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We present a high-resolution 3-D shear wave velocity model of the crust and uppermost mantle beneath the
Trans-North China Orogen and its adjacent regions derived from a joint inversion of Rayleigh wave phase ve-
locity and ellipticity computed from ambient noise data. The 3-D velocity model reveals large lateral variations
in sedimentary and crustal structure across the study area. In addition to the large velocity contrast between the
North China Basin and the Ordos Basin located in the east and west sides of the orogen, we found a northward
thinning of sediments within the Weihe-Shanxi Rift System that sits in the middle of the orogen, suggesting that
the rifting has likely propagated from the Weihe Rift in the south to the Shanxi Rift in the north during the
Oligocene-Pliocene. While the north-south trending rift is underlaid by a low Vs across the entire range in the
upper and middle crust, only the north segment, which houses the Datong volcanic complex, exhibits a sub-
stantial low velocity structure in the lower crust and the uppermost mantle. The center of the low velocity
anomaly extends into the uppermost mantle at a location approximately 150 km west to the volcanic complex,
which is speculated for a nearly horizontal channel in the lower crust for the upwelling of the hot materials from
the asthenosphere. These observations suggest that Shanxi Rift in the north is a more active segment within the
rift system, which is manifested by the Quaternary syn-rift Datong volcanic complex.

1. Introduction contrary, the North China Basin (NCB) in the eastern part experienced
dramatic destruction in the Mesozoic and Cenozoic resulting from the
subductions of Pacific Plate and the extrusion of the Tibetan Plateau

(Bao et al., 2013; Ai et al., 2019). The TNCO is a nearly north-south-

Archean cratons are commonly characterized by a thick, cold, and
depleted lithosphere with less iron and garnet, which makes them

buoyant and stable on Earth's surface for billion years. However, the
North China Craton (NCC), one of the oldest cratons on Earth, has
experienced strong tectonic activation since the Mesozoic, leading to the
replacement of the stable keel with a thin and fertile mantle lithosphere
(Menzies et al., 1993; Griffin et al., 1998). In light of previous studies,
the NCC consists of three parts: the western NCC, the eastern NCC, and
the Trans-North China Orogen (TNCO) (Zhao et al., 2005) (Fig. 1). The
western NCC, including mainly the Ordos Basin, has a relatively stable
lithosphere which remains intact since the Precambrian. On the

trending belt which is considered to have been formed by the collision
of the western and eastern NCC, which is preceded by a subduction with
a polarity yet to be determined. Geochemical and geological data sug-
gested that the collision occurred at ~1.85 Ga ago, which resulted in the
final amalgamation of the NCC (Zhao et al., 2005).

The TNCO is composed of the Taihang Mountains, Luliang Moun-
tains, and the Weihe-Shanxi Rift System (WSRS) in-between (Fig. 1),
which is one of the largest Cenozoic intracontinental rift systems (Bao
et al., 2013). The WSRS comprises a series of rifted basins, extending
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Fig. 1. Geological settings of the TNCO and its surrounding regions. Black
dashed lines outline the main tectonic units: the western North China Craton
(WNCQ), the Trans-North China Orogen (TNCO), and the eastern North China
Craton (ENCC), modified after Zhao et al. (2005). The big red triangle marks
the location of Datong volcanic complex (DTV). The thick gray line represents
the north-south gravity line. SR: Shanxi Rift; WR: Weihe Rift; NCB: North China
Basin; LM: Luliang Mountains; TM: Taihang Mountains; DB: Datong Basin; TB:
Taiyuan Basin; YB: Yuncheng Basin. The small triangles mark the 306 seismic
stations used in this study. The two stations in blue are 14855 in Taihang
Mountains and 13840 in NCB. The 11 small red triangles indicate the stations
without robust Z/H ratio. The white rectangle outlines our study region. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

from northern TNCO in the north via Taiyuan basin to the southeastern
margin of Ordos Basin in the south. Magmatism mainly happened in the
northern part of the WSRS, leading to the formation of Datong volcanic
complex, which is one of the largest Quaternary intraplate volcanic
complexes in NCC (Chen et al., 1992). According to previous studies, the
surface topography, gravity anomalies and lithospheric thickness vary
significantly across the TNCO (Zhu et al., 2011, 2012). The boundary
between the eastern edge of the Taihang Mountains and the NCB is not
only a topographic boundary, but also a boundary of gravity fields (Tang
et al., 2011). As the boundary of western and eastern NCC, two
completely different geological tectonic blocks, TNCO is an ideal place
to study the connection between surface observations and subsurface
seismic structures.

Seismic structure of the NCC and its adjacent regions has been
extensively investigated with various seismic imaging techniques. For
instance, receiver functions (Zheng et al., 2009; Chen et al., 2009; Wang
et al., 2014a; Wang et al., 2016), body wave tomography (Tian et al.,
2009; Xu and Zhao, 2009; Santosh et al., 2010; Zhao et al., 2012), bal-
listic surface wave tomography (Huang et al., 2009; An et al., 2009; Li
et al., 2009; Jiang et al., 2013), ambient noise tomography (Fang et al.,
2010; Zheng et al., 2011; Bao et al., 2013; Cheng et al., 2013) and many
kinds of joint inversion methods (Tang et al., 2013; Bao et al., 2015; Guo
and Chen, 2017; Li et al., 2018b; Ai et al., 2019) have been employed to
study the structure of crust and upper mantle beneath this region.
However, the 3-D sedimentary and upper crustal structures were
generally less constrained due to limitations in seismic data used in
previous studies.

