vs. azimuth on “sine plots', and noted that the amplitude of the sinusoid
corresponds to distance between shocks, while the phase determined the direction
of offset. Gutenberg (1943) used travel-time difference and the sine plots to deter-
mine relative locations of local shocks in southern California. Also, he improved these
locations as a group using the corrected times for all the events involved, which was
an early version of JHD. Richter et al. (1958) located the Desert Hot Springs earth-
quakes by the method of time differences with respect to "key shocks'. A rather
similar method called arrival time "differencing” had been used by Gardner (1964).
He studied pairs of events and attempted to write a computer program to invert their

arrival-time differences for the displacement vector between the two events. He
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quickly discovered his problem was equivalent to an earthquake location inversion.
Evernden (1969, p. 3840) used the "master-event” method to relocate nuclear

explosions and teleseisms, and described it as follows:

"The master event approach is to use the data from large events to evalu-
ate the effect of earth inhomogeneities on P travel times (l.e. determine
station residuals), and to then adjust the observed travel times for smali
events to create for computational purposes, a fictional homogeneous earth
to which our travel-time curves apply in detail. The residuals are of course
computed against a specific travel-time curve and are only valid with that
curve..... The procedure is to select and locate master earthquakes, to
compute their station-time anomalies or residuals for all stations used, and
then to apply these residuals to observed travel times for small events.

In recent times, the improvement in station coverage and timing accuracy has
turned the master-event method into a powerful tool for locating local events. John-
son and Hadley (1876) used the master-event technique to locate earthquakes pre-
cisely in the Imperial Valley. They noted that using travel-time residuals as station
delays is '"precisely equivalent to fitting a relative location vector to arrival-time
differences between an event and a master event'. Johnson and Hadley (1878)
determined a priori delays from station site geology and carefully located a master
event with their model. They then located a second master relative to the first and
all the hypocenters in their study were located relative to the closer master. They
achieved very small residuals and estimated location errors of 100 to 300 meters.
Johnson and Hadley (19786) tested their method by adding a "mislocation vector" to
the master-event hypocenter and recalculated the relative locations with re-derived
delays. They found the pattern of seismicity to be unchanged, but each event was
translated by an amount comparable to the original mislocation vector. Johnson
(1979) carried this method even further by establishing a "network” of master
events with which he was able to resolve intricate details of the seismicity of the

Imperial Valiey.
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The principal advantage of the master-event method is its simplicity. However,
according to Pavlis (1982), it has two major disadvantages: 1) it requires the master
event to be recorded at every station used; 2) the station corrections have large
uncertainty because each is based on only a single data point per station. | think
that | have surmounted these difficulties in my studies by using a calibrated master

event (CME), which will be discussed later in this section.

Joint Hypocenter Determination (JHD)

Pavlis (1982) argues that JHD is the "best" method of relative location. It
works as follows: The data from a suite of earthquakes in the same area are inverted
simultaneously for hypocenters and station corrections. If there are m events

recorded at n stations, there will be 4m + n parameters derived from m x n data

points. For the problem to be overdetermined, one needs n > -#nTstatlons or

m > events. Obviously, to be rigorously overdetermined requires consider-

n -
able data. The problem is solved in a manner similar to Geiger's (1912) method, but
now there are 4m + n normal equations. The method was largely developed by
Douglas (1967) and Dewey (197 1). This method has a fundamental ambiguity that it
shares with the master-event method. The average value of station correction is
arbitrary and can be compensated for by a constant offset in the origin time of all the
events. JHD requires that for the matrix to be non-singular, the average station
delay, or at least one station delay, must be set to zero. The matrix also becomes
singular as the hypocenters approach a single point. Thus inversion may fail for
tightly clustered activity. The problem is usually dealt with by holding a "master
event” as fixed. The principal advantage of JHD Is that it is statistically more

rigorous than the simple master-event method. The principal disadvantage of the
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JHD method is that the system of equations grows rapidly as data are added, so that
the inversion becomes a major computing job. It has been used effectively for
teleseismic studies of large regions (e.g. Dewey, 1872), and it appears to improve
greatly results in parts of the world where velocity structure is poorly known. How-
ever, its disadvantages and the rather arbitrary selection of the master event reduce

its superiority over the simple master-event method for local earthquake locations.

