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We present a high-resolution S wave velocity model of the Trans-North China Orogen
(TNCO) and its adjacent areas derived from S wave traveltime residuals of teleseismic
waveforms recorded by the dense ChinArray seismic network. Our model reveals S wave
velocity anomalies beneath the study area, suggesting the strong lateral heterogeneities of
the upper mantle structures. The upper mantle of the Datong volcano is dominated by the
significant low velocity anomalies. In addition to the low-velocity zone rooted in the mantle
transition zone beneath the Datong volcano region, two low velocity layers extend
northwestward to the Hetao graben and southwestward to the southern TNCO within
depths of 100–300 km, respectively. Based on these low-velocity anomalies, we provide
new insights into the origin of the Datong volcano, which may be related to the
asthenospheric upwelling originated from the water-rich mantle transition zone and
horizontal mantle flows driven by the extrusion northeastward of the Tibetan plateau. A
clear velocity contrast in the upper mantle above 300 km depth beneath the Ordos block
and the TNCO implies that the Ordos block still preserves thick cratonic root while the
lithosphere of the TNCO is modified. We propose that the asthenospheric upwelling and
northeastward push of the Tibetan plateau account for the lithospheric deformation of the
TNCO and its adjacent areas.
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INTRODUCTION

The Trans-North China Orogen (TNCO) is an important part of the North China Craton
(NCC), formed by the collision between the eastern NCC and western NCC in the Late
Paleoproterozoic (Zhao et al., 2001). The TNCO mainly consists of the Taihang mountain,
Lüliang mountain and a series of extensional grabens in-between, such as the Weihe graben and
Fenhe graben (Figure 1). In contrast to the stable Ordos block with the thick and refractory
Archean continental nucleus (Zhao et al., 2001), the TNCO has experienced intense tectonic
deformation and magmatic activities since the Mesozoic, accompanied by the strong
earthquakes (Liu and Wang, 2012). As the largest Quaternary intraplate volcanic group in
the NCC (Xu et al., 2005; Fan et al., 2015), the Datong volcano is located in the northern TNCO
(Figure 1). According to the surface topography, lithospheric thickness (Zhang et al., 2019) and
gravity anomalies (Deng et al., 2014), the TNCO is considered as a transition zone between the
eastern NCC undergone the dramatic rejuvenation and the western NCC remaining stable
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cratonic lithosphere. Therefore, the TNCO and its adjacent
areas are ideal places to study the lithospheric deformation and
tectonic evolution.

Geochemical and geological studies have suggested that the
lithospheric thinning and transformation occurred in the NCC
(Xu et al., 2005; Zhu et al., 2011; Wu et al., 2019). In the western
NCC, Xu et al. (2005) and Wu et al. (2019) believed that the
mantle lithosphere still preserved the oldest crotonic root with a
thickness up to 200 km. By comparison, the eastern NCC is
characterized by the extensional basin and thinned lithosphere
(<80 km) in response to the crustal and deep mantle
deformations (Zhang et al., 2019; Zhu et al., 2021). It has been
widely accept that these deformations in the eastern NCC were
caused by the slab rollback associated with the subduction of the
Pacific plate (Zhu et al., 2011; Wu et al., 2019). However, the
debates continue regarding the mechanism of the lithospheric
deformation in the TNCO. The previous tomographic images
suggested that the dehydration of the Pacific stagnant slab
resulted in the lithospheric thinning under the TNCO (Zhao,
2004; Huang and Zhao, 2006). Another hypothesis is the

horizontal mantle flow escaping northeastward derived from
the mantle materials of the Tibetan plateau (Liu et al., 2004).
Recently, many observations revealed the existence of the mantle
flow driven by the extrusion northeastward of the Tibetan plateau
(e.g., Yu and Chen, 2016; Zhang et al., 2016; Gao et al., 2018;
Chang et al., 2021). It is essential to obtain the detailed mantle
structure of the TNCO and its adjacent areas to further
understand the mechanism and dynamic process of the
lithospheric deformation.

