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The boundary region of the North China Craton (NCC) and Xing-Meng Orogenic Belt (XMOB), including the
northern boundary of the NCC and the southern XMOB, is the ideal area to investigate the spatially uneven
lithospheric deformation and associated tectonic evolution in the boundary region of the craton and orogen. The
depths and structures of the lithosphere-asthenosphere boundary (LAB) and mid-lithosphere discontinuity
(MLD) are the key information to describe the nature and deformation pattern of the lithosphere, and thus can
provide basic constraints on the associated tectonic processes and mechanism of the lithospheric deformation.
Based on waveform data collected from 226 broadband seismic stations, high resolution spatial variations in the
LAB and MLD depths were obtained by using the wave equation migration method for the S-receiver functions.
The migrated images show a lateral variation in the LAB depth from 100-120 km in the northern boundary of the
NCC to 120-140 km in the southern XMOB. The imaged LAB within the NCC is much shallower than that
revealed by mantle xenoliths enclosed in the nearby Early Paleozoic kimberlites (~180 km), suggesting that the
cratonic lithosphere of the area may have undergone significant thinning during the Phanerozoic evolution.
Furthermore, a coherent MLD is identified at depths of 70-90 km beneath the northeastern NCC, which cor-
roborates the speculation that the MLD probably existed in the eastern NCC before lithospheric destruction in the
Mesozoic. The spatial variations in the LAB and MLD depths probably reflect complex lithospheric deformation
and thinning around the boundary region of NCC and XMOB. The properties, including the gradient thickness
and S-wave velocity contrast, of the two discontinuities further indicate that lithospheric deformation and
thinning might be related to partial melting induced by the Big Mantle Wedge associated with the subducting
Paleo-Pacific plate and its stagnation during the Late Mesozoic.

and asthenosphere, including the temperature (Hoink and Lenardic,
2010), changes in composition associated with metasomatism, and

1. Introduction

Determining the depth and physical properties of the lithospher-
e-asthenosphere boundary (LAB) is essential to our understanding of
lithospheric deformation and plate tectonics. More specifically, the
spatial variations in the depth of the LAB across and within different
tectonic blocks, especially in the boundary regions of cratons and sub-
duction zones, could provide insight into the heterogeneity of litho-
spheric deformation as well as the mechanism responsible for
lithospheric modification and thinning. Additionally, understanding the
seismic properties of the LAB, such as the velocity contrast and gradient,
could reveal mechanical details of interaction between the lithosphere

partial melting of the mantle. In addition to the LAB, the mid-lithosphere
discontinuity (MLD), which is internal to the lithosphere, has been
widely identified in stable continental and cratonic areas with a thick
lithosphere (Abt et al., 2010; Chen et al., 2014; Ford et al., 2010; Foster
et al., 2014). Although the nature and origin of the MLD are still un-
certain, interpretations of the MLD generally consider the temperature,
anisotropy (Karato et al., 2015; Selway et al., 2015), elastically
accommodated grain boundary sliding (EAGBS) model related to the
thermal induced transition, and changes of composition into account.
The depth and properties of the MLD can reflect the structural history of
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a continent, and its influence on the long-term evolutionary properties
of continents. Collectively, the depth and physical properties of the LAB
and MLD could thus reveal imprints on the lithospheric structure left by
tectonic evolution in target regions.

The boundary region of the North China Craton (NCC) and Xing-
Meng Orogenic Belt (XMOB), including the northern boundary of the
NCC (which is composed of the Liaodong tectonic belt and Tanlu Fault
Zone) and parts of the XMOB (which is composed of the southern Xin-
g'an block and Songliao Basin), is located in the westward subduction
zone of the Paleo-Pacific plate (Fig. 1). The special geographic location
of the boundary region of NCC and XMOB makes the region an ideal
place to investigate the spatially variations of lithospheric structure and
their associated deformation and tectonic evolution in the boundary
region of the NCC and the Paleo-Pacific plate subduction zone. The NCC
shows features indicative of remaining thick lithospheric mantle roots
and the MLD in its middle and western parts, while the NCC has been
severely destroyed and reformed in its eastern part since the Phanero-
zoic (Zhao, 2005; Zheng et al., 2006; Xu, 2007). Deformation and
destruction of the lithospheric structure in the NCC not only changed its
inner structural patterns and deep structures but also inevitably left
evolutionary imprints on its boundary zones and adjacent areas, such as
the northern boundary of the NCC and adjacent regions. Furthermore,
crustal compression, crustal extension and associated thinning (Wang
et al., 2014; Tang et al., 2018), basin development, and wide distribu-
tion of volcanic rocks from the late Mesozoic to Cenozoic (Wang et al.,
2006; Zhang et al., 2006, 2015) make the evolutionary history of the
region more complicated. As the depth and seismic velocity properties of
the LAB and MLD can reveal the spatial distributions of lithospheric
deformation, destruction, and relevant tectonic processes, a deeper
investigation of the LAB and MLD in the boundary region of NCC and
XMOB will therefore provide seismic constraints on the mechanism of
lithospheric modification and thinning, and important implications for
the dynamics.
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Fig. 1. Topographic map of the boundary region of NCC and XMOB showing
the locations of stations used in this study. Tectonic blocks: NCC: North China
Craton; XB: Xing'an block; SLB: Songliao Basin; LTB: Liaodong tectonic belt;
NSGL: North-South Gravity Lineament; TLFZ: Tanlu Fault Zone. The light gray,
light orange and dark gray dashed lines represent the locations of the NSGL,
Solonker suture and TLFZ, respectively. The colored triangles are broadband
seismic stations. The purple, yellow, red, and white triangles represent seismic
array BSN, NCISP-6, NCISP-10, and CEA stations, respectively, while the cyan
squares are the NECESSArray stations (the bottom left insect). The study region
is outlined by a red rectangle in the upper right insect. The black arrow is the
motion of the Paleo-Pacific plate subduction, and the black dashed lines
represent the Solonker suture. (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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However, the seismic properties of the LAB and MLD in the boundary
region of NCC and XMOB are not well studied. Previous studies on the
seismic velocity structures in the boundary region of NCC and XMOB
have mainly focused on the crustal structures (Wang et al., 2013; Tao
et al., 2014; Zheng et al., 2015), the upper mantle discontinuities (Ai
et al,, 2003; Wang et al., 2013), and over-all tomographic velocity
structures (Li and He, 2011; Guo et al., 2018). However, for the LAB, the
previous studies are mainly focused on areas surrounding the boundary
region of NCC and XMOB. For example, in the north of study region, the
LAB in the middle part of the Xing'an block reaches a depth of 140-160
km, while that in the middle of the Songliao Basin is approximately at a
depth of 100-120 km from the analysis of S-receiver functions (S-RFs)
(Zhang et al., 2014). In the north of study region, especially the interior
of the NCC, a high-resolution depth of the LAB, which ranges from 70 to
>170 km, has been obtained from P-receiver functions (P-RFs) (Chen
et al., 2006, 2008) and S-RF analysis (Chen et al., 2008, 2014; Zhang
et al., 2019). In the boundary region of NCC and XMOB, the LAB depth
was reported to be 100 km in the Liaodong tectonic belt and 140-160
km in the southern Xing'an block by using the depth of maximum ve-
locity decreases obtained from inversion of surface waves (Li et al.,
2011). However, surface waves are insensitive to velocity discontinu-
ities, and surface waves cannot image the LAB depth with high resolu-
tion. Collectively, owing to the self-limitations of different methods and
coverage of seismic data, these studies did not well resolve depth of the
LAB in the boundary region of NCC and XMOB. Considering that a MLD
of 80-110 km has been observed in the central and western parts of the
NCC (Chen et al., 2014), whether a MLD exists in the interior of the
lithosphere beneath the boundary region of NCC and XMOB is still
unknown.

