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P-WAVE COMPLEXITY AND FAULT ASPERITIES: THE BORREGO
MOUNTAIN, CALIFORNIA, EARTHQUAKE OF 1968

By JonN E. EBEL* AND DoNaLD V. HELMBERGER

ABSTRACT

Results from a synthetic seismogram analysis of the short-period P waves
from the Borrego Mountain earthquake of 9 April 1968 (M, = 6.4) are used to
model the strong-motion recording at El Centro. A short-period-long-period
deconvolution analysis of the teleseismic P waves suggested that a two-source
model would fit the data much better than the single-source model presented by
Burdick and Mellman (1976). Forward and inverse modeling of the data demon-
strated that two sources, each of less than 2-sec duration, the second occurring
2.2 sec after the first and both being at about 8-km depth, best fit the short-
period waveforms. From this model, long-period synthetics were generated
which were found to be quite compatible with the data. This source model was
also used to synthesize the strong-motion SH displacement, velocity, and accel-
eration records from El Centro, California. The close match of synthetics and
data is used to argue that short-period waveforms contain much information
about asperities which play a crucial role in the near-source strong motions from
an earthquake. The Borrego Mountain event probably began with the failure of
a fault asperity. The evidence for this is the several-hundred-bars sitress drops
of the two short-period sources and the probable location of these sources in a
place where there was almost no aftershock activity or postseismic creep on
the fault.

INTRODUCTION

Time domain modeling of long-period, far-field body waveforms has proven to be
a very effective tool for determining source parameters of earthquakes (Helmberger
and Burdick, 1979). The power behind the technique lies in the fact that synthetic
seismogram methods can correctly account for free surface effects along with near-
source and near-receiver reverberations which can complicate far-field seismograms,
especially those from shallow-focus events (Langston and Helmberger, 1975; Langs-
ton, 1978). While time domain studies of long-period waveforms of moderately large,
shallow-focus earthquakes have become quite popular, only a few investigators have
attempted to model shorter period recordings (such as WWSSN short-period rec-
ords) of events of comparable size (Bache et al., 1980; Cipar, 1981; Hartzell, 1980).
The reason for this is simple; long-period seismograms contain much less detailed
information about the fault time history and the seismic structure along the source-
to-receiver travel path than short-period records and consequently are much easier
to model. However, the short-period records are of interest precisely because they
contain a more detailed look at the earthquake source process. Thus, in-depth
modeling of short-period body-wave data is a useful step toward understanding
seismic sources.

The Borrego Mountain, California, earthquake of 9 April 1968 (M; = 6.4; see
Figure 1) is particularly well-suited for a short-period body-wave study because it is
an event for which there have been time domain studies of both the long-period
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Fi1c. 1. Map of the focal region of the Borrego Mountain earthquake in southern Califorma from
Burdick and Mellman (1976). The aftershocks from the earthquake generally lay i segment AE, while
the surface faulting was confined to segment BD (BC delineates the northern fault break and CD the
central and southern breaks). The location, moment (M), and depth () of each of the three sources
determined by Burdick and Mellman (1976) are also shown.
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body waves (Burdick and Mellman, 1976) and the strong-motion data (Heaton,
1977; Heaton and Helmberger, 1977). In addition, the surface rupture for the event
was mapped in detail (Burford, 1972; Clark, 1972), aftershock locations and focal
mechanisms have been determined (Allen and Nordquist, 1972; Hamilton, 1972),
and a seismic crustal structure for the source has been found (Hamilton, 1970). This
wealth of information simplifies the task of modeling the short-period body waves
because it provides constraints upon the types of models which can be deemed
acceptable. The philosophy used in this study was to try to find a source model for
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F16. 2. Short-period P waveforms recorded at 26 WWSSN stations Note the coherence of the first
seve}rlal siconds of the waveforms from stations at simlar azzimuths The star denotes the location of the
earthquake.

the teleseismic short-period data which was consistent with both the far-field long-
period and strong-motion recordings of the event from El Centro, California.

THE DATA SET

The short-period P waves recorded at all of the stations located between 30° and
90° from the source are shown in Figure 2, and information on the station locations
relative to the source region are given in Table 1. At first glance, the waveforms
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appear rather complicated. The background noise on most of the records obscures
the first arrival sufficiently that the initial polarities cannot be read with any
certainty, and at some stations (particularly in South America), there are many
seconds of high-amplitude ringing after the first arrival which may be indicative of
contamination from the local receiver structures. At other stations (especially those
in eastern North America and some in Europe), the seismograms are characterized
by a few seconds of high-amplitude arrivals followed by a low-amplitude coda. Even
with these major differences in the waveforms for stations at different directions
from the epicenter, there is much coherence in the waveforms between stations at
similar azimuths. In particular, the waveforms recorded at stations to the southeast
of the source region (NNA, ARE, PEL, CAR, and TRN) are very similar for the
first 10 sec or so. This is likewise true of stations to the north (NOR, GDH, ESK,

TABLE 1
StaTioN DAaTA

Moment (¢* = 10)

Stanon Di.s(t;a)nce Am(x:l)uth (X 10? dyne-cm)

Short Period Long Period
ARE 65 132 6.67 6.39
BEC 43 76
BHP 42 117
BOG 48 117 6.44 9.97
CAR 50 105
COL 37 338 2.47 9.04
KEV 76 14 261 10 54
KIP 39 263
KON 77 25 3.85
LPB 67 129
MAT 82 308 5.66 7.66
NAT 83 100 6.76 9.22
NNA 59 133 3.77 5.75
NUR 81 18 393 11.43
OGD 32 64
PEL 79 142
SCP 31 65 502 6.87
SEO 82 308
STU 85 33 8.10 33.54
TRN 55 101 4.30
WES 36 62 5.43

KTG, KBS, KEV, KON, UME, and NUR) and stations to the northeast (STU,
VAL, SCP, GEO, and even NAT which lies somewhat southeast of the source). The
similarity of the waveforms at these different stations is strong evidence that the
recorded signals are dominated by information from the near-source region.

