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A B S T R A C T

Investigating the crustal structure at the juncture region of the Tibetan Plateau, the North China Craton, the
South China Block and the Qinling-Dabie Orogen is important to understand processes of uplift of the Tibetan
Plateau and the craton destruction and preservation. In this study, we dropped the H-k stacking of receiver
functions (RFs), RF nonlinear inversion, and joint inversion of RF and surface wave dispersion with multiple
Gaussian factors successively to invert the crustal thickness (H), average Vp/Vs ratio (k) and S-wave velocity in
the juncture region. The imaging results and the synthetic tests of multifrequency H-k stacking were further used
to study the crustal structure and related tectonic evolution. Our results show that the H and k values generally
increase and decrease, respectively, as the Gaussian factor increases in the study region, which is consistent with
synthetic tests of H-k stacking. The cores of the Ordos Block and the Sichuan Basin exhibit a typical cratonic
crust, whereas the Zhongtiao Mountains and adjacent Qinling-Dabie Orogen to the south may have undergone
delamination of the lower crust. Local low-velocity anomalies in the middle-lower crust were observed in the
Western Qinling Orogen and Qilian Orogen, whereas high S-wave velocities in the middle-lower crust were
observed at the juncture region between the Western Qinling Orogen and the Qinling-Dabie Orogen. Our results
suggest that the lower crustal flow is probably restricted to the central area in the Western Qinling Orogen and
does not flow into the Qilian Orogen or the Qinling-Dabie Orogen.

1. Introduction

The juncture region of the Tibetan Plateau, the North China Craton,
the South China Block and the Qinling-Dabie Orogen is located in a
major transition zone between the E-W and N-S tectonic domains in
mainland China (Fig. 1). Since the Cenozoic, the tectonic setting of this
region has been impacted by the westward subduction of the Pacific
Plate and the northward convergence of the Indian Plate with the
Eurasian Plate (Ren et al., 2002; Deng et al., 2003; Wang et al., 2014).
This special geographical location and tectonic environment make the
region an ideal place for studying the uplift process and dynamics
mechanism of the Tibetan Plateau, cratonic destruction and

preservation, and the formation and reorganization of orogenic belts
(Griffin et al., 1998; Yin and Harrison, 2000; Tapponnier, 2001).

Some valuable results have been obtained in the study region by
numerous geological and geophysical studies in recent years. Lower
crustal flow has been proposed to be occurring in the central Tibetan
Plateau and is considered an important uplift mechanism of the Tibetan
Plateau (Clark and Royden, 2000). A thick lithosphere and cratonic
crust have been imaged in the Ordos Block and the Sichuan Basin, and
these regions are believed to have maintained structural stability for a
long time (Chen et al., 2009; Zheng et al., 2009; Zhao et al., 2013).
However, there are still some controversial issues, such as the extension
direction and range of the lower crustal flow (Pan and Niu, 2011; Shen
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et al., 2015), and the dynamic mechanism of uneven lithospheric
modification in the Trans-North China Orogen (Zhao et al., 2013; Jiang
et al., 2013). Therefore, it is necessary to conduct more research on
deep structures in this region from different perspectives and using
different methods.

The velocity, thickness and Vp/Vs ratio are closely related to the
rock composition and stress state of the crust, and these parameters can
provide constraints on regional crustal structural characteristics and
continental tectonic evolution (Christensen, 1996; Ji et al., 2009). The
joint inversion of receiver function (RF) and surface wave dispersion
can reduce the nonuniqueness and increase the resolution of the in-
versions associated with each individual data set (Julià et al., 2000).

This technique has been commonly applied to invert for the crust-
mantle velocity structure in recent years (Hu et al., 2005; Liu et al.,
2014; Deng et al., 2018). Based on teleseismic waveform data from
three dense temporary arrays and relatively evenly distributed perma-
nent stations and collected phase velocity dispersion curves with per-
iods of 5–60 s (Shen et al., 2016; Ling et al., 2017), we used the mul-
tifrequency H-k stacking of RFs, multifrequency RF nonlinear inversion,
and joint inversion of multifrequency RF and surface wave dispersion to
image the crustal thickness, Vp/Vs ratio and S-wave velocity at the
juncture region among the Tibetan Plateau, the North China Craton, the
South China Block and the Qinling-Dabie Orogen. Based on the imaging
results and the theoretical analysis of the multifrequency H-k stacking

Fig. 1. Topography, tectonic setting and seismic station distribution in the study region. White arrows (a) show the westward subduction and northward convergence
of the Pacific Plate and the Indian Plate to the Eurasian Plate, respectively. Black arrows indicate the observed GPS velocity field in the study region relative to the
stable Eurasia Plate (Gan et al., 2007). Red and blue solid dots (b) mark the locations of temporary and permanent seismic stations, respectively. Black dashed lines
and white circles show the tectonic boundaries (Zhao et al., 2005) and the > 6.0 magnitude earthquakes that occurred from 1500 CE to 2018 (China Earthquake
Networks Center), respectively. White lines show the active faults (Deng et al., 2003). TP: Tibetan Plateau; NCC: North China Craton; SCB: South China Block; TNCO:
Trans-North China Orogen; QD: Qinling-Dabie Orogen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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of RFs, we further studied the crustal structure and related tectonic
evolution of the study region.

