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SUMMARY

The internal structure of the Clark fault in the trifurcation area of the San Jacinto fault zone
is imaged using seismograms recorded by a dense linear array (Jackass Flat, JF) crossing
the surface trace of the fault and an adjacent array (TR) to the SW. Delay times between
phase arrivals associated with ~3500 local earthquakes and nine teleseismic events are used
to estimate velocity variations within the arrays. The teleseismic P waves travel faster beneath
the TR than the JF array, in contrast to larger scale tomographic results. Statistical analysis
of local P-wave delay times indicates that the entire JF array, with an aperture of ~400 m, is
inside a low-velocity damage zone. This low-velocity zone is bounded on the NE side by a
shallow bimaterial interface generating fault zone head waves, and it contains an inner zone
of more intense damage generating fault zone trapped waves. The P-wave velocity contrast
across the local bounding bimaterial interface is 10—15 per cent. The trapping structure is
associated with a width of ~200 m, S-wave velocity reduction of ~35 per cent with respect to
the surrounding rock, Q-value of ~20 and depth of ~3.5 km. The imaging results suggest that
the main seismogenic fault is near the SW end of the JF array, in agreement with a prominent
geomorphologic feature. The existence of intense local damage on the crustal block with faster
larger scale velocity at depth is consistent with common propagation of earthquake ruptures
in the area to the NW.

Key words: Body waves; Earthquake dynamics; Guided waves; Interface waves; Rheology

and friction of fault zones; Continental tectonics: strike-slip and transform.

1 INTRODUCTION

Fault zone structures contain important information on various as-
pects of earthquake and fault mechanics ranging from long-term
evolutionary processes to brittle rock rheology and dynamic stress
fields operating during the occurrence of earthquakes (e.g. Ben-
Zion & Sammis 2003; Xu et al. 2012; Rowe & Griffith 2015).
Some elements in the core structure of fault zones can control (and
reflect past) properties of earthquake ruptures. Specifically, bima-
terial interfaces separating different crustal blocks can influence
significantly the location, mode, speed and propagation direction
of earthquake ruptures (e.g. Weertman 1980; Ben-Zion & Andrews
1998; Brietzke & Ben-Zion 2006; Ampuero & Ben-Zion 2008;
Brietzke et al. 2009; Shlomai & Fineberg 2016), and hence gen-
erated ground motion (e.g. Olsen et al. 2006; Kurzon et al. 2014).
A low-velocity fault zone layer can produce oscillations of rup-
ture velocity and slip rate (e.g. Ben-Zion & Huang 2002; Huang
et al. 2014) and promote rupture propagation (Weng et al. 2016).
Asymmetric rock damage across the seismogenic fault may indicate
repeating occurrence of large earthquake ruptures with statistically

preferred propagation direction (e.g. Ben-Zion & Shi 2005; Lewis
et al. 2005; Dor et al. 2006, 2008).

The surface expressions of fault zones often have high geomet-
rical complexity with hierarchical damage zones and multiple sur-
face traces. This surface complexity and the diffuse character of low
magnitude seismicity (Fig. 1) make it difficult to identify the main
seismogenic fault. In this paper, we attempt to clarify the location
at seismogenic depth and internal structure of the Clark fault in the
trifurcation area of the San Jacinto fault zone (SJFZ), about 30 km
southeast of Anza, California. The SJFZ is the most seismically
active fault zone in southern California (Hauksson ez al. 2012) and
accommodates a large portion of the plate motion in the region
(e.g. Fay & Humphreys 2005; Lindsey & Fialko 2013). Palaeoseis-
mic and historic records indicate that the SIFZ is capable of large
(M,, > 7.0) earthquakes (e.g. Petersen & Wesnousky 1994; Onder-
donk et al. 2013; Rockwell et al. 2015) that pose significant seismic
hazard to large urban areas in southern California.

Allam & Ben-Zion (2012), Allam et al. (2014a) and Zigone et al.
(2015) derived earthquake- and noise-based tomographic models
for the region around the SJFZ. These studies imaged with nominal

© The Authors 2017. Published by Oxford University Press on behalf of The Royal Astronomical Society. 1369


mailto:hongruiq@usc.edu

1370  H. Qiuetal

Along fault distance from JF (km)

Figure 1. (a) Location map for the San Jacinto fault zone (SJFZ) with 28 995 earthquakes used in this study (circles). The green triangle marks the location of
JF and TR fault zone arrays that are the focus of this paper. Other fault zone arrays are marked by grey triangles. The town of Anza and surface traces of faults
are shown by a green square and black lines, respectively. Events analysed for fault zone trapped waves (FZTW), fault zone head waves (FZHW) and P delay
times are contained within the black, purple and red boxes, respectively. Data from the events marked by red circles are illustrated in later figures. (b) Depth
section of hypocentres projected along the cross-session AA’ in (a). The locations are poorly constrained for along-fault distances larger than ~50 km because

of reduced network converge.

resolution of 1-2 km several key structural features including over-
all velocity contrasts across the SJFZ and damage zones at different
locations. Here, we image internal components of the Clark fault
in the trifurcation area with spatial resolution ranging from a few
100 m wide damage zones down to a local bimaterial interface.
The imaging employs earthquake data recorded by a dense linear
array crossing the Clark fault at the Jackass Flat (JF) site, and a
sparser adjacent array (TR). These arrays are part of a PASSCAL
deployment starting in 2010 of five linear arrays crossing the SJFZ
at different locations (triangles in Fig. 1) and additional near-fault
sensors (Vernon & Ben-Zion 2010). The JF array crosses the sur-
face trace of the Clark fault in relatively flat topography and it has
nine broad-band seismometers with ~20-30 m spacing between
instruments in the centre and a total aperture of ~400 m. The TR
array southwest of the JF array is situated about 100 m higher with
four broad-band seismometers having ~0.5-1 km station spacing,
and it does not cross the surface trace of any large fault (Fig. 2).
The tomographic results for the area indicate a large-scale lithol-
ogy contrast across the seismogenic fault at JF, with slower and faster
P-wave velocities on the SW and NE sides, respectively (Fig. 3).

The TR array is on the slower SW side of the fault, while the JF array
appears to cross the boundary between the two blocks although this
is not clear given the 1-2 km resolution of the velocity model. In
the following sections, we provide detailed results on the velocity
structure below the JF and TR arrays using local and teleseismic
earthquake data and several types of analyses. In Section 2, we de-
scribe the data used in this study. Section 3 presents results based
on delay times of P waves at stations across the arrays, and analyses
of fault zone head and trapped waves recorded by the JF array. The
results indicate that the main seismogenic fault is close to the SW
end of the JF array, and the existence of a significant shallow local
low-velocity zone (LVZ) NE of the fault. The latter produces a local
reversal to the overall large-scale velocity contrast consistent with
persistent preferred propagation direction of earthquake ruptures to
the NW.

