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In this paper, the 3-D S-wave velocity structure of the crust and upper mantle in
the Abaga volcanic area of Inner Mongolia was inverted by using the surface-wave
tomography method, with a resolution of 0.5°×0.5°. For the first time, the vertical
continuous data recorded by 36 and 25 broadband mobile seismic stations in
Abaga volcanic area from October 2012 to May 2015 (NM array) and October
2017 to October 2018 (AB array) were adopted together. The results showed that
there was a significant high velocity anomaly structure in the upper mantle at
80–140 km depth in the Abaga volcanic area, and there was a significant low
velocity anomaly structure above the high velocity anomaly, which reflected that
lithospheric delamination may occurr in the Abaga volcanic area. The overlying
NW-SE low-velocity anomaly extended northwest to the boundary of the study
area, then to the South Gobi of the Mongolian Plateau; spread southeast to the
crustal thinning area and the exposed position of the Abaga volcanic group on the
surface. According to the analysis of previous research results, it speculated that
this low velocity anomaly may reflect the upwelling asthenosphere, suggesting
that the Abaga volcanic group and the South Gobi of the Mongolian Plateau were
homologous in depth. Also there was a NEE-SWW low velocity anomaly in the
depth range of 40–150 km in the east of Honggeertu volcano, which implied the
upwelling of local mantle material formed by the lithospheric delamination in
Songliao basin.
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1 Introduction

Since the Central Asian Orogenic Belt (CAOB) was adjacent to the Siberian Craton (SC)
in the north and the North China Craton (NCC) in the south, as one of the largest Paleozoic
orogenic belts in the world, it was formed by overlapping a series of island arcs, ophiolites,
oceanic islands, seamounts, accretive wedges, oceanic plateaus and micro landmasses
(Badarch et al., 2002; Xiao et al., 2003; Xiao et al., 2004; Windley et al., 2007). Among
ophiolite belts, high-pressure blueschist belts and volcanic plutonic rock belts (Huang et al.,
2006), it reveals that the area has experienced multiple tectonic movements since its
formation, i.e., subduction and extinction of the ancient Asian Ocean, collision and
amalgamation of the Indian plate and the Eurasian plate, along with regional extension
after collision (Sengör et al., 1993; Jahn et al., 2000; Jahn, 2004; Xiao et al., 2004),
accompanied by complex crustal deformation (Petit et al., 2002; Jahn, 2004; Xiao et al.,
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2004; Kröner et al., 2007; Tiberi et al., 2008) andmassive intrusion of
granite magma (Jahn et al., 2000). Since the Cenozoic era, a series of
intraplate volcanoes have developed in the eastern part of the CAOB,
including Wudalianchi volcanoes, Changbaishan volcanoes,
Nuomin River volcanoes, Alshan volcanoes and Abaga volcanoes.
At present, there are still many controversies on the study of the
origin of intraplate volcanoes in this area, mainly including the
following three speculations:1) The volcanic activity may be
detained by subduction in the mantle transition zone due to the
dehydration of the western Pacific plate, resulting in the melting of
the upper mantle wedge material and upwelling (Lei and Zhao, 2005;
Lei and Zhao, 2006; Zhao et al., 2007; Zhao et al., 2009; Zhao et al.,
2011). The evidences of this conjecture include: High content of Nb
and Ta elements in Cenozoic basalt widely distributed in the area
(Guo et al., 2016), with low content of 18O in peridotite (Wang et al.,
2015), indicating that subducted oceanic crust components exist in
the magma source. While the basalt contains incompatible elements
suggest that the magma source may be a melting metasomatic
substance (Guo et al., 2016). 2) Upwelling asthenosphere. The
continental collision between the Indian plate and the Eurasian
plate, and the high-speed subduction of the Western Pacific plate
along the edge of the Eurasian plate, may lead to the passive
expansion of the East Asian continental lithosphere, along with
the upwelling of asthenosphere through gap in the front of the plate
subduction, thus forming small-scale asthenosphere convection and
the collision and delamination of the lower lithosphere (Faure and
Natal’ln, 1992; Chung et al., 1994; Smith, 1998; Smith, 2013). 3)
Some scholars believe that there are mantle plumes or hot spots in

this area (Deng et al., 2004). According to the research results of
basalt in the Mongolian Plateau, the Cenozoic volcanic activity is the
result of interaction between mantle plumes and their overlying
lithosphere (Windley and Allen, 1993).

The Abaga Volcanic Group is located in Xilingol, Inner
Mongolia which crosses the border area between China and
Mongolia with serveal studies, it is connected with the Dariganga
Volcano in the Mongolian Plateau (Figure1), bringing widely
developed early Mesozoic intracontinental strike slip faults and
Cenozoic basalt in this area (Barry et al., 2003), with strong crust
mantle interaction (Webb and Johson, 2006; Wang et al., 2013; Guo
et al., 2016). As for the intraplate volcanic group with the largest
number of volcanoes and the most widely distributed Quaternary
volcanic basalt in East Asia (Bai et al., 2012), the Abaga volcanic
group provides an excellent sample for studying the formation and
evolution process of the eastern margin of Eurasia and the genesis of
Cenozoic intraplate volcanoes. Previous seismological studies have
shown that the upper mantle of South Gobi, Mongolia, has a low
velocity structure extending southeast to Dariganga volcano at a
depth of 410 km, indicating that the formation is related to the
mantle plume (Zhang et al., 2014; Zhang et al., 2017). Based on
ambient noise adjoint tomography, it is revealed that there is a shear
wave velocity anomaly smaller than the lowest value of the global
orogenic belt model within the depth range of 15–70 km in the
Abaga volcanic area. It is believed that there may be about 1% partial
melting from the lower crust to the upper mantle, which may be the
source of magma provided to the Xilinhot-Abaga volcanic formation
(Liu et al., 2017). The receiver function found that the Abaga

