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S U M M A R Y
The Qinling–Dabie orogenic belt, which contain the arc-shaped Dabbashan orocline and is
the world’s largest belt of HP/UHP metamorphic rocks, formed by a long-term complex
amalgamation process between the North China Block and the Yangtze Block. To understand
the collision processes and tectonic evolution, we constructed a 3-D S-wave velocity model
from the surface to a depth of ∼120 km in the eastern Qinling-Dabie orogenic belt and
its adjacent region by inverting 5–70 s phase velocity dispersion data of Rayleigh waves
extracted from ambient noise data. Our 3-D model reveals low velocities in the middle–
lower crust and high velocities in the upper mantle beneath the orogenic belt, suggesting the
delamination of the lower crust. Our results support a two-stage exhumation model for the
HP/UHP rocks in the study area. First-stage exhumation was caused by the slab breaking
away from the subducted Yangtze Block during the Early–Middle Triassic. Partial melting of
the lithospheric mantle caused by slab breakoff-related asthenospheric upwelling weakened
the lithospheric mantle beneath the orogenic belt, and continued convergence of the two
continental blocks led to further thickening of the lower crust. Such processes promoted
lower-crust delamination, which triggered the second-stage exhumation of the HP/UHP rocks.
In the Dabbashan orocline, two deep-rooted high-velocity domes, that is, Hannan–Micang
and Shennong–Huangling domes, acted as a pair of indenters during the formation stage.
High-velocity lower crust was observed beneath the Dabbashan orocline. In addition, our
3-D model reveals that high-velocity lithospheric mantle extends from the Sichuan Basin to
the Dabbashan orocline, with a subhorizontal distribution, providing strong support for the
high-velocity lower crust. We also observed the destruction of lithospheric mantle beneath
the Yangtze Block; the destruction area is bounded by the North–South Gravity Lineament,
suggesting that the destruction mechanism of the Yangtze Block may be similar to the North
China Block.

Key words: Asia; Seismic noise; Seismic tomography; Crustal structure; Dynamics of litho-
sphere and mantle.

1 I N T RO D U C T I O N

The Qinling-Dabie orogenic belt (QDOB) is a suture zone in Cen-
tral China that formed by a long-term complex amalgamation pro-
cess between the North China Block (NCB) and the Yangtze Block
(YZB) in Central China. It is one of the most important collision
orogenic belts in East Asia and has a complex lithospheric structure
(Zhang et al. 1995; Meng & Zhang 2000; Ernst et al. 2007; Dong

et al. 2011, 2015; Teng et al. 2014; Meng 2017). Multistage tec-
tonic evolution and continuous inland collision resulted in strong
and complex compression deformation (Zhang et al. 1996b; Hu
et al. 2012). The QDOB is also the world’s largest belt of HP/UHP
metamorphic rocks, making it an ideal laboratory for studying the
inland collision, deep subduction processes of the orogenic belt, and
distribution of metal mineral resources in the mainland of China
(Mattauer et al. 1985; Enkelmann et al. 2006; Ernst et al. 2007;

1294
C© The Author(s) 2021. Published by Oxford University Press on behalf of The Royal Astronomical Society. All rights reserved. For
permissions, please e-mail: journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/228/2/1294/6378898 by guest on 24 April 2024

mailto:shxzhang@sgg.whu.edu.cn
mailto:mkli@sgg.whu.edu.cn
mailto:journals.permissions@oup.com


Lithospheric structure in East Qinling-Dabie 1295

Wang et al. 2013a, b; Teng et al. 2014; Jiang et al. 2016; Si et al.
2016; Song et al. 2018).

During the past decades, numerous studies have been conducted
from a variety of aspects to establish the fundamental framework
for the evolution of the QDOB and the exhumation mechanism of
HP/UHP metamorphic rocks. Based on comprehensive analyses of
the geophysics, surface geology, and geochemistry, a ‘flyover-type’
lithospheric structure of the Qinling orogenic belt was proposed
to describe its complex deformation (G. Zhang et al. 1996a). The
‘flyover-type’ model suggested a vertical layered structure contain-
ing an upper layer with E–W striking structural lineaments, a flat
and rheologically distinct middle layer, and a lower layer character-
ized by N–S striking zones of geophysical anomalies (Song et al.
2018). Studies based on the geochemical characteristics (Gao et al.
1999), surface wave tomography (Guo & Chen 2017; Song et al.
2018) and receiver functions (He et al. 2014a; Huang et al. 2014)
suggested that the QDOB may have experienced lower crust de-
lamination, which is considered to be a critical process during the
evolution of the orogenic belt. By using ambient noise tomography
in the DBO, Luo et al. (2018) suggested a two-stage exhumation
process of HP/UHP metamorphic rocks which were first exhumed
to the middle-to-lower crust from great depths by buoyancy during
the continental collision processes and then exhumed to the sur-
face in an extension environment associated with the doming and
magmatism.

In recent years, the Dabashan orocline (DBS), which is located
south of the Qinling orogen, and has a tectonic style similar the
Himalaya orocline, has received extensive attention due to its gas/oil
potential and classic orocline geometry (Shi et al. 2012; Song et al.
2018). However, the deep structures of the DBS and the relation
between the DBS and SCB remain unclear.

Although tremendous studies have previously been conducted
in QDOB, there is a lack of research about the entire orogenic
belt (Si et al. 2016). To the best of our knowledge, most of the
regional velocity models of QDOB mainly focused on the crustal
structures. The deep structure of the orogenic belt mainly depends
on the velocity model published for mainland China, which has a
lower resolution at regional scale. Therefore, high-resolution deep
structure maps are necessary to further illuminate the evolution of
the QDOB.

In this study, we utilized continuous seismic data from 84 perma-
nent and seven portable stations in the eastern QDOB and adjacent
areas to construct a regional-scale crust–upper mantle S-wave ve-
locity model. Permanent stations were mainly deployed by the China
Earthquake Administration. The portable stations are equipped with
broadband sensors (Trillium 120/120P) deployed by Wuhan Uni-
versity (WHU). We estimated the Rayleigh wave phase velocity
dispersion curves at periods ranging from 5 to 70 s, and then in-
verted them to obtain a new 3-D velocity model for the crust and
upper mantle. The crustal and mantle structures revealed in this
study provide insights into the intracontinental deformation of the
eastern QDOB.

