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Abstract

A high-resolution 3-D crustal and upper-mantle shear-wave velocity model of Northeast China is established by joint inversion
of receiver functions and Rayleigh wave group velocities. The teleseismic data for obtaining receiver functions are collected from
107 CEA permanent sites and 118 NECESSArray portable stations. Rayleigh wave dispersion measurements are extracted from
an independent tomographic study. Our model exhibits unprecedented detail in S-velocity structure. Particularly, we discover
a low S-velocity belt at 7.5-12.5 km depth covering entire Northeast China (except the Songliao basin), which is attributed to a
combination of anomalous temperature, partial melts and fluid-filled faults related to Cenozoic volcanism. Localized crustal fast
S-velocity anomaly under the Songliao basin is imaged and interpreted as late-Mesozoic mafic intrusions. In the upper mantle,
our model confirms the presence of low velocity zones below the Changbai mountains and Lesser Xing’an mountain range, which
agree with models invoking sub-lithospheric mantle upwellings. We observe a positive S-velocity anomaly at 50-90 km depth
under the Songliao basin, which may represent a depleted and more refractory lithosphere inducing the absence of Cenozoic
volcanism. Additionally, the average lithosphere-asthenosphere boundary depth increases from 50-70 km under the Changbai
mountains to 100 km below the Songliao basin, and exceeds 125 km beneath the Greater Xing’an mountain range in the west.
Furthermore, compared with other Precambrian lithospheres, Northeast China likely has a rather warm crust (7480-970 °C)
and a slightly warm uppermost mantle (71200 °C), probably associated with active volcanism. The Songliao basin possesses a

moderately warm uppermost mantle (71080 °C).
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Key Points

® A low S-velocity belt related to Cenozoic volcanism and fast S-velocity
anomalies interpreted as mafic intrusions are observed in the crust.

® A high S-velocity anomaly may infer a depleted and refractory lithosphere,
inducing the absence of Cenozoic volcanism in the Songliao basin.

® The lithosphere is 50-70 km thick below the Changbai mountains and thickens

westward to >125 km beneath the Greater Xing’an mountain range.
Abstract

A high-resolution 3-D crustal and upper-mantle shear-wave velocity model of
Northeast China is established by joint inversion of receiver functions and Rayleigh
wave group Velocities. The teleseismic data for obtaining receiver functions are
collected from 107 CEA permanent sites and 118 NECESSArray portable stations.
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Rayleigh wave dispersion measurements are extracted from an independent
tomographic study. Our model exhibits unprecedented detail in S-velocity structure.
Particularly, we discover a low S-velocity belt at 7.5-12.5 km depth covering entire
Northeast China (except the Songliao basin), which is attributed to a combination of
anomalous temperature, partial melts and fluid-filled faults related to Cenozoic
volcanism. Localized crustal fast S-velocity anomaly under the Songliao basin is
imaged and interpreted as late-Mesozoic mafic intrusions. In the upper mantle, our
model confirms the presence of low velocity zones below the Changbai mountains and
Lesser Xing’an mountain range, which agree with models invoking sub-lithospheric
mantle upwellings. We observe a positive S-velocity anomaly at 50-90 km depth under
the Songliao basin, which may represent a depleted and more refractory lithosphere
inducing the absence of Cenozoic volcanism. Additionally, the average lithosphere-
asthenosphere boundary depth increases from 50-70 km under the Changbai mountains
to 100 km below the Songliao basin, and exceeds 125 km beneath the Greater Xing’an
mountain range in the west. Furthermore, compared with other Precambrian
lithospheres, Northeast China likely has a rather warm crust (~480-970 <C) and a
slightly warm uppermost mantle (~1200 <C), probably associated with active
volcanism. The Songliao basin possesses a moderately warm uppermost mantle (~1080

).

Plain Language Summary

Northeast China is a unique region with a combination of ancient Precambrian
geology and active seismicity and volcanism. The presence of widely distributed
volcanoes in this region is enigmatic and their origin has been widely debated. We use

available seismic data to create a high-resolution 3-D S-wave seismic velocity model
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for the crust and upper mantle of Northeast China. Our model reveals significant multi-
scale low and high velocity anomalies in the crust, mantle lithosphere and
asthenosphere that we associate with the volcanic/magmatic processes. The lithospheric
thickness gradually increases from 50-70 km beneath the Changbai mountains to >125
km some 1,000 km to the west. Our results provide novel constraints on the crustal and
upper-mantle structure of Northeast China and help to interpret the mechanism behind

volcanism and the geodynamics.

Keywords: receiver function, joint inversion, shear-wave velocity, intraplate

volcanism, Songliao basin, Northeast China
1. Introduction

Northeast China (Figure 1a) is situated along the eastern margin of the
Xingmeng Orogenic Belt, which is surrounded by the Siberian craton to the north, the
North China craton to the south, and the subducting Pacific plate to the east (Sengor et
al., 1993). This region was formed by the amalgamation of a series of accretionary
wedges and micro-blocks (Ge & Ma, 2007; Zhou & Wilde, 2013). Since the late
Mesozoic, the Pacific slab westward subduction has played a major role in the tectonic
setting and evolution of Northeast China (Deng et al., 1996; Wu et al., 2003). Intensive
extensional deformation, along with extensive intraplate volcanism (Wu et al., 2005;
Zhang et al., 2010) and development of rift basins (Meng, 2003; Wei et al., 2010),
occurred in the area, possibly triggered by the rollback of the Paleo-Pacific slab during

the late Jurassic to early Cretaceous (Wang et al., 2006; Wu et al., 2005).

Volcanism in Northeast China has been continuously active during the
Cenozoic. Volcanic rocks are spatially distributed along the three belts making up

Northeast China: the Changbai mountains (CBM), the Lesser Xing’an mountain range

3
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(LXM), and the Greater Xing’an mountain range (GXM), which bound the Songliao
basin (SLB) in the center (Fan & Hooper, 1991; Liu, 1987; Liu et al., 2001). Among
hundreds of Cenozoic volcanoes, prominent ones include Changbaishan and Jingpohu
volcanoes in the east, Wudalianchi volcano in the north, and Halaha and Abaga

volcanoes in the western inland (Figure 1a).

One popular geodynamic model proposes, based on mantle tomography, that
Cenozoic volcanism in Northeast China is induced by the stagnation and deep
dehydration of the subducted Pacific plate in the mantle transition zone (Maet al., 2018;
Tian et al., 2016; Wei et al., 2012, 2015, 2019; Zhao et al., 2004, 2009, 2012). The
Pacific westward subduction and stagnation in the mantle transition zone may have
resulted in a big mantle wedge above the subducted slab (Zhao et al., 2009, 2012). The
stagnant slab in the mantle transition zone would then continuously release fluids to the
big mantle wedge, leading to hot and wet mantle upwellings under Northeast China
(Ohtani et al., 2004; Zhao & Ohtani, 2009; Zhao et al., 2009). However, the spatial
distribution of the volcanism — volcanoes in the western interior are at least hundreds
of kilometers away from those in the east, while the SLB in the center manifests an
absence of Cenozoic volcanism — make it difficult to believe that all the volcanoes in
Northeast China followed the same formation mechanism (i.e., hot mantle upwelling
across a big mantle wedge). Although Cenozoic volcanic activity within a given
subregion might have a common origin or be associated with other subregions at deep
mantle levels, it seems more likely that each have their own characteristics and

geodynamic histories.

Another model suggests that, although still related to deep subduction processes,

volcanism in the CBM region is driven by an upwelling of sub-slab mantle materials
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through a gap in the stagnant Pacific slab (Tang et al., 2014). Both the joint inversion
of Rayleigh wave phase velocity dispersion and S-wave travel times (Guo et al., 2018)
and the full waveform mantle tomography carried out by Tao et al. (2018) resolve a
cylindrical slow velocity anomaly through the mantle transition zone roughly below the
CBM region, which is consistent with the above hypothesis above (i.e., mantle
upwelling through a slab gap). Additionally, the surface wave tomography of Guo et
al. (2016) suggested a mantle convection model in which the mantle upwelling beneath
the CBM would induce a downwelling return flow under the SLB. This downwelling
would in turn trigger local mantle upwellings below the Halaha and Abaga volcanoes
in the west. Although this “mantle upwelling through a slab gap and associated mantle
convection” model suggests potential correlations and differences in formation
mechanisms among the volcanoes, it does not account for the presence of the
Wudalianchi volcano in the northern region. Thus, this model requires additional

constraints before it can be become a viable geodynamic model for Northeast China.

