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Scientific Results:
We deployed dense linear seismic arrays of 45 three-component seismometers across and along

the San Andreas fault (SAF) near Parkfield immediately after the M6 Parkfield earthquake on
September 28, 2004 to record fault-zone seismic waves generated by near-surface explosions and
earthquakes. The array was located in the middle of a high-slip part of the surface rupture in this
earthquake, and co-sited in our experiment conducted near Parkfield town in the fall of 2002 (Fig.
1). We recorded the data of ~1000 aftershocks in 3 months. On December 28 of 2004, we detonated
2 explosions (under the grant of EarthScope), each using 500 pounds of chemical explosives in a 30
m-deep hole drilled within the fault zone. Shots PMM and WORK were located ~7 km NW and ~9
km SE of the array site. Shot PMM in Middle Mountain was a repeated explosion in 2002 and 2004.
We have used fault-zone trapped waves generated by explosion and earthquakes recorded in 2002 to
delineate the low-velocity fault-zone structure at this site [Li et al., 2004]. The data recorded in our
experiment at Parkfield in 2004 have been submitted to IRIS Data Center.

Through the award of SCEC (2005), we examined the data from repeated shots and aftershocks
recorded in 2004 for study of the spatial and temporal changes in physical properties of the fault
zone associated with this M6 earthquake. Results indicate ~2.0-2.5% decreases in seismic velocity
within the rupture on the SAF due to the coseismic damage of rocks during dynamic rupture of the
2004 M6 earthquake. This zone characterized by greater velocity changes is ~150-m wide, consistent
with the low-velocity waveguide model on the SAF, Parkfield we have derived from fault-zone
trapped waves [Li et al., 2004]. The damage zone is not symmetric with the main fault trace but
broader on the southwest side of the fault. Waveform cross-correlations for repeated aftershocks in 21
clusters, total ~130 events show ~1.2% increases in S-wave velocity within the rupture zone in 3
months starting a week after the mainshock, indicating that the damaged rock has been healing and
regaining the strength with time, most likely due to the closure of cracks opened in the mainshock.
The healing rate was greater in the earlier post-mainshock stage. The magnitude of fault healing is
not uniform along the ruptured segment, but slightly larger beneath Middle Mountain in accordance
with larger slip there. The fault healing is depth-dependent with larger healing rate above ~5-6 km.
The damage and healing progression observed on the SAF associated with the 2004 M6 Parkfield
earthquake are consistent with our previous observations at rupture zones of the 1992 M7.4 Landers
and 1999 M7.1 Hector Mine earthquakes. However, the fault-zone damage degree is smaller and the
healing process is shorter on the SAF at Parkfield than those on at Landers and Hector Mine.