2 DATA P RO C E S S I N G A N D P H A S E
V E L O C I T Y M E A S U R E M E N T

2.1 Seismic data and processing

We collected continuous seismic data recorded at 84 permanent
stations (black triangles in Fig. 1) of the China Earthquake Admin-
istration from January 2014 to December 2018 and seven portable

broadband stations (blue triangles in Fig. 1) of the WHU from
January 2016 to December 2018. Data available for this study are
shown in the Fig. S1.

In this study, we only used the Z components to extract
Rayleigh wave dispersion curves. Following the standard noise
cross-correlation processing procedure (Shapiro & Campillo 2004;
Bensen et al. 2007), we first merged the data fragments and gen-
erated daily segments at each station. The daily records were then
decimated to 1 Hz and the trend, mean value, and instrument re-
sponse were removed before the data were further filtered from 2
to 100 s. Cross-correlation functions (CFs) of all station pairs were
computed using the MSNoise package (Lecocq et al. 2014), 1 hr
time windows, and a 30 min overlap. To reduce the effects of earth-
quake signals, we applied a windsorizing of three times the root
mean square (RMS) to each time window (Lecocq et al. 2014) and
spectral whitening in the period range of 2–100 s. Daily CFs were
formed by stacking all hourly CFs to improve the stability of the
daily CFs and enhance the signal-to-noise ratio (SNR, Wang et al.
2017; Clements & Denolle 2018). The CFs sorted by the intersta-
tion distance are shown in Fig. 2. Clear Rayleigh wave signals with
a velocity of ∼3 km s–1 were observed.

2.2 Measurement and quality control of dispersion curves

Before extracting the dispersion curve of each station pair, we esti-
mated the average dispersion curve by combining all station pairs
(all CFs) based on the method proposed by Prieto et al. (2009) as the
reference dispersion curve to help to solve the 2π ambiguity of the
phase velocity (cycle skipping). Rayleigh wave phase and velocity
dispersion data with periods of 5–70 s were extracted based on the
spectral method developed by Ekström et al. (2009) according to
Aki’s theory (Aki 1957) using a package modified from GspecDisp
(Sadeghisorkhani et al. 2018). The spectral method overcomes the
limitation that the interstation distances must be longer than three
wavelengths, as required by the time-domain method.(Yao et al.
2006; Bensen et al. 2007; Lin et al. 2008). In the spectral method,
this limitation is reduced to approximately one wavelength (Ek-
ström et al. 2009; Tsai & Moschetti 2010), which allows us to
obtain dispersion curves with a broader frequency band.

To identify and reject erroneous measurements and obtain reliable
tomographic results, we used the SNRs of CFs and the interstation
distance as criteria for the data selection. The interstation distances
must be longer than 1.2 times the wavelength. The period-dependent
SNR of Rayleigh waves is defined as the ratio of the peak amplitude
in the window of the Rayleigh wave signal to the RMS of the trailing
noise for each Gaussian narrow bandpass-filtered CF. The time
window of the Rayleigh wave signal is calculated by dividing the
interstation distance by a phase velocity range of 2.5–4.5 km s–1. The
time window of noise was 300 s at the end of the CFs. We retained
only CFs with a SNR >10. During tomography, we further discarded
phase velocity measurements with traveltime residuals larger than
3 s. Based on the above-mentioned quality control measures, 3733
high-quality dispersion curves were obtained in the 5–70 s band, as
shown by the grey lines in Fig. 3.

We compared the average measured dispersion curve (black line
with error bar in Fig. 3) with the dispersion curve extracted from
the velocity structure of mainland China (cyan dotted line in Fig. 3)
proposed by Bao et al. (2015a) and the Hubei regional curve es-
tablished by Wu et al. (2020) based on teleseismic event data (blue
dotted line in Fig. 3). Our results are very similar to those of previous
studies, indicating the accuracy of our measurements.
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Figure 1. Tectonic map and station distribution in study region. The black rectangle in the lower left inner figure shows the location of the study region in
China. The area surrounded by the dark grey dashed line is the main area for tomography. The black triangles represent permanent stations (84), and the blue
triangles represent portable stations (7). The yellow stars show location of Three Gorges Dam. The red dots show locations of data fittings in Fig. 10. The
black dashed lines denote the North–South Gravity Lineament (NSGL). The thick black lines are the plate and geological unit boundaries. The thin black lines
represent faults (modified from Liu et al. 2005 and Zhang et al. 2009). The main geological units in the study area include Yangtze block (YZB) and North
China block (NCB), Jianghan basin (JHB), Nanyang basin (NYB), Sichuan basin (SCB), Eastern Qinling Orogenic belt(EQL), Dabashan orocline(DBS),
Tongbai-Hongan Orogenic belt (THO), Dabie orogenic belt (DBO), Shennong-Huangling dome (SNHL) and Hannan-Micang dome (HNMC).

Fig. 3 also shows the phase velocity dispersion curves available at
different periods. The number of measured phase velocities reached
a maximum of ∼3500 at a period of 20 s and diminished towards
both longer and shorter periods due to the fast attenuation of the
short-period surface wave energy at short-periods, scattering effect
of the complex crustal structure and the limitation of the interstation
distance. The ray path coverage of the 8, 20, 40 and 60 s periods
is shown in Fig. 4. In most parts of the target area, the ray path
coverage is relatively dense and evenly distributed.

3 P H A S E V E L O C I T Y T O M O G R A P H Y

We divided the study region into a mesh with a grid size of 0.5◦ ×
0.5◦ and used the surface wave tomography (SWT) package devel-
oped by Ditmar & Yanovskaya (1987) and Yanovskaya & Ditmar
(1990) to invert the measured phase velocity dispersion data for
velocity variation maps at 5–70 s. The SWT is a fast and robust
method that has been successfully applied to seismic ambient noise
tomography and surface wave tomography (Luo et al. 2012, 2013;
Guo et al. 2013; Zhang et al. 2014; Brandmayr et al. 2016; Wu et al.
2016; Li et al. 2017b).

