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Detecting seismogenic stress evolution and constraining fault
zone rheology in the San Andreas Fault following
the 2004 Parkfield earthquake
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[11 We investigate temporal changes in seismic scatterer properties at seismogenic depth
attributed to the 2004 M 6 Parkfield earthquake, making use of the San Andreas Fault
Observatory at Depth repeating-earthquake target sequences, as well as nearby
similar-earthquake aftershock clusters. We use a two-step process: (1) observing temporal
variations in the decorrelation index, D(?), reflecting changes in the scattered wavefield
of repeating-earthquake sequences and (2) estimating the spatial distribution of time-
dependent scatterers by using a larger-aperture source array. We focus on three scatterers
exhibiting clear time dependence, using pairs of earthquakes that span or follow the 2004
Parkfield earthquake. They are found to be located on the fault at the northernmost
extent of coseismic rupture, beneath Middle Mountain, with a depth range of 11 to 17 km.
The shallowest and most prominent scatterer is located near a region of increased
Coulomb stress, as well as significant postseismic slip following the 2004 Parkfield
earthquake, and a large M = 5 aftershock. The other two deeper ones are also in regions of
increased Coulomb stress. We show that D(7)"? is expected to be proportional to the level
of stress in the fault zone, and then we constrain the form of fault zone rheology by
comparing the time dependence of D(¢)"? with geodetic or seismic measures of strain rate,
assuming a power law rheology between stress and strain rate characterized by exponent 7.
Such a comparison yields # ranging from 1.6 through 3.3, a value that is more consistent
with ductile behavior, rather than frictional sliding, at the base of the seismogenic zone.
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1. Introduction

[2] Observing transient stress changes at seismogenic
depth is a key aspect to understanding the nucleation process
of earthquakes. One approach to making such observations is
to detect temporal changes in the medium that reflect the
stress-induced opening or closing of fractures. Scattered
waves effectively sample fractures as seismic scatterers when
their wavelengths are comparable to fracture size. An analysis
of temporal variations in the scattered wavefield, in principle,
has the capability of providing the time evolution of the stress
field due to changes in crack properties.

[3] To detect a reliable temporal change in the medium,
repeating earthquakes and repeated artificial sources have
been recently used to minimize the errors due to changes in
source location and mechanism. Using temporal changes in
traveltimes, a number of studies have revealed earthquake-
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related coseismic damage of rock and subsequent healing
nearby fault zones [e.g., Li et al., 1998; Vidale and Li,
2003]. Temporal variations of traveltimes from strong
motion-induced shallow cracking have been also reported
[e.g., Rubinstein and Beroza, 2004, 2005; Peng and Ben-
Zion, 2006]. Rubinstein and Beroza [2004] showed a
correlation between temporal variation in traveltime and
intensity of strong motion following the 1989 M 7.1 Loma
Prieta earthquake, suggesting that this temporal variation
attributed to this mechanism.

[4] On the other hand, stress-induced temporal changes in
traveltimes have been observed [e.g., Dodge and Beroza,
1997; Baisch and Bokelmann, 2001; Yamamura et al., 2003;
Silver et al., 2007]. Niu et al. [2003] detected systematic
temporal variations in the scattered wavefield, and hypoth-
esized that this represented stress-induced migration of fluid
caused by the 1993 Parkfield aseismic transient. Laboratory
studies have also demonstrated the ability to detect transient
stress seismically [e.g., Freund, 1992; Sarkar et al., 2003;
Grét et al., 2006]. In principle, detecting stress-induced
changes in scatterers is not only important in its own right,
but, combined with measures of strain rate, from geodesy or
other means, it is possible to constrain the form of fault zone
rheology.
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Figure 1. Event occurrence times. NW and SE sequences

denote the SAFOD repeating earthquakes (circles), while
SQ1, SQ2, SQ3, and SQ4 are repeated-aftershock se-
quences (triangles). The dashed line is the occurrence time
of the 2004 Parkfield earthquake.

