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ARTICLE INFO ABSTRACT

Editor: J.P. Avouac The northeastern Tibetan Plateau (NE Tibet) is undergoing extensive outward expansion toward the Asian
continent, generating significant intracontinental deformation. However, how the plateau and adjacent cratons
respond to this process remains insufficiently understood. Here, we present refined three-dimensional P- and S-
wave velocity models of the crust and upper mantle beneath NE Tibet, which provide new constraints on plateau-

craton interactions. Prominent velocity contrasts in the upper mantle between the plateau (low velocities) and
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]C):::r);lination the adjacent blocks (high velocities) suggest that the plateau expansion has been, to first order, impeded by the
Mantle flow surrounding blocks. However, several dipping high-velocity anomalies in the upper mantle indicate that parts of

the cratonic lithosphere may have been disrupted, possibly in response to the extruded mantle flow from the
plateau. Furthermore, a normal-to-low velocity zone in the upper mantle beneath the Qinling Orogen may
represent an asthenospheric channel for the eastward extrusion of the Tibetan asthenosphere. A vertically
extensive low-velocity anomaly from the surface to ~600 km depth beneath the Yinchuan-Hetao Graben around
the Ordos Block may reflect an upper-mantle plume related to the plateau expansion. Our study confirms that
both the plateau and its surrounding regions have responded significantly to the plateau expansion process

Plateau expansion

during the India-Asia continental collision.

1. Introduction

The Tibetan Plateau, formed in response to the India-Asia collision
since ~60 Ma (Ding et al., 2022; Hu et al., 2016), extends >1500 km
from the Himalayan orogen to central Asia (Fig. 1a). It is characterized
by high elevation (with an average elevation of >4000 m), thick crust
(65-80 km), and widespread intracontinental deformation. A series of
end-member models have been proposed to explain the formation and
expansion of the Tibetan Plateau, including stepwise plateau growth
through continental subduction coupled with lateral extrusion along
several deep major strike-slip faults (Tapponnier et al., 2001), vertically
coherent shortening of the whole lithosphere (England and Houseman,
1986), underthrusting of the Indian and/or Asian lithosphere beneath
the Tibetan Plateau (Kind et al., 2002), and inflation by lateral channel
flow in the mid-lower crust (Clark and Royden, 2000).

The northeastern Tibetan Plateau (NE Tibet) forms the leading edge
of the Tibetan Plateau and plays a key role in the northward propagation
of the India-Asia collision. NE Tibet is bounded by several cratons and
ribbon microcontinents, which are, from west to east, the Tarim Basin to
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the west, the Alxa Block to the north, the Ordos Block to the northeast,
and the Sichuan Basin to the southeast. A series of fault systems, such as
the Altyn Tagh Fault, the Qilianshan-Nanshan thrust belt, the Haiyuan
Fault, the Liupanshan Fault, and the Longmenshan Fault (Fig. 1a; Taylor
and Yin, 2009; Zuza et al., 2016), are developed between the plateau
and its adjacent tectonic units. Despite pronounced Cenozoic deforma-
tion within the Tibetan Plateau, deformation in the adjacent blocks,
which belong to the North China Craton and the Yangtze Craton, re-
mains comparatively weak.

Meanwhile, several orogens and basins have developed within NE
Tibet. In the southwest, the Qaidam Basin forms a discrete block that
contains >10 km-thick Cenozoic sedimentary sequences and records
multiple Phanerozoic tectono-magmatic episodes (Cheng et al., 2021;
Dong et al., 2022). At the northernmost margin, the northwest-trending
Qilian Orogen is a Cenozoic reactivated belt that underwent Early
Paleozoic orogeny followed by Mesozoic extension (Song et al., 2013;
Yin and Harrison, 2000; Yu et al., 2021; Zuza et al., 2016). As the
southeastern continuation of the Qilian Orogen, the Longzhong Basin
has experienced subsidence since the Late Jurassic-Early Cretaceous
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(Dong et al., 2022). To the east, the nearly east-west-trending Qinling
Orogen was subjected to several stages of continental convergence
among the North China Block, the South Qinling microplate, and the
South China Block during the Paleozoic and Mesozoic (Dong and San-
tosh, 2016). The western Qinling Orogen is now incorporated into NE
Tibet and is characterized by numerous scattered Cretaceous-Cenozoic
basins overlying Late Proterozoic-Early Mesozoic oceanic and arc-type
assemblages (Wang et al., 2023).

The Songpan-Ganze terrane, the southernmost triangular part of NE
Tibet, is characterized by thick (~8 km on average) and widespread
Triassic flysch deposits (Yin and Nie, 1993). It is generally regarded as a
remnant ocean basin of the Paleo-Tethys Ocean trapped between
converging continental blocks from the Late Paleozoic to Early Mesozoic
(Tang et al.,, 2023). During the Late Triassic to Early Jurassic, the
Songpan-Ganze flysch strata were thrust southeastward over the Yang-
tze Craton along the NE-trending Longmenshan thrust belt, leading to
the formation of the western Sichuan foreland basin (Burchfiel et al.,
1995; Liu et al., 2021). The Longmenshan thrust belt, consisting of
several Neoproterozoic complexes and three NE-trending thrust faults,
represents the reactivated western margin of the Yangtze Craton. It
experienced uplift in the Late Triassic-Early Jurassic, wedge extrusion in
the Early Cretaceous, and rapid exhumation since 40-30 Ma in response
to the India-Asia continental collision (Xu et al., 2024).