FIGURE 1
Topographic map of the study area showing seismic stations used in the study. (A)Purplish red, blue and white triangles respectively represent the
temporary seismic station location of NM Array, while lotus triangle represents the temporary seismic station location of AB Array, yellow triangle
represents the permanent fixed station position of China Seismological Bureau. Pink area denotes the distribution of the cenozoic basalts (Guo et al.,
2016) and active faults (Xiao et al., 2003; Xu et al., 2013) are represented by black solid lines. The red triangle is the location of the volcano, in which
DG is the Dariganga volcano, HE is the Honggeertu volcano, DT is the Datong volcano, and the rest is the Abaga volcano group. (B) The study area on a
large scale, in which the blue solid rectangle outlines the study area. Abbreviations on the map are as follows: SLS, Solonker Suture; EHOB, Erenhot
HegenshanOphiolite Belt; ZBF, Zuunbayan Fault; XHF, Xilinhot Fault; LXF, Linxi Fault; XMF, Xilamulun Fault; BCF, Bayan Obo-Chifeng Fault; HHT, Hohhot;
SC, Siberian Craton; CAOB, Central Asia Orogenic Belt; NCC, North China Craton.
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volcanic area has the characteristics of crustal thinning and high Vp/
Vs ratio value by the underplating of Cenozoic volcanic activities
(He et al., 2018). The observed shear wave splitting solely null
measurements in the Abaga volcanic area may suggest small-scale
hot mantle upwellings (Qiang andWu, 2019). Geochemical research
shows that the Abaga volcanic group has similar thermal state and
lithospheric mantle characteristics to the northern margin of
western NCC (Du et al., 2006; Zhou et al., 2010; Wang et al.,
2011), which is significantly different from the Alshan volcano with
the residual nature of ancient refractory lithospheric mantle located
in the Xingmeng orogenic belt and the Wudalianchi-Kolo volcanic
belt belonging to the potassic volcanic rock series (Zhang et al., 2000;
Zhao et al., 2008; Zhao and Fan, 2011). In addition, facing the
younger intraplate volcanoes and the Cenozoic basalts distributed
dispersedly in the Abaga volcanic area from northwest to southeast
(Ho et al., 2008), the Cenozoic basalts in the North China-Mongolia-
Baikal region have similar geochemical properties (Barry and Kent,
1998), suggesting that these basalts may come from the same mantle
source region with similar magmatic formation process (Barry et al.,
2003).

The broadband mobile seismic stations previously set up in the
Abaga volcanic area and its surrounding areas include the Dandong-
Dongwuzhumuqin Banner and the Zhushan-Siziwang Banner
profile (Zheng et al., 2006; Zheng et al., 2007; Zhu, 2007; Zhao
et al., 2009; Chen et al., 2009; Chen, 2010; Zhu et al., 2011), the
Huailai-Erenhot-Bayinwendol profile (Gong et al., 2016), the
necessary (Tang et al., 2014; Tao et al., 2014; Guo et al., 2015;
Liu et al., 2017) and the central and southern Mongolia array (He
et al., 2014; He et al., 2016; He et al., 2017; Zhang et al., 2014; Pan
et al., 2015; Yu et al., 2015; Yu et al., 2016; Hou et al., 2017; Qiang
et al., 2017; Zhang et al., 2017). These arrays are only located in the
periphery of the Abaga Volcanic group, without effective
observation of the formed structure. Therefore, although previous
studies speculated that the lithospheric delamination of the Songliao
Basin and the upwelling asthenosphere beneath Changbai Mountain
formed a local convection system, it has not been confirmed whether
the delamination of the Songliao Basin could lead to the secondary
upwelling of local mantle material in the Abaga volcanic area;
although predecessors have inferred that the Dariganga volcano
and the Gobi Desert in central and southernMongolia have the same
heat source, even the underground low velocity anomaly of the
central and southern Mongolia and the Datong volcano seems to be
a unified whole in the upper mantle, it is not clear whether there are
interconnected low velocity anomalies in the crust and upper mantle
between the central and southern Mongolia, the Abaga volcanic
group and the Datong volcano.

In this paper, almost 4 years of continuous seismic observation
data obtained from 61 stations (NM array and AB array) in the
Abaga volcanic area were used to present regional surface-wave
tomography results. By extracting the phase velocity dispersion
curve of fundamental Rayleigh-waves between two stations for
waves with period of 10–80 s, with the surface-wave tomography
method proposed by Yanovskaya and Ditmar. (1990); Ditmar and
Yanovskaya. (1987), a 2-D phase velocity distribution map with a
resolution of 0.5°×0.5° in Abaga volcanic area was reconstructed.
Then, the linear inversion method (Herrmann and Ammon, 2004)
was used to invert the Rayleigh-wave phase velocity under each grid
point to obtain the 1-D S-wave velocity structure below the grid

point. Finally, the S-wave velocity structure of the crust and upper
mantle in the Abaga volcanic area was obtained through linear
interpolation, which provided a basis for understanding the origin of
the Abaga volcanoes and other intraplate volcanoes in the eastern
part of the Central Asian orogenic belt.