2. Geological setting

The North China Craton is composed of eastern and western
Archean continental blocks sutured along the central Trans-North China
Orogen before ~1.85 Ga (Zhao et al., 2005). The South China Block,
containing > 2.0 Ga crustal rocks, was formed through the amalga-
mation between the Cathaysia Block and the Yangtze Craton along the
Sibao orogen at ca.880 Ma or soon after (Li et al., 2009). During the
Triassic, the North China Craton collided with the South China Block
along the Qinling-Dabie Orogen, exposing ultrahigh-pressure eclogite
and gneiss (Li et al., 1993). The Tibetan Plateau, experiencing stepwise
rise and growth, has formed through the amalgamation of multiple
microplates since 55 Ma (Tapponnier, 2001) and collided with the
structural unit comprising the North China Craton, the South China
Block and the Qinling-Dabie Orogen. The tectonic setting, which is
influenced by both Pacific Plate subduction and the India-Eurasia col-
lision, has produced numerous large-scale active faults and moderate-
strong earthquakes in the study region (Ren et al., 2002; Deng et al.,
2003; Wang et al., 2014; Yan et al., 2018).

Increasing numbers of geological and geophysical studies indicate
lithospheric modification and lateral heterogeneity in our study region.

A normal crustal thickness of ~38–45 km and an average P-wave
crustal velocity of ~6.35 km/s (Zhang et al., 2003; Li et al., 2006; Liu
et al., 2014; Wang et al., 2014) and a lithospheric thickness > 200 km
(Chen et al., 2009; Zhao et al., 2013) have been observed in the Ordos
Block and in the Sichuan Basin, indicating long-term survival of the
lithospheric fabrics in these regions. Crustal thicknesses of 30–45 km
(He et al., 2014; Wei et al., 2016; Wang et al., 2017), lithospheric
thicknesses of 60–130 km (Chen et al., 2009; Jiang et al., 2013) and
relatively low S-wave velocities in the upper mantle have been imaged
in the Trans-North China Orogen, and crustal and lithospheric mod-
ification and thinning are through to have occurred in this region.
Lateral variations in crustal and lithospheric thickness have been im-
aged in the northeastern Tibetan Plateau (Pan and Niu, 2011; Shen
et al., 2016; Wang et al., 2017) and are related to its formation and
tectonic evolution history. Significant low-velocity material has been
observed in the middle and lower crust of the central and eastern Ti-
betan Plateau (Bao et al., 2013;Li et al., 2014; Shen et al., 2015). These
low velocities are possibly associated with lower crustal flow, which is
considered one of the uplift mechanisms of the Tibetan Plateau, and this
inference is supported by magnetotelluric observations (e.g., Bai et al.,
2010) and GPS data (e.g., Gan et al., 2007). Striking E-W differences in
crustal and lithospheric thicknesses have also been imaged in the
Qinling-Dabie Orogen (Zheng et al., 2010a, 2010b; Jiang et al., 2013;
Wei e al., 2016), and these differences are mainly related to different

Fig. 2. Teleseismic event distribution (black solid dots) used in the study. The red quadrangle shows the study region. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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tectonic settings between the eastern and western parts (Ren et al.,
2002; Deng et al., 2003; Wei et al., 2016).

3. Data and method

3.1. Data

Receiver functions from teleseismic waveforms and phase velocity
dispersion curves of Rayleigh waves were used to invert for the crustal
structure in this study. The teleseismic data are derived from two dif-
ferent sources (Fig. 1). The two-year data from 146 permanent broad-
band seismic stations were obtained from the Data Management Center
of China National Seismic Network, Waveform data of China National
Seismic Network, Institute of Geophysics, China Earthquake Adminis-
tration (doi: 10.11998/SeisDmc/SN, htTibetan Plateau://
www.seisdmc.ac.cn, Zheng et al., 2010a, 2010b). The data from 109
temporary broadband seismic stations, which had an average spacing of
10–20 km and were operated for 12–18 months, were obtained from the
Seismic Array Laboratory, Institute of Geology and Geophysics, Chinese
Academy of Sciences. These data on earthquakes with epicentral dis-
tances ranging from 30° to 90° and>5.5 magnitudes (Fig. 2) were used
to estimate the radial RFs using the time-domain iterative deconvolu-
tion method (Herrmann, 2013). The RFs with unclear P-waves or in-
distinguishable Ps arrivals were removed by visual inspection. Wave-
forms with correlation coefficients of< 0.9 between stacked
waveforms from all RFs and individual waveforms were further deleted.

Phase velocity dispersion curves at different stations were con-
structed from the different results. For profile NCISP-V (Fig. 1, Fig. 3a),
curves of 5–20 s, 31–60 s and 21–30 s periods were calculated by
ambient noise tomography (Ling et al., 2017), surface wave tomo-
graphy (Wei et al., 2015) and their average, respectively. For other
stations, the phase velocity dispersion data for periods from 8 s to 50 s
periods were from the new crust-mantle seismic reference model be-
neath China, based on surface wave dispersion with a lateral resolution
of 0.5° (Shen et al., 2016).