We tested several regularization parameters to identify the op-
timal value, which balances the smoothness and variance of the
solutions. The histograms of data residuals of interstation Rayleigh
wave traveltimes are plotted in Fig. 5 for 8, 20, 40 and 60 s with
standard deviations of 0.74, 0.76, 1.31 and 1.46 s, respectively. The
standard deviations of the traveltime residuals at other periods are
similar.

The evaluation of the resolution is critical for ensuring the ra-
tionality of the inversion parameters and estimating the minimum
discernible features (Wu et al. 2020). The resolution of the surface
wave tomography primarily depends on the coverage and azimuthal
distribution of interstation paths. Yanovskaya (1997) proposed the
use of the mean size and the stretching of an averaged area for the
estimation of the lateral resolution. The averaged area and stretch-
ing represent the correlation length and the azimuth distribution of
ray paths, respectively. In this study, we used this method to obtain
the resolution maps at 8, 20, 40 and 60 s (Fig. 6). The results show
that the resolution at 8–40 s is ∼25–40 km in most parts of the
study area, and gradually degrades towards the fringes, where the
path coverage becomes sparse. The resolution at 60 s is ∼60–80 km
because the ray path number is smaller than that at shorter periods.

We also conducted traditional checkerboard tests to further verify
the resolution and robustness of the tomographic inversions (Saygin
& Kennett 2010; Borah et al. 2014; Wu et al. 2020). The input model
was constructed with a ±6 per cent phase velocity perturbation of
the average phase velocity within each 1◦ × 1◦ grid. We calculated
the synthetic traveltimes along the path for all station pairs at each
period and added random Gaussian noise of 1 per cent to the data.
Subsequently, the synthetic velocity model was inverted by using
the same inversion parameters as those used for actual data to obtain
the retrieved model. Fig. 7 shows the results of the checkerboard
tests. Anomalies with a size of 1◦ × 1◦ can be recovered well in
most parts of the study area. The checkerboard test revealed that
the lateral resolution of the study area is ∼50 km, which is half the
length of the checkerboard grid size (Lebedev & Nolet 2003). The
estimated resolution and results of the checkerboard test indicated
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Figure 2. CFs in −700 to 700 s time window filtered between periods of 8–75 s. The grey dash lines display a velocity moveout of 3 km s–1.

that it is reasonable to perform tomographic inversion by dividing
the study area into 0.5◦ × 0.5◦ grids.

Fig. 8 shows the variation maps of the phase velocities at periods
of 8, 20, 40 and 60 s. The phase velocities at the periods of 8 and
20 s (Figs 8a and b) are principally influenced by the structure of
the upper-to-middle crust (∼5–30 km), and they are consistent with
geological units with low-velocity anomalies in basins and high-
velocity anomalies in mountains. Note that the velocity is relativity
low beneath DBS, which is consistent with the result of Song et al.
(2018), Luo et al. (2020) and Zhao et al. (2021).

At the period of 40 s (Fig. 8c), the imprint of the shallow geo-
logical units is gradually reduced, and the phase velocities mainly
show the characteristics of depth range of ∼60–80 km. It is notable
that the vicinity THO and DBO shows continuous high-velocity
anomalies. The result is similar to those of K. Zhao et al. (2021) at
40 s. In addition, the DBS and adjacent region show low-velocity
anomalies at this period, which is consistent with the result of Luo
et al. (2020). Prominent low-velocity anomalies are also observed
beneath the NCB.

At the period of 60 s (Fig. 8d), corresponding with upper mantle
depths (∼80–120 km), the high-velocity anomaly can be observed
beneath THO and DBO. The low-velocity anomaly still exists be-
neath the NCB. In addition, the low-velocity anomaly beneath north
of YZB at 40 s still exists at 60 s and the area is gradually increased,
which may relate to the lithosphere destruction.

4 3 - D S - WAV E V E L O C I T Y S T RU C T U R E

4.1 Model parametrization and S-wave velocity inversion

To construct a 3-D Vs model from the phase velocity maps, we
adopted an iterative linearized least-squares inversion scheme of
surf96 (Herrmann & Ammon 2004; Herrmann 2013) to invert the
local dispersion curve at each tomographic grid of a 1-D velocity
profile. All the 1-D profiles were combined to create a 3-D S-wave
velocity model of the crust and upper mantle.

The results of previous studies showed that the inversion result
suffers from a trade-off between the Moho depth and S-wave veloc-
ity (Chen et al. 2014; Wu et al. 2016). The choice of a proper initial
Vs model is vital for obtaining a reliable S-wave velocity structure
(Luo et al. 2012). We construct an initial models (M1) by combin-
ing the crustal and mantel structures derived from the 3-D Litho 1.0
model (Pasyanos et al. 2014) and the Moho depth (Fig. S2) derived
from the receiver function (He et al. 2014b).

First, we determined the anchor node for each layer according
to the Litho 1.0 and the Moho depth. Smooth models were then
obtained based on the spline interpolation of each node. Finally, we
divided the interpolated model into several sublayers. To ensure a
consistent vertical resolution, the model above 50 km was divided
by 2 km and the model below 50 km was divided by 5 km, as shown
in Fig. S3.
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Figure 3. Measured dispersion curves (grey solid line) and the corresponding average values (black solid line) with the associated standard deviation (black
bars), respectively. The red dotted line represents the reference dispersion curve used in this study. The blue dotted line represents the result of Wu et al.
(2020). The cyan dotted line represents the result of Bao et al. (2015a). Black histograms represent number of the Rayleigh wave phase velocity dispersion
measurements at different periods.

In addition, we also constructed an initial model M2 for compar-
ison. In contrast to the M1 models, the M2 model is a thin-layer
model without a priori Moho depth and S-wave velocity. The ve-
locities of the crust and upper mantle were set to ∼4.5 km s–1. From
the surface to a depth of 50 km, the layer thickness was 2 km; it
changed to 5 km below 50 km. A similar strategy to construct an
initial model was used in the literature (Bao et al. 2013; Chen et al.
2014; Wu et al. 2020).