Calibrated Master Event (CME)

The difference in the master-event technique, as defined by Evernden (19689),
and the CME method is that the former method uses a presumably well located large
event to relocate associated smaller events, while the CME method uses a well-
calibrated smaller event to locate events of its size and smaller. In the first case,
one may simply assume that a master event is located "well enough” and then locate
associated seismicity relative to It. This was done by Yelin and Crosson (1982), who
relocated aftershocks using the mainshock as the master event. This improved the
aftershock locations sufficiently that they were able to identify one of the nodal
planes of the mainshock focal mechanism as the probable fault plane. They may have
mislocated the position of the fault, but they had no hope of idéntifying a surface

fault since the earthquake occurred in a region with deep glacial overburden.

In my own work, | have preferred to locate the master event first with the best
possible absolute location. This has allowed me to correlate seismicity with particular
geologic structures as well as to study the structures in detail. The calibrated mas-
ter event overcomes some of the problems normally associated with master events.
Normally a CME is calibrated with a well-timed explosion. If this is not possible, it
may be possible to calibrate with earthquake data, but only If the earthquake-

location data are kept independent of the station-correction data. And in some
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cases it has been possible to use a combination of earthquake data and explosion

data.

Examples of Calibrated Master Events

Borrego Mountain--1968

On April 9, 1968, a magnitude 6.4 earthquake struck the southern California
desert in the Borrego Mountain region (Sharp, 1972). By April 12, a dense array of
portable stations had been installed by the USGS and began recording high-precision
data (Hamilton, 1972). Hamilton (1970) caiibrated the network with a series of
explosions and carried out a time-term analysis to derive a well-controlled velocity
model and station delays. This model was used to locate accurately the Borrego
Mountain aftershocks after April 12 (Hamilton, 1972). | relocated the seismicity from
1960 to April 9, 1968, including the mainshock and its foreshock. Prior to 1968,
seismicity was recorded by the 14 stations of the Caltech regional network. in 1968,
these same stations also recorded some of the larger aftershocks that had been well
located by Hamilton (1972). The 22 largest aftershocks during this time period were
selected, and the locations calculated by Hamilton (1972) were compared to the
locations calculated with the data from the 14 Caltech stations (Fig. 6-1a). It is
obvious that there is a systematic difference between locations. The Caltech loca-
tions usually locate 3 to § km west of Hamilton's (1972) locations. This is probably
the result of crustal velocities decreasing towards the Imperial Valley, and the azimu-

thal bias of the Caltech stations (12 of the 14 being northwest of Borrego Mountain).

Since Hamilton's (1972) locations were the most accurate available, they were
used to calibrate the Caltech stations. The 22 aftershocks were fixed at the loca-

tions specified by Hamilton (1872). Travel-time residuals for the 14 Caltech stations
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Comparison of locations of 22 aftershocks of the 1968 Borrego Moun-
tain earthquake. Heavy symbols are locations with 14 Caltech sta-
tions. Light symbols are locations with dense local array (Hamilton,
1972). Lines between symbols are mislocation vectors for each event.
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station delays derlved from Hamilton's (1872) locations.

Figure 6-1.
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were calculated and analyzed statistically. Due to the chance of outliers skewing
the averages, median values are considered to be a more robust estimator of "true"
station corrections than average delays (Johnson, 1979). Consequently the median
residuals were used as station corrections. The aftershocks were relocated with the
new station-delay model, with the results shown in figure 8-1b. As can be seen, the
mislocation vectors are reduced in length (1-2 km) and scattered in orientation. The
only events that still show large mislocation vectors are at the extremities of the
rupture zone, and also at the extremities of the USGS network in 1868. Thus they

might represent mislocations by Hamilton (1972).