Deep structures play a crucial role in plateau expansion and defor-
mation. In recent years, many tomographic studies have investigated the
seismic velocity structure of the crust and upper mantle beneath NE
Tibet. Within the crust, the most prominent features include two low-
velocity (low-V) zones located in the mid-lower crust beneath the
Qilian Orogen and the junction zone between the northeastern Songpan-
Ganze terrane and the western Qinling Orogen (e.g., Bao et al., 2020;
Wang et al., 2017b). The lithosphere of NE Tibet is characterized by
large-scale low-V anomalies, extending to depth of at least 200 km, as
revealed by both P- and S-wave velocity (Vp, Vs) models (Zhang et al.,
2018a, 2018b). In contrast, the surrounding regions, including the Alxa
Block, the Ordos Block, and the Sichuan Basin, exhibit high-velocity
(high-V) anomalies confined to the lower crust and upper mantle (e.g.,
Guo et al., 2022; Zhang et al., 2018a, 2018b). These observations indi-
cate pronounced structural contrasts between the plateau and its sur-
rounding blocks, as well as among different tectonic units within the
plateau.

However, several key issues related to the plateau growth remain
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debated. Firstly, how were the structural heterogeneities within and
around the plateau formed, and how do they influence subsequent
plateau expansion? Secondly, although they are generally regarded as
stable, how do the surrounding blocks or cratons respond to the outward
growth of the plateau? In this study, we manually picked 156,563 P-
wave and 93,014 S-wave arrivals from over 300 teleseismic events
recorded by the dense seismic network (Fig. 1b), which were deployed
by the ChinArray project and the China Earthquake Administration. We
then jointly inverted the local arrival-time data and teleseismic relative
arrival residuals to obtain refined three-dimensional (3-D) Vp and Vs
models of the crust and upper mantle beneath NE Tibet and its adjacent
areas, which provide new insights into the interactions between NE
Tibet and the surrounding cratons.

2. Data and method
2.1. Local data

The local earthquake data used in this study were extracted from
phase reports issued by the China Earthquake Administration, which
contain P- and S-wave arrival times and hypocentral parameters of local
earthquakes. To ensure data quality and adequate spatial coverage, we
applied a multi-step selection process. First, we extracted earthquakes
with magnitudes greater than 2.0 that had at least 8 recorded arrivals
within the study area. To improve earthquake location accuracy, we
defined the spatial extent of seismic stations using a polygon and
excluded earthquakes outside this polygon.

We then relocated all local earthquakes with both P- and S-wave
arrivals using Geiger’'s method (Zhao et al, 1992) and a
one-dimensional (1-D) initial velocity model (Figure S1). The 1-D model
is constructed by combining global and local models. The crust includes
three layers. The intracrustal discontinuities are extracted from the
CRUST1.0 model (https://igppweb.ucsd.edu/~gabi/rem.html), and the
Moho depths are determined by receiver function studies (Wang et al.,
2017a,b). The velocity in every layer is derived from a recent local
tomographic model (Sun et al., 2021). In the upper mantle, we use the
IASP91 Earth model (Kennett and Engdahl, 1991). This 1-D velocity
model is also used as the starting model for the subsequent inversions.
The uncertainties of the earthquake relocations are mostly smaller than
0.2 s in origin time and smaller than 2 km in space. In this study, we used
the data from the events with small relocation uncertainties (i.e.,
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Fig. 1. Tectonic framework of northeast Tibet and surrounding regions (a), and seismic stations and local earthquakes used in this study (b). Thin purple lines
indicate active faults, while thick purple lines highlight some major faults and suture zones (Taylor and Yin, 2009; Zuza et al., 2016). In (a), red dots and yellow stars
denote the epicenters of earthquakes with magnitudes greater than 6.0 and 7.5, respectively. Earthquake data are from the ISC-GEM earthquake catalogue (Di
Giacomo et al., 2018). The inset map shows the broader Tibetan Plateau, with the study area outlined by a red rectangle. In (b), blue open triangles and black crosses
represent permanent (CSN) and temporary (ChinArray II) seismic stations, respectively. Red circles indicate local earthquakes included in this study. Abbreviations:
CAOB - Central Asian Orogenic Belt, WHB — Weihe Basin, YCB - Yinchuan Basin, JSS — Jinsha suture zone, BNS — Bangong-Nujiang suture zone, IYS — Indus-Yalu
suture zone, NQF — North Qilian fault, YMSF - Yumushan fault, LPSF — Liupanshan fault.
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epicentral error <0.04°, focal depth error <5.0 km, and origin time error
<0.4 s; Figure S2).

To obtain a relatively uniform spatial distribution of local earth-
quakes, we divided the study area into cubic cells with edge lengths of
~4 km and retained at most one event per cell. Only earthquakes with
magnitudes >2.0 and at least 20 arrivals were considered. The event
retained in each cell was chosen to maximize the number of recorded
arrivals and the earthquake magnitude. In total, 7160 local earthquakes
were selected from the initial phase reports. These earthquakes were
recorded by 246 permanent seismic stations of the China Seismic
Network (CSN; Fig. 1b) between January 2009 and September 2021,
resulting in 144,669 P-wave and 115,646 S-wave arrivals.

