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ABSTRACT

The solutions to eight carthquakes have been obtained from
near-field strong-motion accelerograms using Haskell's moving dislocation
source model, In particular, the solutions to the San Fernando main shock
and three small aitershocks were re-examined using the corrected orienta-
tion of the Pacoima Dam instruments. A reasonable match to the observed
waveforms for the main event could only be obtained by having a large strike-
slip dislocation component on the deeper segments of the fault. Also, new

locations and orientations were obtained for the three small aftershocks,

Using both Haskell's model and spectral analysis, the Bear
Valley earthquake of June 22, 1973 was examined. Both approaches yielded
substantially the same results; a large dislocation on the order of 100 ¢m
over a small fault areca of less than 1.0 kmz, with a seismic moment (MO) of
1.2 0 1.5 x 1025 dyne-cm. This value of the seismic moment appears large
to those of the other events when plotted versus local magnitude (MI ); the

other seven events generally follow a lincar log moment-magnitude relation.
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SECTION 1
INTRODUCTION

For the past two years, we have applied Haskell’s moving
dislocation source model in the interpretation of near-field strong-motion
earthquake records, This work, begun by Ben Tsai and Howard Patton, has
continued for the past year with the objectives to (1) throughly determine the
limitations of the source model and the validity of any complexity added to it,
and (2) to apply the model to recent events which were recorded on strong-
motion instruments. In this report, we will present a brief summary of the
results given in previous technical reports, present our revised analysis of
the San Fernando earthquake, and our interpretation of the Bear Valley earth-

quake of June 22, 1973,

The summary of the previous results is given in Section II. We
review the software development, and the selection of the source-time func-

tion for the model. A brief description of Tsai and Patton's solution for the

San Fernando earthquake and its first aftershock, the Parkfield earthquake,
and the Borrego Mountain earthquake is also given. Finally, our analysis of

the San Fernando earthquake using a segmented fault with varying rupture L

velocities is pre: ented. |

|

' ‘. After the research had been completed for the last technical ' !
’ report (Turnbull and Battis, 1973), it was determined that the horizontal

comporents at the Pacoimx Dam site, wh:ch recorded the San Fernando earth-
14 : . ; o .

'3 quake, were aiigned incorrectly, This reculted in a 30 error 1n the direc-

tion of the instruments. Using this new alignment, the main shock and three

L4
1 small aftershocks are re-analyzed in Section llI,

———
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Because the mechanism of the San Fernando earthquake was

mainly dip-slip, the Bear Valley event of June 22,

1973 offered an opportun-

ity to analyze a different mechanism (mainly strike-slip)., Three solutions

are presented in Section 1V using the Haskell model, and they are then com-

Pared to fault parameters obtained from spectral analysis,

Finally, in Section V, we summarize our results and indicate

the direction these studies will take in relation to future source mechanism

investigations.
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SECTION II

HASKE LL'S DISLOCATION MODEL APPLIED
TO SEVERAL EARTHQUAKES

During the initial stages of this investigation, Tsai and Patton
(1972) established much of the software and the technical approachs inherent
in them, Major programs were written which calculated and displayed theo-
retical aveforms from the Haskell model (see Appendix A). A unified for-
mat was established for storing strong-motion records on nine-track magne-
tic tape. 1In processing these records, it was found that a linear and a cubic
least squares corrections of the acceleration and the integrated velocity wave-
form, respectively, resulted in reasorably reliable experimental velocity
waveforms, These one-time integrated velocity waveforms were found to be
far less sensitive to various schemes of numerical integration and baseline
corrections than the corresponding twice integrated displacement waveforms,

Therefore, the comparison of the experimental and the theoretical waveforms

is carried out at the velocity level,

In this comparison, Tsai and Patton (1972) found that a linear
ramp dislocation source-time function appeared to be superior to an exponen-
tial ramp function in the generation of the theoretical waveforms. Using the
velocity traces obtained from accelerograms recorded at the Pacoima Dam
site during the San Fernando earthquake of February 9, 1971, theoretical

waveforms were generated with both source time functions and matched to

this observed data. The exponential velocity function proved to be inferior
in both the quality of the theoretical velocity waveforms and in the source
parameters obtained from the 'best! match, A linear ramp velocity function

has been used in the analysis of all earthquakes in this study,

|
i
|
‘% u




Having established competent theoretical model software and
a uniform data format two events were initially analyzed by Tsai and Patton
(1972). Interpretation of the accelerograms at the Pacoima Dam site record-
ed during the San Fernando earthquake of Xebruary 9, 1971 yielded the pic-
ture of rupture initiating at the depth level of the instrumentally-determined
focus and then propagating up and to the south, past and under the accelero-
graph site along a fault surface dipping at 52°, The final dislocation was es-
timated to be 150 cm, with a rise time of 0.6 sec, and a seismic moment of
10.4 x lO25 dyne-cm. From their analysis of the Parkfield earthquake of
June 28, 1966, as recorded at Station 2, the motion was found to bLe right-
lateral strike-slip with a dislocation of 200 cm along a 10 km segment of the
San Andreas fault near Station 2. The dislocation began at a point northwest
of the recording site and propagated past the southeast of Station 2, The dis-
location rise time was estimated to be 0, 9 sec, with a seismic moment of
1.8 x lO25 dyne-cm. Tsai and Patton's estimates, when compared with other
seismological observations, suggest that the dislocation associated with the
Parkfield earthquake is not uniform over the whole fault length of up to 37 km,

but concentrated along the 10 km Segment near the southeastern end of the

fault,

After further study, Tsai and Patton (1973) re-examined these
two events,which resulted in slight modifications. For the San Fernando
earthquake, the final dislocation was found to be 120 cm with the seismic
moment 8, 3 x lO25 dyne-cm, This latter number is comparable to the one
determined from surface wave data by Canitez and Toksoz (1972), 7.5 x 1025
dyne-cm. Re-examination of the Parkfield earthquake yielded a fault length

15 km and the relatively low rupture velocity of 2.2 cm/ sec,

In this same study, Tsai and Patton (1973) analyzed the first
aftershock of the San Fernando earthquake as recorded at Pacoima Dani and

the Borrego Mountain earthquake of April 9, 1968, For the aftershock, they

I1-2




divided the main event fault plane into forty-five segments and attempted to
obtain a unique match from one of these segments. One solution was judged
better than the rest, although its uniqueness was not conclusively proved.

