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ABSTRACT

Numerous geophysical studies suggest that seismic anisotropy is a nearly
ubiquitous property of the Earth’s crust and upper mantle. In this study, we utilize the
shear wave splitting technique to investigate the piercing-point-dependent azimuthal
anisotropy beneath the northeastern edge of the Sichuan Basin in central China, and the
spatial and temporal variations of anisotropy near the 2019 M7.1 Ridgecrest earthquake
in California, respectively. A clear back azimuthal dependence of the splitting parameters
and the lack of a 90° or 180° periodicity of azimuthal variation in the observed fast
orientations provide strong evidence for the existence of piercing-point-dependent
anisotropy beneath the Sichuan Basin. It is inferred that the observed anisotropy mainly
comes from the upper asthenosphere at ~ 250 km and can be explained by a simple
geodynamic model invoking absolute plate motion related to simple shear in the
lithosphere-asthenosphere transitional layer and mantle flow deflected by the thick
lithospheric root of the basin in the upper asthenosphere. In the vicinity of the 2019
Ridgecrest M7.1 earthquake sequence, significant spatial variations in the orientation and
formation mechanisms of azimuthal anisotropy are observed. Specific findings include
along-strike variations in fault zone width, an asymmetry in rock strength across the main
fault in the area, confirmation of a proposed blind fault, and a temporal change in the
orientation and strength of anisotropy that may reflect healing of fractures that were

activated by the earthquake sequence.
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SECTION

1. INTRODUCTION

Seismic anisotropy, which is a term used to describe the azimuthal dependence of
seismic velocity on the propagation direction, is a nearly pervasive characteristic of the
Earth's crust and upper mantle (e.g., Crampin, 1987; Gao et al., 1994; Hess, 1964; Y. Liu
et al., 2008; Mainprice & Nicolas, 1989; Miller & Savage, 2001; Peng & Ben-Zion,
2004; Silver & Chan, 1991). An anisotropic medium typically contains an internal
structure with directionally aligned crystals or cracks (Crampin, 1987). As one of the
most effective tools in the studies of the Earth’s interior structures, in this study, we
employ the shear wave splitting (SWS) technique to measure the seismic azimuthal
anisotropy in the upper crust and upper mantle (Ando et al., 1983; Crampin, 1991, 1994;
Fuchs, 1977; Y. Liu et al., 2008; Long & Silver, 2009; Silver & Chan, 1991; Silver,
1996; Savage, 1999; Peng & Ben-Zion, 2004; Vinnik et al., 1992). When a shear wave
propagates through an anisotropic medium, it splits into two nearly perpendicular shear
waves with different velocities (Silver, 1996; Savage, 1999; Long & Silver, 2009). The
orientation and the strength of anisotropy are quantified by two splitting parameters,
including fast orientation (¢), which is the vibration orientation of the fast wave, and
splitting time (%), which is the time separation between the fast and slow waves.

In the upper mantle, seismic anisotropy is mainly caused by the strain-induced
lattice preferred orientation (LPO) of anisotropic minerals, especially olivine (Zhang &

Karato, 1995). The formation of LPO in the upper mantle can be simply divided into two



processes. The anisotropy in the lithosphere is generally related to vertically coherent
deformation, which is caused by horizontal compression. The fast orientation here is
perpendicular to the maximum horizontal shortening direction (Silver & Chan, 1991;
Silver, 1996; Fouch & Rondenay, 2006). On the other hand, in the upper asthenosphere,
the anisotropy is usually attributed to the simple shear strain induced by the relative
movement between the lithosphere and asthenosphere and leads to an APM-parallel fast
orientation (Ben Ismail & Mainprice, 1998; Long & Silver, 2009; Ohuchi & Irifune,
2013).

Generally, stress-induced anisotropy and structure-induced anisotropy are the two
major forms of upper crustal anisotropy. Stress-induced anisotropy is generally attributed
to the structures of fluid-filled microcracks (Boness & Zoback, 2004; Crampin, 1978,
1987, 1993; Leary et al., 1990). The fast orientation is mostly parallel to the maximum
horizontal compressive stress (SHmax) direction and is related to the local stress field.
Structure-induced anisotropy is usually observed in the active fault zone and other
complicated structural areas, and mainly controlled by tectonic processes and shows fault
strike parallel fast orientation (Boness & Zoback, 2006; Z. Li & Peng, 2017; Zinke &
Zoback, 2000; Zhang & Schwart, 1994). In some specific regions, a mixture of azimuthal
anisotropy-forming mechanisms can be observed (Cochran et al., 2003; Peng & Ben-
Zion, 2004).

Most of the previous studies of seismic anisotropy were based on the assumption
of spatial invariant anisotropic structures (e.g., Y. Liu et al., 2008; Silver & Savage,
1994) and usually led to misinterpretation in complex tectonic regions. To efficiently

explore the local-scale laterally heterogeneous seismic anisotropy in different layers of



the Earth, as well as the associated formation mechanisms, we divided the examination
into two aspects, including the study of piercing-point-dependent anisotropy in the upper
mantle observed beneath the northeast edge of the Sichuan Basin in central China, as well
as the spatial and temporal variation of seismic anisotropy in the shallow crust in the
vicinity of the 2019 M7.1 Ridgecrest earthquake, California.

In the first project, we provide a systematic investigation of piercing-point-
dependent anisotropy, which is one of the typical laterally heterogeneous anisotropy and
has previously been neglected, by using the teleseismic data from 3 seismic stations
located on the northeast edge of the Sichuan Basin in central China. This kind of seismic
anisotropy can usually be observed near the boundary between two or more tectonic
regions, and the observed splitting parameters at the station vary as functions of ray
piercing locations and also display inconsistent fast orientations (K.H. Liu & Gao, 2013).
To qualify the piercing-point-dependent anisotropy in the upper mantle, we use the P-to-
S convert waves at the core-mantle boundary on the receiver side (Ando et al., 1980;
Silver & Chan, 1991), including SKS, SKKS, and PKS, hereafter called XKS phases
collectively. In addition, we estimate the depth of the anisotropy source based on the
SWS observations using the spatial coherency method (K.H. Liu & Gao, 2011; Gao &
K.H. Liu, 2012) and examine the reliability of the results based on the overlap of the first
Fresnel zones and synthetic seismogram generation. We next explore the associated
geodynamic implications and establish a model showing the mantle flow field beneath
the Sichuan Basin.

On July 6™, 2019, an M7.1 earthquake occurred near Ridgecrest, California.

Together with the M6.4 foreshock and tens of thousands of aftershocks, these



earthquakes made up the 2019 Ridgecrest earthquake sequence and activated a complex
fault network (e.g., Barnhart et al., 2019, DuRoss et al., 2020; C. Liu et al., 2019; Ponti et
al., 2020; Ross et al., 2019, Shelly, 2020). These fractures in the top several kilometers of
the Earth associated with fault zones and fluid-filled micro-fractures formed in response
to regional compressive stress may result in directional dependence of the traveling speed
of seismic waves. Such a dependence reflects the seismic azimuthal anisotropy in the
upper crust and can decipher the lateral and vertical distributions as well as the
orientation of the fractures. Therefore, in the second project, we measure the local S data
obtained from three portable stations, which provide the data recording for up to half a
year after the M7.1 mainshock, to characterize the possible coseismic or postseismic
variation of upper crustal anisotropy. Then we identify the mechanisms of anisotropy
formation in different areas. We also investigate the spatial and possible temporal
variations of anisotropy, to verify previous assumptions about stress field status, fault
structures, and asymmetric rock strength in the study area. Besides, a possible healing
process for activated fractures has been proposed based on the observations of temporal

variation in anisotropy.



PAPER

I. ASYSTEMATIC INVESTIGATION OF PIERCING-POINT-DEPENDENT
SEISMIC AZIMUTHAL ANISOTROPY

ABSTRACT

The vast majority of teleseismic XKS (including SKS, SKKS and PKS) shear
wave splitting studies interpret the observed splitting parameters (fast orientation and
splitting time) based on the assumption of a spatially invariant anisotropy structure in the
vicinity of a recording station. For such anisotropy structures the observed splitting
parameters are either independent of the arriving azimuth of the seismic ray paths if the
medium traversed by the ray paths can be represented by a single layer of anisotropy with
a horizontal axis of symmetry (i.e., simple anisotropy), or demonstrate a periodic
variation with respect to the arriving azimuth for a more complicated structure of
anisotropy (e.g., multiple layers with a horizontal axis of symmetry, or a single layer with
a dipping axis). When a recording station is located near the boundary of two or more
regions with different anisotropy characteristics, the observed splitting parameters are
dependent on the location of the ray piercing points. Such a piercing-point dependence is
clearly observed using a total of 360 pairs of XKS splitting parameters at three stations
situated near the northeastern edge of the Sichuan Basin in central China. For a given
station, the fast orientations differ as much as 90°, and the azimuthal variation of the fast
orientations lacks a 90° or 180° periodicity which is expected for double-layered or

dipping axis anisotropy. The observed splitting parameters from the three stations are



spatially most consistent when they are projected at a depth of ~250 km, and can be
explained by shear strain associated with the absolute plate motion and mantle flow

deflected by the cone-shaped lithospheric root of the Sichuan Basin.

