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Abstract

The study region is located in the central part of the North China craton (NCC). We use one-year continuous waveforms of

the vertical component from 112 broadband seismic stations and obtain the group velocity dispersion curves of Rayleigh waves

for different periods through single station data preprocessing, cross-correlation calculation, stacking, group velocity dispersion

measurement and quality evaluation. We then use the surface wave tomography method to obtain the Rayleigh wave group

velocity distributions at 9-40 s in this area. Finally, the S-wave velocity structures at depths of 0-60 km are determined by

pure path dispersion inversion. The results show that the crustal structure of the Eastern Block is different from those of the

Western Block and the Trans-North China orogen. The lower crust of the Eastern Block shows a high-velocity S-wave anomaly,

which may be related to magma underplating in the lower crust induced by an upwelling mantle plume. From the surface to

the top of the mantle, the S-wave velocity of the Western Block decreases gradually, and the crust of the Trans-North China

orogen shows a relatively high S-wave velocity. The results characterize the S-wave velocity structures of the different geological

units and have important scientific significance for understanding the destruction of the NCC.
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Vestiges of Underplating and Assemble in the Central North China
Craton Based on Noise Tomography

Haoyu Tian, Chuansong He1

(Institute of Geophysics, China Earthquake Administration, Beijing 100081,
China)

Abstract: The study region is located in the central part of the North China
craton (NCC). We use one-year continuous waveforms of the vertical compo-
nent from 112 broadband seismic stations and obtain the group velocity disper-
sion curves of Rayleigh waves for different periods through single station data
preprocessing, cross-correlation calculation, stacking, group velocity dispersion
measurement and quality evaluation. We then use the surface wave tomography
method to obtain the Rayleigh wave group velocity distributions at 9-40 s in
this area. Finally, the S-wave velocity structures at depths of 0-60 km are de-
termined by pure path dispersion inversion. The results show that the crustal
structure of the Eastern Block is different from those of the Western Block and
the Trans-North China orogen. The lower crust of the Eastern Block shows a
high-velocity S-wave anomaly, which may be related to magma underplating in
the lower crust induced by an upwelling mantle plume. From the surface to the
top of the mantle, the S-wave velocity of the Western Block decreases gradually,
and the crust of the Trans-North China orogen shows a relatively high S-wave
velocity. The results characterize the S-wave velocity structures of the different
geological units and have important scientific significance for understanding the
destruction of the NCC.

Key words: Noise tomography, Rayleigh wave velocity, S-wave velocity, Crustal
structure, Destruction of the North China craton, Trans-North China orogen.

Plain Language summary:
We carried out noise tomography in the central part of the North China craton
(NCC) and obtained the Rayleigh wave group velocity distributions at 9-40 s as
well as the S-wave velocity structures at depths of 0-60 km. The results show
that the lower crust of the Eastern Block shows a high-velocity S-wave anomaly,
which may be related to magma underplating in the lower crust induced by an
upwelling mantle plume. From the surface to the top of the mantle, the crust
of the Trans-North China orogen shows a relatively high S-wave velocity, which
imply a vestige of the collision and assemble between the Eastern and Western
Craton, whereas the S-wave velocity of the Western Block decreases gradually.
The results characterize the S-wave velocity structures of the different geological
units and have important scientific significance for understanding the destruction
of the NCC.

1. Introduction

The North China craton (NCC) is one of the world’s oldest cratons (Zheng et
1∗ Corresponding author. hechuansong@aliyun.com (C.S.H)
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al., 2004). The NCC consists of two Precambrian terranes, the Eastern Craton
(or Block) and the Western Craton (or Block) (Fig. 1). In the Paleoproterozoic,
they assembled together along the Trans-North China orogen (Zhao et al., 2005).
From the Paleoproterozoic to the late Cambrian, the NCC remained stable for
several hundred Ma (Yang and Santosh, 2017). Since the Mesozoic, the region
has experienced multiple periods of collision among terranes and the subduction
of the Pacific plate, and the craton structure has been largely destroyed (Ren,
1991). There are different models for the mechanism of craton destruction,
such as thermal erosion generated by mantle upwelling (e.g., Zheng et al., 1998;
Menzies et al., 1993) and lower crustal/lithospheric delamination induced by
the north-south amalgamation of terranes (e.g., Gao et al., 1998; He, 2020).