2 DATA

The data analysed in this work consist of waveforms of ~29 000
local and nine teleseismic earthquakes recorded during 2012-2014
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Figure 2. Location map for the JF and TR arrays at the SE end of the Clark fault. The JF array has nine stations separated by ~20-30 m in the centre with a
total aperture of ~400 m, and is located on relatively flat topography (top right inset). The TR array to the SW has four stations separated by 0.5-1 km, with

elevation ~100 m higher than the JF array.
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Figure 3. Average P-wave velocity over the depth range 1-7 km based on
tomographic results of Allam & Ben-Zion (2012). Red triangles indicate
stations of the JF and TR arrays, as well as a nearby CL array deployed in
1999.

with 200 Hz sampling rate by the JF and TR arrays located in the
JF area (Fig. 2). The local earthquakes are taken from a catalogue
for the SJFZ region utilizing the Anza network and nearby stations
of the regional southern California network and several local de-

ployments (White ef al. 2016). The corresponding waveforms are
extracted from the YN data set available at the IRIS Data Man-
agement Center (Vernon & Ben-Zion 2010). The black and purple
rectangles in the top panel of Fig. 1 show events used for analysis
of fault zone trapped and head waves, respectively, while the red
rectangle indicates events used for slowness analysis. Arrival times
of P and S body waves generated by the local events are found with
the automated phase picking algorithms of Ross & Ben-Zion (2014)
and Ross et al. (2016). Initial detection of candidate fault zone head
and trapped waves are made with the automated algorithms of Ross
& Ben-Zion (2014, 2015). The nine analysed teleseismic events and
corresponding waveforms are taken from the SCSN catalogue and
Southern California Earthquake Data Center (SCEDC 2013). These
events have M > 6 and depth > 60 km. They are selected for analy-
sis because their recorded waveforms have sufficient signal-to-noise
ratio (SNR) in a frequency band 0.01-0.5 Hz used in our analysis.
The traveltime of the teleseismic phases at the JF and TR arrays
are predicted using the global 1-D velocity model IASP91 (Kennett
& Engdahl 1991). The waveforms, arrival times and detected fault
zone waves are analysed in detail below.

3 ANALYSIS

Four types of studies involving different signals and scales are
conducted to image the internal structure of the SJFZ at the JF
area: teleseismic delay time analysis (DTA), local P-wave DTA and
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analyses associated with fault zone head waves (FZHW) and fault
zone trapped waves (FZTW). The analyses are described below
starting with large-scale structural features and progressing to inner
fault zone components.

3.1 Teleseismic arrival time delay analysis

3.1.1 Methodology

The selected teleseismic waves sample the crustal structure with
near-vertical incidence angles at lower frequencies than the local
seismic waves. The relative arrival time delays of teleseismic phases
across an array can be used to infer variations in crustal velocity
structure below the stations (e.g. Cochran et al. 2009). If the array
across a fault has large enough aperture, the delays can further
be used to quantify the average velocities of the different crustal
blocks separated by the fault (Ozakin et al. 2012). The JF and TR
arrays have small apertures and are located (Fig. 3) within a broad
low-velocity damage zone that extends over the top 5 km or so of
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the crust (Allam & Ben-Zion 2012; Allam et al. 2014a; Zigone
et al. 2015). This configuration is not suitable for imaging with
teleseismic arrivals the deep structure across the fault, but can be
used to image variations within the damage zone and clarify the
location of the seismogenic fault.

We examine delay times of teleseismic P and pP phases across
the stations, focusing on frequency ranges with significant recorded
spectral energy. For a low-frequency band, where the structure is
being sensed more broadly by the teleseismic waves, the delay
times between different stations are suitable for analysing larger
scale velocity variations and can be applied to an array with large
station spacing. In the high-frequency case, the delay times are
more sensitive to the local velocity variations, and can only be
derived robustly with small station separations. As the frequency
content of a teleseismic phase varies between events, we study the
teleseismic delay time separately for each individual teleseismic
earthquake.

Figs 4 and 5 illustrate the analysis of teleseismic P and pP phases
generated by a deep event with M = 6.5 (additional details are
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Figure 4. Teleseismic data recorded at the JF and TR arrays. (a) Red star and circles denote locations of events analysed in the main text and Supporting
Information, respectively, while green circles indicate additionally examined events. (b) Velocity seismograms at the JF and TR arrays with the P and pP
phases generated by the event denoted by the red star in (a), and template produced by averaging the seismograms recorded by the JF array (bottom trace).
The red and blue dashed lines mark predicted arrival times based on the IASP91 global velocity model. (c) Spectrogram of the template trace with amplitudes
>35 per cent of the maximum value (colours). The P phase energy is mostly below 0.2 Hz, while the pP phase has one-energy amplitude below 0.2 Hz and

another between 0.2 and 0.5 Hz.
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Figure 5. (a) Tapering window construction for teleseismic P and pP phases at 0.01-0.2 Hz. Raw template trace on top is first bandpass filtered at the target
frequency range (middle black seismogram). Then, an envelope function is computed (red curve in the middle) and a tapering window is built using the two
nearest local minima (dashed lines) around the peak amplitudes corresponding to the P and pP phases. The template traces before (purple) and after (black)
tapering are shown in the bottom. (b) Comparisons between velocity seismograms of teleseismic P and pP phases before and after tapering. (c) Same as (b) for

0.01-0.5 Hz. (d) Same as (b) for 0.2-0.5 Hz.

given in the next subsection). Since the station spacing within the
JF array is much smaller than the TR array, we generate a tem-
plate trace by stacking all waveforms observed at the JF array
(Fig. 4b, bottom trace). Examining the dominant frequency bands
in the spectrogram of the template trace (Fig. 4c) indicates two
frequency bands (0.01-0.2 and 0.2-0.5 Hz) with sufficient energy.
Next, we filter the waveforms at each frequency band and produce
shorter waveforms around each teleseismic phase. We select taper-
ing windows around the phases using two steps. First we filter the
template trace to the target frequency range (e.g. 0.01-0.2 Hz in
Fig. 5a) and compute a corresponding envelope function (middle
red curve in Fig. 5a). Then, we locate the peak amplitude, f;cqx,
of the P or pP phase in the envelope function, find the nearest
local minimums, #yin1, fmin2, in the envelope function before and
after the peak, and construct a tapering window such that the signal
between fy, and fyy» remains unchanged (bottom red curve in
Fig. 5a).

For the ith station, the time-shift 7; of a given phase is derived by
cross-correlating the truncated waveform around the target phase
with that of the template trace. To obtain delay time 7; associated
with the local velocity structure, we have to correct for expected
delays due to topography and the geometry of the stations and
incoming plane wave. This is done by applying the following two-
step corrections on 7} .

(1) For station i, the traveltime of a target teleseismic phase is
estimated with the TauP toolkit (Crotwell et al. 1999) assuming
the TASP91 global velocity model and that the station is at sea
level. The expected traveltime delay at the ith station due to the

geometry of the stations and incoming plane wave is approximately
given by

AL =7 — |:Zt:|/n o

where 7 is the number of stations considered in the analysis.

(2) Assuming the teleseismic phase is traveling with vertical in-
cident angle in the top portion of the crust, the relative altitude at
station i can be written as Ah; = h; — [y, h;]/n with h; being
the station elevation. The delay in arrival time caused by topogra-
phy is given by A%, = Ah; Jv.r , Where vy is the velocity of the
target phase in the top crust. The delay time at station 7 can then be
estimated as
AL — A% )

L~T -

The spatial pattern of the delay time 7; across the fault zone arrays
can be derived for different frequency ranges using the described
steps. Fig. 6 shows schematically expected delay time patterns as-
sociated with two ideal conceptual fault models. By comparing the
obtained teleseismic delay times with the schematic patterns, we
can estimate the basic type of crustal structure beneath the arrays.