The first step taken in analyzing the data was to check the compatibility of the
short- and long-period records. This was done by using the simultaneous deconvo-
lution procedure outlined by Burdick (1977). The technique involves passing the
data through a Gaussian filter, dividing instrument and Futterman attenuation
operators from the long- and short-period records from a station separately, and
then adding together the spectra of the two deconvolved ground motions from the
different frequency bands. The information in the crossband of 0.125 to 0.5 Hz where
the responses of the two instruments overlap is averged and the total response is
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then transformed to the time domain to get the broadband ground motion. As a
check on the stability of the procedure, the responses of the different instruments
are reconvolved with the attenuation operator and the deconvolved ground motion
and the results are compared to the original, filtered seismograms. If there is a
mismatch in the relative timing or the relative amplitudes of the two records, if the
signal-to-noise ratio is poor, or if there are inaccuracies in the digitization of the
records, the reconvolved traces may not match the initial, filtered traces very well.
In these cases, the amplitudes and timing of the data can be redetermined and the
deconvolutions recomputed.

SIMULTANEOUS DECONVOLUTIONS
DECONVOLUTIONS ~ SHORT PERIODS LONG PERICDS
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Fi1c. 3. Simultaneous long-period-short-period deconvolutions of the P waveforms from eight stations.
For each station, a filtered version of the original data ({ight trace) is plotted above the reconvolved
waveforms (heauvy trace) The amplitudes of the waveforms are arbitrary.

Simultaneous deconvolutions for the eight stations which had the best recordings
on both long- and short-period seismograms are shown in Figure 3 along with the
filtered original and the reconvolved traces. A ¢t* of 1.0 and a width of 1.0 sec at the
half-maximum amplitude were used in the attenuation operator and the Gaussian
filter, respectively. The quality of the deconvolutions ranges from very good at ARE
and MAT to very poor at STU, even after the timing and amplitudes of the original
records had been checked and rechecked. The problems with the quality of the
results notwithstanding, there appears to be some similarities among all of the
deconvolutions. At all of the stations, the largest arrival occurs several seconds after
the beginning of the P-wave coda. On many of the waveforms (especially those from
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which the best deconvolutions were obtained), this largest arrival is made up two
distinct pulses, both of which have the same polarity. The total duration of these
two pulses is between 2 and 5 sec at most of the stations. Based upon their analysis
of the long-period P waves, Burdick and Mellman (1976) have identified this arrival
as the sP phase from the source region. The double-arrival nature of the sP phase
evident in the Simultaneous deconvolutions probably also had its origins in the near-
source region. It was not due to receiver reverberations because it appears at
different stations with undoubtedly dissimilar receiver crustal structures. This
means that it must have been caused by either near-source reverberations or by two
distant seismic sources which took place within a couple of seconds of each other.,

A number of unusual features of the data set are obvious from the simultaneous
deconvolutions. One is that the time difference between the arrival time of the sP
pulse and the initial P phase is about 2 sec greater at MAT than at any other station
with the possible exception of COL. Since source directivity affects the shape of the
time functions of different phases much more than their relative arrival times, the
similarity of the sP phase at MAT and ARE (stations at well-separated azimuths)
implies that this discrepancy cannot be attributed to source directivity. One possible
explanation for this observation is that a laterally varying near-source surface
structure such as a localized deep sedimentary basin northwest of the epicenter
could have delayed the sP phase. However, this idea is difficult to reconcile with the
fact that the area on the earth’s surface where sP for MAT reflected was in the
vicinity of Borrego Mountain where the seismic velocities are faster than the local
average (Hamilton, 1970). Thus, while this sP arrival time problem has no satisfac-
tory explanation, it does adversely affect the fit of the long-period synthetic to the
observation at MAT [the first swing of the Burdick and Mellman (1976) synthetic
at MAT is a shorter period than that of the observation] as well as the match of the
short-period synthetics and observations in this study.

A second unusual feature of the data is evident in the long- and short-period
records from BOG. The sP arrival on the long-period record from this station is
approximately 13 times larger than the amplitude of the direct P wave, while on the
short-period record the P and sP phases are about the same size. The reconvolutions
of the long- and short-period data match the initial seismograms closely which
means that there was almost no mismatch of information between the waveforms
digitized from the two different records. Since the focal mechanism for this event
indicates that the P arrival should be nodal at this station, the amplitude of the first
arrival on the short-period record appears to be anomalously large. This high-
frequency, high-amplitude P arrival was probably due either to a rotation in the
orientation of the fault plane which radiated the initial short-period energy relative
to that for the long-period energy or to some sort of diffraction around the southern
end of the fault which would occur if the seismic velocities to the west of the fault
are higher than those to the east. Hamilton (1970) found some evidence that a
velocity contrast does exist across the fault in the Borrego Mountain epicentral
region although he does not quantify what this contrast might be or to what depth
it may extend. If there is a velocity difference in the basement rock across the fault
which affected the apparent short-period radiation pattern, it must be confined to
the upper crust since the long-period P and sP radiation do not have anomalous
relative amplitudes. On the other hand, if the amplitude discrepancy was caused by
different focal mechanisms at short and long periods, it sould be evident from the
modeling of the short-period records. Unfortunately, the short-period observations
were not of high enough quality to resolve any short-period-long-period radiation



THE BORREGO MOUNTAIN, CA, EARTHQUAKE OF 1968 419

pattern differences. Therefore, a strong argument for the cause of the anomalously
high-amplitude short-period P wave at BOG cannot be made with the data set at
hand.