Seismic tomography is a powerful tool to image the Earth’s
interior structure. In the past 2 decades, a number of seismic
tomography inversions have been performed to construct the 3-D
velocity models, focusing on the crustal and upper mantel
structures of the TNCO and its adjacent areas (e.g., Zhao,
2004; Huang and Zhao, 2006; Lei, 2012; Xu et al., 2018b; Tao
et al., 2018; Dong et al., 2021). Due to the differences in the used
data and methods, there are still some contradictions between
these models, such as the constraints on the origin of the Datong
volcano and lithospheric thinning beneath the TNCO and its
adjacent areas. Based on the resolved depth of the low velocity,

FIGURE 1 | Distribution of seismic stations used in this study. The black triangles represent the seismic stations deployed by ChinArray project. The red volcanic
symbol indicates the location of the Datong volcano (DTV). The color circles denote the large historic earthquakes of M ≥ 6 (Liu and Wang, 2012). The thick black lines
outline the main tectonic units: the eastern NCC (ENCC), the western NCC (WNCC) and the Trans-North China Orogen (TNCO). The dashed black lines present the
boundaries of the Ordos block (OB) and the Bohai bay basin (BBB). The thick gray line indicates the North-South Gravity Line (NSGL). The white rectangle outlines
the study area. AB, the Alax black; CAOB, the Central Asia Orogenic Belt; YG, the Yinchuan graben; HG, the Hetao graben; WG, the Weihe graben; FG, the Fenhe
graben; LPM, the Liupan mountain; YM, the Yin mountain; LM, the Lüliang mountain; TM, the Taihang mountain; TLF, the Tanlu fault. Inset shows the tectonic setting of
the TNCO and its adjacent areas. SCB, the south China block. The black thick arrowhead indicates the absolute plate motion direction fromGSRM v2.1 model (Kreemer
et al., 2014).
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the upwelling magma of the Datong volcano was attributed to the
asthenospheric flow (Liu et al., 2004), lower mantle plum (Lei,
2012) and the dehydration of the Pacific stagnant slab (Zhao,
2004). In addition, the lithospheric thinning is revealed to be
spatially heterogeneous under the TNCO and its adjacent areas
(Tian et al., 2009; Xu et al., 2018b). The thinning mechanisms is
still debated between the lithospheric delamination and
mechanical erosion (Zhu et al., 2011; Wu et al., 2019). Thus, it
is important to observe the detached lithosphere or large-scale
mantle flow in the asthenosphere. The high-resolution velocity
model of the crustal and upper mantle beneath the TNCO and its
adjacent areas can help us clarify these aforementioned
arguments. As the seismic array (Figure 1), the densest
seismic network in the study area so far, was deployed by the
ChinArray project (ChinArray-Himalaya, 2011), the great
opportunity is provided to perform seismic tomography
inversion and construct the high-resolution 3-D S wave
velocity model.

In this paper, we plan to investigate the lithospheric
deformation by obtaining the high-resolution 3-D S wave
velocity model of the crustal and upper mantle beneath the
TNCO and its adjacent areas. At present, a large amount of
the high-quality seismic waveforms has been accumulated from
the dense seismic array deployed in the TNCO and its adjacent
areas (Figure 1), which has the highest spatial resolution
compared to that used in the previous studies. By picking up
the teleseismic S wave traveltime residuals, we perform the
seismic tomography inversion to determine the 3-D S wave
velocity model of the TNCO and its adjacent areas. Our
tomographic results can provide new insights into the
mechanism of the lithospheric deformation and improve the
understanding on the tectonic evolution of the TNCO and its
adjacent areas.

DATA AND METHODS

To measure S wave traveltime residuals, we collected the
teleseismic waveforms recorded by 464 portable seismic
stations from ChinArray phase III deployment (Figure 1). The
ChinArray project has operated since August 2011 (ChinArray-
Himalaya, 2011), which plans to roll over the whole of mainland
China with a dense seismic array consisting of more than 1,000
broadband seismographs. The phase III deployment of
ChinArray project conducted from April 2016 to January 2019
covered well the TNCO and its adjacent areas with a station
spacing of ~30–40km (Figure 1). Each seismograph was
equipped with a Guralp CMG-3ESP or CMG-3ESPC
seismometer with a corner period of 120 s and a Reftek 130
data logger with a sampling rate of 100 Hz. This array is currently
available with the highest station density in this study area.