Here, we use the wave equation migration method for the S-RF (Chen
et al., 2008) to investigate the high-resolution depth of the LAB and to
verify the existence of the MLD in the boundary region of NCC and
XMOB. S-RFs were calculated from waveform data of five seismic arrays
deployed in the study region. The good coverage of the seismic stations
allows us to obtain the spatial variations of the LAB depth and to
determine the existence of the MLD. By combining the spatial variation
in depth of the LAB and MLD in different tectonic blocks with geologic
informatics, we can discuss the lithospheric deformation associated with
Paleo-Pacific plate subduction.

2. Geological setting

The boundary region of NCC and XMOB includes the northern
boundary of the NCC and southern XMOB, and these two blocks are
separated by the Solonker suture zone. The NCC is one of the oldest
cratons on Earth. As a whole, it was tectonically stable since its final
cratonization in the late Paleoproterozoic. Since the Jurassic, the eastern
NCC has undergone significant destruction and deformation. As a
consequence, the ancient, cold, thin, and refractory craton-type litho-
spheric mantle in the eastern NCC was replaced by young, hot, thin, and
relatively full oceanic-lithospheric mantle, accompanied by extensive
magmatic activity, resulting in a significant increase in surface heat
flow, large-scale structural extension and large basin formation (Xu,
2007). The deformation and destruction of the lithosphere in the NCC in
the Phanerozoic not only obviously changed its internal tectonic pattern
and lithospheric structure, but also inevitably left evolutionary imprints
in the boundary regions. Previous studies on the lithospheric structure
have covered almost all the regions of the NCC (Chen et al., 2006, 2008,
2014; Zhang et al, 2019, and references therein), except for the
northern boundary of the NCC. In this study, using the seismic profiles
traverse the northern boundary of the NCC and adjacent tectonic units,
allows us to compare spatially uneven lithospheric deformation and
thinning between the boundary region of NCC and XMOB and sur-
rounding tectonic blocks.

The Xing-Meng Orogenic Belt, which belongs to the eastern part of
the Central Asian Orogenic Belts (CAOB), has undergone multiple stages
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of oceanic subduction, crustal accretion, collision and collage of
different tectonic blocks, and post orogenic collapse and extension since
the Early Paleozoic (Xiao et al., 2009). It is a giant accretionary orogenic
belt with the longest developmental history and the most complicated
magmatism. This complicated tectonic process must have left imprints
on the lithospheric structure, especially the deformation and modifica-
tion of the lithosphere. Studying the lithospheric structure of the region
will thus provide seismic implications for regional tectonic evolution.

During the Mesozoic, the NCC and XMOB have been affected by the
westward subduction of the Paleo-Pacific plate, which has subducted
westward into the Northeastern Asia, and finally becomes stagnant in
the Mantle Transition Zone (Zhu and Xu, 2019). The upper mantle above
the stagnant slab was referred to as the Big Mantle Wedge (BMW) by
Zhao et al., 2004 and Ohtani and Zhao, 2009. The BMW system is
different from the conventional mantle wedge which is geographically
close to the trench. Previous studies suggested the BWM was formed as
early as in the early Cretaceous (Zhu et al., 2012; Ma and Xu, 2017; Xu
et al., 2018). Mg isotope analyses on the continental basalts and circum-
Pacific island arc basalts in the Late Mesozoic-Cenozoic indicates the
influence of the BMW covers the NCC and XMOB (Li et al., 2017).
Dehydration of the stagnant slab resulted in widespread volcanic ac-
tivity (Wang et al., 2006; Ouyang et al., 2013; Xu et al., 2013a—c) in the
eastern NCC during the Early Cretaceous. The partial melting within the
BWM system exerted significant physio-chemical influence on the
overlying lithospheric mantle, and might have played an important role
in causing the lithosphere to thin and deform.

