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Abstract. We present a new three-dimensional inventory of the southern San Francisco Bay area
faults and use it to calculate stress applied principally by the 1989 M=7.1 Loma Prieta
earthquake, and to compare fault seismicity rates before and after 1989. The major high-angle
right-lateral faults exhibit a different response to the stress change than do minor oblique (right-
lateral/thrust) faults. Seismicity on oblique-slip faults in the southern Santa Clara Valley thrust
belt increased where the faults were unclamped. The strong dependence of seismicity change on
normal stress change implies a high coefficient of static friction. In contrast, we observe that
faults with significant offset (> 50-100 km) behave differently; microseismicity on the Hayward
fault diminished where right-lateral shear stress was reduced, and where it was unclamped by the
Loma Prieta earthquake. We observe a similar response on the San Andreas fault zone in
southern California after the Landers earthquake sequence. Additionally, the offshore San
Gregorio fault shows a seismicity rate increase where right-lateral/oblique shear stress was
increased by the Loma Prieta earthquake despite also being clamped by it. These responses are
consistent with either a low coefficient of static friction or high pore fluid pressures within the
fault zones. We can explain the different behavior of the two styles of faults if those with large
cumulative offset become impermeable through gouge buildup; coseismically pressurized pore
fluids could be trapped and negate imposed normal stress changes, whereas in more limited
offset faults fluids could rapidly escape. The difference in behavior between minor and major
faults may explain why frictional failure criteria that apply intermediate coefficients of static
friction can be effective in describing the broad distributions of aftershocks that follow large
earthquakes, since many of these events occur both inside and outside major fault zones.

 

1. Introduction

The calculation of static stress changes associated with large earthquakes has provided a
potential explanation of aftershock patterns [e.g., King et al., 1994], microseismicity rate changes
[e.g., Reasenberg and Simpson, 1992] as well as triggered sequences of larger events [e.g., Stein
et al., 1994, 1997; Harris, 1998]. These studies suggest that very small perturbations in the stress
field (as low as 0.1 bars) promote failure on some faults. Dislocation calculations simulate static
earthquake slip in an elastic half-space; the earthquake-induced stress changes are applied to
neighboring "receiver" faults, often using the Coulomb failure criterion

  (1)



where ∆  is the change in shear stress on a receiver fault, is the coefficient of friction, ∆  is

the change in normal stress acting on the receiver fault, and is pore pressure change. Since a
change in the Coulomb failure stress is calculated, on the receiver faults is treated as a
constant, and is assumed not to change as a result of slip on the rupture plane. Commonly,
Skempton's coefficient Bk (which varies from 0 to 1) is used to incorporate pore fluid effects, in
which the effective coefficient of friction

  (2)

is adjusted and used in the Coulomb failure criterion as

 (3)

after Rice, [1992].

The Coulomb failure criterion assumes that the coefficient of friction is a constant. However, it
has been demonstrated that is not constant, but is instead time and velocity dependent [e.g.,
Dieterich, 1978; Ruina 1983]. The dependence is suggested to result from changes in the age and
population of contact points in the fault, with older, more static contacts having greater strength
than younger ones introduced by slip on the fault [Dieterich, 1979]. The resisting stress can thus
be expressed as

 ,  (4)

where is the normal stress, is pore fluid pressure, , A, and B are experimentally

determined constants, and are normalizing constants, V is slip speed, and is the state
variable [Dieterich, 1992]. The evolution of the state variable with time,

 .  (5)

was reported by Ruina [1983]. This relation shows that when a fault patch is locked (V=0) the
state variable increases as time, leading to a higher coefficient of friction.

Coulomb failure and rate and state friction have been shown to apply in repeated laboratory
studies on confined rock samples [e.g., Jaeger and Cook, 1979; Dieterich, 1978, 1979]. Inherent
in applying these ideas is the assumption that brittle failure occurs on a preexisting surface, and
that increased normal stress ("clamping") acts to inhibit failure (limited to the unstable sliding
regime (where A-B<0 in equation 4) for time and velocity dependent friction). However,
examination of the stresses imposed on the Parkfield segment of the San Andreas fault zone by
the 1982-1985 New Idria, Coalinga, and Kettleman Hills earthquakes indicates that those
earthquakes acted to reduce the fault-normal stress component on the San Andreas. Applying the
above-discussed approaches to frictional failure predicts an increased seismicity rate on the San
Andreas fault after 1985, whereas the imposed stresses appear instead to have inhibited
seismicity [Miller, 1996], perhaps through a compaction weakening mechanism [Miller et al.,



1996] that was inhibited by unclamping from the 1982-1985 thrust events. Based on these
calculations, it appears possible that some faults respond to normal stress perturbations in a
predictable fashion while others such as the San Andreas might not.

To address the problem of different fault responses to normal and shear stress changes, we apply
a new three-dimensional fault model for the southern San Francisco Bay area, generated from
geological data, to investigate the effects on seismicity rates before and after the 1989 M=7.1
Loma Prieta earthquake on a variety of faults. Additionally, we examine the seismicity rate
change on the San Andreas fault in southern California before and after the 23 April 1992 M=6.1
Joshua Tree, and the 28 June M=7.4 Landers and M=6.5 Big Bear earthquakes. We calculate
changes in the fault-parallel and fault-normal components of stress on our model after a large
earthquake, and compare seismicity rates before and after the event. Spatial correlations between
the changes in fault-normal stress component and seismicity rates are evident. From these
correlations we generalize the responses of faults to applied stress changes.

