
1. Introduction
The Asian region is characterized by diverse and complex patterns of extensive magmatism and intracontinental 
deformation, which are recorded in its geological and tectonic history and revealed by seismic imaging (Figure 1; 
Ma et al., 2022; Ren et al., 2013; Yin, 2010). Cenozoic (66 - 0 Ma) deformation dominates the tectonic configu-
ration of the Asian continent along the Eastern Tethyan orogen, expressed by developments of the Tibetan Plateau 
and Iranian Plateau resulting from collisions of Indian and Arabian plates toward the Eurasian Plate (Chang 
& Zheng, 1973; DeCelles et al., 2002; Dewey, 1989; Reilinger et al., 2006). Large fragments of the Eurasian 
lithosphere were extruded eastward out of the central Tibetan Plateau and toward southern China and northern 
Indochina, significantly influencing the geological evolution of Southeast Asia (Gilder et al., 1996; Tapponnier 
et al., 1982, 2001). The central Asian deformation domain extends from the northern edge of the Tibetan Plateau 
to the northern tip of the Baikal rift system, representing one of the far-field effects of the India-Eurasia colli-
sion (Molnar & Tapponnier, 1975; Tapponnier & Molnar, 1979; Yin, 2006; Yin & Harrison, 2000). In East and 
Southeast Asia, subduction is the dominant plate-tectonic process, and there have been thousands of kilometers 
of oceanic lithosphere absorbed by the mantle beneath the Eurasian Plate during the Mesozoic (252 - 66 Ma) 
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as the Tethys Oceans and Izanagi Plate were subducted (Müller et al., 2016). Moreover, during the Cenozoic, 
the Australian Plate moved northwards, the Pacific Plate and Philippine Sea Plate moved westwards, and some 
fragments sourced from them were collaged to Southeast Asia (Hall & Spakman, 2015; Seton et al., 2012). The 
interactions of these lithospheric plates are suggested to be a mechanism to cause the lithospheric thinning and 
destruction, intensive intraplate seismic and volcanic activities, marginal basins and volcanic arcs, and possibly 
the further development of the trench-arc-back-arc extensional system in the eastern Asian margin (Schellart 
& Lister, 2005; Zhao, 2021). To better understand how tectonic stresses of the overlying plate control astheno-
spheric deformation which in turn affects plate dynamics, it is necessary to study the detailed structure of the 
lithosphere and asthenosphere as well as the plate tectonics and mantle dynamics of the Asian region.

Figure 1. (a) Surface topography and major tectonic features of the broad Asian region. Colors show the age of the oceanic lithosphere with the scale shown on the top 
right side. Color contour lines show depths to the upper boundaries of the subducting slabs with an interval of 20 km (Slab2.0; Hayes et al., 2018), whose scale is shown 
on the lower right side. Black lines denote the major plate boundaries (modified from Bird, 2003), and red lines delineate main tectonic units, basins, and large fault 
zones. Red triangles mark the Cenozoic intraplate volcanoes. AV, Arxan Volcano; CDDB, Chuan-Dian Diamond Block; CV, Changbai Volcano; DV, Datong Volcano; 
HB, Himalaya Block; HV, Hainan Volcano; JB, Junggar Basin; JV, Jeju Volcano; KV, Kunlun Volcano; OB, Ordos Basin; QDB, Qaidam Basin; QFB, Qilian Fold Belt; 
SCB, Sichuan Basin; SGFB, Songpan Ganzi Fold Belt; SLB, Songliao Basin; TV, Tengchong Volcano; UV, Ulleung Volcano; WV, Wudalianchi Volcano. (b)–(d) Map 
views of the absolute isotropic shear-wave velocity at depths of 15 km, 50 km, and 100 km (Ma et al., 2022).
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Cenozoic deformation of the Asian lithosphere is commonly attributed to the combined effects of continental 
collision and oceanic subduction. How the two classes of plate boundary processes interact with one another in 
controlling the widely distributed intracontinental deformation over a 3,000-km region remains the subject of 
debate and controversy. When collision and subduction are considered as two relatively independent processes, 
one thought is that the timing, location, and style of Cenozoic extensional features along the eastern margin 
of the Eurasian Plate are closely related to the subduction of oceanic plates rather than far-field effects of the 
India-Eurasia collision (e.g., Hall, 2002; Northrup et al., 1995; Royden et al., 2008; Yin, 2000). Alternatively, the 
India-Eurasia collision provokes compressional stresses that diverge from the collision zone and transmit through 
the rigid lithosphere all the way to subduction trenches, where it follows the retreat of subducting lithospheres, 
controlling the geometry and kinematics of major strike-slip faults and back-arc basins under the influence of the 
large-scale deformation of the Asian lithosphere (e.g., Jolivet et al., 1994; Tapponnier et al., 1982). Moreover, the 
tectonic development of the broad Asian region, commonly interpreted as a result of the plate boundary processes 
as discussed above, intrinsically correlates with the thermal structure of the lithosphere induced by crustal and 
mantle processes (e.g., Beaumont et al., 2001; Harrison et al., 1998; Jolivet et al., 2018; Molnar et al., 1993). Until 
now, it remains poorly understood what roles of collision and subduction coupled with time-dependent mantle 
flows have played in shaping the overall tectonics and deformation history of the Asian lithosphere.

