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In order to better understand the deep subduction geometry of the Pacific plate and genesis of intraplate 
volcanism in northeast China (NE China), we computed a total of 45,505 receiver functions from 788 
teleseismic events recorded by 255 stations (NECESSArray temporal and permanent stations) in NE China. 
We used a common-conversion-point stacking (CCP) method to generate a 3D reflectivity volume beneath 
the study area. To position the P-to-S conversions to the correct depths, we employed 3D crustal and 
mantle models as references to make time to depth conversion. The 3D reflectivity volume was generated 
in an area between 115◦–135◦E and 40◦–49◦N, in the depth range of 300 to 800 km. We found significant 
topographic relief on the 660-km discontinuity across the study area. In particular, in a westward Pacific 
plate subduction section between 40◦N and ∼45.5◦N, the 660-km discontinuity is depressed by as much 
as ∼30–40 km along the western extension of the deep seismicity. The depression is elongated along the 
strike of the deep seismicity and is confined to a 200–300 km region in the E–W direction of subduction. 
To the west of this depression the 660-km discontinuity is uplifted by 5–10 km in a rectangular area 
of ∼100 km by 200 km centered at about 125◦E and 43◦N. In the north, the 660-km discontinuity is 
moderately depressed (∼20 km) in a broad area that extends further west. The high and low regions 
in the 660-km topographic map correlate, respectively, with low- and high-velocity anomalies in the P-
and S-wave tomographic velocity images at the same depth. Our results suggest that slab stagnation 
might not be occurring in the southern part of the NE China, where the Changbaishan volcanic complex 
is located, thus the magmatism is unlikely caused by dehydration of the flat-lying Pacific slab in the 
transition zone. The low velocity mantle upwelling arising from a gap of stagnant slabs is a likely source 
that feeds the volcanic complex in NE China.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Northeast China (NE China) consists of the northeast China 
plain (Songliao Basin) in its center, the Great Xing’an Range in the 
west, and the Changbai Mountain Range (as known as Paektu in 
North Korea, Baekdu in South Korea) in the southeast. NE China is 
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presently located ∼1300 km away from the Japan Trench where 
the Pacific plate begins subducting and reaches approximately 
600 km deep near the eastern edge of the area (Fig. 1). Many 
tomography models (Fukao et al., 2003; Huang and Zhao, 2006;
Li and van der Hilst, 2010; Wei et al., 2012) suggest that the sub-
ducting Pacific plate starts to bend upward and lies flat within the 
transition zone beneath NE China. The total length of the high 
velocity anomaly revealed by these models is <2000 km, much 
less than the estimate based on plate reconstruction (Engebretson 
et al., 1992), which shows that roughly 5000 km of Pacific plate 
has subducted at the Japan Trench during the past 50 Ma. The 
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Fig. 1. Map showing topography, major faults, and tectonic units of NE China. The purple lines outline major basins in the area. The black solid lines and the dotted 
yellow lines represent the large strike-slip faults and major suture zones, respectively. Blue solid squares and black solid triangles represent the 127 temporary and 128 
permanent broadband stations of the NECESSArray, respectively. The temporary stations were deployed under an international collaboration between 09/2009 and 08/2011. 
The permanent stations are part of the provincial seismic networks operated by the China Earthquake Administration (CEA). The array covers an area of 116◦–134◦ east and 
40◦–48◦ north, roughly ∼1800 km and ∼800 km in the EW and NS direction, respectively. Red volcanic symbols show the three magmatic centers in the area, Wudalianchi, 
Jingpohu, and Changbaishan, among which Changbaishan is the largest active magmatic center in China. Solid circles indicate major cities in the area. The bottom-right inset 
shows the motion of the Pacific plate relative to the Eurasia plate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.)
limited resolution in seismic tomography due to the lack of seis-
mic stations in the area may have partly contributed to this dis-
crepancy. There are only 3 ISC stations in NE China, which were 
used in the tomography study by Fukao et al. (2003). Several re-
cent studies (Huang and Zhao, 2006; Li and van der Hilst, 2010;
Wei et al., 2012) used the provincial networks in the area; station 
distribution of these networks is, however, highly uneven (black 
triangles in Fig. 1). There are very few stations inside the Songliao 
Basin and the great Xing’an Range, which are crucial in resolving 
the leading edge of the subducting Pacific plate beneath the area. 
The geometry of the subducting slab in this area is thus not well 
constrained.

