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RESPONSE OF U.S. GEOLOGICAL SURVEY CREEPMETERS
IN CENTRAL CALIFORNIA
TO THE OCTOBER 18, 1989 LOMA PRIETA EARTHQUAKE

By K.S. Breckenridge and R.W. Simpson

ABSTRACT

At the time of the Loma Prieta earthquake, eighteen USGS creepmeters in central California
recorded coseismic steps ranging in size from -0.35 to 6.8 mm. Five of the closest instruments
on the San Andreas fault and three on the Calaveras fault also displayed long-term rate changes
in the months after the earthquake. The coseismic steps seem to bear little relation in magnitude
or sense to static stress changes calculated using dislocation models of the earthquake rupture,
but 1-year average creep rate changes (faster on the San Andreas and slower on the Calaveras) do
correlate well with static stress changes. This correlation favors low values of apparent coeffi-
cient of friction. Observed advances and deficits in cumulative slip at the closest sites caused by
the positive and negative rate changes are in fair agreement with deformation predicted by a 3D
dislocation model that requires anomalous slip to extend to depths in excess of 10 km. Rate
changes observed at several creepmeters in the years before Loma Prieta may be precursory, but
are difficult to interpret unambiguously because they fall in a period of extended drought. A two
year period of retarded creep at the Cienega Winery site CWC before the Loma Prieta earthquake
contains an interesting interval with normal right-lateral (RL) creep events superposed on
unusual left-lateral (LL) background drift. Assuming that this behavior was tectonic in origin
and not drought- or instrument-related, it can be explained by stresses imposed from two differ-
ent sources. One source could be slip on the San Andreas fault below the creepmeter, causing
the RL creep events. The second could be slip on the sub-parallel Calaveras fault or other local
structures which were caught up in regional tectonic adjustments following the 26 January 1986
Tres Pinos earthquake, causing the L. movement and retarding the cumulative progress of the
instrument. In this scenario, the retardation at CWC could have been a precursor to Loma Prieta
in the sense that it too was a manifestation of regional tectonic changes that would eventually
trigger the Loma Prieta earthquake.

INTRODUCTION

At the time of the Loma Prieta earthquake, twenty-seven U.S. Geological Survey creepmeters
were operating within 205 km of the epicenter (Figure la). Eighteen of these instruments
recorded coseismic steps ranging in size from -0.35 to 6.8 mm, and eight of sites closest to the
epicenter displayed significant changes in slip rate in the months after the earthquake (Table 1).
For several stations, the Loma Prieta signal is the largest anomaly recorded in up to 25 years of
operation. Possible precursory rate changes were observed on several instruments (Breckenridge



and Burford, 1990).

The USGS creepmeters are of several different designs, and data are collected at various intervals
ranging from minutes to months depending upon the configuration of a particular instrument
(Table 1). Descriptions of the instruments and sites have been published in Schulz and others
(1982, 1983) and more recently in Schulz (1989). Eighteen sites are equipped with satellite
telemetry that sample the creepmeter every 10 minutes (Silverman and others, 1989), while
micrometer dial readings at the remaining 9 sites are taken quarterly.

Additional creepmeters on the San Andreas fault installed by researchers from the University of
Colorado are discussed by Behr and others (1990, 19--). Alinement arrays on the Calaveras,
Hayward, and other Bay Area faults maintained by researchers at the University of California at
San Francisco are also described by Galehouse (1992, 19--).

Numerous instances of triggered slip on fault segments at considerable distances from an earth-
quake rupture are reported in the literature. For example, such slip occurred after the 1968 Bor-
rego Mountain earthquake (Allen and others, 1972), the 1979 Imperial Valley earthquake (Fuis,
1982; Sieh, 1982), the 1981 Westmorland earthquake (Sharp and others, 1986a), the 1983
Coalinga earthquake (Mavko and others, 1985; Schulz and others, 1987), the 1984 Morgan Hill
earthquake (Schulz, 1984), the 1986 Tres Pinos earthquake (Simpson and others, 1988), the 1986
North Palm Springs earthquake (Fagerson and others, 1986; Sharp and others, 1986b, Wesson
and others, 1986; Williams and others, 1986, 1988), the 1987 Superstition Hills earthquake
(Sharp, 1989; Hudnut and Clark, 1989; McGill and others, 1989), and the 1989 Loma Prieta
earthquake (Behr and others, 1990; Galehouse, 1990; McClellan and Hay, 1990).

If the triggered slip persists, it may be difficult to distinguish from afterslip, although tradition-
ally "afterslip” has been used to describe postseismic slip occurring on the same fault that the
earthquake occurred on and localized in the rupture region or in its immediate vicinity (e.g.,
Smith and Wyss, 1968; Scholz and others, 1969; Burford, 1972, 1973; Cohn and others, 1982;
Wesson, 1987; Bilham, 1989; Marone and others, 1991).

Some of these triggered responses, especially coseismic steps recorded on creepmeters, are most
likely produced by the shaking of fault and instrument during passage of the seismic waves
(King and others, 1977; Allen and others, 1972; Fuis, 1982; Williams and others, 1988; McGill
and others, 1989). Such shaking probably triggers the release of a backlog of slip that had been
held in the Earth’s near-surface or in the creepmeter itself by friction. Other longer-term
responses, including alterations in creep rate and occasionally in creep direction (e.g., Mavko and
others, 1985; Simpson and others, 1988), may be caused by static changes in the stress field pro-
duced by the distant earthquake’s fault offset. The reality of such static stress changes in the
Earth is not in question, because sensitive strainmeters have detected them at great distances
from earthquakes (e.g., Johnston and others, 1987; Shimada and others, 1987; Johnston and oth-
ers, 1990). Microseismicity rate changes on central California faults also appear to correlate
with calculated static stress changes after the Loma Prieta earthquake (Reasenberg and Simpson,
1992, 19--), suggesting that these faults can and do react to small stress perturbations at



seismogenic depths.

In the next sections we present data for the eight USGS creepmeters nearest to the Loma Prieta
epicenter. One of the largest uncertainties in the interpretation of creepmeter data is introduced
by seasonal and rainfall-induced fluctuations. For this reason, rainfall records are also presented
and we explore the possible effects of weather on creepmeter behavior. Because tectonic acceler-
ations or retardations in creep rates may occur before certain earthquakes (e.g., Nason, 1973;
Burford, 1988), establishing the tectonic as opposed to the rainfall-related significance of creep
rate changes is important, although difficult to accomplish (e.g., Gilman and Goulty (1972),
Langbein and others (1993)).

We attempt to relate the observed coseismic steps and longer-term creep rate changes that
occurred at the time of the Loma Prieta earthquake to static stress changes calculated from sim-
ple dislocation models of the rupture in an elastic half-space. To put the Loma Prieta observa-
tions into perspective and to improve the statistics, we have compiled creepmeter data for 4 other
moderate to large Bay Area earthquakes that occurred before 1989, in addition to the 1990 Chit-
tenden earthquake which was a large aftershock to the Loma Prieta earthquake. The results
described below suggest that, although the sense (right-lateral (RL) or left-lateral (LL)) of coseis-
mic steps at creepmeter sites seems to bear little relation to the imposed static shear stress
changes, there is a statistically significant relation between the sense (RL or LL) of long-term
average creep rate changes and the sign of coseismic shear stress changes. For the Loma Prieta
earthquake the magnitudes of these quantities are also well correlated.

We also describe three-dimensional boundary element models used to estimate the total anoma-
lous slip advance or deficit that can be expected at creepmeter sites as a result of the Loma Prieta
creep rate changes. The models suggest that under some instruments, complex spatial distribu-
tions of stress can exist, and the effects of RL stress changes imposed at the surface might be
superseded with time by larger LL stresses imposed at depth. These models suggest that for the
5 creepmeters on the San Andreas fault, cumulative advances ranging from 12-60 mm can be
expected as a result of the Loma Prieta earthquake, whereas at the 3 sites on the Calaveras fault,
cumulative delays of 6-29 mm might be expected. Although post-Loma Prieta adjustments at all
creepmeters are not yet complete, these estimates appear to agree with extrapolations of observed
advances or deficits in long-term pre-earthquake trends.

DATA FROM EIGHT CREEPMETERS CLOSEST TO
THE EARTHQUAKE

In this paper we concentrate our discussion on the responses of the 8 closest USGS instruments
on the San Andreas and Calaveras faults (Figure 1b). Data for all of the operating instruments is

available to interested investigators.

Long term data from the five closest instruments on the San Andreas fault are shown in Figure



2a. Data from a 3-year time-window centered about the Loma Prieta earthquake date are dis-
played in Figure 2b. These plots were made using daily data (1 point per day) selected (for the
most part) from 10-minute interval data by an automatic algorithm. These daily data have been
adjusted to agree with quarterly micrometer readings where data gaps exist or calibrations are in
question. Such adjustments are usually unnecessary or small, and none of the significant varia-
tions in creeprate presented here are likely to result from instrument calibration problems.