3.2. Methods

3.2.1. Multifrequency H-k stacking method of receiver functions
The arrival times of different phases from the Moho are usually used

to study the crustal structure. The H-k stacking method of RFs (Zhu and
Kanamori, 2000) integrates the time differences between the incident P-
wave and the three phases of the Moho (converted Ps and multiple PpPs
and PpSs + PsPs phases) to estimate crustal thickness (H) and average
Vp/Vs ratio (k) under each station. In an assumed 1D single-layer
crustal model, the maximum stacking amplitude corresponds to the best
H and k. In this study, we used different Gaussian factors of 1.0, 2.0 and
3.0, which balance the trade-off well between resolution preservation
and suppression of high-frequency, to estimate H and k and used their
average as the last result. We chose 6.35 km/s as the average crustal P-
wave velocity according to seismic exploration data (Li et al., 2006),
and different weights of 0.6, 0.3 and 0.1 for Ps, PpPs and PpSs + PsPs
phases due to their progressive decrease in the signal-to-noise ratio. The
stacked RF sets with 4° steps in each 8° epicentral distance range for all
azimuths, and H-k stacking results are shown beneath typical stations in
different tectonic units in Fig. 4. The consistency between the highest
amplitudes and theoretical arrival times for three phases of the Moho
and the small uncertainties of H-k stacking results suggest the reliability
of the estimated H and k values.

3.2.2. Multifrequency receiver function nonlinear inversion method
The waveform inversion method, involving fitting a synthetic RF

with the observed data, is widely used to image crustal S-wave velo-
cities. Li et al. (2017) developed a multifrequency RF nonlinear inver-
sion method based on the global optimizing algorithm of differential
evolution. In this method, RFs with different frequency bands are used
to simultaneously constrain both the long and short wavelength char-
acteristics of the crustal velocity structures. In this study, we used this
method to invert for the crustal S-wave velocities under each station
using different Gaussian factors of 1.0, 2.0 and 3.0, which can distin-
guish a thin layer of ~1.5 km thick assuming average crustal S-wave
velocity of 3.6 km/s. In the inversion, the initial crustal thickness and

Fig. 3. Combined phase velocity dispersion curves for station 328 (a) and dispersion curves for different tectonic units marked by different colors (b, c, d). OB: Ordos
Block; SB: Sichuan Basin; TNCO: Trans-North China Orogen; TP: Tibetan Plateau; QD: Qinling-Dabie Orogen.
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Vp/Vs ratio for each layer (given five-layer crust) for each station were
based on the above H-k stacking results for the RFs. The CRUST 1.0
model (Laske et al., 2013) was also used to constrain the initial Vp and
thickness for each layer. The crustal thickness and Vp for each layer
vary by ± 2 km and ± 20%, respectively. The Vp/Vs ratio from the
top layer to the bottom layer was set to k, 1.7, 1.73, 1.76 and 1.79 for k
values of ≤ 1.76 and to k, 1.7, 1.74, 1.78 and 1.82 for k values of >
1.76. The Vp/Vs ratios in the top layer and in the other layers vary
by ± 1 and ± 0.1, respectively. For stations with H values
of ≤ 45 km, the fitting time window was set to 25 s after the P phase
arrival, and the thickness for each layer varies by ± 5 km. For stations
with H values of 45–55 km and ≥ 55 km, the fitting time window was
set to 30 s after the P phase arrival, and the thickness for each layer
varies by ± 8 km and ± 10 km, respectively. For the typical station
345, the recovered RFs at different frequencies all fit the real data well,
particularly the Moho Ps and PpSs phases (Fig. 5a). The objective

function decreases rapidly with the iteration increases (Fig. 5b). The
well fit between the recovered RFs and real data and fast convergence
of objective function suggest the reliability of the inverted S-wave ve-
locity (Fig. 5c).

3.2.3. Joint inversion of multifrequency receiver function and surface wave
dispersion

We used the joint inversion method of RF and surface wave dis-
persion (Herrmann, 2013) to invert for the S-wave velocity in the study
region. In the inversion, the RFs with different Gaussian factors of 1.0,
2.0 and 3.0 and phase velocity dispersion curves were fitted simulta-
neously. The initial models of 2 km for each layer are from the
smoothed results of the multifrequency RF nonlinear inversion method.
The weighting factors for the RF and the surface wave dispersion curves
were set to 0.5 and 0.5, respectively, for stations in the NCISP-V profile
due to 0.1° lateral resolution, and to 0.7 and 0.3, respectively, for other

Fig. 4. H-k stacking results for typical stations in different Gaussian factors (G). Station locations are shown in Fig. 1. NCC: North China Craton; QD: Qinling-Dabie
Orogen; TP: Tibetan Plateau; SCB: South China Block.
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stations because of the 0.5° lateral resolution of the surface wave dis-
persion (Shen et al., 2016). For stations with H values of ≤ 45 km, the
fitting time window was set to −5–35 s, and the inversion depth was

set to 60 km. For stations with H of > 45 km, the fitting time window
was set to −5–40 s, and the inversion depth was set to 80 km. The RFs
with fits of < 65% were removed to ensure the reliability of the

