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The 410 and 660 km discontinuities (d410 and d660) bordering the mantle transition zone (MTZ) beneath 
NE Asia, including NE China, Eastern Mongolia, and southern Siberia, are imaged in successive circular 
bins with a radius of 1 degree by stacking a total of 274,413 P -to-s radial receiver functions recorded 
by 799 broadband seismic stations. After moveout correction based on the 1-D IASP91 Earth model, the 
resulting apparent depths of the discontinuities exhibit significant and spatially systematic variations. 
Three approximately N-S elongated narrow zones with significantly thickened MTZ are observed, which 
may be associated with the thermal effect and dehydration of subducted slabs. The major volcanoes in 
NE China are underlain by a d660 that is apparently depressed by ∼19 km, which can be interpreted by 
the presence of an anomalously high water concentration in the lower MTZ released from the stagnated 
slabs. Low wavespeed anomalies above the d410 west of the Datong volcanic fields are underlain by an 
MTZ with normal thickness, and are attributable by dehydration of the leading portion of the stagnant 
Pacific slab in the MTZ that is revealed in an N-S oriented narrow zone east of this area. The lateral shift 
of the upper mantle low wavespeed zone and the area with thickened MTZ may suggest a westward 
drift of the upper mantle relative to the subducted slab. An abnormally thin MTZ is observed beneath 
the Hangay Dome in central Mongolia, suggesting the possible existence of thermal upwelling from the 
lower mantle through the MTZ.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Subduction of the Pacific Plate beneath the eastern margin of 
the Eurasian Plate started during late Jurassic and Cretaceous (Sun 
et al., 2007). Under the assumption that the subduction rate over 
the past ∼130 million years is similar to the current rate of 90 
mm/yr (Gripp and Gordon, 2002), a total of ∼12,000 km of Pa-
cific lithosphere has subducted. In NE Asia, the subducted Pacific 
slab has been identified by many seismic tomographic studies (e.g., 
Chen et al., 2017; Tang et al., 2014) as a high wavespeed zone 
of about 150 km thick in the upper mantle. In the mantle tran-
sition zone (MTZ), which is the layer between the 410 km (d410) 
and 660 km (d660) discontinuities, most seismic tomography stud-
ies (Huang and Zhao, 2006; Lei, 2012) image the stagnant slab 
as a sub-horizontal layer of high wavespeeds with a thickness of 
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about 100–200 km, and suggest that the westernmost fragment of 
the horizontally deflected slab in the MTZ has reached the Great 
Xing’an Range (Fig. 1).

Intraplate Cenozoic volcanoes in NE China are mainly dis-
tributed along the edges of the Songliao basin (Fig. 1). In spite 
of numerous studies aiming at understanding the origins of these 
volcanoes (Tang et al., 2014; Turcotte and Schubert, 1982; Wei et 
al., 2019), the physical and chemical processes responsible for their 
formation remain enigmatic. Turcotte and Schubert (1982) suggest 
that the Changbaishan volcanoes might be associated with a man-
tle plume, while some recent tomographic studies (e.g., Wei et al., 
2019) attribute them to wet and hot upwelling from dehydration 
of the subducted Pacific slab.

Some other studies (e.g., Tang et al., 2014; Liu et al., 2015) 
interpret the Changbaishan volcanoes as the consequence of 
subduction-induced upwelling through a slab gap. Besides the 
Changbaishan, the origin of other Cenozoic volcanoes in NE China 

including the Wudalianchi and Halaha is also debated. Geochem-
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Fig. 1. Topographic relief map of NE Asia showing the distribution of seismic stations used in the study (purple triangles), major tectonic provinces, depth contours of 
the subducting Pacific slab (Gudmundsson and Sambridge, 1998) and Cenozoic volcanoes (red triangles). CB-Changbaishan, LG-LongGang, JP-Jingpohu, WD-Wudalianchi, 

 ref
HA-Halaha, DT-Datong. (For interpretation of the colors in the figure(s), the reader is

ical investigations (Kuritani et al., 2013) suggest that the Wu-
dalianchi volcano is associated with a hydrous mantle plume orig-
inating from the hydrated MTZ, while others (e.g., Zhang et al., 
1998) attribute it to shallower processes. A recent seismic tomog-
raphy study (Wei et al., 2019) reveals high wavespeed anomalies in 
the MTZ beneath the Wudalianchi and Halaha volcanoes, and that 
most other areas in NE China are underlain by low wavespeeds in 
the upper mantle. Wei et al. (2019) propose that the Wudalianchi 
volcano is fed by a wet upwelling from the stagnant Pacific slab 
in the MTZ, while the Halaha volcano, which is located above the 
leading edge of the Pacific slab, is associated with a focused up-
welling caused by the sinking of the stagnant Pacific slab into the 
lower mantle.

Similarly, in spite of numerous studies (Huang and Zhao, 2006; 
Kuritani et al., 2013; Lei, 2012; Li et al., 2018), the formation 
mechanism of the Datong volcanoes, which are located at the 
northeastern edge of the Ordos block, remains controversial. Huang 
and Zhao (2006) find low wavespeed anomalies beneath the Da-
tong volcanoes, and suggest that they were probably caused by 
dehydration of the stagnant Pacific slab in the MTZ. Lei (2012) at-
tributes the Datong volcanoes to a lower mantle plume that travels 
through the slab gap to the uppermost mantle. Li et al. (2018) sug-
gest that the Datong volcanoes are fed by decompression partial 
melting associated with the asthenosphere flowing upward follow-
ing the eastward thinning lithosphere.

