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ABSTRACT 

It has long been established that plastic flow in the asthenosphere interacts constantly with the overlying 
lithosphere and plays a pivotal role in controlling the occurrence of geohazards such as earthquakes and 
volcanic eruptions. Unfortunately, accurately characterizing the direction and lateral extents of the mantle 
flow field is notoriously difficult, especially in oceanic areas where deployment of ocean bottom 

seismometers (OBSs) is expensive and thus rare. In this study, by applying shear wave splitting analyses to a 
dataset recorded by an OBS array that we deployed between mid-2019 and mid-2020 in the South China 
Sea (SCS), we show that the dominant mantle flow field has a NNW–SSE orientation, which can be 
attributed to mantle flow extruded from the Tibetan Plateau by the ongoing Indian–Eurasian collision. In 
addition, the results suggest that E–W oriented flow fields observed in South China and the Indochina 
Peninsula do not extend to the central SCS. 

Keywords: mantle flow, South China Sea, Tibetan Plateau, seismic anisotropy, shear wave splitting 

INTRODUCTION 

One of the cornerstones of the theory of plate tec- 
tonics is the realization and characterization of the 
asthenosphere and the roles that it plays in facilitat- 
ing and modulating plate motion [ 1 ]. Specifically, 
this mechanically weak layer allows relative move- 
ments between rigid plates along plate boundaries 
and prov ides driv ing or resistant forces for plate 
motions, during which processes the Earth’s surface 
is continuously shaped through orogeny, volcanism, 
earthquakes, and other geological processes [ 2 –4 ]. 
Delineating the direction, strength, and spatial dis- 
tributions of plastic flow within the asthenosphere 
may, therefore, offer essential constraints on plate 
dynamics [ 2 –5 ]. In areas adjacent to divergent plate 
margins (ocean ridges), the horizontal component 
of the asthenospheric flow is mainly influenced 
by plate motions [ 2 ] and/or thermal convection 
beneath mid-ocean ridges [ 5 ]. In convergent mar- 
gins where an oceanic plate underthrusts another 
oceanic plate or continental mass, flow in the as- 

thenosphere largely takes the form of corner flow 

induced by the shear drag associated with the sub- 
ducting slab [ 6 –8 ]. Ambiguities exist in terms of 
how far such a flow system extends laterally. In an- 
other type of convergent boundary associated with 
continental–continental collision, such as the ongo- 
ing collision between the Indian continent and the 
Tibetan Plateau, it is suggested that the astheno- 
sphere may accommodate the collision by being 
extruded into adjacent regions [ 9 –12 ]. However, 
how far the extruded asthenospheric flow can reach 
remains unclear. 

The South China Sea (SCS) is an ideal locale to 
probe the lateral extents of the asthenospheric flow 

systems driven by plate subduction and continental 
collision. To the West, the Indian plate is subduct- 
ing beneath the Indochina Peninsula and adjacent 
regions. Subduction of the Indian plate is consid- 
ered to drive the E–W oriented corner flow system 

underneath the Indochina Peninsula, although the 
eastern boundary of the corner flow field is not clear 

©The Author(s) 2023. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License ( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
work is properly cited. 
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Figure 1. Topographic map of the study area and adjacent subduction zones. The black arrows represent the absolute plate 
motion directions obtained using the NNR-MORVEL56 model with numbers denoting the velocity [ 29 ]. The black bars show 

the station-averaged apparent shear wave splitting measurements from previous studies obtained at http://splitting.gm. 
univ-montp2.fr/DB/public/searchdatabase.html , and the red ones denote the individual measurements obtained in this study. 
The orientation of the bars characterizes the fast orientation of seismic anisotropy, and the length is proportional to the 
size of the splitting time. The blue bars [ 13 ] and rose diagrams [ 9 ] represent the fast orientations of anisotropy related 
to asthenospheric flow from previous investigations in regions with complex anisotropy where station-averaged apparent 
splitting measurements cannot effectively characterize the complex anisotropic signature. The red arrow on the North side 
exhibits the extruded mantle flow from the Indian-Eurasian collision zone and the southern red arrow stands for the E–W 

oriented flow field associated with the subducting Indian slab beneath the Indochina Peninsula. SCS: South China Sea. 

