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Abstract Analysis of fault zone head waves indicates the existence of two deep large-scale bimaterial
interfaces in the structure of the southern San Andreas Fault (SAF) with opposite sense of velocity contrast.
One interface extends from the Cajon Pass area to the San Gorgonio Pass (SGP) region and is associated with a
slower seismic velocity on the southwest side of the SAF. The second interface extends from the SGP region to
the Coachella Valley and involves a slower seismic velocity on the northeast side. Tomographic imaging of
alternating velocity structures supports the velocity contrast reversal across the SAF. The observations and
expected properties of bimaterial ruptures suggest that earthquakes nucleating slightly to the NW and SE of
SGP tend to propagate along the SAF in the opposite along-strike directions. This is consistent with geological
and seismological evidence in the Mojave and southernmost sections of the SAF.

1. Introduction

The South-Central Transverse Ranges section of the plate boundary in Southern California is highly complex
and includes intersections between the San Andreas Fault (SAF), San Jacinto Fault Zone, and Eastern
California Shear Zone (Figure 1). The region around the San Gorgonio Pass (SGP) is associated with a major
“structural knot” consisting, at least in the top few kilometers, of a complex set of thrust and strike-slip faults
[e.g., Matti and Morton, 1993; Spotila et al., 2001; Yule and Sieh, 2003]. A fundamental question for seismic
hazard is whether large earthquakes that rupture the Mojave or Coachella Valley sections of the SAF are likely
to propagate through, or be arrested by, the SGP knot. To address this, we attempt to clarify the existence and
properties of a continuous seismogenic fault surface through the SGP. This is done by performing a
systematic search for fault zone head waves (FZHW) that refract along bimaterial fault interfaces. Such
interfaces influence strongly properties of dynamic ruptures [e.g., Ben-Zion and Andrews, 1998; Ranjith and
Rice, 2001; Shlomai and Fineberg, 2016], and they tend to be localization surfaces of large earthquakes [e.g.,
Martel et al., 1988; Bruhn et al., 1994; Sibson, 2003; Dor et al., 2008].

FZHW are generated by earthquakes located near a fault separating different solids, and they propagate
along the bimaterial interface [Ben-Zion 1989, 1990], so they provide direct evidence for a continuous fault
section between the generating events and recording stations. These waves were used previously to
document and image properties of bimaterial fault interfaces along sections of the SAF and Hayward fault
in central CA [e.g., Ben-Zion and Malin, 1991; McGuire and Ben-Zion, 2005; Allam et al., 2014], the North
Anatolian fault in Turkey [Bulut et al., 2012; Najdahmadi et al., 2016], and faults in various other locations
[e.g., Fukao et al., 1983; Hough et al., 1994; Yang et al., 2015]. In addition to documenting continuous
seismogenic fault sections, bimaterial interfaces have important implications for expected behavior of
earthquake ruptures [e.g., Ben-Zion, 2001, and references therein].

A contrast of elastic properties across a fault produces asymmetric dynamic stress field at the tips of in-plane
ruptures propagating in the opposite along-strike directions [e.g., Weertman, 1980; Andrews and Ben-Zion,
1997; Ben-Zion and Huang, 2002]. Behind the tip propagating with subshear velocity in the direction of slip
on the compliant side of the fault there is dynamic reduction of normal stress (and hence frictional strength),
while in the opposite direction there is dynamic increase of normal stress and strength. Consequently,
standard subshear ruptures on bimaterial interfaces evolve for wide range of conditions to pulses that pro-
pagate in the direction of slip on the side with slower seismic velocity [e.g., Shi and Ben-Zion, 2006;
Ampuero and Ben-Zion, 2008; Brietzke et al., 2009; Shlomai and Fineberg, 2016]. For supershear ruptures, the
polarity of the dynamic changes of normal stress and preferred rupture direction are reversed compared
to those in the subshear regime [e.g., Weertman, 2002; Shi and Ben-Zion, 2006; Rubin and Ampuero, 2007].
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The dynamic changes of normal stress on bimaterial interfaces make them mechanically favored surfaces for
rupture propagation [Brietzke and Ben-Zion, 2006]. Therefore, imaging bimaterial interfaces in fault zone
structures can provide important information on likely failure surfaces, dynamic stress fields, and rupture
propagation directions.