A third problem in the data set is that there is an unusual pattern of waveforms
recorded at SCP and STU. These stations are at similar azimuths from the source
region, but STU is more than twice as far away as SCP. The short-period waveforms
recorded at these two stations are virtually identical, but the STU long-period
record is an upside-down version of that from SCP. While a poor but acceptable
deconvolution was found for SCP [one which was very similar to the good decon-
volution found by Burdick and Mellman (1976) for WES, a station a few hundred
kilometers north of SCP], a satisfactory deconvolution could not be found for STU.
The polarities of the short-period instruments at STU and SCP were checked using
first arrivals from nuclear tests and nothing unusual was found. Certainly the
waveform differences between STU and SCP would not be unexpected if the short-
and long-period radiation had different focal mechanisms. However, the apparent
mismatch of the short- and long-period waveforms recorded at STU casts doubt
upon the reliability of the data from that station. Thus, it is not possible to ascribe
the cause of the differences in the seismograms from SCP and STU to effects located
in the source region of the earthquake.

SHORT-PERIOD MODELING

The short-period body waves from the earthquake were modeled using the time-
domain synthetic seismogram method of Langston and Helmberger (1975). Syn-
thetic seismograms for the short-period P waves were generated by computing the
response of a layered earth to one or more point sources and convolving it with a
trapezoidal time function for each point source, a Futterman (1962) attenuation
operator with a ¢t* of 1.0 (unless otherwise noted) and a WWSSN short-period
instrument response. The parameterization of the time functions was the same as
that of Helmberger and Malone (1975) where the rise, top, and fall times of the
trapezoid are designated as 8t1, 8t:, and 8f3, respectively. The time functions for all
P and S rays which took off from a particular source were assumed to be identical,
and the interaction of the incident arrivals with the near-receiver structure was not
included in the models since the receiver structures for the stations used are not
known.

The first step taken in analyzing the short-period P records was to generate
synthetics using the strike-slip source model found by Burdick and Mellman (1976)
from studying the long-period body waves (Table 3). The earth response used for
these synthetics was computed using the direct P wave and the surface reflections
PP and sP in the crustal model of Hamilton (1970) which is summarized in Table 2.
These synthetics are compared to the observed data in Figure 4. It is obvious that
while the synthetic waveshapes do not match the observations well at all, there are
several aspects of the synthetics which bear some resemblance to the data. In
particular, the ratio of the amplitude of the initial arrival to the highest amplitude
swing of the synthetics is approximately that of the data at many of the stations
(i.e., ARE, TRN, SCP, and KIP). Also, the arrival time of this large pulse with
respect to the start of the waveshape on the synthetics appears to be close to that
of the data at stations where the first arrival can be isolated from the noise (ARE,
SCP, TRN, and PEL are examples). The similarities between the synthetics and
data suggest that the focal mechanism and source depth found by Burdick and
Mellman (1976) are consistent with the short-period observations. The discrepancies
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TABLE 2
CRrusTAL MODELS
P Veloaty S Velocity Density Thickness
(km/sec) (km/sec) (gm/cm’) (km)
Hamilton (1970)
25 16 1.4 04
5.1 3.0 2.3 2.5
60 3.5 2.7 11.1
7.1 42 3.2 11.0
79 4.6 36 —

Mooney and McMechan (1980)

— 135 1.7 14
— 198 2.2 1.4
— 2.59 25 14
— 309 2.6 1.0
— 3.28 2.65 1.9
— 3.3 267 19
— 3.33 2.69 1.9
— 3.33 2.69 19
— 336 2.7 1.85
— 3.59 2.78 0.1
— 381 2.84 0.95
— 4.16 2.9 10.0
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F1c. 4 Synthetic short-period P waveforms computed from the Burdick and Mellman (1976) strike-
slip source model compared to the data. The closed circles in the focal mechanism represent compressional
arrivals, while the open circles are dilatational arrivals. The amplitudes of the waveforms in this and all
of the following figures are arbitrary unless otherwise noted

between the synthetics and data, in particular the fact that the synthetics lack some
of the high-frequency nature of the observations, is evidence that the source-time
function of Burdick and Mellman (1976) is not entirely appropriate at shorter

periods.
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On all of the synthetics from the Burdick-Mellman model (Figure 3), the large
arrival which occurs several seconds into the waveforms is the sP phase, and from
the simultaneous deconvolution analysis, it was evident that there were two separate
pulses which contributed to making up the sP phase. This suggested that more than
one source was needed to model the short-period records. Several different sets of
synthetics computed with two point sources were found to give a fit which was much
better than that from the single point-source model of Burdick and Mellman (1976).
With the two-source models, the fit of the synthetic P arrival to that of the data at
most stations was still not good, but this is not surprising since the signal-to-noise
ratio is generally poor for this part of the record. However, the similarity of the
synthetic sP phase to that of the data was improved for most of the records. The
synthetics generally fit the data quite well at stations in Europe (with the exception
of STU which was found to be a questionable station in the deconvolution analysis)
and eastern North America, but for the South America stations, they lacked some
of the high-frequency characteristics of the data.

