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PARKFIELD, CALIFORNIA, EARTHQUAKE OF JUNE 1966:
INTERPRETATION OF THE STRONG MOTION RECORDS

JAFAR SHOJA-TAHER!
Seismographic Station, Department of Geology and Geophysics, University of California, Berkeley, California, U.S.A.*

SUMMARY

A detailed seismological interpretation of the strong motion records was attempted for the 1966 Parkfield earthquake,
California. Velocity and displacement traces integrated from the corresponding recorded accelerograms were found most
valuable in studying the earthquake mechanism and wave forms. A double-couple right-lateral strike — slip mechanism
{along the San Andreas fault) is consistent with the recorded direct S-waves originating from the hypocentre. High energy
arrivals observed on the velocity traces are interpreted as S-waves (‘stopping phases’) that originated at the termination of
the rupture towards the south-east of the San Andreas fault. A double-couple left-lateral strike-slip mechanism is
suggested as the cause of this rupture termination. .

From particle velocity diagrams of the stopping phases in the horizontal plane, the rupture length was found to be
between 20 and 28 km. Corresponding rupture velocities are estimated to be 2-5+0-1 and 31+ 0-5km/s. The inference
from the strong motion records is that Love waves were more excited at the south-western than the north-eastern side of
the fault, whereas the Rayleigh waves were more energetic at the north-eastern than the south-western side of the fault.

INTRODUCTION

A theoretical explanation of the behaviour of earthquakes near the sources of energy release (a rupturing fault)
is among the most important problems in seismology and has recently attracted the attention of many
investigators in this field.! ~® The present scarcity of strong ground motion recordings together with the
complexities introduced by geological variations and faulting mechanisms limit the observational data which
are needed to test the theoretical models. However, the major social concerns regarding the problem of
earthquake hazards have led many of the seismic prone countries (e.g. U.S.A., Japan, U.S.S.R., Iran, Turkey) to
install more strong motion instruments in active zones. The speedier collection of the strong motion
observations together with the development of understanding of the detailed mechanism of earthquakes
should lead in the next decade to major advances in strong motion seismology.

The present study, aimed at a better understanding of energy release and source mechanism, is an analysis of
strong motion records of the Parkfield 1966 earthquake. An attempt is made in what follows to interpret these
records in terms of a simple model of faulting® > 7 and elementary seismic wave theory. The results have
engineering implications for design near faults.®

BACKGROUND

The main shock (M| = 55, m, = 58, M, = 6-4) occurred on 27 June 1966 at 9 : 26 p.m. Pacific Daylight Time
(04:26:13.4 GMT, 28 June 1966) following two light foreshocks (magnitudes 2-3) at 6:00 p.m. and
6 : 15 p.m., and a stronger foreshock of magnitude 5-1at9 : 09 p.m. on 27 June.® The co-ordinates of the origin
of the main shock were found to be 35°57"-3 N and 120°29-9 W (see Figure 1). This earthquake was followed by
a large number of aftershocks for several weeks.*®

* On leave from Geophysics Department, School of Sciences, Ferdowsi University, Mashad, Iran.
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Figure 1. Map showing the epicentre of the Parkfield earthquake, the fault zone and locations of accelerographs

The first field observation made along the San Andreas fault zone early the morning after the main shock!!
indicated that the white line on Highway 46 (see Figure 1) at its intersection with the fault zone had been offset
by 4-5 cm in the right lateral sense. But extrapolation of the offset curve back to the origin time of the main
shock indicates that there was essentially no surface fault offset at the time of the main shock.!?

On the basis of en echelon cracks exposed on the surface, the rupture length along the San Andreas fault may
be estimated to be about 33 km (see Figure 1). The overall distribution of the aftershocks, however, suggests a
surface length of 27 km.!3

The accelerographs at Cholame, approximately 30 km south-east along the fault trace from the epicentre,
recorded several aftershocks during the first few minutes after the main shock.!* The S minus P of these events
decreased from about 5 s for the main shock to about 2 s or less for the aftershocks. This decrease indicates a
smaller focal distance and hence that the fault propagated south-eastward from the epicentre for a distance of
about 20 km.

Eaton et al'® made a detailed analysis of the aftershocks which occurred between the third and the eighty-
second day foliowing the main shock. Using 474 well-located aftershocks, they found the strike and dip of the
fault plane to be N39W and S86 W, respectively. Over 95 per cent of these aftershocks had focal depths between
1 and 12 km, and none had a focal depth greater than 15 km. The foci of these aftershocks were highly
concentrated between 2 and 4 km and also between 8 and 10 km.

