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It is essential to investigate the spatial distribution of the lithosphere and

asthenosphere in detail, to further obtain the understanding of the effect of

plate collision and the process of orogenic movement. From the joint

inversion of receiver functions and surface waves, the three-dimensional

S-wave velocity structure results down to 200 km depth in the study area

were obtained at 1,843 seismic stations. Analysis was performed on the

sedimentary thickness, crustal thickness, lower crustal wave velocity, and

lithospheric thickness. According to the crustal thickness, we evaluated the

distribution of low-velocity zones in the lower crust. The results show that

there are low-velocity bodies in the lower crust in the Qinling tectonic belt,

but they are not connected, indicating that they may not be able to be used as

a channel for material extrusion from the NE Tibetan Plateau at the crustal

scale. According to the section results and the depth distribution of the

lithosphere-astenosphere boundary, a relatively thick lithosphere exists

below the Sichuan Basin and Ordos Basin, and the lithosphere in the east

of the study area is relatively thin with a thickness of about 60–80 km,

indicating that the lithosphere in the east of the study area has been

severely destructed and restructured. The delamination has been observed

in the lithosphere under the Songpan-Ganzi Block, showing characteristics of

vertical movement of asthenosphere materials. There is a relatively thick low-

velocity zone at the top of the mantle lithosphere of the NE plateau; however,

it does not exist under the relatively stable Sichuan Basin and the Ordos Block.

Compared with the Sichuan Basin and the Ordos Basin at both sides, the

Qinling tectonic belt has a low-velocity zone at the depth of 100–160 km,

which may be asthenosphere material. In combination with the polarization

direction characteristics of the SKS wave, it is clearly observed that

asthenospheric material movement exists in an approximate east-west

direction beneath the Qinling tectonic belt. Therefore, the asthenosphere

beneath the Qinling tectonic belt may serve as an important channel for

material extrusion in the NE Tibetan Plateau.
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1 Introduction

Since the Indian-Eurasian plate collision, as the Tibetan

Plateau continued to develop toward the northeast (England

and Houseman 1986; Tapponnier et al., 2001), the surface uplift

and orogeny has occurred in the northeastern margin about

1,000 km away from the convergent front since the middle and

late Cenozoic era (Molnar and Tapponnier, 1975). The

northward subduction from India to Asia has played an

important role in the rise and growth of the plateau. At the

northernmost tip of the Tibetan Plateau, the Qilian tectonic belt

developed on the southern margin of the North China Craton,

and has been shortening along NE-SW at a rate of 13 mm/year

(Yin and Harrison, 2000). However, it is unknown whether there

is a weak lower crustal flow model on the NE Tibetan Plateau.

Therefore, it is of great significance to study the characteristics of

the crustal structure in detail, evaluate the lower crustal flow

model, and understand the main mechanism of deformation in

the northeastern margin of the plateau.

The NE Tibetan Plateau is the intersection area of the Tibetan

Plateau Block and the North China Craton/the Yangtze Craton

(see Figure 1 for the study area). The Qingling-Dabie orogenic belt

is the main component of the gigantic central orogenic belt that

crosses China from east to west and divides China into northern

and southern parts. It is the structural junction zone of North

China and the Yangtze continents and a typical collision orogenic

belt (Zhang et al., 1995). With the northward subduction of the

Indian lithosphere, the Tibetan asthenosphere has been largely

compressed (Huang and Zhao, 2006; Li et al., 2008), and the

material in the asthenosphere is compressed similar to the

lithosphere (Tapponnier et al., 2001; Vinnik et al., 1992; Silver

and Holt, 2002). It is speculated that below the Qinling-Dabie

tectonic belt there is an escape channel of the asthenosphere

material (Yu and Chen, 2016; Chang et al., 2017). In the

tectonic activities, what is the relationship between the

lithosphere of the plateau and the lithosphere of the adjacent

craton, and the degree of erosion and destruction of the craton

lithosphere. The geodynamic process of continental evolution not

only occurs on the entire lithosphere scale, but also reaches

hundreds of kilometers deep inside the upper mantle. The

geophysical background zone with high rigidity of mantle in

the lithosphere may hinder the migration of mantle-derived

materials derived from the deep region, and the

discontinuity between different lithospheres may be a good

channel for mantle-derived materials. Therefore, it is essential

to investigate the spatial distribution of the lithosphere

and asthenosphere in detail, to further the understanding of the

effect of plate collision and the process of orogenic movement.

The transformation or destruction of the lithosphere and

the distribution of the asthenosphere are related to the hot

material activity. According to the transmission

characteristics of the body waves, the S-wave velocity

structure is closely related to the shear modulus of the

earth’s internal medium. Compared with the P-wave, the

S-wave is more sensitive to the asthenosphere and hot

materials. However, most of the studies on the three-

dimensional velocity structure above the depth of 150 km in

the NE Tibetan Plateau and surrounding craton basins are

P-wave travel time tomography (Li et al., 2008; Tian et al.,

2009; Tian and Zhao, 2011; Guo et al., 2017). At present, the

information regarding S-wave velocity structure of the

lithosphere-asthenosphere on the NE Tibetan Plateau

mostly comes from large-scale surface wave inversion

(Huang et al., 2003; Huang et al., 2009; Bao et al., 2013;

Bao et al., 2015; Yang et al., 2013; Wei et al., 2015; Shen

et al., 2016; Wei et al., 2017), revealing that the high-velocity

body beneath the Ordos and Sichuan basins can extend up to

200 km in depth, while the velocity in the lithosphere on the

NE Tibetan Plateau is relatively low. However, since surface

waves mainly reflect the average effect of S-wave velocity in a

certain range of depth and it is difficult to delineate the fine

fluctuation characteristics of important interfaces (such as

Moho and lithosphere-astenosphere boundary, LAB), only

qualitative discussion of the asthenosphere can be obtained.

