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[11 We present a three-dimensional (3D) P wave velocity (Vp) model of the Parkfield region
that utilizes existing P wave arrival time data, including fault zone head waves (FZHWs),
and data from direct wave secondary arrivals (DWSAs). The first-arrival and DWSA travel
times are obtained as the global- and local-minimum travel time paths, respectively. The
inclusion of FZHWs and DWSAs results in as much as a 5% and a 10% increase in the
across-fault velocity contrast, respectively, for the Vp model at Parkfield relative to that of
Thurber et al. [2006]. Viewed along strike, three pronounced velocity contrast regions are
observed: a pair of strong positive velocity contrasts (SW fast), one NW of the 1966
Parkfield earthquake hypocenter and the other SE of the 2004 Parkfield earthquake
hypocenter, and a strong negative velocity contrast (NE fast) between the two hypocenters.
The negative velocity contrast partially to entirely encompasses peak coseismic slip
estimated in several slip models for the 2004 earthquake, suggesting that the negative
velocity contrast played a part in defining the rupture patch of the 2004 Parkfield earthquake.
Following Ampuero and Ben-Zion (2008), the pattern of velocity contrasts is consistent with
the observed bilateral rupture propagation for the 2004 Parkfield earthquake. Although the

velocity contrasts also suggest bilateral rupture propagation for the 1966 Parkfield
earthquake, the fault is creeping to the NW here, i.e., exhibiting velocity-strengthening
behavior. Thus, it is not surprising that rupture propagated only SE during this event.
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1. Introduction

[2] Large crustal faults such as the San Andreas fault
(SAF) typically juxtapose rocks of significantly different
elastic properties, resulting in a well-defined across-fault
material contrast. As shown in Figure 1, a sharp material
contrast across the fault interface is expected to generate
fault zone head waves (FZHWs) that spend a large portion
of their propagation paths refracting along the interface
[Ben-Zion, 1989, 1990; Ben-Zion and Aki, 1990]. The
FZHWs propagate with the velocity of the faster block and
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are radiated from the fault to the slower velocity block where
they are characterized by an emergent waveform with oppo-
site first-motion polarity to that of the direct body waves.
Since FZHWs spend most of their propagation paths along
the fault interface, they provide a high-resolution tool for im-
aging the velocity contrast across the major crustal faults
[Ben-Zion and Malin, 1991; Ben-Zion et al., 1992; McGuire
and Ben-Zion, 2005; Lewis et al., 2007; Zhao and Peng,
2008; Zhao et al., 2010; Bulut et al., 2012].

[3] Zhao et al. [2010] systematically analyzed large data
sets of near-fault waveforms recorded by several permanent
and temporary seismic networks along the Parkfield section
of the SAF. They found clear FZHWs at many stations on
the NE side of the SAF near the San Andreas Fault Observa-
tory at Depth (SAFOD), indicating the presence of a sharp
across-fault material contrast in that region. Based on the
systematic moveout between the FZHW and associated
direct wave secondary arrivals (DWSAs), they estimated
an average P wave velocity (Vp) contrast of about 5-10%.
In comparison, the FZHW is not clearly developed along
the SAF near Gold Hill (GH), located near the 2004
Parkfield earthquake epicenter, and the average Vp contrast
is estimated to be 0-2%. The weak evidence for FZHWs
and the negligible velocity contrast near GH are consistent
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Figure 1. A cartoon demonstrating the FZHW and DWSA
propagation paths.

with geophysical observations and geological interpretations
of a sliver of high-velocity rock immediately to the NE of
the SAF there [McLaughlin et al., 1996] and existing three-
dimensional (3D) seismic tomography results [Eberhart-
Phillips and Michael, 1993; Thurber et al., 2006]. This is
also consistent with a recent study of statistically preferred
southeast rupture propagation for microearthquakes in this
region [Lengline and Got, 2011], suggesting that across-fault
material contrast could provide an important control on
the earthquake rupture propagation direction [Andrews and
Ben-Zion, 1997; Ampuero and Ben-Zion, 2008].