INVERSION MODELS

An effort was made to improve the fit of the synthetics to the short-period data
and to explore the uniqueness of the source models by employing the waveform
inversion technique used by Burdick and Mellman (1976) to model the long-period
body-wave records. The procedure involves computing changes in the source model
based upon cross-correlations of the synthetic and observed waveforms at each
station. In practice, the inversion program was allowed to iterate a number of times
on the source model until it could no longer improve the cross-correlations of the
synthetic and observed waveforms at each station. In practice, the inversion program
was allowed to iterate a number of times on the source model until it could no longer
improve the cross-correlations. For the Borrego Mountain data set, the only rays
used in the inversion process were the same three as those used in the initial forward
modeling. The only short-period waveforms that were used were those where the
signal-to-background-noise ratio was large and where it was felt that there was the
least contamination by receiver reverberations. Since each station was given a
weighting, stations with waveforms of questionable quality could be deemphasized
in the inversion process so that they did not contribute very much to the final model
which the program found.

The parameters which were allowed to vary in the inversion runs were the three
parts of the trapezoidal time function, the focal mechanism and depth of each of the
two sources, and the time lag of the second source with respect to the first. The
program was first used on a data set of six short-period records (STU, ARE, BOG,
KON, ARE, and SCP) using the starting model listed in Table 3. The final model
from this inversion is given as the short-period inversion model in Table 3 and
synthetics for all of the short-period records are shown in Figure 5. A comparison of
the cross-correlation values between the final and the starting models reveals that
the inversion procedure improved the fit by about 10 per cent at each station. The
inversion made only minor alterations in the parameters for the first source, but it
made rather substantial changes in the focal mechanism and time function of the
second source. The result of these changes was to make the second source have a
focal mechanism with the approximate strike of 193° but with a time function very
different from those of the first source. The inversion program left both sources at
depths of about 8 km. Long-period synthetics were also computed using this model



422 JOHN E. EBEL AND DONALD V. HELMBERGER

and they are shown in Figure 6. In general, they fit the observations reasonably
well.

The inversion process was also performed on a data set which included all the
seismograms used in the short-period inversion plus records from 17 long-period

TABLE 3
SOURCE PARAMETERS
Time
Mechanism Function Delay
Depth Tame
8¢, (k) (sec)
Strike Dip Rake 8ty {se::) 8t; Amp
Burdick-Mellman Model —45 81 178 0.36 0.0 0.45 1.0 8.0 —
Starting Model
Source 1 —45 80 180 0.3 1.0 03 1.0 80 0.0
Source 2 -30 80 180 03 1.0 0.3 1.0 80 20
Short-Period Inversion Model
Source 1 —43 78 178 0.89 0.82 076 1.0 8.2 0.0
Source 2 -30 63 193 0.31 0.64 073 0.34 9.0 2.3
Simultaneous Inversion Model
Source 1 —43 78 178 0.54 0.89 0.75 1.0 7.3 0.0
Source 2 —38 68 197 0.05 005 1.2 0.35 8.4 2.2

For all models, the second source was located 5.4 km southeast of the first.

Short Periods
Short period Inversion model

Syn WJ\/\/\— 8 sec

Fic 5 Short-period synthetics from the short-pertod inversion model compared to the data

stations used by Burdick and Mellman (1976). Once again, focal mechanisms, depths,
time functions, and relative time of the events were freed in the inversion program,
and the starting model was the same as that used for the inversion of the short-
period data set. The source models which resulted from the inversion of this data
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set are given as the simultaneous inversion model in Table 3 and the synthetics are
shown in Figures 7 and 8. The cross-correlations were once again improved by about
10 per cent at each station. Here also the inversion program changed the parameters

Short
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F1c. 6 Long-period synthetics from the short-period mnversion model compared to the data.
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Fic 7 Short-period synthetics from the simultaneous mversion model compared to the data.

of the second source much more than those of the first and the final models for the
two sources are similar to those found from the short-period inversion except for the
shape of the time function and the strike of the second source. This simultaneous



424 JOHN E. EBEL AND DONALD V. HELMBERGER

inversion demonstrates that the two-source model which is necessary to fit the
short-period data is also quite compatible with the long-period waveforms. The
difference in the time functions of the second source found from inverting the two
different data sets also gives a good feeling for the resolution of the modeling
process. From comparing the models in Table 3, it appears that the methods used
here are much more capable of determining the source parameters for the larger
first source than for the smaller second source. Nevertheless, many parameters of
the two sources are well determined from the modeling. The first source was at
about 8-km depth, had a duration of about 2.2 sec, and had strike, dip, and rake of
—43°, 78°, and 178°, respectively. The second source took place about 2.2 sec after
the first, was only about a third of the amplitude of the first, was located at a depth
of about 8.5 km, and had a strike, dip, and rake of —38°, 68°, and 194°.

Long Periods
Simultaneous inversion model

KEV NUR
W «\A\ Vd Ve /"N 0Obs

§

el

W

NAT
4\/‘
J\/\/\V 5 sec

Fic 8. Long-period synthetics from the simultaneous inversion model compared to the data.