Beside the Cenozoic volcanoes, another significant tectonic fea-
ture in NE Asia is the Baikal rift zone (BRZ) located between the 
Siberian platform and the Altai-Sayan fold belt (Fig. 1) and is seis-
mically the most active continental rift on Earth. The BRZ is char-
acterized by high heat flow (Lysak, 1984), lower than normal man-
tle wavespeeds (Gao et al., 2003), significant crustal thinning (Gao 
et al., 2004), and negative gravity anomalies (Zorin et al., 2003). 
Although most tomographic studies (e.g., Gao et al., 2003) found 
low wavespeed anomalies beneath the BRZ and adjacent areas, the 
depth extent of this anomaly remains highly divergent in differ-

ent studies. Some studies support an active rifting model, which 
erred to the web version of this article.)

is characterized by an active thermal upwelling (e.g., Zorin et al., 
2003), while others favor a passive origin that is induced by the 
driving forces from the collision between the Indian and Eurasian 
plates (e.g., Yin, 2000).

Another controversial issue in the study area is the cause of the 
anomalously high topography of the Hangay Dome in central Mon-
golia (Fig. 1). Some studies suggest that the high elevation of the 
Hangay Dome is the result of thermal upwelling from the lower 
mantle impinged on the bottom of the lithosphere (Chen et al., 
2015; Zhang et al., 2017; Zorin et al., 2003), probably associated 
with a mantle plume, and other studies (e.g., Mordvinova et al., 
2015) propose that lithospheric delamination induced convective 
asthenospheric upwelling is responsible for the anomalously ele-
vated topography.

Most of the aforementioned controversies stem from the lim-
ited vertical resolution of the tomographic inversion techniques 
especially in the MTZ depth (Foulger et al., 2013), as well as the 
progressive temperature increase of the subducted slabs which 
gradually reduces the wavespeed contrast between the slabs and 
ambient mantle, making it difficult for seismic tomography stud-
ies to reliably image the slabs. The opposite effects of hydration 
and low temperature that may co-exist in subducted slabs on seis-
mic wavespeeds may also play a role in the ambiguities in the 
interpretation of the seismic images (Garth and Rietbrock, 2017). 
Numerous mineral physical, geodynamic modeling, and geophysical 
observational investigations have demonstrated that in-situ tem-
perature and presence of water in the MTZ can be revealed by 
the topography of the d410 and d660, which represent the phase 
transition from olivine to spinel, and from ringwoodite to Mg-
perovskite + magnesiowustite, respectively (Ringwood, 1975). The 
former transition has a positive Clapeyron slope, suggesting that a 
region of cold temperature results in an uplift of the d410 and vice 
versa, while the latter has a negative Clapeyron slope. The actual 
magnitude of the Clapeyron slopes, especially that associated with 
the d660, is debated (Bina and Helffrich, 1994; Fei et al., 2004; 

Ghosh et al., 2013). Recent studies suggest that water has a similar 
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effect on the topography of the MTZ discontinuities as low tem-
perature, but the existence of water in the lower MTZ has a much 
more significant impact on the depression of the d660 than low 
temperature (Ghosh et al., 2013). Consequently, significant depres-
sions of the d660 are indicative of the existence of a hydrous lower 
MTZ (Ghosh et al., 2013).

A number of MTZ studies have been conducted in various re-
gions of NE Asia to investigate the thermal state and the presence 
of water in the MTZ. Ai et al. (2003) and Li and Yuan (2003) im-
age the MTZ structure beneath NE China using broadband stations. 
Both studies show a regionally depressed d660 and thickened MTZ, 
suggesting that the Pacific slab exists in the MTZ and has reached 
the lower mantle. Another MTZ study (Liu et al., 2015) measures 
the depth variation of the MTZ discontinuities beneath NE China 
based on different wavespeed models, and finds a NNW-SSE elon-
gated region with thickened MTZ due to the significant depression 
of the d660 (∼40 km) in the southern part of NE China and a 
thinner than normal MTZ at about 200 km west to the Changbais-
han volcanoes, indicating the absence of cold slabs in the MTZ and 
that the volcanoes might be fed by thermal upwelling from the 
lower mantle rather than slab dehydration. In contrast, Tian et al. 
(2016) reveal a thicker than normal MTZ beneath the Changbais-
han volcanoes and attribute their formation to dehydration of the 
subducting Pacific slab in the MTZ. The MTZ study in NE China 
conducted by Zhang et al. (2016), which utilized over 90,000 re-
ceiver functions recorded by 584 broadband seismic stations, re-
veals successfully that the Pacific slab penetrated into the lower 
mantle after accumulation above the d660 beneath NE China, and 
the absence of the stagnant slab in the MTZ beneath North China 
Craton. However, Chen and Ai (2009) found an up to 20–30 km 
thicker-than-normal MTZ on the eastern side of the north-south 
gravity lineament beneath the North China Craton, which is inter-
preted by the influence of the deep subduction and stagnation of 
the Pacific slab. Beneath the BRZ, Liu and Gao (2006) reveal an 
uplifted d410 which favors a passive rifting mechanism. Si et al. 
(2013) utilize receiver functions from two stations in the vicinity 
of the BRZ to image the MTZ discontinuities beneath the BRZ, and 
find depressed MTZ discontinuities and an about 40 km thickening 
beneath the BRZ except for a small area with an MTZ thinning up 
to 20 km in magnitude. They indicate that the development of the 
BRZ is dominated by the detachment of the lithosphere and the 
consequent hot upwelling. Using seismic data from three stations, 
Chen et al. (2015) report an MTZ that is 10–20 km thinner than 
the globally averaged value of 250 km beneath the Hangay Dome, 
and interpret it as the consequence of a slightly warmer thermal 
anomaly across the MTZ.

