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ARTICLE INFO ABSTRACT

Edited by Dr H Thybo To investigate the spatial and temporal variations of seismic azimuthal anisotropy in the vicinity of the conjugate
fault network activated by the 4 July 2019 (UTC) M6.4 foreshock and the 6 July 2019 M7.1 mainshock in
Ridgecrest, California, a total of 1,470 shear wave splitting measurements were obtained from local events
recorded by five seismic stations over the period of July 2019 to January 2020. The results suggest a strong
asymmetry in anisotropy forming mechanisms across the NW-SE striking Eastern Little Lake Fault, which is the
main fault of the area. In the area located to the northeast of the main fault, the observed fast orientations are
dominantly N-S, which is parallel to the maximum horizontal compressive stress. In the area surrounding the
main fault, the fast orientations are primarily parallel to the strikes of multiple fault zones including the main
fault and the crossing faults, rather than solely consistent with that of the main fault, which may indicate along-
strike variations in fault strength of the main fault. To the southwest of the main fault, the observed anisotropy is
jointly controlled by faults or regional stress. The observed NE-SW-oriented anisotropy in the vicinity of two
previously proposed blind faults confirms the existence of faults. The splitting times of anisotropic areas with
different inducements are independent of the focal depths, suggesting that either the stress- or structure-induced
anisotropy is mostly located in a shallow layer in the top several kilometers. A nearly 90-degree switch in the fast
orientations and greatly reduced splitting times from a group of nearby earthquakes may indicate fault zone
healing.
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1. Introduction

The July 2019 Ridgecrest, California earthquake sequence, consist-
ing primarily of an M6.4 foreshock on 4 July (UTC), an M7.1 mainshock
on 6 July, and tens of thousands of recorded aftershocks, activated a
complex network of intertwined conjugate faults in the southern Walker
Lane (Fig. 1) (e.g., Barnhart et al., 2019; Ross et al., 2019; DuRoss et al.,
2020; Fielding et al., 2020; Hauksson et al., 2020; Ponti et al., 2020;
Shelly, 2020). The activated fault network mainly includes the NW-SE
striking Eastern Little Lake Fault (ELLF) and the NE-SW striking
Southern Little Lake Fault (SLLF) and several other faults (Fig. 1b)
(Hauksson et al., 2020; Plesch et al., 2020). In addition to the surface
ruptures, Shelly (2020) and Plesch et al. (2020) reported several possible
NE-SW blind faults that are approximately normal to the middle-south
segment of the ELLF. The southern aftershock zone of the 2019 Ridge-
crest M7.1 earthquake almost contains the entire concentration of these
conjugate fault systems. A detailed description of the distribution of the

fault system can be found in Fig. S1. The averaged maximum horizontal
compressive stress (SHmax) direction obtained from focal mechanism
inversions in the Ridgecrest area is nearly N-S, and a rotation of a few
degrees after the mainshock has been proposed (Fig. 1; Sheng and Meng,
2020; Duan et al., 2022).

Although numerous studies have been conducted after the 2019
Ridgecrest earthquake sequence to understand surface deformation and
stress field distribution and evolution (e.g., Ross et al., 2019; DuRoss
et al., 2020; Fielding et al., 2020; Shelly, 2020; Sheng and Meng, 2020;
Fialko and Jin, 2021; Yue et al., 2021; Duan et al., 2022), one important
type of measurements that is still missing is the spatial and possible
temporal variations of azimuthal anisotropy in the seismogenic zone.
While GPS and remote sensing-based techniques map the deformation
field at the surface and focal mechanism solutions provide insights into
the stress regime in the fault zones, seismic anisotropy measurements,
like those presented below, have the potential to provide critical infor-
mation about the deformation field in the seismogenic zone (e.g.,
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Crampin, 1978; Cochran et al., 2003; Boness and Zoback, 2004; Z. Li
et al., 2014; T. Li et al., 2019; Shi et al., 2020; Y. Liu et al., 2021). By
measuring seismic azimuthal anisotropy, one can decipher the lateral
and vertical distribution, as well as orientation and temporal variations
of seismogenic layer fractures that are associated with fault zones and
fluid-filled micro-fractures formed in response to regional compressive
stress.