The most obvious features in the long-term data in Figure 2a are the post-Loma Prieta rate
increases at XSJ, XHR, and CWC. Post-seismic changes at XFL and XMR are smaller com-
pared with the other 3 sites and with other variations recorded at those sites over the years. At
the bottoms of Figures 2a and 2b, plots of daily rainfall from Paicines, California, located near
the fault between creepmeters CWC and XFL, show that the Loma Prieta earthquake occurred
during a drought, lasting from 1986 to about 1991.

Figure 3a shows cumulative data for the 3 creepmeters along the Calaveras fault near Hollister.
Two traces are plotted for the Shore Road creepmeter: XSH for daily data selected from
10-minute telemetered data, and XSHM for approximately quarterly micrometer measurements
to facilitate comparison with quarterly dial readings from Central Avenue (HLC) and D Street
(HLD) in Hollister. The most obvious feature is the slip-rate decrease since the Loma Prieta
earthquake at all 3 sites. There are indications that this decrease began before the earthquake and
may be related to the M5.6 Tres Pinos earthquake on 26 January 1986. These declining slip-
rates occur during a period of drought as shown by the plot of daily rainfall from Paicines, which
casts some uncertainty on the tectonic significance of these changes. Galehouse (19--) has
reported slower creeprates at a number of sites on the Hayward and southern Calaveras faults
after the Loma Prieta earthquake.

RAINFALL EFFECTS AND CREEP RETARDATION

Small pre-Loma Prieta rate changes occurred at XHR, CWC, and XMR in the 2-3 years before
the earthquake (Figures 2a,b). It is of some interest to know whether these changes are of tec-
tonic origin and could represent precursors to the Loma Prieta earthquake. Burford (1988), for
example, discussed the possible significance of retardations in creep rate as precursory signals
for local magnitude 4-6 earthquakes. The definition of a creep retardation is subjective, but Table
2 lists possible occurrences of creep retardations before the Loma Prieta earthquake in addition
to those tabulated by Burford (1988). As a general rule of thumb we look for rate decreases of at
least 30% compared to the long-term average rate, using a duration of at least 12 to 18 months to
avoid seasonal effects. By this rule the deficit at XHR in 1988 and 1989 does not qualify as
retardation, but we include it anyway given its uniqueness in the data.

Figure 4 depicts creep at each site along the San Andreas fault after extracting an average annual
rate, determined by least squares fit. Creep retardation phases defined by Burford (1988) and
additional retardations listed in Table 2 are indicated by bars at the top of each creep trace in



Figure 4 to facilitate comparison between periods of slip deficit and lack of precipitation.

The trace at the bottom of Figure 4 represents cumulative rainfall at Paicines after a long-term
annual trend of 15.4 inches/year has been removed. Since 1970 two droughts have occurred in
California: one from 1976 to 1978 when the average annual rainfall was 8.9 inches/year, and
from 1986 to 1991 when the average precipitation was 7.9 inches/year. Data from January 1991
through December 1992 yield a rate of 12.7 inches/year. In this rainfall trace, periods of drought
are clearly shown by a downward sloping trend.

Since the Loma Prieta earthquake occurred in the third year of a drought it is important to
explore to what extent preseismic and postseismic rate changes may be attributed to lack of rain.
Because we have no direct measurements of soil moisture near any of the instruments, we instead
compare creep characteristics from the recent drought with those from the prior drought. This
comparison is less than optimal given the difference in severity of the two dry spells. Neverthe-
less it does provide some insight into what type of drought response can be expected.

For example, Figure 3b, focusing on a 6 year window around the Loma Prieta earthquake, shows
clearly the correlation of seasonal RL movement at XSH with rainfall. In the 3 years before the
quake all 3 creep events occurred during rain, with 2 events decaying LL over several months
time. Since the quake, there has been no dextral movement without rainfall. Instead LL
movement returns within a few hours of RL onset.

At creepmeter HLC there is a similar seasonal pattern following the quake, in which movement
from April to November is essentially flat to slightly LL, while movement from November to
April is RL. Indeed dextral slip in the first few months after Loma Prieta may be strongly associ-
ated with rainfall. Schulz and others (1982) point out that creepmeter HLD spans only a portion
of the fault zone and may record as little as 30% of the overall movement there. This accounts
for the lack of apparent correlation with data from HLC and XSH in terms of rate and features in
the long-term data. In the 3 years before Loma Prieta the creep rate at HLD is slightly higher
than the long-term average: 2.1 mm/yr compared with a least squares rate of 1.5 mm/yr from
Schulz et al. (1982). Since October 1989 HLD has recorded LL drift.

Along the San Andreas fault we find a range of creep-rainfall responses. During the 1976-77
drought XSJ and XMR were recording lower than average rates of creep. At XSJ however the
deficit continued almost 2 years beyond the return of normal precipitation. At XMR the retarda-
tion phase ended at about the same time as the drought, but began 5 or 6 months before reduced
rainfall. XSH, on the Calaveras fault, was also slower than normal during the 1976-77 drought.
Like XSJ, retardation at XSH continued beyond the end of the drought, lasting until the Coyote
Lake earthquake. From 1978 to 1985 precipitation was relatively normal. During this period
Burford (1988) identified slip deficits at XSJ (1978-1980, 1983-1988), XHR (1984), XFL
(1983-1986), XMR (1983-1986), and XSH (1978-1979, 1982-1984). During the recent drought
from 1986 to 1991, retardation at XSJ began ~2.5 years before the drought and ended ~8 months
before the drought did. CWC and XHR saw deficits that were entirely within the drought period,
terminated by or just before the Loma Prieta earthquake. XSH and HLC, with deficits beginning



in 1986 or 1987, continue to record less slip despite resumption of normal rainfall. XMR comes
closest to following recent rainfall fluctuations in that retardation began in 1988 and may have
ended in mid-1991, based on faster inter-event slip.

Comparing creep retardation to seismicity, four of five creepmeters on the San Andreas fault dis-
play retardations prior to Loma Prieta earthquake (Table 2), with durations ranging from 7 years
at XSJ where the deficit lasted until almost 6 months after the quake, to 11 months at XMR
where episodic creep events resumed before the quake but the overall rate remained lower than
average until almost 2 years later. At XFL the data show no real change before the earthquake,
and post-seismic slip is expressed as a surge in February 1990, coincident with rainfall. Post-
seismic rates continue to be above the long-term average at XSJ and XHR, though both sites
began to slow down in mid- to late-1991. At CWC, XFL, and XMR the rate for 1992 is roughly
equivalent to the pre-established average rate.

Although we can point with certainty to creep events at some sites that do correlate with rainfall,
and to fairly well defined seasonal behavior patterns at other sites, the correlation of some of the
most interesting rate changes with weather and season remains enigmatic. For the 14 occur-
rences of creep retardation at 6 sites documented by Burford (1988), 4 instances fell completely
within drought periods, 3 instances spanned periods of drought and normal rain, and 7 instances
occurred during years with normal rainfall. Because the behavior of individual instruments can
be idiosyncratic and dependent on local conditions, it is not possible to appeal to the contrary
behavior of even nearby sites to answer some of these questions. Our approach in the rest of this
paper will be to try to point out where anomalies could arise from weather-related causes even
though our preferred explanation is tectonic. In Appendix A we discuss the rainfall related his-
tory of several individual instruments in more detail.

COSEISMIC STEPS AND STATIC STRESS CHANGES

Coseismic steps were recorded at the 6 closest USGS creepmeters on the San Andreas and
Calaveras faults with sampling intervals short enough (10 minutes) to detect such steps. These
"coseismic” responses occurred within 10-20 minutes of the earthquake origin time, the uncer-
tainty in timing being caused by the coarseness of the sampling interval. Table 1 lists coseismic
steps at all creepmeters in the network, and Figure 5 shows raw data for the 6 closest instru-
ments.

Figure 6 compares the coseismic steps at the six creepmeters with the calculated Loma Prieta
stress changes based on a dislocation model of Lisowski and others (1990) used to match geode-
tic measurements of coseismic surface displacements. Static stress changes at the creepmeter
sites were calculated using equations derived by Okada (1992) for dislocations in an elastic half-
space. Coseismic steps could not be inferred for HLC or HLD because these instruments are
read manually at quarterly intervals. Of six observed coseismic steps, one (at XFL) is LL and all
of the others are RL. No strong relation exists between either sign or magnitude of the steps and



sign or magnitude of the calculated stress changes, especially in view of the tendency of coseis-
mic steps in RL fault systems to occur in a RL sense.

Five earthquakes other than the Loma Prieta with magnitudes greater than 5 have occurred in the
region since 1974 (Figure 1b). They are: Thanksgiving Day (M5.1), Coyote Lake (M5.9), Mor-
gan Hill (M6.2), Tres Pinos (M5.3), and Chittenden (M5.4). For all six earthquakes, 4 LL and 17
RL coseismic steps were observed (Table 4, Figure 7). Of the 4 LL steps, two occurred at sites
where model calculations predict LL shear stress changes, and two occurred at sites where calcu-
lations predict RL shear stress changes. Conversely, at the 6 sites with coseismic steps where LL
stress changes are predicted, only 2 showed LL coseismic steps.