! This solution, located near the southwest corner of the main event fault plane,
yielded a rise time of 0.1 sec, a velocity of rupture of 3.0 km/sec, with a
pure thrust dislocation motion of 12 ¢cm and seismic moment of 4. 7 x 1023

dyne-cm. This latter value, by comparison, was 1/175 of that of the main

shock,

Analysis of the Borrego Mountain Earthquake did not yield a
unique solution. Two modes of rupture, one unilateral, the other bi'ateral,
could not be distinguished from the data on hand. From the unilateral rup-
ture solution, a rise time of 0.8 sec with a final dislocation of 100 ¢cm was
obtained. For a fault 32 km long by 20 km wide, the seismic moment was
1.9 % 1026 dyne-cm. In both solutions, the model was assumed to be vertical

right lateral strike-slip.

One of the most important results from the analysis of these
four events was that the Haskell model is limited to data obtained from re-
cording accelerographs located within a few kilometers of the fault trace.
This is due to the lack of the model accounting for a half space, layering, and
propagation effects. Another important result from the analysis of these
four events concerned the need for a finite rupture velocity, For the San
Fernando earthquake, the Parkfield earthquake, and the Borrego Mountain
carthquake, a dislocation model with a finite. rupture velocity is requilzed to
explain the observed near-field velocity waveforms. An instantaneous dis-
location model for these earthquakes is unacceptable. As for the first San
Fernando aftershock, the choice between a finite moving dislocation and an
instantaneous dislocation model is inconclusive, probably because of the

small fault area.
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Continuing with the work of Tsai and Patton, Turnbull and

Battis (1973) analyzed the San Fernando earthquake and three of its after-

shocks recorded on strong-motion instruments at Pacoima Dam using dif-

ferent source model geometric configurations. It was found that, without
independent estimates of the fault parameters, the credibility of the solu-
tions obtained from the fitting procedure using the Haskell moving dislcca-
tion model is drastically reduced, Althoupgh we can use a least squares tech-
nique to fit the dislocation amplitude, the interrelationships of the fault orien-
tation, fault dimensions, rupture velocity, and rise time make our solution
highly non-unique, If strong-motion records having good azimuthal coverage
and good quality accelerograms are available, reasonable estimates of fault
length, rupture velocity, near-field corner frequencies, and rise t me can be

obtained.

When the source model is generalized to include segments
having their own rupture velocities, dislocations, and dimensions, the effect
of stick-slip (segmented rupture velocities) is not major within a moderate
range of rupture velocities, But having two segments with different dip angles
(a hinged fault surface), significant changes do occur. In particular, the in-
itial negative trend in the vertical S-wave trace of the main shock recorded
at Pacoima Dam can be matched using fault geornetry which includes a hinged

surface.

In this same study, solutions were given for the San Fernando
earthquake with a hinged surface and for three small aftershocks. Since that
report, it was determined that the horizontal components at the Pacoima Dam
site were aligned incorrectly, which resulted in a 300 error in the direction

of the instruments, The corrected solution is given in the next section,




SECTION III

REVISED SOLUTIONS TO THE SAN FERNANDO EARTHQUAKE
AND THREE AFTERSHOCKS

The original solution with a hinged fault surface, and with the

incorrect alignment of the instruments, was given by Turnbull and Battis
(1973). The correct alignment of the horizontal components was then found

to be N75W and S15W instead of S74 W and S16E, respectively. The fit of

the theoretical velocity waveform to the observed waveform recorded at
Pacoima Dain is shown in Figure III-1, Again, as in the previous solution,
a poor fit of the amplitude of the vertical component occurs, but the pulse

width and shape on all components is noticeably better.

A cross-section of the theoretical model which generated ]
these theoretical waveforms is shown in Figure IlI-2. The changes in the
dip angles, from 33° to 60° in the old solution to 30° and 65° in the new
solutio1, seem quite small, but are essential to produce the negative initial

trends of the N75°W and down components,

The parameters describing each segment of the fault are

listed in Table 11I-1, The most significant changes occur in the direction

and magnitude of the dislocations, especially on the lower element, A rea-

sonable match to the observed waveforms could only be accomplished by
having a large strike-slip component on this segment of the fault. We also
found that the upper segments were mainly dip-slip, and did not have as
great an atfect as the lower segments, These results agree with the study
by Alewine (1974), especially in terms of the large Jdislocations on the lower