Waveforms recorded for repeated shot PMM in Middle Mountain on Oct. 16 of 2002 and Dec.
28 of 2004 (Fig. 2a), but traveltimes of P, S and fault-zone guided waves in 2004 were delayed by
several tens of milliseconds. We measured traveltime delays using waveform cross-correlation for
each pair of recordings in 2002 and 2004 [refer to Li et al., 2005, BSSA Parkfield Special Issue for
details]. Traveltimes of P, S, and guided waves from the shot were delayed by 45, 80 and 120 ms at
stations within the fault zone, but delayed by 20, 35 and 50 ms at stations beyond the zone in 2004
(Fig. 2b). We also measured traveltime delays on array B along the SAF main fault and on array C
along the north fault strand, showing greater velocity decreases on the main fault that ruptured in the
M6 mainshock (Fig. 2c). Fig. 2d shows the percentage increase in traveltimes of P, S, and trapped
waves from repeated shot PMM to all stations on the line across the SAF, with larger changes within
the rupture zone in a range of ~150-200m. If the velocity changes were uniform in the crust that was
sampled by these waves, we estimate that the P wave velocity decreased by ~1.5% and the S wave
velocity decreased by ~1.2%. Guided waves with longer travel times had larger time advances than P
and S waves, again resulting in ~1.2% increase in velocity within the rupture zone. In contrast, the S-
wave velocity decreased by less ~0.5% in the surrounding rocks. Assuming that there was no
significant changes in seismic velocity after the fall of 2002 and before 28 September, 2004 at
Parkfield region [Rubinstein and Beroza; 2005], the measured velocity decreases between 2002 and
2004 are most likely caused by the co-seismic rock damage with crack opening due to the latest M6
Parkfield earthquake. Note that the velocity decrease on the north fault strand is larger than the
background velocity change in surrounding rocks. The north fault strand might have experienced
minor breaks due to secondary slip and strong shaking from ruptures on the main fault in the M6
earthquake. The degree of fluid saturation in cracks can be estimated from the ratio between P-wave
and S-wave traveltime changes (∆tp/∆ts) using equations for the elastic moduli of the medium with
isotropically oriented penny-shaped cracks [Garbin and Knopoff, 1975] as we did in our previous
study of fault healing on rupture zones of the 1992 Landers and 1999 Hector Mine earthquakes [Li
et al., 1998; 2003]. Fig. 2d shows 0.57 of _tp/_ts within the fault zone but ~0.65 out of the zone,
indicating more water in cracks within the fault zone.
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Based on the catalog of Parkfield seismic Network, we selected 21 clusters of total ~130 repeated
aftershocks at depths between ~3 km and ~9 km among ~1000 aftershocks recorded at our seismic
array (Fig. 1). Each cluster includes at least 5 repeated aftershocks occurring at the same place with
the location difference <200 m and the difference in magnitude <0.5, and showing similar waveforms
with correlation coefficient >0.8. We used the moving window technique to examine repeated events
by an automatic computer procedure [Niu et al., 2003]. Fig. 3a shows similar waveforms recorded at
array A for a pair of repeated aftershocks in cluster 28 at 6.9 km depth. Moving-window cross-
correlations show that S and guided waves from the later aftershock to station ST0 on the main fault
advanced by 25-35 ms plus the change in P traveltime, but much smaller at station W7 away from the
main fault trace, indicating that the fault zone has been healing with rigidity recovery after the
mainshock, most likely due to the closure of cracks that opened in the latest M6 earthquake. Fig. 3b
shows the trend of healing rate decreasing with date. The measured traveltime advances of S and
guided waves for 4 repeated aftershocks in cluster 28 were ~40-50 ms in the first month, ~30-40 ms
in the second month and ~20 ms in the third month after the mainshock.

We then examined the variation in traveltime changes across and along the fault zone as well as
with depth. Fig. 4a exhibits seismograms at 4 stations for two repeated aftershocks in cluster 6,
occurring on Oct. 15 and Nov. 16 at 3.9 km depth and ~8 km NW of the array site. Waveform cross-
correlations show ~40-55 ms advance in traveltimes of S and guided waves to stations ST0 and W2
within the fault zone, but only 10-20 ms plus changes in P waves at stations E6 and E7 located 150-
175 m NE of the main fault. In Fig. 4b, we plot the measured traveltime changes of S and guided
waves at all available stations of array A for 6 repeated aftershocks in cluster 6, showing ~1.1%
decrease in traveltime within the fault zone but  <0.5% decrease out of the zone in 3 months after
Oct. 15, 2004. Note that the traveltime decrease at stations located at the north fault strand was larger
than the background level. These observations indicate that the damaged rocks during the latest M6
earthquake have been healing with greater magnitude within the highly fractured rupture zone than
in surrounding rocks.  Fig. 5 exhibits seismograms at station W4 for 2 repeated aftershocks in cluster
18 occurring at 4.6 km depth on Oct 11 and Dec 8, and other 2 repeated events in cluster 11
occurring at 9.2 km depth on Oct 14 and Dec 5. The time spans between repeated events in the two
pairs are nearly the same. Waveform cross-correlations for each pair of repeated events show that
traveltimes of S and guided waves were decreased by ~50-70 ms plus the change in P waves for the
pair of deeper aftershocks, and by ~30-50 ms for the shallow pair, indicating that the post-earthquake
healing occurred on the SAF down to at least ~5-6 km, probably across the seismogenic depths
although the healing magnitude is smaller in the deeper portion of the fault zone.