1. INTRODUCTION

Numerous observational and laboratory studies over the past several decades have
suggested that the azimuthal dependence of seismic wave-speed, that is azimuthal
anisotropy, is a nearly ubiquitous property of the Earth’s upper mantle (e.g., Hess, 1964,
Francis, 1969; Leven et al., 1981; Mainprice & Nicolas, 1989; Silver & Chan, 1991; Gao
et al., 1994; Savage, 1999; Long & Silver, 2008, 2009; Yang et al., 2017). One of the
most commonly used techniques to investigate azimuthal anisotropy is shear wave
splitting (SWS) analysis (Fuchs, 1977; Ando et al., 1983; Silver & Chan, 1991; Vinnik et
al., 1992; Silver, 1996; Savage, 1999; Long & Silver, 2009). Numerous theoretical and
observational studies demonstrate that when a shear wave propagates through a
transversely isotropic medium, it splits into two quasi-shear waves with orthogonal
polarization orientations propagating at different wave-speeds (Silver, 1996; Savage,
1999; Long & Silver, 2009). The orientation and the strength of the anisotropy for a
transversely isotropic medium are quantified by two splitting parameters, the polarization
orientation of the fast wave (¢ or fast orientation) and the delay time between the fast and
slow waves (ot or splitting time). The most frequently employed seismic phases for SWS
analysis are SKS, SKKS and PKS (hereafter referred to as XKS collectively), which are

P-to-S converted waves at the core—-mantle boundary on the receiver side (Ando et al.,



1980; Silver & Chan, 1991). Due to the steep angle of incidence of the XKS phases, the
resulting splitting parameters possess high lateral resolution but low vertical resolution.

While the splitting parameters measured at a given station can usually be
determined reliably, the interpretation of the observed splitting parameters is less trivial
and frequently debated (e.g., Gao et al., 2010). Laboratory and geodynamic modelling
investigations suggest that strain-induced lattice preferred orientation (LPO) of
anisotropic minerals (principally olivine) is mostly responsible for mantle azimuthal
anisotropy (Zhang & Karato, 1995). Specifically, in the upper asthenosphere, simple
shear strain induced by the relative movement between the lithosphere and asthenosphere
tends to align the a-axis of olivine subparallel to the relative movement direction between
the two rheologically contrasting layers (Ben Ismail & Mainprice, 1998; Long & Silver,
2009; Ohuchi & Irifune, 2013), while anisotropy of the lithosphere is generally related to
vertically coherent deformation caused by horizontal compression, with the fast
orientation being perpendicular to the maximum horizontal shortening direction (Silver &
Chan, 1991; Silver, 1996; Fouch & Rondenay, 2006). As a result of the non-uniqueness
of the LPO-forming processes, the geodynamic implication of SWS observations for a
given area is usually ambiguous. Therefore, exploring effective approaches for
elucidating anisotropy-forming mechanisms is essential, not only for understanding the
origin of seismic anisotropy but also for characterizing past or current deformational
processes in the mantle.

The vast majority of the previous SWS studies measure and interpret the splitting
parameters based on the assumption of simple anisotropy, which is characterized by a

single layer of azimuthal anisotropy with a horizontal axis of symmetry (Silver & Savage,



1994). In this ideal and frequently observed scenario, the anisotropic properties can be
objectively reflected by the station-averaged splitting parameters because the individual
splitting parameters do not vary with the back azimuth (arriving azimuth or BAZ) of the
events. Any significant departure from the simple anisotropy characteristics can result in
complex anisotropy. For most complex anisotropy cases, the observed splitting
parameters are systematic functions of the BAZ of the seismic events (Silver & Savage,
1994; Rumpker & Silver, 1998). The most common form of complex anisotropy adopted
is the two-layer model, which is composed of two anisotropic layers with non-parallel
and non-orthogonal horizontal axes of symmetry. The individual splitting parameters in a
two-layer model vary systematically against the BAZ, with a period of 90° (Silver &
Savage, 1994).

Besides complex anisotropy, another anisotropic structure that can result in
azimuthal variation of the splitting parameters is piercing-point-dependent anisotropy.
This type of anisotropy can be found when a recording station is situated near the
boundary between two or more regions of simple anisotropy with different anisotropic
characteristics (Liu & Gao, 2013). The observed fast orientations and/or splitting times at
the station vary as functions of ray piercing locations. Similar to complex anisotropy,
station-averaged splitting parameters obtained in areas with piercing-point-dependent
simple anisotropy cannot objectively represent the actual anisotropic properties. One
excellent example of this type of seismic anisotropy is found at Station ENH, which is
located in Enshi City, Hubei Province, China (Figure 1). Among the 61 pairs of XKS
splitting measurements obtained at this station (Liu & Gao, 2013), the BAZ for 28 pairs

is between 111° and 124°, and the fast orientations and splitting times of these



measurements have a mean value of 61.0 £ 11.0° and 0.61 + 0.17 s, respectively. In
comparison, the 33 measurements from events from the west and northwest have mean

splitting parameters of 136.6 + 15.1° and 0.79 + 0.20 s.
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Figure 1. (a) Topographic map of the northeastern part of the Sichuan Basin showing
major tectonic boundaries (thick purple dashed lines) and stations used in this study (red
triangles with station name). The mapped area is marked by the red rectangle in the inset

map of East Asia. The thin purple dashed line presents the boundary of the Sichuan

Basin. The thick green and thin blue bars indicate the station-averaged and individual
shear-wave splitting (SWS) measurements from different previous studies obtained from
http://www.gm.univ-montp2.fr/splitting/DB/. (b) Previous SWS measurements at stations

used in this study. Different colors represent different studies.
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Some previous SWS studies have also measured SWS parameters at Station
ENH and surrounding stations (Figure 1). Almost all of them only used SKS events
which were dominantly located in the subduction zone of the western Pacific Ocean with
a narrow BAZ range of about 110°-130° (lidaka & Niu, 2001; Luo et al., 2004; Zhao et
al., 2007, 2011, 2013; Wang et al., 2013; Li et al., 2018; Yang et al., 2019).
Consequently, the fast orientations from these studies are dominantly NE-SW or ENE-
WSW (Figure 1b). The limited BAZ coverage and the assumption of simple anisotropy
led to controversial conclusions about the geodynamic implications of the splitting
measurements among the previous studies. In this study, we conduct a systematic
analysis using an updated data set from ENH and data from two nearby stations to
systematically investigate piercing-point-dependent anisotropy and to estimate the depth
of the source of the observed anisotropy by utilizing the piercing-point dependence of the

splitting parameters.

2. DATA AND METHODS

The teleseismic seismic data set used in this study was recorded by three
permanent broad-band stations, locate between 108.0°E-110.5°E and 29.5°N-31.0°N
(Figure 1). Data from station ENH were obtained from the Incorporated Research
Institutions for Seismology (IRIS) Data Management Center (DMC), recorded over a 27-
yr period from, 1992 to, 2019, and those from stations HFE and LCH were obtained from

the Data Management Centre of China National Seismic Network at the Institute of
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Geophysics, China Earthquake Administration, with a recording duration spanning
from July 2007 to September 2019 (Zheng et al., 2010).

The splitting parameters are measured and ranked using the procedure detailed in
Liu et al. (2008) and Liu & Gao (2013), which is based on the method of minimization of
the transverse energy technique (Silver & Chan, 1991). The epicentral distance ranges
used for data requesting are 120°-180°, 95° —180° and 84°-180° for PKS, SKKS and
SKS, respectively. The minimum cut-off magnitude of the seismograms is 5.6 for events
shallower than 100 km, and 5.5 for deeper events (Liu & Gao, 2013). All the
seismograms are initially bandpass filtered with corner frequencies of 0.04 and 0.5 Hz to
enhance the signal-to-noise ratio (S/R) in the XKS phases. The beginning and the ending
times of the XKS window are initially set as Txxs — 5.0 s and Txks + 20 s, where Txks iS
the theoretical arrival time of the XKS phase computed using the IASP91 Earth model
(Kennett & Engdahl, 1991).