The WSRS is one of the most important tectonic units of TNCO and
has attracted the attention of a number of researchers. Geological
studies of Cenozoic continental deposits suggest that during the
Oligocene-Pliocene the rifting started from the Weihe Rift in the south
and gradually extended to the Shanxi Rift in the north (Zhang et al.,
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1998). However, geological samples are limited in space, and a high-
resolution 3-D model of sedimentary structure of the entire rift is
preferred to understand its formation and evolution. In fact, the devel-
opment mechanism of WSRS is still debated. The first point of view is
that the extensive deformation of NCC might be associated with the
westward subduction of the Pacific Plate in the east (Northrup et al.,
1995; Yin and Harrison, 2000). Another theory believed that the far-
field effects of the India-Eurasia collision could cause the intra-
continental rift of NCC (Liu et al., 2004). There is also a conciliatory
view that the extensive deformation of NCC is associated with both the
northeastward escape of Tibetan Plateau and the subduction of the Pa-
cific Plate (Xu et al., 2004; Zhang et al., 2003; Bao et al., 2013).

The Datong volcanic complex is located in the northern end of the
WSRS. It began to erupt in the early Pleistocene and the volcanism
continued to the late Pleistocene (Chen et al., 1992; Xu et al., 2005).
Many seismic tomography studies have been carried out (Zhao et al.,
2009; Lei, 2012; Tang et al., 2013; Guo et al., 2015; Li et al., 2018b) in
order to investigate the origin of the intraplate volcanism, which is,
however, still controversial. For instance, Huang and Zhao (2006) found
a low velocity zone (LVZ) in the upper mantle under the volcanic
complex and suggested that the volcanism originated from the dehy-
dration of the stagnant Pacific Plate, whereas Zhao et al. (2009) and Lei
(2012) found that the LVZ extend into the lower mantle and suggested
the Datong volcanism is fed by a deep-rooted mantle plume. Besides, Li
et al. (2018b) found a westward dipping LVZ, which was interpreted as
an asthenosphere flow driven by the northeastward motion of the Ti-
betan Plateau.

For the past few years, ambient noise tomography has been widely
applied to different regions all over the world (e.g., Shapiro, 2005; Yang
et al., 2007; Yao et al., 2008; Zheng et al., 2008). The dominant period
band of ambient noise lies between ~8 and 40 s (Zheng et al., 2011), the
measured phase velocities in this period range are almost insensitive to
crustal structures shallower than ~3 km (Lin et al., 2012). Meanwhile,
velocity structure at shallow depth is very important for studying the
relationship between surface tectonic settings and crustal structure,
characterizing strong ground motion (Vidale and Helmberger, 1988),
and constraining deeper structure more accurately (Waldhauser et al.,
2002; Langston, 2011). Rayleigh wave ellipticity, or Z/H ratio, defined
as the amplitude ratio between the vertical and radial components, has
been proved to be particularly sensitive to shallow crustal structure (e.
g., Boore and Nafi Toksoz, 1969).

Accurately measuring Rayleigh wave Z/H ratios is very challenging
in the past due to low quality of horizontal records. Recent de-
velopments in 3-D broadband data and analysis techniques (Tanimoto
and Alvizuri, 2006; Ferreira and Woodhouse, 2007) have made it
possible to include the Z/H ratio measurements in constraining crustal
structures (e.g., Yano et al., 2009; Lin et al., 2012; Lin and Schmandt,
2014; Chong et al., 2015). In this study, we jointly inverted the Rayleigh
wave phase velocities at 6-40 s and Z/H ratios at 10-24 s derived from
ambient noise cross-correlation functions of more than 300 broadband
stations installed during the Phase III deployment of the ChinArray
Project (ChinArray-Himalaya, 2011) to obtain a 3-D Vs model with high
resolution beneath the TNCO and adjacent regions. Remarkable low Vs
anomalies at shallow depth of 1-5 km are revealed in our model, which
are highly consistent with the distribution of sedimentary basins, indi-
cating that the joint inversion of Rayleigh wave phase velocity and Z/H
ratio could provide excellent constraints for structure at shallow depth
of the TNCO.

2. Data

The ChinArray project aims to obtain high-resolution seismic images
of the Earth's lithosphere of Mainland China in order to understand
lithosphere deformation and to assess earthquake hazard by deploying a
dense transportable array of broadband seismometers across China in
multiple phases under the leadership of the Institute of Geophysics,
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China Earthquake Administration. In our study, we use the continuous
data from the Phase III deployment of the ChinArray. More than 300
portable broadband seismic stations were installed in the TNCO and
adjacent regions with an average station spacing of about 30-50 km,
covering the east part of the Ordos Basin, WSRS, Luliang and Taihang
mountains, and a part of the western NCB (Fig. 1). Each seismograph
was equipped with a Guralp CMG-3T seismometer and a Reftek-130
digitizer with a sampling rate of 100 samples per second (sps). Ray-
leigh wave phase velocities and Z/H ratios are extracted from empirical
Green's functions computed from ambient noise data of 306 temporary
stations recorded between 01/01/2017 and 07/28/2017.

We follow the procedures of Li et al. (2016) to process the daily
continuous ambient noise data of 3 components for each station. We first
remove the instrument response, mean and trend from the daily records,
which are further down sampled to 1 sps (Bensen et al., 2007). Then the
temporal normalization and spectral whitening are applied to the three-
component records of each station. To retain the amplitude ratios of
vertical and horizontal components, we implement the temporal
normalization and spectral whitening following Lin et al. (2014). First, a
bandpass filter is applied to 3 components of each station to extract the
strongest surface wave signal. Second, we calculate the temporal
normalization function with a running-absolute-mean method (Bensen
et al., 2007). Third, the unfiltered 3 components records are divided by
the maximum of the temporal normalization functions to suppress
earthquake signals. Similarly, the spectrum of each record is divided by
the average of smoothed spectrums of 3 components to implement the
spectral whitening. Finally, 9 noise cross-correlation functions (NCFs)
77, 7N, ZE, NZ, NN, NE, EZ, EN, and EE are calculated for each station
pair. The 9 NCFs form a 3 by 3 tensor known as the cross-correlation
tensor (CCT).