due to a paucity of relevant observations in the SCS 
[ 8 , 13 , 14 ]. To the northwest of the SCS, the collision 
between the Indian and Eurasian plates resulted in 
lithospheric extrusions starting at the Eocene, caus- 
ing the Indochina and South China blocks to move 
hundreds of kilometers to the East or SE relative to 
the Tibetan Plateau [ 15 ]. Growing lines of evidence 
show that the extrusion also transports astheno- 
spheric materials from the central Tibetan Plateau 
mostly eastward, which are blocked by the cone- 
shaped lithospheric root of the Sichuan Basin and 
flow divergently along the craton margins [ 9 –12 , 16 ]. 
Recent seismological studies indicate that a branch 
flows southeastward along the boundary between 
the southeastern Tibetan Plateau and the South 
China block [ 9 , 10 ] (Fig. 1 ). However, whether 
the extruded asthenospheric materials continue 
flowing southeastward and reach the SCS remains 
vague. 

Multi-episode spreading in the South 

China Sea 

The SCS, one of the largest marginal seas in the West 
Pacific [ 17 ], is considered to have started spread- 
ing in the early Oligocene and ended in the mid- 
Miocene [ 18 –20 ], during which period the rise of 
the Himalayas significantly accelerated [ 21 ]. Previ- 
ous studies suggest that the SCS experienced mul- 
tiple spreading episodes characterized by different 
spreading directions [ 18 –20 , 22 ] and accompanied 
by more than one southward ridge jump [ 18 , 23 ]. 
The first episode of spreading opened the NW and 
East sub-basins in a nearly N–S direction [ 19 , 22 ], 
and the following stages with a spreading direction of 
NW–SE involved the East and SW sub-basins [ 22 ]. 
Although a large number of studies on the formation 
and evolution of the SCS have been conducted over 
the past several decades [ 22 –24 ], the vast majority of 
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the geophysical explorations have been aimed at de- 
lineating the structures and deformations in the crust 
and shallow lithospheric mantle. By contrast, conclu- 
sive investigations regarding the existence, direction, 
and driving mechanisms of the flow field in the as- 
thenosphere beneath the SCS remain lacking [ 25 ]. 

Previous investigations of 
asthenospheric flow underneath the 

South China Sea 

The mantle flow fields in the SCS are highly debated 
in terms of the dominant flow direction and the pri- 
mary driving forces. Previously proposed models in- 
clude 1) a southeastward mantle flow system origi- 
nated from the Tibetan Plateau which enters the SCS 
from the NW margin and then turns to the West 
[ 26 ]; 2) a northeastward flow system beneath the 
SCS driven by a broad mantle upwelling zone that 
is associated with the slabs subducted from the East 
and South [ 27 ]; and 3) a flow system induced by 
plate motion [ 28 ], which is moving at an azimuth 
of about 117° clockwise from the North at a rate 
of 24 mm/year in central SCS based on the NNR- 
MORVEL56 mode l [ 29 ]. One of the primary rea- 
sons for the ambiguity and controversy in the mantle 
flow field of the SCS is that almost all of the passive 
source seismic data utilized in the previous investi- 
gations are obtained from the nearby onshore seis- 
mic stations [ 28 , 30 , 31 ], which cannot sufficiently 
sample the upper mantle of the SCS via body 
waves [ 26 , 28 ]. 

Seismic anisotropy and shear wave 

splitting 

The plastic mantle flow can be readily constrained 
and characterized based on the strength and orienta- 
tion of seismic azimuthal anisotropy [ 32 , 33 ]. In the 
upper mantle, simple shear induced by differential 
motions between the asthenosphere and the overly- 
ing lithosphere can produce lattice preferred orienta- 
tion of anisotropic minerals, primarily olivine [ 34 ], 
which is widely regarded as the cause of upper man- 
tle seismic anisotropy with the fast axis parallel to 
the shear direction under typical upper mantle con- 
ditions [ 33 ]. The anisotropic signature can be fos- 
silized in the lithosphere near a mid-ocean ridge dur- 
ing seafloor spreading with fast axes in accordance 
with the spreading direction [ 35 ]. 

