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Abstract

This thesis presents some deterministic modeling and interpretation of

various aspects of observed near-source ground motions.

In Chapter 1, finite source parameters determined from waveform model-
ing studies are presented for two California earthquakes; the 1879 Coyote Lake
event and the 1966 Parkfield event. These events were recorded by strong
motion arrays with similar station to fault rupture geometries. Thus it is possi-
ble to demonstrate that differences in the ground motions recorded within 30
km of the epicenter are indeed due to the differences in rupture fault length

and dislocation distribution.

Details of the waveform modeling for the August 8, 1979 Coyote Lake earth-
quake are described in part 1-A. A finite fault striking N24°W and extending to a
depth of 10 km is proposed to model the strong-ground motion data. The source
model suggests that right-lateral faulting initiated at a depth of 8 km and rup-
tured towards the south with a velocity of 2.8 km/sec. This unilateral rupture
can explain the large displacements recorded south and southwest of the epi-
center. However, the waveform coherency observed across an array south and
southwest of the epicenter suggests that the rupture length is less than 6 km.
The maximum dislocation is about 120 cm in a small area near the hypocenter
and the total moment is estimated to be 3.5x10% dyne-cm. An abrupt stopping
phase, which corresponds to a cessation of right-lateral motion, can explain the

high peak acceleration recorded at array station 8. The stress drop in the



hypocentral area is about 140 bars; although the average stress drop over the
entire rupture surface is 30 bars. This preferred finite source model can predict
observed P, waveforms as well as the beginning features of teleseismic body

waves.

In part 1-B, a similar waveform modeling technique is used to interpret the
ground motions recorded during the June 28, 1966 Parkfield earthquake. The
preferred model suggests that the earthquake involved two fault segments; one
is the NE branch which extends 22 km southward from epicenter and has an
average slip of 45 cm, another is the SW branch which ruptured less than 10 km
and has an average slip of about 22 cm. The total moment indicated by this
model is 1.25x10% dyne-cm. The anomalous large amplitude ground displace-
ment seen at station Cholame No. 2 is modeled as a local amplification effect

rather than a source effect due to significant dislocation near this station.

Direct waveform comparisons between recordings of the Parkfield event
and the Coyote Lake event also support the conclusion that the rupture length
of the Coyote Lake earthquake is much shorter than that of the Parkfield event.
The waveform modeling also emphasizes the importance of using array data to
constrain source parameters. The solution derived from a single station’s
recording, which in many cases is the only available information, may often pro-

duce misleading results.

In Chapter 2, high-frequency ground motions { ground velocity and
acceleration ) recorded at less than 30 km epicentral distances are studied for
two aftershocks of the 1979 Imperial Valley, California earthquake. In the past,
little has been done to understand these high frequency waves through a deter-

ministic modeling approach. The waveform modeling technique and the source
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mechanisms of these two aftershocks are described in sections 2-A and 2-B.

An important feature of the ground motions recorded during the October
15, 1979 Imperial Valley earthquake sequence is the strong high frequency waves
observed on the vertical components. This feature is also seen in recordings of
the aftershock of October 16, 23:16, 1979, which is described in section 2-A. This
polarization feature is easily explained by the basin velocity structure which
bends rays towards the vertical at the free surface. Short S-P times are
observed at the three closest stations ( epicentral distances of 3 km to 5 km )
suggesting that this aftershock occurred at a very shallow depth of about 2 km.
A fault plane orientation ( strike=N20°FE, dip=30°SE, and rake=-80°) obtained
from a first P-motion study, generates synthetic waveforms of the strong ground
velocities which are similar to those observed at three closest stations. The
source time duratién is determined to be 1.0 second and the moment is
1.6x10% dyne-cm. Synthetics for a number of line source models are compared
with the observations. These comparisons lead to two basic mechanisms that are
necessary to explain the frequency content of the observed P- and S- waves. One
is that the source process is characterized by irregular rupture. It is postulated
that the heterogeneous stifiness in the layered medium is the basic cause of the
irregular rupture. Heterogeneous rupture generates both high-frequency P- and
S-waves. In order to explain the contrast in observed frequency content it is also
necessary that there is a mechanism for attenuating S-waves much stronger

than P-waves.

The aftershock that occurred about 3 minutes after the mainshock, at 23:19
October 15, 1979 is presented in section 2-B. This aftershock was located on the

Imperial fault near Highway 8 and close to the zone of high frequency energy
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release of the main event. The impulsive seismograms for 18 array stations,
ranging from B km to 26 km in epicentral distance, are well suited for source
parameter inversion studies to obtain an optimal solution for ground velocity
and acceleration. The earthquake source is approximated by a model consisting
of several point dislocation sources separated in space and time and having
different dislocation orientations and moments. These source parameters were
deduced by trial and error modeling as well as by applying inversion procedures.
The waveforms and amplitudes of horizontal ground velocities are well modeled
by two predominantly strike-slip point sources; the first source (strike= N41°W,
dip=42°NE and rake=174°) has a moment of 0.7x10?* dyne-cm, the second
source {(strike=N36° W, dip=82°SW and rake=181°) lies about 1 km to the north
of the first and has a seismic moment of about twice that of the first source. It is
suggested that the higher-frequency ground motions, such as accelerations, can
be derived from very irregular source processes, whereas the longer-period
ground motions , such as ground displacements, can be well modeled by simpler

planar source.

A Futterman attenuation operator with a t,; of about 0.08 to 0.1 and a ¢ of
about 0.001 in the sedimentary region produces longer period S waves and the

proper amplitude ratio between P and S waves.

In Chapter 3, the ground motion data from the 1971 San Fernando earth-
quake recorded at epicentral distances of less than 100 km are presented.
Three long profiles { > 50 km ) and three short profiles { < 2 km ) of ground velo-
city and acceleration, displayed as a function of epicentral distance are

analyzed.
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Although there is considerable variation in waveforms and peak amplitudes
observed along the long profiles, there are also many examples of coherent
phases seen at adjacent stations. Ground velocity profiles show striking
differences in amplitude and duration between stations located on hard rock
sites and stations located within the sedimentary basins. The San Fernando
basin, in which the source is located, seems to respond quite differently from
the Los Angeles basin which is about 30 km from the earthquake source area.
Ground acceleration pr‘oﬁles‘ éhow that there is little change in the duration of

high-frequency shaking along the long profiles.

