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A B S T R A C T   

It is commonly proposed that the subduction of the Pacific plate has been responsible for widespread Holocene 
intraplate volcanism across NE China and the Korean Peninsula. Yet, how this process drives volcanism and even 
if it plays a critical role remains a topic of vigorous debate. In this study, using seismic data from four networks 
across NE China and northern Democratic People’s Republic of Korea (DPRK), we analyze shear wave splitting in 
converted P to S-waves at the Moho (Pms), S-waves from the subducted slab interface (local S), and SKS phases. 
The Pms phases show a relatively weak crustal anisotropy (<0.25 s), with fast polarization directions aligned 
sub-parallel to major tectonic features. For the local S and SKS phases, fast polarization directions show sig
nificant lateral variations. We further perform a quantitative inversion to show that the depth of the anisotropy is 
~150 km, thus driven by flow within the asthenosphere associated with Pacific subduction. However, the 
presence of many null SKS splitting phases, together with scattered local S anisotropy across a wide range of 
incidence angles suggests a localized region of vertical flow directly beneath Changbaishan volcano. Such pat
terns correspond well to regional upper-mantle seismic velocity structure, and suggest that a localized upwelling 
with a relatively deep origin drives volcanism in the Changbaishan region. Furthermore, we infer that this mantle 
upwelling is deflected to the SW beneath Changbaishan and spreads asymmetrically at the base of the litho
sphere, possibly because of the long history of volcanism in the region.   

1. Introduction 

Most volcanic activity is related to plate-boundary processes (e.g., 
subduction metasomatism or lithospheric extension), yet a number of 
intraplate volcanoes tend to have more complex and deeper origins (see 
Ward et al., 2021, for a review). While many intraplate volcanoes can be 
explained by mantle upwelling from a deep-rooted plume (e.g., Hawaii), 
others are formed in back-arc settings where subduction is often thought 
to drive volcanism. An archetypal example of this is NE China, where a 
unique trench-arc-back-arc system has been formed due to the subduc
tion of the western Pacific plate beneath the Eurasian plate (Fig. 1). 
Several Holocene intraplate volcanoes (i.e., Changbaishan; also known 
as Paektu/Baekdu in Korean, Ulleung-do, Longgang, Jingpohu and 
Wudalianchi) overlie the Pacific slab that stagnates in the mantle 

transition zone (MTZ), however, the origin of these volcanoes remains 
widely debated. 

As part of the Central Asian Orogenic Belt, NE China has undergone 
multiple episodes of Paleozoic collision, Mesozoic-Cenozioic extension 
as well as the Pliocene contraction, all shaping the current topography 
(Liu et al., 2001; Tian et al., 1992; Wilde, 2015). Several major boundary 
faults divide the study region into three main blocks: the Great Xing’an 
range, Songliao basin and Jiamusi block (Fig. 1). The spatial distribution 
of Holocene volcanism is closely associated with boundary faults. Apart 
from the relatively isolated Wudalianchi volcano, the Longgang, Jing
pohu and Changbaishan align NE-SW, which is consistent with the strike 
of the pre-existing Yitong-Yilan fault and Dunhua-Mishan fault. 
Changbaishan is located at the intersection of Dunhua-Mishan fault and 
several NW-SE trending local faults that extend into the Democratic 
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People’s Republic of Korea (DPRK, the formal name for North Korea; 
Fig. S1). Among these volcanoes, Changbaishan is the most active, with 
the 946 CE eruption identified as one of the largest historic eruptions (e. 
g., Oppenheimer et al., 2017). From 2002 to 2005, volcanic unrest 
indicated the movement of magma at depth (Xu et al., 2012), showing 
the potential for this volcano to erupt in the future. 

Seismic imaging and geodynamic studies have proposed various 
underlying mechanisms, including slab dehydration in the so-called ‘big 
mantle wedge’ (BMW) above the stagnant Pacific slab (e.g., Zhao et al., 
2012), upwelling of a hydrous transition zone caused by subduction 
return flow (Yang and Faccenda, 2020), localized return flow through a 
slab gap in the Pacific slab (Kim et al., 2021; Tang et al., 2014; Tao et al., 
2018), self-buoyant hydrous upwellings (Long et al., 2019), or upwelling 
caused by lithospheric delamination (Wei et al., 2019). Geochemical 
studies further point to a deeper source for these Holocene intraplate 
volcanoes, as the trace element composition of magmas are similar to 
OIB (Ward et al., 2021), tapping EM1/LoMu reservoirs that are likely 
associated with the MTZ. 