2. Southern San Francisco Bay Area Fault Inventory

The San Francisco Bay region lies within the surface expression of a broad (~70-80 km wide),
highly deformed and faulted plate boundary zone between the Pacific and North American
plates. Right-lateral shear takes place on the San Andreas, Hayward, San Gregorio, and
Calaveras fault systems (Figure 1).



Figure 1. Satellite image of the southern San Francisco Bay area and excerpt of the
three-dimensional fault model used in this study showing the southern Santa Clara
Valley thrust belt. Explanation of the model development is given in the text. Below, the
faults upon which we studied stress and seismicity rate changes are shown in map
view.

In addition, numerous smaller faults are distributed throughout the region. The Santa Clara
Valley thrust belt, for example, is a broad zone of oblique (right-lateral, reverse) slip that occurs
near a bend in the San Andreas fault [e.g., Aydin and Page, 1984] (Figure 1). A similar group of
oblique faults is clustered near the southern Hayward and Calaveras faults, east of the San



Andreas fault. Cumulatively, these zones of crustal shear accommodate about 40-50 mm yr-1 of
relative motion between the Pacific and North American plates [e.g., De Mets et al., 1990;
Kelson et al., 1992].

We attempted a complete inventory of the major vertical strike-slip faults and the oblique faults
in the southern Santa Clara Valley near the San Andreas, Hayward, and Calaveras faults. To
generate a three-dimensional fault model, we applied an iterative process of projecting the
simplest possible fault planes that fit input geological data (Figure 2). Fault traces with known
Quaternary activity were digitized from geologic maps and dips constrained by structure-sections
or seismic velocity models when available [Aydin and Page, 1984, Brabb, 1993; Brabb and
Olson 1986; Clark, 1981; Clark et al., 1989; Dibblee, 1972a,b; Graymer et al., 1995; Holbrook,
et al., 1996; R. C. Jachens, written communication, 1997; Jayko and Lewis, 1996; Jennings,
1994; Jennings and Burnett, 1961; Helley and Wesling, 1990a,b; Lienkaemper, 1992;
McLaughlin et al., 1972, 1991; Pampeyan, 1994; Parsons and Zoback, 1997; Rogers, 1966;
Schwartz and Ponti, 1990; Wallace, 1990; Wesling and Helley, 1989; M. L. Zoback, written
communication, 1997].



The mapped fault traces were projected onto a grid of the topography and dipping faults were fit
to the simplest possible surface (Figure 2), although even the simplest surfaces representing
oblique faults can be curved and variably dipping. Dipping faults are represented by a grid of
roughly equilateral triangular dislocation elements approximately 1-2 km per side (Figures 1 and
2). Vertical faults were segmented into rectangular elements. To avoid spurious fault crossings or
contacts, the fault model was repeatedly tested visually using a virtual reality viewer to examine
projected fault interactions at depth with adjustment of fault dips as needed. Lesser oblique-slip
and thrust faults were assumed to end at or before their projected intersections with major
vertical strike-slip faults such as the San Andreas. Where available, earthquake hypocenters were
projected in the vicinity of each fault to test that its dip was in accordance with local earthquake
activity. There is close agreement between the fault model developed geologically, and an



interpretation of nodal planes developed by Zoback et al. [1998] from focal mechanisms. The
final model is expressed as a series of dislocation elements that enable post-seismic static
stresses to be calculated on each fault surface.

3. Calculation of Static-Stress and Seismicity-Rate Changes

We used the program, DLC, written by R. Simpson (based on the subroutines of Okada [1992])
to calculate changes in the stress tensor at points along a specified receiver fault surface caused
by slip on a source fault in an elastic half space. We used the 1989 M=7.1 Loma Prieta
earthquake in the San Francisco Bay area and the 23 April 1992 M=6.1 Joshua Tree, and the 28
June M=7.4 Landers and M=6.5 Big Bear earthquakes in southern California as sources. We
investigated the stress transfer using four different rupture models for the Loma Prieta event
[Lisowski et al., 1990; Beroza, 1991; Marshall et al., 1991; Wald, 1991] because many of the
faults in our Bay area model are located very near the rupture plane (as close as 5 km) and are
thus sensitive to small differences in the slip model as previously explained by Simpson and
Reasenberg [1994]. We found that for normal-stress calculations, the differences between the
various Loma Prieta slip models were very small (Figure 3). No difference between the source
models is detectable at distances greater than 50 km. All calculations assumed a Poisson's ratio

of 0.25 and a shear modulus of bars for the elastic upper crust.



Figure 3. Normal component of the post-seismic static stress change on the Aldercroft
fault (Figure 1) which is located as close as 5 km to the Loma Prieta rupture. The stress
change was calculated from four different Loma Prieta slip models (shown at right) to
assess the importance of differences in the models.

We isolated the change caused by earthquake slip in the strike-slip, dip-slip and normal
components of stress resolved on each receiver fault element. To determine whether induced



clamping or unclamping stresses promoted failure on the receiver faults, we observed changes in
seismicity rate on the receiver fault. We thus plotted the receiver faults with the stress changes
imposed by the Loma Prieta or Landers earthquakes together with near-fault earthquake
hypocenters in three dimensions so that spatial correlations between stress changes and
seismicity could be seen (i.e., Figure 4).