2 Data and methods

2.1 Data selection and dispersion extraction

From October 2012 to June 2015 and from October 2017 to
October 2018, 36 sets (NM array) and 25 sets (AB array) of
broadband seismic observations were made around the Abaga
volcanoes for continuous data observation by the Institute of
Geophysics, China Earthquake Administration. In addition, this
paper also collected continuous seismic data of five fixed stations
(BAC, JIP, LIX, RLT, XLT) of China Earthquake Administration
near the study area from October 2012 to October 2018 to form
more ray paths to fill the gap between the two arrays. The
distribution of mobile stations and fixed stations was shown in
Figure 1, where the distance between NM array stations was
30–680 km, and the seismometers used included GURALP CMG-
3ESPC, GURALP CMG-3T, Nanometrics Trillium G120PA and
GEOLIGHT BBVS-60. The distance between AB array stations was
14–190 km, and the seismometers included GURALP CMG-3ESPC
and Nanometrics Trillium G120PA. All seismometers of two arrays
used GPS times and positions to ensure consistency. The
seismometers used in fixed stations included GEOLIGHT BBVS-
60 and GEOLIGHT BBVS-120.

In this paper, the surface-wave tomography was based on the
classical ray theory and measured by the dual-station method.
Referring to the seismic catalog and source parameters given by
USGS, we selected vertical waveform records that meet the following
standards:1) The epicentral distances were limited to 15°–100°; 2) the
magnitudes were between 5.5 and 7.5, and the focal depths were less
than 70 km; 3) the deviations between the azimuth from the remote
station to the near station and the azimuth from the remote station
to the seismic event were less than 6°(Hou et al., 2017; Hou et al.,
2019). Finally, 773 and 294 global seismic events meeting the above
criteria were screened out by the two arrays. Figure 2 shows that
most of these seismic events are concentrated in the Pacific Rim.
However, the overall coverage of stations in the study area makes
uniform path distribution of the dual-station method with better
resolution.

Before extracting the Rayleigh-wave dispersion, a series of
preprocessing including resampling, removing the mean and
linear trends, filtering and removing instrument response were
performed on the selected original seismic waveform records.
Then, the frequency-time analysis based on continuous wavelet
transform (Wu et al., 2009) was used for the NM array and AB
array, and 13,280 and 3,547 fundamental Rayleigh-wave phase
velocity dispersion curves were extracted respectively. Removing
the dispersion that obviously deviates from the distribution range of
most dispersion curves, then finally 12,161 and 2,996 effective
dispersion curves were obtained respectively, as shown in
Figure 3. After 15 s, the average dispersion curve of the study
area was lower than the dispersion curve calculated by AK135,
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reflecting that the velocity of the lower crust and upper mantle in the
study area was lower than AK135.

Figure 4A shows the distribution of phase velocity ray paths with
periods of 10 s, 30 s, 50 s and 80 s. It can be seen that the paths inside
and between NM and AB arrays are densely distributed with good
azimuth coverage within a period of 50 s; during the 50–80 s period,
only the paths inside the two arrays are densely distributed, with
sparsely distributed paths.

2.2 Tomography method

In this paper, the 2-D inversion method proposed by Ditmar
and Yanovskaya. (1987) and Yanovskaya and Ditmar. (1990) was
used to obtain the phase velocity distribution of surface-waves with

different periods. Figure 4B shows that, except for the marginal zone
and the areas not covered by the ray in the north and southeast of the
study area, the phase velocity resolution in the study area is basically
within 50 km. After the period is greater than 40 s, there is a decrease
in the resolution of the uncovered area of the mobile stations of NM
and AB arrays in the study area.

In addition, we performed a checkerboard test to evaluate the
ability to restore the actual model. In the test, ±5% of the
corresponding periodic phase velocity value was used as the
velocity anomaly, and ±5% of the corresponding theoretical
travel time was used as the random error. Taking 10 s and 80 s
periods, for example, the initial model velocity was set as 3.26 km s−1

and 4.10 km s−1, the velocity anomaly was ±0.16 km s−1

and ±0.21 km s−1, while the Gaussian noise with standard
deviations of ±1.5 s and ±1.2 s were added to the travel time of
theoretical ray. Using the same inversion method and parameters
settings as described above, we calculated the ray distributions for
periods of 10 s and 80 s. Figure 4C shows that under the grid of
0.5°×0.5°, the input model of the ray coverage area can be recovered
for the feasible study area division.

3 Results

3.1 Phase velocity results

Using the above inversion method and parameter settings, the
Rayleigh-wave phase velocity distribution of 10–80 s period with the
resolution of 0.5°×0.5° in the Abaga volcanic area was obtained by
inversion, as shown in Figure 5. From the depth sensitivity kernels, it
can be seen that the phase velocity distribution of different periods
could correspond to the structural change of different depths
(Figure 6). Figure 6 shows that the phase velocity distribution in
the 10–80 s period range of the Abaga volcanic area mainly reflects
the structural changes of the crust and upper mantle within the

FIGURE 2
Distribution of Events of (A)NM array and (B) AB array. The red pentagram corresponds to the center of study area, and the circles of 30°, 60° and 90°

represent the epicentral distance between the earthquake epicenter and the station are 30°, 60° and 90° respectively. The blue lines represent the plate
boundaries.