All earthquake events were selected by the magnitude greater
than Ms 5.0 and epicentral distance range of 30°–85°. Then, we
rotated the two horizontal components into the radial (R) and
transverse (T) directions after removing the means, trends and
instrument responses of all seismograms. The waveform
correlation method (Rawlinson and Kennett, 2004) was

employed to pick up the relative S wave traveltime residuals
on the rotated T component within the frequency band range of
0.02–0.2 Hz. In order to obtain the final accurate traveltime
residuals, we first trashed the waveforms with low signal-to-
noise ratio that were difficult for us to identify the S phases. At
least 20 S wave arrival time picks were required for each selected
earthquake event. Finally, our dataset used for the final inversion
contained a total of 55,935 high-quality relative S wave traveltime
residuals from 280 earthquakes. An example showing part of the
picked S wave seismograms was demonstrated in Supplementary
Figure S1. As shown in Figure 2, we also plotted the epicenter
locations of all used earthquakes. Although most of the
teleseismic events come from inside the western Pacific
subduction zone and the Java trench, the overall coverages in
backazimuth and epicentral distance are reasonably good to
provide a crossed and dense distribution of the ray path.

We used the teleseismic tomographic method proposed by
Zhao et al. (1994) to perform the 3-D inversion by using the
relative S wave traveltime residuals beneath the TNCO and its
adjacent areas. The ray paths and traveltimes were calculated
accurately by an efficient ray tracing technique (Zhao et al., 1992).
The LSQR algorithm (Paige and Saunders, 1982) was used to
solve the large and sparse observation equations with damping
and smoothing regularizations. We adopted the 1-D modified
slightly IASP91 model (Kennett and Engdahl, 1991) by linearly
interpolating to compute the velocity perturbation at each grid
node set up as shown in Supplementary Figure S2. In addition,
referring to the Moho depth variation revealed by receiver
functions (Li et al., 2014; Xu et al., 2018a; Xu et al., 2021),.the
Moho discontinuity was constructed in the initial model
(Supplementary Figure S2B).

ROBUSTNESS ANALYSIS

The quality and quantity of relative S wave traveltime residuals
determine the reliability of tomographic results. To improve the
accuracy of picking up the S wave arrival time, the method of P
wave particle motions with teleseismic waveforms at period band
of 5–50 s (Niu and Li, 2011) was used to estimate the true
orientation for each station before rotated the two horizontal
components. Then, the waveform correlationmethod (Rawlinson
and Kennett, 2004) was used to further pick up the relative S wave
traveltime residuals (Supplementary Figure S1). All measured
residuals vary between −2.0 and 2.0 s (Supplementary Figure
S3A). The corresponding error estimates of the relative traveltime
residuals is shown in Supplementary Figure S3B. We find that
most of the error estimates are less than 0.3 s, which indicates the
accuracy of our measured S wave traveltime residuals. We also
plotted the average traveltime residual and ray path from four
directions of northeast, southeast, southwest and northwest for
each station (Supplementary Figure S4). The directions of the
ray path have little effect on the average traveltime residual except
for the southeast direction due to the large number of earthquake
distribution (Figure 2). Generally, the resolution of tomographic
inversion depends on the crossed and dense S wave ray paths.
Supplementary Figure S4 and S5 show the distribution of S wave
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ray paths used in this study.We find that the study area is covered
by the dense and crossed ray paths in both horizontal
(Supplementary Figure S4E) and vertical (Supplementary
Figure S5) directions. The ray path density at each grid node
is all more than 1,000 at different depths for most of the study
area (Supplementary Figure S6). Thus, our tomographic results
are reliable according to the aforementioned accurate
measurements of relative S wave traveltime residuals
(Supplementary Figure S1 and S3) and dense ray coverage
(Supplementary Figure S4–6).

For a tomographic inversion, synthetic checkerboard test is
usually used to assess the resolution of the inversion results. In
this study, we applied the same ray paths as the final tomographic

inversion using the real data but different grid size in
parameterization of the initial model to perform our
checkerboard test with the input velocity perturbation of ±3%.
The random noises with a variance of 0.1 s were also added to the
synthetic traveltime residuals for simulating the data picking
errors. After checking the testing results, we found that the
velocity anomalies were well reconstructed at different depths
when the horizontal grid spacing was set to 0.5°×0.5° in the
synthetic test (Figure 3). Therefore, our actual results are robust
for the optimal grid spacing of 0.5°×0.5°. In addition, the damping
factor is an important parameter to balance the smoothness of the
final velocity model and the reduction of the root-mean-square
(RMS) traveltime residual. To select a proper damping factor, we