Figure 4. (a) The post-Loma Prieta shear stress change on the southern Hayward fault
is calculated and shows an inhibition of right-lateral slip. A corresponding decrease in
seismicity is observed (red hypocenters are post-Loma Prieta and blue occurred
before). (b) The normal component of post-Loma Prieta stress change is plotted. The
strongest reduction in seismicity also correlates with the unclamped part of the Hayward
fault (red shades).

We assigned hypocenters to the model fault planes if they occurred within 0.5 km of it. Along
the offshore portions of the San Gregorio fault, where location errors are greater, we assigned
events to the fault if they occurred within 2 km of it. Our results do not depend substantially on
the choices of these parameters; similar results are obtained if events from an additional 1 km
are included. We plotted hypocenters from earthquakes with M 1.5 to ensure a complete catalog
for the 7 year periods before and after the earthquakes in northern California [Reasenberg and
Simpson, 1997], and with M 1.8 in southern California. In most cases the pre-earthquake
seismicity rates were very small compared with the after period, leaving little ambiguity about
the sign of the seismicity rate change. On more active faults such as the San Andreas in southern
California, we calculated a statistical seismicity rate ratio [Matthews and Reasenberg, 1988;
Reasenberg and Matthews, 1988] to examine rate changes.

3.1. Static vs. dynamic stresses

We test whether seismicity changes result from static stress changes, but do not investigate
dynamic stress changes. This is because the temporal and spatial distribution of aftershocks used
in this study is irregular and appears consistent with static stress changes. Dynamic Coulomb
stress changes by their nature are limited to increases that immediately follow the triggering
event, whereas seismicity in the San Francisco Bay area after 1989 shows lasting lobes of
increase and decrease consistent with static changes [e.g., Reasenberg and Simpson, 1997] as is
observed in many other regions [Harris, 1998, and references contained therein]. Additionally,
Cotton and Coutant, [1997] demonstrate for unilateral ruptures that the dynamic and static
Coulomb stresses do not produce the same patterns. The relative magnitude of dynamic vs. static
Coulomb stress is much higher in the far field, where most identified dynamically triggered
events have occurred [e.g., Harris, 1998, and references contained therein]. In the near field, the
relative importance of dynamic vs. static Coulomb stress changes is poorly understood.

4. Results

The majority of fault elements in our model are those of the southern Santa Clara Valley thrust
belt. We were able to examine three major strike-slip zones in the model, the Hayward, San
Andreas, and San Gregorio faults. We were unable to use the Calaveras fault because the group
of M>5 earthquakes that has occurred during the past ~20 years has made seismicity too variable
to calculate a background rate [Reasenberg and Simpson, 1997].

As major strike slip faults, the Hayward, San Andreas, and San Gregorio fault zones have more
cumulative slip [e.g., McLaughlin et al., 1996; Hall, 1991] than the less-active, oblique faults of
the southern Santa Clara Valley thrust belt that are younger [e.g., Aydin and Page, 1984]. We
note differences in the way that these faults respond to static stress changes and thus discuss our



observations on these two classes of faults separately.

4.1. Major faults with significant cumulative slip

4.1.1. The Hayward fault. The Hayward fault has undergone right-lateral slip of 5-8 mm yr-1

along the southern segment during Holocene time [Lienkaemper and Borchardt, 1992; Borchardt
et al., 1992]). Cumulative slip is estimated to be 50-70 km during the past 6 m.y. [McLaughlin et
al., 1996]. Slip during the Loma Prieta earthquake changed stresses by up to 3 bars at the
southern end of the Hayward fault. In Figure 4 the fault is shown with the parts subjected to a
left-lateral stress change shaded in blue (denoting the 'negative' stress change convention for a
right-lateral fault), and the parts subjected to a right-lateral stress change shaded red (denoting a
'positive' stress change). Earthquake hypocenters are plotted for 7 years before (blue spheres
proportional to magnitude) and after (red spheres) the Loma Prieta earthquake. A significant
decline in seismicity rate beginning just after the Loma Prieta earthquake was attributed to the
calculated decrease in right-lateral shear stress (~1-2 bars) by Reasenberg and Simpson, [1992].
We calculate a stressing rate of about 0.06 bars/yr for the southern Hayward fault using the
method of Stein et al. [1997]; thus the calculated static shear stress changes on the Hayward fault
may apply for about 15 years after the Loma Prieta earthquake.

In addition, we calculated that the southern end of the Hayward fault was unclamped by ~2-3
bars, a larger difference than the shear stress change on most parts of the fault. In Figure 4 the
fault is shown with the clamped parts shaded in blue (denoting the 'negative' normal-stress
change convention of frictional failure), and the unclamped parts of the faults shaded in red
(denoting a 'positive' normal-stress change). The ratio of the normal stress change to the right-
lateral shear stress change ranges from ~1:1 to ~1.8:1 in the seismically active parts of the
southern Hayward fault. Thus if a frictional failure criterion is applied with intermediate to high
friction (µ=0.6-0.8), the overall effect is neutral or slightly discouraging to seismicity. Achieving
a Coulomb failure stress commensurate with the seismicity rate change requires a lower
coefficient of friction. A discussion and quantification of these associations are presented in a
later section of this paper.