FIGURE 3
Surface-wave phase velocity dispersion curves. The black lines
are 15,157 high-quality dispersion curves. The red and green solid lines
represent the average phase velocity and the AK135 model
respectively.fx4.
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depth of 10–150 km. The large range of depth sensitivity kernel of
the medium and long period surface-wave indicates weak resolution
to depth, with large depth range corresponding to the velocity
structure (Zheng et al., 2007; Yi et al., 2008). In the following,
this paper will discuss the distribution characteristics of Rayleigh-
wave phase velocity of 10–80 s period in the Abaga volcanic area.

Figure 6 shows that the phase velocity distribution of Rayleigh-
wave with short period (10–20 s) is mainly related to the S-wave
velocity structure of the surface and upper crust and its lateral
variation. In the phase velocity inversion results of this period range,
the middle north (NM39, NM35 and NM36) and west regions
(NM28, NM01 and NM02) of the study area show low velocity
anomalies, especially in the middle north regions in Figure 5. In the
southeast of the study area (east of NM37, NM38 and NM40), the
large-scale low velocity anomaly displayed at 10 s period began to
disappear at 20 s period.

The phase velocity distribution of Rayleigh-wave with medium
period (30–40 s) is mainly sensitive to the S-wave velocity structure
and its lateral variation within the depth range of 40–60 km in
Figure 6. In the Figure 5, the phase-velocity distribution of medium
period shows that the obvious low velocity anomaly in the
southeast (east of NM37, NM38 and NM40) during the 10 s
period has completely disappeared in the 30–40 s period, which
even turns into a high velocity anomaly (>4.2 km s−1). However,
the regions of NM17, NM18 and BAC stations in the south central
part show obvious low velocity anomalies (<3.6 km s−1). In
addition, the range of low velocity anomaly in the north central
part of the study area (NM39, NM35, NM36) is expanded to
NM26, NM24, NM23 and NM13 stations in the west and AB01,
AB03 and AB04 stations in the east during the 30 s period.
However, the low velocity anomaly disappears gradually during
the 40 s period.

FIGURE 4
(A)Distribution of paths for Rayleigh-wave phase velocity measurements at 10 s and 80 s. Triangles indicate seismic stations, the black line between
two stations indicates that there is a path coverage between this station pair. (B) Horizontal resolution map at 10 s and 80 s. The color-filled area is the
station distribution area. (C) Checkerboard test at 10 s and 80 s. On Figures 4A,B and 4 (C), the red straight line represents the position of profiles AA’
and BB’.
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The phase velocity distribution of Rayleigh-wave with medium
and long periods (50–80 s) mainly reflects the velocity structure of
the upper mantle and its lateral changes in Figure 6. The low velocity
anomaly of NM39, NM23, NM35 stations in the north central part
and the area close to Honggeertu volcano in the south when the

period is less than 50 s has obviously high velocity anomaly at the
50 s period, and the anomaly value is greater than 4.2 km s−1. After
reaching 60 s period, the high velocity anomaly in the north central
part (NM39, NM23 and NM35) reverts to low velocity, after
reaching the 70–80 s period, this low velocity anomaly range

FIGURE 5
Phase velocity maps of Rayleigh-wave in the study region. The number in the upper left corner represents the period (s). The red triangles are the
locations of the volcanoes, in which DG is the Dariganga volcano, HE is the Honggeertu volcano, and the rest red triangles are the Abaga volcano
group. The black five-pointed stars on 10 s profile are the specific locations of the two grid points used in Figure 7.
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expands and extends southward to the middle and south (NM17,
NM18 and BAC). In addition, the area near NM37 and
AB05 stations during the 60 s period shows a high velocity
anomaly (>4.2 km s−1). The location of this anomaly, together
with the location of the high velocity anomaly in the north
central part during the 50 s period, is within the distribution
range of the Abaga volcanic group in Figure 5.

3.2 1-D S-wave velocity results

On the basis of obtaining the phase velocity distribution of each
grid in the study area, the linear inversion method of Herrmann
and Ammon (2004) was used to carry out 1-D S-wave velocity
structure inversion for each grid of 0.5°×0.5°. 1-D layered isotropic
model was used as the initial model for inversion. Based on
CRUST1.0 (Laske et al., 2013), the initial crustal model used the
results of the P-wave receiver function (He et al., 2018) to constrain
the crustal thickness, that is, the thickness of each layer of the crust

was enlarged or reduced according to the original proportion, so
that the crustal thickness of the initial model could achieve the
results of the P-wave receiver function. The mantle model adopted
the PREM model (Dziewonski and Anderson, 1981), in which the
depth of 35–50 km was divided into three layers, with 5 km for
each layer; and 10 km for each layer below 50 km depth. In this
paper, the linearized inversion algorithm was used to fit the
theoretical dispersion and the measured dispersion through
30 iterations. The fitting is shown in Figure 7. It can be seen
that the theoretical dispersion curve calculated by the final
inversion model has good agreement with the measured discrete
dispersion points, which indicates reliable inversion results.