Previous studies have investigated the deep crustal and mantle structure of
Northeast China. Large-scale body wave travel-time tomography (e.g., Huang & Zhao,
2006; Lei & Zhao, 2005; Li & Van der Hilst, 2010; Ma et al., 2018; Tang et al., 2014;
Wei et al., 2012, 2015; Zhang, Wu, & Li, 2013; Zhao et al., 2009; Zhao & Tian, 2013)
reported a significant upper-mantle low velocity anomaly down to ~400 km depth
below the CBM, a broad high velocity zone that is likely associated with the subducted
Pacific slab at the mantle transition zone depths, and possible low velocity anomalies
in the asthenospheric mantle roughly beneath the Halaha and Abaga volcanic fields. As
mentioned above, Tang et al. (2014) imaged a debated feature: a cylindrical low
velocity anomaly rising through the mantle transition zone under the CBM region.

Surface wave tomography (e.g., Fan et al., 2020, 2021; Guo et al., 2016; Li et al., 2012,
5
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2013; Pan et al., 2014, 2015) found a low velocity feature at lower-crustal depths under
the CBM, upper-mantle low S-velocities and extremely thin lithosphere beneath the
CBM, LXM and Sanjiang basin. Receiver function studies (e.g., He et al., 2013; Liu &
Niu, 2011; Tao et al., 2014; Zhang et al., 2014; Zhang, Wu, Pan, et al., 2013)
constrained crustal thicknesses and bulk Vp/Vs ratios across Northeast China, with
crustal thicknesses ranging between 26 and 42 km while bulk Vp/Vs ratios varied
between 1.60 and 1.88 (He et al., 2013; Tao et al., 2014). Tao et al. (2014) highlighted
isostatic anomalies in the eastern margin of the SLB, the CBM, and the southern GXM.
Guo et al. (2015) exhibited high S-velocities in the crust below the SLB. Local
geophysical imaging (e.g., Hammond et al., 2019; Gao et al., 2020; Li et al., 2016; Tang
et al.,, 2001; Zhan et al., 2006; Zhang et al., 2002) showed low-velocity and low-
resistivity bodies underneath the Wudalianchi and Changbaishan volcanoes, inferring

possible crustal magma chambers or partial melts.

Although these studies provide robust geophysical constraints in interpreting
the mechanism of intraplate volcanism and the tectonic evolution of Northeast China,
important details in structure, particularly fine shear-wave velocity variations at crustal
and lithospheric mantle levels, remain ambiguous. Large-scale body-wave travel-time
and surface wave tomography studies do not resolve lithospheric details due to the very
nature of the datasets. Previous investigations with receiver functions are limited by
sparse distribution of stations. Imaging these detailed structures in the crust and
lithospheric mantle is thus essential for understanding the correlations and differences
among the volcanoes of Northeast China and correctly interpreting their emplacement

mechanisms.

In this study, we develop a high-resolution 3-D shear-wave velocity model for
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Northeast China using data from a dense seismic experiment. We take advantage of
constraints from both receiver functions and surface wave dispersion velocities, which
are sensitive to relative variations in velocity structure and absolute background
velocities, respectively. A joint inversion of receiver functions and fundamental-mode
Rayleigh wave group velocities was performed at each station, so our results map multi-
scale S-velocity anomalies and provide novel constraints on the crustal and uppermost-
mantle structure. These constraints help in turn to interpret the mechanism behind

intraplate volcanism and the geodynamics of Northeast China.

2. Seismic Data

The datasets utilized in this study were assembled from a total of 225 broadband
stations in Northeast China (Figure 1b). Up to 107 of these stations were part of the
permanent China Digital Seismic Network (ChinaNetwork, 2006) and were operated
by the China Earthquake Administration (CEA), while the other 118 sites belonged to
the Northeast China Extended Seismic Station Array (NECESSArray), deployed from
September 2009 to August 2011. The temporary network NECESSArray improves the
spatial station coverage south of ~48 N, where the station distribution is more even and
inter-station distances remain less than 70 km. For the 107 CEA sites, over 700
teleseismic events, with epicentral distances between 30 and 90<and body-wave
magnitudes above 5.5 within a four-year period (2016-2019) were selected to compute
receiver functions (Figure Sla). For the 118 NECESSArray stations, more than 600
events within the same distance range and magnitude threshold between September
2009 and August 2011 were collected (Figure S1b). Note that the selected time
windows for each network do not overlap; nonetheless, the spatial distribution of

earthquakes recorded by each network is quite similar, with concentration of epicenters
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along the Mediterranean-Iran-Himalaya belt, the circum-Indian belt, and the circum-

Pacific belt (e.g., Mariana and Aleutian Islands).

2.1. Receiver Functions

Receiver functions are time series that carry information about the seismic
velocity structure underlying the recording station (Langston, 1979). The time series
can be regarded as source-equalized seismic waveforms composed of the direct P wave
and secondary phases triggered by the interaction of an incoming P wavefront with
near-station subsurface discontinuities. For each discontinuity, the secondary arrivals
mainly comprise a P-to-S conversion upon refraction across the interface (Ps) and two
multiples reverberating between the free surface and the discontinuity (PpPs and PpSs
+ PsPs). The seismic velocity variations with depth below the recording station can be
determined by modeling the relative travel-times and amplitudes making up the receiver

function waveforms (Ammon et al., 1990; Owens et al., 1984).

Receiver functions are estimated by deconvolving the vertical component of
teleseismic P wave recordings from the corresponding horizontal components. For that
purpose, we applied a time domain iterative deconvolution technique (Ligorrk &
Ammon 1999) with 500 iterations. Before deconvolution, we windowed the three-
component seismograms 10 s prior to the P wave arrival and 110 s after, demeaned,
detrended, tapered and band-pass filtered the traces between 0.05 and 4 Hz to prevent
low- and high-frequency noise and aliasing. Subsequently, we down-sampled the
filtered waveforms to 10 samples per second and rotated the horizontal components
around the vertical component into the great-circle path to determine the corresponding
radial and transverse traces. Finally, both radial and transverse receiver functions were

obtained by deconvolving the vertical component from the radial and transverse
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components, respectively. Although the transverse receiver functions were not included
during the analysis, they help to assess lateral heterogeneities and anisotropy of the
subsurface (Savage, 1998). In addition, we employed a Gaussian low-pass filter to limit
the frequency content of the deconvolved traces. For each event, receiver functions in
both the high (fc < 1.25 Hz, Gaussian width o = 2.5) and low (fc < 0.50 Hz, Gaussian
width o = 1.0) frequency bands were obtained for the subsequent joint inversion, as
they contain information on velocity heterogeneities at different scales and help to

distinguish velocity jumps from gradational transitions (Julig 2007).

Following Tang et al. (2016, 2019), a two-step quality control was employed to
retain high-quality receiver functions. First, receiver functions that did not reproduce at
least 85% of the horizontal traces when convolved back with the corresponding vertical
seismograms were rejected. Second, we visually examined transverse receiver function
waveforms and those with abnormally large amplitudes in the transverse component
were disregarded. As mentioned above, large transverse amplitudes may result from
lateral heterogeneities and/or anisotropy (Savage, 1998) but may also indicate failure
during rotation into the great circle path. Unstable and extremely distorted radial
receiver functions were also visually removed from the dataset. Overall, from the
permanent CEA network, a total of 16,848 radial receiver functions in the high-
frequency band (fc < 1.25 Hz) and 16,096 radial receiver functions in the low-frequency
range (fc < 0.50 Hz) were kept from the initial selection of 63,838 seismograms.
Additionally, 12,135 radial receiver functions at Gaussian width of oo = 2.5 and 11,796
receiver functions at Gaussian parameter of o = 1.0 from the temporary NECESSArray
stations were accepted after our quality control, out of a total of 59,919 teleseismic

waveforms.



