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The Altyn Tagh fault (ATF) system forms the northern margin of the Tibetan Plateau and
plays a crucial role in the uplift and development of the Tibetan Plateau. It mediates the
far-field effect of the collision between the Indian and the Eurasian plates. Because of
limited constraints on the lithospheric velocity structure, the detailed deformation pat-
tern of the central ATF system remains unclear. With a dense seismic array, 483 stations
with an interval of ∼1 km, across the central ATF system (the Tarim–Altyn–Qaidam
dense nodal array) in late 2021, we obtain 14,079 high-quality teleseismic P-wave rel-
ative travel-time residuals calculated with the multichannel cross-correlation method,
and construct a P-wave velocity model beneath the central ATF system via the fast
marching tomography (FMTOMO) method. Our results reveal distinct crustal structures
in the Western Qaidam basin, Altyn Tagh range, and Eastern Tarim basin. The vertically
low P-wave velocity anomaly below the ATF, extending down to 130 km, indicates that
the ATF is deep fault in the lithospheric scale. The laterally expanded low P-wave veloc-
ity anomaly beneath the northwest Qaidam from surface to∼60 km depth indicates the
extrusion of Qaidam block, driven by the far-field effects of the Indo-Eurasian collision.
The south-dipping significant low P-wave velocity anomaly beneath the southeast
Tarim at∼50 to 140 km depth indicates the underthrusting of the Tarim block, providing
direct evidence of the clockwise rotation of the Tarim block.

Introduction
The Tibetan Plateau, formed by the Indo-Eurasian collision
over the past 50 million years, stands at an average elevation
of over 4000 m (Yin and Harrison, 2000; Tapponnier et al.,
2001). The approximately 1600-km-long east–west-striking
Altyn Tagh fault (ATF) system on the northern edge of the
plateau delineates the Tarim basin from the Tibetan Plateau
(Fig. 1a). This fault system absorbs 10%–25% of the north–
south shortening of the entire Tibetan Plateau (Molnar et al.,
1987); therefore, it significantly influences the uplift and
expansion of the plateau and mediates the far-field effects
of the Indo-Eurasian collision (Molnar and Tapponnier, 1975;
Shen, Wang, et al., 2001; Tapponnier et al., 2001; Yin et al.,
2002; Li et al., 2006; Xu et al., 2011). The ATF has accumulated
slip of ∼360 km due to the northward expansion of the Tibetan
Plateau with two stages: relatively slow slip from the early
Eocene (∼49 Ma) to the Miocene (∼15 Ma), and then fast slip
since the late Miocene (Cheng et al., 2015). The geodetic obser-
vations indicate that the current slip rate of the western section
of the ATF is ∼13 mm/yr, which gradually decreases eastward
to be ∼10 mm/yr in the middle section and ∼0.1 mm/yr at the

eastern end (Peltzer et al., 1989; Bendick et al., 2000; Wallace
et al., 2004; Zhang et al., 2007; He et al., 2013; Li et al., 2018).
Isotope and geochronological studies indicate that the defor-
mation along the ATF has been accompanied by the rapid
uplift of the Altyn Tagh range (ATR), resulting in more than
2000 m difference in elevation with the Tarim basin (Jolivet
et al., 2001; Sobel et al., 2001; Song et al., 2019).

The underthrusting North Altyn Tagh fault (NAF) and the
strike-slip ATF separate different geological units from south-
east to the northwest across the ATF fault sytem: the Eastern
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Tarim basin (ETB), the ATR, and the Western Qaidam basin
(WQB; Fig. 1b). Tarim and Qaidam basins have significantly
different elevations but are both widely covered by sediments
(Sobel, 1999; Xia et al., 2001; Shen et al., 2022). In contrast, the
ATR mainly consists of bedrock except for a small strike-slip
basin, Xorkoli basin, covered by Cenozoic sediments (Mann
et al., 1983; Christie-Blick and Biddle, 1985; Guo et al., 1998).
The difference in elevation and sedimentary coverage is
associated with active slip and uplift activities along the
ATR (Yin et al., 2002; Chen et al., 2003). The low seismicity
within Qaidam basin, Tarim basin, and ATR indicates that the
ETB remains relatively stable, whereas the seismic activity is
concentrated primarily along the ATF and the associated
secondary thrust faults to its south (Fig. 1; Yao et al., 2024).
Most earthquakes along the ATF are predominantly strike slip,
whereas those along the secondary thrust faults to the south are
primarily thrust earthquakes, suggesting complex deformation