This technique was used successfully to relocate all the seismicity in the region
from 1960 to 1968 (Corbett and McNally, 1878). This is not truly a master-event
technique, but it demonstrates three points: 1) bias caused by data from distant sta-
tions can be eliminated with the proper station corrections, eliminating the need for
distance weighting; 2) a dense seismic network can be used to locate precisely
events that occurred years before the network was Installed; 3) calibration can be

achieved by using two independent data sets for the same events.

Santa Barbara--1978

The relocation of the Santa Barbara earthquake and its aftershocks has been
discussed in Chapter 2. This section will discuss lessons learned and mistakes made
in that process. When the Santa Barbara activity first occurred, the routine locations
exhibited the pattern shown in Figure 6-2a. As can be seen, thke aftershock zone
appears to be quite broad, and the mainshock is located 7 km southeast of the aft-
ershock zone. In a subsequent study (Corbett and Johnson, 1978), one of the aft-
ershocks was used as a master event, with the locations shown in Figure 6-2b. As

shown, the aftershock zone was now tightly clustered and located offshore, several
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Figure 8-2. Mislocations of the 1878 Santa Barbara earthquake and aftershocks.
a) routine catalog locations. b) master event relocations.
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kilometers south of Santa Barbara.

The improved locations were the result of three systematic properties of the
master event: 1) the same set of stations were used for all locations; 2) the same
starting location was used for each event; 3) an aftershock was used that was
about the same magnitude as all the other aftershocks. The larger mainshock had
been "pulled away" from the aftershock zone because it was recorded on many more
stations, all of which were located to the east and southeast. The importance of
using the same starting location for each event cannot be overemphasized. Most
location programs, including HYPO71 and QED1, automatically start at the first-arrival
station, which may vary from event to event. Due to the capricious nature of weight-
ing algorithms, different starting locations cause these programs to weight the data

differently as the iterations progress.

This study was reported on as the "Santa Barbara Channel" earthquake by Cor-
bett and Johnson (1978). Subsequently, explosions detonated in the channel were
used to calibrate the master event, as discussed in Chapter 2. This led to even
better absolute locations of the Santa Barbara activity, depicted in figure 6-3. It is
clear that the activity was actually located under the city of Santa Barbara, and the
authors found it necessary to change the title of their study (Corbett and Johnson,

1982).

The work in chapter 2 surmounted the two disadvantages of the master event
technique (Pavlis, 1982). The four nearest stations were usable in spite of the fact
that they were not operating when the "master" explosions occurred. They were
calibrated by locating the first 24 hours of aftershocks with the four stations not
controlling the solutions. Median residuals from the best-located events provided
stations delays. The tenuousness of basing station corrections on a single data

point was overcome by carefully comparing potential master events for internal
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Figure 6-3.

Locations of 1978 Santa Barbara earthquake and aftershocks cali-
brated with explosion data. a) all events. b) A-quality events only.
Note northward translation of aftershock zone with little change in
appearance compared to figure 8-2b.
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consistency and consistency with median residuals for each station.

An interesting feature is the cluster of aftershocks 10 km southwest of the
main body of aftershocks (fig. 6-3a) that disappears when only the higher quality
data are considered (fig. 6-3b). Double checking the computer solution for the
events revealed that they are an artifact of a peculiarity in the velocity model. Most
of the events of this cluster are E-quality locations that were dominated by data
from stations SBSM or PKM. These two stations are in opposite directions, but both
are near the cross-over distance predicted by the model. This produces a double
minimum in the travel-time differences between these two stations--one at the
aftershock zone and one 10 km southwest. Evidently these two stations can trade
off in the northeast-southwest direction if there aren't sufficient other data to

prevent this.

