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Abstract

The origin of the Mesozoic and Cenozoic volcanism in Northeast China (NE China) and the formation of the Songliao Basin

(SB) therein are highly controversial topics in the earth sciences. Moreover, the crustal structure closely associated with these

physical phenomena remains unclear. In this study, ambient noise tomography is performed in NE China. A total of 127

broadband seismic stations with waveform data lasting one year are employed to extract the dispersion curves of Rayleigh

waves. Finally, the Rayleigh wave group velocity distributions at 6–40 s and the S-wave velocity structure at depths of 0–60 km

are obtained. The results reveal a high-velocity anomaly in the lower crust beneath the SB that might be related to magmatic

underplating, and an obvious yet slight low-velocity anomaly is discovered in the middle crust of the SB that may be generated

by magmatic intrusion. Furthermore, a low-velocity anomaly at near-surface is detected.
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Key points:

1. A high-velocity anomaly in the lower crust beneath the Songliao Basin
might be related to magmatic underplating.

2. An obvious slight low-velocity anomaly is discovered in the middle crust
beneath the Songliao Basin, which may be generated by magmatic intru-
sion.

3. A low-velocity anomaly at near-surface in the Songliao Basin may be in-
duced by the sedimentary cover.

Abstract:

The origin of the large-scale Mesozoic and Cenozoic volcanism in Northeast
China (NE China) and the formation of the Songliao Basin (SB) therein are
highly controversial topics in the earth sciences. Moreover, the crustal struc-
ture closely associated with these physical phenomena remains unclear. To
investigate the crustal structure and deep dynamics, ambient noise tomography
is performed in NE China. A total of 127 broadband seismic stations with
waveform data lasting one year are employed to extract the dispersion curves of
Rayleigh waves. Through surface wave tomography, the Rayleigh wave group
velocity distributions at 6–40 s are obtained, and the S-wave velocity structure
is determined by the inversion of pure-path dispersion data at depths of 0–60
km. The results reveal a high-velocity anomaly in the lower crust beneath the
SB that might be related to magmatic underplating generated by mantle plume
upwelling. Furthermore, a low-velocity anomaly at near-surface that may be in-
duced by the sedimentary cover is detected within the SB. Finally, an obvious
yet slight low-velocity anomaly is discovered in the middle crust of the SB; this
feature may be generated by mantle upwelling or magmatic intrusion.

Key words: Ambient noise tomography, Rayleigh wave velocity, S-wave veloc-
ity, magmatic underplating and intrusion, Songliao Basin, NE China.

Plain Language Summary

Recently, seismic studies defined an upwelling mantle plume beneath NE China,
which may contribute to the magmatism from the Mesozoic to the Cenozoic
and the formation of the Songliao Basin, however, the key evidence in the crust
remain unclear. In this study, ambient noise tomography is employed to extract
the detailed structure of the crust in NE China. Results reveal vestiges of
magmatic intrusion and underplating in the crust beneath the centre of NE
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China or the Songliao Basin, which may be associated with the magmatism and
the formation of the Songliao Basin in NE China.

1. Introduction

NE China, which constitutes the eastern extent of the Central Asian Orogenic
Belt (Xiao et al., 2015; Tang et al., 2018; Wang et al., 2019), generally refers
to the region between the Siberian Craton and the North China Craton and
is bounded by the early Mesozoic (~230 Ma) Mongol-Okhotsk suture to the
north, the Middle Jurassic (~160 Ma) Solonker suture to the south, and the
Mesozoic-Cenozoic subducting Pacific plate to the east (Pang et al., 2020; Li et
al., 2021). This region has experienced the closures of the Paleo-Asian Ocean
and the Mongol-Okhotsk Ocean, the amalgamation of the Xing’an, Songliao,
and Jiamusi microcontinental blocks, a series of orogenies, large-scale volcanism
from the late Cretaceous to the present, and the formation of the Songliao Basin
(SB) in the Mesozoic (Li et al., 2021; Pang et al., 2020).

