ARAU 23144

el

f'{”’
California Institute of Technology
Division of Geological and Planetary Sciences

Seismological Laboratory
Pasadena, California 01109

o ¥

Final Report

1 June 1972 - 30 November 1975

ARPA Order No: 2134

Program Code: 2F10

Contractor: California Institute of Technology
Effective Date of Contract: 1 June 1972

Contract Expiration Date: 30 November 1975

Amount of Contract: $273,078

Contract Number: F44620~72-C-0083, P00001

Principal Investigators: Charles B. Archambeau (1972 - 73)

Donald V. Helmberger
(213) 795-6811

Program Managers: Lt. Col. Donald W. Klick
(202) 694-5275
Mr. Bill Best a ‘Tﬁ (i:
(202) 693-0162 _”
Title: Near ¥ield Small Earth% (pY
Long Period Array (\51
p,

!

Sponsored by T
Advanced Research Projects Agency
ARPA Order No. 2134



BEST
AVAILABLE COPY



page

SUMMATY == e e 1
L. Introduction —==m=mmmmmmm e 3
II. Source parameters of moderate size earthquakes ~—-——————o 4
d) EHALFER =t nrse s St ssas e aE e e 9

b) modeling SAGO-E ———-—mmmmem e 9

c) modeling SAGO-C —m—mmmmmme e 14

d) spectra ——-em— e 18

&) QiBeulsion remmm——mmama e e e e e 21

ITI. 1Inversion of the body waves from the Borrego Mountain

earthquake to the source mechanism ————— oo _____ 26

a) the Borrego Mountain earthquake ———e———e——ooo o __ 28

b) the JABa80F s~s=a-Zt Seudeee— o e 30

c) model parameterization and inversion —-————-m——meee—eo 32

d) the final model Scc—satmce—esssbmeciaii bo oo oo i 37

@) a finife source Model —csm——scecaocsemmee . boc oo 47

f) modeling the local strong-motions =—---=-————oeo—__ 53

g8) conclusions ———memm o 54

TABLE OF CONTENTS




SUMffRY

r&his final report describes the accomplishments acherived during

the last year of our efforts towards a better understanding of the

seismic radiation from earthquakes. Applying the techniques

discussed in earlier reports on calculating the synthetic response
A ; 754 A

generated by shear dislocation sources in a layered media we have

endeavored to separate source effects from those due to propagation

in the earth. The main objective here is an accurate scaling law of

duration versus moment to be used in discrimination studies. The

observations used in this report are of two types, those that

are large enoughty be studfed teleseismically where one must separate
¢ b3
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the phases P, pP and SP’etc, and those that are too small to be

observed at large distances and must be studied locallv. Thus eggfefforts
have been divided into two sections, to model local broadband

observations of moderate size earthquakes, and secondly, to apply our
recently developed generalized inversion theory to the problem of
obtaining source determinations based on teleseismic long and short

period body waves.

In collaboration, with Lane Johnson we investigated some of his
broadband observations of central California earthquakes as recorded
on opposite sides of the San Andreas fault zone. The earthquake
mechanisms were of the strike-slip type occurring along the fault
at epicentral distances less than 30 km. The seismograms obtained at
the two sites are distinctly dissimilar in waveshape and amplitude
even thceugh they are at roughly the same azimuth. We found that these

effects can be explained by a two layer upper-crustal model appropriate for
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each site.

The results determined by matching the observations synthetically
indicate that the durations for these events with ML = 3.5 to 5 are
about.3 to .6 :conds respectively and that accurate estimates
of such parameters can only be accomplished after a detailed
appreciation of receiver structure.

For the large events, magnitudes greater than 6, we adapted a
generalized linear inverseé technique for determining the source
parameters from body wave data at teleseisn o ranges, A = 30
to 90 degrees. The technique has been applied successfully to several
events but we will restrict ourselves in this report tc Borrego
Mountain earthqrake of April 9, 1968. Synthetic seismograms computed
from the resulting model match in close detail the first 25 seconds
of long period seismograms from a wide range of azimuths. The
main shock source time function has been determined by a new
simultaneous short period-long period deconvolution technique as
well as by the inversion technique. The duration and shape of
this time function indicate that most of the body wave energy
was radiated from a surface with effective radius of only 8 km. This
is much smaller than the total surface rupture length of the length
of the aftershock zone. Along with the moment determination of
Mo = RS2 1025 dyne-cm, this radius implies a high stress drop
of about 96 bars.

A plot of stress drop versus duration for events determined by
fitting waveforms in the time-domain suggests that larger events may

have higher stress drops than smaller events at least for the California
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examined in this report.
I. TINTRODUCTION

The main purpose of the "Joint Experiments on the spectra of
Earthquake Source" was to determine the detailed nature of the seismic
radiation from small earthquakes. Although the fundamental
objective was to investigate discrimination criteria, this study
was also aimed at understanding the basic physics involved in terms
of detailed seismic sources as opposed to propagational effects.

Our work under this contract has beern divided into three
major tasks: (1) Field operations in Bear Valley, (2) Investigations
of wave propagation theory for the modeling of earthquakes, (3) Data
analysis and interpretation of existing data.

Unfortunately, the Bear Valley operation did not produce a
particularly good data set due to lack of seismic activity. Furthermore,
it was discovered in a study described in a previous report that a
detailed appreciation of the receiver structure must be accomplished
before one can determine accurate estimates of source parameters. This
means that the best way to obtain accurate source parameters is to
study many observations at the same station since *he effects due tc
Structure just below the station are common to all of the observations
thus allowing recognition of features common to the site as opposed to
source characteristics. For this reason much of our efforts have
gone into a careful investigation of the excelleny data set obia’med
from the San Andreas Geophysical Observatory working in coopera.ion with
Lane Johnson. We will also report on some work done by graduate

students, Larry Burdick, George Mellman and Tom Heaton on the horrego
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Mountain earthquake with attempts at explaining details of both the
teleseismic and local observations.

The second task, (2) on the investigation of wave propagation
theory for the modeling of earthquakes, has been discussed at length
in earlier reports and can be found in the journals, see
Helmberger (1974), Langston and Helmberger (1975) and Helmberger
and Malone (1975).

