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SUMMARY
The Ordos Block and the Qinling Orogen in central China are key regions that have been affected by Indo-Eurasian collision, convergence of the North China, South China and Siberian
cratons, and subduction of the Pacific oceanic plate during the Phanerozoic. Investigation of
the crustal structure in this area can therefore provide significant insights into the interactions
among these tectonic blocks and plates. The Chinese Academy of Geological Sciences deployed ca. 249 portable broad-band seismic stations in this area from 2011 to 2016, and we
retrieved P-wave receiver functions (RFs) from these new stations, and also from all other
available permanent and portable seismic stations in China. Crustal thicknesses beneath the
stations were retrieved using 1-D S-wave velocity models, which were obtained by linearized
inversion of the RFs with initial reference models from regionalized S-wave velocities of
surface wave inversions. We demonstrate with synthetic tests that this inversion scheme is superior to a jointly linearized inversion of RFs and surface waves. The results show that crustal
thicknesses generally correlate with tectonic domains in the study region. Thus, thick crust is
present beneath the Daba Shan region and the area close to the northeastern Tibetan Plateau,
intermediate-thickness crust is present beneath the Ordos Block and the central North China
Craton, and thin crust exists beneath the North China Plain. However, some notable exceptions
exist. The crust beneath the central Qinling is thinner than that beneath the neighbouring Daba
Shan region and even the Weihe Basin, implying that subduction and collision of the North
China and South China cratons in the Palaeozoic did not produce a thick crust beneath the
suture. The relatively thin crust beneath the eastern and central Qinling must be denser than
that beneath neighbouring areas. All the basins around the Ordos Block have been considered
to be graben. However, our results show that the crust beneath the basins along the southern
and northern margins of the Ordos Block is thicker or the same thickness as the crust beneath
the flanks of the basins, which suggests these basins are (or were) foreland basins.
Key words: Asia; Body waves; Continental tectonics: compressional; Cratons; Crustal
structure.

1 I N T RO D U C T I O N
Present-day East Asia is a collage of continental blocks that formed
by the convergence of tectonic plates in the Phanerozoic (e.g. Ren
et al. 1999; Kusky et al. 2007). The plate convergence affected
or took place in areas (Fig. 1) extending from the Daba Shan region to Yin Shan in central China. For example, the convergence
of the Siberian Craton and the North China (Sino-Korean) Craton
(NCC) since the early Palaeozoic resulted in the uplift of the Yin
Shan region (Shan means ‘mountain(s)’ in Chinese) and the Central Asian Orogenic Belt (CAOB; e.g. Tang 1990; Sengor et al.
1993; Windley et al. 2007; Liu et al. 2017; inset in Fig. 1). The
amalgamation of the NCC with the South China (Yangtze) Cra
C

ton (SCC) during the Mesozoic (e.g. Zhang et al. 1996; Meng &
Zhang 2000; Dong et al. 2011), and the northern Tibetan Plateau
with the Alxa Block (the westernmost NCC) since the early Palaeozoic (e.g. Molnar & Tapponnier 1975; Dewey et al. 1988; Song
et al. 2013), resulted in the formation of the Central Orogenic Belt
of China (red dashed line in the inset of Fig. 1) and uplift (e.g.
Bai et al. 2006) of the Helan Mountains (Helan Shan) (Fig. 1).
The subduction of an oceanic plate (presently the Pacific Plate) beneath East Asia in the Mesozoic and Cenozoic formed rift basins
(e.g. the North China Plain) and caused extensive magmatism in
eastern China (e.g. the Hannuoba basalts in the eastern Yin Shan
region) (e.g. Zhi et al. 1990; Gilder et al. 1991; Tian et al. 1992;
An et al. 2009; Zhang et al. 2012; Zhu et al. 2012). The Cenozoic
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Figure 1. Simplified tectonic map of the Ordos Block and Qinling Orogen. Thick dashed lines are tectonic boundaries (after Ren 1999). White lines indicate
major rivers. NYB, Nanyang Basin; HH, Hohhot; TY, Taiyuan; XA, Xi’An; YC, Yinchuan. In the inset, the blue dashed line marks the South–North Seismic
Belt, and the red dashed line represents the Central Orogenic Belt of China. IN, Indian Subcontinent; PA, Pacific Plate. The Ordos Block is a plateau (including
the Shanbei Loess Plateau and Ordos Plateau) surrounded by mountains and small basins. The small basins include the Yinchuan Basin (or Xitao Plain), the
Linhe Basin (Houtao Plain), the Hubao Basin (Tumochuan or Qiantao plains), and the Weihe Basin (or Guanzhong Plain). All the mountains to the north of
the Ordos Block, including the Lang Shan and Daqing Shan, are part of the Yin Shan. All mountains to the south of the Ordos Block are part of the Qinling
(or Qin Mountains; ling means ‘mountain(s)’ in Chinese). The Tianshan–Xingmeng Orogen to the north of the Ordos Block is a segment of the Central Asian
Orogenic Belt.

Indo-Eurasian collision (e.g. Tapponnier et al. 2001; Harris 2007;
Yin 2010) caused uplift of the Tibetan Plateau, which may have
affected the basins at the western margin of the Ordos Block (e.g.
Yin 2010). The two most recent convergent events in the Cenozoic
have shaped the present-day tectonics and topography of East Asia
(Ren et al. 1999), and strong earthquakes (http://ds.iris.edu/ieb) associated with these events occur frequently in this area and define