segments of the fault,
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TABLE 1'1-1
SAN FERNANDO E ARTHQUAKE
FAULT PAR AMETLERS
Hypocenter: X =9.18 km
Y =6.00 km
Z = -12.24 km
Strike: N70wW
Constants: V_ =5.5km/sec VS = 3,2 km/sec
p
: 25
Moment: Mo =9.6 x 10~ Dyne-cm
Segment 1
Width = 12. 0 km Length = 3,5 km
i Rise Time = 0.6 sec Rupture Velocity = 3. 0 km/sec
Dip = 65°
I = - E -
DL 75.0 cm DT 250, 0 em
Scy ient 2
Width = 14,0 km Length = 3,5 km
Rise Time = 0. 6 sec Rupture Velocity = 2,88 km/ sec
Dip = 65°
D_ = -90, Dy - .
L 90.0 cm T 200.0 cm
Segment 3
Width = 16,0 km Length = 1.8 km
Rise Time = 0.6 sec Rupture Velocity = 2.95 km/sec
Dip = 30°
DL=-67.5 cm DT= -150.0 cm
Segment 4
Width = 14, 0 km Length = 5,0 km
Rise Time = 0.3 sec Rupture Velocity = 3.0 km/sec
Dip = 30°
D = -45, = U
L 45.0 cm DT 0.0
Segment 5
Width = 12,0 km Length = 5.0 km 1
Rise Time = 0. 15 sec Rupture Velocity = 3.2 km/sec
Dip = 30° 1
DL=-37.5km DT=0.0
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We also re-examined the three small aftershocks previously
analyzed. In Figure IlI-3, a comparison of this study's location estimates
with those of Trifunac's (1972) are shown, Events 4 and 11 show the same
locations from the two investigations, while the estimates of the Iocation of
event 30 differ. The solutions presented here should not be considered the
only correct solutions, but the best possible within the limitations of the

model,

A summary of the fault parameters used in the solutions of
these aftershocks is given in Table 11I-2. The differences from the previous
solutions are only in the source coordinates and the fault orientations (strike
angle). Unlike the main shock, the hypocentral location, fault dimensions,

and fault orientation of these events do not have independent estimates.,

11I-5
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FIGURE III-3

AFTERSHOCKS OF THE SAN FERNANDO EARTHQUAFKE
LOCATIONS BY TRIFUNAC (OPEN CIRCLES) AN
LOCATIONS BY DISLOCATION MODEL (TRIANG LES)
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SECTION 1V

THE BEAR VALLEY EARTHQUAKE
OF JUNE 22, 1973

On June 22, 1973 a relatively deep, low magnitude earthquake
occurred at Bear Valley, California (approximately 30 km southeast of Hollis-
ter), and in the immediate vicinity of a well instrumented segment of the San
Andreas Fault. Due to the proximity of the epicenter to the University of
California eight station accelerometer array, this event had the potential
for providing a unique opportunity to investigate the source characteristics
of a low magnitude earthquake. The significance of this event, as compared
to the previously studied San Fernando earthquake aftershock sequence, lies
not only in the difference ir mechanism (dip-slip in the case of the after-
shocks while strike-slip for the Bear Valley event), but also in the availabil -
ity of restrictions on the solution. In contrast to the aftershock sequcnce,
which were recorded only in the very near-field with usable signals at Pac-
oima Dam, a sufficient number of intermediate-field records were obtained
to allow accurate hypocentral location and fault plane solutions. These, when
coupled with the near-field coverage, greatly reduce the non-uniqueness in-

herent in the Haskell moving dislocation model.

In the vicinity of Bear Valley, the San Andreas Fault divides
the crustal structure into two distinct blocks, a high veloci*y, granitic and
metamorphic structure to the southwest and lower velocity sedimentaries on
the northeast side of the fault., Using different crustal velocity structures to
represent this velocity contrast across the fault, two different epicenters
have been calculated(Figure 1V-1). Epicenter E-1, approximately 0.5 km

north and 1 km west of station 2 was determined using a velocity model
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121°15' 12i°10'
FIGURE 1V-1

MAP LOCATING TWO EPICENTERS (CIRCLES) OF THE BE AR
VALLEY EARTHQUAKE AND THE ACCELEROMETER
ARRAY RECORDING THE EVENT
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representing an average structure across the San Andreas Fault. When the

velocity contrast is incorporated into the location scheme, a second epi-

- center, E-2, is found (Johnson, personal communication). In both cases,

: : a depth of approximately 10 km is assigned to the event. A solution for the

}’ source parameters of the earthquake was obtained at each epicenter to evalu-
I ate the significance of the epicentral change with respect to the Haskell

model.

o

Based on data from separate arrays, two fault plane solutions

have also been obtained for this event. These two solutions, one by Berkeley

= 4

and the other by the University of Washington, are in general agreement

(Malone, personal communication), with strike angles of N39° W and N41°w,

trace of the San Andreas Fault (Figure IV-1). Stations 1, 2, and 4 lie direct-

. .

- respectively, The associated dip angles are less accurately determined, but g

- are in the range of 70o to 800, dipping to the northwest, 1
e

The accelerometer array which recorded the Bear Valley ‘

T Earthquake is in the rough form of a rectangle lying parallel to the surface i

B |

i

|

ly on the fault, Station 3 is on the higher velocity structure of the southwest-
ern sedimentary structure. In the study of this earthquake, the complex

geology of the region and the unusual depth of the event essentially restrict .i
analysis to the southeastern stations of the array, Stations 2, 4, 7, and 8.

Waveforms at the nore distant stations are probably effected by transmission

x;

and site effects which can not be duplicated by the model.

Our analysis will be presented in two parts. The first involves

the usual procedure of generating theoretical waveforms and determining the

of the accelerogram, using approximations by Brune (1970) to determine fault
parameters, Comparisons of fault parameter estimates from the two methods

of analysis are presented.