Following a receiver function (RF) stacking procedure (Gao and 
Liu, 2014a) developed under the assumption of non-plane wave-
front, which is capable of more accurately imaging the d410 and 
d660 than procedures assuming a plane wavefront, this study uti-
lizes an unprecedentedly large number (274,413) of P -to-s receiver 
functions to produce robust images of the MTZ discontinuities be-
neath NE Asia, for the purpose of providing additional constraints 
on a number of tectonically significant and controversial issues re-
lated to slab subduction and thermal upwelling.

2. Data and methods

2.1. Data

The broadband teleseismic data employed in the study were 
recorded by 799 stations in the study area (97◦E to 142◦E, and 
37◦N to 54◦N) belonging to a total of 35 different seismic net-
works (Fig. 1). The recording duration for the stations is from 
mid-1986 to September-2018. To achieve an optimal balance be-

tween the quality and quantity of the requested data, a variable 
cut-off magnitude (Mc) is calculated based on the empirical equa-
tion, Mc = 5.2 +(� −30.0)/(180.0 −30.0) − D/700.0, where � and 
D represent the epicentral distance (ranging from 30◦ to 100◦) in 
degree and focal depth in kilometer, respectively.

2.2. Data processing

A detailed description of the procedure for data selection, pre-
processing, moveout correction, and stacking under a non-plane-
wave assumption can be found in the MTZ discontinuity study 
of the contiguous United States (Gao and Liu, 2014b), and is 
briefly described below. A band-pass filter with corner frequen-
cies 0.02 and 0.2 Hz was applied to filter the requested seismo-
grams, and those with a first-arrival signal-to-noise ratio (SNR) of 
4.0 or greater on the vertical-component seismograms were con-
verted into radial receiver functions (RFs) following the procedure 
of Ammon (1991). To test the robustness of the results, a different 
band-pass filter with corner frequencies 0.03 and 0.3 Hz that was 
used by Ai et al. (2003) was also applied. Then visually checking 
was performed for all the resulting RFs to reject the ones with ab-
normal arrivals or no clear first P pulse. Finally, a total of 274,413 
RFs from 10,118 events were used (Fig. S1), a quantity that is un-
matched by any P -to-s RF studies in the area.

To stack the RFs (Dueker and Sheehan, 1997), the coordinates of 
the ray-piercing points of the P -to-s converted phase at the depth 
of 535 km (which is approximately the center of the MTZ) were 
first calculated (Fig. S2), and the RFs with piercing points in each 
of the radius=1◦ circular bins were moveout corrected and stacked 
to form a depth series using the IASP91 Earth model (Kennett and 
Engdahl, 1991). Note that we also grouped the RFs separately at 
the 410 and 660 km depths, and the resulting discontinuity depths 
are within 2 km for the vast majority of the bins. The distance 
between neighboring bins is 1 geographic degree, and therefore, 
there is an overlap among neighboring bins. To ensure reliability, 
results from bins with less than 10 RFs were not used. For each 
bin, a bootstrap resampling procedure with 50 resampling itera-
tions (Efron and Tibshirani, 1986) was employed to calculate the 
mean and standard deviation of the MTZ discontinuity depths and 
MTZ thickness.

Since the RFs were moveout-corrected utilizing the 1-D IASP91 
Earth model, the resulting MTZ discontinuity depths are apparent 
rather than true depths. In this study, following the wavespeed 
correction procedure of Gao and Liu (2014b), we used a regional 
(Chen et al., 2017) and one global wavespeed model (Lu et al., 
2019) to correct the apparent depths.

3. Results

A total of 655 bins render robust determinations of at least one 
of the two MTZ discontinuities (Fig. 2), including 652 bins for the 
d410, 645 bins for the d660, and 642 bins for both (Table S1). 
As a result of the high quality and quantity of the RFs, the d410
and d660 arrivals are unambiguously identified for virtually all the 
bins, except for a few of them on the edges of the study area. 
Fig. 3 shows an E-W profile centered at the 43◦N latitude, and all 
the depth series along the 21 E-W profiles can be found in Fig. S3. 
An E-W profile centered at the 43◦N latitude using RFs filtered in 
the frequency band of 0.03–0.3 Hz can be found in Fig. S4, which 
shows similar characteristics of the discontinuities to those shown 
in Fig. 3.

The resulting d410 apparent depths range from 377 to 444 km 
with a mean value of 415.9 ± 8.2 km, and for the d660, the corre-
sponding values are 637 to 709 km and 669.5 ± 10.0 km, respec-
tively. The observed MTZ thickness ranges from 211 to 296 km, 

with a mean value of 253.2 ±9.4 km, which is ∼3 km thicker than 
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Fig. 2. (a) Depth series in 1◦ radius bins plotted with respect to the sequentially 
increasing depth of the d410. (b) Same as (a) but for sequentially increasing depth 
of the d660.