To reveal evidence of deep structures associated with craton destruction, many
geophysical works have been carried out in this region (e.g., Pandey, et al., 2014;
Pei et al., 2006; Zhang et al., 2019; He, 2015, 2020; Lei, 2012). In particular, He
et al. (2015) detected a region with high Vp/Vs ratios in the Eastern Block that
may be connected with magma underplating induced by mantle plume upwelling.
Lei (2012) and He (2020) revealed a vestige of Mesozoic mantle plume upwelling
based on teleseismic P-wave tomography beneath the Eastern Block. However,
whether this represents a relic or evidence of magma underplating in the crust
remains unclear. On the other hand, the difference in the velocity structures
among the Eastern Block, Western Block and Trans-North China orogen is still
vague, although it is very important for understanding the destruction of the
NCC and the assembly between the Eastern Block and Western Block.

In this study, we carried out noise tomography in the middle part of the NCC.
The results show that there are great differences in the S-wave velocity structure
among the Western Block, Eastern Block and Trans-North China orogen. We
also reveal a distinctive velocity anomaly in the lower crust beneath the Eastern
Block, which might be associated with magma underplating.

Fig. 1. Left panel: location of the study region. Right panel: distribution of
seismic stations. The thick white lines are the boundaries of geological units.
The black triangles indicate the seismic stations. The study area is located in
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the central part of the NCC, which is the suture zone between the Eastern and
Western Blocks.

1. Data and method

(a) Data and processing

Based on a direct cross-correlation of the continuous background noise between
two stations, we can obtain high-resolution seismic imaging in the crust and
upper mantle (Lobkis and Weaver, 2001; Campillo and Paul, 2003; Shapiro
et al., 2005; Yao et al., 2006; Bensen et al., 2007; Fang et al., 2010). Noise
tomography has advanced our seismic imaging techniques (Lu et al., 2014).

In this study, the continuous waveforms of the vertical component recorded
by 112 stations from January 2018 to December 2018 were collected from the
Data Management Center of the China National Seismic Network (Zheng et
al., 2010). Based on the method of Bensen et al. (2007), we resampled the
continuous waveforms to 5 Hz and cut the data from 0 to 24 hours. Other steps
involved clock synchronization, instrument response removal, bandpass filtering
(4−50 s period), time-domain normalization and spectral whitening. Finally, the
day-long waveform at each station was correlated with those at other seismic
stations, and the daily results at each station were stacked to produce the final
cross-correlation results.

The surface wave signals coming from opposite directions along the path linking
the stations can be inferred from the resulting cross-correlations. Due to the in-
homogeneous distribution of ambient noise sources, the cross-correlations might
be asymmetrical. To enhance the signal-to-noise ratio of the surface waves and
simplify data analysis, each cross-correlation can be separated into negative
and positive lag components, and then the two components can be added to
form the so-called symmetric component. The following analysis was performed
exclusively on the symmetric signals.

Based on multiple filtering technologies (Dziewonski et al., 1969; Levshin et al.,
1992), we manually pick the group velocity dispersion curve with Computer Pro-
grams in Seismology (CPS) software (Herrmann, 1973). If there are n stations,
we can extract empirical Green’s functions on n(n-1)/2 paths. To ensure reliable
results, we perform quality control of the dispersion curve.

If the interstation distance is at least 3 times the wavelength at a given period
and its signal-to-noise ratio is greater than 10, an empirical Green’s function
can be accepted (Yao et al., 2006; Bensen et al., 2007). Accordingly, paths are
shorter than 120 km are excluded. Finally, we select a total of 1774 dispersion
curves for the station pairs from the 6216 Rayleigh wave waveform data (exam-
ple, see Fig. 2). In Fig. 3, we show the number of ray paths used for surface
wave imaging at different periods, which indicates that the number of rays at
different periods is relatively uniform.
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Fig. 2. Example of the correlation of one-year data from the ZKD seismic
station related to other seismic stations with periods from 5 to 50 s.
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Fig. 3. The number of group velocity dispersion curves at different periods.

1. Rayleigh wave velocity and S-wave velocity inversion

In the process of surface wave tomography, a generalized 2-D linear inversion
procedure is used to construct the distribution of the group velocity (Yanovskaya
and Ditmar, 1990; Ditmar and Yanovskaya, 1987), which is a generalization to
2-D inferred from the classic 1-D method of Backus and Gilbert (1968). In the
inversion process, a 0.5° × 0.5° lateral grid is designed, and a value of � = 0.2
(damping parameter) is selected, which controls the tradeoff between the fit to
the data and the smoothness of the resulting group velocity maps and yields
relatively smooth maps with small fit errors.