3. Methods
3.1. Phase velocity measurement

We extract phase velocity dispersion curves of Rayleigh wave from
ZZ CCFs. For improving signal-to-noise ratios (SNRs) of the Rayleigh
wave arrivals, we employ a two-step strategy to stack the daily ZZ CCFs.
We first sort the daily NCFs in chronological order and linearly stack
them every 5 days to created 5-day stacks of NCFs. We further stack
these 5-day NCFs using the time-frequency phase weight stacking (tf-
PWS) method (Li et al., 2018a), which has been shown to be more
effective in improving SNR than linear stack and meanwhile does not
distort the dispersive characteristic of the stacked waveform. We follow
Bensen et al. (2007) and define SNR for each period as the ratio of peak
amplitude of the signal window to the root-mean-square amplitude of
the noise window which is set as the 500-s records after the signal
window. The causal and acausal segments of each NCF are summed to
further improve the SNR. We then perform the automated frequency-
time analysis (FTAN) (Levshin and Ritzwoller, 2001) to calculate the
dispersion curves in the period range of 6-40 s for all station pairs that
satisfy the far-field approximation (distance between station pair is set
to be longer than three wavelengths) (Bensen et al., 2007). To ensure
reliable phase velocity measurements, we discard the NCFs with a SNR
less than 20. We then conduct an initial 2-D phase velocity tomography
for periods of 6-40 s on a 0.25 x 0.25-degree spatial grid covering the
study area using a linear ray-theory based tomographic method (Barmin
et al., 2001). The histograms of data misfits after the initial tomography
are presented in Fig. S1. Referring to the criteria employed by Guo et al.
(2016) and our data misfits' distribution, we discard the data with a
misfit of more than 6 s. Then we perform the second tomography with
the well quality-controlled dispersion curves, which are shown in
Fig. S2. Finally, we obtain phase velocity dispersion curves for periods of
6-40 s for each station by taking the value from its closest grid. In the 2-
D tomography, we also compute the spatial resolution (Fig. S3), which is
defined as twice the standard deviation of the 2-D Gaussian fit to the
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resolution surface at each grid (Levshin et al., 2005). To further obtain
the uncertainties of the phase velocity measurements, we follow the
procedure by Shen et al. (2016) to scale the resolution to uncertainty
(Fig. S4).

3.2. Z/H ratio measurement

For Z/H ratio measurements, we first linearly stack the daily CCTs of
each station pair, and then rotate the nine components to obtain the ZZ,
ZR, RZ and RR NCFs using the rotation matrix defined by Li et al. (2016).
Theoretically, the ZZ and ZR NCFs are related to the Green's functions of
Rayleigh wave as a vertical and a radial record from a vertical source.
Likewise, the RZ and RR NCFs are related to the Green's functions of
Rayleigh wave as a vertical and a radial record from a radial source. The
relative amplitudes of the two NCFs should be retained on account of
that we applied the same temporal normalization and spectrum whit-
ening processing to the noise records. Therefore, the Z/H ratios calcu-
lated from a vertical and a radial source should be equal. Following Li
et al. (2016), the Z/H ratio could be calculated by the equation:

% _ % _ Aln(zz)+r2)

E(T) = AT
ZR RR

Alnzr)+rR] )
Here E represents the measured Z/H ratio, T represents period, and A
represents the maximum amplitude. H is the Hilbert transform which is
used here to convert the NCFs to the same phase since there is a 90°
phase shift between the ZZ (ZR) and RZ (RR) NCFs. Examples of ZZ, ZR,
RZ, RR NCFs of two stations 14842 and 13801 are shown in Fig. S5.

We closely follow the algorithm from Tanimoto and Rivera (2008) to
estimate the Z/H ratios. More specifically, we first employ Gaussian
band pass filters with different bandwidths to filter the stacked Z and R
records. The bandwidths of the filter depend on both the central fre-
quencies and the distances between sources and receivers (Herrmann,
1973). Then we compute the zero-lag cross-correlation coefficient for
them and discard the station pairs that have coefficients lower than 0.8.
Finally, we compute the envelope functions for the filtered records and
calculate the ratio of their maximum amplitudes for the final Z/H ratio
measurements. To obtain the most reliable measurements, we adopt
multiple quality control criteria to discard the measurements of stations
that might have misorientation or other factors that lead to unreliable
measurements. First, we discard any records with a SNR of either the Z
or R component <8. Second, we choose station pairs with an interstation
distance greater than 3 wavelengths. Third, we require at least 20 in-
dividual measurements that exhibit a Gaussian distribution with stan-
dard deviation less than 15% of the average to obtain a robust average of
the Z/H ratio at a station. And stations with less than 5 robust Z/H ratio
measurements are further discarded.

To further ensure the reliability of the measurements, we also mea-
sure Z/H ratios from earthquake data recorded between November 2016
and January 2019. We select about 700 events with moment magnitudes
greater than 5.5, focal depths less than 100 km, and epicentral distances
between 10° and 140° (Fig. S6). We first remove the instrument
response, linear trend and mean and cut out the Rayleigh wave from
each record. Then we apply a 5-50 s bandpass filter to each record and
decimate it to 1 sps. The horizontal components are further rotated to
radial and transverse directions to compute Z/H ratio at periods of
10-40 s. The detailed procedures and criteria for calculating Z/H ratios
from earthquake data are similar to those for ambient noise.

3.3. Joint inversion

For each station, we jointly invert the phase velocity and Z/H ratio
data to obtain a 1-D velocity model by using a Bayesian Markov chain
Monte Carlo (MCMC) method, which is implemented with a DRAM
(Delayed Rejection Adaptive Metropolis) algorithm (Li et al., 2016). The
DRAM algorithm is used to improve the MCMC by increasing the
probability of sampling regions with higher posterior probability. This is
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done by updating the acceptance probability of the new candidate
model on a regular interval that is determined by previous samples in
the chain. More details about DRAM can be found in published works
such as Haario et al. (2006) and Mira (2001). Since the joint inversion
has been widely used and well described by the previous studies (Bodin
et al., 2012; Shen et al., 2013; Li et al., 2019), we will not elaborate the
details here.