Generally, the extensive volcanism that occurred from the Mesozoic to the Ceno-
zoic and the formation of the Mesozoic SB in NE China are broadly attributed
to the dehydration of a stagnant slab in the mantle transition zone (e.g., Zhao
et al., 1994; Maruyama et al., 2009; Zhao et al., 2019; Chen and Faccenda,
2019). However, this notion has been challenged by new findings from seis-
mic investigations (e.g., He et al., 2014, Tang et al., 2014; He and Santosh,
2016; He, 2021). For example, the h-k stacking of receiver functions defined
an underplated lower crust beneath the SB that may have been generated by
an upwelling mantle plume (He et al., 2014). Subsequent tomographic imaging
revealed a Mesozoic vestige of the upwelling mantle plume (Tang et al., 2014;
He and Snatosh, 2016), and the common conversion point (CCP) stacking of
receiver functions revealed the remnant of an upwelling mantle plume in the
upper mantle transition zone (He, 2021). These findings imply that the large-
scale volcanism and the formation of the SB in NE China may be related to
an upwelling mantle plume (He et al., 2014; He and Santosh, 2016; He, 2021).
Nevertheless, more critical and direct evidence in the crust is required to clarify
this hypothesis.

The technique of directly cross-correlating the continuous background noise be-
tween two stations has been extensively applied to investigate the crustal struc-
ture and has greatly advanced the resolution of crustal seismic tomography (e.g.,
Shapiro et al., 2005; Bensen et al., 2007; Yao et al., 2006; Fang et al., 2009). In
recent years, a number of studies have been carried out in NE China utilizing
variations of this technique, such as ambient noise tomography (Yang et al.,
2019), the joint inversion of ambient noise and receiver functions (Zhu et al.,
2019), transdimensional Bayesian ambient noise tomography (Kim et a., 2016),
ambient noise adjoint tomography (Liu et al., 2017), and the multimodal inver-
sion of Rayleigh waves from ambient seismic noise (Zhan et al., 2020). However,
these researchers did not report any information on the crust that may be linked
to an upwelling mantle plume.
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Figure 1. Left panel: location of the study region (red dashed-dotted rectangle).
Right panel: green lines: S-wave velocity and S-wave velocity perturbation
profiles; black triangles: seismic stations used in this study. White lines in both
panels: boundaries of geological units.

In this study, I use high-quality seismic data recorded by the China National
Seismic Network across NE China and perform ambient noise tomography (Fig.
1). The results reveal a slight low-velocity anomaly in the middle crust and a
high-velocity anomaly in the lower crust beneath the SB that might have been
induced by an upwelling mantle plume in the Mesozoic.

1. Data and method

(a) Data and data processing

High-resolution crustal structures can be imaged by directly computing the
cross-correlation function of the continuous background noise between any two
seismic stations (Campillo and Paul, 2003; Shapiro, 2005; Yao et al., 2006;
Bensen et al., 2007; Fang et al., 2010; Lu et al., 2014). In this study, the
continuous vertical-component waveforms recorded at 112 seismic stations are
collected from the Data Management Center of the China for the period from
January 2018 to December 2018. The continuous waveforms are resampled to 5
Hz and cut into daily 24-hour segments (Bensen et al., 2007). Other processing
steps are then applied, including removing the instrument response, synchroniz-
ing the clock, bandpass filtering (4−50 s), spectral whitening and normalization
in the time domain. Finally, the daily waveform at each seismic station is
cross-correlated with those at all other seismic stations, and the daily cross-
correlation functions for each pair of seismic stations are stacked to produce the
final cross-correlation results.

The surface wave signals originating from opposite directions along the path link-
ing two seismic stations can be extracted from the cross-correlations obtained in
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the previous step. Because the distribution of ambient noise sources is inhomo-
geneous, the cross-correlations are asymmetrical. To simplify the data analysis
and enhance the signal-to-noise ratio of the surface waves, each cross-correlation
is separated into positive and negative lag components, and the so-called sym-
metric component is obtained by adding the positive and negative components.
These symmetric signals are exclusively used in the following analysis.