Fig. 3. Stacked receiver functions across the 43◦N latitudinal line and d410 and d660
arrivals (dots with error bars). The background image shows P -wavespeed anoma-
lies (Chen et al., 2017), which only reliably cover the area east of 120◦E. The vertical 
exaggeration factor is about 10.

the global average of 250 km in the IASP91 Earth model. A contin-
uous curvature surface gridding algorithm with a tension factor of 
0.5 was used to obtain the spatially continuous images of the dis-

continuity depths and MTZ thickness (Fig. 4).
Accurate true MTZ discontinuity depths can only be obtained 
when absolute (rather than relative to the mean values of a 
study area) wavespeed anomalies of both the P and S waves 
are available for the entire crust, upper mantle, and MTZ. The 
cross-correlation coefficient (XCC) between MTZ discontinuities, 
which reflects the similarity of the depth variation between d410
and d660, can be an effective indicator of the accuracy of the 
wavespeed correction (Gao and Liu, 2014b). The XCC is defined as 
Cov(d410, d660)/

√
v(d410) × v(d660). Here, the Cov(d410, d660)

is the covariance of the depths of the two MTZ discontinuities, and 
v(d410) and v(d660) are the variances of the depths of the d410
and d660, respectively. The wavespeed anomalies above the d410
can lead to positive correlations between the apparent depths of 
d410 and d660, while thermal and water content anomalies in the 
MTZ theoretically result in negative correlations between the cor-
rected depths of the two MTZ discontinuities. Therefore, if there 
are no thermal, water content, or other anomalies affecting the 
true depths of the MTZ discontinuities, the resulting XCC between 
the corrected depths should reduce to zero. In contrast, if thermal 
or water content anomalies exist in the MTZ, the XCC should be a 
negative value. The XCC between the apparent MTZ discontinuity 
depths in the study area is 0.48 (Fig. 5), which is significant lower 
than 0.84 for the contiguous United States (Gao and Liu, 2014b) 
and 0.7 for southern Africa (Sun et al., 2018), indicating the pres-
ence of significant thermal, water content or wavespeed anomalies 
in the MTZ. One global and one regional wavespeed models (Lu 
et al., 2019; Chen et al., 2017) are employed for wavespeed cor-
rection in this study. The averaged P -wavespeed anomalies above 
the d410 and in the MTZ from these two tomographic models are 
shown in Fig. 6, and the corrected d410 and d660 depths and MTZ 
thickness are shown in Fig. 7. The considerable differences in the 
corrected depths are indicative of the significant discrepancies of 
the wavespeed models. The low effectiveness of the wavespeed 
correction is also reflected in the limited reduction in the XCC be-
tween the corrected d410 and d660 depths from the original value 
of 0.48 to 0.42 for the wavespeed model of Lu et al. (2019), and no 
significant reduction of XCC between the corrected d410 and d660
depths for the regional wavespeed model (Chen et al., 2017). In the 
following we discuss the thermal, water, and wavespeed structure 
based on both the apparent and corrected depths. According to the 
patterns of the resulting discontinuity depths and MTZ thickness, 
we selected seven subareas with significantly different measure-
ments from the global averages for discussion (Fig. 4), and the 
averaged measurements for each of the subareas are shown in 
Table S2. It is worth mentioning that because the regional tomo-
graphic results east of 120◦E and south of 50◦N are more reliable, 
the MTZ structure beneath Areas A, B and C corrected by regional 
tomographic model (Chen et al., 2017) are considered in the fol-
lowing.

3.1. Area A

Beneath Area A which is an N-S elongated zone located in the 
easternmost part of the study area, the d410 is about 15 km shal-
lower and the d660 is about 5 km deeper than their normal values, 
leading to an MTZ that is ∼20 km thicker than normal. An about 
25 km thicker-than-normal MTZ is obtained after wavespeed cor-
rection (Fig. 7). Seismic tomography and the Benioff Zone geometry 
(Chen et al., 2017) suggest that the Pacific slab enters the MTZ be-
neath Area A (Fig. 4). The apparent uplift of the d410 beneath Area 
A is the greatest in the entire study area.

3.2. Area B

Area B is bounded by the 400 and 600 km depth contour lines 

of the subducting Pacific slab (Fig. 4). In sharp contrast to Area A, 
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Fig. 4. (a) Spatial distribution of resulting d410 apparent depths. (b) Same as (a) but for the d660. (c) MTZ thickness measurements. (d) Standard deviation (SD) of the MTZ 

thickness measurements.

Fig. 5. Correlation plot of apparent d410 and d660 depths. The line indicates the 

the apparent depth of the d410 beneath this area is about 15 km 
deeper than normal on average, which is the largest depression of 
the d410 in the study area. The d660 in this area is apparently 
depressed by about 5 km, leading to an approximate 10 km MTZ 
thinning. The magnitude of MTZ thinning decreases to about 4 km 
after wavespeed correction (Fig. 7).

