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Abstract Plate motions in Southern California have undergone a transition from compressional and
extensional regimes to a dominantly strike-slip regime in the Miocene. Strike-slip motion is most easily
accommodated on vertical faults, and major transform fault strands in the region are typically mapped as
near vertical on the surface. However, some previous work suggests that these faults have a dipping
geometry at depth. We analyze receiver function arrivals that vary harmonically with back azimuth at all
available broadband stations in the region. The results show a dominant signal from contrasts in dipping
foliation as well as dipping isotropic velocity contrasts from all crustal depths, including from the ductile
middle to lower crust. We interpret these receiver function observations as a dipping fault-parallel structural
fabric that is pervasive throughout the region. The strike of these structures and fabrics is parallel to that
of nearby fault surface traces. We also plot microseismicity on depth profiles perpendicular to major
strike-slip faults and find consistently NE dipping features in seismicity changing from near vertical (80-85°)
on the Elsinore Fault in the Peninsular Ranges to 60-65° slightly further inland on the San Jacinto Fault to
50-55° on the San Andreas Fault. Taken together, the dipping features in seismicity and in rock fabric
suggest that preexisting fabrics and faults may have acted as strain guides in the modern slip regime, with
reactivation and growth of strike-slip faults along northeast dipping fabrics both above and below the
brittle-ductile transition.

Plain Language Summary In Southern California, blocks of the Earth's crust move horizontally
past each other along the San Andreas Fault and other major faults. Simple mechanics concepts dictate
that such fault zones should be oriented vertically with depth. By looking at the locations of small
earthquakes along the fault zones and from imaging texture in the rock using seismograms, we instead find
that the fault zones tend to dip away from the vertical in the subsurface. They also parallel features and
rock fabric formed in previous geological events. We conclude that the geological history of a region can
control its deformation behavior in the present.

1. Introduction

The San Andreas Fault (SAF) is the main strand of the California plate boundary between the Pacific and
North American plates. In Central California, strike-slip motion is focused on the SAF, and observations
of deep seismicity and tremor in the lower crust suggest a vertical fault structure cutting through the entire
crust (Becken et al., 2011; Johnson et al., 2013; Nadeau & Dolenc, 2005; Ryberg et al., 2010; Shelly, 2017;
Shelly & Hardebeck, 2010). The fault geometry in Southern California is considerably more complex, with
a long restraining bend in the SAF south of which current strain is partitioned onto several major
strike-slip faults along with compressive and extensional structures associated with fault jogs. The main
additional active strike-slip faults south of the Big Bend in the SAF include the San Jacinto Fault (SJF)
and Elsinore Fault (EF) lying between the SAF and the coast to the southwest. The subsurface
geometry of strike-slip faults including the SAF is generally treated as vertical outside of fault bends
(e.g., Langenheim et al., 2005; Plesch et al., 2007), but recent work proposed dipping geometry at depth along
most of the SAF including straight sections in Southern California (Barak et al., 2015; Fuis et al., 2012, 2017;
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Qiu et al., 2019; Share et al., 2019) and for parts of the SJF (Ross et al., 2017), with all dips to the northeast
except for a SW dipping segment just south of the central SAF (Fuis et al., 2012).

Nonvertical geometries of strike-slip faults are of interest because ground shaking is increased on the hang-
ing wall compared to a vertical geometry (Fuis et al., 2017; Oglesby et al., 2000). Such geometries may
contain information on older fault networks that may influence present-day deformation behavior. They
also affect the interpretation of geodetic data (e.g., Dair & Cooke, 2009; Fattaruso et al., 2014; Fialko,
2006; Lindsey & Fialko, 2013), and geodetic studies have inferred nonvertical fault geometry of the south-
ern SAF with dip angles of 50° near the northern end of the Salton Sea, steepening somewhat to the south
(Tymofyeyeva et al., 2019; Tymofyeyeva & Fialko, 2018). Development of a nonvertical strike-slip fault has
previously been interpreted as recording the reactivation of a prior dipping thrust or normal fault
(Avouac et al., 2014; Sato et al., 2015). Dipping geometries on the SJF and EF have also been suggested as
a consequence of inheritance from the shallowly dipping Western Salton Detachment fault (Dorsey et al.,
2012; Mason et al., 2017). Inheritance of preexisting faults from past deformation regimes can influence the
evolution of faults that accommodate strain in response to a change in plate motion, here related to
subduction of an oceanic spreading ridge followed by an inboard jump of the transform system (Atwater
& Stock, 1998). Inheritance and reactivation can also be related to older rock fabrics or rheological bound-
aries such as the edges of batholiths. Dip on the SAF may be due to fault localization along the boundary of
a previously underthrust mafic Pacific plate under the North American plate in the region of the
San Gorgonio to Cajon Passes and southern SAF (Barak et al., 2015; Fuis et al., 2017). Wang et al.
(2020) found strong midcrustal negative radial surface wave anisotropy south of the SAF in Southern
California and attribute it to preexisting fabric with either steeply dipping schists or gently dipping
plagioclase-rich foliation.