Based on multiple filtering techniques (Dziewonski, 1969; Levshin et al., 1992)
and Computer Programs in Seismology (CPS) software (Herrmann, 2013), the
group velocity dispersion curve can be manually picked. If there are n seismic
stations, the empirical Green’s functions of n(n-1)/2 paths can be extracted.
Then, the dispersion curve is quality-controlled to ensure reliable results.

The empirical Green’s function is acceptable if the interstation distance is at
least 3 times the wavelength at a given period. According to the wavelength and
signal-to-noise ratio, the acceptable group velocities are automatically picked
(Bensen et al., 2007). Finally, a total of 1810 dispersion curves for the station
pairs are obtained from 5253 seismograms containing the Rayleigh wave arrival
(Fig. S1).

1. Rayleigh wave velocity and S-wave velocity inversion

A generalized 2-D linear inversion procedure, which is a generalization from the
classic 1-D method (Backus and Gilbert, 1968) to two dimensions, is employed
in the process of surface wave tomography to construct the distribution of the
group velocity (Yanovskaya and Ditmar, 1990). According to tests with different
damping parameters (�=0.1, 0.2 and 0.3), a damping parameter of � = 0.2 is
selected to achieve the optimal tradeoff between the smoothness of the resulting
group velocity images and the fit to the data. A 0.5° × 0.5° lateral grid is
designed to be used in the inversion process.

The dispersion curves of the group velocity at each grid node are obtained from
the Rayleigh wave group velocity distribution obtained by the above inversion
approach. Then, the 1-D S-wave velocity at each grid node is inverted (Her-
rmann and Ammon, 2004), and the velocities between the nodes are obtained
via interpolation. In this way, a 3-D S-wave velocity model is constructed.

The initial model is designed with a constant S-wave velocity of 4.38 km/s from
the surface to a depth of 90 km and is divided into 2 km layers to avoid the
addition of artificial low-velocity zones. A fixed Vp/Vs ratio of 1.732 is adopted
in the inversion process, and the density is extracted from the P-wave velocity
(Zanjani et al., 2019).

1. Resolution analysis

In this study, the spatially averaged kernel at each grid node in different di-
rections or the average area is used to analyze the resolution and estimate the
error (Yanovskaya et al., 2008), where the error can be approximated by an
ellipse centered at a point in the 2-D tomographic model. The average area
of the ellipse can be calculated based on the smallest and largest axes of the

4



ellipse. The distribution of the resolution radius indicates that the minimum
resolution radius reaches nearly 50 km, while the resolution radius in most of
the study area reaches 200 km (Fig. S2), and the spatially averaged resolution
radius ranges from 0 to 200 km.

1. Results

3.1. Rayleigh wave velocity

Because the group velocities of different periods have different sensitivities to the
S-wave velocity at different depths (Urban et al., 1993), the sensitivity kernels
of the fundamental Rayleigh wave are obtained from the partial derivatives of
the group velocities at different periods. The results indicate that the group
velocities of several periods are well resolved at depths ranging from 6 to 40 km
(Fig. S3).
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Figure 2. Rayleigh wave group velocities at five different periods. The black
lines are the boundaries of geological units.

Due to structural differences at different depths, the group velocity varies of a
certain period is most sensitive to the S-wave velocity at 1/3 of the wavelength
(Lin et al., 2007; Yang et al., 2007). Here, the representative group velocities at
five periods are analyzed (Fig. 2). The Rayleigh wave group velocity of T=6
s reflects the velocity structure mainly within the upper crust, whereas those
at T=12 s and 20 s reflect the velocity structure primarily in the middle crust.
Similarly, the Rayleigh wave group velocities at medium and long periods (32–
40 s) reflect the velocity structure ranging predominantly from the lower crust
to the top of the mantle (Fig. 2).

The group velocities at 6–20 s reveal a low-velocity anomaly in the SB and
a high-velocity structure in the Jiamusi Massif, whereas those at 32–40 s ex-
pose a low-velocity structure in the Xingan Massif and western part of the SB
and a high-velocity anomaly in the eastern part of the SB (Fig. 2). Another
ambient noise tomography study (Yang et al., 2019) similarly discovered a low-
velocity anomaly at 8 s, a minor low-velocity anomaly at 13 s, and a high-velocity
anomaly at 21-25 s beneath the SB.