In this study, we parameterize the 1-D velocity model beneath each
station as three layers, consisting of a sedimentary, a crystal crustal, and
an upper mantle layer. The sedimentary layer is parameterized by four
variables: sedimentary thickness and S wave velocities at the upper
boundary and lower boundary, and the average V,/V; ratio in the sed-
iments. We constrain the S wave velocity and average V,/V; ratio ranges
in the sedimentary layer referring to a previous study (Li et al., 2019).
And the S wave velocity in the sedimentary layer is set to increase lin-
early. The crust is constrained by 4 cubic B-splines for Vs and a Moho
depth. Similarly, another four cubic B-splines are used to describe the V;
of the upper mantle layer. Overall, we have 13 independent parameters
that are set to perturb within certain ranges to invert the 1-D Vs model.
We utilize the Crust 1.0 global model (Laske et al., 2013) for initial
sedimentary thickness. The initial Moho depths are obtained from Wang
etal. (2017) and Li et al. (2018b). We perturb sedimentary thickness by
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+2 km and Moho depth by +5 km from their initial values. Considering
that the sedimentary thickness of the Crust 1.0 model is not accurate
enough, we take the sediment thickness of the inverted model and use it
as the initial value for the second inversion. We employ the PREM model
(Dziewonski and Anderson, 1981) as the initial Vs model in the depth
range of 0-200 km with a searching range of +20%. Vs below 200 km
depth is set as constant from PREM model. Note although we invert Vs
down to a depth of 200 km, we expect the most resolvable depth range to
be 0-50 km as the longest period of the data we use is 40 s. We also
assume the velocity model to be isotropic. The thickness of sedimentary
and crustal layer is unknown and is inverted simultaneously. The for-
ward modeling is performed with the MINEOS package (Masters et al.,
2007). Following Li et al. (2016), the joint misfit function is defined by

N obs 12
G,(m) _Di
Mjowr = c1o Msw + c2eMzy = ¢y » E %

i=1 i
) Bobs ]

J

M [ .

+ope Z @
Here G;(m) represents the phase velocity of period i calculated from
model m, and D represents the observed phase velocity of period i.
Similarly, R;j(m) represents Z/H ratio of period j calculated from model
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m, while Bj"bs represents the observed Z/H ratio of period j. N and M are
the numbers of periods for phase velocity and Z/H ratio, respectively. o;
and y; are, respectively, the uncertainties of phase velocity and Z/H
ratio. ¢ and cp represent the weighting coefficients, which are set to be
the same in this study (c; = ¢z = 0.5).

For each station, 100,000 shear wave velocity models are generated
by the Markov Chain Monte Carlo sampling of model space constructed
by the reference model mentioned above, and their misfits are calcu-
lated according to Eq. (2). By averaging the selected 3000 accepted
models that have the lowest misfits, we estimate the final 1-D Vs model
for each station.
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4. Results
4.1. Rayleigh wave phase velocity maps

Rayleigh wave phase velocity anomaly maps for periods of 6-40 s are
presented in Fig. 2. Rayleigh phase velocity for 6-10 s (Fig. 2a, b) is
mainly sensitive to the Vs of upper crust, which exhibits good correla-
tion with surface geology. Low phase velocity anomaly is observed in
basins with thick sediments, including the Ordos Basin, NCB, Datong
Basin, Taiyuan Basin and Yuncheng Basin. The WSRS and Hetao graben
also show low phase velocity anomaly as well. Meanwhile, the moun-
tains, such as the Luliang Mountains, Taihang Mountains and Yinshan
orogenic belt are featured by high phase velocities. In the medium
period band (15-20 s, Fig. 2¢, d), a large-scale low phase velocity
anomaly appears beneath the Datong volcanic region, which gradually
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Fig. 3. (a-d) Z/H ratios for 4 different periods (10 s, 14 s, 20 s, 24 s). (e-h) The corresponding uncertainties for the Z/H ratios for periods of 10 s, 14 s, 20 s and 24 s.
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expands as periods increase and become connected with the low phase
velocity anomaly beneath the northeast end of the Ordos Basin and
Hetao graben. We also find that low phase velocity beneath NCB starts to
become high at this period band. While the northern WSRS remains as a
low phase velocity region, the southern part of the rift system evolves
into a high velocity section. At longer periods (Fig. 2e, h), the low ve-
locity anomaly beneath the Datong volcanic complex continues
expanding to the west. The Ordos Basin is characterized by high phase
velocities, which appears to extend to the southern segment of the rift.

4.2. Z/H ratio maps

An example of the histograms of Z/H ratios at 18 s measured from
ambient noise and earthquake data for station 14811 is presented in
Fig. S7, both of which exhibits an approximately normal distribution.
We use the averages and 1.5 times of standard deviations (o) as the
estimated Z/H ratios and uncertainties, referring to the theory by Lin
et al. (2009), which suggests using 1.5¢ as uncertainty of systematic and
random measurement errors. We calculate the differences between the
Z/H ratio measured from ambient noise and earthquake surface wave,
respectively. The statistical histograms of the Z/H differences for
different periods are presented in Fig. S8. The Z/H ratio measurements
with error bars of six stations from ambient noise and earthquake data
are presented in Fig. S9. In most cases, the Z/H ratio measurements from
ambient noise and earthquake data agree well with each other except for
few stations. An example is station 15799 (Fig. S9f), where the measured
Z/H ratios from ambient noise and earthquake data are significant
different. We notice that such discrepancy has been reported by previous
studies (Li et al., 2016; Xu et al., 2020) while its cause(s) are still un-
known. Here we simply discard these stations from the final Z/H dataset,
which consists of 295 Z/H ratio measurements for the joint inversion.

Fig. 3 shows the measured Z/H ratios at four different periods (10 s,
14 s, 20 s, 24 s) and their corresponding uncertainties. For each period,
triangles in light blue indicate the stations that have robust measure-
ments to interpolate for the 2-D maps. Almost all the basins and rifts,
except for the southern part of Ordos Basin, are characterized by a low
Z/H ratio at all periods. The mountainous regions, on the other hand,
generally have high Z/H ratios. The contrast fades away as period in-
creases. At 10 s and 24 s, the uncertainties of some Z/H ratio mea-
surements are relatively large but at 14 s and 20 s most uncertainties are
very small.