3.1.2 Results

Continuing with the example teleseismic event of Fig. 4, the spec-
trogram for the P wave exhibits a clear dominant frequency of
~0.15 Hz and the pP phase has two clear energy peaks, one below
0.15 Hz and another between 0.2 and 0.5 Hz (Fig. 4c). We there-
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Figure 6. Schematic diagrams of slowness patterns for two different fault models. (a) A model with a fault damage zone beneath the array. (b) Slowness
pattern expected for the model in (a). (c) A structure with a velocity contrast across the fault. (d) Slowness pattern expected for the model in (c).

fore compute delay time patterns for this event using the overall
frequency band 0.01-0.5 Hz and two subranges 0.01-0.2 Hz and
0.2-0.5 Hz. Figs 5(b)—(d) present waveforms bandpass filtered in
these frequency ranges. Although the spectrogram in Fig. 4(c) does
not show strong signal above 0.2 Hz for the P phase, the teleseismic
P phase appears clearly in the waveforms after bandpass filtering
at 0.2-0.5 Hz (Fig. 5d). As mentioned, we taper the waveform
around a given target teleseismic phase before calculating cross-
correlations for time delays. Comparisons of results with different
tapering choices indicate that the P waveforms are less sensitive than
the pP waveforms to details of the tapering for all three frequency
bands. We therefore analyse only delay time patterns associated
with the P phases.

Figs 7(a)—(c) show delay times for teleseismic P waves associ-
ated with the three used frequency bands. Since the station spacing
in TR array (~1 km) is much larger than the JF array (~20 m),
we only calculate the delay times for TR array at 0.01-0.5 Hz. The
delay times are only 3—4 sampling intervals, but the patterns show
persistent variations of progressive velocity reduction from the SW
to the NE (TR04 to JF00). The overall delay time pattern across
the arrays remains when the reference velocity used for correcting
the topography of the TR array varies in the range 2-6 km s~! (dif-
ferent lines in Fig. 7a). The same holds for corresponding results
associated with other examined teleseismic events. The detailed
variations across the JF array associated with the overall frequency
range 0.01-0.5 Hz (Fig. 7a, right) are consistent with the schematic
pattern in Fig. 6(d), suggesting a possible vertical velocity inter-
face separating two crustal blocks between stations JFS3 and JENI.
The delay time patterns calculated for the JF array at frequency

ranges 0.01-0.2 and 0.2-0.5 Hz are displayed (Figs 7b and c) in
the same range outlined by the red dashed box in Fig. 7(a). The
results computed at the lower frequency 0.01-0.2 Hz are similar
to those at the overall range 0.01-0.5 Hz. However, for the higher
frequency range 0.2-0.5 Hz, the delay time reaches a maximum
at stations JEN1 and JFN2, still with generally more delay in the
NW (JFOO-JFN4) than the SW side (JES4-JFS1). This pattern is
similar to the schematic curve in Fig. 6(b), suggesting a LVZ be-
neath the centre of the array. These inferences are supported by
results based on additional teleseismic events, two of which shown
in Figs S1 and S2 in the Supporting Information, and slowness
analysis using ~3500 local events enclosed in the red box of Fig. 1
(Section 3.2).

To summarize, P waves travel faster beneath the TR than the
JF array at the overall frequency range of 0.01-0.5 Hz, in contrast
with the expectation from the larger scale tomography results of
lower seismic velocities to the SW of the SJFZ (Fig. 3). The delay
times calculated within the JF array imply the existence of both an
LVZ underneath the centre of the array and a potential vertical ve-
locity interface possibly located between stations JFS3—JFN1. The
reversed local shallow velocity contrast across the fault compared
with the large-scale seismogenic contrast is consistent with observa-
tions presented in later sections, observed trapping structure to the
NE of the fault at the nearby CL array (Lewis et al. 2005) and rock
damage asymmetry across the fault based on analysis of geomor-
phology features (Wechsler et al. 2009). The local shallow reversal
of the velocity contrast across the fault can be explained by bima-
terial ruptures on the SJFZ in the area with preferred propagation
direction to the NW (Ben-Zion & Shi 2005; Xu et al. 2012).
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Figure 7. (a) Delay times for teleseismic P phase at 0.01-0.5 Hz. The observed variations in P arrivals are corrected with the traveltime delays due to the
geometry of the station and incoming plane wave and topography. The black dots denote delay times derived using 4 km s~! reference velocity in topographic
correction. The grey dashed lines indicate the lower and higher bound of delay times computed at the TR array using reference velocities of 2 and 6 km s~!,
respectively. (b) Delay times for teleseismic P phase at 0.01-0.2 Hz. The delay times (blue dots) are shown in the same range outlined by the red dashed box

in (a) at the JF array. (c) Same as (b) for 0.2-0.5 Hz.

3.2 Local P-wave delay time analysis

3.2.1 Methodology

Direct P-wave arrival times from local earthquakes recorded at a
dense array can provide detailed information on the local fault zone
structure. Similar to teleseismic arrivals, the variations in direct P
arrivals across the array reflect (with higher frequencies sensitive to
smaller scale features) the geometrical effect of wave propagation
and heterogeneous velocity structure below the array. Given the
relatively large spacing between stations of the TR array and high
frequencies of the local data, we focus here on data recorded by
the JF array only. After removing the geometrical effect of the array
geometry, the remaining delay time pattern across the array indicates
how P-wave arrivals are affected by the local velocity structure. The
use of traveltimes from thousands of local earthquakes provides
statistically robust estimates of local velocity changes across the
array.

We first obtain automatic P picks (red triangles in Fig. 8) using
the algorithm of Ross & Ben-Zion (2014). Analysis of significant
number of local earthquakes in the Parkfield area indicates that the
median and standard deviation of the differences between manual
and automatic P picks are 0.004 and 0.023 s, respectively (Ross &
Ben-Zion 2014). These values imply that the errors in automatic P
picks are negligible for the performed statistical analysis of P-wave
delay time pattern. Fig. 8 illustrates different arrival patterns at the
JF array with data of four example earthquakes. For events EQ#1 and
EQ#2 southwest of the fault (Fig. 1), the P waves arrive earlier at the
southwestern most station JFS4 compared to the northeastern most
station JEN4. The trend reverses for events EQ#3 and EQ#4 that are
northeast of the fault (Fig. 1). These results indicate a directional
dependent arrival pattern due to the source—receiver geometries.
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Figure 8. Early P-wave velocity seismograms recorded at the JF array for
events marked as red circles in Fig. 1. The red triangles denote the automatic
P-wave picks. The green and blue dashed lines indicate the time of the
earliest arriving phase and the interpolated P-wave traveltime across the
array, respectively.

However, in all four examples, the direct P waves arrive later at
the central stations JFS1, JFOO and JFN1 (Fig. 8). This consistent
late arrival pattern, independent of the earthquake backazimuth, is
produced by a local velocity structure beneath the array.

For a linear array with aperture much smaller than the hypocentre
distance, the variations in traveltime due to the different receiver
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locations can be estimated using a 1-D velocity model. To have
a representative 1-D velocity model, we average horizontally the
3-D P-wave velocity model of Allam & Ben-Zion (2012) for the
SJFZ region. The results remain essentially the same when using
a combined velocity model based on the results of Allam & Ben-
Zion (2012), Allam et al. (2014a) and Zigone et al. (2015). The
1-D velocity model is used to compute predicted P arrival time 7;
based on the algorithm of Kissling (1988) for each i—j earthquake-
station pair. Subtracting the predicted arrival at the central station
JFOO gives predicted changes A%; =7; —f;;, of the P arrivals
from station JFOO due to the different propagation distances within
the array. This does not remove completely the geometrical effect,
but averaging results for all used earthquakes reduces further this
source of variations.