The experience with the Santa Barbara earthquakes demonstrates several
features of the master-event technique: 1) when properly used, a master event
greatly reduces scatter in locations; 2) uncalibrated stations may be calibrated from
independently derived locations; 3) systematic velocity gradients can cause large
(56-10 km) absolute mislocations in spite of good station distribution; 4) changes in
absolute location have little effect on the pattern of relative locations (compare figs.
6-2b and 6-3a); 5) master-event locations must still be filtered to remove systemat-

ically bad locations.

Santa Barbara Island--198 1--Precision vs. Accuracy

In chapter 5, several different location procedures were tested on the first 24
hours of activity to see what kind of biases they could produce. These tests are
summarized in figure 6-4, which shows the 7 different mainshock locations that result

from the different methods tested. Location 1 is from the previous attempt by
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VARIOUS LOCATIONS FOR MAINSHOCK 1550 SEPT. 4, 1881

00 611

Figure 6-4. Various locations of the 1981 Santa Barbara earthquake resulting from
differing velocity model, station delays, stations used, and starting
location. Details in text.
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Corbett and Piper (1981). Location 2 is the result of using the velocity model VM1,
derived in Chapter 4, but with no station delays. We may use the Catalina quarry
blast as a master event by fixing its location and calculating subsequent P-residuals
(stations delays). Starting the locations at the same point for which the station
delays are derived is one of the regimens of the master-event technique. Location 3
is the result of starting at the quarry with VM1 and the derived P-delays. In this
case, it has the unfortunate result that most of the tested earthquakes failed to
iterate away from the quarry (fig. 8-5). Only seven events located correctly in the
true aftershock zone. These are larger events that are constrained by data from
many stations. To alleviate this problem, the master-event technique was violated by
allowing the location to start at the first station, i.e., SBl. This resulted in location 5.
The difference between 3 and 6 demonstrates that changing starting location had a

negligible effect in this case.

Locations 4, §, and 6 were all derived with the freed starting location, and
demonstrate the result of different assumptions about the station delay at the criti-
cal station SBI. A problem with the SBI record was that for the Catalina blast, two
arrivals were observed: the first was low amplitude and emergent; and the second
was large and impulsive. For reasons discussed in chapter 4, the second arrival is
taken as the "correct' one, which results in location §. If we had, however, used the
weak first arrival at SBl to define the station delay, the mainshock would plot at
location 4. On another hand, we might take the complication at SBI! as justification
for doubting both arrivals. Thus we might choose to locate the mainshock without the
data from SBIl, using only the surrounding, more distant stations. This results in loca-
tion 6. This assumption had the disadvantage that most of the smaller events do hot
locate well without data from SBIl. In addition, there is littie reason to doubt that the

seccnd arrival at SBI is the correct one to use. Consequently the method associated
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Figure 6-5. Mislocations of the 1981 Santa Barbara Island aftershocks resuiting

from using Catalina Quarry as starting location. The few correctly
located events are the 7 largest. The smaller events scatter in a
direction dictated by network geometry.
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with location § is thought to be the most reasonable and was used for the Phase |
relocations in chapter §. Subsequently it was desirable to relocate the activity in the
aftershock zone itself with a master event chosen from the aftershocks. An after-
shock is probably more appropriate because it is proximate to the seismicity, and it
has comparable depth. An aftershock also has the advantage of permitting the use
of S-delays, which improves the location of small events and constrains depth. Using
the master event resulted in location 7 for the mainshock (figure 6-4). Use of the
master event did not significantly improve the location of the mainshock, but it

greatly increased the number of well-located aftershocks.

At this point it is best to summarize the implications of these different locations.
The distance from 1 to 2 represents the result of changing velocity model alone,
which is quite small. The distance from 1 and 2 to 5, or from 4 to § is about 5 km and
represents the systematic bias which can result from using incorrect station delays.
The distance from 5 to 6 is about 1.5 km and represents the uncertainity in the abso-
lute location of the mainshock. This is analogous to the accuracy of location. The
difference between 5 and 7 is 0.5 km and represents the uncertainity resulting from
which event is chosen as the master event. This is analogous to the precision of the

location.