The seismic imaging done in this work uses local earthquake waveforms recorded by stations of the Southern
California Seismic Network around the SAF in the region (Figure 1). Section 2 of the paper describes the
employed data and methods. In section 3 we present evidence for FZHW propagating along sections of
the SAF in the South-Central Transverse Ranges. The results indicate the existence of two large-scale
bimaterial interfaces with opposite sense of velocity contrast in the opposite along-strike directions from
SGP. The implications of the results for large SAF earthquake ruptures are discussed in section 4.

2. Data and Methods

Our seismic imaging is based on waveforms of 1144 earthquakes with M> 1.5 that occurred between
January 2009 and June 2015 within a 160 km by 20 km box centered on the SGP (Figure 1). The event sizes,
locations, and origin times were taken from the relocated catalog of Hauksson et al. [2012]. Waveforms of
these events observed at seven continuously recording stations in the South-Central Transverse Ranges close
to SGP (six broadband high gain seismometers, SVD, FHO, SNO, MSC, DEV, WWC, and one accelerometer,
5442) were downloaded from the Southern California Earthquake Data Center.

Figure 1. A map of the study region (160 km by 20 km black box) centered on the San Gorgonio Pass and intersection of
the San Andreas (SAF) and San Jacinto (SJFZ) Faults. The centers of triangles and circles mark locations of stations and
local earthquakes analyzed in this study. Black dots denote all M ≥ 1.5 events from 1 January 2009 to 30 June 2015.
Yellow (22 NW, 19 SE) and dark green (8 NW, 5 SE) circles mark events for which fault zone head waves (FZHW) were and
were not detected, respectively. Yellow NW events produce FZHW at station SNO (left red inverted triangle), while yellow
SE events generate FZHW at station MSC (right red inverted triangle). Blue inverted triangles depict stations with no
FZHW detections. CP, Cajon Pass; MCF, Mission Creek Fault; ECSZ, Eastern California Shear Zone; SGPFZ, San Gorgonio
Pass Fault Zone; and PS, Palm Springs.
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A few basic properties help to identify FZHW. They propagate along a bimaterial interface with the velocity
and motion polarity of the faster rock body and are radiated from the fault to the side with slower seismic
velocity. FZHW are the first arriving phases at locations on the slower solid with normal distance to the fault
less than a critical distance xc given [Ben-Zion, 1989] by

xc ¼ r � tan cos�1 αs=αfð Þ� �
; (1)

where r is the propagation distance along the fault (both along-strike and up-dip directions) and αs and αf are
the average P wave velocities of the slower and faster media, respectively. FZHW are emergent phases with
opposite first-motion polarity than the more impulsive following direct P waves. The differential arrival time
between the head and direct P waves increases with propagation distance along the fault as

Δt ≈ r � Δα=α2; (2)

where α and Δα denote the average and differential P wave velocities, respectively [Ben-Zion and Malin,
1991]. FZHW also have horizontal particle motion with a significant fault-normal component, since they
are radiated from the fault, in contrast to the particle motion of the direct Pwaves that points in the epicenter
direction [Bulut et al., 2012; Allam et al., 2014].

An automated phase picker [Ross and Ben-Zion, 2014] is applied as the first step to detect candidate FZHW.
The algorithm searches in the early P waveform for a possible emergent phase followed by a sharper arrival
with a time separation between a minimum value (0.065 s representing the width of a narrow Pwave wiggle)
and a maximum value (corresponding to a 10% velocity contrast). Noting that the seven stations were not all
operational during the entire examined time window, the percentages of automatic detections of FZHW for
stations SVD, FHO, 5442, SNO, MSC, DEV, and WWC (relative to all events analyzed per station) are 3.0%, 4.9%,
5.0%, 4.6%, 20.9%, 2.1%, and 5.8%, respectively.