The three short profiles, which are all located within the Los Angeles basin,
demonstrate that ground velocity waveforms are nearly identical along these
profiles. Although greater variation of waveforms and amplitudes are seen for
ground acceleralion along these short profiles, strong phase coherence is still

observed.

The 2D acoustical finite difference method is used to compute the effects on
SH-waves of irregular velocity structures believed to exist along Profile [ and
Profile II. Profile I extends 85 km southward from the epicenter across the San
Fernando and lLos Angeles basins to a station on the Palos Verdes Peninsula.
Profile II extends 95 km S 40°E along the front cf the San Gabriel mountains and
across the San Gabriel and Los Angeles basins. These numerical models consist
of [ow-#elocity sedimentary basins { §=2.1 km/sec ) of irregular shape which are
imbedded in high-velocity basement rock { §=3.5 km/sec ). Heaton's { 1982 )
finite source model derived from modeling the five nearest stations for the San
Fernando event, is also incorporated in the interpretation. The resulting simula-

tion suggests that the smaller S! phases in both Profile I and Profile Il are direct
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S waves from the deep source region ( 13 km ). The shallow source region ( at 1
km ) dominates high amplitude later arrived phases observed along Profile I and
are due to the complicated basin path along this profile. The shallower source
region, however, contributes little to the ground motions along Profile II due to

the lack of thick sediments near the source region along this azimuth.
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Introduction

In this thesis, earthquake ground motions recorded at small epicentral dis-
tances { < 100 km ) are studied in order to better understand the earthquake
source and the effects of wave propagation in the near-source region. Ideally,
we expect the ground motions recorded within a couple of wavelengths from the
source on a perfect bedrock site to represent mainly the source motion. How-
ever, such conditions are rarely encountered and the ground motions are
altered during propagation through complex eérth structure. Furthermore, the
source complexity can easily be confused with complexity due to the complex
response of earth structure. Thus the fundamental problem we face in this type
of study is how to sort out the various effects which are generated from different
origins. These difficulties can roughly be divided into three catagories, source
complexity, path effect and wave interference, although in most of the problems

we have studied it is impossible to avoid the ambiguity.

First, the source complexity; for a realistic rupture process, it is reason-
able to accept a certain amount of roughness on the fault zone, which will allow
two kinds of rupturing to accompany the earthquake process, namely, the
coherent and incoherent sources. The coherent part of the source represents
the over-all motion of the faulting, and we expect that the longer period phases,
such as those seen in ground displacement records, characterize this coherent
rupture. Teleseismic data are often used to study this type of source motion.

On the other hand, the excitation of high frequency waves such as those



observed in ground acceleration records is sensitive to small rupture asperities,

which are responsible for the incoherent part of the source.

The effect of source finiteness is another important consideration in the
interpretation of near-source seismograms. For small faults, fault finiteness
eflects are not easily identified in regional and teleseismic data. However, it can
significantly affect waveforms and amplitudes in the near-source region. A
proper distribution of the near-source recording sites is very important for

obtaining a reliable determination of fault size and dislocation distribution.

One approach to resolve source complexities is to construct a finite fault
based on certain model parameters and then compare the resulting synthetics
with the observed data. Examples include: 1968 Parkfield earthquake ( Trifunac
and Udwadia, 1974; Bouchon and Aki, 1979; Archuleta and Day, 1980 ); 1971 San
Fernando earthquake { Trifunac, 1974; Boore and Zoback, 1974; Heaton and
Helmberger, 1979 ); 1979 Imperial Valley earthquake { Hartzell and Helmberger,
1982 ). In order to reduce complications produced by earth structure it is
desirable that the data are recorded at distances of less than about 5 times the
source depths. Due to the rapid decay of amplitudes with distance in the near-
source region, ground motion data recorded at distances small when compared
to fault dimension can provide information only for the near-by segment of the
faulting. Thus, for studying long ruptures, we need to use array data to resolve

the dislocation distribution accompanying the whole faulting process.

Second, the path effects; in the near-source region, earth structure is of
fundamental importance for waveform development, such as multiple arrivals,
amplification, scattering and attenuation. Thus, in near-source waveform

modeling studies, a detailed knowledge of earth structure is very important. It



is difficult to compare source characteristics of different events recorded at
different station-source geometries unless the impulse response of the medium
is well understood. The ground motions recorded from aftershocks can provide
important constraints in the development of realistic impulse responses used

for modeling high-frequency waves from mainshocks.

Third, the wé.ve interference; due to the small epicentral distances inherent
in near-source problems, different types of waves produced from various origins
can arrive at stations almost simultaneously, thereby making it difficult to reli-
ably identify individual arrivals. In many instances, surface waves can dominate

observed arrivals at epicentral distances of as little as 30 km.

It is clear that the array data of strong motions can constrain the many
free parameters in near-source distances as opposed to far-field data. This
feature is emphasized in this thesis. A brief introduction of each chapter will be

described as follows.

The first chapter describes the finite source modeling technique by analyz-
ing the near-source ground motions from two California earthquakes; the 1979
Coyote Lake earthquake (in section 1-A) and the 1966 Parkfield earthquake (in
section 1-B). Although the seismic moment of the Coyote Lake event (3.5x10%
dyne-cm) is about one-third of the moment of the Parkfield earthquake
(1.2x10%® dyne-cm), the Coyote Lake earthquake has actually been assigned a
larger local magnitude { M;=5.9 ) than has the Parkfield earthquake { M;=5.6 ).
It is suggested that the 1979 Coyote Lake earthquake had a rupture length of
about 6 km, whereas the 1966 Parkfield earthquake ruptured a fault length of
more than 30 km. These earthquakes had similar strike-slip mechanism and

were recorded by strong motion arrays with similar source-station geometries.



This allows us to resolve the differences in the source characteristics of these
two events. Also a comparison of the teleseismic body waves recorded for these

events is interpreted in terms of differences in the source characteristics.

The discrete wavenumber finite element method { Olson, 1982 ) is used to
calculate point dislocation source responses of horizontally layered earth struc-
ture. Finite source is modeled by the integrated sum of the point sources over
the proposed fault plane. Although the earth structures used for these two
events are slightly different, the point source responses are similar enough for

us to compare the recorded ground motions in a direct manner.