The traveltimes of P waves depend on the hypocentral distance.
To compare results associated with different source—receiver dis-
tances, we compute the average slowness «;; over the entire ray
path between sources i and receivers j in the following way. We
first approximate the propagation distance with the theoretical ray
length A, j, from each earthquake to the reference central station
JFO00 based on the 1-D velocity model. Using the observed P-wave
traveltime ¢; , the average slowness is estimated as

ay = (ty — Aly) [ Ay, (3)

where A7; is the delay time correction for the geometrical effect
for earthquake i at station j. The average slowness «;; can still have
systematic variations with the source location. For example, the
average slowness tends to be larger for shallow earthquakes than
deeper ones. To reduce the variability due to source location in the
statistical analysis, we define relative slowness as

aff =/ Y ai/n, “)
j=1

where 7 is the number of stations used in the analysis. The dimen-
sionless relative slowness ozi‘;. quantifies the relative relationship
between the average slowness estimated at each station and the
arrays mean slowness value.

3.2.2 Results

Fig. 9 shows for the example event EQ#3, the observed P arrivals,
along with the estimated average and relative slowness for the JF
array. To infer the velocity variations underneath the array, we eval-
uate statistically the patterns of both average slowness and relative
slowness associated with many events. To filter erroneous P picks
and obtain robust P delay times, we require the P-wave SNR to be
larger than 30.0 and P-wave apparent velocity along the orientation
of the array to be larger than 14.0 km s~'. To ensure the 1-D ve-
locity model used to correct for basic propagation effects is a good
approximation for the medium the waves travel through, we also
reject P-wave traveltimes not within &1 s from the prediction based
on the velocity model.

The local P-wave DTA analysis for the JF array starts with ~7800
earthquakes within 10 km from the fault and within along-strike
distance from the JF array of 25 km (red box in Fig. 1). Events
not satisfying the above quality criteria are dropped, leaving ~3500
events for refined statistical analysis of average slowness and relative
slowness of P wave at stations across the JF array. Figs 10(a) and
(b) show histograms of average slowness and relative slowness for
station JF0O, respectively. As indicated by the range of horizontal
axes, the width of average slowness distribution is much larger than
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Figure 9. Illustration of the slowness calculation in local P-wave data. (a)
Early P-wave velocity seismograms for event EQ#3 (see Fig. 1 for location)
with the red triangles indicating the automatic P picks. Each seismogram
is shifted in time by the delay due to geometrical effect predicted by a
1-D velocity model. (b) Same as (a) with horizontal axis normalized by the
theoretical ray length between the hypocentre and reference station JF0O.
The red triangles denote the slowness estimates with an average value across
the array of 0.1746 km s~!. (c) Same as (b) with horizontal axis normalized
by the mean average slowness value across the array calculated in (b). The
relative slowness values are given by the red triangles.

that of the relative slowness. Using similar histograms for other
stations of the JF array, the mean value and standard deviation
of the mean for the average and relative slowness distributions are
calculated at each station. Fig. 10(c) summarizes the mean values of
the average slowness (green) and relative slowness (black) together
with two times their standard deviation as error bars across the JF
array. The two curves, scaled to have similar overall amplitudes,
collapse on the same pattern with difference primarily in the error
bars.

The patterns of the two slowness curves in Fig. 10(c) are similar
to the one depicted in Fig. 6(b), with a zone of larger slowness at
the central part, possibly indicating a damaged zone at the centre
of the array (Fig. 6a). No significant step of the type illustrated in
Figs 6(c) and (d) is observed in the local P-wave DTA within the JF
array. The shape of the slowness patterns in Fig. 10(c), obtained us-
ing local P arrivals averaged over thousands of events coming from
different azimuths, is consistent with the delayed time curve com-
puted for teleseismic P phase at 0.2—0.5 Hz (Fig. 7c). The dominant
frequency of P wave generated by the local earthquake is approxi-
mately 10 Hz. The delays of P waves generated by local events and
those produced by teleseismic events at frequencies above 0.2 Hz
are likely dominated by the local shallow low-velocity FZ structure
underneath the JF array.

3.3 Fault zone head wave

3.3.1 Methodology

FZHW are emergent seismic phases that refract along a bimaterial
interface in the fault zone structure, propagating along the interface
with the faster wave speed and radiated from there to the slower
velocity medium (Ben-Zion 1989, 1990). In a simple model with
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two different quarter spaces in contact, FZHW are the first arrivals
at stations on the side with slower seismic velocity having normal
distance from the interface x less than a critical distance x. given by

x. =r -tan(cos ' (o /o)), ©

where r is the propagation distance along the bimaterial interface
and oy and «; are the P-wave velocities of the faster and slower
media, respectively. The traveltime of FZHW generated by events
on the interface and recorded by stations on the slow side can be
expressed (Ben-Zion 1989) as

ty =r/af—|—x,/as‘2—af‘2, (6)

while the corresponding traveltime of the direct P wave is

tp=vr2+x2/as- ™

The moveout between the FZHW and direct P arrival At = tp — ty
for a station on the fault is

At=rfas-n/(1=n), (8a)

where 7 is the fractional velocity contrast defined as (s — «;)/o .
In cases when n < 1, the moveout is given approximately by

At ~r - Aajo?, (8b)

where o and A« denote the average and differential P-wave ve-
locities, respectively (Ben-Zion & Malin 1991). In addition, the
moveout At decreases monotonically with increasing station dis-
tance x from the interface.

Observed FZHW and these relations were used in various studies
to image properties of bimaterial fault interfaces at sections of the
San Andreas fault in California (e.g. McGuire & Ben-Zion 2005;
Zhao et al. 2010; Share & Ben-Zion 2016), the North Anatolian

fault in Turkey (Bulut ef al. 2012; Najdahmadi et al. 2016) and
other faults (e.g. Hough et al. 1994; Zhao & Peng 2008; Yang et al.
2015). FZHW also have horizontal particle motion (HPM) with a
significant fault-normal component, since they are radiated from
the fault, in contrast to the particle motion of the direct P wave that
points in the epicentre direction (e.g. Bulut ef al. 2012; Allam et al.
2014b).

Ross & Ben-Zion (2014) developed an automatic detector that
searches the early P waveform for a possible emergent phase before
a sharper arrival, with a time separation between a minimum value
(0.065 s representing the width of a narrow P-wave wiggle) and a
maximum value (corresponding to a 10 per cent velocity contrast).
The method was tested systematically on both synthetic seismo-
grams generated with the solution of Ben-Zion & Aki (1990) and
observed data in the Parkfield area where FZHW were detected man-
ually before (Zhao et al. 2010). We begin the analysis of FZHW
by running the detection algorithm of Ross & Ben-Zion (2014)
on waveforms generated by >18 000 earthquakes that are within
10 km from the fault (purple box in Fig. 1). To validate the FZHW
detections, we visually inspect how the moveout between tentative
FZHW picks and direct P arrivals changes across stations of the
JF array. Candidate FZHW without a moveout trend across the JF
array are rejected as false detections. This is followed by HPM
analysis to confirm the existence of significant rotation between the
polarization directions of the first and second phases in the early P
waveforms.

3.3.2 Results

Applying the automatic detection algorithm of Ross & Ben-Zion
(2014) on earthquakes that are within 10 km from the fault (black
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Figure 11. (a) Location map of 18 581 earthquakes (circles) used in the FZHW study (outlined by the purple box in Fig. 1). Green and red circles denote
candidate events producing FZHW flagged through a combination of automatic detection and visual inspection. Data from an FZHW candidate event (red
circle) and a reference event (purple circle) are compared in later figures. The region outlined by the red box is zoomed-in at the bottom left inset. (b) Depth

section of hypocentres projected along the cross-session AA’ in (a).

line AA’ in Fig. 11) leads to numerous candidate FZHW. About
3000 events produce automatic detections in at least one JF station
and about 1600 events produce detection in more than one station.
The tentative detected phases are inspected visually and examined
with HPM analysis to yield a high-quality data set of FZHW.