[4] The local-scale tomo%raphy study of Zhang et al.
[2009] for a roughly 10km” volume centered on SAFOD
and the more regional-scale study of Thurber et al. [2006]
for a 130km x 120km x 20km volume centered on the
1966 Parkfield earthquake rupture provide what are probably
the best 3D images of the seismic velocity structure of the area.
The former shows a low-velocity zone associated with the
SAF extending as deep as 7 km near SAFOD, and both image
the well-known velocity contrast across the fault. In this study,
we present a model of 3D velocity structure for the Parkfield
region that utilizes a combination of existing P wave arrival
time data, including FZHWs, plus new data from DWSAs.

[5] The inclusion of FZHWs and DWSAs results in as
much as a 5% and a 10% increase in the across-fault velocity
contrast, respectively, for the Vp model at Parkfield relative
to that of Thurber et al. [2006]. In the following sections, we
describe in detail how we have included FZHW and DWSA
times into a formal inversion for the 3D Vp structure. We
discuss the resulting model including comparisons to the
Vp model of Thurber et al. [2006] and the across-fault
velocity contrasts estimated by Zhao et al. [2010]. Further
comparison is made between the velocity model contrasts
determined here and the spatial extent of coseismic slip for
the 2004 Parkfield earthquake. Finally, we compare
expected rupture propagation directions for the 1966 and
2004 Parkfield earthquakes based on the determined velocity
contrasts to the observed rupture propagation directions for
the two events.

2. Data Set

[6] Arrival time picks were made manually for earthquakes
recorded at Parkfield between 1984 and 2005 on the Parkfield

Area Seismic Observatory array, UC-Berkeley High-Resolution
Seismic Network, U.S. Geological Survey (USGS) Central
California Seismic Network, and USGS temporary stations
(Figure 2a). Existing P wave absolute and differential time
data as well as cross-correlation data were from Thurber
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Figure 2. (a) The set of events and stations at Parkfield
used in this study. The NW and SE stars indicate the 1966
and 2004 Parkfield earthquakes, respectively. Black dots
represent regional seismicity. Figure la is adopted from
Zhao et al. [2010]. (b) Grid used for velocity inversion
displayed in map view. Grid nodes are located at X=—65,
—40, —15, -8, =5, —1.75, —0.75, 0.25, 4, 10, 17, 24, 27,
30, 35, 40, 45, 65; Y=-70, —50, —30, —21, —18, —15,
-12, -9, —6, =3, 0, 3, 6, 9, 15, 21, 30, 50; and Z=0, 2,
4, 6,9, 12, 16, 24, 26, and 40km. The 1966 and 2004
Parkfield earthquakes are indicated as black stars.
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et al. [2006] and Zhang et al. [2009]. The catalog of FZHW
and DWSA picks was from Zhao et al. [2010]. DWSA
catalog differential times were calculated from this data set.

3. Inversion Details

[7] We have modified the double-difference tomography
algorithm tomoDD [Zhang and Thurber, 2003] to incorporate
FZHW and associated DWSA times into a formal inversion
for Vp structure. We have adapted the pseudo-bending
method of Um and Thurber [1987] to compute travel times
for both the first-arriving FZHWs and the later-arriving
DWSAs. The pseudo-bending method relies on the fact
that for a true ray path satisfying the ray equations, the ray
curvature (vector of the second spatial derivative along the
path) is everywhere anti-parallel to the component of the
velocity gradient normal to the ray path. The pseudo-bending
strategy involves locally perturbing an approximate initial ray
path (determined from a brute-force search of a “web” of
arcuate paths of varying dip and curvature) so that the eikonal
equation is satisfied in a piecewise manner and iterating
to convergence. The method has proven to be extremely
effective when path lengths are up to ~60km in length,
with accuracies comparable to the finite difference method
[Haslinger and Kissling, 2001]. The strategy for finding
secondary arrivals using pseudo-bending is relatively simple.
For a DWSA, we force pseudo-bending to derive the direct
path instead of the first-arriving FZHW path by modifying
tomoDD to restrict the starting path to the vertical plane
connecting the earthquake and station and artificially reduce
the velocities on the southwest side of the SAF. The pseudo-
bending algorithm will thus converge to what is a local-
minimum DWSA path instead of the global-minimum
FZHW path.