3.3 3-D S-wave velocity results

In this paper, the 3-D S-wave velocity structure in the study area
was obtained by linear interpolation of 1-D S-wave velocity in
Figure 8. It can be seen from Figure 6 and Figure 8 that the
S-wave velocity anomaly at different depths has a good
correspondence with the phase-velocity anomaly of the
corresponding sensitive period.

The 20 km horizontal slice shows that the distribution area of
Abaga volcanic group (NM35, NM36, NM39, AB01, AB03,
AB04 and the area east of NM37), the area near Honggeertu
volcano (NM06, NM08, NM07 and NM17) and the area near
South Gobi (NM28、NM01 and NM02) all depict obvious low
velocity anomalies LV1, LV2 and LV3, while the S-wave velocity is
less than 3.3 km s−1. And the northwest of the study area (to the west

FIGURE 6
Depth sensitivity kernels of Rayleigh-wave phase velocity at
different periods. The black line represents the initial model for
calculating the depth sensitivity kernels, which is the model retrieved
by using the mean value of the dispersion curve in the study area
(the red curve in Figure 3).

FIGURE 7
1-D velocity structure inversion results of two grids (A) (113.0°E,
43.0°N) and (B) (115.5°E, 44.5 °N) in the study area. The left figures show
the initial velocity model (blue) and the final inversionmodel (red). The
right figures show the measured discrete dispersion points (red
dots) and the theoretical dispersion curves calculated by the final
model.
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of NM24, NM25 and NM26) implies obvious high velocity anomaly,
with S-wave velocity greater than 4.2 km s−1.

The 40 km horizontal slice shows that most areas in the
southwest have a wide range of low velocity anomaly, with
significant low velocity anomaly LV1 in the distribution area of
the Abaga volcanic group and the low velocity anomaly LV2 in the
near Honggeertu volcano area, bringing the anomaly amplitude less
than 3.6 km s−1. In contrast, the northeast (east of AB06, AB07,
AB08 and AB09) gradually shows a high velocity anomaly, and the
southeast (east of NM38 and NM40) shows a high velocity anomaly
HV1 with amplitude greater than 4.4 km s−1. In addition, the low
velocity anomaly is displayed at the depth of 20 km at NM38 and
40 km at NM35, which is in good agreement with the result of the
CCP profile obtained by the receiver function method, that is, there

are obvious negative amplitude anomalies near the depth of 30 km at
NM35 and 15 km at NM38 in Abaga volcanic area (He et al., 2018).
This also shows that the inversion results in this paper have certain
reliability.

The 60 km horizontal slice shows that the distribution area of
the Abaga volcanic group has an obvious low velocity anomaly LV1,
and the amplitude of the anomaly is less than 4.0 km s−1. However,
the large-scale low velocity anomaly gradually disappears in most
areas in the southwest, leaving obvious low velocity anomaly LV2 in
the near Hungergatu volcanic area (NM07, NM17 and BAC), with
the anomaly amplitude less than 3.9 km s−1. Moreover, the
significant high velocity anomaly HV1 in the southeast (east of
NM38 and NM40) has amplitude greater than 4.8 km s−1. In
addition, the low velocity anomaly LV1 significantly existing in

FIGURE 8
S-wave velocity profiles at different depths in the study region. On 80 km and 100 km depth profile, black triangles represent XKS invalid split result
(Qiang and Wu, 2019). On 80 km depth profile, the pink straight line represents the position of profiles AA ‘and BB’. The red triangles are the locations of
the volcanoes, in which DG is the Dariganga volcano, HE is the Honggeertu volcano, and the rest red triangles are the Abaga volcano group. The black
five-pointed stars on 20 km depth profile are the specific locations of the two grid points used in Figure 7.
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the depth range of 20–60 km obtained by inversion in this paper is
similar to the 3.1–8.7% low velocity anomaly of shear-wave found by
Liu et al. (2017) within 15–70 km in the Abaga volcanic area. With
the increase of depth, the velocity anomaly in the study area reverses
locally, that is, the low velocity anomaly LV1 in the depth of
20 km–60 km changes into the high velocity structure HV2 in
the depth of 80–100 km in the distribution area of the Abaga
volcano group, which is connected with the high velocity
anomaly HV1 in the southeast of the study area at a depth of
about 80 km, thus forming a strip high velocity anomaly that runs
through the whole study area from northwest to southeast. However,
the distribution range of low velocity anomaly LV2 within the depth
range of 20–60 km near Honggeertu volcano area gradually moves
eastward, and small-scale high velocity structure HV3 has appeared
near NM07 and NM17 stations.