Following the automatic detection, the identification of FZHW is improved by visual inspection and
comparing results generated by multiple events at multiple stations. Some candidate phases found to be
similar to the noise preceding the P arrivals are discarded. Emergent first arrivals from a given event at
stations on both sides of the fault (likely generated by a source effect) are also discarded as possible
FZHW. Focusing on events with locations close to the SAF proper leads to further reduction of candidate
FZHW. Waveforms originating from earthquakes close to the hypocenters of the events generating the
remaining candidate FZHW are visually inspected to identify additional FZHW phases. This helps detecting
more phases because the automatic algorithm is designed to minimize false detections. Station SNO has
relatively high noise level leading to low rate of automatic detections, but visual inspection results in a large
increase of candidate FZHW at SNO. Finally, particle motion analysis of the early P waveforms is used to
confirm the existence of a first phase with a component pointing to the fault followed by a second phase
polarized in the back azimuth direction to the event epicenter. Using these steps, we identify in the examined
data 41 earthquakes (yellow circles in Figure 1) producing clear FZHW at stations close to the SAF.

3. Results

Inspecting the locations of events producing FZHW and comparing the seismic waveforms associated with
multievents andmultistations, we observe two source regions that consistently produce FZHW recorded only
at stations close to and on one side of the SAF proper. The first region includes 22 events near Cajon Pass
(Figure 2) that generate FZHW recorded only at station SNO south of the SAF/Mission Creek Fault (MCF)
and not at the four neighboring stations (Figure S1 in the supporting information) north of the SAF. The
second region includes 19 events around the Coachella Valley strand of the SAF northeast of Palm Springs
(Figure 3) generating FZHW recorded only at station MSC (north of SAF/MCF). This second event group did
not produce FZHW at two neighboring stations (SNO and DEV) south of the SAF and at two stations (FHO
and WWC) north of but not sufficiently near (equation (1)) the SAF proper (Figure S2). Significantly, none of
the FZHW generated by the 22 Cajon Pass events and recorded at station SNO were observed at station MSC
(Figure 2, bottom right). Similarly, no FZHW generated by the 19 Coachella Valley events were observed at
station SNO (Figure 3, bottom right). FZHW were also not observed at SNO and MSC for events closer to
the stations than about 20 km, because generation of first arriving FZHW requires sufficiently long
propagation distance along the bimaterial interface (equation (1)). Waveforms for eight and five of these
events (dark green circles in Figures 1–3) are shown in Figures 2 and 3 (third panels), respectively.

Geophysical Research Letters 10.1002/2016GL070774
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To estimate the differential time separation between the FZHW and direct P waves, the relevant velocity
waveforms at stations SNO (Figure S1) and MSC (Figure S2) were aligned on the second major P swing
(typically the absolute P maximum) and integrated to displacement to enhance the clarity of the initial P
waveforms (Figures2and3,bottomleft). Integrationwasdoneusing thecumulative trapezoidalnumerical inte-
gration tool in MATLAB. Similar alignment was used for stations with no FZHW detections (Figures 2 and 3,