In this study, our primary focus is on deciphering the seismic structure and dynamics of the lithosphere and 
asthenosphere beneath China and adjacent regions with the help of the latest full-waveform tomographic model 
of this region by Ma et al. (2022). The present work sheds important new light on the dynamic characteristics 
of the different tectonic provinces, the morphology of the underthrusting Indian lithosphere and its geodynamic 
implications, and the interaction between the lithosphere and asthenosphere in the eastern Asian margin.

2. Data and Full-Waveform Inversion
Our dataset contains more than 500,000 three-component seismograms recorded at 2,427 seismometers, corre-
sponding to 410 earthquakes that occurred between 2009 and 2018 along the tectonically active zones of conti-
nental collision and oceanic subduction (Figure S1 in the Supporting Information S1). Physical properties of 
the Earth's interior are indirectly detected through seismic waves excited by earthquakes. When seismic waves 
propagate inside the Earth and encounter structural heterogeneities with a certain scale, wave propagation speed 
changes, reflection and scattering phenomena occur, and interconversions between compressional and shear waves 
happen. The combined effect of multiple heterogeneities produces a complicated wavefield recorded in the form 
of three-component seismograms. The full-waveform inversion technique based on adjoint and spectral-element 
methods can be employed to maximally exploit the information contained in these seismic wavefield complex-
ities to determine the fine-scale structural heterogeneities from which they originated across various orders of 
magnitude in frequency and wavelength (e.g., Fichtner, 2011; Kennett & Fichtner, 2020; Tromp, 2020). Here we 
provide a detailed tectonic interpretation of the latest full-waveform inversion applied to the broad Asian region 
(SinoScope 1.0; Ma et al., 2022), with a special focus on China and adjacent regions where particularly dense 
data coverage is available. The multi-scale full-waveform inversion naturally combines the advantages of surface- 
and body-waves and jointly inverts for the crust and mantle structure in the period range of 30–120 s, yielding 
constraints on lithosphere and asthenosphere whose interactions shape the nature of plate tectonics.

3. Results and Discussion
The model parameters involved in the inversion include the wave velocities of vertically and horizontally prop-
agating/polarized P- and S-waves (vpv, vph, vsv, and vsh) and mass density (ρ). The data that enter the inversion 
process is mostly sensitive to variations in vsv and vsh; sensitivity kernels with respect to vpv, vph, and ρ are small or 
negligible (Ma et al., 2022), which are not used to facilitate the interpretation of tomographic images in the follow-
ing sections. Radial anisotropy is a type of transverse isotropy with a radial symmetry axis, which produces differ-
ences in propagation speed between horizontally and vertically polarized shear waves, irrespective of their propa-
gation azimuth (e.g., Hess, 1964; Montagner & Tanimoto, 1991). The radial anisotropy parameter ξ = (vsh − vsv)/
vs provides an important indicator of lithospheric deformation in the crust and mantle or mantle flow in the 
asthenosphere in either horizontal direction (positive ξ) or vertical direction (negative ξ), where the isotropic 

shear-wave velocity is computed from vsh and vsv as 𝐴𝐴 𝐴𝐴𝑠𝑠 =

√

(2𝐴𝐴2𝑠𝑠𝐴𝐴+𝐴𝐴2𝑠𝑠𝑠)
3

 (Panning & Romanowicz, 2006). Horizontal 

slices through the variations of vs, vsv, vsh and ξ are shown in Figures S2–S12 in the Supporting Information S1.
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3.1. Average Radial Characteristics of Different Tectonic Provinces