None of the inversion runs on either of the two data sets was able to resolve the
simultaneous waveform problems found at BOG and STU, nor were they able to
find a model which satisfactorily fit the waveforms at MAT. In fact, there are
noticeable differences between all of the short-period synthetics and data in Figures
5 and 7. While this is not surprising because of the low signal-to-noise ratio for the
data set, it does make it difficult to judge how well the synthetics model the data.
A better feeling for the quality of the fits can be obtained by considering how well
the deconvolved waveforms can be matched. Synthetics which have been computed
without either instrument response or attenuation are compared in Figure 9 to the
results of the simultaneous deconvolution analysis presented in Figure 3. The model
used for the synthetics in Figure 9 was that found from the simultaneous inversion
modeling. In general, the fit is very good at ARE and NNA, and, except for a
somewhat strong synthetic pP phase at BOG and SCP, the synthetics match the
data at these stations also. The deconvolved synthetic at MAT was found to match
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the data best if the synthetic sP phase was aligned with the arrival which was
identified as the sP phase in the data, and so this is the way that the comparison at
MAT is plotted in Figure 9. Because of this, the first arrivals of the synthetic and
observation do not coincide. The fits at COL, STU, and NUR are poor, but this is
not surprising since good deconvolutions at STU and COL could not be obtained
and the signal-to-noise ratio was very low for the data from NUR. The deconvolution
synthetics show that, while the theoretical time functions lack some of the details
of the data (especially the long-period information), the source model is a reasonable
interpretation of the data.

The inversion modeling was all done assuming that the short-period records could
be closely modeled using only the direct P wave and the P and SV free-surface
reflections. This assumption was justified by comparing synthetics computed from
these three rays with those calculated from a full crustal response. The similarity of
the synthetics computed from these two methods is demonstrated in Figure 10. The

DECONVOLUTIONS
SIMULTANEOUS INVERSION MODEL

coL

MAT / NUR ~A\ 7

<
2\

—»i 8 sec e

F1c. 9. Comparison of synthetics computed from the simultaneous inversion model without instru-
ment or attenuation and the deconvolved observations. The synthetic at MAT was time shifted by about
2 sec so the sP phases of the datum and synthetic are matched. The alignment of the synthetic waveforms
at COL, STU, and NUR with the data is somewhat arbitrary since the traces have very different shapes.

source parameters used for both synthetics were those found from the simultaneous
inversion modeling, and the full crustal response synthetics were calculated using
Fuchs’ (1966) modification of the Thomsen-Haskell layer matrix method with the
near-source crustal structure being that reported by Hamilton (1970). The two sets
of synthetics are very similar for NAT, KON, and SCP. For ARE, the amplitudes of
the peaks and troughs of the two synthetic waveforms are somewhat different while
the phases of the two waveforms are quite similar and, in fact, match the phase of
the observation very closely. From these examples, it is evident that the waveforms
contain much more information about the earthquake source time history than
about the near-source structure and that the direct P wave and the free-surface
reflections are by far the most important phases for determining the shapes of the
synthetic waveforms.

Seismic moments for the earthquake were computed from the simultaneous
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inversion model by averaging the moments calculated from several of the stations.
Values for the short- and long-period moments computed from the simultaneous
inversion model for £* = 1.0 are given in Table 1 for those stations where moments
were determined. The average moments for all the short-period records are 5.0 X
10% dyne-cm for a £* of 1.0 and 7.7 X 10® dyne-cm for ¢* of 1.3. The corresponding
average moments for the long-period data (excluding STU where the value was
found to be clearly inconsistent with the rest of the data) are 7.6 x 10?® dyne-cm and
8.8 X 10% dyne-cm, respectively. The difference between the short- and long-period
moments must be due to the existence of a very long-period part of the time function
which was not found during the modeling process. Since the fault length determined
from surface cracking and aftershock locations (Clark, 1972) is much larger than
that which was estimated from the long-period body-wave modeling (Burdick and
Mellman, 1976), the existence of a long-period part of the source time history is
quite reasonable.

( SHORT PERIODS
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NEAR-SOURCE STRUCTURE
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F16. 10. Comparison of the data (¢op trace, light line) with synthetics computed from just P, pP, and
sP (middle trace, heavy line) and with synthetics computed from the full response of the near-source
crustal structure (bottom trace; heavy line) at ARE, KON, NAT, and SCP.

STRONG-MOTION MODELING

Data from the earthquake was also recorded on a good set of acceleration and
Carder displacement seismograms at El Centro, California, located about 60 km to
the south-southeast of the epicenter. The highest acceleration, which was measured
on the north-south component of the accelerometer, was 128 cm/sec?, while the
maxima on the vertical and east-west components were 30 and 56 cm/sec?, respec-
tively. The accelerometer triggered sometime during the arrival of the P-wave train
so it did not record the initial arrival of energy. However, the S wave and some
surface waves were well-recorded by the instruments which remained triggered for
about 60 sec.