3. Data and method
3.1. Data

Seismic data used in this study are mainly from five seismic arrays in
the boundary region of NCC and XMOB, including the Northern China
Interior Structure Project-6 [NCISP- 6], the Northern China Interior
Structure Project-10 [NCISP-10], the Bohaiwan Seismic Network [BSN],
the NorthEast China Extended Seismic Array [NECESSArray], and the
China Earthquake Administration [CEA]. The NCISP-6 operated from
September 2008 to September 2009, starting from the Liaodong tectonic
belt, crossing the southern Songliao Basin, and the southern Xing'an
block, and ending at the border between China and Mongolia. Most of
the stations were equipped with Guralp CMG-3ESP sensors (50 Hz to 30
s/60 s), a small number were CMG-3T sensors (50 Hz to 120 s), and the
collectors were mainly REFTEK-130 and REFTEK-72A. The NCISP-10
operated from July 2016 to August 2018, crossed the Songliao Basin,
and ended on the Liaodong tectonic belt. The instruments used were
Guralp CMG-3ESP sensors (50 Hz to 30 s) and a REFTEK-130 collector.
The BSN seismic array was planar with observations from May 2005 to
May 2006. The Guralp CMG-3ESP sensors and REFTEK-72A digitizers
were also used in the BSN array. The remaining two seismic array
datasets are from the NECESSArray and China Earthquake Administra-
tion. The NECESSArray (Tao et al., 2014) was deployed in northeast
China, with observation period from the September 2009 to August
2011. It consisted of 127 temporary broadband stations. Although the
average station spacing is ~80 km, which is too sparse to constrain the
detailed lithosphere structure alone, we included the nearby NECES-
SArray stations to increase the coverage of the S-RF piercing points. The
CEA stations were set up by the China Earthquake Administration as a
part of the national seismic network. We only used data collected in the
time period from October 2010 to December 2014 (Zheng et al., 2010).
The seismometer misorientation of the stations was corrected. In total,
data from 226 seismic stations (Fig. 1) were used to calculate the S-RFs.

3.2. Method

With the advantage of separating S-p conversions from the multiples
from the crust, the S-RFs have been widely used in imaging the LAB (P.
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Kumar et al., 2005; Yuan et al., 2006; Chen et al., 2008). For S-RF
calculation, we selected events (yellow dots in Fig. 2a) with the two
principles (Yuan et al., 2006): a magnitude greater than 5.5 and an
epicentral distance range of 55°-85°. Time-domain maximum entropy
deconvolution (Wu and Zeng, 1998) was used to calculate S-RF. By
comparing the signal to noise ratio of S-RF calculated with different
Gaussian parameters, we selected a Gaussian parameter of 5 to ensure
the resolution and a water level of 0.001 to suppress the noise. Finally,
4360 high-quality S-RFs were obtained from 226 seismic stations after
careful visual inspection. The number of S-RFs obtained from NCISP-6
and NCISP-10 is dominant, as the two arrays followed a linear trend
that traversed all major geologic blocks of study region with small sta-
tion spacing. For most of the stations of the two arrays, the average
number of S-RFs is larger than 30. While for the sporadic stations around
these profiles (NECESSArray, BSN, CEA), the obtained S-RFs are about
20.

The wave equation post-stack depth migration (PSDM) method was
used to obtain the detailed lithospheric structure (Chen et al., 2005).
Compared with common conversion point (CCP) depth imaging (Zhu,
20005 Ai et al., 2003), the migration method improves the horizontal
resolution, and helps to obtain a coherent structure beneath seismic
stations. The practical application of the PSDM involves two steps:
common conversion point (CCP) stacking (see in supplementary
Fig. S1b) in the time domain, and backward wave field extrapolation in
the frequency domain (Chen et al., 2008). For the CCP stacking, we first
calculated the piercing points (blue, orange and green dots in Fig. 2¢) of
S-p conversions at different depths by using a modified 1-D IASP91
velocity model (Chen et al., 2006). Then, we designed the observing
profiles (green solid lines in Fig. 2¢) according to the distribution of
piercing points. We set stacking bins at each depth along the profiles.
The length of the bin was fixed at 160 km in the vertical direction of the
profiles, while the width parallel to the profiles varied with the coverage
of piercing points along the profiles. We followed the principles of
ensuring that the minimum S-RF in each stacking bin were greater than
50. If the S-RF number was less than 50, the width of the stacking bin
was broadened. Finally, we performed migration for S-RF as CCP gathers
were got. To improve the signal-noise ratio, we ensured that the number
of S-RF in each bin was greater than 50 (see in supplementary Fig. S1a)
and set 0.01-0.50 Hz as the best frequency range (see in supplementary
Fig. S3a, S3b).

According to the distributions of piercing points at depths of 100 km
and 150 km, six observing profiles (green lines in Fig. 2c) were selected
to construct the detailed depth of the LAB and MLD beneath the study
area. Three of the profiles are in the NW-SE direction, while the other
three are NE-SW oriented. The NW-SE profiles start from the Liaodong
tectonic belt, across the Tanlu Fault Zone, the southern Songliao Basin,
and southern Xing'an block, and end at the border between China and
Mongolia. The NE-SW profiles are perpendicular to the former three
profiles. Along the six observing profiles, we performed the post-stack
migration method for S-RF. The CCP images are shown in the supple-
mental material, and migrated images of the six profiles are shown in
Figs. 3 and 4. Furthermore, we present another S-RFs imaging profile
parallel to the NCISP-10 seismic array (see in supplementary Fig. S4) for
comparison with the NW-SE profiles.