The tectonic framework of Asia is characterized by the assembly of diverse tectonic units along with orogenic 
belts in the triangular area where the Paleo-Asian Ocean, Tethyan, and Western-Pacific domains meet. To obtain 
more detailed characteristics of velocity and anisotropy variations with depth in the specific region, the study 
area is subdivided into 11 representative tectonically distinct subregions according to the distribution of major 
boundaries and faults (Figures 1 and 2; Bird, 2003; P. Zhang et al., 2003). The radially averaged vsv and vsh of the 
inversion domain are marked by a pronounced negative velocity gradient at depths ranging from 80 to 180 km 
(Figure 2). Within the upper 200 km of the Earth, variations in the radial anisotropy range between 1% and 5%, 
which indicates that the Asian lithosphere as a whole is dominated by horizontal movements, as derived from 
GPS observations (Hao et al., 2019; Wang & Shen, 2020).

The concept of asthenosphere boundary (LAB) remains debated because of different definitions based on 
different geophysical observations (Eaton et  al.,  2009). In seismic tomography, the LAB inferred from the 
shear-velocity structure can be defined as a sharp boundary between the high-velocity lid and the low-velocity 
zone, which is interpreted as the maximum of the velocity gradient (−δV/δz) above the low-velocity zone (Burgos 
et al., 2014). However, the maximum gradient is not unequivocally observed beneath the continental lithosphere 
due to the nonexistence of sharp velocity contrast across the LAB. The strong 3-D velocity heterogeneities of the 

Figure 2. Topographic map shows the geographic locations of the samples and the cross-section (black line with white dots) for which the vertical profile is shown 
in Figures 3a–3d. Lateral averages for vertically/horizontally polarized shear-wave velocity (vsv and vsh) and radial shear-wave anisotropy (ξ) of 11 tectonically distinct 
provinces, corresponding to the color-matched shaded areas as shown in the map, which are extracted from SinoScope 1.0 (Ma et al., 2022) and illustrated by red (vsh), 
green (vsv), and blue (ξ) lines. Bold white (vsh), yellow (vsv), and magenta (ξ) lines are overall 1-D radial profiles of SinoScope 1.0 (Ma et al., 2022) and are plotted for 
comparison with specific tectonic units. Dashed lines represent depth profiles for isotropic models with ξ = 0.
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full-waveform tomographic model may also make some empirical approaches (e.g., Priestley & MKenzie, 2006) 
no longer applicable for estimating the depth of the LAB (hereafter referred to as the lithospheric thickness) for 
a given isotherm when converting shear-wave velocities to temperatures. It mainly stems from the possibility 
of unrealistic temperature values during the velocity-to-temperature conversion. Hence, we adopt the pertur-
bation cutoff of vsv and vsh (δvsv and δvsh ≥ 1.25% in Figures S13 and S14 in the Supporting Information S1; 
Maurya et al., 2016) to estimate the lithospheric thickness coupled with depth slices of the absolute shear-velocity 
structure down to 250 km depth (Figures S2–S12 in the Supporting Information S1) and further discuss specific 
structural features of major geological units in the study area.