FIGURE 2 | Locations of 280 earthquakes used in this study. The color filed circles show the epicenters. The size of the circles represents the earthquake
magnitude and the color indicates event depth. Note that although some events are located inside the 30° circle, all the seismograms we used have an epicentral
distance between 30° and 85°.
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conducted many tomographic inversion tests using different
values of the damping factor to evaluate the corresponding
model smoothness and RMS traveltime residual.
Supplementary Figure S7 displays the trade-off curves
between the model smoothness and RMS traveltime residual.
The optimal damping factor of 35 was chosen for the final
tomographic inversion, which can almost minimize
simultaneously the model smoothness and RMS traveltime
residual (Supplementary Figure S7).

Restoring resolution test is another procedure to further verify
the reliability of our tomographic results. According to the
distribution of S wave velocity anomalies shown in Figure 4,
we constructed a synthetic model (Supplementary Figure S8A)
consisting of the high velocity anomaly beneath the Ordos block
and inverted L-shaped low velocity anomaly beneath its
surrounding rift grabens on the north and east, respectively.
We set the perturbation of −3% and 3% with respect to the
low and high velocity anomalies within the depth of 0−200 km.

Then, the same ray paths and parameters of the initial model as
the real data were adopted to estimate the traveltime residuals of
the synthetic model. Supplementary Figure S8B shows the
results of our restoring resolution test. Although the recovered
amplitudes decrease slightly in some regions, the input high and
low velocity anomalies are well restored. This means that our
tomographic inversion is able to resolve the anomalies beneath
the Ordos block and its surrounding regions.

RESULTS

We construct a high-resolution 3-D S wave velocity model of the
crustal and upper mantle beneath the TNCO and its adjacent
areas from tomographic inversion using the teleseismic relative
traveltime residuals. Our obtained velocity model can resolve well
the scale of velocity anomaly of about 0.5°. Figure 4 and Figure 5
show the six horizontal slices at depths of 50, 100, 200, 300, 400,

FIGURE 3 | The checkerboard resolution test for the S wave velocity inversion (A–F) The recovered results at depths of 50, 100, 200, 300, 400, and 600 km.
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and 600 km and three vertical sections of AA′, BB′ and CC’,
respectively. The distribution of S wave velocity presents the
significant lateral and vertical variations, indicating the strong
structure heterogeneity beneath the study area. In the following
sections, we only focus on the upper mantle structures and its
implications. The crustal structures are ignored due to the lack of
the traveltime data derived from the local and regional
earthquakes for the tomographic inversion in this study.

In the horizontal slices of Figure 4, the distribution of S wave
velocity structure exhibits the quite different patterns between
50–200 km and 300–600 km depths. In particular, the similar
characteristics of the velocity structures are shown above 200 km
depth although the shapes and amplitudes of the velocity
anomalies are slightly different (Figures 4A–C). The velocity
anomalies are unevenly distributed at depths of 300–600 km
(Figures 4D–F), which suggests the obvious lateral
heterogeneity. We find that the rigid Ordos block is

dominated by the prominent high velocity anomalies within
50–200 km depth (Figures 4A–C). However, these high
velocity anomalies are not completely correlated with the
surface tectonic boundary of the Ordos block, accompanied by
the low velocity intrusion occurred at the block edge. The
significant low velocity anomalies exist under the north and
east of the Ordos block above 200 km depth (Figures 4A–C),
connecting at the Datong volcano region, which suggests the
approximate inverted L-shape of the low velocity anomalies. The
inverted L-shaped low velocity anomalies are nearly parallel to
the strikes of the grabens and orogenic belts, such as the Hetao
graben, Fenhe graben, Yin mountain and Taihang mountain. The
northern TNCO is characterized by the obvious low velocity
anomalies in Figures 4A–C, while the elongated low velocity
anomalies with a NE-SW trend can be found in the southern
TNCO. Especially, the Lüliang mountain is dominated by an
alternate distribution of low and high velocity anomalies shown

FIGURE 4 |Horizontal slices (A–F) of S wave velocity from the seismic tomographic inversion. The depth of each layer is shown in top left corner of each figure. The
abbreviations are the same as those defined in the caption of Figure 1. The black lines labeled AA′, BB′ and CC′ in figure (B) represent the locations of the vertical
sections shown in Figure 5.
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in Figures 4A–C. The central Asia orogenic belt is revealed by a
complex structure based on our S wave velocity model at depths
of 50–600 km.