Following an S/N based ranking algorithm (Liu et al., 2008), the processed
measurements are classified into four ranks as A (outstanding), B (good), C (bad) and N
(null, for which XKS energy is only observed on the radial component but not on the
transverse component). The splitting parameters, including the fast orientation (¢) and
splitting time (Jt), are initially determined automatically. Subsequently, the quality
ranking, the beginning and ending times of the XKS window, and the bandpass filtering
frequencies are visually verified and manually adjusted when necessary. In total, 289
teleseismic events are found to have resulted in at least one well-defined (A or B ranking)
SWS measurement after the manual checking (Figure 2a). Figure 3 shows examples of

quality ‘A’ measurements, which demonstrate significant BAZ dependence of the
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splitting parameters obtained at the same stations. The uncertainties in the individual
measurements are estimated using the F-test approach specified in Silver & Chan (1991)
and represent one standard deviation. The mean splitting time and its uncertainty at a
given station or a given area are estimated using the arithmetic average and its standard
deviation over all the individual measurements, and the mean fast orientation and its
uncertainty are computed using the circular mean and circular standard deviation (Mardia

& Jupp, 2000; Gao et al., 2008).
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Figure 2. Events location. (a) An azimuthal equidistant projection map showing the
spatial distribution of the earthquakes (circles) centered at the study area (purple star).
The radius of the circles is proportional to the number of Quality A or B SWS
measurements from the events. (b) A histogram of the back azimuthal distribution
measured by the SWS measurements. (c—€) Rose diagrams illustrating the fast
orientations of the SKS, SKKS, and PKS phases. For all the plots, red, green, and blue
colors represent the SKS, SKKS, and PKS events or measurements.
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(station: ENH (30.28°, 109.49°), (P)station: ENH (30.28°,109.49°),  (©)station: HFE (29.90°, 110.02%), (d Station: HFE (29.90°,110.02%), (®)station: LCH (30.37°, 108.88°), (D station: LCH (30.37°,108.88°),
EQ980620224 (14.380°, -91.466°), EQ110310603 (-22.01°,-175.62°), EQ091930612 (-15.041°, -70.445°), EQ151400030 (-19.302°,-175.525°), EQ081060303 (13.564°, -90.599°), EQ112571336 (-35.111°,-178.991°),
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Figure 3. Examples of SWS measurements (quality A) recorded by stations ENH, HFE,
and LCH. The plots in the top row show original and corrected radial and transverse
components, and the plots in the central rows show the uncorrected and corrected particle
motions of the fast and slow particles. The bottom plots are misfit maps, with the color
representing the energy on the corrected transverse component. The optimal pair of
splitting parameters correspond to the minimum value on the misfit map and are
indicated by the star.

3. RESULTS AND COMPARISON WITH MEASUREMENTS FROM PREVIOUS
STUDIES

A total of 360 pairs of well-defined splitting measurements were obtained,
including, 191 from Station ENH (Figure 4), 78 from HFE (Figure 5) and 91 from LCH
(Figure 6). Among those measurements, 125 are from PKS, 50 are from SKKS and 185
are from SKS (Supporting Information Table S1). As shown in Figures 2(a) and (b), most
of the SKS events have a BAZ ranging from 100° to 140° and are located in the western
Pacific subduction zones. The PKS measurements are mostly from events with a BAZ in

the range of 5°-35°, and the SKKS measurements have two main BAZ ranges which are
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0°-35° and 300°-360°. Both the PKS and SKKS events are from the west coast of
Central and South America (Figure 2a), and including these non-SKS phases significantly
improves the back azimuthal coverage of the SWS measurements. Because a large
quantity of well-defined splitting parameters are observed at all the three stations, null
measurements, which are characterized by a lack of observable energy on the transverse

component, will not be discussed in this study.
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Figure 4. Summary of measurements at Station ENH. (a) Azimuthal variations of the fast
orientation plotted against back azimuth; (b) Same as (a) but for the modulo-180° back
azimuth; (c) Same as (a) but for the modulo-90° back azimuth. The purple lines in (a-c)

show ¢ =n*90+BAZ, where n=-3, -2, -1, 0, and 1, along which the fast orientation is
parallel or orthogonal to the BAZ and thus well-defined measurements are non-existent
for simple anisotropy; (d-f) same as (a-c) but for splitting times; (g) an azimuthal
equidistant projection map showing events used (circles); (h) a rose diagram showing the
distribution of the measured fast orientations; (i) splitting parameters plotted above ray-
piercing points at 200 km depth. The triangle represents the station. For all the plots, red,
green, and blue colors represent the SKS, SKKS, and PKS events or measurements.
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Table 1. SWS measurements from previous and the present studies.

Station Phase o (°) 64 (°) ot(s) o5 (S) N Reference

ENH SKS 75.6 7.4 0.36 0.13 7 lidaka & Niu 2001
SKS 63.0 14.6 0.60 0.01 12 Luo et al. 2004
SKS 37.0 - 1.05 - 10 Zhao et al. 2007
XKS 155.7 52.0 0.73 0.40 10 Huang et al. 2011
SKS 77.2 4.8 0.45 0.01 22 Wang et al. 2013
XKS 104.3 49.3 0.71 0.20 61 K.H.Liu & Gao 2013
SKS 61.0 11.0 0.61 0.17 28 K.H.Liu & Gao 2013
SKKS 143.9 26.9 0.88 0.21 11 K.H. Liu & Gao 2013
PKS 134.2 4.1 0.75 0.18 22 K.H. Liu & Gao 2013
XKS 110.8 48.4 0.67 0.18 191 This study
SKS 61.4 13.0 0.60 0.17 88 This study
SKKS 137.8 16.1 0.84 0.16 21 This study
PKS 137.5 7.1 0.70 0.14 82 This study

HFE SKS 67.3 2.1 1.03 0.10 7 Wang et al. 2013
SKS 47.2 8.6 1.26 0.13 11 Zhao et al. 2013
SKS 83.7 - 0.48 - 1 H. Lietal. 2018
SKS 85.5 - 0.50 - 1 X. Yang et al. 2019
XKS 55.9 32.6 0.93 0.29 78 This study
SKS 524 13.2 1.00 0.28 57 This study
SKKS 125.4 27.7 0.73 0.21 19 This study
PKS 1735 8.6 0.80 0.21 2 This study

LCH SKS 128.0 - 2.54 - 1 Zhao et al. 2011
XKS 178.2 17.0 0.78 0.18 91 This study
SKS 9.7 14.9 0.73 0.21 40 This study
SKKS 167.8 23.6 0.78 0.12 10 This study
PKS 169.9 8.7 0.83 0.13 41 This study

3.1. STATION ENH

The 191 measurements obtained at Station ENH have a mean 6t of 0.67 +0.18 s

and a mean ¢ of 110.8 £ 48.4°, ranging from 0.35 to 1.15 s and 4° to 175°, respectively.

The SKS events record by station ENH mostly come from the western Pacific subduction
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zones in an approximately 110°-125° BAZ range with dominantly ENE-WSW fast
orientations. The PKS and SKKS events are mainly from the west coast of Central and
South America in the BAZ ranges of 0-40° and 340-360° with mostly NW-SE fast
orientations (Figure 4). When the fast orientations are plotted in the modulo 90° BAZ
domain, two distinct groups of measurements are found in the BAZ (modulo-90°) range
of 15-30° (Figure 4c). Those in the first group are mostly SKS measurements and the fast
orientations are in the range of 36-92°, and those in the second group are SKKS or PKS
measurements with fast orientations from about 120° to nearly N-S. The apparent
azimuthal variation is inconsistent with a multiple layered anisotropic structure which is
characterized by a systematic azimuthal variation with a 90° periodicity (Silver &
Savage, 1994; Rumpker & Silver, 1998), that is in a modulo-90° domain, the splitting
parameters are expected to have similar values for a given BAZ.

Several studies have measured shear wave splitting at this station, as summarized
in Table 1. The number of individual measurements obtained by the studies ranges from
7 to 61 (while this study obtained 191 measurements). Except for Huang et al. (2011)
which uses SKS, SKKS, PKS and SKIiKS, and Liu & Gao (2013) which uses XKS, to our
knowledge, all the other studies only use the SKS phase. The station averaged fast
orientations for these previous studies (lidaka & Niu, 2001; Luo et al., 2004; Wang et al.,
2013) are between 37° and 77° which is comparable to the value of 61° from this study
when only the SKS phase is used and are significantly different from results obtained
using PKS and SKKS (about 138°). On the other hand, results from each of the three
XKS phases obtained in our study are statistically consistent with the corresponding

values reported by Liu & Gao (2013) (Table 1). Those comparisons suggest that only
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using a single phase could result in misleading results. In addition, station averages are

heavily dependent on the relative proportion of the events from the different BAZ groups,

and thus do not objectively reflect the true anisotropy characteristics beneath this station.

3.2. STATION HFE
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Figure 5. Same as Figure 4 but for Station HFE.

The 78 events recorded by Station HFE resulted in a mean 6t of 0.93 £ 0.29 s and

amean ¢ of 55.9 £ 32.6° (Figure 5). The PKS and SKKS measurements are mainly from
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BAZ ranges of 0—15° and 330-360°, and the resulting fast orientations are dominantly
NW-SE. In contrast, the SKS measurements are mostly from events in the BAZ range
spanning from 110° to 130° and the fast orientations are mostly NE-SW. A group of five
measurements from events in the SW quadrant demonstrate mostly E-W fast orientations
(Figure 5i). Similar to ENH, the azimuthal variations are inconsistent with a multiple
layered anisotropic structure (Figure 5c).