The observations that emerge from our tomographic results reveal a thick cratonic lithosphere (∼80  km; 
Figures  S2–S5 and  S13 in the Supporting Information S1 in South China, whereas the lithosphere with the 
presence of ≥1.25% high-velocity is just ∼65 km in Northeast and North China. The thickest lithospheric keels 
(200–250 km) comprising deep cratonic roots are observed in the Sichuan, Ordos, and Tarim basins. The deep 
part of the cratonic root of the Sichuan Basin appears larger than its surface expression and extends eastward to the 
middle of the South China Block (Figures S13 and S14 in Supporting Information S1). The lithospheric thickness 
of the Indian Plate is retrieved with large variability between 150 and 250 km. Compared with the continental lith-
osphere, the oceanic lithosphere beneath the South China Sea, Philippine Sea Plate, and Caroline Plate is almost 
flatter and thinner (∼90 km), overlying the low-velocity asthenosphere (Figures S2-S6 and S13-S14 in Support-
ing Information S1). The low-velocity zone is widely observed beneath Eastern Mongolia, Northeast, North and 
South China, Japan Sea, Philippine Sea Plate, Caroline Plate, Southeast Asia, and Indian Plate, except in areas of 
the thick continental crust where there is no apparent velocity contrast, for instance, Tibetan Plateau and Mongo-
lian Plateau. As is evident from Figure 2, the velocity reduction pattern and depth above which reduction occurs, 
strongly vary with the choice of the tectonic province, reflecting their respective distinct seismic characteristics. 
Following a drop in vsv and vsh, the base of the low-velocity zone is marked by an increase: the transition is sharp 
in vsh but gradual in vsv, the Indian Plate being the only exception as both vsv and vsh increase sharply.

Seismic anisotropy in the upper mantle is generally attributed to the coherent lattice-preferred orientation of 
intrinsically anisotropic crystals such as olivine (Nicolas & Christensen, 1987; S. Zhang & Karato, 1995) and is 
related to past and present geodynamic processes, which provides insights into our understanding of lithospheric 
evolution, physical interaction between lithosphere and asthenosphere, and channel flow within the astheno-
sphere. Unresolved sub-wavelength heterogeneities are also capable of producing apparent anisotropy, which 
does not need to be related in the same way as intrinsic anisotropy (Fichtner et al., 2013). Since it is currently 
impossible to quantitatively separate the intrinsic and apparent anisotropy, we here restrict attention to holistic 
anisotropic signatures of different tectonic provinces. The strength and nature of seismic anisotropy vary signifi-
cantly depending on the depth extent and tectonic unit (Figure 2). For the Philippine Sea and Caroline plates, we 
observe significant positive radial anisotropy (ξ ⩾ 5) at depths shallower than 110 km, peaking near the surface 
with rapidly decreasing strength at greater depths, which indicates a strong correlation with the present-day 
horizontal plate motion (Wu et al., 2016). The Indian Plate and Southeast Asia, which are composed of oceanic 
and continental lithosphere, exhibit different behavior of radial anisotropy in contrast to the Philippine Sea and 
Caroline plates. Southeast Asia is characterized by more substantial positive anisotropy than the average 1-D 
radial one down to ∼200 km with the maximum value at a depth of ∼120 km, whereas the pattern switches to 
negative at depths greater than 250 km, consistent with what Wehner et al. (2022) revealed. Beneath the Indian 
Plate, variations in radial anisotropy show a systematic tendency of being positive, with a secondary peak found 
at a depth of ∼120 km except for the surface, which is the expected result of the dominant horizontal movement 
of the Indian Plate since the late Mesozoic. South China Block, as the relatively stable continental area, displays 
small to zero positive radial anisotropy in the uppermost 50 km. After that, the magnitude of radial anisotropy 
substantially increases and reaches a peak at a depth of ∼120 km, followed by a consistent decrease at larger 
depths; the prominent negative pattern of radial anisotropy is observed in the depth range of ∼230–300 km. 
The behavior of radial anisotropy beneath Eastern Mongolia, Northeast China, North China Block, and Japan 
Sea is similar to that of the South China Block, apart from the magnitude. The frozen-in lithospheric anisotropy 
(ξ > 0) that reflects the fossil strain field, results from a long and complex history involved in surficial tectonics 
(Savage, 1999), where the horizontal deformation process dominates. The existence of positive large-scale radial 
anisotropy with maximum values around depths of 120 km coincides with the depth range of the hypothetical 
shear zone between the lithosphere and asthenosphere (Ribe, 1989). Negative radial anisotropy at depths greater 
than 200 km largely correlates with the hot upwellings or cold downwellings above the flat slab beneath North-
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east China, Japan Sea, North and South China blocks, and Southeast Asia (e.g., Ma et al., 2019; Zhao, 2021). 
As the far-field deformation response to the India-Eurasia collision, the low-velocity lithosphere is dominated 
by positive radial anisotropy beneath the Tibetan Plateau, Tianshan Orogen, eastern and western Himalayan 
syntaxes, and Altay-Sayan Mountain Range, which provides a good indicator of the relative horizontal movement 
of continental blocks in the extreme tectonic deformation environment.