217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

Receiver function waveforms recorded by some stations in sedimentary basins
are sometimes dominated by high-amplitude, low-frequency ringy signals that result
from seismic energy reverberating in the low-velocity sedimentary layer. The
reverberations may partially or totally mask the P-to-S conversions generated at deep
seismic interfaces, making it difficult to extract structural information from deep crustal
or upper-mantle levels (e.g., Julidet al., 2004; Zelt & Ellis, 1999). We therefore applied
a resonance removal filter (Yu et al., 2015) on those receiver functions to effectively
eliminate or significantly reduce the multiples associated with low-velocity sediments,
but keeping the primary P-to-S conversion generated at the sediment-bedrock interface.
The basic idea is to apply a frequency-domain filter of the form (1 + rye ~'“A%) to the
original receiver function, where the strength of the near-surface reverberations (r,) and
the two-way traveltime (At) for the reverberations are determined from the normalized
autocorrelation function. An example performing the resonance removal filter with real
data recorded by station NEA?7 is shown in Figure S2. Note that the original receiver
functions in both frequency bands (Figure S2a, b) at NEA7 are ringy. After the
resonance removal filter, the ringing components of the signal are effectively reduced
in the deconvolved traces (Figure S2c, d). Additionally, a synthetic test (Figures S3-
S5) demonstrates that the resonance removal filter effectively removes the multiples of
converted shear waves within sedimentary layer and successfully recovers the desired

P-to-S signals generated at deep discontinuities in both lag time and amplitude.

Subsequently, for each station and Gaussian width, we grouped receiver
functions from similar directions (i.e., back-azimuth) and comparable epicentral
distances (i.e., ray-parameter) into bins to then average them. Within each bin, we
constrained the maximum deviations in ray-parameter and back-azimuth to no more

than 0.01 s’/km and 10 < respectively. Every bin was composed of at least 3 deconvolved
10
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traces. Therefore, several receiver function averages with different average back-
azimuths and ray-parameters were obtained for each station, sampling the Earth in
various directions at each recording site to reflect the effects of azimuthal variations.
Figure 2 exhibits selected radial receiver function averages at both Gaussian widths for
a few stations. Generally, the time series reveal clear Ps conversions and reverberations
due to the Moho discontinuity. At some sites (e.g., NE38, NE68, NE78, NEA6, NEA7,
and NEAB), the receiver function averages are the result of applying the resonance

removal filter mentioned above.

2.2. Rayleigh Wave Group Velocities

An independent tomographic study carried by Li et al. (2013) provided local
Rayleigh wave group velocities for each station. Li et al. (2013) measured fundamental-
mode Rayleigh wave group velocities from earthquakes that are mostly located on the
circum-Pacific belt, the circum-Indian belt and western China. They compiled
observations from permanent stations operated by CEA in mainland China and
temporary arrays (e.g., GEOSCOPE, KNET, and KZNET) deployed in adjacent areas.
They performed single-station measurements of group velocity applying a wavelet
transformation frequency-time analysis method (Wu et al., 2009). Rayleigh wave
dispersion curves were acquired at periods between 10 and 145 s along more than 9,500
paths across the entire East Asia region. Subsequently, Rayleigh wave group velocities
were tomographically inverted on a 2-D rectangular grid with node spacing of 1<in
both latitude and longitude. The best resolution of their 2-D group velocity maps for

the majority of East Asia is roughly 3<according to checkerboard tests (Li et al., 2013).

3. Joint Inversion

Receiver functions are usually inverted for shear wave velocity structure,

11
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although they are also theoretically sensitive to compressional wave velocities and
densities (Owens et al., 1984). Previous studies illustrated that the main sensitivity of
receiver function is to relative velocity contrasts and vertical S-P travel-times, not to
absolute vertical S-velocities (Ammon et al., 1990). Thus, receiver functions can
resolve small-scale relative shear-wave velocities, but the inverse problem is non-
unique. Surface wave dispersion curves, in contrast, constrain averages of absolute S-
velocities within frequency-dependent depth-ranges, although the wavelengths
associated with surface waves cannot resolve small-scale variations (Juli&et al., 2000).
Therefore, we take advantage of the complementarity of receiver functions and surface
wave dispersions to jointly invert both datasets, so that the inverted models reflect
average background velocities constrained by the dispersion data with the details from
the receiver function dataset superimposed. Moreover, the non-uniqueness of receiver
function inversion is significantly reduced with the addition of surface wave dispersion

measurements (Juliaet al., 2000).
3.1. Joint Inversion Details

Applying the linearized scheme of Juli&et al. (2000, 2003), we conducted the
joint inversion of receiver functions and Rayleigh wave group velocities to obtain a
shear-wave velocity-depth profile of the crust and upper mantle at each station.
Conceptually, the joint inversion summarizes the structural information contained in
both receiver function and dispersion curve into a simplified 1-D Earth model. To
equalize the contributions from each dataset, both sets of observations are normalized
by the number of data points and the corresponding physical units (Juliaet al., 2000).
Also, an a priori factor that controls the relative influence of each dataset into the joint

inversion is employed. We chose 0.5 for this parameter to give equal weight to each

12
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dataset in our calculations. In addition, the inversion employs a depth-dependent
smoothing on the velocity-depth profiles, which allows rapid perturbations of shear-
wave speed at shallow layers (i.e., 0-55 km depths) but suppresses large velocity
variations at deep levels (i.e., below 55 km depth). The smoothness constraint consists
of minimizing the second velocity differences among adjacent model layers. A
smoothness factor, which controls the trade-off between model smoothness and

matching the observations, was set to be 0.2 after trial and error.

The model is parameterized in terms of homogeneous horizontal layers with
fixed thickness and velocity. Layer thicknesses are 2.5 km at depths of 0-60 km, 5 km
at 60-150 km, and 10 km under 150 km depth (maximum depth considered: 400 km).
The P-wave velocity is estimated by assuming a constant Vp/Vs ratio (1.75 for 0-40 km
depths; 1.81-1.85 for 40-km-depth below) for each layer. Density is inferred from the
resulting compressional velocity through the empirical relation of Berteussen (1977).
The initial model needed for the linearized joint inversion comprises a 40 km thick crust
with gradually increasing S-velocities from 3.4 to 4.0 km/s and a flattened PREM

(Preliminary reference Earth model) upper mantle (Dziewonski & Anderson, 1981).

Sedimentary structure generally leads to complex receiver function waveforms,
despite a resonance removal filter being applied to eliminate or suppress the near-
surface reverberations. For stations situated on sediments, we found it necessary to
guide the joint inversion through the inclusion of a near-surface layer with slow
(sediment like) velocities in the starting model. For those stations, we tested different
thickness of the near-surface layer (i.e., 1.0, 1.5, 2.0, and 2.5 km) and used a
sedimentary shear-wave velocity of 1.71 km/s in all cases. Also, a stronger smoothness

constraint (i.e., 0.5) was required to prevent numerical instabilities during the inversion

13
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process.

We inverted for S-wave velocities only above 270 km depth, although the model
was parameterized down to the bottom of the upper mantle (400 km depth). The
approach of Juliaet al. (2000, 2003) allows fixing the S-wave velocities of given layers
to predetermined values by applying an extremely high weight for those layers. For the
deep levels below 270 km depth, shear velocities were forced to be PREM-like during
the inversion, thus accounting for the partial sensitivity of long-period dispersion

velocity to deep Earth structure (Juliaet al., 2003, 2009).