3.3. Area C

The NNW-SSE trending Area C follows the Lesser Xing’an Range 
in the north and the Changbaishan Range in the south, and is 
mostly surrounded by the Songliao basin. This area is adjacent to 
the western boundary of the Benioff Zone and is home to most of 
the Cenozoic volcanoes in NE China (Fig. 4c). This area possesses 
the largest apparent depression of d660 of about 19 km in the en-
tire study area, and the d410 depresses by about 7 km, resulting in 
an MTZ that is about 12 km thicker than normal. This MTZ thick-
ening increases to about 15 km after wavespeed correction (Fig. 7). 
The NNW-SSE elongated region with thickened MTZ and significant 
depression of the d660 beneath or near the Changbaishan region 
in the southern part of this area is consistent with previous MTZ 
studies (Liu et al., 2015; Tian et al., 2016; Zhang et al., 2016).

3.4. Area D

The NNW-SSE trending Area D, which is the largest subarea 

optimal bivariate regression with a cross-correlation coefficient (XCC) of 0.48.
 in this study, consists of (from north to south) the Gobi Desert, 
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Fig. 6. Averaged P -wavespeed anomalies relative to the IASP91 model above the d410 (first row) and MTZ (second row) from previous studies (left panel: Lu et al., 2019; 
right panel: Chen et al., 2017).
the southern part of the Great Xing’an Range, and the Bohai Bay 
and North China basins. Similar to Area C, although both the d410
(415.6 ± 4.5 km) and d660 (674.8 ± 5.1 km) in Area D are appar-
ently deeper than normal, the depression magnitude of the d660
is larger than that of the d410, resulting in an ∼9 km thicker-
than-normal MTZ on average. The mean corrected MTZ thickness 
from the wavespeed model of Lu et al. (2019) is 262.4 ± 5.3 km, 
which is about 12 km thicker than the global average. Two Ceno-
zoic volcanic fields, the Dariganga in Mongolia and the Datong in 
north China, are located in the northern part and near the western 
boundary of this subarea, respectively.

3.5. Area E

Tectonically, this area covers parts of the Mongolian Foldbelt 
in the north, and the Ordos block and the Shanxi Graben in the 
south. Beneath this area, both the d410 and d660 have an ap-
parent depression of about 13 km, resulting in a close to normal 
MTZ thickness (249.2 ± 6.2 km). Similarly, a close-to-normal MTZ 
thickness with a mean value of 250.9 ± 7.2 km is observed af-
ter wavespeed correction. Chen and Ai (2009) observed significant 
variations in MTZ thickness between the two sides of the north-
south gravity lineament beneath the North China Craton, with an 
up to 30–40 km MTZ thickening on the eastern side of 114◦E and 
a close-to-normal MTZ on the western side of 114◦E. Our obser-
vations in Areas D and E are mostly consistent with the patterns 

reported by Chen and Ai (2009).
3.6. Area F

Area F mainly includes the Baikal rift zone, the southern 
marginal area of the Siberian platform, and the Altai-Sayan-Baikal 
foldbelt. This area is dominated by a normal to slightly thick-
ened MTZ with a mean thickness of 256.7 ± 6.4 km, which 
is mostly caused by a greater apparent depression of the d660
(676.3 ± 8.6 km) relative to the d410 (418.9 ± 7.5 km). The mean 
corrected MTZ thickness beneath this area is 254.2 ±6.4 km, which 
is slightly thicker than the global average. Although the spatial cov-
erage of Area F and the study areas in previous MTZ studies of the 
Baikal rift zone (Liu and Gao, 2006; Si et al., 2013) are not ex-
actly the same, a slightly thickened MTZ was also observed by the 
previous studies.

3.7. Area G

Area G is composed of the Hangay Dome in the north and Altai 
Mountain in the south. This approximately circular region of about 
400 km in diameter is featured by the thinnest MTZ thickness 
(227.7 ± 8.2 km) in the entire study area resulted from an ap-
parent d410 depression of about 10 km and apparent uplift of the 
d660 of 12 km. The corrected MTZ thickness (226.5 ± 8.5 km) is 
similar to the apparent MTZ thickness. A recent RF study (Chen et 
al., 2015) has also detected a 10–20 km thinner-than-normal MTZ, 
but the location with the thinnest MTZ is located about 500 km 

east of this area.
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Fig. 7. Corrected depths of d410 (first row) and d660 (second row), and corrected MTZ thickness (third row) using the wavespeed models of Lu et al. (2019; left panel) and 
Chen et al. (2017; right panel).
4. Discussion

4.1. Implications for the depth and lateral extents of the subducted 
Pacific slab beneath NE Asia

The resultant systematic spatial variations of the MTZ thickness 
and apparent discontinuity depths can provide valuable constraints 
on the geometry and depth extent of the subducted Pacific slab be-
neath the study area (Fig. 8). Beneath Area A, the ∼20 km apparent 
thickening of the MTZ can be interpreted by an about −240 K tem-
perature anomaly associated with the subducted slab that enters 

the MTZ beneath this area. The MTZ thickness beneath Area A after 
wavespeed correction using the global (Lu et al., 2019) and re-
gional (Chen et al., 2017) models are consistent, which is ∼25 km 
thicker than normal. Therefore, a higher degree of low temperature 
anomaly (about −300 K) is required to produce the observation. In 
Area B, the observed 15 km and 5 km apparent depression of the 
d410 and d660, respectively, and the resulting 10 km thinning of 
the MTZ are attributable to a low wavespeed zone above the d410
and a high wavespeed anomaly in the MTZ associated with the 
subducting slab. If we assume a d ln(V s)/d ln(V p) value of 1.95, 
which was found by searching for the optimal d ln(V s)/d ln(V p)
value that minimizes the XCC between the corrected d410 and 
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Fig. 8. Schematic sketch of MTZ structure for an E-W profile along 45◦N. The blue 
body is the subducted Pacific slab, and the red column represents thermal upwelling 
beneath the Hangay Dome. The blue, white, and yellow arrows indicate hydrous 
migration, plate movement relative to the subducted slab, and thermal upwelling, 
respectively.