4.1.2. The San Gregorio fault. The northeast-trending San Gregorio fault zone is defined by 3-5
strands [Jennings, 1994], has had documented Holocene slip [e.g., Weber et al., 1979; Simpson
et al., 1997], and lies west of the San Andreas fault largely offshore (Figure 1). Estimates of
cumulative Neogene to Holocene right-lateral slip range from 80-150 km [e.g., Hall, 1991].
Seismic surveys conducted offshore show a steeply northeast dipping fault zone [e.g., Mullins
and Nagel, 1982; Lewis, 1990]. Jachens and Griscom [1998] used aeromagnetic data to model
the dip of the San Gregorio fault at 50û-60û northeast. Anderson and Menking [1994] inverted
for coastal terrace uplift along Monterey Bay, and found that a 70û northeast dipping San
Gregorio fault plane with a dominantly right-lateral rake (3-4% thrust component) best matched
the uplift patterns. We thus modeled the San Gregorio fault strands with a constant 70û northeast
dip (Figure 5).



Figure 5. (a) The post-Loma Prieta change in oblique shear stress (rake of 160û) is
calculated on the San Gregorio fault and is increased where the post-Loma Prieta
seismicity is most increased. (b) The post-Loma Prieta change in normal stress is
resolved on the San Gregorio fault. Increased seismicity occurred even where the fault
was clamped by the Loma Prieta earthquake.

Following the Loma Prieta earthquake, seismicity along the Monterey Bay segment of the San
Gregorio fault increased (Figures 5,6). To investigate whether the seismicity rate increase
resulted from triggering by the Loma Prieta earthquake, we projected the post Loma Prieta shear
and normal components of stress-change onto the San Gregorio plane. The calculated shear
stress changes (using the slip model of Wald [1991]) shows good agreement with the seismicity
rate change as shown in Figure 5; the best fit to the seismicity pattern is with an oblique rake of
160û that matches in a broad sense the oblique focal mechanisms calculated for the San Gregorio
fault [Gallardo et al., 1997; S. Ross written communication, 1998]. We calculate a loading rate
of about 0.05 bars/yr for the San Gregorio fault, which implies that the ~0.5 bar shear stress
changes might withstand tectonic erosion for about 10 years after the Loma Prieta quake. The
calculated post Loma Prieta normal stress change does not appear to have encouraged
earthquakes (Figure 5), with most of the active part of the fault clamped. The ratio of the normal
stress change to the right-lateral shear stress change ranges from ~3:1 to ~6:1 in the seismically
active parts of the San Gregorio fault. Thus the San Gregorio fault appears insensitive to normal



stress changes despite their relatively greater amplitudes. This result indicates that the San
Gregorio fault has low friction if standard failure criteria are applied.

Most of the earthquakes that we have ascribed to the San Gregorio fault occurred beneath
Monterey Bay (Figure 6), and were more poorly located than events of similar size onshore
because of the lack of network stations offshore.



Figure 6. (a) Map view of Monterey Bay showing the pre-Loma Prieta seismicity in blue



and post-Loma Prieta seismicity in red. The view-angle is down-dip (70û) along the San
Gregorio fault. There was generally an increase in activity following the 1989
earthquake. (b) The same events as shown in a, but plotted in a cross-section view.

We plotted in map view and in cross-section all earthquakes beneath the northern Monterey Bay
(Figure 6) to illustrate the potential uncertainties. In our analysis, we assumed that the events
located within 2 km of either side of the San Gregorio fault zone occurred on the fault plane. An
alternative explanation for the seismicity rate increase in Monterey Bay was suggested by
Simpson and Reasenberg [1994], who modeled the San Gregorio fault as vertically dipping.
They modeled an additional west-dipping, oblique-slip fault in Monterey Bay adjacent to the San
Gregorio fault that was also consistent with triggering by the Loma Prieta earthquake to explain
some of the seismicity increase.

4.1.3. The San Andreas fault in southern California. We examined the seismicity rate change
on the San Andreas fault after the 23 April 1992 M=6.1 Joshua Tree, and the 28 June M=7.4
Landers and M=6.5 Big Bear earthquakes in southern California. We applied the same
procedures to calculate stress changes and plot a statistical seismicity rate ratio calculation
[Matthews and Reasenberg, 1988; Reasenberg and Matthews, 1988] to aid in the visualization of
the seismicity rate changes (Figure 7). We compared the seismicity from the 5-year period
following the Landers events with a 5-year period preceding the 8 July 1986 M=6.0 North Palm
Springs earthquake. We made this comparison to eliminate the aftershocks from the North Palm
Springs event in the background period. Some aftershocks from the North Palm Springs event
persist into the post-Landers period but are spatially limited and are sparse compared with the
Landers aftershocks. The seismicity catalog in southern California is complete for M 1.8 after
1981. We applied the slip models of Wald and Heaton [1994] and King et al. [1994] for the
Landers, Big Bear, and Joshua Tree earthquakes.



Figure 7. (a) The calculated shear stress changes resulting from the Landers, Joshua
Tree, and Big Bear earthquakes are shown resolved on the San Andreas fault in
southern California. The pattern of shear stress change matches (b) the pattern of
calculated seismicity rate change (5 year background rate calculated before the 1986
North Palm Springs earthquake compared with the 5 year period after the Landers



shock) shown below. (c) The normal stress changes resulting from the Landers, Joshua
Tree, and Big Bear earthquakes are shown resolved on the San Andreas fault in
southern California. Much of the fault zone was unclamped. The change in shear stress
shown in a matches the calculated seismicity rate change better than the normal stress
change. Inset map shows the main fault traces in the Cajon Pass region of southern
California.