3.2. Shear Wave Velocity Profiles and Uncertainties

We obtained shear-wave velocity-depth profiles at 225 stations by jointly
inverting the receiver functions with local Rayleigh wave group velocities. Figure 3
presents the joint inversion for the permanent station WDL situated on the LXM (the
location is marked in Figure 2). For this case, a total of 13 receiver function averages,
which sample the subsurface from various directions (i.e., average back-azimuths
between 43<and 310 and different incident angles (i.e., average ray-parameters of
0.044-0.077 s/km), were computed in both the high- and low-frequency bands. All
average waveforms, particularly the prominent Ps conversion and two multiples from
the Moho discontinuity, are consistently observed at similar lag times. This indicates
that the Earth structure underlying the station can be successfully modelled through a
single 1-D velocity-depth profile, although some small-scale azimuthal variations may
exist. Both the predicted receiver function and dispersion data match the corresponding
observations very well. The resulting 1-D model shows a 30 km thick crust consisting
of an upper crust with S velocities of 3.3-3.4 km/s down to 12.5 km and a lower crust

with shear velocities of 3.5-3.7 km/s at 12.5-30 km depth. The Moho interface is sharp

14
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and located at 30 km depth. In the upper mantle, a low velocity anomaly with shear-
wave speeds of 4.2-4.3 km/s between 40 and 60 km depth and a low velocity zone

starting roughly at 100 km depth are imaged.

Another example is displayed in Figure 4 for the temporary station NE4A in the
CBM region (the location is shown in Figure 2). A total of 11 receiver function groups
were formed, with ray-parameters between 0.045 and 0.075 s/km and back-azimuths in
the 552230 “range. As before, an average 1-D velocity-depth profile was inverted from
all receiver function averages and dispersion velocities. The model reveals a sharp
Moho at 32.5 km depth. Above the Moho, the crust consists of a 12.5 km thick upper
crust with a possible low velocity zone at 7.5-12.5 km depth, a middle crust with
gradually increasing S-wave velocities from ~3.6 to ~3.8 km/s between 12.5 and 27.5
km depth, and a fast-velocity lower crust with shear velocities of 3.9-4.1 km/s at 27.5—
32.5 km depths. The upper mantle contains a very thin lid of ~7.5 km followed by slow
velocities down below. Particularly, below ~85 km depth, S-wave velocities slower

than 4.25 km/s are revealed.

As mentioned in section 3.1, for a few sites that overlie sediments, we performed
several joint inversions in order to test different sedimentary layer thicknesses and
obtain a solution that best matched the receiver function waveforms. To that effect, we
divided the top 2.5-km of the general starting model into two layers: an uppermost layer
with a sediment-like S-wave velocity of 1.71 km/s, and a lowermost layer with a more
crystalline-basement velocity of 3.42 km/s. The thickness of the sediment was set to
1.0, 1.5, 2.0, and 2.5 km, successively. An example for station NEAG6 (in the SLB, see
Figure 2) illustrating the above procedure is provided in the supplementary document

(Figures S6-S10). Without considering sedimentary structures, the joint inversion
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would simply not converge to a stable solution (Figure S6); even for a 1.0 km thick
sedimentary layer in the starting model, the solution was still not converging (Figure
S7). Assuming a thicker sedimentary layer (i.e., 1.5, 2.0, and 2.5 km), the inversions
yielded more stable solutions (Figures S8-S10). Furthermore, the match between
predicted and observed data, particularly for the P-to-S conversions between 1 and 4 s
(likely corresponding to sedimentary structure) in receiver functions and the Rayleigh
wave dispersions at shorter periods, was superior when we considered a 1.5 km thick
sedimentary layer (Figures S8-S10). Accordingly, we regarded this inverted S-wave

velocity profile (Figure S8) as the final solution for station NEAG.

Small misfits in the receiver function waveforms (Figures 3, 4) remain
nonetheless after modelling all the averages and dispersion curve with a single velocity-
depth profile. These small discrepancies, probably indicative of localized lateral
variations in Earth structure, allow us to assess the uncertainties of 1-D inverted shear-
wave velocity models (e.g., Juliaet al., 2009). At a given station, we achieved single-
group S-wave velocity models by jointly inverting the dispersion curve with each
individual receiver function average (both high- and low-frequency). The standard
deviations of these single-group models were considered as the approximate
uncertainties (i.e., confidence bounds) for the average velocity model. The above steps
were carried for all stations and the uncertainties were displayed around the average 1-
D velocity-depth profiles (Figures 3, 4). Note that the accuracy of the confidence
bounds is affected by the number of receiver function groups and the regularization
parameters for each station. Nevertheless, we think this approach successfully conveys
the degree of lateral variation around the station and provides a good approximation of

the range of variation in S-velocity.
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4. Crustal and Upper-Mantle Structure of Northeast China

With the 225 irregularly distributed 1-D velocity profiles, we generated a 3-D
shear-wave velocity model of the crust and upper mantle in Northeast China by
applying a bilinear interpolation for each depth layer. For those stations where we
imposed a thin, near-surface layer to model sedimentary structure, the VVoigt average of
the top 2.5-km was calculated to ensure a consistent format. In this section, we present

horizontal and vertical slices of our final 3-D model across the entire study area.

4.1. Horizontal slices of Shear-Wave Velocity

Figures 5-7 display a series of horizontal absolute S-velocity maps at different
depths. At shallow levels (i.e., 0-5.0 km, Figure 5a, b), the velocity patterns are
dominated by the presence or absence of sediments. The slow velocities correlate well
with the thick sedimentary cover of the SLB, Sanjiang, Hailar and Erlian basins,
consistent with previous investigations (e.g., Feng et al., 2010; Liu et al., 2016; Guo et
al., 2016). Particularly, the border outlining the low velocities in the center of the study
area closely coincides with the geological boundary of the SLB. At 7.5-15 km depth
(Figure 5d-f), the velocity distributions appear reversed with respect to the shallower
maps. The SLB is characterized by S-wave velocities that are faster (~3.6-3.9 km/s)
than the surrounding areas (~3.2-3.6 km/s). Between 15 km and 25 km depth (Figure
5g, h, and Figure 6a, b), the shear-wave velocities fluctuate around a mean crustal
velocity of ~3.6 km/s, although moderately slow velocities are imaged below the LXM

(around the Wudalianchi volcano) and the northern margin of the North China craton.

At crust-to-mantle transition levels (i.e., 27.5-37.5 km, Figure 6d-g), a fast/slow
S-velocity split across the GXM is imaged. As shown later, this pattern results from

changes in crustal thickness, so that velocities West and East of the GXM correspond
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to mapping the lower crust and uppermost mantle beneath the region, respectively. At
37.5-40 km (Figure 6h), most of the study area displays shear velocities higher than 4.3
km/s - except some local regions in the West at roughly 117<E longitude -

demonstrating that upper mantle levels have been reached beneath Northeast China.

At shallow mantle levels (i.e., 40-65 km, Figure 6i—l, and Figure 7a-c), the
reversed velocity pattern imaged at upper-crustal depths (i.e., 7.5-15 km, Figure 5d-f)
seems to reappear. The SLB in the center exhibits high-to-moderate S-velocities, while
low velocities mainly concentrate on the surrounding areas. In the deeper mantle (i.e.,
70-125 km, Figure 7d-i), a reversed fast/slow S-velocity split pattern is revealed. At 70-
75 km depth, the east (i.e., the CBM, Sanjing basin) is characterized by lower S-
velocities, while the west shows high velocities. As depth increases, low velocity zones

expand westward.

4.2. Map of Crustal Thickness

To illuminate the contrast in crustal thickness across the entire study area, we
constructed a map of crustal thickness based on the inverted S-velocity models.
Velocities above 4.2 km/s are interpreted as indicative of (hot) uppermost mantle
lithologies. With this simple criterion, we first extracted a crustal thickness estimate

below each station and then constructed a 2-D map through a bilinear interpolation.

Figure 8 compares the resulting map of crustal thickness with that from the
global reference model CRUST1.0 (Laske et al., 2013). In general, the two maps exhibit
similarities in large-scale features such as a relatively thicker crust in the west (i.e., the
GXM and its western flank) and a thinner crust in the east (including the CBM, LXM,
SLB, and Sanjiang basin). However, our high-resolution results indicate several

detailed features that differ significantly from the reference model. For example, our
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model reports a thinner crust of ~30 km in the easternmost portions of the SLB and
LXM, although the locations of minimum crustal thickness for each map coincide.
Additionally, our results reveal a thick crust of more than 40 km west of ~117E, but

not under the GXM as inferred by CRUST1.0.