Waveforms with automatic FZHW picks at multiple stations are
aligned on the P picks made at the onset of the earliest impulsive
arrival. Figs 12(a) and (b) show example waveforms at stations of
the JF array without and with FZHW. In Fig. 12(a), the first ar-
rivals are standard impulsive P body waves (red triangles), while
in Fig. 12(b) waveforms at stations JFN4-JFS2 start with emer-
gent tentative FZHW (green squares) followed by larger amplitude
sharper P body waves (red triangles). The moveout between the
candidate FZHW and direct P arrivals in Fig. 12(b) decreases from
NE to SW within the JF array, suggesting that the velocity contrast
interface is on the NE side of the array.

To verify that the emergent early arrivals are not part of the direct
P waves, we analyse the HPM of the early P waveforms. This is
illustrated in Figs 13(a) and (b) using the example waveforms of
Fig. 12 at station JFS1. The top panels of Fig. 13(a) display HPM
trajectories for successive 0.1 s windows of 0.8 s in the early P
waveform centred at the direct P arrival (red triangle in Fig. 13a,
bottom). The azimuth and amplitude ratio between the successive
subwindows of the HPM polarization are marked in the top panels.
In this example with no FZHW, the amplitude ratio becomes very
large only at the first window that includes the direct P arrival, and
the HPM becomes polarized in the general horizontal direction of
the body wave near the array. In a waveform that includes FZHW,

(a) (b)

Ref example HW example

_ .
.
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JFs4 ! JFs4 ‘
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Figure 12. (a) Velocity seismograms of early P waveform at the JF array
generated by the reference event denoted by the purple circle in Fig. 11. The
waveforms are aligned on the automatic P picks (red triangles). (b) Same
as (a) for the candidate event shown as the red circle in Fig. 11. The green
squares indicate the automatic FZHW picks.

however, two windows with large amplitude ratios are observed in
the HPM trajectories (top panels in Fig. 13b). The first window
with a large amplitude change reflects the transition from noise to
FZHW (green square in Fig. 13b, bottom), and the second window
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Figure 13. (a) Particle motion analysis on displacement seismograms at station JES1 generated by the reference event. The early P waveforms centred at the
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compared with the backazimuth of the event (red dashed line) in the corresponding top panel. The trajectory is magnified in the first three windows with the
amplification factor specified at the top right of the panel. For each signal block, eigenvalue ratio and backazimuth are computed through polarization analysis
used in Bulut ez al. (2012). (b) Same as (a) for the FZHW candidate event. The green square denotes the automatic FZHW pick.

accompanied also by a significant rotation of the polarization direc-
tion reflects the transition from FZHW to direct P phase.

Similar analyses lead to identification of 61 earthquakes, all lo-
cated NW of'the array (green and red circles in Fig. 11), that produce
clear FZHW at multiple JF stations. To estimate properties of the
velocity contrast interface that produce these FZHWs, we align the
early P waveforms at station JFOO generated by the 61 earthquakes
on the direct P arrival and plot them with increasing hypocen-
tre distance (Fig. 14a). The moveout between the FZHW (green
squares) and direct P arrivals (red triangle) is constant for a wide
range of hypocentre distances (10—60 km). The constant moveout
implies that the FZHWSs observed at the JF array are generated by
a local bimaterial interface, which may be associated with edge of
the fault damage zone or basin, rather than a deep fault interface
(Najdahmadi et al. 2016). Assuming that the length of the inter-
face at the edge of a damage zone is 3.5-5 km, as suggested by the

trapped waves analysis discussed next, leads to an estimated P-wave
velocity contrast of 10.7—14.6 per cent (eq. 8a) using a 6 km s~
average P-wave velocity outside the damage zone. The short prop-
agation distance along the bimaterial interface explains (eq. 5) the
rapid change in the moveout between FZHW and direct P arrival
across stations of the JF array in Fig. 12(b), and the lack of FZHW
at the SW most stations as shown in Fig. 14(b) for station JFS4.

3.4 Fault zone trapped waves

3.4.1 Methodology

FZTW result from constructive interference of critically reflected
phases within a sufficiently uniform low-velocity fault zone layer
(e.g. Ben-Zion & Aki 1990; Igel et al. 1997; Jahnke et al. 2002). The
common type of FZTW is associated with the antiplane S case and is
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Figure 14. (a) Velocity seismograms recorded at station JFOO for FZHW candidate events marked by green and red circles in Fig. 11. The early P waveforms
are aligned with the automatic direct P picks (red triangles) and plotted with increasing hypocentre distance. Green squares indicate candidate FZHW picks.
Black and green dashed lines indicate zero time lag and best-fitting straight line crossing the green squares, respectively. A 0.1 s constant moveout between the
green and black dashed lines is observed. (b) Same as (a) for the southwest end station JFS4. No FZHW are flagged.

analogous to surface Love waves of a horizontally layered structure.
These waves follow the direct S wave, have relatively low frequen-
cies, are at least somewhat dispersive and exist predominantly in
the vertical and fault-parallel components of ground motion (Ben-
Zion & Aki 1990). Additional types of FZTW are associated with
Rayleigh-type resonance or leaky modes and appear between the
P and S body waves (Ellsworth & Malin 2011). In this paper,
we discuss observations and analysis of the more common Love
type trapped waves following the direct S wave. We also observe
possible candidates of Rayleigh or leaky type trapped waves, but
these are less consistent (the waveform character and recording
stations vary for different earthquakes) and are left for future work.

The amplitude, frequency content and duration of FZTW are very
sensitive to combinations of internal fault zone properties including

the width, velocity reduction, attenuation coefficient and propaga-
tion distance within the fault zone layer (Ben-Zion 1998). Obser-
vations and modeling of waveforms containing FZTW can provide
high-resolution information on these properties (e.g. Li ef al. 1990;
Peng et al. 2003; Lewis et al. 2005; Mizuno & Nishigami 2006;
Calderoni et al. 2012), although the modeling approach should
account for the significant trade-offs between model parameters
(Ben-Zion 1998; Jahnke ef al. 2002; Lewis & Ben-Zion 2010).
Following the pre-processing steps suggested by Ross & Ben-
Zion (2015), waveforms are first corrected for the instrument re-
sponse, rotated to the fault-parallel component, and then bandpass
filtered at 2—20 Hz. The detection of potential FZTW starts by ap-
plying the automated algorithm of Ross & Ben-Zion (2015) on the
pre-processed data recorded at the JF array. The data flagged by the



automated algorithm are inspected visually to confirm the existence
of resonance mode wave packages after the direct S arrivals that are
observed consistently at a confined spatial range of the array.
Following Ben-Zion ef al. (2003) and later studies, waveforms
observed across the array that include FZTW at some stations are
inverted for properties of the trapping structure using a genetic
inversion algorithm with a forward kernel based on the 2-D analyt-
ical solution of Ben-Zion & Aki (1990) and Ben-Zion (1998). The
analytical solution accounts for multiple plane-parallel fault zone
layers between two quarter spaces. However, in this paper we find
that a model configuration consisting of a single fault zone layerina
half-space (Fig. S5, Supporting Information) is sufficient to fit well
the observed FZTW. This simple model has six key parameters that
are perturbed in the inversion. The fault zone parameters consist
of attenuation coefficient (Qyz), S-wave velocity (8rz), propagation
distance (zs) within the fault zone, width (W) and location of the
fault zone layer (x) within the array. The host rock parameters are
S-wave velocity (1) and attenuation coefficient (Qy). The latter is
fixed to be 400, which is the average value for Southern California
(Hauksson & Shearer 2006), to reduce somewhat the number of pa-
rameters. The genetic inversion algorithm explores systematically
the trade-offs between these model parameters. The propagation
time of S waves outside the fault zone layer is an additional pa-
rameter used to check consistency of the results with the overall
distances between the generating earthquakes and JF array.
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To obtain a good estimation of the FZ parameters, 10 000 models
with 50 generations and 200 models per generation are tested in each
inversion. A successful inversion includes both good waveform fits,
and agreement between parameters of the best-fitting model and
peaks of the probability density distributions of parameters gener-
ated in the inversion process. As in Ben-Zion et al. (2003) and later
related studies, prior to the inversion the fault-parallel seismograms
are integrated to displacement and convolves with 1/¢'2 to convert
a point source response to that of an equivalent line dislocation
source (e.g. Vidale et al. 1985; Igel et al. 2002). Additional details
on the method can be found in Ben-Zion et al. (2003).