The parts of the San Andreas fault zone most affected by the Joshua Tree-Landers-Big Bear
sequence are located near Cajon Pass along the southern branch of the San Andreas, Mission
Creek, and Banning faults (Figure 7). We examined the southern segment of the San Andreas
fault and its extension into the Banning fault, which is interpreted as the primary zone of right-
lateral strain accommodation by Seeber and Armbruster [1995], and which has been recently
reactivated as a right-lateral strike-slip fault [Matti and Morton; 1993]. We find that on the
southern segment, seismicity correlates visually with shear stress change to a greater extent than
with normal stress change (Figure 7), an indication of lower friction. The ratio of the normal
stress change to the right-lateral shear stress change ranges from ~1:1 where both normal stress
and shear stress changes encourage seismicity to ~10:1 where shear stress changes appear to
have discouraged seismicity. Thus, if a frictional failure criterion were applied, then the best fit
to the seismicity rate change appears to be with smaller values of friction coefficients, similar to
the results for the southern Hayward and San Gregorio faults in the San Francisco Bay area.

4.1.4. Test of association between stress and seismicity changes. This discussion has so far
relied on visual spatial associations between calculated stress changes and seismicity rate
changes, which indicate that seismicity rates on major right-lateral strike-slip faults are more
sensitive to changes in the shear stress component than in the normal stress component. Here we
attempt to quantify the strength and significance of those associations using a nonparametric or
rank order correlation. There are two main advantages to a rank order correlation: (1) correlation
is made between two distributions of the rank of data values rather than the amplitude of the
values, which prevents outliers from having an undue affect on correlation strength, and (2) the
complete distribution of ranks is known, which allows significance tests on measured
correlations. Because the amplitude values are not directly applied in the rank order correlation,
the measured strength of correlation may be weaker than in linear correlation; however, if a rank
order correlation can be demonstrated then it is significant [e.g., Sachs, 1982].

We calculated a non-parametric correlation between rank calculated stress change per fault
dislocation element and rank seismicity rate change for the three major strike-slip faults
discussed above. We found higher correlation values between shear stress change and seismicity
rate change than between normal stress change and seismicity (Figure 8). Additionally, we
substituted numerical values for the coefficient of friction and calculated Coulomb stress changes
for the three faults. Correlations were stronger for the lowest values of friction. We calculated
that the change in correlation is stronger for the Hayward and San Gregorio faults than with the
San Andreas fault; the significance of this difference is much stronger also with a ~0.001%
probability of being the result of random chance, whereas there is a ~10% chance that the
difference is the result of random chance for the San Andreas fault (Figure 8). We suggest that
the stronger correlation for low friction of the Hayward and San Gregorio faults as compared



with the San Andreas fault may result from the recent reactivation of this segment of the
southern San Andreas as a right-lateral strike-slip fault [Matti and Morton; 1993]. We present a
discussion of the potential for cumulative slip to cause lower apparent friction than faults with
less in a subsequent section.





Figure 8. (a) Rank-order or nonparametric correlations between calculated shear stress
and seismicity rate changes for the three major right-lateral fault zones considered in
this study. The shear and normal stress changes are considered as are Coulomb stress
changes using a variety of coefficients of friction. The strongest correlations are
between seismicity and shear stress changes or Coulomb stress changes with small
coefficients of friction. (b) The significance of the difference in correlation between the
lowest and highest correlation values are shown and were calculated using Fisher's z-
transformation.

4.2. Secondary thrust and strike-slip faults

We investigated the Quaternary oblique faults of the southern Santa Clara Valley thrust belt for
responses to changes in the calculated fault-normal component of stress. Because of the
proximity of the faults of the southern Santa Clara Valley thrust belt to the Loma Prieta slip
plane at depth, the calculated stress changes are large (approaching 25 bars between 5 and 10 km
from the rupture zone) (Figures 9,10,11). In our analysis we assumed that the strain in the Santa
Clara Valley thrust belt involves right-lateral to thrust directed slip. Aftershocks with left-lateral
and normal fault plane solutions did occur after the Loma Prieta earthquake, but comprised only
14% of the total [e.g., Zoback and Beroza, 1993].

To illustrate the variations in calculated stress changes and seismicity, we show in Figures 9 and
10 two examples of the most important faults from the southern Santa Clara Valley thrust belt,
the Sargent and Berrocal faults. The faults are shown with the clamped parts shaded in blue
(denoting the 'negative' normal-stress change convention of frictional failure), and the unclamped
parts of the faults shaded in red (denoting a 'positive' normal-stress change). Earthquake
hypocenters are plotted for 7 years before (blue spheres proportional to magnitude) and after (red
spheres) the Loma Prieta earthquake. Post-1989 seismicity occurred primarily on parts of the
faults that we calculated were unclamped by the Loma Prieta earthquake, and was rare on the
parts of the faults that we calculated were clamped.



Figure 9. Pre- (in blue) and post-Loma Prieta seismicity (in red) plotted against the
Sargent fault, part of the southern Santa Clara Valley thrust belt. Seven years of events
before and after Loma Prieta are plotted. (a) The normal component of post Loma
Prieta static stress change is plotted (clamping in blue, unclamping in red). There is an
apparent association between increased seismicity and parts of the faults that are
unclamped. (b) The oblique shear stress component (rake=135û) [e.g., Zoback et al.,
1998] is plotted with right-lateral/thrust shown in red and the left-lateral/normal in blue.
There is not a strong association between the shear stress changes and the post-Loma
Prieta seismicity.



