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A SEARCH FOR TRAVEL-TIME CHANGES ASSOCIATED WITH THE
PARKFIELD, CALIFORNIA, EARTHQUAKE OF 1966

By DAviD M. BOORE, ALLAN G. LINDH, THOMAS V. MCEVILLY, AND
WAYNE W. TOLMACHOFF

ABSTRACT

Studies of P-wave travel times at a station within 0.5 km of the ground rupture
associated with the Parkfield, California, earthquake of 1966 show no systematic
variations for a time period of 7 months before the mainshock to at least 13
months after the event. Sources used include quarry blasts, regional earthquakes,
explosions at the Nevada Test Site (NTS), and teleseismic earthquakes. The data
from the quarry blasts and regional earthquakes have a scatter of less than
+0.15 sec. With suitable source corrections, the scatter in the NTS data can be
reduced to about +0.25 sec (making the catalog of nuclear explosions potentially
useful for monitoring large travel-time changes), The data from teleseismic
P waves have much more scatter than do the data from the more local sources.

The regional earthquake data (expressed as the time differences between the
station near the ground rupture and one farther to the north) show temporal
variations, but these variations appear to be due to systematic changes in the
hypocentral locations of the sources rather than changes in the seismic velocity
near the recording stations. The quarry blasts are not as subject to this bias and
consequently are more reliable for the monitoring of seismic velocity changes.

The negative results of our study do not rule out the possibility that a velocity
anomaly was associated with the Parkfield earthquake; they do, however, require
that any velocity change as large as 15 per cent be confined to a volume that is
either less than about 5 km deep by several kilometers wide or that does not
coincide spatially with the rupture zone.

INTRODUCTION

We have looked for seismic velocity changes associated with the 1966 Parkfield earth-
quake by studying P-wave travel times from a number of sources before and after the
event. The main shock (M, = 5.5, m, = 5.8, My = 6.4), was preceded by a number of
small to moderate events. An extensive series of aftershocks followed the main shock
(see McEvilly et al., 1967 and Eaton et al., 1970, for a summary of the activity). Fortu-
nately, a high-quality seismic station (GHC) was operating prior to the Parkfield sequence
in what was to be the midst of the aftershock area (Figure 1). Unfortunately, the station
was in existence for only about 8 months before the earthquake. In spite of this short-
coming, the data provided a unique opportunity to investigate a larger earthquake on the
San Andreas fault than has been available in previous studies.

DaATtA

An important feature of our study is the availability of well-located energy sources
outside the region of the earthquake. The following sources of P waves were used (Figure
1) with distances to GHC in parentheses: explosions at the Natividad (149 km) and
Basalt Hill (148 km) quarries, small earthquakes (M, ~ 2.5) in the Bear Valley and Stone
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Canyon region of the San Andreas fault (107 to 124 km), nuclear explosions at the
Nevada Test Site (about 400 km), and earthquakes at teleseismic distances (> 16°).

The primary recording stations were Priest (PRI) and Gold Hill (GHC). PRI and GHC
are more or less in line with all the sources except those at the Nevada Test Site (NTS)
and the teleseisms. Readings from Llanada (LLA) and Jamestown (JAS) were used to
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FiG. 1. Location map showing GHC and PRI, directions to sources, and zones of foreshock and
aftershock activity of the Parkfield earthquake (using locations from McEvilly et al., 1967, and Eaton
et al., 1970). Inset: regional map showing station and quarry locations. The dashed line indicates the
San Andreas fault, with the Bear Valley-Stone Canyon region shown by the shaded area.

provide a check on the stability of residuals at PRI. PRI, LLA and JAS are operated by
the Seismographic Station of the University of California at Berkeley. The output of
these stations is telemetered to Berkeley where it is recorded on 16-mm film. McEvilly and
Johnson (1974) describe the system characteristics and timing procedures (timing accuracy
is better than 0.1 sec). GHC was a three component, short-period station installed during
October, 1965. The data were recorded on 35-mm film at the site. Each component plus
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FiG. 2. Examples of vertical component records at GHC showing phases picked.