2.2. Teleseismic data

Teleseismic arrivals used in this study were manually picked from
seismograms recorded by 246 CSN permanent stations and 675 portable
stations deployed during the ChinArray Phase II (ChinArray II;
September 2013 to March 2015; Fig. 1b). We selected teleseismic events
with epicentral distances between 30° and 90° and magnitudes greater
than 5.5, yielding a dataset of >400 events. The waveforms were rotated
from the North-East-Vertical coordinate system to the Radial-
Transverse-Vertical coordinate system. P-wave signals were extracted
from the vertical components and filtered using a Butterworth bandpass
filter with corner frequencies of 0.1-0.5 Hz. Similarly, S-wave signals
were extracted from the transverse components and filtered with a
0.04-0.2 Hz bandpass filter. Arrival times were measured using AIMBAT
(Lou et al., 2013), a robust and efficient Python-based tool utilizing the
multi-channel cross-correlation algorithm (VanDecar and Crosson,
1990) and enhanced by iterative cross-correlation and stacking pro-
cedures (Figure S3). In total, we obtained 156,563 P-wave arrivals from
334 events and 93,014 S-wave arrivals from 254 events (Fig. 2). Each
teleseismic event was recorded by at least 10 stations, and most were
recorded by >200 stations.

Crustal corrections were made to the teleseismic arrivals to remove
travel-time delays caused by the 1-D crustal model adopted in this study
(as described above; Figure S1) relative to the reference IASP91 model.
We then computed relative travel-time residuals by subtracting, for each
event, the mean residual across all stations. This procedure minimized
biases arising from hypocentral mislocations, origin time uncertainties,
and structural heterogeneities outside the study region (Figure S4; Chen
et al., 2014; Zhao et al., 1994; See Text S1 for details). Figure S4 shows
the spatial distributions of the mean relative residuals before and after
the crustal corrections, together with the average crustal correction
terms at stations with >10 recordings. The mean relative travel-time
residuals of both P- and S-waves exhibit similar patterns, although the

(a) P wave N
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P-wave residuals are generally smaller than the S-wave residuals. Per-
forming the crustal corrections reduced the amplitude of the residuals
while preserving the first-order features of residual differences among
stations. Strong negative residuals beneath the Sichuan Basin and the
Ordos Block suggest prominent high-V anomalies in the underlying
upper mantle, whereas strong positive residuals in NE Tibet and the
Yinchuan-Hetao Basin likely indicate widespread low-V anomalies in
those areas.

2.3. Method

The joint tomography method of Zhao et al. (1994) was applied to
invert local arrival times and teleseismic relative residuals for separate
3-D Vp and Vs models. The velocity structure was parameterized on 3-D
grid nodes with a lateral grid interval of 0.4° for Vp and 0.5° for Vs, and
vertical nodes were set at depths of 10, 25, 40, 65, 100, 150, 200, 250,
300, 350, 400, 450, 500, 550, 600, 650, 700, and 750 km. Ray paths and
theoretical travel times were computed using an efficient 3-D ray tracing
method (Zhao et al., 1992), which accounts for curved velocity dis-
continuities and station elevations. The system of observation equations
was solved using the conjugate-gradient-type LSQR algorithm (Paige
and Saunders, 1982), incorporating both damping and smoothing reg-
ularizations. The adopted regularization parameters were determined
empirically through extensive trial inversions with different combina-
tions of damping and smoothing. The final parameter set was selected as
a compromise solution that provided a substantial reduction in
root-mean-square (RMS) travel-time residuals while maintaining a sta-
ble and reasonably smooth model. With this parameter set, the RMS was
reduced from 0.601 s to 0.385 s for the final 3-D Vp model and from
0.906 s to 0.540 s for the final 3-D Vs model (Fig. 3; see Table S1 for
details).

3. Analyses and results
3.1. Checkerboard resolution tests

Good ray path coverage is a prerequisite for obtaining a reliable
tomographic model. The newly picked teleseismic arrivals substantially
improve ray path coverage, leading to tomographic models with
improved resolution beneath NE Tibet and its adjacent areas. Figures S4
and S5 show map views of hit counts (i.e., the number of rays passing
through each grid node) for the P- and S-wave data, respectively. Most
parts of the study area at all depths are well sampled, with hit counts
exceeding 500. In particular, hit counts in the crust beneath the Long-
menshan thrust belt are extremely high (>10,000) because of the
intense seismicity there. In contrast, the southwestern part of the study

Fig. 2. Distribution of teleseismic events (blue circles; M > 5.5) used in this study for P-wave (a) and S-wave (b) tomography. Purple lines represent major plate

boundaries (Bird, 2003), while red trapezoids outline the study region.
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area is poorly sampled, owing to the sparse station distribution and the
limited number of teleseismic events arriving from the southwest
(Figs. 1b and 2).