1.1. Shear wave splitting analysis and seismogenic layer azimuthal
anisotropy

Shear wave splitting (SWS) analysis is one of the most frequently
employed techniques to map azimuthal anisotropy along the ray paths
(Crampin, 1991, 1994; Miller and Savage, 2001; Peng and Ben-Zion,
2004; Y. Liu et al., 2008). The linearly polarized shear wave splits into
two nearly perpendicular quasi-shear waves with different speeds when
it propagates through an anisotropic medium (Ando, 1980; Silver and
Chan, 1991). The polarization orientation of the fast wave (fast orien-
tation or ¢) and the time of separation between the fast and slow waves
(splitting time or 8t) are unambiguous indicators of the orientation and
strength of azimuthal anisotropy, respectively.

Azimuthal anisotropy developed in the brittle upper continental
crust is typically attributed to localized tectonic stress-controlled, fluid-
filled, microcracks and is mostly parallel to the SHmax orientation.
Anisotropy thus formed is termed stress-induced anisotropy (Crampin,
1978; Leary et al., 1990; Boness and Zoback, 2004). Anisotropy can also
be associated with geological structures (Boness and Zoback, 2006) with
an orientation that is consistent with the dominant strike of fracture
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zones such as those associated with active faults, i.e., structure-induced
anisotropy (Zhang and Schwart, 1994; Zinke and Zoback, 2000; Z. Li and
Peng, 2017). Moreover, other mechanisms such as magmatic dikes and
oriented melt pockets (S. Gao et al., 1997; Keir et al., 2005; Bastow et al.,
2010), preferential mineral alignment (Brocher and Christensen, 1990;
Sayers, 1994) and sedimentary layering (Leary et al., 1990; Bastow
et al., 2010; Audet, 2015) can also cause crustal anisotropy.

1.2. Rationale of the study

This study represents the first SWS analysis focused on the southern
aftershock zone of the 2019 Ridgecrest earthquake sequence, where
conjugate faults are clearly identified (Shelly, 2020; Plesch et al., 2020;
Fialko and Jin, 2021). We mostly rely on individual rather than station-
or area-averaged SWS measurements to identify spatially varying
anisotropy in the seismogenic layer, allowing us to conduct a detailed
investigation of the spatial distribution in upper crustal anisotropy. We
also attempt to explore possible temporal variations of anisotropy,
which may reflect rock property changes as a result of fluid injection (e.
g., Miller and Savage, 2001; Volti and Crampin, 2003; T. Li et al., 2019),
perturbation of the local stress field (e.g., Y. Gao and Crampin, 2004),
changes in rock and static stress physical properties related to large
earthquakes (e.g., Crampin, 1994; Y. Liu et al., 1997; Y. Gao et al.,
1998), and fault zone healing processes after a major earthquake (e.g.,
Tadokoro and Ando, 2002; Hiramatsu et al., 2005). Seismic events with
almost identical ray paths are employed in this study to remove spatial
effects (e.g., Aster et al., 1990; Bokelmann and Harjes, 2000; Y. Liu et al.,
2004; Peng and Ben-Zion, 2004) to explore possible fault healing
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Fig. 1. (a) Distribution of seismic stations used in the study (light-blue triangles) and earthquakes that occurred in 2019 (red dots). The green stars show the
epicenters of the M6.4 (4 July 2019), and M7.1 (6 July 2019) earthquakes. The study area is marked by the blue rectangle. The inset map in the upper-right corner
shows the location of the main map. WL: Walker Lane; ECSZ: Eastern California Shear Zone. (b) Fault network in the 2019 Ridgecrest aftershock zone. The grey, black
solid, and black dashed lines indicate the Quaternary faults (Wills, 1988; see Data Availability Statement), the surface ruptures (DuRoss et al., 2020; Ponti et al.,
2020), and the blind faults (Hauksson et al., 2020; Plesch et al., 2020) formed after the M7.1 Ridgecrest earthquake sequence, respectively. The colored polygons and
histograms show the distribution and variations of the orientation of the maximum horizontal compressive stress (SHmax) in different subzones (I-V) of the mapped
area (lighter colors: Sheng and Meng, 2020; darker colors: Duan et al., 2022). In each of the histograms, the columns from left to right represent the SHmax in the
time-period prior to the M6.4 foreshock, between the M6.4 and M7.1 earthquakes, and after the M7.1 mainshock, respectively. (c) A plot of earthquake magnitudes
against origin times. (d) Distribution of earthquakes projected to Profile A-B in (a). (e) Distribution of earthquakes projected to Profile C-D in (a).
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following the M7.1 Ridgecrest earthquake.
2. Data and methods