4.3. 1-D velocity profiles

For each station, a 1-D Vs model is jointly inverted from the
measured phase velocities and Z/H ratios. Fig. 4 shows the inverted 1-D
velocity profiles at two stations 14855 and 13840, which are located at
the Taihang Mountains and NCB (blue triangles in Fig. 1), respectively.
We also show the observed and computed phase velocities and Z/H
ratios at these two stations. At short periods, the observed phase ve-
locities at station 13840 located inside NCB are much lower than those
measured at 14855 at the Taihang Mountains. The measured Z/H ratios
of these two stations also exhibit a similar feature. Furthermore, the
whole Z/H ratios at all periods of station 13840 are lower than station
14855. It indicates a thicker sedimentary layer beneath station 13840,
which is consistent with the geological setting of the station. The
inverted 1-D shear wave velocity models shown in Fig. 4a and b show
very different characteristics. Shear wave velocity at shallow depth
beneath station 13840 is much lower than that of station 14855.
Furthermore, we inverted the 1-D Vs models for the two stations without
and with Z/H ratio added in the inversion (Fig. S10), proving that the Z/
H ratio can provide better constraints on the shear wave velocity of the
shallow structure for stations located in regions with or without thick
sediments.
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4.4. 3-D shear wave velocity model

After the 1-D shear wave velocity models beneath all stations are
obtained after the inversion, they are interpolated to a 0.25° x 0.25°
grid with a minimum curvature surface-fitting method (Smith and
Wessel, 1990). The final 3-D Vs model covers roughly from 108.5°E to
116.0°E in longitude, 33.5°N to 44.3°N in latitude and 1 to 50 km in
depth. Fig. 5 presents a series of horizontal slices of the model at
different depths (1, 3, 5, 10, 15, 30, 40, and 50 km).

In the 1, 3, 5 km depth slices (Fig. 5a—c), there is a clear correlation
between the Vs and near-surface geological settings. Extremely low Vs is
observed beneath the basins and rifts, including the Ordos Basin, Hetao
graben, Shanxi Rift, Weihe Rift, Taiyuan Basin, Datong Basin and NCB.
The low amplitude of Vs can be attributed to sediments in these regions.
Meanwhile, the Luliang, Taihang and Yinshan mountainous regions are
characterized by high amplitude of Vs. The boundaries between high
and low velocity zones are distinct and correspond well with the edges of
sedimentary basins and rifts. In particular, the narrow low Vs band
corresponding to the WSRS is well resolved due to the dense station
coverage. The advantage of Z/H ratio for constraining shallow crustal
structures is well presented in this study.

Fig. 6a presents the 2-D distribution of sedimentary thickness of the
study region obtained by this study. For comparison, we also show the
sediment thickness distribution of the Crustl.0 model (Fig. 6b). It is
obvious that our model has higher resolution and better relevance to
surface geological settings. In our model, the Hetao graben, Ordos Basin,
Weihe Rift and NCB are covered by a particularly thick sedimentary
layer, with a maximum thickness of over 4 km. Our study area covers the
eastern part of the Ordos Basin, which exhibits a significant variation in
sediment distribution. In general, sediment thickness gradually in-
creases from southeast toward northwest. Along the WSRS, the mapped
sediment cover is also highly heterogeneous with large distributions
along the three basins within in the system, the Datong Basin, Taiyuan
Basin and Yuncheng Basin from north-northeast to south-southwest. On
the other hand, the inverted sediment thickness in the orogenic regions
(Taihang, Luliang and Yinshan Mountains), is almost negligible.

The large variations in sediments infills in the study area is also
clearly illustrated in cross sections (Fig. 7). The positions of these cross
sections are indicated in Fig. 6a. The E-W section A-A' extends from the
Hetao graben to area near the Datong Basin, revealing the thickness of
sediments beneath these tectonic units. It is about 4 km thick in the
Hetao graben and decreases to almost zero when it reaches to the Tai-
hang orogenic belt. Section B-B' is an E-W profile along latitude 37.3°N
and runs across three sedimentary basins: Ordos Basin, Taiyuan Basin
and NCB. Sediments in the Ordos Basin is relatively thin and diminishes
toward east. Sediments infills inside the Taiyuan Basin and NCB in the
middle and eastern part of the profile are more prominent, reaching
nearly 3 km in most parts. Similarly, section C-C' runs in the E-W di-
rection through the Weihe Rift and NCB, showing a sediment infill of 3
km and 5 km thick beneath the rift and basin, respectively. We also
present two sections, D-D' and E-E, to illustrate changes in sedimentary
distribution along the N-S direction. Section D-D' in the western part of
this study area extends from the Yinshan Mountains in the north to the
Weihe Rift in the south and runs across the eastern Ordos Basin. It shows
a gradual thinning of sediment cover beneath the Ordos Basin from
north to south. At the southern end of the profile, the Weihe Rift pro-
cesses a thick sedimentary layer that reaches nearly 4 km. The east
profile E-E' runs across the Yinshan orogenic belt in the north and the
west edge of the NCB, showing an over 5 km thick sedimentary layer
beneath the NCB. We also take an NNE-SSW profile F-F' which roughly
samples the WSRS. Sedimentary infills of the three basins from NNE to
SSW are approximately 1.5 km, 3 km, and 4 km in the Datong Basin,
Taiyuan Basin and Weihe Rift, respectively, suggesting an increase of
sedimentation from north to south. We also present the uncertainty of
the sedimentary thickness in Fig. S11 to evaluate the accuracy of the
jointly inverted results, which shows that the uncertainty is related to
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1-D Inversion
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Fig. 4. Joint inversion results of phase velocity dispersion curves and Z/H ratios for 1-D models of station 14855 which located in Taihang Mountains and station
13840 which located in NCB (triangles in blue shown in Fig. 1). (a, b) The averaged 1-D Vs models (black lines) for the two stations 14855 and 13840 with one
standard deviation perturbations (red lines) and posterior distributions (gray shaded regions). (c, d) Observed surface wave dispersion curves (black error bars) and
predicted surface wave dispersion curves (red lines) from the joint inversion. (e, f) Same as (c, d) but for Z/H ratios. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Maps of Vs perturbation at different depths (1-50 km) obtained from joint inversion of phase velocity dispersion curves and Z/H ratios, with the average Vs
shown at the lower right. The black circles in (d, e) delineate the earthquakes (M, > 2.5) from 1987 to 2016 in the study area. The black line in the west side of the

Datong volcanic complex indicates the Kouquan Fault.

the inverted sedimentary thickness. It can be observed that the uncer-
tainty is very small where the sediments are relatively thin. The un-
certainty is relatively larger where the sediments are very thick, but is
still less than 1 km. It indicates that the lateral variations of the sedi-
mentary thickness we discussed are reliable.