The acceleration records have been integrated into velocity and displacement
waveforms, and the horizontal displacement traces were found to match the Carder
displacement records quite well, as discussed by Heaton (1977). The north-south
record, which is shown in Figure 11, is of particular interest because it represents
primarily SH motion. Heaton and Helmberger (1977) have done extensive modeling
of the SH-displacement record. They determined that the long-period oscillations
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which characterized most of the later part of the displacement record were due to
SH rays trapped in a near-surface crustal layer and that they could isolate a source-
time function by modeling the initial part of the SH wave train. The time function
from their best model was actually the sum of three different time functions—two
triangles of 1-sec duration each located at a depth of 8 km and occurring 2 sec apart,
and a third low amplitude, long-period time function put at 4-km depth and
beginning at the same time as the first source. The shape of the time function of
Heaton and Helmberger (1977) as it would appear to teleseismic stations is shown
in Figure 12 along with that of Burdick and Mellman (1976) and the time history
determined from the simultaneous inversion as listed in Table 3. It can be seen that
the Heaton and Helmberger (1977) time function and that determined from this
study are quite similar, and that the Burdick and Mellman (1976) time function is
a smoothed version of the other two.
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Fic 11 Corrected acceleration, velocity, and displacement records from the north-south component

of the strong ground motion recorded at El Centro, California (from U.S. Coast and Geodetic Survey et
al , 1968).

The success in modeling both the teleseismic short-period P waves and the strong-
motion SH ground displacements at El Centro was an inducement to try to
understand the north-south velocity and acceleration records at El Centro. This is
not an easy thing to do since the synthetic velocity and acceleration traces are
calculated from derivatives of the synthetic displacement record, and small changes
in the shape of the displacement record have large effects on the waveshapes and
amplitudes of the synthetic velocity and acceleration. On the other hand, the
modeling is simplified somewhat since, by far, the highest amplitude velocity and
acceleration arrival is that of the S wave (Heaton and Helmberger, 1977) which is
found between about 7 and 10 sec after the beginning of the record (Figure 11).
Attention was restricted to understanding this part of these two records.
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Initial modeling of the S wave on the velocity and acceleration records revealed
that the waveform is not made up of a single direct arrival from the source as
assumed by Heaton and Helmberger (1977) but that there are some important
crustal complications involved in it. The differences can be seen in the step function
responses shown in Figure 13. The response in Figure 13a is made up of a simple
direct arrival plus later reverberations in a near-surface sedimentary basin. The
response in Figure 13b shows the response from a source located in a crust with a

TIME FUNCTIONS

LONG PERIOD

(BURDICK &
MELLMAN, [976)

SHORT PERIOD

j\ﬁ (THIS STUDY)
N\

STRONG MOTION

(HEATON &
HELMBERGER, 1977)

R Y |
Q123456

Fic. 12. Comparison of the time functions for the Borrego Mountain earthquake determined from
the long-period body waves (top), short-period body waves (center), and strong motion data (bottom).
The time scale at the bottom is in seconds.
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F1c. 13. Step function responses for initial SH arrivals from (a) the study of Heaton and Helmberger
(1977) and (b) the crustal model of Mooney and McMechan (1980) as computed in this study. Peak

amplitudes from a unit point source are given m each case.

modification of the crustal structure proposed by Mooney and McMechan (1980)
listed in Table 2 (the basin bounces are not included in this response). The latter
response, in which only the most significant rays are included, has a strong reflection
from the lower crust which occurs a little over a second after the initial arrival. This
response was the one used in the calculation of the synthetics.

From the initial modeling, it was also found that the large initial source-time
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function needed to be symmetric in shape. The best trapezoidal time function was
found to be one with durations of the legs and top of 0.8 and 0.2 sec, respectively. It
was necessary to filter this time function in order to make it smoothly differentiable.
A symmetric time-domain triangle was used as this filter. It was discovered that the
synthetics were quite sensitive to the width of this smoothing filter. Synthetic
displacement, velocity, and acceleration records for the trapezoidal source smoothed
with triangles which have legs of duration (7) 0.2, 0.3, and 0.4 sec are shown in Figure
14. The general shape of the synthetics fit the observations fairly well, but the
frequency content and amplitude of the velocity and especially the acceleration
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Fic. 14. Synthetic displacement, velocity, and acceleration records (lower three lines) for the first
source are compared to the data (fop line) from the north-south El Centro strong ground motion record.
Peak amplitudes for each trace are shown with the units at the bottom of each column. The duration of
the legs of the triangle filter = are also given.

o
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L

records are strongly affected by the choice of the filter duration. Thus, a time
function which best fits the data could be found by varying the width of this
smoothing filter.

The second source, which had been inferred by both the teleseismic short-period
P wave and the strong-motion displacement modeling, was added to the model and
synthetics were again computed in an effort to understand how it may affect the
waveforms. This source was approximated by using the analytic time function of
Haskell (1967). This source time history, which is shown together with its displace-
ment, velocity, and acceleration time functions in Figure 15, has been used in the
description of the source-time functions of large explosions. The reason for using it
here was two-fold: the source could be smoothly differentiated to find accelerations
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and the accelerations from the source are basically a pulse with a sharp rise followed
by a long tail. The latter was felt to be important because the highest peak on the
acceleration record has this one-sided nature. The source is parameterized by one
independent constant 2 which was varied until the pulse had roughly a 1.2-sec
duration. Synthetic accelerograms with two sources where the second source has &
= 5and & = 7 (r = 0.3 for both) and a moment of 6.4 X 10*® dyne-cm are shown in
Figure 16 along with plots of the displacement time histories of the second sources.
The time separation of the two sources necessary to best fit the data was 1.6 sec.
While this is less than the 2.2 sec found from the teleseismic modeling, the peak of
the displacement time function with k£ = 5 occurs about 2.2 sec after the first source.
Thus, if the Haskell (1967) time function is thought of as a smoothed version of the
teleseismic short-period triangular source, the discrepancy in the timing of the two
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Fic. 15. Description of the Haskell (1967) source The peak amplitude of each waveform is given
above the trace.