3.4.2 Results

As discussed in Ross & Ben-Zion (2015), applying the automatic
detection algorithm to the JF array data recorded during 2013 pro-
duced a total of 582 candidates FZTW with 90 per cent of the de-
tections concentrated between JFOO—-JFS3. This suggests persistent
generation of FZTW by a narrow FZ layer beneath stations JF00—
JFS3 of the JF array. To focus on high-quality candidate FZTW, we
apply the automatic detection algorithm on 28 995 earthquakes that
are within 50 km from the fault using a higher detection threshold
than Ross & Ben-Zion (2015). This leads to detection of trapped
waves at stations JFOO—JFS3 with an evaluation score >6.0 gen-
erated by 205 events (coloured circles in Fig. 15). The evaluation

-90 -60 -30
Along fault distance from JF (km)

30 60 90

Figure 15. (a) Location map for earthquakes that are analysed for the presence of FZTW. Events flagged as generating high-quality FZTW are displayed as
red, green and yellow circles. Seismograms of events denoted by green and red circles are used for moveout analysis (Fig. 16). Waveforms from events marked
by red circles are inverted for structural parameters (Fig. 17 and Figs S7 and S8, Supporting Information). (b) Depth section of hypocentres projected along

the cross-session AA’ in (a).
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Figure 16. (a) Fault-parallel displacement seismograms generated by event TW4 (see location in Fig. 15). The waveforms are pre-processed following the steps
illustrated in Fig. S6 in the Supporting Information. The red triangles denote the available automatic S picks. (b) Same as (a) for event TW2. (c) Displacement
seismograms after pre-processing recorded at station JES1 generated by events marked by green and red circles in Fig. 15. The S waveforms are aligned on the
automatic S picks and plotted with increasing hypocentre distance indicated above each trace. The blue and red dashed lines denote the S and FZTW arrivals,

respectively.

score is computed by summing up the Y-statistics described in Ross
& Ben-Zion (2015). The detected phases in this high-quality data
set are further visually inspected and evaluated. We note that many
detections including those producing the clearest candidate FZTW
(green and red circles) are generated by events located consider-
ably away from the fault. This implies a relatively shallow trapping
structure that can be excited by wave energy of regional events that
enter the FZ layer from below (Ben-Zion et al. 2003; Fohrmann
et al. 2004).

Fig. S6 in the Supporting Information illustrates the pre-
processing steps performed on example event TW2. The direct
S-wave picks are followed by resonance modes at stations JFS1—
JFS3 that are especially clear on the displacement seismograms.
Similar pre-processing and visual inspection indicate consistent
large-amplitude resonance phases confined to stations JFS1-JFS3
for all 205 earthquakes producing high-quality FZTW. Figs 16 (a)
and (b) display fault-parallel displacement waveforms across the JF
array generated by example events TW2 and TW4 (see Fig. 15 for
locations). The seismograms have clear FZTW at stations JFS1-
JFS3 following the direct S-wave picks (red triangle). Waveforms
generated by 18 earthquakes (green circles in Fig. 15) with clear
and representative FZTW are used for further analysis. To estimate
the overall scale of the trapping structure, we align the early S wave-

forms generated by the 18 earthquakes at station JFS1 on the direct
S arrival, and arrange them with increasing hypocentre distance
(Fig. 16c). The moveout between the direct S arrivals (blue dashed
line) and FZTW (red dashed line) is constant for a wide range of
hypocentre distance (20-60 km). This constant moveout supports
the inference based on the regional distribution of events generating
FZTW that the trapping structure below the JF array is relatively
shallow.

Fig. 17 presents inversion results for the displacement seismo-
grams at the JF array generated by earthquakes TW1 and TW4. As
the distance between the hypocentres of TW1 and TW4 is ~2 km,
the waveforms generated at each station by the two earthquakes are
stacked to increase the SNR. Performing inversions for waveforms
generated by each event separately lead to very similar results to
those discussed below. Fig. 17(a) compares synthetic waveforms as-
sociated with the best-fitting model (green lines) and observed seis-
mograms (black lines). Fig. 17(b) presents fitness values calculated
by the genetic inversion algorithm for different FZ parameters. The
fitness for a given set of parameters is defined as (14-C)/2, where C
is the cross-correlation coefficient between the set of synthetic and
observed waveforms at all stations. The thin curves in Fig. 17(b)
give probability density functions for the various model parame-
ters, calculated by summing the fitness values of the final 2000
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Figure 17. Inversion results modeling stacked displacement seismograms at the JF array generated by candidate events TW1 and TW4. (a) Comparison
between the observed (black) and synthetic (green) seismograms. (b) Fitness values (green dots) calculated for different FZ parameters tested in the inversion.
The parameters associated with the best-fitting model (black circles) are displayed in each panel and used to produce the synthetic waveforms shown in (a).
The black curves indicate probability density functions for the inverted model parameters.

inversion iterations and normalizing the results to have unit sums.
The parameter values associated with the best-fitting model (black
dots) are very close to the peaks of the probability density functions.
The close waveform fits in Fig. 17(a) and the results in Fig. 17(b)
imply convergent and robust inversion results. The best-fitting pa-
rameters indicate that the trapping structure below the JF array has

width of ~200 m, length scale of ~5 km, Qs of ~20 and S-wave
velocity reduction of ~35 per cent compared to the host rock. The
~5 km propagation distance along the waveguide is associated with
a combination of along-strike and vertical components. Assuming
for simplicity that the average along-strike and vertical components
are the same (Ben-Zion ef al. 2003), the depth of the trapping FZ
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layer is ~3.5 km. Figs S7 and S8 in the Supporting Information
show inversion results of FZTW generated by earthquakes TW2
and TW3. The best-fitting parameters and peaks of the probability
density functions are similar to those shown in Fig. 17.

4 DISCUSSION

We use delay times of P waves from local and teleseismic earth-
quakes, FZHW and FZTW to image the internal structure of the
Clark fault at the JF site in the trifurcation area of the SJFZ. The
identification of the various phases is done first with automated
detection algorithms (Ross & Ben-Zion 2014, 2015) enabling sys-
tematic and objective analyses of large data sets (~29 000 events
recorded at nine stations). This is followed by visual inspection of
detected phases augmented by some additional analysis (e.g. exam-
ining the HPM of candidate head waves) to substantiate the validity
of the automatic detections. These procedures lead to identifica-
tion of >60 near-fault events producing early P arrivals at multiple
stations of the JF array with characteristics of FZHW (Fig. 11),
>200 broadly distributed events producing high-quality FZTW at
stations JFO0-JFS3 (Fig. 15), and P body wave arrivals from ~3500
earthquakes in the region around the SJFZ (Fig. 1).