Slices of Vs at 10-15 km depth (Fig. 5d-e) are related to structure of
middle crust. In the middle crust, low velocity anomalies are mainly
concentrated around the WSRS, Hetao graben and NCB. Another
noticeable low velocity region is the area around the Datong volcanic
complex, extending eastward from the Datong Basin to the northernmost
part of Taihang orogenic belt and westward to the Yinshan orogenic belt.
On the other hand, the Ordos basin, the Luliang and northern Taihang
orogenic belts generally are featured by relatively high S-wave velocity.
What is worth noting is that the northeast end of the Ordos Basin shows
significant high velocity anomaly in upper and middle crust. The Vs

structures of the lower crust at 30—40 km are shown in Fig. 5f and g,
which appears to be quite different from those of the middle crust. The
orogenic belts turn into low velocity zones while the NCB changes to an
extremely high velocity region. The central to southern parts of Shanxi
Rift gradually convert to high velocity areas. For the major part of the
Ordos Basin, the high Vs structure seen in the middle crust remains in
the lower crust. The difference is that as the depth increases, the high
velocity structure in its northeast end is gradually replaced by a large
scale LVZ connecting the Datong volcanic complex. The LVZ around
Datong volcanic complex still exist and its range expands with depth.
Furthermore, the center of the LVZ around Datong volcanic complex
gradually shifts to the west. In the uppermost mantle, shown in slice at
50 km depth (Fig. 5h), the prominent LVZ near Datong volcanic complex
shifts to the northeast end of the Ordos Basin. The Yinshan orogenic belt
and the north part of Luliang, Taihang orogenic belts remain as low Vs
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Fig. 6. (a) Sedimentary thickness calculated by joint inversion of Rayleigh wave phase velocity dispersion curves and Z/H ratios in this study. The white dashed lines
depict the locations of the vertical profiles presented in Fig. 7. (b) The sedimentary thickness obtained from the Crust1.0 model.

regions, forming a large scale LVZ including the northeast end of the
Ordos Basin and Datong volcanic complex. The NCB remains as a high Vs
region. The high velocity anomaly in Ordos Basin gradually extends
eastward and reaches the southern TNCO.

5. Discussion
5.1. Comparison with previous published models

Li et al. (2018b) obtained a Vs model of the northern Ordos Basin by
surface wave tomography from ambient noise phase velocity and tele-
seismic data. Ai et al. (2019) built a Vs model of the Weihe Rift system by
a joint inversion of receiver function and ambient noise phase velocity
data. Our study area shares partly with these two studies. In general, our
Vs model agrees with their results, especially in the deep part. Since
their methods focus more on the deeper structure of the crust and upper
mantle, the resolution on shallow (< 5 km) Vs structures is generally
insufficient. Xu et al. (2020) presented a Vs model of Shanxi Rift by a
joint inversion of Rayleigh wave phase velocity and ellipticity data,
which is similar to our study.

One major difference between previous and our models is the lateral

resolution due to the density of data. All the previous study used the
provincial seismic networks of the China Earthquake Administration
(CEA) or a smaller array. These networks have a highly uneven station
distribution with an average station interval two to three times larger
than the ChinArray. The difference in lateral resolution might contribute
to discrepancies among different models. For example, model of Li et al.
(2018b) showed a roughly punctiform low velocity anomaly beneath
Datong volcanic complex at a depth of 10 km (fig. 10a in Li et al,,
2018b). While in our model, the low velocity anomaly beneath Datong
volcanic complex at the same depth exhibits banded distribution along
the strike of Shanxi Rift (Fig. 5d). The model of Xu et al. (2020) showed
that the Datong Basin had the thickest sediments in the Shanxi Rift.
However, our model exhibits different feature that the sediments in
southern and central Shanxi Rift are thicker than that in the northern
part, which is consistent with the results of geological research (e.g.,
Zhang et al., 1998). Moreover, the sedimentary basins within the TNCO
are better constrained in our model. For instance, in the model of Xu
et al. (2020), the sediments related low Vs in Datong Basin showed a
strong smearing effect that spread across the northeastern Ordos Basin
due to low spatial resolution. And the low Vs related Taiyuan basin
appeared to be misplaced slightly to the northeast.
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5.2. Sedimentary thickness and its tectonic implications

The thick sedimentary layers in Hetao graben, northern Ordos Basin
and NCB, locally exceeding 4 km, are roughly consistent with previous
study by receiver functions (Wang et al., 2017) and deep seismic
sounding (Teng et al., 2010; Wang et al., 2014b), but are of higher
resolution in our study. NCB is generally regarded as an extensional
basin, which received a large amount of Cenozoic sedimentation (Tang
etal., 2011). Our model provides evidence for this from seismic imaging
with high resolution. As for the Ordos Basin, previous geological studies
proposed that the Ordos Basin went through three stages of evolution,
that is, the stage of differential rise and fall in early Paleozoic, the stage
of whole tilting during late Paleozoic and Mesozoic, and the stage of
development of faulted basin in Cenozoic (Deng et al., 2005). These
long-term and complex geological tectonic evolution can be reflected in
shallow sediments. In our model, the thickness of sedimentary layer in
the Ordos Basin exhibits remarkable heterogeneity. For example, the
difference in the east-west direction coincides well with previous deep
seismic sounding study (Wang et al., 2014b): a thicker sedimentary layer
in the west and thinner one in the east, which could be caused by whole-
block tilting during Late Paleozoic and Mesozoic and the afterward
intense erosion in the eastern Ordos Basin since Late Cretaceous (Deng
et al., 2005; Liu et al., 2006).