We performed extensive checkerboard resolution tests (CRTs) to
evaluate the ray coverage and spatial resolution of our 3-D Vp and Vs
models (Zhao et al., 1992, 1994). Alternate positive and negative ve-
locity anomalies (+4%) were assigned to the 3-D grid nodes to construct
the input models. Synthetic travel-time residuals were then computed
for these input models using the same earthquakes, seismic stations, and
ray paths as in the real data set. Random Gaussian noise with a standard
deviation of 0.1 s was added to the synthetic travel-time data to simulate
pick errors in the arrival times. The synthetic data sets were subse-
quently inverted to obtain recovered images of the input checkerboard
models. Figures S7 and S8 show CRT results with different lateral grid
intervals (0.4°, 0.5°, and 0.6°) at selected depths, and Figures S9-S14
present several vertical cross-sections. The input models are well
recovered in most parts of the study region at all depths, indicating that
our tomographic models have a lateral resolution of ~50 km. At shallow
depths (e.g., 10 and 25 km), only the central area covered by seismic
stations is well recovered, because local earthquakes are concentrated
beneath the station network (Fig. 1b) and teleseismic rays are nearly
vertical beneath the stations. At greater depths (e.g., 200 — 700 km),
most of the study region is well recovered, except for the southwestern
part.

3.2. P- and S-wave velocity structures

The obtained Vp and Vs models reveal pronounced lateral hetero-
geneity beneath NE Tibet and adjacent areas (Figs. 4-10). The first-order
patterns of the Vp and Vs models are broadly consistent, although the
amplitudes of velocity anomalies and some small-scale features differ.
Overall, Vs perturbations are larger in amplitude than the Vp pertur-
bations. In contrast, the Vp model reveals more detailed structures,
particularly several inclined high-V bodies in the upper mantle. This is
because the P-wave arrivals are picked from higher-frequency wave-
forms (Figure S3) and there are more P-wave arrivals than the S-wave
arrivals (Fig. 3). Hence, we infer that the Vp tomography reveals more
detail of the crustal and upper-mantle structures beneath NE Tibet.

In the upper crust (10 km depth slices in Figs. 4 and 5), prominent
low-V anomalies occur beneath major sedimentary basins, including the
Yinchuan-Hetao Basin and the Sichuan Basin, reflecting the presence of
relatively thick sedimentary sequences. In the middle-lower crust and
uppermost mantle (40, 65, and 100 km depths in Figs. 4 and 5), strong
velocity contrasts are observed along the plateau margin. Stable blocks
(i.e., the Alxa Block, the Ordos Block, and the Sichuan Basin) are char-
acterized by normal to high-V anomalies, whereas velocities within the
plateau are relatively low. Two notable, distinct low-V anomalies are
revealed in the crust beneath the northeastern Songpan-Ganze terrane
and along the Qilian Orogen. In contrast, the Longzhong Basin, a small
block within the plateau, exhibits normal-to-high velocity anomalies
throughout the lower crust and uppermost mantle (Figs. 4 and 5).

In the upper mantle, the Vp and Vs models display relatively simple
structures (Figs. 4 and 5). High-V anomalies are imaged beneath the
Alxa Block, the Ordos Block, and the Sichuan Basin, whereas a large-
scale low-V anomaly is observed beneath NE Tibet and extends down
to ~300 km depth. The high-V anomaly beneath the Alxa Block is
relatively weak and small, and vanishes at ~300 km depth (Figs. 4-6).
The high-V anomaly beneath the southern and central parts of the Ordos
Block extends down to ~500 km depth in the Vp model and to ~400 km
depth in the Vs model (Figs. 4, 5, and 7). The high-V anomaly beneath
the Sichuan Basin is strong and persists to ~300 km depth (Figs. 4, 5,
and 8). A slab-like high-V anomaly is imaged in the upper mantle
beneath the northeastern Songpan-Ganze terrane and the western Qin-
ling Orogen. This anomaly is connected to the high-V zone beneath the
Sichuan Basin, dips west-northwestward, and reaches the upper part of
the mantle transition zone (MTZ; Fig. 8). A distinct E-W striking gap
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beneath the North Qinling Orogen separates the Ordos Block and the
Sichuan Basin. This gap is ~150 km wide and spans depths of ~150-300
km (Figs. 4, 5, and 9).

Within the MTZ and the uppermost lower mantle, an N-S striking
high-V anomaly is imaged along ~100°E at depths of 500-700 km
(Figs. 4 and 5). A low-V anomaly is also visible beneath the northern
Sichuan Basin and the southern Qinling Orogen (Figs. 4 and 5). Beneath
the Yinchuan-Hetao Basin, a pronounced low-V anomaly appears as a
narrow zone in the crust, widens into the north Ordos Block at 100-400
km depth, and extends to the northwest of the study region at 500-600
km depth (Figs. 4, 5, and 10).

3.3. Restoring resolution tests

To further evaluate the robustness of the main features of our
tomographic models and assess possible smearing effects, we conducted
a series of restoring resolution tests (RRTs). In the RRTs, the input
models were derived from the final tomographic results, and all other
procedures followed those used in the CRTs. In the first set of RRTs
(Figures S15 and S16), the final tomographic images are directly used as
the input models. These input models were fully recovered, implying
that the inversion method is stable and the data sets are capable of
resolving the crust and upper mantle structure beneath NE Tibet and
adjacent areas. In the second set (Figures S17 and S18), the input models
retained only the obtained structures above a given depth (200, 300,
400, 500, 600, and 700 km) to test possible vertical smearing effects.
The overall patterns can be well recovered; however, smearing does
occur, especially in the peripheral regions. Vertical smearing beneath
the central part of the study area is negligible because the affected
features are small in scale and have relatively low amplitudes.