the South–North Seismic Belt of China (blue dashed line in the
inset of Fig. 1) (e.g. Wang et al. 1976; Wesnousky et al. 1984;
Kang 1991). However, all the aforementioned major tectonic events
have apparently not affected the Ordos Block or the Sichuan Basin,
which remain stable and are considered to be cratonic blocks (e.g.
Qiu et al. 2005). The deep crustal structure in the region from the
Daba Shan to the Yin Shan may provide important information
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on the Phanerozoic tectonism and geodynamics, and perhaps even
on the Precambrian evolution of the cratonic Ordos Block. In addition, the Ordos Block is a large hydrocarbon-bearing basin in China
(e.g. Li 1996). It is clear, therefore, that geophysical investigation of
the deep structure in this area may provide significant insights into
the tectonic evolution of an area that is of relevance to a wide range of
geoscience research.
The Ordos Block in the western NCC has been stable since the
Phanerozoic (e.g. Qiu et al. 2005), implying a relatively homogeneous structure beneath the interior of the block. Based on this
understanding, the deep structure of the Ordos Block has been investigated less than that of the central and eastern NCC, even though
the sedimentary strata of the Ordos Block have been extensively
studied (Zhang 1989; Kang et al. 2014) due to fossil fuel reserves
within the block. However, although the block itself has been stable,
the tectonic environment surrounding the Ordos Block has changed
significantly during the Phanerozoic, as described above. Various
lines of evidence indicate that sedimentation in the interior of a
block is strongly dependent on the tectonic environment (Deng
et al. 2005; Kang et al. 2014), so that the deep crustal structure of a
block may be related to sedimentation. The Qinling Orogen, which
is part of the Central Orogenic Belt of China, formed as a result
of the subduction–collision of the SCC and NCC (e.g. Zhang et al.
1996; Meng & Zhang 2000; Dong et al. 2011). The deep structure of
the Qinling Orogen is complex, meaning that detailed geophysical
exploration is necessary to reveal its nature.
Geophysical measurements such as seismic refraction and reflection studies (e.g. Liu et al. 2006; Lu et al. 2011; Tian et al. 2011;
Jia et al. 2015) can provide important structural information with
high resolution along lithospheric profiles, but are not able to image
lateral variations in deep structure across the whole area from the
Daba Shan to the Yin Shan. Seismic measurements from spatially
distributed national and regional permanent seismic stations have
been used to construct crustal thickness maps for this region (e.g.
Pan & Niu 2011; Yao et al. 2014; Li et al. 2014c), although the
number of seismic stations within the Ordos Block is limited. Wang
et al. (2014) added portable seismic stations to this array, but only
in the northern Ordos Block. These previous studies had limited
and/or inhomogeneous lateral resolution in the (large) area from
the Daba Shan to the Yin Shan (Fig. 1), which precluded a better
understanding of the regional tectonism. Therefore, improved measurements using a denser and more homogeneous distribution of
seismic stations in the Qinling Orogen and Ordos Block are necessary to fully explore the geophysical characteristics of the deep
crustal structure of the region.
To achieve this, the Chinese Academy of Geological Sciences
(CAGS) deployed 249 portable broad-band seismographs (Fig. 2)
in and around the Qinling Orogen and Ordos Block from 2011 to
2016, with data acquisition times for each station being at least one
year. Part of this field deployment was carried out with the assistance
of Peking University. To produce a more uniform distribution of data
coverage for the region, the seismographs were deployed in areas not
covered by national or regional permanent seismic stations (Fig. 2).
Knowing the depth of the Moho and crustal thickness is basic and essential information for understanding regional tectonics. Using observations from all the portable and permanent stations, we have compiled an improved map of crustal thickness
in and around the region of the Qinling Orogen and the Ordos Block. Our results provide additional constraints on the dynamics of small basins around the Ordos Block, and on the nature of interactions between the NCC and SCC, and the NCC
and CAOB.
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2 D ATA A C Q U I S I T I O N A N D
P RO C E S S I N G
Body-wave receiver functions (RFs) are a type of waveform extracted from three-component seismic waveforms by deconvolution
(Langston 1979), and such data are highly sensitive to interfaces
with dominant seismic velocity contrasts beneath seismic receivers.
As such, RFs are widely used to determine crustal thickness or Moho
depth beneath a seismic receiver. In the present study, a P-wave
RF technique (e.g. Langston 1979; Owens et al. 1984; Ammon
1991; Yuan et al. 1997) was used to determine crustal thickness.
We used the seismic waveforms from the 249 newly deployed
portable seismic stations (triangles in Fig. 2) and all available Chinese permanent seismic stations (228 stations shown in Fig. 2). The
waveforms of teleseismic events with epicentral distances ranging
from 30◦ to 95◦ and with magnitudes greater than 5.5 were sliced
from the continuous data recordings. The three components of the
waveforms were then rotated from the ZNE coordinate system (vertical, N–S horizontal, and E–W horizontal) to the ZRT coordinate
system (vertical, radial, and transverse). Finally, an iterative time
domain deconvolution (Ligorrı́a & Ammon 1999) of the radial component by the vertical component was calculated to retrieve RFs. A
Gaussian filter-width parameter of 5, which corresponds to a lowpass cut-off frequency of about 1 Hz, was used in the calculations.
Each individual RF was visually inspected, and we omitted traces
with no obvious Ps phase, P to S conversion at the Moho, or strong
long-period oscillations. In total, we retrieved 11 520 valid P-wave
RFs for 477 stations in the study region (Fig. 2). The number of
RFs for different stations (Fig. 2) differs markedly due to their distinct signal-to-noise ratios and running times. The minimum and
maximum number of RFs for each station was 2 and 256, respectively. There are four stations with fewer than four valid RF traces,
but most of the stations have 10–100 RF traces. Later, we will see
that the crustal thicknesses given by the four stations with few RFs
are consistent with their surrounding stations, and the use of these
stations does not influence our results. An example of P-wave RFs
obtained for station ON46 is presented in Fig. 3(b).

3 M E T H O D S A N D C O M PA R I S O N T E S T S
Teleseismic P-wave RF analysis is one of the most efficient and
reliable techniques to determine crustal thickness, and there are at
least three methods that are commonly used. One is to visualize RF
waveforms in a vertical transect versus time through depth migration
of P-wave RFs by using backwards propagation along the ray (Yuan
2000) or by using the single-point scatter method (Sheehan et al.
2000). With this approach, the position of Ps in the transect marks
the Moho. This method is best suited for dense or linear seismic
arrays (e.g. Kind et al. 2002; Zhao et al. 2011; Feng et al. 2014).
However, the stations used here are distributed in 2-D, and for
this reason we did not use this method of analysis. The second
commonly used method is nonlinear inversion of RFs for a 1-D
S-wave velocity (Vs) profile, from which the Moho depth or crustal
thickness can be estimated a priori from an assigned S-wave velocity
or velocity gradient around the Moho (e.g. Ammon 1991; An &
Assumpção 2004). The crustal thickness obtained by this method
depends strongly on the reliability of the S-wave velocity profile,
and is somewhat subjective because the S-wave velocity or velocity
gradient around the Moho may vary from region to region. Recently,
An et al. (2015) proposed a way of estimating Moho depth using
velocities and velocity gradients of an S-wave velocity profile, and
this proves to be robust for different kinds of tectonic domains,
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Figure 2. Number of valid receiver functions for each seismic station in the study region (numbers are indicated by colour). Triangles are newly deployed
portable stations of the Chinese Academy of Geological Sciences (CAGS), and inverted triangles are national and regional permanent stations of the China
Earthquake Administration (CEA). The stations (triangles) with a labelled black circle are specifically referred to in this paper. Other features are the same as
in Fig. 1.

including continental and oceanic settings. The third commonly
used method is the H–k stacking procedure of Zhu & Kanamori
(2000), in which both the crustal thickness (H) and crustal Vp/Vs
ratio (k) are determined under each station, usually by assuming a
simple two-layered (crust and mantle) Earth model. This method
is simple and widely applied (e.g. Niu et al. 2007; Finotello et al.
2011; Li et al. 2014c), but the assumption of a simple two-layered
Earth model means that the resultant crustal thickness contains
an unknown degree of uncertainty, particularly for regions with

complex crustal structure. The latter two methods could both be
used for our study, but because the results using the two methods
are sometimes quite different (An et al. 2015), we performed several
synthetic tests to evaluate them.
3.1 Tests of 1-D S-wave velocity inversions
Here, a linearized inversion method was used to obtain a 1-D Swave velocity model from RFs. The flatness on perturbations of
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Figure 3. Example of inversion for (a) an S-wave velocity model from (b) receiver functions for seismic station ON46. The location of the station is shown in
Fig. 2. Subfigure (b) shows the fitting between the observed and predicted receiver functions of 36 events. Since ray parameters in different observed receiver
functions can be different, the receiver functions predicted from them are also different. For S-wave velocities in the range from 3.8 to 4.5 km s−1 , the location
(HVmax ) with the largest velocity increase of the (red line) model is at the depth of 40 km. Even though HVi are between 36 and 46 km, their weighted average
is 39.87 km.