Because the seismicity rate was comparatively low on these faults before the Loma Prieta event,
one must examine a number of faults to ensure that the association between increased seismicity

and unclamping is valid. In every case (with a minimum ∆  of 0.1 bars and seismically
active) we observed similar apparent associations between unclamping and seismicity increase
(all the faults shown in red on Figure 1c). These include the Aldercroft, Berrocal, Butano, Lime
Kiln, Monte Vista, and Sargent zones (Figure 1). The ratio of calculated normal stress changes to
shear stress changes ranges from ~1:4 to ~5:1 on the active segments of the faults shown.

Figure 10. Pre- (in blue) and post-Loma Prieta seismicity (in red) plotted against the
Berrocal fault, part of the southern Santa Clara Valley thrust belt. Seven years of events
before and after Loma Prieta are plotted. The fault has the normal component of post
Loma Prieta static stress change plotted (clamping in blue, unclamping in red). There is
an apparent association between increased seismicity and parts of the faults that are
unclamped.



We calculated that the upper 3-4 km of the southern Santa Clara Valley oblique thrust faults
were clamped, whereas the deeper parts were unclamped. Since seismicity rates are lower in the
shallowest part of the San Francisco Bay Area crust off the major strike-slip faults [e.g., Hill et
al., 1990], the correlation between clamping and low post-Loma Prieta earthquake rates at
shallow depth (Figures 9,10) might be fortuitous. However, in the few cases where the Loma
Prieta earthquake was calculated to have unclamped the shallower parts of the faults, the
resulting seismicity approaches the surface (i.e., the Sargent fault, Figure 9).

We demonstrate the normal-stress dependency for earthquakes occurring on the Sargent fault in
Figure 11, where the number of hypocenters per fault element are plotted against the components
of calculated post Loma Prieta stress. During the 7 years after the Loma Prieta earthquake, there
was a relationship between the magnitude of normal stress change and the number of
earthquakes occurring on each fault patch. No such dependence was observed for the calculated
components of shear stress in either the thrust or right-lateral directions (Figure 11), although
more earthquakes occurred where right-lateral slip was encouraged by the Loma Prieta
earthquake than where updip, or thrust slip was encouraged.



Figure 11. (a) The average number of earthquakes during the 7 years after the Loma
Prieta earthquake per fault element (~1-2 km2) of the Sargent fault (Figure 1 for
location) plotted against calculated post Loma Prieta stress changes. Normal stress
reduction is treated as a positive quantity. There is an apparent correlation between the
component of stress normal to the fault elements and the most earthquakes. (b) The
average number of earthquakes during the 7 years after the Loma Prieta earthquake
per fault element plotted against calculated post Loma Prieta right-lateral shear stress
changes. More events are observed where increased right-lateral stresses were
imposed than where left-lateral stresses (negative stress change). (c) The average
number of earthquakes during the 7 years after the Loma Prieta earthquake per fault
element plotted against calculated post Loma Prieta up-dip or thrust shear stress
changes. Little or no correlation is observed.

A similar relationship between earthquake occurrence and normal stress changes was observed in
the 1997 Umbria-Marche earthquake sequence in Italy. In this sequence, Coulomb stress changes
(with µ'=0.4) could explain 3 of the 5 ruptures, while unclamping could explain all of them
[Nostro et al., 1998]. The normal faults in the Apennines are similar to the Santa Clara Valley
Thrust belt faults in that they are young and have comparably small cumulative offsets [Nostro et
al., 1998].

We applied a nonparametric correlation analysis to the faults in the Santa Clara Valley thrust belt
that had high rates of seismicity following the Loma Prieta earthquake in similar fashion as to the
major right-lateral faults. However, because there were very few earthquakes observed in this
zone (zero in most places) before 1989, we calculated the correlation between rank of stress
change and the rank number of earthquakes per dislocation element following the Loma Prieta
shock, instead of seismicity rate change (Figure 12). We found that the testable faults in the
Santa Clara Valley thrust belt showed an opposite correlation trend as the major strike-slip faults
(Figure 9), with a stronger association between normal stress change and number of earthquakes
than between shear stress change and earthquake occurrence. The significance of this difference
is measurable and ranges from a 0.00008% to a 65% chance that the difference is a result of
random chance (Figure 12). It should be noted that the apparent differences in correlation
between the occurrence of earthquakes and normal stress and with µ=0.8 is not significant. The
resolution of this analysis is more suited to statements about correlations between high friction
vs. low.





Figure 12. (a) Rank-order or nonparametric correlations between calculated shear
stress and the number of post-Loma Prieta earthquakes per model dislocation element
for 4 faults in the Santa Clara Valley thrust belt. The shear and normal stress changes
are considered as are Coulomb stress changes using a variety of coefficients of friction.
The strongest correlations are between seismicity and normal stress changes or
Coulomb stress changes with large coefficients of friction. (b) The significance of the
difference in correlation between the lowest and highest correlation values are shown
and were calculated using Fisher's z-transformation.