In the third set of RRTs, the input model contained a simplified
representation of the major upper mantle features: a large-scale low-V
anomaly beneath NE Tibet, a vertically elongated low-V anomaly
beneath the Yinchuan-Hetao Graben, two separate high-V anomalies
beneath the Ordos Block and the Sichuan Basin, and a west-northwest-
dipping high-V anomaly beneath the Songpan-Ganze terrane and the
western Qinling Orogen (Figure S19). We then modified the input
models by narrowing the gap between the high-V zones beneath the
Ordos Block and the Sichuan Basin and removing the west-northwest-
dipping high-V anomaly (Figure S20), or by thinning these anomalies
(Figure S21). These recovered images indicate that the first-order fea-
tures are robust: neither the gap between the Ordos Block and the
Sichuan Basin nor the west-northwest-dipping high-V anomaly beneath
the Songpan-Ganze terrane and the western Qinling Orogen can be
attributed to inversion artifacts.

4. Discussion
4.1. Comparison with previous tomographic results

Several regional tomographic models have been published for NE
Tibet and its surrounding areas (e.g., Bao et al., 2020; Guo et al., 2022; Li
etal., 2017; Zhang et al., 2018a,b). Despite differences in data coverage,
inversion strategies, and parameterizations, these studies consistently
resolve a set of robust first-order structures. Our Vp and Vs models
reproduce these key features: large-scale low-V anomalies dominate the
entire crust and upper mantle beneath the plateau, whereas high-V
lithosphere underlies the Alxa Block, the Ordos Block, and the Sichuan
Basin. These broad patterns are consistent with the results of Zhang et al.
(2018a,b).

Compared with Zhang et al. (2018a, 2018b), our joint inversion of
local and teleseismic data provides improved structural details above
~100 km depth. In the middle-lower crust and uppermost mantle, the
low-V anomalies within the plateau do not appear as a single coherent
body; instead, they divide into two large-scale low-V zones: one beneath
the Qilian Orogen and the other beneath the northeastern
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Songpan-Ganze terrane and the western Qinling Orogen. In addition, the
Longzhong Basin is characterized by normal-to-high velocities in the
lower crust and uppermost mantle. These features are also suggested by
regional surface wave tomography (e.g., Bao et al., 2020; Li et al., 2017;
Wang et al., 2017b).

Relative to the surface wave models (e.g., Bao et al., 2020; Li et al.,
2017; Wang et al., 2017b) and the teleseismic-only Vp and Vs models
(Zhang et al., 2018a,b), our joint local-teleseismic inversion, combined
with a substantially expanded teleseismic dataset, provides tighter
constraints on the vertical extent and downward continuation of the
shallow anomalies (Figs. 4-8 and S22-S24). While confirming major
features revealed by previous studies (e.g., Guo et al., 2022; Yu et al.,
2021b; Zhang et al., 2018a,b), our models resolve finer details due to the
improved  teleseismic ray  coverage. For example, a
west-northwest-dipping high-V zone beneath the northeastern
Songpan-Ganze terrane and the western Qinling Orogen is resolved as a
robust feature in our results.

These comparisons demonstrate that the first-order structural
pattern, characterized by extensive low-V anomalies beneath the
plateau and strong high-V lithospheric roots beneath the surrounding
cratonic blocks, is highly reproducible across different datasets and
methodologies. The improved resolution of our dataset sharpens litho-
spheric boundaries and reveals upper mantle structures that were pre-
viously obscured. These newly resolved features provide fresh
constraints on the mechanical interaction between NE Tibet and the
adjacent stable blocks, which we further discuss in the following sec-
tions on geodynamic implications.

4.2. Asia-Tibet interactions beneath NE Tibet

Whether the surrounding Asian blocks have subducted or under-
thrusted beneath NE Tibet remains debated. In the northern and eastern
margins of NE Tibet, teleseismic receiver function studies in the western
Qilian Orogen and Longzhong Basin regions reached completely oppo-
site conclusions (Shen et al., 2015; Ye et al., 2015. Our new tomography
reveals pronounced lateral velocity contrasts between NE Tibet and the
surrounding blocks, including the Alxa Block and the Ordos Block
(Figs. 4-7).

Along profiles crossing the western Qilian Orogen and the Alxa Block
(profiles AA’, BB’, and CC’ in Fig. 6), a prominent large-scale low-V
anomaly is imaged beneath the Qilian Orogen, extending to ~300 km
depth. The low-V zone extends beneath the whole block under the
western Alxa Block (profiles AA’ and BB’ in Fig. 6) but is restricted by
the high-V body in the upper mantle under the eastern Alxa Block
(profiles CC’ and DD’ in Fig. 6). There are also apparent south-dipping
high-V bodies in the upper mantle (profiles BB’ and CC’ in Fig. 6),
similar to those revealed by Wang et al. (2022). To the east, along
profiles crossing the Longzhong Basin and the Alxa or Ordos Blocks
(profile DD’ in Fig. 6 and profiles AA’, BB’, and CC’ in Fig. 7), a ~50 km
thick, weak high-V zone is imaged in the uppermost mantle beneath the
Longzhong Basin, sandwiched between crustal low-V anomalies above
and large-scale upper mantle low-V anomalies below. Given its modest
amplitude and relatively flat geometry, we interpret this weak high-V
body as in-situ lithospheric mantle rather than subducted or under-
thrust continental lithosphere. Taken together, these observations argue
against large-scale subduction or underthrusting of the Asian
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lithosphere beneath NE Tibet, although localized underthrusting cannot
be ruled out in specific boundary zones.