Previous studies conducted at this station (Wang et al., 2013; Zhao et al., 2013; Li
etal., 2018; Yang et al., 2019) all used the SKS phase, and the number of measurements
ranges from 1 to 11 comparing to 78 obtained by this study. The fast orientations from
the previous studies range from 47° to 86°, while the splitting times are between 0.48 and
1.26 s. Similar to ENH, our SKS fast orientation (52°) is comparable to results from the
previous SKS splitting measurements, but significantly different fast orientations with

those obtained by previous studies are found when PKS and SKKS are used.

3.3. STATION LCH

The 91 pairs of measurements from LCH have dominantly N-S fast orientations
with a mean value of 178.2 £ 17.0°, and the resulting ot values range from 0.4to 1.4 s
with a mean of 0.78 £ 0.18 s. The measurements can be divided into two groups based on
the BAZ range of the events. The first group, which is mostly composed of SKKS and
PKS measurements, has a BAZ in the range of 15-40°, and the second group, which are
mostly SKS measurements, has a BAZ range between 120° and 140° (Figure 6). For the

first group, the mean splitting parameters are 167.3 = 11.6° for the fast orientation, and
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0.85 £ 0.16 s for the splitting time, and for the second group, the corresponding values

are 12.8 £ 10.3° and 0.69 £ 0.16 s.

Only one previous study measured SWS at this station (Zhao et al., 2011), which

reported a fast orientation of 128° and a splitting time of 2.54 s from a single SKS event.

Both the fast orientation and the splitting time are significantly different from results

obtained by this study using any of the three phases (Table 1).
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Figure 6. Same as Figure 4 but for Station LCH.
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4. DISCUSSION

4.1. EVIDENCE FOR PIERCING-POINT-DEPENDENT ANISOTROPY

The clear dependence of the splitting parameters on the arriving azimuth of the
XKS events adequately indicates that the observed splitting parameters cannot be readily
explained by a laterally homogenous single layer of anisotropy with a horizontal axis of
symmetry, which is an assumption when the vast majority of previous SWS studies
employed for interpreting the measurements. Traditionally, departures from this ideal
model are termed as complex anisotropy (Silver & Savage, 1994), and the most
commonly observed complex anisotropy is composed of two or more layers with
horizontal but non-parallel and non-orthogonal axes of symmetry. These multiple layers
of anisotropy are characterized by a systematic azimuthal variation of both the ¢ and 6t
observations, typically possessing a 90° periodicity (Rumpker & Silver, 1998), which is
not observed at any of the three stations (Figures 4-6). Additionally, for multiple layered
anisotropy, some of the ¢ values can be approximately parallel or orthogonal to the BAZ
(Liu & Gao, 2013), which are also not observed (Figures 4-6). Therefore, the observed
apparent azimuthal variations of the splitting parameters cannot be reliably attributed to
multilayered anisotropy.

Relative to two-layered anisotropy, a less commonly observed form of complex
anisotropy is constituted by a single layer with a dipping axis of symmetry (Levin &
Park, 1997; Levin et al., 2007), which is characterized by a systematic azimuthal
variation of the splitting parameters with a 180° periodicity. Even though the azimuthal

distribution of the XKS events is limited at some of the stations, it is clear that a 180°
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periodicity is absent at all the three stations (Figures 4b, 5b and 6b). Compared with
multilayered or dipping axis models, a more viable scenario is spatially varying simple
anisotropy. In addition to the lack of 90° or 180° periodicity, the strongest evidence for
this model is from the fact that when the observed splitting parameters are projected at a

certain depth, a spatially coherent pattern is observed, as detailed in the next section.

4.2. ANISOTROPY DEPTH ESTIMATION
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Figure 7. PKS, SKKS, and SKS splitting parameters (quality A and B) from this study
plotted at piercing point locations at different depths. The depth values are shown in the
upper left corner. The black bars in (a) are the station averaged SWS parameters, and the
red, blue, and pink bars indicate individual measurements from stations LCH, ENH, and

HFE, respectively.
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We next project the splitting measurements to different depths and explore the
spatial consistency of the splitting parameters. With increasing depth, the piercing points
of the XKS rays recorded by the stations spread away from the stations and eventually
overlap (Figure 7). As the assumed depth approaches ~250 km, measurements with
nearby piercing points show the highest similarity to each other (Figure 7e) and can be
approximately divided into three groups. Those in the group north of 30.2° N latitude
have a dominantly NW-SE fast orientation, those in the south-central part of the study
area are mostly E-W oriented, and the rest measurements have mostly NE-SW fast
orientations. The spatial coherency appears to decrease at greater depth (Figure 7f).

We use two approaches, which are identical in principle but different in visual
display and vertical sampling intervals, to quantify the initial observation that the spatial
coherency of the splitting parameters vary with the assumed depth, and to locate the
optimal depth with the highest spatial coherency. For the first approach, we divide the
study area into overlapping circles with a 0.2° radius and 0.2° distance between the
neighboring circles. For each depth, we calculate the sample standard deviation (SD) of
the fast orientations within each of the circles and then get the average of SD value for
each of the depths of 0, 100, 150, 200, 250, 300 and 350 km. A circle is not employed if
the number of splitting measurements in it is one or less. The results show that the lowest
averaged SD value is found at 250 km (Figure 8e). For the second approach, we apply the
spatial coherency method first proposed in Gao et al. (2010). This technique employs the
idea that the observed splitting parameters will reach the highest spatial coherency if the
assumed anisotropy depth is correct (see Liu & Gao, 2011; Gao & Liu, 2012 for the

detailed descriptions). The conditions for the technique to be reliably applied, including
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adequate BAZ coverage, densely spaced (e.g., 70 km or less) stations, and spatially
varying simple anisotropy, can all be satisfied in this study area. The resulting Fy, which
is a dimensionless factor reflecting the spatial variation of the measurements as a function
of the assumed depth of anisotropy, shows a clear minimum at the depth of 250 km
(Figure 8h), a conclusion that is consistent with results from the previous approach. The
actual thickness of the anisotropic layer is dependent on the anisotropy amplitude. Under
the assumption that the layer has a mean anisotropy of 4 per cent (Mainprice & Silver,

1993), a splitting time of 0.75 s corresponds to a thickness of ~80 km.

(@) (b (©

= 150 km %
w0 =152 W | 20

100

095
090
085
080
075

o 3 & B 8 8

070
065

060

055

050

Variation factor (F,)

045
040
A" 035

030
M 0,10 | 025
020

2 2 8 8 8

015

010

2 0 2 T
108" 108.5° 109" 109.5° 110" 1105° 111" 1115 108" 108.5° 109° 109.5° 110° 1105° 111" 111.5" 0 50 100 150 200 250 300 350 400 450 500
SD of fast orientation Assumed depth of anisotropy (km)

Figure 8. (a—g) Distribution of the standard deviation (SD) of spatially averaged fast
orientations in 0.2° radius circles at the depth of 0, 100, 150, 200, 250, 300, and 350 km.
The averaged SD results are indicated in the upper left corner of each map. The results
plotted were resampled into a resolution of 0.1°. The red, blue, and pink bars indicate
individual measurements of stations LCH, ENH, and HFE, respectively. (h) Anisotropy
depth analysis for the SWS measurements based on the spatial coherence technique (K.H.
Liu & Gao 2011), resulting in an optimal depth of anisotropy at 250 km. The red triangle
on the curve marks the depth with the minimum variation factor.
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4.3. SYNTHETIC TEST

Like it is routinely assumed by the vast majority of SWS studies, the above
analysis and interpretation of the SWS measurements were made based on the ray theory,
that is the measurements only reflect physical properties along the geometric ray paths. In
reality, due to the finite frequencies of the XKS waves, the splitting measurements are
functions of anisotropy primarily in the first Fresnel zone (Alsina & Snieder, 1995;
Chevrot, 2006). For a shear wave with a dominant frequency of 0.15 Hz, the radius of the
first Fresnel zone at 250 km depth is about 60 km. As shown in Figures 2(a) and (b), most
of the events used in the study are from either the north or the southeast. For a given
station, the Fresnel zones of the XKS waves from the two groups overlap significantly at
shallow depth (e.g., < 100 km), and the amount of overlapping decreases at greater depths
(see Figure 9b for an example for Station ENH). At the optimal depth of 250 km, the
overlapping area is merely 13 per cent of the area of the first Fresnel zone, suggesting
that at this (and greater) depth, the two groups of events recorded by the same station
sample different regions.