patterns. Thus, it is crucial to image the detailed deep structure
of the ATF system to elucidate its regulatory role in the
far-field effects of the Indo-Eurasian collision to further
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Figure 1. (a) Tectonic setting of the Tibetan Plateau. Solid and
dashed black lines indicate main faults and block boundaries (Styron
et al., 2010, see Data and Resources). The red arrows show the
average GPS velocity field (Wang and Shen, 2020). (b) Tectonic
setting of the central Altyn Tagh Fault system and location of the
dense nodal array (blue triangles). White dots show earthquakes
during the deployment of the array (Yao et al., 2024) and ML > 3
events from the International Earthquake Science Data Center (see
Data and Resources) from 2007 to 2022. Focal mechanisms are
from the Global Centroid Moment Tensor catalog (Global CMT, see
Data and Resources), with strike-slip and thrusting earthquakes filled
in black and red, respectively. AA′ marks the tomography profile
along our dense array. ATR, Altyn Tagh Ragne; ATF, Altyn Tagh fault;
NAF, North Altyn Tagh fault; NABF: North Altyn Branch fault.
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understand the mechanisms behind the uplift and extension
of the Tibetan Plateau.

Geophysical observations, in the central ATF system, suggest
that the Tarim lithosphere underthrusts beneath the ATR (Zhao
et al., 2006; Shi et al., 2007; Zhang et al., 2015) with some impli-
cation of the ATF’s extension scale (Wittlinger et al., 1998;
Herquel et al., 1999; Shi et al., 1999; Jiang et al., 2004). The grav-
ity survey shows that the ATF is nearly vertical and cuts through
the entire lithosphere (Jiang et al., 2004). Wittlinger et al. (1998)
identified a low-velocity anomaly extending to about 140 km
below the ATF from teleseismic tomography image and con-
cluded that the ATF is not confined to the crust but also controls
the extrusion of large blocks on a lithospheric scale such as the
Tibetan Plateau and the Qaidam basin. The vertical-coherent
deformation from the teleseismic shear-wave splitting analysis
also supports the view that the ATF cuts through the crust
(Herquel et al. 1999). However, Zhao et al. (2006) interpreted
a flat Moho interface below the ATF from artificial source seis-
mic refraction and wide-angle reflection, which suggests that the
ATF is an intracrustal fault.

In this study, we plan to use the Tarim–Altyn–Qaidam
dense nodal array data we deployed in late 2021 to obtain
the lithospheric velocity structure of the central ATF system
with the fast marching tomography (FMTOMO) method using
the teleseismic travel-time observation. With the tomography
image, we can discriminate the deep deformation patterns
from the WQB to the ETB across the central ATF system
in the northern margin of the Tibet Plateau and illustrate
the relationship with the Indo-Eurasian collision.

Data and Method
We used the data from the Tarim–Altyn–Qaidam dense nodal
array deployed from 17 September to 23 November 2021. The

array consists of 483 seismic stations with station intervals of
∼1 km, resulting in a profile of∼430 km across the central ATF
system (Xie et al., 2023, 2024; Wu et al., 2024). Each station is
equipped with three-component EPS-5S and EPS-20S seis-
mometers, sampling at 100 Hz. In this study, we use 477 seis-
mic stations, excluding six seismometers due to clock drift
(Yao et al., 2024).

We select earthquakes with epicentral distances between 30°
and 90° andmb > 5 during deployment. The teleseismic wave-
form data are preprocessed by removing the mean, tilt, and
instrument response, and band-pass filtered within a 0.1–
1 Hz range. We use a multichannel cross-correlation method
(VanDecar and Crosson, 1990; Wang et al., 2019) to extract the
teleseismic relative travel-time residuals (see details in Text S1,
available in the supplemental material to this article). We kept
residuals with uncertainty no more than 0.2 s, cross-correlation
coefficient > 0.75 and more than 100 records for one event. We
retain 14,079 P-wave relative travel-time residuals from 45
teleseismic earthquakes, and ray paths cover areas of east,
south, and these events are predominantly located in the
Pacific Rim seismic belt, covering areas to the east, south,
and west of the array with limited data from the north (Fig. 2).