We should also mention that a large amount of aftershock data was
collected at the Oroville site. However, we exhausted our Air Force
resources in the data collection and are unable to present the
results at this time. We are hopeful that another agency will
support the data analysis required and we will report on these
results at a later date.

IT. SOURCE PARAMETERS OF MODERATE SIZE EARTHQUAKES
Recent demands for scaling laws for variou: size earthquakes has

greatly increased interest in local observations of
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moderate size cvents in the range ML = 4, to 5.5. That is, events that

are too small to be well recorded teleseismically but large enough not

to be commonly included in attershock segnences. Most attempts at ex-—
tracting the source parameters from such local observations have used the
corner frequency approach where one makes no effort to separate source
generated effects from propagational effects“introduced by local crustal
structure but works with the spectral characteristics of the entire record,
see example Thatcher and Hanks (1973). While this study has been significant
in establishing the importance of duration or corner frequency in relation
to the other source parameters, it has not resolved the meaning of the large
scatter in stress drops. For instance does a low stress drop event, long
duration with a small moment, correspond to analyzsing a surface wave as a
body wave?

Observations nearly above the event helps to minimize these
propagation distortions but separating near-field from far-field effects for
an event that is not well located is extremely difficult.and secondly, it is
not often that a moderate size event occurs directly under a broad-band in-
strument capable of remaining in operation.

Some of the best observations at short distances have been recorded
at the San Andreas Geophysical Observatory (SAGO) in central California and
will be examined in this study where we will attempt to separate source effects
from distortions caused by crustal structure.

The locations of the events relative to the two broadband stations
SAGO-Central and SAGO-East, are given in Figure 1. SAGO-E is situated near
exposed pliocene sedimentary rocks with outcrops of Franciscan to the north-
east whereas SAGO-C is setting on granitic rocks of the Gabilan range. The

earthquakes farther to the south are of the right-lateral transcurrent type
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Figure 1. A map of a section of the San Andreas fault in Central
California showing the locations of the seismographic
stations SAGO-Central and SAGO-East relative to the three

earthquakes studied.

earthquakes to Table 1.

The identification numbers key the




with focal mechanism parameters given in Table 1, after Johnson and
McEvilly (1975). The observations are displayed in Figure 2 where it

is clear that the similarity of the various events at each station is far
sreater than the similarity of the same event at cach station. Note

that the amplitudes are about a factor of two to three greater at

SAGO-E as well. The three observations at SACOvE are not only similar

to each other they also look much like the waveforms observed along a
profile running parallel to the fault discussed by Helmberger and Malone
(1975). Example cbservations are given in Figure 3 along with synthetics
generated for a simple one layer over a halfspace model. The first peak
corresponds to the direct generalized ray, the second peak to the first
aultiple reflection, etc. These reflections occur near the receiver and
move back towards the source as the number of reflections increase, for
example the firdt multiple reflects off the surface at about 1.5 km from
the receiver, the second reflection at 3 km, etc. Comparing the synthetic
with the observation indicates that the fit is relatively good for about
the first 10 sec which are described by the first 4 or 5 rays, and thereafter
the fit rapidly deteriorates. We interpret this phenomenon as due to an
imperfect surface waveguide that does not support the ﬁigh degree of
coherency necessary for the complete Love wave development but is locally
well behaved. It thus appears that much of the cemplexity observed

on local seismograms and their corresponding spectra can be explained

in terms of upper crustal structure near the seismographic station.

We dinvestigate this hypothesis further in this paper where we will attempt

to model the observations of Figure Z synthetically.
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Figure 2. The tangential displacement seismograms (SH-components) at SAGO-East
(top) and SAGO-Central (bottom) for events (3a), (6), and (4a).
The original NS and EW seismograms are displayed in Figures 19 and
20 of Johnson and McEvilly (1974).
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Comparison of synthetics with observations with all traces plotted
on the same amplitude scale. The moment is determined by overlay
to be 2.1 x 10 2ergs




ANALYS1S

The strategy used in the model determination was simply to match
the first ten seconds of observations for one of the events with the
fewest number of parameters (layers) and to predict the behaviors at
the other two ranges. We assume that these strike-slip eurthquakes
can be replaced by a point shear dislocation and the motion is controlled
by pure SH type motion at these azimuths. The matching procedure is
basically a trial and error technique where a starting model is assumed.
Next, the corresponding displacement for an assumed source excitation is
constructed along with the synthetic seismogram. After comparing the
syntletic with the observation in question and previous attempts one
makes the appropriate alterations in the model and repeats the process.
Since we know more about the structure on the east from the previous

study, we initiate the above procedure on SAGO-E at A = 30 km.

MODELING SAGO-E

As a starting model we used model A proposed by Helmberger and
Malone (l975) derived from observations obtained approximately 30 km to
the east of the fault. Using the appropriate SAGO-E instrument resonse
as described by Johnson and McEvilly (1975) one obtains the synthetics
in Figure 4. We assumed a far-field source time function, F(5), of trapezoidal
form described by th, 5t2 and 5t3 as shown schematically in the right-
hand corner of Figure 4a. The comparison with the observed record is made in
overlay format. A reduction in the size of the first peak relative to
later arrivals can be achieved by simply reducing the source depth but the
overswing or the size of the first trough car not be obtained so easily.
Of course, this feature can be obtained by allowing the fault to overshoot

producing a time function as shown in the right-hand corner of Figure 4b.
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Figure 4.