There are also thick sedimentary layers observed in the faulted ba-
sins around the Ordos Basin, including Hetao graben, Taiyuan Basin and
Yuncheng Basin, which are likely related to Cenozoic sedimentation
(Zhang et al., 1998). As mentioned above, previous geological studies
suggested that during the Oligocene-Pliocene rifting started from the
Weihe Rift and extended to the Shanxi Rift (Zhang et al., 1998). But it
still lacks large-scale seismic image evidence that cover the whole WSRS.
With the high-resolution Vs model developed here, this can be supported
by the feature of sedimentary thickness in our result that it gradually
decreases from south to north in the WSRS. The sediments in the Weihe
Rift are the thickest while in the northernmost part of Shanxi Rift
(Datong Basin) are the thinnest. Previous studies based on borehole,
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receiver function and surface wave data (e.g., Zhang, 2000; Wang et al.,
2017; Xu et al., 2020) showed different sedimentary thicknesses at some
locations compared with our results. For instance, sedimentary thick-
ness in the Datong Basin are over 2 km based on their works, while in our
model it is ~1-2 km (Fig. 7f), which is roughly consistent with the result
(~0.6-2 km) by Zhang et al. (1998). This might be because the results
from boreholes and receiver function are likely to represent specific
structures at certain locations while our model derived from surface
wave is more likely to reflect regional structures on a larger scale. The
difference between the model by Xu et al. (2020) and ours could be
caused by the different array distributions as we mentioned in Section
5.1. Moreover, geological research (e.g. Zhang et al., 1998) revealed that
the sediments subsidence in the Weihe Rift started in the mid-late
Eocene and the sediments subsidence in the central and northern
Shanxi Rift started in the late Neogene. Therefore, it could be inferred
that the sediments of the southern WSRS are thicker and older than that
in the north, indicating that the WSRS has likely propagated from south
to north (Zhang et al., 1998). Hence, our model with high resolution at
shallow depth provides an unprecedented seismic evidence for the
expanding direction of the WSRS.

In our model, the WSRS is underlaid by a low Vs across the entire
range in the upper and middle crust, only the north segment, which
houses the Datong volcanic complex, exhibits a substantial low velocity
structure in the lower crust and the uppermost mantle. It indicates that
the rifting in the northern section is more significant than that in the
southern section at present, which is consistent with the active volca-
nism in the northern section. Below the middle crust, the southern end of
the LVZ beneath WSRS is located roughly at the middle of the rift system
(Fig. 5e-h). This suggests that the magmatism does not spread to the
southern segment of the WSRS. Besides, considering the south-to-north
propagation of the WSRS evidenced by our sediments model, the evo-
lution of the WSRS is unlikely to be controlled by the active mantle
welling from the north. On the contrary, the rifting in the WSRS is more
likely to be controlled by the counterclockwise rotation of the Ordos
Basin driven by the lateral expansion of the northeastern Tibetan
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Plateau from the south (Li et al., 2005). Overall, our results suggest that
the rifting of WSRS is likely to propagate from south to north, controlled
by the uplift of the Tibetan Plateau, and is more active in the northern
segment at present.

Moreover, the 2-D high-resolution map of sedimentary thickness in
our model provides quite accurate constraints for shallow crustal
structure for future study of deeper structure in the study area. For
instance, the sediment reverberations could affect the extraction of
receiver functions of stations located at basins with thick sediments
because the P to S conversions are weaker and likely obscured by the
sediment reverberations (Sheehan et al., 1995). With an accurate sedi-
ment model, we could remove the sedimentary reverberations from
seismic records and obtain robust receiver functions for studying deeper
structure.

5.3. Crustal and uppermost mantle heterogeneities in different parts of the
NCC

Our 3-D shear wave velocity model covers the whole TNCO, eastern
Ordos Basin, and a western part of NCB, offering high resolution images
to compare and investigate the lateral heterogeneities of the crustal and
uppermost mantle structure of the three different tectonic units. The
eastern part (NCB) next to Taihang Mountains covered in this study,
exhibits relatively homogeneity within its interior but completely
different characteristics of Vs structure from the Ordos Basin and TNCO.
Low velocity anomaly is observed beneath NCB from upper crust to
middle crust. Whereas it turns to high velocity anomaly at 30 km depth,
which is likely due to a shallow Moho revealed by previous studies (e.g.,
Zheng et al., 2009; Bao et al., 2013; Guo and Chen, 2017). The low
velocity anomaly in the shallow depth is related to the thick sediments in
the NCB, while the low velocity anomaly in the middle crust should
result from a hot crust since the heat flow value of NCB is pretty high (Hu
etal., 2000). The thinned and hot crust beneath NCB support extensional
tectonism and indicates that NCB might be still in thermotectonic acti-
vation (Zheng et al., 2009; Tang et al., 2013). The Ordos Basin, widely
believed to preserve a cratonic keel during the destruction of the NCC in
the Mesozoic and Cenozoic (Griffin et al., 1998; Menzies et al., 2007;
Chen et al., 2014), generally exhibits relatively high Vs in the middle
crust and uppermost mantle inside the block. Nevertheless, the TNCO is
characterized by strong lateral heterogeneity in the whole crust and
uppermost mantle, which indicates that the TNCO might have experi-
enced complicated evolutionary process since its formation resulting
from the amalgamation of the eastern and western NCC at ~1.85 Ga
(Zhao et al., 2005).