We utilize the fast marching method (FMM, see Data and
Resources) to calculate the velocity sensitivity kernels for both
teleseismic and local ray paths (de Kool et al., 2006) and assess
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Figure 2. Data used in this study. (a) The locations of 45 tele-
seismic events are from the U.S. Geological Survey National
Earthquake Information Center (USGS-NEIC) catalog (see Data
and Resources), color coded by their source depths. Blue triangles
indicate the dense nodal array. (b) Sample waveforms of vertical
components (event: 1 October 2021_00:10:52.386, Mb 5.2).
Blue-solid bars mark the predicted P arrivals.
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the teleseismic ray coverages at different station intervals based
on synthetic data tests (Fig. 3). Teleseismic rays, equivalent to
local seismic rays with the source located at the bottom inter-
face, exhibit sensitivity to model parameters similar to that of
local rays (Fig. 3b). With a 20 km interval, the teleseismic rays
intersect below a depth of 30 km (Fig. 3c), whereas with a 5 km
interval, ray intersections are observed at depths above 10 km
(Fig. 3d). When stations are densely spaced, teleseismic obser-
vations can be effectively utilized to obtain the velocity struc-
ture of the shallow crust. In this study, with station interval of
∼1 km, rays are intersected even at depths of 1–2 km.

We employ the FMTOMOmethod (de Kool et al., 2006) for
teleseismic tomography. The FMTOMO uses the FMM to cal-
culate travel times and applies subspace inversion to solve the
linearized inversion problem. FMM is a grid-based Eikonal
equation solver (Sethian, 1996), which uses a narrow band
method to track wavefronts and an upwind difference format
to numerically solve the Eikonal equation. It can calculate
travel times for any source in 3D space (Rawlinson and
Sambridge, 2004; Rawlinson, Kool, and Sambridge, 2006).
We first use the AK135 model (Kennett et al., 1995) to com-
pute the travel time from the earthquake to the bottom inter-
face of the model. Next, we treat the penetration point at the
bottom interface as a new source and calculate the travel time
from this point to the seismic station with the FMM using the
local velocity model from Zhao et al. (2006). For the detailed
velocity model, see Table S1 and Figure S1. The objective func-
tion of teleseismic tomography for a given modelm is given by
(Rawlinson, Reading, and Kennett, 2006)

S�m� � �g�m� − dobs�TC−1
d �g�m� − dobs�

� ϵ �m −m0�TC−1
m �m −m0� � ηmTDTDm, �1�

in which g�m� and dobs denotes the theoretical and observed
relative travel-time residuals, respectively, m0 is the reference
model, Cd and Cm are priori data and model covariance, ϵ , η,
and D are damping factor, smoothing factor, and second deri-
vate smoothing operator. For the ith iteration, the model is
updated by the model perturbation δm�mi�1 � mi � δm�,
and the subspace inversion technique is used to calculate
δm (Kennett et al., 1988).

The stations of the array are placed along roads due to chal-
lenging natural conditions, rather than in a straight line, so we
choose the tomography section along AA′ in Figure 1b. For
teleseismic tomography, all seismic rays must penetrate from
the model’s bottom interface, and reliable tomography extends
to approximately one-third of the array’s length (Xu et al.,
2009; Schmedes et al., 2012; Tian et al., 2020). Considering
the station elevation at about 4 km above the sea level, we
define the model space with: longitude from 87° to 93° E, lat-
itude from 36.5° to 41.5° N, and depth from −4 to 160 km, with
a grid interval of 0.2° × 0.2° × 16 km.

Results
To evaluate the resolution of observed data along section AA′,
we conduct recovery tests of velocity anomalies at various sizes
using FMTOMO. In these tests, we incorporate alternating
positive and negative velocity anomalies less than ± 3% with
ray paths used in actual inversion. In addition, random noise
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Figure 3. (a) Comparison of teleseismic and local seismic ray paths
with red star and blue triangle indicating the earthquake source
and station, respectively. (b) The corresponding sensitivity kernels.
(c) Coverage of teleseismic rays with a station interval of 20 km.
(d) Coverage of teleseismic rays with a station interval of 5 km.
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with a zero mean and a standard deviation of 0.05 s is added
to the theoretical travel times to account for errors in our
real data set. The sizes of the velocity anomalies were set to
0.3° × 0.3° × 30, 0.4° × 0.4° × 40, and 0.5° × 0.5° × 50 km.