The vertical sections of AA′ and BB′ are almost
perpendicular at the Datong volcano (Figures 5A,B), with
the strikes of NWW-SEE and NNE-SSW shown in Figure 4B,
respectively. These two vertical sections are characterized by
the prominent low S wave velocity anomaly under the Datong
volcano. We find that the prominent low velocity anomaly can
be traced down to the mantle transition zone. Besides, two
remarkable low velocity layers can be found in the vertical
sections of AA′ and BB′ within the depth of about 100–300 km
(Figures 5A,B), which converge from northwest and
southwest below the Datong volcano. The vertical section of
CC’ crosses the Ordos block and TNCO, and then ends
eastward at the western Bohai bay basin (Figure 4B). In
Figure 5C, the obvious high S wave velocity anomaly exists
under the Ordos block above the depth of 200 km, while the

low velocity anomaly down to about 400 km is located beneath
the Taihang mountain and the western Bohai bay basin. This
distinct contrast of S wave velocity reflects the difference of the
upper mantle structure. In our results, it is absent that the high
velocity anomalies were explained by Liu et al. (2017) and Tao
et al. (2018) as representing the subducted Pacific plate.

DISCUSSION

Comparisons With Previous Studies
Recently, many velocity models have been constructed by the
different tomographic inversions to investigate the structures
of the NCC (Huang and Zhao, 2006; Tian et al., 2009; Lei, 2012;
Guo et al., 2016; Tao et al., 2018; Xu et al., 2018b; Ai et al., 2019;
Yao et al., 2020). However, most of these previous models were
estimated based on the permanent stations from the seismic
network of China Earthquake Administration with a large
station spacing and uneven distribution, which led to their
relative low-resolution results. Recently, Cai et al. (2021) and
Huang et al. (2021) published the S wave velocity models using
the same seismic array as in this study but paid more attention
to the shallow structures of the TNCO (<120 km). Compared
with these previous studies, our results with high resolution
provide new constraints on the deep structures of the TNCO
and its adjacent areas.

Our tomographic model illustrates the similar structure
patterns revealed by the previous models (Huang and Zhao,
2006; Tian et al., 2009; Lei, 2012; Tao et al., 2018; Xu et al.,
2018b), such as the high velocity anomaly beneath the Ordos
block and low velocity anomaly under the Datong volcano.
However, our results present some different details. For
example, the high velocity anomaly in this study,
indicating the cratonic root of the Ordos block, is
shallower than those in the models of Tian et al. (2009)
and Lei (2012), with about 300 and 400 km, respectively.
The depth of this high velocity anomaly (~200 km) is roughly
consistent with the recent results of the temperature
inversion (Guo et al., 2016) and full waveform tomography
(Tao et al., 2018), which indicates the Ordos block still
preserves the thick and cold cratonic root. However, the
outer edge of the high velocity anomaly beneath the Ordos
block was invaded by the surrounding low velocity anomalies
in a certain extent (Figure 4). This phenomenon was also
demonstrated by the previous finite-frequency tomography
(Xu et al., 2018b) and magnetotelluric inversion (Dong et al.,
2014). In addition, the low velocity anomaly suggesting the
asthenospheric upwelling shows a complex pattern and is
obviously different from the Y-shaped (Lei, 2012) and sloping
banded (Tian et al., 2009) anomalies under the Datong
volcano region. We find that this low velocity anomaly not
only extends down to the mantle transition zone, but also
connects with two low velocity layers within about
100–300 km depths from northwest and southwest,
respectively. These detailed improvements can be observed
mainly due to the high-quality waveforms recorded by the
dense seismic array.