From the Rayleigh wave group velocity obtained by the above inversion ap-
proach, the dispersion curves of the group velocity at each grid node are ex-
tracted. The 1-D shear wave velocity structure under each grid node is then
inverted (Herrmann and Ammon, 2004), and the velocities between the nodes
are interpolated linearly. In this way, we construct a 3-D shear wave velocity
structure (Fig. 4).

A constant shear-wave velocity of 4.38 km/s from the surface to a depth of 90 km
is designed for the initial model, which is divided into 2 km layers. Because the
starting velocity model is overestimated, no artificial low-velocity zone or layer
boundary is introduced as a consequence of the nonlinearity of the inversion. In
the inversion process, a fixed Vp/Vs ratio of 1.732 is adopted, and the density
is obtained from the P-wave velocity (Zanjani et al., 2019).
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Fig. 4. An example to illustrate the process of inverting the S-wave velocity
from the dispersion curve at a node (116.5°E, 38°N). The red solid line represents
the theoretical group velocity dispersion generated by the final S-wave velocity
model and obtained from the inversion. The black triangles in the right panel
indicate the dispersion of group velocity observations. The blue dashed line in
the left panel represents the initial velocity model, whereas the red solid line
represents the final S-wave velocity model obtained by the inversion.

1. Resolution analysis and results

(a) Resolution analysis

Generally, the checkerboard resolution test (CRT) is used to analyze the resolu-
tion and estimate the error of the results. However, Leveque et al. (1993) con-
sidered that the CRT used to analyze resolution may lead to errors. Yanovskaya
(1997, 1998) used the mean scale and the stretch of the mean area to estimate
the imaging resolution, and the resolution of tomographic results was calculated
based on the ray density and the ray azimuth distribution.

Fig. 5 represents the resolution of each period. The resolution radius distri-
bution shows that the minimum resolution radius can reach 50 km, whereas
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for most research areas, the resolution core radius can reach 200 km. In this
region, the obtained spatial average resolution radius is between 0 and 200 km,
and the resolution radius is completely within the smooth radius allowed by the
model parameters. According to the results of the resolution detection, we con-
sider that the inversion results for most areas in our study region are relatively
reliable.

Fig. 5. The distribution of the spatial average resolution radius at different
periods. The color scale at the bottom shows the value of the resolution radius.

1. Rayleigh wave velocity

Because the group velocities at different periods have different sensitivities to the
shear wave velocity in different depth ranges (Urban et al., 1993), it is necessary
to take the partial derivatives of the group velocities of different periods and
obtain the sensitivity kernels of the fundamental Rayleigh wave. Our results
show that the group velocity at a 38 s period has a good resolution from 30 km
to 45 km (Fig. 6), which is our target region.
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Fig. 6. Sensitivity kernels of fundamental Rayleigh group velocities at 9 s, 15 s
20 s, 30 s, 34 s and 38 s. The AK135 model is adopted for calculation, and the
crust thickness is set at 36 km.

The group velocity of a certain period is most sensitive to the shear wave veloc-
ity of 1/3 wavelength (Lin et al., 2007; Yang et al., 2007), and the structural
differences at different depths lead to variations in the group velocity. Here, the
representative group velocities of the six periods are discussed (Fig. 7). The
velocity distribution image of the Rayleigh wave group at T=9 s mainly reflects
the velocity structure of the upper crust. The velocities of the Rayleigh wave
groups at T=15 s and 20 s mainly reflect the velocity structure of the middle
crust. The velocities of the Rayleigh wave groups at medium and long periods
(30-38 s) mainly reflect the velocity structure from the lower crust to the top of
the mantle (Fig. 7).