In summary, Fig. 6 shows relative decreases in traveltime for S and guided waves at 9 stations
within the rupture zone for 226 pairs of repeated aftershocks in 21 clusters with the first event
occurring before Oct. 26 and the second event occurred at least 20 days after the first event. The
measurements for all pairs are then normalized to the change in 20 days. Although the data scattered,
we see that the repeated aftershocks of group 1 located close to the hypocenter of the M6 earthquake
in 1966 beneath Middle Mountain show relatively large changes in traveltime. Langbein et al. [2005]
surveyed surface rupture and post mainshock surface slip after the 2004 M6 Parkfield earthquake.
They found the greatest dextral slip of 44 mm in the Middle Mountain area. The results from inverse
of GPS and broadband waveform data show the maximum slips of ~0.6 m at depths of 4-6 km
beneath Middle Mountain. We also plot the measured traveltime decreases vs. depths for all these
repeated aftershocks. The traveltime decreases accumulated from 25 to 50 ms as the event depths
increase from 3 km to 7 km. At present we have only captured healing for one cluster of repeated
aftershocks at depth below ~7 km, so we are lack of data to judge the healing on deeper fault zone.

Fig. 7 shows the seismic velocity changes associated with the M6 Parkfield earthquake in 2004.
The data recorded for repeated shots before and after this M6 event show a decrease of ~1.25% in
shear wave velocity within the rupture zone, most likely due to rock damage caused by dynamic
rupture in the mainshock while the data from repeated aftershocks show the velocity increased by
~1.1% within the rupture zone during 3 months starting from a week after the mainshock, reflecting
that the damaged rocks have been healing with rigidity recovery after the earthquake. The net
decrease in S wave velocity within the fault zone at depths above 6-7 km caused by this M6 event is
estimated to be at least ~2.5%, assuming that there was no significant changes between the shot on
October 16 2002 and the M6 earthquake on September 28 2004. The observations at Parkfield are in
general consistent with the model of velocity as a function of time owing damage and healing for
Lander and Hector Mine earthquakes [Vidale and Li, 2003]. However, the healing magnitude on the
SAF diminished to a small factor 3 months after the M6 Parkfield earthquake while the healing
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process were still observable on the Landers rupture zones 6 years after the M7.4 Landers earthquake
and 2 years after M7.1 Hector Mine earthquake [Li and Vidale, 2001; Li et al., 2003]. The maximum
slip on the SAF caused by the M6 Parkfield quake is ~0.6 m [Langbein et al., 2005] while the
maximum displacements of 5-7 m were documented for the M7.4 and M7.1 Landers earthquakes.
The stress drop in the M6 Parkfield earthquake is a few tens of bars while the stress drops in the
Landers and Hector Mine earthquakes are larger than 100 bars. The degree of water saturation in
cracks within the SAF inferred by ∆tp/∆ts is higher than those within the Landers and Hector Mine
rupture zones. Based on all these information, we tentatively conclude that the magnitude of damage
and healing observed on the SAF is smaller than those on the Landers and Hector Mine faults,
probably related to the magnitudes of earthquake, slip, stress drop, pore-pressure, and rock type.