To test if a sharp E-W boundary separating the two regions of anisotropy can
indeed produce the observed pattern of splitting parameters, we used the SPECFEM3D
GLOBE package (Komatitsch & Vilotte, 1998; Komatitsch & Tromp, 1999) to produce
synthetic seismograms. ldeally, given the large (~83°-180°) epicentral distances for the
XKS waves, a global-scale simulation with a realistic 3-D structure should be used for
simulating wave propagation. However, in order to achieve frequencies that are high

enough to match those of the XKS waves, the computational cost for a global scale
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simulation is unrealistically high at the present time, and is actually not essential for

our purpose, as demonstrated below.
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Figure 9. Comparison of SWS measurements using synthetic seismograms generated
using SPECFEB3D_GLOBE (a) and those from corresponding observed seismograms
(b). For each station (triangles), the splitting parameters (bars) from an event from north
and another event from southeast are measured and are plotted at the 250 km depth
piercing points using the same color as the station. The circles in (b) are the first Fresnel
zones from two events (whose back azimuths are marked by the green arrows) recorded
by Station ENH at various depth. The solid circles are the Fresnel zones at 250 km depth.
The E-W dashed line approximately separates two regions of anisotropy with different
fast orientations.

We constructed a regional model with a depth range of 0-950 km and a surface
area of 10° by 10° centered at station ENH. The model has 256 surface spectral elements
and is capable of producing synthetic seismograms for periods longer than ~1.9 s which
is comparable to the dominant period of the XKS waves used in the study. The
transversely isotropic version of the spherically symmetric Preliminary Reference Earth

Model (PREM; Dziewonski & Anderson, 1981) was used as the background model, and
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an azimuthally anisotropic layer at the depth range of, 200-280 km was introduced
based on the estimated optimal depth and layer thickness. The fast orientation and
splitting time of the layer for the area north of Station ENH were set as —30° and 0.8 s,
respectively, and those in the area south of the station were set as 60° and 0.8 s,
respectively. For each of the three stations, an event from the northern group and another
event from the SE group were chosen for the simulation. Because the source must reside
inside the volume, a local event was placed at the piercing point of the corresponding
XKS ray path at 500 km depth. As the initial polarization orientation of the shear wave
from a local event is dependent on the focal mechanism, the technique of minimizing the
lesser of the two eigenvalues of the covariance matrix of the seismograms (Silver &
Chan, 1991) is used to simultaneously search for the initial polarization and the splitting
parameters. Figure 10 shows example synthetic seismograms and their splitting analyses.
A comparison of the resulting splitting parameters computed from the synthetic and
observed seismograms (Figure 9 and Supporting Information Table S2) suggests a simple
model with two uniform regions of anisotropy and a sharp vertical boundary can explain

the major characteristics of the SWS measurements reasonably well.

4.4. GEODYNAMIC IMPLICATIONS

Previous studies suggest that the lithospheric thickness beneath the study area is
between ~200 and 250 km (Wang et al., 2013; Pasyanos et al., 2014; Shan et al., 2021),
which is comparable to the ~250 km resultant optimal depth of anisotropy (Figure 8h).
We thus speculate that the anisotropy observed beneath the three stations mainly comes

from the upper asthenosphere, in the rheological transition zone between the lithosphere
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and the asthenosphere. This conclusion is consistent with the result of numerous
previous seismic anisotropy studies proposing that mantle flow plays an important role in
the formation of seismic anisotropy beneath central China and its adjacent areas (e.g., Bai
et al., 2009; Huang et al., 2011, 2015; Li et al., 2011; Kong et al., 2018), probably from
the westward subduction of the Pacific plate, mantle flow associated with absolute plate
motion (APM) of the Eurasian Plate (e.g., Huang et al., 2011) or with India—Eurasia
collision (e.g., Bai et al., 2009; Li et al., 2011; Huang et al., 2015; Kong et al., 2018; Liu

etal., 2019).
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Figure 10. Same as Figure 3 but for the SWS measurements computed from the synthetic

seismograms for two station-event pairs.
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The bottom of the thick lithosphere of the Sichuan Basin (SCB) is revealed to
have a downward cone shape by some previous seismic tomographic studies (e.g.,
Pasyanos et al., 2014; Bao et al., 2015; Van der Meer et al., 2018; Shan et al., 2021). The
SWS measurements we obtained in this study have two dominant fast orientations and
are spatial clustered when they are projected to the optimal depth of 250 km,
approximately separated by the latitude of station ENH (Figure 8e). The fast orientations
in the northern group are approximately consistent with the APM direction, and those in
the southern group are subparallel to the strike of the margin of the lithospheric root of
the SCB in the area (NE-SW). These observations can be explained by a simple mantle
flow model that consists of both APM-induced and root-deflected mantle flow systems
(Figure 11), similar to what has been proposed for other areas with large lateral variations
in lithospheric thickness such as the southern and eastern edges of the North American
craton (Fouch et al., 2000; Refayee et al., 2014; Yang et al., 2014, 2017). Under this
model, the NW-SE fast orientations in the northern area reflect APM-induced anisotropy
or a combination of APM-induced anisotropy and anisotropy associated with a flow field
moving around the northern edge of the thick lithospheric block, while the NE-SW
oriented anisotropy observed in the southern area, which is inconsistent with the APM
direction, is associated with the flow system deflected by the eastern edge of the thick
lithospheric block beneath the SCB. The proposed model provides a viable explanation
for the puzzling observation that around the NE corner of the SCB, the fast orientations
are different from those observed in the surrounding areas (Figure 1). This model can
also explain most previous SWS measurements in the vicinity of the SCB, especially

those in its peripheral areas (Figure 11). The general agreement between the observed fast



29
orientations and those predicted by the mantle flow system inferred from the model
implies that to the first order, lithospheric fabric has a less significant contribution than
mantle flow to the observed azimuthal anisotropy in the vicinity of the SCB, although a
more quantitative evaluation of the contribution from each of the layers cannot be made
solely based on SWS measurements presented in this study. The dominantly
sublithospheric origin of the observed anisotropy is also hinted by the estimated depth of
the source of anisotropy based on the spatial coherency analysis, and the fact that events
from different azimuthal recorded by the same station show different splitting parameters

(Alsina & Snieder, 1995).

Vs (km/s)

4.7

4.6

.

Figure 11. A schematic model showing the mantle flow field beneath the study area. The
white and red bars are SWS measurements from previous studies and this study,
respectively. The black dashed lines with arrows indicate the direction of mantle flow
deflected by the keel of the thick lithosphere keel beneath the SCB. The background
color denotes shear wave velocities at the depth of 160 km (Bao et al. 2015). The gray
and white arrows represent the APM directions computed using the HS3-NUVEL-1A
model (Gripp & Gordon 2002) and the NNR-MORVEL56 model (Argus et al. 2011),
respectively.
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5. CONCLUSIONS

The SWS measurements observed at three stations situated near the NE margin of
the SCB exhibit systematic azimuthal variations in the fast orientations and lack a 90° or
180° periodicity which is expected for the most common forms of complex anisotropy.
Spatial coherency analysis of the splitting parameters suggests that the source of
anisotropy beneath the study area mostly locates in the depth of ~250 km which is
comparable to the depth of the bottom of the seismically determined lithosphere in the
area. The observations can be explained by a simple geodynamic model invoking APM-
related simple shear in the transitional layer between the partially coupled lithosphere and
the asthenosphere, and mantle flow deflected by the thick lithospheric root of the SCB in
the upper asthenosphere. This study advocates the consideration of laterally

heterogeneous anisotropy structures for the interpretation of splitting measurements.
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Il1. SEISMOGENIC LAYER AZIMUTHAL ANISOTROPY IN THE VICINITY

OF THE 2019 M7.1 RIDGECREST EARTHQUAKE REVEALED BY SHEAR
WAVE SPLITTING ANALYSIS

ABSTRACT

To investigate the spatial and temporal variations of seismic azimuthal anisotropy
in the vicinity of the July 2019 M7.1 Ridgecrest, California, earthquake, local events
recorded by three seismic stations over the period of July 2019 to January 2020 were
used to obtain ~800 shear wave splitting measurements. The results suggest a strong
asymmetry in anisotropy forming mechanisms across the Eastern Little Lake Fault
(ELLF). In the area located to the northeast of the ELLF, the observed fast orientations
are dominantly N-S, which is parallel to the maximum horizontal compressive stress, and
the splitting times are independent of the focal depths, suggesting that stress induced
anisotropy is mostly located in a shallow layer in the top ~5 km. In the area southwest of
the ELLF, the fast orientations are mostly parallel to the strike of fault zones. Such
parallelism is most clearly observed in the section of the ELLF between the main section
of the Southern Little Lake Fault (SLLF) and the North SLLF, where the halfwidth of the
fault zone estimated based on the splitting measurements is at least 3.5 km and is
consistent with the diffusive distribution of earthquakes. NE-SW oriented anisotropy in
the vicinity of a proposed blind fault confirms the existence of the fault. 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, consisting primarily of
an M6.4 foreshock, an M7.1 mainshock, and tens of thousands of recorded aftershocks,
activated a complex network of intertwined conjugate faults in the southern Walker Lane
(Figure 1) (e.g., Barnhart et al., 2019; DuRoss et al., 2020; Fielding et al., 2020;
Hauksson et al., 2020; C. Liu et al., 2019; Ponti et al., 2020; Ross et al., 2019; 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 (Figure 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 ELLF. 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 (Figure 1b; Duan et al., 2022; Hardebeck, 2020; Sheng &
Meng, 2020; Wang & Zhan, 2020).