?

sources found at El Centro and in the teleseismic short-period body waves is
unimportant. It is evident from Figure 16 that the effect of the second source is to
add high-frequency information to the acceleration record synthesized with just the
first source. The velocity and displacement synthetics are almost totally unaffected
by the addition of the second source.

One of the most puzzling features of the El Centro records is that the SH pulse
shows up much more strongly on the north-south than on the east-west component
whereas both components should have similar amplitudes. This could be due to the
arrival not following the shortest path from source to receiver or from a rotation of
the focal mechanism relative to that found in the modeling process. The former
suggestion is unlikely given what is known about the crustal structure of the Imperial
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Valley (Mooney and McMechan, 1980), but the latter requires an 18° change in the
fault strike relative to that given in Table 3 for the inversion models (to a more east-
west striking fault). To test how this latter suggestion would affect the far-field
waveforms, synthetic long- and short-period waveforms were computed with the
simultaneous inversion model where the source strikes were changed to —61° and
—~54°. These synthetics are shown in Figure 17. The short-period records do not fit
quite as well over all as with the best-fitting models described earlier, but on the
other hand, the match is not bad. Some stations like NAT and BOG appear
improved by the rotation in fault strike (Figure 17a). The long-period fits are
noticeably different at many stations, and generally for the worse (Figure 17b). On
the basis of the short-period data alone, one could conclude that the strike of the
short-period part of the seismic break was rotated by 18° relative to the long-period

Accelerations
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Fic. 16 Synthetic accelerations (lower {races) computed from the two-source model are compared
to the observed north-south acceleration record from El Centro (top trace). Also plotted on the left are
the time functions for the second source computed from the Haskell (1967) formulation and the shape of
the second source (the triangles) found from the simultaneous inversion. The triangles have been shifted
0.6 sec relative to the beginning of the Haskell (1967) source. Peak amplitudes of the accelerograms in
cm/sec” are given next to the traces, as are the peak amplitudes (in arbitrary units) of the Haskell (1967)
time functions.

level coupled with the long-period data, although one must regard this hypothesis
with uncertainty.

Di1scuUssioN

The results of the strong-motion modeling combined with the analysis of the
short-period data strongly indicate that much energy from the earthquake was
radiated in two pulses of about 3 sec total duration. The duration of these pulses is
approximately the same at all azimuths for which there is good data, so there is
little evidence for directivity in the source. If the rupture is assumed to have initiated
at a single point on the fault and then propagated circularly away with a subsonic
rupture velocity, the area which radiated these pulses must have been small
compared to the fault size inferred from the aftershocks and surface breakage.
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From the source parameters of the earthquake given in Table 3 and using the
assumptions just made, some of the details of the faulting process can be quantified.
Fault areas and stress drops were computed from the formulations of Ebel et al.
(1978) and Kanamori and Anderson (1975), respectively, and are given in Table 4.
The faults areas for the short- and long-period sources are assumed to be circular
and that for the entire main shock was approximated from the aftershock distribu-
tion (see Figure 18). It is evident from Table 4 that the two sources found from
short-period body-wave analysis broke only about 15 per cent of the total fault
plane. These sources also had very large seismic moments, and it is the combination
of these two parameters that gives then the high stress drops. A stress drop of 96
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Fic. 17. (a) Short-period data (lef¢ column), simultaneous nversion model synthetics (cenfer col-
umn), and synthetics of the simultaneous inversion model with the fault strikes rotated by 18° (right
column). Representative stations at different azimuths are shown. (b) Long-period data (left column),
simultaneous inversion model synthetics (center column), and synthetics of the simultaneous inversion
model with the fault strikes rotated by 18° (right column
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bars was determined by Burdick and Mellman (1976) from their study of the long-
period body waves, and a still lower stress-drop value of 20 bars for the event was
computed from the total fault area given in Table 4 and the surface-wave moment
of 3 X 10%® dyne-cm (Burdick, 1977). These stress-drop estimates show that while
the rupture initiated with two very high stress-drop events, the total rupture had a
much lower average stress drop.

The location of the region which radiated the two high-amplitude pulses may
have been the northern end of the fault zone where the epicenter of the event as
well as that of the immediate foreshock were located (Allen and Nordquist, 1972)
and where the largest surface displacements were measured (Clark, 1972; Figure
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19). The reason for this is that the first arrivals on the teleseismic records as well as
the initial SH pulse at El Centro are dominated by these strong arrivals. As the
initial motions at the Caltech network stations put the hypocenter near the northern
end of the fault (Figure 1), the first arrivals at the teleseismic stations probably also
came from this source region. The distribution of aftershocks projected on the fault
determined by Hamilton (1972) which is reproduced in Figure 17 has an interesting
feature. At the northern end of the fault trace there is a gap of about 6 km where

TABLE 4
FAULT AREAS AND STRESS DROPS

Characteristic

Fault

Event Fault Area Seismic Moment* Stress Drop
Dirensions (k) (dyne-cm) (bars}
(km)
Source 1 7.7 (diameter) 47 64x10%Db 436
Source 2 4.0 (diameter) 13 0.9 X 10%b 366
Total Fault 12 x 30 360 30x10%s 20

* b, body wave; s, surface wave.
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F1c. 18. Plot of aftershock locations with depth on a plane parallel to the surface faulting and
perpendicular to the surface faulting from Hamilton (1972) (A, A’, A” and B, B’ are shown n Figure 1).
"The arrow m the lower figure denotes the location of the surface faulting. The rectangular box in the

upper figure shows the approximate fault area which probably participated in the main shock, and the

outlge? reigion under the northern part of the surface break shows the possible location of the asperity
on the fault.