The receiver function has a unique advantage in determining

the depth of the interfaces showing discontinuity of the

velocity. The joint inversion can utilize their advantages

and effectively reduce the non-uniqueness of the single type

data inversion results. The joint inversion of receiver functions

and surface wave has been applied to multiple studies on the

deep structure of the NE Tibetan Plateau (Zheng et al., 2016;

Guo et al., 2017; Li et al., 2017; Wang et al., 2017; Ye et al.,

2017; Ye et al., 2018), which have revealed high-resolution

structural images of the region and certain observation

sections, but the results obtained were basically limited

within the depth of 100 km, without revealing relatively

complete structural characteristics of lithosphere-

asthenosphere. Huang et al. (2009) presented the S-wave

velocity structure of the crust and upper mantle (0–300 km)

through surface wave tomography and inversion of North

China. Wang et al. (2017) used the receiver function and

surface wave inversion to obtain the three-dimensional

velocity structure down to 100 km depth in the

northeastern margin of the Tibetan Plateau, and analyzed

the thickness of the sedimentary layer and crust as well as

Poisson’s ratio in the study area. However, the distribution

characteristics of the deep structure of the complete

lithosphere and asthenosphere were not given. Detailed

images of the deep structure play an important role in

understanding the mantle dynamics in NE Tibetan Plateau.

Guo and Chen (2017) applied the joint inversion of

background noise and the receiver function to obtain a

three-dimensional velocity structure within the depth of

100 km in the NE Tibetan Plateau. It is believed that there

exists an asthenosphere channel flow from west to east beneath

the Qinling-Dabie tectonic belt south of Ordos. Wu et al.
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(2022) obtained the 3D velocity structure of Ordos and its

surrounding areas at a depth down to 200 km from a joint

inversion method of receiver function and surface wave. Their

results shown the Ordos lithosphere is characterized by thick

in the middle and thin in the periphery. However, the 3D

structure between the NE Tibetan Plateau and its surrounding

cratonic basin is not fully presented.

In this study, we select receiver functions at each station with

different filtering parameters and better azimuthal coverage

within 2–4 slowness ranges, and stack them to obtain the

average receiver functions for different slowness ranges, which

can reduce the influence of local lateral inhomogeneity of media

near the station and increase the reliability of deep velocity

anomalies. By surface wave tomography, the Rayleigh wave

FIGURE 1
Distribution of seismic stations and regional tectonic units (revised from Zhao et al., 2005). Black squares: permanent stations, Yellow triangles:
western Sichuan array, Red triangles: ChinArray-Himalaya Phase Ⅱ, Blue triangles: ChinArray-Himalaya Phase Ⅲ, Green triangles: Other temporary
stations. Red circles mark M ≥6 earthquakes, Blue dashed lines represent sections. and Black lines and red dashed lines represent faults and tectonic
boundaries, respectively. TP: Tibetan plateau; YC: Yangtze Craton; CAOB: Central Asia Orogenic Belt; NCC: North China Craton; SGT:
Songpan-Garze Terrane; QLB: Qilian tectonic belt; OB: Ordos Block; AB: Alxa Block; CCO: Central China Orogen (or Qinling tectonic belt); WQ:
Western Qinling; QD: Qinling Dabie.
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phase velocity at periods as long as 150s beneath each station can

be obtained. Combing the receiver functions at different slowness

ranges with surface dispersion at long periods, the S-wave

velocity structure down to 200 km depth can be constrained

by the joint inversion. From the observation data of

1,857 broadband seismic stations in the NE Tibetan Plateau

and its surrounding areas, the 3D S-wave velocity structure

model of the study area within a depth of 200 km is obtained,

and the distribution characteristics of the sedimentary layer,

crust-mantle boundary, and lithosphere are analyzed. This

study explores the characteristics of the NE Tibetan Plateau

and its nearby cratonic lithosphere, which has been through

transformation and destruction. It will facilitate the in-depth

understanding of the deep material migration in this region and

geodynamic processes.

2 Data and method

2.1 Data

To obtain the fine structure of the crust and upper mantle

and the tectonic characteristics of seismic activity in the NE

Tibetan Plateau and the surrounding craton basin, a series of

observations from field portable seismic station arrays have been

carried out in this region (for example, the western Sichuan

array, from October 2006 to July 2009; ChinArray-Himalaya

Phase II, from December 2013 to May 2016; ChinArray-

Himalaya Phase Ⅲ, from March 2016 to December 2020).

Together with the permanent stations in the surrounding

area, a densely distributed seismic observation array

(1,957 stations) has been formed to cover the whole region

(see Figure 1), with an average inter-station distance of

approximately 35 km. The receiver function used in the joint

inversion in this study is based on the receiver function

extraction technique of the maximum entropy deconvolution

that obtains high signal-to-noise ratio receiver functions with an

epicenter distance between 30°–90° and a magnitude greater than

5.5, recorded at each station in the study area (Wang et al.,

2017a).

2.2 Surface wave tomography

Jin and Gaherty (2015) proposed to use dense seismic array

to retrieve the phase velocity map of surface wave, and improved

it on the basis of Eikonal equation and Helmholtz equation, and

developed the automatic surface wave measurement system

(ASWMS) to carry out surface wave tomography. In this

study, we use the software ASWMS to obtain the phase

velocity maps based on Eikonal equation.

The main two steps of the method are as follows (Lin et al.,

2009; Jin and Gaherty, 2015; Zhong et al., 2017; Cai et al., 2021):

1) Phase delay measurement between the source and stations.