It is known that the Songliao Basin was a rifting basin started 
at ∼157 Ma in late Mesozoic when the shallow subducted Paleo-
Pacific plate began to rollback (Ren et al., 2002). Mesozoic volcanic 
rocks are widely distributed in the region, indicating that active 
volcanism occurred during the rifting. Volcanism continued in the 
Cenozoic time in a rather episodic and sporadic manner (Liu et 
al., 2001). Although it is generally believed that the Cenozoic vol-
canism in NE China is somehow related to the subduction of the 
Pacific plate beneath the area, detailed mechanism on the origin 
of the volcanism, such as the formation of the active Changbai 
volcano located on the border between China and North Korea, is 
still not well understood. Based on tomographic imaging using two 
GSN stations and a small array (18 stations) deployed along the 
China–North Korea border, Lei and Zhao (2005) found a “colum-
nar low-velocity anomaly extending to 400 km depth” beneath the 
Changbai volcano and interpreted it as an upwelling from dehy-
dration of the slabs in mantle transition zone, which drives the 
extension and magmatic activity in the region. Zou et al. (2008)
suggested that the piling up and thickening of the stagnant slab 
in the transition zone could drive asthenospheric upwelling and 
induce decompression melting at shallow depths. On the other 
hand, Niu (2005) speculated that edge-driven small-scaled convec-
tion along the edges of the Songliao Basin might be responsible for 
the observed magmatism.

This study is part of the international collaborative project, 
NECESSArray (the NorthEast China Extended SeiSmic Array), which 
deployed a total of 127 portable broadband seismographs in NE 
China. The goal of the project is to build high-resolution seismic 
images of the mantle beneath NE China in order to better constrain 
the subduction geometry of the Pacific slab and to understand the 
formation of the widespread magmatism in the area. In particular, 
here we intend to delimit cold subducting slabs and hot mantle 
upwellings within the mantle transition zone by investigating the 
depth variations of the 410-km and 660-km seismic discontinu-
ities.

The 410-km and 660-km seismic discontinuities that bound 
the mantle transition zone are thought to be associated with 
the temperature-sensitive phase transitions from olivine to wad-
sleyite (e.g., Katsura and Ito, 1989), and from ringwoodite to 
perovskite plus magnesiowüstite (e.g., Ito and Takahashi, 1989;
Katsura et al., 2003), respectively. The latter is also known as the 
post-spinel transformation. Because these two phase-transitions 
have a positive and negative Clapeyron slope, respectively, an in-
crease (or decrease) in temperature results in an increase (or de-
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crease) in the depth to the 410-km discontinuity and a decrease 
(or increase) in the depth to the 660-km discontinuity, respec-
tively. Lateral variations in the transition-zone thickness, as well 
as the depths of the two discontinuities, can provide key informa-
tion on lateral differences in mantle temperature at 400–700 km 
depths, and therefore delineate the geometry of a cold slab and a 
hot upwelling within the mantle transition zone.

Li and Yuan (2003) and Ai et al. (2003) mapped the 660-km 
discontinuity beneath part of the area using receiver function data 
recorded by a small array of ∼20 stations deployed along the 
China–North Korea border. They found that the 660-km is 20 to 
30 km deeper near the location of the deepest earthquakes and is 
relatively shallower to the west, which appears to be contradictory 
to the tomography images that show a flat slab extending further 
to the west of the deepest seismicity. The data used by these two 
studies were, however, not sufficient to determine P- and S-wave 
velocity in the mantle, so the estimated depth of the 660-km has 
large uncertainty. The small array also does not provide enough 
coverage to the west, which is crucial to determine the slab geom-
etry. In this study we used a much larger seismic array to study 
deep mantle dynamics beneath NE China.

2. Data and analysis

2.1. NECESSArray

We used the waveform data recorded by the NECESSArray, 
which consists of 127 temporary (blue squares) and 128 perma-
nent broadband stations (black triangles). The 127 temporal PASS-
CAL/ERI (Earthquake Research Institute, University of Tokyo) sta-
tions were deployed under an international collaboration in NE 
China between September of 2009 and August of 2011. Station in-
formation can be found in the supplementary material of Tao et 
al. (2014). The permanent stations belong to 6 provincial networks 
of the China Earthquake Administration (CEA) in the study area 
(Zheng et al., 2009). The array covers an area of 116◦–134◦ east 
and 40◦–48◦ north, roughly ∼1800 km and ∼800 km in the E–W 
and N–S direction, respectively (Fig. 1).