4. The lithospheric structure beneath the boundary region of
NCC and XMOB

4.1. Determination of the MLD and LAB from the migrated images

In the migrated S-RF images, the consistent strong positive conver-
sion phase at depths of 30-40 km is clearly identified as the Moho.
Although it presents a relatively smooth feature, the depth of the Moho
obviously deepens gradually from the southeastern Liaodong tectonic
belt to the northwestern Xing'an block along the NW-SE profiles. The
depth of the Moho is consistent with previous studies. The P-RF images
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Fig. 2. (a) Distribution of the teleseismic events (yellow dots) used to calculate S-RFs. The black triangle is the location of the center of the study region. (b)
Statistical histogram of the back azimuth of the events. Most events are located in the back azimuths of 120-180 and 200-230, while a small number of events are
distributed in the back azimuths of 40-60 and 300. (c) Blue, orange and green dots represent the S-RF piercing points at 50 km, 100 km, and 150 km depths,
respectively. The green solid lines represent different research profiles. The length of the three NW-SE profiles is 1000 km, while the three NE-SW profiles are 600 km.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

show that the Moho depth in the southern Xing'an block is approxi-
mately 38 km, while the Moho depth in the Songliao Basin and Liaodong
tectonic belt is much shallower (30-35 km) (Wang et al., 2013; Zheng
et al., 2015). Moho depths measured by the H-p and H-k methods also
show the Moho in the southern Xing'an block is deeper than that in the
Songliao Basin and its eastern flank (Tao et al., 2014), in consistent with
our studies.

In addition to the Moho interface, there are two strong negative
conversion phases (marked by white and red dashed lines) at depths of
60-100 km and 110-140 km shown in the migrated images (Fig. 3 and
Fig. 4), respectively. As there is no strong negative conversion below the
110-140 km depth and in the consistency of migrated images with
different frequencies (Fig. S3 in supplementary material), we interpret
the strong negative conversion phase at depths of 110-140 km as the
LAB. As a consequence, the negative conversion at depth of 60-100 km
could be related to the S-p phase from the MLD. The migrated images for
S-RF could be affected by many factors, including the data coverage, the
signal-to-noise ratio, and lateral seismic heterogeneities. We have
evaluated the robustness of the lithospheric discontinuities, by multi-
frequency analysis, analyzing the data coverage at different depths
(details in the supplementary material) and bootstrap (Efron, 1979)
(Fig. S2 in supplementary material). Furthermore, we have evaluated
the robustness of the lithospheric structural image by comparing the
migrated images along different profiles (Fig. 4, and Fig. S4b in sup-
plementary material). The consistency of negative phase depths
(differently colored plus signals) among different profiles, reinforces
that the negative phases at depths of 60-100 km and 110-140 km are the
MLD and LAB, respectively.

4.2. The variations in the depth of the MLD and LAB along the profiles

The three relatively NW-SE profiles reveal similar features of the
MLD, although the three profiles are more than 100 km apart. Given the
spatial distribution of the piercing points, the features of the MLD are
more reliable along the distance of 200-950 km. The MLD presents an
arc-shaped structure along the three long profiles. The shallowest MLD is
found beneath the southern Songliao Basin at a depth of 60 km. The MLD

gradually deepens from the southern Songliao Basin to the western and
eastern sides. The MLD reaches a depth of 100 km in the southern
Xing'an block, while the depth of the MLD beneath the Tanlu Fault Zone
and Liaodong tectonic belt is 70-80 km by contrast. The MLD beneath
the three shorter NE-SW profiles shows different characteristics. The
depth of the MLD deepens from 80 km in the western boundary of the
Songliao Basin to a depth of 100 km in the southern Xing'an block along
profile DD’. Migrated images of profiles EE’ and FF’ reveal a shallow
MLD of 80 km beneath the southern Songliao Basin, the Tanlu Fault
Zone, and the Liaodong tectonic belt.

As shown in Fig. 3, the depth of the LAB gradually deepens from
southeast to northwest. In the southwest beneath the Xing'an block, a
deeper LAB of 140 km is present, while the shallowest LAB of 110 km is
present in the Tanlu Fault Zone and the Liaodong tectonic belt. The
depth of the LAB in the southern Songliao Basin varies slightly from 110
to 130 km. S-p conversions from the LAB are incoherent along the
profiles, which is different from features of the MLD. Especially in profile
CC’, there is a break in the LAB phase at a distance of 600-700 km.
Additionally, the migrated images of profile AA’ show similar charac-
teristics. We speculate that the break in the LAB phase might be related
to fewer S-RFs from the limited number of stations. As profile BB’ con-
tains more piercing points, the S-p phase from the LAB is relatively more
consistent. Considering this, the LAB phase is weaker across ~600 km
along profile BB’. The three short profiles have different trends
compared with the long profiles. The LAB in the western boundary of the
Songliao Basin reaches 120 km, while that beneath the southern Xing'an
block is 140 km along profile DD’. In profile EE’, there is a deep LAB of
140 km in the southern Songliao Basin, and a shallower LAB of 120 km
at the northern boundary of the NCC, indicating the variation in the LAB
depth between the XMOB and the northern boundary of NCC. The LAB
phase shown in profile FF’, which is almost in the northeastern NCC,
reveals the shallowest LAB of 110 km in the study region. Furthermore,
depth of MLD and LAB beneath the profile parallel to the NCISP-10
seismic array (see in supplementary Fig. S4) shows the same trend to
that of profile BB’.
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Fig. 3. S-RF migrated images of the three profiles. (a), (c), and (e) show the
surface topography of the three long profiles. The black arrows at the top are
simple regional divisions of the Xing Meng Orogenic Belt (XMOB) and the North
China Craton (NCC). The dark shaded areas indicate the elevation of the terrain.
The vertical gray and red lines represent the NSGL and Tanlu Fault Zone,
respectively. The vertical yellow rectangle is the location of Solonker suture.
(b), (d), and (f) are the S-RF images that were constructed by using migration
frequencies of 0.01-0.5 Hz. The negative phase in blue colour represents a
velocity decrease with depth, while the positive phase with red colour repre-
sents a velocity increase with depth. The white and red dashed lines denote the
MLD and LAB phases estimated by S-RFs, respectively. The differently colored
plus signs in (d) are the coincidence of the long profiles and the relatively
shorter profiles. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