Teleseismic P waves in the frequency range of 0.01-0.5 Hz ob-
served at the JF and TR arrays indicate faster seismic velocities
beneath the TR array compared to the JF array, in contrast with the
expectation from the larger scale tomography results (Fig. 3). The
reversal of seismic velocities near the fault points to a prominent
local LVZ underneath the JF array. This is supported by both the
teleseismic P-wave delay time derived from the frequency range
0.2—-0.5 Hz and statistical analysis of the P-wave delay times asso-
ciated with numerous local events. Some of the velocity reduction
below the JF array is related to the fact that it is located in a local
basin with sediments. However, the basin is part of the fault zone
structure (e.g. Sibson 1986; Ben-Zion et al. 2003) and it includes an

inner LVZ that forms a seismic trapping structure. Assuming that
the average P-wave velocity of the host rock is ~6 km s~! (Fig. 3)
and that the LVZ beneath the JF array has ~20 per cent velocity
reduction in the top 3.5 km (based on the velocity contrast indicated
by the FZHW and some additional reduction in the more intense
inner damage zone producing FZTW), a vertical incident P wave
is delayed beneath the JF array by ~0.15 s compared to the TR
array. This is sufficient to reverse the traveltime variation that may
be produced by the larger scale deeper structures shown in Fig. 3.
The delay time results also suggest that the main seismogenic fault
is between stations JF3 and JF4. This is consistent with a promi-
nent large-scale geomorphologic feature in this section of the fault
(Fig. 18).

The observation of a constant moveout between FZHW and di-
rect P phases indicates that the FZHW are generated by a local
velocity contrast, inferred to be at the edge of the LVZ on the NE
side of the JF array. This is confirmed by the fact that the observed
0.1 s constant FZHW-P moveout implies a 10-15 per cent con-
trast of P-wave velocities across the bimaterial interface, which is
larger than any deep velocity contrast interface found in previous
studies at various faults (e.g. Zhao et al. 2010; Yang ef al. 2015;
Najdahmadi ef al. 2016; Share & Ben-Zion 2016). The LVZ beneath
the JF array contains a narrower damage zone concentrated below
stations JFS1-JFS3 generating clear FZTW. Inversions of sets of
waveforms observed across the JF array with high-quality FZTW at
stations JFS1-JFS3 indicate (Fig. 17 and Figs S7 and S8, Support-
ing Information) that the trapping structure is ~200 m wide and has
Vs reduction of ~30—40 per cent, Os of ~20 and depth of ~3.5 km.
The relatively shallow depth of the trapping structure is supported
by (Fig. 15) the wide distribution of events generating FZTW (e.g.
Fohrmann et al. 2004) and the constant moveout (Fig. 16) between
the direct S and trapped waves (e.g. Ben-Zion et al. 2003; Peng
et al. 2003). These results are similar to properties estimated from
analysis of FZ-reflected phases at the JF array (Yang et al. 2014), as

Fast block

Seismogenic fault

Google earth
Clil

Figure 18. Google Earth map view of a 2.5 x 2 km region centred at the JF array. The red triangles denote stations of the JF and CL arrays with additional
two stations of the TR array. The black dashed thick line parallel to the fault strike indicates the estimated location of seismogenic fault. The blocks to the NE
and SW of the fault are marked as fast and slow based on previous tomography results (Fig. 3). A fault zone model along cross-session AA’ integrating the

analysis results is shown in Fig. 19.
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Figure 19. A conceptual model for fault zone structure at the JF site along the cross-session AA’ in Fig. 18. The lower velocities beneath stations JES3-JFN2
(warmer colours) are indicated by delay times of teleseismic and local P waves. The red thick line denotes a local bimaterial interface that generates FZHW
(Section 3.3). A fault zone waveguide is depicted by a vertical layer with NE boundary located at JEN1. The marked S wave Q, velocity reduction, width and
depth of the waveguide are constrained by waveform inversions (Section 3.4). The inferred seismogenic fault crosses the JF array between stations JFS3 and

JFS4.

well as analysis of FZTW and FZ-reflected phases at the CL array
deployed across the Clark fault about 1 km to the SE from the JF
array in 1999 (Li & Vernon 2001; Lewis et al. 2005; Yang & Zhu
2010). We note that Li & Vernon (2001) suggested that the trapping
structure below the CL array extends to a depth of ~18 km, but this
has been disputed by later analyses (Lewis et al. 2005; Yang & Zhu
2010).

Fig. 19 provides a schematic summary of the different imag-
ing results done in this work, with a focus on the structure below
the dense JF array. The seismogenic fault is inferred to be located
between stations JFS3 and JFS4 and is associated with a strongly
asymmetric LVZ that exists primary on the NE side of the fault.
A similar asymmetric LVZ was observed at the nearby CL array
(Lewis et al. 2005; Yang & Zhu 2010), and in larger scale analy-
sis of geomorphologic features in the area (Wechsler et al. 2009).
The offset of rock damage across the fault to the side with faster
velocities at seismogenic depth (Fig. 3) may be produced by pre-
ferred propagation direction of earthquake ruptures in the area to
the NW (e.g. Ben-Zion & Shi 2005; Xu et al. 2012). This is consis-
tent with rupture directivities of small events (Kurzon et al. 2014)
and along-strike asymmetry of stacked aftershock sequences in the
area (Zaliapin & Ben-Zion 2011).

The results of this paper are based on data recorded across the
Clark fault at one location. The SJFZ has heterogeneous structures
with significant along-strike variations of the surface geology (e.g.
Sharp 1967), seismicity (e.g. Hauksson et al. 2012), interseismic
strain rates (e.g. Wdowinski 2009; Lindsey & Fialko 2013) and
large-scale seismic velocities (e.g. Allam et al. 2014a; Zigone et al.
2015). Yang et al. (2014) and Li ef al. (2015) documented along-
strike variations of local damage zones and seismic anisotropy using
data recorded by the various linear arrays across the SIFZ (triangles
in Fig. 1). Several studies are currently underway on detailed anal-

yses of the type done in this work using data recorded by the other
dense linear arrays.
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SUPPORTING INFORMATION
Supplementary data are available at GJIRAS online.

Figure S1. (a) Same as Fig 4(a). The red circle denotes event #1
analysed in the Supporting Information; the event information is
shown in the title. (b) Spectrogram for the analysed event (same
as Fig. 4c¢). (c) Same as Fig. 5(b) for the analysed event. (d) Same
as Fig. 7(a) for the analysed event. (¢) Same as Fig. 7(b) for the
analysed event.

Figure S2. Same as Fig. S1 in the Supporting Information for event
# 2 analysed in the Supporting Information.

Figure S3. (a) Location map and depth section of 3493 local earth-
quakes within the red box shown in Fig. 1(a), used in the local
P-wave DTA to estimate relative slowness. (b) Same as (a) with
events SW and NE of the fault denoted by red and green cir-
cles, respectively. (c) Same as (a) with events SE and NW of the
JF array denoted by red and green circles, respectively. (d) Same
as (a) with green (I), purple (II), red (III) and blue (IV) circles
representing events west, north, east and south of the JF array,
respectively.

Figure S4. (a) Mean values of the relative slowness computed for
the 1434 events SW (red) and 2059 events NE (green) of the fault at
the JF array. Same as Fig. 10(c); the black curve denotes the relative
slowness for all 3493 events. Error bars indicate a range of two
standard deviations about each respective mean value. (b) Same as
(a) for 1132 events SE (red) and 2361 events NW (green) of the
fault. (c) Same as (a) for 637, 1724, 797 and 335 events in quadrants
1 (green), II (purple), I1I (blue) and IV (red). Despite the variations
between relative slowness calculated for events in different subsets,
the shapes of the mean values remain similar.