In the second chapter, we study the high frequency waves ( ground velocity -
and acceleration ) which were recorded by array stations for two aftershocks of
the 1979 Imperial Valley earthquake. In the past, most of the approaches used
to understand high frequency ground motions utilized either statistical or
empirical analysis. In this work we interpret the waveforms and frequency con-
tents deterministically based on assumed physical processes. In the first part of
this chapter, 2-A, one of the 1979 Imperial Valley aftershocks (#; = 5.0) is stud-
ied, which occurred about one day after the main event. Very distinguishable
high-frequency ground motions were recorded on vertical components for this
event. This type of high-frequency ( > 10 Hz ) enriched seismogram seems to be
a common feature for many events seen in the Imperial Valley. We propose that
the source velocity gradient in the Imperial Valley is responsible for this
phenomenon. Very low velocity and high shear attenuation sediments near the
free surface cause P- and S-waves to be almost entirely vertically and horizon-
tally polarized, respectively. Because of the steep incidence angle, only S-waves

are significantly attenuated in the shallowest sediments, thereby causing the



observed discrepancy in the observed frequency content of P- and S-waves. In
the second part, 2-B, another aftershock { #; of 5.0 ) is studied, which occurred
about 3 minutes after the main event. Abundant high quality data are available
for this event, allowing us to investigate the predictability and as well the ran-

domness of the high frequency ground motions.

For both aftershock studies, the Green's functions are computed using the
Generalized Ray method along with a high frequency approximation { Helm-
berger and Harkrider, 1978 ). The multi-layered structures ( 22 layers for the
top 5 km ) used for the Green’s function calculation are slightly different for
these two events. A line source model is used to simulate source complexity at
high frequencies ( 1 to 10 Hz ). An amplitude inversion method is also used to

determine the optimal model parameters for the line source.

A similar approach is also used to explain some strong phases seen in the
acceleration recordings of the 1979 Imperial Valley mainshock. However, the

uniqueness of the interpretation is hard to verify.

In chapter 3, ground motion profiles of strong motion data recorded during
the 1871 San Fernando earthquake are displayed. In many respects, the San
Fernando earthquake is still the best recorded earthquake. There are both
dense arrays and also stations at a wide range of distance { up to 100 km ),
allowing us to construct ground motion profiles along three azimuths. A remark-
able correlation of the ground motions with bedrock geometry is seen. It is sug-
gested that for epicentral distances of greater than 30 km, propagation path
plays a very important role in wave development. A 2D acoustical finite
difference method ( Brown and Clayton, 1983 ) is used to simulate SH wave pro-

pagation along irregular structures. Incorporating the source model



determined by Heaton ( 1982 ), we attempt to identify arrivals derived from
different parts of the finite fault. The phase delays and the amplitude fluctua-

tions along the propagation path are also examined.



Chapter 1 Finite Source Modeling of the Ground
Displacements

1-A The Near-Source Ground Motion of the August 6, 1979 Coyote Lake Califor-

nia Earthquake

Introduction

The strong ground motions recorded at the Gilroy array and San-Martin
Coyote-Creek station from the August 8, 1979 Coyote Lake, California earth-
quake { M; =5.9 ) provide a good opportunity to investigate the faulting process
along the Calaveras fault zone. From a seismological point of view, the near-in
data reflect the most detailed information available about the faulting process,
especially the portion of the fault which radiates the high frequency energy.
However, interpreting these details of the source process necessitates con-
structing source models with a large number of free parameters (e.g., rupture
velocity, rupture direction, dislocation size and distribution). Data from an
array of near-source instruments are essential to reliably constrain these

unknowns.

A detailed analysis of the strong ground motion data will be presented in
ihis paper. In particular, we will demonstrate how to interpret the data in terms
of fault size, rupture speed, rupture direction and fault dislocation hetero-

geneity. We will then use our near-source model to interpret regional and



teleseismic seismograms.

Source Location and Mechanism

The epicenter of the Coyote Lake earthquake was located about 13 km
northeast of Gilroy by the University of California, Berkeley (Uhrhammer, 1980).
This location is about 3 km to the northeast of the location obtained by the U.S.
Geological Survey as shown in Figure 1-A-1 (Lee et al., 1979). The Gilroy stations
(GA-1, GA-2, GA-3, GA-4, and GA-8) and San Martin-Coyote Creek (SMCC) range

from 2 km to 16 km from the epicenter (Brady et al., 1979).

The first P-motion distribution indicates a nearly pure strike-slip mechan-
ism with strike (N24° W) parallel to the Calaveras fault (Lee et al, 1979). The
teleseismic and regional first P motions suggest a plane dipping 80° to the
northeast (see Figure 1-A-2). No clear surface faulting was found near the epi-
central region. Right-lateral surface breakage of about 0.5 cm is reported near
the junction of highway 152 and the Calaveras fault and is marked as the shaded

area in Figure 1-A-1 (Herd et al., 1979).

Strong Ground Motion Data

The recorded strong ground accelerations were corrected and integrated to
velocities and displacements (Brady et al., 1979). We rotate the horizontal velo-
cities into the radial and transverse components defined relative to source BK
(shown in Figure 1-A-3). The arrows in Figure 1-A-3 indicate the S arrivals and all
traces start at the trigger time. The major signal is less than 2 seconds in dura-
tion at all stations. In general the waveforms are very coherent across the Gil-

roy array although broader waveforms are observed on the tangential
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Anderson Reservoir
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Figure 1-A-1 Epicenter of the August 8, 1979 Coyote Lake, California Earthquake.
GS is the epicenter located by U.S.G.S. and BK is the U.C. Berkeley lo-
cation. The solid triangles are the strong-ground motion sites which
include San-Martin Coyote-Creek {SMCC) and the Gilroy array (GA-1,
GA-2, GA-3, GA-4, and GA-8). The shaded area near the junction of
highway 152 and the Calaveras fault zone is the location where a 0.5
cm right-lateral surface breakage is reported.
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¢ =N24°W N

Figure 1-A-2 The lower hemisphere equal-area projection of the first P-motions.
The solid dots and circles are the local compressional and dilatational
projections taken from Lee et al (1979). C and Ds are, respectively,
compressional and dilatational first P-motions from regional and
teleseismic stations. The dashed line is the fault plane determined by
Lee et al (1979) and the solid line is the one determined in this study,
which has a 80 degrees dip to the northeast.
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Array. The data are rotated relative to the BK epicenter as transverse
and radial components, as indicated by their back azimuths. The ab-
solute amplitudes are indicated as those numbers with units of
cm/sec. The arrows indicate the S-arrivals.
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components southwest of the epicenter. Table 1-A-1 lists the station information

and their peak amplitudes.