4.3. Seismic properties (gradient thickness and velocity contrast) of the
MLD and LAB

Analyzing the seismic properties, such as the gradient thickness and
velocity contrast, of the velocity discontinuities (eg., MLD and LAB), can
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Fig. 4. S-RF migrated images of the three short profiles. The S-RF images were
constructed by using migration frequencies of 0.01-0.5 Hz, which is the same as
those used in the long profiles. The negative phase in blue colour represents a
velocity decrease with depth, while the positive phase in red colour represents a
velocity increase with depth. The white and red dashed lines denote the MLD
and LAB phases estimated by S-RFs, respectively. The plus signs in the three
figures are the coincidence locations of the long profiles and short profiles. And
the differently colored plus signs correspond to that marked in Fig. 3.c. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

provide implications for the dynamic formation process of velocity
discontinuities. To analyze the properties of the MLD and LAB, a com-
parison between the observed CCP and the CCP images of synthetic S-
RFs was carried out. Here, we performed the forward synthetic wave-
form by using the Raysum algorithm (Frederiksen and Bostock, 2000).
The Raysum algorithm can generate sets of ray-theoretical seismograms
for an incident plane wave (teleseismic approximation) for models
consisting of a stack of layers. First, we selected one CCP stacking
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waveform collected beneath the southern Songliao Basin, where the
depth difference between the MLD and LAB is the largest. Second, we
presented a 1-D velocity model incorporating the Moho, MLD, and LAB
discontinuities and performed the Raysum algorithm to obtain the three
components, and then we calculated the S-RF through time-domain
maximum entropy deconvolution (Wu and Zeng, 1998). Additionally,
head files of the observed S-RFs from four seismic stations close to the
CCP stacking waveform were written to the forward synthetic S-RF.
Finally, we constructed CCP stacking images for the synthetic seismo-
grams in the same manner as the observing data. Fig. 5 shows the CCP
stacking images of synthetic S-RFs calculated for different thickness of
the velocity gradient and velocity contrast of the MLD (Fig. 5a) and LAB
(Fig. 5b).

In Fig. 5a, velocity decreases of 4.5% (green dashed line) and 6.5%
(blue dashed line) occurring over the gradient thickness of 0 km across
the MLD show that the velocity contrast of 6.5% might only fit the
amplitude of the real data but not the width. We selected a thickness of
10 km with different velocity contrasts of 6.5% (gray dashed line), 7.5%
(black dashed line) and 8.5% (red dashed line). It could be seen that
velocity decrease of 8.5% with a thickness of 10 km can best fit the real
data. A sharp velocity decrease is also observed in other regions, such as
the MLD in the Ontong Java Plateau with a velocity decrease of 6 + 4%
(Tharimena et al., 2016). In the synthetic modeling of LAB (Fig. 5b),
velocity decreases 6.5% (red dashed line) with a gradient thickness of
20 km are better able to match the real data. With the above comparison
between the synthetic and the real data, the MLD and LAB present a
different sharpness, although the two are both velocity decreasing dis-
continuities. Compared with the LAB, the MLD might be a relatively
sharper discontinuity with a strong velocity contrast. The LAB with a
relatively wider velocity gradient and lower velocity contrast, might be
affected by the partial melting of the asthenosphere, meaning that there
may have been destructive processes of the lithospheric mantle.
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5. Discussion

5.1. The spatial variation in the depth of the MLD and its implications for
the distribution of volcanism

According to the MLD depths obtained from the migrated images of
the six observing profiles, the spatial distributions of the MLD depth
(Fig. 6a) are obtained by using interpolation. The depth of the MLD
trends from deep to shallow and from shallow to deep in the NW-SE
direction (white arrows in Fig. 6a), forming an upward arc-shape in
the southwestern Songliao Basin. The lateral variations in the MLD
depth could be related to tectonic evolution, especially the Paleo-Pacific
plate subduction since the Middle Mesozoic. With the continuous sub-
duction of the Paleo-Pacific plate, and changes in the subduction angle,
the boundary region of NCC and XMOB has undergone multiple stages of
compression and extension (Zhu and Xu, 2019). The MLD thus deformed
into an upward arc-shaped structure. The changing Paleo-Pacific plate
subduction angle accompanied by retreat and rollback eventually led to
stagnation of the Paleo-Pacific slab in the Mantle Transition Zone.
Tectonic regime of the target region therefore changed from compres-
sion to extension. Volcanic activity, related to lithospheric extension,
consequently occurred. Arc-shaped structure of the MLD might provide
implications for the Cenozoic volcanoes distributed surrounding the
Songliao Basin. Two-dimensional thermomechanical modeling of
cratonic extension suggests that the MLD can enhance the deformation
of the overlying mantle, suppress the deformation of underlying mantle,
and resist hot materials from the asthenosphere (Liao and Gerya, 2014).
In particular, there is a relatively deeper LAB beneath the arc-shaped
MLD (comparison with the LAB in the Liaodong tectonic belt), formed
a dense lower lithospheric mantle. The partially melting materials from
the asthenosphere may thus be prevented from migrating to the surface
within the Songliao Basin. The Cenozoic volcanic activities, such as the
Abaga, Chifeng, and Changbai volcanoes, thus surround the Songliao
Basin, and there is no volcanism within the basin.