a radio time trace was recorded on individual films, with internal chronometer marks
supplying a link between the different films (see Eaton, 1967, for a more complete
description). The events were timed to 0.05 sec on permanent enlargements of the 35-mm
film. We estimate the timing accuracy to be 0.1 sec or better for local events and +0.2

sec for the teleseisms.
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The initial P arrival was timed for the teleseisms. The P, phase was picked for the NTS
events; this was the first arrival on the record (Figure 2 shows a typical record). Arbitrary
but unique phases (peaks or troughs) in the first cycles of motien were picked on the
recordings of the other events (Figure 2). These phases are associated with some type of
crustal reflection or refraction. Transparent overlays were used as much as possible for

TABLE 1
BasaLT HiLL*

Date LLA PRI-LLA GHC-PRI
{month day) (hr:min:sec) (sec) (sec)
1965
12-20 23:39:54.05 10.60 7.60
12-27 23:45:32.25 10.70 7.55
1966
1-25 23:41:30.15 10.65 7.60
1-27 2338 28.65 10.65 —
3-03 23:41:03.15 10.65 7.55
3-16 23:32:53.8 10.65 7.50
3-24 23:43:39.9 10.65 7.60
4-06 23:38:02.9 10.60 —
4-21 23:32:37.5 10.60 7.55
4-28 22.47:59.2 10.70 7.55
5-05 22:50:32.9 10.70 7.55
6-02 22:49:14.6 10.60 7.60
6-15 22:41:2895 10.70 7.55
7-26 22:35:09.8 10.65 7.65
8-04 18:30:22.35 10.70 7.50
8-09 22.39:03.7 10.70 7.60
8-15 22:37:07.45 10.65 7.62
8-19 22:.42:21.15 10.70 7.52
9-08 17:59:31.7 10.70 —
9-14 22 38:36.35 10.65 7.50
9-23 22:32:58.75 10.60 —
10-10 22:44:29.0 10.65 7.60
10-25 22:34:33.2 10.75 —
12-01 23:08:01.75 10.65 7.60
12-22 23:36:27.2 10.60 —
1967
1-05 19:33:.16.7 10.60 —
1-18 23:43:03.8 10.65 7.55
2-09 23:35:50.7 10.65 —
2-23 23:38:00.7 10.70 —
3-08 23:32:29.0 10.65 —
3-22 23:38.51.0 10.70 7.55

* Data used in Figure 3.

positive identification of the phases. With a few exceptions, the Z (vertical) component
was used for all the readings at GHC.

The reduced data for the local sources are shown in Figure 3 and are listed in Tables I,
2 and 3. The time differences PRI-LLA and GHC-PRI for the Basalt Hill (BH) data
(104 km from PRI) are shown in the top two bands of Figure 3. The Natividad (V) data
(105 km from PRI) in the third band are referred to the inferred origin time of the blasts
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(McEvilly and Johnson, 1974). The time difference between GHC and PRI is used for the
Bear Valley (BV) earthquakes (fourth band).

The best data, in terms of stability of wave forms and frequency of occurrence, are the
quarry blasts at Basalt Hill. The GHC-PRI times for these blasts, as well as a running

TABLE 2
NATIVIDAD*
Date Origin Time GHC-O
(month day) (hr:min:sec) (sec)
1965
11-09 22:58:55.10 24.57t
1966
5-27 23:21:26.30 24.50%
6-15 22728 53.80 24.4
6-29 21:57:56.05 24.6
11-02 23:24:32.70 24.6
1967
1-19 23:00: 58.50 24.45
8-03 22:32:11.15 24.55

* Data used in Figure 3.
+ T component corrected to Z using readings from
June 15, 1966 and November 2, 1966.

TABLE 3
REGIONAL EARTHQUAKES*

Epicenter
Date Origin Time Distance Depth GHC-PRI
(month day) (hr:min) (km) {km) (sec)
1966
1-03 2349 107 10 6.95
3-09 04: 11 113 5 6.87
5-04 06: 32 115 8 6.75
8-05 05: 54 116 6 6.70
10-20 08; 00 124 7 6.75
10-20 14758 124 4 6.75
10-20 15:10 124 5 6.65
1967
1-17 11:13 120 6 6.85
5-25 05:21 109 4 7.05
7-24 05:37 111 9 6.95
8-03 05:33 109 8 6.95

* Data used in Figure 3.