The seismic dataset used in this study was recorded by five stations,
which including four temporary stations (CA01, CA03, CA06, and SVO1)
and one permanent station (B921) located in the conjugate fault
network in the southern aftershock zone of the 2019 Ridgecrest earth-
quake sequence (Figs. 1a, 1b and S1b). Data collected by the three CA
stations and Station B921 were obtained from the Seismological Facility
for the Advancement of Geoscience (SAGE) Data Management Center
(DMC), and those collected by Station SVO1 were obtained from the
Southern California Earthquake Data Center (SCEDC) (Fig. 1a). The four
temporary stations were deployed by the U.S. Geological Survey (USGS;
Cochran et al., 2020) following the M6.4 foreshock and M7.1 main-
shock. The earliest earthquake obtained by Station B921 was in late
April 2019, while the other four stations collected data with a recording
length of about 4-6 months, from early July 2019 until January 2020. A
total of 37,584 earthquakes were reported in the mapped area of Fig. 1
during 2019 and were relocated by the SCEDC (https://scedc.caltech.
edu/; Fig. 1). For data requests, we apply a minimum cutoff magni-
tude of —0.74, which is the minimum magnitude in the catalog, to
ensure that all recorded seismic events can be utilized. According to a
previous P- and S-wave velocity tomography study in the local area, the
Vp/Vs value at ~17 km near the bottom of the brittle upper crust is
about 1.80 (White et al., 2021). Therefore, only events with an angle of
incidence of less than 33.75° (computed using asin(Vs/Vp)) are used for
SWS analysis in this study, to avoid the distortion of particle motions of
the direct S-wave by the free surface (e.g., Nuttli, 1961; Booth and
Crampin, 1985).

Using a semi-automatic procedure (K.H. Liu et al., 2008; Liu and Gao,
2013) developed based on the principle of minimizing the lesser of two
eigenvalues of the covariance matrix (Silver and Chan, 1991), we
simultaneously search for the initial polarization direction and the
optimal pairs of splitting parameters (including the fast orientation and
splitting time). Once the initial polarization direction and the splitting
parameters are found, the horizontal seismograms are rotated to the
initial polarization parallel (P,/) and initial polarization perpendicular
(PL) components. The corrected P,, and P components, the fast and
slow components, the particle motion patterns, and the remaining en-
ergy on the corrected P_L components are then computed, in the same
manner as the minimization of transverse energy approach (Silver and
Chan, 1991), for visual display and manual checking. The F-test
approach specified in Silver and Chan (1991) is employed to estimate
the uncertainties in the individual measurements, which are expressed
as one standard deviation. The original seismograms are initially
bandpass filtered with corner frequencies of 0.5 and 10.0 Hz, while the
S-phase signal-to-noise ratio (S/N) of the P,, components of retained
seismic events should exceed 3.0 after filtering. The initial setting for the
beginning and ending times of the direct S window is T;-0.2 s and Ts+0.5
s, respectively, where T represents the calculated theoretical arrival
times of the direct S phase using the IASP91 Earth model (Kennett and
Engdahl, 1991). This global velocity model is only used to estimate the
approximate arrival time of direct S waves and may lead to a maximum
error of about 0.3 s if a local velocity model (White et al., 2021) is used.
As mentioned in the following paragraph, the initially set time windows
are manually checked and adjusted if necessary, and therefore, this error
does not affect the results.

All the resulting measurements are then automatically ranked
following the criterion which was referred in K.H. Liu et al. (2008) and
subsequently visually verified and classified into four ranks as A
(outstanding; for those exhibiting robust direct S arrivals on both the
original P,, and P_L components, with effectively removed energy on the
corrected P_L components, and demonstrating a notable linearity in the
corrected particle motions), B (good; similar to rank A measurements
but with lower S/N on the P,, component, and acceptable but weaker
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linearity of the corrected particle motions), C (unusable; for those dis-
playing no clear direct S arrival on the original P,, and P components,
or poor linearity of the corrected particle motion), and N (null; for those
the direct S energy is only observed on the P,, component but not on the
P component). If necessary, the beginning and end of the window for
SWS analysis and the band-pass filtering frequencies are modified dur-
ing the manual checking stage to exclude non-S arrivals and improve the
S/N. After the splitting results become stable with different time window
selections (Figs. S2 and S3), the final ranking of the measurements is
determined based on the quality of the signal, the linearity of the cor-
rected particle motions, and the uniqueness and strength of the mini-
mum energy point on the misfit map of the corrected PL component.
Some of the measurements have two possible pairs of splitting param-
eters (e.g., Figs. S4 and S5) and might be related to cycle skipping, as
discussed in the Supporting Information. Only measurements with
quality A or B are used on the following interpretations. Examples of
splitting analysis from the five stations used in the study are shown in
Figs. $6-S10.