Comparison of synthetics genera

and Malone (1975) with SAGO-

ted from the model A of Helmberger
E for the (4a) event.
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Step Response, Model- E

Figure 5.
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Time A/3.3, sec

Step function responses as a function of range, A, and depth, d,
for model E. The ffrst-motion approximation to the far-field
response (optics) appropriate for a halfspace i1s included for
comparison.
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This feature produces a possible solution but a simpler explanation is
obtained by introducing a layer of low velocity material (sediments)

at the surface. These sediments are exposed along the eastern edge of the
fault and are apparent as travel time dealsy (Boore and Hill, 1973). With
the addition of this low velocity layer we haye essentially four parameters
to vary. After a diligent scarch we obtained model-E given in Table 2

with corresponding step responses given in Figure 5. These results

are similar to those presented in Helmwberger and Malone (1975) at the longer
periods but they have a strong one second periodicity produced by the soft
superficial layer. The comparison of the corresponding synthetics with

the SAGO-E observations is displayed in Figure 6. To reduce the number

of parameters we assumed th = Gtz = 5t3 = 8t and picked the best fitcing
8t allowing 8t to vary from .1 to 1. The moment is determined by scaling
the synthetic to the corresponding observation. The rsults are given in
Table 3. Note that we adjusted the depths somewhat essentially making

all three events shallower. These changes are well within epicentral

depth 1oéations as determined fror travel times and was done to produce

the relative strengths of the first arrival to later.arrivals. Changing

the epicentral depth is quite effective for this purpose as discussed

by Helmberger and Malone (1975).
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in Table 3.
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MODELING SAGO-C

For the western umodel, we draw frouw two studies one by Mellman
and Helmberger (1974) on diffraction effects caused by a high velocity
layer, the other by Boore and Hill (1973) who obtained a shear velocity
of about 3.5 km/sec for the gravitic rocks. We thus assumed a layer
(B = 3.5 km/sec) over a halfspace (R = 2.5 km/sec) as a preliminary
model to test for the effects diagnositc of a lower velocity zone at depth.
The results are displayed in Figure 7 where the responses are at the same
range with the layer thickness as the only variable.

Most of the short period cnergy is reflected into the halfspace
when the layer is thin; that is the transmission coefficient for the
direct ray (onset time) changes by over a factor of three going from
h =1 to 4 km. There is also considerable interfercnce of the multiple
reflections as is evident from the gilchs near the beginning. In
general, the polarity of these multiples will oscillate since the
reflection coefficient is positive at the base of the layer. The large
increase'in amplitude a few seconds after the onset is essentially the
direct arrival as h goes to zero. This effect is produced by the shape
of the Cagniard contour as discussed by Helmberger and Malone (1975) and
Mellman and Helmberger (1974).

Applying the experience learned from this Example, we attempted
to find a model that would produce the proper broadening of the
first pulse that is so evident in Figure 2. After investigating many
two layer models of various combinations of velocities we obtained
model W given in Table 2 with the step responses and corresponding
synthetics given in Figures 8 and 9. The amplitudes of the synthetics

are appropriate for the moments as deduced from the SAGO-F observation
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Figure 7. Step and displacement responses for various layer thicknesses at a
range of 30 km with the strike-slip source at a depth of 6 km. The

source duration parameters are th = Sk 6t2 = .2 and 6t3 = ,5 seconds.
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Figure 8. Step function responses as a lunction and range and depth for
model W, The first-motion approximation of the far-field response
for a halfspace with a model parameters appropriate for the bottom
material is included for comparison.
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and, in general, are somewhat too small at the larger ranges. Although
the width of the positive pulses are about right at A = 15 and 20 km

the synthetic at A = 30 km is slightly too long and the backswings are
obviously too long at all stations. The latter feature will become

much more obvious when we examine the spectra in the next section.
However, it should be noted that at these long periods we can no longer
expect our earlier hypothesis about receiver structure to hold and that
the entire path is now important, thus allowing lateral rcfractions along
the fault to become a severe problem. One would expect these observations
to become progressively contaminated by lateral refractions as one moves

back into the signal. This is the reason for concentrating on the

beginning portion of each record.

SPECTRA

The spectral comparison of the observations with synthetics is
given in Figure 10. These spectra are based on the entire wave train
and since the synthetics do not contain the near-field terms we must
be careful in our interpretation of the longer periods (Johnson, 1974
and Helmberger, 1974). Furthermore, our models were determined by the
early portion of recordings with a disregard of everything after
15 seconds. Nevertheless, the agreement at SAGO-E is remarkably good
with even some of the scalloping effects present although this is probably
of minimal importance. One of the most important features of the observed
spectra is the relative shift in peak values going from about .25 hz at
A =15 km. We interpret this effect as caused exclusively by the

development of the surface waves which we Ffeel is modeled quite well.
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On the other hand, the agreement between synthetics and observed at
SAGO-C is poor, especially at the neavest range where the loug period
level in the synthetics is much too strong. Of ccurse, the reason for
the strength of the long period 1lcad for the western model as compared
to the eastern model is due to the velocity difference of the bottom
”

halfspace. This situation leaves us with a velocity contrast across the
fault and if we assume the same Source strength or mament than the
corresponding displacements at long periods will be proportional to
the ratio of the velocities cubed. Actually, the dislocation model
occurring cn the boundary of two different materials has not been
investigated as far as the authors are aware and it is not particularly
clear how to treat the relative strengths. But just changing the
moment does not solve the problem. What is required is a mechaqism
of allowing the shorter period signal (1 to 3 secs) to come from a
region of low velocity and the longer period energy to come from a
region of low velocity and the longer period energy to come from a region
of higher velocity. This implies a local low velocity zone near the
fault but this interpretation is extremely tentative. A numerical
model of a source in this type of environment would be most useful.

Another interpretation is that the faulting occurs on the eastern
side of a low Q zone and that the shorter periods are either absorbed
or scattered in route to SAGO-C. However, Johnson and McEvilly (1974)
do not report on any such low-Q zones although this condition is hard

to dismiss.
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DISCUSSION

The observations examined in this study are probably too near
the fault zone to obtain highly accurate estimates of the scurce parameters
although SAGO-E seems explicable. Nevertheless, it is interesting to
compare varivus size earthquakes that have been studied in the time
domain with .. equate correcctions for earth structure. For convenience,

we will define deration,

1
St, + 6t2 + > 6t3

~
i
N e

and a corresponding corner frequency, fo = 1./(m1), after Helmberger
and Malone (1975). The results, displayed in Figure 10, for the three
events discussed earlier are supplemented by events 1, 2, and 7a modeled
by Johnson and McEvilly (1975) and the Morgan Hill event studied by
Helmberger and Malone (1975). At the larger magnitudes we included
three events that have been modeled at teleseismic distances. These
latter events have been modeled by inverting to long-period waveforms
containing the main crustal phases P, pP, and sP and similarly for

the S phases. The detailed information about fault orientation, depth,
and source time duration are obtained by using the azimuathal coverage.
Lines of constant stress drops are included for comparison although the
actual level is rather arbitrary; that is, the stress drop is defined

by 3
AT = (7/16) M /r

after Keilis-Borok (1960) for a circular fault surface with r = radius

with estimates of

o
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The data for the larger

events are taken from Langston and Butler (1976) (Oroville),
Langston (1976) (Koyna), and Burdick and Mellman (1976) (Borrego).
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3.5 B/fo (Brune, 1960)

and

il

r 5 21 B/fo (Madariage, 1975).