Fig. 5. Schematic diagrams for multifrequency receiver function nonlinear inversion (a, b, c) and joint inversion of multifrequency receiver function and surface
wave dispersion (d, e, f) and effect of data uncertainty on inversion results (g, h, i). Red lines denote the recovered receiver functions (a, e), S-wave velocity models (c,
d) and dispersion curve (f). Panel b shows that the objective function decreases with increasing iteration. In g, h, i, red lines show inverted S-wave velocity models (g)
for 100 random RFs (h) and 100 random dispersion curves (i) within the ± 1% deviations of the observed data (blue line in h), respectively. G, Fit. and Gc. (a, e, h)
represent the Gaussian factor, fitness and epicentral distance, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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inverted results. Fig. 5d,e,f shows the joint inversion results for a typical
station. The recovered RFs in different frequency and phase velocity
dispersion curves all fit the real data well, suggesting the reliability of
the inverted S-wave velocity data. 100 inversion runs were further
performed using different data sets for random RFs (Fig. 5h) and
random dispersion curves (Fig. 5i) within the ± 1% deviations of the
observed data, respectively, to analyze the effects of data uncertainty.
The S-wave velocities (Fig. 5g) from the 100 random inversions and the
corresponding final inverted model show small variations and have
similar patterns of velocity variation with depth, suggesting the stabi-
lity and reliability of the joint inversion results.

4. Results

4.1. Moho depth and Vp/Vs ratio

The average Moho depth and Vp/Vs ratio from H-k stacking of RFs
are shown in Fig. 6 for different Gaussian factors of 1.0, 2.0 and 3.0.
The Moho depth roughly thickens westward from ~26 to ~64 km
(Fig. 6a,b) and shows strong lateral inhomogeneity. The Vp/Vs ratio
(Fig. 6c,d) exhibits complex variations, with high (> 1.87) and low
(< 1.73) anomalies in local areas. The Moho depth and Vp/Vs ratio are
generally< 40 km and 1.76, respectively, in the Zhongtiao Mountains
(Trans-North China Orogen) and Qinling-Dabie Orogen to the south and
change slightly to approximately 40 km and 1.78, respectively, in the
core of the Ordos Block. In some areas of the Shaanxi-Shanxi Rift, the
Moho depth is generally< 35 km, and the Vp/Vs ratio is > 1.87. In
the Qinling-Dabie Orogen, the Moho depth is generally< 40 km in the
eastern part but> 40 km in the western part, and the Vp/Vs ratio varies
mainly from 1.7 to 2.0. In the Yangtze Craton, the Moho depth is
generally thicker than 45 km, and the Vp/Vs ratio is approximately
1.78 in the northern part. The Moho depth varies from 40 to 45 km in
the Sichuan Basin, and the Vp/Vs ratio exhibits generally high
anomalies of > 1.87 beneath the Longmen Mountains. In the

northeastern Tibetan Plateau, the Modo depth is generally thicker than
45 km and thickens to the west, and the Vp/Vs ratio is mainly within
the range of 1.7–1.8. Earthquakes with magnitudes > 6.0 mainly oc-
curred in areas with significant lateral variations in the Moho depth and
Vp/Vs ratio, such as rift zones and the boundary between the Yangtze
Craton and the Tibetan Plateau. These areas usually contain many faults
and have heterogeneous crustal compositions, which can readily ac-
cumulate energy and trigger earthquakes.

4.2. Crustal S-wave velocity structure

Fig. 7 shows the S-wave velocity distribution at different depths by
the joint inversion of the multifrequency RF and surface wave disper-
sion. Significant differences in the S-wave velocity were imaged among
different blocks. At a depth of 2 km, an obvious low velocity of <
2.8 km/s was found in the Ordos Block and Sichuan Basin, and a re-
latively high velocity of > 3.0 km/s was imaged in most of the
Qinling-Dabie Orogen and the Tibetan Plateau. At a depth of 10 km, the
S-wave velocity is obviously lower in the Sichuan Basin and Shaanxi-
Shanxi Rift than in other regions. At depths of 30 km and 38 km, the S-
wave velocity shows an overall and significant low anomaly in the
Songpan-Ganze Terrane. At depths from 10 km to 38 km, the S-wave
velocity is relatively higher at the juncture region between the Western
Qinling Orogen and the Qinling-Dabie Orogen than in the eastern and
western areas. At depths from 10 km to 46 km, the S-wave velocity data
show a local low-velocity anomaly in the Qilian Orogen and Western
Qinling Orogen.

