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Seismic velocity variations on the San Andreas fault caused by the 2004 M6
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Yong-Gang Li', Po Chen', Elizabeth S. Cochran?, and John E. Vidale?

I Department of Earth Sciences, University of Southern California, Los Angeles, California 90089-0740, USA
2[nstitute of Geophysics and Planetary Physics, University of California at Los Angeles, Los Angeles, California 90095, USA

(Received February 28, 2006; Revised July 6, 2006; Accepted August 7, 2006; Online published March 15, 2007)

Repeated earthquakes and explosions recorded at the San Andreas fault (SAF) near Parkfield before and
after the 2004 M6 Parkfield earthquake show large seismic velocity variations within an approximately 200-
m-wide zone along the fault to depths of approximately 6 km. The seismic arrays were co-sited in the two
experiments and located in the middle of a high-slip part of the surface rupture. Waveform cross-correlations
of microearthquakes recorded in 2002 and subsequent repeated events recorded a week after the 2004 M6
mainshock show a peak of an approximately 2.5% decrease in seismic velocity at stations within the fault
zone, most likely due to the co-seismic damage of fault-zone rocks during dynamic rupture of this earthquake.
The damage zone is not symmetric; instead, it extends farther on the southwest side of the main fault trace.
Seismic velocities within the fault zone measured for later repeated aftershocks in the following 3—4 months
show an approximate 1.2% increase at seismogenic depths, indicating that the rock damaged in the mainshock
recovers rigidity—or heals—through time. The healing rate was not constant but was largest in the earliest
post-mainshock stage. The magnitude of fault damage and healing varies across and along the rupture zone,
indicating that the greater damage was inflicted and thus greater healing is observed in regions with larger slip
in the mainshock. Observations of rock damage during the mainshock and healing soon thereafter are consistent
with our interpretation of the low-velocity waveguide on the SAF being at least partially softened in the 2004 M 6

mainshock, with additional cumulative effects due to recurrent rupture.
Key words: Parkfield earthquake, temporal velocity variation, rock damage and healing.

1. Introduction

In order to relate present-day crustal stresses and fault
motions to the geological structures formed by previous
ruptures we must understand the evolution of fault systems
on many spatial and time scales. Extensive research in the
field, in laboratories, and with numerical simulations have
illuminated that the fault zone undergoes high, fluctuating
stress and pervasive cracking during an earthquake (e.g.,
Aki, 1984; Mooney and Ginzburg, 1986; Scholz, 1990;
Rice, 1992; Kanamori, 1994). Rupture models that involve
variations in fault-zone fluid pressure over the earthquake
cycle have been proposed (e.g., Dieterich, 1978; Blanpied
et al., 1992, 1998; Olsen et al., 1998). Structural fault
variations (e.g., Das and Aki, 1977; Rice, 1980) and rhe-
ological fault variations (e.g., Sibson, 1977; Angevine et
al., 1982) as well as variations in strength and stress may
affect the earthquake rupture (e.g., Vidale er al., 1994;
Beroza et al., 1995). Karageorgi et al. (1997) and Ko-
reev et al. (2000) detected and modeled traveltime changes
in vibroseismograms in a localized region where the 1966
M 6 Parkfield earthquake initiated and attributed these vari-
ations to hydrological changes correlated with a signifi-
cant pulse in fault slip and seismicity during 1987-1995.
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However, earthquake-related fault-zone damage and heal-
ing have been documented quantitatively in only a few stud-
ies (e.g. Marone et al., 1995; Massonnet et al., 1996; Li et
al., 1998; Yasuhara et al., 2005). The origin of the spatial
and temporal variability in the fault zone properties also re-
mains a major mystery. Repeated seismic surveys using ex-
plosions along rupture zones of the 1992 M 7.4 Landers and
1999 M7.1 Hector Mine, California earthquakes (Li and Vi-
dale, 2001; Li et al., 2003; Vidale and Li, 2003) showed
that seismic velocities within the shallow part of the fault
zone increased by a few percentages within 1-6 years af-
ter the mainshocks, most likely due to the closure of par-
tially fluid-filled cracks that opened during the mainshocks.
These observations illuminate a conceptual framework of
fault-zone damage and healing progression associated with
major earthquakes.

The low-velocity and low-resistivity zone on the San An-
dreas fault (SAF) near Parkfield has been revealed by many
researchers (e.g., Lees and Malin, 1990; Li et al., 1990;
Ben-Zion and Malin, 1991; Michelini and McEvilly, 1991;
Eberhart-Phillips and Michael, 1993; Thurber et al., 1997,
Unsworth et al., 1997). Using fault-zone trapped waves
recorded at the SAF near Parkfield (Li et al., 1997, 2004;
Korneev et al., 2003), an approximately 100- to 200-m wide
low-velocity waveguide has been delineated on the SAF at
seismogenic depths at which shear-velocities are reduced
by 20-40%. This distinct low-velocity zone is thought to
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Fig. 1. (a) Map shows the location of seismic arrays (solid lines) deployed
across and along the San Andreas fault and north strand at the site
near Parkfield, California in 2002 and 2004, the M6 earthquake in
1966 and 2004 (grey stars), repeated shot PMM (black stars). Solid
squares: Microearthquakes on Julian date R291 and R293 in 2002 and
the SAFOD target event on R285 in 2004. Dots: Aftershocks of the
M6 earthquake on September 28, 2004 at Parkfield, California. Open
squares: clusters of repeated aftershocks used in our previous study for
post-mainshock fault healing (Li ez al., 2006). Inset: Array A consists
of 35 PASSCAL RT130s and 2 Hz L22 sensors with station spacing of
25 m. Coordinates of station STO of Array A, located on the SAF main
trace are 35°N54.566" and 116°W26.954’. Arrays B and C consist of
five stations spaced at 50 m. Station STO was located on the main fault
trace. Fault lines and topographic map are provided by Michael Rymer
of the USGS. (b) The vertical section along the San Andreas fault at
Parkfield shows the locations of the seismic array, shots, the 1966 and
2004 M6 earthquakes, and repeated events in 2002 and 2004 used in
this study.