] best® fit solution of the observed data. The second involves spectral analysis



A, APPLICATION OF THE HASKELL DISLOCATION SOURCE TO THE
BEAR VALLEY EARTHQUAKE

Ii; Methods of Solution

ldentical methods were used in searching for restricted solu-
tions (in terms of strik~ direction and dip angle) at both epicenters. Using
a vertical fault with a strike direction of N40° W, the fault length, width,
rupture velocity and rise time were adj"sted to fit the pulse width of the em-
pirical velocity wave at Station 8. At each epiceuter, theoretical waveforms
for transverse and longitudinal dislocations were evaluated at Station 8 for
strike directions between N450W and N35o W, with rupture occurring either
to the northwest or southeast. In addition, the dip angle was varied for each
strike direction between 60° and 900. A least-squares error combination of
the two dislocations was calculated to fit the Station 8 empirical waveform.
The parameters of this fit were then used to produce theoretical waveforms
at Stations 2, 4, and 7. The parameters which produced the best fit of the
empirical data were then determined by inspection, Due to the poor signal
quality of Stations 2 and 4, the evaluation of the theoretical results at these
stations were made on the basis of signal amplitudes rather than strict

waveform fitting.

Essentially the same method was used in obtaining an unres-
tricted (in terms of strike direction and dip angle) solution., In this case,
the strike and dip angles were not limited in range. Least-squares error
fits were obtained at Station 8 for 5° increments over the entire sweep of
360° in strike angle, using a vertical fault, The dip angle was then changed
by 5° and the strike angles around the minimum residual for the previous
case were searched for a minima at the new dip angle. This process is
continued until a change in dip angle increases the residual of the fit at Sta-
tion 8 implying a local minima has been found. Four such local minima

were found for epicenter E-1, A comparison of the predicted waveforms at
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Stations 2, 4, and 7 were then made for each set of parameters and the best

fit was determined, again by inspection.

2. Solutions for the Restricted and Unrestricted Cases

Three solutions have been found for the Bear Valley Earth-
quake. One at each epicenter, based on the restrictions of the fault plane
solutions and a third, at epicenter E-1, where no restrictions were placed

on the solution (Tables IV-1, IV-2, IV-3).

The fault dimensions, rupture velocity and rise time are id-
entical in each case. These parameters are not independent, as together
they control the pulse width and the complexity of the theoretical waveform.
In the case of the Bear Valley Earthquake, it may be shown that values which
diverge to any significant degree from the listed values (for example, an in-
crease in the fault dimensions), produce waveforms too complex or of too

long duration to match the Bear Valley accelerograms (Appendix B).

In terms of waveform fitting, the restricted solutions at each
epicenter (Figures IV-2 and IV-3) are essentially identical, duplicating the
empirical waveforms equally well. For both cases, the S-wave at Station 8
(Figures 1V-2a, IV-3a) is well fitted, which should be expected, as it is the
station which was used in the least squares fitting. As was previously stated,
the velocity wave traces at Stations 2 (Figures IV-2b, IV-3b) and 4 (Figures
IV-2c, IV-3c) were only used as limiting factors on the amplitudes of these
stations. The theoretical traces over estimate the amplitudes at these sta-
tions, but not to an important degree. It should be noted that the Haskell
model cannot predict accurate arrival times, as the model assumes the fault
surface to lie within a whole-space. Assuming that the arrival time at Station
8 is correct, a shift of less than 0.2 seconds was required to match theoreti-
cal and observed pulses at Station 7. Identification of the S-phase at Stations

2 and 4 are virtually impossible and the theoretical waves were compared to
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TABLE 1V-1

BEAR VALLEY EARTHQUAKE - JUNE 22, 1973
RESTRICTED SOLUTION - EPICENTER E-1

Epicenter: 36° 35.4'N
121° 11.6'w
Depth: 10.5 km
Velocities: Vp = 5.5 km/sec
V. = 3.2 km/sec
Strike: N4OW
. o
Dip: 75 to NE
Fault Dimensions: L =0.5 km
W =0.75 km
Rise Time: 0.1 sec |
Rupture Velocity: 3.1 km/sec ry
Dislocations: Strike-Slip: 100 cm N
Dip-Slip : 42 c¢m i
23 ]
Moment: 1.2 x 10 dyne-cm -
» 1
: V-6 g
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TABLE 1V-2

be BEAR VALLEY EARTHQUAKE - JUNE 22, 1973
RESTRICTED SOLUTION - EPICENTER E-2

Epicenter: 36° 34, 9'N
121° 10.4'w
Depth: 10.5 km
Velocities: Vp = 5.5 km/sec
Vg = 3.2 km/sec
1] . 0
Strike: N40~ W
. o
- Dip: 75" to NE
| Fault Dimensions: L=0.5 km
' W =10.75 km
i. Rise Time: 0.1 sec
I Rupture Velocity: 3.1 km/sec
Dislocations: Strike-Slip: 100 c¢m
Dip-Slip : 0cm
23
. Moment: 1.2 %10 dyne-cm

-

-y
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TABLE 1IV-3

BEAR VALLEY EARTHQUAKE - JUNE 22, 1973
UNRESTRICTED SOLUTION - EPICENTER E-1

Epicenter:

Depth:

Velocities:

Strike:

Dip:

Fault Dimensions:

Rise Time:

Rupture Velocity:

Dislocations:

Moment: .