FIGURE 5 | Vertical sections (A–C) of S wave velocity along the profiles
shown in Figure 4B. The surface topography of each section is plotted on the
top of each figure. The black thick arrows suggest the possible
asthenospheric upwelling and mantle flows. The dashed lines indicate
the 410 and 660 km discontinuities. The abbreviations are the same as those
defined in the caption of Figure 1.
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Origin of the Datong Volcano
The Datong volcano is one of the most important Quaternary
volcanic groups in the NCC, consisting of more than 30 volcanic
cones and lava platforms (Fan et al., 2015). Potassium-Argon
dating suggested that the last eruption of the Datong volcano
ended in the late Pleistocene (0.4 Ma) (Xu et al., 2005). Recently,
the high-resolution S wave velocity models delineated that the
magma chamber is overlaid by the upper crust with the
prominent high velocity anomaly (Cai et al., 2021; Huang
et al., 2021), which agrees with the fact that the Datong
volcano is inactive at present. The magma of the Datong
volcano originated from deep asthenosphere has been revealed
by studies on alkali basalt and volcanic debris (Xu et al., 2005; Fan
et al., 2015). The large-scale tomographic images demonstrated
that the low velocity anomaly under the Datong volcano rooted in
the mantle transition zone (Huang and Zhao, 2006; Tian et al.,
2009; Tao et al., 2018; Xu et al., 2018b). In fact, the origin and its
mechanism of the Datong volcano are still unclear.

Many recent studies have reached a consensus on the
hypothesis of the on-going asthenospheric upwelling under the
Datong volcano (Ai et al., 2019; Yao et al., 2020; Cai et al., 2021).
However, whether the low velocity anomaly indicating this
asthenospheric upwelling is related to the dehydration of the
Pacific stagnant slab (Zhao, 2004; Huang and Zhao, 2006), lower
mantle plum (Lei, 2012) or mantle flows from the Tibetan plateau
(Liu et al., 2004) remains controversial. Recent finite-frequency
tomography (Xu et al., 2018b) and full waveform tomography
(Tao et al., 2018) reported that the western edge of the subducted
Pacific slab stagnates at 118–120° E in the mantle transition zone
and is far away from the Datong volcano (Figure 1). This
phenomenon goes against the speculation of the low velocity
anomaly caused by the dehydration of the Pacific stagnant slab.
Based on most previous tomographic images (Tian et al., 2009;
Liu et al., 2017; Xu et al., 2018b; Tao et al., 2018), the low velocity
anomaly under the Datong volcano derives from the depth of
about 400–600 km and dose not pass down the mantle transition
zone, which is obviously contradictory to the hypothesis of the
lower mantle plum proposed by Lei (2012). In contrast, the
mantle flows within the depth of 100–300 km from the
Tibetan plateau was supported to be the main source of the
Datong volcanic magma by the conductivity model (Zhang et al.,
2016), surface wave (Tang et al., 2013) and P wave (Gao et al.,
2018) tomographic images. The results of SKS wave splitting (Yu
and Chen, 2016; Chang et al., 2021) also revealed the clockwise
turning asthenospheric flow along the Weihe graben driven by
the eastward extrusion of the Tibetan uppermantle. Overall, these
aforementioned arguments on the origin of the Datong volcano
are attributed to the lack of constraints from the regional high-
resolution velocity models.

In our high-resolution S wave velocity model (Figure 4 and
Figure 5), the complex distribution of the low S wave velocity
anomalies is shown under the Datong volcano region.
Specifically, the low velocity layers within about 100–300 km
depths from northwest (Figure 5B) and southwest (Figure 5A)
connect the vertical low velocity zone rooted in the mantle
transition zone beneath the Datong volcano. The NE-SW
trending low velocity layer can be observed from the Datong