mean over 5 points, have been plotted at an expanded scale in Figure 4. The scatter in the
means is +0.02 sec. There are not enough Natividad quarry blasts to calculate a running
mean, but the scatter of the points shown in Figure 3 (£0.10 sec) is similar to the total
scatter in the BH data (£0.08 sec). Thus, any time variations contained in the quarry
blast data must be considerably less than about +0.10 sec.
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In contrast to the quarry blast data are the results from the regional earthquakes near
Bear Valley (BV), which show a scatter of +0.20 sec. This scatter is associated with a
consistent trend in the data (Figure 3). From Figure 1, we see that the path from BV passes
closer to the aftershock zone than does the path from BH ; thus the BV data may be more
sensitive than the BH data to any velocity variations associated with the earthquake. Note,
however, that the path from Natividad is similar to the path from BV, and yet the scatter
in the Natividad data is only half as great. We suspect that the trends seen in the BV data
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F1G. 3. Data for the regional events to the northwest, plotted against time of occurrence. The ordi-
nates are in seconds. The date of the mainshock is given by the vertical line. The reading error is some-
what less than twice the width of a dot.
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F16. 4. GHC-PRI residuals for BH events plotted at an expanded scale. Crosses are from a running
mean over 5 points. The mainshock time is given by the vertical line.

are not due to velocity changes, but are due to systematic changes in the locations of the
BV events. The BV events define two groups: those which are spread out along the fault
(A in Figure 5) and those which form a cluster at the southeastern end of the set of events
(B in Figure 5). In contrast to the A events, the wave forms of the B events showed con-
siderable variation and were difficult to correlate with one another. The data included in
Table 3 represent our best attempt at correlating the wave forms. As shown by the
symbols in Figure 5, only five of the 10 events in group B which did not saturate the
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FIG. 6. (a) Bear Valley data (GHC-PRI) plotted against epicentral distance. The date and depth
(in kilometers) are given for each point. Note that the-ordinate is drawn to a different scale than in
Figure 3. The vertical line separates group B and group A events. (b) The residuals plotted against time
after removing a linear regresssion line from the data in (a). The vertical line shows the time of the main

event, -
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instrument on the first arrival were correlatable. When GHC-PRI residuals are plotted
against epicentral distance (Figure 6a), the residuals from the B events are late relative to
those from the A events. A systematic decrease in GHC-PRI time of 0.2 to 0.3 sec with
increasing epicentral distance is suggested, with a possible decrease of 0.1 to 0.2 sec with
increasing focal depth at a given distance. Such systematic changes might be expected for
travel times in a crust in which velocity increases with depth. Fitting a straight line to the
data in Figure 6a and plotting the residuals (Figure 6b) from this line as a function of
time reduces the scatter (from +0.20 to 4 0.12 sec), but produces a new trend in the data
(increasing residuals with increasing time). The correlation with epicentral distance may
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FiG. 7. Data from NTS, recorded at GHC. The bottom graph shows the uncorrected data, and the
top shows the same data reduced to sea level and an epicentral distance of 410 km. The symbols represent

blasts at different locations within NTS. The mainshock occurrence (June 28, 1966) is shown by the
dashed line. i

not be sufficient; other important variables might be focal depth, distance away from the
San Andreas fault for group B events, and changes in radiation pattern. Unfortunately,
there are not enough data to make correlations among all of these parameters. Although
we cannot absolutely rule out the existence of time variations related to changes in
seismic velocity, there are clear source biases in the BV data shown in Figure 3. The source
effects can explain almost all of the variation in the data. Any residual due to velocity
changes is probably less than about +0.06 sec.

The conclusion follows from Figures 3, 4, and 6 that no anomalous changes have been
observed, within the accuracy of our data, for a period of at least 7 months before and 13
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months after the main shock. This can be compared with the results of Robinson et al.
(1974), who found evidence for a velocity change to the north along the San Andreas
fault; the scatter in their data is +0.10 to +0.15 sec, and the anomaly corresponds to
an offset of about 0.25 sec in the mean of the data points. Such an anomaly would be
very obvious in our data.