be caused by intense fracturing during earthquakes, brec-
ciation, liquid-saturation, and possibly high pore-fluid pres-
sure nears the fault. Recent results from the San Andreas
Fault Observatory at Depth (SAFOD) drilling and borehole
logs show a low-velocity zone on the SAF with an approxi-
mately 25-30% velocity reduction and high porosity a cou-
ple of hundred meters wide at the approximately 3.2-km
depth, indicating a damage zone associated with the SAF
(Hickman et al., 2005). Byerlee (1990) and Rice (1992)
note that pore fluids may migrate up from depth and that
the fault-zone acts as a channel due in part to its greater
permeability than that found in the adjacent blocks. High
pressure-water comes up from depth, and the highly frac-
tured fault-zone acts as a fluid channel. High permeability

and low strength have been measured in a damage zone cen-
tered at the main trace of the Nojima fault in the 1995 Kobe
earthquake (Lockner et al., 2000).

The M6 Parkfield earthquake that occurred on Septem-
ber 28, 2004 provides us with a rare opportunity to examine
the possible variations in the volume and magnitude of the
low-velocity anomalies on the SAF over the earthquake cy-
cle. After this earthquake, we deployed a dense seismic ar-
ray at the same sites as used in our experiment in the fall of
2002. The data recorded for repeated explosions detonated
within the SAF in 2002 and after the 2004 M6 Parkfield
earthquake show decreases of a few percentages in terms of
seismic wave velocity within an approximately 200-m-wide
zone along the fault strike at the shallow depth, most likely
due to the co-seismic damage of rocks during dynamic rup-
ture in this M6 mainshock (Li et al., 2006). The data from
clustered aftershocks at depths up to 7 km show velocity
recovery by approximately 1.2% within the fault zone in
a 3-month period after the mainshock, indicating that the
damaged rock has been healing following the mainshock.
The width (~200 m) of the damage zone characterized by
larger velocity changes is consistent with the low-velocity
waveguide model on the SAF near Parkfield derived from
fault-zone trapped waves (Li et al., 1997, 2004; Korneev et
al.,2003).

In this paper, we present the data recorded in our repeated
seismic surveys at Parkfield in the fall of 2002 and after
the 2004 M6 earthquake. Results from waveform cross-
correlation of the data for repeated microearthquakes before
and after the 2004 mainshock further validate the progres-
sion of co-seismic damage and post-mainshock healing on
the SAF at seismogenic depths associated with this earth-
quake.

2. Data and Results

In October 2002, we carried out a seismic experi-
ment at the SAF near Parkfield and approximately 15 km
southeast of the drilling site of the SAFOD to record
fault-zone guided waves generated by explosions and mi-
croearthquakes for a detailed delineation of the low-velocity
damage structure on the SAF (Li et al., 2004). The ar-
ray recorded several local microearthquakes during 3 weeks
of array operation, including two M~1-2 events occurring
at depths of 5-6 km within the fault zone on October 18
and 20, 2002 (Julian date R291 and R293) (Fig. 1). These
data are used in the present study for monitoring tempo-
ral variations in velocity structure on the SAF associated
with the 2004 M6 Parkfield earthquake. Immediately af-
ter the M6 Parkfield, California earthquake on September
28, 2004, we deployed 45 PASSCAL seismometers in lin-
ear arrays at the same place as our previous experiment in
2002 near Parkfield to record aftershocks. The array site
was located in the middle of a high-slip part of the surface
rupture in this earthquake. Array A was 750 m long across
the main trace of the SAF and its north strand, while array
B and array C were 200 m along the main fault and north
strand, respectively (Fig. 1(a)). Three-component sensors
were buried at the same locations as in our previous experi-
ment at Parkfield in the fall of 2002. Seismometers operated
in a continuous mode for 3.5 months, starting 1 week after
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Fig. 2. (a) Vertical-component seismograms recorded at Array A for three repeated M 1.0 microearthquakes occurring at a depth of 6 km and range
of 8 km from the array on Julian date R291 in 2002 and on R339 and R350 in 2004. Seismograms have been <8 Hz filtered. Stations STO and
E15 were located on the main fault (SAFm) and north strand (SAFn), respectively. The first P- and S-waves arrive at approximately 2.2 s and 4.5 s.
Fault-zone trapped waves (FZTW) are dominant between 5.5 s and 8.5 s at stations in the range of approximately 150-200 m marked by two bars.
(b) Overlapped seismograms at working stations of Array A for the event on R291 in 2002 (black lines) and its repeated event on R339 in 2004 (gray
lines). Seismograms have been <5 Hz filtered. First P-arrivals from repeated events are aligned. Similar waveforms are recorded, but waves travel
slower after the 2004 M 6 Parkfield earthquake. (c) Seismograms recorded at Arrays B and C along the SAF main fault and north strand for these two
repeated events, showing larger arrival delays at stations of Array B than Array C for the event in 2004. (e, f) Cross-correlations of seismograms for
repeated events on R291 in 2002 and on R339 in 2004 (d) at stations of Array A within and outside of the fault zone and (e) at stations of Arrays B
and C, showing larger traveltime increases at stations close to the SAF main fault.

the mainshock, sampling at 100 Hz. We culled 21 clusters
of repeated events from approximately 800 aftershocks in
our recorded data using the catalog of the Northern Cali-
fornia Seismic Network (R. M. Nadeau, personal commu-
nication, 2004). Each cluster includes at least five repeated
aftershocks occurring at the same place, with the location
difference among them being smaller than 100 m and the
difference in magnitude being smaller than 0.5. The loca-
tion precision of the Parkfield earthquakes in the catalog is
less than a few tens of meters in relative distance. Repeated
aftershocks in each cluster show similar waveforms with a
correlation coefficient higher than 0.8. The data from clus-
tered aftershocks have been used to examine the fault heal-
ing after the 2004 M 6 earthquake (Li et al., 2006).