In both models, the influence of the sedimentary layer was ig-
nored. The fundamental mode of the Rayleigh wave phase velocity
is mainly sensitive to the S-wave velocity structure at a depth of
one-third to half of the wavelength (Li et al. 2009). The Vs sensitiv-
ity kernels of the Rayleigh wave phase velocity are shown in Fig. 9.
The most sensitive depth range is ∼100–140 km at 70 s. Therefore,
we were able to obtain a reliable S-wave velocity structure of the
upper 120 km.

To determine the influence of the initial model and test the in-
version parameters, we carried out inversion tests at points P1–P5
in the DBS, EQL, SNHL, JHB and DBO, respectively (red dots
in Fig. 1). We inverted the S-wave velocity structure at each point
by separately using M1 and M2. The inversion was stopped when
the standard deviation of the dispersion curve misfits was less than
0.01 km s–1. The maximum iteration number was set to 30. During
the first two iterative inversions, the damping value was set to 10 to
avoid an overshoot. Subsequently, the damping value was set to 0.1
to balance the trade-off between the model resolution and the damp-
ing. A similar inversion strategy was used by Chen et al. (2014). The
results are presented in Fig. 10. The general patterns of the results
inverted from M1 and M2 are similar, which proves that our results
are stable and reliable. However, the results inverted from M1 re-
tain the clear Moho constrained by the receiver function result (He

et al. 2014b) and reveal more details of the crustal and upper mantle
velocity structure, which is more consistent with known geological
structural units. Therefore, we used the velocity structure obtained
by using the initial model M1 for further discussion and research.

The test results also reveal that points in different tectonic units
have different S-wave velocity structures. At P1 and P4, a lower
crustal S-wave velocity was observed, which is consistent with the
results reported by Luo et al. (2020). The high S-wave velocity of
the upper crustal at P3 may be related to the granite in the SNHL
(Luo et al. 2020). The high velocity observed in the upper crust at
P5 in the DBO agrees with the studies of crustal seismic reflections
and the surface geology (Hacker et al. 2000) and may be related to
the exposure of HP/UHP metamorphic rocks.

At the depth range between the Moho and 120 km, the highest
S-wave velocity was obtained at P2 in EQL. Similar patterns were
obtained for P3 and P4. A decrease below 100 km may indicate
LAB beneath these two points. The velocity at P1 increases with
the depth and reaches the maximum (∼4.6 km s–1) at ∼110 km,
which is consistent with the results reported by Jiang et al. (2013).

We inverted the S-wave structure of the study region with a grid
spacing of 0.5◦ × 0.5◦ using the initial model M1 and the same
inversion strategy as that used for the initial model test. Because
of the limited vertical resolution of surface wave tomography at
individual depths (Song et al. 2018), we report averaged Vs values
for different depth ranges of 5–10, 10–20, 20–30, 30–40, 40–60, 60–
80, 80–100 and 100–120 km (Fig. 11). We also provide the results
from the inversion using M2 for the same depth ranges as those
shown in Fig. 11 for comparison (Fig. S4). Although the inversion
results based on the use of the two different initial models have
different features in detail at each depth range, the general pattern is
similar, which confirms the robustness of our inversion procedure.
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Figure 4. Path coverage of Rayleigh wave phase velocity measurements at 8, 20, 40 and 60s periods. Red triangles show the locations of the stations. Grey
line indicates the boundary of provinces, central China.

4.2 3-D MODEL FOR S-WAVE VELOCITIES

Based on our newly developed 3-D S-wave velocity model, we can
discuss the lithospheric structure and the geodynamic evolution of
the study area.

At depths of 5–10 km (Fig. 11a), the velocity variations are
consistent with the shallow geological units. The low-velocity zones
(LVZs) in the basins are closely related to weak sedimentary layers.
The high-velocity zones (HVZs) beneath the DBO and THO may be
due to the exposure of HP/UHP metamorphic rocks (Wu & Zheng
2013; Guo & Chen 2017; Song et al. 2018). The HNMC and SNHL
exhibit high-velocity anomalies. There are relatively low-velocity
anomalies in the DBS, which are bounded by the high-velocity
anomalies of the HNMC and SNHL, which agrees with the results
of Song et al. (2018) and Luo et al. (2020).

At depths of 10–20 km (Fig. 11b), the velocity structures are
similar to those in Fig. 11(a), but the contrast is stronger. Prominent
LVZs can be observed beneath the JHB, NYB and SCB. Two HVZs
exist beneath the HNMC and SNHL domes.

At depths of 20–30 km (Fig. 11c), the velocity structure displays
several different details, as shown in Figs 11(a) and (b). The LVZ
beneath the JHB fades away, and gradually weaken in NYB. Based
on the comparison of Figs 11(a), (b) and (c), the velocity feature
beneath the DBO exhibits high anomalies in the upper crust, which
decrease in the middle and lower crust. This feature was also re-
ported by Yuan et al. (2003), Luo et al. (2012) and Zhao et al. (2021).

Slice at depths of 30–40 km (Fig. 11d) represent structures in
the lower crust or the uppermost mantle. Two consecutive HVZs
beneath the HNMC and SNHL domes almost vanish. In this depth

range, distinct E–W trending variations in the velocity structures
appear and the boundary between high- and low-velocity structures
is in good agreement with the surface topography and map of the
crustal thickness (Fig. S2), which implies that the eastern areas
reach the uppermost mantle, whereas the western areas do not.

At depths of 40–60 km (Fig. 11e), the S-wave velocities are
greater than ∼4.0 km s–1, indicating that the mantle has been reached
in most parts of the study area. Occasionally, relatively low-velocity
anomalies can be observed beneath DBS, THO and DBO whereas
the velocity anomalies are relatively high in the majority of the
study area.