Figure 4 presents the results of the recovery test for teleseis-
mic tomography using checkerboard velocity models of vary-
ing anomaly sizes. The dense seismic stations allow for more
ray intersections within the crust (Fig. 4d–f), enabling a good
resolution for crustal structure (Fig. 4m–o). Because of the
nonlinear station arrangement, some stations are located more
than 20 km away from the survey line, resulting in areas of the
profile with insufficient ray coverage (Fig. 4d–f). As the tele-
seismic rays are nearly vertically incident, it is challenging to
discern whether they intersect or run parallel from ray paths.
The sensitivity kernels (Fig. 4g–i) indicate that despite the
dense ray coverage, the resolution remains low from 140 to
160 km depth because most rays in this depth range are parallel
or nearly parallel with few intersections. Based on the resolu-
tion tests, we have a relatively good recovery at distance of
about 100–500 km and depth of no more than 140 km
(Fig. 4m–o), consistent with the sensitivity results. Future
sections will focus on these areas.

To achieve stable convergence and reasonable inversion
results, we selected the optimal damping and smoothing fac-
tors based on the trade-off between data variance and model

variance, data variance and model roughness. When the damp-
ing factor is set to 2000, we find an optimal balance between
data variance and model variance (Fig. 5a). With the damping
factor fixed at 2000, we then determined the optimal smooth-
ing factor by evaluating the trade-off between data variance
and model roughness (Fig. 5b). The final smoothing factor
was set at 1000, ensuring a moderate velocity anomaly.
Figure 6 presents a histogram showing the misfit distribution
of the teleseismic relative travel-time residuals before and after
inversion. The misfit is significantly reduced and exhibits as
gauss distribution.

Benefiting from the strong energy of natural earthquakes
and the narrow interval of the dense nodal array, the velocity
model obtained in this study has a deeper range than the
crustal velocity model of Zhao et al. (2006) and a higher res-
olution than the lithospheric velocity model of Wittlinger et al.
(1998). The teleseismic rays are nearly vertically incident, and
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Figure 4. Checkerboard tests of teleseismic tomography with
different anomaly sizes. (a–c) Topography along the AA′ profile.
(d–f) Rays coverage within 20 km from AA′. (g–i) Sensitivity
kernel. Panels (a,d,g), (b,e,h), and (c,f,i) are the same. (j–l) Input
checkerboard velocity anomaly (±3%) with different grid sizes.
(m–o) Recovered velocity anomaly models.
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(a) (b)

Figure 5. (a) Trade-off curve of data and model variance. The best-
damping factor for the inversion is 2000 (red dot). (b) Trade-off

curve of data variance and model roughness. The best-
smoothing factor for the inversion is 1000 (red dot).

(a) (b)

Figure 6. (a) Misfit distribution of relative travel-time residuals
with the initial model. (b) Misfit distribution of relative travel-time

residuals with our inverted model (Fig. 7).
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teleseismic relative travel-time residuals are used in the
inversion instead of the travel time, which reduces sensitivity
to vertical velocity changes and leads to poor vertical resolution
(Rawlinson, Reading, and Kennett, 2006; Schmedes et al.,
2012). This results in some anomalies appearing “stretched”
vertically, a phenomenon also observed in the resolution test
(Fig. 4m–o). The lateral resolution of the tomography generally
correlates with the station interval. Given that the station inter-
val in this study is about 1 km, the tomography results exhibit
high lateral resolution.

In the crust, the ETB, ATR, and WQB show low-velocity
anomaly, high-velocity anomaly, and low-velocity anomaly,
respectively (Fig. 7). The lateral variation of crustal velocity
is consistent with the model from Zhao et al. (2006) using
the seismic refraction and wide-angle reflection method.
The upper crust of part of the ETB and the southeastern part
of the ATR lacks ray coverage (Fig. 4d–f), causing the inversion
results to be affected by adjacent areas and resulting in signifi-
cant smearing. These two most significant features in the
tomography result are the low-velocity anomaly extending
to ∼130 km below the ATF and the low-velocity anomaly
extending from beneath the ETB to beneath the ATR. These
main features are consistent with the teleseismic tomography
results of Wittlinger et al. (1998).

Discussions
Crustal structures in the central ATF system
Our tomography image shows a high P-wave anomaly in the
upper crust in the northwestern part of the ATR (Fig. 8), attrib-
uted to its active uplift, which has exposed a substantial
amount of bedrock, primarily composed of Cambrian igneous

rocks, metamorphic rocks, and Paleozoic sedimentary rocks
(Wang, 1997; Sobel et al., 2001). In the ATR, the north Altyn
Branch fault is developed, and along with the Xorkoli basin, both
have a generally lower P-wave velocity compared to the
northern ridge area (Fig. 8). Both the ETB and the WQB are
covered by Cenozoic sediments, leading to a low P-wave velocity
anomaly in the upper crust, as observed (Fig. 8).