S velocities in each iteration was used. To find the best way of
obtaining a 1-D model, we tested inversions using synthetic RFs
according to three different schemes (Fig. 4): (1) an inversion (‘RF’
in Fig. 4) of RFs; (2) a joint inversion (‘RF + SWD’) of RFs and
surface wave dispersion (SWD); and (3) an inversion (‘SWD→RF’)
of RFs where the initial reference model is the inverted 1-D Swave velocity model from SWD. The second scheme is a joint
inversion from two observations, but the third scheme is a twostep inversion including two separate inversions (an independent
inversion of surface waves is required before RF inversion).
The input (true) model (black lines on the left of Fig. 4) consists
of three crustal layers and a mantle half-space with a Moho discontinuity at 35 km depth. The S velocities of the three crustal layers
are 3.15, 3.35 and 3.85 km s−1 , respectively, and the average crustal
S velocity is 3.656 km s−1 . The Vp/Vs ratio for all layers is 1.732.
In schemes (2) and (3), the synthetic surface wave observations are
Rayleigh wave group velocities at periods of 6–80 s, but these are
not shown here as we focus on inversions of RFs. All forward calculations, such as the calculations for the synthetic RF (black lines
on the right of Fig. 4) of the input model, were carried out using
programs in the software package of Herrmann & Ammon (2002).
To test the resolving power of the inversion schemes, we set three
initial reference models (grey lines in Figs 4a–c) that are quite different from the input model. The reference models comprised a
one-layer crust and a half-space mantle with a Moho discontinuity
at 30 km depth, which is 5 km shallower than in the input model.
Crustal S-wave velocities of the three initial reference models
(Figs 4a–c) were 3.46 km s−1 (lower than the input model crustal
average of 3.656 km s−1 ), 3.75 km s−1 (close to the input model),
and 4.04 km s−1 (higher than the input model). More iterations
might have improved the inversion results, but to understand more
fully the power of the third scheme, we ran 50 iterations for the
first two schemes when the inversions became stable, but only two
iterations for the third scheme.
3.1.1 RF inversion
The solutions after 50 iterations of the inversion from synthetic RFs,
and using three different initial reference models, are shown as dark
green lines (‘RF’) in Figs 4(a)–(c). The predicted RFs from the so-

lutions agree well with the synthetic RFs (data fit on the right), but
the inverted S-wave velocities (Figs 4a–c) are, in some cases, quite
different from each other and from the input model. The only differences between the inversions for the three solutions are in the initial
reference models (Figs 4a–c), which indicates that the solutions
are strongly dependent on the initial reference models, as expected
for most linearized inversions. In detail, an initial reference model
with unrealistic seismic velocities can mislead when retrieving the
S-wave velocities, but a realistic reference model can guide the RF
inversion and quickly lead to a solution (input S-wave velocities).
Therefore, the linearized inversion of RFs requires an initial reference model with S velocities that are as realistic as possible.
3.1.2 RF + SWD joint inversion
It is widely accepted that RFs are more sensitive to discontinuities,
whereas SWD is more sensitive to S-wave velocities. Therefore,
joint inversions of RFs and SWDs have been widely applied, either
by random optimization (e.g. An & Assumpção 2004; Lawrence
& Wiens 2004) or linearized inversion (e.g. Julià et al. 2000). As
expected, after 50 iterations the ‘RF + SWD’ solutions (Fig. 4)
obtained by the joint inversions of RFs and SWDs are closer to the
input model than the solutions from the RF-only inversions.
3.1.3 SWD inversion → RF inversion
This is a two-step inversion scheme in which an SWD inversion is
carried out first. SWD inversion can provide a good solution after a
small number of iterations, even from a poor initial reference model
(Herrmann & Ammon 2002; Feng & An 2010). Therefore, we used
only two iterations for this scheme. Using the synthetic dispersion
as the observation for the above input model (black lines in the left
subfigures in Fig. 4), we employed the linearized inverse method
to invert for 1-D S-wave velocity models, using the three reference
models (grey lines). The inverted models and their predicted RFs
after two linearized inverse iterations are shown as yellow lines
(‘SWD’) in Fig. 4. Irrespective of whether the initial reference
models were different from or similar to the input model, the velocity
pattern of the input model can generally be retrieved in the inverted
models (left subfigures in Fig. 4).
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(a)

(b)

(c)

Figure 4. Synthetic tests for 1-D linearized inversions. The differences in (a–c) are the crustal S velocities (Vs) in the initial reference models (grey lines
in the left-hand panels). Black lines are input (true) models (on the left) and their synthetic RFs (on the right). Dark green lines (RF) are models inverted
from synthetic RFs and their predicted RFs. Yellow lines (SWD) are those from synthetic surface wave dispersion. Blue lines (RF + SWD) are those of joint
inversion from RFs and surface wave dispersion. Red lines (SWD→RF) are those of two-step inversion; that is, an RF inversion, but using the yellow line
(SWD) as the initial reference model.

Using these inverted models as initial reference models, we carried out inversions from RFs. The inverted models (‘SWD→RF’)
after two iterations are shown as red lines on Fig. 4. Even though
these models systematically overestimated upper-mantle S-wave velocities in Figs 4(a) and (b), the solutions (red lines in Fig. 4) retrieved both the crustal velocities and Moho discontinuities of the
input model, and they best fit the RFs.

The synthetic tests described above (Fig. 4) show that the final
solutions after two iterations of SWD inversion and then two iterations of RF inversion are better than those of joint inversions after
50 iterations, in terms of both the final model (S-wave velocities
and Moho) and calculation efficiency. Given that the joint inversion of RF and SWD is superior to an inversion of RF only, the
two-step inversion scheme is the best linearized inversion scheme
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Figure 5. Synthetic tests for the H–k method. H = crustal thickness; k = Vp/Vs. The shades are the stacking sum, s(H, k), when Vp of 6.5 km s−1 is used.
The position with the stacking maximum of the RFs is the solution. The solutions obtained using crustal P-wave velocities (Vp) of 6.0, 6.5, and 7.0 km s−1 are
marked by blue, yellow, and red crosses, respectively. The black cross is the true model.

to determine S-wave velocities and Moho discontinuities (crustal
thicknesses) using RFs.
3.2 Tests of the H–k stacking method
Using the same input model and its synthetic RF as shown in Fig. 4
(black lines), we also investigated the H–k stacking method of Zhu
& Kanamori (2000). The crustal Vp/Vs ratio (k) of the input model
is 1.732. In the H–k stacking method, a fixed crustal Vp (but Vp/Vs
is changeable) is required to evaluate all combinations of Vp/Vs and
crustal thickness (H). The best solution is the combination of Vp/Vs
and H that gives the largest stacking sum s(H, k) of the expected
phases, as shown in Fig. 5.
We tested three constant values of crustal P-wave velocities (6.0,
6.5, and 7.0 km s−1 ), which are lower, similar, and higher than
in the input model. Fig. 5 shows the H–k stacking image using a
P-wave velocity of 6.5 km s−1 . The stacking maximum of the RFs
(the solution) is marked as a yellow cross, and the solutions using
P-wave velocities of 6.0 and 7.0 km s−1 are marked by blue and
red crosses, respectively. Only the solution using a crustal P-wave
velocity close to the input model (yellow cross) can retrieve the
crustal thickness of the input model (35 km, black cross). This test
indicates that the crustal thickness obtained by the H–k stacking
method is influenced to a great extent by the given crustal P-wave
velocity.

