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S U M M A R Y
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.

Key words: Mantle processes; Asia; Body wave; Computational seismology; Seismic
anisotropy.

1 I N T RO D U C T I O N

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 (φ or fast orientation) and the delay time between the fast and slow waves (δt 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
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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 backazimuth (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 (Fig. 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.

Some previous SWS studies have also measured SWS parameters at Station ENH and surrounding stations (Fig. 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◦ (Iidaka & 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 (Fig. 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 A N D M E T H O D

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 (Fig. 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 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 TXKS – 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 (φ) and splitting time (δt), 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 (Fig. 2a). Fig. 3 shows examples of quality ‘A’ measurements, which demonstrate significant BAZ dependence
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(a)

(b)

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 colours represent different studies.
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(a) (b)

(d) (e)(c)

Figure 2. Events location. (a) An azimuthal equidistant projection map showing the spatial distribution of the earthquakes (circles) centred 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 backazimuthal
distribution measured by the SWS measurements. (c–e) Rose diagrams illustrating the fast orientations of the SKS, SKKS and PKS phases. For all the plots,
red, green and blue colours represent the SKS, SKKS and PKS events or measurements.

of the 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).

3 R E S U LT S A N D C O M PA R I S O N W I T H M E A S U R E M E N T S F RO M P R E V I O U S S T U D I E S

A total of 360 pairs of well-defined splitting measurements were obtained, including 191 from Station ENH (Fig. 4), 78 from HFE (Fig. 5) and
91 from LCH (Fig. 6). Among those measurements, 125 are from PKS, 50 are from SKKS and 185 are from SKS (Supporting Information
Table S1). As shown in Figs 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 0◦–35◦ and 300◦–360◦. Both the PKS and SKKS events are from the west coast of Central and South America
(Fig. 2a), and including these non-SKS phases significantly improves the backazimuthal 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.

3.1 Station ENH

The 191 measurements obtained at Station ENH have a mean δt of 0.67 ± 0.18 s and a mean φ 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 zones in an
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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 colour 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.

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 (Fig. 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◦ (Fig. 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 SKiKS, 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 (Iidaka & 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 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

The 78 events recorded by Station HFE resulted in a mean δt of 0.93 ± 0.29 s and a mean φ of 55.9 ± 32.6◦ (Fig. 5). The PKS and SKKS
measurements are mainly from 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 (Fig. 5i). Similar to ENH, the
azimuthal variations are inconsistent with a multiple layered anisotropic structure (Fig. 5c).

Previous studies conducted at this station (Wang et al. 2013; Zhao et al. 2013; Li et al. 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.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/227/3/1496/6325172 by M

issouri U
niversity of Science & Technology user on 16 August 2021



Piercing-point-dependent seismic azimuthal anisotropy 1501

(a) (b) (c)

(d) (e) (f)

(g) (h)

(i)

Figure 4. Summary of measurements at Station ENH. (a) Azimuthal variations of the fast orientation plotted against backazimuth. (b) Same as (a) but for the
modulo-180◦ backazimuth. (c) Same as (a) but for the modulo-90◦ backazimuth. The purple lines in (a)–(c) show φ = 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 colours represent the SKS, SKKS and PKS measurements, respectively.

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 δt
values range from 0.4 to 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◦ (Fig. 6). For the first group, the mean splitting parameters are
167.3 ± 11.6◦ for the fast orientation, and 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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(a) (b) (c)

(d) (e) (f)

(i)

(h)(g)

Figure 5. Same as Fig. 4 but for Station HFE.

4 D I S C U S S I O N

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 φ and δt observations, typically possessing a 90◦ periodicity (Rumpker &
Silver 1998), which is not observed at any of the three stations (Figs 4–6). Additionally, for multiple layered anisotropy, some of the φ values
can be approximately parallel or orthogonal to the BAZ (Liu & Gao 2013), which are also not observed (Figs 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◦

periodicity is absent at all the three stations (Figs 4b, 5b and 6b). Compared with multilayered or dipping axis models, a more viable scenario
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(a) (b) (c)

(d) (e) (f)

(g) (h)

(i)

Figure 6. Same as Fig. 4 but for Station LCH.

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

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 (Fig. 7). As the
assumed depth approaches ∼250 km, measurements with nearby piercing points show the highest similarity to each other (Fig. 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 (Fig. 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 neighbouring circles. For each depth, we calculate the sample standard deviation (SD) of the fast orientations within each of the
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Table 1. SWS measurements from previous and the present studies.