We visually examined all the data from earthquakes with 
M ≥ 5.0, and within the epicentral distance range of 30◦ to 
90◦ recorded by the PASSCAL/ERI stations between 09/2009 and 
08/2011 and by the CEA stations between 07/2007 and 10/2010. 
We chose a total of 788 earthquakes that were well recorded by 
the PASSCAL/ERI and CEA stations. These earthquakes provide a 
good coverage in both distance and azimuth (Fig. 2).

2.2. Receiver functions

We first rotated the two horizontal components of the seismo-
grams to the radial and transverse components. Niu and Li (2011)
found a significant portion of the CEA stations had problems in re-
ported orientation of the seismometers. We used their estimates 
of the sensor orientation at each station, which were determined 
from P-wave particle motions, to rotate the seismograms recorded 
from the CEA stations. We further projected the radial and ver-
tical components to the principal directions (longitudinal and in-
plane transverse) of the covariance matrix computed from the P-
wave data. The receiver functions were then computed from the 
data projected into this coordinate system (hereafter referred to as 
P- and SV-component) (Vinnik, 1977; Niu and Kawakatsu, 1998;
Niu et al., 2005).

We employed the “water-level” deconvolution technique
(Clayton and Wiggins, 1976) to generate receiver functions by a 
division in frequency domain:

RF(ω) = V (ω) × P∗(ω)

2 2
e−( ω

2α )2
(1)
max{|P (ω)| , γ × |Pmax(ω)| }
Fig. 2. Distribution of the 788 earthquakes (red stars) used in this study. The blue 
triangle indicates the center of the seismic array. Note that although the earth-
quakes seem to be ∼20◦–100◦ away from the array center, we only chose stations 
in the epicentral distance range of 30◦ to 90◦ . (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this arti-
cle.)

Here γ and α are two constants that define the “water level” 
and the corner frequency of the Gaussian low pass filter. We set 
them to 0.01 and 1.5, respectively. P (ω) and V (ω) are the spec-
tra of the P and SV components. We used a 100-s time window 
(5 s before and 95 s after the P wave) to compute the source 
spectrum of each earthquake. We further screened all the receiver 
functions with the method of Chen et al. (2010) to eliminate noisy 
data with low signal-to-noise ratio (SNR) and low coherence. The 
total number of receiver functions used in the CCP imaging is 
45505.

2.3. CCP gathering

Iasp91 Ps moveouts. We applied the CCP stacking technique to 
receiver function data to map out P-to-S (Ps) conversion events and 
their lateral variations beneath the array (e.g., Dueker and Sheehan, 
1997; Gilbert et al., 2003; Niu et al., 2005; Wang and Niu, 2011). 
For an assumed conversion depth, d, we first computed the rel-
ative arrival time of the converted phase Pds with respect to the 
direct P arrival, as well as the geographic location of the conversion 
point for each receiver function, by ray tracing the Pds conversion 
phase using the 1D iasp91 velocity model (Kennett and Engdahl, 
1991). We then gathered receiver functions based on the calculated 
conversion points and computed the Pds conversion coefficient by 
adding the amplitude of all the receiver functions at the computed 
Pds relative arrival times.

Parameterization. More specifically, we divided the study area 
(40◦N to 49◦N, 115◦E to 135◦E) into meshed grids of 0.1◦ by 0.1◦ , 
and used a circular cap with a radius of 1 degree for gathering the 
receiver functions. The total number of the caps is 18 291 (91 ×
201), and there are significant overlaps among the caps. This serves 
as a low-pass filter that smoothens the topographic relief of the 
two discontinuities with a corner wavelength roughly equivalent to 
the size of the caps, i.e., ∼200 km. When we summed the receiver 
functions, instead of adding the single value recorded at the closest 
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Fig. 3. Map showing hit counts at depths of 410 km and 660 km. Hit counts are defined as the number of receiver functions with P to S conversion points located inside the 
circular caps. Only the caps with more than 200 hit counts are used in the analysis. Purple lines indicate the Wadati–Benioff zone, showing the geographic location of the 
subducting Pacific slab at 500 km and 600 km depths. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)
sampling point to the Pds moveout, we took a 0.2-s long window 
centered on the arrival time of Pds from each receiver function, 
stacked them, and took the average value of the stacked receiver 
function as the Ps conversion coefficient. We varied d from 300 to 
800 km in increments of 1 km. Fig. 3 shows the distribution of the 
Ps conversion points at the 410-km and 660-km discontinuities, 
together with the hit counts in each cap at the two discontinuities. 
Most of the study area are sampled by more than 200 receiver 
functions.