5. Discussion

Similarities, differences and lateral variations in the S-wave velo-
city, Moho depth and k were observed among different blocks in our
study (Figs. 6 and 7), which are consistent with previous results using
RF imaging (He et al., 2014; Tian and Zhang, 2013; Ye et al., 2017;

Fig. 6. Average Moho depth (a,b) and Vp/Vs ratio (c,d) for individual data points (a,c) and interpolated using the Generic Mapping Tools surface command (b,d) for
the different Gaussian factors of 1.0, 2.0 and 3.0 in the study region. Color solid dots (a,c) and black crosses (b,d) mark the locations of seismic stations. Black dashed
lines and black circles show the tectonic boundaries and the > 6.0 magnitude earthquakes that occurred from 1500 CE to 2018 (China Earthquake Networks
Center), respectively. White lines show the active faults (Deng et al., 2003). Black ellipse in b marks the region where may have undergone delamination of the lower
crust. LMM: Longmen Mountains.
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Wang et al., 2017), surface wave tomography (Zheng et al., 2010a,
2010b; Bao et al., 2013; Jiang et al., 2013), seismic exploration (Li
et al., 2006), magnetotelluric sounding (Bai et al., 2010; Zhang et al.,
2012) and other methods. In addition, a more detailed crustal structure
in some areas was revealed in this study, which will be discussed by
combining the S-wave velocity beneath five typical linear profiles and
synthetic analysis of the H-k stacking methods.

5.1. Variation in H-k results with frequency in response to the sedimentary
and crust-mantle transition structure in the study region

Complex and long-term tectonic evolution and extensive marine and
continental sedimentation (Ren et al., 2002; Deng et al., 2003; Zhao
et al., 2005) in the study region have inevitably influenced the structure
of the shallow deposits and the crust-mantle transition zone (CMT).
Synthetic H-k stacking tests for crustal models with different sediments
and CMT structures were performed and were used to study the fre-
quency response of the H-k results and to further analyze the sediments
and CMT in the study region. A reflectivity technique (Levin and Park,
1997) was used to generate synthetic RFs with different Gaussian

factors of 1.0, 2.0 and 3.0. The synthetic tests show (Figs. 8, 9, Table 1)
that the phases from the sediment and CMT will interfere with the
phases from the Moho to some degree, which leads to differences be-
tween the H-k results and the real values. The estimated crustal thick-
ness from H-k stacking is close to the upper end of the estimated range
in models with a gradual CMT, and the interface with the highest wave
impedance in models with a zip CMT. The estimated H and k values are
thinner and higher than the real values, respectively, except for the
model containing only a single 6-km-thick layer of sediment. In models
containing sediment and a CMT, the values of (k3-k1) (in Hi and ki, i
represents the Gaussian factor) are negative; in models containing only
the sediment, the values of (H3-H1) and (H3-H2) are positive, and the
values of (k3-k2) are negative; and in models containing sediment and a
zip CMT, the values of (k3-k2) are almost negative.

The difference in the H-k results with different Gaussian factors was
further calculated in the study region to analyze the area’s sedimentary
and CMT structure (Fig. 10). The results generally show features similar
to those of the synthetic tests. The values of (H3-H1)/H3 and (H3-H2)/
H3 are generally positive and vary mainly by ± 10% and ± 5%,
respectively. The values of (k3-k1)/k3 and (k3-k2)/k3 are generally

Fig. 7. The S-wave velocity distribution at different depths in the study region. Black ellipse in d marks the region where may have undergone delamination of the
lower crust. LMM: Longmen Mountains.
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negative and vary mainly by ± 10% and ± 5%, respectively. The H-k
stacking in different Gaussian factors is shown for two typical stations
(Fig. 10c): the station SCLINT is located in the Shaanxi-Shanxi Rift, and
the other station SCHYS is located in the Sichuan Basin. For the station
SCHYS (Fig. 10e), H increases and k decreases as the Gaussian factor
increases. Clear phases associated with sediment exist between the

direct P phase and Ps phase of the Moho. For different Gaussian factors,
the PpPs phases of the Moho are clear and show good consistency.
These observations show that the variations in H and k with different
Gaussian factors may be mainly related to the overlying sediment and
are not induced by the CMT. For the station SNLINT (Fig. 10f), H de-
creases as the Gaussian factor increases, and k increases as the Gaussian

Fig. 8. Synthetic receiver functions and H-k stacking results for crustal models with different sediment and crust-mantle structures with Gaussian factors (G) of 1.0,
2.0 and 3.0 and a ray parameter of 0.06 s/km. H: crustal thickness; k: crustal average Vp/Vs ratio; Vpt and kt represent the true values of crustal P-wave velocity and
average Vp/Vs ratio, respectively. SiS: i km single sediment layer; SiG: i km gradual sediment layer (multiple layers); CMZ: zip crust-mantle transition; CMG: gradual
crust-mantle transition; SiCMZ: i km single sediment layer and zip crust-mantle transition; SiCMG: i km single sediment layer and gradual crust-mantle transition.
s.Ps, s.PpPs, and s.PpSs + PsPs represent the phases from the bottom interface of the sedimentary layer.
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factor increases. Clear phases associated with sediment appear between
the direct P phase and Ps phase of the Moho. In addition, the PpPs phase
of the Moho is disturbed by other phases to some degree. These ob-
servations show that the variations in H and k with different Gaussian
factors may be related to both sediment and the CMT. The H-k stacking
results for these two stations are consistent with previous observations
demonstrating that thick sediment exists in the Sichuan Basin and that
sediment and the intrusion of mantle material may be present in the
Shaanxi-Shanxi Rift (Jiang et al., 2013; Wei et al., 2016; Wang et al.,
2017). The above real observations and synthetic tests suggest that the
sediment and CMT in most of the study region are not sharp and are not
negligible for the detailed study of the deep structure. Although the

structural influence between the bottom of the sediment and the top of
the CMT is not considered in the theoretical analysis for H-k stacking,
the synthetic tests for H-k stacking and waveforms with different fre-
quencies can provide some information for the study of crustal struc-
tural by RF methods.