3.3 Comparisons of the tests
The tests with the H–k stacking method showed that the estimated
crustal thicknesses are influenced by the input crustal P-wave velocity. However, there are often no a priori local P-wave velocities
that can be used in the H–k stacking. The inversion for S-wave velocities from RFs is strongly dependent on the S-wave velocities in

the initial reference model, but this can be greatly improved by using the S-wave velocity model of a surface wave inversion. Surface
wave tomography can provide regionalized surface wave dispersion
(to invert for 1-D S-wave velocities) or regionalized 1-D S-wave
velocities. Furthermore, the resultant 1-D velocities of an inversion
provide more information than the result from the H–k stacking
method. Therefore, here we use the two-step scheme involving a 1D linearized inversion of RFs with an initial reference model from
regionalized S-wave velocities.

4 R E S U LT S
We retrieved RFs from seismic stations throughout China (Supporting Information Table S1; Fig. 6a), not just those in the study
region. The stations included all the permanent stations in China
(Zheng et al. 2010), as well as portable seismic stations in and
around China and the new stations deployed by CAGS (Fig. 2). 1-D
S velocities of all these seismic stations were inverted using the
third scheme described above in section 3.1. Unlike the synthetic
test, we did not perform the first step of surface wave inversion
for 1-D S velocities, but directly used regionalized S velocities of
a 3-D lithospheric S-velocity model of the Chinese continent as
initial models, and ran the RF inversions for 10 iterations. The 3D S-velocity model was updated from the model of Feng and An
(2010) by adding the surface wave observations in and around the
study region that had been described by Feng et al. (2011) and Li
et al. (2014b). Considering that surface waves of long-wavelength
character have a relatively low lateral resolution (e.g. ∼100 km at
a depth of ∼50 km), the 3-D S-velocity model used here may not
represent very well the local-scale S-velocity structure in an area
with strong lateral heterogeneity, especially in small basins around
the Ordos block. Nevertheless, S velocities from surface waves are
the most helpful constraints in RF studies. Because the linearized
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Figure 6. Crustal thicknesses for 1669 seismic stations, most of which are in China. Other features are the same as in Fig. 1.

inversions of RFs in the second step are strongly dependent on the
initial reference models, as shown in the above synthetic tests, the
S velocities inverted from RFs in these basins may be less reliable.
Using the inverted 1-D S-wave velocity profiles, the depth of
the Moho beneath each station was estimated by using the method
proposed by An et al. (2015). In this method, the Moho depth (H)
is the weighted average of depths (HVi , i = 1, 2, . . . ) where several
given S velocities (Vi , i = 1, 2, . . . ) possibly at the Moho were
located using the following equation (An et al. 2015):

(wi · HVi )

Vi Vi > 0
i

,
(1)
, wi =
H=
0
Vi ≤ 0
wi
i

where HVi is the depth with Vi in the S-velocity profile, and Vi is
the increase in velocity from Vi to the velocity of the layer beneath.
Eq. (1) considers not only the depths where the given a priori S velocities are found but also considers the sharpness of the downwards
increase in seismic velocities. For example, the location (HVmax ,
at a depth of 40 km in Fig. 3a) with the largest velocity increase
(Vmax ) of Vi is the most likely location of the Moho, and is
heavily weighted.
Considering that the S velocities inverted from RFs often contain
large uncertainties, we offer the following tips when applying eq.
(1) to RF inversion results. First, seismic velocities in a model inverted from surface waves are often smoothly increasing around the
Moho, as in An et al. (2015), while velocities inverted from RFs, as
for example in Fig. 3(a), increase abruptly at the Moho if Ps phases
in the RFs are clear. We discarded about 1 per cent of the stations
with Vmax less than 0.2 km s−1 , which means no sharp discontinuity was found. Second, we selected a large range of Vi (from 3.8 to
4.5 km s−1 in steps of 0.1 km s−1 ) to consider the large uncertainties
and different kinds of tectonic domains. Third, to search Vi we set a
minimal depth limit according to the elevation of each station, because S velocities at very shallow depths can be as large as Vi at the

Figure 7. Frequency distribution of the differences (H – HVmax ) for all
stations. H is the estimated depth of the Moho at a station, and HVmax is
the depth at which the largest velocity increase is located.

Moho, and thereby bias the solution (e.g. Vi at a depth of 10 km is
>4.0 km s−1 , as shown in Supporting Information Fig. S2a). Therefore, by using a rough minimal limit for the depth of the Moho (e.g.
>25 km for a station at an elevation of 1000–2000 m) we were
able to avoid erroneous solutions caused by shallow high velocities. Fourth, we discarded HVi if ≥10 km away from HVmax before
calculating the weighted average. This treatment can eliminate improper depths with a given Vi since we used a wide-searching range
of S velocities (3.8–4.5 km s−1 ).
Using the above equation and tips, we obtained Moho depths for
1669 stations (Fig. 6). The estimated Moho depths (H) for most
stations differed by less than 2 km from HVmax (Fig. 7); that is,
they are located mainly around the location with the sharpest velocity variation. For the model in Fig. 3(a), even though HVi varies
from 36 km (Vi = 3.8 km s−1 ) to 46 km (Vi = 4.5 km s−1 ), the
resultant H is 39.87 km, which is very close to the HVmax of
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Figure 8. Crustal thicknesses in the study region. (a) Expanded view of Fig. 6 for the Ordos Block and Qinling. The thickness data in (b) are from (a) and
recent studies, as shown in Supporting Information Fig. S1b–c. Li2014 = Li et al. (2014c); Wang2014 = Wang et al. (2014). Other features are the same as in
Fig. 1.

40 km. A few stations show estimated Moho depths that differed
by more than 5 km from HVmax , and this was because the velocity variation (Vmax ) at HVmax was similar to the other Vi
around it.

Considering that the new CAGS stations are located only in
and around the region of the Ordos Block and the Qinling Orogen (Fig. 2), we focus on the results (Fig. 8a) inside the region shown in Fig. 1. We note that the Moho depths beneath the
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Figure 9. Crustal thickness map of the study region. The colour shading is interpolated from the scatter data shown in Fig. 8(a). Other features are the same
as in Fig. 1.

permanent stations had previously been estimated from RFs, although in most of those studies (e.g. Li et al. 2014c; Wang et al.
2014), the H–k stacking method was used. Nevertheless, similar
results for the Moho depths were obtained from most of the stations in those earlier studies (Fig. 8b or Supporting Information
Fig. S1), and the small number of large differences in the estimated
Moho depth (Fig. 8b) may reflect differences in methodology or
processing parameters.
Using our results (Fig. 8a), we created a map of crustal thickness
(Fig. 9). We also show the depths of the Moho in several vertical
transects (Fig. 10). The map and the transects exhibit some interesting features regarding variations in crustal thickness around the
Ordos Block and the Qinling Orogen.
The most significant feature of the crustal thickness data (Figs 8,
9 and 10a–c) is that the thickest crust is in the western part of
the study region (Fig. 1), and the thinnest crust is in the east. In the
west, thick crust (>48 km) can be found not only in the northeastern
part of the Tibetan Plateau, but also beneath the Helan Shan, the
Yinchuan Basin and the western margin of the Ordos Block. These