Nth-root stacking. We employed an Nth-root summation tech-
nique (Muirhead, 1968) in stacking the 0.2-s long sequences. For 
the ith grid cap, let rk(t) represent the kth receiver function gath-
ered in the cap, and tdk is the Pds arrival time for a discontinu-
ity with a depth of d, the Nth-root summation, Ri(d), is given 
by

Ri(d) = yi(d)
∣∣yi(d)

∣∣N−1
(2)

where

yi(d) = 1

K

K∑
k=1

wk sign
(
rk(tdk)

)∣∣rk(tdk)
∣∣1/N

(3)

Here K is the total number of receiver functions gathered at the 
ith cap, and wk is a Gaussian weight function

wk(d) = exp
{−x2

k/a2}/ K∑
exp

{−x2
n/a2} (4)
n=1
Here xk is the distance between the cap center (grid) and the con-
version point of the kth receiver function. The Gaussian width 
parameter, a, was set to be the same as the cap radius. We 
chose N = 4 to reduce the uncorrelated noise relative to the 
usual linear stack (N = 1). For example, taking two positive num-
bers, x and y, the linearly stacking is (x + y)/2, which is sim-
ply the arithmetic mean. On the other hand, the 2nd-root stack 
gives the value of [(x + y)/2 + √

xy]/2, which is the average 
of the arithmetic and geometric means. Since it takes account 
of both amplitude and coherence, thus the 2nd-root stacking is 
expected to be less sensitive to anomalously large noise that 
may be present in some receiver function data than the linear 
stack.

3D reference models and their Ps moveouts. Selecting an accurate 
reference model in computing the moveout corrections are cru-
cial for focusing and locating Ps conversion events. In addition to 
the 1D iasp91 model (Kennett and Engdahl, 1991), we further em-
ployed two 3D tomographic models, one global and one regional, 
as the reference velocity model in migrating the receiver func-
tion data. The global 3D model is the combination of WEPP2’ P 
model from Fukao et al. (2003) and the TXBW S model from Grand
(2002). The regional model (hereafter referred to as the NECESS 
model) is taken from Tang et al. (2014) and was inverted from the 
traveltime data of the NECESSArray recordings.

We computed the 3D Ps conversion times by superposing the 
1D iasp91 traveltimes with a crustal and a mantle correction, 
which are expected to account for anomalies on the Ps traveltimes 
due to lateral variations in crustal and mantle structures, respec-
tively.



Z. Liu et al. / Earth and Planetary Science Letters 412 (2015) 101–111 105
Fig. 4. Depth sections of the CCP gathered receiver functions along latitude from 49◦N to 40◦N migrated with the 1D iasp91 model. Note the clear P-to-S conversions from 
the 410-km and 660-km discontinuities, and large variations along the sections. Blue ellipses and yellow boxes indicate the narrow and broad depressions of the 660-km 
discontinuity observed in the southern and northern parts of the study region. Purple ellipses show the multiple P to S events located at the two sides of the narrow and 
strong depression in the middle latitudes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Crustal corrections. We formulated the crustal correction at a 
station using the Ps conversion time at the Moho, tobs

Pms , estimated 
by Tao et al. (2014), and the deviation of crustal thickness from 
the iasp91 model:

tc = (
tobs

Pms − tiasp91
Pms

) − �H · Km

where Km = cos θm

βm
− cosϕm

αm
(5)

where tobs
Pms and tiasp91

Pms , are the observed and calculated Moho Ps ar-
rival times. �H , αm , and βm , are the Moho depth anomaly, mantle 
P- and S-wave velocities, respectively, θm and ϕm are the corre-
sponding incident angles of the P and S waves. �H can be further 
approximated by:

