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 — 8.5 — 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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Point Arena

«— Fort Ross

b

123°10'W
+39°35'N

39°25'N+
123°20'W
— 1875 & 1906
1930
——=— 1969

Fig. 1. (a) Map of the surface rupture of the 1906 San Francisco earthquake, show-
ing the locations of primary arc triangulation stations (triangles) and the position of
the Fort Ross network (hatching). (b) Fort Ross triangulation network, showing
portions surveyed between 1875 and 1969. (*) Angle referred to in Fig 2a.

Here I consider only data in the zone
of largest displacements, north of San
Francisco. Figure 1la shows several
long-line primary arc triangulation sta-
tions, and Fig. 1b shows a small-scale
tertiary network that spans the fault in
the vicinity of Fort Ross. The primary
arc has been surveyed at roughly 20-
year intervals since 1880, and the Fort
Ross net was observed in 1875 and
1906, with partial resurveys in 1930
and 1969.

Primary evidence for postseismic
movements comes from the Fort Ross
data, and is best demonstrated by con-
sidering angle changes in triangles

Fig. 2. (a) Angle
changes for 1 m of 20

Angle change (seconds per meter of slip)
+1.0

which do not span the fault, such as
3-4-5 in Fig. 1b. Angles changed by
as much as 18 arc seconds in the time
interval which includes the earthquake
(1875 to 1906), and, with opposite
sign, by more than 10 arc seconds dur-
ing 1906 to 1930. Triangle closures
indicate that the standard deviation of
a single angle change is about 2 arc
seconds for these data.

Consider now the effect of fault slip
on observed angles for a fault model
in which slippage varies only with
depth; that is, motion is constant at a
given depth along an infinitely long
fault. Figure 2a shows, for the angle

+5. +6.0 0 2 4

.. . -1.0
slip in successive 3- [ . ¢

km depth intervals

T T 1

on a vertical strike-
slip fault, for the
angle marked by *
in Fig. 1b. Slip is
constant at a par-
ticular depth along
the strike of the
fault, and for 1 m
of slip below 21 km
the total angle
change has been
combined here. (b)
Schematic plot of a
particular model of
fault  displacement
versus depth which

10

-20

Depth (km)

Coseismic
1875-1906:+17.9"

1906-1930:-13.4"
10

Depth (km)

7

Postseismic

a

adequately satisfies the coseismic (1875 to 1906) and postseismic (1906-1930 and
1906-1969) triangulation data. Other admissible models are possible, as discussed in

the text.
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subtended by stations 5 and 3 at sta-
tion 4, the angle change for 1 m of
slip in successive 3-km increments of
depth down to 21 km. For 1 m of slip
below that depth, the angle changes
have been combined. Changes are posi-
tive only for slip from 0 to 3 km in
depth, and are significantly negative
only below 6 km. Note that the ob-
served angle changes for 1875 to 1906
require no less than 3 m of slip in the
upper 3 km, and changes for 1906 to
1930 require about 3 m of slip below
6 km. :

Other data from the Fort Ross net
show similar features. Angle changes
for triangulation stations occupied or
observed in all four surveys (stations
1 to 5 in Fig. 1b) are given in Table
1. Where common data exist, changes
for 1906 to 1930 agree with those for
1906 to 1969 within their uncertainties,
indicating little, if any, displacement
from 1930 to 1969. In all, 22 inde-
pendent angle changes were measured
for 1875 to 1906, 6 for 1906 to 1930,
and 14 for 1906 to 1969. Observations
have been fit to both two- and three-
dimensional faults by using displace-
ment dislocation models and linear
inversion techniques (3). Schematically
shown in Fig. 2b is a two-dimensional
solution which adequately satisfies the
data. It shows about 4 m of displace-
ment to 10 km at the time of the
earthquake (coseismic), and at least 3
m below 10 km sometime between
1906 and 1930 (postseismic). It is
shown here in cartoon fashion to
emphasize that other acceptable models
are possible. For example, if post-
seismic slip extended only to about 25
km, then about 4 m of slip would be
required. If it were as shallow as 6 km,
3 m of slip to 10 km and 2 m of
slip below 10 km would also be satis-
factory. Other approximate models can
be constructed by referring to Fig. 2a.

Surveys from triangulation stations
up to 40 km from the fault (Fig. 1a)
can potentially provide constraints on
possible postseismic fault slip below
about 20 km. Such evidence examined
to date is not conclusive, although
block motions across the fault greater
than about a meter are excluded. Some
of the relevant data have already been
published (4).