At depths of 60–120 km (Figs 11f–h), several distinct variations
in the velocity structures can be observed. First, the general velocity
structure differs from that in the shallower depth range. Secondly,
a prominent strip-shaped HVZ, marked as HVZ1 in Fig. 11(g), can
be observed beneath the EQL, NYB, THO and DBO along the
orogenic belt. In addition, HVZ1 gradually vanishes with increas-
ing depth. Third, in the eastern part of the NSGL, notable LVZs,
marked as LVZ1 and LVZ2 in Fig. 11(g), appear in the YZB and
NCB. They become more notable with increasing depth. The low-
velocity structures beneath the SCB, DBS, and EQL in Figs 11(b)
and (c) are replaced with high-velocity structures, marked as HVZ2
in Fig. 11(g), leading to a nearly E–W trending velocity structure
distribution.

In addition to the average velocity slices with a constant depth
range, we also calculated the slices according to the Moho depth
(Fig. S2), as presented in Fig. 12. The slices are referred to as the
upper crust (upper third of the crust; Fig. 12a), middle crust (middle
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Figure 5. The residual of interstation Rayleigh wave traveltimes at 8, 20, 40 and 60 s.

third of the crust; Fig. 12b), lower crust (lower third of the crust;
Fig. 12c), Moho–Moho +20 km depth (Fig. 12d), Moho +20 km–
Moho +40 km depth (Fig. 12e) and Moho +40 km–Moho +60 km
depth (Fig. 12f). In the upper crust, the velocity structure, which is
similar to that shown in Fig. 11(a), correlates well with the surface
geology. The SCB, NYB and JHB are dominated by low velocity,
whereas the HNMC, SNHL, EQL, THO and DBO are dominated
by high velocity. In the middle crust, the LVZ is observed beneath
the JHB, NYB and SCB. The HNMC and SNHL are dominated
by high velocities. In mountainous areas, the EQL, THO and DBO
show relatively low-velocity anomalies that differ from those of
the upper crust. In the lower crust, the average velocity patterns
significantly differ from those in Figs 11(c) and (d). The significant
feature is that the lower crust of the DBS and SCB is dominated
by high-velocity anomalies, whereas the lower crust of EQL, THO
and DBO displays low-velocity anomalies. The average velocities
in the uppermost mantle are shown in Figs 12(d), (e) and (f). In the
Moho–Moho +20 km depth range (Fig. 12d), a high-velocity zone
(HVZ2) can be observed in the western part of the NSGL beneath
the SCB and DBS, whereas a large-scale low-velocity anomaly
was detected in the east of the NSGL (LVZ1). A prominent LVZ
was observed beneath the DBO, THO and EQL. In the Moho +20
km–Moho +40 km depth range (Fig. 12e), the velocity structure
is similar to that shown in Fig. 12(d). The LVZ beneath THO and
DBO in Fig. 12(d) is replaced by a relatively high-velocity anomaly.
In the Moho +40 km–Moho +60 km depth range (Fig. 12f), HVZ1,
HVZ2, LVZ1 and LVZ2 were detected, similar to Fig. 11(g).

To understand our new S-wave velocity model, we extracted
several vertical velocity profiles, which are presented in Figs 13

and 14. The locations of each profile are shown in Fig. 13(a). A
series of significant features was detected in the vertical profiles.

Profiles AA’, BB’ and CC’ are located along the eastern QDOB.
Profile AA’ is located in QDOB, showing relatively high-velocity
anomalies beneath EQL, THO and DOB in the upper crust and low-
velocity anomalies beneath the NYB extending to ∼20 km. Another
notable feature is the remarkably high-velocity anomaly (HVZ1; Vs

≥4.6 km s–1) in the depth range of ∼60–120 km, which deepens
gradually from west to east and presents wavy undulation at the
basin-range junction around NYB. This HVZ was also recognized
in the models of USTC (Xin et al. 2019) and Bao (Bao et al. 2015a).
Profile BB’ includes the HNMC, SNHL, DBS and the frontier of
YZB. The two domes show high-velocity anomalies that extend
from the near-surface to the lower crust, whereas DBS shows low-
velocity anomalies in the upper crust. Significant features in the
upper mantle, are the high-velocity zone (HVZ2) in the west and
low-velocity zone (LVZ1) in the east. The boundary between the
HVZ2 and LVZ1 is highly consistent with the changes in the surface
topography and NSGL. We assume that this remarkable feature is
related to the destruction of lithospheric mantle in the eastern YZB.
Profile CC’ includes the HNMC, SNHL, the front of the DBS,
and JHB, respectively. The HNMC and SNHL domes show high-
velocity anomalies that extend from the near-surface to the lower
crust, whereas DBS and JHB exhibit low-velocity anomalies in
the upper crust. Note that the lower crust exhibits high-velocity
anomalies in the front of DBS. In the upper mantle, we can still
observe the HVZ2 west of the NSGL.

Profiles DD’, EE’, FF’ and GG’ are in the west of the NSGL. The
high-velocity structure beneath the SNHL is clearly delineated in
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Figure 6. Resolution maps obtained from the mean size of the averaging area in km at 8, 20, 40 and 60 s periods.

profiles FF’ and GG’. The continuous high-velocity anomalies of the
lower crust beneath the SCB extend to the DBS, which is also shown
in Fig. 12(c). The low-velocity anomalies beneath the DBS can be
clearly delineated in profile EE’. In addition, a large-scale high-
velocity zone (HVZ2; Vs ≥4.6 km s–1) can be observed in the upper
mantle. It gradually weakens from west to east (from DD’ to GG’).

Profiles HH’, II’, JJ’ and KK’ are in the east of the NSGL. The
JHB is characterized by low-velocity anomalies, while the moun-
tainous regions, such as THO and DBO, are characterized by rel-
atively higher velocity anomalies in the upper crust. The velocity
structure of the upper mantle differs from that in the western sec-
tion, which is more complex. The HVZ1 can be clearly observed
beneath THO and DBO. Significant upwelling of the LVZ1 next to
the HVZ1 was observed beneath THO and DBO in these profiles,
except for profile KK’, which is located east of DBO. In addition,
we observed high-velocity segments, marked as HVZ3, beneath the
YZB, with a slightly lower velocity is than that of HVZ1.