�H = (
tobs

Pms − tiasp91
Pms

)/
Kc

= (
tobs

Pms − tiasp91
Pms

)/(
cos θc

βc
− cosϕc

αc

)
(6)

where αc and βc are crustal P- and S-wave velocities, θc and ϕc are 
their corresponding incident angles. Based on Eqs. (5) and (6), the 
crustal correction can be scaled from the Moho Ps time residual 
with respect to the iasp91 model:

tc =
(

1 − Km
)(

tobs
Pms − tiasp91

Pms

)
(7)
Kc
We used the iasp91 model to compute Km and Kc , and for an 
incoming P wave at teleseismic distance of 60◦ and a focal depth 
of 0 km, Km and Kc roughly equal to 0.103 and 0.122, respectively, 
resulting in a scaling factor of ∼0.156.

Mantle corrections. To compute mantle corrections on the rel-
ative Ps traveltime, we took the 1D raypaths of the P and Ps
waves computed with the iasp91 model. Based on the block 
parameterization of the 3D velocity model, we first computed 
the ray segment in each block and its corresponding segment 
traveltime. We then calculated the traveltime correction in each 
block based on the given velocity/slowness perturbation of the 
3D model, and finally summed them to obtain the mantle correc-
tion of each P and Ps raypath. In general, the average 1D veloc-
ity model of a 3D model differs slightly from the iasp91 model. 
We confirmed that the relative Ps arrival times computed from 
the average 1D model are close enough to those of the iasp91 
model.

With the 3D Ps moveouts, we reconducted the CCP stacking and 
measured the depths of the two discontinuities from the stacked 
receiver functions. We compared these values with the iasp91 
depths, and referred the differences of the two to as 3D depth 
corrections. We found that these depth corrections are consistent 
with the averaged traveltime corrections in each bin when a time-
to-depth scaling factor of 10 km per second is used.
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Fig. 5. Maps showing the depth to the 410-km (left, a, c, e), 660-km (right, b, d, f) discontinuities, respectively. The top, middle, and bottom panels show the depths of the 
two discontinuities migrated from the iasp91, 3D global and NECESS velocity models, respectively. The blue circle shown in (b) and (d) indicates the area where multiple 
P to S conversion events exist in the CCP images and the depth of the shallowest event is shown here. The yellow ellipses and box marked with A, B, C and D shown in 
(e) and (f) are anomalous regions with a deeper 660-km discontinuity, while the red ellipse marked E in (e) and (f) is the most prominent region with a shallower 660-km 
discontinuity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
3. Results

3.1. CCP migration with iasp91

In general, the P-to-S conversions at the 410-km and 660-km 
discontinuities can be seen clearly on most of the CCP stacks, as 
shown in Fig. 4. In all the depth cross sections the 660-km dis-
continuity is well imaged while the 410-km is clearly seen at low 
latitudes, and becomes quite complicated as moving towards north. 
This is especially true in the northernmost latitudes (48◦ and 49◦) 
and the corners, where P410s becomes difficult to be picked. In 
the southern part of the study area, as shown in the lower part of 
Fig. 4, the 660-km displays a substantial and localized depression 
of ∼30–50 km in the longitudinal range of ∼128◦ to 131◦ (blue 
ellipses in Figs. 4g–4j). To the west of the depression, at longitude 
of ∼125◦ , the 660-km discontinuity is slightly uplifted as com-
pared to further west. On the other hand, the depression becomes 
less substantial and broader as it gradually approaches to the north 
(yellow rectangles in Figs. 4b–4d). In the middle latitudes, we also 
found other strong P-to-S conversions below the 660-km at the 
two sides of the depression (pink ellipses in Figs. 4e and 4f).

