by the thin reddish North Temperate
Belt (NTeB). While the NTrZ shows
detailed features, especially on the
southern edge, the NTeB appears rather
uniform and so does the North Tem-
perate Zone above it. Figure 3 shows
that there is a swift current at the
NTeB. The northern North Temperate
region shows intricate detail with cell
patterns, although these do not appear
as marked as in the South Temperate
regions.

The North Polar Region begins with
a striking, dark, elongated feature (see
Figs. 1, 2, and 5). Belts at high lati-
tudes often occur in such discontinu-
ous pieces. Here, some foreshortening
must be allowed for because of the
southern latitude (—10°) of the sub-
spacecraft point; less than a full hemi-
sphere is observed this close to the
planet. Little detail is seen in the North
Polar Region. There is a variety of evi-
dence from Earth-based polarimetry
(7) and photometry (8) for greater ef-

fective penetration of visible radiation

at latitudes higher than about 45°

compared with equatorial regions. The

deeper penetration of a thick atmo-

sphere appears to be responsible for

the relative lack of features in the polar

regions.

J. W. FouNnTAIN, D. L. COFFEEN

L. R. Doosg, T. GEHRELS

W. SwiNDELL, M. G. ToMASKO
University of Arizona, Tucson 85721
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Variation of P-Wave Velocity before the Bear Valley,
California, Earthquake of 24 February 1972

Abstract. Residuals for P-wave traveltimes at a seismograph station near Bear
Valley, California, for small, precisely located local earthquakes at distances of 20
to 70 kilometers show a sharp increase of nearly 0.3 second about 2 months
before a magnitude 5.0 earthquake that occurred within a few kilometers of the
station. This indicates that velocity changes observed elsewhere premonitory to
earthquakes, possibly related to dilatancy, occur along the central section of the

San Andreas fault system.

Premonitory changes in seismic-wave
velocity in the source regions of earth-
quakes in the Soviet Union, New York
State, the Transverse Ranges of south-
ern ‘California, and Japan have been
reported (I, 2). In particular, Wyss
and Holcomb (2) have shown that ob-
servations of teleseismic P-wave travel-
time residuals {(observed minus expected
arrival times) at a seismograph station
near an approaching shock can be used
to detect such changes in velocity.
Along the active central section of the
San Andreas fault, however, several
attempts to observe such changes in
P-wave velocity have produced gener-
ally negative results (3-5), and it has
been suggested (6) that a popular ex-
planation for velocity changes (dilatan-
cy) may not be applicable to strike-
slip faults in general.

The Bear Valley earthquake [magni-
tude (M), 5.0] of 24 February 1972 pro-
vides an ideal opportunity to search
for variations in traveltime residuals
for an earthquake along the San An-
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dreas fault, as a U.S. Geological Sur-
vey (USGS) seismograph station (BVL)
lies nearly above the hypocenter of the
event (Fig. 1). Direct application of
the method of Wyss and Holcomb,
however, is not possible because tele-
seismic events are poorly recorded at
USGS stations that are designed for
the detection of small, local events.
Moreover, the relatively large errors
involved in determining teleseismic re-
siduals require that many separate ob-
servations be averaged over long periods
of time (2). It would be difficult, then,
to resolve changes in the traveltime
residuals (expected to be less than
about 0.4 second) occurring over the
3-month precursor time predicted by
the dilatancy model (7) for an event
with a magnitude of 5.0.

We have made use of abundant local
earthquakes to observe P-wave travel-
time residuals. In particular, we have
used small events (M = 0.7 to 3.6)
located along the Calaveras fault 20 to
70 km northwest of the Bear Valley

region during the 1-year period be-
tween 1 June 1971 and 30 May 1972.
These events (a total of 49 observed
sufficiently well at BVL) provide an
adequately dense sample in time. And
as they can be precisely located, by
making use of the network of USGS
seismograph stations in the region (8),
the error in any one observation of the
traveltime residual is less than the
expected variation due to velocity
changes. Figure 1 shows the epicenters
of these events and the seismograph
stations used to locate them. Each
event was located by using only sta-
tions within 40 km of the epicenter,
and excluding BVL and the nearby
stations EKH and JHC (at Elk Horn
Ranch and Johnson Canyon), at which
we wished to observe traveltime resid-
uals. Under this restriction, all events,
large or small, are located with the
same station geometry. The location
procedure involved adjustments of sta-
tion delays from those normally used
for locating earthquakes throughout
central California (8) to values more
appropriate to the set of earthquakes
occurring within this restricted region
(9). The relative location of events
should be significantly improved by this
relocation procedure (10).