Notably, migrated S-RFs images reveal an upward arc-shaped
structure of MLD beneath the southwestern Songliao Basin, with the
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Fig. 5. Waveform comparisons between the observed receiver functions (yellow solid lines) and synthetic receiver functions (differently colored dashed lines). The
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Fig. 6. The spatial variations in the MLD depth (a) and LAB depth (b) in the study region. Different colours correspond to distinct depths, and the corresponding
values are given in the upper right corners. The black solid lines with numbers are the contours of the depth variations. The white and black arrows are the depth
variations in the MLD and LAB, respectively. The purple solid lines represent the Songliao Basin. The light yellow solid lines represent the location of the Solonker
suture, while the gray dashed lines indicate the NSGL. The green arrows are the direction of Paleo-Pacific plate subduction. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

shallowest MLD located near the Solonker suture (Fig. 3). We suggest the
shallowest MLD might be related to mantle melting (Liao and Gerya,
2014) due to decompression associated with the formation of Solonker
suture. Numerous geological and geochemical studies suggested the
Solonker suture was formed in the Late Triassic-Early Triassic, marking
the northern boundary of the NCC, as well as the closure of the Paleo-
Asian Ocean (Wang and Liu, 1986; Wang and Mo, 1995; Yin, 1996).
Since the closure of the Paleo-Asian Ocean plate in the Middle Triassic
(Xu et al.,, 2018), the Solonker suture zone entered post-orogenic
extension (Xiao et al., 2003). After changing in the subduction direc-
tion of the Paleo-Pacific plate in the late Jurassic, the tectonic envi-
ronment of the region finally became extensional, which resulted in the
lithosphere modification and destruction, subsequently with mantle
upwelling. The hot materials from mantle upwelling caused mantle
melting along the MLD, resulting in the shallowest MLD. Furthermore, S-
wave velocity structure from Rayleigh wave dispersion studies in the
Solonker suture shows neglectable velocity contrast between the litho-
sphere and asthenosphere (Tang and Chen, 2008; Li and He, 2011),
which means there might be metasomatism related to mantle upwelling
in the transition zone of lithosphere and asthenosphere beneath the
Solonker suture (Xu, 2007).

In addition to the spatial distribution of the MLD depth and the arc-
shaped structure, the properties of the MLD, obtained from waveform
modeling of synthetic S-RFs, show a sharp velocity decrease of 8.5%
over <10 km. There are gradual and smooth temperature variations in
the cratonic lithospheric mantle, resulting in gradual and smooth vari-
ations in the velocity of seismic waves. In comparison to the velocity
decreases of 3% for MLDs in the Kalahari Craton (Sodoudi et al., 2013)
and western United States (Lekic¢ and Fischer, 2014), the properties of
the MLD in the boundary region of NCC and XMOB cannot be explained
purely by thermal mechanisms. As for the mechanism of the MLD is still
debated, there are views explaining the existence of the MLD, such as the
composition and radical anisotropy caused by metasomatic alteration,
as well as partial melting and accretion of intrusive materials related to
the formation of continents (Karato et al., 2015). Karato et al. (2015)
suggested that the elastically accommodated grain-boundary sliding
(EAGBS) model can also explain the mechanism of most MLDs distrib-
uted in different regions. Although there are many causes, in addition to
the thermal activity, the sharper MLD may require a significant
compositional change associated with partial melting within the

lithosphere.

Additionally, previous studies have suggested that a negative MLD
phase is widely identified at depths of 80-110 km in the central and
western parts of the NCC (Chen et al., 2014). It is worth noting that the
MLD depth of 80-90 km obtained in our migrated images in the
northeastern NCC is consistent with that in the central and western NCC.
Furthermore, in contrast to the lithospheric structure images in the
Tanlu Fault Zone along similar longitudes, the depth of MLD is 10-20 km
deeper than the depth of the LAB in the Tanlu Fault Zone (Jiaodong
Peninsula (Chen et al., 2006)). The existence of the MLD in the north-
eastern NCC therefore corroborates the speculation that the MLD has
been existed beneath the eastern NCC before its destruction in the
Mesozoic (Chen et al., 2014). Alkaline magmatism, such as syenites, was
distributed in the eastern NCC in the Paleozoic to early Mesozoic.
Element composition of the alkaline rocks indicates that they were
derived from the enriched, refractory lithospheric mantle (Yang et al.,
2012). Previous studies suggested metasomatically enriched compo-
nents could be found at depth of 100 km in the continental lithospheric
mantle (O'Reilly and Griffin, 2010). Thus, alkaline magmatism provides
evidence for the existence of metasomatism or a MLD probably within
the lithosphere in the eastern NCC before its destruction in Mesozoic
(Chen et al., 2014).

Together with the spatial distribution of the MLD in the central and
western NCC, the lithospheric deformation and modification in the
northeastern NCC might be more localized than that in Tanlu Fault Zone,
and especially influenced by Paleo-Pacific plate subduction in the
Mesozoic. Additionally, the trend of the variation in the MLD depth is
parallel to the direction of Paleo-Pacific plate subduction (green arrows
in Fig. 6a), which might reveal the influence of Paleo-Pacific plate
subduction. In contrast to the shallowest MLD in the southern Songliao
Basin, the relatively deeper MLD in the southern Xing'an block further
indicates that the influence of Paleo-Pacific plate subduction may
weaken near the NSGL.