36° 35.4'N
121° 11.6'W

9.5 km

Vp 5.5 km/sec
3.2 km/ sec

5

N47.5°wW
80° to SW

L
w

0.5 km
0.75 km

0.1 sec
3.1 km/sec

Strike-Slip: 250 cm

Dip-Slip : 0cm

2
2.8 x10 = dyne-cm
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FIGURE IV-2a

OBSERVED (SOLID CURVE) AND THEORETICAL (DASHED CURVE) VELOCITY
TRACE FOR RESTRICTED SOLUTION OF BEAR VALLEY EARTHQUAKE
AT EPICENTER E-1, SITE 8
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OBSERVED (SOLID CURVE) AND THEORETICAL (DASHED CURVE) VELOCITY
TRACE FOR RESTRICTED SOLUTION OF BEAR VALLEY EARTHQU AKE o
AT EPICENTER E-1, SITE 2 -
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FIGURE IV-2c

OBSERVED (SOLID CURVE) AND THEORETICAL (DASHED CURVE) VELOCITY
TRACE FOR RESTRICTED SOLUTION OF BEAR VALLEY EARTHQU AKE
AT EPICENTER E-1, SITE 4
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FIGURE 1V -2d

OBSERVED (SOLID CURVE) AND THEORETICAL (DASHED CURVE) VELOCITY

TRACE FOR RESTRICTED SOLUTION OF BEAR VALLEY EARTHQUAKE
AT FPICENTER E-1, SITE 7
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FIGURE IV-3a

OBSERVED (SOLID CURVE) AND THEORETICAL (DASHED CURVE) VELOCITY
TRACE FOR RESTRICTED SOLUTION OF BEAR VALLEY EARTHQUAKE
AT EPICENTER E-2, SITE 8
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FIGURE 1V 3c

OBSERVED (SOLID CURVE) AND THEORETICAL (DASHED CURVE) VELOCITY
TRACE FOR RESTRICTED SOLUTION OF BEAR VALLEY EARTHQUAKE
AT EPICENTER E-2, SITE 4
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the empirical velocity waves by aligning the apparent P-wave arrivals. The
i ' theoretical results at Station 7 are significantly in disagreement with the
empirical results, With the restrictions of the fault plane solution, the am-
plitude of the N45°w component and the polarity of the S-wave on the N45° W
component can not be matched while still fitting Station 8. It can only be
assumed that the geologic structure between the epicenter and either Station

7 or 8 has distorted the signals sufficiently such that it is unreasonable to

expect a fit at both stations. Since Station 8 seems t¢ have the cleaner sig-

nal, it is assumed that the signal at site 7 is the distorted signal.

The unrestricted solution (Figure IV-4) seems to do a better
] _ overall job in reproducing the velocity traces. The fit at Stations 2, 4, and
8 (Figures IV-4a, 1V-4b, IV-4c) are very similar to the restricted results,
However, by allowing the dip to >+ directed to the southwest rather than

northeast, the apparent polarity and amplitude of the S-arrival at Station 7

(Figure IV-d) is matched better than in the previous solutions,

- Besides the difference in dip angles between the restricted

i and unrestricted solutions, an important difference exists in the dislocation

amplitudes. McEvilly and Johnson (1973), doing spectral analysis of the

i Bear Valley recnorrds and using Brune's far-field model as an approximation

of the near-field, obtained a seismic moment for this earthquake of approxi-

mately 1023 dyne-cm, based on Stations 7 and 8, Using the fault area found
with the Haskell model, this indicates a total dislocation of about 140 cm,
This value is also substantiated by spectral analysis by Hanks (personal com-
munication) and waveform fitting by Trifunac {(personal communication) using
different sources of data. We have also carried out spectral analysis of the

accelerogram data and obtained a similar dislocation amplitude.

When the value of 100 cm total dislocation is compared to the

gatn g pu==ey [

dislocations required by each solution, it becomes apparent that the

pormaay
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FIGURE IV-4a

OBSERVED (SOLID CURVE) AND THEORETICAL (DASHED CURVE) VELOCITY
TRACE FOR UNRESTRICTED SOLUTION OF BEAR VALLEY EARTHQUAKE
AT EPICENTER E-1, SITE 2
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FIGURE IV-4b

OBSERVED (SOLID CURVE) AND THEORETICAL (DASHED CURVE) VELOCITY
TRACE FOR UNRESTRICTED SOLUTION OF BEAR VALLEY EARTHQUAKE

AT EPICENTER E-1, SITE 4
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FIGURE IV-4c

OBSERVED (SOLID CURVE) AND THEORETICAL (DASHED CURVE) VELOCITY
TRACE FOR UNRESTRICTED SOLUTION OF BEAR VALLEY EARTHQUAKE
AT EPICENTER E-1, SITE 8
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FIGURE 1V -4d

OBSERVED (SOLID CURVE) AND THEORETICAL (DASHED CURVE) VELOCITY
TRACE FOR UNRESTRICTED SOLUTION OF BEAR VALLEY EARTHQUAKE
AT EPICENTER E-1, SITE 7
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unrestricted solution is considerably out of line with information concerning
this event, Not only is the orientation of the dip angle greatly different from
that of the fault plane solution, but the total dislocation of 250 cm is well

above any other estimates, It is immediately apparent that a Haskel] model

solution obtained without collaborative evidence must be considered suspect,

Little distinction can be made, however, between the two re-
stricted solutions, Each satisfies the fault plane solution, and each does an
equal job in fitting the waveforms. The total dislocations are also very close;
the solution at E-1 having a total dislocation of 109 cm while the one at E-2
is 100 cm. The inherent non-uniqueness of the Haskell mode] enables the
finding of reasonable solutions at the two epicenters. The only distinctions
between the two source models are the epicenters and the necessity for dip-

slip dislocation at epicenter E-1.

B, SPECTRAL ANALYSIS OF THE BEAR VALLEY ACCELEROGRAM
DATA

In addition to source models, such as Haskell's moving dislo-
cation model, which use waveform fitting as a method of determining earth-
quake source characteristics, other models have been proposed which ap-
proach the problem through spectral analysis., The most widely used of
this type of model is that of Brune (1970). In order to determine the cor-
relation between the source characteristics of a frequency domain and time
domain model, a program to perform spectral analysis of the Bear Valley

earthquake accelerograms was implemented.