When we examined the data of the 2004 Parkfield after-
shocks, we found some clustered aftershocks occurring at
the same locations of the microearthquakes recorded at our
seismic array in 2002, which located beneath Middle Moun-
tain and the SAFOD drilling site, respectively (Fig. 1(b)).

We used the moving-window waveform cross-correlation
method (Karageorgi et al., 1992, 1997; Niu et al., 2003) to
measure the changes in seismic wave traveltimes for these
repeated events recorded before and after the 2004 M6
Parkfield earthquake and to evaluate variations in velocity
structure on the SAF associated with this M6 earthquake.
We applied a low-pass (<5 Hz) filter to seismograms
and used a 1-s window with the window center moving
from the first P-arrival to the later S-coda for waveform
cross-correlation. Korneev et al. (2003) used 2.5- to 5.5-
Hz band-pass filtered seismograms from the Parkfield mi-
croearthquakes to compute the spectral amplitude ratio of
fault-zone guided waves to S waves. To ensure reliable re-
sults from computations, we enforced a minimum correla-
tion coefficient of 0.8 for the P, S, and guided waves in fil-
tered seismograms between the repeated events. Figure 2(a)
shows seismograms recorded at arrays across the SAF for
the event on R291 in 2002 and its repeated events on R339
and R350 in 2004, all occurring within the fault zone at a
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Fig. 3. (a) Overlapped seismograms at working stations of Array A for

the event on R291 in 2002 and its repeated event on R288 in 2004.
Seismograms have been <5 Hz filtered. Other notations are the same
in Fig. 2(b). (b) The maximum traveltime increases of seismic waves in
2-10 s at stations versus distances from the main fault trace measured
by waveform cross-correlations between the event on R291 in 2002 and
its repeated events on R288, R339, and R350 in 2004. (c) Traveltime
increases and velocity decreases in percentages and standard deviations
for shear wave and fault-zone trapped waves at all available stations,
measured by moving window cross-correlations between the event on
R291 in 2002 and six repeated events on R288 to R350 in 2004.

depth of 6 km and approximately 5 km northwest of the ar-
ray (Fig. 1). Prominent fault-zone trapped waves (FZTW)
with relatively large amplitudes and long wavetrains follow-
ing S-waves appeared at stations within an approximately
200-m-wide zone near the main fault trace. Figures 2(b)
and (c) illustrate overlapped seismograms at three arrays
across and along the fault for microearthquakes on R291
in 2002 and on R339 in 2004, showing similar waveforms
for them, but seismic waves traveled slower for the repeated
event after the 2004 M 6 Parkfield earthquake. Note that sta-
tions on Array B along the main fault trace registered larger
traveltime changes than those on Array C along the north
fault strand. Figure 2(d) and (e) illustrates moving-window
cross-correlations of waveforms recorded at Arrays A, B,
and C for these two repeated events in 2002 and 2004, and
shows approximately a 35- to 65-ms delay in the traveltime

of fault-zone-trapped waves, which are dominant between
5.5 s and 8.5 s at stations within the fault zone, but a less
than 20-ms delay in traveltime for the S-wave and later coda
at stations in surrounding rocks. Stations on the north fault
strand registered a traveltime delay of approximately 25-35
ms in a traveltime of between 5.5 and 8.5 s. In our compu-
tation, we aligned the first P-arrivals for repeated events to
avoid errors in event origin times in the catalog so that the
true traveltime delays for S and trapped waves may con-
tain small undetermined changes in P traveltime. Assum-
ing that velocity changes were uniform in the crust sampled
by these waves, the increases in traveltime are straightfor-
ward to interpret. In 2004, the dominant trapped waves ar-
rived between 5.5 and 8.5 s, with a 35-65 ms delay, so the
shear wave velocity within the fault zone decreased by ap-
proximately 0.7% on average plus unmeasured changes for
the P-wave between R291 in 2002 and R339 in 2004. In
contrast, the shear wave velocity in surrounding rocks de-
creased by <0.25% during the same time period, according
to an approximately 10 ms traveltime delay for S-waves ar-
riving at approximately 4.5 s. To justify this simplification
for estimating velocity variations from measured traveltime
changes, we show the synthetic traveltime delays between
the repeated events using the depth-variable velocity model
in the discussion section.