An additional open question is how faults root and are connected between the brittle crust and the ductile
lower crust and lithospheric mantle. It is unknown whether major continental transform faults root into
localized subvertical shear zones, coalesce into wider regional-scale shear zones, or root into metamorphic
rock fabrics that accommodate a distribution of discretized shear zones (Bernard & Behr, 2017; Sibson,
1983; Titus et al., 2007) even though the latter is most likely an overly simplified end-member model. As
in the brittle case, if earlier strain led to fabric development in the ductile lithosphere, such inherited
ductile fabric may produce mechanical anisotropy and change the deformation response to applied stress.
It is unknown how much strain is required to reset plastic lithospheric fabric under a new stress field
(Vauchez et al., 2012). Ductile crustal and lithospheric fabric and shear zone geometry may in turn affect
how faults are loaded at brittle depths (e.g., Bourne et al., 1998; Dolan et al., 2007; England & Jackson,
1989; Montési, 2004; Roy & Royden, 2000a, 2000b; Platt & Becker, 2010). Fault geometries near the
brittle-ductile transition and deformation fabric at ductile depths are therefore of particular interest.

Our goal in this study is to investigate the geometry of faults and of shear zones and rock fabric below faults
in Southern California using two types of data. The first data set consists of azimuthally varying arrivals in
receiver functions that are generated from contrasts in dipping shear fabric or dipping isotropic interfaces
(section 2). Previous anisotropic receiver function work focused on the lower crust (Porter et al., 2011)
and on integrated shear fabric throughout the crust and uppermost mantle (Schulte-Pelkum & Mahan,
2014a) at a selected number of permanent stations. We present depth-dependent results throughout the
lithosphere at all available permanent and temporary broadband stations. The second data set is the
waveform-based, relocated Southern California catalog of earthquakes for 1981-2017 by Hauksson et al.
(2012). We plot profiles showing the fine structure of seismicity across major fault strands and near the
brittle-ductile transition in section 2. We synthesize the findings from seismicity and receiver function
anisotropy in terms of tectonics, geodynamic memory, and the influence of geological history on
present-day deformation via inheritance of faults and fabrics in section 4.

2. Receiver Function Arrivals From Anisotropic and Dipping Contrasts

Previous work using receiver functions in Southern California based on a sparser subset of stations sug-
gested dipping foliation in the lower crust (Porter et al., 2011) and in the entire lithosphere (Schulte-
Pelkum & Mahan, 2014a). If present-day strike-slip motion controls lithospheric fabric, one might expect
vertical faults and vertical shear planes in this region rather than dipping ones. It is possible that thin
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Figure 1. Map of stations in the EarthScope Transportable Array (white
triangles) where the A,-periodic azimuthal signal from anisotropy
exceeds (black bars) or does exceed (triangle without bars) 10% of the
receiver function amplitude. Black bars are fast and slow orientations
averaged axially over the parts of the signal exceeding 10%. Red lines are
physiographic province boundaries. Blue lines show extents of

later figures. RBR: Rocky Mountain Basin and Range; SRP: Snake River
Plain; NBR: Northern Basin and Range; SN: Sierra Nevada; CP: Colorado
Plateau; CC: Central California; GF: Garlock Fault; SBR: Southern

Basin and Range; SC: Southern California. Analysis details in
Schulte-Pelkum and Mahan (2014a).

vertical shear zones below the resolution limit of receiver functions (i.e.,
<1km) cut through inherited fabric, but an explanation of why fault
strikes are parallel to strikes of imaged dipping fabric is still necessary.
Crustal layers with vertical foliation or horizontal lineation generate
receiver function arrivals with 7z-periodic polarity (second azimuthal
harmonic, A,) changes in back azimuth (Brownlee et al., 2017; Levin
& Park, 1998). In surface wave studies, such fabric is referred to as hav-
ing azimuthal anisotropy (e.g. Lin, Ritzwoller, et al., 2011). Figure 1 dis-
plays which stations in the EarthScope Transportable Array show at
least one A,-periodic arrival with an amplitude exceeding 10% horizon-
tal to vertical amplitude ratio within the first 8 s (lithospheric depths),
requiring a lithospheric layer with strong vertical foliation or horizontal
lineation (Schulte-Pelkum & Mahan, 2014a). A strong A, signal is
plotted as a station with a cross. The cross bars denote the fast and slow
orientation of anisotropy averaged over depths exceeding 10% signal
amplitude—fast versus slow orientations are degenerate in this analysis
unless additional assumptions are made. The A, signal dominates in the
Northern Basin and Range and the coastal ranges of Central California,
while it is weak (stations without crosses) in the Snake River Plain, the
Colorado Plateau, the Southern Basin and Range, and the Sierra Nevada
(Figure 1). Since the transform plate boundary runs through Southern
California into the Central California coastal ranges, it is surprising that
Southern California shows a weaker azimuthal anisotropy signal than
the latter region. Previous studies (Porter et al., 2011; Schulte-Pelkum
& Mahan, 2014a) also suggest dominant dipping rather than vertical
foliation in Southern California. In the present study, we analyze all
available permanent and temporary stations from 2004-2017, forming
a denser data set, for signatures of contrasts in dipping foliation and dip-
ping isotropic contrasts in receiver functions.

2.1. Receiver Function Sensitivity to Anisotropic and
Dipping Contrasts

Seismic anisotropy is expressed in receiver functions in two fundamen-

tally different ways. One is the splitting of an S arrival after conversion from P; the most commonly used
is the P-to-S conversion from the Moho. We do not apply this method here, as it only provides an integrated
measure of anisotropy over the travel path; it is therefore unlikely to accurately measure anisotropy
from shear zones with limited thickness and may also not provide an accurate measure of bulk crustal
anisotropy because of arrivals from thin anisotropic layers masquerading as bulk volume splitting (Liu &

Park, 2017).