5 D I S C U S S I O N

5.1 Destruction of lithospheric mantle in the YZB

It has been widely accepted that the lithosphere beneath the eastern
portion of the NCB has suffered extensive thinning and destruction
since the Mesozoic (Gao et al. 2009; Xu et al. 2013; Yang et al.

2018). In the past, numerous studies focused on the lithospheric
destruction of the NCB, but relatively few studies have been con-
ducted to analyze the lithospheric destruction of the YZB (Li et al.
2015c). However, based on S-to-P converted waves from over a
thousand seismic stations in China, the lithosphere thickness was
determined to be ∼80 km below both the eastern NCB and YZB
(Shen et al. 2019). By reviewing and comparing the tectonic history
and lithospheric structure of the YZB and NCB using geophysical,
geological and geochemical data, Li et al. (2015c) suggested that
the eastern part of the YZB has been destroyed.

In our newly proposed S-wave velocity model, large-scale low-
velocity anomalies (LVZ1 and LVZ2) beneath the YZB and NCB
appear below 60 km (Figs 11f–h), which may imply the destruc-
tion of the lithospheric mantle. In profiles BB’ (Fig. 13c) and CC’
(Fig. 13d), a prominent LVZ (LVZ1) can be observed below the
Moho. The LVZ1 in the east and HVZ2 in the west are bounded
by the NSGL, which means that the destroyed areas are bounded
by the NSGL in the west. This feature indicates that the destruction
mechanism of the YZB may be similar to the NCB. In profile HH’–
KK’ (Figs 14e–h) in the east of the NSGL, HVZ3 can be observed
in the upper mantle of the YZB, with velocities that are slightly
lower than that of HVZ1 beneath the QDOB, and may represent the
remnant of the destruction of the lithospheric mantle. The destruc-
tion mechanism may be different from that of the orogenic belt.
However, additional research is required to confirm the destruction
mechanism.
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(c) (d)

(e) (f)

Figure 7. Checkerboard resolution tests and recovery for phase velocities for 10, 20, 30, 40 and 60 s. (a) Input synthetic checkerboard model (anomaly size
1◦ × 1◦) and (b–f) are recovered models at five different periods.

5.2 Lower crust delamination in the east QDOB and
exhumation of HP/UHP metamorphic rocks

The QDOB is the world’s largest belt of HP/UHP metamorphic
rocks, which marks an irregular suture between the NCB and YZB.

Its tectonic evolution is diachronous in time and inhomogeneous
in space (Li et al. 2017a). Due to the wide exposure of UHP/HP
metamorphic rocks in the DBO, extensive research has been carried
out in this area (Luo et al. 2012, 2013, and their references). Results
of recent research showed that the UHP/HP metamorphic rocks in
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THO metamorphic zones have the same ages and characteristics as
those in the DBO. These rocks can thus be considered to be coherent
(Liu et al. 2008, 2015; Wu 2009).

Receiver function and surface wave tomography revealed low-
velocity lower crust with lower Vp/Vs ratio beneath the EQL, which
indicates that the main composition of the lower crust beneath the
Qinling orogen is felsic and the mafic lower crustal layer may have
been delaminated in the past (Guo & Chen 2016, 2017). This infer-
ence is supported by the models proposed by Song et al. (2018)
and Luo et al. (2020). In our newly proposed S-wave velocity
model, low-velocity lower crust appears in the EQL, THO and DBO
(Fig. 12c). Moreover, the Vp/Vs ratio is lower both in EQL, THO
and DBO (Luo et al. 2020; He et al. 2014a, b). Thus, we suggest
that the lower crust delamination may not only occur in EQL, but
also in THO and DBO, which is also confirmed by geochemical,
petrological and geochronological analyses (Gao et al. 1999; Zhang
et al. 2013; Niu & Jiang 2020). The high velocity in the upper crust
reflects the intrusion of HP/UHP metamorphic and/or igneous rocks
(Hu et al. 2020) and the low velocity in the middle to lower crust
reflects the detachment of the mafic lower crustal layer. In addition,
the flat Moho and the thin crust beneath EQL, THO and DBO (thin-
ner than global continental crust, Fig. 13b) indicate that there is no
mountain ‘root’ or minor mountain ‘root’ partially retains beneath
the eastern QDOB (Kern et al. 1999; He et al. 2014a,b), which also
supports the lower crust delamination in this region.
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Figure 10. Inverted models and data fit at point P1, P2, P3, P4 and P5. The first row represents the initial model. M1 is constructed by combined the crustal
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In the uppermost mantle, our model reveals low velocities beneath
EQL, THO and DBO. The low-velocity layer gradually thickens
from west to east (Figs 12d and 13b). Beneath the low-velocity layer,
we can observe a clear HVZ (HVZ1; Vs ≥ ∼4.6 km s–1), which can
also be observed in Figs 12(e) and (f) and 14(e)–(h). Based on
the results of Gao et al. (1999), the delaminated thickness of the
eclogitized lower crust beneath the QDOB is ∼37–82 km, which is
consistent with the spatial scale of the HVZ1 in our model. Lab-
oratory experiments indicate that the seismic velocities of eclogite
in the 800–1000 MPa range are greater than those of the neighbor-
ing mantle rocks (Kern et al. 1999; Wang et al. 2005; Zhao et al.
2011; Zertani et al. 2019). In the profile HH‘–KK’(Figs 14e–h), the
velocity of HVZ1 is higher than that of HVZ3 in the YZB. There-
fore, we infer that the HVZ1 may reflect the eclogitized lower crust
delaminated into the upper mantle in the past.

In addition, the upwelling of the LVZ1 presented in profile AA’,
HH’, II’ and JJ’ due to the lower crust delamination (Gao et al.
1999) may be the reason for the intensive magmatism and the wide
exposure of UHP/HP metamorphic rocks (Zhao et al. 2021).