5. Discussion

We observe differences in response to stress changes that are associated with fault style. The
behavior of the Santa Clara Valley thrust belt faults following the Loma Prieta earthquake is
consistent with long-held models of frictional faulting in that they appear to have high
coefficients of friction and are consistent with laboratory simulations. For example, a Coulomb
criterion can explain seismicity rate increases on these faults using a coefficient of friction
between 0.6-0.8. In contrast, however, major fault zones that accommodate significant slip (>50-
100 km) appear to be relatively insensitive to changes in normal stress. Thus a possible
interpretation of these results is that faults with more cumulative slip evolve toward a lower
apparent coefficient of friction. Four possible effects that could reduce or mute the impact of the
frictional terms in the failure criteria presented in the introduction include: (1) low intrinsic
friction in the fault zone materials, (2) a very high pore pressure state in the fault zone, (3) stress-
induced pore fluid pressure changes in the fault zone that balance normal stress changes, and (4)
time and velocity dependent frictional effects. We focus here on pore fluid and time dependent
effects.

5.1 Relative permeability and elevated pore pressure models.

If the pore fluid pressure inside the major right-lateral strike-slip fault zones is very high, then
small changes in normal stress like those induced by the Loma Prieta or Landers earthquakes
might not have much impact, which could explain the apparent insensitivity of those faults to
normal stress changes. There have been a number of ways suggested to maintain high pore
pressure in faults with large cumulative offset. Byerlee [1990] noted that fluid overpressures are
commonly observed in the crust and that the permeability of fault gouge is so limited that a 1-
km-wide thickness at the base of the seismogenic zone could support pore pressures equal to the
greatest principal stress. Sleep and Blanpied [1992,1994] derived a model that, rather than
maintaining uniform high pore pressures as in Byerlee's [1990] model, fluid pressure could
increase gradually from below hydrostatic following an earthquake to nearly lithostatic just prior
to the next earthquake. Rice [1992] suggested that metamorphic fluids from beneath the
seismogenic zone could be tapped by vertical faults and kept at high pressures. In his model, the
mean stresses are much higher inside the fault zone than outside which keeps the high pore fluid
pressures less than the least principal stress inside the fault zone, preventing hydrofracing.
Lockner and Byerlee [1995] and Miller et al. [1996] suggested that high pore fluid pressure
occurs in discrete cells within the fault zone; slip on the fault transfers the fluid into new cells.



All the models discussed above incorporate the idea that impermeable fault gouge traps fluids
inside the fault. Observational and experimental data indicate that as slip increases, faults
develop a thick, impermeable gouge layer [e.g., Scholz, 1987; Chester et al., 1993]. Thus, if
fault-zone fluids are important, the differences we observe between faults with limited slip and
those with more significant slip may have less to do with fault strength or internal friction than
their relative permeability.

5.2. Coseismic pore fluid changes

We have sought to test the hypothesis that static stresses affect seismicity rates on nearby faults.
Such stresses may also affect local pore fluid pressure. In response to elastic stress changes, pore
fluid pressure changes can be transient if fluid diffusion is possible and are observed to last about
6-12 months [Muir-Wood and King, 1993]. Only if fluids are trapped in fault zones would the
induced fluid pressure change would be static. Because faults with large cumulative offset have
better developed gouge zones than more limited offset faults, lasting coseismic pore fluid
changes are more likely in the sealed faults. We consider two end-member cases of coseismic
fluid pressure changes below, one in which fluid-filled pores are isotropic, and one in which they
are strongly anisotropic.

5.2.1. Isotropic coseismic pore fluid pressure changes. If we make some simplifying
assumptions, we can calculate a theoretical maximum pore fluid pressure change inside the
major right-lateral faults we investigated. We assume that these faults are undrained because of
low permeability fault gouge surrounding them, and that the fault zones are fully saturated so
that the pore pressure change can be expressed as

change can be expressed as

  (6)

where , , and are the earthquake-induced changes in the principal stresses; if the

fault zone is fully saturated, then Skempton's coefficient is close to 1. If this relation is
substituted into equation 1, we can examine the effects of stress-induced pore fluid pressure
changes along fault zones. For example, in Figure 13 three cases are shown for the Hayward
fault. The first case has a very simple criterion that failure occurs as a function of the shear stress
change only (µ=0), which fits the observed seismicity rate decrease. In the second case, a high
coefficient of friction (µ=0.8) is applied in the Coulomb criterion that does not fit the seismicity.

In the third case, the stress-induced pore pressure change is included, which is large enough
to mute the normal stress change even at a high coefficient of friction, and allows a fit to the
seismicity.



Figure 13. Three approaches to describing failure on the southern Hayward fault. (a)



Just the shear stress component applied by the Loma Prieta earthquake is considered
which, as described in the text, can explain the observed seismicity rate decrease. (b) A
Coulomb failure criterion with a high coefficient of friction (0.8) does not match the
seismicity as well as the shear stress component. (c) A Coulomb criterion with a high
coefficient of friction (0.8) and including stress-induced pore pressure changes can
describe the seismicity rate change following the Loma Prieta earthquake.

Thus the apparent low frictional state of the southern Hayward fault can be explained by pore
fluid pressure changes using an isotropic model without invoking higher than hydrostatic
pressures. However, when we applied similar calculations to the San Gregorio and San Andreas
fault zones, we found that the magnitudes of calculated normal stress changes were much greater
than the shear stress changes (Figures 5 and 7), so that the Coulomb failure stresses calculated
with pore fluid changes using an isotropic model could not be fit to the seismicity using high
coefficients of friction (Figure 14).