A more appropriate method in the presence of intracrustal anisotropic structure uses the azimuthally vary-
ing conversion from a contrast in anisotropy (Figure 2). A contrast in anisotropy of about 3% or a change in
foliation orientation are sufficient to generate large-amplitude arrivals comparable to those from an average
isotropic Moho contrast (Schulte-Pelkum & Mahan, 2014b). The conversions from such a contrast display
characteristic polarity reversals with back azimuth on transverse as well as radial components (Jones &
Phinney, 1998; Park & Levin, 2016; Savage, 1998; Schulte-Pelkum & Mahan, 2014b). The depth of such a
contrast is given by the arrival time of the conversion in the receiver function (Figure 2), giving this method
depth resolution, unlike splitting methods. Thin shear layers can also be resolved as long as conversions
from the top and bottom of the layer are separated by close to a pulse width of the receiver function (usually
2-3 km thickness for receiver functions calculated at 1 Hz or higher). In many previous studies, arrivals are
modeled directly to arrive at a usually nonunique model of anisotropy (Ozacar & Zandt, 2009; Porter et al.,
2011; Vergne et al., 2003; Zandt et al., 2004). However, the harmonic behavior can be exploited directly
(without forward modeling) to systematically separate signal from azimuthal anisotropy (horizontal symme-
try axis) in the 7-periodic amplitude component (A,) and dipping foliation (plunging symmetry axis) in the

SCHULTE-PELKUM ET AL.

30f 15



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB019525

(a) " (b)
polarizy 3\& -;+ _;_,_
+ ':4{;, - layer 1 slow] PR
i top & axisl/||Z 2 B 2 A
ndepths RN XX x|/ [layer slow
contrast 1 *‘ AR bottom axis
anisotropy - }4. _;.,.
(!
contrast 2 Tayer ! fast| N7 7 & 7 #
top 4 axis IdI477
N XX N Y /|layer fast
N N N N ©\|/ [bottom  axis

) fast plane slow

ane
slow fast

axis axis

Figure 2. Illustration of sensitivity of receiver function to deformation-related structures in the lithosphere.
(a) Horizontal layer with anisotropy (dipping foliation with fast Vp planes shown as wavy lines) embedded in isotropic
layer with same average velocity (no isotropic velocity contrast). Receiver functions from different back azimuths at
station (yellow triangle) show two arrivals with opposite polarity (+ and — signs) indicating foliation strike shown as
black bar, one at a delay time corresponding to the depth of the blue contrast (blue dashed arrow), another from
depth of the red contrast (red dashed arrow). (b) Illustration of tradeoffs between sense of foliation dip, anisotropic
symmetry (fast- or slow-axis symmetry approximation), and whether an arrival is generated at the top or bottom of a
layer with stronger anisotropy, with pattern symbols explained in (f). All four cases generate the same polarity
reversal pattern (+ positive, — negative conversion amplitude). (c) Dipping interface with contrast in isotropic

Vs; black bar is strike registered at station; depth of red interface below station is found via delay time as in the
anisotropic case. (d) Conceptual tectonic sketch after Fossen and Cavalcante (2017) and Harms et al. (2004)

showing a composite of cases (a) and (b) within a compressional setting: Isotropic contrasts across faults

(black lines), localized shear zone (beige), and distributed shear fabric (purple), with strike of these features

picked up by receiver functions at station (yellow) from several depths; dashed lines show receiver

function sampling cone. (e) Illustration of tradeoff in dip sense in the isotropic contrast case; this

case generates the same polarity pattern as Case (c). (f) Explanation of symbols used in (b).

2m-symmetric component (4,.Bianchi et al., 2008, 2010; Brownlee et al., 2017; Liu & Park, 2017; Long et al.,
2017; Schulte-Pelkum & Mahan, 2014a). Some studies focus on azimuthal anisotropy using the A,
component because of an argument that the A; component is also sensitive to dipping isotropic contrasts
(Savage, 1998). However, the sensitivity to plunging axis anisotropy is much higher than for horizontal
axis anisotropy (Park & Levin, 2016; Schulte-Pelkum & Mahan, 2014a). The method used here solves for
strike of a dipping isotropic contrast or strike of the plane perpendicular to the symmetry axis of
anisotropy, whether that is a slow or fast axis (Figure 2). This strike and the depth of the contrast in
velocity or anisotropy are the most robust observables (Schulte-Pelkum & Mahan, 2014a, 2014b). The
sense of dip trades off with whether the anisotropy is best approximated by a fast or slow symmetry axis,
and if the stronger anisotropy is above or below the interface (Figure 2). The amplitude of the A; arrival
depends on the strength of the anisotropic or isotropic contrast as well as on the plunge of the symmetry
axis or the isotropic contrast dip, with intermediate foliation dips generating larger conversion amplitudes
than subhorizontal or subvertical foliation in the anisotropic case (Brownlee et al., 2017).