3.2. S-wave velocity structure
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Figure 3. S-wave velocity distributions at depths of 6-54 km. The black lines
are the boundaries of geological units.

A 3-D S-wave velocity model is constructed at depths from 6 km to 54 km
following the 1-D S-wave velocity model determined at each grid node (Fig. 3).
The results identify a low-velocity anomaly of 2.5 km/s in the SB at a depth of
6 km (Fig. 3), which is consistent with the results of the frequency-dependent
P-wave particle motion (Bao and Niu, 2017). Likewise, the joint inversion of
surface waves and body waves revealed a low-velocity anomaly at a depth of 5
km (Guo et al., 2018), and noise tomography imaged a low-velocity anomaly at
a depth of 4 km beneath the SB (Guo et al, 2016).

A relatively low-velocity anomaly is identified in the SB at depths ranging from
10 km to 30 km, although the S-wave velocity obviously increases from 3.2 km/s
to 3.4 km/s from 10 to 30 km (Fig. 3). In contrast, high-velocity structures
appear at depths of 6 km, 10 km and 16 km in the Jiamusi Massif and at depths
ranging from 20 km to 54 km in the Xingan Massif. A significant high-velocity
anomaly appears at the center or southern part of the SB from 36 km to 54
km, and the velocity is anomalously higher at the northern extent of this high-
velocity anomaly (Hv) in this depth range (Fig. 3). The multimodal inversion
of Rayleigh waves in a previous study also emphasized a large high-velocity
zone around the northern edge of the SB at depths of approximately 40–50 km
(Zhan et al., 2020). Furthermore, ambient noise adjoint tomography defined a
high-velocity anomaly at depths of 35–60 km beneath the SB (Liu et al., 2017).
Likewise, the joint inversion of surface waves and body waves identified a high-
velocity anomaly at depths of 25–90 km beneath the basin (Guo et al., 2018), and
other noise tomography investigations reported high-velocity anomalies beneath
the SB at depths of 23–50 (Guo et al, 2016) and 40–50 km (Zhan et al., 2020).

I also calculate the S-wave velocity perturbations at depths of 6–54 km (Fig.
S4), and the results are basically consistent with those of the S-wave velocity
(Fig. 3).
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Figure 4. S-wave velocity profiles. The velocity boundary of 4.2 km/s is consid-
ered the Moho. Green dotted lines: Moho depth inferred from the h-k stacking
of receiver functions (He and Santosh, 2016) (Fig. S5, a).

Eight S-velocity profiles pass through or near the SB. If the velocity boundary
of 4.2 km/s is considered the Moho, the depths of the Moho obtained by in-
verting the S-wave structure herein is deeper than those (approximately 10 km)
identified by the h-k stacking of receiver functions (Fig. 4; for the locations of
the profiles, see Fig. 1). However, the trend of the Moho depth variation deter-
mined by S-wave velocity is basically consistent with the trend of that defined
by receiver function H-k stacking (Fig. S5, a); for instance, the depth of the
Moho beneath the SB is shallower than that of the surrounding regions (Fig.
4). The low-velocity structure of the shallow SB also reflects the thickness (2–6
km) of the sedimentary cover (Fig. 4).
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Figure 5. S-wave velocity perturbation profiles.

To further investigate the above results, I establish S-wave velocity perturbation
profiles (Fig. 5; for the locations of the profiles, see Fig. 1). The results show
high-velocity perturbations at depths of 35–60 km (Fig. 9 a-f, green dashed
rectangle) and low-velocity perturbations at depths of 0–30 km beneath the SB;
moreover, the low-velocity perturbations at depths of 20–30 km are very slight
(Fig. 5 b-f, red dashed rectangle). Previous noise tomography studies similarly
reported a minor low-velocity anomaly at a depth of 15 km beneath the SB
(Guo et al, 2016; Yang et al., 2019).

