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ABSTRACT

Borehole tensor strain instruments deployed along the
San Andreas fault for the past 10 years have provided
sufficient resolution and stability to sample regional tec-
tonic processes. Data obtained from an instrument at San
Juan Bautista in the near field region of the Loma Prieta
earthquake provide the first high-resolution continuous
shear strain observations associated with a large earth-
quake. A change in fault-parallel shear-strain rate of ap-
proximately 1 pe per year occurred about a year prior to
the earthquake and persisted to the time of the event. The
strain rate decreased immediately after the earthquake,
but following the Chittenden sequence of earthquakes in
April 1989, a new and higher rate of fault-parallel shear
accumulation (0.84 pe per year relative to the 1989 rate)
was established. This strain rate has continued through
1993. Associated creep-rate changes are apparent at a num-
ber of sites on the surface trace of the fault within 30 km,
indicating that the measured change of strain rate at the
time of the earthquake has regional significance. We pro-
pose that the observed strain accumulation results from
increased slip around a nearby locked section of the fault
arising from loading by the failed Loma Prieta source
region to the north. This model is consistent with sugges-
tions of an increased probability of a moderate earthquake
near San Juan Bautista and with evidence that interactions
between fault regions are important in earthquake pro-
cesses.

INTRODUCTION

A Gladwin borehole tensor strainmeter (Gladwin, 1984)
installed near the San Andreas fault at San Juan Bautista
in late 1983 has provided continuous areal and shear strain
data with sub-nanostrain resolution and long-term stabil-
ity better than 100 ne per year (Gladwin and others, 1987).
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 engineer-
ing shear strains ¥, and ¥, (approximately parallel to and
at 45° to the fault respectively), which are defined in terms
of strain tensor components (&, €, . and £ by

€, =&t Eyy

N=Eubyy
}’2=2£xy

where, as subscripts to €, the x direction is east and y is
north. The strainmeter is grouted into the surrounding rock,
and this instrument inclusion is softer to shear than to
compression. Observed strain components are thus scaled
by hole-coupling parameters (Gladwin and Hart, 1985)
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 (Berry and Fairhurst, 1966;
Berry, 1967). The exponential signals are characteristic of
viscoelastic rheology as typified by Burghers solids (Jae-
ger and Cook, 1976). They have no relevance to the moni-
toring of regional strain changes and were removed by an
exponential least-squares fitting procedure over the inter-
val January 1984 to February 1988 (Gladwin and others,
1991).

D277



D278

Raw data from the three instrument gauges commenc-
ing in 1984 (3 months after installation) are shown in
figure 1A. In determination of the exponentials to be re-
moved from the raw gauge data streams, all data known
to be contaminated were eliminated from the fit (Gladwin
and others, 1991; Gwyther and others, 1992). The same
intervals of data are used for determination of exponentials
for all three gauges, and no linear trend has been removed.
The resulting exponentials, determined from data during
early 1984, and from May 1986 to April 1988, are shown
also in figure 1A (offset for clarity). The data following
the Morgan Hill earthquake in April 1984 and anomalous
data associated with field experiments at the site in 1986
were excluded. The instrument was off line for 6 months
during 1987. All data after April 1988 were also excluded
and provide no constraint on the least-squares fitting. Fig-
ure 1B gives the residuals from the determined
exponentials. The residuals indicate stable gauge behav-
ior from mid-1986, an emerging anomaly on all compo-
nents beginning in late 1988, the strain offsets for the
Loma Prieta earthquake in October 1989 and significantly
differing behavior on all gauges since that time. The
postseismic data indicate immediate postseismic recovery
for about 3 months, and following the Chittenden earth-
quakes in April 1990 the establishment of new, relatively
linear trends.

These residuals were then reduced to the strains £,, 7;,
and 7, shown in figure 2A. The data differ slightly from
those presented in Gladwin and others (1991), owing to a
refinement of the selection of data windows since that
time. The dominant signals present are the coseismic strain
offsets of the Loma Prieta earthquake. These have been
documented elsewhere (Gladwin and others, 1991); the
present discussion is confined to the observed strain-rate
changes. In figure 2B the coseismic offsets have been
removed from the data to make long term trends more
apparent.