Although many studies have been conducted after the 2019 Ridgecrest earthquake
sequence to understand surface deformation and stress field distribution and evolution
(e.g., Chen et al., 2020; DuRoss et al., 2020; Fielding et al., 2020; Ross et al., 2019
Shelly, 2020; Sheng & Meng, 2020), 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
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in the fault zones, seismic anisotropy measurements, like those presented below, have
the potential to provide critical information about the deformation field in the
seismogenic zone (e.g., Boness & Zoback, 2004; Cochran et al, 2003; Crampin, 1987; T.

Lietal, 2019; Z. Lietal., 2014; Y. Liu et al., 2021; Shi et al., 2020).

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; Jiang
etal., 2021; Y. Liu et al., 2008; Miller & Savage, 2001; Peng & Ben-Zion, 2004). 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
& Chan, 1991). The polarization orientation of the fast wave (fast orientation or ¢) and
the time of separation between the fast and slow waves (splitting time or 6t) 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 direction. Anisotropy such formed is termed stress-induced
anisotropy (Boness & Zoback, 2004; Crampin, 1978, 1987, 1993; Leary et al., 1990).
Anisotropy can also be associated with rock or mineral structures (Boness & Zoback,
2006) with an orientation that is consistent with the dominant strike of fracture zones
such as those associated with active faults, i.e., structure-induced anisotropy (Z. Li &

Peng, 2017; Zhang & Schwart, 1994; Zinke & Zoback, 2000). Moreover, other
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mechanisms such as magmatic dikes and oriented melt pockets (Bastow et al., 2010; S.
Gao et al., 1997; Holtzman et al., 2003; Keir et al., 2005), preferential mineral alignment
(Brocher & Christensen, 1990; Okaya et al., 2016; Sayers, 1994) and sedimentary
layering (Alford, 1986; Audet, 2015; Bastow et al., 2010; Leary et al., 1990) can also

cause crustal anisotropy.

1.2. RATIONALE OF THE STUDY

Most previous SWS studies of seismogenic zone anisotropy use station-averaged
or area-averaged splitting parameters (e.g., Kaneshima, 1990; Z. Li & Peng, 2017; Y. Liu
et al., 2008; Wu et al., 2019), which are not ideal for revealing ray-path specific
anisotropic variations that are observable in areas with complex structures and
heterogeneous stress fields. In this study, we utilize individual rather than station- or
area-averaged measurements to identify spatially varying anisotropy in the seismogenic
layer in the vicinity of the southern Ridgecrest aftershock zone (Figure 1a). In addition to
spatial variations, we also attempt to explore possible temporal variations of anisotropy in
the seismogenic zone, which may reflect rock property changes as a result of fluid
injection (e.g., T. Li et al., 2019; Miller & Savage, 2001; Volti & Crampin, 2003),
perturbation of the local stress field (e.g., Y. Gao & Crampin, 2003, 2004; Hiramatsu et
al., 2010), changes in rock and static stress physical properties related to large
earthquakes (e.g., Crampin, 1994; Crampin et al., 1990; Y. Gao et al., 1998; Y. Liu et al.,
1997; Lucente et al., 2010), and fault zone healing processes after a major earthquake
(e.g., Hiramatsu et al., 2005; Tadokoro & Ando, 2002). Seismic events from almost

identical ray paths are employed in this study to remove spatial effects (e.g., Aster et al.,
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1990; Bokelmann & Harjes, 2000; Y. Liu et al., 2004; Peng & Ben-Zion, 2004) to

explore possible fault healing following the M7.1 Ridgecrest earthquake.
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Figure 1. (a) Distribution of seismic stations used in the study (black 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 a

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), and 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
(Sheng & Meng, 2020). 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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2. DATA AND METHODS

The seismic dataset used in this study was recorded by three temporary stations
(CA01, CAO03, and CA06) located in the southern aftershock zone of the 2019 Ridgecrest
earthquake sequence and was obtained from the Incorporated Research Institutions for
Seismology (IR1S) Data Management Center (DMC) (Figure 1a). The stations were
deployed by the U.S. Geological Survey (USGS; Cochran et al., 2020) following the
M6.4 foreshock and M7.1 mainshock. These stations collected data with a recording
length of about 4-6 months until January 2020. A total of 60,367 earthquakes were

reported in the mapped area of Figure 1a during 2019 and were relocated by the Southern

California Earthquake Data Center (https://scedc.caltech.edu/; Figure 1). For data
requests, we apply a minimum cutoff magnitude of -0.74, which is the minimum
magnitude in the catalog, to ensure that all recorded seismic events can be accessed and
processed. To avoid the distortion of particle motions of the direct S-wave by the free
surface, only events with an angle of incidence of less than 40° (e.g., Booth & Crampin,
1985; Nuttli, 1961) are used for SWS analysis in this study.

Using a semi-automatic procedure (K.H. Liu et al., 2008; K.H. Liu & S.S. Gao,
2013) developed based on the principle of minimizing the lesser of two eigenvalues of
the covariance matrix (Silver & 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 radial and transverse

components (which are relative to the direction of the initial polarization direction and


https://scedc.caltech.edu/
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not the great circle arc). The corrected radial and transverse components, the fast and
slow components, the particle motion patterns, and the remaining energy on the corrected
transverse components are then computed, in the same manner as the minimization of
transverse energy approach (Silver & Chan, 1991), for visual display and manual
checking. The original seismograms are initially bandpass filtered with corner
frequencies of 0.5 and 10.0 Hz. All the resulting measurements are automatically ranked
and subsequently visually verified. If necessary, the beginning and end of the window for
SWS analysis and the band-pass filtering frequencies are modified during the manual
checking stage to exclude non-S arrivals and improve the signal-to-noise ratio. The final
ranking of the measurements is determined based on the quality of the signal, the
linearity of the corrected particle motions, and the uniqueness and strength of the
minimum energy point on the misfit map of the corrected transverse component.
Examples of splitting analysis from the three stations used in the study are shown in

Figure 2.

3. RESULTS

After manual checking, a total of 803 pairs of well-defined optimal splitting parameters
are obtained, among which 253 are from Station CA01, 230 from Station CA03, and 320
from Station CAQ6. Table Al shows station-averaged splitting parameters. The
measurements are from 796 events with magnitudes ranging from 0.1 to 3.8. For all the
measurements, the circular mean of the fast orientations is 9.8 + 24.2°, the arithmetic

mean of the delay times is 0.05 £ 0.03 s, and the mean ray-path-length normalized
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splitting time (NST) is 5.99 + 3.11 ms/km. Measurements from each of the three
stations can be found in Figures 3-5, where the splitting parameters are plotted at the

epicenter. Figure Al shows results plotted at the middle points between the events and

the stations.

(a)  Station CAO1 (35.6551°, -117.4237°), (b)  Station CAO3 (35.6220°, -117.5691°), (c)  Station CA06 (35.5996°, -117.4927°),
EQ19192003231 (35.648°, -117.436°). EQ19237122708 (35.666°, -117.561°), EQ19278153704 (35.626°, -117.474°),
Ev-Dep= 8.2 km, Ev-Mag=1.1, Ev-Dep= 7.4 km, Ev-Mag=0.3, Ev-Dep= 6.5 km, Ev-Mag= 1.0,
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Figure 2. Examples of SWS measurements from Stations CA01, CA03, and CA06. For
each column, the plots in the top row show the original vertical component and original
and corrected radial and transverse components, and the plots in the central rows show
the uncorrected and corrected particle motions of the fast and slow particles. The bottom
plots are corrected transverse energy contour maps, with the color representing the
energy on the corrected transverse component. The optimal pair of splitting parameters
correspond to the minimum value on the contour map of the remaining traverse
component energy and are indicated by a white dot.
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Figure 3. (a) Resulting SWS parameters of Station CAO1 plotted at the epicenters. The
orientation of the bars represents the fast orientation, and the length is proportional to the
splitting time. The color of the bars indicates focal depths, and the rose diagram is created

using all the fast orientation measurements from this station. (b) Absolute angular

difference between fast orientations and SHmax direction (Sheng & Meng, 2020). (c)
Splitting time measurements. (d) Ray path normalized splitting times. S-M ELLF: South-

Main branch of the ELLF; S-W ELLF: South-West branch of the ELLF; C-S-N BF:
Cross-South-North blind fault; C-S-S BF: Cross-South-South blind fault. S-C-S-R: Short-
Cross-Sinistral-Rupture.