These results imply that the sense (RL or LL) of coseismic steps at the six creepmeter sites bears
little relation to the imposed static shear stress changes. If we adopt the null hypothesis that the
direction of a coseismic step is independent of the sign of imposed static stress change, then a
two-sided y? test (e.g., Sachs, 1982) applied to the data displayed in Figures 6 and 7, does not
allow us to reject the null hypothesis at even the 50% confidence level. We conclude that the
sense of observed coseismic steps bears no obvious strong relation to the calculated static stress
changes. Although all but one of the large coseimic steps did occur for RL static stress changes,
there was only one instance of a large imposed LL static change, so the geometry of faults and
earthquakes in the region has not lent itself to testing the hypothesis in question.

It does appear from visual inspection of Figure 7 that the 26 occurrences of increased RL shear
were more likely to have a sizable coseismic step than the 19 occurrences of added LL shear,
many of which had a zero step and are not plotted in Figure 7. The larger amplitude and the
larger number of RL steps presumably reflects the fact that all of the creepmeters are installed
across faults that normally creep in a RL sense.

More often than not, the coseismic step probably reflects the triggered release of a backlog of
slip either in the near-surface of the Earth or in the instrument itself by the shaking that accompa-
nies the passage of seismic waves. The magnitude of the dynamic stress changes associated with
the passage of seismic waves is, in general, much larger that the magnitude of the static stress
changes (Spudich and others, 1993). On a right-lateral fault, such a backlog would normally be
right-lateral, although a few sites might have a left-lateral backlog resulting from seasonal varia-
tions in slip direction of the instrument caused by rainfall, local soil conditions, and installation
configuration. We cannot rule out the possibility that, because of radiation patterns and ground
conditions, those sites with RL shear added might also have been the sites that experienced the
greater amount of dynamic shaking during the earthquake. Nevertheless, the results shown in
Figure 7 suggest that added RL static shear encourages the triggered release of a backlog of slip
in a RL system, while added LL static shear can discourage such a triggered release.

Williams and others (1988) suggested that the amount of slip triggered on part of the southern
San Andreas fault by the 1986 North Palm Springs earthquake agreed well with the size of the
slip deficit at the site. McGill and others (1989) suggested that slip deficit is probably only part
of the story, because some sites showed triggered events associated with both the 1989 Elmore



Ranch and Superstition Hills earthquakes, separated by only 11 hours, whereas one might expect
the deficit to have been shaken out by the first shock. We looked for a correlation between the
magnitude of the coseismic step and the slip deficit at our eight San Andreas and Calaveras sites,
where slip deficit is defined as the difference between the long-term rate at a site and the average
rate in the 1-year period preceding the earthquake (Figure 8). (The two points in Figure 8 with
large negative deficits come from long-term rates before the Chittenden earthquake, an after-
shock to the Loma Prieta earthquake; these negative deficits are caused by faster than normal
rates at the two sites caused by Loma Prieta afterslip.) Although there is a suggestion that the
largest steps correlate with the largest deficits as defined here, the strength of the correlation is
not great.

We could find no significant agreement between sign of coseismic steps and sign of 1-year aver-
age rate changes (Figure 9). The two-sided Chi-square test did not allow us to reject the null
hypothesis that no relation existed with a confidence any greater than 40%. The absence of any
such a relation is consistent with the idea that, in most cases, coseismic steps largely reflect the
release of a backlog of slip rather than a clean response to newly imposed stress changes,
although it is not possible to rule out a combination of the two effects.

CREEP RATE CHANGES AND STATIC STRESS CHANGES

Average 1-year slip rates for the five creepmeters on the San Andreas fault increased at the time
of the Loma Prieta earthquake, whereas rates for the three sites on the Calaveras fault decreased
(Figures 2,3; Tables 3,4). To compare creeprate changes with calculated static stress changes,
three different dislocation models of the Loma Prieta rupture were used based on geometries and
slip distributions proposed by Lisowski and others (1990), Marshall and others (1991), and
Beroza (1991). Simpson and Reasenberg (Table 1, 1994) tabulate the details of these three Loma
Prieta models. For one site, changes in the rupture orientation from model to model changes the
sign of calculated shear stress because this site is near a node in the stress field. In general, the
stresses calculated at distances of several rupture lengths from the epicenter are comparable
model to model.

Figure 10 compares the fractional change in 1-year average creep rates before and after the Loma

Prieta earthquake with calculated static stress changes from the three Loma Prieta models. The
fractional change in average rate is defined by:

AV
Vo

where AV is the change in average rate over the given time window, and V,, is the average rate
before Loma Prieta over the given time window.
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In order to see if there was any significant relationship between the signs of the rate changes and
the signs of the stress changes, we tested the null hypothesis that these quantities were indepen-
dent by applying a two-sided # test to the respective fourfold tables.

For shear stresses, the null hypothesis that the quantities are independent can be rejected at the
99%, 96%, and 83% confidence levels (2 values of 8, 4.4, 1.9) for the Lisowski, Beroza, and
Marshall models respectively when the stresses are calculated at the surface. The confidence
limits are even better if the stresses are calculated at greater depths (e.g., 10 km) because the hor-
izontal shear stresses change sign under HLC and HLD in the Marshall model (see Figure 15 and
Table 6).

For normal stresses, the null hypothesis that the quantities are independent can be rejected at the
0%, 52%, and 96% confidence levels ( 12 values of 0, 0.5, 4.4) for the Lisowski, Beroza, and
Marshall models respectively. The sense of relation for normal stresses suggested by the Mar-
shall model would yield an increase in creep rate in response to negative values of normal stress
which, in the convention used here, would imply more compression. If a relation of this sort
exists, it would be counter-intuitive given that Coulomb’s law predicts greater friction on the
fault as a result of greater compression.

We interpret these results to mean that for the 3 models tested, there is a good relation between
slip rate change and shear stress change, but that a relation between slip rate change and normal
stress change is unlikely.

In an effort to put this relationship on a firmer footing, we repeated the statistical tests using data
for four earlier earthquakes and the Chittenden aftershock, as well as for the Loma Prieta earth-
quake (Table 4). Model ruptures for each earthquake were made using dislocation rectangles
positioned and oriented from mainshock and aftershock locations and from focal mechanism
information (Table 5). Amounts of slip were assigned to these dislocation surfaces to yield the
observed seismic moments. By examining the results of six earthquakes together, we hoped that
model-dependent effects would be either made apparent or minimized in the statistics. The data
for all 6 earthquakes are shown in Figure 11. For shear stress, there is a relation at the 95% con-
fidence level (y* = 3.88). For normal stress, the null hypothesis of independence cannot be
rejected, implying that no strong relation exists.

A slightly sharper result is obtained if the lower calculated values of stress change are discarded.
For example, Reasenberg and Simpson (1992, 1994) reported that significant correlations exist
between shear stress changes and microseismicity rate changes down to stress levels of about 0.1
bar. If we repeat the statistical tests, eliminating those data points for which the shear stress
changes were less than 0.05 bar (Figure 12), then for shear stresses, there is a relation at the 99%
confidence level ( ,(2 = 6.58). These results are summarjzed in Table 6.

Similar statistical tests applied to each of the earthquakes individually show that, not unexpect-

edly, the largest earthquakes (I.oma Prieta and Morgan Hill) give the most definitive results. The
results of such tests are also dependent upon the choice of averaging interval. We used a 1-year

11



interval for the tests described above. For a 3-year window, XMR yields a slower average rate
after Loma Prieta compared to the rate before, which worsens the statistical results because the
calculated static stress changes require an increase in rate at XMR. It would be desirable to dis-
cover some objective criterion for choosing the averaging interval, but in the absence of such a
criterion perhaps the best that can be done is to try a range of reasonable intervals to demonstrate
that any results obtained do not depend strongly on the choice of interval length.

The best overall relationship between fractional 1-year average rate changes and applied static
stress changes from Table 6 can be expressed as:

AV
V; =~ (8 bars™') Az

where A7 is in bars, although values obtained range from 4 to 9. This is not a very general rela-
tionship because it is tied to a 1-year averaging window, but the data on the whole do not seem
adequate to support a more complex relation. The data from XHR and CWC might be good
enough to warrant a fit to some of the empirical relations described below, but we have not done
this.

COEFFICIENT OF APPARENT FRICTION

In correlating microseismicity rate changes with Coulomb failure function changes, Reasenberg
and Simpson (1992, 19--) found that the best correlations were obtained for low assumed values
of the apparent coefficient of friction x”. (In the terminology used by Reasenberg and Simpson
(19--), the apparent coefficient of friction is the value inferred by neglecting pore fluid pressure
changes.) The absence of any significant relationship between creep rate changes and calculated
static stress changes reported in the previous section is consistent with a low value of 4.

As another way to examine this, we correlated the Coulomb stress for different values of x” with
the fractional rate change. Values of correlation coefficient p are weakly but systematically
peaked at low values of the apparent coefficients of friction x4 (Figure 13). The correlation coef-
ficient p improves slightly if we delete all values of Coulomb stress less than 0.05 bars. In both
cases the correlations are significant at the 95% confidence level, although the slight differences
for neighboring values of 4" in Figure 13 are not likely to be very significant.