On the other hand, the inherent lithospheric structure seems to play 
an important role in the interaction with the upwelling magma. 
Changbaishan, Longgang and Jingpohu are sodic volcanoes with a 
mixed asthenospheric source, while Wudalianchi is more potassic 
showing contamination by the subcontinental lithospheric mantle 
(Wang et al., 2017). Significant differences have been revealed in the 
morphology and physical properties of the crust and lithosphere. 
Overall, the crustal and lithospheric thickness increases gradually from 
SE to NW across the Songliao basin (He et al., 2022; Tao et al., 2014), 

while the Jiamusi block is stable with a relatively thick lithosphere 
(Zhang et al., 2014). Seismic imaging clearly shows low-velocity 
anomalies in the uppermost mantle beneath Changbaishan, Jingpohu 
and Longgang, as well as a locally thickened lithosphere (Fan et al., 
2021; Zhang et al., 2022) and crust (e.g., Hammond et al., 2020). 

Seismic anisotropy, being sensitive to the alignment of olivine in the 
presence of mantle flow, is a useful tool to link these snapshots of mantle 
velocity structure to dynamic processes, as the rock fabric in the upper 
mantle records the vigor and direction of mantle flow over millions of 
years. Previous studies have emphasized widespread horizontal mantle 
flow (i.e., trench normal) associated with the geometry of the Pacific 
plate and slab rollback (e.g., Fan et al., 2020; Li et al., 2017), but their 
constraints on the vertical flow in the mantle, especially beneath 
Changbaishan, are still insufficient. A unique opportunity to overcome 
this limitation, and therefore better constrain mantle flow beneath these 
volcanoes, comes from recent collection of seismic data in NE China. 
Permanent stations deployed by the Chinese earthquake administration 
(CEA) have been recording data for more than ten years, enhanced by a 
number of temporary deployments. During this time, a significant 
number of deep earthquakes have been recorded that are suitable for 
shear wave splitting analysis. This provides a rare opportunity to 
constrain the spatial distribution of anisotropic properties by analysis of 
multiple seismic phases. 

In this study, we analyze the splitting characteristics of the local S, 
Pms, and SKS phases, and perform a quantitative inversion to determine 
the depth of origin of the measured anisotropy. Our new findings indi
cate that crustal anisotropy is highly correlated with regional tectonics, 

Fig. 1. Tectonic setting of NE Asia with station and earthquake distribution. (a) The tectonic blocks in the study area include the GXR—Great Xing’an range, 
SLB—Songliao basin and JMS—Jiamusi block. The boundary faults are represented by brown solid line, including the YYF—Yilan-Yitong fault and DMF—Dunhua- 
Mishan fault. Station distribution is represented by triangles (permanent stations in white and temporary stations in pink). Holocene volcanoes include 
CBS—Changbaishan, LGV—Longgang, WDLC—Wudalianchi and JPHV—Jingpohu. The stars denote the distribution of local earthquakes, with the color representing 
the focal depth. Dashed lines show slab contours based on seismicity from Hayes (2018). Tomography shows that most of the study region is underlain by a stagnant 
slab in the transition zone (e.g., Zhao et al., 2012), but the red dashed circle represents the location of a potential slab gap in model of Tao et al. (2018) (b) Dis
tribution of teleseismic earthquakes. Red stars represent earthquakes used for receiver function calculation and blue ones represent events used for SKS splitting 
calculation. (c) Tectonic setting and Holocene volcanoes in NE Asia. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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while anisotropy in the mantle provides evidence for localized upwell
ing beneath Changbaishan, consistent with seismic tomography models, 
elucidating the most likely source of recent volcanism in NE China. 

2. Data and methods 

2.1. Data 

The seismic waveforms used in this study are recorded by 4 networks 
(Fig. 1; Table S1), including 82 permanent stations of the CEA network 
from January 2009 to September 2021, 165 NECESSArray stations from 
January 2007 to December 2011 (Ai and He, 2007; Grand and Ni, 2009), 
6 temporary stations of the MPGG array deployed in the DPRK from 
January 2013 to December 2015 (Mount Paektu Research Centre, 2013) 
and 17 stations of the Dongbei Broadband Network from January 2004 
to December 2010 (Chun and Richards, 2004). 