The five parameter Gaussian wavelet function (Gee and Jordan,

1992) can fit the cross-correlation function after the Gaussian

narrowband filtering well, in which the Gauss wavelet function is

equal to the product of Gaussian envelope function and cosine

function, which is usually expressed as:

Fi p WcC(t) ≈ AGa[σ(t − tg)] cos[ω(t − tp)]. (1)

Fi is the Gaussian narrow band filter corresponding to the ith

center frequency;Wc is the window function acting on the cross-

correlation function C(t); A is the amplitude factor; Ga is a

Gaussian function; σ is half bandwidth; ω is the center frequency

of narrowband waveform; tg and tp is the group delay time and

the phase delay time, respectively. The values of tg and tp at

different periods can be obtained by Gaussian wavelet function

fitting.

2) Phase velocity estimation via Eikonal equation. The

relationship between phase delay time and slowness vector

between two adjacent stations can be expressed by vector field

integral

δτp � ∫
ri

�S( �r)d �r (2)

�S( �r) is the slowness vector; �ri is the ith spherical path

between the adjacent stations. Formula 2 can be written in

discrete form

δτp � ∑
i
(SRidrRi + STidrTi) (3)

SRi and STi represents the radial and tangential component of

the slowness vector at the i-th segment respectively; drRi and drTi

represents the radial and tangential component at the i-th

segment of the spherical path discretization between adjacent

stations respectively. The objective function for slowness vector

inversion is expressed as:

ε2c � ∑∣∣∣∣∣∣∣∫ri

�S( �r) · d �r − δτpi

∣∣∣∣∣∣∣
2

+ λ(∑ ∣∣∣∣∇2SR
∣∣∣∣2 +∑∣∣∣∣∇2ST

∣∣∣∣2) (4)

The first term of the right-hand side is the mismatch between

the observed and the predicted phase delay; the second term is

the constraint of slowness smoothness, λ represents the

smoothing factor, which is related with frequency.

The study area is divided into the grids of 0.25° × 0.25°, and

the surface wave tomography research based on Eikonal equation

is carried out. In order to reduce the measurement error of

surface wave dispersion, the phase velocity results on each grid

point are used to fit the direction and amplitude of the fast wave

with π as period to remove the influence of anisotropy. Figure 2

shows the earthquake distribution, station distribution, and

surface wave waveform recorded by array. Figure 3 shows the

Rayleigh wave phase velocity, the corresponding uncertainty and

ray density distribution maps.
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2.3 Joint inversion of receiver functions
and surface waves

The process of joint inversion of receiver functions and

surface waves has been described in detail in Wang W. et al.

(2014). Julia et al. (2000) showed that the difference in weight

coefficients of receiver functions and surface wave dispersions

significantly impacted the inversion results. The inversion

problem can be expressed

[ D
λΔ

]m ≈ [ r
0
] + [Dm0

0
] (5)

where m is an M-dimensional vector that describes the model,

which is a combination of Vs and the depth of each layer; m0 is

the known initial model close to the “real”model;D is the partial

differential matrix, r is the residual vector; λ is the tradeoff

parameter between waveform fitting and model smoothness; and

the matrix Δ represents a vector of the first differences between

shear velocity perturbations in adjacent layers:

Δ �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 −1 0 0 ...
0 1 −1 0 ...
0 0 1 −1 ...
0 0 0 1 ...
... ... ... ... ...

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (6)

Because the dispersion curve and the receiver function have

their own physical units and numbers of data points, Julia et al.

(2000) defined a joint prediction error as follows:

Ey|z �
p

Ny
∑Ny

i�1(yi − ∑M
j�1Yijmj

σy
)2

+ 1 − p

Nz
∑Nz

i�1(zi − ∑M
j�1Zijmj

σz
)2

(7)

where p is the influence factor for each dataset, which ranges

from 0 to 1; y and Y are the residual receiver function and its

partial derivative matrix, respectively; z and Z are the residual

FIGURE 2
(A)Distribution of earthquakes used for surface wave tomography, (B) Distribution of stations used for surface tomography. (C) The waveforms
of the earthquake (Info: 20 April, 2014; at 7.165°S, 155.335°E, 20 km and Mw 6.2) recorded by the ChinArray-Himalaya Phase Ⅱ. The two blue lines
highlight the time windows of Rayleigh wave signal with high signal-to-noise ratio.
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dispersion curve and its partial derivative matrix, respectively;Ny

and Nz are the numbers of data points for each dataset; and σ2y
and σ2z are the corresponding variances:

σ2y �
1
Ny

∑Ny

i�1(yi − �y)2, σ2z � 1
Nz

∑Nz

i�1(zi − �z)2 (8)

where �y and �z are the average values of each dataset.

Considering that there are more receiver function curves

than the dispersion curve, the weight coefficient p of fit error for

the receiver function varies in the range of 0.1–0.5 (Refer to the

Supplementary Materials for the scope selection of p), and the

weight coefficient of the dispersion curve is 1-p. First, we take a
random value from 0.1 to 0.5 and assign it to p. If the model fails

to converge, we regenerate the random model and the value of p;

FIGURE 3
The Rayleighwave phase velocity images (A–D), the corresponding uncertainty images (A’–D’) and the density images of surfacewaves (A’’–D’’)
in NE Tibetan Plateau at different periods based on the surfacewave Eikonal tomographymethod. The dotted lines indicate tectonic unit boundaries,
as shown in Figure 1.
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If the cumulative 5 random models cannot converge under the

same serial number, we use p = 0.1, so that the inversion results

tend to converge more easily.

A total of 72 layers are set for the model, including 40 layers

of 2 km and 32 layers of 5 km. In this study, the initial S-wave

velocities (Vs) of the upper crust, the lower crust, the Moho, and

the top of the upper mantle are given as 3.0, 3.5, 4.0, and 4.5 km/s,

respectively, and random disturbances of ±1.0, ±0.5, ±1.0 km/s,

and ±0.5 km/s are added correspondingly to obtain 20 initial

models (as shown in Figure 4D). The smoothing coefficient λ that

we used is 0.1. Fifty inversion iterations are performed on the

obtained initial models. The value of the wave velocity ratio κ

(Vp/Vs) in the crust is based on the result of the receiver function

h-κ stacking (Wang et al., 2017a; Wang et al., 2017b). According

to the global average velocity model AK135 and PREM, the value

of the wave velocity ratio κ (Vp/Vs) in the mantle is set at 1.80.