5.2. Crustal structural characteristics in different tectonic units

Similar and different crustal structures were observed in the dif-
ferent tectonic units (Fig. 6,7). The average S-wave velocity and
thickness of the major layers in crust were further calculated to com-
pare the structural differences in the Sichuan Basin, the Ordos Block,

Fig. 9. The variations of H and Vp/Vs ratio with different Gaussian factors (Gi) of 1.0, 2.0 and 3.0 for synthetic H-k stacking results for different crustal models. SiS: i
km single sediment layer; SiG: i km gradual sediment layer (multiple layers); CMZ: zip crust-mantle transition; CMG: gradual crust-mantle transition; SiCMZ: i km
single sediment layer and zip crust-mantle transition; SiCMG: i km single sediment layer and gradual crust-mantle transition.

Table 1
The difference in synthetic H-k stacking results for different crustal models with Gaussian values (G) of 1.0, 2.0 and 3.0 and a ray parameter of 0.06 s/km. Hi: crustal
thickness for a Gaussian factor of i; ki: crustal average Vp/Vs ratio for a Gaussian factor of i; Ht and kt represent the true crustal thickness and average Vp/Vs ratio,
respectively. dH: (H-Ht)/H; dk: (k-kt)/k; SiS: i km single sediment layer; SiG: i km gradual sediment layer (multiple layers); CMZ: zip crust-mantle transition; CMG:
gradual crust-mantle transition; SiCMZ: i km single sediment layer and zip crust-mantle transition; SiCMG: i km single sediment layer and gradual crust-mantle
transition.

Models dH(G = 1) dk(G = 1) dH(G = 2) dk(G = 2) dH(G = 3) dk(G = 3) (H3-H1)/H3 (k3-k1)/k3 (H3-H2)/H3 (k3-k2)/k3

S2S −5.29% 4.68% −1.61% 1.86% −0.50% 0.78% 4.55% −4.10% 1.09% −1.11%
S4S −7.32% 7.92% −1.61% 2.54% −0.35% 0.99% 6.50% −7.53% 1.24% −1.59%
S6S 5.21% −8.30% 9.49% −15.48% 9.46% −15.48% 4.48% −6.62% 0.03% 0
S2G −6.31% 4.89% −3.21% 3.24% −1.62% 1.92% 4.41% −3.12% 1.54% −1.37%
S4G −9.30% 8.99% −2.59% 3.12% −1.31% 1.80% 7.31% −7.90% 1.24% −1.36%
S6G −11.23% 11.39% −2.31% 3.05% −1.30% 1.95% 8.92% −10.65% 0.98% −1.14%
CMZ −0.34% 2.57% −2.22% 3.21% −0.81% 1.06% −0.47% −1.56% 1.38% −2.22%
CMG −18.68% 8.20% –22.12% 6.51% −24.94% 7.15% −5.28% −1.15% −2.31% 0.68%
S2CMZ −2.70% 3.66% −2.07% 3.40% −1.13% 1.59% 1.53% −2.14% 0.92% −1.87%
S4CMZ −6.35% 8.48% −4.32% 6.10% −1.86% 2.70% 4.23% −6.32% 2.36% −3.62%
S2CMG −24.58% 9.72% –23.50% 7.63% −25.76% 8.62% −0.95% −1.22% −1.83% 1.07%
S4CMG –33.33% 13.90% −21.97% 8.01% −26.58% 11.01% 5.07% −3.36% −3.78% 3.26%
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the Trans-North China Orogen, the Qinling-Dabie Orogen and the
northeastern Tibetan Plateau (Table 2). Referring to the global seismic
Vp of 6.4–6.8 km/s in the middle crust (Christensen and Mooney, 1995)
and the global crustal average Vp/Vs ratio of 1.78 (Zandt and Ammon,
1995) and the inverted H (Fig. 6), we set< 3.60 km/s, 3.60–3.82 km/s
and > 3.82 km/s to the Vs of the upper, middle and lower crust, re-
spectively, to estimate the Vs and thickness of the layers for each sta-
tion. Then, we calculated the average of the Vs and thickness from all
stations in the different tectonic units referred to the classification of
stations in Fig. 3b. In general, the average H thickens in the Trans-North
China Orogen, the Qinling-Dabie Orogen, the Sichuan Basin, the Ordos
Block and the northeastern Tibetan Plateau in turn. The average values
of Vs in the upper crust and thickness in the lower crust in the Sichuan
Basin and Ordos Block are significantly lower and thicker, respectively,
than those in the Trans-North China Orogen, the Qinling-Dabie Orogen
and the northeastern Tibetan Plateau. The average values of Vs and

Fig. 10. The differences in H-k stacking with frequencies (a, b, c, d), waveforms and H-k stacking results for two typical stations (e, f) with different Gaussian factors
(G) in the study region. In Hi and ki, i represents the Gaussian factor.