d660 depths (Fig. S5) using the approach described in Gao and Liu 
(2014b), a low wavespeed zone with a mean V p anomaly of about 
−1.1% above the d410 would result in an apparent depression of 
15 km for both the d410 and d660, while a mean high-wavespeed 
anomaly of about +1.2% in the MTZ from the subducting slab 
would lead to a 10 km apparent uplift of the d660. The required 
wavespeed anomalies above the d410 and in the MTZ to produce 
the observed undulations of the discontinuities are slightly larger 
than those from previous seismic tomographic studies (Fig. 6). This 
difference is possibly caused by two reasons. First, the magnitudes 
of the wavespeed anomalies in this study are estimated under 
the assumption that the d ln(V s)/d ln(V p) value is 1.95, which is 
searched by minimizing the XCC in the whole study area (Fig. S5). 
The actual d ln(V s)/d ln(V p) value may be spatially varying due 
to variable thermal, water-content and other conditions. A larger 
assumed d ln(V s)/d ln(V p) value can lead to a reduction of the es-
timated magnitude of wavespeed anomalies (Fig. S6). Second, the 
wavespeed anomalies from tomographic studies (Fig. 6) are rela-
tive to the mean values rather than absolute values at each depth 
layer, consequently, the calculated mean wavespeed anomalies us-
ing tomographic results may be smaller than the actual values.

A thinned MTZ beneath Area B is also observed by Zhang et 
al. (2016) but with different shape and magnitude. Zhang et al. 
(2016) attribute the thinned MTZ to slab tearing associated with 
stagnation of the descending Pacific plate. However, the MTZ thin-
ning in this area after wavespeed correction is only 3 km for the 
wavespeed model of Lu et al. (2019), and 4 km for the wavespeed 
model of Chen et al. (2017). The close-to-normal wavespeed cor-
rected MTZ thickness, when combined with the recent tomo-
graphic observations that the slab is continuous and lack of low 
velocity anomaly in the MTZ, indicates that the apparent MTZ 
thinning beneath this area is mainly caused by the high velocity 
anomaly related to the descending Pacific plate in the MTZ, rather 
than the slab tearing.

The large depression of the d660 (19 km) and significant MTZ 
thickening (12 km) west of the 600 km depth contour line of the 
top of the subducting Pacific slab imply that the subducted slab 
contacts closely with the d660 in Area C (Figs. 3, 4, and 8). Sim-
ilarly, an ∼9 km MTZ thickening results from a 6 km apparent 
depression of the d410 and 15 km apparent depression of the 
d660 (Fig. 3) is observed in the Area D. The magnitude of MTZ 
thickening after wavespeed correction increases to about 12 km, 
indicating that the thermal or water anomalies exist in the MTZ 
beneath this area. The existence of a thicker-than-normal MTZ 
beneath the southern part of Area D is consistent with the ob-
servation by a previous MTZ study (Chen and Ai, 2009), which 
mapped an up to 30–40 km MTZ thickening on the eastern side 

of 114◦E beneath the North China Craton, but is inconsistent with 
the observation of no obvious variations of MTZ thickness in this 
area reported by another study (Zhang et al., 2016). Previous to-
mographic studies (Fig. 6) also show that the leading edge of the 
stagnant Pacific slab in the MTZ reaches the Great Xing’an Range. 
Therefore, we speculate that the thickened MTZ beneath Area D is 
related to the stagnant Pacific slab in the MTZ. Beneath Area E, an 
∼12 km depression for both the d410 and d660 is observed. Both 
the apparent and wavespeed corrected MTZ thicknesses in Area E 
are normal (Figs. 4 and 7), which is consistent with the results 
reported by previous MTZ studies (Chen and Ai, 2009; Zhang et 
al., 2016), indicating that a cold slab is absent beneath this area. 
Similarly, this study and the study of Zhang et al. (2016) found 
that most part of the region between Areas C and D has normal 
d410 and d660 depths, suggesting either the absence of a slab, or 
a thin/thermally normal slab that does not significantly impact the 
topography of the MTZ discontinuities (Fig. 8).

4.2. Formation mechanism of intraplate volcanoes in NE China

The intraplate Cenozoic volcanoes in NE China, including the 
Changbaishan, Jingpohu, Longgang, and Wudalianchi, are mainly 
distributed in Area C which is characterized by an MTZ that is on 
average 12 km thicker than normal (Fig. 4). The MTZ thickening 
is due to an 7 km apparent depression of the d410 and a 19 km 
apparent depression of the d660 (Fig. 4). The wavespeed corrected 
MTZ thickness beneath Area C is about 15 km thicker than normal 
(Fig. 7), which can be attributed to a considerable degree of accu-
mulation of the stagnant slab in the lower MTZ (Chen et al., 2017; 
Fig. 3). In the following, we use two models involving wavespeed, 
thermal, and water content anomalies in the upper mantle and 
MTZ to quantitatively discuss the apparent and wavespeed cor-
rected MTZ discontinuities in this area attempting to associate the 
volcanism with MTZ structure.