The FORTRAN computer program RENO, for which a simpli-
fied flow chart is given in Figures IV-5a, IV-5b, was designed to handle the
raw accelerogram data in the same manner as the program which was utilized
in plotting the accelerograms for use in waveform fitting, This was done to

ensure that the signals which were processed by both techniques would be

Iv-22
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FILE
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DATA
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identical. This similarity of analysis was carried out through the high-pass

filtering (LOCUT).

Frequency domain models require knowledge of the displace-
ment energy density spectra of the desired earthquake. Two distinct methods
' were employed to obtain this spectra. In the first method, the raw accele.sa-
tion trace was numerically integrated twice to produce a displacement trace
on which, after high-pass filtering, Fourier analysis was applied and the
displacement energy density spectra was constructed. The second method
used the same acceleration trace, but an autocorrelation function was calcu-
lated. To eliminate contaminating noise, the signal was high-pass filtered
prior to obtaining the autocorrelation function. A (cosine)N taper was then
applied to the autocorrelation function before calculating the amplitude spec-
tra. The displacement energy density spectra is then calculated by two divi-

sions of the amplitude spectra by 27f,

In addition to calculating the desired displacement spectra,
the program also displayed the acceleration and velocity energy density
spectra for eact method, and the acceleration, integrated velocity, and dis-
placement traces. By comparison of the various energy density spectra, it
became apparent that numerical integration introduced large errors in the
displacement energy density spectra, and only the autocorrelation spectra

were used in the final analysis.

Normalized energy density spectra for the N45°E component
of the accelerogram record of the Bear Valley Earthquake at Station 8 are
shown in Figures IV-6 through IV-9 as examples of the output of this com-

i puter program. From comparison of the raw acceleration energy density i
spectra (Figure IV-6) and the autocorrelation equivalent (Figure 1V-7), it I
can be seen that the latter gives a smoother estimate of the spectra without

losing any significant detail.
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A pronounced peak occurs in the velocity spectra (Figure IV-8)
at a frequency of 2.3 Hz. This peak corresponds to the corner frequency,
fo, of the energy density spectra of the displacement trace (Figure 1V-9),
Using the spectra of Station 7, an equivalent peak is found at 2.1 Hz. Using
Brune's nodel, with the assumption that the far-field equations can be utiliz -

ed to approximate the near-field, then

1/2
_f n B
. (T) 2 (el

(o]

where f is the S-wave velocity and r is the radius of a circular disloca-
tion used to model the spectrum. Strictly, this equation holds only for the
S-wave spectra. In the case of the P-wave spectra, a , the P-wave velocity
would replace B . In our case, both phases were used in the calculation of
the spectra. However, as the S-wave is by far the predominent phase, B is

used in these equations. Using this equation a maximum fault radius of 0.57

2
km is found. The fault area for this radius is 1.0 km , which is much larger

2
than the fault area determined by Haskell's model (0.375 km"),

The Haskell model area can be converted to an equivalent

circular dislocation radius, using the formula

1/2
r = (—:—) (IV-2)

where A is the fault area. Then, the radius, r, is 0.35 km. Using equa-
tion (1V-1), this would imply a corner frequency of approximately 3.5 Hz.
Both Hanks, and Johnson and McEvilly (personal communications, 1974),
have suggested that high frequency attenuation has effected the shape of the
Bear Valley earthquake spectra. If this is true, then the corner frequencv
from the spectra can only be considered an upper limit. This would imply
a small fault area, as found from the Haskell model, to be reasonable for

this event,
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An estimation of the total dislocation of the Bear Valley earth-
quake can be obtained from the low-frequency level of the displacement spec-
tra, In Figure IV-9 (the displacement energy density spectra for the N45°E
component at Station 8), the spectrum is essentially flat between approxima-
tely 1 Hz, just above the corner frequency of the high-pass filter applied to
the data, aad 2.3 Hz, the apparent corner frequency of the earthquake spec-
tra. Over this region, and an equivalent region on the spectra of Station 7,

a simple average of the spectral level was obtained.

Again assuming that the Brune far-fieid model is an adequate
approximation of the near-field spectra, then the seismic moment, Mo , of

an earthquake is given by

M = 4mpB R0 (IV-3)
[0 (o]

t

where P is the density, B the S-wave velocity, R is the source to receiver
distance and Qo the low frequency level. In terms of the dislocation, the

moment is given by

M = upAD (IV-4)

(o)

wherg A is the fault area, p the rigidity, and D is the total dislocation.
Using the area determined by the Haskell model, and an assumed value for
i , then the total dislocation can be calculated. This procedure was car-

ried out, and the values used with the results are given in Table 1V-4.

The values of the low frequency level which were obtained
through this analysis are different, than those which were calculated by Mc
Evilly and Johnson (1973). It is believed some of these discrepancies result
from differences in how the data was processed. If the values given by Mc

Evilly and Johnson are resolved, virtually identical moments and dislocations




TABLE 1V-4

SPECTRAL LEVELS AND DISLOCATIONS OF THE
BEAR VALLEY EARTHQUAKE

Low Frequency Levels

N4SE

—_—

0. 0962
0. 0804

Station 8

Station 7

N45w

——

0. 092
0. 0998

Resolved
0.135
0.133

Down
0.0199
0. 036

(cm-sec)

(cm-sec)

Spectral Seismic Moments

R

Station 8

1.5 x 1023

D - Jmplied Dislocation
D

n
A

Station 8
133

47rP,83RQO

2,67 gm/cm?3
3.2 km/sec
10. 1 km for Station 8

11, 0 km for Station 7

Station 7

1.6 x 1023

AVerage

1.55 x lO23 (dyne -cm)

MO/,uA

3x10!! dyne/cm?