Figure 3(a) shows overlapped seismograms at stations of
Array A for the event on R291 in 2002 and for its earlier re-
peated event on R288 in 2004, which occurred 2 weeks after
the M6 Parkfield earthquake, showing that there are larger
traveltime delays between these two events than between
the later repeated events. In Fig. 3(b), we plot maximum in-
creases in traveltime (2—10 s) at all working stations of three
arrays measured by moving the window cross-correlation
between the event on R291 in 2002 and its repeated events
on R288, R339, and R350 in 2004. This plot shows that
the largest traveltime delays in 2004 occurred at stations
within an approximately 200-m-wide zone along the main
fault and that the changes at stations beyond this zone were
much smaller, while intermediate changes were registered
at stations on the north fault strand for each pair of repeated
events. The measurements show approximately an 110 ms
maximum delay in the traveltime of trapped waves arriv-
ing at approximately 8 s within the fault zone between the
events on R291 in 2002 and on R288 in 2004. This value is
about twofold higher than those measured for later repeated
aftershocks on R339 and R350 in 2004. We estimate that
the shear wave velocity decreased by approximately 1.4%
plus changes for P-waves within the fault zone between
R291 in 2002 and R288 in 2004. If P- and S-wave veloc-
ity changes have the proportion that they would have in a
Poisson solid, measured traveltime increases imply that the
net decrease in shear wave velocity between R291 in 2002
and R288 in 2004 was approximately 2.3% within the fault
zone and then recovered to a deficit of approximately 1.2%
on R339 and R350 in 2004. Figure 3(c) exhibits the maxi-
mum traveltime and velocity changes measured by moving-
window waveform cross-correlations at all available array
stations between the event on R291 in 2002 and its seven re-
peated events occurring on R288 to R350 in 2004. The data
have been corrected for changes in the traveltimes of P-
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waves and normalized to the earliest event on R288 among
them. Again, the results show velocity decreases after the
M6 Parkfield earthquake on September 28, 2004 (R273),
with the largest change—approximately 2.3%—occurring
within approximately a 200-m-wide zone along the SAF
main trace and moderate changes occurring at the north
fault strand.

Assuming that there was no significant change in seismic
velocity between the fall of 2002 and September 28, 2004 at
the Parkfield region, the velocity changes measured in our
repeated seismic surveys are most likely associated with the
September 28, 2004 M 6 Parkfield earthquake that caused a
velocity decrease due to co-seismic damage of fault-zone
rocks with cracks opening in dynamic rupture. The dam-
aged rock then recovered its rigidity with time after the
mainshock due to closure of the cracks. Although processes
associated with aseismic transients have been shown to in-
fluence wave propagation at Parkfield (Niu et al., 2003),
there were no such transients and resolvable measurements
in seismic velocity in this area between the fall of 2002 and
the 2004 M6 earthquake (Rubinstein and Beroza, 2005).
A seasonal water table change and rainfall would affect
the seismic velocity at a shallow depth (Karageorgi et al.,
1997). However, as we carried out repeated experiments at
Parkfield in the same season of 2002 and 2004, there were
no significant variations in water table. The driller showed
that the water table in the shot-hole at Middle Mountain was
at the depth of approximately 25 m in the fall of 2002 and
2004. Thus, it is plausible to attribute our observed velocity
changes at Parkfield to the 2004 M 6 earthquake. We found
that the damage zone is not symmetric but instead extends
farther on the southwest side of the main fault trace. In
our previous study of fault-zone structure at Parkfield (Li et
al., 2004), we delineated an approximate 150-m-wide, dis-
tinct low-velocity waveguide on the main SAF and a branch
waveguide with a smaller velocity reduction on the north
strand at this site. The width of this zone, which is char-
acterized by the largest velocity decreases caused by the
recent M6 earthquake, is consistent with the width of the
low-velocity zone on the SAF delineated using fault-zone
trapped waves. Observations of seismic velocity changes
before and after the 2004 M6 Parkfield earthquake indi-
cate that the low-velocity waveguide on the SAF has been
at least partially softened, with additional cumulative dam-
age due to recurrent ruptures. We interpret the data as in-
dicating that the north strand may have experienced minor
breaks due to secondary slip and strong shaking from rup-
tures on the main fault during the major earthquakes on the
SAF, including the 2004 M 6 mainshock.

The above examples show a larger delay in traveltime be-
tween the event in 2002 and the earlier repeated event in
2004, indicating that seismic velocities within the fault zone
might have recovered with time after the 2004 M6 earth-
quake. In order to confirm this trend, we examined travel-
time delays between the event on R291 in 2002 and its ten
repeated events occurring on R281-R360 from 1 week to
approximately 3 months after the 2004 M 6 mainshock. Fig-
ure 4(a) depicts seismograms of these repeated aftershocks
at stations W1 and E7, which are located within and out of
the fault zone, respectively. P-arrivals for all events are

(a) Seismograms at Staion W1 within Fault Zone Staion E7 out of Fault Zone
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Fig. 4. (a) Vertical-component seismograms recorded at stations W1 and
E7 of Array A for the microearthquake on R291 in 2002 (black line) and
ten repeated events from R281 to R360 in 2004 (gray lines), showing
larger traveltime increases at station W1 within the fault zone than at
station E7, 175 m located off the fault. Seismograms have been low-pass
(<5 Hz) filtered. First P-arrivals from repeated events are aligned at
approximately 2.2 s. (b) Left: Moving window cross-correlations of
waveforms show traveltime increases between the event on R291 in
2002 and its ten repeated events in 2004, with the largest increase for the
earliest repeated event on R281 and a decreasing trend with dates after
the mainshock. Traveltime increases are much larger at station W1 than
station E7 in the same time period. Right: The maximum traveltime
delays and shear velocity changes in percentages measured at stations
W1 and E7 between the event on R291 in 2002 and its repeated events
in 2004. The curve is the logarithmic fit to measurements of traveltime
changes, with a constant of velocity change 0.012/day in logarithm.