1. Discussion

(a) Magmatic underplating

H-k stacking of receiver functions in the SB region revealed a region of high
Vp/Vs ratios in the lower crust of the basin, implying the presence of lower
crustal underplating generated by an upwelling mantle plume (He et al., 2014)
(Fig. S5, b). Indeed, magmatic underplating can generate a high-velocity
anomaly in the lower crust (e.g., Gupta et al., 2010; Jones et al., 2015).

The distributions of the Rayleigh wave velocity, S-wave velocity and S-wave
velocity perturbation identified in this study suggest that the lower crust of the
SB is a high-velocity structure (Figs. 2–5). Specifically, the S-wave velocity per-
turbation profiles characterize the crust and mantle at depths of 35–60 km as
having a high velocity (Fig. 5 a-f, green rectangle). Based on the rough estima-
tion of the difference in the Moho depths determined from the S-wave velocity
structure and h-k stacking of receiver functions, the high-velocity anomaly in
the crust might be situated at actual depths of 25–40 km, which is simply the
lower crust and the uppermost mantle beneath the SB. These results provide
new seismic evidence for lower crustal magmatic underplating in the SB.

4.2. Magmatic intrusion

Tomographic studies have reported the presence of a large-scale, mushroom-
shaped low-velocity anomaly beneath the SB (Tang et al., 2014; He and Santosh,
2016) (Fig. S6, d, e and f); this anomaly could lead to large mafic magma cham-
bers and magmatic intrusions in the crust and formed low-velocity anomaly
(Pirajno, 2007). The S-wave velocity perturbation shows a slight low-velocity
anomaly at depths of 20–30 km. Based on the rough estimation of the differ-
ence in the Moho depth determined from the S-wave velocity structure and h-k
stacking of receiver functions, the slight low-velocity anomaly might be situated
at actual depths of approximately 10–20 km, which should be the range of the
middle crust. Therefore, it is suggested that the minor low-velocity anomaly
in the middle crust beneath the SB may have been generated by a magmatic
intrusion induced by an upwelling mantle plume in the Mesozoic.

4.3. Formation of the Songliao Basin

The SB, which covers an area of 26 × 104 km2 with a length of 750 km and
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a width of 330–370 km (Li et al., 2021), was characterized by episodic rifting
and intense volcanism during its early development (Zhang et al., 2011). It has
been suggested that a mantle plume beneath NE China initiated continental
rifting, which subsequently led to lithospheric extension, intense volcanism and
the formation of the SB (He et al., 2014).

The origin and evolution of the Parnaíba Basin of NE Brazil are related mainly
to magmatic events (Cardoso et al., 2019). Three magmatic events related to
syn-rift I phase of the Parnaíba Basin were also recognized in the Potiguar Basin,
also in NE Brazil (Lopes et al., 2018), and these thermal and kinematic processes
may be related to the formation of these basins. Lithospheric extension led to
the initial mechanical subsidence of the basins, and the subsequent relaxation of
the basins might have been linked to thermal subsidence induced by magmatic
intrusion (Lipes et al., 2018).

Similarly, it is speculated that an upwelling mantle plume resulted in the initial
rifting and mechanical subsidence of the SB; subsequent magmatic intrusions
into the crust led to the thermal subsidence of the SB. Moreover, the sedimentary
layer in the SB contains volcaniclastic sedimentary rock (Tang et al., 2017),
suggesting postmagmatic deposition (Cardoso et al., 2019).

These magmatic intrusions led to a thermal effect, which may be related to the
enrichment of oil and gas resources within the basin. There is evidence that
the distribution of CO2 reservoirs is controlled by magmatism (Yu et al., 2019).
Furthermore, the thermal subsidence of the SB was punctuated or overprinted by
multiple episodes of uplift, which led to the well-known oil-rich Daqing anticline
in the SB (Song et al., 2018).

1. Conclusion

The high-velocity anomaly in the lower crust beneath the SB demonstrates that
this area experienced magmatic underplating. The slight low-velocity anomaly
in the middle crust beneath the SB may be associated with the remnants of
magma that was generated by an upwelling mantle plume in the Mesozoic and
subsequently intruded into the crust; this plume may have led to the formation of
the SB and its subsequent thermal subsidence as well as oil and gas enrichment.
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