there were almost no aftershocks. The size of this gap (which has been outlined in
Figure 17) is approximately the same size as that which radiated the high-amplitude
body-wave pulses. The surface faulting on the northern segment of the fault
breakage did not have any noticeable aftercreep on it while the central and southern
parts underwent significant postseismic displacements (Clark, 1972; Burford, 1972;
Figure 18). Burford (1972) notes that the basement under the northern part of the
surface faulting is covered by a thin layer of sediments, while the basement under
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the central and southern traces lies under several hundred meters to several
kilometers of sedimentary rock. He argues that the aftercreep may have been a
delayed response of the sediments to the initial coseismic displacement of the
basement rock. However, since the aftercreep died away at the same time that the
aftershock activity dropped to a very low level (Burford, 1972), it may reflect the
existence of postseismic movements in the basement rock.

The high stress-drop beginning of the Borrego Mountain earthquake and the
small source area for the initial fault break suggest that this event began with the
failure of an asperity. Asperities, or regions of locally high breaking strength on a
fault, have been proposed by Kanamori (1977) to explain the multiple rupture of
some earthquakes. Rudnicki and Kanamori (1981) have shown that a small, strong
asperity on a fault could fail with a very high stress drop and that the crack would
then propagate into an area with a much lower breaking strength. The stress drop
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Fic. 19. Graph of the surface faulting of the Borrego Mountain earthquake from Clark (1972). Pont
A’ is referenced to Figure 1 and the abscissa is scaled 1n kilometers.

averaged over the entire fault area would be much lower than that of the asperity.
The analysis of the Borrego Mountain event indicates that the time history of the
stress drop follows that described by Rudnicki and Kanamori (1980) for an asperity-
controlled earthquake. The asperity in the Borrego Mountain fault zone was about
6 km in diameter and located at the northern end of the fault; the rest of the fault
breakage was probably some sort of readjustment to the initial break. The existence
of aftercreep on the central and southern parts of the fault zone suggest that not all
of this readjustment managed to take place at the time of the main shock. The
asperity possibly even had a substantially different strike than did the surface
breakage.

The question immediately arises from the above discussion as to whether or not
there is any tectonic reason for the existence of an asperity on the northern end of
the fault. Since this fault is part of the San Jacinto fault zone which has undergone
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at least 24 km of displacement (Sharp, 1972), it is possible that the bedrock is
different on the two sides of the fault. At the surface, the part of the fault where the
maximum coseismic displacement took place is in a zone where Tertiary and
Quaternary sedimentary rock on the east abut a part of Borrego Mountain which is
made up of crystalline rock on the west (Sharp, 1972). This place is the only location
along the 1968 rupture where on the surface there was anything but sedimentary
rock in contact across the fault. If there is a contrast of the basement rock across
the fault in this area, then the results of this study indicate that this contrast may
locally cause the fault zone to have a very high breaking strength. The size and
stress drop of the asperity would indicate a fracture strength of about 4 X 10" erg/
cm?, which is even larger than the high value that Aki (1979) calculated for the 1966
Parkfield earthquake. While the surface geology may not be representative of the
structure at depth along the fault zone, it can be said that in this case, the location
of the asperity correlates with a change in surface geology along the fault zone.

Finally, probably the most important result obtained from this study is the
documentation of the role played by asperities in peak intensities. In particular, the
high acceleration observed at El Centro appears to be caused by a rather small
section of fault which had very little to do with the overall faulting dimension. A
similar conclusion can be drawn from a study of the San Fernando strong motions
(see Heaton and Helmberger, 1979). Thus, simulation techniques that distribute the
high-frequency energy release uniformly along the proposed faulting surface may
need some adjustments as in Wiggins et al. (1978) or Hadley and Helmberger (1980).
Unfortunately, predicting where asperities will occur for a given fault zone may be
very difficult unless they can be recognized by geological features or surmised by
seismic data.

CONCLUSIONS

The short-period teleseismic P waves from the 1968 Borrego Mountain earthquake
have been studied and source models have been found which fit not only those
records but the teleseismic long-period body waveforms and the strong-motion SH
record at El Centro as well. From the deconvolutions and the forward and inversion
modeling of the waveforms, it was found that the source radiation came in two
pulses separated by about 2.2 sec. The sources for each of these pulses were located
at about 8-km depth and had similar focal mechanisms, but the second was only
about a third the amplitude of the first. The duration of the time function for the
first source is fairly well constrained at about 2.1 sec while there is less resolution on
that of the second source. The moment at short periods is 12 to 33 per cent less than
that calculated from the long-period data and is 80 to 85 per cent less than that
from the surface waves.

There were some problems with the short-period data set. The signal-to-noise
ratio is poor on many records and at some stations there is an apparent mismatch
of information between the short- and long-period records. There is also some
evidence for either laterally varying structure in the source region or for different
focal mechanisms at short and long periods. Even so, it was demonstrated that the
short-period waveforms contain much detailed information on the source time
history of the earthquake and, in particular, on the near-source strong ground
motions.

The two sources found in the short-period analysis were determined to have small
source areas and large stress drops. However, the average stress drop for the event
was much lower, indicating that the earthquake began with the failure of a strong
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asperity at the northern part of the fault. This asperity was located in an area where
there was almost no aftershocks, and it lay beneath the place where there is a
contrast in rock type across the fault.
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