Figure 2. (first panel) A map of the NW portion of the study area with 22 and 8 events (yellow and dark green circles, respectively) that do and do not generate
FZHW at station SNO. None of the events produce FZHW at station MSC. (second panel) Horizontal particle motions for two events generating FZHW (hw1 and hw2)
with increasing hypocentral distance (Hypo. dist.) and one event (ref) without FZHW. Red dots correspond to a time window starting at the FZHW pick and ending
at the direct P pick, while blue dots correspond to 0.2 s after the direct P pick. The location of these example events and vertical component seismograms are
marked in the first panel and third panel (left) by maroon color. Vertical component displacement seismograms generated by the 22 yellow events at station SNO
(left) with FZHW detections and at station MSC (right) without FZHW. For reference, seismograms from the eight dark green events are also plotted. The waveforms
were detrended and high-pass filtered at 1 Hz with a one-pass Butterworth filter. Velocity seismograms for stations SNO and MSC and other three stations in the
map (SVD, 5442, and FHO) are shown in Figure S1.
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bottom right and S1 and S2). After alignment, clear moveouts of FZHW arrivals with increasing hypocentral
distance are observed (green diagonal lines in Figures 2 and 3). Using equation (2), the average velocity
contrasts estimated from the slopes of the moveout lines are small (~2–3%) yet compatible with sections
of the Hayward fault in California [Allam et al., 2014] and the North Anatolian fault in Turkey [Najdahmadi
et al., 2016]. The actual contrasts are likely to be somewhat larger, since equation (2) involves propagation
distances along the fault and we use for simplicity the longer hypocentral distances. We also note that the
obtained values reflect average velocity contrasts over the top 14 km (Figure 1) and that the contrasts may
be double in the uppermost 7 km or so of the crust [e.g., Ben-Zion et al., 1992; Lewis et al., 2007]. The velocity
contrasts are estimated assuming an average Pwave velocity of 6.2 km/s, which is the average velocity in the
tomography model of Fang et al. [2016] at the median depth (10 km) of the events producing FZHW.

Figure 3. Same as Figure 2 for the 19 events generating FZHW (yellow circles, first panel) and five events not generating FZHW (dark green circles, first panel) at sta-
tionMSC in the SE portion of the study area. None of these events produce FZHW at station SNO. The timewindow used in the particlemotion plots of direct P phases
has been decreased to 0.14 s to make the FZHW motion more visible. Velocity seismograms for stations MSC, SNO, FHO, DEV, and WWC are shown in Figure S2.

Geophysical Research Letters 10.1002/2016GL070774
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The moveouts observed in Figures 2 and 3 from events>45 km NW of SNO and>30 km SE of MSC and close
to the bottom of the seismogenic zone provide strong evidence of FZHW propagating along bimaterial
interfaces that extend to at least the depth of the deepest events. Due to the limited seismicity, these
interfaces are not sampled continuously at distances<45 kmNW and<30 km SE, respectively. However, they
can be inferred because FZHW propagate exclusively along bimaterial interfaces and would not be observed
at stations SNO and MSC in the absence of continuous interfaces between the generating events and
recording stations. Additional evidence for bimaterial interfaces is given by the horizontal particle motions
of the FZHW (red dots, Figures 2 and 3, second panels), which have large components in the fault-normal
directions [Bulut et al., 2012; Allam et al., 2014]. These are distinctly different from the particle motions of
the direct P phases following the FZHW or the P phases for nearby reference events with no FZHW (blue dots,
Figures 2 and 3, second panels). The FZHW and direct P waves do not have opposite polarity as expected for
strike-slip events. This can be explained by the diversity of focal mechanisms in the area [Bailey et al., 2010]
and/or by events that are slightly off the SAF on the side with slower seismic velocity.

The detection of FZHW at two neighboring stations on the opposite sides of the SAF/MCF implies the
existence of two distinct bimaterial interfaces with opposite sense of velocity contrast to the NW and SE from
SGP. This is supported by the 3-D velocity model based on joint tomographic inversion of body wave arrivals
and surface wave dispersion data of Fang et al. [2016]. The tomographic results for the region show (Figure 4)
slower seismic velocities SW of the SAF to the NW of station SNO, while to the SE of station MSC the slower
velocity rocks are NE of the SAF. Additional support is provided by geological mapping indicating that the
SAF separates to the NW of station SNO Mesozoic granite of the San Bernardino Mountains block in the NE
from Cenozoic to Mesozoic Pelona schist in the SW [Matti and Morton, 1993]. However, to the SE of station
MSC, Precambriam gneiss and schist in the NE are juxtaposed across the SAF with Mesozoic plutonic rocks
in the upper plate of the San Gabriel Mountains block [Matti and Morton, 1993] and Mesozoic granite of
the Peninsular Ranges block [Gutierrez et al., 2010] to the SW. The observation of FZHW at stations SNO
and MSC imply that these alternating rock bodies are bounded by sharp bimaterial interfaces with reversed
velocity contrast polarity.