In the model for the apparent depths, if we assume a d ln(V s)/

d ln(V p) value of 1.95 and a slab thickness of 150 km Chen et 
al., 2017; Tang et al., 2014), a mean V p anomaly of −0.5% above 
the d410 would lead to an ∼7 km apparent depression of both 
the d410 and d660, while a +2.0% V p anomaly of the slab in 
the MTZ can lead to an ∼10 km apparent uplift of the d660
(Gao and Liu, 2014a). Additionally, if the scaling relationship of 
dV p/dT = −4.8 × 10−4 km s−1 ◦C−1 (Deal et al., 1999) is used, the 
+2.0% V p anomaly associated with the stagnant slab would corre-
spond to a −420 K thermal anomaly, which results in an additional 
depression of the d660 by about 15 km if a Clapeyron slope of 
−1.3 MPa/K (Fei et al., 2004) is used. The net 12 km depression 
of the d660 based on this model is 7 km smaller than the 19 km 
depression observed in this study.

In the second model, the average V p anomaly at the depth of 
660 km beneath Area C is about +0.8% (Chen et al., 2017). Un-
der the assumption that the dV p/dT = −4.8 × 10−4 km s−1 ◦C−1

(Deal et al., 1999), the +0.8% V p anomaly corresponds to a −170 K 
thermal anomaly, leading to an ∼6 km MTZ thickening due to the 
depression of the d660, which is about 9 km smaller than the ob-
served 15 km MTZ thickening. Therefore, both the apparent and 
wavespeed corrected MTZ structures cannot be explained solely by 
the negative temperature and corresponding positive wavespeed 
anomalies related to the stagnant slab in the lower MTZ.

Mineral physics experiments predict that cold and old (≥ 50 
Myr) slabs have the capability of carrying water into the MTZ, by 
hydrous minerals and dense hydrous magnesium silicates (Pear-
son et al., 2014; Thompson, 1992). Water solubility of wadsleyite 
and ringwoodite in the slabs reduces with increased temperature 
(Ohtani et al., 2004), and thus facilitates gradual and long-lasting 
slab dehydration. Many studies reveal that a high water content 
exists in the MTZ beneath some areas above the stagnant slabs 

in NE China (Kelbert et al., 2009), which is considered to be the 



M. Sun et al. / Earth and Planetary Science Letters 532 (2020) 116040 9
result of deep dehydration from the stagnant slab. Litasov et al. 
(2005) indicate that at 1473 K temperature condition, 2 wt.% of 
water in hydrous peridotite can lead to 15 km depression of the 
d660. If this is the case, the remaining 7–9 km depression of the 
d660 observed in Area C can be attributed to an about 0.9–1.2 wt.% 
of water content in the lower MTZ, which is slightly higher than 
the 0.8 wt.% value estimated by Wei et al. (2015) based on seis-
mic tomography. The existence of high water concentration in the 
MTZ and the long-term (∼150 million years) subduction history of 
the Pacific plate are consistent with the hypothesis that the volca-
noes in this area may be related to wet upwelling originated from 
dehydration of the subducted Pacific slab, a mechanism that has 
been proposed to explain the loss of cratonic root beneath North 
China (Zhu et al., 2012) and the formation of Cenozoic volcanoes 
and continental floods basalts in NE China (Chen et al., 2017; Tian 
et al., 2016; Wei et al., 2019).

4.3. Possible westward shift of upper mantle low wavespeed anomalies 
beneath the Datong volcanic field and adjacent area relative to the MTZ

Beneath Area E, an ∼13 km apparent depression for both 
the d410 (422.9 ± 7.4 km) and d660 (672.6 ± 6.0 km) are ob-
served (Fig. 4). The nearly normal apparent (249.2 ± 6.2 km) and 
wavespeed corrected MTZ thicknesses (250.9 ± 7.2 km) suggest 
the absence of velocity and other anomalies in the MTZ beneath 
this area. A close-to-normal MTZ thickness beneath Area E is also 
reported by previous MTZ studies (Chen and Ai, 2009; Zhang et 
al., 2016). The simplest explanation for the observations is a low 
wavespeed above the d410 with a mean V p anomaly of −1.0%. The 
magnitude and spatial distribution of the low wavespeed anoma-
lies are in general agreement with seismic tomography results (e.g., 
Lei, 2012; Li et al., 2018). The Datong volcanic field, the largest 
Quaternary intraplate volcanic filed in the North China Craton, is 
located at the boundary between Area E and the adjacent Area 
D, which is characterized by an ∼9 km MTZ thickening. In spite 
of numerous studies (Huang and Zhao, 2006; Lei, 2012; Li et al., 
2018), the causes of the intraplate volcanism remain enigmatic. 
Proposed models include upwelling of asthenospheric flow along 
the edge of the thick lithosphere of the Ordos block, and thermal 
upwelling from the lower mantle (Lei, 2012). The similarity in the 
NNW-SSE elongated shape and size between Areas E and D may 
suggest a causative link between the low wavespeeds above the 
d410 beneath Area E and the thickened MTZ beneath Area D. We 
speculate that similar to Area C, volcanism and low wavespeeds 
above the d410 beneath Area E were initially caused by dehydra-
tion of the stagnant Pacific slab currently beneath Area D (Fig. 8). 
Under this model, the between the low wavespeed upper mantle 
in Area E and the thickened MTZ in Area D probably suggest a 
westward movement of the upper mantle beneath Area E relative 
to the stagnant Pacific slab in the MTZ beneath Area D. However, 
although the existence of the low wavespeed anomaly above the 
d410 beneath Area E is reported by previous tomographic studies 
(e.g. Chen et al., 2017), further interdisciplinary investigations are 
required to test the hypothesis.