Station Phase φ (◦) σφ (◦) δt (s) σ δt (s) N Reference

ENH SKS 75.6 7.4 0.36 0.13 7 Iidaka & 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 Liu & Gao (2013)
SKS 61.0 11.0 0.61 0.17 28 Liu & Gao (2013)

SKKS 143.9 26.9 0.88 0.21 11 Liu & Gao (2013)
PKS 134.2 4.1 0.75 0.18 22 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 Li et al. (2018)
SKS 85.5 - 0.50 - 1 Yang et al. (2019)

XKS 55.9 32.6 0.93 0.29 78 This study
SKS 52.4 13.2 1.00 0.28 57 This study

SKKS 125.4 27.7 0.73 0.21 19 This study
PKS 173.5 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

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 (Fig. 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 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 Fv,
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 (Fig. 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.

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 Figs 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 Fig. 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.
Ideally, 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,
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(a) (b)

(d)(c)

(e) (f)

Figure 7. PKS, SKKS and SKS splitting parameters (qualities 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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(a) (b) (c)

(h)

(g)(f)

(e)(d)

Figure 8. (a–g) Distribution of the standard deviation (SD) of spatially averaged fast orientations in 0.2◦ radius circles at the depths 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 (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.

the computational cost for a global scale simulation is unrealistically high at the present time, and is actually not essential for our purpose, as
demonstrated below.

We constructed a regional model with a depth range of 0–950 km and a surface area of 10◦ by 10◦ centred 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 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. Fig. 10 shows example synthetic seismograms and their
splitting analyses. A comparison of the resulting splitting parameters computed from the synthetic and observed seismograms (Fig. 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.
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(a) (b)

Figure 9. Comparison of SWS measurements using synthetic seismograms generated using SPECFEM3D 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 colour as the station. The circles in (b) are the first Fresnel zones from two events (whose
backazimuths are marked by the green arrows) recorded by Station ENH at various depths. 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.

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 (Fig. 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 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 et al. 2019).

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 (Fig. 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 (Fig. 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 (Fig. 1). This model
can also explain most previous SWS measurements in the vicinity of the SCB, especially those in its peripheral areas (Fig. 11). The general
agreement between the observed fast 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).
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(a) (b)

Figure 10. Same as Fig. 3 but for the SWS measurements computed from the synthetic seismograms for two station–event pairs.

Figure 11. A schematic model showing the mantle flow field beneath the SCB and adjacent areas. 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
beneath the SCB. The background colour denotes shear wave velocities at the depth of 160 km (Bao et al. 2015). The grey 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 C O N C LU S I O N S

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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Supplementary data are available at GJI online.

Table S1. The resulting individual splitting measurements. This table lists all the individual splitting measurements shown in Figs 4–6 of the
main text. The fields of the table include:
1) Number: Sequence number
2) Station: Station name
3) Phase: Seismic phase used for analysis (SKS, SKKS or PKS)
4) Event: Name of the seismic event (EQyydddhhmm, where yy is the year of the event, ddd is the day of year, hh and mm are the hour and
minute)
5) St-lat.: Station latitude (deg.)
6) St-lon.: Station longitude (deg.)
7) φ: Fast orientation in degrees (clockwise from the North)
8) STD of φ: Standard Deviation (SD) of the fast orientation
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9) δt: Splitting time in seconds
10) STD of δt: SD of the splitting time
11) BAZ: backazimuth of the event
12) BAZ90: Modulo-90◦ BAZ
13) BAZ180: Modulo-180◦ BAZ
14) Ev-Lat.: Event latitude (deg.)
15) Ev-Lon.: Event longitude (deg.)
16) Ev-Dep.: Focal depth in kilometres
17) Rank: Ranking for the measurement
Table S2. Real teleseismic and synthetic SWS measurements. This table lists all the individual splitting measurements shown in Fig. 9 of the
main text. The fields of the table include:
1) Station: Station name
2) Event: Name of the seismic event (EQyydddhhmm, where yy is the year of the event, ddd is the day of year, hh and mm are the hour and
minute)
3) Type: Type of the individual measurement (real teleseismic data or synthetic data)
4) Phase: Seismic phase used for analysis (SKS, SKKS, PKS or direct S)
5) φ (◦): Fast orientation in degrees (clockwise from the North)
6) σφ(◦): Standard Deviation (SD) of the fast orientation
7) δt (s): Splitting time in seconds
8) σ δt(s): SD of the splitting time
9) BAZ: backazimuth of the event
10) p: Ray parameter in seconds/degree

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