0. 375 km2

Station 7
142

AVerage

138 (cm)




are found, with an average seismic moment for Stations 7 and 8 of 1,45 x

lO2 2 dyne-cm,

Essentially the spectral analysis is seen to substantiate the
saljent features of the source model for the Bear Valley Earthquake deter-
mined by the Haskell dislocation model. Both appear to require a large dis-

location, of the order of 100 cm, over a small fault area, less than 1.0 kmz.
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SECTION V
CONC LUSIONS

Haskell's moving dislocation source model has been applied in
the interpretation of near-field strong-motion earthquake records. Using
simple planar source geometry, source mechanism solutions were obtained
for the San Fernando earthquake of February 9, 1971, its first aftershock,
the Parkfield earthquake of June 28, 1966, and the Borrego Mountain earth-
quake of April 9, 1968. It was found that a linear ramp dislocation source-
time function appears to be superior to an exponential ramp function for in-
terpreting these strong motion records. Because Haskell's source is formu-
lated in a whole space, valid matching of waveforms can only be accomplished
for records within a few kilometers of the fault trace. Further, a dislocation
model with a finite rupture velocity was found to be required to explain near-
field velocity waveforms from an event with significant fault dimensions (ap-

proximately 10 km).

Upon generalizing the Haskell model to include fault segments
having their own rupture velocities, dislocations, and dimensions, the effect
of stick-slip alone (segmented rupture velocities) was found to be minor with-
in a moderate range of rupture velocities. Having two segments with different
dip angles (a hinged fault surface), though, produce significant changes. The
San Fernando main shock was re-examined with such a fault turface, and the

improved fit on all components was quite noticeable.

With the corrected orientation of the Pacoima Dam instruments,
a reasonable match to the observed waveforms of this event could only be ac-

complished by having a large strike-slip component on the lcwer element of




the fault, Three small aftershocks of the San Fernando event were also re-
analyzed with the new orientation. Two of these events were located in the
same place as determined by Trifunac (1972), while the third, event 30, was
found to lie in a different location. Because of the small source size of these
aftershocks, and the lack of independent estimates of the fault parameters,
our solutions can be considered the best possible within the limitations of the

model,

Another small event, the Bear Valley earthquake of June 22,
1973, was examined using both Haskell's model and spectral analysis. Inde-
pendent estimates of the source orientation and depth were available from
first motion studies. Both approaches yielded substantially the same results;
a large dislocation on the order of 100 cm over a small fault area of less than

1.0 ka, with a seismic moment of 1.2 to 1,5 x 1025 dyne-cm,

Finally, in Figure V-1, the logarithm of the seismic moment
is plotted as a function of Wood-Anderson local magnitude (ML) for the eight
events discussed above, as determined by the Haskell model and by other
authors. Most of the difierences in values can be explained by lack of inde-
penden estimates of the fault parameters (events 30 and 4), the uncertainty
of the fault length of the Parkfield earthquake, and the uncertainty of the fault
width of the Borrego Mountain event. From the distribution of all values, one
could possibly assume a linear log magnitude-moment relation for these
points, except for the value for the Bear Valley earthquake determined by the

Haskell model. When other estimates are nbtained for this event, we will be

able to judge whether other factors, such ay site amplification, should be in-

cluded in our analysis, or that this event is an exception to the observed trend.
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APPENDIX A

A DISCUSSION OF FAULT PARAMETER VARIATION
WITHIN HASKE LL'S MODEL

A concise description of the equations derived by Haskell (1969)
for computing the theoretical waveforms is given by Tsai and Patton (1973),
They also discuss the technique adopted for numerically integrating the
Green's function integrals. Briefly, the fault plane area is assumed to be
rectangular with length L in the Xl direction and width W in the X_ dir-

2
ection as indicated in Figure A-1, Over this surface the shear dislocation

is described as: / . . .)_(—1 oy
v .
D, Xl
DX, X,, t) = —F (X /V) o<t <1
X
D t- > T (A-1)

where i =1 and 2 for longitudinal and transverse shear dislocation respec-
tively. This form of dislocation function implies that at t = 0 a fracture
front is established instantaneously over a length W of the X2 axis. At any
fixed point on the fault plane the relative displace ment Di increases at con-
stant velocity from 0 at t = XI/V to a constant final value, Dio’ at
t=T+ Xl/V. Here T is referred to as dislocation rise time. The disloca-
tion parameters needed for computation are either derived from existing
seismic evidence such as the fault-plane solution, the aftershock zone, etc,,
or varied by trial and error until the resultant waveforms are considered to

agree substantially with their observed counterparts. In our study, the com-

parison is accomplished using velocity waveforms. Since this source model
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is derived for a whole space, the effect of the free surface is approximated

by doubling the amplitude of the theoretical waveforms.

The model variables can be divided into two classifications,
The first is what may be labeled as non-physical parameters. These are the
variables which have no analog in the physical process of fault rupture. They
affect the waveform only by determining the convergence of the numerical
signal to the analytic solution. The second group, the physical parameters,
are those which can actuzlly determine the theoretical waveform. In the
following paragraphs, we will present a rough guide of the behavior of the

physical parameters,

The physical parameters include the dislocation amplitudes,
rise time, rupture velocity, and fault dimensions. In addition, one must
include those factors which affect the waveform in a more indirect way,
specifically the orientation of the fault surface. This information is contain-
ed in the spatial position of the point of evaluation, dip angle, and azimuth,
The variation of a physical parameter has extremely subtle effects due to the
interrelationships of the parameters. For example, under certain conditions,
it is impossible to distinguish between a variation of rise time and rupture
velocity. If the position of observation is maintained, a change of the dip
angle of the fault plane will rotate the observation point within the displace-
ment field. The same effect could be obtained by holding the dip angle and

altering the position of the station.