CREEP RATE VS. STRESS LAW

It would be very desirable to have a rheological law that would allow us to predict how a creep-
ing fault would respond to applied stresses. The calculated stress distributions discussed in the
next section suggest that inferring information about such a law from the response of a single
creepmeter to a single earthquake will not be easy.

12



Nason and Weertman (1973) pointed out that although the geometry of fault creep events
requires an upper yield point behavior on the part of the fault gouge, a unique constitutive law
cannot be inferred from the shape of the creep events alone. Nonetheless, a number of authors
have attempted to infer parameters for various plausible types of creep laws by looking at creep
events or afterslip decay.

Crough and Burford (1977) used a power law fault-zone rheology to relate the shapes of individ-
ual creep events with stress. The power law is:

dU/dt = Cz"

and the resulting displacement for creep events is given by:
U@ =Us [1 ~ 1/[Ct(n - DU + 1]1/(n-1)]

where U(t) is the displacement at time t after the onset of the creep event, 7 is the driving stress,
Us is the final displacement, U, = U — U is the remaining displacement, C is a constant of pro-
portionality, and n is the power law exponent. Wesson (1987, 1988) used this law for his discus-
sions of fault dynamics and Bilham (1989) used it to fit afterslip data to the 1987 Superstition
Hills, California earthquake. Although the shapes of the Loma Prieta perturbation at XHR and
CWC (Figure 14) approximate the shapes of the classic creep event, the shapes of the perturba-
tion at the remaining 6 sites is far from classic. Wesson (1988) has simulated composite events
with somewhat similar shapes to those seen at XSJ and XMR in a model using multiple interact-
ing slip patches each obeying a power-law rheology.

We note that the power law rheology as written, if applied to the fault at all depths, does not take
into account the possibility of a sign change in 7 at some depths that might temporarily reverse
the creep direction. A better version might be written:

dU/dt = Criz™!

For small changes in stress, the power-law yields:

where AV is the change in creeprate and At is the change in driving stress, which motivated our
use of the fractional creep rate change in the previous section. Comparison with equation (2)
yields the result that
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Again noting the inadequacies of equation (2), we can nonetheless infer a value for the "average"
ambient stress on the fault plane under the creepmeters by substituting likely values for n.
Crough and Burford (1977) report values of n between 1.0 and 2.5 with an average of 1.6
inferred from typical creep events. For such values, 7 would lie between 0.1-0.3 bars which
seems quite small, but which may represent average stress levels at the shallow depths most
likely to be reflected in the first year of creeprate change.

Sharp and Saxton (1989) proposed an empirical law to describe the time-evolution of afterslip
observed on the Superstition Hills fault after two earthquakes in November 1987:

Bt Y
Um:Uf(l-&-Bt)

where U(t) is displacement at time t after the earthquake, and U, B, and c are constants. (L.
Wennerberg (oral commun., 1993) has proposed a refined and better-fitting version of this empir-
ical law.) Boatwright and others (1989) discuss an inversion method to infer the three parameters
in the law from field data.

Scholz (1990) and Marone and others (1991) assumed a relation based on constitutive laws
developed by Dieterich (1979, 1981), Ruina (1983), and Rice and Gu (1983) to explore the
nature of afterslip curves. Their starting constitutive relation is:

755 = 7+ + (A —B) In(V/V.)

where Tgg is steady state frictional strength, V is sliding speed, A — B is the friction rate parame-
ter, and 7. is the strength for steady state sliding at speed V.. The afterslip displacement U (t) at
time t after the earthquake, is given by

A-B kv
U, () = - IHKA C};)t+l:|+vot

where k is the thickness averaged stiffness for the velocity strengthening region, Vg is the thick-
ness-averaged coseismic slip velocity within the velocity strengthening region, and V,, is the long
term slip rate.

There is a difficulty in applying the constitutive relation when V becomes zero or negative. A
more general formulation of the constitutive relation suggested by Dieterich (e.g., 1992) can
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allow for these possibilities.

At depths of several kilometers, we would expect that the imposed shear stress changes under our
creepmeter sites (typically tenths of bars or less) are small compared with the usual shear stress
levels driving these faults. If so, then a linearized form of the above laws relating creeprate
changes and stress changes may be appropriate, and the data provided by the creepmeters may
not be adequate to distinguish among the various laws or, in fact, to distinguish them from a lin-
ear viscous response. The fact that the three sites that were close to regions where the fault sur-
face had LL shear stress applied actually went LL for varying periods after Loma Prieta suggests
that the usual shear stress levels in the upper meters or kilometers are normally quite small, and
that the rheological laws governing this depth range on the fault can probably not be linearized.
The behavior of the Middle Mountain creepmeter near Parkfield after the Coalinga earthquake
(e.g., Mavko and others, 1985; Simpson and others, 1988) provides another example of such
behavior.

Clearly, more work needs to be done to propose and test creeprate laws with the appropriate
depth-dependent behaviors, in order to explain the perturbations at these creepmeters. One bene-
fit of such a law will be the ability to calculate synthetic creep records at various sites based on
the influences of nearby earthquakes. Once such a law is calibrated, it can also be used to infer
the existence of stressing not obviously associated with seismicity, but perhaps caused by the
passage of aseismic tectonic waves. Gwyther and others (1992) describe a post-Loma Prieta
shear strain anomaly near San Juan Bautista recorded on a tensor strainmeter that could perhaps
be used in conjunction with creep data to constrain a fault rheology.

If indeed the creep rates are responding to static stress changes caused by earthquakes, including
earthquakes on other faults, this raises the question as to whether the effect is shallow or extends
to depth. The creepmeters, if they are sitting over low-friction shallow cracks, could just be act-
ing as sensitive strainmeters. The observation that microseismicity rates on Bay Area faults also
responded to static stress changes after the Loma Prieta earthquake (Simpson and Reasenberg,
1992), suggests that some part of the observed changes in surface creep rates reflect changes in
slip rate at seismogenic depths.

We have not attempted to fit any of these laws to the Loma Prieta perturbations displayed in Fig-
ure 14, partly because these perturbations are not very cleanly defined, and partly because we
believe that the perturbations represent a composite response to sometimes complex stress distri-
butions. We will instead attempt to use some simple dislocation models to put bounds on the
total amount of perturbed slip that might occur at the various sites, and to estimate the depths that
slip might be coming from as a function of time.
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MODELS EXPLORING DEPTH-ORIGIN OF
LOMA PRIETA AFTERSLIP

Although it is difficult to infer fault-zone rheology from the available "afterslip" observations, it
is possible to estimate the depth to which the earthquake-induced anomalous slip extends. It
might be the case, for example, that the afterslip recorded at the creepmeters was a superficial
phenomenon, confined to the upper kilometer or two of the crust.

To bound the possible depth to which anomalous slip might extend, we used Okada’s (1990) dis-
location subroutines and the Loma Prieta slip distribution of Marshall and others (1990) to make
a model of the San Andreas and Calaveras faults (Figure 15). Stress changes were calculated at
the centers of 2 km x 2 km square dislocation patches extending down to 20 km. We permitted
the dislocation squares between the Earth’s surface and some chosen depth to slip freely in
response to the earthquake-induced static stress changes, so that the stress at their centers was
canceled. All squares below the chosen depth were not allowed to slip. No squares farther than
9 km north of creepmeter XSJ were allowed to slip in response to the stress changes. We
assumed that the total slip in response to the stress changes would occur instantaneously,
although, in fact, the slip must occur in viscous fashion over the space of several years.

The model contains an interruption in the Calaveras fault between HLC and HLD. This disconti-
nuity, although small, will reduce the total slip estimated for nearby sites because of the fault
connectivity effect of Bitham and Bodin (1992). (Sites on model faults that are distant from fault
ends can slip farther than points close to ends of discontinuous segments.)

The results (Table 7, Figure 16) show, for example, that at CWC, 5 mm of anomalous surface slip
at a maximum will occur if only the upper 2 km of the fault are able to respond to the stress
changes. Figure 14 shows that slip at CWC had exceeded the amount expected at the pre-
earthquake creep rate by this amount within several months of the earthquake, even if the coseis-
mic step is not included. Compared to the creep rate in the year before the earthquake, at the
beginning of 1993, anomalous excess slip of 30-35 mm had occurred at CWC (Figure 14),
requiring anomalous slip to have occurred to depths in excess of 10 km in our model.

Figure 16 suggests that the total anomalous slip at the surface would not get much larger if even
deeper levels were allowed to slip. We anticipate that the results obtained from a model where
slip could extend to 50 km or 100 km would not be greatly different from the results observed at
20 km. As of July 1, 1992, observed anomalous slip advances and deficits were estimated to
range from -25 to +45 mm for the 8 creepmeters on the San Andreas and Calaveras faults (Table
7). These observations fall within the calculated extremes of -28 to +60 mm in the 20-km col-
umn of Table 7. Because the anomalous slip is continuing, further comparisons will be needed.