3.1. STATION CAO01
Station CAO1 is the only station used in this study that is located to the northeast
of the ELLF (Figure 1). Figure A2 shows 4 typical measurements from this station. The

majority of the events used to obtain the splitting measurements from this station are also
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distributed to the northeast of the ELLF and thus, only a few ray paths travel through
the ELLF, which is the most significant fault in the study area (Figure 3). The resulting
fast orientations are dominantly N-S and correlate with the SHmax orientation (Figures
3a and 3b). The splitting times from events near the South-Main and South-West
branches of the ELLF are slightly (about 0.01-0.03 s) larger than those in other areas
(Figure 3c). Seismic events in the north of the South-Main branch of the ELLF have
relatively shallower foci, while the corresponding NSTSs are greater (Figures 3a and 3d).
Despite the complicated fault structures around Station CAQ1, there are no systematic

spatial variations in both the fast orientations and splitting times observed at this station.

3.2. STATION CAO03

Station CAO3 is situated inside the fault zone of the southwest part of the SLLF
(Figure 4). The measurements show considerable and spatially systematic variations (see
Figure A3 for examples) and can be divided into four groups depending on the
characteristics of the observed splitting parameters (Figure 4a).

Group 1 contains measurements located approximately 5 km north of the station,
near the southwest end of the north branch of the SLLF (North SLLF). This group of
measurements show SHmax-parallel (N-S) fast orientations with small splitting times (~
0.03 s) and NSTs (~ 3 ms/km). In addition, splitting parameters from events located to
the north of the faults are indistinguishable with those from events to the south of the
fault (Figure 4).

Group 2 includes measurements from events located ~8 km northeast of the

station, close to the interlocked conjugate fault zone that comprises the right-lateral
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ELLF, the left-lateral SLLF, and the left-lateral North SLLF. Measurements in this
group mostly display NW-SE fast orientations that align well with the trend of the ELLF.
The fast orientations for events in this group are mostly NW-SE, and become E-W for
events in the southern part of the area (Figure 4a). The splitting times and NSTSs in this

group are the largest in the study area (Figures 4c and 4d).
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Figure 4. Same as Figure 3 but for Station CA03. North SLLF: north branch of the SLLF.
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Group 3 measurements are from events located within ~3 km from the station
in the northwest quadrant. Most of these measurements are distributed along the
Quaternary faults that run sub-parallel to the SLLF and exhibit NE-SW fast orientations
(Figures 4a and 4b). In general, events closer to Station CA03 have shallower focal
depths (mostly shallower than 8 km), while the depths of those closer to the Quaternary
faults are deeper than 8 km (Figure 4a). Except for the measurements observed from
events near the station, the resulting splitting times and NSTs are relatively small
(Figures 4c and 4d).

Events in Group 4 are mainly from the southwest branches of the SLLF. The
resulting fast orientations of these measurements are mostly parallel to the N-S oriented
SHmax direction, and a few measurements from events located at the southwest end of
the SLLF demonstrate SLLF-parallel fast orientations (Figures 4a and 4b). Events in the
southwest branches of the SLLF are mainly concentrated at shallower depths with smaller

splitting times than events in the rest of Group 4 (Figures 4a and 4c).

3.3. STATION CAO06

Measurements from Station CAO6 are mainly from events located in the area
between the ELLF and the SLLF (Figure 5). The fast orientations from events located
southwest of the ELLF dominantly agree with the strike of the Cross-South-South and
Cross-South-North blind faults and other NE-SW oriented cross faults. In contrast, for
measurements from events in the off-fault areas or along the ELLF, the fast orientations
deflect towards the SHmax direction (Figures 5a and 5b). The splitting times observed at

this station range from 0.02 to 0.12 s with a mean value of 0.07 £ 0.03 s, and the NSTs
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range from 1.45 to 20.35 ms/km with a mean value of 7.53 + 3.85 ms/km. Events
whose ray paths travel through the fault zone between the Short-Cross-Sinistral-Rupture
(DuRoss et al., 2020) and the Cross-South-South blind fault (Hauksson et al., 2020;
Plesch et al., 2020) have significantly greater 6 and NST values (Figures 5¢ and 5d).
Some of the measurements have two possible pairs of splitting parameters (e.g., Figures

A5 and A6) and might be related to cycle skipping, as discussed below.
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Figure 5. Same as Figure 3 but for Station CA06.
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4. DISCUSSION

(a)
35.72" —— -

012 3
357 km v

-
Cross-Center BF _ ~
-

35.68" /

vy “ A
X 5% rth SLLF7~ /I 5%
3566 ° ! ;
it
35.64° Jor D

mor| LA

\" L
\ W
35.6° /,/l }/"
& F

35.58" e e

Splitting time(s) 1
35.56 I | = %m

004 008 012 S
35.54

-117.65° -117.6° -117.55° -117.5° -117.45° -117.4° -117.35
Depth (km)
2 4 6 8 10
(b)

35.72°

35.54°
-117.65° -117.6° -117.55° -117.5° -117.45° -117.4° -117.35

[ —— ] Absolute angular difference
0 15 30 45 60 75 90 between ¢ and SHmax (°)

Figure 6. (a) Same as Figure 3a but for SWS parameters observed by all three stations.
The shaded areas are subdivisions of the whole study area. Measurements in the black
circle near the center of the diagram show temporal variations. (b) Same as Figure 3b but
for all the measurements from the three stations.

To facilitate discussion, in the following we divide the study region into six areas

(Areas A —F; Figure 6) based on the main characteristics of the splitting parameters.
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Areas A, D, and F contain the measurements from Groups 1, 3, and 4 of Station CA03,
respectively. Area B includes measurements from Group 2 of Station CA03 and a few
from Stations CAO1 and CAO06. Area C includes the area northeast of the ELLF and
southeast of the SLLF, and the measurements are mostly from Station CA01 plus a few
from CAO06. Area E contains all the measurements located southwest of the ELLF and
southeast of the SLLF, mainly from Station CA06 and, to a lesser extent, from Stations
CAO01 and CAO03. Figures 6 and 7 show the measurements plotted at the epicenters, and in
Figure A1, they are displayed at the middle points between the stations and the
epicenters. The average measurements for each of the areas can be found in Table A2.

Note that 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 in Figures 6 and 7 or at the middle points between the
epicenters and stations in Figure Al. Additionally, the ray path samples a “banana”
shaped Fresnel zone with a size that is dependent on the frequencies 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.

4.1. CYCLE SKIPPING

Some previous studies of upper crustal anisotropy using splitting of local S-waves
have identified that the SWS results may suffer from cycle skipping that mostly arises
from the sinusoidal nature of seismic waveforms (e.g., Gerst, 2003; Johnson et al., 2010;
Matcham et al., 2000; Peng & Ben-Zion, 2004; Savage et al., 2010, 2015). For instance,

cycle skipping can occur when the first trough of the slow wave coincides with the first



53
peak of the fast wave, or when the slow wave lags the fast wave by more than one
cycle. Cycle skipping typically results in a splitting time error of multiples of half of the
dominant period or a fast orientation error of 90° (Walsh, 2012).

Some of the events recorded by Station CA06 have two pairs of possible optimal
measurements, as reflected by the presence of two regions of comparable low values on
the corrected transverse energy contour map (e.g., the bottom panel of Figures A5a and
A6a). The separation of the two possible splitting times (~0.07 s) is approximately half of
the dominant period of the S-wave (~0.15 s), which is indicative of cycle skipping, and
the two fast orientations are similar to each other. To decide the most likely optimal
splitting parameter pair, we visually check all the measurements with two possible sets of
measurements (e.g., Figures A5a and A6a), and adjust the S-wave time window so that
one of the two possible splitting parameter pairs has the lowest remaining energy on the
corrected transverse component. We then re-adjust the S-wave window so that the other
parameter pair has the minimum energy (Figures A5 and A6). The optimal pair is
selected by comparing the two sets of measurements based on the following two criteria:
1) The time window leading to the minimum transverse energy contains at least one cycle
of S-wave; and 2) the resulting fast and slow components have a better match than the
other pair (and thus the particle motion pattern is more linear). The resulting splitting
parameters determined using the above procedure are spatially consistent (Figure 5),
suggesting that the optimal measurements are correctly selected at the vast majority of

the station-event pairs with the possible presence of cycle skipping.
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Figure 7. (a) Resulting splitting times plotted at the epicenters. (b) Normalized splitting
time. Different areas are marked by the yellow polygons.

4.2. REGIONAL STRESS INDUCED ANISOTROPY (AREAS A, C, AND F)

The fast orientations of anisotropy in Areas A, C, and F are dominantly N-S, i.e.,
SHmax parallel, with no systematic spatial variations and are thus attributable to regional

stress induced anisotropy. The consistency between the fast orientations and the
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orientation of SHmax can be clearly observed in Figure 6b. The match between the
two orientations is reduced for measurements from events in the southwestern terminus
area of the SLLF in Area F and may reflect the influence of fault zone anisotropy.
Interestingly, a better match is observed for measurements from events in the fault zone
immediately to the southwest of Station CA03 (Figure 6b). A possible explanation for
this difference is that relative to the latter group of events, events in the formal group are
shallower (Figure 6a) and more distant from the station (CA03), and thus the ray paths
from the events to the station sample a greater portion of the fault zone.