As demonstrated by numerous studies [ 36 –39 ], 
splitting analysis of core-mantle-boundary refracted 
shear waves, i.e. PKS, SKKS, and SKS phases (col- 
lectively referred to as XKS hereafter), is arguably 
the most widely used approach to constrain seismic 

azimuthal anisotropy and characterize plastic flow 

fields in the upper mantle. When a shear wave trav- 
els sub-vertically through an anisotropic layer with a 
horizontal axis of symmetry, it splits into two shear 
waves characterized by orthogonal polarization di- 
rections and different propagating seismic velocities 
[ 36 ]. The time delay (the splitting time or δt) that is 
accumulated owing to the different velocities when 
passing through the anisotropic layer, positively cor- 
relates with the thickness and/or the strength of seis- 
mic anisotropy, while the polarization direction of 
the fast shear wave (the fast orientation or φ) is 
constantly used to infer the orientation of seismic 
anisotropy [ 32 ]. If simple anisotropy, i.e. a single 
layer of transverse isotropy with a horizontal axis of 
symmetry, is present, the fast orientations of the in- 
dividual XKS splitting measurements would be in- 
variant with respect to the arriving azimuth of the 
seismic ray path (the back azimuth), and therefore 
the station-averaged shear wave splitting parameters 
can be used to effectively constrain anisotropic sig- 
natures [ 32 ]. Any significant departure from this 
simple model is referred to as complex anisotropy, 
with the most common form comprising two layers 
with non-parallel-and-non-perpendicular fast orien- 
tations. The resulting splitting parameters under a 
two-layered anisotropy model are expected to ex- 
hibit a 90° periodic variation when plotted against 
the back azimuth [ 39 ]. 

To enhance the spatial coverage of passive source 
seismic data and provide additional constraints on 
seismic anisotropy and mantle flow geometry be- 
neath the SCS, 46 broadband ocean-bottom seis- 
mometers (OBSs) were deployed in the SCS basin 
in mid-2019, among which 17 were recovered in mid- 
2020 with a recording period of approximately nine 
months (Fig. S1). Possible factors accounting for the 
low data recovery rate can be found in the Supple- 
mentary data. Among the 17 recovered OBSs, eight 
experienced failures of at least one of the three chan- 
nels and were removed from the shear wave splitting 
analysis. Seismic data from a previous array compris- 
ing seven OBSs with a recording period of approx- 
imately three months [ 40 ] (Fig. S1) are also used 
in this study. The obtained broadband seismic data 
from the 16 OBSs provided a unique opportunity to 
systematically investigate the anisotropic structure 
and mantle flow field beneath the SCS. 

RESULTS 

After data preprocessing and horizontal component 
corrections (see Supplementary data for details; 
Fig. S2), a total of 26 pairs of well-defined XKS shear 
wave splitting measurements (the fast orientation 
and splitting time) from 25 teleseismic events 
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Figure 2. (a) Station-averaged shear wave splitting parameters plotted at the OBS deployment locations. The measurements 
from the OBSs located at the NW sub-basin are shown in blue, while those adjacent to the fossil spreading ridge of the 
SW sub-basin are in red. The rose diagrams exhibit the individual fast orientations in the two sub-basins. The double yellow 

dashed lines indicate the extinct spreading ridge axis. OBS names are marked near deployment locations with the latter part 
denoting the year of deployment. (b, d) Individual fast orientations from the NW and SW sub-basins, respectively, plotted 
against the back azimuth with the grey lines representing the circular means. (c, e) Same as (b, d) but in a stereographic plot. 
The length of the bars is proportional to the size of the splitting time, while its location is associated with the back azimuth 
and epicentral distance. 

(Fig. S3 and Supplementary Table S1) were obtained 
at seven of the 16 OBSs (Figs 1 and 2 ) using the 
transverse energy minimization method [ 32 ]. To en- 
sure reliability, all the resulting splitting measure- 
ments were manually checked. Errors in the individ- 
ual splitting measurements were estimated using the 
inverse F test and represent the 95% confidence level 
[ 32 ], which range from 3° to 12.5° for the fast orienta- 
tion and 0.07 to 0.45 s for the splitting time. Both are 
within the ranges for typical well-defined measure- 
ments [ 2 , 41 ]. Examples of individual splitting mea- 
surements are shown in Fig. S4. 