CONCLUSIONS

Definition of CME technique

It would be misleading to give a precise procedure for doing CME locations since
the techniques employed depend on the data set invioved. Individual workers must
determine the best approach to the specialized set of conditions they are faced with.

However, | have learned some guidelines for achieving precise earthquake locations.
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Choosing o Master Event, First, the best possible velocity model for the area
should be used. All station corrections determined will be relative to this model. The
best candidate for a master event is a single well-recorded earthquake that has a
magnitude comparable to and has a hypocenter near to the events it is to be used to
locate. It should have clear impulsive arrivals at the maximum number of stations
near the hypocenter, with azimuthal control also a consideration. The master event

should be chosen carefully after comparison with other events in the area.

Using a Master FEvent. The master event should be calibrated by data
independent of the earthquakes it will be used to locate, preferably by explosion
data. A station that does not record the master event cannot be used (i.e. do not
assume zero residual at these stations). Stations that did not record the calibration
event may be usable if they can be calibrated independently. The residuals for the
calibrated master event become the station corrections to be used in relocations.
The master-event hypocenter should be used as the starting location for the relo-
cated earthquakes. Since this last step may cause poorly constrained events to

"locate" at the starting location, the relocations should be filtered for quality.

Testing a Master Event. The master event itself should be included in the relo-
cations. It should '"relocate’ at the same hypocenter as before, with 0.00 rms error.
The master-event relocations should greatly reduce the station residuals and rms
error for most of the relocated events. Failure to do so may indicate that there is a
station with an incorrect delay. An effective test is to plot rms vs. distance of hypo-
centers from the master event. The rms should be low near the master event, and
increase with distance, as lateral velocity variations reduce the applicability of the

master event with distance.
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Felt Report of the Santa Barbara Island Earthquake
of September 4, 1981

The following is from the log book of Ranger Ken Giles who was based on Santa Bar-
bara Island on the day of the earthquake.

About 8:560 A.M. Labor Day weekend got off to a roaring start--
earthquake!!! There was a roar and then a shaking, then another roar and
the shaking became severe. Things starting to fall over. | headed for the
door. Then, just as suddenly as it had begun it was over. No more than §
seconds duration. It was as though a giant cockeyed ball bearing had
rolled beneath the island and then out to sea. A foot inspection of the
northern half of the island yielded no evidence of structural changes and
only occaslonal single boulder rockfalls have been spotted--one small
boulder dislodged from the Arch Point scattering most of the birds on the
rocks. They spent the day sitting in the Kelp beds.

The following is from the official Case Incident Report filed by Ranger Ken Giles on
Sept. 6:

On Friday moming Sept. 4 1981 Ranger Giles was in the kitchen of the
Santa Barbara Island Quonset Hut awaiting the Morning Report. At 0850 a
loud roaring sound could be heard that seemed to be coming from a long
way off. Coincident with the sound, a gentle shaking was felt that set
dishes and glasses rattling in the cabinets. The initial gentle vibration was
followed by a much stronger shock that shook the island causing things to
fall from the walls and doors to open. Ranger Giles abandoned the Quonset
Hut and ran to a position where Arch Point could be observed. At that time
the tremors ceased. The duration of the event was no more than 8-10
seconds. Ranger Giles immediately called HQ and learned that the earth-
quake was also felt there. Then he made a visual inspection of the water
lines, gas lines, and general integrity of the living quarters. No damage was
found. No tsunami was observed. The mild and strong tremors may have
corresponded to earthquake 's'" and 'p" waves. Birds roosting on Arch
Point abandoned the island and sat in the sea the rest of the day §0-300
yards to the east.

A check of the Island by foot revealed no significant structural damage.
Isolated boulders at Arch Point and Landing Cove were dislodged but they
were of very small size. Interviews of boaters who had sailed around the
island later in the day indicated no new rock slides or other apparent dam-
age.
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Phase Il Locations. Santa Barbara Island Earthquakes 1881-1982.
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TABLE II. Phase |l Locations. Santa Barbara Island Earthquakes 1981-1982.
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