areas are either on or close to the Tibetan Plateau. In the east, the
crust is thin beneath the Nanyang Basin, the Jianghan Basin and the
North China Plain (∼30–38 km). Between these aforementioned
areas, most of the Ordos Block, the Lüliang Shan, and the Taihang
Shan have a crust of intermediate thickness (∼38–48 km).
The crustal thickness in the area of the Qinling Orogen varies
similarly from west to east (Figs 8, 9 and 10c). The western Qinling
is part of the northeastern Tibetan Plateau, and has a thick crust
(>45 km). The crust beneath the entire eastern Qinling, which is
the mountainous area between the Yellow River and the Nanyang
Basin eastwards to ∼110◦ E, is thin, similar to a rift basin, the North
China Plain, and the Nanyang Basin. The central Qinling has crust
of intermediate thickness (∼38–45 km), similar to that of the Ordos
Block and the Sichuan Basin, even though the central Qinling is part
of a Phanerozoic Orogen whereas the former are both old, stable
cratonic regions. Of note, the crust beneath the central and eastern
Qinling is thinner than beneath neighbouring areas, particularly
compared with the Daba Shan and the Weihe Basin (Figs 8, 9, and
10d and e).
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Figure 10. Representative vertical transects of Moho-depth variations in the various tectonic units. The Moho depths here are relative to sea level, and are not
the same as the crustal thicknesses relative to the surface of the Earth. The depths are calculated from the crustal thicknesses in Fig. 8(b). Black dashed lines
in (a–e, g) mark the Moho topography according to the Moho positions in the subfigure. CQL, Central Qinling; HB, Hubao Basin; DBS, Daba Shan; HLS,
Helan Shan; LaS, Lang Shan; LB, Linhe Basin; LLS, Lüliang Shan; NETP, NE Tibetan Plateau; SB, Sichuan Basin; THS, Taihang Shan; WB, Weihe Basin;
YB, Yinchuan Basin.

The Daba Shan is part of the southern edge of the SCC, and
is located between the Sichuan Basin and the Qinling. The crust
beneath the Daba Shan (∼42–55 km thick) is much thicker than
that beneath neighbouring mountains (e.g. the central Qinling) and
basins (e.g. the Sichuan Basin) (Figs 8, 9, and 10d and e).
The crust associated with a rift basin is generally thin. For example, the crust beneath the Nanyang Basin, the Jianghan Basin, and
the North China Plain (∼30–35 km) is thinner than that beneath the
neighbouring Taihang Shan. Most of the basins around the cratonic
Ordos Block have been considered to be graben, but the crust beneath most of these basins appears to be thicker than that beneath
neighbouring areas (Figs 8–10). For example, the central Hubao and
eastern Linhe basins to the north of the Ordos Block have a thicker
crust than the Yin Shan (from the Lang Shan to the Daqing Shan)
and the northern Ordos Block. The Yinchuan Basin to the west of
the Ordos Block has a thicker crust than the western Ordos Block.
Most significantly, although the crust in the area surrounding the
Weihe Basin is thin, the crust beneath the basin itself (Figs 8 and 9)
is somewhat thicker.
In summary, the results given above show two interesting points.
First, the central Qinling has a thinner crust than neighbouring areas
such as the Daba Shan and even the Weihe Basin. Second, most of
the basins around the Ordos Block have a relatively thick crust.

5 DISCUSSION
5.1 Comparisons with previous results
There have been several reports of RF measurements using a 2-D
seismic array installed on the Ordos Block (e.g. Pan & Niu 2011;
Li et al. 2014c; Wang et al. 2014; Yao et al. 2014), and the most
complete information was given by Li et al. (2014c) and Wang
et al. (2014). However, Li et al. (2014c) used only a small number
of permanent stations on the Ordos Block (Supporting Information
Fig. S1c), and our stations are more densely and homogeneously
distributed than those used by Wang et al. (2014) (Supporting Information Figs S1a and c).
The basins around the Ordos Block are small and young, and their
deep structure has not been well studied. We therefore used several
new observational stations in an attempt to shed new information on
these basins. For example, we used four stations within the Linhe
Basin, whereas Wang et al. (2014) used stations only along the
basin boundary (Supporting Information Fig. S1c), and we used
four stations within the Weihe Basin, whereas Li et al. (2014c)
and Wang et al. (2014) had no station within the basin (Supporting
Information Figs S1b and c). Our results from inside some of these
basins were, in some cases, different from those around the basin.
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For example, the data showed that the crust beneath the Weihe
Basin is thicker than in the area around the basin (Fig. 8), which is
discussed in more detail below.
5.2 Crustal thickness variations from uplifted plateau to
depressed basin
The entire study region is a transition zone from the uplifted northeastern Tibetan Plateau in the west to rift basins (e.g. the North
China Plain) in the east (Fig. 1). It has been reported previously
that different tectonic provinces may correlate with different Moho
depths (crustal thicknesses) (e.g. Christensen & Mooney 1995). For
example, an extended crust or a rift basin has a relatively thin crust
with an average thickness of 30.5 km (e.g. Christensen & Mooney
1995; Keller 2013), whereas Precambrian cratons have a crustal
thickness close to the global average of ∼41 km (e.g. Assumpção
et al. 2013; Li et al. 2014c). However, orogenic regions have a
greater average crustal thickness of ∼46.3 km, whereas regions
such as the Tibetan Plateau and the Andes have crust as thick as
70–80 km (e.g. Assumpção et al. 2013; Teng et al. 2013; Li et al.
2014c). On the basis of these observations, the northeastern Tibetan
Plateau, which formed by continental collision, is expected to have
a thick crust, whereas the North China Plain, which is a rift basin,
is expected to have a thin crust.
The results presented in this paper (Figs 9 and 10b) show a similar
trend to those expectations, with the thickest crust in the west and
the thinnest crust in the east. In the west, thick crust (>48 km)
is found not only under the northeastern Tibetan Plateau, but also
beneath the Helan Shan, the Yinchuan Basin, and the western margin
of the Ordos Block (Fig. 9). These areas are either on or close to
the Tibetan Plateau, meaning the thick crust may have been the
result of the collision between the Indian and Eurasian continents.
In the east (Fig. 9), the crust is thin beneath the Nanyang Basin, the
Jianghan Basin, and the North China Plain (∼30–35 km thick), and
even beneath the eastern Qinling. The rifting of the North China
Plain has been ascribed to destruction of some of the underlying
lithosphere linked to subduction of an oceanic slab into the mantle
transition zone (e.g. Gilder et al. 1991; Tian et al. 1992; An et al.
2009, 2011; Zhu et al. 2012). The thin crust in these areas may
possibly be attributed to rifting that was triggered by this type of
subduction process.
Most of the western and central NCC, including the Ordos Block,
the Lüliang Shan, and the Taihang Shan, has crust with a similar (intermediate) thickness. The western NCC was stable in the Phanerozoic, but the central NCC has been tectonically modified since the
Jurassic (Zhai et al. 2004; Zhang et al. 2008, 2011). For example, in
the central NCC, uplift took place and a fold-and-thrust system was
formed in the Jurassic and Cretaceous, and rifting that led to the
formation of the Fenhe (Shanxi) Graben took place in the Cenozoic.
However, the similarities in crustal thickness imply that the entire
western and central NCC shared a common tectonic history over a
long period of time, and the aforementioned events only affected
the crust weakly. Indeed, geological studies have shown that the
basements of these regions are similar and share a common tectonic
history (Deng et al. 2005), at least prior to the Triassic (Zhai et al.
2004). In summary, although tectonic events resulted in the uplift
of the Lüliang Shan and the Taihang Shan, and in the formation
of the Fenhe Graben, our results suggest that these events did not
significantly change the thickness of the crust throughout the central
NCC. This may explain why the central NCC has a similar crustal
thickness to the western NCC, which is within the stable part of the
Ordos Block.