We measure anisotropy in three separate seismic phases; Pms, SKS 
and local S. For the Pms phase, we retained earthquakes with magnitude 
≥5.5 and epicentral distances ranging from 30◦ to 90◦, while for the SKS 
phases, we use earthquakes with magnitude ≥6.0 and epicentral dis
tances ranging from 85◦ to 140◦. For the local earthquakes in the study 
region, we collected earthquakes with magnitude ≥4.0 and focal depth 
≥300 km from the U.S. Geological Survey (USGS) catalog (Fig. 1). We 
check to make sure all local earthquakes have an incidence angle of 
<35◦ to ensure clear S-wave time window and avoid contamination 
from surface effects. The mean shift and linear trend are all removed 
routinely as well. Chen et al. (2017) showed that compared to temporary 
seismic arrays in the study region, CEA permanent stations may have 
problems with misorientation. In order to avoid this influence on 
measuring the anisotropy, we also rotate the horizontal components for 
the CEA permanent stations by using the P-wave polarization correction 
method (Niu and Li, 2011) before further analysis. The inclusion of 
long-term observations of the permanent stations provides considerable 
numbers of events (especially for the local deep earthquakes) and 
azimuthal coverage (e.g., Bi et al., 2020), while the dense temporary 
stations can improve the spatial constraints. 

2.2. Crustal anisotropy 

The Pms phase generated by a conversion from P to S-waves at the 
Moho can be used to constrain the accumulated anisotropy of the crust. 
In this study, we used the multi-channel method developed by Liu and 
Niu (2012) to measure the crustal anisotropy from the receiver func
tions. Following the procedure in Xu et al. (2020), we removed the mean 
shift and linear trend in the waveforms and filtered them with a 
fourth-order Butterworth filter in the band of 0.05–2 Hz, and then 
calculated the P-wave receiver functions with a time domain iterative 
deconvolution with a maximum iteration of 400 or a misfit reduction of 
less than 0.001 between the last two iterations. A simple and weakly 
anisotropic crust will lead to a periodic variation of both the radial and 
transverse receiver functions with back azimuth, which, assuming a 
horizontal symmetry axis in a relatively simple crust (Park et al., 2023), 
can be used to constrain the anisotropy parameters. We search for the 
pair of φ and δt that best satisfies the following conditions: (1) maximize 
the peak energy of the stacked R receiver function after a cosine 
moveout correction in the Ps arrival time; (2) maximize the 
cross-correlation of the radial receiver functions after a full correction of 
crustal anisotropy; (3) minimize the total energy of transverse receiver 
functions stacked after removal of crustal anisotropy. These three indi
vidual objective functions are weighted (0.4, 0.4, 0.3 in this study) and 
combined in a joint misfit function. More details on the method can be 
found in Liu and Niu (2012). To avoid uncertainty, we only keep the 
results where the three independent functions are consistent, that is, the 
splitting parameters can be independently constrained through each of 
the three conditions (Fig. 2). 

2.3. Shear wave splitting 

The shear wave splitting method has been a powerful tool for 
measuring anisotropy in the Earth’s interior for the past 30 years (e.g., 
Vinnik et al., 1984). In this study, we used the minimum transverse 
energy method for SKS splitting analysis and the minimization of the 
second eigenvalue method for local S wave splitting analysis (Silver and 
Chan, 1991) to obtain the splitting parameters (φ and δt). Both methods 
adopt a grid search algorithm to find the splitting parameters by rotating 
and time-shifting the R-T components. The ranges in grid search for φ 
and δt are − 90◦ to 90◦ with an increment of 1◦ and 0 to 4 s with an 
increment of 0.05 s, respectively. The uncertainties are estimated by the 
95 % confidence region of the F test with the updated calculation of the 
degrees of freedom (Walsh et al., 2013). Moreover, we used the cluster 
analysis method proposed by Teanby et al. (2004) to increase the reli
ability of the results (for more details please see Bi et al., 2020; Figs. 3 
and S2). For the SKS splitting, all waveforms are filtered with a 
band-pass filter between 0.05 and 0.4 Hz. For the local S splitting, we 
filter between 0.1 and 0.6 Hz. The SKS and local S splitting were 
analyzed by using a Python toolkit (Bi et al., 2020) developed over the 
SHEBA software (Wüstefeld et al., 2010). 