Figure 2 illustrates how strikes of dipping contrasts separating isotropic layers and of shear fabric foliation
resulting from geological deformation processes are similar in orientation, such that the distinction between
the two cases is secondary and is not made in this study.
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Figure 3. Receiver function analysis for example station LPC near Cajon Pass (Figure 4, bottom right). (a) Radial receiver
functions binned by back azimuth after slowness correction; number of events per bin on the right of each trace.
Amplitudes are non-normalized, same scale for all subplots. No azimuthal smoothing is applied. Trace on top is average
over all azimuthal bins, Ry. (b) Same as (a), but transverse component. (c) Radial component after Ry was subtracted
from each bin trace. (d) Transverse component after shifting traces by 90° in back azimuth. (e) Traces from c and d
stacked together. Moving window harmonic analysis to determine amplitude and phase of first azimuthal harmonic
Aj is applied to this set (A, amplitude shown below in g). Green dots show strike of foliation inferred from maximum
arrival, which parallels the SAF trace near the station (Figure 4). Black circles mark strikes of other maxima.

(f) Geological cross section simplified from Forand et al. (2018) (profile location in Figure 4), based on

Cajon Pass borehole (CP) samples, surface geology, and shallow reflection work. Blue line is borehole,

dashed lines are inferred faults, and thin dashed lines metamorphic fabric; three alternative proposed

dips were drawn by Forand et al. (2018) for SAF. CTF: Cucamonga Thrust Fault; PF: Punchbowl

Fault; CF: Cleghorn Fault. (g) A; amplitude and 95% confidence interval on same time scale as (e).

2.2. Data and Analysis

We analyze broadband data from stations of the USArray, Southern California Seismic Network (SCSN), and
Anza (Vernon, 1982) networks for the years 2004-2017, as well as from the 1997-1998 LARSE II experiment
(Davis, 1998; Murphy et al., 2010; Zhu, 2002) and 2011 Salton Seismic Imaging Project (Barak et al., 2015;
Klemperer, 2011). In order to maximize azimuthal coverage, we calculate receiver functions for P and Py
arrivals from 30-150° epicentral distance for all events with magnitude 5.0 and larger and apply an auto-
mated selection and quality control process (Schulte-Pelkum & Mahan, 2014a). From all events, we retain
amean of 6% of radial and 3% of the transverse component receiver functions with high signal-to-noise ratios
and stable deconvolutions. We use the time domain algorithm by Ligorria and Ammon (1999) and a
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Figure 4. Map showing results for largest A, arrival at each station (white dot). See Figure 1 for location. Bar orientation
shows the strike of dipping foliation or dipping isotropic interface, length varies with amplitude of the arrival, and color
indicates depth of the converting contrast. Shading is relief, faults from SCEC CFM-5.2 (Plesch et al., 2007) in black.
White outlines are magnified in lower maps. Circular insets are azimuthal histograms of strikes of the bars displayed
in each corresponding map (bars on map are shown as axial orientations, while histograms show sense of strike

using the right hand rule, e.g., NW strike implies dip to NE). Numbers in histograms show number of stations

in each azimuthal bin. Note the predominance of NW strikes in overall area and in southern SAF-SJFZ-Elsinore

Fault area (bottom right) and west strikes in the Transverse Ranges (bottom left). Strikes derived from our

analysis are generally parallel those of nearby surface faults (histograms). Lower right map shows location

of profile, borehole, and station in Figure 3, as well as station names for stations shown in Figures 6 and 7.

Gaussian filter factor of 3. Details of the processing and quality control methods are as in Schulte-Pelkum
and Mahan (2014a).

The harmonic behavior is described in Schulte-Pelkum and Mahan (2014b) and the analysis method in
Schulte-Pelkum and Mahan (2014a); we summarize it briefly here using station LPC near Cajon Pass as an
example (Figure 3). After calculating radial and transverse component receiver functions, we apply slowness
corrections so that the arrival times correspond to vertical incidence and amplitudes to a common incidence
angle (Jones & Phinney, 1998). We then stack radial and transverse components separately in azimuthal 10°
bins (Figures 3a and 3b). The radial component is a superposition of the isotropic flat-layered signal (termed
Ry) that has no variation with back azimuth plus an azimuthally varying portion. We calculate the average
radial receiver function over all bins as a proxy for R, and subtract it from each bin, so that the
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azimuthally varying signal remains (R — Ry; Figure 3c). Assuming hexago-
nal symmetry (usually valid for crustal materials; Brownlee et al., 2017), in
the case of plunging axis anisotropy the R — R, component will be the same
as the transverse component (7)) shifted by 90° clockwise in back azimuth
(¢ —90°) as shown in Figure 3d; in the horizontal symmetry axis case, the
azimuthal shift is 45° (Levin & Park, 1998; Schulte-Pelkum & Mahan,
2014a). To find the plunging axis anisotropy and isotropic dip signal, we
stack R— Ry and T(¢ —90°) together in back azimuthal bins (Figure 3e).
For all stations with azimuthal gaps smaller than 90°, we apply a moving
window of 0.25s length and solve for the first azimuthal harmonic in

= TN 3
< ~ \ % O - E
\k\\ RR QS ; amplitude for each time window to obtain an A; signal amplitude and
strike uncert \ \

phase (Figures 3e and 3g). The phase of an amplitude peak is perpendicu-
lar to the strike of the dipping foliation contrast or dipping isotropic inter-

-120°

-118°

_116«. ] 114 face (Schulte-Pelkum & Mahan, 2014b, 2014a). The depth of the contrast is
obtained by scaling the arrival time in the receiver function to depth using