[8] The grid used in this study (Figure 2b) is modified
from Thurber et al. [2006]. Its nodes at X=—-3, —1, and
1 km are repositioned to X=—1.75, —0.75, and 0.25 km so
that the relocated nodes fall within and immediately adjacent
to along-fault seismicity. Initially, even finer near-fault node
spacing was attempted (0.5km node spacing within 2 km
of the fault in the X-direction). However, checkerboard
tests (see E-supp Text A and Figure Al in the Supporting
Information) revealed that such fine model parameterization
near the fault zone yielded poorly recovered checkers
within this region. Thus, the coarser near-fault model
parameterization discussed above was used for spacing of
nodes in the X-direction.

[0] Since additional data from the local study of Zhang
et al. [2009] were incorporated, we have created a finer grid
near SAFOD by adding nodes at Y=—-6, 0, 6, and 12 km.
We obtain a starting model by inverting the existing P wave
data of Thurber et al. [2006] and Zhang et al. [2009]. We
also include the FZHW times of Zhao et al. [2010]. The
Vp model of Thurber et al. [2006], interpolated onto the
modified grid, is used as a starting model. The DWSA times
of Zhao et al. [2010] are then incorporated into the data set,
and the inversion is carried out for the final Vp model.

4. Results and Discussion

[10] The new 3D Vp model for the Parkfield region is
presented here in selected fault-normal cross sections

(Figures 3a-3f). All cross sections from the inversion are
shown in E-supp Figure Bl. For the displayed cross
sections, top panels represent the starting model, middle
panels represent perturbations to the starting model, and
bottom panels represent the final Vp model with DWSA
times incorporated. We estimate the Vp model quality using
a combination of a synthetic recovery test and the derivative
weight sum distribution. This parameter reflects the density
of rays passing near a grid node where weighting is
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Figure 3. Fault-normal cross sections from Vp inversion at
(@) Y=-21, (b) Y=—15, (c) Y=3, (d) Y=6, (¢) Y=21,
and (f) Y=30km. Dashed lines represent well-resolved
regions of the model (derivative weight sum values > 200).
Black dots represent earthquake hypocenters used in velocity
inversion. For displayed Y cross sections, top panels are the
starting model, middle panels represent perturbations to the
starting model, and bottom panels represent the final velocity
inversion results with DWSA times incorporated. Vp is
shown in km/s.
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Figure 3. (Continued).

calculated based on each ray’s distance to a particular grid
node [Toomey and Foulger, 1989]. The derivative weight
sum value of 200 corresponds to areas in the recovered
synthetic model that are well recovered under checker-
board tests (E-supp Text C and Figure CI1). Dashed
magenta lines in Figure 3 and E-supp Figure B1 represent
well-resolved regions of the model (derivative weight sum
values > 200).

[11] The inclusion of the DWSA times increases the
overall number and density of ray paths sampling the fault
zone. The resulting Vp model shows an increase in the
across-fault velocity contrast relative to the starting model
(Figure 3). Overall, contours of high and low velocity on
opposing sides of the fault move to align nearer to and/or
along zones of seismicity, yielding an overall increase in
the across-fault velocity contrast. Cross sections NW of the
1966 Parkfield earthquake hypocenter (Figures 3a and 3b:
Y=-21 and —15km; Z=3 to 10km) show the 5.5 and
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Figure 3. (Continued).