We classify different shear wave splitting results as “good”, “fair”, 
“poor” and “null”. For the results of “good” and “fair”, the elliptical 
particle motion is corrected to be linear, and the tangential energy is 
close to zero. The optimal solution converges in the error surface, and 
are stable for different picked time windows (Figs. 3(a) and S2). For the 
null results, the particle motion of the original waveform is always linear 
with minimal tangential energy. The error surface often presents a 
symmetrical pattern, and the optimal solution varies in a wide range 
(Fig. 3(b)). 

2.4. Estimate of the depth of anisotropy 

Contributions to shear wave splitting measurements are defined by 
the width of the Fresnel zone through the anisotropic region (e.g., Sal
imbeni et al., 2008). This means that, when nearby sites display different 
splitting signals for the same phase, the cause of the difference has to lie 
in a region where the ray paths of the corresponding waves diverge 
enough for the Fresnel zones to separate (Levin et al., 2018). Based on 
the simplified spatial coherency method presented by Liu and Gao 
(2011), we quantitatively invert for the source depth of the measured 
anisotropy (i.e., local S and SKS phases). We back-project all measure
ments to the pierce points at different depths along the ray paths. The 
optimal anisotropy depth is searched in the 0–300 km range to reach the 
highest spatial coherency of the observed splitting parameters. The in
cremental interval for the assumed depths is 5 km. In brief, for each 
depth, the study area is divided into N overlapping cells with an area of 
dx * dx square-degrees. The variation factors at this depth, Fδt for δt and 
Fφ for φ, are average values of standard deviation for each cell. They are 
calculated using the following equations (Liu and Gao, 2011): 

Fδt =
1
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N is the number of blocks, Mi is the number of measurements for the 
ith block, ϕij and δtij are the jth fast polarization direction (FPD) and 
delay time measurement in the ith block. δti is the average over all the 
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measurements in block i. The overall variation factor, Fv, is computed as 
a dimensionless weighted average of Fφ and Fδt: 

Fv = wϕFϕ + wδtFδt (4)  

where wϕ and wδt are the weighting factor for the ϕ and δt measurements 
(0.7 and 0.3 in this study, respectively). Consequently, lower Fv implies 
higher coherence of the splitting parameters, predicting the most 
probable source depth of the measured anisotropy (Liu and Gao, 2011). 

3. Results 

For the crustal anisotropy, the thick sediments of the Songliao basin 
generate strong reverberations, which tend to dominate the receiver 
function masking any Pms signals. Therefore, in this study we ignore the 
inversion for stations in the basin interior and estimate crustal anisot
ropy measurements at 87 stations (Fig. 4(a); Table S2). To the east of 
Songliao basin, most of the FPDs are ENE-WSW trending, parallel to the 
strikes of Dunhua-Mishan fault and Yitong-Yilan fault. In addition, some 
NW-SE trending FPDs are measured, which are parallel to local faults 
(Fig. S1). Most of the splitting times remain low, with the average less 
than 0.25 s. 

We also obtain 321 “good”, 244 “fair” and 30 “null” results for local S 
splitting and 133 “good”, 197 “fair”, and 110 “null” results for SKS 
splitting (Fig. 4(b) and (c); Table S3). We stack the error surface and 
obtain the average splitting parameters for each station (Fig. S3). 
Overall, the FPDs from local S splitting around Changbaishan, Longgang 
and Jingpohu show a circular pattern (i.e., from NW-SW trending in 
Changbaishan and Longgang to E-W trending in Jingpohu) while the 
regional average δt is 0.65 s. In contrast, the FPDs from SKS splitting 
show strong lateral variations in different regions, that is, NNW-SSE 
trending in Great Xing’an range and Jiamusi, E-W trending in Son
gliao basin interior and NW-SE trending to the east of Dunhua-Mishan 
fault. It is worth noting that many null results are detected, particu
larly in the region surrounded by Changbaishan and Longgang despite 
these events having a wide range of back-azimuths. Support for these 
strong lateral differences in splitting can be seen in SKS waveforms for a 
single event observed throughout the NE China, which shows minimal 
energy on the transverse component for those stations measuring “null” 
compared to those stations where splitting is observed (Fig. S4). Fig. 4 
(d) shows the combination of the three splitting measurements in three 
specific regions. Overall, the splitting times of Pms are much smaller 
than those of local S and SKS throughout the study region. Beneath 
Changbaishan, SKS phases with low incidence angles show mostly “null” 
results, while local S measurements, with higher incidence angles, show 
NW-SE oriented FPDs. For the location on the periphery of Jingpohu 
volcano, local S and SKS measurements are very consistent. The absence 
of azimuthal variations in the apparent splitting parameter in these re
gions also precludes the presence of multi-layered anisotropy and in
dicates that crustal or lithospheric anisotropy has minimal effect on the 
apparent splitting parameter. One exception is in the interior of the 
Jiamusi block, where local S and SKS measurements display significant 
lateral differences, which may be indicative of multiple anisotropic 
sources underneath, possibly in the lithosphere or close to the subducted 
slab (e.g., Bi et al., 2020; Liu et al., 2008). 