The three-dimensional distribution of earthquake-induced shear stress in our model (Figure 15)
suggests that efforts to infer fault-zone rheology from afterslip behavior recorded at the Earth’s
surface need to take into account the geometry of the stress field both laterally and with depth on
the fault surface. For example, using the slip distribution of Marshall and others (1990), the
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stresses imposed by the earthquake close to HLC and HLD are RL in the upper 6 km and LL
from 6 to at least 20 km (Figure 15). The expected signal at these sites would initially be an
increase in creep rate as the upper levels of the fault move faster in response to the added RL
shear, followed by a slowing creep rate as the LL shear imposed at greater depths and to the
north retards creep in these regions -- which eventually propagates to the creepmeter sites. One
can see suggestions of such behavior in Figure 14 at sites HLC and HLD, although the "noise"
level in these records is large enough to cast some doubt on this interpretation.

RETARDATION AND ANOMALOUS BEHAVIOR BEFORE
THE EARTHQUAKE?

A number of possible precursors to the Loma Prieta earthquake have been suggested. For exam-
ple Fraser-Smith and others (1990) reported anomalous electromagnetic radiations in the the
days and hours before the earthquake. Gladwin and others (1991) described a strain anomaly
near creepmeter XSJ that began mid-way through 1988. Galehouse (19--) suggested that some
alinement arrays along the Hayward fault might have slowed down in the months before Loma
Prieta, and Reasenberg and Simpson (19--) reported a possible slowdown in Hayward fault seis-
micity beginning in 1988.

We have listed four possible creep retardations (Table 2, Figure 4) that might have foreshadowed
the Loma Prieta earthquake. We examined the retardation at CWC in detail because the behavior
of CWC had been so consistent from about 1975 to 1987 that the retardation appears more con-
vincing than do some of the others. We cannot rule out the possibility that drought conditions
caused the slowdown at this site, but in the following we assume a tectonic origin and see where
that leads.

An important observation is that in spite of possible retardations identified at XHR and XSJ (4
and 15 km northwest of CWC, respectively), the anomaly at CWC does not correspond very well
in duration or character with the behaviors of neighboring creepmeters (Figures 2,3,4), suggest-
ing that whatever is happening at CWC is mostly local in scope.

The Tres Pinos earthquake of 26 January 1986 ought to have increased the static shear stress at
CWC by about 1/3 as much as the Loma Prieta event (Table 4), and our model suggests that
these stress changes at CWC should have increased the creep rate just as the Loma Prieta earth-
quake did, rather than retard it. (A small increase in rate is apparent immediately after the Tres
Pinos earthquake, but it was soon followed by the more obvious decrease.)

Another clue is offered in the detailed behavior of CWC during part of the retardation period
(Figure 18). Although discrete RL events continued at about the same rate and size as before, a
trend change in background movement beginning soon after a M3 earthquake on 871102 carries
the instrument in a LL sense between the RL events. Histograms of creep step sizes for part of
this period and for a more normal period are shown in Figure 19. Left-lateral movement between
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RL events at CWC also took place between 1978 and 1981, but such behavior has not been the
norm.

Bilham and Behr (1992) proposed a two-layer model for creep observed on the Superstition Hills
fault. They described episodic creep events superimposed on a more constant background slip
rate, and they proposed that the episodic slip is coming from deeper layers on the fault, while the
background slip represents steady sliding in a near-surface layer. One plausible explanation for
the CWC retardation would be to have the RL events produced by slip propagating to the surface
from some region on the San Andreas fault under or adjacent to CWC. The LL slip between RL
events would be produced by stress transferred to the San Andreas fault under CWC by slip on
some other fault. The most obvious source is the Tres Pinos earthquake, which was followed by
a diffuse set of aftershocks (Figure 20) suggesting regional stress changes in the complex region
between the San Andreas and Calaveras faults (Burford and Savage, 1973). Afterslip on the Tres
Pinos fault plane itself does not produce LL stresses near CWC with our model geometry. But if
the Tres Pinos earthquake triggers RL slip on parts of the sub-parallel Calaveras/Paicines fault,
the resultant stresses at CWC could be LL. Figure 21 (top) shows regions on nearby vertical
faults where RL slip would produce LL stress at CWC.

A second scenario would be to have the Tres Pinos earthquake induce slip on some other struc-
ture even closer to CWC that could again induce LL stress changes on the San Andreas fault in
the near surface under CWC. Small earthquakes define several such structures just to the north
and east of CWC (Figure 20). Activation of a small structure close to CWC could explain why
the effect is not seen with the same character on other nearby creepmeters. The next creepmeter
4 km to the north (XHR) might in fact see stresses of opposite polarity depending on the geome-
try and location of the slipping region. Future models will be constructed to test the magnitudes
of slip needed on various nearby faults to produce the observed rates of LL stepping.

A third scenario would have regional, mostly aseismic slip on a sub-horizontal detachment struc-
ture following the Tres Pinos earthquake. Again, slip in the proper regions of such a structure
could probably induce LL stress at CWC.

In all of these scenarios we suggest that the Tres Pinos earthquake caused or accompanied
regional stress changes in the triangular wedge between the San Andreas and Calaveras faults,
that could have been recorded at CWC as LL drift. Thus CWC retardation might have reflected
large-scale stress changes that could also have triggered the Loma Prieta earthquake.

Perhaps it is significant that the region south of San Juan Bautista in which most creep retarda-
tions have been described (Burford, 1988) contains sub-parallel fault strands (San Andreas and
Paicines/Calaveras). If RL slip were to alternate on these strands, then creepmeters on the mov-
ing strand would speed up, while those on the other would slow down. Perhaps when the slowed
strand begins to move again the fault might have become more brittle because it has had a chance
to heal, so that if sufficient stress has accumulated to produce an earthquake, then one would be
more likely to occur at the end of a retardation period than at other times.
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Burford (1988) suggested fault interactions of this sort as a possible explanation for the observed
retardations. He also offers other explanations for the phenomenon, including growth of asperi-
ties, strain hardening, stress-waves, and fluctuation in driving stress. There appears to be some
hope of evaluating these possibilities using simple dislocation models to explore plausible
sources of imposed stresses.

CONCLUSIONS

Four mechanisms have been proposed to explain triggered slip (Allen and others, 1972; Fuis,
1982; Williams and others, 1988; McGill and others, 1989): (1) static stress changes produced by
the earthquake rupture, (2) dynamic stresses from the passage of seismic waves, (3) creep migrat-
ing from the earthquake source region, and (4) a regional strain event that produces both aseismic
slip on some faults as well as earthquakes on others.

The Loma Prieta earthquake produced coseismic steps on many of the central California creep-
meters. We think that these steps were caused by shaking of the sites and the instruments,
because they do not seem to correlate very well in either size or direction with calculated static
stress changes, favoring explanation (2) above.

The Loma Prieta earthquake produced significant changes in average creep rate at a number of
sites on the San Andreas, Calaveras, and Hayward faults (Galehouse, 19--). These changes are
generally consistent in magnitude and sign with the static shear stress changes, and statistically
significant correlations exist with three different models of the Loma Prieta rupture, although the
quality of the correlations vary to some degree from model to model. The change in horizontal
shear stress appears to be the significant variable. Changes in calculated normal stress do not
seem to correlate at significant confidence levels, which suggests that coefficents of apparent fric-
tion are low for creep on these faults. A comparison of correlation coefficients for various
assumed values of apparent coefficient of friction finds the best correlation for low values
(0.0-0.3). These observations seem consistent with explanation (1) above. Explanation (3)
might explain rate changes for creepmeters on the San Andreas fault, but hardly seems to explain
the rate changes on the Calaveras or Hayward faults.

A 3-dimensional boundary element model was used to examine the depths that were being sam-
pled by surface slip. This model can only put approximate limits on the depths that slip is "com-
ing from", but suggests at CWC, for example, that by 1 year after the earthquake at the latest, slip
from 10 km depth was being sampled at the surface. Total expected anomalous slip at the creep
sites can also be estimated from this 3-dimensional model. The estimates range in value from -6
mm to 60 mm, which are in fair agreement with observed slip advances and deficits observed at
the sites.

Rainfall-induced and seasonal variations in creepmeter behavior are considerable and raise the
possibility that some rate variations that might be interpreted as precursors to earthquakes are

19



weather related. Because the drought conditions starting in 1987 were especially severe, creep
retardations observed at four sites are suspect to some degree. We attempted to use creep behav-
ior during the earlier drought years of 1976-1977 to calibrate the more recent drought, but found
no strong link between climate and slip fluctuations.