The aftershocks south of 35°50' N (see Table 1I of Eaton et al*®) show the highest concentration between
35°47"-5N and 35°48"5 N (see Figure 1). Based on the P-wave polarities for the main shock, McEvilly et al'?
evaluated that the strike and dip angles range from N35W to N24W and NS88E to S85W, respectively.

Eaton!® estimated the rupture velocity to be 22 km/s by using the motion of a radio time recorder operated
about 20 km down the fault from the epicentre. In addition, zeros of spectra from Love waves recorded at
Berkeley were found to be consistent with this rupture velocity.'®
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Interpretation of the mechanism of the main shock by comparing observed and synthesized strong ground
motion records has been carried out already by a number of investigators.!* 17 7'° None of the studies
provides an explanation that is convincing in all aspects. A recent investigation was made by Trifunac et al® by
fitting a moving dislocation model to strong motion data obtained from five stations. The preferred model
(also consistent with geodetic data and fault creep measurements) has a zone of significant faulting about
20 km long in the northern section of the fault with a rupture velocity between 2-4 and 25 km/s and a
dislocation amplitude of 120 cm.

Eaton et al'® have now conducted several short but detailed refraction profiles in the Parkfield—Cholame
region to determine the structure in the upper crust. The P-wave velocities of the upper 15 km of the crust for
south-western and north-eastern sides of the fault are shown in Table 1.

Table I. Crustal model along the San Andreas fault in the
Parkfield-Cholame region (Eaton et al'®)

SW NE

(km) (km/s) (km) (km/s)
0-028 1-70 0-0-18 236
0-28-1-55 280 0-18-1-24 334
1-55-374 500 1:24-2:76 462
374-1500 600 276-4-40 562

4-40-15-00 600

INTERPRETATION OF THE STRONG MOTION RECORDINGS

In the present section, the main shock of the Parkfield 1966 earthquake is analysed by interpreting the
recorded strong ground motion recordings using standard seismological theory on seismic waves; ray
arguments are supplied to infer the rupture velocity during this earthquake. Further information on the source
mechanism is drawn from studies of projections of particle velocities of the ground on the horizontal plane.

The particle velocity traces have been chosen as the fundamental data against which the model of faulting is
tested. The acceleration traces contain more information (because of higher frequency content), but they are
very sensitive to minor details of faulting, geological heterogeneities and surface topography. Furthermore,
current theoretical models of source mechanisms?° suggest that, in the near-field, particle velocity amplitude is
directly proportional to the driving stress at the fault.

Displacement traces are used as supplementary data to test the gross features of the fault model inferred by
the velocity traces and also to study the recorded surface waves.

For modelling purposes, it is desirable to rotate the horizontal particle velocities and displacements into a
co-ordinate system which corresponds to the components parallel and normal to the fault. The directions of
S33E and NS57E are chosen!? as the parallel and normal components to the fault. The fault plane is taken
vertical. The recorded horizontal components of velocity and displacement of all sites, except CH #2 where
only one horizontal component was recorded during the earthquake, were all rotated to the chosen co-
ordinate system.

To convert the instrumentally recorded traces to the actual ground motions, all vertical and horizontal
components (both velocity and displacement) were reversed. These records are shown in Figures 2(a), 3(a), 4(a),
5(a) and 6(a) respectively.

In order to enhance the extractable information of fault mechanisms, the velocity components were both
high-pass and low-pass filtered using zero phase Butterworth filters with 4 poles and corner frequencies of
3 Hz. The high-pass and low-pass filtered velocity components are shown respectively on the upper and lower
halves of Figures 2(b), 3(b), 4(b), 5(b) and 6(b).

Using the crustal P-velocity models given by Eaton et al'© (see Table I) for south-west and north-east sides
of the fault, the P and S travel times to each station were calculated for the main earthquake. The focal depth
was taken as 5 km, and Poisson’s ratio was assumed to obtain S from P velocities so that ¢ = 0-25. The
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Figure 2(a). Ground displacement and velocity components of the 1966 Parkfield earthquake recorded at CH #2. The arrows show

positive direction of the ground motions

resulting travel times in the upper layers from the source are as follows:

Ty Ts Is_»
Station (s)
2 62 107 45
5 63 10-8 46
8 66 114 4-8
12 69 120 51
Temblor 75 131 56

The absolute error may be on the order of 0-2 s, judging from the standard errors in calculated origin times
given for the aftershocks in Eaton et al.'® The average P velocities, for the main shock, resulting from the given
crustal models, are as follows: 573 km/s to station 2, 574 km/s to station 5, 574 km/s to station 8, 5-76 km/s to
station 12 and 5-69 km/s to station Temblor.