The NTS data, presented in Figure 7, represent absolute travel times from an equiva-
lent sea level source to GHC (reduced to sea level by adding a correction of —0.09 sec),
with the source-receiver distance normalized to 410 km. The correction procedure is
discussed in the Appendix. The lower band shows the data uncorrected for local site
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Fi1G. 8. Data from teleseisms. Plotted are the two-station differences in the residuals from the Herrin
(1968) tables. Data from three separate azimuths are shown. The mean of the data (shown on the right
side, in seconds) was removed before plotting. The ordinates are in seconds; note that the scale is differ-
ent from that used in Figure 3. The mainshock occurrence is given by the vertical dashed line.

geology or distance away from the 410-km norm. The upper band shows the corrected
data. The scatter has been reduced somewhat. The Pahute Mesa data contain a bias of
approximately 0.3 sec, presumably due to an inadequacy in the correction procedure.
Allowing for this bias, the data before the main shock are nearly as accurate (+0.15 sec)
as those of Robinson et al. (1974), but an anomaly comparable to theirs is clearly not
present. The data after the main shock show more scatter (£0.25 sec) than before. The
small amount of scatter in the quarry blast and regional earthquake data in the 4 months
following the main shock, however, leads us to attribute the increased scatter in the NTS
data to variations in geology throughout the source area.
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In view of the excellence of the quarry blast and earthquake data, the main reason for
including the data in Figure 7 is to show the accuracy that can be expected from NTS
data. Many explosions with accurate timing and locations have been detonated at NTS
(Springer and Kinnaman, 1971), and the data set may have some value for monitoring
temporal changes in velocity (e.g., Utsu, 1974). With the considerable scatter, however,
travel-time changes approaching 0.4 sec would be needed.

Data from teleseisms are shown in Figure 8 for events at various azimuths. The two-
station delay times were found by differencing the station residuals formed from the
observed and computed travel times, using the Herrin (1968) tables as a reference. The
readings at PRI and JAS were obtained from volumes 35 and 36 of the University of
California’s Bulletin of the Seismographic Stations and the GHC readings were measured
from enlargements of the 35-mm film strips. The scatter in the data was reduced con-
siderably by using two-station differences. The data have been culled by eliminating all
residuals outside of + 1 sec from the overall mean. Travel-time variations of 0.25 sec or
more could be masked by the scatter in the data (Figure 8), although indications of
trends can be seen on some of the plots. A comparison of these data with those from the
quarry blasts and regional earthquakes (Figure 3) argues against the reality of any of the
trends, and points up the difficulty in using teleseisms for precise estimation of velocity
changes. The scatter in Figure 8 could undoubtedly be reduced by rereading the data (e.g.,
compare with the results of Cramer and Kovach, 1974), but this did not seem worthwhile
considering the quality of the other data available to us. The scatter emphasizes the
caution necessary in using published data. Wyss (1974) also studied teleseismic residuals
at PRI and JAS, using a much larger data base. He found a change of about 0.4 sec at
PRI, during 1966, but this largely disappeared when he subtracted residuals from several
stations.

DiscussioN

A number of studies have looked for premonitory changes in seismic velocities along
the central San Andreas fault. Robinson er al. (1974) found evidence for P-wave
delays prior to a magnitude 5.1 earthquake on February 24, 1972. Other studies, however,
have not seen any changes (Cramer and Kovach, 1974; McEvilly and Johnson, 1973 and
1974; Bakun et al., 1973). These other studies are not inconsistent with the observations
of Robinson et al. (1974), who point out (personal communication, 1974) that the small
size of the anomalous zone and the masking effects of diffraction around the zone require
a fortuitous combination of sources and receivers, which is not usually available.

In our study, GHC was in an almost ideal location (Figure 1) and the absence of an
anomaly puts some constraints on the location and size of any zone of time-varying
velocity. First, it is possible that no velocity anomaly was associated with the earthquake,
although the positive results for a significantly smaller earthquake 100 km or so to the
northwest argues for some premonitory velocity change. It should be noted, though, that
the 5.1 Bear Valley earthquake may have had a much larger stress drop than the Parkfield
event (Aki, 1968 ; Johnson and McEvilly, 1974) and many other San Andreas earthquakes
(Thatcher and Hanks, 1973). As yet insufficient data exist to delineate what relations, if
any, exist between stress drops and velocity anomalies, but intuition suggests that higher
stress drops imply larger shear stresses, at least in the focal region, and might accompany
larger dilatant volumes.