3. Results

After manual checking, a total of 1470 pairs of well-defined (Rank A
or B) splitting parameters are obtained, among which 236 are from
Station CAO01, 204 from Station CA03, 280 from Station CA06, 425 from
Station B921, and 325 from Station SVO1. The splitting parameters from
each of the five stations plotted at the epicenters and the middle points
between the events and the stations can be found in Figs. 2 (for Station
CAO03) and S11-S14 (for the rest of the stations). The regional SHmax
orientation used in the following analysis is 5.1°, representing the
arithmetic mean value of SHmax obtained based on the stress inversion
results from the focal mechanism solutions following the occurrence of
the M7.1 mainshock for subzones I-III (Duan et al., 2022) (Fig. 1).
Table S1 contains the splitting parameters and related event information
for all 1470 measurements, and Table S2 shows station-averaged split-
ting parameters (Note: plots similar to Figs. S6-S10 for all the 1470
measurements can be found at https://github.com/yj5mc/RC_SWS_m
easus.git). The magnitudes of related events range from 0.1 to 4.1. For
all the measurements, the circular mean of the fast orientations is 32.7 +
30.6°, the arithmetic mean of the delay times is 0.06 + 0.03 s, and the
mean ray-path-length normalized splitting time (NST) is 7.36 + 4.19
ms/km. The mean and median values of the standard deviations of the
individual measurements (Table S1) are 7.9° and 6.5° for the fast
orientation and 0.0077 s and 0.01 s for the splitting time, respectively.
Note that the standard deviations could be underestimated due to the
fact that the method of Silver and Chan overestimated the degrees of
freedom (Walsh et al., 2013). Fig. 3 shows the spatial distribution of the
resulting fast orientations, and Fig. 4 shows that of the splitting times.

When plotted at the epicenters, the splitting parameters of seismic
events in the same region obtained by different seismic stations are
obviously different (Fig. 3). Specifically, the measurements obtained
from Station CAO1 (red bars in Fig. 3a) are mainly distributed to the
north of the ELLF, whose ray paths hardly cross the ELLF. These mea-
surements exhibit dominantly N-S fast orientations, which are consistent
with the SHmax orientation. As for Station SVO1 (purple bars in Fig. 3a),
the observed fast orientations are mainly ENE-WSW, which are between
the NW-SE strike of the ELLF and the NE-SW strike of the cross faults.
The epicenters of a portion of seismic events from Station SVO1 over-
lapped with those from Station CAO1, but the fast orientations of the
splitting parameters obtained at the two stations are apparently
different. Measurements obtained by Stations CA06 (blue bars in Fig. 3a)
and B921 (light brown bars in Fig. 3a) are mainly from the vicinity of the
multiple cross faults including the Cross-South-South blind fault. Most of
the measurements of Station CA06 are located between the ELLF and the
Cross-South-South blind fault and show apparent spatial variation. The
fast orientations obtained at Station CAO06 from events near the Cross-
South-South blind are NE-SW, which are parallel to the blind fault,
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Fig. 2. (a) Resulting SWS parameters of Station CA03 plotted at the epicenters. The color of the bars indicates focal depths. (b) Absolute angular difference between
fast orientations and SHmax orientation (Duan et al., 2022). (c) Resulting splitting times. (d) Ray path normalized splitting times. (e-h) Same as (a-d) but for
measurements plotted at the middle of ray paths between the epicenters of events and stations. C-S-N BF: Cross-South-North blind fault; North SLLF: north branch of
the SLLF. Dark red double-sided arrow in the lower right corner of (a) and (e) indicates the regional average SHmax orientation, which is 5.1° (Duan et al., 2022). To
produce the images shown in (b-d) and (f-h), the data is firstly fitted using an adjustable tension continuous curvature surface gridding algorithm (Smith and Wessel,
1990), and then all the areas having a distance greater than 0.005° from the nearest data point are covered in grey.

while the fast orientations gradually shift to the non-fault parallel N-S
orientations for events obtained at Station CA06 near the main ELLF. In
contrast, no matter whether the ray path traverses the Cross-South-
South blind fault, the fast orientations from Station B921 (light brown
bars in Fig. 3a) show consistent NE-SW fast orientations.