We have also used aftershock data for shear-wave splitting analysis. Fig. 8 shows fast orientations
nearly fault-parallel (N40°W) for stations located on and within 100 m to the southwest of the SAF,
where pervasive cracking and damage was associated with the 2004 M6 earthquake. Outside of this
zone the fast orientations are scattered with some tendency for orientations near N10°E, roughly
parallel to the local maximum horizontal compressive stress direction. In addition, we find fast
directions oriented roughly parallel to the northern branch of the SAF. Delay times of the slow S
waves give an apparent crack density of approximately 3%, but are highly scattered. The data suggest
slight depth dependence to the measured delays for source depths between 2 and 7 km, but no
correlation with depth below 7 km [Cochran et al., 2005]. We plan to use the data from repeated
aftershocks for study post-mainshock temporal variations in shear wave splitting.
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Fig. 2 (a) Vertical component seismograms recorded at
array A across the SAF for repeated shot PMM detonated
at 7 km NW of the array in the fall of 2002 and after the
M6 Parkfield earthquake in 2004. Seismograms have been 
< 3 Hz) filtered. Station names and offsets from the fault
are plotted. Stations ST0 and E15 were located on the
main fault (SAFm) and north strand (SAFn). The shot
origin time is at 0 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 ~150
m marked by two bars. Similar waveforms were recorded
in repeated experiments, but waves traveled slower after
the M6 mainshock in 2004. which caused rock damage
within the fault zone. (b) Seismograms at station E1 within
the fault zone for repeated shot PMM in 2002 and 2004.
Waveform cross-correlations  for 3 time windows [1] to [3],
including P, S, and trapped waves (top) and for moving
window (bottom) show traveltime increases in 2004.  (c)
Seismograms and waveform cross-correlations at stations
of array B and array C located on the main fault and north
strand, respectively, showing smaller traveltime increase
on the north fault strand, likely caused by strong shaking. 
(d) Traveltime increases in percentage for P (red crosses),
S and trapped waves (blue and green circles) measured
from cross-correlations of seismo-grams at array A for shot
PMM in 2002 and 2004, showing that seismic velocities
decreased after the 2004 M6 earthquake. The blue curve
is a polynomial fit to traveltime increases of S waves in
2004. A pair of vertical grey bars denote a zone with great
traveltime increases. Ratio of traveltime changes for P
waves to S waves (green stars and curve) indicate the
degree of water saturation in cracks. Two horizontal
lines indicate the rations predicted for a range of water
percentage s for Poisson solid.

(c)

Station E1(b)

Array B, N2

Array C, N2

SP FZTW
Times (s)

Array B

Array C

0.00

-0.05

-0.10

Moving Window Cross-correlations 

Travel Times (s)

T
im

e 
D

el
ay

 (
s)

(d)



S FZTW S FZTW

(a)

Times (s)
P

R309 (red)
R339 (blue)

SP FZTWTimes (s)

(a) Profiles at Array A across the SAF for Aftershocks

----

----

Vertical

Cluster28

R339-R353

R309-R339

R284-R309

R284-R353

R339-R353
R309-R339

R284-R309

R284-R353

SP FZTW

(b)

0

0.05

0.10

0.15

T
ra

ve
lti

m
e 

D
ec

re
as

e 
(s

) Time (s)

Time (s)

Times (s)

Fig. 3 (a) Seismograms recorded at array A at
the SAF for 2 repeated aftershocks in cluster 28.
The early aftershock occurred on Nov 4 (Julian
date R309) of 2004 and the later event occurred
on Dec 3 (R339). Seismograms have been <8 Hz
filtered and are trace normalized in plot, showing
similar waveforms. Time-expanded seismograms
at stations ST0 and W8 located within and 200 m
from the fault for these two repeated events. P
arrivals for events are aligned at the same time.
S waves from the later event travel faster than
the early event and show greater time advances
within the fault zone, indicating fault healing with
shear rigidity recovery after the M6 mainshock.
(b) Seismograms at station W4 within the fault
zone for 4 repeated aftershocks in cluster 28 at
depths of 6.2 km, occurring on Oct 10 (R284),
Nov 4 (R309), Dec 3 (R339) and 17 (R353).
Moving-window cross-correlations of seismo-
grams from these repeated events show greater
traveltime advance in the early stage of post-
seismic fault healing process.
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Fig. 4 (a) Vertical-component seismograms
at 4 stations of array A for 2 repeated after-
shocks in cluster 6, occurring on Oct 15
(R289), Nov 16 (R321). Moving window
cross-correlations show that the traveltime
advance for the later aftershocks.
(b) top: Measurements of traveltime delays
for S waves from cross-correlations of wave
forms at array A for these 2 repeated events,
showing that greater traveltime advance 
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is not symmetric with the main fault trace, 
but broader on the SW side of the fault trace.
The curve is a polynomial fit to the data 
at stations in a range of 250 m across the
fault. NF – north faulyt strand. The bottom
panel shows raveltime changes for S waves
from cross-correlations of seismograms at
array A for all available pairs of 6 repeated
aftershocks in cluster 6, occurring on Julian
dates 289, 299, 308, 321, 332, 345 in 2004.
The data have been plus changes in travel
times for P waves in a Poisson’s solid. The
measurements of traveltimes for each pair
of repeated events have been normalized
to a time period of 20 days. The curve is a
polynomial fit to the data. 