5.2. The spatial variation in the depth of the LAB and its implications for
lithospheric deformation and thinning

Different from the depth of the MLD, the depth of the LAB in the
region shows a general tendency of NW-ward deepening (black arrows
in Fig. 6b). The LAB also displays different characteristics between the
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northeastern NCC (including the Tanlu Fault Zone and Liaodong tec-
tonic belt) and the southern XMOB. The LAB is shallowest at depths of
105-120 km around the Liaodong tectonic belt and Tanlu Fault Zone,
while the LAB reaches a depth of 140 km in the southern Xing'an block.
In addition to the deepening trend from SE to NW, the LAB depth also
shows variation along the S—N direction in the northern boundary of
the NCC. The LAB is shallower within the NCC, at depth of 110 km, while
that in the southern Songliao Basin reaches a depth of 130 km.

The spatial variations in the LAB depth show consistent features with
previous studies using different methods and data in the boundary re-
gion of NCC and XMOB. The S-wave velocity structure of the lithosphere
obtained from Rayleigh wave topographic measurements shows strong
lateral heterogeneity (Li and He, 2011). The depth of LAB, estimated
from the depth of the maximum velocity decrease, reaches 100 km in the
Liaodong tectonic belt and 120-150 km in the southern Xing'an block.
Given the depth uncertainties from two studies (Fischer et al., 2010),
there is a good agreement between the LAB depth estimated from the
Rayleigh wave and our migrated images. By using the seismic data from
the interior of NCC, Chen et al., 2008 suggested that the LAB in the
southern Songliao Basin and Tanlu Fault Zone could reach depth of over
~100 km. Zhang et al., 2014 further identified the LAB at depths of
140-160 km in the Xing'an block and at a depth of 100-120 km in the
Songliao Basin, which is consistent with the LAB depth in our results.
The variation of the LAB depth obtained in our results also coincides
with the observation of locally low surface heat flux in the northern
boundary of the NCC (Hu et al., 2000). Indeed, the agreement among
different reinforces the robustness of the LAB depth beneath the study
region obtained in our study.

Studies of xenoliths in kimberlites indicate that there was a thick
lithosphere of ~180 km in the Paleozoic (Menzies et al., 1993; Griffin
et al., 1998) beneath the NCC. Even considering the vertical resolution
in the S-RF migration images, the estimated depth of the LAB in the
northeastern NCC never reaches 140 km. The LAB depth estimated in
our S-RF migrated images provides seismic evidence for the occurrence
of significant lithospheric modification and thinning in the northeastern
NCC since the Phanerozoic. Moreover, lithospheric modification and
thinning show the characteristics of spatial lateral inhomogeneity
among the different tectonic blocks in the study region. Particularly in
the southern Xing'an block with a relatively deeper LAB of 140 km.
Although depth of the LAB in the Xing'an block is unknown before the
Paleo-Pacific plate subduction, the lithosphere modification and thin-
ning process probably were weakening due to its location far from the
Paleo-Pacific plate. The depth changes of the LAB outside and inside part
of the NCC, together with significantly different fast directions and large
delay times obtained from SKS splitting measurements across the
northern boundary of the NCC (Zhao et al., 2007), indicate a different
deformation mechanism of the upper mantle. Additionally, our S-RF
migrated images corroborate the speculation that the rapid variation in
upper mantle anisotropy was caused by lateral variations in the LAB
depth (Zhao and Zheng, 2007). Furthermore, Previous studies (Xu,
2001; Zheng et al., 1998; Xu et al., 2004) suggest the Tanlu Fault Zone,
which is major active strike-slip fault zone in eastern China, might be the
main factor for the lithosphere thinning in the eastern NCC since the
Mesozoic. Notably, the LAB is about the shallowest along the Tanlu Fault
Zone in the migrated images. Combining with the LAB depth of 60-70
km in the Jiaodong Peninsula (Chen et al., 2006), we speculate the Tanlu
Fault Zone might play a significant role in the lithosphere extension and
thinning in the eastern NCC. Moreover, the shallowest LAB in the Tanlu
Fault Zone provides the speculation that the Tanlu Fault Zone might be a
lithosphere-scale fault system (Zheng et al., 2008).

How did the lithosphere in the study region be modified and thin-
ned? Notably, the spatial variation in the LAB depth is consistent overall
with the Paleo-Pacific plate subduction. Numerous studies from the to-
mography images (Zhao et al., 2004; Huang and Zhao, 2006 ; Ohtani
and Zhao, 2009) show the existence of the stagnant Pacific slab in the
Xing-Meng Orogenic Belt. Liu et al. (2017) suggested the existence of a
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flat slab in the Mantle Transition Zone is no more than 20 million years
by using high-resolution model of P-wave tomography and paleo-age
data of ancient seafloor. Although the observed BMW system by to-
mography was formed in the Cenozoic, Zhu et al. (2012) suggest the
BMW have been formed since the early Cretaceous with the subduction
of Paleo-Pacific plate. Since the lithosphere in the eastern NCC was
destroyed in the Mesozoic (e.g. Chen et al., 2008; Zhu and Zheng, 2009),
combining with the spatial variation in the LAB depth, we speculate that
the subduction of Paleo-Pacific plate is the dominant factor controlling
the dynamic process of the boundary region of NCC, XMOB and adjacent
regions since the early Cretaceous (Zheng and Wu, 2009). Therefore, the
lithospheric modification and thinning in the study region might be
related to the BMW associated with the stagnant Paleo-Pacific slab.
Significant amounts of water and carbonatite melts released by the
dehydration of the stagnant Paleo-Pacific slab within the Mantle Tran-
sition Zone (Xu et al., 2018; Xia et al., 2019; Li and Wang, 2018) lead to
the partial melting of the BMW and upward migration of the deep fluids
into the shallow lithospheric mantle (Fig. 7). The lithospheric mantle is
hydrated and unsteady, resulting in an increase in hot fluids and melts in
the overlying lithospheric mantle, and consequently with an increase in
the lithospheric extension and thermal anomalies. Collectively, the
physical and chemical properties of the lithospheric mantle have
therefore significantly changed, and it manifests as lithospheric modi-
fication and thinning in the boundary region of NCC and XMOB.
Moreover, before lithospheric extension in the Late Mesozoic, there
were several phases of compressive deformation in the N-S direction at
the northern boundary of the NCC (Meng, 2003). The N-S directed
variation in the LAB depth across the northern boundary of the NCC
might preserve the trace of compressive deformation.