The results show that the group velocities at 9 s-38 s in the Trans-North China
orogen are higher than those of the terranes on either side (Eastern and West-
ern Blocks). The group velocity from the surface to the top of the mantle in
the Western Block decreases gradually. The Eastern Block has a low-velocity
structure at a period of 9 s, which may be affected by the sedimentary layer
near the surface; this block also has a low-velocity structure from 15 s to 30 s,
which may include the sedimentary effect and the low-velocity anomaly in the
middle crust. At 34-38 s, it has a high-velocity structure, which represents the
region from the lower crust to the top of the upper mantle.
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Fig. 7. Rayleigh wave group velocities at the different periods. Western Block
(or Craton). Eastern Block (or Craton).
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3.3. S-wave velocity structure

Based on the 1-D shear wave velocity structure of each grid node obtained in
this study, we can construct a 3-D shear wave velocity structure ranging from a
depth of 6 km to a depth of 42 km in this area (Fig. 8). The results show that
the S-wave velocity of the Trans-North China orogen is higher than those of the
Eastern and Western Blocks from the surface to the top of the mantle, which is
consistent with the group velocity (Fig. 7, Fig. 8). In the Western Block, the
S-wave velocity decreases gradually from the surface to the top of the mantle,
which is basically consistent with the group velocity (Fig. 7, Fig. 8). In the
Eastern Block, a low-velocity structure of the S-wave is observed at a depth of 6
km, a low-velocity structure is noted at depths of 10-20 km, and a high-velocity
structure is detected at depths of 38-42 km, which is basically consistent with
the group velocity results (Fig. 7, Fig. 8).
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Fig. 8. S-wave velocity at depths of 6 km, 10 km, 20 km, 30 km, 38 km and 42
km. Western Block (or Craton). Eastern Block (or Craton).
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1. Discussion

He et al. (2015) obtained a Vp/Vs distribution image of the NCC by using the H-
k technique for stacking of receiver functions. The results showed a region with
high Vp/Vp ratios (Vp/Vs >1.76, red ellipse) in the northern NCC (Fig. 9, red
ellipse region). In general, magma underplating in the lower crust can lead to
high Vp/Vs ratios (Zandt and Amgon, 1995; Xu and He, 2007) and high-velocity
anomalies in the lower crust (Zandt and Amgon, 1995). This study reveals that
the lower crust in the Eastern Block has a high-velocity anomaly in the lower
crust, which further indicates that a deep process of magma underplating occurs
in this area. Due to the uneven distribution of seismic stations in the Eastern
Block (Fig. 9, black triangles), the region with high Vp/Vs ratios in the Eastern
Block is not completely controlled. However, there are still considerable areas
corresponding to the high-velocity structure in the lower crust. On the other
hand, we consider that the low-velocity anomaly at a depth of 20 km may be
associated with a magma intrusion induced by mantle plume upwelling, although
we cannot exclude that this anomaly may be affected by the sedimentary layer.

In general, an upwelling mantle plume plays a key role in magma intrusion and
lower crust underplating (Pirajno, 2007). He (2020) revealed a mushroom-like
low-velocity structure beneath the Eastern Block by using P-wave teleseismic
tomography; such a structure is a typical characteristic of mantle plume up-
welling (Fig. 10). Therefore, we suggest that the low-velocity anomaly in the
middle crust revealed beneath the Eastern Block may be generated by mantle
plume upwelling and magma intrusion.

Although He et al. (2015) also revealed a region with high Vp/Vs ratios in the
Western Block (Fig. 9, green ellipse region), we have confirmed that the lower
crust has a low-velocity structure, which rules out the occurrence of a deep
process of magma underplating in the lower crust in this region.

Both group velocities and S-wave velocities indicate that the Trans-North China
orogen is a high-velocity structural terrane, which is quite different from the
Eastern Block and Western Block. This contrast indicates that the Trans-North
China orogen is an independent geological unit that connects the Eastern and
Western Blocks of the craton and may represent the vestige of collision and
assembly in the Paleoproterozoic.
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Fig. 9. Vp/Vs ratio distribution in the NCC (He et al., 2015). Black triangles
mark seismic stations.
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Fig. 10. P-wave velocity perturbation profile (He, 2020), b: Low-velocity
anomaly with a mushroom shape.

5. Conclusions

This study reveals that the group velocities and S-wave velocities of the Eastern
and Western Blocks as well as the Trans-North China orogen are quite differ-
ent. The high Vp/Vs in the Western Block may represent the ancient lower
crust, which has not been destroyed, while the high Vp/Vs in the Eastern Block
may reflect magma underplating in the lower crust induced by mantle plume
upwelling, which implies that mantle plume upwelling may have contributed to
the destruction of the Eastern Block of the NCC. On the other hand, we also
suggest that the Trans-North China orogen represents the assembly or collision
between the Western Block and Eastern Block in the Paleoproterozoic.
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