The most intriguing feature resolved by our model, however, is the abrupt
change in crustal thickness between the Songliao block and Jiamusi massif on either
side of the Mudanjiang fault. Previous studies (Oh, 2006; Wu et al., 2011) claimed that
the Jiamusi massif is possibly an exotic terrane from the Yangtze plate or the
Gondwanan crust. Zhou & Wilde (2013) proposed the Jiamusi massif split away at
~230 Ma, and subsequently re-docked with the Songliao block between 210 and 180

Ma. Our results demonstrate the difference in crustal thickness between the two blocks.

4.3. Vertical Slices of Shear-Wave Velocity

Vertical sections of S-velocity are plotted in Figures 9-11 for crustal levels (O-
50 km), and in Figures 12-14 for upper-mantle levels (25-125 km). Profiles Al to A4
are oriented in a west-east direction along latitudes of 48N, 46N, 44N, and 42N,
respectively. Cross sections B1 to B3 are along longitudes of 120, 124 <€, and 128E

in a south-north orientation. Transects C1 to C3 are trending NW-SE.

The vertical slices reveal detailed structural information at crustal and upper-
mantle depths. In the crust, we observe four main features: (1) a low shear velocity belt
at 7.5-12.5 km depth below Northeast China except the SLB (Figures 9-11), (2) a very
fast S-velocity body at 8-30 km depth under the SLB (see sections A1, A2, A3 in Figure
9, B2 in Figure 10, and C2 in Figure 11), (3) high S-velocities between 15 and 35 km
depth beneath the CBM region (see profiles A2, A3, A4 in Figure 9, B3 in Figure 10,

and C1, C2 in Figure 11), and (4) some high velocity anomalies at 10-25 km in the west
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(profiles A2, A3 in Figure 9, and C3 in Figure 11).

In the upper mantle, the most intriguing features are the multi-scale, low shear-
wave velocity anomalies below the CBM (see cross sections A3, A4 in Figure 12, B3
in Figure 13, and C2 in Figure 14) and LXM (see Al in Figure 12, B3 in Figure 13, and
C1linFigure 14). An additional low velocity zone at 40-60 km depth is revealed beneath
the LXM. A few small-scale low S-velocity anomalies are also imaged at shallow levels
(i.e., 40-60 km, Figures 12-14), implying a more complex system in Northeast China.
In addition, a remarkable high velocity anomaly under the SLB at roughly 50-90 km

depth (see profiles A2 in Figure 12, B2 in Figure 13, and C2 in Figure 14) is observed.

A decrease in shear-wave velocity below 4.3 km/s is interpreted as
representative of the lithosphere-asthenosphere boundary (LAB). Our model infers a
very thin lithosphere of 50-70 km thick under the CBM, and a lithospheric thickening
westward (A3, A4 in Figure 12, and C2, C3 in Figure 14). Both the SLB and LXM have
a roughly 100 km thick lithosphere (A1, A3 in Figure 12, B3 in Figure 13, and C1, C2
in Figure 14). The lithospheric thickness under the SLB in our model disagrees with
the recent surface wave tomography of Guo et al. (2016) (they reported high S-
velocities at 50-200 km depths below the SLB), but is consistent with the previous
geophysical studies (e.g., Li et al., 2012; Zhang et al., 2014). Furthermore, we do not
observe the LAB within our depth-range (i.e., 0-125 km) beneath the GXM and its
western flank. This suggests a thicker lithosphere, in agreement with previous studies

(e.g., Zhang et al., 2014).

5. Discussion and Implications

The most prominent signatures from our 3-D model are the multi-scale shear-

wave velocity anomalies at different depths in the study area. In the following, we first
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discuss possible factors that may be responsible for the observed S-velocity anomalies
in the crust and upper mantle. Then, we compare the lithospheric S-velocity structure
of Northeast China and the SLB with the Precambrian lithospheres of the Arabian shield
and North American craton as well as the lithosphere of the Basin and Range in Western

United States, respectively.
5.1. Crustal Shear Velocity Anomalies

We image a low S-velocity belt at roughly 7.5-12.5 km depth. Interestingly, the
belt covers the entire Northeast China region except the SLB in its center (Figure 5d,
e). This pattern coincides with the widespread distribution of Cenozoic volcanism in
the region, which is absent in the SLB. Thus, the existence of the low S-velocity belt at
upper-crustal depths appears to be associated with Cenozoic volcanism/magmatism in

Northeast China.

Several factors could be involved in the reduction of crustal S-velocity, such as
temperature increase, presence of partial melt, and fluid-filled faults (Tang et al., 2019;
Wang et al., 2019). Considering that surface heat-flow varies between 40 and 105
mWm? in Northeast China (Gosnold, 2011), it seems plausible to assume a warmer-
than-average crust for Northeast China. Absolute S-wave velocities within the belt are
roughly between 3.2 and 3.4 km/s in our model, so S-velocity reductions are
approximately 0.06-0.26 km/s (equivalent to 1.7-7.5%) relative to the AK135 reference
model (the upper-crustal shear velocity is 3.46 km/s). A temperature increase in the
wide 170-740 <C range may explain the observed velocity reductions through the
scaling relationship 9V,/dT = 0.35ms™ 1K~ (Sumino & Anderson, 1982).
Temperatures at 10 km depth are usually within the 120-300 <C range for the given

surface heat-flow (Christensen & Mooney, 1995), so such a large temperature increase
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seems unlikely at this depth. Therefore, although temperature is possibly contributing,

it may not be the only cause for the observed upper-crustal low velocity belt.

Ascending magmas may stall within the crust and lead to strong fractional
crystallization (Fan et al., 1999, 2005). Local geophysical studies (e.g., Hammond et
al., 2019; Gao et al., 2020; Kyong-Song et al., 2016; Li et al., 2016; Tang et al., 2001;
Zhang et al., 2002) reported evidence of crustal partial melts and/or magma reservoirs
under the Wudalianchi and Changbaishan volcanic fields. Additionally, deep magmas
were transported upward through the crust via the development and propagation of
faults (Downs et al., 2018). Meanwhile, some liquid and/or gas could have migrated
into these faults, changing the physical properties of the nearby rock. Thus, partial melt
and fluid-filled faults are also likely significant causes for producing the crustal low S-

velocity belt below active magmatic provinces.

Our model resolves three significant crustal high velocity features. The most
remarkable one is the extremely fast S-velocity body at 8-30 km below the SLB, which
corroborates previous findings (Guo et al., 2015), but is imaged here with improved
spatial resolution. The very large S-velocity anomaly in the crust was interpreted as
solidified mafic intrusions, consistent with the scenario of widespread
volcanism/magmatism in the region, followed by cooling and subsidence during the

late Mesozoic under the SLB (Feng et al., 2010).

Beneath the active Cenozoic magmatic province - CBM, high S-velocities at 15-
35 km depths are observed in our model. This observation differs from the recent
surface wave tomographic study of Fan et al. (2020), in which they reported a slow S-
velocity anomaly attributed to a potential lower-crustal magma reservoir below the

CBM. We interpret the observed fast S-velocity underneath the CBM as the result of
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middle to lower-crustal magmatic intrusions (through cooling and solidification).

Like the SLB, the GXM also experienced extensive volcanism/magmatism
possibly caused by delamination and consequent asthenospheric mantle upwelling
during the late Mesozoic (Wang et al., 2006; Wu et al., 2005; Zhang et al., 2010). Thus,
we observe crustal high S-velocity anomalies (at 10-25 km depth) that probably reflect
magmatic intrusions, although the size of the fast S-velocity anomalies under the GXM
and its western flank is not comparable to that of the one below the SLB. Geochemical
studies (e.g., Zhang et al., 2010) reported granite emplacement in Mesozoic volcanic
rocks in the GXM. This finding may explain why felsic crust is predominant under this

subregion (Guo et al., 2016).