Significant changes in the physical and chemical properties of the
lithospheric mantle certainly have redefined the boundary region be-
tween the lithosphere and asthenosphere, that is, the LAB. In addition to
the significant thinning of the lithosphere, the boundary region of NCC
and XMOB is characterized by a relatively sharp LAB at present. As
previously discussed in Section 4.3, waveform forward modeling of S-
RFs showed a strong, sharp velocity decrease (7.5-8.5% over <10 km) in
the MLD, and a relatively weaker velocity decrease (6.5% over <20 km)
in the LAB in the study region. Geodynamic models for cratonic litho-
sphere suggest that the sharper LAB cannot be explained by temperature
alone (King and Ritsema, 2000; King and Jordan, 2002; Cooper et al.,
2004). Even considering the uncertainties in the estimated LAB depth,
the velocity gradient of the LAB in the study region is at least less than
20-30 km. We thus conclude that such velocity gradients of the LAB in
the study region cannot be explained purely by an increase in temper-
ature from the lithosphere to the asthenosphere. The sharpness of the
LAB indicates there must be an additional property or process in addi-
tion to temperature to explain the velocity gradient. One possible cause
for the velocity decrease of the relatively sharper LAB is that there is a
more dehydrated lithosphere in contrast to hydrated and fertile
asthenosphere (Karato and Jung, 1998). Studies on the Phanerozoic
Australian lithosphere show that the depletion alone could cause a ve-
locity decrease of no more than 1% or so (Lee, 2003) and hydration of
the asthenosphere could reduce velocity decrease of approximately
4.5% (Rychert and Shearer, 2009).

Alternatively, a large velocity decrease could be produced by a small
amount of partial melting (Rychert et al., 2005, 2007; Tharimena et al.,
2017) in the asthenosphere. Previous studies have shown that the S
wave velocity reduction per percent partial melt could reach at least
7.9% (Hammond and Humphreys, 2000). The large and rapid velocity
decrease of the LAB in western America has been proven to be associated
with the increased water content in the partial melting and anomalously
hot asthenosphere (Foster et al., 2014). Kawakatsu et al. (2009) also
showed a partial melting beneath the Pacific Plate descending beneath
Japan based on receiver function imaging. As partial melting might exist
beneath hot spots and subduction zones, we suggest that the sharp LAB
in the boundary region of NCC and XMOB can be explained by partial
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Fig. 7. Schematic cartoon explaining the tectonic evolution of the study region (the lithospheric structure is from the migrated image of profile BB’). (a) Topography
of the study region. The black arrows at the top are simple regional divisions of the Xing Meng Orogenic Belt (XMOB) and the North China Craton (NCC). The cyan,
blue and red vertical solid lines are the NSGL, Solonker suture and TLFZ, respectively. (b) The orange and green solid lines are the locations of the Moho and MLD,
respectively, while the blue solid line indicates the depth of the LAB. The yellow lumps surrounding the LAB are partial melting related to hot material from the
asthenosphere, which directly resulted in the destruction of the lithosphere in the study region. The red dashed arrows indicate the hot material from the
asthenosphere associated with the Big Mantle Wedge, which is related to Paleo-Pacific plate subduction and its stagnation in the mantle transition zone. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

melting due to the dehydration of the Paleo-Pacific slab (Fig. 7). Car-
bonatite melts and significant amounts of water in the BMW could lower
the melting temperature and facilitates partial melting (Fig. 7). As a
result, the physical and chemical properties of the lithospheric mantle
would be significantly changed, consequently with lithospheric modi-
fication and thinning.

6. Conclusions

By using S receiver functions (S-RFs) calculated from high quality
broadband seismic data, depths of the lithosphere-asthenosphere
boundary (LAB) and mid-lithosphere discontinuity (MLD) beneath the
boundary region of North China Craton (NCC) and Xing Meng Orogenic
Belt (XMOB) are well imaged. The following new insights are gained
from the depth variations and properties of the LAB and MLD:

(1) In contrast to the LAB of ~>180 km estimated from xenoliths in
kimberlites in the Paleozoic, the depth of the present LAB in-
dicates inhomogeneous lithospheric deformation and thinning in
the northeastern NCC, especially significant diverse lithospheric
thinning between the northeastern NCC and the adjacent south-
ern XMOB.

(2) A coherent MLD is identified beneath the boundary region of NCC
and XMOB, indicating strong lithospheric layering in the target
region. The MLD also provides seismic evidence for the specula-
tion that the MLD existed in the eastern NCC before its destruc-
tion in the Mesozoic. Furthermore, the existence of the MLD in
the northeastern NCC reveals spatially uneven lithospheric
destruction in different parts of the eastern NCC.

(3) The seismic properties of the LAB and MLD indicate that litho-
spheric deformation and thinning might be related to the partial
melting induced by the Big Mantle Wedge associated with the
subducting Paleo-Pacific plate and its stagnation during the Late
Mesozoic. Such partial melting efficiently reduces the S wave

velocity and could well explain the sharp LAB phases reported in
our migrated images.
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