Accurate determinations of r independent of jo have not been made
although a number of experiments are presently designed for this
purpose. J

The trend at these points suggest that the larger events have
higher stress drops than the smaller events at least for the California
events although the data selection ray be biased in that the only broad-
band data available in the ML = 4 to 5 range comes from the Bear Valley
region. It might also be argued that the Borrego and Oroville events
may not be representative and that many more events must be considered
before a definitive conclusion can be reached especially events in
the ML = 5.5 range. The latter size is near the threshold of allowing
body wave studies at ranges 15 to 30 degrees where the nature magn!fication
caused by the upper mantle structure can be used to advantage; such studies
are now in progress.

A meaningful relationship between duration versus moment Is not
only impcrtant with respect to learning something about the stress
conditiors in the earth but it is essential to estimating strong ground
motion for a given earthquake with a specified moment. We are suggesting
that under ideal conditions ground motion amplitudes at periods .1 to
10 seconds can be predicted if we know the source parameters namely
moment, orientation, depth, and source duration, and if we know the
receiver crustal response. The fault orientation and depth are of key

importance in such predictions as demonstrated by Johnsoa and Helmberger

(1976)..
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In summary, the broad direction of this paper has been to
address the problem of separating effects due to stricture as opposed to
source derived by using recent developments in the methods of synthesizing
motion in a layered halfspace. Within this framework, a comparative
analysis of the calculated and observed pround motions for several
earthquakes were performed at two vastly different sites with respect
to surface gec'ogy. Our results suggest that the beginning portion of
local seismograms can be profoundly altered by the upper-crustal
structure. This means that the seismogram contains prominent periodicities
many of which are only weakly related to source radiation and, in fact,
are more strongly related to the receiver structure. Once the receiver
structure i3 k vwn, or a transfer function determined which is a weaker
condition, we become one step closer to estimating local ground motions

for future events as well as learning something more about local geology.




TABLE 1

Data Summary

SAGO-C SAGO-E
wvent Number M Depth  Dist  Ar i 4
(km) (km) deg (km) deg
3a 4.0 8.7 182 311 14.8 334
4a 5.1 6.4 29.7 311 30.7 322
6 4.7 5:1 21.3 310 22.4 325
TABLE 2

Upper-Crustal Models

Model Layer No. Thickness Velocity Density
(km) (km/sec) (gr/cm3)

E il .35 7D 15

2 1595 1.80 292

3 » 8.8 2.6

W 1 A3 8.5 2.7

2 1.75 237 2.6

3 o 2.0 2.6

TABLE 3

Source Parameters

Event Number ML Moment Source Duration
g (dyne-cm) (sec)
3a 4.0 1.6 x 1022 o)
4a Srpl! 3.1 x 1023 .6

6 a5 8.9 x 1022 .6



III. INVERSION OF THE BODY WAVES FROM THE BORREGO MOUNTAIN EARTHQUAKE

TO THE SOURCE MECHANISM

Since the introduction of simple theoretical fault models, many
investigators have attempted to infer details of earthquake
faulting by comparing far field body wave recordihgs with model
predictions. They have found that most deep and intermediate events
have simple waveshapes which can be easily explained with smooth
dislocation models, (Mikumo, 1971, a, b, Teng and Leu Mynaham,
1965, Burdick and Helmberger, 1974) but that shallow earthquakes
have very complex waveforms. Until recently, this was interpreted
to mean that shallow events have fundameatally more complex fault
surfaces and ‘time histories. By determining the responge of a
layered halfspace to a shallow double couple point source,
Helmberger (1974), Fukao (1971) and Hudson (1969),
among others, have shown that this interpretation is not entirely
correct because much of the waveform complexity ié.caused b&
the interaction of the source with the free surface. Thus, it .
will once again be worthwhile to address the questioun of whether or
not a smooth dislocation is appropriate for shallow earthquakes.
This time, however, the free surface interaction should Bev
included in the analysis.

Many of the previous investigators of body waves from shallow

"~
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events have focused their attention on the fourier transform of the
entire body wave pulse. They employed a technique which enabled
them to determine important source parameters such as seismic moment,
stress drop and source dimensions from the rough characteristics of
the amplitude spectrum (Hanks and Wyss, 1972, Wyss and Hanks, 1972,a,b,
Moinar and Wyss, 1972, Molnar, Tucker and Bzune,ﬂl973). Since
reflected or converted phases such as pP , sP or s$ can affect both
the long period level and the éhape of the amplitude spectrum, it
will be important to see if the results change when the free
surface is correctly accounted for.

Langston and Helmberger (1975) have o:utlined a simple
procedure for including the surface interaction in the computation
‘of a synthetic seismogram from a model of a shallow "islocation
source. In other words, they have Presented a tractable solution
to the forward problem of computing the data given the model.
We have demonstrated in a related work (Mellman and Burdick, 1976),
that the existence of a solution to the forward problem along with
a quantitative method for comparing the synthetic to the actual
data make it possible *o solve the inverse problem; that is,
an optimal fault model can be determined from the data by an iterative
generalized linear inverse technique. We present here the
result of the application of the inversion technique to the
Borrego Mountain earthquake of April 9, 1968. We present a
final model which accurately predicts all of the observed waveforms., We
then use the model to identify a single, strong arrival in the
record, and finally we interpret the shape of this basic seismic

pulse in terms of a smooth dislocation model.,
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THE BORRLEGO MOUNTAIN EARTHQUAKE

The Borrego Mountain event was a magnitude 6.4 strike slip
earthquake which occurred at 2:25G. M. T. April Y, J968 on the Coyote
Creek fault in southern California. Figure 1 shows the location of
the main shock as well as many of the aftershocks and the trace of
the ground breakage. After the event, both the California Institute
of Technology and the USGS undertook a thorough study of all major
types of postseismic phenomena. From their observations, we can
draw two important conclusions which bear heavily on our interpretation
of what happened during the earthquake. The first is that even
though the ground breakage appears simple, the nattern of stress
release was probably very complex. This can be inferred from the
following points: (1) In che Ilmperial Valley, the San Andreas
fault splays out into a number of closely interrelated faults. Each
nearby zone of weakness contributes to the complexity of the stress
pattern near the (oyoteCreek fault (Sharp, 1972). (2) Surface
offsets were observed on the Imperial, Superstition Hills and
San Andreas faults as well as the Coyote Creek fault (Allen et.al.
1972). (3) The aftershocks had a very diffuse spatial pattern.
It defined only a broad three dimensional region oflstress release
instead of a single plane of failure (Allen and Nordquist, 1972,
Hamilton, 1972). This complex prestress pattern seems to manifest
itself in some unusual aftershocks occurring immediately after the
main shock.