It is important to investigate how choices made in esti-
mating and removing the exponential borehole response
can influence interpretation of the strain data determined
from the gauge residuals. These effects are examined in
figure 3. The representative strain data shown are pro-
duced from residuals obtained for three different data win-
dows marked a, b and c used in the fitting procedure. We
are documenting an apparent change of strain rate at the
time of the Loma Prieta earthquake. The critical issue is
whether the choice of data interval significantly affects
determination of the strain-rate change. It is evident from
figure 2 that any reasonable choice of fitted window dem-
onstrates that a gradient change occurred in the raw
datasets. For the extremes of fitting intervals shown, the
effect on the observed change of strain rate before and
after the Loma Prieta earthquake are shown in table 1.
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Interval c¢ is inappropriate because it extends into the
data which is to be used to determine the pre-earthquake
gradient. In the following discussion, interval b has been
used because it gave the best variance over the available
1987 dataset.

RESULTS

An anomalous change in y; is apparent by late 1988,
showing a remarkably linear strain accumulation of 1 ue
per year relative to the pre-1988 rate (Gladwin and others,
1991). The azimuth of maximum shear for the accumulat-
ing shear strain is approximately parallel to the local San
Andreas fault strike. The long-term stability of the mea-
surements is particularly evident in the areal strain data.
Areal strain is estimated from the sum of the three com-
ponents and is seen to be constant (with the exception of
the coseismic offset at the Loma Prieta event) at better
than 1 microstrain over the whole 10-year period.

Immediately after the earthquake the fault-parallel shear-
strain rate decreased for about 2 months and then gradu-
ally returned to the pre-anomaly value. These data are
shown in figure 4. In May 1990, following the Chittenden
aftershock sequence (four magnitude 4 to 5 earthquakes
on April 18, 1990, centered on an area approximately 15
km north west of SJT), the present linear y; shear accu-
mulation rate of approximately 2 ue per year with the
original sense had been established.

The absolute strain rates may of course differ from those
indicated on these figures (approximately 1 pe per year
from late 1988 to the Loma Prieta event, and approxi-
mately 2 ue per year relative to the pre-1988 rate from
May 1990 through December 1993) because the data have
been effectively detrended by the exponential removal
procedure. The point at issue is that there are significant
changes of strain rate documented in the data, one preced-
ing the Loma Prieta earthquake and another following it.
Both appear to be linear with time, and their relative mag-
nitudes are not an artifact of the exponential removal pro-
cedure.

An alternative and useful means for determining the
physical significance of these data is to plot y; against 7,
(see fig. 5). The shear state at a particular time is repre-
sented by a point in this shear space, its history is repre-
sented by the locus of these points, and the shear required
to move from one shear state to another is the vector

» Figure 1.—A, Raw gauge data for the SJT site beginning 3 months
after installation. Fitted exponential curves are shown offset for clarity.
The recording system was nonoperational for 5 months during 1987. B,
Residual gauge data produced by removal of the fitted exponentials.
Units are nominal microstrain only.
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connecting these points. With the local trace of the San
Andreas approximately at N48°W, the ¥, axis also repre-
sents approximately fault-parallel shear, and the ¥, axis
approximate extension normal to the fault. Time is marked
at 3-month intervals, and direction of the coseismic offset
of the Loma Prieta event is indicated in the upper and
lower parts of the figure by the arrow. The Chittenden
aftershock sequence is marked as CH on the lower part of
the figure.

The shear-strain step C-C’, coseismic with the Loma
Prieta event, is seen to increase both right-lateral shear
across the fault (arising mainly from the ¥; component,
+1840 ng) and normal compression (arising mainly from
the ¥, component, -3790 ng). This fault-normal compres-
sion from shear alone must be combined with the contri-
bution due to the areal strain step (+2140 né) to find the
effective change in fault normal strain in the vicinity of
the instrument of approximately 1600 ne. Apart from a 5-
month period immediately prior to the Loma Prieta event
(see B-C in the figure) during which the maximum shear
accumulation was oriented at N56°W, the predominant
trend of both anomalies (see sections A-B and D-E in the
figure) is a shear vector at angle E6°S corresponding to a
maximum shear accumulation at N42°W, close to the lo-
cal San Andreas fault strike of N48°W,

To verify instrument and coupling stability, response to
earth strain tides was examined using the dominant, ther-
mally uncontaminated tidal components O, and M,. Sixty-
day data windows of 90-minute data were used to provide
normalised tidal component amplitude every 30 days. The
strain step of the Loma Prieta event and other easily iden-
tifiable strain steps associated with earthquakes or creep

‘events were removed from the record before the tidal
analysis. Results are shown in figure 6 for the €, and ¥,
data sets. Error bars indicate the precision of determina-
tion for each point, assuming equal partition of noise over
all tidal components. It is clear that there have been no
significant or systematic changes of tidal admittance on
this instrument over the whole period under discussion.