Interestingly, below the LXM (around the Wudalianchi volcano), no fast S-
velocity anomaly is observed at crustal depths, which is obviously different from the
other active Cenozoic magmatic provinces such as the CBM. The LXM shows a lower
crust with moderately slow shear velocities. Recent local investigations (Gao et al.,
2020; Li et al., 2016) imaged an extremely low-resistivity and low-velocity body,
interpreted as a magma chamber, at upper-crustal levels below one vent of the
Wudalianchi volcano. Accordingly, the observed moderately low S-velocity in the
lower crust may be associated with upward transportation of magmas and charging of

the crustal reservoir from deep mantle sources.

5.2. Upper-Mantle Shear Velocity Anomalies

Our model confirms the existence of a pronounced upper-mantle low shear
velocity zone beneath the CBM, which is consistent with previous studies (e.g., Guo et
al., 2016; Li et al., 2012; Pan et al., 2015; Tang et al., 2014; Zhao et al., 2009). Our

model resolves new details about the low velocity zone including its geometry and
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minimum absolute velocity. S-wave velocities less than 4.25 km/s can be regarded as
representative of partial melts in the upper mantle, particularly beneath volcanically
active fields (Plank & Forsyth, 2016). Therefore, the observed low velocity zone (Vs <

4.25 km/s) strongly suggests the presence of partial melts in the upper mantle.

Previous studies proposed hot and wet upwelling flows in a big mantle wedge
(Zhao et al., 2004, 2009) or an upward escape of melted sub-slab materials through the
stagnant Pacific slab gap in the mantle transition zone (Tang et al., 2014), which
triggered the volcanism. While the deep mantle dynamics are still debated, there is
widespread agreement that the upwelling of hot sub-lithospheric melts feed the
volcanism in the CBM. A mantle anisotropy study of Li et al. (2017) with SKS data
reported extensive null splitting in the CBM, likely consistent with the upwelling
model. Thus, the imaged upper-mantle low velocity zone most likely reflects a large

volume of upwelling mantle melts.

Some studies (e.g., Wei et al., 2019; Zhao et al., 2009) speculated that the
Cenozoic volcanism in the LXM (e.g., Wudalianchi volcano) has the same origin as the
volcanoes in the CBM: triggered by upward flows of hot mantle materials. Below the
LXM, we image a pronounced upper-mantle low velocity zone (Vs < 4.25 km/s, below
~100 km) that can be interpreted as upwelling asthenospheric mantle melt, consistent
with the dynamic model of Zhao et al. (2009). However, our results exhibit an
additional low S-velocity anomaly in the uppermost mantle (Vs < 4.25 km/s, at 40-60
km depth), probably representing partial melts also beneath the LXM. The distinctions
between the LXM and CBM in lithospheric structure include: (1) moderately slow S-
velocity under the LXM versus high S-velocity below the CBM in the lower crust, (2)

a 30 km thick crust under the LXM versus a roughly 35 km thick crust under the CBM,
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(3) a ~100 km thick continental lithosphere containing an uppermost-mantle low S-
velocity anomaly at 40-60 km beneath the LXM versus thinner lithosphere (50-70 km)
under the CBM, which may be associated with the differences in volcanic/magmatic

activity and basalt geochemistry in the two provinces (Fan et al., 2021).

The SLB is the center of the late Mesozoic rifting and lithospheric thinning in
eastern China (Ren et al., 2002). Our model displays a thin lithosphere (~100 km) below
the SLB, consistent with the episode of the intensive extension (Feng et al., 2010; Ren
et al., 2002). However, an interesting phenomenon is the absence of Cenozoic
volcanism in the SLB. Invoking the model of wet, hot upwelling caused by dehydration
of the stagnant Pacific slab in the mantle transition zone (Zhao et al., 2009, 2012) raises
a problem: why did volcanism not occur in the SLB during the Cenozoic, as it did in
the western interior (e.g., Halaha and Abaga volcanoes)? One possible explanation is
that the extensive volcanic/magmatic activities during the late-Mesozoic depleted the
lithosphere under the SLB and made it more refractory. Thus, the lithosphere of the
SLB could not produce any melts for Cenozoic volcanism. One evidence - a positive
mantle velocity anomaly under the SLB (at 50-90 km depth) revealed by our model can

support this hypothesis.

Another possibility is invoking the mantle convection model raised by Guo et
al. (2016). They proposed the mantle upwelling below the CBM led to a downwelling
asthenospheric flow under the SLB. If the hypothetical mantle convection exists, the
hot sub-lithospheric melts beneath the SLB would lack the driving force to migrate
upward and would not induce volcanism. Mantle anisotropy studies (Chen et al., 2017;
Li et al., 2017) exhibited many nulls in the CBM, a few nulls in the southwestern SLB,

and some nearly NW-SE fast polarization directions in between from shear wave
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splitting measurements. The nulls in the southwestern SLB are attributed to the

downwelling limb of the convection cell (Li et al., 2017).

A simple asthenospheric mantle flow usually cannot explain the observed
seismic anisotropy, which also reflects historical tectonic deformation preserved in the
lithosphere (Li & Niu, 2010; Liu et al., 2016; Qiang & Wu, 2015). In the SLB, weak
azimuthal anisotropy approximately corresponding to crustal and lithospheric mantle
depths suggests that historical deformation records in the lithosphere were erased by
the extensive volcanism/magmatism in the late Mesozoic (Liu et al., 2016).
Accordingly, we could consider the asthenospheric mantle flow as the dominant factor

determining the mantle anisotropy of the SLB.

However, only a few stations show nulls. Moreover, complicated variations of
shear wave splitting within the SLB were observed (Chen et al., 2017; Li et al., 2017).
Thus, there is still insufficient evidence to support a downwelling flow in the SLB due
to mantle convection. Besides, a high P-wave velocity anomaly resting atop the 410 km
discontinuity under the SLB was imaged and interpreted as detached continental
lithosphere by Wei et al. (2019). If their imaging and interpretation are correct, the
continuous sinking of the delaminated lithosphere could induce an upward flow, in

conflict with the mantle convection model.

5.3. Comparison with Other Lithospheric Models

For comparison, we average the 225 1-D shear-wave velocity models obtained
from the joint inversion at each station to generate a single 1-D average model for
Northeast China. Also, we average all the 1-D S-velocity models from the stations
located in the SLB to obtain one average 1-D model that represents the extended

lithosphere of the SLB. Figure 16a compares the S-velocity structure of Northeast
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China with the Precambrian lithospheres of the Arabian shield (Tang et al., 2019) and
the North American craton (Shen & Ritzwoller, 2016). Additionally, Figure 16b
exhibits the comparison between the rift lithosphere of the SLB in Northeast China and

that of the Basin and Range (Shen & Ritzwoller, 2016) in Western United States.

Generally, the Precambrian crusts of different regions appear similar (Figure
15a). Both the Arabian shield and Northeast China have a thinner crust of ~35 km,
compared with the North American craton (~45 km thick crust). That is probably
because the former two experienced intensive rifting (Ebinger & Sleep, 1998; Ren et
al., 2002). Above all, one significant observation from the 1-D average model of
Northeast China is the constant Vs (~3.6 km/s) between 15 and 27.5 km, distinctly
different from the Arabian shield and the North American craton. What could be the
major factor to induce a near-zero seismic velocity gradient within the depth levels?
We attribute it to temperature and conclude that the crust of Northeast China is likely
rather warm, although other potential factors such as crustal partial melts within some

local areas may also contribute.

The reductions in S-velocity at 15-27.5 km depths below Northeast China are
approximately 0.1-0.2 km/s, compared with the Arabian shield and the North American
craton. The corresponding crustal temperature increases are 280-570 <C, simply
estimated with the relationship 0V, /0T = 0.35 ms~1K~1(Sumino & Anderson, 1982).
Considering the temperature-depth models for Eastern United States (200-400 <C
between 15 and 27.5 km for average heat flow, Blackwell, 1971; Christensen &
Mooney, 1995), however, temperatures within 15-27.5 km depth in Northeast China

are probably larger, around 480-970 <C (consistent with high heat flow).

Furthermore, for Northeast China, the S-velocity of the uppermost mantle is
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approximately 4.35 km/s, which is ~0.1 km/s lower than the Arabian shield and North
American craton. This characteristic probably suggests a slightly warm uppermost
mantle. Temperature anomalies at both the crust and uppermost mantle are likely

associated with the active intraplate volcanism in Northeast China.