The second conclusion which can be made from the postseismic
observations is that there was a clear difference in the behavior

of the north break (segment BC in figure 1) and the south break
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Figure 1. The Borrego Mountain Tectonic Zone: Segment AE ~55km marks
the extent of the aftershock zone and BD ~31 km the total
rupture length. Segment BC radiated most of the energy in
the main shock. The length of this segment plus the 8 km depth g
of the main shock motivated the choice of a circular fault model
with radius 8 km. Segment CD~17 km was probably due to a swarm

type event. (Figures 1 and 2 modified from Allen and Nordquist,
1972).
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(segment CD in figure 1). The north break had a large initial surface
offset, relatively few aftershocks and very "ittle Postseismic creep.
The south segment had a swall initial offset, more aftershocks, and

as much postseismic as coseismic displacement (Allen and Nordquist, 1972,
Clark, 1972, Burford, 1972). Evidence in the body waves shows that

these variations reflect different behaviors deep in the earth.

THE DATA SET
The data set used in the inversion procedure was selected from
the P and SH body waveforms recorded at stations in the World Wide
Seismograph Station Network. Recordings made outside the epicentral

range of 30 to 90 degrees were excluded to circumvent problems with

upp2r mantle or core structure, and recordings with

a signal to noise ratio of less than 5:1 were excluded to reduce
difficulty with background noise. Processing noise was kept to a
minimum by digitizing each record ten times and averaging the

results. The names and locations of the stations which had records

of acceptable quality are listed in table 1 and their azimuthal spread
shown in figure 2. The stations are plotted along with the first
motion data and the fault Planes determined by Allen and

Nordquist (1972). It is regrettable that no high quality waveform data
was available to the southwest of the event but there was sufficient
coverage to impose some heavy constraints on the allowable source
mechanism. The observed waveforms are the top traces shown in

figure 5.
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> 0o

180°

Figure 2. The stations used in this study as they distribute
with respect to the fault plane solution determined
by Allen and Nordquist (1972). Unlabeled points are
other stations which they used in their first moticn
study. 6 is the fault strike, § the dip and A the rake.




MODEL PARAMETERIZATION AND INVERSION

The first step in applying linear inversion theory to a
problem is to formulate a technique for cowputing theoretical values
for the observed data from a finite number of model parameters.

In the Langston and Helmberger (1975) procedure for computing
synthetic seismograms for a point dislocation source, the basic
parameters are a time function, source depth and the three fault
orientation parameters. Lf the source is to be considered as a sum
of point sources, the same parameters as well as a relative size,
time and location must be specified for each additiomal source.
The origin time and epicentral location of the primary source are
assumed to be known quantities, and its absolute size need not be
specified if only relative waveshapes are considered. 1In order
to obtain an adequate fit to the Borrego Mountain data, it was
necessary to use a sum of three sources. This made a total of 20
parameter: and three time functions which had to be specified to
compute the synthetics.

The problem of parameterizing a time function can be
approached in two ways. The first is to directly parameterize some
pulselike function and assume that it is independant of azimuth.
The second is to use a finite source model. The free parameters
in a finite source are usually the rupture velocity and average
dislocation time on a failure surface with some assumed geometry.
The time pulse for such a model is a function of both azimuth
and take off angle (Fukao, 1971, Savage, 1966). The approach used
in this study was to begin with a simple, azimuthally independant

pulse. After an optimal model was obtained, the synthetics were
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compared with the data to test for any evidence which might Jjustify
an azimuthally dependant model. The azimuthally indrpendeat pulse shape
chosen was a triangular pulse requiring only two parameters; a zero to
peak time and a peak to zero time.

It was also necessary at the outset of the inversion procedure
to choose a near source and near receiver earth structure. Again
the decision was made to start with the simplest possible assumptions,
but to continuously test for any features in the data which would
justify a more complex model. More specifically, at the beginning
only the rays P, pP and sP (or S and sS) were computed. At several
points, however, the strongest rays generated by the near source
structure proposed by Hamilton (1972) and the near receiver structure
discussed by Burdick and Helmberger (1974) were also included.
No effects which could be unambigﬁously attributed
to layered structure near the source or receiver were ever identified, so

throughout this study only the five basic rays were used to compute the synthetics.

Once the model had been parameterized, it was necessary to
define some quantitative measure of the correctness of a given
model. This was done by first defining the correlation between

a computed seismogram Si(t) and an actual seismogram di(t) as

't
Ni = Max [f g Si(t) di(t + 1) dt
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Observed P wave
at ARE.

Synthetic for
| point source
10 sec in a half space.

2 point sources I point source
in a half space. with near source

earth structure.

, {1 point source
3 point sources with near source

m a half space. \_/’\‘ 8 near reciever

earth structure,

Figure 3. The top of the figure shows that a single point
Source can not account for the structure late in
the seismogram. The left volumn shows that it is
possible to obtain a better fit by adding in add-
itional point sources while the right shows that
inclusion of the rays generated by the near source
crustal structure (Hamilton, 1972) and an appropriate
near receiver structure does not.
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T is the window length which in this ciuse was 25 seconds, and i is
an index which ranged over the data set. The repeated index does not
indicate a summation. The total measure of model correctness M was

given by
M=Z(1—N)2
i -
i

Since Ni tniquely approaches 1 when Si approaches di’ M goes to
zero when the synthetics match the data exactly. The derivatives
of M with respect to the model parameters were taken numerically
and linecar inversion technique applied to fiud an optimal model
(Mellman and Burdick, 1976).