The time constant for the postseis-
mic displacements is not well deter-
mined. The Fort Ross surveys were
carried out about 8 months after the
1906 earthquake and again in early
1930. At Point Arena (Fig. 1) a sim-
ilar small-scale network was surveyed
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in late 1906, and a few angles were
reobserved in 1925. These data, al-
though fragmentary, are also consistent
with 2 to 3 m of slip below 10 km.
Most of the movements must then have
occurred sometime between 1907 and
1925, but no further refinements on
this time scale can be provided. The
slip must have been predominantly
aseismic, since seismic motion of 3 m
over a 10-km depth interval and at
least 70 km of fault (the distance from
Point Arena to Fort Ross) would cor-
respond (5) to an earthquake of at
least magnitude 7, and no such event
has occurred in this region since 1906.

The post-1906 observations suggest
that strains for seismic faulting are not
accumulated primarily by relatively
continuous aseismic motion on the
fault plane immediately below the seis-
mic zone. Strain accumulation might
be due to either steady or irregular
motions on the fault plane at greater
depths (say below about 30 km), in
which case shear strains would be
greatest at the fault trace and decrease
away from it. Alternatively, the fault
may be locked throughout the entire
thickness of the lithosphere, with the
San Andreas system loaded regionally
by shear tractions applied far from the
fault at the base or edges of the litho-
spheric plates. In this case, shear
strains measured at the earth’s surface
by geodetic means would be approxi-
mately constant over a wide region on
either side of the fault trace. A third
alternative is that a “locked” section
of the fault is loaded entirely by seis-
mic or aseismic slip at its ends. It is also
possible that strain is accumulated and
released along many subsidiary subpar-
allel faults as well as on the San Andreas
itself. Each of these mechanisms pro-
duces a different pattern of surface
deformation, and geodetic observations
are potentially useful in differentiating
between them. I consider that the data
which have been examined to date are
inconclusive in this regard, and thus the
precise mode of strain accumulation
remains an open question.

Some limited evidence from north-
ern California does suggest irregular
strain accumulation across the San
Andreas fault in the half century be-
fore the 1906 earthquake. Astronom-
ical azimuths, accurate to about 0.5
arc second, were observed in 1859,
1882, and 1907 between the primary
triangulation stations Mount Diablo
and Tamalpais (the second and third
from north to south plotted in Fig.
la) (6). This azimuth increased by
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7.84 arc seconds in 1859 to 1882 and
decreased by 0.55 arc second in 1882
to 1907, corresponding to relative right
lateral motions parallel to the fault of
+2.8 and —0.2 m, respectively. Reduc-
tion of the independent (though less
accurate) triangulation network data
gives changes of 5.38 and —1.57 arc
seconds for essentially the same time
intervals (6). The smaller change in
the interval 1882 to 1907 is, at least
in part, due to the elastic rebound that
occurred in 1906, since station Tamal-
pais is only 15 km from the fault trace.
The relative motion of 2.8 m during
1859 to 1882 far exceeds the rate since
1906 inferred from triangulation (4). An
earthquake in 1868 on the Hayward
fault, about 25 km from either station,
appears too small to have contributed
significantly to this large relative mo-
tion (7). Hence, these data, although
limited, indicate some anomalous large
crustal deformation away from the
fault in the approximately 30 or more
years preceding the 1906 earthquake.

The actual postseismic motions are
probably more complex than indicated
by this model of dislocation sources in
a perfectly elastic half space. They
should be understood as simple analog
models which are convenient for dis-
cussion, and not necessarily realistic
physical models of the actual time-
dependent nonelastic processes. For
example, a viscoelastic relaxation
mechanism such as that proposed (8)
to account for the vertical crustal
movements which followed the thrust-
type earthquake (magnitude, 8.2) in
Nankaido, Japan, may be appropriate
here.

Finally, the work reported here may
have some relevance for the question

of whether large earthquakes cause
secular shifts of the earth’s rotational
pole or excite the earth’s Chandler
wobble (9). Should large postseismic
displacements be a common feature of
strain release by great earthquakes, it
seems likely that these aseismic move-
ments would be more important than
the earthquakes themselves in exciting
the earth’s polar motions.

‘WAYNE THATCHER
U.S. Geological Survey
Menlo Park, California 94025
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Earthquake Mechanics in the Central United States

Abstract. Focal mechanism solutions of earthquakes in the central United
States suggest that local stress fields are important in determining the type and
orientation of faulting. The implied stress system is considerably more compli-
cated than that which would be produced by east-west trending compressive
stresses, as previously suggested for this region.

Sbar and Sykes (1) proposed a rela-
tively simple stress model for the east-
ern portion of the North American
continent. Using data obtained from
geological observations, in situ stress
measurements, and fault plane solu-
tions, they concluded that the central
United States is presently experiencing
a predominantly horizontal compres-
sive stress whose axis tends east-north-

east. A consequence of this model is
that ongoing earthquake activity in this
region should be mostly of the high-
angle, thrust-type faulting with a strike
in the north-south direction. However,
a detailed investigation of moderate
size earthquakes that occurred during
the last 13 years within the area of
Missouri, Kentucky, Tennessee, Illi-
nois, Mississippi, and Arkansas indi-
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