Figure 5. Same as Figure 4, except here color shows amplitude uncertainty 4 Vp and Vs model between the converter and station.
based on bootstrap estimation, expressed as percent of the amplitude at
each station. Strike uncertainty from bootstrapping is shown as thin In this study, we use the 3-D Southern California Earthquake Center

gray lines (smaller than width of arrows for most stations). (SCEC) Community Velocity Model CFM-H (Shaw et al., 2015). The lar-

gest amplitude arrival at station LPC is at 1.6s, with an amplitude of
0.2. Amplitudes in time domain receiver functions are absolute ratios of horizontal to vertical component
amplitude, and 0.2-0.3 is the range of a strong Moho arrival amplitude. The strike of this arrival is 114°
(green dots in Figure 3e), parallel to the strike of the SAF beneath the station (Figure 4c). The delay time
of 1.6 s results in a depth of the contrast of 12.1 km when migrated with the 3-D velocity model profile at
the station location. Figure 3f shows a simplified geological cross section (Forand et al., 2018) based on sam-
ples from the nearby Cajon Pass borehole (Figure 4c), surface geology, and shallow active source reflection
results. The profile shows pervasive NE dipping structures. A contrast at 12 km beneath the station may be
the downdip extension of the SIF Zone (SJFZ) if the latter has a listric geometry, or possibly connect to a
range-bounding thrust fault further southwest (Figure 3f). Other arrivals are less prominent in amplitude
(Figure 3g; delay time and strike marked as black circles in Figure 3e) and correspond to depths of 0.5,
30.5, and 70 km, with similar strikes. We focus on the largest arrival at each station as the best determined
signal for the remainder of this paper.

2.3. Receiver Function Results

The amplitude, depth, and strike orientation of inferred foliation or dip from the largest arrival at each sta-
tion are shown in Figure 4 on a map of the entire study area and two magnified subregions, along with azi-
muthal histograms of the strikes in each map region. NW strikes dominate the set from the entire area.
Given the tradeoffs illustrated in Figure 2, additional assumptions are needed to infer the dominant dip
sense. If we assume the signal is from either the top of a layer with dipping foliation with slow symmetry axis
(Figure 2a), for instance, a schist or gneiss layer (Brownlee et al., 2017), or a dipping slow-over-fast isotropic
interface (Figure 2c), then a NW strike would imply a foliation or isotropic contrast dip down to the NE.
Larger amplitudes imply a stronger foliation or isotropic velocity contrast but can also be due to intermediate
foliation dip angles, which generate conversions with larger amplitudes than those from contrast with sub-
horizontal or near-vertical foliation (Brownlee et al., 2017). The dominant NW-SE strike mirrors that of the
dominant fault orientation, in particular that of the major transform faults in the region. In the Transverse
Ranges (Figure 4, bottom left), fault orientations and receiver functions strikes rotate to E-W. In this region,
an assumption of arrivals from the top of a layer with dipping foliation or a slow-over-fast isotropic contrast
implies dips to the north, consistent with the geometry of thrust faulting located in the area. In the entire
study region, the depths of the contrasts resulting in the largest A; arrival at each station are distributed
throughout the lithosphere. No systematic changes of strike with depth are apparent.

Figure 5 shows the uncertainty in A; amplitude and strike based on bootstrap estimates. Bootstrapping is
performed by eliminating azimuthal bins in separate 100 random instances before fitting the A; harmonic
in each moving window. Azimuthal bin averages rather than individual receiver functions are eliminated
to avoid undue weighting of densely sampled back azimuths. The amplitude uncertainty is given as the
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Figure 6. Map of epicenters and seismicity profile locations. Dots are
epicenters in SCSN 1981-2017 catalog; color shows hypocenter depth.
Relief in gray shade; black lines are fault surface traces from SCEC5
Community Fault Model (CFM; Plesch et al., 2007). Map area is marked in
Figure 1 for wider regional context. Blue lines marked A-F are locations of
cross-fault depth seismicity profiles in Figure 7. White open triangles are
stations named in Figure 4 and shown in Figure 7.

95% confidence interval, corresponding to two standard deviations if the
distribution is normal. The strike uncertainty is given as the standard
error of the strike in the bootstrapped distribution using circular statistics.

Strike uncertainties are small enough that they plot within the strike
arrow for all but a few stations (Figure 5). Amplitude uncertainties vary
widely and are higher for temporary stations with poorer azimuthal cover-
age. However, the similarity of inferred strikes between neighboring sta-
tions with smaller and larger nominal uncertainty, for instance, in the
temporary more densely sampled linear experiments (e.g., the Salton
Sea line in the southern part of the study area), suggests that the uncer-
tainties calculated may be unduly pessimistic. We conclude that the recei-
ver functions suggest dominant dipping fabric that is pervasive
geographically and throughout the lithosphere in depth, with foliation
or dip strikes largely parallel to currently active strike-slip and older inac-
tive thrust or active faults.

3. Seismicity Profiles

We compare fault structures as illuminated by microseismicity to the dip-
ping structural fabric imaged at depth using receiver functions by plotting
hypocenters on depth profiles perpendicular to major transform faults.
We use the entire relocated seismicity catalog of Hauksson et al. (2012),
extended to the end of 2017. Figure 6 shows the geographic locations of
the earthquakes and of seismicity depth profiles. This analysis covers

the southern part of the study area that is dominated by strike-slip faulting, extending just into the Big
Bend area to the north that includes thrust components Yang and Hauksson (2013) for the northernmost
profile A-A'. Figure 6 displays prominent geographic trends in the depth of seismicity. The maximum earth-
quake depth gradually shallows from 20 km at the northwestern end near the San Jacinto mountains, to 10
km at the southeastern end south of the Salton Sea (supporting information Figure S1). This pattern defines
the brittle-ductile transition, predominantly due to geothermal gradient changes along the profile (Doser &
Kanamori, 1986), although other influences on rheology such as composition and fluid content are also
likely (e.g., Burgmann & Dresen, 2008; Hauksson & Meier, 2019; Shinevar et al., 2018).