[5] An ideal test for detecting stress-induced changes in
seismic scatterers and constraining fault zone rheology
properties has been provided by the 28 September 2004
M 6.0 Parkfield earthquake, California for four reasons.
First, the coseismic and postseismic slip models have been
well determined [Johanson et al., 2006, Liu et al., 2006], so
that we can retrieve a reliable stress perturbation model of
the 2004 Parkfield earthquake. Second, many repeating-
carthquake sequences have been detected in the Parkfield
region [Nadeau and McEvilly, 1999, 2004]. Third, the 2004
Parkfield earthquake produced numerous aftershock
sequences with similar source mechanisms [Li et al.,
2006]. Finally, continuous geodetic data by a dense network
of GPS receivers are available [Langbein et al., 2006].

[6] In this study, we first detect temporal variations in the
scattered wavefield of local earthquakes, using repeating-
earthquake sequences (event spacing less than 5 m), and
next locate the corresponding time-varying scatterers using
a larger-aperture source array (horizontal aperture size
~100 m x 20 m), which we then compare to the slip
distributions for the coseismic and postseismic components
of the 2004 Parkfield earthquake. We finally address the
time evolution of the stress field at seismogenic depth
following the 2004 Parkfield earthquake, showing that it is
most consistent with a ductile fault zone rheology.

2. Data and Analysis
2.1. Data Set

[7] To detect time-dependent scatterers, we have made
use of the two repeating-earthquake sequences known as the
“target sequences’ studied by the San Andreas Fault
Observatory at Depth (SAFOD), termed the northwestern
(NW) and southeastern (SE) sequences [Nadeau et al.,
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2004]. During the study period, the NW and SE sequences
contained 10 and 12 repeating earthquakes, respectively
(Figure 1). The average magnitude of these repeating earth-
quakes is approximately 2.0 (Table 1), corresponding to a
rupture patch radius of about 50 m for a 3 MPa stress drop,
assuming a circular crack model [Eshelby, 1957]. These two
sequences are separated from each other by around 50 m in
horizontal distance along the strike of the San Andreas Fault.
The depth of these sequences is approximately 1.5 km.

[8] There are over 60 aftershocks whose waveforms and
locations are similar to those in the SAFOD target sequences,
and several groups of these similar events are also sequences
of repeating earthquakes. We used the seismic data from the
NW and SE repeating earthquakes to examine temporal
properties of the scattered wavefield, and then utilized these
data, along with those from the additional repeated-after-
shock sequences, to estimate the spatial properties of time-
dependent scatterers. We analyzed seismograms recorded by
the borehole seismometers of the High-Resolution Seismic
Network (HRSN) [Karageorgi et al., 1992] (Figure 2)
because they reduce the influence of superficial coseismic
damage, compared to surface instruments [Rubinstein and
Beroza, 2005].

2.2. Detecting Temporal Change in Scattered
Wavefield

[0] Using repeating earthquakes with short recurrence
interval, we are able to examine the characteristics of
temporal changes in the scattered wavefield with high
resolution, for example, three and five events have been
detected as repeating earthquakes in the NW and SE
sequences during post the 2004 Parkfield earthquake to
2007 (Figure 1). Since the HRSN has been operated since
1987, the seismic records for the first repeating earthquakes
(occurring in 1986) in the NW and SE sequences are not
available. Note that we did not have several seismic records
from 1998 through 2001 because the HRSN recording
system was not operating during this period [Nadeau et
al., 2004]. We also did not utilize a few seismic records
from events occurring between 2001 and 2003 because the
high-sampling data (250 Hz) were not available.

[10] We first identified temporal variations in the scat-
tered wavefield by measuring the dissimilarity in waveform
pairs from the NW and SE sequences. We used a sliding-
window waveform cross-correlation analysis with a 0.5-s
time window, from which we obtained a lag time, 7(f), and
decorrelation index, D(f), where ¢ is elapsed time on the
seismogram; 7(#) corresponds to the lag for which the cross-
correlation function reaches its maximum value, Cy..(?),
and D(f) = 1 — Cpax(?) [Niu et al., 2003]. Each waveform
was aligned by its direct P arrival and was interpolated to
10,000 samples per second. A 20% cosine taper was applied
to each time window.