While stacked splitting parameters are useful for SKS splitting, where 
raypaths in the uppermost mantle are sub-vertical thus travel similar 
paths regardless of back-azimuth, such stacking is less useful for local S- 
waves as they have a wider range of incidence angles (although all 

<35◦), thus sampling different parts of the mantle at depth. Using the 
IASP91 velocity model, we project local S and SKS measurements to the 
pierce points at different depths (Figs. 5 and S5). When projected to 
depths of 150 km, the splitting parameters (i.e., FPDs and delay times) 
from local S and SKS appear similar. As the depth increases, the mea
surements at the same location tend to be more scattered. Spatial co
herency analysis suggests that the optimal depth for the anisotropic 
source lies approximately between 125 km and 175 km (Fig. 6). 
Different dx test values from 0.16◦ to 0.28◦ with an interval of 0.04◦

were utilized to generate the Fv curves. The results for the 4 grid sizes 
showed the same trend, and we finally chose the smoother results to 
analyze with a grid size of 0.28◦. At this depth, all measurements in three 
specific regions are more consistent (Fig. 6(b)). We also calculate the 
coherence of each grid to examine the lateral variations across the study 
area at different depths (Fig. S6). This analysis shows that most of the 
measurements of local S and SKS are consistent across the study area 
(that is, with lower Fv), except the region around Changbaishan and 
Longgang where the consistency is relatively poor. This signals the 
possibility of more complex anisotropic features (e.g., multi-layered or 
non-horizontal anisotropic alignments) beneath the region (see Section 
4.2 for further discussion). 

4. Discussions 

4.1. Lithospheric deformation 

Anisotropy in the Earth’s interior may have different causes at depth. 
In general, anisotropy in the upper crust is caused by the alignments of 
fractures, with the fast direction parallel to the strike of active faults or 
plate boundaries (e.g., Crampin, 1984; Han et al., 2020), while the 
anisotropy in mid-lower crust and mantle lithosphere results from the 
lattice-preferred orientations (LPO) of intrinsically anisotropic minerals 
(e.g., mica, olivine; Mainprice, 2007), with the FPD typically parallel to 
the maximum strain or shear direction. In addition, potential fine-scale 
layering, horizontal foliation, and aligned magmatic dykes or partial 
melt can also contribute to crustal anisotropy and exhibit significant 
azimuthal variations in receiver functions (e.g., Bianchi et al., 2023; 
Hammond, 2014; Paulssen, 2004). In this paper, we only constrain a 
uniform horizontal-axis anisotropy. More modeling is required to 
investigate other more complex models such as depth variation of the 
anisotropic properties (Park et al., 2023). Most of the crustal FPDs are 
consistent with the strikes of regional fault zones, indicating that the 
measured anisotropy in Pms phases is mainly caused by the mineral or 
fracture alignment due to shearing along the fault (Fan et al., 2020). 
Most of the splitting times remain low (less than 0.25 s), while the 
average crustal thickness is about 30 km (Tao et al., 2014), representing 
an average 1.5 % anisotropy for the crust. 