The pendulum starter at station 5 was nearly in contact so that the accelerograph operated immediately
after the calculated P-wave arrived.
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Figure 2(b). High-pass and low-pass filtered ground velocity components of the 1966 Parkfield earthquake recorded at CH #2. The arrows

show positive direction of the ground motions

The observed arrival of the direct S-wave at each station is shown by S, [Figure 2(a), (b) to Figure 6(a), (b)].
Amplitudes as well as polarizations of S, in velocity components provide clear information on fault
mechanism during the main shock. At all stations (except CH #2 where the parallel component was not
recorded) the velocity amplitudes on normal components N57E are larger than those for parallel components
S33E. This is expected (because the epicentral distances, varying between 30 and 40 km, are relatively larger
than the fault distances which vary between 80 m, for CH #2, and about 15 km for CH #12; see Figure 1) from
the radiation pattern of a double-couple source.? % 2! Polarization and amplitude of horizontal and vertical
components at CH #5, 8, 12 [see Figures 3(b), 4(b) and 5(b)], which are on the SW side of the fault, generally
indicate that the main shock at the epicentre had double-couple right-lateral strike-slip mechanism. At
Temblor, which is on the north-eastern side of the fault, the polarization of the S-wave on N5S7E [see Figure
6(b)] confirms the inferred mechanism by CH #5, 8, 12. But the polarization on the vertical and S33E does not
agree with this simple mechanism model. It should be noticed, however, that because the angle of epicentral
azimuth of this station, with respect to the strike of the fault is small?* (about 10 degrees), the polarization of
the S-wave on these components becomes quite sensitive (because of small amplitudes) to the details of faulting
at the hypocentre, to the geological heterogeneities along the ray path, and so on.
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Figure 3(a). Ground displacement and velocity components of the 1966 Parkfield earthquake recorded at CH #5. The arrows show

positive direction of the ground motions
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Figure 3(b). High-pass and low-pass filtered ground velocity components of the 1966 Parkfield earthquake recorded at CH #5. The arrows
show positive direction of the ground motions
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Figure 4(a). Ground displacement and velocity components of the 1966 Parkfield earthquake recorded at CH #8. The arrows show

positive direction of the ground motions
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Figure 4(b). High-pass and low-pass filtered ground velocity components of the 1966 Parkfield earthquake recorded at CH #8. The arrows

show positive direction of the ground motions
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Figure 5(a). Ground displacement and velocity components of the 1966 Parkfield earthquake recorded at CH #12. The arrows show

positive direction of the ground motions
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CH NO. 12 PARKFIELD 1966

v L L 1 v 1 ] T L r T L] T L] L L
2 r -
T
s I .
Q
w oL d
Ay :
z $I3€
=
So- 1
g2:
3 [
NG7E
i -
_ZL J
5 r -
o 4
o
»n ~5 - P
E °T
z §3%
r
- 0 ) -4
i l
§-g- I
NE7E
o | .
«-? L .
L L 1 b d 4 L Y BN SR 1 e 1 L J

0 2 4 € 8 10 12 18 20 22 2¢ 28 28

14 16
TIME IN SEC
Figure 5(b) High-pass and low-pass filtered ground velocity components of the 1966 Parkfield earthquake recorded at CH #12. The arrows

show positive direction of the ground motions
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TEMBLOR PARKF IELD 1966
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Figure 6(a). Ground displacement and velocity components of the 1966 Parkfield earthquake at Temblor. The arrows show positive

direction of the ground motions
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Figure 6(b). High-pass and low-pass filtered ground velocity components of the 1966 Parkfield earthquake recorded at Temblor. The
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At CH #2, the direction of the S-wave recorded on the S65E component [ see Figure 2(b)] confirms the right-
lateral direction of the fault, whereas the down component does not imply such interpretation (perhaps for the
same reason stated for the Temblor station).

The particle velocity diagrams of the S-wave in the horizontal plane, at stations CH #5, 8, 12 and Temblor,
are drawn in Figure 7. The prograde elliptical patterns shown at CH #5, 8, 12 are expected from a double-
couple right-lateral mechanism. The unexpected prograde pattern of Temblor, for such a mechanism, is the
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Figure 7. Horizontal S-wave particle velocity diagrams of the Parkfield earthquake at accelerograph stations CH #5, 8, 12 and Temblor

result of polarization change of the S-wave (as discussed before) on the S33E component at this station. The
arrows designated by S, are drawn perpendicular to the major axes of the ellipses. In the absence of geological
and fault rupture complexities, these arrows would be directed toward the source. While the arrow at Temblor
points approximately towards the epicentre, the directions of the arrows at CH #5, 8, 12 show moderate
deviations from the expected directions.