Figure 14. Unlike the Hayward fault, neither (a) the San Gregorio fault nor (b) the San
Andreas fault responses to normal stress changes can be explained by coseismic
stress-induced pore fluid pressure changes. The faults are shown using a Coulomb
criterion with a high coefficient of friction (0.8) and including stress-induced pore
pressure changes. The difference between these and the Hayward faults is that the
normal stress component in both cases exceeds the shear stress components. Thus the
only way to explain the seismicity that occurred on these faults following the Loma
Prieta or Landers shocks is that they have low static coefficients of friction.



5.2.1. Anisotropic coseismic pore fluid pressure changes. There are compelling reasons to
think that fault zone porosity is distributed anisotropically. Shear fabric within fault zones is
developed parallel to slip and pore fluids can thus be envisioned occupying long, crack-like
spaces along the fault plane. In this case the crack responds primarily to the stresses acting

normal to it [e.g., Scholz, 1990]. For fluid-filled cracks, Skempton’s coefficient ( ) is
approximately equal to 1 [Scholz, 1990] and because shear stresses are not contributing to pore
pressure changes, we can apply the simplifying equations (2) and (3) for Coulomb failure, where

the coefficient of friction is . Thus if pore fluids are distributed in fault-parallel
cracks, coseismic pressure changes effectively cancel the imposed normal stress changes acting
on the fault plane, and the fault responds only to the imposed shear stresses. This behavior is
consistent with our observations of seismicity changes on the Hayward, San Gregorio, and San
Andreas faults (Figures 4, 5, 7, and 8). On the presumably unsealed, limited-slip faults in the
Santa Clara Valley thrust belt, we observe consistent sensitivity to normal stresses from
immediately after the Loma Prieta earthquake to 7 years later. To match these observations,
either there are negligible pore fluids in the fault zones, or coseismic pore fluid changes diffuse
away to rapidly to cancel the imposed normal stress changes.

5.3. Time dependent friction.

Because faults in the Santa Clara Valley thrust belt were less active prior to the Loma Prieta
earthquake than was, for example, the southern Hayward fault (Figure 15), a possibility exists
that a component of time-dependent friction might have allowed the less active faults to heal, and
thus evolve toward a greater static coefficient of friction as compared with fault patches with
more frequent instabilities or that creep (Figure 16). As expressed in equation 5, the evolution of
the state variable for a locked fault patch increases to a value equal to the elapsed time of
contact.



Figure 15. A comparison of activity on two fault segments of equal size, the upper 8 km
of the southern Hayward fault and the upper 8 km of the Sargent fault. The Sargent fault
had far fewer events occurring on it before the Loma Prieta earthquake possibly giving it
a higher coefficient of static friction through fault healing.

Dieterich [1992] and Ruina [1983] discuss the impact on the static friction coefficient with
increasing state and show that for fault slip rates below a steady-state value, the fault strengthens
through a frictional increase (Figure 16). Dieterich and Kilgore [1994] suggest that indentation
creep processes can increase the contact area as a function of contact age. Laboratory data
gathered from 'holding' experiments show increases in the static coefficient of friction on the
order of 0.1-0.2 [e.g., Dieterich, 1978] as do calculated extrapolations of the laboratory derived
equations to geologic time (Figure 16). However, there is significant freedom in choosing the



constants of equation 4, and little information about the long-term slip rates of the Santa Clara
Valley thrust belt faults, making a quantification of the potential frictional increase with time
difficult.

Figure 16. An example extrapolation of frictional dependence on contact time along
lines of constant slip velocity with A=0.01 and B=0.005 (see equation 4). Fault healing
(frictional increase) can occur as long as slip velocity is less than steady state
(V=Dc/___where Dc is the critical slip distance required to renew contacts).

6. Conclusions

Our results for the Hayward, San Gregorio and San Andreas faults are consistent with other
studies that concluded that the broader San Andreas fault zone is weak [e.g., Lachenbruch and
Sass; 1980; Zoback, 1991; Reasenberg and Simpson, 1992; Miller, 1996]. We find that the
application of a frictional failure criterion to these faults does not require a compaction
weakening model. Instead, the relative insensitivity of these faults to changes in normal stress
with respect to shear stress changes implies higher than hydrostatic pore fluid pressure within the
fault zones, low intrinsic friction, or pore fluids distributed in fault-parallel cracks such that
coseismic fluid pressure changes counteract the inhibition or encouragement of slip expected
from normal stress changes. Our results do not allow us to discriminate among the various
sealed-fault-zone models, but do suggest that fault permeability may be the most important
aspect to the apparent strength of a fault, with the weakest being the most impermeable.



In contrast with the major strike-slip fault zones, seismicity on the faults of the Santa Clara
Valley thrust belt shows strong dependence on changes in normal stress. The static reduction in
normal stress (unclamping) that occurred after Loma Prieta on many of these faults was followed
by a closely correlated increase in seismicity. The characteristics of these faults with more
limited slip, and most likely with less gouge [e.g., Scholz, 1987], can be described by applying a
failure criterion with approximately hydrostatic pore pressure and the higher coefficients of
friction more consistent with laboratory measurements (0.5-0.8). This difference in behavior
from the faults with large cumulative slip may result from a lack of a gouge seal that allows
coseismic pressurized fluids to escape the fault zones. Additionally, it is possible that the more
limited activity on these faults before the Loma Prieta earthquake implies that they may have
become stronger, with an "older" population of contacts. While the behavior of these faults is
consistent with a time-dependent frictional increase, it can also be adequately described with a
Coulomb criterion.
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