In the low crust beneath east Tarim basin, the high P-wave
velocity anomaly (Fig. 8), along with high density (Deng et al.,
2017), high resistivity (Zhang et al., 2015), and high-VP=VS ratios
(Wu et al., 2024), suggests that it may be predominantly com-
posed of mafic components. During the Early Permian, upwelling
mantle plumes triggered igneous activity in the Tarim basin and
formed a widespread mafic large igneous province (Chen, Yang,
et al., 2006; Xu et al., 2014). Aeromagnetic findings indicate that
much of the Tarim basin has undergone thermal pulses associ-
ated with mantle activity (Xu et al., 2021). The intrusion of ferro-
magnetic materials has reinforced the Tarim lithosphere, leading
to a high P-wave-velocity anomaly in the lower crust.

In contrast, the Qaidam basin, situated within the Tibetan
Plateau, has a low P-wave velocity anomaly in the lower crust
(Fig. 8). Compared to the Tarim basin, the Qaidam basin has a
thicker crust (Zhao et al., 2006; Wu et al., 2024). The low den-
sity (Deng et al., 2017), low-VP=VS ratio (Wu et al., 2024), and
low-resistance body in the lower crust (Zhang et al., 2015),

Figure 7. (a) Topographic of the profile AA′. (b) The inverted P
velocity anomaly with results of teleseismic tomography. The
region from about 100–500 km, as highlighted, has relatively
high resolution based on our tests in Figure 4. ETB, Eastern Tarim
basin; WQB, Western Qaidam basin.
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suggest that the Qaidam basin has a ductile middle and lower
crust, weaker than Tarim basin’s crust (Li et al., 2014; Zhou
et al., 2023). This observation aligns with the continuous defor-
mation model of the Tibetan Plateau proposed by previous
researchers (England and McKenzie, 1982; Shen, Royden,
and Burchfiel, 2001), which posits that the Qaidam basin
accommodates the north–south contraction of the Tibetan
Plateau through crustal shortening and thickening.

ATF: a lithospheric-scale fault
The tomography image shows a low P-wave velocity anomaly
extending down to about 130 km below the ATF (Fig. 8), indi-
cating that it is a lithospheric-scale fault. It aligns with previous
teleseismic tomography results (Wittlinger et al., 1998). Using
the same data, Wu et al. (2024) found a significant Moho offset
of nearly 30 km on either side of the ATF based on the receiver
function method. Herquel et al. (1999) found that the SKS fast
wave direction aligns with the fault strike, indicating that the
shearing action affects the mantle and it supports that the
ATF is a lithospheric-scale fault rather than a crustal-scale fault
(Zhao et al., 2006). Magnetotelluric result by Zhang et al. (2015)
also shows a low-resistance body beneath the ATF, similar to the
shape of the low P-wave velocity anomaly in our tomography
image. The low P-wave velocity anomaly could be generated by
the mixing of mafic and ultramafic rocks (Zhao et al., 2006), and
it would not produce a major change in resistivity as observed in
Zhang et al. (2015). This low P-wave-velocity anomaly indicates
the fault zone of ATF has increased porosity and fluid content,
acting as a conduit for the upward migration of fluids from deep
fluid-rich sources.

Deformation mechanism
of the central ATF
system
Our tomography image shows
a significant south-trending
low P-wave-velocity anomaly
beneath the southeastern mar-
gin of Tarim (Fig. 8). This sug-
gests that the Tarim lithosphere
may be underthrusting south-
ward beneath the ATR
(Wittlinger et al., 1998; Gao
et al., 2001; Wang et al., 2024;
Wu et al., 2024). Compared
with the Central ATF, at the
western end of the ATF, the
intersection and deformation
of the Tarim lithosphere and
the lithosphere of the West
Kunlun on the northwest edge
of the Tibetan Plateau form a
“V”-shaped coupling relation-
ship. This configuration aligns

more with a model of lithospheric collision rather than the sub-
duction or underthrusting of one plate beneath another (Gao
et al., 2001; Kao et al., 2001; Feng et al., 2016). At the western
end of the ATF, the rigid Indian plate collides with the Tarim
lithosphere. It appears that different segments of the ATF have
undergone distinctly varied deformation processes.