[11] The parameter 7(f) can be interpreted as the mean
traveltime perturbation of the lag times, 7;, associated with
the individual scattered phases in the time window, while
D(f) can be defined as w’s*/2 where s, and w are the
standard deviation of 7; and the characteristic frequency
of the scattered phases, respectively [Snieder et al., 2002].
Thus 7(7) and D(r)"? are proportional to the mean and
standard deviation of a weighted distribution of lag times,
respectively. A constant velocity reduction in the back-
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Table 1. Average Hypocenters and Magnitudes for Sequences
Used in this Study

Sequence Latitude,” deg Longitude,” deg Depth,*® km Magnitude
NW 35.9810 —120.5468 1.472 2.1
SE 35.9807 —120.5464 1.476 2.0
SQ1 35.9811 —120.5470 1.502 1.0
SQ2 35.9811 —120.5470 1.493 1.4
SQ3 35.9806 —120.5462 1.483 1.2
SQ4 35.9809 —120.5466 1.469 1.1

*Average hypocenter of each sequence was evaluated by using
earthquakes after October 2001.
®Depth is below mean sea level.

ground medium should yield a linear trend in 7(7) and D(¢) =
0, given a short time window for calculating 7(¢) and D(?).

[12] On the other hand, Niu et al. [2003] showed through
numerical experiments that isolated spikes in 7(f) and D(¢)
can be explained by local changes in the location of a
scatterer or by a velocity reduction around the scatterer. Our
interest is in detecting discrete scatterers that permit the
imaging of the fault zone properties at seismogenic depth,
rather than changes in the background medium. We have
therefore focused on detection of isolated spikes in D(#) and,
to a lesser extent, 7().

[13] To estimate D(f) and 7(f), we made use of the final
event in each sequence as a reference. We examined
temporal changes in average D(f) of the S coda with a
4.0-s time window from around 1.0 s after the direct S
arrival for all available HRSN borehole stations. We found
that the average D(¢) for 11 of 13 stations show a systematic
decrease following the 2004 Parkfield earthquake (Figure 3).
Since the average D(f) for stations VCA and RMN are
highest and show clear systematic temporal decays follow-
ing the 2004 Parkfield earthquake, the seismic data recorded
at stations VCA and RMN were used for further analysis.
As shown in Figure 3, the average D(f) for half of the
HRSN stations systematically increases in middle 2005. We
speculate that they are response to another temporal change
on the San Andreas Fault, and this is being addressed in a
subsequent manuscript.

[14] For station VCA, we detected several isolated spikes
in D(f) (Figure 4b), and found a subset of time-varying
scattered phases for pairs of repeating earthquakes spanning
or following the 2004 Parkfield earthquake. Since the
waveforms in the NW sequence are similar to those in the
SE sequence, we can clearly identify the same isolated spike
in D(f) for the two sequences. Plots of 7(¢) also show
corresponding spikes and they additionally exhibit an in-
creasing linear trend with increasing elapsed time (Figure 4c).

[15] Such a linear trend in 7(f) has already observed
following the 2004 Parkfield earthquake [Rubinstein and
Beroza, 2005; Li et al, 2006] and can be related to a
reduction in shear wave velocity due to the opening of
cracks in superficial layers by strong ground shaking
[Rubinstein and Beroza, 2005] or damaged rocks by the
coseismic slip [Li et al., 2006]. The negative linear trends
are seen on lag times for the 1990 and 1995 events
(Figure 4c), which implies that the velocity reduction did
not recover fully by 2006.
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[16] We assumed that the effect of a near-surface layer
beneath the station is to generate a constant velocity
perturbation to each of the phases arriving at the station.
As noted above, this should produce a linear trend in 7(¢)
with elapsed time but no effect on D(¢), while isolated
spikes in D(f) (or 7(¢)) can be the response to local changes
in the medium. For this reason we assume that 7(f) always
contains the contribution of this surface layer, which we
seek to avoid.

[17] Isolated spikes in D(f) are not seen before the 2004
Parkfield earthquake except for a few subtle features in the
S coda (Figure 4b). Large values of D(¢) near direct P and S
arrivals were caused by clipped signals on the raw seismo-
grams for earthquakes occurring before 1998 due to limited
instrumental dynamic range.