Figure 9 shows the two profiles selected in this paper, and their
positions are shown in Figures 1, 4, and 8. Profile AA’ starts from
Dariganga Volcano in the north, crosses the distribution area of
Abaga Volcano Group and Suolun suture zone from northwest to
southeast, then connects two high velocity anomalies HV1 and
HV2 within the distribution range of Abaga Volcano Group. Profile
BB’ intersects profile AA’ at a large angle by passing through the low
velocity anomaly LV2 connected between the southernmost end of

the Abaga volcano group and Honggeertu volcano, then connecting
the high velocity anomaly HV1 at the southeast end of the study area
with the high velocity anomaly HV3 near Honggeertu volcano.
These two profiles are used to focus on the S-wave velocity changes
near Dariganga volcano, Abaga volcanic group, Soren suture zone
and Honggeertu volcano, as well as the distribution range of
multiple high velocity anomalies in the upper mantle. Figure 9
shows that there are several high velocity anomaly structures HV1,
HV2 and HV3 in the upper mantle of the study area, with anomaly
amplitude of about 4.8–5.2 km s−1. These high velocity anomalies are
located in different depth ranges, among which HV1 is the
shallowest, extending to the Moho and down to the depth of
80–90 km. Facing same depth ranges of the high velocity
anomaly HV2 and HV3 at about 70–150 km, they have different
horizontal scales. Profile AA’, 80 km and 100 km horizontal slices
show that the high velocity anomaly HV2 is distributed horizontally
from 43.2°N to 45.2°N in a northwest to southeast direction, while
Profile BB’, 80 km and 100 km horizontal slices show that the high
velocity anomaly HV3 is distributed in a cluster from 112°E to
114.5°E. There are obvious low velocity anomalies above the high
velocity anomaly structures HV1, HV2 and HV3. Profile BB’ shows
that the low velocity anomaly LV2 between the high velocity
anomaly HV1 and HV3 has the trend of upward extension in
SWW direction, which can extend down to the depth of about
150 km in the area of 115°E~117.5°E, then up to the lower crust
boundary in the area of 113°E~114°E. The upward pointing position
of LV2 is located near Honggeertu volcano in the south of the study
area, suggesting that LV2 may represent the ascending
asthenosphere thermal material.

4 Discussion

4.1 Characteristics of S-wave velocity
structure in crust

At the depth of 20 km, from the perspective of terrain and
surface, it is found that there are a large number of Cenozoic basalt
exposed in the central north to southeast (Guo et al., 2016), while the
distribution range of low velocity anomaly LV1 in this area is highly
coincident with the surface exposure position of the Abaga volcanic
group; the western part is the vast South Gobi Desert, which is rich
in sediment; the range of low velocity anomaly LV2 in the south
central part is close to the distribution range of Honggeertu volcano.
The analysis suggests that the low velocity anomaly LV1 and LV2 in
the study area may be related to the Cenozoic volcanic exposure in
the area, while the low velocity anomaly LV3 may be related to the
thickness of the sedimentary layer below the area. In addition, the
high-velocity anomaly distribution area in the northwest (to the west
of NM24, NM25 and NM26 stations) is characterized by high Vp/Vs

ratio value in previous receiver function research results, for
example, the Vp/Vs ratio values of NM03 and NM25 stations in
the NM array are 1.87 and 1.83 respectively (He et al., 2018), and the
Vp/Vs ratio values of L11 and L12 in the China Mongolia joint array
are 1.77 and 1.79 respectively (He et al., 2014). In general, the
average crustal Vp/Vs ratio value is mainly related to its composition,
age, water content and other factors, which is more sensitive to the
content of SiO2, specifically, low SiO2 content means abundant

FIGURE 9
Terrain Elevation and S-velocity map plotted along the Profile AA’
and BB’ (A, B). The positions of the profiles are shown in Figures 1, 4,
and 8. The red curve in the S-wave velocity profile is Moho surface (He
et al., 2018). The blue and red arrows represent the direction of
lithospheric delamination and hotmaterial upwelling respectively. The
long period surface-wave datap have poor resolution on the velocity
structure of the shallow crust and the shallow surface. Therefore, the
inversion results of the first layer depth range of CRUST1.0 model at
each node in the profile are removed without further discussion.
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mafic composition with the decrease of the Vp/Vs ratio value (Zandt
and Ammon, 1995; Christensen, 1996; Lowry and Pérez-Gussinyé,
2011). On the contrary, high SiO2 content implies felsic composition
with the increase of he Vp/Vs ratio value accordingly (Tarkov and
Vavakin, 1982). There are two ways to increase the average crustal
Vp/Vs ratio value, one is caused by the intrusion of mafic mantle
material into the crust, such as Changbaishan volcano and Datong
volcano (Zhang et al., 2013; Gao and Li, 2014), and the other is
caused by partial melting (Watanabe, 1993). According to the
analysis, the high velocity anomaly in the northwest may be a
reflection of the residual mafic material in the crust. Previous
scholars have also interpreted a large-scale high velocity anomaly
in the middle and lower crust in the Sayan-Baikal fold belt similarly
(Nielsen and Thybo, 2009). To sum up, the distribution
characteristics of S-wave velocity in the middle and upper crust
may be jointly controlled by many factors, i.e., Cenozoic volcanic
exposure, thickness of sedimentary layer and content of mafic
material.