6km/s contours moving to align nearer to and along the
seismicity. The >6 km/s values seen here on the SW side
of the seismicity are representative of the high Vp rocks of
the Salinian block [Thurber et al., 2006]. Vp values decrease
to as low as 3 to 4 km/s moving NE of the seismicity, likely
representing the Franciscan and Great Valley sequences.
Between the 1966 and 2004 Parkfield earthquake hypocenters
(Figures 3cand 3d: Y =3 and 6 km; Z=5 to 15 km), Vp values
SW of the seismicity slightly decrease to 6.0 km/s and values
NE of the seismicity increase to near ~6.6km/s with a
maximum value of 7.3 km/s. This yields a reversal in the
across-fault velocity contrast relative to that seen NW of the
1966 hypocenter. In this case, we have fast materials on both
sides of the fault with the faster material lying NE of the
seismicity. Figures 3¢ and 3d show that the faster material,
lying NE of the seismicity, is ~2 km thick in the X-direction,
and Figure 4 shows the across-fault reversal in velocity
contrast extending from Y =0 to 15km. Checkerboard tests
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Figure 4.

(a) The across-fault velocity contrast for the Vp model of Thurber et al. (2006). (b) The

starting model velocity contrast across the fault where DWSA data are excluded. (c) Perturbations to
the starting model when DWSA data are incorporated. (d) The across-fault velocity contrast for the Vp
model where DWSA data are incorporated. Left and right stars indicate the 1966 and 2004 Parkfield
earthquake hypocenters, respectively. The across-fault velocity contrast is calculated by differencing
nodes immediately adjacent to seismicity, cross sections X=—1.75km minus X =0.25 km.

(E-supp Figure Bl) demonstrate that a feature of this
thickness, extending from Y =0 to 15km, is well recovered
for Z<12km, indicating that the higher velocity feature and
obtained reversal in the across-fault velocity contrast are real.

[12] Ebherhart-Phillips and Michaels [1993] and Thurber
et al. [2006] noted this reversal with Thurber et al. [2006]
observing a maximum value of 6.6 km/s for Vp on the NE
side of the seismicity. Vp values observed NE of the
seismicity in this study and Thurber et al. [2006] are too
high to be associated with the Salinian block. Thurber
et al. [2006] suggested that this fast region is associated with
the high-Vp greenstone and mafic rocks of the Permanente
Terrane. Brocher [2008] estimated a Vp of ~6.9 km/s and
~6.7km/s for mafic and greenstone rocks of northern
California, which fits well with values observed in our study.

[13] Near and to the SE of the 2004 hypocenter (Figures 3¢
and 3f: Y=18 and 30km; Z=5 to 12km), the velocity
contrast reverts back to the pattern seen NW of the 1966
hypocenter, where Vp values SW of the seismicity are
higher than those to the NE. Again, we see the 6km/s
contour on the SW side of the seismicity moving to align
along the seismicity, with maximum Vp values of 6.4 km/s
immediately SW of the seismicity. In approximately
the same region, Thurber et al. [2006] showed a maximum
Vp of ~6 km/s. NE of the seismicity, the high-velocity body
previously observed at Y=6km has migrated further NE

and an area of lower Vp (5.5 to 6 km/s) separates it from
the seismicity, as also seen in Thurber et al. [2006].

[14] The location of seismicity near the SAF trace suggests
that the active fault surface falls near X =—0.75 km. To quan-
tify the across-fault velocity contrast, the difference is taken
between Vp model values immediately SW (at X =—1.75 km)
and NE (at X =0.25 km) of the seismicity. Figures 4a, 4b, and
4d show the across-fault velocity contrast of Thurber et al.
[2006], the starting Vp model used in this study, and the final
Vp model with DWSA times included, respectively. The
across-fault velocity contrast seen in our starting model differs
from that in Thurber et al. [2006] by as much as 5% due to the
inclusion of FZHW’s. For the central portion of the starting
model (Y=—6 to 12km), incorporation of Zhang et al.’s
[2009] data set and finer gridding in the general area of that
study region also influences the recovered starting model.
We observe that inclusion of DWSA data increases the
amplitude of the across-fault velocity contrasts (both negative
and positive) by as much as 5% relative to the starting model
and as much as 10% relative to that of Thurber et al. [2006].
Additionally, the DWSA-constrained Vp model produces
velocity contrast regions that extend farther along the fault
than the same regions seen in the starting model (Figure 4b)
or that of Thurber et al. [2006] (Figure 4a).