5.3 Thick crust beneath the Daba Shan
The Daba Shan thrust belt is part of the southern edge of the SCC
(Fig. 1), and was formed by processes of subduction and collision
involving the SCC and the southern part of the Qinling at ∼200 Ma,
and by the continued convergence of the SCC and NCC possibly
through to the Cenozoic (Ratschbacher et al. 2003; Hu et al. 2012;
Dong et al. 2013).
The crust beneath the Daba Shan (∼42–55 km thick) is much
thicker than that beneath neighbouring mountains (e.g. the Qinling)
and basins (e.g. the Sichuan Basin) (Figs 6 and 10d and e). The
thickness of the crust beneath Daba Shan is not unexpected, given
the evolutionary history of the Daba Shan thrust system. The Daba
Shan was a foreland basin when the SCC was subducted beneath
the southern Qinling, and the area was then subjected to continued
convergence. A foreland basin initially has a thick crust, and continued compression would have further thickened the crust of the
Daba Shan.

5.4 Dynamics controlling the basins around the Ordos
Block
In the Late Triassic (∼210 Ma), the cratonic block associated with
the present Ordos Block was much larger than at present, and it
covered a large area to the west of the Ordos Block, including
the Helan Shan and Liupan Shan, the Hexi corridor, and even the
Qilian Shan (Bai et al. 2006), as well as the central NCC to the
east (Zhai et al. 2004). Mesozoic–Cenozoic subsidence resulted
in the formation of small basins around the Ordos Block (Zhai
et al. 2004; Zhang et al. 2008, 2011). In the Mesozoic, uplift and
thrusting of the Helan and Liupan Shan cut the western area from
the Ordos Block and resulted in the formation of foreland basins
along the western margin of the Ordos Block (Li et al. 2007, 2009).
Between the middle–late Eocene (40–23 Ma) and Miocene (23–5
Ma), subsidence occurred around the margins of the Ordos Block.
In the late Miocene, the Shanxi Graben (Fenhe Graben) was formed
with basin depressions.
All or most of the small basins around the Ordos block have been
considered to be Cenozoic graben (Ma & Wu 1987; Ye et al. 1987;
Zhang et al. 1998; Deng et al. 1999; Yin 2010). However, some
recent studies have shown that the subsidence of these basins may
have occurred via a variety of mechanisms. The basins at the western
margin of the Ordos Block, such as the Yinchuan and western Linhe
basins (Fig. 1), have been considered Mesozoic and late Cenozoic
foreland basins, based on studies related to hydrocarbon exploration
(e.g. Li et al. 2007; Song et al. 2012). The Weihe Basin at the
southern margin of the Ordos Block is also thought to be a foreland
basin (Teng et al. 2014b).
Foreland basins and graben form in different tectonic environments, as illustrated in Fig. 11. A foreland basin is associated with
crustal shortening and thickening in a compressional environment
(Beaumont 1981; DeCelles & Giles 1996), whereas a graben is
associated with crustal stretching and thinning in an extensional
environment (Alien & Alien 2005). Therefore, information on deep
crustal structure is important when trying to discriminate between
these types of basins. If the Weihe and Hubao basins are graben,
they should have thin crust. However, this is not consistent with our
new results, as discussed in detail below.
It is worth noting that the crustal thicknesses estimated from RFs
in sedimentary basins are less reliable than those estimated elsewhere. One problem is caused by the contamination of sediment
multiples on RF observations (see the observed RFs for station
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Figure 11. Schematic illustrations of the two mechanisms forming basins
around the Ordos Block. The Hubao and Weihe basins were previously
considered to be graben that formed as shown in (b), whereas our new
results suggest that they are (or were) foreland basins that formed as shown
in (a).

SOD15 in the Weihe basin, Supporting Information Fig. S2a). Another problem is a result of an improper reference model from
regional surface wave tomography. Regional surface wave tomography may not be able to reveal sedimentary layers for small-scale
basins, and the missing sedimentary layers in the reference model
can bias the final RF inverted model. Supporting Information Fig. S2
compares two inverted results for station SOD15 in the Weihe basin
by using reference models with and without sedimentary layers,
respectively, and it is clear that the addition (Supporting Information Fig. S2b) of shallow low-velocity layers in the initial reference
model improves both the data fitting and the inverted mode, but the
final Moho depth is not changed (Supporting Information Figs S2a
and b).
5.4.1 Hubao Basin and eastern Linhe Basin
The deep crustal structure beneath the Hubao Basin and the eastern
Linhe Basin on the northern margin of the Ordos Block has not
been studied as well as that beneath other basins along the margin
of the block. The Hubao and eastern Linhe basins have previously
been regarded as graben (e.g. State Seismological Bureau 1988;
Zhang et al. 1998; Deng et al. 1999; Yin 2010; Zhao et al. 2016).
Given this, thin crust is expected beneath these basins. However,
our results have shown that the crust beneath the central Hubao
and eastern Linhe basins is thicker than that beneath the areas
neighbouring the basins.
Our findings are consistent with previous results on the Hubao
Basin. The Bouguer gravity anomaly (measured in 1964) for the
Hubao Basin is lower than in the neighbouring higher-topography
areas of the Daqing Shan and the northern Ordos Plateau (Wang
et al. 2004, 2005), which implies a deeper Moho beneath the basin
according to Airy isostasy. Even though the depth to the Moho
beneath the western Hubao Basin along a longitude of 110◦ E, measured by deep seismic sounding (Teng et al. 2010) and RF analysis
using portable seismic stations (Tian et al. 2011), is similar to neighbouring regions, the Moho is 3 km deeper beneath the central Hubao
Basin along a longitude of 111.3◦ E, when compared with the Daqing
Shan and the Ordos Plateau using seismic reflection measurements
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(Feng et al. 2015). In summary, the seismic results suggest that the
central Hubao and eastern Linhe basins have a relatively thick crust
and that they might therefore have been formed or controlled by a
mechanism other than the widely accepted rifting model.
Underplating may result in a basin being underlain by a relatively
thick crust, as with the Paraná Basin in Brazil (e.g. Assumpção et al.
2002; Mariani et al. 2013). High-density and high-velocity materials
underplated to the lower crust can result in a low Bouguer anomaly.
However, unlike the Paraná Basin, there is no large igneous province
along the northern margin of the Ordos Block. Furthermore, the
magmatic activity that did take place close to the Hubao Basin is
too young (e.g. Hannuoba in the Cenozoic) to explain the thick
crust. Moreover, the heat flow measured in a region with young
magmatism should be high, whereas the heat flow from the Hubao
Basin is low (Zhang et al. 2014). Therefore, magmatic underplating
cannot explain the geophysical features of the basins along the
northern margin of the Ordos Block.
Another explanation for a basin with thick crust is that the basin is
a foreland basin, and such a proposition should be consistent with
the regional tectonic evolution. The convergence of the Siberian
Craton and the NCC formed the CAOB and the Tianshan–Xingmeng
Orogenic Belt, and caused uplift of the Yin Shan (Fig. 1) during an
extended arc–continent collision in the Palaeozoic (e.g. Tang 1990;
Sengor et al. 1993; Windley et al. 2007; Liu et al. 2017). Therefore,
the areas around the Yin Shan have experienced horizontal compression over a long period of time, which implies that the basins
along the northern margin of the Ordos Block could be foreland
basins, even though this has not previously been proposed for the
Hubao Basin.