Burford (1988) has proposed that creep retardations can occur at creep sites before local earth-
quakes, and has tabulated 25 instances of possible retardations on the San Andreas and Calaveras
faults between 1957 and 1983. Assuming that a possible retardation at CWC that began in
1986-1987 and ended with the Loma Prieta earthquake might be of tectonic origin, we consid-
ered some possible tectonic causes of this retardation. The instrument continued to record large
RL events during this interval but small LL slip events in the intervals between the large RL
events slowed the total creep rate. This behavior is similar to that described by Bilham and Behr
(1992), who ascribe the large creep steps and the background creep at creepmeter sites on the
Superstition Hills fault to different sources. If such an explanation holds here, it would seem
likely that the large RL steps that represent fairly normal behavior at CWC, come from slip on
nearby parts of the San Andreas fault. We propose 3 scenarios for the origin of the LL drift: slip
triggered on the Calaveras/Paicines fault, slip on a nearby structure to CWC revealed in the seis-
micity, or slip on a regional subhorizontal detachment. In all 3 scenarios, this movement would
be triggered by regional tectonic adjustments following the 26 January 1986 Tres Pinos earth-
quake in the complex triangle (Burford and Savage, 1973) between the San Andreas and Calav-
eras faults. If this is correct, then the retardation at CWC could be regarded as a precursor to the
Loma Prieta earthquake, if these same adjustments ultimately brought that earthquake closer to
fruition. This scenario would also seem to give some credence to explanation (4) above as a
viable mechanism.

The ability of the creepmeters to respond to Loma Prieta stress changes in predictable ways sug-
gests to us that other regional stress-change information is contained in the creepmeter signals. It
becomes increasingly important to understand the effects of weather and seasons on the instru-
ments so that the true signals of tectonic origin can be extracted and interpreted.
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APPENDIX A: SITE NOTES

The following section provides further detail on conditions influencing the data from different
creepmeters. These aspects are typically site-specific, and modulate the way we interpret the
long-term record. As such they form the basis of several assumptions in this paper.
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XHR: Combined datasets

The record for XHR used in the study is a composite of data from XHR1 and XHR2. Zero was
lost on creepmeter XHR1 when it was destroyed in 1984 (Schulz 1989). To estimate a projected
starting point for XHR2 data we calculated the amount of movement in a 245 day window, which
is the duration of the gap between instruments, sliding the window every 10 days. The greatest
change in a window with continuous data was 9.4 mm for the period ending 811102. We chose
instead a correction value of 5.4 mm which occurred most often in the series of windows. Com-
parison with creep data from Cienega Winery, 3 km southeast of the site supports this as a rea-
sonable adjustment for the level of activity at the time.

CWC: Instrument characteristics and rainfall

At the Winery, creepmeters actually measure offset of adjacent concrete floor slabs separated by
the fault trace. Individual rainstorms produce only nominal changes in creep at this site. It is
possible that a sustained drought might be expressed as a decrease in the background slip pattern
such that episodic events, an indication of slip at depth, would be of normal amplitudes while
inter-event slip could be more sensitive to changing conditions in the shallow soil. De-coupling
between the instrument and the fault at this site makes the association between drought and slip
deficit tentative at best. In fact, we could argue that the retardation seen at the Winery from 1987
to 1989 is caused by the same phenomenon that produced the slip deficit at XHR from late 1988
to September 1989. Perhaps both sites were responding to drought. Alternatively these instru-
ments may have been sensing a local perturbation in fault activity that was over-ridden by the
Loma Prieta earthquake.

Another instrument at the Winery, CWN, is not included in this study. At this creepmeter,
located about 30 meters northwest of CWC, an obstruction gradually developed inside the instru-
ment enclosure which inhibited the amount of movement recorded. Approximate onset of this
condition is difficult to determine, and the slip released when the problem was corrected in
February 1990 was insufficient to resolve the discrepancy between what was recorded on CWN
and what was observed on CWC. Prior to 1987 the 2 instruments tracked each other very well,
both in rate of slip and in creep event characteristics: onset, duration, and amplitude.

XMR: Rainfall and seismicity

We should again address the possibility that drought might be related to the creep retardation at
Melendy Ranch since August 1988. In the long-term record the drought from 1975 to 1978 cor-
responds to a slip deficit at XMR. Burford (1988) asserts that this deficit was terminated by a
M4.0 quake near the site in December 1977. Though the deficit is more firmly linked to seismic-
ity, the drought also ended about this time making it difficult to isolate the effects. Another slip
deficit in late 1982 to mid-1984 occurred when seasonal rainfall was normal, presenting one case
where the seismic association is more obvious.

For the first 2.5 years of the current drought, creep at XMR was slightly accelerated after a M4.6
quake on January 14, 1986 terminated the retardation phase from late 1984 to the end of 1985
(Burford, 1988). It is unknown to what extent the slip slowdown which began in August 1988 is
related to drought, or is a reflection of changes in local seismicity patterns. Creep rates at XMR
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increased in mid-1991 and for the past 1.5 yeas have hovered close to the long-term average rate
of 18 mm/year, as opposed to a rate of 13 mm/year following the Loma Prieta earthquake for the
same duration. It is possible that the site is responding to the return of normal rainfall. Perhaps
the most decisive clue will be the occurrence of the next M4-5 earthquake near this instrument.
Until then the interpretive waters will continue to be muddied by the question of which variable
is more dominant in the data: seismicity or rainfall.

XSH: Site modifications and rainfall

In Spring 1986 a new creepmeter was installed at Shore Road, slightly south of the original site
and spanning an additional 5 meters of fault zone (Schulz 1989). The anchor pier of the new
instrument is now within a few meters of an adjacent slough embankment. The stronger RL
movement occurring during Winter and Spring may be related to increased movement of the
anchor pier during wet weather. The fact that this pattern of activity was not seen at the site
before 1987 adds credence to this account.

Aside from mechanical alterations it is worthwhile to explore what impact the drought might
have in relation to the declining creep rate. Schulz and others (1983) describe a characteristic
site response to rain, occurring as small oscillatory signals lasting a few days. This is evident
throughout the data, both before and since 1986. A rain gauge was installed at this site in Octo-
ber 1992 to track creep with rainfall. Data from a single rainy season show a strong correlation
between rainfall and movement on the creepmeter, which begins a few hours after onset of mea-
surable precipitation. The previous drought from 1975 to 1978 was roughly coincident with the
onset of creep retardation associated with the Coyote Lake earthquake. However, the slip deficit
continued almost 2 years beyond the end of the drought, and rainfall-related movement is clearly
evident during that period. During the pre-Morgan Hill creep retardation there was above aver-
age rainfall with no significant change in instrument response compared to the 1975-1979 deficit
data. Thus it would appear that the current drought has less impact on the data than site modifi-
cations. Nevertheless a final verdict is premature until a more detailed study is conducted.
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TABLE CAPTIONS

TABLE 1. Summary table of all USGS creepmeters in operation at the time of the Loma Prieta
earthquake. A * in first column indicates a site on the Southwest Fracture near Parkfield.
A * in the coseismic change column indicates initial RL movement which was offset by
subsequent LL movement within hours to days of the earthquake. Question marks in the
coseismic change column indicate lack of data for determining coseismic movement. Neg-
ative values indicate left-lateral coseismic steps, positive are right-lateral.

TABLE 2. Possible creep retardations before the earthquake. The retarded rate and the back-
ground rate were determined by fitting least square lines to the intervals of interest. The
background interval extends from the origin of the respective meter to 10/17/89.

TABLE 3. Average creep rates for 5 creepmeters on the San Andreas Fault and 3 creepmeters on
the Calaveras fault. Average rate is determined by least square fitting of a line to data in
either a 6-month window (a) or in a 1-year window (b); the windows are advanced by
3-month and half-year increments, respectively, over the period of interest, and the result-
ing rates are averaged. The first interval is a background period which ends more than 3
years before the earthquake so as to avoid possible precursory Loma Prieta effects. The
second interval includes possible precursory Loma Prieta effects. The third interval is for
1 year after the earthquake. The fourth interval is for 2 years after the earthquake. Neg-
ative values indicate left-lateral rates, positive are right-lateral.

TABLE 4. Observed coseismic steps and 1-year average rates for 8 creepmeters and 6 earth-
quakes. The earthquakes in column 1 are ch = Chittenden, Ip = Loma Prieta, tp = Tres
Pinos, mh = Morgan Hill, cl = Coyote Lake, td = Thanksgiving Day. For coseismic steps
in column 3, ‘-’ indicates no step, and ‘?’ indicates that the data were not available. 1-Year
average rates were calculated by fitting a least-squares to the data in the one year interval
and ignoring any coseismic offset. Fractional rate change in column 6 is calculated from
columns 4 and 5 as (ratebefore-rateafter)/ratebefore. Stress changes in columns 7 and 8
were calculated from dislocation models described in TABLE 3 and in the text. Negative
values indicate left-lateral changes or rates, positive are right-lateral.

TABLE 5. Values used in dislocation models of the six earthquakes. Negative horizontal-slip
values indicate left-lateral, positive are right-lateral. Negative dip-slip value indicates
reverse faulting. Earthquake information from Oppenheimer and others (1990).