4. Discussion

The FZHW detected and analyzed in this study (Figures 1–3) reveal two large-scale bimaterial interfaces that
extend to the bottom of the seismogenic zone and may form the spine of the SAF in the South-Central
Transverse Ranges (pink line in Figure 4). One interface extends continuously from station SNO to the NW
slightly beyond Cajon Pass and separates slower rocks SW of the SAF from faster block to the NE. The other
bimaterial interface extends continuously from station MSC to the Coachella Valley and has a velocity
contrast with opposite polarity. The reversal of the velocity contrast across the SAF in the area is associated
(Figure 4) with a relatively fast rock body that cuts across the SAF below SGP (and stations SNO andMSC). This
fast rock body broadly correlates with crystalline rocks that persist from the San Bernardino Mountains block

Figure 4. Events generating FZHW (black circles) recorded by stations (large triangles) SNO (NW events) and MSC (SE
events). Small triangles denote stations not recording FZHW. The locations are overlain on the mean P wave velocities
from the 3-D velocity model of Fang et al. [2016], averaged from 3 km (top of the seismogenic zone) to 10 km (median
depth of events generating FZHW). To the NW of station SNO the SW side of the SAF has slower seismic velocity, while to
the SE there is a reversal in the velocity contrast across the SAF. The pink line and arrows mark, respectively, surface
projections of the imaged bimaterial interfaces and preferred propagation direction of subshear ruptures.
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in the north through the upper plate of the San Gabriel Mountains block in SGP to the Peninsular Ranges
block in the south [Gutierrez et al., 2010]. The imaged bimaterial interfaces imply continuous fault sections
at depth despite the lack of continuous low-magnitude seismicity [Magistrale and Sanders, 1996; Carena
et al., 2004] and surface fault traces [Wesnousky, 2006]. The generation of FZHW from the easternmost events
with epicenters >5 km north of the SAF trace (Figure 3, first panel) supports inferences that the SAF in that
area is dipping to the NE [Dair and Cooke, 2009; Fuis et al., 2012; Lindsey and Fialko, 2013].

The observed FZHW combined with expected behavior of bimaterial ruptures [e.g.,Weertman, 1980; Ben-Zion
and Andrews, 1998; Ampuero and Ben-Zion, 2008] have important implications for large earthquakes on the
SAF in the South-Central Transverse Ranges. The velocity contrast to the NW of SGP suggests that typical
subshear earthquakes that start around station SNO tend to propagate along the SAF to the NW. This is
consistent with observed rock damage asymmetry across the Mojave section of the SAF [Dor et al., 2006]
and along-strike asymmetry of aftershocks on that fault section [Zaliapin and Ben-Zion, 2011]. The opposite
velocity contrast to the SE of SGP suggests that subshear earthquakes tend to propagate on that section
of the SAF to the SE. This is consistent with observed along-strike asymmetry of aftershocks [Zaliapin and
Ben-Zion, 2011] and small reversed-polarity deformation structures [Ben-Zion et al., 2012] on the southern
SAF. Occasional supershear ruptures on these sections would tend to propagate in the opposite directions.

The results also suggest that ruptures that enter the SGP area from either direction would likely be arrested
by the reversal of the velocity contrast they would encounter with continuing propagation. This is because
the reversal of the velocity contrast would increase the frictional strength due to the dynamic increase of
normal stress at the rupture tip. The SGP region is therefore not only a “geometrical knot” but also a
“dynamical knot” for earthquake ruptures. One possible scenario for a very large SAF earthquake is nucleation
between stations SNO and MSC that may lead to simultaneous ruptures on both bimaterial interfaces in the
opposite along-strike directions. It would be useful to substantiate the results of this work with additional
high-resolution seismological imaging of the South-Central Transverse Ranges section of the SAF and efforts
to obtain additional seismological and geological evidence on preferred rupture directions of earthquakes to
the NW and SE from SGP.
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