Using the first-order Taylor expansion of the pressure-temperature dependence

of the shear wave velocity, V;(P,T) = Vy(Py, Tp) + % (P—-Py) + % (T —T,), we

simply estimate the average temperature of the uppermost mantle in Northeast China.
This expression relates V; at a given pressure P and temperature T with a reference
velocity V;, at pressure P, and temperature T, through the partial derivatives dV,/dP
and dV, /0T . Assuming that the dominant rock within the uppermost mantle is
peridotite, the estimates for the reference velocity V, = 4.72 km/s (at pressure P, =
0 kbar and temperature T, = 0°C) and the partial derivatives (dV;/dP = 0.946 X
1072 km/s kbar and dV; /0T = —3.93 x 10~* km/s <TC) are taken from Kern & Richter
(1981). Pressure is estimated as P = );p; gh;, wWhere is i the layer number, p;
represents the density at ith layer from the average 1-D model, g is gravity acceleration,
and h; represents the thickness of ith layer. For the average S-velocity (~4.35 km/s) of

the uppermost mantle (at 40 km depth), the estimated temperature is ~1200 <C.

For comparison between the SLB and the Basin and Range (Figure 15b), we
note that the SLB has a pronounced fast S-velocity anomaly at 7.5-17.5 km depth,
which is interpreted as solidified mafic magmatic intrusions during the late Mesozoic.
Additionally, the S-velocity of the uppermost mantle in the Basin and Range is about
4.2 km/s, much lower than that (~4.4 km/s) of the SLB. The Basin and Range has a
significantly warm upper mantle (Blackwell, 1971; Christensen & Mooney, 1995).
Thus, this implies the Basin and Range is much warmer than the SLB, which is
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moderately warm. With the same approach introduced above, the estimated average

temperature of the uppermost mantle (at 40 km depth) of the SLB is ~1080 <C.

6. Conclusions

We have constructed a high-resolution 3-D S-wave velocity model of the crust
and upper mantle for Northeast China by jointly inverting receiver functions and
fundamental-mode Rayleigh wave group velocities for 225 broadband seismic stations.
Our results reveal the detailed lithospheric and sub-lithospheric structure, and shed light
on the volcanic/magmatic processes and dynamics (Figure 16). Our main findings and
interpretations associated with the shear velocity structure in Northeast China are

shown in Figure 16 and summarized as follows:

1. We observe a low S-velocity belt at 7.5-12.5 km depth, which covers entire
Northeast China except the SLB in the center. We conjecture that the slow
S-velocity belt may be associated with Cenozoic volcanism in Northeast
China and is likely the result of multiple factors including a temperature
anomaly, partial melts, and fluid-filled faults.

2. Our model resolves localized fast S-velocity anomalies in the crust.
Particularly, the positive S-velocity anomaly below the SLB is interpreted
as late-Mesozoic mafic intrusions. The high S-velocity under the CBM is
attributed to middle to lower-crustal solidified magmatic intrusions.

3. Our model confirms the upper-mantle low shear velocity zones below the
CBM and LXM, which support the geodynamic model of sub-lithospheric
mantle melt upwellings. Additionally, our results reveal significant
distinctions in lithospheric structure between the LXM and CBM, which

may be associated with the differences in volcanic/magmatic activity and
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basalt geochemistry in the two subregions.

4. A positive mantle S-velocity anomaly at 50-90 km depth beneath the SLB
is imaged, which may reflect a depleted and more refractory lithosphere
resulted from the extensive late-Mesozoic volcanism/magmatism and thus
explain the absence of Cenozoic volcanism in the SLB.

5. The lithosphere-asthenosphere boundary (LAB) is evidenced by a decrease
in S-wave velocity below 4.3 km/s. The LAB depth increases systematically
from east to west in our study area. The LAB depth is 50-70 km beneath the
CBM, 100 km beneath the SLB, and exceeds 125 km beneath the GXM.

6. In comparison with the Arabian shield and North American craton, the crust
underneath Northeast China is likely rather warm (~480-970 <C between 15
and 27.5 km depth), as it is the uppermost mantle (~1200 <C), and probably
associated with the active intraplate volcanism. The SLB, nonetheless,

possesses a moderately warm uppermost mantle (~1080 <C).
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1010  Figures & Captions

a.

1011

1012  Figure 1. (a) Topographic map of Northeast China and its adjacent areas, showing major
1013  geological features and Quaternary volcanoes (red points). Dashed black lines F1-F5
1014  represent the Nenjiang (NJF), Mudanjiang (MDJF), Yilan-Yitong (YYF), Dunhua-

1015  Mishan (DMF), and Chifeng-Kaiyuan faults (CKF), respectively. The North South
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Gravity Lineament (NSGL) is depicted by a dash gray line. White lines outline the main
sedimentary basins in the region. CBM = Changbai mountains; GXM = Greater
Xing’an mountain range; LXM = Lesser Xing’an mountain range; SJB = Sanjiang basin;
SLB = Songliao basin; NCC = North China craton; XMOB = Xingmeng Orogenic Belt;
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volcano; HLHV = Halaha volcano; ABGV = Abaga volcano. (b) Distribution of 225
seismic stations comprising 107 CEA permanent stations (cyan inverted triangles) and

118 NECESSArray temporary sites (blue inverted triangles) used in our study.
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1025  Figure 2. Radial receiver function averages at two Gaussian widths of o = 1.0 and 2.5

1026  for a small selection of stations (marked by inverted triangles in the right map). Black

1027  time series manifest the average receiver functions, while gray-shaded swaths indicate

1028  the confidence bounds. The number of receiver functions in each stack, the average

1029  event back-azimuth (with variation, in degree), the average ray-parameter (with
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Figure 3. Joint inversion of receiver function averages and Rayleigh wave group

velocities at station WDL. In panels (a), black and red lines represent the observed (with

gray-shaded confidence bounds) and predicted receiver functions, respectively. The

number of receiver functions for each cluster, the average back-azimuth (with variation,

in degree), and the average ray-parameter (with variation, in second per kilometer) are

exhibited. The observed and predicted Rayleigh wave group velocities (period range 10

to 145 s) are represented by black points and red curve in panel (b). The 1-D inverted

shear-wave velocity model (red, with gray-shaded confidence bounds) and the initial

model (blue) are visualized in panel (c).
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a) S—wave velocity map at 0 — 2.5 km b) S—wave velocity map at 2.5 - 5 km c) S—wave velocity map at 5 — 7.5 km
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1044  Figure 5. Horizontal slices of shear-wave velocities at upper-crustal depths (0-20 km)
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1045  beneath Northeast China. Note that color scale changes for each map to enhance lateral

1046  velocity contrasts.

a) S—wave velocity map at 20 - 22.5km  b) S—wave velocity map at 22.5 — 25 km
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1048  Figure 6. Horizontal slices of S-wave velocities at lower-crustal and Moho depths (20-

1049 50 km) below Northeast China.
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g) S—-wave velocity map at 35 - 37.5km  h) S—wave velocity map at 37.5 - 40 km i) S—wave velocity map at 40 — 42.5 km
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1051  Figure 6 (continued).
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a) S—wave velocity map at 50 - 52.5km  b) S—wave velocity map at 55 — 57.5 km ¢) S—wave velocity map at 60 — 65 km
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g) S-wave velocity map at 100 — 105 km  h) S—wave velocity map at 110 - 115km i) S—wave velocity map at 120 — 125 km
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1053  Figure 7. Horizontal slices of S-wave velocities at upper-mantle depths (50-125 km).
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Figure 8. Comparison of the crustal thickness map obtained in this study with the crustal

thickness from CRUST1.0. Panel ¢ shows the differences between our results and

CRUSTL.0.
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Figure 9. Vertical slices of shear-wave velocity along profiles A1-A4 across Northeast
China over the crustal depths (0—50 km). Red points in the map indicate Quaternary
volcanoes. CBM = Changbai mountains; GXM = Greater Xing’an mountain range;