Although the focal depths vary considerably in the three areas (Figure 6a), the
splitting times are largely independent of the focal depths (Figure 7a), 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 three areas are observed from events in the southwestern part of Area C
adjacent to the South-Main ELLF (Figure 7a). 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.

4.3. ANISOTROPY ASSOCIATED WITH SURFACE AND BLIND FAULTS
(AREAS B, D, AND E)

The fast orientations from events in Areas B, D, and E are significantly different
from the SHmax orientation but are largely parallel to the surface expression of known
faults or the strike of previously proposed blind faults, suggesting fractures in the fault

zones are mostly responsible for the observed anisotropy. The observed fast orientations
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and splitting times provide constraints on the lateral and depth extents of the fault
zones, as detailed below.

The section of the ELLF in Area B demonstrates the clearest parallelism between
the fast orientations and the fault strike (Figure 6a), and the section between the SLLF
and the North SLLF hosts some of the largest splitting times in the entire study area
(Figure 7a), where fault parallel fast orientations are still observable (by Station CA03)
for events located ~2 km away from the surface expression of the fault. Assuming an
anisotropy magnitude of 5%, a 0.06 s splitting time for an event with a focal depth of 10
km and an epicentral distance of 6 km approximately requires a horizontal dimension of
1.5 km for the fault-parallel zone of anisotropy, suggesting that the half-width of the
ELLF in Area B between the SLLF and the North SLLF is at least 3.5 km. This wide
fault zone is consistent with the diffusively distributed earthquakes in the block border by
the SLLF and the North SLLF (Figure A7). In contrast, no ELLF-parallel anisotropy is
observed in the section of the ELLF south of the SLLF, an observation that is consistent
with the sharp reduction in the apparent width of the fault zone across the SLLF (Figure
A7).

The NE-SW fast orientations from events in Area D indicate the presence of well
developed along strike fractures associated with the SLLF and minor faults in the area.
Relative to the section of the ELLF north of the SLLF, fractures associated with the
North SLLF are significantly less developed, as indicated by the lack of fault parallel
anisotropy. In Area E, strong NE-SW oriented anisotropy is observed by Station CA06

for events in the vicinity of two proposed NE-SW blind faults (the Cross-South-South
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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).

4.4. 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 fast orientations.
The area northeast of the fault is dominated by N-S fast orientations that are most likely
formed by regional compressional stress, and fast orientations observed in the area to the
southwest of the fault are generally fault parallel (Figure 6a). Such a contrast suggests
that the seismogenic zone of the former area is less fractured by the strike-slip fault
system, probably due to an asymmetry in the strength of the upper crust. This is
consistent with the observation that most of the NE-SW oriented faults are located in the

area to the southwest of the ELLF or extend a short distance across it.

4.5. 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. Gao & Crampin, 2003,
2004; Y. Liu et al., 1997; Tadokoro & Ando, 2002). 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 Figure 6a) exhibits clear
temporal variations in both the fast orientation and splitting time (Figure 8). As shown in

Figures 6 and A8, for the four events that occurred between days 215 and 233 in 2019,
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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 (Figures 8a—8d). In contrast, the fast
orientations from the three events between days 299-329 changed to parallel to the strike
of the ELLF, and the splitting times reduced to 0.03 s (Figures 8e—8g). The observed
splitting parameters in the same group are almost identical to each other. 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 Figure 6a.
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Figure 8. Measurements from 7 events in the black circle in Figure 6a that show apparent
temporal variations.
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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 (Figure
6a). Therefore, the NE-SW fast orientations observed in the earlier group of events may
indicate the existence of fractures associated with the conjugate fault system that were
developed or reactivated by the M7.1 earthquake. The fact that the fast orientations
changed to ELLF parallel in the later group may suggest healing of the conjugate faults,
as observed elsewhere (e.g., Hiramatsu et al., 2005; Tadokoro & Ando, 2002), and

anisotropy associated with the ELLF became dominant along this particular ray path.

5. CONCLUSIONS

Based on 803 pairs of splitting parameters observed by three stations in the
southern 2019 Ridgecrest aftershock zone, systematic spatial variations in seismogenic
zone azimuthal anisotropy 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 to
the southwest of the ELLF is dominated by shear zones associated with two groups of
active faults. The different anisotropy forming mechanisms imply an asymmetry of rock
strength across the ELLF. Significant variations in the width of the damaged zone along
the ELLF are observed. The northern section of the ELLF in the study area demonstrates
the strongest fault-parallel anisotropy, followed by the SLLF and the Cross-South-South
and Cross-South-North blind faults. Fault-parallel anisotropy is not observed by 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
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northern 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 faults.
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APPENDIX

Table Al. Station-averaged splitting parameter results.

61

o (°) ot () NST (ms/km) Number
CA01 179.3 + 14.7 0.04 £0.01 541+ 1.96 253
CAO03 7.1+£36.1 0.04 £ 0.02 450+ 1.72 230
CA06 19.5+£17.2 0.07 £ 0.03 7.53+3.85 320
All 9.8+£24.2 0.05+0.03 599 +3.11 803
Table A2. Area-averaged splitting parameter results.
0 (°) ot (s) NST (ms/km) Number
Area A 179.3+6.8 0.03+0.01 3.19+0.83 16
Area B 1134+ 17.7 0.06 + 0.02 527+2.14 61
Area C 1.8+13.8 0.05 +0.02 555+2.01 285
Area D 23.9%9.1 0.04 £ 0.01 4.08 + 1.65 57
Area E 20.0 £ 18.2 0.06 +0.03 7.64 +3.98 290
Area F 6.2+16.4 0.03+0.01 7.64 +3.98 94
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Figure Al. Same as Figures 6 and 7 in the main text but the measurements are displayed
at the middle points between the epicenters and stations.
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Figure A2. Examples of shear wave splitting measurements from Station CAO1. See
Figure 2 in the main text for details.
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(d) Station CAD3 (35.6220° -117.5691°),
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A2 but for Station CA03.
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Figure A4. Same as Figure A2 but for Station CAQ6.
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(c) Station CAO6 (35.5996°, -117.4927°),
EQ19192030256 (35.629°, -117.460°),

Ev-Dep= 9.4 km, Ev-Mag=1.2,
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Figure A5. An event recorded by Station CA06 to demonstrate the effects of cycle
skipping. (a) Results using a long S-wave section. (b) Results after adjusting the
beginning and end times to reach an optimal match between the fast and slow
components. (c) Results from another time window that includes only the first half cycle
of the S-wave, leading to a reduced match between the fast and slow components relative
to the optimal situation shown in (b).
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Figure A6. Another event recorded by Station CA06 to demonstrate the effects of cycle
skipping. In this case results shown in (c) are the optimal results.
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SECTION

2. CONCLUSIONS

In this study, we systematically examined the local-scale spatially varying
anisotropic structures in the Earth’s upper crust and upper mantle, as well as the
associated formation mechanisms of laterally heterogeneous anisotropy, utilizing the
shear wave splitting method.

Our research is composed of two sub-projects. In the first project, we investigated
the piercing-point-dependent azimuthal anisotropy using the teleseismic data collected on
the northeastern edge of the Sichuan Basin in central China. A total of 360 pairs of
resulting XKS splitting parameters indicate that:

(1) The consideration of laterally heterogeneous anisotropy structures is essential

for the interpretation of splitting measurements.

(2) The resulting SWS measurements display systematic azimuthal variations in ¢
with no 90° or 180° periodicity, which indicates the piercing point-dependent
anisotropy.

(3) Spatial coherency analysis results suggest that the anisotropy source mostly
locates in the depth of ~250 km, which is comparable to the depth of the
bottom of lithosphere.

(4) The observations can be explained by APM-related simple shear in the
transitional layer between the lithosphere and the asthenosphere, and mantle

flow deflected by the thick lithospheric root in the upper asthenosphere.
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The second project is focused on the local-scale laterally heterogeneous

anisotropy of the upper crust in the 2019 M7.1 Ridgecrest earthquake aftershock zone.
Some significant conclusions are revealed based on the analyses of 803 pairs of observed
direct shear wave splitting parameters and are listed below:

(1) The pronounced spatial and temporal variations imply that the mixed
mechanisms of the regional stress field and shear action of growth faults may
be responsible for the heterogeneous anisotropy in the seismogenic zone
beneath the 2019 Ridgecrest aftershock zone.

(2) Seismic anisotropy far from the fault zone or with a less developed fault zone,
such as the area to the northeast of the ELLF and around the North SLLF, is
mainly controlled by regional compressive stress.

(3) The structure-induced anisotropy dominates the shear zones of the active
faults in the area to the southwest of the ELLF and exhibits consistency
between the direction of fault strikes and fast orientations.

(4) The asymmetry of rock strength across the ELLF and significant variations in
the width of the damaged zone along the ELLF are implied by the different
formation mechanisms of the uppermost crustal anisotropy.

(5) A clear temporal variation of both the orientation and strength of anisotropy
near the intersection between the ELLF and the Cross-South-North blind fault

may indicate the rapid healing of the NE-SW striking ELLF.
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