aligned at the same time in the plot. Fault-zone-trapped
waves are dominant between 6.5 s and 8.5 s at station W1,
but these show much smaller amplitudes at station E7, 175
m northeast of the main fault trace. We observed similar
waveforms for the repeated events. However, seismic waves
traveled faster in 2002. Moving-window cross-correlations
of waveforms show the largest delay of approximately 125
ms for dominant fault-zone trapped waves arriving at ap-
proximately 8 s at station W1 between the earliest after-
shock on R281 in 2004 and the event on R291 in 2002 as
well as undetermined changes in the P-wave [Fig. 4(b)].
The traveltime delays gradually decreased to approximately
50 ms for the latest repeated event on R350, approximately
3 months after the 2004 mainshock. Based on the same
assumptions as described above, we estimate that the net
shear-velocity within the fault zone decreased by approxi-
mately 2.5% between R291 in 2002 and R281 in 2004, and
then increased by about 1.2% in the following 3 months
(approx.). In contrast, the changes in shear-velocity regis-
tered at station E7 was smaller than 0.5% in the same time
period. Although we lack data in the first week after the
2004 Parkfield earthquake, the data recorded at our arrays
do indicate that shear-velocities within the fault zone were
reduced by at least 2.5%, most likely due to the damage of
fault-zone rocks in dynamic rupture of this M6 earthquake.
Figure 4(b) illustrates traveltime decreases and shear veloc-
ity increases measured at stations within and outside of the
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Fig. 5. (a) Vertical-component seismograms recorded at six stations of
Array A for a M 1.4 earthquake occurring at a depth of 5 km and at
a distance (range) of 18 km NW of the array on Julian date R293 in
2002 and a repeated event on R355 in 2004. Seismograms have been
low-pass (<5 Hz) filtered and are plotted using a common scale for all
traces. The first P-arrivals from repeated events are aligned at approx-
imately 4.2 s. Moving-window cross-correlations of waveforms for the
repeated events show the largest traveltime increases at stations STO
and W1 within the fault zone. Station W15 located at the north fault
strand registered moderate traveltime increase. (b) Vertical-component
seismograms at stations W1 and E3 within and outside of the fault
zone for five repeated aftershocks occurring on the SAF at the loca-
tion of SAFOD target events at a depth of approximately 3 km. First
P-arrivals from these events are aligned at approximately 3.6 s. Seis-
mograms for the latest event on R023 in 2005 (black line) are overlaid
by those from four repeated aftershocks in 2004 (gray lines), showing
that seismic waves traveled the fastest for the latest event. Waveform
cross-correlations between the event on R023 in 2005 and its earlier
repeated events show that traveltimes from these events decrease with
time after the M6 mainshock.

fault zone for these repeated aftershocks in 2004 relative
to those for the event on R291 in 2002. The increases in
seismic velocity with time after the mainshock indicate that
the damaged rock has been healing, based on its rigidity re-
covery, after the earthquake. However, the healing rate was
not constant, but decreased logarithmically with time, simi-
lar to our previous observations at rupture zones of the 1992
Landers and 1999 Hector Mine earthquakes (Li et al., 2003;

Vidale and Li, 2003).

We then examined the data recorded for another mi-
croearthquake recorded on October 20 (R293) in 2002 and
its repeated events in 2004, all of which occurred at depths
of 5 km and near the north end of the rupture segment of
the 2004 M6 earthquake, approximately 16 km NW of the
array site (Fig. 1). Figure 5(a) shows seismograms recorded
at stations of Array A for this event and its repeated event
on December 20 (R355) in 2004. These seismograms show
similar waveforms, but the waves traveled faster in 2002.
Note the larger amplitudes of fault-zone trapped waves ap-
pearing at stations within the fault zone. Waveform cross-
correlations show approximately an 80- to 90-ms increase
in the traveltime of the dominant trapped waves arriving
between 12 s and 15 s at stations STO and W4 within the
fault zone, but a 30-ms decrease at stations E8 and W10 far
away from the main fault trace in 2004. Station E15 on the
north fault registered a moderate delay of approximately 50
ms in traveltime. Taking similar assumptions as in the pre-
vious examples (Fig. 2), we estimate that net shear wave
velocities within the fault zone were reduced by approxi-
mately 0.9% for this pair of repeated events located near
the NW end of the 2004 rupture zone, which is smaller than
the velocity reduction of approximately 1.2% measured for
repeated events between R291 in 2002 and R350 in 2004
(see Fig. 3), which located in the middle of a high-slip part
of the rupture zone, even though the time spans between re-
peated events in the two pairs are nearly the same. These
measurements indicate the variation in magnitude of rock
damage along the rupture in the 2004 Parkfield earthquake.