LXM = Lesser Xing’an mountain range; SJB = Sanjiang basin; SLB = Songliao basin.
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1064  Figure 10. Vertical transects through the shear-wave velocity model along profiles B1—
1065 B3 across Northeast China for the crustal levels (0-50 km). Red points in the map
1066  represent Quaternary volcanoes. CBM = Changbai mountains; GXM = Greater Xing’an

1067  mountain range; LXM = Lesser Xing’an mountain range; SLB = Songliao basin.
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Figure 11. Vertical shear-wave velocity transects along profiles C1-C3 over the depth
range of 0—50 km. Quaternary volcanoes are marked as red points in the map. CBM =
Changbai mountains; GXM = Greater Xing’an mountain range; LXM = Lesser Xing’an

mountain range; SLB = Songliao basin.
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Figure 12. Vertical slices of S-wave velocity along profiles A1-A4 across the study area

over the upper-mantle depths (25-125 km). CBM = Changbai mountains; GXM =

Greater Xing’an mountain range; LXM = Lesser Xing’an mountain range; SJB =

Sanjiang basin; SLB = Songliao basin.
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Figure 13. Vertical slices of shear-wave velocity along profiles B1-B3 across the study

area over the upper mantle (25-125 km). CBM = Changbai mountains; GXM = Greater

Xing’an mountain range; LXM = Lesser Xing’an mountain range; SLB = Songliao

basin.
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Figure 14. Vertical transects of S-wave velocity along profiles C1-C3 over the depth

range of 25-125 km. CBM = Changbai mountains; GXM = Greater Xing’an mountain

range; LXM = Lesser Xing’an mountain range; SLB = Songliao basin.
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Figure 15. (a) 1-D average shear wave velocity structure beneath Northeast China (NEC,
red line), the Arabian shield (AS, blue line, Tang et al., 2019), and the North American
craton (NAC, black line, Shen & Ritzwoller, 2016). (b) 1-D average S-velocity model
below the Songliao basin (SLB, red line) and the Basin and Range (BR, black line, Shen

& Ritzwoller, 2016) in Western United States.
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Figure 16. 3-D schematic diagram across the study area, showing the main structural
features such as the lithospheric thickening westward, and the proposed Cenozoic
volcanic/magmatic mechanism at lithospheric and sub-lithospheric levels below
Northeast China. CBM = Changbai mountains; GXM = Greater Xing’an mountain
range; SLB = Songliao basin; CBV = Changbaishan volcano; JPHV = Jingpohu volcano;
WDLCV = Wudalianchi volcano; HLHV = Halaha volcano; ABGV = Abaga volcano;

LAB = lithosphere-asthenosphere boundary.
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1 Supporting Information for “Shear wave velocity structure beneath Northeast
2 China from joint inversion of receiver functions and Rayleigh wave group

3 velocities: Implications for intraplate volcanism”

5  Figure S1. (a) Global distribution of earthquakes (2016-2019, red stars) for our receiver
6  function analysis at the permanent CEA stations. (b) Global distribution of earthquakes
7  (between 2009.09 and 2011.08, red stars) for obtaining receiver functions at the

8 temporary NECESSArray sites.



10

11

12

13

14

Figure S2. Radial receiver functions at low (fc <0.50 Hz, Gaussian width o = 1.0) and
high (fc < 1.25 Hz, Gaussian width a. = 2.5) frequency bands recorded by station NEA7
(located in the SLB and marked in Figure 2) are plotted in panel a and b, respectively.
Panel ¢ and d exhibit the resulting receiver functions at the two frequency ranges after

applying the resonance removal filter.
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Figure S3. (a) Synthetic receiver function (ray-parameter 0.05 s/km, at Gaussian width
of a = 2.5) corresponding to the true model in panel (e). Note that a 1.0 km thick
sedimentary layer is presumed and the primary P-to-S phases triggered by the
sedimentary structure are likely between 1 and 3 s. However, it does not account for
the complex situation that energy reverberating within the sedimentary layer (i.e.,
multiples of converted shear waves). (b) Synthetic receiver function corresponding to
the same true model, but including strong near-surface reverberations of converted
shear phases. It is defined by the equation (2) in Yu et al. (2015). (c) Resulting receiver
function after applying the resonance removal filter on the time series in panel (b). (d)
Comparison between the synthetic receiver function without near-surface
reverberations (black), the synthetic receiver function with strong near-surface
multiples (gray), and the resulting receiver function after applying the resonance
removal filter (blue). The blue trace is quite consistent with the black one (in both
amplitude and lag time), which illustrates that the resonance removal filter effectively

removes the near-surface multiples of converted shear phases and successfully recovers
3
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black lines. Evolution of the iterated solutions and the corresponding predicted data are

shown by red lines. Note that the joint inversion converges to a solution, which however
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contains many artifacts and unsuccessfully recovers the true model.
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Figure S5. The resulting receiver function after the application of the resonance removal
filter (the one in Figure S3c) is inverted jointly with synthetic Rayleigh wave dispersion

data (black). Evolution of the iterated solutions and the predicted data are displayed by

red lines. The inversion recovers the true model in three iterations.
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Figure S6. Unsuccessful joint inversion at station NEA6. The initial model (blue in
panel ¢) that does not include a sedimentary layer is employed. Note that the solution
(red in panel c) driven away from the convergence and the poor data fitting in both

receiver functions (panels a) and Rayleigh wave dispersion velocities (panel b).
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observed data in both receiver functions (panels a) and dispersion curve (panel b).
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T T T T T T
0 25 50 75 100 125 150

10 20 30 40
Time (s)

c) - b

NEAG6

1 2 3 4 5

Vs (km/s)

T ——

10 20
Time (s)
0
-25
50 E
=3
=
o
D
=75 0O
-100
-125

30

e e o ) S o s e o |

A (3) 273.35%1.78 0.071%0.002 0

40



il L L L I L I I L L L 5 i L L L |

a)

(3) 57.67+1.16 0.074+0.001 (6) 125.83%4.02 0.045+0.001 (10) 138.99+2.71 0.056+0.002 (7) 172.27+4.69 0.068+0.002
(3) 57.67+1.16 0.074%0. (6) 125.83%4.02 0.0450. (11) 138.82%2.64 0.056%0.002 (7) 172.27%4.69 0.068+0.002

|
oot — M - — e - - - — e " Te———r— — per——
{ (8) 183.66+2.49 0.070+0.004 (7) 213.57+4.09 0.066+0.001 A (3) 273.35+1.78 0.071+0.002 0 10 20 30 40

183.66+2.49 0.070%0. (7) 213.57%£4.09 0.066%0. 0.071£0.002 Time (S)

PRF

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

Time (s) Time (s) Time (s)
c) = q ; 0
b) I L
e
— 40 £ 1 W - -25
=
> ||
5 35 © L N
2 1 50 E
> 1 <
- " | ] E
L Rayleigh g &
ayleig| o | L .
& 7B Q
1 i T 1 1 1 25 1 o
0 25 50 75 100 125 150 i1
Period (s) —t -100
NEASG |
[}
) _125

Vs (km/s)

61  Figure S10. Joint inversion at NEAG6, with a 2.5 km thick sedimentary layer in the

62  starting model (blue in panel c).
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Figure S11. A synthetic joint inversion test. The true model (black) contains a 2.5 km
thick low Vs anomaly in the crust and an upper-mantle low shear velocity zone below
65 km depth. The synthetic receiver functions (ray-parameter 0.05 s/km, at Gaussian
widths of o = 2.5 and 1.0) and Rayleigh wave group velocity dispersion curve (at
periods of 10-145 s) corresponding to the true model are represented by black lines.
Evolution of the iterated solutions and the corresponding predicted data are shown by
red lines. Note that the resulting model converged to the true solution and the presumed

crustal and upper-mantle Vs anomalies are perfectly recovered in three iterations.
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Figure S12. Same as Figure S11, but for a different true model. This true model (black)
includes a slow S velocity feature at 40-60 km depths (i.e., uppermost-mantle levels)
and an upper-mantle low velocity zone below 95 km. Note that the significant shear
velocity anomalies at the crustal and upper-mantle depths are successfully recovered

by joint inversion.
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