3.2. Lithospheric Dynamics in Response to the India-Eurasia Collision

Since the Early Cenozoic onset of collision, the Asian lithosphere has been significantly deforming across a 
vast region, especially from the Himalayan Orogen in the south to the Baikal rift zone in the north (Yin, 2010). 

Figure 3. (a) Surface topography (top) and Bouguer gravity anomaly (bottom) from the WGM2012 model (Bonvalot et al., 2012) along the oblique profile shown 
in Figure 2. Purple and light blue colors denote positive and negative values of the elevation and Bouguer anomaly, respectively. (b)–(d) Cross-sections are shown 
for absolute vertically/horizontally polarized shear-wave velocity (vsv and vsh) and radial shear-wave anisotropy (ξ). Dashed magenta lines indicate the Moho depth 
estimated from SinoScope 1.0 (vs = 4.0 km/s iso-velocity to be a representation of the Moho depth; Ma et al., 2022). Green lines (indicated by an iso-velocity contour of 
vs = 4.5 km/s) envelope low-velocity bodies in the mantle beneath the lithosphere. Red dots on the frame of each cross-section are marked every 5°.
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The India-Eurasia convergence has driven Himalayan mountain building, Tibetan Plateau formation, and wide-
spread deformation outside the collision zone, accommodating north-south crustal shortening with estimates 
in the range from a few hundred kilometres to >2,000 km (e.g., Huang et al., 2015; Li et al., 2015; Tapponnier 
et al., 2001). The most prominent features of the Tibetan Plateau and its surrounding deforming area are the 
thicker crust (50–90 km) than typical continental crust and the strongest negative Bouguer gravity anomaly 
(up to −500 mGal) in the world (Figure S15 in Supporting Information S1). The cross-section through the 
Tibetan Plateau shows that the Moho (the boundary between the crust and mantle) deepens gently northward 
from ∼35 km beneath the Tethyan Himalaya to 75–90 km beneath the Qiangtang Block and Songpan Ganzi 
Fold Belt (Figure  3), consistent with the results of receiver function analysis (e.g., Cheng et  al.,  2021; He 
et al., 2014). The Indian lithosphere is underthrusting beneath the Himalaya along the Main Himalayan Thrust 
and continues to extend beneath the Lhasa and Qiangtang blocks with ramp-flat geometry (Figures S16-S21 in 
Supporting Information S1), which has contributed to the crustal thickening, resulting in the deep Moho there 
(Figure 3). The asthenosphere carrying the northward movement of the Indian lithospheric mantle exhibits 
significant positive radial anisotropy (ξ > 5) along the strike. As the tectonic transitional zone between the 
Tibetan Plateau and stable Siberian Craton, the widely distributed deformation range from the Qilian Fold Belt 
to the Baikal rift zone is underlain by relatively low-velocity mantle with dominant positive radial anisotropy. 
It probably reconciles with compressional stresses that diverge from the collision zone. In Figure 3, there exists 
a good agreement between the underthrusting Indian lithosphere and the low Bouguer anomaly along the N–S 
trending profile, indicating that the geometry of the Bouguer gravity low is induced by the crustal thicken-
ing beneath the Tibetan Plateau. Across the well-known North-South Gravity Lineament (NSGL) extending 
>4,000 km from Siberia to South China, there is an abrupt shift in the Moho topography and Bouguer gravity 
anomaly (Figures S22–S26 in Supporting Information S1). The NSGL is likely caused primarily by variations 
in the Moho depth as a result of the post-collision crustal thickening in the west of the NSGL. The different 
lithospheric compositions on either side of the NSGL probably contribute secondarily to the formation of the 
NSGL, which is most likely related to the interaction between the lithosphere and asthenosphere beneath East 
and Southeast Asia.