The empirical equation ρ=0.32Vp + 0.77 (Birch, 1961) has been

applied in this study to determine the density of the medium. The

receiver functions obtained by each seismic station are derived

from the waveform calculation of two different band-pass filters

(0.02–1 Hz and 0.03–0.3 Hz), and the receiver functions in the

four slowness ranges (0.04–0.05, 0.05–0.06, 0.06–0.07, and

0.07–0.08) are superimposed separately to determine the

average receiver functions in these slowness ranges, which

can effectively reduce the influence of the local lateral

inequality of the medium near the stations. Figure 4

illustrates the results of the joint inversion under station

SN. YULG. According to Figure 4A–C, the receiver

function and the surface wave dispersion curve are well

fitted. Figure 4E shows the S-wave velocity structure, in

which the models with fitting residual less than 1.2 times

the minimum fitting error are selected to calculate their

average value and standard deviation.

3 Results

3.1 3D Vs model

There are 1,857 stations distributed in the study area. Joint

inversions were performed on 1,843 stations, each of which has at

least 10 receiver functions and the h-κ stacking quality marked by

“very good” or “good” in the papers ofWang et al. (2017a); Wang

et al. (2017b), achieving relatively good overall fitting

performance. Among them, the inversion fitting residuals of

1,619 stations are less than 5%, 194 stations are between

5–10%, and 30 stations are more than 10%. The inversion

results of stations with fitting residuals less than 10% were

used to calculate the average of the model within 0.5° grid

points. The S-wave velocity distribution was obtained within

200 km of the NE Tibetan Plateau and surrounding basins, of

which the results at 9 depths are shown in Figure 5.

Based on the results of the shallow part (Figures 5A,B), the

Sichuan Basin, the central Alxa Block, the Ordos Block, and its

FIGURE 4
The joint inversion results at station SN. YULG located in Ordos block (shown in Figure 1). The 20 random models (black dashed lines) used as
initial S-wave velocitymodels during joint inversion. The S-wave velocitymodel derived from inversion, where the green lines aremodels with a small
fitted residual (less than 1.2 times the minimum residual), the blue lines are models with a large fitted residual, and the solid red line represents the
average value and its standard deviation of the green lines). The stacked receiver functions (black lines) and the fitted curves (red, green and blue
lines) for 0.03–0.3 and 0.02–1 Hz, where t refers to time and p refers to horizontal slowness. The Rayleigh wave phase dispersion curve beneath the
station (black circles) and the fitted curve (red, green and blue lines), where T refers to period and Vc implies Rayleigh wave phase velocity.
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surrounding extensional basin in the study area all exhibit low

wave velocity, revealing a typical feature of sedimentary layers,

which agrees with the results by Wang et al. (2017a); Wang et al.

(2017b) that there are thick Quaternary loose sediments in this

area. Searching the maximum value of velocity gradients among

2.5–3.2 km/s in the shallow part of the crust to extract the

thickness of the sediment layer (Figure 6A), it shows that

there is a huge sedimentary layer in the Sichuan Basin, with

the greatest depth more than 6 km in its southwestern part. The

Alxa Block, the NW Ordos Block, the Hetao Basin, and

Yinchuan Basin also have sedimentary layers with a

thickness of 4–8 km. The average S-wave velocity of the

shallow sedimentary layer (Figure 6B) is lower in the Alxa

Block, and Ordos and its peripheral extensional basins than

the Sichuan Basin. This corresponds well to the delay time of

the first peak of the P-wave receiver function (Wang et al.,

2017a), which may be related to the loose Quaternary

sediments. There are almost no low-velocity sedimentary

FIGURE 5
S-wave velocity distribution (A–I) at different depths from joint inversion of surface waves and receiver functions. The dashed lines indicate
tectonic unit boundaries, as shown in Figure 1. Panels (A–I) correspond to depths of 0, 10, 30, 50, 70, 100, 120, 150, and 200 km, respectively.
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layers in the plateau block, the Qinling tectonic belt, the Central

Asia tectonic belt and the Yangtze Craton excluding the Sichuan

Basin.

Figure 5C shows the distribution of the middle and lower

crust in the study area, illustrating that the Sichuan Basin and the

Ordos Block have relatively high wave velocities, and the plateau

block and the peripheral area of Ordos are low-velocity zones.

Figure 5D roughly reflects the variation of the crustal thickness.

We obtain the crustal thickness variations by searching the

maximum value of velocity gradients among 4.0–4.3 km/s

(Figure 6C). The crustal thickness decreases from about 65 km

at the plateau block eastward to about 40 km at the Sichuan Basin

FIGURE 6
Joint inversion results of receiver functions and surface waves: (A) Sedimentary thickness; (B) Average S-wave velocity in the sediment; (C)
Crustal thickness; (D) Average S-wave velocity in the lower crust. TP, Tibetan plateau; YC, Yangtze Craton; CAOB, Central Asia Orogenic Belt; NCC,
North China Craton; SGT, Songpan-Garze Terrane; QLB, Qilian tectonic belt; OB, Ordos Block; AB, Alxa Block; CCO, Central China Orogen (or
Qinling tectonic belt); WQ,WesternQinling; QD, Qinling Dabie; DTV, Datong Volcano; YIM, Yinmountain; LLM, Lvliangmountain; SCB, Sichuan
basin; YCB, Yinchuan basin; HTB, Hetao basion.
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and the Ordos Block, and continues to reduce to 30 km at the SE

Ordos block, where the thickness of the crust distributed along

the Qinling tectonic belt is thinner than that of the Qilian

orogenic belt and Songpan-Ganzi Block at both sides of

Qinling tectonic belt. According to the crustal thickness, the

average S-wave velocity in the depth range of 0.5–0.9 crustal

thickness (lower crust) was extracted (Figure 6D). It shows that

there are obvious low-velocity characteristics in the lower crust in

the NE Tibetan Plateau. The characteristically low Poisson’s ratio

of the region (Wang et al., 2017a; Wang et al., 2017b) indicates

the absence of any partial melting in the lower crust. The wave

velocity of the lower crust in the Sichuan Basin and Ordos is

relatively high, with a high Poisson’s ratio in the north part of

Ordos (Wang et al., 2017a), indicating that there may be more

mafic components in the crust.