< Figure 2.—A, Areal strain and shear strains from the SJT borehole
tensor strainmeter at San Juan Bautista near the San Andreas fault in
northern California. Exponential trends have been removed from this
data. A dominant feature is the coseismic strain step from the Loma
Prieta earthquake in October 1989. B, Removal of this step reveals the
details of the strain records, in particular the striking anomaly in the 7
component, the relative constancy of the other two strain components,
and trend reversal on y; for 3 months following the Loma Prieta event.
All steps in the data can be associated with seismic events or nearby
creep events. For example, the times of the two Lake Elsman earth-
quakes are indicated (LE1, LE2), as are the times of the Loma Prieta
earthquake (LP), the Chittenden earthquak (Ch), and creep
events also monitored on a nearby creepmeter (o) and documented in
table 2.
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This result has been confirmed elsewhere (Linde and oth-
ers, 1991).

DISCUSSION

Apart from coseismic steps, the strain data show sev-
eral readily identifiable steps which correlate closely with
the main creep events on the closest creepmeter XSJ, 2
km to the east of our instrument. Events from late 1988 to
1992 are tabulated in table 2, and the detailed correspon-
dence of the events with the main creep events gives fur-
ther confidence that the data represent regional tectonic
activity. Further, the events show (Gladwin and others,
1993) remarkable similarity suggestive of a small source
(less than 0.5 kilometers in depth and at most a few kilo-
meters in extent) directly under San Juan Bautista. The
shear strain resulting from such a source cannot account
for the size of the post Loma Prieta strain anomaly. Other
explanations for this anomaly 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, the long-term stability of the areal strain record
(better than 1 ue over 10 years), and the detailed corre-
spondence in time of all observed strain steps with either
earthquakes or creep events on nearby creep meters.

Though the strain signals could arise from small-scale
processes in a nearby scction of the fault, observations of
anomalous creep events at three sites up to 30 km away
indicate a more extended source. Figure 7 shows long-
term creepmeter data for 5 sites covering 40 km of the
fault south of San Juan Bautista with long-term trends
(Burford, 1988). A distinct increase in creep rate follow-
ing the Loma Prieta earthquake is evident on sites XSJ,
XHR and CWC, spanning 16 km of the fault. The
XFL site (29 km from XSJ) shows only a marginal in-
crease, and the more remote site XMR (40 km) shows no
effect.

The creep anomalies in figure 6 are unusual, especially
for CWC and XHR, and begin at the time of the Loma
Prieta earthquake. The creep anomaly at the nearby XSJ
begins about the time of the establishment of the new
shear strain anomaly at SJT, which, given the causal time
correspondence, suggests that these signals are not just
the consequence of normal interactions between fault sec-
tions in this creeping section, but are linked to the earth-
quake. We conclude that the failure of the Loma Prieta
source region transferred load to the San Juan Bautista
region just to its south, resulting in increased creep rate.
The simplest explanation of an increased creep rate is
frictional response to the increased fault-parallel shear
loading indicated by the coseismic 7; step at San Juan
Bautista.
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However, slip via creep does not itself result in linearly Prieta source region particularly after the Chittenden af-
increasing elastic strain. We suggest that our linear shear-  tershock sequence (April 1990).
strain anomaly is best explained by continued aseismic The response at the site immediately after the Loma
slip around a nearby locked section of the fault, the slip  Prieta earthquake and prior to the Chittenden events seems
being associated with loading transferred from the Loma  to indicate that this load transfer towards the SJT site was
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Figure 3.—Representative ¥; shear-strain data illustrating the effect of the choice of data window used for the
exponential fitting. The intervals used in three separate fit sets are marked as a, b, and c. Estimates of the change of
strain rate from before to after the Loma Prieta event are only marginally affected for the three extreme choices
shown. The choices have some effect on the timing of the pre-event anomaly only. Note that for choice ¢ the
change of gradient is well defined before the end of the fitting interval, indicating that the end point of the fit
interval is not producing the effects discussed. The changes of gradient that determine the anomalies under discus-
sion are clear on all residual sets.
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Table 1.—Average gradient of shear strain y; determined over three periods

[Values are residual gauge data after removal of exponential functions fitted over the
three selection intervals 1985/02 to 1988/04 (a), 1986/06 to 1988/04 (b), and 1985/05
to 1989/07 (c). The lowest row of data indicates that the change in strain rate after the

Loma Prieta earthquake is very similar for the three fitting intervals shown.]