To better understand the geometry of seismicity across the primary fault zones within the Southern
California plate boundary area, we examine a set of seismicity profiles roughly perpendicular to the SAF,
SJF, and EF. Figure 7a shows a depth profile of seismicity along the southern SAF (SSAF) using the 1981-
2017 SCSN catalog (top panel) and 2008-2017 QTM catalog (bottom panel). Relocations for the two catalogs
were done independently using different methods and velocity models. The SCSN catalog (Hauksson et al.,
2012) features a longer time span and captures some areas that were quiescent in 2008-2017, while the QTM
catalog (Ross et al., 2019) covers a shorter time span but contains magnitudes down to much smaller values
(nearly complete for events of magnitude above 0.3, compared to above 1.7 for the SCSN catalog). The ver-
tical projections of the surface traces of the Banning and Mission Creek strands of the SSAF are denoted by
the red dashed lines in Figure 7a. Green dashed lines show the average dip of the fault segments according to
the SCEC CFM5.2 model. There is a clear northeast dipping structure to the seismicity, with dip values
approximately 50-55° over the entire length of the profile. Fuis et al. (2017) argue based on this information
and various other data sets and observations that the SSAF in this area as a whole dips 50-60° to the north-
east. In addition to these observations, there is a broad area of microseismicity spanning about 15 km along
the profile. A notable feature of this seismicity structure is that it is asymmetric across the fault. The QTM
catalog shows more fine structure as expected from the lower magnitude threshold, while the SCSN catalog
shows a planar dipping feature predating the QTM catalog in the northeastern portion of the profile. Station
MSC is atop this feature and shows its largest A1 arrival from the bottom of the planar cluster, with a strike
similar to that of the southern Banning strand (Figures 7 and 4).

Moving further to the southeast along the SSAF, Figure 7b shows a depth section which also exhibits a north-
east dipping structure to the seismicity. Here, the seismicity is sparse but still exhibits a dip that projects
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toward the surface trace of the fault. Figures S2 and S3 show additional densely spaced profiles that provides
further evidence for this feature. Similar features were reported in Lin, Shearer, et al. (2007). Nearby stations
show maximum A1 arrivals from depths and positions in line with the surface fault trace and the dip sug-
gested by seismicity seen in the depth profile (Figure 7b), with strikes paralleling surface fault strike
(Figures 4 and 6). A dip is also consistent with observations of head waves propagating along a dipping bima-
terial fault in the region (Share & Ben-Zion, 2016). Here, the fault system has a slightly steeper dip than along
profile A-A’, and while the seismicity is shallower overall, the distributed seismicity here is fully on the
northeast side of the SSAF. A NE dipping SAF was inferred at this location and south along the Salton
Sea by Barak et al. (2015) using surface wave tomography.

Next, we move to the SJFZ, which is located to the southwest of the SSAF. Figure 7c contains a seismicity
profile (3) across the Clark strand of the SJFZ through the Hot Springs segment. In this area, the event loca-
tions also define northeast dipping planes; however, they dip about 65-70°, compared with the dips of 50—
60° observed for the seismicity on the SSAF. The band of seismicity flattens progressively from 12 to 17
km depth, to a greater extent than that in profile Figure 7a. Receiver function maximum arrivals from nearby
stations bracket dipping seismicity features in depth Figure 7b, with strikes paralleling that of the fault trace.

The dipping pattern is also apparent in the complex trifurcation area of the SJFZ, which is located about 40
km to the southeast (Figure 7d). This area was studied in detail by Ross et al. (2017), who noted that in addi-
tion to the seismicity, the focal mechanisms at depth showed planes dipping about 70° to the northeast. They
further suggested that the SJFZ transitions from dipping to near vertical above around 8 km depth based on
the relative positions of the surface traces of the main faults and steeper focal mechanism and seismicity dips
in the shallow structure. As with the SSAF, the bulk of the seismicity in these areas of the SIFZ is also pre-
dominantly located on the northeast side of the surface trace of the fault. The only nearby station shows a
fault-parallel strike of its maximum A1 arrival with a depth shallower than the bulk of seismicity, to the
northeast of the surface traces. Miocene age structures that are part of the Colorado River extensional corri-
dor (Shirvell et al., 2009) formed low-angle, east rooting normal faults. One such fault is the Western Salton
Detachment (Mason et al., 2017) that is offset by the SAF, STFZ, and the EF from north to south (Dorsey et al.,
2012). Mason et al. (2017) propose a transition from NE dipping shallow normal faulting to more steeply NE
dipping strike-slip motion in the Pleistocene (8 Ma). Preexisting extensional structures may therefore act as
strain guides during subsequent strike-slip faulting.