In the 70–200 km slices of the upper mantle (Figures 5E–I),

the Sichuan Basin and the Ordos Block show basically high-

velocity characteristics from 100 km to 200 km, suggesting that

both have a relatively hard and thick lithosphere structure. In

some areas, the thickness exceeds 200 km, which agrees with the

thickness of the lithosphere obtained by the regional surface wave

imaging study (An and Shi, 2006; Huang et al., 2009). The

Songpan-Ganzi Block has a low-velocity at 70 km–100 km

and a relatively high velocity at 120–200 km, suggesting a

partial melting near the top of the mantle in this area. With

the continuing increase in the depth, high velocity is again

observed, which may be due to the delamination of the

lithosphere of the plateau block. The Alxa Block and the

eastern section of the Qilian Block change from a medium to

high velocity feature at 100–120 km to a low-velocity feature at

150–200 km. This area has a lithosphere of medium thickness. In

the north and south of the eastern part of the study area, a low-

velocity body appears in the upper mantle from 70 km, and there

is a high-velocity body in the middle part. A low-velocity body

appears from 120 km and continues to 180 km, indicating that

the lithosphere in the east of the study area is the thinnest.

To visually display the lateral structural characteristics across

the various tectonic units, the S-wave velocity structure below

eight sections are presented (see Figure 7, and the location of the

sections is shown in Figure 1). The E-W AA′ section (Figure 7A)

traverse the Qilian Block and the southern Ordos Block. The

figure display that the middle and lower crust of the Qilian blocks

exhibits low-velocity characteristics, while the middle and lower

crust of the Ordos Block has a relatively high velocity up to 4 km/

s. In the mantle, the Qilian block has a velocity gradient zone

immediately below the Moho, which is 30 km thick in the west

and decreases to 10 km in the east. The velocity slowly increases

in this gradient zone and becomes higher than 4.5 km/s in the

depth of 60–80 km. It then gradually declines and exhibits low-

velocity features (<4.5 km/s) at the depth of about 150 km.

However, the gradient zone in southern Ordos is very thin,

and the velocity values of both zones rapidly increase to

4.8 km/s at a depth of 70 km, and maintain at above 4.5 km/s

in the depth range of 200 km. This lithospheric feature is also

revealed in Li et al. (2018), which used noise and seismic surface

wave inversion to obtain the lithospheric structure. However,

Huang et al. (2009); Huang (2011) applied surface wave inversion

to obtain a much lower wave velocity of Ordos lithospheric,

which is quite different from the results of this study and Li et al.

(2018).

The BB′ section (Figure 7B) and CC′ section (Figure 7C)

spans along the western Qinling tectonic belt and the southeast to

Ordos Block, as well as the western Qinling tectonic belt and the

Qinling-Dabie tectonic belt. The western Qinling tectonic belt is

bounded by 106°E line, where a significant low-velocity layer

exists in the lower crust on the west side but not on the east side,

consistent with the surface wave tomography results of Huang

et al. (2013) and the body wave tomography of Guo et al., 2017.

The electrical structure in the deep of the structure obtained by

Zhan et al. (2014) shows that a low-resistance layer appears on

the west side, and a high-resistance layer appears on the east side

of the 106° E boundary. In the mantle, there is a thick velocity

gradient zone at the top of the upper mantle beneath the West

Qinling Mountains, right below the Moho. A high-velocity body

with a velocity above 4.5 km/s only emerges once the depth

reaches about 120 km. The Qinling-Dabie tectonic belt is

different in that the layer is quite thin from the Moho to the

4.5 km/s contour, and has a high-velocity zone in the lithosphere

to 130 km depth. There is a low-velocity zone appears from

130 km depth beneath the BB’ section, which is presumed to be

an asthenosphere.

The DD′ section (Figure 7D) spans the Songpan-Ganzi Block
and the Sichuan Basin. There are low-velocity bodies in the

middle and lower crust beneath the west side of the Songpan-

Ganzi Block and a relatively thick velocity gradient zone below

theMoho with a thickness of about 60 km. High-velocity features

appear in the range of 110–180 km in the mantle, and sub-low-

velocity layer features show up near 180 km. However, there is no

low-velocity layer in the middle and lower crust on the side of the

Sichuan Basin, and the S-wave velocity right next to the Moho

rapidly increases to 4.8 km/s, and then decreases at a very slow

rate at some depths. However, it does not drop to 4.5 km/s within

the depth range of 200 km, which also indicates that the basin has

a stable lithosphere structure. (Pan et al., 2017) obtained the

phase velocity distribution charts of the surface wave showing

that Songpan-Ganzi Block has a significant low-velocity layer in

the middle and lower crust. Huang et al. (2013) applied surface

wave tomography to determine the S-wave velocity structure

beneath the Songpan-Ganzi Block, exhibiting that there are low-

velocity layers in the crust in the depth range of about 25–45 km.