To obtain a first-order overview of the spatial 
patterns of the resulting splitting parameters and 
to identify the existence or absence of complex 
anisotropy, we combined the measurements from 

nearby OBSs located in or near the same sub-basin 
(Fig. 2 ). The splitting measurements from the OBSs 
in the vicinity of the axial fossil ridge of the SW sub- 
basin are azimuthally invariant (Figs 2 and S5) with a 
circular mean of 144.1° ± 14.6° (clockwise from the 
North) for the fast orientation and an arithmetic av- 
erage of 1.11 ±0.16 s for the splitting time. The circu- 
lar mean of the resulting fast orientations differs from 

the absolute plate motion (APM) direction by ∼27°
and is consistent with the fossil seafloor spreading di- 
rection in the SW sub-basin [ 18 , 22 ]. 

The measurements from the OBSs deployed 
on the NW sub-basin seafloor and adjacent areas, 
which have a circular mean of 153.4° ± 19.5° for 
the fast orientations and an arithmetic mean of 
1.16 ± 0.11 s for the splitting times, are character- 
ized by an azimuthally variant pattern (Figs 2 and 
S6). The azimuthal variation is generally consis- 
tent with the presence of a two-layered anisotropy 
model with non-parallel-and-non-perpendicular 
fast orientations. Since numerical experiments 
[ 13 ] suggest that when the splitting times in a 
two-layered anisotropy model are significantly 
different from each other, azimuthal variations of 
the splitting parameters are expected to occur in 
a narrow back azimuth range, a pattern that gen- 
erally fits the observations in the NW sub-basin 
(Fig. 2 ). In such cases, station-averaged splitting 
parameters are similar to those of the anisotropic 
layer with the larger splitting time. Therefore, in the 
following, we used station-averaged splitting param- 
eters as a first-order representation of the anisotropic 
structure for both the SW and NW sub-basins. Given 
the apparent azimuthal variation observed in the 
NW sub-basin, anisotropy models composed 
of two layers with non-parallel-and-non- 
perpendicular fast orientations (Figs S7 and S8 ) 
are also discussed. 

Page 4 of 8 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/10/10/nw

ad176/7199670 by M
issouri U

niversity of Science and Technology user on 25 O
ctober 2023



Natl Sci Rev , 2023, Vol. 10, nwad176 

NWSB

Pr
ot

o-
So

ut
h

Ch
in

a 
Se

a

Borneo

Philippine
Sea Plate

Pacific 
Plate

South China

Pa
la

w
an

Pal
aw

an

Philippine
Sea Plate

SWSB

ESB

NWSB

South China

a  Oligocene b  Middle Miocene 

Philippine

ESB

NWSB

Pal
aw

an

Sulu 
Sea

c  Present

South China

Indochina

Sulu 
Sea

d

Lithospheric fossil anisotropy and axis
Asthenospheric anisotropy and axis
Mantle flow Spreading center

N NWSB

SWSB

34_2019

28D_2019
12_2019

09_2019

05_2019

02_2019

Observed fast orientation at surface

Lithosphere

Asthenosphere

145°
34_2010

SWSB

South C

In
Figure 3. Schematic diagram of the preferred model for the origins of anisotropy accounting for the observed XKS splitting 
measurements. Anisotropy in the lithosphere (a, b) is related to the seafloor spreading in the Oligocene for the NW sub-basin 
and the spreading in the mid-Miocene for the SW sub-basin. Anisotropy originated in the asthenosphere (c) plays a major role 
in accounting for the observed splitting measurements and is induced by the present-day mantle flow field associated with 
the Indian-Eurasian collision (red arrows). (d) Schematic illustration of the model in depth domain. NWSB: NW sub-basin. 
SWSB: SW sub-basin. ESB: East sub-basin. 

DISCUSSION 

Anisotropy fossilized in the lithosphere 

during seafloor spreading 

It has been well documented that in the vicinity of 
a mid-ocean ridge, corner flow beneath spreading 
centers would align the fast axis of olivine in accor- 
dance with the seafloor spreading direction, result- 
ing in seismic azimuthal anisotropy that is ‘fossilized’ 
in the lithospheric mantle during the formation of 
a new oceanic plate [ 35 ]. Previous magnetic stud- 
ies [ 18 , 19 , 22 ] suggest that the spreading direction of 
the NW sub-basin in the Oligocene is ∼175° clock- 
wise from the North and that of the SW sub-basin 
that occurred in the mid-Miocene is ∼145°. Under 
this model, fossilized anisotropy in the lithosphere, 
if present, would have a fast orientation of ∼175° in 
the NW sub-basin and ∼145° in the SW sub-basin 
(Fig. 3 ). Assuming a typical anisotropy strength of 
4% in the upper mantle [ 42 ], a lithospheric mantle 