The initial attempts at inversion were made using a single
point source model. The top two traces of figure 3 illustrate the
result for a typical seismogram. It was clear that; although the
model was adequate for the first few seconds, there was much more
structure present in the later portion of the seismogram than
was predicted by the synthetic. This could have been the result of
either a compiicated earth structure or a more complicated source
mechanism. On the right in the third row of figure 3 is shown the
synthetic including the effects of assuming that the Hamilton
(1972) crust model exists near the source, and on the left is the
result of including a second point source. In the lowest row, the
result of including three point sources is shown as opposed to
including both the near source and near receiver crustal effects. (see Table 2)
The effects of introducing appropriate earth structure were always

too small to explain the discrepancies between the synthetics for
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a one source model and the observations. We concluded rhat the
structure late in the waveforms was probably caused by the first
large aftershocks, We attempted to model the first two with additional

point sources.

The previously published mechanism for the Borrego main shock was
used as a starting model for the single point source inversion runs. When
it becawe apparent that a multiple point source model would be necessary,
the seismograms were examined to determine the time when the data first
began to diverge from its predicted behavior. / new point source was
postulated to have occurred at that time. It was i-itially presumed to have
had the same location as the main shock. The space of possible fault plane
solutions for the second source was then explored by trial and error

using a crude spacing between models. Synthetics were computed for only

a few key observations. When a roughly satisfactory model had been determined,

the inversion procedure was used to iterate in on « more refined model for
the location, time, time function and fault plame solution of the shock. The
same procedure was used on the second aftershock. We stress that there can
be no way of insuring that the models found by this method are in any way
unique. However, as we shall show, they do ;redict the fine details of the
observed waveforms very closely. Also, we can state that in éur rough search
of the model space we did not find any other model which came nearly as close

to predicting the data as the one presented in the following section.

EN
.




THE FINAL MODEL
In the second row of figure 5 are the synthetic waveforms for

the final model. Those atrrivals which are marked are the direct

arrivals and the primary reflections from the main shock. Tho later complications

in the waveform are caused by the later shocks. The wide variety in the
appearance cf the secondary structure provides an additional indication
that it is a manifestation of source and not crustal complexity.
A strong arrival from a sharp layer always arrives at nearly the
same point on the record and generally varies slowly as a function
of azimuth. But a secondary source predicts three arrivals, P,
pP, and sP whose interaction can vary rapidly with azimuth. The
final source locations, time functions and fault planes used in
computing the synthetics are shown in figures 1 and 4.
Given that stiucture generated arrivals on the order of
those shown in figure 3 have been neglected, the fit to the data
appears most satisfactory. For each peak in the data, there 1is
a corresponding peak of the right duration and gign 1n the
synthetics. The worst fits both in terms of visual appearance and
the correlation Ni occur for the P waveforms at stations where P
and pP arrive with the same polarity. These include MAT, SEO,

LPB, ARE and NNA. Their common feature is that they lie off tl.e

ey e e o
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FINAL MODEL
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Main Shock First Afiershock Second Aftershock
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Figure 4,
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(1975).

The fault plane solutions and the time functions of
the main shock and the first two aftershocks.
shaded portions of the circles represent the com-
The fault orientation para-
gston and Helmberger
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very ends of the fault trace. They are composed of rays which travel
directly along the fault plane (see Figure 2). As Figure 5 shows,
the difficulty is that the predicted ratio of the peaks sP/(P + pP)
is too small with respect to the observed values. There is no way
to determine whether this occurs because of anomalously large S
or anomalously swmall (P + Pf) without the use of absolute amplitude
measurements.

A value for Mb’ the seismic moment of the first source, can
be determined from a measurement of the absolute amplitude at each

station by use of the formula

- A observed
o Al

M
A observed is the observed amplitude of either the sP or the
S +sS peak and Ay is the theoretical amplitude of the same peak
for an event with moment one. The moment values determined from
the twenty eight observations used in the inversion are listed
in table 1. They have an average value of 11.2 x 1025 dyne-cm and
a standard deviation of 2.8 x 1025 dyne-cm. The relative errcrs
between the amplitude computed assuming the average moment and the
observed amplitude are plotted against an azimuthal angle ¢ in Figure 6.
This angle is defined to be zero for stations directly off either
end of the fault and to have a maxinal value of 90° for stations in
a direction perpendicular to the fault. The observed values of
sP tend to be too large and the observed values of § + sS too

low whenever those rays travel directly along the fault zone. It
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P- WAVES
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Figure 5a.

The observed P waves (top) predicted by the final

(3 point sources with azimthally independant time
functions) model (middle) and the synthetics pre-
dicted by the same model with the main shock re-
presented by a finite (azimuthally dependant time
function) source model (bottom). The quantity Ni

is the normalized correlation operator which uniquely
approaches 1 as the synthetic approaches the data.
The azimuthes are measured from North.
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SH-WAVES

L\ suME WES ,\/\\ NNA
x\/ N=968 ~ N=959 /N N=976
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A\ Synthetics

Figure 5b. The observed SH waves (top) predicted by the final
model (middle) and the synthetics predicted by the
same model with the main shock replaced by a finite
source model. The labeled arrivals in both Figure
5a and Figure 5b are from the main shock. 1In both
figures, the stations are shown in order of increas-
ing azimuthal deviation from the NW extension of the
fault trace. (see Figure 2)
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is important to note that most of the tectonic features in the region
also trend parallel to the fault. The implication is that the ratio
of the amplitudes of SV to SH is sensitive to the lateral variations
induced by the fault itself or by some other tectonic feature.
Since the sP phase is often the dominant one in the far field P
waveform, this instability may be responsible for anomalies in P
waveshape and amplitude as well as in the §.