Li et al. (2019) utilized multi-scale tomography to discover that

the Songpan-Ganzi Block and the Yangtze Block in the NE

Tibetan Plateau display a clear boundary zone in the upper

mantle, with a low-velocity anomaly on the west side and a

high-velocity anomaly on the east side. This feature is also shown

in Figure 7D.
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The EE′ section (Figure 7E) spans the Songpan-Ganzi

Block, the western Qinling techtonic belt, the Qilian

tectonic belt, and the Ordos Block. With the Xianshui

River as the boundary (32°N), the high-velocity body below

the Moho in the southern Songpan-Ganzi Block mainly

appears in the range of 100–200 km; while in the northern

Songpan-Ganzi Block (32–34°N), along the section, the

gradient zone immediately underneath the Moho gradually

becomes thicker and the high-velocity body gradually

becomes thinner. While, the lithosphere of the Qilian

tectonic belt and the Ordos Block on the north side

presents high velocity feature. A weak high-velocity body

distributes under the Qinling and Qilian tectonic belts, and

the wave velocity under the Datong volcanic area in

northeastern Ordos is even lower. In the depth range of

130–180 km, the high-velocity body in the mantle of the

FIGURE 7
S-wave velocity structure beneath 6 sections in the study region. (A) AA’ section; (B) BB’ section; (C)CC’ section; (D)DD’ section; (E) EE’ section;
(F) FF’ section. The locations of the six sections are shown in Figure 1. The gray, red and white dashed lines represent the depth of Moho, LAB and the
lower boundary of VGZ.
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Songpan-Ganzi Block and the high-velocity body in the lower

part of Ordos are separated by the weak high-velocity body in

the Qinling and the Qilian tectonic belts. The S wave receiver

function study by Zhang et al. (2013) showed that the

lithosphere below the western Qinling tectonic belt was

relatively thin, at a thickness of about 125–135 km.

The FF′ section (Figure 7F) spans the eastern margin of the

Sichuan Basin, the Qinling tectonic zone, and the Ordos Block

and its north side. The sections show that there is no

velocity <4.5 km/s in the lower part of the lithosphere in

Sichuan Basin and Ordos Basin, and there is a negative

gradient interface of 4.5 km/s in the depth of 100 km below

the central tectonic belt, while there are several negative gradient

interfaces in the depth range of 60–120 km below the northern

Hetao Basin of Ordos. Zheng et al. (2018) used the joint inversion

of surface wave dispersion and receiver function to determine

that the Hetao Basin showed a low-velocity anomaly below

80 km. Chen et al. (2009) also concluded that the thickness of

the lithosphere under the Hetao Basin was about 80 km using the

S-wave receiver function.

FIGURE 8
Pressure-corrected S-wave2 velocity structure beneath 6 sections in the study region. (A) AA’ section; (B) BB’ section; (C) CC’ section; (D) DD’
section; (E) EE’ section; (F) FF’ section. The locations of the six sections are shown in Figure 1. The gray, red and white dashed lines represent the
depth of Moho, LAB, and the lower boundary of VGZ.
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Priestley and McKenzie (2006) gave out an empirical

relationship between upper mantle S-wave velocity, pressure

and temperature: V*
S � VS

1+bv(z−50) , where Vs is the S-wave

velocity, Vs* is the pressure-corrected velocity of Vs in the

upper mantle, bv is a constant of 3.84*10−4 , z is the depth.

Considering that the asthenosphere is characterized by low

seismic wave velocity, high temperature, and low vertical

gradient, we use a Vs* of about 4.35 km/s after pressure

correction as reference marks to determine the base of the

lithosphere (Figure 8). Firstly, we searched for the contour of

FIGURE 9
(A) The bottom of LVZ in the uppermost mantle: Search for Vs*=4.35 km/s from Moho; (B) Lithosphere-asthenosphere boundary: Search for
Vs*=4.35 km/s from the Moho downwards and extrema in negative velocity gradient zones, and note that the dark red (200 km) in the figure
indicates that the corresponding boundary is not found; (C) Thickness of the velocity gradient zone (VGZ) at the uppermost of the mantle
lithosphere; (D) the average velocity of the VGZ. Blue lines and gray lines represent the SKS wave splitting results from Liu et al. (2020), Liu et al.
(2021); Chang et al., 2017; Chang et al., 2021). The green lines indicate the regional scopes of lithospheric delamination, hot material extrusion
channel and lithospheric destruction.
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Vs*=4.35 km/s and a positive velocity gradient from the Moho

interface, and obtained the distribution of the low velocity zone at

the top of the upper mantle (Figure 9A). Then, we searched for

the Vs*=4.35 km/s contour with a negative velocity gradient from

the Moho and obtained the distribution of the LAB depth

(Figure 9B). The dark red area (200 km) indicates that no

corresponding interface has been found. Figure 9A shows that

the lithosphere under the Sichuan Basin and the Ordos Block is

relatively thick, while the lithosphere in the Datong volcanic area

in the eastern study area and NE Yangtze Craton is fairly thin

with the thickness about 60–80 km. The lithosphere of the Qilian

tectonic belt and the Alxa Block is about 150 km thick.

Considering the thickness of the low velocity zone at the

top of the upper mantle and the depth of Moho, the thickness

of the velocity gradient zone (VGZ) of the upper lithospheric

mantle (Figure 9C) and its average wave velocity (Figure 9D)

were further obtained. The “velocity gradient zone” is a low

velocity layer (<4.5 km/s) beneath Moho, which means that

the velocity gradient is very small after entering the mantle

(Vs>4.2 km/s), and Vs does not rise to 4.5 km/s quickly, rather

than the traditional low-velocity zone between the upper and

lower normal velocity layers. For the Songpan-Ganzi Block,

the VGZ is about 40 km thick in most parts, and reaches

100 km in some locations. Except for the Tibetan Plateau, the

thickness of the velocity gradient zone beneath the

surrounding cratonic basins and the Qinling orogenic belt

is very thin. According to the results of gravity anomalies on

the lithosphere scale (Bi et al., 2016), the authors found that

the blocks around the northeastern Tibetan Plateau, such as

the Sichuan Basin, Ordos Basin, Alxa block and Qilian

tectonic belt, all show prominent positive anomalies, which

are still the characteristics of the rigid block. However, the

eastern edge of the Songpan-Ganzi Block shows obvious

negative anomalies, presumably because the rock is crushed

by compressive stress or there is molten crustal and

lithospheric material.