of ∼40-km thickness in the NW sub-basin [ 43 ] may 
result in a splitting time of ∼0.35 s [ 32 ]. For the SW 

sub-basin, which has a lithosphere as thin as ∼20 km 

[ 44 ], the contribution to the splitting time is ∼0.15 s. 
Therefore, the expected splitting times for both sub- 
basins are significantly smaller than the observed val- 
ues, suggesting that the observed NNW–SSE ori- 
ented anisotropy is mostly from the sub-lithospheric 
mantle. Combining this observation and the argu- 
ments against a mantle transition zone and lower 
mantle origin of the observed anisotropy (see 
Supplementary data for details) indicates that the 
observed anisotropy is mostly from the astheno- 
spheric mantle. 

Extent of subduction-induced mantle 

flow associated with the Indian slab 

The aforementioned realization that the observed 
anisotropy is largely from NNW–SSE oriented man- 
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tle flow system beneath the lithosphere provides 
an important constraint on the lateral extent of the 
E–W oriented corner flow system associated with the 
oblique subduction of the Indian slab beneath the 
Indochina Peninsula. Numerous shear wave splitting 
studies [ 8 , 13 , 14 ] sufficiently demonstrated the exis- 
tence of an E–W oriented flow system from near the 
Burma subduction zone to the eastern coast of the 
Indochina Peninsula (Fig. 1 ) and attributed this flow 

system to the subduction of the Indian slab beneath 
the Peninsula. Our splitting measurements have a 
NNW–SSE orientation and imply that the E–W flow 

system does not extend to the central SCS. A re- 
ceiver function stacking study [ 45 ] suggests that the 
slab reaches the 660-km discontinuity near the east- 
ern edge of the Peninsula and induces upwelling of 
high temperature lower mantle materials in the west- 
ern SCS. Combining this observation and our shear 
wave splitting measurements, we propose that sub- 
duction induced corner flow does not extend beyond 
the location where the slab penetrates to the lower 
mantle. 

Present-day mantle flow field associated 

with the Indian–Eurasian collision 

Assuming a stationary asthenosphere, the motion of 
the overlying lithosphere can induce simple shear 
which would generate azimuthal anisotropy with a 
resulting fast orientation parallel to the plate motion 
direction. However, the APM-driven simple shear 
may not be the dominating factor in producing the 
anisotropy in the two sub-basins for the following 
reasons. First, the plate motion rate in the study area 
is about 22 to 24 mm/year, which is lower than the 
threshold value (30 mm/year) required for the APM 

to possess a dominating process [ 46 ]. Second, the 
observed fast orientations differ from the APM di- 
rection based on the NNR-MORVEL56 model [ 29 ] 
by a non-negligible angular difference of 36° for the 
NW sub-basin and 27° for the SW sub-basin (Fig. 2 ). 
Considering the azimuthal variations of the individ- 
ual splitting parameters (Figs 2 and S6) in the NW 

sub-basin, a two-layered anisotropy model was con- 
structed with the upper layer related to the afore- 
mentioned fossilized anisotropy in the lithosphere 
and the lower layer associated with the APM. For 
the fast orientation, some of the observed values (e.g. 
the two in the azimuthal range of 50°–70°) differ 
significantly from the predicted values (Fig. S7). By 
contrast, the fitting improves substantially for a two- 
layered anisotropy model with a lower layer fast ori- 
entation that is parallel to the NNW–SSE extruded 
flow (Fig. S8) driven by the Indian–Eurasian col- 
lision as discussed below. Third, if APM-induced 
anisotropy is the main source, the ocean–continental 

transitional zone where an abrupt change of litho- 
sphere thickness is present [ 43 ] may modulate man- 
tle flow and result in a fast orientation that is parallel 
to the edge of the NW sub-basin [ 16 , 47 ]. Such vari- 
ation in the individual fast orientations was not ob- 
served in this study (Fig. 2 ). 