In addition, near the depth of 40 km, the S-wave velocity in the
southeast shows an obvious high velocity anomaly HV1, while the
crustal thickness in this area is relatively thin at about 40 km,
bringing low Vp/Vs ratio value at about 1.73, which is obviously
lower than the global continental average value of 1.78 (He et al.,
2018). Previous studies have shown that the global granitoid bedrock
regions are characterized by low Vp/Vs ratio values, such as Idaho
region and the Sierra Nevada (Lowry and Pérez-Gussinyé, 2011).
Since Paleozoic and Mesozoic granites are widely distributed in the
study area (Wu et al., 2003a; Wu et al., 2003b; Tong et al., 2010), and
the southeast of the study area generally corresponds to the late
Mesozoic granite distribution area to the east of Xilinhot and the
north of Xilamulun fault. It is believed that the late Mesozoic
granites in this area may be similar to other Mesozoic granites in
North China in origin, which are all caused by lithospheric
delamination in the late orogenic period and large-scale
extension in Northeast Asia (Tong et al., 2010). The analysis
shows that the crustal thickening in the early stage of orogeny,
the high velocity anomaly HV1 at a depth of 40 km in the southeast,
may be a reflection of the stratification of the lower crust at the crust-
mantle boundary; in the later stage of the orogeny, due to the gravity
instability, the delaminated and stripped mafic material in the lower
crust may lead to the crustal thickness thinning, followed by the
activity of granite magma, bringing the evolution of the overall
composition of the lower crust to felsic (Guo et al., 2015), and finally
to the decline of the Vp/Vs ratio value. This inference is also basically
consistent with the conclusion obtained by Tang et al. (2022), that is
the Triassic magmatism in the southwest of Songliao Basin has
experienced a transition from crustal thickening to delamination or
lithospheric dripping due to the closure of the ancient Asian Ocean.
In conclusion, the distribution characteristics of S-wave velocity in
the lower crust may be jointly affected by the thickness of the crust,
the underplating of the upper mantle and the delamination of the
lower crust.

4.2 The origin of the Abaga volcanic group

Figures 8, 9 show that there are many high velocity anomalies
HV1, HV2 and HV3 within the depth range of 40–150 km in the

upper mantle of the Abaga volcanic area, with there are obvious low
velocity anomalies above these high velocity anomaly structures.
Generally, the high velocity structure represents low temperature
and hard material such as subducted plate or lithosphere, with the
low velocity structure represents the high temperature and soft
material such as the asthenosphere thermal material or magma.
The 80 km and 100 km depth slices in Figure 8 show that in the
upper mantle anisotropy results obtained from the XKS splitting of
the NM array in the same period, only pure ineffective splitting
could be observed in the Abaga volcanic area, without effective
splitting (Qiang and Wu, 2019), suggesting that there is lithospheric
delamination or vertical movement of mantle thermal material in
this area (Walker et al., 2005; Long et al., 2010). Therefore, we
speculate that the high velocity anomaly HV2within the depth range
of 80–140 km in this area is the delaminated lithospheric material. In
general, delamination will cause volcanic activity, with basalt
exposed on the surface, such as the Qinghai Tibet Plateau (Bird,
1978), the Colorado Plateau (Bird, 1979) and the Nuomin River
volcanoes in Northeast China (Hou et al., 2022). Cenozoic basalt
(Guo et al., 2016) is widely exposed in the distribution area of Agaba
volcanic group, whose exposure range is highly corresponding to the
distribution range of the upper mantle delamination in this paper,
thus providing petrological evidence for the lithospheric
delamination in the study area.

The delamination of lithosphere can also cause the
asthenosphere upwelling and the crust thinning (Nelson, 1992;
Guo et al., 2016). In this study area, the crust of the Abaga
volcanic area is significantly thinner (He et al., 2018). According
to previous P-wave tomography, South Gobi in the southwest of the
study area shows a large range of high velocity anomaly at a shallow
depth of 200 km, and the high velocity anomaly has a tendency to
extend to the Abaga area (Zhang et al., 2014), while the S-wave
tomography reveals that the Abaga volcanic area shows an obvious
low velocity anomaly LV1 within the depth range of 40–70 km, thus
indicating that there may be partial melting in the Abaga volcanic
area within this depth range. The AA’ profile in Figure 9 also shows
that there is a low velocity anomaly LV1 above the high velocity
anomaly HV2 of the upper mantle in the Abaga volcanic area. Its
distribution direction is the same as that of the Abaga volcanic group
on the surface, that is NW-SE. Moreover, it crosses the boundary in
the northwest direction, and extends to the south central Mongolia;
then extends southeast to the crustal thinning area and the exposed
position of the Abaga volcanic group on the surface. Furthermore, it
speculates that the low velocity anomaly LV1 may be an upwelling
asthenosphere, which is also mutually supported by the above
inference that there may be basic magma underplating in the
lower crust of the Abaga volcanic area.

The existing tomography research results show that the low
velocity anomaly in the Gobi Desert in central and southern
Mongolia may have the same heat source as the Dariganga
volcano connected to the north of the Abaga volcanic group
(Zhang et al., 2014). The geochemical results show that the age
of Abaga volcanic group and Cenozoic basalt is gradually younger
from northwest to southeast (Ho et al., 2008), while the Cenozoic
basalt in the whole NCC-Mongolia-Baikal Lake area has similar
geochemical properties (Barry and Kent, 1998), which suggests that
Abaga volcanic group, Dariganga volcano and South Gobi of
Mongolia have the same magma source. Considering that the
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flow direction of the asthenosphere thermal material LV1 is from
northwest to southeast, this paper speculates that the magma source
of the Abaga volcanic group is from the direction of the Mongolian
plateau, that is, the large-scale lithospheric delamination in the study
area provides a channel for the Mongolian plateau to transport
mantle magma to the Abaga region in Inner Mongolia, then large-
scale Cenozoic basalt magma flows up to the crust-mantle boundary
along the NW-SE trend, bringing underplating in the lower crust.
Finally, the magma rises to the surface by forming a large-scale
volcanic eruption from northwest to southeast in the Abaga
volcanic area.