5.4. Crustal upwelling channel and origin of Datong volcanism

A conspicuous feature of our model is the remarkable LVZ beneath
the Datong volcanic complex and its adjacent region, extending from the
middle and lower crust to the uppermost mantle. Similar LVZs beneath
this region have also been found in previous seismic studies (Huang and
Zhao, 2006; Zhao et al., 2009; Lei, 2012; Tang et al., 2013; Li et al.,
2018b), which are generally attributed to the Datong volcanism. The
Neogene basaltic outcrop widely distributed around this region (Liu
et al., 2004; Xu et al., 2005) also provided relevant evidence for that. As
mentioned above, the dynamic mechanism and origin of Datong
volcanism is still disputed. Our model exhibits that as the depth in-
creases, the horizontal range of the LVZ expands in the lower crust and
reduces in the uppermost mantle (Fig. 5f-h), which indicates that the
upwelling hot materials from asthenosphere have intruded the lower
crust beneath northeastern end of Ordos Basin, Yinshan orogen belt, and
even the Hetao graben. The intruding magma heats the lower crust of a
large area of the TNCO and causes such wide range low velocity
anomaly. However, the LVZ in the middle and upper crust is less intense
(Fig. 5c-e), which indicates that the magmatism beneath Datong vol-
canic complex is likely to be limited below middle crust, which is
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consistent with that Datong volcanic complex is inactive at present (Xu
et al., 2005). Moreover, below the middle crust, the low-velocity
structure beneath the volcanic regions extends further deep into the
uppermost mantle at a location ~150 km west of the volcanic complex
(Fig. 5f-h), which might delineate the crustal upwelling channel of the
hot materials from the asthenosphere. The crustal upwelling channel can
be better exhibited with the vertical profiles of Vs perturbation in Fig. 8.
It can be observed that the upwelling hot materials from asthenosphere
beneath the northeastern end of Ordos Basin rise into the middle crust
and are blocked by the stable high-velocity upper crust therefore flow
eastward and rise to the Datong volcanic complex. Based on our Vs
model of the crust and uppermost mantle, we suggest that the vertically
continuous low-velocity structure beneath the Datong volcanic complex
is likely caused by upwelling asthenosphere arising between the north-
ern and northeastern ends of the TNCO and Ordos Basin, respectively. It
is worth noting that the northeast end of the Ordos Basin exhibits high
velocity anomaly in the upper and middle crust but turns into low ve-
locity anomaly in the lower crust and uppermost mantle. Considering
the Datong volcanism mentioned above, the significant low velocity
beneath the northeast end of the Ordos Basin probably indicates that its
lower crust has been heated and even partly melted by the upwelling hot
material from the asthenosphere. The relatively deeper Moho beneath
this region could represent the underplating or interpenetration under
the crust by melted material related to the Quaternary volcanism.
Therefore, we propose that the upwelling hot material from the
asthenosphere arising between the northern and northeastern ends of
the TNCO and Ordos Basin is the origin of Datong volcanism.

5.5. Some implications for seismicity

We collect over a thousand of earthquakes (M, > 2.5) in our study
area from 1987 to 2016 and find that the dominating magnitude is about
M, 3 and most earthquakes occurred at depth of 10-15 km (Fig. S13).
Therefore, we plot the earthquakes within +2 km at depth of 10 and 15
km in the Vs perturbation slices (Fig. 5d-e). It can be observed that the
earthquakes are mainly distributed along the Shanxi Rift and the num-
ber of earthquakes in the northern segment are relatively larger than
that in the southern segment. This is consistent with our Vs model that
the middle crust of the southern segment exhibits higher shear wave
velocity, which indicates a relatively more stable middle crust. And
according to our model, the low velocity anomaly in the middle crust of
northern segment of the Shanxi Rift should be related to the Datong
volcanism. Previous study suggested that the low velocity anomaly in
the crust may represent high-temperature anomaly or fluid reservoirs
that could trigger earthquakes (Zhao et al., 1996). Hence, we suggest
that the stronger seismicity in the northern segment of the Shanxi Rift is
likely to be related to the Datong volcanism. Moreover, an obvious
phenomenon is that many earthquakes are located at the junctions of the
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high velocity anomalies and the low velocity anomalies such as those in
the black rectangle in Fig. 5d, which is consistent with the previous
inferences (e.g., Hauksson and Haase, 1997; Huang and Zhao, 2004).
Therefore, we suggest that more attention about seismic risk should be
paid to the large velocity gradient zones in the study area, especially
around the northeastern end of Ordos Basin. In addition, the large ve-
locity gradient zone in the black rectangle is the boundary of the
Western NCC and the TNCO (Zhao et al., 2005), along which a major
fault known as the Kouquan Fault has been developed (shown by black
line in Fig. 5). In the Vs slice of 30 km (Fig. 5f), this sharp velocity
difference fades off, which might indicate that the Kouquan Fault is
likely to extend down to the middle crust but not to the lower crust.

6. Conclusions

We obtain a sedimentary thickness map and a 3-D Vs model with
high resolution of the crust and uppermost mantle beneath the TNCO
and its adjacent regions by a joint inversion of the Rayleigh wave phase
velocity dispersions and Z/H ratios from ambient noise correlation. The
shallow Vs anomalies are better constrained due to the combination of
Z/H ratios measurements, which exhibit high correlation with the sur-
face geological settings. Our model shows prominent heterogeneities of
crust and uppermost mantle in different tectonic units of NCC. The
difference of sedimentary thickness and Vs between the southern and
northern segments WSRS suggests that the rifting of WSRS is likely to
propagate from south to north, controlled by the lateral expansion of the
northeastern Tibetan Plateau. Our results also suggest that the northern
segment of the WSRS is more active at present, which is manifested by
the Quaternary syn-rift Datong volcanic complex. The low-velocity
structure beneath the volcanic complex extends further deep into the
uppermost mantle at a location ~150 km west of the complex, which is
speculated for a nearly horizontal channel in the lower crust for the
upwelling of the hot materials from the asthenosphere. The upwelling
hot material arising from the asthenosphere is located between the
northern and northeastern ends of the TNCO and Ordos Basin and is the
likely origin of the Datong volcanism. The observed seismicity along the
WSRS also suggests that currently the northern segment of the rift sys-
tem is more tectonically active.
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