Although the station SMCC which lies northwest of the epicenter has the
shortest epicentral distance, its amplitudes are smaller than most of the south-
ern stations, particularly station GA-8. One possible explanation for the
difference in amplitude is the rupture direction along the fault. Since most of
the aftershock activity was located south of San-Felipe, lateral rupture along the
fault toward the station GA-6 was postulated to explain the high amplitude
seismograms (Archuleta, 1979). The directivity effect will be analyzed later
together with other array displacements. In addition GA-8 lies close to an SH
radiation maximum, and the N230°E component is naturally rotated in the
tangential direction. It seems that the radiation pattern also contributes to the

high amplitude observed there.

Figure 1-A-4 shows the corrected acceleration {the maximum observed hor-
izontal acceleration for this event) and the corresponding velocity and displace-
ment recorded at station GA-8 on component N230°E. The displacement, with a
peak value of about 10 cm, is consistent with the right lateral strike-slip fault-
ing. However, the high acceleration (arriving near 2.5 seconds) and the
corresponding peak velocity indicate the decelerated motion at the end of the
faulting process. An abrupt stopping of the rupture seems to be the most likely

explanation for this high acceleration at station GA-8.

It can be seen in Figure 1-A-3 that the amplitudes vary slowly across the Gil-
roy array except for the most distant station GA-1. Station GA-1 has a very low
amplitude signal compared to GA-2, which is only about 2 km away. The radia-

tion pattern and rupture direction can not explain a factor of 3 amplitude
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Table 1-A-1 Strong-ground Motion Stations and Data

Station Coordi. 3-P time Comp. Acc. Vel. Dis.
(sec) {cm/sec®) | (cm/sec) | {cm)

SMCC 37.118N 1.3 250° 245 20.5 2.4
121.550W Up 101 7.2 0.7

160° 138 11.5 1.1

GA-B 37.028N 1.5 320° 315 25.1 3.6
121.484W UP 147 16.5 3.1

230° 409 43.8 2.3

GA-4 37.000N 2.2 360° 248 32.2 5.2
121.521W UP 409 15.4 2.5

270° 228 25.2 3.0

GA-3 36.991N 2.6 140° 246 29.4 5.7
121.536W UP 136 7.0 1.2

50° 252 16.9 3.7

GA-2 36.982N 2.7 140° 249 31.8 5.3
121.556W UP 162 6.6 1.0

50° 1886 10.2 2.2

GA-1 36.973N 2.5 320° 111 10.3 1.7
121.572W UP 58 2.6 )

230° B4 4.0 .7

* The data are taken from Brady and others (1979).
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Figure 1-A-4 The corrected acceleration, integrated velocity and displacement
at Gilroy station no. 8. The positive motion is along N230°E.
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difference. Joyner and others (1981) interpreted this as an alluvium
amplification effect on station GA-2. Nevertheless, the waveforms are quite simi-

lar at GA-2 and GA-1 for both horizontal components.

To model the strong ground motions we locate the fault consistent with
the available data, i.e., fault-plane geometiry and observed radiation pattern.
The focal mechanism from the first P-motions suggests a fault plane with similar
strike to the Calaveras fault (N24°E) and with 80° dip to the east. The initial
fﬁotions of the transverse and radial components of the displacements ars
identified as the radiation from the hypocenter. The first arrivals seen on the
transverse components reverse polarity between station GA-3 and GA-4, indicat-
ing that a nodal line corresponding to SH waves from the initiation of rupture
lies between these two stations (as indicated by the solid line in Figure 1-A-3).
The azimuth of the nodal line is fixed to agree with the orientation of the fault
plane and the hypocenter of our source model is constraine& to lie.on that line.
The first radial S-motions of stations GA-4 and GA-6 indicate that both stations
lie to the west of a line defined by the fault strike. We therefore propose to
model the near-source ground motions by a 10 km long fault striking N24°W and
dipping B0° to the northeast. The surface projection of the finite fault is indi-
cated as the dashed line along N24°W in Figure 1-A-3, which is about 2 km east of
the surface trace of the Calaveras fault. We suggest that the rupture started at
the intersection of the SH nodal line and fault strike direction indicated by the
point S in Figure 1-A-3. We further suggest that most of the rupture occurred in
a localized area just south of the hypocenter producing the short and coherent

horizontal signals observed at different azimuths at the Gilroy array.
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We also plot the vertical velocities in Figure 1-A-5. The amplitude is about
one-third of the horizontal motion. The downward solid arrows in Figure 1-A-5
indicate our expected S arrivals determined from the horizontal components.
However, in the vertical traces these coherent phases can be recognized only in
stations SMCC and GA-8. It appears that some earlier arrivals in station GA-4
and GA-3 (about .8 sec earlier, indicated as upward dashed arrows) are more
likely the S waves. GA-4 and GA-3 are near the node of SH waves or the max-
imum of P waves, and P to SV converted energy may explain the earlier arrival
times. Angstman and others (1979) interpret these as an S-P converted phase

due to the low velocity in the alluvium near the receiver.

Strong Ground Motion Modeling

A finite dislocation source along a 10x8 km? fault is used to simulate the
horizontal ground displacements. The velocity structure (listed in Table 1-A-2)
used to locate the aftershocks near the Gilroy array area by Lee et al. (1979) is
adapted to calculate the theoretical seismograms. The full point source
responses up to 2 Hz are calculated by the discrete wavenumber, finite element
technique (Olson, 1978; Hartzell and Helmberger, 1981). Figure 1-A-8 shows the
SH displacements from a strike-slip fault at various distances and depths. For
the sources deeper than 4 km, which is very likely the case in this earthquake ,

the responses reflect mainly the source character.