In the area south of the ELLF and west of the SLLF, the observed
measurements are almost exclusively from Station CA03 (green bars in
Fig. 3a). According to the distribution of seismic events and their cor-
responding splitting parameters’ characteristics, measurements from
this station can be divided into five groups (Fig. 2). Groups 1 and 5 are
located on the west and east sides of the SLLF, respectively, and the fast
orientations are parallel to the SHmax orientation. However, the fast
orientations of the splitting parameters in Group 2, which is situated in
the conjugate fault zone between the SLLF, the ELLF, and the North
SLLF, exhibit a significant parallelism with the NW-SE strike of the ELLF.
The events of Group 3 predominantly occurred from several Quaternary
faults (Wills, 1988), which mainly exhibit NNE-SSW fast orientations
that are roughly parallel to the Quaternary faults. Group 4 primarily
consists of measurements from seismic events occurring on the fault
branches in the southwest section of the SLLF, most of which have a fast
orientation that aligns with the SHmax orientation.

The distinct spatial variations are manifested through the differential
splitting times of the measurements obtained from the five seismic sta-
tions (Fig. 4). Specifically, the smallest splitting times in the entire study
area are concentrated around the north of the ELLF, as observed by
Station CAO1, and the north of the SLLF, as observed by Station CA03.
Greater splitting times are observed around the ELLF and to the north-
west of the Cross-South-South blind fault. Significant increases in NST

values compared to the surrounding area are particularly notable from
events in the conjugate fault zone between the ELLF, the SLLF, and the
North SLLF. In addition, both sides of the Cross-South-South blind fault
and the area to the north of the intersection of the Short-Cross-Sinistral-
Rupture and the ELLF also show greater NST values. Detailed analyses of
the spatial distribution of the splitting parameters obtained by each of
the stations can be found in the Supporting Information section.

4. Discussion

When the measurements are interpreted, it is important to realize
that the observed anisotropy is accumulated along the entire ray path in
spite of the fact that they are displayed at the epicenters or at the middle
of the ray paths in Figs. 3,4 and S11-S14. The ray path samples a “ba-
nana” shaped Fresnel zone with a size that is dependent on the fre-
quencies and distance to the station. For instance, the radius of the first
Fresnel zone for a 7 Hz S-wave is about 1 km at a distance of 5 km from
the station. If the upper crust anisotropy is induced by regional stress, it
accumulates uniformly along the ray path. On the other hand, in areas
with dominantly structure-induced anisotropy, it is reasonable to as-
sume that the anisotropy may not be uniformly distributed along the
entire ray path but is mainly concentrated near the earthquake foci. As
shown in Fig. S15, the standard deviation (STD) of spatially averaged
fast orientations is apparently reduced if we plot the measurements at
the middle of the ray paths instead of the epicenters of events.

In the following we project the measurements at the middle of the
ray paths and divide the study region into nine areas (Areas A - [; Fig. 5
and S16). Area A includes the area northeast away from the ELLF and
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from Station CA06 in the black circle near the center of the diagram show temporal variations. Dark red double-sided arrow in the lower right corner indicates the
regional average SHmax orientation of 5.1° (Duan et al., 2022). (b) Absolute angular difference between fast orientations and the SHmax orientation. (c) The zoom-in
map showing the temporal variation of splitting parameters observed in the black circle in (a). Lines with burlywood color indicate the ray paths between the Station

CA06 and measurements. S-C-S-R: Short-Cross-Sinistral-Rupture.

southeast of the Cross-South-North blind fault, and the measurements
are all from Station CAO1 plus one from Station SVO1. Area B includes
the other SVO1 measurements and is located southeast of the SLLF sur-
rounding the ELLF and the Cross-South-North blind fault. Areas C, D, E,
F, and G contain the measurements from Groups 1-5 of Station CA03,
respectively (Fig. 2). Area H contains the measurements located south-
west of the ELLF and southeast of the SLLF, mainly from Station CA06
and, to a lesser extent, from Station B921. Area I includes the area in the

vicinity and southeast of the Cross-South-South blind fault, and the
measurements are mostly from Station B921 plus a few from CA06. The
averaged results of measurements for each of the areas can be found in
Table S3.

4.1. Regional stress induced anisotropy (Areas A, D, F, and G)

The fast orientations of anisotropy in Areas A, D, F, and G are
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polygons (b-d).

dominantly N-S, i.e., SHmax parallel (Fig. 5b), with no systematic spatial
variations. These four subareas exhibit the weakest anisotropy in the
entire study area with the smallest splitting times and NST values
(Figs. 5¢ and 5d). The related anisotropy can be attributable to the
regional stress field and is accumulated along the ray paths. The faults
through which the ray paths of these events pass, for example, the end of
the North SLLF and the southwest end of the SLLF and the South-Main
ELLF, are significantly less developed, as indicated by the lack of fault
parallel anisotropy. The match between the two orientations is reduced
for measurements from events in the southwestern horsetail termination
of the SLLF in Area F and may reflect the partial influence of fault zone
anisotropy.