There are additional observations and geophysical constraints that
support this interpretation. First, intermediate-depth earthquakes are
absent. Upper mantle seismicity is commonly observed where one
continental plate underthrusts or subducts beneath another, such as
beneath the southern Lhasa terrane (e.g., Schulte-Pelkum et al., 2019),
the Burman arc (e.g., Kumar et al., 2015), and the Pamir-Hindu Kush (e.

g., Sippl et al., 2013). In our study, the distribution of local earthquakes
plotted along the vertical cross-sections (white dots in Figs. 6 and 7)
shows that all events are confined to the crust, and most occur at depths
shallower than 20 km. Second, migration images derived from P-wave
receiver functions indicate that the crust beneath NE Tibet is thickened
and exhibits complex internal structures, whereas the adjacent blocks
have thinner crust, a relatively flat Moho, and simple internal structures
(e.g., Zhang et al., 2020). In addition, migration images derived from
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S-wave receiver functions reveal that the lithosphere-asthenosphere Zhang et al., 2020).
boundary (LAB) within the plateau is diffuse, whereas the LAB in the Notably, the western Qilian Orogen and the Longzhong Basin exhibit
surrounding blocks is sharp and flat (Shen et al., 2015; Xu et al., 2019; markedly different surface deformation patterns. The western Qilian
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Fig. 10. Similar to Fig. 6, but along three vertical cross-sections crossing the Yinchuan-Hetao Graben. Abbreviations: HT — Hetao Basin, OB — Ordos Basin.

Orogen forms a broad WNW-trending fold-thrust belt, characterized by
high elevation (average ~4 km), steep topographic relief, and a thick
foreland basin to its north. In contrast, the Longzhong Basin consists of a
series of shallow intermontane basins with generally low topographic
gradients (Ren et al., 2024). Furthermore, the magnitude of Cenozoic
crustal shortening in the western Qilian Orogen (~50%) significantly
exceeds that in the Longzhong Basin (<15%; Zuza et al., 2016, and
references therein). Our tomographic results reveal contrasting seismic
structures within the lower crust and uppermost mantle beneath the two
regions. A pronounced low-V anomaly beneath the western Qilian
Orogen extends continuously from the crust down to ~300 km depth
(Figs. 4-7). This low-V anomaly, also detected by surface wave tomog-
raphy (e.g., Li et al., 2017; Wang et al., 2017b), may reflect a warm and
mechanically weak lithosphere produced by a combination of shear
heating along major faults, localized asthenosphere upwelling, and
crustal radiogenic heating (Wang et al., 2017b). In contrast, the lower
crust and uppermost mantle beneath the Longzhong Basin exhibit
normal-to-high seismic velocities (65 and 100 km depth slices in Figs. 4
and 5, profile DD’ in Fig. 6, and Fig. 7), indicative of a relatively cold and
stable lithosphere. These contrasting lithospheric properties likely play a
fundamental role in shaping the distinct surface deformation styles
observed in the two regions (Ren et al., 2024). Thermochronological and
sedimentological records show that the western Qilian Orogen experi-
enced an episode of accelerated crustal shortening during the Middle
Miocene (ca. 15-10 Ma), with deformation progressively propagating
outward and reaching the Longzhong Basin in the Late Miocene (<10
Ma; Yu et al., 2023). This diachronous deformation between the western
Qilian Orogen and the Longzhong Basin further supports the interpre-
tation that the lithospheric strength contrasts may play a controlling role
in temporally distinct stages of plateau expansion.

4.3. Delaminated lithospheric mantle or a relic slab beneath NE Tibet

An important feature in our tomographic images is the slab-like high-
V anomaly in the upper mantle beneath the northeastern Songpan-
Ganze terrane and the western Qinling Orogen. This high-V body is
connected to the high-V zone beneath the Sichuan Basin, dips west-
northwestward, and extends into the upper part of the MTZ (Figs. 4,
5, and 8). Above it, a distinct low-V anomaly is observed in the middle-
lower crust and uppermost mantle. This low-V anomaly has been
repeatedly imaged by surface wave tomography (e.g., Bao et al., 2020;
Wang et al., 2017b), body wave tomography (e.g., Sun et al., 2021;
Zhang et al., 2018a, 2018b), and joint inversion of receiver functions
and surface wave dispersions along dense linear arrays (Deng et al.,
2018). These studies interpreted the low-V anomaly in the middle-lower

crust and uppermost mantle as being related to asthenospheric upwell-
ings and/or lateral asthenospheric flow induced by delamination of a
thick lithospheric root (e.g., Xu et al., 2019), which implicitly requires a
detached lithospheric mantle at greater depths. Because of the limited
depth extent of their models, however, the delaminated lithospheric
mantle itself could not be resolved. Our tomography extends to the MTZ
and reveals a slab-like high-V anomaly directly beneath the previously
documented low-V body. The restoring resolution tests (Section 3.3)
have confirmed that this feature is robust. We interpret this slab-like
high-V body as the delaminated lithospheric mantle formed during the
Cenozoic, based on its morphology, depth range, and spatial correlation
with the overlying low-V anomaly.