Table 2
The average S-wave velocity (Vs) and thickness (Th) in the upper crust (Upp.),
the middle crust (Mid.) and the lower crust (Low.) in different tectonic units in
the study region. SB: Sichuan Basin; OB: Ordos Block; TNCO: Trans-North China
Orogen; QD: Qinling-Dabie Orogen; TP: Tibetan Plateau.

Parameters/Units SB OB TNCO QD TP

Vs (Upp.) (km/s) 3.01 3.16 3.23 3.38 3.25
Th (Upp.) (km) 15.0 14.4 14.2 14.6 19.2
Vs (Mid.) (km/s) 3.70 3.70 3.68 3.67 3.64
Th (Mid.) (km) 11.0 17.0 17.1 16.9 27.0
Vs (Low.) (km/s) 3.96 3.99 3.95 3.99 4.01
Th (Low.) (km) 16.4 13.2 6.1 7.7 8.8
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thickness in the middle crust are lower and thicker, respectively, in the
northeastern Tibetan Plateau than the other units (Table 2).

Striking differences in crustal structure were observed among dif-
ferent orogens with different formation ages and tectonic evolution
histories. The phase velocity in different periods and the S-wave velo-
city at different depths in the Cenozoic northeastern Tibetan Plateau are
obviously lower than those in the Qinling-Dabie Orogen, which formed

in the Triassic (Fig. 3d and 7). In the Qinling-Dabie Orogen, H is ap-
proximately 50 km in the west and 35 km in the east, roughly bounded
by 110°E, and this region exhibits significant lateral inhomogeneity in k
and S-wave velocity. The E-W difference in H may be subjected to the
compressional tectonic setting in the west and tensional tectonic setting
in the east (Ren et al., 2002). In the northeastern Tibetan Plateau, H is
generally> 45 km, and k is generally low and varies mainly from 1.7 to

Fig. 11. S-wave velocity, Vp/Vs ratio and elevation (E.) beneath typical profiles (b,c,d,e,f) across different tectonic units. Grey lines (a) mark the location of the
profiles. Red arrows (c,d) show the direction of the lower crustal flow. Dashed lines (e, g) outline the high S-wave velocity at the juncture region between the Western
Qinling Orogen and the Qinling-Dabie Orogen both observed in this study and surface wave dispersion (Shen et al., 2016). Dashed lines (f, h) outline the different S-
wave velocity beneath the Zhongtiao Mountains and adjacent Qinling-Dabie Orogen observed in this study and surface wave dispersion (Shen et al., 2016). LMM:
Longmen Mountains; TM: Taihang Mountains; S-S Rift: Shaanxi-Shanxi Rift. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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1.8 (Fig. 6). Unlike the low-velocity anomaly present throughout the
middle-lower crust in the Songpan-Ganze Terrane, similar anomalies
only exist in local areas in the Western Qinling Orogen and Qilian
Orogen (Figs. 7, 11). These observations, together with higher k values
in the lower crust than in the upper crust (Christensen, 1996), suggest
that crustal thickening may have mainly occurred in the upper crust in
the Western Qinling Orogen and Qilian Orogen.

Similarities and differences in crustal structure were also imaged
among different cratons. The phase velocity values are generally similar
among the Ordos Block, the Sichuan Basin and the Trans-North China
Orogen, although the phase velocities of < 30 s are relatively lower in
the Sichuan Basin and higher in the Trans-North China Orogen
(Fig. 3c). Thick sediment and thick middle-lower crust with high S-
wave velocity were imaged in the Ordos Block and the Sichuan Basin
(Figs. 7, 11, Table 2). These observations, combined with the low re-
sistance at the top and high resistance in the middle and lower crust
(Zhang et al., 2012) and weak fossil anisotropy (Wang et al., 2014),
suggest that the two regions retain ancient cratonic crust in their core.
Similarly high S-wave velocities in the middle-lower crust were ob-
served in the Longmen Mountains and adjacent Sichuan Basin
(Fig. 11c), which supports the view that the rigid crust of the Sichuan
Basin might have become wedged into the Tibetan crust in the Longmen
Mountains (Wang et al., 2018).