The P-wave traveltime residuals so
obtained at BVL show a weak depen-
dence on distance from the source,
probably due to minor errors in the
simplified velocity model for paths
from the source region along the Cala-
veras fault south to the Bear Valley
area. This distance trend at BVL was
estimated by the relation (determined
by least squares)

R(A) = 0.300 — 0.0038A

where R is the traveltime residual (in
seconds) estimated as a function of the
distance A (in kilometers). Only resid-
uals from the time period preceding
the anomaly were used in estimating
the distance trend. A correction for the
appropriate distance was then removed
from each residual. Residuals at JHC
and EKH were estimated by the rela-
tions

(JHC)
(EKH)

R(A) = — 0.031 + 0.024A
R(A) =1.112 —
0.0341A 4 0.00026A*

and were corrected in a similar manner.
Alternatively, slightly different velocity
models could be used to accomplish the
same thing, but three separate models
would be necessary. This correction
procedure significantly reduces the scat-
ter in the observed residuals (for ex-
ample, by a factor of ¥4 at EKH).
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The corrected P-wave traveltime re-
siduals are shown in Fig. 2, where it
can be seen that there is a period
between late December 1971 and late
January 1972 when the residuals at
BVL are anomalously high, jumping
nearly 0.3 second above normal values.
The mean of the eight observations
within this period differs significantly
from the mean for the preceding 7
months at a very high confidence level
(99 percent). The events occurring dur-
ing this anomalous period cover a wide
range in distance (20 to 70 km; Fig.
1), magnitude (0.7 to 3.4), and depth
(2 to 9 km) and, on the average, are
similar in these regards to events occur-
ring during the nonanomalous periods.
Only solutions resulting in high-quality
locations [USGS class A or B (8)] are
used. Results at EKH are somewhat
ambiguous, two events producing high
residuals during the anomalous period
at BVL while the remaining five are
within normal bounds. The residuals at
JHC show no indication of exceeding
the normal bounds; this can be taken
to rule out any systematic mislocation
of events observed at both JHC and
BVL during the anomalous period at
BVL, and also serves to limit the pos-
sible extent of any temporary low-
velocity region that could explain the
other observations. Although the aver-

age residual at JHC is slightly higher
during the anomalous period, statisti-
cally it is not significantly so. It ap-
pears, then, that there is a clear indica-

tion of a decrease in P-wave velocity

near the location of the Bear Valley
earthquake beginning 53 to 60 days
before the event. The velocity returns
to normal several weeks before the
event, but the scatter in the data is
such that this could occur either rapidly
or gradually. Residuals during the
aftershock sequence are within normal
bounds. The magnitude of the change
in residual at BVL could be explained
by a 10 to 15 percent decrease in
P-wave velocity within a volume of the
same radius as the observed aftershock
zone (7 km).

Arrival times used for locating the
source events were routine readings
made by the staff of the USGS and
have an estimated error of 0.05 second.
We have reread arrival times for all
events in December 1971 and January
and February 1972 in order to test the
variability of the resulting locations
and residuals. We find that although
individual residuals may change within
about =+ 0.1 second, the pattern of
anomalously high residuals at BVL re-
mains essentially unchanged. From this,
we have confidence that the routine
readings of arrival times are fully ade-
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quate to resolve variations in traveltime
residuals and that the observed period
of high residuals does not result from
a series of reading errors.

The results presented here may ap-
pear to be in conflict with those of
McEvilly and Johnson (4), who inves-
tigated the stability of P-wave travel-
times along a path that passes about
10- km north of Bear Valley. Using
quarry blasts as sources and seismo-
graph stations operated by the Univer-
sity of California, they found no sig-
nificant variation in traveltime preced-
ing the Bear Valley earthquake. How-
ever, no quarry blast actually occurred
during the period of clearly anomalous
residuals at BVL. And the ray path
they investigated could well pass to the
north of or beneath a zone of low
velocity near Bear Valley. The negative
results of Bakun et al. (3) are incon-
clusive for several reasons, including
poorly defined phase arrivals, and espe-
cially biasing of source-event locations
because the stations were within or
near the zone of anomalous velocity.
McEvilly and Johnson (4) also report
apparently stable velocities for other
paths across seismically active areas in
central ‘California. The combination of
their results with those presented here
suggests that if strike-slip earthquakes
in central California are preceded by
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Fig. 1 (left). (Hatching) Location of the Bear Valley earthquake and its approximate aftershock zone. (A) Se'ismograph stat@ons
used to locate events; (A) stations at which traveltime residualsare examined; (QO) locations of events occurring during periods

of normal residuals at BVL; (@) locations of events occurring during the anomalous period.