5.4.2 Weihe Basin
The Weihe Basin is widely considered to be a Cenozoic graben
(Ma & Wu 1987; Ye et al. 1987; Zhang et al. 1998; Deng et al.
1999; Yin 2010), implying the crust beneath the basin should be
thin. However, our results show that the crust beneath the Weihe
Basin is thicker than beneath the neighbouring Ordos Block and the
central Qinling. Although the active-source seismic study of Teng
et al. (2014a) did not find the crust thicker beneath the Weihe Basin
than beneath its two flanks, some other measurements are consistent
with our results. For example, RF analyses along a line crossing the
west of the central Qinling and the western tip of the Weihe Basin
(Tang et al. 2015) showed that the Weihe basin has a thicker crust
than the central Qinling but the same thickness as the Ordos Block.
Seismic reflection (Li et al. 2014a) and RF measurements (Si et al.
2016) along a line crossing the central Qinling and the Weihe Basin
revealed that the Weihe Basin has thicker crust than on its two flanks.
Although Si et al. (2016) argued that the crust beneath the Weihe
Basin is thin, their RF image (fig. 6 in Si et al. 2016) shows the
crust directly beneath the Weihe Basin to be thicker. Similar to the
Hubao basin, the Bouguer gravity anomaly for the Weihe Basin is
lower than in the neighbouring higher-topography areas of Qinling
and the southern Ordos block (Wang et al. 2015), implying a deeper
Moho beneath the basin according to Airy isostasy.
Given its thick crust, it is reasonable to classify the Weihe Basin
as a foreland basin. For reasons similar to those given for the Hubao
Basin, the regional tectonic evolution supports this classification, as
there is no large igneous province in the Weihe Basin and this region
has experienced prolonged Phanerozoic compressional tectonism.
Although some tectonic activity may have occurred on some regional faults (e.g. in the Cenozoic; Zhang et al. 1998), the crust
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of the Weihe Basin was not transformed by extensional tectonism,
given that it still retains a thick crust.

5.5 Dynamics controlling the Qinling Orogen
5.5.1 Segmentation from west to east

5.4.3 Regional dynamic systems
In the late Cenozoic, the uplift of the extensive northeastern Tibetan
Plateau resulted in strong ENE–WSW compression (Xie et al. 2007;
Heidbach et al. 2008) along the southwestern margin of the Ordos
Block. This was the most significant tectonic process that acted on
the margins of the Ordos Block during this period, and it continues to control the present regional stress field, generating a ENE–
WSW maximum principal horizontal stress around the Ordos Block
(www.eq-icd.cn/webgis/picture.htm; Xie et al. 2007). The effect is
so strong that other horizontal effects acting on the other margins
of the Ordos Block have been obscured, as they are relatively weak.
Given this tectonic stress field, the Weihe Basin, with its long axis
trending ENE–WSW, can be viewed as an extensional rift basin.
Our results have shown that the basins along the northern (Hubao
and eastern Linhe basins) and southern (Weihe Basin) margins of
the Ordos Block have a thicker crust than their flanks, which indicates that these are foreland basins, not graben. In this case, the
basins should have formed in an environment of N–S compression.
The nature of the present basement structure (Supporting Information Fig. S3) beneath the Ordos Block (Kang et al. 2014) supports
that compression due to the N–S convergence of the NCC and SCC,
and the NCC and CAOB, controlled regional tectonics during the
Phanerozoic. A representative N–S transect (Supporting Information Fig. S3) across the entire Ordos Block shows that the basement
along the northern and southern margins has been uplifted relative to its central part. This structure may have been formed by the
same N–S compression that resulted in the thicker crust of the small
basins along the northern and southern margins of the Ordos Block.
Although some small-scale rifting due to extension may have occurred in this region (Ma & Wu 1987; Ye et al. 1987; Zhang et al.
1998; Deng et al. 1999; Yin 2010), our results suggest that the extension was localized and did not transform the crustal structure of
the small basins along the northern and southern margins of the Ordos Block, which retain the properties of foreland basins. This N–S
compression in the Ordos Block is still evident in the late Cenozoic,
though not as clear as the ENE–WSW compression caused by the
growth of the Tibetan Plateau.
The basins along or close to the northwestern (Yinchuan and
western Linhe basins) and eastern (Fenhe Graben) margins of the
Ordos Block are considered to be rift basins that formed as a result
of E–W extension in the Cenozoic. Such extension could have
accompanied the N–S compression that controlled the formation
of the Weihe and Hubao basins. However, the basins along the
western margin of the Ordos Block (e.g. the Yinchuan and western
Linhe basins; Fig. 1) are also considered to be Mesozoic and late
Cenozoic foreland basins (e.g. Li et al. 2007; Song et al. 2012),
and our results show that the Yinchuan Basin, which is close to the
northeastern Tibetan Plateau, has a thick crust.
In summary, all the basins along the northern, western, and southern margins of the Ordos Block (Fig. 1) are (or were) foreland
basins. Later tectonic events have not transformed the crust beneath
the basins in any significant way. The Weihe Basin is connected with
the Fenhe Basin to the east of the Ordos Block, and as such is often
called the Fen–Wei Graben. However, the two basins were formed
by different tectonic mechanisms, with the Fenhe Basin being a
graben and the Weihe Basin being a foreland basin.

The Qinling Orogen is currently connected to the SCC and NCC.
However, the continental lithosphere of these three blocks was separated by oceanic lithosphere prior to the Triassic (Zhang et al.
1996; Meng & Zhang 2000; Ratschbacher et al. 2003). In the Precambrian, even the Qinling was made up of two small unconnected
blocks (North and South Qinling) (Song et al. 2009; Dong et al.
2011; Bader et al. 2013). North Qinling amalgamated with the NCC
no later than ∼500 Ma, although the direction of subduction is uncertain (Song et al. 2009; Bader et al. 2013; Dong & Santosh 2016).
South Qinling was subducted beneath North Qinling, finally colliding at ∼400 Ma. Subsequently, the SCC was subducted beneath
South Qinling, finally colliding at ∼200 Ma (Meng & Zhang 2000;
Ratschbacher et al. 2003; Dong et al. 2011). After these blocks
were assembled, the Qinling Orogen became the major suture that
separated the NCC from the SCC, and convergence between these
two cratons continued until the Early Cretaceous (Dong et al. 2011,
2016 and references therein). The Qinling Orogen was subjected to
horizontal compression throughout the Phanerozoic as a result of
the aforementioned subduction–accretion–collision events.
Qinling is divided from west to east into the western, central and
eastern Qinling, as marked by boundaries at longitudes of ∼105◦ E
and ∼110◦ E (Fig. 1). As part of the boundary suture between the
SCC and NCC, the entire Qinling may have a common tectonic
history and crustal thickness. However, our results revealed large
variations in crustal thickness from west to east: the western Qinling
(Figs 9 and 10c) has a thick crust (>45 km) whereas the eastern
Qinling has a thin crust (<36 km).
The crustal thicknesses of the three parts of Qinling are similar
to the crustal thicknesses in their respective neighbouring areas.
The western Qinling is part of the northeastern Tibetan Plateau that
was transformed by the Indo-Eurasia continental collision in the
Cenozoic. The crust beneath the western Qinling is thick, similar to
other areas of the northeastern Tibetan Plateau. The eastern Qinling
is adjacent to rift basins, the North China Plain, and the Nanyang
Basin, which are all related to subduction of the Pacific Plate. Even
though the eastern Qinling is mountainous, its crustal thickness is
similar to that of the neighbouring rift basins. The central Qinling
has a crustal thickness of 38–45 km, similar to the cratonic Ordos Block and Sichuan Basin, even though the central Qinling is
part of a Phanerozoic orogen. These data indicate that the western
and eastern Qinling were transformed by Cenozoic compression
and rifting, respectively, along with their neighbouring regions. The
central Qinling is located in a transitional area between the western
compressional and eastern rifting regions, and has a crustal thickness similar to the cratonic Ordos Block and the Sichuan Basin. This
indicates that the central Qinling has been less affected by Cenozoic
tectonism. The crust of the central Qinling may therefore preserve
a record of the Mesozoic and Palaeozoic tectonic evolution of the
region.