The south-dipping low P-wave-velocity anomaly beneath
the southeastern edge of Tarim indicates a southward motion.
Previous seismological studies have shown that at the forefront
of the India-Eurasia collision, the Indian lithosphere subducted
northward beneath the southwestern margin of the Tibetan
Plateau and has reached the Tarim in the West Kunlun region
(Rai et al., 2006; Li et al., 2008; Zhao et al., 2010). Geochemical
observations in the southeastern Pamir revealed that the
Indian slab collided with the Tarim block ∼11 Ma in the late
Miocene (Shaffer et al., 2017). Concurrently, an upper-mantle
low S-wave anomaly beneath the southern Tianshan suggests
that the Tarim craton underthrusted beneath the southern
Tianshan (Li et al., 2022), adding to the Tianshan orogen
on the northwest edge of the Tarim basin with uplift and
crustal shortening around 10 Ma (Jia et al., 2020; Li et al.,
2022). Similarly, our result shows that the Tarim lithosphere
underthrusted beneath the ATR, supporting that the ATR
on the southeastern edge of Tarim began to uplift around
10 Ma (Chen, Gong, and Li, 2006; Song et al., 2019), with sig-
nificant crustal shortening starting around 9 Ma (Wu et al.,
2024). These phenomena are consistent with the view that
the Tarim block underwent clockwise rotation (Chen et al.,
1992; Zhao et al., 2019; Cui et al., 2024). Thus, we suspect that
the low P-wave velocity below the southeastern margin of
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Figure 8. The 3D illustration of lithospheric structure in the central ATF system with our P velocity
anomaly. The dotted line and the red arrows show the Moho interface (Wu et al., 2024) and GPS
velocity measurements (Li et al., 2018), respectively.
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Tarim indicates the southward underthrusting of the litho-
sphere at this margin (Fig. 8), driven by the clockwise rotation
of the Tarim block.

The low P-wave velocity anomaly beneath the northwest
margin of the Qaidam (Fig. 8) is also evident in the tomogra-
phy model of Wittlinger et al. (1998) and Zhao et al. (2006).
Combining these observations with the shear-wave splitting
results, which transition from the west-northwest–east-south-
east direction of the Qaidam to the northeast–southwest direc-
tion of the ATR (Herquel et al., 1999; Chang and Wang, 2023),
and the focal mechanism indicating a shift from thrust to strike
slip (Yao et al., 2024), we infer that the low P-wave-velocity
anomaly reflects the extrusion of the Qaidam block along
the ATF in the northeast direction. This extrusion is driven
by the far-field effect of the Indo-Eurasian collision, transmit-
ting driving force through the Tibetan Plateau. Consequently,
the oblique convergence of the Tarim and Qaidam causes com-
pressional deformation beneath the ATR, with the Tarim litho-
sphere being squeezed beneath the ATR to prompt the uplift
along the ATR.

Conclusions
Based on the dense nodal array data, we obtain the lithospheric
velocity structure at the central ATF system with the teleseismic
P-wave travel-time tomography. We find significantly different
crustal velocity structures with a rigid lower crust beneath the
Tarim, a relatively weak crust beneath the Qaidam, and active
compression and uplift activities in the Altyn Tagh crust. The
low-velocity anomaly below the ATF extends to ∼130 km on a
lithospheric scale. There are two significant low P-velocity zones
beneath the southeastern margin of Tarim and the northwest
margin of Qaidam, revealing the underthrusting of the Tarim
lithosphere and the extrusion of the Qaidam lithosphere, asso-
ciated with the clockwise rotation of the Tarim block and far-
field effects of the Indo-Eurasian collision, respectively.

Data and Resources
The International Earthquake Science Data Center searched using http://
www.esdc.ac.cn/. The Global Centroid Moment Tensor Project (Global
CMT) database was searched using https://www.globalcmt.org/
CMTsearch. The National Earthquake Information Center at (NEIC)
U.S. Geological Survey (USGS) is available at https://earthquake.
usgs.gov/earthquakes/search/. The open-source database of HimaTibet
Map was searched using https://github.com/HimaTibetMap/HimaTibet
Map. The software fast marching tomography (FMTOMO) was obtained
from https://rses.anu.edu.au/∼nick/fmtomo.html. All websites were last
accessed in August 2024. The supplemental material for this article
includes “Text S1: detailed description for extracting teleseismic relative
travel-time residuals,” “Table S1: detailed initial velocitymodel for tomog-
raphy,” and “Figure S1: picture of initial velocity model.”
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