Fig. 2 (right). Variation in

P-wave traveltime residuals at stations BVL, EKH, and JHC over a 12-month period. The hatched areas represent the estimated
normal range of residuals (= 0.15 second). Not zll the events used produced usable first arrivals at all stations so that the data

sets are not identical.
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a localized zone of low P-wave velocity,
then the velocity change is confined to
a volume in the crust with a charac-
teristic dimension of, at most, two or
three times the dimension of the main
shock rupture. The temporal duration
of the period of low P-wave velocity
before the Bear Valley earthquake,
measured from the onset of the anom-
aly to the earthquake, is consistent
with the precursory time scale that has
been suggested by other workers (1, 7),
although the period of clearly anoma-
lous traveltime residuals is somewhat
short.

Attempts to extend our observations
of traveltime residuals to other earth-
quakes along the San Andreas fault
system and to define the details of the
anomaly around Bear Valley are under
way. Our present observations indicate
to us a clear velocity change premoni-
tory to the Bear Valley earthquake and
give us hope that the monitoring of
such changes, or related ones, may aid
in predicting future earthquakes along
the San Andreas fault (11).

RUSSELL RoBINSON
RoOBERT L. WESsoN
WILLIAM L. ELLSWORTH
U. S. Geological Survey, National
Center for Earthquake Research,
Menlo Park, California 94025
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Strain Release Mechanism of the 1906 San Francisco Earthquake

Abstract. Reexamination of geodetic data has shown that aseismic slip occurred
on or near the San Andreas fault in the period of about 20 years after 1906. The
inferred displacements are comparable to but at greater depths than the sudden
slip that occurred at the time of the earthquake. The postseismic slip is con-
strained only between late 1906 and 1925, and data are insufficient to determine
the movements, if any, below about 20 kilometers on the fault. Two independent
observations also indicate subsiantial anomalous crustal deformation away from
the fault at least 30 years before the earthquake.

Geodetic surveys made before and
after 1906 have provided considerable
information on the crustal deformation
that accompanied the great San Fran-
cisco earthquake (magnitude, 8.3).
These data led Reid (/) to propose in
1910 the now widely accepted elastic
rebound mechanism for earthquake
occurrence. Reid postulated that strain
accumulated elastically by continuous
slow motions at great distances from

Table 1. Angle changes at triangulation sta-
tions in the Fort Ross net (see Fig. 1b) sur-
veyed in 1875, 1906, 1930, and 1969. For each
angle change, the station number refers to the
vertex of the triangle from which the other
two stations of that triangle are observed;
N.S., not surveyed.

Angle change (arc seconds)

Station 1876~ 1906  1906-
1906 1930 1969

2 +44.1 — 85 — 71
3 +13.5 — 23 — 39
4 —52.5 +11.3 +11.1
Closure + 5.1 + 0.5 + 0.1

3 —17.8 + 9.6 N.S.
4 +179 —13.4 N.S.
5 N.S N.S. N.S.
1 --48.6 4+ 2.0 — 39
2 ~+96.2 + 4.7 + 95
4 —504 — 0.7 — 19
Closure — 28 + 6.0 + 3.7

the San Andreas fault, and was re-
leased abruptly by sudden slip on the
fault surface at the time of the earth-
quake. Using modern model-fitting
analytical techniques, I have reex-
amined these data as well as some later
observations. The principal new result
of this work is the conclusion that
substantial aseismic movements oc-
curred along the San Andreas both
before and after the earthquake, pro-
ducing elastic strains within the adja-
cent blocks and measurable displace-
ments of permanent survey monu-
ments. These motions occurred on or
near the fault plane at depths greater
than those at which most of the seismic
slip took place.

Observed surface ground breakage
in 1906 was extensive (Fig. 1a). Sur-
face fault slippage averaged 4 m north
of San Francisco, was nearly 3 m in
the San Francisco Bay area, and de-
creased abruptly to 1 m or less south
of San Jose. The basic data used in
this study are repeated measurements
of the angular separations of perma-
nent survey markers (triangulation)
(2). The uncertainties in these mea-
surements are reliably obtained by the
requirement that the angles of each
triangle sum to 180° plus the excess
due to the earth’s sphericity (triangle
closure).
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