Finally, we examine two profiles across the EF zone (EFZ). While the EFZ has notably less seismicity than
the other two faults, the same type of analysis is still possible. Figures 7e and 7f show seismicity profiles
across the EFZ, which both indicate damage zones containing smaller cracks and faults northeast of the sur-
face fault trace. Figure 7e shows features dipping about 80-85° to the northeast. A nearby station shows a
maximum Al arrival below seismogenic depths, with a strike parallel to that of the main fault trace to the
southeast. Figure 7f shows features dipping from vertical to 85° in addition to a subhorizontal to shallowly
NE dipping feature at 3-4 km depth. Nearby stations are to the southwest of the surface fault traces and show
a shallow Al maximum arrival with fault-aligned strike at one station, as well as a deep arrival with misa-
ligned strike at another station, both away from the main clusters of seismicity. In both profiles, the damage
zone and seismicity are asymmetric to the northeast of the surface trace of the fault. The shallowly dipping
feature from 3-4 km depth in Profile F matches the position of the Western Salton Detachment fault shown
by Dorsey et al. (2012). As in the case of the SJFZ, Dorsey et al. (2012) suggest a NE dip on the EFZ consistent
with synthetic normal faults in the hanging wall of the top-to-the-east Western Salton Detachment system.

The dipping features are unlikely to be artifacts of the relocation procedure because the fabric of the seismi-
city exhibits these patterns over several different length scales and in both catalogs. These include narrow
zones of activity that are relatively isolated, as well as more distributed damage zones that collectively define
a persistent dipping pattern. While the relocation procedure performs a cluster analysis to identify which
events to group together for relocation, there is no reason that the final locations should collapse to highly
localized seismicity structures. Neither of the relocation methods impose planar features, which gives con-
fidence to the results. The observations are furthermore generally consistent with regional focal
mechanisms.

To summarize these results, all three of the major transform fault systems in Southern California exhibit nar-
row planar features of seismicity that dip to the northeast. The dip of each system progressively steepens

SCHULTE-PELKUM ET AL.

10 of 15



Ay

NI Journal of Geophysical Research: Solid Earth 10.1029/2020JB019525

ADVANCING EARTH
AND SPACE SCIENCE

from about 50° in the northeast to about 80° in the southwest. This steepening may also occur toward the
southeast, but the evidence for this is weaker from the seismicity. In addition, the damage zones that host
these earthquakes are all strongly asymmetric across each fault system, with most of the earthquakes occur-
ring on the northeast side. Together, these patterns consistently suggest that the observations are related to a
regional pattern. Preexisting NE dipping extensional structures may have influenced the development of
northeast dip on strike-slip faults (Dorsey et al., 2012; Mason et al., 2017; Shirvell et al., 2009).

4. Discussion: The Importance of Fault and Fabric Reactivation and Inheritance

The current tectonic regime in Southern California is one of transform motion on the plate boundary and
regional N-S compressive stress (Heidbach et al., 2016; Kreemer et al., 2014; Yang & Hauksson, 2013).
Thrust faulting in response to shortening across the Big Bend in the SAF occurs in the Western
Transverse Ranges (Figure 4, bottom left) past the area of Profile A to Cajon Pass (Figure 6). In other areas,
strike-slip faulting dominates (Yang & Hauksson, 2013). The maximum compressive stress in the crust is
generally N-S with some regional variations and rotations with depth (Abolfathian et al., 2019, 2020). This
suggests that microcracks in the brittle upper crust (above crack closure depths) would be expected to gen-
erally align N-S, parallel to the maximum compressive stress. Li and Peng (2017) analyzed shear wave split-
ting from local events within the seismogenic portion in the crust in Southern California. They found large
deviations between the orientation of maximum compressive stress and the observed fast polarization orien-
tation, with the latter rotating to fault-parallel along large parts of the SAF, regions between the SJFZ and
EF, the Western Transverse Ranges, and other areas. Li and Peng (2017) concluded that the signal from
present-day compression was affected by older structural features generating anisotropy.

Our results extend previous observations in two aspects. First, the fault-parallel anisotropy is not limited to
the seismogenic crust but extends through all lithospheric depths (Figure 4). Similar to the systematic align-
ment parallel to faults seen in the shallow crust by Li and Peng (2017), fault-parallel foliation and contrasts
are not limited to the vicinity of major faults but appear pervasive through the entire region. Second, rather
than finding vertical foliation or horizontal lineation (i.e., an A, signal) and vertical fault traces and bound-
aries as one may expect with Andersonian mechanics under transform deformation, our results show domi-
nant dipping fabric, material contrasts, and faults throughout the region. The strikes of the dominant fabric
vary along with the fault strike in each subregion. Various subregions in Southern California have under-
gone rotation and translation and can be identified as blocks based on this kinematic history as in Porter et al.
(2011). For instance, the rotated Western Transverse Ranges block (Figure 4, bottom left) shows E-W
oriented faults and imaged strikes (Figure 4, bottom left strike histogram) compared to NW-SE strikes in
the rest of the area. Additionally, we note that fault-parallel fabrics are present in blocks currently thought
to be nondeforming based on geodesy (e.g., Kreemer et al., 2014), such as in the Peninsular Ranges near the
international border with Baja California. We interpret these observations as indicating that Southern
California contains a regional fabric. The regional fabric includes aligned shear zones and contrasts between
isotropic bodies, that is, a regional-scale tectonic grain that is likely formed by older dipping fabrics related to
earlier episodes of compressional or extensional tectonics as well as the present-day region-wide deforma-
tion regime.