The fault plane determined for the main shock (Figure 4)
is virtually identical to the one determined from the first
motions data by Allen and Nordquist (1974). The strike of the
northwest trending plane corresponds closely with the strike of
ground breakage, and the motion indicated by the conjugate plane
corresponds with most of the observed offsets. There can be little
doubt that the northwest plane is highly representative of the
actual plane of failure. Because of the information in.the body

waves about the separation of P, sP and pP, the depth can be

constrained to be between 7 and 9 kilometers .
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The second shock was apparently a left lateral, strike slip
event occurring 9 seconds after the first. The location is
very poorly constrained, since it did not occur far enough away from
the main shock to cause obvious azimuthal dependance in its arrival
time (Figure 1). As shown in Figure 4, it seems to have released
a stress nearly reversed to that of the main shozk. There are
several indications from other types of data that such an event
might have occurred. First, there were observations of ground
displacement near point B with a left lateral component which was
clearly not of the Reidel type (Clark, 1972). Second, there are
the previously cited lines of evidence which suggest complex
prestress and stress release patterns in which reversed stresses
might easily have developed. Sharp (1972) mentions several instances
where left lateral strain buildup had been reported in the region
in the past. Finally, studies by Burridge (1969) and
Madariaga (1975) have shown that it is theoretically possible for

reversed or overshoot type stresses to develop even in relatively

simple cases.
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The third shock which occurred approximately fifteen seconds
after the first was a thrust event (Figure 4). This mechanism is
consistent with the stress pattern which induced the first event in
that the major axis of compression is roughly similar. The location
is again very poorly constrained by the far field data, but it appears that
the shock occurred mear point C in Figure 1. Thg surface break
takes a sudden step to the left and shows an abrupt decrease in
total offset at this point. Also, one of the later aftershocks
whirh occurred there was a thrust event with a mechanism similar

to this one (H.milton, 1972). These are the first of several

.correlations that were found between details of the postseismic

observations and the final source model. The second shock had a moment only a quarter

as large as the first and the third less than a tenth of the first.
Since they were much smaller, they had a relatively minor effect
on the waveform and on the surface break. In effect, they are
nothing more than the first and second aftershocks. The first
event which radiated the most energy determined the first motions

and the gross features of both the waveforms and the ground breakage.




45.

+06 |— | =
e : =
a |
E +0.4 b— | =
e T | =
= | °
A +0 2 -
g | |
I | @ 0 r—t 4 — | + - y—
&l 3 0 ! 30 ¢, deqg 60 0 20
o il & o 0O
E|E o ®0
Olo -0 | 0
gl L& L i Cb | i
g = | . B
© |
8 -oafS | —
O | Amplitude error
e :—-— Rays propogating ® 5P
-0.6 - | along the fault 0 SH
|
Figure 6. The dependance of the scatter in the amplitude data
on the azimuthal angle ¢ which is defined so that it
becomes small whenever rays propagate along the fault
zone. The final model can predict observed ampl tudes
to within 257 except at stations with low values of $.
i Y
T e o B e s T L T S S AP s e ey 7l v




46.

sP RESULT OF SIMULTANEOUS
DECONVOLUTION FROM WES

»
"JAK\J/ ANt ™S
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Figure 7. (Top) A time function which is compatible with both
the long period and short period records from WES.
It was obtained by fourier transforming both records
(middle traces), dividing out the instrument and Q
filter from each, taking a weighted average of the
results and inverse transforming. When the top trace
is reconvolved with the appropriate instrument and
Q it produces the bottom traces.
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A FINLTE SOURCE MODEL

We return now to the initial question of what type of finite
source model is appropriate for shallow earthguakes. We will attempt
to model the first source since it was the largest. Figure 5
shows that it would be difficult to separate the direct P pulse
from the pP or the S from the sS. The sP, however, is strong enough
to be relatively clear on the record. We present here an attempt
to determine a model which fits the characteristics of that
one phase. Then we use the model to compute the complete
seismograms for comparisons with the data and the inversion result.

Several different techniques were used to atteupt to find
azimuthal dependance in the duration of the sP pulse as was done for
P waves from deep earthquakes by Mikumo, (1971 a, b) No clear
azimuthal pattern was resolved by any of these means. The effect
is apparently too small to be seen over the noise 1evel: Any
inferences to be made about the finiteness of the source will have
to come from the shape or frequency content of Yhe time function. This type of
analysis requires a better estimate of the shape of the source time
function than the crude result from the inversion. A much better
determination was obtained by making use of the high quality
recording from WES. At this station, both the long and shert
period recordings were strong, clear and virtually free of noise.
As illustrated in Figure 7, a time function was obtained by a
simul taneous deconvolution technique which could be reconvolved
with either the short or long period instrument to reproduce

the data.
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The deconvolution technique consists of transforming equivalent segments of

the long period and short period records into the frequency domain, dividing
each by the appropriate instrument and Q responses, weighting, averaging

and inverse transforming. The weighting function for the long period
instrument was equal to one for frequencies less than .25 cps, and it fell

off linearly from that frequency to zero at .5§ ¢ps. The short period weighting

function was just one minus the long period function.

P
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The portion of the deconvolved time function which is dominated by the
first source sP is compared with the inversion result in Figure 8.

The deconvolution result bears a strong resemblence to the time
function for a circular fault published by Savage (1966). The third trace
in Figure 8 is the theoretical time function for a circular rupture
propagating on the fault plane at 2.8 km/sec (.8B) to a final radius of
8 km. The dislocation - time history is assumed to be a step and the
final offset is assumed to die off as (1 - (%)2)1/2 . Figure 1 shows that
this would correspond to a rupture beginning at the hypocenter, propagating
up to the surface, and downward by an equal amount, northwest to point B
and southeast only to point C. The time function for an ellipsoidal fault
surface extending all the way down to point D is too long in duration to be
compatible with the inversion or deconvolution result as shown at the bottom
of Figure 8. The implication is that segment CD did not contribute
significantly to the energy in the body wave pulse. If the rupture velocity
had been assumed to be B Instead if .88. the fault radius would only have had
to be increased to 9 km to keep the pulse duration the same. Therefore, this
result is not dependant on the assumed rupture velocity. There is abundant

evidence in the postseismic observations that the two segments behaved in

different fashions.




Figure 8.