Geochronological studies and the cooling history of the HP/UHP
rocks suggest that the exhumation of HP/UHP rocks to the surface
may undergo two stages (Li et al. 2005). Based on ambient noise to-
mography, Luo et al. (2012, 2013, 2018) also proposed a two-stage

exhumation process for HP/UHP rocks in the DBO. Our new veloc-
ity model also supports the two-stage exhumation model. During
the Early–Middle Triassic, the YZB and NCB changed from arc–
continent collision to continent–continent collision (Wu & Zheng
2013) and the YZB continental lithosphere was dragged down to a
depth of more than 100 km by the subducting palaeo-oceanic plate
(Wang et al. 2005). Based on continuous subduction, the paleo-
oceanic slab broke away from the subducted Yangtze lithosphere
(Zhao et al. 2021). The HP/UHP rocks were exhumed to the depth
of the middle or lower crust (Ma et al. 1998), which refers to the
first stage of the exhumation process of UHP/HP rocks. We found
a slab-shape HVZ beneath the eastern QDOB at a depth of ∼400
km by using teleseismic P-wave tomography (Jiang et al. 2015; He
& Zheng 2018), which may indicate that the detached subducted
slab sunk to this depth range. Partial melting of the lithospheric
mantle caused by slab breakoff-related asthenospheric upwelling
weakened the lithospheric mantle beneath the orogenic belt (Li
et al. 2015b; Bao et al. 2015b; Oh & Lee 2019) and continued con-
vergence of the two continental blocks (Li et al. 2005) led to further
thickening of the lower crust. Such a process laid the foundation for
the subsequent lower crust delamination of the orogenic belt, which
may have triggered the second stage of the exhumation process of
HP/UHP rocks. Fig. 15 shows a schematic model of the present
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Figure 11. Averaged Vs maps at different depth range. (a) 0–10 km, (b) 10–20 km, (c) 20–30 km, (d) 30–40 km, (e) 40–60 km, (f) 60–80 km, (g) 80–
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Figure 12. Average S-wave velocity slices according to the Moho depth. The upper crust refers to upper third of Moho depth, the middle crust refers to the
middle third of Moho depth, the lower crust refers to lower third of Moho depth.

tectonic scene beneath DBO, which is based on the integration of
our new tomographic results.

The numerical simulation results show that the rate of delam-
ination is closely related to the effective viscosity of the litho-
spheric mantle (Wang et al. 2011; Chen & Huang 2017). The

rheological model of the QDOB revealed that the lithospheric
mantle beneath the central and eastern QDOB is relatively strong
(Deng et al. 2017), which may be responsible for the delam-
inated eclogitized lower crust to remain in the current depth
range.
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Figure 13. Profiles along the eastern QDOB. The white dotted lines represent the Moho depth. Note that different colour bars are for Vs in the crust and
uppermost mantle. The HVZ1, HVZ2 and LVZ1 are consistent with Fig. 11.

5.3 Tectonic implications of DBS

The DBS developed as a typical thrust nappe of the southern Qinling
orogen, which displays an arc shape protruding to the southwest in
the map view and has a general northwestern trend (Hu et al. 2012;
Li et al. 2015a). At present, it is generally believed that the formation
of the DBS and its foreland basin is related to the collision of the
Qinling microplate and YZB in the Late Triassic, but its tectonic
evolution lasted until the Cenozoic (Dong et al. 2008; Hu et al.
2012; Shi et al. 2012)

Two deep-rooted HVZs beneath the HNMC and SNHL domes
were reported based on ambient noise tomography and receiver
function analysis (Jiang et al. 2016; Guo & Chen 2017; Song et al.
2018; Luo et al. 2020) and interpreted as a pair of mechanically rigid
bodies that compressed and blocked the soft sediments in the upper
crust of the Qinling orogen during the formation of the DBS. These
two HVZs are also clearly displayed in our new velocity model
(Figs 11a–c, 12a and b, 13c and d, 14c and d). The LVZ between
the HNMC and SNHL domes gradually enlarges from the upper
crust (Figs 11a and 12a) to the middle crust (Figs 11b and 12b) and
extends from the SCB to the DBS with a gentle dip from south to
north, which may indicate the subduction from the SCB to the DBS
(Si et al. 2016; Song et al. 2018).

A prominent feature in the lower crust beneath the DBS is a
high-velocity anomaly (∼3.9–4.1 km s–1; Figs 12c and 13c) with
thick crust (∼55 km) and high Vp/Vs ratio (∼1.85, S. Luo et al.

2020), which differs from EQL. This feature may indicate mafic
lower crust beneath the DBS. Because of the N–S extrusion, the
amount of crustal shortening across the DBS is >130 km, which is
sufficient to allow the lower crust beneath the DBS to experience
eclogite phase transition and increase the density (Li et al. 2015a).
This may also be the reason for the sustained convergence between
the YZB and NCB.

Structural analysis and deep seismic reflection profile studies
indicate that the southern DBS is a thin-skinned structure (Dong
et al. 2008; Hu et al. 2012; Li et al. 2015a) and several subhorizontal
detachment layers have been found in the crust beneath the DBS (Shi
et al. 2012; Li et al. 2013). In the upper mantle, the high-velocity
lithospheric mantle extends from the northeastern margin of the
SCB to the DBS and reaches Ankang Fault (Figs 12d–f and 14a–
c), which shows the thin-skinned structural characteristics of the
DBS. The HVZ in the upper mantle has a subhorizontal distribution
(Figs 14a and b). The decreasing metamorphic temperatures and
pressures from the DBO through the THO to the EQL indicate
deep subduction in the east and shallow subduction in the west (Liu
et al. 2010; Wu & Zheng 2013). Therefore, we suggest that the
subhorizontal HVZ is due to shallow subduction of the YZB in the
DBS region and provides support for the high-velocity lower crust.