Our finite source model is simply the sum of the responses due to point
sources along the fault with proper time lags determined by the arrival of rup-
ture front (Heaton, 1982). We use 1x1 km? as the basic grid size in computing

the step responses. In order to have finer grids efficiently, we linearly
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Figure 1-A-5 Vertical components of the integrated velocity from San Martin-
Coyote Creek and Gilroy array stations. The solid arrows indicate the
expected S arrivals determined from horizontal components. The
dashed arrows marked in GA-4 and GA-3 indicate the possible convert-
ed phases which arrived earlier than the S waves.
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Table 1-A-2 The Velocity Structure

Thickness P-vel S-vel Density
(km) (km/sec) {km /sec) {g/cm%)
0.5 3.0 1.5 2.4
2.5 5.0 2.8 2.7
9.0 5.7 3.3 2.78
- 6.9 3.9 3.0
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Figure 1-A-6 The synthetic SH displacements for a pure strike-slip source at
various distances (5 km, 10 km, and 18 km) and depths (from 2 km to
10 km). The Green's functions are generated by discrete
wavenumber finite-element technique and represent the full wave
field for the structure listed on Table 1-A-2. A one-second triangular
time function ( 0.5, 0.5 ) is convolved with the Green’s function to ob-
tain the displacement.
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interpolate the Green's functions for a .5x.5km? grid from the adjacent points.
A .5 second symmetric triangular time function is assumed to represent the
time derivative of the dislocation time history of each point on the finite fault.
The dislocation along the fault, or the final slip, and the fault area can be varied
easily by adjusting the moment of each grid point source. Once the faulting ini-
tiates, it propagates at a constant speed and forms a circular rupture front, ter-

minating when it reaches the edge of the finite fault boundary.

Qur preferred dislocation model N1 derived by trial and error modelling is
illustrated in Figure 1-A-7. We essentially constrain the fault size by the signal
durations, especially from the more distant stations, such as GA-1, GA-2, GA-3
and GA-4. The rlipture velocity is then adjusted by the relative amplitudes
among these stations, particularly the contrast between the northern station
SMCC and the southern station GA-8. The hypocenter is located at a depth of 8
km. The rupture started at that point and propagated with a velocity of about
2.8 km/sec. A 0.3 km/sec variation of the rupture velocity can still generate
acceptable amplitudes without significant change of the fault size. This model
suggests that the major faulting responsible for the near-source ground dis-
placements accounted for 60% of the total moment and took place in a small
area of about 2km x3km just south of the hypocenter. The rupture propagated
mostly toward station GA-6, which explains part of high amplitude waveforms

recorded in GA-B.

Figure 1-A-8 illustrates the comparison of the observed horizontal ground
displacements vs. the synthetics for this model. An Ormsby filter (high pass
.05Hz-.25Hz) has been applied to both observed and synthetic displacements

shown in Figure 1-A-8. In general, the waveforms and amplitudes agree quite
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Figure 1-A-7 The dislocation distribution along the fault in our preferred model.
The units are meters. Sis the epicenter indicated in Figure 1-A-3.
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Figure 1-A-8 The observed radial and transverse displacements compared with
synthetics for the dislocatica model N1. The dashed trace in the be-
ginning of the synthetic seismogram is the discrepancy in the travel
time. The number associated with each station indicate the displace-
ment in cm. The synthetic seismograms are calculated for a moment
of 10%% dyne-cm.
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well. The transverse components of GA-3 and GA-4 are close to a node and are
sensitive to small variations. Our model can not predict the observed transverse
amplitudes of these two stations. A detailed study of the ground motions
recorded near nodal stations will be discussed in Chapter 2-B. If we exclude the
transverse components of GA-3 and GA-4, the average seismic moment for the
horizontal components is about 3.5%x10%* dyne-cm. A maximum slip of about 1.2
m is obtained near the hypocenter. The total rupture length along the strike
direction is about 6 km and the fault area is about 40 km?2. The stress drop near
the hypocentral region (2x3km?) is 140 bars, but if we average over the entire
source area it would be about 30 bars. From our non-uniform dislocation model,
we can consistently predict almost zero slip on the free surface. Table 1-A-3

summarizes the source parameters for our preferred finite source model.

In order to demonstrate how the fault dislocation affects the array records,
we show a uniform dislocation model, Ul. This model has the same fault length
as model N1, but the final dislocation of 17 cm is uniformly distributed. The
hypocenter is located at the same place as in model N1. Figure 1-A-9 shows the
synthetics for model Ul. Due to larger rupture area, the waveforms are much
broader for the stations further away from the fault, such as stations GA-4, GA-3,
GA-2 and GA-1. The waveforms at station GA-8 are fit reasonably well, since they
are not particularly sensitive to the size of the fault. Most of the observed signal
durations from the array data suggest that the rupture duration was shorter
than that irnpﬁed by model Ul. Thus the high amplitude records in GA-8 are not
necessarily caused by a long fault. A slower rupture might accompany the
source process at the end, but in terms of the beginning 7-seconds of motion, we

prefer the concentrated dislocation source model N1 to explain what we have
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Table 1-A-3 Source Parameters

Local magnitude
Seismic moment

Focal mechanism

Fault size*

Rupture speed
Hypocenter depth
Maximum dislocation
Average stress drop

5.9
3.5x10°* dyne-cm

strike=N24°W
dip=80°
slip=178°

40 km?

2.8 km/sec
8 km

120 cm

30 bars

*The fault size here regards the area with slip greater than zero
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Figure 1-A-9 The observed horizontal displacements and synthetics from model
Ul. The displacements are indicated in em. The synthetic seismo-
grams are calculated for a moment of 10?® dyne-cm.
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observed.

Bouchon ( 1982 ) derived a uniform dislocation fault model for the Coyote
Lake earthquake from the waveform modeling in transverse components at sta-
tions GA-8, SMCC and the broadband seismogram recorded at Berkeley ( about
107 km from the epicenter ). Bouchon's source model has a fault length of 14
km and extends from the depth of 1 km to 10 km. The final slip of 15 cm to 20
cm was suggested. The rupture velocity was determined to be 2.6 km/sec. We
argue that Bouchon's fault model is similar to Ul model shown in Figure 1-A-9
but with even larger fault area, which would produce much broader waveforms
for stations not located on the fault. Bouchon used a high-frequency stopping
phase identified at Berkeley broadband seismogram to determine the fault size.
We also argue that at the distance of about 100 km this high-frequency phase
could also be the Moho reflected wave. The Green’s function at this distance is
very sensitive to the detailed velocity structure. Unless we know the crustal
model very well, it is difficult to identify the source phase in Berkeley records.
Instead, we will demonstrate the small source character suggested in the far-

field by modeling the teleseismic data in the following section.