TABLE 6. Statistical tests to determine significance of relation between changes in 1-year aver-
age creep rates and calculated changes in static stress.
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TABLE 7. Total post-Loma Prieta anomalous slip at 8 creepmeters predicted for various depths
to the bottom of the freely-slipping layer. Calculations based on a dislocation model using
the Loma Prieta slip distribution of Marshall and others (1990). Negative values indicate
left-lateral slip, positive are right-lateral. The values shown in the last 2 columns are
observed anomalous slip as of July 1, 1992 relative to a 1-year average rate before Loma

Prieta (Observedl, see FIGURE 14) and relative to a 3-year average rate before Loma Pri-
eta (Observed3).
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Table 1

Site Fault Origin  Sample Rate Distance from Coseismic Post-LP
(mo/yr) Loma Prieta (km) Change (mm)  Rate Change(?)
XS) San Andreas 11/74 10 minute 39 52% Y
XHR San Andreas 9/70 10 minute 50 4.3 Y
CwC San Andreas 10/68 10 minute 54 6.8 Y
XFL San Andreas 4/73 10 minute 68 -0.35 Y
XMR San Andreas 6/69 10 minute 79 26 ?
MRW  San Andreas 10/72  quarterly 80 ? Y
BIT San Andreas 7/69  quarterly 107 ? N
XMP San Andreas 6/69  quarterly 133 ? N
XSC San Andreas 6/69 10 minute 155 0.2 N
XMM  San Andreas 9/79 10 minute 171 0.7 ?
XMD San Andreas 7/86 10 minute 174 1.8 N
XVA San Andreas 4/87 10 minute 177 3.1 N
XRS*  San Andreas 5/87 10 minute 178 -0.01 N
XPK San Andreas 9/79 10 minute 180 15 N
XTA San Andreas 9/85 10 minute 182 0.14 N
WKR San Andreas 9/76 10 minute 186 0.8 N
XHS*  San Andreas 6/87 10 minute 184 0.1 N
CRR San Andreas 6/66 10 minute 190 0.03 N
XGH San Andreas 6/69 10 minute 192 0.06 N
X46 San Andreas 8/86 10 minute 204 0.2 N
HWR Hayward 4/68  quarterly 73 ? N
HWE Hayward 4/68  quarterly 72 ? N
HWW  Hayward 4/68  quarterly 72 ? Y
HWP  Hayward 5/76  quarterly 71 ? ?
XSH Calaveras 6/71 10 minute 40 5.1% Y
HLC Calaveras 4/70  quarterly 47 ? Y
HLD Calaveras 4/70  quarterly 48 Y
Table 2 - Possible Creep Retardations Before the Earthquake

Site From To Duration (months)  Rate (mm/yr) Background Rate (mm/yr)
XS] August 1982 April 1990 92 38 6.4
XHR  September 1988  September 1989 12 6.1 7.5
CWC  August 1987 October 1989 26 6.9 10.1
XMR  August 1988 May 1991 36 12.3 18.0
XSH  May 1989 continuing 30 -0.3 11.8
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(A)

Table 3 - Average creep rates for various intervals.

6-Month Average Creep Rates, in mm/yr

Interval Dates:

XSJ

6.1+ 7.1(35)
7.7% 3.7(25)
1031 3.8 (30)
6.3+ 3.7(28)
17.4+ 8.0(34)
13.1 159 (33)
12.0 £12.1 (19)
8.0 3.1 (2)

01/01/77-01/01/86  01/01/86-10/01/89

41+ 58(14)
8.5+ 4.0(12)
8.1 3.9(14)
73+ 3.1(14)
18.1+ 9.3 (14)
9.5+15.2 (12)

- (0)

—(©

11/01/89-11/01/90

151+£7.7(3)
22.0+£33(3)
184+4.1(3)
15.0+3.1(3)
12.122.0(3)

0.1+£5.7(3)
-1.6+5.3(3)
03x19(@3)

11/01/89-11/01/91

1451 6.0(7)
192+ 4.4(7)
158+ 5.1(7)
1134 42(7)
1344 53(7)
-1.6£10.5 (7)
0.6+ 4.5(6)
-1.0% 1.5(6)

The 6-month sampling interval advances in 3-month steps. First number is average creep rate in mm/yr;
second number after  is one standard deviation; value in parentheses is the number of 6 month intervals

within the overall interval that were used to calculate average and standard deviation.

(B)

1-Year Average Creep Rates, in mm/yr

Interval Dates:

XSJ
XHR
CwWC
XFL
XMR
XSH
HLC
HLD

6.0+ 49(17)
79+ 2.4(14)
104 1.4(17)
6.6 2.1(14)
170+ 50(17)
12.7%11.1 (17)
102+ 6.3 (15)
1.9+ 2.3(14)

01/01/77-01/01/86  01/01/86-10/01/89

43+ 34(6)
851 2.3(6)
8.0 1.6(6)
7.6% 1.3 (6)
17.7% 7.7 (6)
6.6 94 (5)
46+ 4.1(6)
1.5+ 1.8 (6)

11/01/89-11/01/90

15.0%-- (1)
23.0%-- (1)
182%--(1)
148%-- (1)
128%--(1)
0.1%--(1)
-13%- (1)
03+--(1)

11/01/89-11/01/91

143+ 1.0(3)
202+ 42Q)
151+ 27@3)
110+ 33(3)
13.6% 1.6 (3)
0.7+ 41(3)

07+ 1.8(3)
-08% 1.0(3)

The 1-year sampling interval advances in half-year steps. First number is average creep rate in mm/yr;
second number after * is one standard deviation; value in parentheses is the number of half-year intervals

within the overall interval that were used to calculate average and standard deviation.
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Table 4 - Creepmeter Response to Earthquakes

Earthquake  Creep-  Coseismic Step  1-Year Rate Before  1-Year Rate After Fractional Shear Stress  Normal Stress

meter (mm) (mm/yr) (mm/yr) Rate Change (bars) (bars)
ch XSH -0.04 7.0 2.1 -0.70 -0.07 -0.17
ch HLC ? 122 15 -0.88 -0.03 -0.01
ch HLD ? 7.1 -1.1 -1.15 -0.02 0.00
ch XSJ - 8.3 13.6 0.64 0.09 -0.02
ch XHR 5.40 276 22.7 -0.18 0.02 0.00
ch cwC 3.80 273 135 -0.51 0.01 0.00
ch XFL 0.15 8.6 9.0 0.05 0.00 0.00
ch XMR - 15.6 132 -0.15 0.00 0.00
Ip XSH 4.40 23 08 -0.65 -0.27 -0.69
Ip HLC ? 10 -1.3 -2.30 -0.19 -0.17
Ip HLD ? 15 03 -0.80 -0.15 -0.11
Ip XSJ 4.00 20 142 6.10 0.64 -0.19
Ip XHR 4.30 6.3 228 2.62 0.32 -0.12
ip CwWC 6.80 6.9 18.8 1.72 0.25 -0.10
Ip XFL -0.35 75 14.9 0.99 0.12 -0.03
Ip XMR 2.60 8.7 12.5 0.44 0.08 -0.02
tp XSH - 218 10.8 -0.50 -0.02 0.00
tp HLC - 15 -0.7 -1.47 -0.07 -0.03
tp HLD ? 69 15 -0.78 -0.06 -0.06
tp XS) -0.05 37 39 0.05 -0.03 -0.02
p XHR 2.68 9.2 42 -0.54 0.05 -0.05
tp CWC 1.54 93 8.8 -0.05 0.09 0.00
tp XFL -0.05 7.7 7.6 -0.01 0.01 -0.05
tp XMR 035 13.4 224 0.67 0.02 -0.01
mh XSH 13.00 5.0 21.0 320 0.18 0.01
mh HLC ? 1.0 159 14.90 0.07 0.01
mh HLD ? 1.0 13 0.30 0.06 0.00
mh XS8J - 58 1.0 -0.83 -0.10 0.06
mh XHR 0.50 39 6.0 0.54 -0.02 0.00
mh CWC 0.31 9.4 8.3 -0.12 -0.01 -0.01
mh XFL - 36 5.1 0.42 0.01 -0.01
mh XMR 0.27 122 14.1 0.16 0.01 0.00
cl XSH 8.90 24 11.6 3.83 0.31 -0.01
cl HLC ? 1.7 11.2 5.59 0.08 0.00
cl HLD ? 0.2 0.1 -0.50 0.06 0.00
cl XSJ - 36 52 0.44 -0.10 0.07
cl XHR - 3.0 78 1.60 -0.01 -0.0]
cl CwWC - 99 11.6 0.17 0.00 -0.01
cl XFL - 58 200 245 0.01 -0.01
cl XMR - 17.1 118 -0.31 0.01 0.00
ud XSH ? 18.2 238 0.31 -0.19 0.08
td HLC ? 16.3 13.0 -0.20 -0.15 -0.04
ud HLD ? 1.1 34 2.09 -0.10 -0.01
ud XSJ 0.30? 9.0 12.0 0.33 -0.05 -0.13
td XHR ? 9.0 7.8 -0.13 0.03 -0.01
td CWC - 8.8 9.5 0.08 0.01 0.00
td XFL - 99 8.0 -0.19 0.00 0.00
td XMR - 19.0 207 0.09 0.00 0.00
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Table § - Parameters for Six Earthquake Models

date name M  no. lon lat depth  len. ht. strike  dip horiz dip
(deg) (deg) (km) (km) (km) (deg) (deg) slip(m) slip(m)
741128  Thanksgiving Day 5.1 1 12146 3692 45 1 1 33 90 -1.5 0
790806 Coyote Lake 59 1 12153 3710 6.0 13 8 335 90 0.2 0
840424  Morgan Hill § 62 324 12161 3722 - 27 12 328 90 0.24§ 0
860126  Tres Pinos 53 1 12128 36.80 7.5 1 1 353 83 3.0 0
891018 Loma Prieta t 7.0 1 12191 3706 11.2 37 133 136 70 1.66 -1.19
900418  Chittenden 54 1 12164 3694 4.8 1 1 312 90 4.2 0