4.3 The origin of honggeertu volcano

The 100 km and 150 km horizontal slices in Figure 8 show
that most of the western part between South Gobi and
Honggeertu volcano has large-scale low velocity anomaly.
Although having limited inversion depth of the surface-wave
method, it cannot obtain a deeper S-wave velocity structure,
while the location of this low velocity anomaly is roughly the
same as that of the large-scale low velocity anomaly found by Li
et al. (2006); Li and Van der Hilst. (2010) in East Asia. Their
research shows that the low velocity anomaly can be traced
continuously to the lower mantle from a depth range of about
100 km, which seems to be a unified whole with the low velocity
anomaly under the Datong volcano 200 km south of Honggeertu
in the upper mantle (Li et al., 2006; Li and Van der Hilst. 2010).
On a larger scale, the southern part is close to the Ordos block
(Figure 1). The results of previous studies show that the Ordos
block is a high velocity anomaly within the depth range of
100–150 km (Huang and Zhao, 2006; Li et al., 2006; Tian
et al., 2009; Obrebski et al., 2012), thus forming a clear
contrast with the large-scale low velocity anomaly in the
western part. In addition, body-wave imaging shows that the
low velocity anomaly beneath the Datong volcano tends to
extend westward (Ding et al., 2009; Tian et al., 2009; Lei,
2012). Therefore, the inversion results in this paper still do
not rule out the conclusion obtained by using the NM array data
previously (Hou et al., 2019), that is, the low velocity anomaly
under South Gobi of the Mongolian Plateau and the deep
material of Honggeertu volcano and even Datong volcano
may have connectivity or interaction, or both may come from
the upwelling of the same thermal region.

In addition, the profile BB’ in Figure 9 shows that there is a
low velocity anomaly LV2 above the high velocity anomaly
HV3 of the upper mantle in the Honggeertu volcanic area,
which extends up to the exposed position on the surface, then
extends down to the asthenosphere below the high velocity
anomaly HV1 in the southeast of the study area, indicating
that LV2 may represent the asthenosphere thermal material
upwelling of small-scale mantle convection. It can be seen
from the profile AA’ that the low velocity anomaly LV2 is not
horizontally connected with the asthenosphere thermal material
LV1 under the Abaga volcanic group, suggesting that the magma
source of LV2 is not from the Mongolian Plateau as LV1. This
paper speculates that its genesis may be the lithospheric
delamination of Songliao Basin, which has formed secondary

local mantle material upwelling in the southern area of Abaga
volcanic group (Guo et al., 2016), and supplied Honggeertu
volcano along the NEE-SWW direction through the low
velocity channel formed by lithospheric delamination
HV1 and HV3. To sum up, on the basis of including that
Honggeertu volcano and the south Gobi in the Mongolian
plateau may have the same magma source in the depth, there
may also be other local heat sources, that is, local mantle material
upwelling formed by the lithospheric delamination of the
Songliao Basin.

5 Conclusion

In this paper, the vertical continuous data recorded by 36 and
25 broadband mobile seismic stations in Abaga Volcanic Group
from October 2012 to May 2015 (NM array) and October 2017 to
October 2018 (AB array) are used together for the first time. Then,
15,157 high-quality fundamental Rayleigh-wave phase velocity
dispersion curves are extracted by using the frequency-time
analysis (Wu et al., 2009) based on continuous wavelet
transform. The 2-D linear inversion method (Ditmar and
Yanovskaya, 1987; Yanovskaya and Ditmar, 1990) is adopted to
reveal the Rayleigh-wave phase velocity distribution of 10–80 s
period with the resolution of 0.5°×0.5° in study area. Finally, the
3-D S-wave velocity structure of the crust and upper mantle in the
Abaga volcanic area of Inner Mongolia is obtained by using the
surface-wave tomography method. The S -wave velocity anomaly
results show that:

(1) There is a high velocity abnormal structure in the depth range of
80–140 km below the Abaga volcanic group, with significant low
velocity abnormal structure above the high velocity anomaly.
This abnormal structure reflects that lithospheric delamination
may have occurred in the Abaga volcanic area, which speculates
that the low velocity anomaly may reflect the upwelling
asthenosphere.

(2) The low velocity anomaly of the crust and upper mantle of the
Abaga volcanic group extends along the NW-SE direction,
crosses the boundary to the northwest, and extends to the
South Gobi of the Mongolian Plateau; it extends southeast to
the crustal thinning area of the study area and the exposed
position of the Abaga volcanic group on the surface. According
to the analysis of previous research results, this low velocity
anomaly may have the same magma source as South Gobi in
Mongolia Plateau.

(3) Within the depth range of 100–150 km, most areas in the
western part show large-scale low velocity anomaly, with low
velocity anomaly connected up and down on the east side of
Honggeertu volcano. This low velocity anomaly connects the
asthenosphere and the exposed position of Honggeertu volcano
on the surface, indicating that there may be a NEE-SWW
upwelling channel at this position. It is not ruled out that
Honggeertu volcano may have the same magma source as
South Gobi in the Mongolian Plateau in the depth, since
there may also be other local heat sources, that is, secondary
mantle material upwelling from the lithosphere of Songliao
Basin.
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