Much like the small-scale examples of inherited fabric and reactivation discussed by Dorsey et al. (2012) and
Mason et al. (2017) in the case of the EF and SJF influenced by the Western Salton Detachment Fault, pre-
existing fabric, fault structures, and shear zones from previous compressional and extensional regimes likely
affect the development and geometry of present-day transform faults across the region. Exhumed shear
zones in the area show evidence for reactivation of Mesozoic thrusts in Cenozoic normal faulting in
California and elsewhere (Goodwin & Wenk, 1995; Todd et al., 1988). Langenheim et al. (2004) propose that
the geometry and path of the present-day SJF was dictated by a preexisting physical property contrast and
that earthquakes on the fault continue to nucleate along this discontinuity. Detailed seismic imaging studies
show that the main strike-slip faults in Southern California are associated with prominent lithology con-
trasts (e.g., Fang et al., 2016; Qiu et al., 2019; Share & Ben-Zion, 2016, 2018; Share et al., 2019). Here, we take
this concept of inheritance further and propose that the Southern California region contains a pervasive rock
fabric throughout the lithosphere. Present-day faults and deformation align along strikes dictated by this
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(a) subduction/compression (b) reactivation in extension, onset of transform motion
formation of thrust shear fabric

(c¢) dominant transform regime with reactivation

Figure 8. Conceptual illustration of the dominance of inherited structures and fabric on present-day tectonic fabric in
Southern California. (a) Compressional regime during Farallon subduction (some reactivation of Mesozoic thrusts in
extension). (b) Reactivation of compressional structures during extension; exhumation of some shear zones and deeper
units; onset of transform deformation. (c) Dominant transform regime with dipping structures and fabric from the
inherited compressional and extensional geometries. Location, strike, and dip of active structures in each regime are
influenced by inherited prior structures and fabric.

inherited fabric, leading to geometries such as dipping strike-slip faults that would be energetically unfavor-
able in an isotropic homogeneous medium.

Figure 8 illustrates this concept with a loose tie to previous tectonic states and ages. A long history of short-
ening in the Mesozoic generated NE dipping thrust fabric and faults (Figure 8a). Thrusts were then over-
printed and possibly reactivated during Miocene extension as normal faults (Goodwin & Wenk, 1995;
Todd et al., 1988; Figure 8b). Late Miocene initiation of transform motion exploited the same NW-SW strik-
ing features and fabric, leading to dipping strike-slip fault structures paralleling the inherited fabric
(Figure 8c). We propose that present-day faulting and deformation are thus affected by inherited structure.
This observation has broad implications on the modeling and interpretation of present-day continental litho-
spheric deformation, faulting, and fault loading. To treat these processes accurately, it may be necessary to
not only consider present-day stress but also take into account preexisting faults and rock fabric from past
deformation. The pervasive nature of such fabric in Southern California implies that rather than considering
individual shear zones, it may be sufficient to impose a preferential fabric (i.e., anisotropy of viscosity) when
modeling deformation processes on a lithospheric scale. More sophisticated models should also explore the
effect of major rheological boundaries associated with the Peninsular Ranges batholith and the Orocopia,
Pelona, and Rand schists.

5. Conclusions

We analyzed receiver functions for conversions from contrasts in dipping foliation and from dipping isotro-
pic interfaces and found such contrasts to be pervasive through lithospheric depths and laterally pervasive in
Southern California. The strike of dipping fabric and contrasts tends to parallel that of surface faults.
Seismicity profiles perpendicular to major transform faults show dipping features, with dips as well as
damage zones preferentially to the northeast. The results are consistent with tomographic and fault zone
head wave imaging studies.

If deformation in the lithosphere was controlled by present-day processes, and if inherited fabric was reset,
one may expect vertical strike-slip faults and deformation fabric to be more developed in the immediate

SCHULTE-PELKUM ET AL.

12 of 15



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB019525

Acknowledgments

IRIS Data Services are funded through
the Seismological Facilities for the
Advancement of Geoscience and
EarthScope (SAGE) Proposal of the
National Science Foundation (NSF)
under Cooperative Agreement EAR-
1261681. The SCEDC and SCSN are
funded through U.S. Geological Survey
Grant G10 AP00091. This research was
funded by NSF Grants EAR 1927246,
1735890, 1251193, and 1841315, and by
Southern California Earthquake Center
(SCEC) Grant 17097 (based on NSF
Cooperative Agreement EAR-0529922
and USGS Cooperative Agreement
07HQAGO0008). We thank P. Share for
extracting 3-D velocity models, S.
Marshall for providing fault summary
data for the SCEC CFM-5.2 fault model,
K. Mahan and M. Frothingham for
discussions, and C. Condit for a basic
sketch used in Figure 8. Comments by
Editor I. Manighetti and two
anonymous reviewers helped improve
the paper significantly.

vicinity of faults. We observe pervasive fabric that is not concentrated around faults and consistently dips to
the northeast despite present-day dominant strike-slip deformation where shear would be assumed to be
oriented along vertical planes were it not for older fabrics. Taken together with local geological reconstruc-
tions and other observations showing reactivation of inherited deformation features, we propose that
present-day deformation in the brittle crust is partly controlled by older faults and inherited structures,
and strain in the lower crust and uppermost mantle in modern transcurrent tectonics is also affected by
regional lithospheric fabrics inherited from past deformation episodes.
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(https://doi.org/10.7914/SN/XD_2011) experiments. Data were retrieved via SOD (Owens et al., 2004).
Seismicity catalogs are available at https://service.scedc.caltech.edu/eq-catalogs/date_mag_loc.php for the
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