Furthermore, Zhang et al. (2022) predicted the thermally defined 
depth of the lithosphere-asthenosphere boundary (LAB) to be ~85 km 
based on the surface heat flow and S-wave velocity structure for the 
entire lithosphere in NE China, a result supported by recent S-wave 
receiver functions (He et al., 2022) across the southern half of our study 
area. In contrast, Zhang et al. (2014) revealed thicker lithosphere in the 
northern half (i.e., 100–120 km beneath the Songliao basin but 120–140 
km beneath southern Jiamusi). This finding suggests that the mantle 
lithosphere beneath the volcanic regions is relatively thin. Deep seismic 
reflections indicate that both the Yitong-Yilan fault and Dunhua-Mishan 
fault extend through the entire crust into the upper mantle (Xu et al., 

Fig. 2. Example of crustal anisotropy inversion for station 5G.D13. (a,b) Radial and transverse receiver functions. The green dashed line in the radial receiver 
function highlights the theoretical arrival time of Pms arrival time assuming crustal anisotropy of 80◦ and 0.3 s. The green and magenta crosses in the transverse 
receiver functions highlight the back-azimuth of the polarity reversal. The yellow shading and black arrows represent the polarity reversal in the observed receiver 
function. (c-f) The misfit functions, including (c) the energy of the stacked corrected radial receiver function, (d) the cross-correlation of the corrected radial receiver 
functions, (e) the total energy of corrected transverse receiver functions, (f) the joint misfit function inversion. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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2017). Therefore, the mantle lithosphere may have a similar deforma
tion history and anisotropy pattern as the crust (i.e., the FPD is constant 
and the splitting time increases linearly with the thickness). However, 
both the accumulated splitting time (less than 0.7 s, assuming a litho
spheric thickness of 80 km) and fast direction deviate from the 

observations of local S and SKS phases, suggesting a deeper, astheno
spheric origin of anisotropy is present. 

Fig. 3. Examples of two “Good” splitting measurement of local S (a) and SKS (b) for station CBS. (i) Radial (Q, blue) and transverse (T, red) components before and 
after correction. The shaded area in the corrected box shows the picked time window on which the optimal splitting result is measured. (ii) Measurements of φ and δt 
obtained from 25 different time windows are plotted in the top-right against the window number. The gray dots denote individual measurements with the mini
mization of the second eigenvalue or Minimum transverse energy method. The measurements using the rotation-correlation method (Bowman and Ando, 1987) are 
also plotted as pink crosses but only for reference. The short bars indicate the corresponding uncertainties (95 % confidence region). The solution that is selected 
using cluster analysis is marked with the red cross. (iii) Particle motion before (blue) and after (red) splitting correction. (iv) Map of minimum value of the error 
surface. (v) Cluster analysis of the 25 pairs of splitting parameters. Note that an example of “null” result is shown in (b), for a station close to Changbaishan. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Splitting measurements for Pms (a), local S (b) and SKS (c), respectively. The direction of the short blue bar indicates the FPD while its length indicates the 
splitting time. The inset on the top right shows the histogram of the splitting times. The mean values of the measurements for Pms, local S and SKS phases are 0.2 s, 
0.65 s, 0.8 s, respectively. The short violet bars in (c) indicate the back-azimuth of the “null” measurement and its orthogonal direction. (d) Stereograms for the 
splitting parameters of the three seismic phases at three specific sites shown in (a). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 5. (a–d) Plots of all splitting measurements projected to different pierce points (50 km, 150 km, 250 km, 300 km, respectively).  
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4.2. Localized upwelling and horizontal flow 

In this study, the SKS splitting results are in good agreement with 
previous studies (Chen et al., 2017; Li et al., 2017; Lu et al., 2020; IRIS 
DMC, 2012; Fig. S7), showing distinctive differences between tectonic 
blocks. On a large scale across NE Asia, these studies have shown that 
the FPDs are generally perpendicular to the subduction slab contours, 
that is, a slight clockwise rotation from NWW-SEE trending FPDs in the 
North China Craton to NNW-SSE trending FPDs in the Jiamusi and 
northern Great Xing’an range. However, recent studies have revealed 
local deflections of FPDs as well as lateral variations in the splitting 
times between blocks (Li et al., 2017; Lu et al., 2020; Xu et al., 2023), 
thus suggesting localized upwelling and deflected radial spreading. 