FIGURE 10
The S-wave velocity structure beneath sections along (A) latitude line of 38°N (A) and (B) longitude line of 102°E from this study and previous
studies (Wang, et al., 2017; Feng, et al., 2020; Han, et al., 2022; Wu, et al., 2022).
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3.2 Comparison with previous results

By using double-difference tomography, Han, et al. (2022)

obtained high-resolution longitudinal and shear wave velocity

models in China. For similar researches in NE Tibetan Plateau

and the surrounding areas, some studies used part of the data set

and the samemethod as the current study (e.g., Wang et al., 2017;

Wu et al., 2022), and some studies used completely different data

set and different methods (e.g., Feng et al., 2017, 2020). We

compare our results with four previous studies (Wang et al., 2017;

Feng et al., 2020; Han et al., 2022; Wu et al., 2022) beneath two

profiles along the latitude line of 38°N and longitude line of 102°E,

as shown in Figure 10.

According to Figure 10, there are similar crustal features

between this study and the four previous studies: in the lower

crust, low velocity zones are found beneath the Songpan-Ganzi

block, West Qinling, Qilian tectonic belt and Alxa block, whereas

high velocity zone is found beneath the Ordos block. The features

are also found in other previous studies (e.g., Zheng et al., 2016;

Yang and Zhang, 2018; Zheng et al., 2018; Fu and Xiao, 2020).

However, in the upper mantle, large differences are found among

different results (Figure 10), and our results are relatively

consistent with Wu et al. (2022) and Han et al. (2022). At

38°N (Figure 10A), all studies show that high velocity zones

exist beneath the Alxa block and the Ordos block. However, the

thickness of velocity gradient zone fromMoho to the lithospheric

high velocity zone (>4.5 km/s) is different. Beneath Ordos block,

in our results, the velocity increases rapidly from Moho

downward, which is consistent with the lithospheric P-wave

high velocity structure beneath the Wendeng-Alxa Left

Banner deep seismic sounding profile (Wang et al., 2014),

whereas all the four previous studies mentioned above show

relatively thick velocity gradient zones. The reason why our

results are different from Wang et al. (2017); Wu et al. (2022)

may be that, on the one hand, we used longer period surface wave

dispersion data and receiver functions from more stations, and

on the other hand, there are some differences in joint inversion

processing. Wang et al. (2017) only used a single receiver

function for joint inversion; Wu et al. (2022) only used

receiver functions with different slowness for joint inversion.

In this study, receiver functions with different filters and different

slowness are used. In addition, Wu et al. (2022) also inversed the

seismic wave velocity ratio of each layer from the joint inversion,

however, they did not analyze its reliability which may influence

the values of Vs.

4 Discussions

Two models have been finally proposed to explain the

formation and deformation of the Tibetan Plateau: 1) rigid

plate model (Peltzer and Tapponnier, 1988; Tapponnier et al.,

2001) and 2) viscous plate model or lower crustal flow model

(England and Houseman, 1988; Royden et al., 1997; Clark and

Royden, 2000). The difference between the two models mainly

focuses on the composition or state of the crust and mantle

material, i.e. the spatial distribution of the partially molten

material. The average wave velocity of the lower crust in this

paper (Figure 8D) show that there are significant low-velocity

layers in the lower crust of the NE plateau block (including the

NE Songpan-Ganzi, the western Qinling tectonic belt, and the

Qilian tectonic belt). However, these regions have low

Poisson’s ratio (<0.26) (Wang et al., 2017a), indicating that

there is no partial melting in the NE Tibetan Plateau, and there

is no ground for lower crustal flow. Li et al. (2014) suggested

that the crustal thickening and the local LVZ beneath the

northwestern Qilian Orogen reflect an intracrustal response

associated with the shortening between the North China

Craton and the Tibetan Plateau. This study also shows the

craton basins, Qilian tectonic belt and the central part of the

central tectonic belt are basically characterized by high

velocity, and the low velocity bodies of the lower crust

under the central tectonic belt is not connected, which

indicates that there is no widespread local melting to

support the model of lower crust flow. Previous studies

(Agius and Lebedev, 2014; Yang et al., 2019) show that the

NE Tibetan Plateau displays negative or weak radial

anisotropy, which cannot be adequately explained by the

lower crustal flow model. Therefore, the structural

deformation of the NE Tibetan Plateau on the crustal scale

may be explained more properly by the rigid plate model for

the surface lift and orogeny, and the Qinling tectonic belt may

not be the channel for material extrusion in the NE Tibetan

Plateau on the crustal scale.

At the upper mantle, the material is grouped into a

relatively hard solid material (undamaged or not severely

damaged lithosphere), and a relatively soft elastoplastic

material (asthenosphere and lithosphere material went

through severe damage and delamination). The

asthenosphere material is in a molten or plastic state, and

small stress can cause the flow or convection of the material,

which in turn drives the hard lithosphere to move as an

integrated body (Qiu et al., 2006). There are two major

types of migration for asthenosphere material: 1) horizontal

flow migration of asthenosphere material. When the middle

and lower parts of the lithosphere of the Indian plate and the

Eurasian plate collided in the Tibetan Plateau, the

asthenosphere of the Tibetan Plateau went through

rheological migration with the main body migrating to the

east and southeast of Asia. This process caused the thinning of

the asthenosphere in the Tibetan Plateau and the thickening of

the asthenosphere in the adjacent region. 2) Vertical flow

migration of the asthenosphere material. During the

collision process, part of the asthenosphere material

migrated vertically upward (Zhong et al., 2017) and mixed

with material in the lithosphere. After the collision, these
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asthenosphere residual materials were mingled and enclosed

to the lithosphere.