[18] We aligned the P waves by the onset times of the raw
traces, so that this distortion does not affect the alignment.
We then corrected for instrument response and converted
the records to displacement seismograms. Although this
procedure causes distortions in waveforms near the clipped
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Figure 2. Map view of the source region including the
SAFOD repeating earthquakes as well as repeated after-
shocks (square) used in this study and borehole seismic
stations (triangles). Open and gray stars are the epicenters of
the 2004 and 1966 Parkfield earthquakes. The dashed square
is the model space for estimating locations of scatterers.
Diamonds denote GPS stations, and open circle is the
location of the repeating-earthquake sequence for estimating
slip rate at depth. Dots are epicenters of aftershocks of the
2004 Parkfield earthquake [Thurber et al., 2006], and gray
line is the surface trace of the San Andreas Fault (U.S.
Geological Survey and California Geological Survey,
Quaternary fault and fold database for the United States,
2006, http://earthquakes.usgs.gov/regional/qfaults/). Gray
area is the surface rupture zone of the 2004 Parkfield
earthquake. Also shown are the focal mechanisms for the
2004 Parkfield earthquake and two M = 5 aftershocks
[Langbein et al., 2005]. Place names are abbreviated MM,
Middle Mountain; PK, Parkfield; and GH, Gold Hill.
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Figure 3. Temporal change in average D(f) of S coda with a 4.0-s time window (a) from 1987 through
2007 and (b) from 2001 through 2006. The dashed line is the occurrence time of the 2004 Parkfield

earthquake.

signals, we confirmed that there is no influence on the S
coda, which is far from the distorted arrivals.

[19] The waveforms recorded at station RMN also show
similar temporal changes in wavefields following the 2004
Parkfield earthquake (Figure 5a). The decorrelation indexes
and lag times increased after the 2004 Parkfield earthquake
and subsequently decayed (Figures 5b and 5c¢). While we
assume that the variation begins with the 2004 Parkfield
earthquake, we were able to place an observational con-
straint on the onset by using an event which occurred in
2001. The decorrelation index for the pair of events in 2001
and 2006 is nearly zero from the direct P wave to late S
coda (Figure 5b), which strongly suggests that the observed
temporal changes are most likely due to the 2004 Parkfield
earthquake. For seismic records at station RMN, we iden-
tified the same time-varying scattered phases observed at
station VCA, by using the predicted traveltimes from the
corresponding time-dependent scatterers (see section 2.3).

[20] We additionally chose four sequences (SQI1 to SQ4)
of repeated aftershocks. The average magnitudes of SQI,
SQ2, SQ3, and SQ4 are 1.0, 1.4, 1.2, and 1.1, respectively
(Table 1). These sequences contain 3 or 4 earthquakes
(Figure 1) and they occurred nearby the NW and SE
sequences. The same temporal changes were found from
all of the repeated-aftershock sequences. The observation of
temporal variation for different sequences strongly suggests
that the detected time-varying scattered phases represent the

response to changes in crustal structure rather than in
earthquake location or source mechanism.

[21] To further rule out hypocenter variability as a poten-
tial cause of temporal change, we also measured the average
(over stations) of D(¢), (D(t)), of the clearly observed direct
S waves for each repeating earthquake with respect to the
final event in the SAFOD sequence, by using seismic
records at available HRSN stations. We found that (D(¢))
are 1-2 orders of magnitude less than D() for the identified
time-dependent scattered phases for events occurring 2 d
after the 2004 Parkfield earthquake. This result shows high
source similarity among the repeating earthquakes in the
SAFOD target sequences, suggesting that the hypocenter
variability in our data set should be small enough for
examining temporal changes in the medium. To calculate
(D(#)), we excluded seismic records having the clipped
signals near the direct S waves.

[22] For the prominent time-varying scattered phases
(hereafter called X1, X2, and X3), we found that the
temporal variation appears to be restricted to the time
interval from the occurrence of the 2004 Parkfield earth-
quake to 4 months after. The waveforms of these scattered
phases for later earthquakes are nearly identical to those for
earthquakes occurring before the 2004 Parkfield earthquake.
In other words, the scattered wavefields have changed
following the 2004 Parkfield earthquake, and then returned
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