Simultaneous deconvolution
of short and long period
records result.
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Theoretical result
for circular fault
R=8 km
Vy=.8B=2.8 km/sec
D=Dpmox[I-(r/R)2172

Theoretical result
for elliptical fault
R|:'6 km, R2:8 km
Vi=.8(3=2.8 km/sec

2
Dszox["Gio‘SHTskm)
rsing\2q1/2
(R

SP time functions for the station WES obtained from
inversion and simultaneous short Period-long period
deconvolution as opposed to theoretical results for
a circular fault large enough to extend over segment
BC in Figure 1 and on eliptical fault large enough

to cover BD. Dmax is the maximum displacement, and

r and 6 are cylindrical coordinates on the fault sur-
face. The average time history for the theoretical
models is a step function.
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The more southern segment showed a much smaller initial offset, extensive
postseismic creep, and a higher level of aftershocks. We infer that the
southern segment initially absorbed most of the stress load

induced by the brittle failure of the north segment but then

.'b

released it slowly. Some failure must have occurred sometime in

the first few hours to account for the initirl surface offsec -

. i
observations, but the creep movement extended over a period
of months. It seems as though the southern portion of the L.

Borrego event was very similar to the nearby Brawley swarm eveut
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studied by Johnson and Hadley (1976).
The complete synthetic seismograms predicted by the finite
source model are the pottom traces in tigure 5. They appear to fit
just as well as the cw=s computed from the point source model.
The predicted azimuthal dependence of pulse duration is very slight
which explains why this effect was so difficult to observe in the data.
Assuming that the first shock had a soment of 11.2 x 1025 dyne-cm
1 gm

and a radius of about 8 km, and if p was approximately 3.4 x 10l e

then the average displacement must have been

This value is four times as large as the observed surface
offsets implying that the disp.icements decreased as the rupture propagated upward.
Since for the theoretical rodel considered here displacement

varies along the fault as D = DMaxf T - (%)2, the largest displacement was

Dy ™ -g-Dav = 246 cm

Keilis-Borok (1959) has formulated an expression for the stress

drop from a dislocation of this type.
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Modeling the local strong-motions

Unfortunately, not many broad-band observations are available for
the Borrego event because of -~ remote locations. However, an
excellent long period response was obtained at El Centro, A = 60 ku.
The SH motion is presented in Figure 9 where the instrument has
been removed. Several models have been constructed to fit the first
40 secs of motion. The modeling was done in the time domain using
the response computed for point double-couple shear dislocations
embedded in a layered half-space as discussed earlier.

It was found that the modeling process is nonunique in that many
different models adequately fit the SH broad motion. A 2.9 km thick
layer with the velocity of 1.5 km/sec gives a good overall fit to the
Love wave portion of the record for a variety of sources at depths
ranging from 4 to 10 km. The beginning 10 seconds of record is
considerably more sensitive to the source datails than the later
portion of the record as found in the Bear Valley study. A simple
model compatible with the far-field inversion is displayed iu

Figure 9 where the high rise time is most evident.
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CONCLUSIONS

The purpose of this study was twofold. The first was to identify
and characterize all of the different elements which control the
shape of the body waves from a shallow earthquake. 7The second was
to isolate an arrival which was not strongly contaminated by
other arrivals and to model this single arrival with a finite
dislocation source. In pursuing the first of these, we found
that reflections from the free surface play a dominant role in
shaping the _.ulse, but also that arrivals from the first large
aftershocks could be observed in the waveform. 'This result is not

too remarkable since there is no reason to expect a long delay

between the termination of the main shock and the initiation
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of the aftershock Sequence. In pursuing the second goal, we
decided to construct a model for the gP phase from the main shock,
A smooth dislocation proved to be adequate to model the pulse jusr as
in the case of most deep earthquakes.
The fault parameters of the Borrego Mountain event were

pPreviously determined using the spectral characteristics technique by

Hanks and Wyss (1972),Vand by Wyss and Hanks (1972a). They analyzed the P and S data

separately which gave two different values for each parameter. Their moment

values of Mb (P) = 10 x 1025dyne~cm and Ms(S) = 6.6 x 1025 dyne-cm

compare favorably with the value from this study of

11.2 x 1025 dyne-cm. However, this agreement is probably fortuitous,

since the moments they determined were based on the long period level

uo of the amplitude spectrum of the entire P or § waveforms. This means that

they interpreted the sum QO(P) + Qo(pp) + Qo(sP) as though if were

only QO(P) and the sum Qo(s) + Qo(sS) + QOIPS) as though it were

only Qo(s). Their values for the fault radius, R(P) = 14 km

and R(s) = 23 km, are significantly larger than the R = 8 km resultr of

this study. Therefore, they computed a stress drop Ao of only

6 bars as compared to the Ag = 96 bars result obtained here. It is

encouraging that when the free surface is properly accounted for

it is not necessary to use different source parameters for S and P.
The relativel§ small value of R = 8 km was chosen to give an

appropriate fit to the shape and duration of the observed sP pulse.

As we have discusued, an 8 km fault radius does not conflict

with the postseismic observations, if the CD segment of the fault is

assummed to be a creep or swarm event. If this analysis is correct,

"
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it means that it is necessary to be cautious about inferring fault
dimensions frox rupture lengths or aftershock zones.
Finally, we have demonstrated the adequacy of a shallow double
couple point source model in predicting wave shapes. The only
breakdowns occur when observations are made near nodes. One of the
mechanisms of breakdown is apparently instability in the polarization of the & motion
induced by lateral structure. Since sP sometimes dominates the P
waveform, this can cause anomalies in the P waves as well as the

S waves,
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Moment Relative Deviation
Wave Type x 10 2% dyne-cm ¢ of Mo from Average
P 722 6° .03
P i6.0 0° 42
¥ 12.3 23° .09
P 12.1 58° .08
SH 9.5 58° .15
P 13.6 63° w2
SH 11.2 68¢ .00
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SH 10.2 81° .09
SH 10.3 87° .09
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Azimuth
from North
129°
129°
132°
13z°
133°
138
136°

142°

Station Location and Amplitude Data

Table 1 (cont.)

Wave Type

SH

SH

SH

SH

SH

x 10725 dyne-cm

Moment

L1.

95

15.

/H

12,

b

¢

60

60
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Relative Deviation
of M0 from Average

.03

- .20

.34

- .37
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- .43
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Figure 9.

Comparison of synthetic displacement with the

observed motion assuming a moment of 1.1 x 1026 dyne-cm.
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