In addition to seismic velocity investigations, several independent
observations support this scenario. Xu et al. (2019) imaged the LAB
beneath NE Tibet and found that the LAB beneath the northeastern
Songpan-Ganze terrane and the western Qinling Orogen is notably
shallow (~107-115 km). Li et al. (2020) derived a two-dimensional
thermal structure across the northeastern Songpan-Ganze terrane
using magnetotelluric (MT) data and interpreted a large-scale upper
mantle conductor as a zone of partial melting with temperatures of
1300-1500 °C and melt fractions up to 10%. Xia et al. (2023) further
identified a relatively thin thermal lithosphere (<100 km) and high
surface heat flow (>70 mW/mz) in this region based on a new
thermal-isostasy method. Collectively, receiver-function, MT, and
geothermal studies indicate that the lithosphere beneath the north-
eastern Songpan-Ganze terrane is thin and thermally weakened,
consistent with a lithosphere that has undergone delamination.
Furthermore, based on multiple geodetic datasets and climate models,
Zhang et al. (2021) inferred that the crust of NE Tibet is uplifting, with a
Moho uplift rate of 2.7 + 1.3 mm/yr. The Moho uplift may reflect
isostatic adjustment following the removal of a thickened lithospheric
root.

In addition, Miocene potassic volcanic rocks in the western Qinling
Orogen (the yellow square in Fig. 1a) exhibit high Mg#, suggesting a
mantle-derived origin and a possible link to asthenospheric upwellings
associated with lithospheric delamination (Dai et al., 2018; Mo et al.,
2006). Taking the Miocene magmatic event as a rough marker for the
onset of delamination, and considering the present position of the
slab-like high-V anomaly (Fig. 8), we estimated the sinking rate of the
delaminated lithosphere to be ~15 mm/yr. This rate is comparable to
estimates for delamination in southeastern Tibet (20 + 5 mm/yr; Feng
et al., 2022) and central Tibet (~15 mm/yr; Chen et al., 2017), and is
consistent with numerical models (Peng et al., 2022).

However, an alternative model of plate subduction may also explain
some features of the seismic images. Although Cenozoic volcanic rocks
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occur in the western Qinling Orogen as mentioned above, they are rare
in this region. The observed Moho uplift and surface exhumation could
be attributed solely to the outward expansion of the plateau. The rela-
tively warm and thin lithosphere may result from lateral asthenospheric
flow originating from the central Tibetan Plateau. Slab-like high-V
anomalies in the upper mantle are commonly interpreted as fossil or
stagnant slabs, as observed beneath western North America (Dougherty
et al., 2020) and the eastern Anatolia Plateau (Portner et al., 2018). The
Songpan-Ganze terrane and the western Qinling Orogen were amal-
gamated together during the Paleozoic to Early Mesozoic (Dong and
Santosh, 2016). The final episode of subduction in this region involved
the north-northwestward subduction of the Mianlue Ocean, which was
completely consumed no later than the Late Triassic (Dong and Santosh,
2016). If the slab-like high-V anomaly represents a relic slab, it would
correspond to the remnant of the Mianlue Ocean slab subducted during
the Late Triassic. However, a viable mechanism is required to explain
how such a structure could have been preserved in the upper mantle for
over 200 million years.

4.4. Eastward asthenospheric flow beneath the Qinling Orogen

An increasing number of studies have highlighted the importance of
an asthenospheric flow channel that facilitates the eastward extrusion of
upper mantle materials from the plateau (e.g., Schellart et al., 2019).
Based on an E-W fast-polarization direction of relatively strong seismic
anisotropy derived from shear wave splitting measurements, Huang
et al. (2008) first suggested eastward upper-mantle flow beneath the
Qinling Orogen. Subsequent studies using expanded datasets from both
permanent and temporary seismic stations have supported this inter-
pretation (e.g., Guo et al., 2022; Yu et al., 2021b; Yu and Chen, 2016).
Benefiting from wider and denser station coverage, along with the large
number of newly manually picked teleseismic arrivals, our new Vp and
Vs models provide unprecedentedly tight constraints on this
normal-to-low channel in the upper mantle. The results identified a
normal-to-low velocity gap at depths of 150-300 km between the high-V
anomalies beneath the Ordos Block and the Sichuan Basin (Figs. 4, 5,
and 9). Analogue modelling experiments suggested that the eastward
asthenosphere channel may result from the combined effects of
continuous India-Eurasia convergence and the retreat of the subducting
Pacific Plate (Schellart et al., 2019). In addition, the eastward-flowing
asthenospheric material may further influence the lithospheric
reworking of the North China Craton (e.g., Guo et al., 2022; Huang et al.,
2008).

