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BOREHOLE tensor strain instruments deployed along the San
Andreas fault for the past ten years have provided sufficient
resolution and stability to sample regional tectonic processes,
potentially enhancing earthquake prediction capability. Data
obtained from the instrument at San Juan Bautista, in the near-
field region of the 17 October 1989 Loma Prieta earthquake
(M, =17.1) provide the first opportunity to observe shear strain
processes associated with a large earthquake. We previously repor-
ted" a prominent shear-strain anomaly in those data for more than
a year before the earthquake. This anomaly ceased immediately
after the earthquake, but, as we report here, a new and higher rate
of fault-parallel shear accumulation (2 microstrain per year) was
established about four months later and has continued to the
present. Associated changes in creep rate are apparent at a number
of sites on the surface trace of the fault within 30 km of the strain
meter. We propose that the observed strain accumulation results
from increased slip around a nearby locked section of the fault,
this slip arising from loading by the failed Loma Prieta source
region to the north. This model is consistent with suggestions of
an increased probability of a moderate earthquake near San Juan
Bautista®'®, and with evidence'? that interactions between fault
regions are important in earthquake processes.

A Gladwin borehole tensor strain meter” installed near the
San Andreas fault at San Juan Bautista in late 1983 has provided
continuous areal and shear strain data with sub-nanostrain (ne)
resolution and long-term stability better than 100 ne per year.
Raw data from the instrument consist of diameter changes in
three directions at 120° to each other in the horizontal plane.
These are reduced to areal strain €,, and engineering shear
strains y, and ¥y, (roughly parallel to and at 45° to the fault,
respectively). The strain meter is grouted into the surrounding
rock, and this instrument inclusion is softer to shear than to
compression. Observed strain components are therefore scaled
by hole coupling parameters* determined by tidal calibration.

Data from borehole inclusions are initially dominated by
grout compression of the instrument, by thermally controlled
decay as the instrument site re-establishes equilibrium with its
surroundings and by an exponential recovery of the virgin stress
field relieved at the borehole during the drilling process™®. The
exponential signals have no relevance to the monitoring of
regional strain changes and were removed by an exponential
least-squares fit over the interval January 1984 to February 1988
(ref. 1). These residuals were then reduced to the strains ¢,, ¥,
and 7y, shown in Fig. la.

The dominant signals present are the coseismic strain steps
of the Loma Prieta earthquake which in Fig. 1b are removed
from the data to make long-term trends more apparent. As
previously reported, an anomalous change in ¥y, is apparent by
late 1988, showing a remarkably linear strain accumulation of
1 pe per year'. A smaller change of ~0.3 ue per year was also
evident from mid-1988. The azimuth of maximum shear for the
accumulating shear strain was roughly parallel to the local San
Andreas strike.

Immediately after the earthquake, the strain rate returned for
~10 days to its value before the anomaly, then decreased for
two months. By May 1990, following the Chittenden aftershock
sequence, the present linear shear accumulation rate of ~2 ue

* To whom cor d should be add d.

per year with the original sense had been established. During
the whole of the period since mid-1988, medium-term changes
in g, and v, have been less than 250 ne per year. The strain
data indicate that by May 1990, the accumulating strain was
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FiG. 1 & Areal strain and shear strains from the SJT borehole tensor strain
meter at San Juan Bautista nedr the San Andreas fault in northern California.
Exponential trends have been removed. The dominant feature is the coseis-
mic strain step from the Loma Prieta earthquake. b, Removal of this step
reveals the details of the strain records, in particular the striking anomaly
in the y, component, the relative constancy of the other two strain com-
ponents and trend reversal on vy, for three months following the Loma Prieta
earthquake. All steps in the data can be associated with seismic events or
nearby creep events: for example, the times of the two Lake Elsman
earthquakes are indicated (LE1, LE2), as are the times of the Loma Prieta
earthquake (LP), a Loma Prieta aftershock (A), the Chittenden earthquake
sequence (Ch) and creep events also monitored on a nearby creep meter (+).

predominantly shear strain with a maximum azimuth of 318°,
close to the local San Andreas fault strike of 310°.