For some of the parameters, the effects of variation are seen
directly from the ecuations of the model. For either longitudinal or trans-
verse dislocation, the dislocation amplitude can be seen to have only a scal-
ing effect on the waveform, with no ability to modify the form of either the
displacement or velocity signal. In the case of mixed dislocation, the result-
ing waveform is the superposition of the waves generated by the two modes

of dislocation separately. This properiv gives rise to the use of a least
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squares technique in amplitude fitting, and yields a measure, through the

residuals, of how good our fit of the theoretical to the observed waveform is,

The fault length, the linear dimension in the direction of rup-
ture propagation, and width, the dimension transverse to the rupture, have
somewhat similar effects. When one increases the fault area by altering one
or both of these dimensions, one increases the source of contributors to the
displacement wave. As each clemental area behaves in the same manner,
one is merely adding to the amplitude in an almost linear manner, The ef-
fect is almost, but not exactly, linear due because the fault plane position is

altered with respect to the observation point,

For the fault width, the added width will rupture the same in-
stant as in the original case, but depending on where it is added, it will he
either nearer or further away from the observation point. Thus, the dis-
placements caused by this new area will arrive either earlier or later than
in the original case. This alters the waveform by changing the interference
pattern between contributing sources. This effect is seen mostly by a change
in time durations of the waveform segments, However, the geometry of the
situation and the amount of area added is exceedingly important in deter min-

ing the significance of thase effects,

The alteration of the fault length has similar effects to those
of added fault width, but is both more complex and more significant in deter-
mining the signal duration. This results from the addition of area along the
direction of rupture propagation., As with the fault vriidth, the new area is
contributing the same signal as a similar area of the original fault and it
affects the resulting signal by originating at a different distance from the ob-

servation point, but it is also, due to finite rupture velocities, extending the

time over which the rupture process occurs,




It should be noticed that an approximation of varying the fault
length could be attained by altering rise times, rupture velocity and disloca-

tion amplitudes,

The rise time is that period for which the dislocation at a
specific point goes from zero dislocation to the final value. Obviously, this
is significant in determining the time characteristics of the waveform., A
fast rise time will decrease the time over which the rupture process proceeds,

From the equation below,

L » (A-2)

* 1/V +
Tl(Total)x Fault / Rupture TRise

The time duration of the signal is therefore reduced which alters the inter-
ference patterns producing the finai wave. As the dislocatioa occurs quicker,

the displacement amplitudes are increased.

As was previously mentioned, increasing the rupture velocity,
has a similar effect to decreasing fault length, The resulting wave train is
condensed in time except for the initial arrival times of the P and S waves.
The effect is analogous to alteration of rise time in that the displacement am-

plitudes are also increased.

A significant effect resulting from the properties of the rise
time, rupture velocity, and fault dimensions is the widtl of the P- and S-
wave velocity waveforms. For some given length of the fault, rupture velo-

city, and rise time, a steady state displacement function will be achieved for

some time period (say Tl). From Figure A-2 and Equation (A-1), if we

double the fault length, then T. becornes significantly longer, We can also

1

reduce VR to make Tl grow. The pulse width of the velocity waveform,

Tp' is determined by the rise time,
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APPENDIX B

VARIATION OF THEORETICAL WAVEFORMS AS A FUNCTION OF
FAULT LENGTH, FAULT WIDTH, AND RISE TIME

As presented in Section IV, our solution to the Bear Valley
Earthquake of June 22, 1973 includes, among others, the following source

parameters:

L = 0.5 km
= 0.75 km
TR: 0.1 sec

The waveforms representing this 'best' solution for Station 8 is shown in

Figure B-la, lb,

Many models were generated to obtain this solution. In the
following paragraphs, some of the alternative solutions that were generated
using different combinations of the above three parameters are described.
Besides giving some insight into our choice of a best model, the variation

of the Haskell source as a function of these parameters will be demonstrated.

° Variation of fault length only: L =0.65, 0.75, 1.0 - In Fig-

ure B-lc, is shown the last of these cases., From the rela-

tion

o
L/VR+T

TP’ulse Width Rise Time

we should expect the S-wave pulse to broaden and that is ex-
actly what happens. The amplitude change is very slight as

the length varies,
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Variation of rise time only: TR =0.05 - Shortening the rise

time (see Figure B-1d) yields an S-wave pulse which is sharp-

ened (rises to its maximum amplitude faster) with a smaller
pulse width. These effects are present, but only to a slight

degree, because the pulse width is also a function of the fault

orientation,

Variation of fault width and rise time: TR =0.05 W=0,5,

1.0 - Although both the rise time and fault width are varied,

from the above paragraph we know that, with the 'best' solu-
tion fault orientation, the variation of the S-wave pulse was
minimal. Hence, any major variation of the pulse should be
due to the change in the width, Two cases are shown in Fig-
ures B-le and B-1f, with the width 0.5 km in the former and
1.0 km in the latter. In this case, the width is varying some-
what as the fault length, with the shorter width (0. 5 km) pro- ,
ducing a sharp pulse, and the longer width (1, 0 km) nroducing

a broader pulse containing small irregularities.