[15] For the three models shown in Figure 4, we observe a
positive velocity contrast NW of the 1966 hypocenter, a
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striking negative velocity contrast between the hypocenters
of the 1966 and 2004 Parkfield earthquakes, and a positive
across-fault velocity contrast to the SE of the 2004
hypocenter. Figure 4d shows the positive velocity contrast
NW of the 1966 hypocenter to be an elongate feature
extending from immediately NW of the 1966 hypocenter
nearly to Y=—40km and having values as large as 20%.
Zhao et al. [2010] used moveout curves between first-
arriving FZHW and later-arriving DWSA to estimate the
across-fault velocity contrast in this region and find a
maximum value of ~20%, which agrees well with our results.

[16] Adjacent to this region, the strong negative velocity
contrast (as high as —18%) existing from Z=7 to 15km
depth and Y =—2 to 15 km demarcates the negative velocity
contrast region. Due to the spatial distribution of stations and
local seismicity, Zhao et al. [2010] had difficulty resolving
the value of a negative velocity contrast in this region.
Thurber et al. [2006] noted a possible spatial relationship
between this region and the coseismic slip associated with
the 2004 Parkfield earthquake.

[17] We compare a suite of coseismic slip models for the
2004 Parkfield earthquake determined via geodetic and/or
strong motion data [Kim and Dreger, 2008; Custodio
et al., 2009; Barnhart and Lohman, 2010; Bennington
et al., 2011] to the negative velocity contrast area. Contours
of peak coseismic slip (>0.3m) are overlain on the Vp
contrast determined in this study (Figure 5). A strong
correlation is observed between the lateral extent of the main
slip patch of the slip models and the negative velocity
contrast seen in our model, although the depth ranges differ:
peak slip in three of these coseismic slip models extends
from 5 to 10km depth while the main negative velocity
contrast exists from 7 to 15km. Interestingly, the main
patches of peak slip seen in the coseismic slip model of
Kim and Dreger [2008] (Figure 5, white dashed line) are
located within the extents of the main negative velocity
contrast and a smaller negative velocity contrast centered
at Y=22km and Z=12km. This suggests that the negative
velocity contrast observed here played a part in defining
the rupture patch for the 2004 Parkfield earthquake.

Vp Starting Model (no DWSA): Velocity contrast in percentage
v W,

5 0 5 10 15 20 25
¥ (km)

Figure 5. Vp model incorporating first-arriving P wave
and FZHWs and DWSAs is shown as colored model.
Overlain solid grey, dashed white, solid magenta, and
dashed red lines represent the >0.3 m slip contour of the
coseismic slip models of Custodio et al. [2009], Kim and
Dreger [2008], Bennington et al. [2011], and Barnhart and
Lohman [2010], respectively.

[18] SE of the 2004 hypocenter, Zhao et al. [2010]
observed a sparseness of FZHWs and infer an absent or very
small velocity contrast. For the same region, we observe a
velocity contrast at Z <3 km of —15 to —5% and, immediately
below this, a positive velocity contrast of 5 to 15% at Z=5
to 12km. Zhao et al. [2010] suggested that the propagation
of FZHWs through regions of varied velocity contrasts
could reduce the velocity contrast values they obtained.
Thus, the juxtaposition of the high negative and high
positive velocity contrasts in this region could yield a lack
of observable FZHW’s.