Compared to the surroundings, the Zhongtiao Mountains of the
Trans-North China Orogen and adjacent Qinling-Dabie Orogen to the
south feature a thinner crust of < 36 km and lower Vp/Vs ratios
of < 1.75 (Fig. 6). A low-velocity anomaly of < 3.4 km/s was gen-
erally imaged in the middle-lower crust in this area (Fig. 11 f) but was
not observed in the latest surface wave tomography (Shen et al., 2016,
Fig. 11h). The theoretical RFs and phase velocity dispersion curves were
further calculated assuming that the low-velocity anomaly did not exist.
The results show obvious differences between the real data and theo-
retical RFs and curves, suggesting the reliability of the low-velocity
anomaly. Geochemical observations (Gao et al., 1998) suggest that
delamination of the lower crust occurred in the North China Craton and
the Qinling-Dabie Orogen. A significant low-velocity anomaly was im-
aged in the upper mantle beneath the Trans-North China Orogen by
body-wave and surface wave tomography (Jiang et al., 2013; Zhao
et al., 2013). However, the low-velocity anomaly does not extend to the
top of lithosphere mantle based on recent surface wave dispersion work
(Jiang et al., 2013; Shen et al., 2016). The above observations show that
the crust is probably unaffected by low-velocity material in the mantle
in this area, which is consistent with the lower k in the crust (Fig. 6).
The observed thin crust, low Vp/Vs ratio and low S-wave velocity
anomaly suggest that delamination of the lower crust may have oc-
curred in this area. Considering the tectonic evolution history in the
area, we propose that the crust thickened in the collision between the
North China Craton and the South China Block in the Triassic (Li
et al.,1993; Ren et al., 2002) and that the lower crust delaminated
during the extensional setting related to the westward subduction of the
Pacific Plate beneath the Eurasian Plate since the Cenozoic (Ren et al.,
2002; Zhao et al., 2005).

5.3. Crustal evolution and interaction in the study region

Obvious differences in the crustal structure were imaged among the
northeastern Tibetan Plateau, the North China Craton, the South China
Block and the Qinling-Dabie Orogen in our study. The cores of the
Ordos Block and the Sichuan Basin retain the crustal structure of the
ancient craton. The delamination of the lower crust likely occurred in
the Zhongtiao Mountains of the Trans-North China Orogen and adjacent
Qinling-Dabie Orogen to the south. Recently, the lower crustal ductile
flow model has been widely used to explain the uplift process of the
Tibetan Plateau (Clark and Royden, 2000). According to this model, the
rheologically weaker Tibetan lower crust flows to the east in reaction to
the continuous N-S India-Asia collision. At the eastern margin of the

Tibetan Plateau, the crustal flow encounters the rigid Sichuan Basin and
splits into two branches: one flows to southeast, and the other flows
northeast along the Western Qinling. The two redirected branches
create topography with a shallow gradient in the two areas and a steep
gradient along the Longmen Mountains. The lower crustal flow model is
supported by magnetotelluric observations (e.g., Bai et al., 2010) and
GPS data (e.g., Gan et al., 2007) and is consistent with the widespread
low-velocity anomaly in the middle-lower crust of the northeastern
Tibetan Plateau evidenced by surface wave tomography (Zheng et al.,
2010a, 2010b; Bao et al., 2013; Jiang et al., 2016). Shen et al. (2015)
studied the lower velocity and azimuthal anisotropy simultaneously
and speculated that the anisotropic low-velocity lower crust in the
northeastern Tibetan Plateau is consistent with the lower crustal flow
model. In this study, a widespread low-velocity anomaly was imaged in
the middle-lower crust in the Songpan-Ganze Terrane (Figs. 7, 11),
which supports the lower crust flow model. However, we only observed
local and disconnected low-velocity anomalies beneath the Western
Qinling Orogen and Qilian Orogen, which suggests that there is prob-
ably no lower crust flow in these two regions. In addition, at the
juncture region between the Western Qinling Orogen and the Qinling-
Dabie Orogen, the S-wave velocity is relatively higher in the middle-
lower crust than in the adjacent eastern and western parts (Fig. 11e),
which was also imaged by surface wave tomography (Shen et al., 2016;
Fig. 11g). The above observations suggest that juncture region may
have acted as a barrier impeding the inflow of lower crustal material
into the Qinling-Dabie Orogen. Based on our observations and previous
results, we propose that lower crustal flow encounters the rigid Sichuan
Basin and splits into two branches: one flows to the southeast, and
another flows northeast and is restricted to the central area in the
Western Qinling Orogen. The crustal flow in the central Tibetan Plateau
does not flow into the Qilian Orogen or the Qinling-Dabie Orogen
(Fig. 12). Delamination of the lower crust may have occurred in the
Zhongtiao Mountains of the Trans-North China Orogen and adjacent
Qinling-Dabie Orogen to the south, which may be related to its for-
mation history and extensional setting related to the westward sub-
duction of the Pacific Plate since the Cenozoic.

6. Conclusions

We applied the multifrequency H-k stacking of RFs, RF nonlinear
inversion, and joint inversion of RF and surface wave dispersion to
image the Moho depth, k and crustal S-wave velocity at the juncture
region of the northeastern Tibetan Plateau, the North China Craton, the
South China Block and the Qinling-Dabie Orogen. The imaging results,
together with the theoretical analysis of multifrequency H-k stacking,
were further used to study the crustal structure and related tectonic
evolution.

Our results show that H generally increases and k generally de-
creases as the Gaussian factor increases in the study region, which is
consistent with the synthetic tests of H-k stacking of RFs. Typical cra-
tonic crustal structures were observed in the core of the Ordos Block
and the Sichuan Basin, while delamination of the lower crust may have
occurred on the southern edge of the Trans-North China Orogen and
adjacent Qinling-Dabie Orogen to the south. The lower crustal flow in
the central Tibetan Plateau is probably restricted to the central area in
the Western Qinling Orogen and does not flow into the Qilian Orogen or
the Qinling-Dabie Orogen.
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