4.4. Absence of significant thermal upwelling traversing the MTZ 
beneath the Baikal Rift

The BRZ (Region F) is characterized by an apparently depressed 
d410 and d660 that are 9 and 16 km deeper than normal, respec-
tively, and a slightly thickened MTZ with a magnitude of 7 km 
(Fig. 4). The apparently depressed MTZ discontinuities indicate that 
a low wavespeed anomaly exists above the d410, which is con-
sistent with previous tomographic studies (e.g., Gao et al., 2003). 
The MTZ thickness corrected by the global wavespeed model (Lu 

et al., 2019) is also slightly thicker than normal with a magnitude 
of 4 km (Fig. 7). Similar to more localized studies (Liu and Gao, 
2006; Si et al., 2013), the observed slightly thickened MTZ sug-
gests the present-day absence of a thermal upwelling traversing 
the MTZ directly beneath the BRZ.

4.5. Thermal upwelling beneath the Hangay Dome and Altai Mountain

The most prominent feature in central Mongolia is an on aver-
age 22.3 ± 8.2 km thinning of the MTZ beneath the Hangay Dome 
and Altai Mountain (Area G) in an approximately circular region 
of about 400 km in diameter. This thinning is centered at the 
Hangay Dome and is associated with a 10 km apparent depres-
sion of the d410 and a 12 km uplift of the d660 (Figs. 4 and 7). 
After wavespeed correction using the global wavespeed model of 
Lu et al. (2019), an obvious MTZ thinning is still observed with a 
magnitude of 23 km (Fig. 7). A recent RF study (Chen et al., 2015) 
reports a 10–20 km thinner-than-normal MTZ beneath the Hangay 
Dome, and interprets it as the consequence of a slightly warmer 
thermal anomaly across the MTZ. However, although both stud-
ies find a similar magnitude of MTZ thinning beneath the Hangay 
Dome, there is a significant discrepancy in the distribution of the 
observed thinned MTZ. In this study, the thinning of the MTZ pri-
marily occurs between 100◦E and 105◦E, while that revealed in 
Chen et al. (2015) mainly exists between 104◦E and 110◦E. This 
discrepancy is most likely caused by the fact that different stations 
were used in Chen et al. (2015) and in this study.

One of the simplest interpretations for the thinner-than-normal 
MTZ in this area is that thermal anomalies beneath the Hangay 
Dome traverse the whole MTZ from the lower mantle. Assuming 
Clapeyron slopes of +2.9 MPa/K and −1.3 MPa/K for the d410 and 
d660 (Bina and Helffrich, 1994; Fei et al., 2004), respectively, the 
observed 22–23 km thinning of the MTZ corresponds to a 180–190 
K temperature increase in the MTZ. The presence of the ther-
mal anomaly from the lower mantle beneath the Hangay Dome is 
also evidenced by various studies using different techniques. The 
integrated seismic study (Chen et al., 2015) finds a thinner-than-
normal MTZ and low wavespeed anomalies through the entire MTZ 
beneath the Hangay Dome. A tomographic study (Zhang et al., 
2017) focused on central Mongolia also reveals a low wavespeed 
zone rooted at least 800 km depth beneath the Hangay Dome, sug-
gesting that a deep thermal upwelling may have caused the uplift 
of the Hangay Dome and the magmatism of the active Khanuy Gol 
and Middle Gobi volcanoes. Similarly, using regional gravity data, 
Zorin et al. (2003) construct 3-dimensional gravity models and re-
veal the existence of deep thermal upwelling beneath Mongolia, 
including the Hangay Dome and the Hentay Mountains.

5. Conclusions

Using an unprecedentedly large number of RFs and a non-plane 
wave RF stacking technique, we imaged the topography of the d410
and d660 beneath NE Asia. Beneath the study area, a low XCC 
between the apparent depths of the d410 and d660 is obtained, 
suggesting the presence of thermal, water content and wavespeed 
anomalies in the MTZ. The negative temperature anomaly associ-
ated with the subducted Pacific slab is responsible for the three 
approximately N-S oriented zones with thickened MTZ. Most of 
the major Cenozoic volcanoes in NE China are underlain by a de-
pressed d660 and thickened MTZ, which can be explained by hot 
and wet upwelling originated from dehydration of the subducted 
Pacific slab. The strong low wavespeed anomalies above the d410
west of the Datong volcanic fields can be explained by the dehy-
dration from the leading portion of the stagnant Pacific slab in the 
MTZ into the upper mantle, which has shifted toward the west by 
∼400 km relative to the stagnant slab. The thickened MTZ beneath 

the BRZ is inconsistent with the present-day existence of active 



10 M. Sun et al. / Earth and Planetary Science Letters 532 (2020) 116040
thermal upwelling from the lower mantle. In contrast, the pres-
ence of a thermal upwelling from the lower mantle cross the MTZ 
is indicated by the observed abnormally thinned MTZ beneath the 
Hangay Dome.
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