M = local magnitude

no. = number of elements in dislocation model

depth = depth to center of model

len. = horizontal length of rectangular dislocation surface
ht. = down-dip dimension of rectangular dislocation surface
strike, dip = orientation of rectangular dislocation surface
horiz. slip = component of slip in horizontal direction

dip slip = component of slip in down-dip direction

§ Model based on Harzell and Heaton (1986) used by Oppenheimer and others (1988). Slip value is average.
+ This is the Lisowski model described in Simpson and Reasenberg (1977)
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Table 6 - Statistics for Relation of Creep Rates and Stress Changes

Earthquake Stress Depth  Two-Sided Confidence  Rho N  Conf Slope0 Slope Intercept

Models)  Component (km)  Chi-sq (%) @ oar)  ea)
L horiz. shear 0 8.00 99 096 8 99 838  8.16:097  0.1940.29
B " " 444 9% 090 8 99 416 4141083 003048
M " " 1.90 83 087 8 99 475  474t108 0010.53
L normal 0 NA 0 018 8 <50 -132 210480 139129
B " " 0.53 53 071 8 95 655 -7.04£2.88  1.1930.70
M " " 444 9% 050 8 <80 -550 4774335  0.53:0.92
L horiz. shear 10 8.00 % 088 8 99 650 634136 088046
B - " 8.00 99 086 8 99 438  4I17t1.02 0712051
M " . 8.00 99 085 8 99 505 479121  0.6620.52
L normal 10 NA 0 030 8 50 -003 248322 154116
B " . 0.53 53 013 8 <50 028 078250  1.14%1.06
M . - 1.90 83 008 8 <50 074 0574279  1.12%1.10
ALL  horiz.shear 0 388 95 048 48 99 935 881236  0.60:0.34
ALL>0.05 . " 6.58 98 048 25 98 939 8384323  1.06:0.64
ALL normal 0 0.30 41 007 48 <50 -082 1584350 0.830.41
ALL>0.05 " " 0.88 65 000 14 0 -088 0024316 035068
ALL  horiz.shear 10 6.50 99 045 48 99 851 809236 0661034
ALL>0.05 " " 9.38 99 046 20 96 848 7724352 145079
ALL normal 10 0.23 36 008 48 <50 024 148257 082039
ALL>0.05 " . 0.20 34 013 11 <50 028 1068264 0.5240.84

Models: L=Lisowski, B=Beroza, M=Marshall, ALL=Lisowski plus 5 other earthquakes, ALL>0.05 = same as ALL except with stress
changes less than 0.05 bar omitted.

Depth = depth at which static stress changes were calculated.

Two-sided Chi-sq = Confidence that the fractional creep rate and change in stress component are not independent based on the two-
sided Chi sqaured test applied to the respective four-fold table (Sachs, 1982).

Rho = Correlation coefficient for fractional creep rates and static stress change values.
N = number of samples.

Conf = Confidence in best fit line.

Slope0 = Slope of best fit line forced to pass through the origin.

Slope, Intercept = Parameters for best fit line not forced to pass through the origin.
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Table 7. - Post-Loma Prieta Anomalous Slip, in mm

depth->  2km 4km 6km 10km  20km  Observed(l) Observed(3)

XSJ 18.8 30.8 39.1 494 60.3 30 25
XHR 6.2 12.1 17.7 215 41.8 45 33
CwWC 4.7 9.0 13.5 219 354 30 33
XFL 1.9 35 54 9.7 194 7 7
XMR 1.2 2.1 3.1 5.6 12.2 20 -10
XSH -7.0 -11.4 -14.6 -19.7 -28.6 -7 -25
HLC 0.1 -1.2 -2.8 -59 -10.5 5 -15
HLD 02 -0.7 -1.6 -3.3 -5.7 -5 -5
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FIGURE 1a. Locations of USGS creepmeters in Central California in operation at the time of
the Loma Prieta earthquake.
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FIGURE 1b. Locations of 8 creepmeters discussed in the text lying within 60 km of the Loma
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Prieta rupture. Epicenters of six earthquakes discussed in the text are also shown.
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FIGURE 2a. Cumulative creep data for 5 creepmeters on the San Andreas fault from 1970 to
1993. Rainfall occurrences are also shown at the bottom of the plot. Vertical lines A
through F mark the times of 6 moderate to large central California earthquakes discussed
in the text and shown in Figure 1b.

39




\

20, 4 o ey
19]  XSJ
18] [ XHR
17] fr’f/JL_
16] _ﬂ__’_]—-"‘ !
Vil
o Is »_
5 12] _f i
3 11_. ,.r—/ J,r EXFL
% 10}_,..4/ j//JJTmR
3] ) J i

Uy oy 3 00w
e
T

‘\

.\.\

O = N W b
adea b . N
T T

- A 1 i 1 1 1

il ol glh [

v T v v T v A4 T v -—r—w——v—v—T-w-—'—
1987 1988 1989 1990 1991 1992

INCHES
ocorpR

FIGURE 2b. Cumulative creep data for 5 creepmeters on the San Andreas fault from 3 years
before to 3 years after the Loma Prieta earthquake. Rainfall occurrences are also shown at
the bottom of the plot. Vertical lines E and F mark the times of the Loma Prieta earth-
quake and the Chittenden aftershock.
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FIGURE 3a. Cumulative creep data for 3 creepmeters on the Calaveras fault from 1970 to 1993.
XSHM is micrometer readings at sitt XSH, presented for easier comparison with the
micrometer readings used for HLC and HLD. Rainfall occurrences are also shown at the
bottom of the plot. Vertical lines A through F mark the times of 6 moderate to large cen-
tral California earthquakes discussed in the text and shown in Figure 1b.
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FIGURE 3b. Cumulative creep data for 3 creepmeters on the Calaveras fault from 3 years before
to 3 years after the Loma Prieta earthquake. Trace XSHM represents quarterly micrometer
readings at site XSH, presented for easier comparison with the dial gauge readings from
HLC and HLD. Rainfall occurrences are also shown at the bottom of the plot. Vertical
lines E and F mark the times of the Loma Prieta earthquake and the Chittenden earthquake.
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FIGURE 4a. Detrended creep data for 5 creepmeters on the San Andreas fault for 1970 to 1993.
Trend was determined by calculating best-fitting least-squares line. Horizontal bars denote
creep retardation. Bottom plot shows detrended cumulative rainfall record.
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Trend was determined by calculating best-fitting least-squares line. XSHM is micrometer
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COSEISMIC CREEPMETER RESPONSE
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FIGURE 5. Coseismic response to the Loma Prieta earthquake for 6 creepmeters. XSH is on
the Calaveras fault, while the others are on the San Andreas fault. Time extends from 2
days before to 2 days after the Loma Prieta earthquake.
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FIGURE 6. Coseismic steps for Loma Prieta earthquake at 6 creepmeters compared with calcu-
lated static stress changes. Coseismic steps are + for RL, -for LL. Shear stress is horizon-
tal component, + for RL, - for LL. Normal stress is perpendicular component, + for exten-
sion, - for compression.
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FIGURE 7. Coseismic steps for 6 earthquakes, including Loma Prieta earthquake, compared
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with calculated static stress changes. Sign conventions as in Figure 6.
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FIGURE 8. Coseismic steps for 6 earthquakes compared with 1-year slip deficit (defined as dif-
ference between the long term rate and the 1-year average rate prior to the earthquake).
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FIGURE 9. Coseismic steps for 6 earthquakes compared with fractional change in 1-year aver-
age creep rates. Fractional change is defined to be the 1-year average rate before the earth-
quake minus the 1-year average rate after the earthquake, divided by the 1-year average

rate before the earthquake.
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FIGURE 10a

FIGURE 10. Comparison of the fractional change in 1-year average creep rate at the time of
Loma Prieta earthquake with calculated static stress changes for the 3 Loma Prieta slip dis-
tributions: (a) Lisowski and others (1990), (b) Marshall and others (1991), (c) Beroza
(1991). Best fit line passing through the origin is also shown (see Table 4 for slopes).
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FIGURE 10b
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FIGURE 10c
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FIGURE 11. Comparison of the fractional change in 1-year average creep rate at the times of six
earthquakes with calculated static stress changes for simple dislocation models of the

earthquakes.
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