Regional and Teleseismic Data

In order to test our finite source model, we synthesize the waveforms
recorded at both regional distances {1° to 12°) and teleseismic distances (30° to

90°) from model N1.

The long-period body waves recorded at regional distances can be
represented by the combinations of P, and P, phases, or P, waves, which have

propagated through a single crustal layer over a half-space {Helmberger and
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Engen, 1980; Wallace et al., 1981). Due to the long-period character of the P,
waves, they can not be used to resolve the source time function. However, P,
waves can provide good constraints on the fault orientation and the seismic
moment. For simplicity, a trapezoidal time function with 3 seconds duration is
assumed to represent the far-field source time history (see Figure 1-A-10). The
observed and the synthetic P, waves for the Coyote Lake earthquake are shown
in Figure 1-A-10. The station information is listed in Table 1-A-4. We found good
agreement in waveshapes and amplitudes. The seismic moment used to calcu-
late the amplitude is 3.5x10%* dyne-cm, which is the moment we obtained from
the model N1. No attenuation is considered in this synthetic calculation. The
comparable amplitudes of the observations vs. synthetics indicate that no

significant attenuation accompanies the propagation of P,, waves.

The teleseismic body waves {(30° to 90°) are generally accepted as the more
reliable data for describing the overall motion during the earthquake process.
An important question we would like to answer is whether the finite source
model can predict the teleseismic seismograms. For the Coyote Lake event, due
to the nearly pure strike-slip mechanism and relatively small moment, few
teleseismic P waves were observed. Here we simply generate the teleseismic
long-period P (vertical component) and SH waves for our finite source model N1.
The stations used are listed on Table 1-A-5. The structure we considered is a
half-space { a = 6.0 km/sec, 8 = 3.5 km/sec, and p = 2.78 g/ cm? ) and thus the
seismograms are assumed to consist of P, pP and sP for vertical P waves and S,
sS for SH waves (Langston and Helmberger, 1975). The far-field source time
function is calculated from the finite source model N1 for each station { Heaton,

1982). Figure 1-A-11 illustrates the observed and synthetic vertical P and SH
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Figure 1-A-10 The observed P,; waves vs. synthetics for model N1. The number
associated with each station is the absolute ground displacement.
The synthetics are calculated for a moment of 3.5x10% dyne-cm. No

amplification factor is available for amplitude correction at station
TUC.
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Table 1-A-4 Stations for P, waves

Station Name Epicentral Distance Azimuth Component{*)
ALQ 12.4 95.5 R
COR 7.6 350.3 R
DUG 7.5 62.9 Z
GSC 4.2 113.2 E
LON 9.8 358.7 R
MSO 11.2 27.7 7
PAS 4.0 138.4 Z
TUC 10.0 115.3 R

* Z: The vertical component.
E: The east-west component.
R: The radial component.
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waveforms. This comparison shows that our finite source model can predict the
beginning 10 seconds of motion well, but it can not predict the later arrivals.
The seismic moment is about 3.6x10?* dyne-cmn. The average far-field source

time function for model N1 is about 2 seconds.

Nabelek (1982) has inverted these teleseismic data for source parameters
and found that the waveforms can be matched better by three separate events.
His preferred solution is desecribed in Figure 1-A-12, which includes the main
shock (the first event) and two aftershocks, 6 and 12 seconds later. Qur finite
source model is very close to Nabelek’s first event in terms of source time dura-
tion and seismic moment. The fault orientation of Nabelek has about the same
dip angle and slip as ours, but the strike is rotated 12° further to the west. In
Nabelek’'s solution, the first event, or the mainshock, has a moment about 3
times larger than the other two events. The second and third events, which have
very different fault geometry from the first earthquake, can not be recognized
in the near source ground motion records. According to the far-fleld source
parameters determined by Nabelek, the second event is probably too small to
be seen in the near-field, but the third event is expected to produce about one-
third of the near-source ground motions as the main event. The possible expla-
nation for this discrepancy is either the third source is outside the strong-
ground motion array and rupturing away from it or the source process is too

smooth to produce significant near-source ground motions.

Few teleseismic stations recorded good-quality short period vertical
seismograms. The stations in South America show rather high short-period
amplitude when compared with stations in other azimuths. Figure 1-A-13 shows

the seismograms from 4 of these stations, which yield azimuthal range of about
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Figure 1-A-11 The teleseismically observed vertical P and SH waves vs. synthet-
ics for the finite source model N1. The numbers indicate the seismic
moment in units 10°* dyne-cm for each station.
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Table 1-A-5 Teleseismic Stations Used in This Study

Station Name Epicentral Distance Azimuth Component(*)
ALE 495 8.5 P-L7, SH
BLA 32.6 77.1 SH
BOG 54.0 114.8 P-57
CAR 55.86 103.8 P-LZ,P-SZ
GDH 48.1 286.3 SH
LPS 38.7 119.7 P-LZ,P-S7
MBC 39.2 .B P-LZ,SH
0OGD 36.3 68.9 P-1.7,SH
OTT 35.0 61.6 SH
RES 39.7 10.7 SH
SCH 40.8 46.3 SH
SCP 33.9 70. SH
SIG 51.8 95.6 P-SZ
WES 38.5 66.1 SH

* P-LZ: Long-period vertical P component
P-SZ: Short-period vertical P component

SH: SH waves
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Figure 1-A-12 The multiple sources determined by Nabelek (1982).
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Figure 1-A-13 The teleseismic short-period vertical P waves and synthetics for
the finite source model, N1. S; and Sy at station CAR indicate the pos-
sible phases corresponding to the second and third events in

Nabelek’s solution. The numbers are the seismic moments in units
10%* dyne-cm.
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20°. The impulsive arrivals seen about 3 secs after the direct P waves are very
coherent and can be predicted by our finite source model as the sP phase. The
seismic moment determined from the amplitude ratio is indicated for each sta-
tion, and is higher than the averaged moment from the long-period waves. Sta-
tion LPS may have some instrument calibration problem, since the response is
not near 1 second. The later waves appearing in the seismograms (indicated as
S, and S3 at CAR in Figure 1-A-13) may be the second and third events accord-
ing to Nabelek’s solution, since the delay time is about 8 and 12 seconds, respec-
tively . One of the more difficult problems in working with the short-period
teleseismic data is the uncertainty introduced by the effects of velocity struc-
ture. In this study we simply use a half-space structure at both source and
receiver; at the stations like Caracas (CAR), for which the structure appears
rather transparent (Burdick and Langston, 1977), this approximation may be
adequate. In spite of complexities; the teleseismic short-period data contain
information which may provide close correlation with the near-source ground

motions, particularly in the phases associated with high stress drop events.