2.0

Distance Across Fault (km)

Tr
av

el
tim

e 
C

ha
ng

es
 %

 (d
t/t

) cluster 6, total

300 200 100 0 100 200 300 400 500
0.0

1.0

NF>

----

----

Fault Zone>



5 10 15 20 25 30 35
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Distance (km)

T
ra

ve
lti

m
e 

D
ec

re
as

e 
(s

)

0 1 2 3 4 5 6 7 80

0.05

0.1

Depth (km)

T
ra

ve
lti

m
e 

D
ec

re
as

e 
(s

)

(a)

(b)

M6 (1966)

NW SE

Parkfield
Array 2002
&2004

SAFOD
Drilling

v
PMM

v v

               M6
(09/28/2004)  Shot PMM

(10/16/2002)
  Shot PMM
(12/28/2004)

2005 20060

0.5

1

1.5

2

2.5

3

*C
um

ul
at

iv
e 

Ve
lo

ci
ty

 C
ha

ng
es

 (%
)

?

*

dVs/Vs -1.25%

dVs/Vs +1.1%

|             |

>

2003

<

Fault-Zone Rock Damage and Healing Progression 

?
|                    |

2004

0.9

1

1995 2000

Damage and healing progression

Year

Lander earthquake Hector Mine
earthquake

?

?

Cluster18, depth=4.6km

R286-R344

R289-R341

depth=4.6km

depth=9.2km

0

0.05

0.10

0.15

Cluster11, depth=9.2km

Time (s)

Seismograms for Aftershocks at Different Depths

S

P

FZTW
Time (s)

T
ra

ve
lti

m
e 

D
ec

re
as

e 
(s

)

S

P

Fig. 5 Vertical-component seismograms recorded at station
W4 of array A for two repeated aftershocks in cluster 18 at
4.6 km depth and other two repeated events in cluster 11 at
9.2 km depth. Moving windowcross-correlations show that
the relative traveltime decreases for the deeper aftershocks
are larger than those for shallower events although the time
span of repeated events in the two pairs are nearly the same.

Fig. 6 (a) Traveltime decreases measured at 9 stations
W5-E3 located within the fault zone for 226 pairs of
repeated aftershocks in 21 clusters with the first event
in each pair occurring before Oct 26 (R300) and the
second event at least 20 days after the first event. The
measurements for all pairs have been normalized to
the changes in 20 days. The mean values and standard
deviations of the data for three groups of 1, 2 and 3
are marked by large circles and error bars. The data
have been normalized to a depth of 4 km to remove
the depth affect on measurements. (b) The data used
in (a) are plotted vs. depths of repeated aftershocks.
The straight line is the least squares fit to the data,
showing that the accumulated traveltime advance
increases as the event depth increases from 3 km and
7 km. The results suggest that the SAF experienced
healing after the 2004 M6 earthquake at seismogenic
depths down to 7 km while the magnitude of healing
is smaller in the deeper portion of fault zone.

Fig.7 (a) Shear velocity changes within the rupture zone on
the SAF associated with the M6 Parkfield earthquake
on Sept. 28, 2004. The shear velocity decreased by ~1.25%
between repeated shot timess on Oct 16, 2002 and Dec 28,
2004, most likely due to the co-seismic rock damge during
the M6 quake. The velocity within rupture zone increased
by ~1% between a week and 3 months after the M6 event,
indicating the fault healing with rigidity recovery after the
mainshock. The healing rate is not constant but decreases
with time although details just after the existing data, and
extrapolating into the future are not well constrained. The
velocity changes in the first week after the mainshock was
not measured in this study. (b) Model of seismic velocity as
a function of time owing to acombination of damage from
the 1992 M7.4 Landers rupture, post-seismic healing, and 
1999 M7.1 Hector Mine shaking(Vidale and Li, 2003).
Shows healing as a logarithm of time. The velocity before
the Landers earthquake was not measured.
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