According to this study, the structure of the lithosphere

beneath the Songpan-Ganzi Block is complex. It can be split

into an upper lithosphere with low velocity feature and a

deeper lithosphere layer that went through delamination.

There may be partially molten material under the upper

lithosphere, exhibiting an overall lithosphere with weak

strength and extensive hot material activities. Ye et al.

(2017) observed a low-velocity zone in the upper mantle

beneath Songpan-Ganzi using the joint inversion of receiver

function and surface wave, and concluded that the hot

asthenospheric flows and its effect of thermal erosion

caused the delamination of the lithosphere. The low-

velocity zone existing at the top of the upper mantle of the

Songpan-Ganzi Block adjacent to the Qinling tectonic zone

balanced the surface uplift in the boundary zone (Ye et al.,

2018). The Sichuan Basin and central Ordos have the thickest

lithosphere (>200 km) in the study area. The lithosphere in the

Alxa Block, the Qinling tectonic belt and the surrounding

areas of Ordos is relatively thick (~150 km). The lithospheric

material in these areas exhibits high-velocity characteristics,

with an overall high-strength lithospheric structure,

suggesting the inability of upward movement of the

asthenospheric material. Compared with the stable blocks

with high mechanical strength in Ordos and the Sichuan

Basin, the Alxa Block is characterized by the coexistence of

weak high-velocity anomalies and local weak low-velocity

anomalies in the depth range of lithosphere (Guo et al.,

2017; Zheng et al., 2018), indicating that the lithosphere in

this area may be undergoing deformation and destruction

under the compression of material from the NE Tibetan

Plateau.

According to the characteristics of surface movement

observed by current GPS (Liang et al., 2013), relative to the

stable Eurasian plate, the surface material in the northeastern

Tibetan Plateau is still thrusting toward the northeast at a rapid

rate. The SKS wave splitting study (Figure 9; Chang et al., 2017;

Liu et al., 2020; Chang et al., 2021; Liu et al., 2021) reveals that

most areas in the west of the study region and the Datong

volcano display strong fast-wave polarization in the NW-SE

direction, and the Qinling tectonic belt shows a strong fast wave

polarization in the E-W direction, while the anisotropy

intensity of the Ordos block and Sichuan basin in the middle

of the study area are obviously weakened. From Figure 9B, the

NE Ordos block and Datong volcanic area have roughly the

same lithospheric thickness and SKS fast wave direction,

indicating that the lithospheric thinning in the NE Ordos

block is related to the volcanic activity. Compared with the

central part of Ordos, the SW Ordos block has significantly

greater anisotropic strength and a thinner lithosphere, which

suggests that the lithosphere in the southwest of Ordos has been

reformed and thinned. Compared with the Sichuan Basin and

the Ordos Basin at both sides, the Qinling tectonic belt has a

low-velocity zone at the depth of 100–160 km, which may be

asthenosphere material. The trend of the asthenosphere low

velocity zone is roughly the same as the regional SKS wave

polarization direction, indicating that there is an obvious nearly

east-west asthenosphere material flow under the Qinling

tectonic belt, so the Qinling tectonic belt may be an

important channel for material extrusion on the NE Tibetan

Plateau (Chang et al., 2011; Yu and Chen, 2016; Guo and Chen,

2017).

5 Conclusion

In this study, the S-wave velocity structure results down to

200 km depth in the study area were obtained using the joint

inversion of the receiver function and surface wave dispersion.

The distribution characteristics of the crust and lithosphere

structures in the study area were analyzed in detail, and the

deformation mechanism and the characteristics of deep

material migration of the NE Tibetan Plateau were further

discussed. The results illustrate that a relatively thick

sedimentary layer is distributed in the basins of the study

area, which is fairly consistent with the geological tectonic

background. The crustal thickness shows a drastic lateral

change, gradually thinning from west to east. The crustal

thickness of the eastern plateau is up to 65 km, followed by

the thickness of the Sichuan Basin and Ordos Basin at about

40 km, and the thinnest part occurs in the southeastern region

at about 30 km. According to the LAB burial depth

distribution obtained in this study, there is a relatively

thick lithosphere (>200 km) below the Sichuan and the

Ordos Basins, and the thinnest part of the lithosphere in

the east is about 60–80 km, suggesting extensive destruction

and reformation processes.

The crustal thickness of the Tibetan Plateau shows an

overall tendency to gradually decrease outwards, which

corresponds to the outward expansion of the plateau. The

NE Songpan-Ganzi, the western Qinling, and the Qilian

tectonic belts have low-velocity layers in the middle and

lower crust. Based on related research, we believe that there

is no local melting in this area. Combined with the low Poisson’s

ratio and radial anisotropy in the region, we conclude that there

is no extensive partial melting in the region to support the lower

crustal flow model. There are low velocity zones in the lower

crust in the Qinling tectonic belt, but they are not connected,

indicating that they may not be able to be used as a channel for

material extrusion from the NE Tibetan Plateau at the crustal

scale.

In the range of mantle, the Songpan-Ganzi Block has a

relatively thick low-velocity zone below the Moho, which may

be related to the surface uplift and orogeny of the plateau. The

lithosphere structure under the Songpan-Ganzi Block is quite
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complex, displaying signs of delamination and characteristics

of vertical migration in the asthenosphere underneath. The

Sichuan Basin and the Ordos Block show significant high-

velocity anomalies, and have a quite thick lithosphere

(>200 km), while the Qinling tectonic belt has a thin

lithosphere (100–130 km). Combining with the

characteristics of the regional SKS wave polarization

direction, there is an explicit asthenosphere material flow

on an approximately east-west direction below the Qinling

tectonic belt. Therefore, the outward expansion of the material

in the NE Tibetan Plateau encountered strong obstruction of

the rigid Ordos block and the rigid Sichuan Basin, and formed

an important channel for the extrusion of material from west

to east beneath the Qinling tectonic belt at the upper mantle

scale.
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