Discussion

The source model we determined from the strong-ground motion data can
predict reasonably well the P, waves in regional distances and the beginning
features of the teleseismic seismograms. However, some questions are raised
concerning a unified source model which can explain both near-field and far-field

data simultaneously.

First, the basic difference between our preferred model N1 and Nabelek’s

mainshock solution is the 12° strike direction. The question is how well we can
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resolve this difference from either near-field or far-field observations. We have
generated P, waves from Nabelek’s source orientation (strike = 324°, dip = 77°
and slip = 171°); the major difference from model N1 appears at the nodal sta-
tion DUG. However, neither our preferred model, N1, or Nabelek’s solution could
predict a satisfactory waveform at this station. A similar situation arises at the
teleseismic nodal stations. Since the waveforms are barely above the noise level
at these stations, we can not argue the resolution based upon them. For the
strong ground motion data, the problem is different. The finite source model N1
is constructed with a fixed fault geometry (strike = 336°, dip = 80° and slip =
176°). As we rnentiéned earlier, some qualitative judgements about the
waveform coherency and the radiation pattern are considered in the trial and
error modelling process. If we simply use the same dislocation configuration of
model N1 but adopt the fault orientation of Nabelek (1982), the amplitude of the
radial component of the southeast station GA-8 increases, which is not con-
sistent with the observations. On the other hand, the predicted amplitude ratio
of transverse vs. radial for station GA-4 and GA-3 increases, which fits the data
better. The signal duration and the waveshape can be reproduced on most of
the stations reasonably well, except for the transverse component of station
GA-4, which is near the SH node. Therefore we conclude that the most
significant feature in our preferred finite source model N1 is the large final slip
concentrated to the south of the hypocenter. The uncertainty of the fault

geometry is not well resolved within the acceptable variation in the amplitudes.

Second, we raise a question of how distinguishable the far-field waveform
can be for a uniformly distributed dislocation model. A close comparison of the

source factors we have considered and their effects on the far-field waveforms
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are discussed below.

Figure 1-A-14 shows the teleseismic synthetics for stations MBC, OGD, and
CAR for four uniform dislocation sources, namely U1, U2, U3, and U4. The syn-
thetics from model N1 are also displayed in the same figure for comparison. The
variables in these four uniform dislocation models are the rupture velocity, the
far-field rise time of the point dislocation and the hypocenter location. Based on
a total moment of 3.5%x10%* dyne-cm, the average final slip is estimated to be 17

cm for all the uniform slip models.

In model Ul, the only difference from model N1 is the uniform slip. At the
teleseismic distances, the long-period synthetic waveforms for Ul show no
significant differences from model N1, however the amplitudes are slightly
reduced. The short-period synthetics for N1 model suggest that the amplitude
at CAR is about twice as large as at station MBC due to the southward rupture
through a concentrated source. This may expiain why only the South American
stations recorded high short-period amplitudes. This amplitude contrast is no
longer seen for model Ul when the source dislocation is uniformly distributed
through a large fault, because the amount of one-second energy has been
reduced. The observations at station CAR show that the amplitude ratio of short
period to long-period is about 0.3, which is higher than the predicted of 0.18 in
model N1, and 0.07 in Ul. Although the synthetics are calculated using a half-
space assumption and with £; = 1, the observed amplitude ratio indicates a high
frequency source. We have shown earlier that the Ul model produces too broad
and much longer signal durations for strong motion stations away from the
fault, such as GA-4, GA-3, GA-2, and GA-1. Hence, in this case, the near source

array data can provide the best constraints for identifying such a high frequency
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source.

The U2 model has slower rupture velocity (2.0 km/sec). The teleseismic
long-period synthetics have slight amplitude change but the waveforms are
about the same as model Ul. The short period synthetic seismograms have
about 30% of the amplitude compared to Ul model and the waveforms are more
complicated, due to the response to the longer rupture duration. In this case,
the amplitude ratio of short-period vs. long-period at station CAR is about 0.0%,

which is about one order magnitude smaller than the observation.

In model U3, we consider slower rise time, triangular function of 1-second.
The synthetic seismograms are quite similar to model U2, this simply implies

that such difference in the source parameters is not resolvable teleseismically.

A symmetric rupture is shown in model U4, which has the hypocenter
located in the center of the fault. Again, the long-period change is not very
significant. The short period waveform at CAR has the feature of the concen-

trated source, but the amplitude is only about 10% of that in model N1.

These comparisons suggest that the teleseismic long-period data can hardly
distinguish the difference between a uniform or non-uniform dislocation model
for the presented fault size, but the short period data reveal quite significant
amplitude differences. The short-period waveforms also show individual
difference for some cases. However, in a real earth, these variations can easily
be caused by other uncertain parameters, including the source/receiver struc-

tures.
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Figure 1-A-14 Synthetic comparison at the teleseismic stations for the uniform
slip models, namely U1, U2, U3, and U4. Our preferred model N1 (see
also Figure 1-A-7) is also illustrated. All the uniform slip models have
a final dislocation of 17 cm along the fault surface. The circular rup-
ture fronts are also illustrated. The nuinbers are the amplitudes in
micrometers calculated for the seismic moment of 5.0x10?* dyne-cm.
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Conclusion

We have learned from this study that the near-source array data can pro-
vide good constraints on source parameters. The strong ground motion array
data from the 1979 Coyote Lake, California earthquake suggest that the source
initiated at a depth of 8 km and with about 120 c¢m dislocation near the hypocen-
tral area. The rupture is basically toward the south but vanishes after a rupture
length of 6 km. The stress drop in the hypocentral area is-about 140 bars, but
averages about 30 bars over the entire rupture surface. The concentrated dislo-
cation results in the high frequency enriched seismograms. Nabelek’s {1982)
inversion solution for the teleseismic data indicates that the Coyote Lake earth-
quake is a multiple event comprised of three separate earthquakes, in which the
first event or the mainshock is characterized by high stress drop and short
source time-duration. Our preferred finite source model reflects only this
strong but short rupturing of the mainshock. No clear indication of the second

and the third events can be found in the near-source ground motions.
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1B Near-Source Ground Motions of the 1966 Parkfield, California Earthquake

Introduction

The near-source ground motions of the 28 June 1966 Parkfield earthquake
have been well documented but not well understood ( Aki, 1979 ). The motive for
reanalyzing this event arose because its local magnitude { #;=5.6 ) and source-
station geometry is similar to the 1979 Coyote Lake, California earthquake.
Since local magnitude is a significant parameter for engineering problems, it is
important to understand the similarities and differences of the source parame-

ters for these two earthquakes.