Selection Interval

1985/02 1986/06 1985/05
to o o
1988/04 1988/04 1989/07
() (b) (c)
1986-1988 011,11 -0.03 + .08 0.01%.14
1989 to L.P. 1.56 £.08 1.16 +.09 0.75+ .09
Post-L.P. 24 £.10 201 £.11 1.54£.12
Difference 0.84%.13 0.85 £.14 0.79%.15

initially prevented by the strength of an asperity region
associated with the Chittenden aftershock sequence. When
this region ultimately failed in 1990, the SIT site immedi-
ately began to respond to the fault parallel shear expected
from the Loma Prieta event in the sense of a continued
afterslip at the Loma Prieta region.

A range of simple dislocation models of slip around a
locked region were considered. The model which resulted
in a fault-parallel shear-strain rate most comparable to
that observed was a locked region extending along the
fault strike at depth of 1.5 to 5 km, with the surrounding
fault surface slipping at the regional average of 14 mm
per year. While this model indicated a locked region shal-
lower than the study mentioned above, uncertainty in the
absolute value of the observed ¥, strain rate indicates that
our data are broadly consistent with the presence of such
a locked region at moderate depth on the fault. The data
thus suggest an increased probability of a moderate earth-
quake in the San Juan Bautista region.

We have previously suggested (Gladwin and others,
1991) that the pre-Loma Prieta strain changes were re-
lated to a broad regional effect, based on the timing of the
Lake Elsman foreshock and a marginal geodetic anomaly
(Lisowski and others, 1990) near the Loma Prieta source.
The effects we are reporting also appear to have some
regional expression in increased creep activity since the
Loma Prieta earthquake. The anomaly in Y, is now so
large that it would be expected to be detectable by geo-
detic observations in the area. Unfortunately, the major
geodetic network is centered well to the north of San Juan
Bautista, making even inversion for the determination of
the southern extent of the Loma Prieta rupture zone itself
difficult (Johnston and others, 1990). Recent data from
the southern end of this network is not yet available, but a
change of fault-parallel shear-strain rate of 1ug per year
coincident with the Loma Prieta event should easily be
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identified in the observational period to date if it extended
over the total geodetic network involved. These data are
critical in providing constraints on the scaling of the
anomaly in the northerly direction. Some data has been
taken in a small HP3808 network extending from San
Juan Bautista north to Pajaro Gap, particularly following
the earthquake (Johnston, oral comm., 1993), but the re-
sults from this network are not yet published. Data from
this network was not taken for many years prior to the
Loma Prieta earthquake, so there is no likely contribution
on the issue of whether or not a change of gradient has
occurred following the event. There is no associated areal
strain anomaly indicated in the data, and so no corrobora-
tion of the anomaly by reference to the dilatometer at
Searle Road, approximately 5 km away, is available. The
dilatometer shows no significant areal strain change.

Scaling of the anomaly cannot be determined from a
single site, and the significance of these data will remain
unknown until it is confirmed or denied from measure-
ments at other nearby instrument sites. There is no evi-
dence that the observed anomaly extends sufficiently far
north to be measured in the Loma Prieta geodetic net-
work. Our modelling suggests the presence of a source 5
km long. This source would produce minimal deforma-
tion in the geodetic network. Hence, although we are con-
fident that the observed anomaly is not an instrumental
artifact or of very localized origin, the only currently avail-
able supportive evidence that this anomaly is of regional
significance is the increased creep activity in stations south
of SJT.
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Table 2.—Surface creep events recorded at XSJ creepmeter at San Juan Bautista in 1988-
1992 period, and corresponding strain offsets observed at SIT

[Each strain event preceded the surface creep event by less than 1 hour]

No. Date Strain event Creep event
Y 1 & Size
ne ne ne mm
1 21.11.88 -100 -40 -80 1.7
2 22.12.89 -77 -38 -60 0.5
3 27.01.90 -69 -41 -53 0.6
4 07.04.90 -90 -55 -75 1.9
5 09.06.90 -100 -50 -90 3.9
6 04.07.90 None 0.3
7 30.08.90 -120 -52 -91 3.2
8 20.11.90 -50 -45 =70 2.1
9 08.03.91 -95 -50 -80 3.6
10 06.08.91 -120 -50 -90 5.0
11 27.1291 -90 -50 -80 0.3
12 07.06.92 -110 -45 -90 53
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Figure 7.—Surface-creep data (provided by K. Breckenridge, USGS) from creepmeters along the fault south of San Juan Bautista, with positions of
creepmeters XSJ, XHR, CWC, XFL and XMR, tensor strainmeter SJT, and Chittenden aftershock Ch indicated in the inset map. The trend lines
indicated are from Burford (1988). Note that for the XMR data, the scale at the right axis should be used.