volcano to the southern TNCO, which is roughly consistent with
the mantle flow shown in the previous magnetotelluric (Dong
et al., 2014), temperature (Guo et al., 2016) and S wave velocity
(Tang et al., 2013; Yao et al., 2020) models. Another branch of the
low velocity layer spans from the Datong volcano to the Yin
mountain and Hetao graben. This mantle flow extended
northwestward was also confirmed by the anomalies of the
low resistivity (Dong et al., 2014), high temperature (Guo
et al., 2016) and low velocity (Yao et al., 2020; Cai et al.,
2021). Therefore, these evidences suggest that the origin of the
Datong volcano is likely to be related to the two mantle flows
from the north and east of the Ordos block, respectively. Next, it
is important to understand the formation mechanism of these
two mantle flows. Under the effect of the continuous collision
between the Indian plate and Eurasia plate since the early
Cenozoic (Molnar and Tapponnier, 1975; England and
Houseman, 1986), the crustal and upper mantle materials of
the Tibetan plateau have escaped to its surrounding areas (Clark
and Royden, 2000; Tapponnier et al., 2001; Royden et al., 2008).
The lateral extrusion northeastward of the Tibetan plateau has
attracted extensive studies (e.g., Meyer et al., 1998; Clark, 2012; Ye
et al., 2015; Tian et al., 2021) due to the strong surface
deformation in the northeastern margin of the Tibetan
plateau. This northeastward movements of the Tibetan plateau
have been observed by the GPS measurements and Ps and SKS
wave splitting (Xu et al., 2018a; Wang and Shen, 2020; Chang
et al., 2021). Especially, the asthenospheric flows from the Tibetan
plateau to the Hetao graben and Weihe graben were revealed by
the previous seismological observations (Tang et al., 2013; Yu and
Chen, 2016; Gao et al., 2018; Chang et al., 2021). Combined with
these previous studies, we propose that these two mantle flows
shown in Figure 5 may be the sources for on-going
asthenospheric upwelling under the Datong volcano.

In addition, we observe the vertical low velocity zone down
into the mantle transition zone under the Datong volcano
(Figures 5A,B), which can be also found in the previous
models (Liu et al., 2017; Xu et al., 2018b; Tao et al., 2018).
This vertical low velocity zone coincides with the upwelling of the
deep hot mantle materials (Xu et al., 2005; Zhu et al., 2011).
However, the cause and mechanism of this asthenospheric
upwelling are still unclear. Previous studies indicated that the
mantle transition zone could be a major repository for water and
have a key role in terrestrial magmatism and plate tectonics
(Bercovici and Karato, 2003; Pearson et al., 2014). Besides, the
temperature and water content were believed to be the primary
causes for the thickness variation of the mantle transition zone
(Litasov et al., 2005). Following the equations proposed by
Suetsugu et al. (2010), the temperature and water content in
the mantle transition zone, approximately −18.4 K and 0.3 wt%,
respectively, were calculated using the average S wave velocity of
this study and the thickness of the mantle transition zone
estimated by Zuo et al. (2020) under the Datong volcano.
Considering the deeper 410-km discontinuity of about
422.0 km corresponding to the higher temperature (Zuo et al.,
2020), our estimated temperature of −18.4 K may indicate the
relative cold lower mantle transition zone, whereas the water
content of 0.3 wt% leads to the water-rich mantle transition zone.
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This water-rich mantle transition zone beneath the Datong
volcano maybe help to materialize the partial melting and the
origin of the asthenospheric upwelling. The asthenospheric
source also accords with petrological and geochemical analyses
on the alkali basalts of the Datong volcano (Xu et al., 2005; Fan
et al., 2015). Therefore, the Quaternary Datong volcano is likely to
jointly arise from the asthenospheric upwelling rooted in the
mantle transition zone and mantle flows driven by the
northeastward escape of the upper mantle material from the
Tibetan plateau.

Implications for Lithospheric Thinning of the
Trans-North China Orogen and Its Adjacent
Areas
Since the Mesozoic, the NCC has experienced significant tectonic
rejuvenation, accompanied by the widespread magmatism and
intense extension (Zhu et al., 2011; Wu et al., 2019). The mantle
lithosphere tended to vary from the old cratonic-type to the
modified and unstable types from west to east in the NCC (Xu
et al., 2018b; Tang et al., 2021), which was confirmed by the
gradual thinning of the lithosphere (Chen, 2010; Tang et al., 2013;
Zhang et al., 2019). In the eastern NCC, many previous studies
have reach the consensus that the lithospheric thinning is mainly
relevant to the continental extension caused by the subduction of
Pacific plate (e.g., Chen, 2010; Wu et al., 2019; Zhang et al., 2019;
Tang et al., 2021). However, the dynamic processes and
mechanisms of the lithospheric thinning beneath the TNCO
and its adjacent areas are still not fully understood.