Although the focal depths vary considerably in the four areas
(Fig. 5a), the splitting times are largely independent of the focal depths
(Fig. S17a-d), suggesting that regional stress induced anisotropy is
concentrated at shallow depths, probably above ~5 km, which is the
focal depths for most of the shallowest events. The largest splitting times
in the four areas are observed from events in the southwestern part of
Area A, about 1.5 km from the South-Main ELLF (Fig. 5c). A possible
cause of the large splitting times in this area is reduced rock strength
associated with the intensive deformation in the fault zone, leading to
more developed SHmax-parallel micro-fractures.

4.2. Anisotropy associated with surface and blind faults (Areas B, C, E, H
and I)

Previous upper crustal anisotropy studies generally suggested that
areas near fault zones normally exhibit more complex anisotropy,
making it difficult to determine possible origin (e.g., Baccheschi et al.,
2016; Shi et al., 2020). In a complex fault system such as our study area,
we speculate that anisotropic orientation departure may reflect contri-
butions from multiple local fault structures and the regional stress field.
Although similar mixed mechanisms have been mentioned in several
previous studies, the related study areas are mostly either located in
extensional regimes where the main active fault strike is almost
consistent with SHmax orientation (e.g., Pastori et al., 2019), or one of
multiple observed anisotropy has significantly greater strength (e.g.,
Jiang et al., 2021), only the partial accumulations or cancellations of
anisotropy strength without significant variations in the anisotropic
orientation were reported.

In our study, the fast orientations from events in Areas C and I are
largely parallel to the strikes of known faults or previously proposed
blind faults (Fig. 5), suggesting fractures in the individual fault zones are
mostly responsible for the observed anisotropy. The resulting fast ori-
entations of anisotropy observed in Areas B, E, and H are more or less
oriented to the direction in between the strikes of the nearby faults and
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the SHmax, probably indicating joint contributions from stress- and
structure-induced anisotropy. The lack of a positive correlation between
the focal depths and the splitting times in the areas associated with
stress-induced and fault-induced anisotropy indicates that both types of
anisotropy should be concentrated at a shallow depth, approximately in
the top several kilometers (Fig. S17).

Area B is located in the middle section of the ELLF, where the main
segment of the ELLF intersects with NE-SW-oriented and NW-SE-
oriented faults (Fig. 5). In the region north of the intersection of ELLF
and Short-Cross-Sinistral-Rupture, a NE-SW oriented linear zone of
approximately 2 km in length and 1 km in width with the strongest
anisotropic strength in the entire study area was observed (Figs. 5¢ and
5d). The strong anisotropy north of the ELLF may indicate the length of
the Short-Cross-Sinistral-Rupture is longer than proposed. The greater
splitting times observed north of the ELLF relative to the southern area is
consistent with the asymmetry in the distribution of earthquakes
(Fig. S18), i.e., the number of earthquakes near the Short-Cross-Sinistral
Rupture south of the ELLF is significantly lower than that in the north,
which may indicate an asymmetry in fracture strength and density be-
tween the north and south sides of the ELLF. Additionally, the fast ori-
entations in this area are spatially varying with ENE-WSW orientations.
The observed anisotropy close to the E-W orientation suggests that the
influences of the ELLF and NE-SW-oriented cross faults are comparable,
while the anisotropy aligned with the NE-SW orientation reveals the
greater contribution of the cross faults.

Anisotropy in Area C demonstrates one of the clearest parallelisms
between the fast orientations and the fault strike (Fig. 5a). The observed
NW-SE fast orientations and relatively larger splitting times are deter-
mined through measurements of events with epicenters situated within
the ELLF section between the SLLF and the North SLLF (Fig. 2). The
fault-parallel fast orientations are still observable for events located ~2
km away from the surface expression of the ELLF. Approximately 3 km
away from the ELLF, the fast orientations shift towards an E-W direction,
indicating a weakening of the anisotropy strength controlled by the ELLF
and a transition to the joint control of the ELLF and SLLF. In contrast,
less ELLF-parallel anisotropy is observed in the section of the ELLF
southeast of the SLLF, which is consistent with the sharp reduction in the
diffusively distributed earthquakes along the ELLF (Fig. S18).