3.3. Asthenosphere Beneath East and Southeast Asia

The seismic low-velocity channels imaged beneath the East and Southeast Asian lithosphere reflect the 
presence of the low-viscosity asthenosphere (Figure  4), which has weaker mechanical strength than the 
overlying lithosphere and decouples tectonic plates from the deep mantle. The widespread and prominent 
low-velocity asthenosphere with a thickness range of ∼100–300  km is bounded by the subducting slab 
along the strongly curved convergent boundary (Kurile, Japan, Ryukyu, Philippine, Timor, Java, Suma-
tra, Andaman, and Arakan) and lithospheric keels (Sichuan and Ordos blocks), which is also coincident 
spatially with extensive intraplate volcanism. The presence of apparent radial anisotropy (ξ  >  4) in the 
asthenosphere reflects strong shear flow beneath the lithosphere, which is accompanied by the largest shear 
strain at the top and bottom boundaries of the flow channel (Figure 4c). The heating from the asthenosphere 
on the lithosphere subsequently triggered extensive magmatism, mineralization, intraplate volcanism, and 
the widespread development of extensional structures, and the relative shear motion between the lithosphere 
and asthenosphere could induce the complex configuration of the lithosphere through extreme lithospheric 
thinning in the eastern Asian margin (e.g., Yang et  al.,  2021; Zheng et  al.,  2018). Beneath the astheno-
sphere, strong negative radial anisotropy areas indicate vertically oriented structures that can be assigned to 
specific tectonic events, for example, cold downwellings (subducting slabs, detached lithosphere removed 
by the shear asthenospheric flows, etc.) along active continental margins (e.g., K.-J. Zhang,  2012; Ma 
et al., 2019).
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4. Conclusions
This study provides new information on the radially anisotropic signature and dynamics of the lithosphere and 
asthenosphere utilizing high-resolution full-waveform tomographic images in the Asian region, which is intended 
to improve our quantitative understanding of the regional tectonic evolution. The large-scale lithospheric defor-
mation in the west of the NSGL characterized by particularly low seismic velocities is dominated by strong 

Figure 4. (a)–(c) North-south cross-sections of vertically/horizontally polarized shear-wave velocity (vsv and vsh) perturbations and radial shear-wave anisotropy (ξ) 
along the profile shown in the map (e). Surface topography and bathymetry along each profile is shown on the top of each cross-section. Dashed black lines denote the 
410-km and 660-km discontinuities; Red dots on the frame of each cross-section are marked every 10°. The green line denotes the estimated LAB. (d)–(f) Distributions 
of the absolute vsv and vsh, and ξ at 150 km depth; their scales are shown at the bottom. Red triangles mark the Cenozoic intraplate volcanoes.
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radial anisotropy with enhanced SH-wave speed and crustal thickening, potentially reflecting prominent shear 
strain caused by compressional stresses that diverge from the India-Eurasia collision zone toward the stable Sibe-
rian Craton. The underthrusting Indian lithosphere has reached the Songpan Ganzi Fold Belt with a ramp-flat 
shape, down to ∼250–300 km. Lithospheric keels (Sichuan, Ordos, and Tarim basins) comprise deep cratonic 
roots (∼200–250 km), which encircle the northwest and east borders of the Tibetan Plateau and might play an 
important role in the internal deformation and tectonic escape of lithosphere in the Tibetan Plateau. In East and 
Southeast Asia, the lithospheric thickness exhibits large variations underneath different tectonic units, and the 
presence of lamellar-like positive radial anisotropy within the asthenosphere indicates the asthenospheric flow 
field is dominated by horizontal movements. The lithospheric thinning and extension, magmatism, mineraliza-
tion, and intraplate volcanism are probably related to the strong interaction between the lithosphere and astheno-
sphere in the eastern Asian margin.

Data Availability Statement
Data are available through Ma et al. (2022).
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