Figure SS. A model for a vertical low-velocity fault zone layer
in a half-space used in the inversion of fault zone trapped waves
(Ben-Zion and Aki 1990; Ben-Zion 1998). The source is an SH line
dislocation with coordinates (xs, zs ). Width, quality factor and shear
wave velocity are marked by W, Q and B, respectively. Subscripts
H and FZ denote the half-space and fault zone layer.

Figure S6. Pre-processing steps for inversion of trapped waves.
(a) Velocity seismograms at the JF array generated by event TW2
(see Fig. 15 for location) are corrected for instrument response
and rotated to the fault-parallel direction. (b) Bandpass filtering at
2-20 Hz. (c) Integrating velocity to displacement seismograms.
(d) Convolving waveforms shown in (c) with 1/#'>. Red trian-
gles denote the automatic S picks and stations in bold indicate
waveforms with clear candidate trapped waves following the S
arrival.

Figure S7. Inversion results of displacement seismograms at the
JF array generated by candidate event TW3. Instead of the sim-
pler model shown in Fig. S5 in the Supporting Information, dif-
ferent shear wave velocities are allowed for the quarter spaces left
(QS_SW) and right (QS-NE) to the vertical fault zone layer. (a)
Comparison between the observed (black) and synthetic (green)
seismograms. (b) Fitness values (green dots) calculated for dif-
ferent FZ parameters tested in the inversion. The parameters
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associated with the best-fitting model (black circles) are displayed
in each panel and used to produce the synthetic waveforms shown
in (a). Parameters named as QS_SW and QS_NE shear velocity
represent the values of V; in the left and right quarter spaces. The
best-fitting value for both velocities is 3.1 km s~! suggesting the
simpler structure shown in Fig. S5 in the Supporting Information.

Figure S8. Same as Fig. 17 for event TW2.

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.



(a) (b) 1 Spectrogram of Template Trace
2012/05/28,05:07:23.700 M 6.70 Depth 588km )
N
= 0.2
9
c 0.1
()
-]
o
v
(798
0.01 670 680
Time relative to origin (s)
(c) Event #1 P phase 0.01-0.2 Hz
P TRO4
,;\/\/V\/ e TRO3
TRO2 0.005 | 1
LAY/ 4wl TRO1
IV/A\Nd JFS4
i NN JFS3 0.000
JFS2

JFS1

T JFOO
N/ b _ JFN1

—0.005}

d
Delay time (s)

JFS3

/,\/\, JEN2 JFS2
_6,%/\/\, e JEN3 —0.010}

- T Template
| — (d)
‘ : ‘ -0.015L ‘

650 660 670 680 690 700 =02 —D1 0.0 0.1 0.2
Time relative to origin (s) Northing from JFOO (km)

Figure S1



(@ b) Spectrogram of Template Trace
M 6.20 Depth 349km :

2% 0.5

~N
E 02
9
c 0.1
(3]
-}
(on
v
(1
00375 720 730 740
Time relative to origin (s)
(c) Event#2 P phase 0.2-0.5 Hz (d)
TRO4
TRO3
TRQ2 0.005 | 1
. _TRO1
U _JFS4 _
\Y4
PomealFS3 < 0.000}
. JFS2 2
o _JFS1 =
>
A JFQ0 < -0.005}
. JFN1 a
Y. _JFN2
A JEN3 _0.010l JFS4
. JFN4
V,Tenlplate
A\
710 720 730 740 750 760 OOV 57 o1 0.0 0.1 0.2
Time relative to origin (s) Northing from JFOO (km)

Figure S2



33°36' 3336
3324 a3 24
3312 a3 12
-117°00' -116°45' -116°30' -116"15' -116°00' -117°00' -116°45' -116°30" -116"15' -116°00"
e, — ¥
= o g gt
= <
£ 15 £ 15
a a
@ ©
0 30 0 30
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Along fault distance from JF (km) Along fault distance from JF (km)
— >_@7 = e — =
33°36' = 33°36'
33°24' 33°24'
33"12' 33°12'
-117°00" -116°45' -116°30" -116°15' -116°00"' -117°00' -116°45' -116°30" -116"15' -116°00"
—_— I —_—
E 0 o o bl E 0
= =
£ £ 15
a T
[ [
o 0 30

-10 0 10 20 30
Along fault distance from JF (km)

&
S
L
S

-30 -20 -10 o 10 20 30
Along fault distance from JF (km)

Figure S3



1.010! — SW (1434 events) (a) |
) — NE (2059 events)
|| — Al (3493 events)

JFEN4
gy (1| RO UMY S0 (1 - 1 S e S ey S

0.990}

i JFS4

0.980— : : : : : :

— ‘ | | | b
1.010l SE (1132 events) ( )
— NW (2361 events)

|| — Al (3493 events) JFN4

K575 | OR—— e e e b D SO ———————

Relative Slowness

0.980

1010l — Q-1 (637 events) (c) |

) — Q-1 (1724 events) JFS1 Q-
|| — Q-Ill (797 events)
— Q-IV (335 events)

{01170 NN -~ S iy e e i

Q-Iv

0.990+ Q-

Q-

L e ~02 ~041 0.0 0.1 0.2 0.3

Distance relative to JFOO (km)

Figure S4



Figure S5



South (y-) to North (y+)

South (y-) to North (y+)

Figure S6



(@)

South (y-) to North (y+)

Waveform fits for TW3
— data
JFN4 Pav L
— synthetic
JFN3 o
N\ -
JENE ) JQ\&O%AV‘ -
A\ ~/
JFNA1 s
A\
A\ T~
JFS1 o
\rg T
JFS4 O ~
45 5.0 55 6.0 6.5 7.0 7.5 8.0
Time (s)
dlii 0701 | 0.25 0.12 km 0'5%‘
] Lol J0.20 i
o.06 90-85TH i ' ' T
' Rl 0.15 : i -
10.04 060" 0.10 : 023
' ©
0.02 gs5}: 0.05 014
.. 0.00 _ i AL V10,00 —r . 0.0%
110 1.75 2.40 3.05 3.70 25 30 35 40 45 0.10° 0.15 0.20 0.25 0.30 0.35
FZ shear velocity (km/s) QS_SW shear velocity (km/s) FZ width (km)
120 |o0.3s5 0.70 " e4.  54km |gqy 0.70 -0.051km]0.202
i 4 @
e 0.65). . . '& 0.65 0158
el EC ; " 0.08 -
- " ~ o.04 0058
sl £ 0.05 05| - i 0.55 e
nlst o ! il L 0.00 it 0.00%
0 10 20 30 40 50 60 70 80 20 45 ‘70 95 12.0 0.0 01 0.2
FZQ Propagation distance in FZ layer (km)  NE side FZ edge from JFO0 (km)
3.1 km/s{0.08 0.70 0.0078 x FZ width{ 0.20 0.70 42s 004%
by . 04 S
3 I Y]
0.06 0.65 0.15 0.65 0033
0.04 geolff 0.10 ¢.60 002%
I T
0.02 0_55 0.05 4e5 0018
0.00%

QS_NE shear velocity (km/s)

Figure S7

e 1 0.00
2.0 25 3.0 35 40 45 5.0

0.4
Source location (FZ width)

3.0 35 40 45 50
Propagation time outside FZ

(s)



(a) Waveform fits for TW2
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