Another possibility is that the anomaly had returned to normal before the installation
of GHC (8 months before the main shock). Based on the precursor time observed by
Robinson et al. (1974) (2 months for a magnitude 5.1 earthquake) and the precursor-time
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versus magnitude information gathered by Scholz et al. (1973), the precursor time for the
Parkfield earthquake would be in the range 140 to 500 days. Since the actual duration of
anomalous travel time can be as little as one-half the total precursor time, there is a
remote chance that the 230 days of pre-mainshock recording at GHC missed the anomaly.

If we assume, however, that a velocity anomaly was present in the vicinity of the
Parkfield earthquake during the recording period at GHC, our data put constraints on
either the size or the location of the anomaly. We can make a crude estimate of the
maximum change in velocity consistent with our data. Figure 9 is a cross section along
the fault, showing the zones of fore- and aftershock activity. A range of possible ray
paths for the events to the NW are shown. If we assume that all of the velocity change
takes place within the aftershock zone and that our threshold of detectability is 0.20 sec
[this is a conservative estimate and applies to the regional earthquake data; we could
probably detect much smaller changes along the travel path from the Basalt Hill quarry
(see Figure 4)], then changes in velocity of less than 9 per cent may have gone unnoticed.
This should be compared with the estimated 10 to 15 per cent change found farther north
along the San Andreas fault by Robinson et al. (1974). On the other hand, if the anoma-
lous zone were only half as large as shown in Figure 9 the time delay introduced by
material having a velocity 10 to 15 per cent slower than the surrounding medium might
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Fic. 9. A profile along the fault, showing possible ray paths for regional events to the northwest and
the zones of fore- and aftershock activity.

not be noticed. (Scholz ez al., 1969, provide evidence that the vertical extent of the main-
shock rupture was only half as large as the zone defined by aftershocks.) Furthermore,
the smaller the zone of material with anomalous velocity, the greater the chance that
diffraction will mask the zone. Thus, it might be possible for a zone 5 km in depth and
several kilometers in width, with velocities 10 to 15 per cent slower than the surroundings,
to exist undetected under GHC. We can, however, exclude with some confidence an
anomalous zone several source dimensions in size as has been invoked to explain apparent
velocity changes elsewhere (Whitcomb et al., 1973; Aggarwal et al., 1975).

Itis also possible that an anomalous zone existed, but did not coincide in space with the
rupture zone. As seen in Figure 1, the foreshock activity was northwest of the main
epicenter. An anomalous zone there, or one confined to a small volume around the hypo-
center, would not have been detected in our experiment (see Figure 9). A noncoincidence
of the rupture zone and the anomalous zone might imply a highly nonuniform stress
distribution prior to the earthquake, and would have important implications for the
prediction of large earthquakes, regardless of the surveillance method.

In summary, P-wave residuals at GHC were stable for the 8 months prior to the
Parkfield earthquake, despite a reasonable expectation, on the basis of work elsewhere,
that an anomaly should have been seen. The simplest explanation, albeit a discouraging
one, and the explanation with the greatest implications for both prediction attempts and
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source mechanism studies, is that not all moderate earthquakes are preceded by detectable
velocity anomalies.
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APPENDIX
Correction of NTS Data

The complex geology in the NTS region leads to significant lateral variations in
seismic velocity, and thus it is difficult to completely remove site-dependent variations in
the travel times. Our simple procedure amounted to a stripping of the layers between sea
level and the receiver and source stations followed by reduction to a common epicentral
distance. The standard formula for the travel time of the critically refracted ray at the
bottom of a stack of flat lying layers was used. In our case, the Mohorovi¢i¢ discontinuity
was the critical refractor, with a refractor velocity of 7.9 km/sec (Carder et al., 1970).

For explosions on Pahute and Rainer mesas, the crustal velocity structure was taken
from Table 1 of Hamilton and Healy (1969). The following P velocities were assumed for
events in Yucca and Frenchman flats: 1.0 km/sec for the alluvium above the water table,
2.5 km/sec for the alluvium-tuff sequence below the water table, and 6.0 km/sec for the
Paleozoic bedrock. These velocities are consistent with those given by Hazlewood et al.
(1963) and Hamilton ez al. (1970). The origin times, locations, surface elevation, shot
depth, depth to water table, and depth to Paleozoics were taken from Springer and
Kinnaman (1971).
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