In our experiment at Parkfield, we recorded several small
persistently repeated aftershocks on the main SAF at the lo-
cation of the SAFOD “target events” (Fig. 1). Figure 5(b)
shows seismograms recorded at stations W1 and E3 of Ar-
ray A for five such repeated events between R285 in 2004
and R023 in 2005. Seismograms from the latest event on
January 23 (R023) in 2005 are overlaid by those from four
earlier repeated events on R285, R298, and R316 in 2004
and RO19 in 2005. We observed similar waveforms for
the repeated events, but waves from the latest event trav-
eled the fastest and waves from the earliest event traveled
the slowest, showing an increase in velocity with increas-
ing time after the M6 mainshock on September 28, 2004
(R273). We measured traveltime changes between the event
on January 23 (R023) in 2005 and earlier repeated events by
waveform cross-correlations, showing the maximum travel-
time advance of approximately 80 ms for dominant guided
waves arriving at approximately 13 s at station W1 within
the fault zone plus the change for the P-wave between R023
in 2005 and R285 in 2004. In contrast, smaller changes
were registered at station E3 located outside of the fault
zone. These measurements show that seismic wave trav-
eltimes decreased (velocity increased) with increasing time
in the post-mainshock stage, most likely due to the heal-
ing of fault-zone rocks that were damaged in the M 6 main-
shock. Based on the measurements for this cluster of re-
peated events occurring near the NW end of the rupture in
2004, we estimate that the apparent shear-velocity within
the fault zone increased by approximately 1.0% in the 3.5
months (approx.) between R285 in 2004 and R023 in 2005,
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Fig. 6. (a) Vertical-component seismograms recorded at Array A across the SAF for repeated shot PMM detonated within the low-velocity fault zone at
7 km NW of the array on October 16, 2002 (R289) and December 28, 2004 (R364). Seismograms have been low-pass (<3 Hz) filtered and are plotted
using a common scale for all traces in each plot. The shot origin time is at 0 s. P- and S-waves arrive at approximately 3 s and 7 s. Fault-zone trapped
waves (FZTW) with large amplitudes and long wavetrains are dominant between S arrival and 15 s at stations in the range of approximately 150 m,
as marked by two bars. Similar waveforms were recorded for the repeated shots, but these waves traveled slower after the M6 Parkfield earthquake
in 2004. WH denotes the station located at the wellhead of shot-hole; the unclipped first P arrivals show identical arrival times for the repeated
shots. (b) Vertical-component seismograms recorded at station BN2 of Array B and CN2 of Array C for repeated shot PMM in 2002 and 2004,
showing similar waveforms, but with a larger delay at Array B along the main fault than at Array C along the north fault (NF) strand. (c) Traveltime
increases in percentages for P (red crosses), S (blue circles), and trapped waves (green circles), as measured by cross-correlations of seismograms
at Array A across the SAF for repeated shot PMM in 2002 and 2004, showing seismic velocity decreases. The solid curve is a polynomial fit to
traveltime increases of S-waves in 2004. A pair of vertical grey bars denotes a 150- to 200-m-wide zone with greater travel time increases. The
ratio of traveltime changes for P-waves to S-waves (green stars with a curve) indicates the degree of water saturation in cracks. Two horizontal
light-colored lines indicate the ratios predicted for a range of water percentage for Poisson solid. (d) The low-velocity waveguide model on the SAF
near Parkfield derived from fault-zone trapped waves (Li et al., 2004). The main fault zone is marked by an approximately 150-m-wide waveguide in
which velocities are reduced by 30-40% and Q is 10-50 between the surface and at a 5-km depth. The north strand is marked by a minor waveguide.

which is smaller than the value measured for the cluster
of repeated events in the middle of a high-slip part of the
surface rupture during the similar time period, as shown in
Fig. 4.

3. Discussions and Conclusion

We have used the data from repeated explosions det-
onated within the SAF near Parkfield before and after
the 2004 M6 earthquake to measure the seismic velocity
changes associated with this earthquake. Figure 6(a) shows
seismograms with similar waveforms recorded at the cross-
fault Array A for the repeated shots detonated on October
16, 2002 and December 30, 2004. However, seismic waves
traveled slower after the 2004 M6 earthquake, with the
largest traveltime increases occurring in an approximately
200-m-wide zone along the main fault, moderate increases
occurring at the north strand, and much smaller changes oc-
curring in surrounding rocks (Fig. 6(b)). Moving-window
cross-correlations of waveforms for the repeated shots show
a decrease of approximately 1.3% in shear-velocity within
the fault zone. We also measured traveltime changes for re-
peated aftershocks in 21 clusters located at different depths
along the rupture of the 2004 earthquake and found that the
maximum shear-velocity increased by approximately 1.2%
within the fault zone beneath Middle Mountain during the 3
months (approx.) starting 1 week after the mainshock (Li et
al.,2006). Assuming that there were no significant changes
in seismic velocity at the Parkfield area during the time pe-
riod between the shot in 2002 and the 2004 M 6 earthquake,
we estimate a net decrease in shear-velocity of at least ap-

proximately 2.5% owing to co-seismic damage of fault-
zone rocks caused by dynamic rupture of this M6 earth-
quake even though we lack data in the first week after the
mainshock. We note that the ratio of traveltime changes for
P-to S-waves is 0.57 within the rupture zone and approxi-
mately 0.65 in the surrounding rocks [Fig. 6(c)], indicating
that cracks within the fault zone are more wet than those
outside of the zone according to equations for the elastic
moduli of the medium with cracks (Garbin and Knopoff,
1975). Water may be coming up from depth, with the highly
fractured fault-zone acting as a fluid channel.

Figure 6(d) shows an approximately 150-m-wide low-
velocity zone on the SAF at this site within which seis-
mic velocities are reduced by 25-40% in comparison to
wall-rock velocities to the depth of at least 5 km, as delin-
eated in our previous seismic study using fault-zone guided
waves at Parkfield (Li et al., 2004). Recent results from the
SAFOD drilling project and borehole logs at Parkfield show
a high porosity and multiple slip planes in an approximately
200-m-wide low-velocity zone with a velocity reduction of
approximately 25-30% on the SAF at a depth of approxi-
mately 3.2 km (Hickman et al., 2005). Our present study
using repeated events shows that the SAF at Parkfield co-
seismically weakens and consequently heals when it under-
goes strong dynamic stresses and pervasive cracking during
the 2004 M 6 earthquake. Although the damage zone along
the SAF has accumulated over geological time, it was in
part weakened by the latest M6 earthquake in 2004 due to
inelastic deformation around the propagating crack tip in
the mainshock, as predicted by existing fault-zone rupture
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Fig. 7. Top: Vertical-component of finite-difference synthetic seismo-
grams at stations of array A for the two repeated events on R291 in
2002 (black lines) and on R281 in 2004 (gray lines) using the fault-zone
model shown in Fig. 6(d). Model parameters used for the event in
2002 are the same as those in the model resulted from our previous
experiment at this site in 2002 (Li et al., 2004). Velocities are reduced
by 2.5% and 0.5% within and out of the fault-zone, respectively, for
computation of seismograms for the event in 2004. Seismograms have
been <5 Hz filtered. First P-arrivals from repeated events are aligned.
bottom: Moving-window cross-correlations of seismograms for the re-
peated events at stations STO and W8 of array A within and out of the
fault zone. Other notations are the same as in Fig. 2.