In fact, recent tomographic images have illustrated that the
mantle lithosphere has been modified partially under the TNCO
and its adjacent areas (Xu et al., 2018b; Yao et al., 2020; Dong
et al., 2021). The lithospheric delamination and mechanical
erosion assumed to account for the mechanisms of the
lithospheric modification are still under debate (Wang et al.,
2018; Wu et al., 2019). However, these speculation were all based
on the asthenosphere-derived upwelling of the hot mantle
materials (Dong et al., 2014; Guo et al., 2016; Cai et al., 2021).
In this study, we provide a high-resolution S wave velocity model
(Figure 4 and Figure 5) to constrain the mantle lithospheric
modification beneath the TNCO and its adjacent areas. In
contrast to the prominent high S wave velocity anomaly
beneath the Ordos block, the inverted L-shaped low velocity
anomaly are observed under its surrounding areas in the north
and east (Figures 4A–C and Figure 5). The large-scale low
velocity anomaly can be found from the Hetao graben to the
Datong volcano region, which agrees well with the thinned
lithosphere with the thickness of 80–100 km (Zhang et al.,
2019). The low velocity anomalies under the TNCO are locally
divided into two parts in the south and north TNCO, respectively.
The lithospheric thickness also suggested the coexistence of the
thinned lithosphere and remnant cratonic mantle root beneath
the TNCO (Zhang et al., 2019). Thus, our observed low velocity
anomalies may be in accord with the weak lithosphere where the
mantle lithosphere has been modified by the underlying hot
asthenospheric materials. Moreover, we find that the low
velocity anomalies intrude laterally into the interior of the

Ordos block (Figures 4A–C). This phenomenon implies the
modification of the thick cold lithospheric root occurred
beneath the outer edge of the Ordos block. The results of
magnetotellric data (Dong et al., 2014) and SKS splitting (Yu
and Chen, 2016; Chang et al., 2021) also supported the reginal
modification of the cratonic lithosphere under the north and
south of the Ordos block. Our model suggests less velocity
anomalies below 300 km, which means the mantle structure is
close to the reference velocity model. We did not observe the high
velocity anomalies beneath the TNCO and its adjacent areas,
similar to those interpreted as the delaminated lithosphere by
Tian et al. (2009) and Xu et al. (2018b) in deep mantle of the
eastern NCC.

According to our obtained high-resolution S wave velocity
model, the thinned lithosphere is shown under the TNCO and its
adjacent areas (Figure 4 and Figure 5). By analyzing
comprehensively our observed S wave velocity anomalies and
previous results, we can infer the possible dynamic processes for
the lithospheric thinning of the TNCO and its adjacent areas. The
two mantle flows driven by the extrusion northeastward of the
Tibetan plateau, mentioned in previous section, is likely to erode
the thick cratonic lithospheric root beneath the margin of the
Ordos block and cause the modifications of the overlying
lithosphere. This lithospheric deformation suggests that the
effect of the continental collision between the Indian plate and
Eurasian plate has far reached northeastward the TNCO region.
Besides, the asthenospheric upwelling originated from the water-
rich mantle transition zone is also responsible for the lithospheric
thinning of the northern TNCO. In general, the asthenospheric
upwelling and mantle flows maybe result in the lithospheric
thinning under the TNCO and its adjacent areas, and then
cause the superficial crustal deformation in response, such as
the extensional grabens, strong earthquakes and volcanic
activities.

CONCLUSION

A high-resolution 3-D S wave velocity model of the TNCO and its
adjacent areas is built by seismic tomography inversion using the
teleseismic traveltime residual data recorded by the dense seismic
array. Our model shows a prominent lateral heterogeneity of the
upper mantle structure across the study area. The Ordos block is
featured by significant high velocity anomaly in depths of
0–300 km. We interpret this high velocity anomaly as the
preserved thick cratonic root. Two low velocity layers, forming
an inverted L-shape, appear in the north and east of the Ordos
block. These two low velocity layers are likely to be related to the
mantle flows driven by the extrusion northeastward of the
Tibetan plateau. We find that the two low velocity anomalies
intrude locally into the interior of the Ordos block, which implies
the modification of the cratonic root around the outer edge of the
Ordos block. An obvious low velocity zone can be found down
into the mantle transition zone under the Datong volcano. We
infer that this low velocity zone is caused by the hot
asthenospheric upwelling originated from the water-rich
mantle transition zone. This upward low velocity zone is
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connected to the two horizontal low velocity layers beneath the
Datong volcano. We infer that the asthenospheric upwelling and
mantle flows could be responsible for the origin of the Datong
volcano and lithospheric thinning beneath the TNCO and its
adjacent areas.
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