In Table 1-B-1, we list source information from previous studies for these
two earthquakes (Aki, 1968; Eaton et al., 1970; Lee et al.,, 1979; and Chapter 1-A,
this thesis). Although the 1966 Parkfield earthquake has about the same local
magnitude as the 1979 Coyote Lake event, its source process involved a much
larger faulting area as suggested by its larger seismic moment and longer sur-
face breakage. However, a final dislocation distribution has not been obtained
which can explain the recorded near-source ground displacements { Lindh and

Boore, 1981; Archuleta and Day, 1980 ).

In this study, we will first discuss the two contradictory models proposed
respectively by Trifunac and Udwadia ( 1974 ) and Bouchon and Aki ( 1979 ) and
compare the predicted synthetics to the observations. An alternative interpre-
tation which considers the local site amplification effect will then be described

to explain the observed data.
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Table 1-B-1 Source Parameters

Coyote Lake E.Q.

( Calaveras fault )

Parkfield E.Q.

( San Andreas fault )

Local Magnitude
Seismic Moment
Source Depth

Mechanism

Aftershock

Extending Length

Surface Breakage

Static Offset

Rupture Direction

5.9

3.5x10?* (dyne-cm)
8 km

strike-slip

right-lateral

16km

discontinuous

0.5cm

toward south

5.6

1.4x10% (dyne-cm)
6 km to surface
strike-slip

right-lateral

40 km

37 km

4.5 cm { after 10 hours )
20 cm { 1 month later )

toward south
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The Ground Motions; A Review

Ground motions for the Parkfield earthquake were recorded by Cholame
array {No. 2, No. 5, No. 8 and No. 12) and Temblor No. 2 station, which are
located about 30 km south of the epicenter as shown in Figure 1-B-1. Both the
surface rupture and the aftershock distribution indicate that the strike direc-
tion bends near the south of Gold Hill forming an enchelon pattern of faulting
about 5 km north of the array stations. Thus the main faulting can be con-
sidered as having occurred on mainly two segments, a NE branch { about 22 km
long, AA’ in Figure 1-B-1 ) and a SW branch { about 8 km long, BB’ in Figure 1-B-1
). offset by about 1.5 km south of Gold Hill { see Figure 1-B-1 ). Therefore the
ground motions will exhibit both source and structure complexities caused by
rupture over about 30 km long fault. We will ignore northward rupturing which
contributed litile to these recordings. As shown in Figure 1-B-2, the horizontal
ground velocities for the Parkfield earthquake are much more complicated than
those seen in the Coyote Lake earthquake. The data shown in Figure 1-B-2 are
rotated to be transverse and radial relative to the epicenter. Station Cholame
No. 2 recorded only one horizontal component, which is nearly perpendicular to
the strike of the fault trace and thus representing mainly transverse motion

relative to the epicenter.

The basic question is whether the ground motions are mainly due to the
dislocation near the epicentral region, along the NE fault branch, or due to the

dislocation close to the station sites, along the SW fault branch.

Aki ( 1968 ) and Bouchon and Aki { 1979 ) favor the model in which the dislo-
cation is important only in the segment near the station Cholame No.2 { CH2 ).

Their argument is based on a modeling study of the anomalous ground
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Figure 1-B-1 Map showing the mainshock location of the 1966 Parkfield earth-
quake and the recording sites, including CH2, CH5, CH8 and CH12
(Cholame array) and TE2 ( Temblor No.2 ).
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Figure 1-B-2 The radial and transverse ground velocities from the 1966 Parkfield
earthquake.
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displacement (245°-component) recorded at station Cholame No. 2. As shown in
Figure 1-B-3, the amplitude of the ground displacement at CHZ is 3 times larger
than either CHS or TER2. Furthermore, the waveform at CH2 is quite different
from the other recordings. Apparently only body waves were recorded at CH2. A
large dislocation very near the station CHZ2 on the SW branch is required to
suppress lne surface waves. Also, the maximum surface offset of 4.5 cm, meas-
ured 10 hours after the mainshock was near station CH2 ( see Figure 1-B-1 ).
This further suggests that the main dislocation is near CH2. However, the rela-
tion between the static offset observed at the surface and the dislocation at .

depth is not well understood.

On the other hand, Trifunac and Udwadia { 1974 ) invert for the dislocation
distribution using all the recorded data and assuming a homogeneous half-space
velocity structure. They conclude that major dislocation was near the hypocen-
tral region and extended about 20 km southwardly, which is mainly along the NE
branch. This solution is also supported by Lindh and Boores’ timing argument {
1979 ). Lindh énd Boore estimate the direct S arrivals by aligning the high fre-
quency phases ( indicated by dashed lines in Figure 1-B-2 ) seen in accelerations
and velocities. They conclude that the phases corresponding to the peak
acceleration or velocity at all stations arrived from the area near Gold Hill,
about 10 km north of station CH2. They also sug~est that this high frequency
motion corresponded to the stopping of the faulting process, hence most of the
dislocation occurred north of Gold Hill. However, a model in which most of the
dislocation is concentrated on the NE branch will produce strong surface waves
and much broader and smaller seismogram for station CH2, which contradicts

the observation.
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Figure 1-B-3 The radial and transverse ground displacerients from the 1966
Parkfield earthquake. The traces are aligned by the apparent S

phases determined from the coherent arrivals seen in the transverse
velocities.
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Apparently, it has been very diflicult to derive a consistent solution by only<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>