There are two or three onsets shown prior to the arrival of the S-wave (S,) observed on the high-passed
vertical component of velocity at CH #5. These arrivals are probably the P-waves of small earthquakes that
occurred immediately (within about 3 s) after the main shock of the fractured fault. Since this paper is mainly
concerned with study of the gross mechanism of the main shock, these small shocks are not further discussed.

Next, let us consider the onsets designated by S, in Figures 2(a) and 2(b) to Figures 6{a) and 6(b). These
onsets are related to the wave with peak accelerations recorded in the corresponding accelerograms. From
both engineering and seismological points of view, it is therefore vital to investigate the nature and also the
possible generating source of these waves.

These seismic waves are not likely to be predominantly surface waves because they have short durations and
non-dispersive features. The amplitudes decrease rather sharply with distance from the source of energy
release (compare the amplitudes at CH #2, 5, 8, 12 and Temblor); for surface waves this is not plausible near to
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the source of energy release where production of surface waves should significantly increase with source
distance. Furthermore, the arrival times are at least a few seconds earlier than expected if they are assumed to
be surface waves (surface waves with such high frequency contents would travel only through a thin section,
about 1 km, of the surface with a shear velocity of 1 km/s). The particle velocity diagrams of these waves in the
horizontal planes, designated by S,, are drawn in Figure 8. The arrows designated by S, in this figure are
drawn perpendicular to the major axes of the ellipses.
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Figure 8. Horizontal particle velocity diagrams of the S-wave originating from termination of rupture during the Parkfield earthquake
and recorded at stations CH #5, 8, 12 and Temblor

The diagrams show that the particle motions of S,-waves at all stations except at CH #5 have. opposite
direction (retrograde) to those of S,-waves which originated from the epicentre. It is difficult to infer any
particular mechanism for the source of S,-waves from these diagrams. The direction of S, arrows at CH #5, 8
and Temblor (Figure 8) suggests that the source of these phases is located within a few km from CH #2. The
displacement N65E component at CH #2 and the displacement N75E components at CH #5, 8, 12 and
Temblor [Figures, 2(a), 3(a), 4(a), 5(a) and 6(a)] show that the displacement motions of S,-waves have opposite
directions to those of S;-waves.

On the basis of these observations, the S,-waves are interpreted as S-waves generated by termination of the
rupture®? (‘stopping’ phases) within a few km from CH %2. A double-couple left-lateral strike—slip is suggested as
the cause of this rupture termination.

A reasonable estimate of the location of the end of a fault rupture permits the determination of the average
rupture velocity along the fault. From the diagrams of S,-waves and the aftershocks distribution, mentioned
earlier in this paper, a fault length between 20 and 28 km may be suggested.

Let us estimate the rupture velocity for two different rupture lengths: 28 km (which is also confirmed by the
diagrams of S,-waves shown in Figure 8) and 20 km, respectively. Since the aftershocks at the south-eastern
end of the rupture are highly concentrated at focal depths between 2 and 4 km, and also between 8 and
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10 km,'° for each assumed rupture length two different depths of 4 and 8 km are assigned to the depth at which
rupture is terminated. It should be mentioned that because S-wave travel times, from hypocentre to the station,
are not too sensitive to variation of focal depth (change of focal depth from 5 to 10 km introduces only about
0-1 s variation in the travel times), only one focal depth of 5 km was assumed in estimation of rupture velocity.
Table II shows the rupture velocities, estimated from arrival times of the S, and phases, and their standard
deviations. In this table, L is the length assumed for rupture, H is the depth assumed for the termination of

Tab}e 'II, Estimated rupture velocity, b, and the corresponding standard
deviation, sd. Land H are, respectively the rupture length and the depth at
which rupture is terminated

L H b sd
Case (km) (km) (km/s) (from five observations)
1 28 4 313 0-53
2 28 8 311 030
3 20 4 2-48 011
4 20 8 2-42 007

rupture, b is the average of the rupture velocities estimated from CH #2, 5, 8, 12 and Temblor records, and sd is
the standard deviation of the rupture velocity for one observation.

Cases 1 and 2 with L = 28 km result in a rupture velocity of about 3-1 km/s and a relatively large standard
deviation between 0-3 and 0-5 km/s. This velocity is about 02 km/s smaller than the average shear velocity
along the ray paths between the initial source and the stations and about 0-5 km/s larger than the average shear
velocity along the ray path between the southern end of the rupture and the stations. Cases 3 and 4 with
I = 20 km result, respectively, in rupture velocities of about 2-5 and 2-4 km/s with standard deviation of only
0-1 km/s. These velocities are smaller than average shear velocities in the area.