The combined contribution of N-S-oriented regional stress and the
presence of NE-SW-oriented well-developed along-strike fractures
associated with the SLLF and nearby reactivated Quaternary faults can
satisfactorily explain the NNE-SSW fast orientations in Area E. Areas H
and I are distributed in the north and south side of the Cross-South-South
blind fault, respectively. In Areas H and I, strong NE-SW oriented
anisotropy for events in the vicinity of two proposed NE-SW blind faults
(the Cross-South-South and Cross-South-North blind faults), which is
consistent with the area of significant velocity contrast across the blind
faults reported by White et al. (2021), is observed. It is noticed that the
anisotropy in the vicinity of and to the south of the Cross-South-South
blind fault is parallel to the blind fault, while the anisotropy to the
north of the blind fault exhibits a rotation from NE-SW to N-S with the
decreased distance to the South-West ELLF. A possible interpretation is
that the main segment of the ELLF and the South-West ELLF developed
an extensional duplex structure around the South-West ELLF, forming
roughly N-S oriented tensile ruptures (Woodcock and Fischer, 1986).

4.3. Asymmetry in rock strength across the ELLF

One of the most intriguing features in the observed seismogenic zone
anisotropy pattern is that the ELLF serves as a boundary between two
regions of different anisotropic formation mechanisms. The observed
anisotropy (Area A) from events located ~1.5 km or further away to the
northeast of the ELLF is dominated by N-S fast orientations that are most
likely formed by regional compressional stress. Fast orientations
observed in the area within and to the southwest of the fault are
generally dominantly or partially fault-controlled (Fig. 5a). Such a
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contrast may suggest that the area to the northeast of the ELLF is less
fractured by the strike-slip fault system, probably due to a relatively
stronger seismogenic zone. This is consistent with the observation that
most of the NE-SW oriented faults are located in the area to the south-
west of the ELLF or extend a short distance across it.

4.4. Possible temporal variations of the observed anisotropy

Temporal variations in the strength and orientation of upper crustal
anisotropy may reflect regional stress changes or significant tectonic
movements related to coseismic or postseismic processes (e.g., Crampin,
1994; Y. Liu et al., 1997; Tadokoro and Ando, 2002; Y. Gao and Cram-
pin, 2004). For instance, a set of 7 measurements at Station CA06 from
seismic events located in the intersection area of the ELLF and the
Cross-South-North blind fault (the black circle in Figs. 3a, 3c and S12a)
exhibits clear temporal variations in both the fast orientation and
splitting time (Fig. 6). As shown in Figs. 3 and S19, for the four events
that occurred between 3 August and 21 August (days 215-233) in 2019,
the fast orientations are orthogonal to the ELLF and the splitting times
are 0.09-0.10 s, which are among the largest in the study area
(Figs. 6a—6d). In contrast, the fast orientations from the three events
between 26 October and 25 November (days 299-329) changed to
parallel to the strike of the ELLF, and the splitting times reduced to 0.03 s
(Figs. 6e-6g). The observed splitting parameters in the same group are
almost identical to each other, including the focal mechanisms and the
estimated initial-S wave polarization directions. Note that this high level
of similarity, together with the fact that the foci of the events are less
than 1 km (~0.75 km) from each other, resulted in an apparently
reduced number of measurements (from 7 to 3) in Figs. 3c and S11a.

The ray paths of the seven measurements traverse a group of NE-SW
oriented conjugate faults and perhaps also the NW-SE oriented shear
zone of the ELLF (Figs. 3c and S12a). Therefore, the NE-SW fast orien-
tations observed in the earlier group of events may indicate the existence
of fractures associated with the conjugate fault system that were prob-
ably developed or reactivated by the M7.1 earthquake sequence (Shelly,
2020). The fact that the fast orientations changed to ELLF parallel in the
later group may suggest healing of the NE-SW oriented fractures that
should occur between 21 August and 26 October, as observed elsewhere
(e.g., Tadokoro and Ando, 2002; Hiramatsu et al., 2005), and anisotropy
associated with the ELLF became dominant along this particular ray
path. Unfortunately, due to the gap between the occurrence of the two
groups of measurements, no gradual variations in splitting parameters
were observed (Fig. S19), making it difficult to discuss the time scale of
the healing process.