To verify the stability of the instrument and coupling, we
investigated the response to earth strain tides using the
dominant, thermally uncontaminated tidal components O, and
M, . Results are shown in Fig. 2 for the ¢, and v, data sets. It
is clear that there have been no significant or systematic changes
of tidal admittance on this instrument over the whole period
under discussion. In particular, the admittance anomalies before
the earthquake suggested for Searle Road dilatometer data’ are
absent in these tensor strain observations.

Several explanations for the strain anomaly following the
Loma Prieta earthquake need to be examined. A non-tectonic
source from the instrument or its immediate vicinity is unlikely
because of the stability of the tidal response, consistency of our
internal instrument checks, stability of the areal strain record
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FIG. 2 Amplitude of the M, and O, tidal components of areal
strain e, and shear strain vy, for the period 1988 to the
present. Sixty-day windows of 90-min data were used to
provide the amplitude of the normalized tidal component
every 30 days. The strain step of the Loma Prieta event and
other easily identifiable strain steps were removed from the
record. Error bars indicate the precision of determination, 10
assuming gaussian noise. There is no significant change in

instrument performance for any component.
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and detailed correspondence in time of all observed strain steps
with either earthquakes or creep events on nearby creep meters.

Although the strain signals could arise from small-scale pro-
cesses in a nearby section of the fault, observations of anomalous
creep at three sites up to 30 km away indicate a more extended
source. Figure 3 shows long-term data from creep meters for 5
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sites covering 40 km of the fault south of San Juan Bautista, Monterey £} x8]

with long-term trends from ref. 8. A distinct increase in creep By 4 SHR"MCWC ]
rate following the Loma Prieta earthquake is evident on sites XFL

X8J, XHR and CWC, spanning 16 km of the fault. The XFL
site (29 km from XSJ) shows only a marginal increase, and tl.e
more remote site XMR (40 km) shows no effect.

The creep anomalies in Fig. 3 are atypical, especially for CWC
and XHR, and begin at the time of the Loma earthquake. The
creep anomaly at XSJ begins about the time of the establishment
of the new shear-strain anomaly at SIT. This strongly suggests
that these signals are not just the consequence of normal interac-
tions between fault sections in this creeping section, but are
linked to the earthquake. We conclude that the failure of the
Loma Prieta source region transferred load to the San Juan
Bautista region just to its south, resultingin increased creep
rate. The simplest explanation of an increased creep rate is
frictional response to the increased shear loading parallel to the
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fault indicated by the coseismic v, step at San Juan Bautista =y T 1980 1985 1990
(see Fig. 1a). )
But slip through creep does not itself result in linearly increas- FIG. 3 Surface creep data (provided by K. Breckenridge of United States

ingclasticstrain. Wesugeest that aur linear shemr-strain anomaly,  0AEET ET: Al Pl) from orsep meters sore the Tt souh of
is best EXP.I ained by contmued_asels_.mlc sllp.amunc’l 5 neal_-by XMR, tensor strain meter SJT, and Chittenden aftershock Ch indicated in the
locked section of the fault, the slip being associated with loading inset map. The trend lines indicated are from Burford®. Note that the XMR
transferred from the Loma Prieta source region, particularly

fer th 1 > data have been halved for convenience of plotting.
after the Chittenden aftershock sequence (Apnl_]990). The area region. The disappearance of the strain anomaly immediately
near San Juan Bautista is known to experience moderate
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carthquakes (M, ~5) 4-8km deep, and an earthquake has following the earthquake has further strengthened the case tha

recently been predicted there after a locked section was identified g“.:sf GBI Shrg s e sty AssbCiated kel LomS
by seismic quiescence” and creep retardation'’. The shear-strain = pores- ;%‘;ﬁgg&m 1961; acoepted 16 January 1992,

data are consistent with increased loading on a locked section
in this region, and thus an increased probability of a moderate
earthquake in the San Juan Bautista region.

We have previously suggested' that the strain changes occurr-
ing before Loma Prieta were related to a broad regional effect,
arguing this from the timing of the Lake Elsman foreshock and
a marginal geodetic anomaly'' near the Loma Prieta source.
Creep retardation preceding moderate earthquakes in adjacent
regions has been observed®. The creep data in Fig. 3 also show
some evidence for a regional creep anomaly (at XSJ, XHR and
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