4.5. A plume beneath the Yinchuan-Hetao Graben?

The Yinchuan-Hetao Graben is a Cenozoic rift, located to the
northwest of the Ordos Block (Fig. 1a). Subsidence began in the Oligo-
cene and accelerated during the Neogene (Zhang et al., 1998). The
graben contains thick sedimentary deposits, with an average thickness
exceeding 5 km and a maximum thickness of ~15 km (Li et al., 2022).
Many end-member models have been proposed to explain the formation
mechanism of the Yinchuan-Hetao Graben. The first model interprets
the graben as a back-arc basin, attributing its formation to the westward
subduction of the Pacific Plate and associated back-arc extension (Zhu
et al., 2011). The second model attributes the graben formation to dif-
ferential movement of adjacent blocks along a strike-slip boundary fault,
driven by northeastward expansion of the Tibetan Plateau (Zhang et al.,
2007). The third model interprets the basin as an active graben resulting
from asthenospheric upwelling (e.g., Tian et al., 2011).

Our refined tomographic images reveal that a pronounced low-V
anomaly beneath the Yinchuan-Hetao Graben extends from the surface
to ~600 km depth and dips northwestward (Figs. 4, 5, and 10), sug-
gesting significant mantle upwelling from the MTZ. The asthenospheric
upwelling can induce elevated temperature and partial melting in the
upper mantle, manifesting as low-Vp and low-Vs anomalies. The MTZ
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topography derived from receiver functions shows a depressed 410 km
discontinuity and an approximately flat 660 km discontinuity beneath
this region (Huang et al., 2022; Liu et al., 2022). The depression of the
410 km discontinuity is generally attributed to an increase in tempera-
ture at that depth (e.g., Agius et al., 2017). Therefore, the thinned MTZ
supports the interpretation of thermal upwelling from the MTZ, which
may present the deep origin of the Yinchuan-Hetao Graben.

4.6. Implications for the plateau growth

Our new tomographic models suggest that plateau growth in NE
Tibet is governed primarily by lateral variations in lithospheric strength
and localized mantle dynamics, rather than by large-scale underthrust-
ing of the surrounding Asian blocks. Extensive low-V anomalies beneath
the plateau indicate a warm, weak lithosphere that facilitates distributed
deformation, whereas high-V lithospheric roots beneath the Alxa, Ordos,
and Sichuan blocks act as rigid barriers that impede outward expansion
(e.g., Zhang et al., 2018b; Shen et al., 2015). This mechanical contrast
helps explain the strong spatial differences in deformation between the
western Qilian Orogen and the Longzhong Basin, as well as the dia-
chronous outward propagation of shortening since the Miocene (e.g.,
Ren et al., 2024). At the same time, lithospheric delamination beneath
the northeastern Songpan-Ganze terrane and western Qinling, together
with eastward asthenospheric flow and mantle upwelling beneath the
Yinchuan-Hetao Graben, indicates that deep mantle processes have
contributed to weakening the lithosphere and promoting localized up-
lift, extension, and edge growth of the plateau.

5. Conclusion

New 3-D Vp and Vs tomographic models of the crust and upper
mantle beneath the northeastern Tibetan Plateau were obtained through
the joint inversion of arrival times of local earthquakes and teleseismic
relative travel-time residuals recorded by CSN and ChinArray II. The
large number of newly manually picked teleseismic arrival times
significantly enhance the resolution of both Vp and Vs models, providing
new insights into the geodynamics of NE Tibet and its surrounding re-
gions. The main findings of this study are summarized as follows.

1. The continental blocks surrounding NE Tibet, including the Alxa
Block, the Ordos Block, and the Sichuan Basin, appear as high-V
anomalies extending to at least ~300 km depth in both Vp and Vs
models. The well-defined velocity boundaries among these blocks
and the plateau do not favor large-scale subduction or underthrust-
ing of the Asian lithosphere beneath NE Tibet. Instead, they act as
barriers that partially constrain the movement and deformation
within the plateau.

2. Lateral variations in the upper-mantle seismic structures are also
notable along the margin of NE Tibet. A prominent low-V anomaly
continuously extends from the crust to ~300 km depth beneath the
western Qilian Orogen, indicating a warm and mechanically weak
lithosphere there. In contrast, a high-V layer in the uppermost
mantle, sandwiched between low-V anomalies in the crust and upper
mantle, suggests a relatively cold and strong lithosphere beneath the
Longzhong Basin. This lateral variation may result from the inherited
structures or different evolutionary stages related to the outward
expansion of the Tibetan Plateau.

3. A northwestward-dipping high-V anomaly is identified at depths
of 200-500 km beneath the northeastern Songpan-Ganze terrane and
the western Qinling Orogen, and it is connected to the high-V zone
beneath the Sichuan Basin. This feature may represent delaminated
lithospheric mantle since ~20 Ma or a remanent slab retained in the
upper mantle.

4. An ~100 km wide normal-to-low velocity gap at depths of
150-300 km beneath the Qinling Orogen separates the high-V roots
of the Ordos Block and the Sichuan Basin. This gap may represent an
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eastward asthenospheric extrusion channel, allowing mantle flow
from NE Tibet to the North China Craton.

5. A large-scale low-V anomaly extends from the MTZ to the crust
beneath the Yinchuan-Hetao Graben, implying that the Yinchuan-
Hetao Graben is an active rift caused by an upper-mantle plume.
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