The small standard error of 0-1 km/s of the estimated rupture velocity corresponding to the rupture length
of 20 km, together with the high concentration of aftershocks between 33°47-5 N and 35°48'-5 N (see Table I1
of Eaton et al'®) suggest that the fault rupture during the main shock was about 20 km long. This conclusion is
supported by considering the location of the aftershocks which occurred within a few minutes after the main
shock.

Let us now consider the recorded surface waves and make some general remarks regarding their existence
and their relative features. A significant portion of the total energy which arrived following the stopping phase
in Figure 2(a), (b) to 6(a), (b) can be shown to be contributed by surface waves (mainly Love waves because the
amplitudes in the horizontal components at each station are, generally, larger than those in the corresponding
vertical components). The velocity components carry more detailed and thus less simply interpreted
information on the properties of the recorded surface waves than those of corresponding displacement records.
For analysis of the gross features of these waves, it is therefore more appropriate to consider the recorded
surface waves on displacement records. Love waves dominate the remaining portions of motion after the
arrival of the stopping phase S, of the horizontal component N75E and S33E at CH #5, 8, 12. Similarity of the
wave forms among these stations is clearly visible [see displacement components of N75E in Figures 3(a), 4a)
and 5(a)]. These waves suffer dispersion as they travel toward the further stations (e.g. CH #12). The apparent
rate of dispersion, estimated for different episodes of the recorded Love waves, indicates that dispersion is more
rapid for the waves which are recorded within a few seconds (e.g. 5 s) after arrival of the S, phases [see the AB
intervals shown on displacement N75E in Figures 3(a), 4(a) and 5(a)] than for those which arrived later.

The N65E component of CH #2 also recorded the Love waves [see Figure 2(a)]. The amplitudes are, in
general, comparable with the amplitudes of the corresponding waves recorded at CH #5, 8, 12.

It is interesting to note that the amplitudes of Love waves recorded at Temblor are considerably smaller
than the amplitudes of those recorded at CH #5, 8, 12. The crust on the north-eastern side of the fault has more
competent rocks and the upper crustal layers have smaller seismic velocity constants compared to those on the
south-western side of the fault. These differences are perhaps responsible for the reduction of the amplitudes of
Love waves at Temblor (on the north-western side of the fault).
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The vertical displacement at CH #5, 8, 12 [see Figures 3(a), 4a) and 5(a)] shows that Rayleigh waves have
shorter periods than the corresponding Love waves recorded on the horizontal components. On the vertical
component at CH #2, the Rayleigh waves are superimposed as a single harmonic wave with a period of about
10 s.

It is interesting to note [see Figures 2(a) to 6(a}] that Rayleigh waves at CH %2, 5, 8, 12 are noticeably less
energetic than I ove waves. By comparison, the recorded Rayleigh waves at Temblor seem to carry more energy
than L ove waves.

CONCLUSIONS

Velocity and displacement traces integrated from the corresponding recorded accelerograms of the Parkfield
earthquake of 1966 give important information on the properties of strong ground motion near to a rupturing
fault. A double-couple right-lateral strike—slip mechanism (along the San Andreas fault) is compatible with the
S-waves originating from the hypocentre.

The high energy arrivals observed on velocity traces at CH #2, 5, 8 and Temblor (these arrivals also
correspond to high amplitudes on the accelerograms) are interpreted as S-waves originating at the termination
of the rupture towards the south-east of the San Andreas fault. Based on the reversed polarity of these waves,
compared to those of hypocentral S-waves observed on the N57E component of displacement at CH #2, 5, 8,
12, the rupture termination was probably established by a double-couple left-lateral mechanism (stopping
phase).

From the overall distribution of aftershocks and also from particle velocity diagrams of the stopping phases
in the horizontal plane, the rupture seemed to terminate within 10 km north-west of CH #2 (rupture length of
about 20-28 km) at two possible depths of about 4 or 8 km. For a depth of about 4 km, rupture velocities of
31 £0-5and 2-5+0-1 km/s were estimated for two extreme rupture lengths of 28 and 20 km, respectively. Fora
depth of 8 km, the estimated rupture velocities are 3-1+0-3 and 2-4+0-1 km/s. The evidence gives a preferred
length of fault rupture of about 20 km.

Love waves were more excited at the south-western than the north-eastern side of the fault. Rayleigh waves
recorded at CH #2, 5, 8, 12 were less energetic than Love waves, whereas Rayleigh waves recorded at Temblor
seemed to carry more energy than the Love waves.
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