Our preferred model (Figs 3 and S8) for the 
anisotropy originating in the sub-lithospheric man- 
tle of the two sub-basins invokes a mantle flow field 
that is southeastward or in the opposite direction (as 
shear wave splitting determines the orientation and 
not the direction of a flow system). Previous stud- 
ies in the southeastern Tibetan Plateau and adjacent 
regions suggest the presence of southeastward man- 
tle flow in the asthenosphere [ 9 –12 ], which is be- 
lieved to be from the Tibetan Plateau in response 
to the Indian–Eurasian plate collision and deflected 
by the cone-shaped lithospheric root of the Sichuan 
Basin. Our measurements suggest that the extruded 
mantle flow probably continues southeastward and 
reaches the central SCS (Fig. 3 ). The absence of 
clear azimuthal dependence of the individual split- 
ting parameters in the SW sub-basin suggests that 
anisotropy in the lithosphere, which reflects frozen- 
in fabric associated with ancient seafloor spreading, 
aligns with the collision-extruded flow system at the 
present time [ 18 ] and can be approximated by a 
model of single-layered anisotropy. By contrast, the 
splitting parameters obtained in the NW sub-basin 
can be explained by a two-layered anisotropy model 
(Fig. S8), in which the top layer has a fast orientation 
that is parallel to the ancient seafloor spreading di- 
rection of ∼175° [ 18 , 19 , 22 ], and the lower layer has 
a fast orientation that is associated with the NNW–
SSE extruded flow, resulting in the azimuthal depen- 
dence of the individual splitting parameters. 

An interesting observation is that in southern 
China, the fast orientations are mostly E–W which 
is generally regarded to be induced by either sub- 
duction or APM. The apparent discontinuity of 
the NNW–SSE extruded flow system in the region 
between the area with the rose diagrams in Fig. 1 and 
the SCS can be explained by the co-existence of two 
flow systems with E–W and NNW–SSE fast orien- 
tations. In the area where E–W fast orientations are 
observed, the E–W anisotropy-forming processes 
(e.g. slab subduction and APM) have a much greater 
strength than the NNW–SSE flow system. The latter 
system becomes dominant in the SCS, where the 
E–W system diminishes or greatly reduces in 
strength. 

The southeastward asthenospheric flow un- 
derneath the SCS driven by the ongoing Indian–
Eurasian collision represents long-distance kine- 
matics characterized by a spatial scale of several 
thousand kilometers, which may influence dynamic 
topography [ 48 ] and carry asthenospheric materials 
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southeastward for large distances. Given the coin- 
cidence in the timing between the rapid uplift of 
the Himalayas and the spreading of the SCS [ 21 ], 
certain geological and geodynamic processes in the 
Tibetan Plateau and the SCS might be connected 
by the asthenospheric flow since the Oligocene with 
the former possessing a potential influence on the 
opening and cessation of spreading of the SCS. In 
particular, the southeastward extruded flow system 

could be utilized as an alternative cause for the south- 
ward ridge jumps during the seafloor spreading of 
the SCS occurring at ∼27 Ma and ∼23.6 Ma [ 18 , 23 ]. 

CONCLUSIONS 

The first systematic investigation of shear wave split- 
ting in the SCS using seismic data from seven broad- 
band OBSs revealed the anisotropic structure and 
mantle flow fields in the NW and SW sub-basins 
with an unprecedented resolution and coverage. The 
dominant mechanism accounting for the observed 
azimuthal anisotropy is flow in the asthenosphere 
generated by continental collision between the In- 
dian and Eurasian plates. Frozen rock fabric that was 
produced during the plate spreading and fossilized in 
the lithosphere is probably present in the lithosphere 
which has a fast orientation that is consistent with 
the direction of the fossil seafloor spreading. 

DATA AND METHODS 

The passive source seismic data used for the shear 
wave splitting analyses were obtained from 16 ocean 
bottom seismometers (OBSs), among which nine 
OBSs were operated from September 2019 to July 
2020 over a nine-month period, and the other seven 
OBSs were obtained from a previous array de- 
ployed in December 2010 and recovered in early 
2011 which have a recording period of approxi- 
mately three months [ 40 ]. After correction for hor- 
izontal component orientations, teleseismic core- 
mantle-boundary refracted shear waves, including 
PK S, SKK S, and SKS phases, were used to cal- 
culate the splitting parameters and constrain the 
anisotropic signatures, which were obtained based 
on the transverse energy minimization method [ 32 ]. 
More details are provided in the Supplementary 
Data. 

DATA AVAILABILITY 

The seismic waveform data used in the study is avail- 
able upon request. 
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