Around Changbaishan, most of the SKS phases with different back- 
azimuths show null results (Figs. 4(c) and 7). This result implies that 
LPO is either vertically aligned (e.g., due to dominant upward flow), or 
no significant LPO is present. However, local S measurements show 
significant shear wave splitting with scattered FPDs (Fig. 4(b)). In gen
eral, for a single-layer of horizontally aligned olivine, the measurements 
of SKS and local S should display similar FPDs, while the differences of 
splitting time are largely determined by the length of the ray-path in the 
anisotropic region. However, for the case of vertical or tilted anisotropy 
(e.g., caused by vertical flow), the differences in the splitting parameters 
of the two seismic phases can exhibit more complex characteristics, with 
an increase in delay time with increasing incidence angle and 
azimuthally dependent FPDs. In order to check how well the vertical 
flow hypothesis fits the observed data, we modeled the apparent split
ting parameters generated by different fabrics of olivine (i.e., type-A, B, 
C, E; Jung et al., 2006) using the MSAT package (Walker and Wookey, 

2012). Here we set a 100 km thick anisotropic layer centered at 150 km 
and simulated the apparent splitting parameters of the rays for given 
azimuths and incidence angles for a given rotation of the elastic moduli 
of olivine. We found that the predicted splitting parameters of 
near-vertical aligned type-E (Fig. 8) and type-A (Fig. S8) olivine match 
the pattern of the observations around the Changbaishan. Although the 
type-A fabric is the most general case in the upper mantle environment 
and provides a reasonable fit, the type-E fabric arguably can better fit 
both the observed FPDs and splitting times (Fig. S9). Such a fabric is 
usually developed in low-stress and moderate water content conditions, 
which is widely reported in the back-arc settings (e.g., Löberich et al., 
2021). In any case, the combination of null measurements for 
sub-vertical teleseismic arrivals and higher splitting for events with 
higher incidence angles may point to a localized region of upwelling 
beneath the volcanic region, suggesting dominant vertical/near-vertical 
flow directly beneath Changbaishan. Recent surface-wave tomography 
results (Fan et al., 2021; Tang et al., 2022) are consistent with such 
assumption beneath Changbaishan, showing a near-vertical low-
velocity body (− 3 %) at 80–150 km depth that dips to the NE. 

For the periphery of the volcanic region, the anisotropic depth 
inversion (Fig. 6) shows that in general, the local S and SKS splitting are 
most consistent at 125–175 km depth. Since this depth range is below 
the lithosphere-asthenosphere boundary (He et al., 2022; Zhang et al., 
2022), our measured anisotropies represent horizontal mantle flow just 
below the base of the lithosphere. Laboratory experiments show that, for 
an upwelling beneath a slowly moving plate, azimuthal spreading of the 
plume head will cause concentrically aligned anisotropy (Druken et al., 
2013). However, significant lateral variations in lithospheric thickness 
may alter the way in which an upwelling spread at its base, channeling 

Fig. 6. (a) Results of spatial coherence analysis. Different colored lines represent results obtained with different grid sizes. (b) Same as Fig. 4(d) but for measurements 
projected to 150 km depth. 
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asthenospheric flow along gradients in lithospheric structure (Li et al., 
2021). As upwelling is focused at the SW edge of a block of thicker 
lithosphere (Zhang et al., 2022), the plume is expected to spread 
asymmetrically, and preferentially to the SW. Such a flow pattern would 
explain the observed sub-concentric alignment of olivine around the 
periphery of the lithospheric block (Fig. 7). We suggest that upwelling 
beneath the volcanic region is channeled to the SW (towards Chang
baishan). The thicker lithosphere above the low velocity body may 
represent a depleted residual of mantle melting, as proposed to exist 
beneath other intraplate volcanoes (Lodge and Helffrich, 2006; Rychert 
et al., 2013). This restite root may originate from a longer history of 
magmatism in the study area, preferentially deflecting the main 

upwelling towards the SW (Fig. 9). 

4.3. Explanation for deep origin 

Understanding mantle flow in the asthenosphere can help to clarify 
the origin of the NE China Holocene intraplate volcanoes. In this region, 
large-scale upwelling return flow in the BMW is often invoked to explain 
intraplate volcanism, which would then be sustained by active dehy
dration of the slab (Zhao et al., 2012), entrainment of a hydrous mantle 
from the MTZ (Yang and Faccenda, 2020), or small-scale convection 
(Long et al., 2019). In the framework of the BMW, all of these models 
predict mantle flow in the back-arc region to be trench-perpendicular, 