Based on the combination of evidence from previous studies and
our new velocity model, we suggest that DBS is a thrust nappe
structure with high-velocity lower crust, which first formed in the

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/228/2/1294/6378898 by guest on 24 April 2024



1308 Y. Wei et al.

D D’
SCB DBS

E
le

va
ti

on
(k

m
)

D
ep

th
(k

m
)

2
1
0
0

20
40
60
80

100
120
140

31 31.5 32 32.5 33
Latitude(°)

3.2 3.4 3.6 3.8 4.0
Crustal Vs(km/s)

4.1 4.3 4.5 4.7
Mantle Vs(km/s)

4.5

4.6
4.7

4.8

4.7
4.6

4.5

(a)

E E’

E
l e

va
ti

on
(k

m
)

D
ep

th
(k

m
)

0
20
40
60
80

100
120
140

2
1
0

(b)
29.5 30 30.5 31 31.5

Latitude(°)
32 32.5 33 33.5

SCB DBS

4.5
4.6

4.7

4.6

F F’

E
le

va
ti

on
(k

m
)

D
ep

th
(k

m
)

2
1
0
0

20
40
60
80

100
120
140

29.5 30 30.5 31 31.5
Latitude(°)

32 32.5 33

4.5

4.5

4.5

G G’

E
le

v a
ti

on
(k

m
)

D
ep

t h
(k

m
)

0
20
40
60
80

100
120
140

2
1
0

29.5 30 30.5 31 31.5
Latitude(°)

32 32.5 33

4.5

4.5

4.4

4.4
4.3

4.6

4.7

(c) (d)

H H’

E
le

va
ti

on
(k

m
)

D
ep

th
(k

m
)

1

0
0

20
40
60
80

100
120
140

4.6

4.4

4.
4

4.4
4.6

4.3

4.
5

29.5 30 30.5 31 31.5
Latitude(°)

32 32.5 33 33.529

NYB

I I’

E
le

va
ti

on
(k

m
)

D
ep

t h
( k

m
)

0
20
40
60
80

100
120
140

2
1
0

4.4

4.5

4.5

4.4

4.6

4.6

4.
5

JHB

(e) (f)

J J’

E
le

va
t i

on
(k

m
)

D
ep

th
(k

m
)

1

0
0

20
40
60
80

100
120
140

29.5 30 30.5 31 31.5 32 32.5 3328.5 29
Latitude(°)

29.5 30 30.5 31 31.5 32 32.5 3328.5 29
Latitude(°)

4.5

4.5

4.4

4.3

4.
2

4.4

4.5
4.6

E
le

va
ti

on
(k

m
)

D
ep

th
(k

m
)

1

0
0

20
40
60
80

100
120
140

29.5 30 30.5 31 31.5 32 32.528.5 29
Latitude(°)

4.4

4.5

4.
5

4.6

(g) (h)

K K’

SNHL
YZB

YZB YZB
JHB THOTHO

SNHL

Shandan SutureYZB YZB
DBO

Ankang Fault

HVZ1HVZ1

HVZ1 HVZ1

HVZ3

HVZ3

HVZ3

HVZ2 HVZ2

HVZ2

LVZ1 LVZ2

LVZ1 LVZ2

LVZ1

HVZ2

Mianlue Suture Mianlue Suture Shandan Suture

Mianlue Suture Shandan SutureMianlue Suture Shandan Suture

Mianlue Suture Mianlue Suture

Mianlue SutureMianlue Suture
Ankang Fault

Figure 14. Profiles perpendicular to the east QDOB. The white dotted lines represent the Moho depth. Note that different colour bars are for Vs in the crust
and uppermost mantle. The HVZ1, HVZ2, LVZ1 and LVZ2 are consistent with Fig. 11. HVZ3 represent the remnant lithospheric mantle after the destruction
beneath YZB.
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Figure 15. Schematic model for the lower crust delamination and exhumation of UP/HUP metamorphic rocks. HVZ1, HVZ2 and HVZ3 are consistent with
Fig. 11.

Late Mesozoic. The HNMC and SNHL acted as a pair of rigid
blocks, which compressed and blocked the soft sediments in the
upper crust of the Qinling orogen during the formation of the DBS.
The crust vertically accreted during the continued convergence be-
tween the YZB and the NCB may have caused eclogitization phase
transactions in the lower crust that display significant high-velocity
anomalies. In the upper mantle, the high-velocity lithospheric man-
tle extends from the northeastern margin of the SCB to the DBS
and reaches the Ankang Fault with a subhorizontal distribution. That
means that the compression deformation only occurs in the crust in
the DBS, which has thin-skinned structural characteristics due to the
shallow subduction of the YZB. In contrast, in lithospheric mantle,
the collision is similar to flat subduction and provides support for
the high-velocity lower crust.

6 C O N C LU S I O N S

In this study, we constructed a new S-wave velocity model of the
crustal and uppermost mantle beneath the eastern QDOB and its
adjacent areas by using ambient noise tomography and seismic data
from permanent and portable stations. Our S-wave velocity model
reveals low velocities in the upper mantle beneath the YZB and
NCB (LVZ1 and LVZ2), reflecting the lithospheric destruction. In
the orogenic belt, we observed a low velocity anomaly in middle-
lower crust beneath EQL, THO and DBO, whereas a high velocity
anomaly was observed in the lower crust beneath the DBS. In the up-
per mantle, a remarkable strip-shaped HVZ (HVZ1) was observed

beneath the orogenic belt. The main findings of this study can be
summarized as follows:

(1) Similar to the NCB, the lithospheric mantle of the YZB was
destroyed. Based on our S-wave velocity model, the destruction area
of the YZB is bounded by the NSGL.

(2) The low velocity in the middle to lower crust and strip-shaped
HVZ in the upper mantle beneath the EQL, THO and DBO reveal
that lower crust delamination did not only occur in EQL but also
in the THO and DBO. Our results support a two-stage exhumation
model for HP/UHP rocks. The breaking away of the slab from the
subducted YZB during the Early–Middle Triassic caused the first
stage of the HP/UHP rocks exhumation process, and the subsequent
lower crust delamination triggered the second stage.

(3) The HNMC and SNHL acted as a pair of rigid blocks and play
important roles in the formation of the arc-shaped structure of the
DBS. The continued convergence between the YZB and NCB may
have caused the eclogitized lower crust, which differs from EQL.
The lithospheric mantle extends from the northeastern margin of the
SCB to the DBS and has a subhorizontal distribution. It provides
support for the high-velocity lower crust of the DBS, which may
be due to the shallow subduction of the YZB with thin-skinned
structural characteristics.
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