[19] Harris and Day [2005] examined M6 earthquakes
that occurred in Parkfield in 1934, 1966, and 2004 together
with several M4 and M5 earthquakes. Through numerical
simulations, they suggest that the bimaterial interface is
an unlikely predictor of rupture propagation direction.
Ben-Zion [2006] argued that the eight M4-M6 Parkfield
earthquakes examined by Harris and Day [2005] were small
to moderate, suggesting that the events could be controlled
by local structural complexities. Additionally, the total
number of events examined is not statistically significant.
Nevertheless, if we assume that rupture direction is
controlled by the bimaterial interface [Ampuero and
Ben-Zion, 2008], we can use the velocity contrasts in Figure 4
for “prediction” of the preferred rupture propagation
directions of the 1966 and 2004 Parkfield earthquakes. The
2004 Parkfield earthquake is located between a large,
positive velocity contrast to the SE and a large, negative
velocity contrast to the NW. Following Ampuero and
Ben-Zion [2008], the positive velocity contrast suggests a
preferred propagation direction to the SE, whereas the
negative velocity contrast suggests a preferred propagation
direction to the NW. Taken together, this suggests bilateral
rupture propagation as was observed during the 2004
Parkfield earthquake. The velocity contrasts abutting the
1966 Parkfield earthquake would suggest bilateral rupture in
a similar manner. However, the velocity-strengthening
behavior of the creeping section of the SAF would prevent
rupture to the NW. Thus, it is not surprising that rupture
propagated only to the SE during this event.

[20] Finally, we note that Zhao et al. [2010] picked
FZHWs and DWSA’s based only on their waveform
characteristics (emergent vs. sharp) and opposite polarities.
The method of Bulut et al. [2012] used an additional
constraint based on differences in the polarizations of
FZHWs and DWSAs and would, therefore, result in more
reliable phase picks. Our imaging resolution could be
improved further by using more accurate picks through the
method of Bulut et al. [2012] and/or other methods. This
is beyond the scope of this paper and will be pursued in
subsequent studies.

5. Conclusion

[21] We incorporate a set of FZHW and DWSA times into
the existing set of first-arrival time data for the Parkfield
region. We compare our final Vp model to that of Thurber
et al. [2006] and find that the main features of the two
models agree well. However, contours of high and low
velocity on opposing sides of the fault move closer to the
fault and align nearer to and/or along zones of seismicity,
yielding an overall increase in the across-fault velocity
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contrast relative to both our starting model and that of
Thurber et al. [2006]. Looking along strike, three
pronounced velocity contrast regions are observed: strong
positive velocity contrasts both NW of the 1966 Parkfield
earthquake and SE of the 2004 Parkfield earthquake and a
strong negative velocity contrast between the 1966 and
2004 events. Similar velocity contrasts were imaged by
Thurber et al. [2006]. However, the inclusion of FZHW
and DWSA data increases the size and amplitude of the
across-fault velocity contrasts (both negative and positive),
the latter by as much as 5% relative to our starting model
and as much as 10% relative to that of Thurber et al.
[2006]. We find that the area of the strong negative velocity
contrast in our model agrees well with the lateral extent of
peak coseismic slip estimated from both geodetic and strong
motion studies. Three of the coseismic slip models examined
place main shock slip from 5 to 10km depth, while our
negative velocity contrast exists from 7 to 15km. One
coseismic slip model [Kim and Dreger, 2008] places the
two main peak slip patches entirely within the main negative
velocity contrast and a smaller negative velocity contrasts
located to the SE. This suggests that the negative velocity
contrast played a role in defining the rupture patch for the
2004 Parkfield earthquake. Velocity contrasts at the 2004
Parkfield earthquake hypocenter suggest bilateral rupture
propagation as was observed during the event. Velocity
contrasts at the 1966 Parkfield hypocenter also suggest
bilateral rupture, but given the velocity-strengthening
behavior of the creeping section of the SAF to the NW, it
is not surprising that rupture propagated only to the SE
during this event.
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