Fig. 7. Splitting measurements at a pierce point of 150 km. The trend and length of the short bars indicate the fast direction and strength of the anisotropy, with 
other details shown in the legend in the upper right of the figure. The contour plots represent the shear wave velocity (Fan et al., 2021) at 150 km (a) and regional 
lithospheric thickness model (b) from Zhang et al. (2022), respectively. (c) Zoomed-in view of the volcanic area. The orange shadow shows the 4.2 and 4.25 km/s 
velocity anomaly contours. (d) Same as (c) while the blue shadow shows the 70 and 80 km LAB contours. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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accompanied by slight variations due to slab morphology, and with a 
broad mantle upwelling in response to corner flow. Such interpretation 
does indeed explain the first-order trench-perpendicular FPDs seen in 
the SKS splitting from the North China Craton to the northern Great 
Xing’an range (Li et al., 2017; IRIS DMC, 2012). However, none of these 
models predict localized upwelling close to the slab “hinge” near 
Changbaishan, where the slab just arrives in the MTZ and starts to 
flatten. Furthermore, our findings of more trench parallel FPDs at the 
periphery of localized upwelling is also inconsistent with that expected 

for large-scale flow in the BMW or edge driven convection (Man
jón-Cabeza Córdoba and Ballmer, 2021). 

Therefore, an anomalous feature of the deeper mantle must drive 
such a localized mantle upwelling. Magnetotelluric (MT) imaging has 
revealed significant low-resistivity anomalies extending upward from 
the MTZ to the base of lithosphere beneath Changbaishan through 
narrow channels (Li et al., 2020). Moreover, the Sr-Nd-Pb-Hf isotopic 
compositions of the Changbaishan and Longgang sodic basalts differ 
from those of other potassic volcanoes located above the stagnant slab 
front, thus may not prefer the contribution of recycled ancient sediments 
and water carried by the subducted Pacific plate to melting as well (Xu 
et al., 2021). The exact origin of the upwelling is beyond the scope of this 
study as it requires more detailed imaging of the MTZ and/or lower 
mantle, but localized upwelling through a slab gap or tear (Kim et al., 
2021; Tang et al., 2014) is a viable candidate. As the Pacific slab rolls 
back toward the east, dynamic overpressures may inject hot and/or 
hydrous materials from the sub-Pacific mantle (Morishige et al., 2010) 
through a slab gap/tear and into the BMW locally to sustain Chang
baishan volcanism. Alternatively, the subduction slab beneath Chang
baishan may be anomalous in some way driving localized upwelling in 
this region. Future seismic studies exploiting dense deployments in NE 
China and the DPRK will help to further constrain this. 

5. Conclusion 

In this study, we analyse the splitting parameters of three seismic 
phases in NE China to reveal the genesis and dynamics of intraplate 
volcanism in the region. We show that, the inclusion of local S splitting 
across a wide depth range, and thus also a wide range of incidence an
gles, can significantly improve the constraints on arbitrary axial 
anisotropy and lateral variability allowing vertical mantle flow to be 
constrained from shear wave splitting data. The combination of circular 
anisotropic patterns in the region enclosed by the Changbaishan, 
Longgang and Jingpohu volcanoes, driven by divergent flow at the base 
of the lithosphere, together with many “null” results directly beneath 

Fig. 8. (a) Splitting results for the Changbaishan region with gray box indicating the location used for forward-modeling. We refrain from showing the higher 
incidence angle FPDs for local S waves in Fig. 7c and d to better highlight the flow patterns, with null measurements showing vertical flow and FPD showing 
horizontal alignments. (b) Lower hemispherical projection for E-type olivine, with 65 % alignment of crystals. Olivine is rotated with α = 75◦, β = 65◦, γ = 45◦ around 
1-, 2-, 3-axes, respectively and where β = 90◦ would show vertical flow. Black ticks show expected FPD and white bars show the data. Pink circles denote the null 
results of SKS measurements. Note that here we use the actual event locations from each splitting measurement and estimate the incidence angle at a depth of 150 km 
using the IASP91 velocity model. (c, d) FPD and delay times as a function of incidence angle. Red circles show data and blue circles show the expected results for the 
same azimuth and incidence angle for the elastic constants in (b). null measurements are denoted by a pink cross with a delay time of 0 s. Predicted delay times are 
indicated by pink circles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. A cartoon diagram showing a localized upwelling beneath 
Changbaishan. 
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Changbaishan and local splitting consistent with sub-vertical flow, 
provide strong evidence for a localized mantle upwelling beneath 
Changbaishan. We suggest this is best explained by upwelling through 
an anomalous region of the subducting slab beneath the volcano, such as 
through a slab gap or tear. At shallow depth, the upwelling appears to be 
deflected to the SW, possibly controlled by topography at the base of the 
lithosphere. 
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