models (e.g., Scholz, 1990).

In the present paper, we report data from micro-
earthquakes recorded at our array in October 2002 and their
repeated events recorded at the same array site after the
2004 M6 Parkfield earthquake in order to determine the
seismic velocity changes on the SAF at seismogenic depth
before and after this earthquake using the moving-window
waveform cross-correlation for these repeated events. The
measurements of traveltime changes (Figs. 2 and 3) indi-
cate an approximately 2.5% shear-velocity decrease within
the fault zone between R291 in 2002 and R281 in 2004,
1 week after the M6 Parkfield earthquake. This value is
consistent with our previous estimation of the net velocity
decrease on the SAF caused by this M6 earthquake using
the data from repeated shots and clustered aftershocks, as
described above. We interpret our data as indicating that
the 2004 M6 mainshock caused additional damage to the
rocks, while the low-velocity damage structure on the SAF
has cumulated effects in terms of recurrent rupture of his-
torical earthquakes.

We simulated seismograms for the event on R291 in 2002
using a three-dimensional finite-difference code (Graves,
1996) in terms of the depth-variable structure model shown
in Fig. 6(d) and for its repeated event on R281 in 2004, with
the velocities reduced by 2.5% within the fault zone and by
0.5% in wall-rocks from original values in this model. Fig-
ure 7 shows synthetic seismograms at the cross-fault array
and traveltime delays measured by moving-window cross-
correlation of waveforms at stations STO and W8 within
and outside of the fault zone. The synthetic traveltime de-
lays between these repeated events are in general in accor-
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Fig. 8. S-wave velocity changes within the rupture zone associated with
the M6 Parkfield earth-quake on September 28, 2004. The S velocity
decreased by approximately 1.3% in the time period between the two
repeated shots on October 16, 2002 and December 28, 2004. Measure-
ments for repeated microearthquakes occurring in 2002 and in 1 week
after the 2004 M 6 mainshock show an approximately 2.5% decrease in
S velocity, most likely due to the co-seismic rock damage during the
mainshock. Measurements for repeated aftershocks show that the S ve-
locity within the rupture zone increased by approximately 1.2% in the
following 3 months, indicating fault healing with rigidity recovery of
damaged rocks.

dance with observations (Fig. 4(b)).

The low-velocity anomalies on the SAF might vary over
the earthquake cycle. Our measurements of the changes in
traveltime for repeated aftershocks show an approximately
1.2% increase in shear-velocity within the rupture zone dur-
ing the 3 months (approx.) starting 1 week after the 2004
M 6 Parkfield earthquake (Fig. 4) and indicate that the fault
healed through rigidity recovery of damaged rocks in the
post-seismic stage due to the closure of cracks that opened
in the mainshock. The healing rate decreases logarithmi-
cally through time, with a greater healing rate in the earlier
stage of the inter-seismic period (Fig. 8).

We find that the magnitude of rock damage and healing
varies across the SAF, with the largest value within an ap-
proximately 150- to 200-m-wide low-velocity zone (Figs. 3
and 6) that experienced greater damage in the 2004 M6
earthquake. The damage zone is asymmetric, broader on
the southwest side of the main fault trace. The asymmetry
may imply that the fault zone has accumulated significant
cumulative damage due to previous large earthquakes on the
SAF. When a fault ruptures, it may preferentially damage
the already weakened rocks in the zone, even though those
rocks are not symmetrically distributed on either side of the
main slip plane (Chester et al., 1993). Alternately, greater
damage may be inflicted in the extensional quadrant than
in the compressional quadrant near the propagating crack
tip (Andrews, 2005). We shall use fault-zone guided waves
and the coda wave interferometry method (Snieder and Vri-
jlandt, 2005) to study if the width of the damage zone also
changed due to this M6 earthquake.

The measurements of changes in seismic velocity for re-
peated events occurring at different locations show varia-
tions in rock damage and healing along the fault strike, with
larger magnitudes in the high-slip part of the SAF beneath
Middle Mountain during the 2004 M 6 Parkfield earthquake
(Figs. 3 and 4) than near the NW end of the rupture zone
(Fig. 5). Korneev et al. (2003) found larger amplitudes of
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fault-zone guided waves on the SAF southwest of Middle
Mountain, possibly due to dewatering by fracture closure
and fault-normal compression. Our observations are con-
sistent with the results obtained from 21 clusters of after-
shocks along the 2004 rupture at Parkfield (Li et al., 2006)
and with our previous tentative conclusion based on obser-
vations of fault healing at the Landers and Hector Mine rup-
ture zones that greater damage was inflicted and, therefore,
greater healing is observed in regions with a larger slip in
the mainshock (Li et al., 2003). Our calculation of an ap-
proximately 2.5% decrease in velocity using the formula
for cracked media (O’Connell and Budiansky; also refer
to Li et al., 2003) revealed that the apparent crack density
within the rupture zone increased by approximately 0.035,
which caused an approximately 5% decrease in shear rigid-
ity of the fault-zone rock during the dynamic rupture of the
2004 M6 Parkfield earthquake. The subsequent 1.2% in-
crease in S velocity suggests that the apparent crack density
within the rupture zone decreased by 0.017 in the following
3 months (approx.).