5. Conclusions

Based on 1470 pairs of splitting parameters observed by five stations
in the southern 2019 Ridgecrest aftershock zone, systematic spatial
variations in the orientation and formation mechanisms of azimuthal
anisotropy in seismogenic zone beneath the complicated conjugate fault
network are revealed. Anisotropy in the area to the northeast of the ELLF
is mostly N-S oriented and is the result of regional compressive stress,
and that surrounding the ELLF is dominated by shear zones associated
with two groups of intersecting active faults. To the southwest of the
ELLF, anisotropy is primarily governed by the mixture of cross faults and
regional stress fields. Two hypothesized cross-blind faults are confirmed
to exist in the observed area with the highest consistency with the strike
of fractures. The different anisotropy forming mechanisms imply an
asymmetry of rock strength across the ELLF. The northern section of the
ELLF and the Cross-South-South blind fault in the study area demon-
strate the strongest fault-parallel anisotropy, followed by the SLLF and
Cross-South-North blind faults. Almost no NW-SE oriented fault-parallel
anisotropy is observed from events with ray paths traversing the North
SLLF and the central and southern segments of the ELLF, which may
indicate narrower and less developed fault zones relative to the northern
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(a) Station CA06 (35.5996°, -117.4927°),
Event 2019/08/03 18:56:46.72,
Day 215 (35.653°, -117.498°),
Ev-Dep= 10.1 km, Ev-Mag=1.8,
BAZ= 355.352°, Dist= 5.942 km

Initial Polarization Direction= -87.4°
¢=25.0 +7.0% 8t=0.10 + 0.01s

(b) Station CA06 (35.5996°, -117.4927°),
Event 2019/08/07 02:57:42.16,
Day 219 (35.653°, -117.498°),
Ev-Dep= 10.1 km, Ev-Mag=1.2,
BAZ= 355.352°, Dist= 5.942 km

Initial Polarization Direction= -89.9°
0=30.0 * 2.5 5t=0.09 + 0.00s

(c) Station CA06 (35.5996°, -117.4927°),
Event 2019/08/07 03:23:05.55,
Day 219 (35.652°, -117.497°),
Ev-Dep= 10.1 km, Ev-Mag=2.0,
BAZ= 356.150°, Dist= 5.825 km

Initial Polarization Direction= -96.3°
0=29.0 + 7.5 5t=0.10 + 0.01s

(d) Station CA06 (35.5996°, -117.4927°),
Event 2019/08/21 16:48:08.23,
Day 233 (35.653°, -117.498°),
Ev-Dep= 10.0 km, Ev-Mag= 1.6,
BAZ= 355.352°, Dist= 5.942 km

Initial Polarization Direction= -84.1°
0=27.0 + 4.0% 5t=0.09 + 0.01s

(e) Station CA06 (35.5996°, -117.4927°),
Event 2019/10/26 11:41:07.23,
Day 299 (35.653°, -117.502°),
Ev-Dep= 9.5 km, Ev-Mag=1.2,
BAZ= 351.894°, Dist= 5.982 km

Initial Polarization Direction= -143.4°
0=-76.0 + 11.0°; 5t= 0.03 + 0.00s

(f) Station CA06 (35.5996°, -117.4927°),
Event 2019/10/30 02:28:36.63,
Day 303 (35.653°, -117.502°),
Ev-Dep= 9.5 km, Ev-Mag=1.2,
BAZ=351.894°, Dist= 5.982 km

Initial Polarization Direction= -143.2°
0=-75.0  6.5° 5t=0.03 + 0.01s

(9) Station CA06 (35.5996°, -117.4927°),
Event 2019/11/25 01:11:45.68,
Day 329 (35.653°, -117.502°),
Ev-Dep= 9.1 km, Ev-Mag=2.1,
BAZ= 351.894°, Dist= 5.982 km

Initial Polarization Direction= -148.8°
0= -76.0 + 7.0% 5t=0.03 + 0.01s
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Fig. 6. Measurements from 7 events in the black circle in Fig. 3c that show apparent temporal variations. For each row, in the second column, the plots in the top row
show the original vertical component and original and corrected initial polarization parallel (P,,) and initial polarization perpendicular (P.L) components, and the
plots in the third column show the uncorrected and corrected particle motions of the fast and slow particles. Note the P,, and P_L components here are related to the
initial polarization direction. The fourth column plots are corrected P_L energy contour maps, with the color representing the energy on the corrected P_L component.
The optimal pair of splitting parameters correspond to the minimum value on the contour map of the remaining PL component energy and are indicated by a

white dot.



Y. Jia et al.

part of the ELLF. A clear temporal variation of anisotropy is observed
near the intersection between the ELLF and the Cross-South-North blind
fault and may indicate healing of NE-SW oriented fractures reactivated
by the 2019 earthquake sequence.
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