5.5.2 Absence of thick crust beneath the Qinling Orogen
The Qinling Orogen resulted from processes of subduction and
collision involving the NCC and SCC, and horizontal compression
occurred during most of the Phanerozoic. If the central Qinling
was less affected by Cenozoic tectonism, as indicated above, this
region can be expected to have a thick crust like the Andes or
Himalaya. The Andes and the Himalaya have crustal thicknesses
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5.5.4 Isostasy of the central and eastern Qinling

Figure 12. Schematic illustration of successive stages of convergence between the NCC and SCC.

of ∼70 km, whereas the present-day crust of the central Qinling
(Figs 10c and d) is relatively thin (<50 km), not only thinner than
the neighbouring Daba Shan and Ordos Block, but also thinner
than the neighbouring Weihe Basin. The absence of thick crust in
the central and eastern parts of the suture of the Qinling Orogen
indicates that the convergent tectonism between the NCC and SCC
was too weak to thicken the suture, unlike the Andes or Himalaya.
As such, the NCC and SCC collision and subduction may have been
short-lived.
A weak collision may not form a very thick crust along a lithospheric suture, but at the same time it would not thin the crust. For
example, one would expect the crust of the suture in the central
Qinling to be thicker than in neighbouring areas, or at least not
thinner than the Weihe Basin. However, our results have shown that
the crust beneath the central Qinling is thinner than in neighbouring
areas. One possibility is that thermal effects (like those in a backarc
system) caused by later subduction of the SCC beneath Qinling may
have thinned the overlying crust, as illustrated in Fig. 12(a). Another
possibility is that the uplift of the Qin Mountains is the result of an
arching upwards of the entire crust beneath Qinling, as illustrated in
Fig. 12(b). During such an arching, the Moho would become shallower, erosion on the mountainous surface would remove material,
and the crust would become thinner (the distance from the surface
to the Moho).

5.5.3 Relationship of the eastern Qinling to the Pacific
The eastern Qinling has a crustal thickness similar to that of
its neighbouring rift basin (i.e. the North China Plain). The thin
crust beneath the North China Plain was formed by destruction
of some of the underlying lithosphere due to upwelling of the
asthenosphere in relation to subduction of the Pacific Plate (e.g.
Gilder et al. 1991; Tian et al. 1992; An et al. 2009, 2011; Zhu
et al. 2012). Therefore, the thin crust beneath the eastern Qinling may also be related to Pacific subduction. This indicates
that the influence of Pacific Plate subduction may extend to the
west of the eastern Qinling, as far as the eastern margin of the
Weihe Basin.

In general, areas of thin crust often correspond to a subdued landscape like the North China Plain, according to Airy isostasy (Airy
1855; Heiskanen 1931). The eastern Qinling has a similar crustal
thickness to the North China Plain, but the topography of the former (mountains) is clearly different from that of the latter (basin).
Similarly, the central Qinling has a thinner crust than the neighbouring Daba Shan and Weihe Basin, but its surface elevations are
higher. These isostatic anomalies imply the presence of significant
density variations beneath the central and eastern Qinling, and the
surrounding areas.
One possible explanation for the anomalies is that the density
of the lithospheric upper mantle beneath Qinling is lower than that
beneath neighbouring areas. This is implausible for the eastern Qinling, because it is the North China Plain and not the eastern Qinling
that has been rifted, and given that some of the lithosphere beneath
the North China Plain was destroyed as a result of the upwelling
of hot asthenosphere, the density of the heated lithospheric upper
mantle below the North China Plain is relatively low.
A more realistic explanation of the anomalies is that the density
of the crust beneath the central and eastern Qinling is higher than
that of neighbouring areas. A number of observations support this
possibility. For the eastern Qinling, the neighbouring North China
Plain is a rift basin covered by thick, low-density sediments, while
the eastern Qinling itself is mountainous and not a basin. This
indicates that the crust of the eastern Qinling was less influenced
by hot asthenospheric erosion, and it may suggest Qinling has a
colder (and denser) crust than the North China Plain. For the central
Qinling, the neighbouring Weihe Basin also contains thick, lowdensity sediments. Furthermore, the central Qinling has been mainly
in a compressional environment during the Mesozoic and Cenozoic,
but the compression did not thicken the Qinling crust. This may
imply that the Qinling crust is harder, colder, and denser than the
crust of neighbouring areas. The mechanism of the entire crustal
uplift of Qinling shown in Fig. 12(b) could result in thinning of the
crust, as described above, but it can also account for the high-density
crust beneath Qinling. During the arching upwards of the crust
(Fig. 12b), the Moho and denser (deeper) crust move to shallower
depths, and erosion at the mountainous surface is likely to remove
low-density materials. This provides, therefore, a plausible reason
for the eastern and central Qinling having a relatively high-density
crust.

6 C O N C LU S I O N S
Our synthetic tests showed that the linearized inversion of RFs using
an initial reference model from a 1-D linearized inversion of SWD is
superior to a jointly linearized inversion of RFs and SWD. Using this
method, we obtained estimates for the depth of the Moho beneath
1669 stations in China, which included not only all permanent and
portable seismic stations in China, but also new stations deployed by
CAGS during 2011–2016 in the Ordos Block and Qinling Orogen.
The crustal thicknesses obtained in most areas are similar to those
expected, although this was not the case for the Qinling Orogen and
the basins around the Ordos Block.
The crustal thicknesses of the western, central, and eastern Qinling are different, but they are similar to their respective neighbouring areas. The crustal thickness beneath the western Qinling is
similar to that beneath the Tibetan Plateau, and the thickness beneath the eastern Qinling is similar to that beneath the North China
Plain. These data indicate that the western and eastern Qinling were
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transformed respectively by Cenozoic compression and rifting, as
were their neighbouring regions. The central Qinling has a crustal
thickness similar to that of the cratonic Ordos Block and the Sichuan
Basin, and it seems, therefore, that the central Qinling was less affected by Cenozoic tectonism than the western and eastern parts
of Qinling. The crust beneath the central Qinling is thinner than
that beneath the neighbouring Daba Shan, and even thinner than
the crust beneath the Weihe Basin. The data indicate that Paleozoic
subduction and collision of the NCC and SCC, which formed the
Qinling Orogen, did not produce a thick Andean- or Himalayantype crust beneath the suture. We interpret the anomaly of a thin
crust beneath mountainous areas in the eastern and central Qinling
as indicating a crust that is denser than in neighbouring regions.
All the basins around the Ordos Block have previously been considered graben. However, our seismic results show that the crust
beneath the basins along the southern and northern margins of the
Ordos Block is thicker (or of equal thickness) than below the flanks
of the basins, or below the Ordos Block itself and various mountainous regions (Yin Shan and Qinling). This indicates that these
are foreland basins that formed in a compressional environment,
and not graben that formed in an extensional environment. Previous studies have shown that the basins along the western margin of
the Ordos Block are foreland basins. In summary, it is possible that
most of the basins around the Ordos Block are, or were, foreland
basins.
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