Rubinstein and Beroza (2005) observed significant trav-
eltime delays caused by the 2004 M6 Parkfield earthquake
at the seismic network stations for repeated earthquakes oc-
curring at depths of approximately 3 km near the SAFOD
drilling site before and after the 2004 M 6 earthquake. They
measured traveltime increases exceeding approximately 25
ms in S coda for the repeated SAFOD target events occur-
ring on October 21 and 23, 2003, approximately 1 year be-
fore the M6 earthquake, and on September 28, 2004, im-
mediately after the mainshock at borehole station MM of
Parkfield Seismic Network, located approximately 200 m
NE of the SAF main trace (Fig. 1(a)). They also observed
direct S-wave arrival delays of up to 7 ms to many of the
surface stations but much smaller delays at borehole sta-
tions in the Parkfield area. These researchers attribute the
time delays to cracks opened during the strong shaking of
the M 6 Parkfield earthquake at depths shallower than 100—
300 m. Crack opening is likely favored at shallow depths
with soft rock and lower confining crustal stress in a broad
distance range from the epicenter due to strong ground mo-
tion. Our stations, in contrast, were located much closer to
the fault than the network stations of Rubinstein and Beroza
(2005). The data presented here from the shots and after-
shocks located on or close to the fault mainly document the
changes within the fault zone rather than the changes in sur-
rounding rocks. The smaller (<0.3%) background changes
in traveltime registered at off-fault stations of our seismic
array seem to be consistent with the observations of Rubin-
stein and Beroza (2005) at shallow depths. We interpret the
observed velocity decrease within the fault zone as being
mainly due to crack opening caused by the dynamic rupture
of the latest M6 earthquake. Shaking-induced weakening
may also effect the rupture propagation because the pre-
existing weak, low impedance fault zone is susceptible to
damage (Fialko et al., 2002; Vidale and Li, 2003).

During the fault healing, the reduction of crack density
may be controlled by a combination of mechanical and
chemical processes on the active fault. Fault healing may be
affected by time-dependent frictional strengthening (Vidale
et al., 1994; Marone, 1998), rheological fluid variations or

changes in the state of stress (Blanpied et al., 1998), cemen-
tation, recrystallization, pressure solution, crack sealing and
grain contact welding (Hickman and Evans, 1992; Olsen
et al., 1998), and the fault-normal compaction of the rup-
ture zone (Massonnet et al., 1996; Boettcher and Marone,
2004) as well as chemical healing from the mineralogical
lithification of gouge materials over longer time period at
seismogenic depth (Angevine et al., 1982). In addition, the
‘crack dilatancy’ mechanism (Nur, 1972) associated with
the earthquake is likely to operate in co-seismic fault dam-
age and post-mainshock healing even if other processes
are also active. The temporal changes in crack-induced
anisotropy near the Nojima fault that ruptured in the 1995
M7.1 Kobe earthquake have been observed in shear-wave
splitting (Tadokoro et al., 1999; Ikuta and Yamaoka, 2004).
However, there was no clear change in the magnitude of
shear-wave splitting after the 1999 Hector Mine earthquake
(Cochran et al., 2003), suggesting that the shear-wave split-
ting may be not sensitive enough to detect small changes in
crack density because the velocity change influences both
the fast and slow orthogonally-polarized shear waves.

Stress-related temporal changes in seismic velocity
caused by the 1989 Loma Prieta, California earthquake have
been reported (Ellsworth et al., 1992; Dodge and Beroza,
1997; Schaff and Beroza, 2004). Baisch and Bokelmann
(2001) suggest that co-seismic deformation caused by this
earthquake might lead to crack opening either by local-
izations of shear stress or by elevated pore fluid pressure.
Concentrated deformation at low-strength fault zones may
also help to cause damage. After the earthquake, relaxation
processes, such as crack healing, fluid diffusion, and post-
seismic deformation, cause the cracks to close again at an
approximately logarithmic recovery rate (Dieterich, 1972;
Richardson and Marone, 1999). As rocks heal, either con-
tinued right-lateral deformation due to the regional stress
field that dominates the co-seismic displacements or fault-
normal compression owing to a reduction in crack volume
can contribute to the healing process. The variation in ap-
parent crack density inferred by seismic velocity measure-
ments reflects changes in either crack volume or a rear-
rangement of aspect ratio caused by the earthquake. We
tentatively conclude that the cracks that opened during the
mainshock closed soon thereafter. This conclusion is con-
sistent with our interpretation of the soft low-velocity fault-
zone waveguide on the SAF being at least partially weak-
ened in the 2004 M 6 mainshock, but with possible signifi-
cant cumulative effects as well.

Our observations of fault zone damage and healing asso-
ciated with the latest M6 Parkfield earthquake are in gen-
eral consistent with the model of velocity evolution owing
to damage and healing for Landers and Hector Mine earth-
quakes (Vidale and Li, 2003). However, the magnitude of
damage and healing observed near Parkfield on the SAF
is smaller than those observed on the Landers and Hector
Mine rupture zones. This difference is probably related to
the smaller magnitude mainshock and smaller slip and, pos-
sibly, by differences in stress drop, pore-pressure, and rock

type.
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