We manually picked the depths of the two discontinuities from 
bins with a hit count of ≥200. The lateral variations of the two 
discontinuities are shown in Figs. 5a and 5b, respectively. Inter-
polation is applied for a small number of grids (less than 0.8% of 
the total grids) whose stacks do not show robust P410s or P660s. 
The depth of the 410-km discontinuity varies between 403 km 
and 434 km with an average value of 417 km, while the 660-km 
is located between 651 km and 706 km deep below the sur-
face and has an average depth of 670 km. The most prominent 
depth anomaly of the 660-km is located in the western end of the 
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Fig. 6. Depth corrections on the 1D migration depth of the 410-km (left) and 660-km (right) computed from the observed Moho Ps arrival times (a–b); the global 3D 
model (c–d); and the NECESS 3D model (e–f). Red and blue indicate negative and positive corrections to the depths derived from the 1D iasp91 model, respectively. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
deep seismicity, where the upper- and lower-mantle boundary is 
∼30–50 km deeper than the global average, ∼660 km (Flanagan 
and Shearer, 1998). The depression is elongated along the strike 
of the Pacific slab and is confined within a ∼250 km wide area 
in the E–W subduction direction. Approximately 200–300 km west 
of the depression, the 660-km is slightly uplifted by a few kilome-
ters. The most visible uplift is seen at around 45◦N where multiple 
peaks are present in the stacked receiver functions as mentioned 
above, and the depth shown here is picked from the most promi-
nent conversion, which is the shallower one.

3.2. Crustal corrections

Tao et al. (2014) found that the Pms residual time varies from 
−1.17 to 1.41 s, which converts to a crustal correction of −0.18 
to 0.22 s if we use a scaling factor of ∼0.156. We restacked the 
receiver functions gathered in each bin using the corrected P410s
and P660s moveouts. The migrated depth of the two discontinu-
ities differs from the iasp91 estimates only by a few kilometers 
(within ±2.5 km). Figs. 6a and 6b show the depth corrections to 
the 410-km and 660-km discontinuities due to the crustal struc-
ture in the study area. Since the geographic location of the Ps 
conversion point changes with depth and the receiver functions 
used to stack P410s and P660s at each grid are different from each 
other, we anticipated different crustal corrections for the two dis-
continuities. However, the difference appears to be rather trivial, 
as shown in Figs. 6a and 6b. Tao et al. (2014) found that the crust 
beneath the Great Xing’an Range is much thicker (∼40 km) than 
that below the Songliao Basin and the eastern part of the study 
area. This pattern is well seen in Figs. 6a and 6b. Negative correc-
tions are located at the Great Xing’an Range in the west side of 
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the Songliao Basin, whereas the Songliao Basin and the east part 
of the study area are featured by a positive correction of ∼2 km.

3.3. CCP migration with the global 3D model

Figs. 6c and 6d show the lateral variations of the depth cor-
rection computed from the global 3D model, which range from 
∼−7 to ∼7 km for the 410-km, and from ∼−7 to ∼16 km for 
the 660-km, respectively. In both depths, the positive corrections 
are distributed in the east where high velocity anomalies associ-
ated with the subducting Pacific plate are imaged by the global 
model, and the corrections in the west part of the study area in-
cluding the Songliao Basin are predominantly negative.

The depth variations of the corrected 410-km and 660-km are 
shown in Figs. 5c and 5d, respectively. Because of the corrections, 
the narrow depression on the 660-km in the front of the deep 
seismicity (Fig. 5d) becomes more prominent than that of the 
iasp91 image (Fig. 5b). The depression roughly follows the 600-km-
deep contour line of the Wadati–Benioff zone in the N–S direction, 
and terminates at the northern end of the deep seismicity. Since 
the mantle corrections inside the Songliao Basin and its south-
eastern edge are negative, the uplift on the 660-km beneath the 
basin (Fig. 5d) becomes more prominent than that observed on the 
iasp91 image (Fig. 5b). We found that most of the mantle correc-
tions seem to come from the S-wave model, which has relatively 
poor resolution in the study area due to lack of data coverage, thus 
it is very likely that the uncertainties in the corrections are as large 
as their amplitudes. In fact, we did not find any significant increase 
in the amplitude of the stacked P410s and P660s phases with the 
global 3D moveouts.

3.4. CCP images with the NECESS model

The NECESS model was derived from the absolute and rela-
tive travel times of P and relative travel times of the S waves 
recorded by the array (Tang et al., 2014). The P-wave data were 
inverted together with the global ISC traveltime data, while the S 
data included only the NECESSArray data, and the two were in-
verted independently. Based on resolution tests and 3D waveform 
modeling, Tang et al. (2014) found that the observed waveform 
variations of the SH wave across the array are better explained by 
a modification of the S model (TZ2S) with doubled velocity pertur-
bations below the 400 km depth. As such, we used the TZ2S model 
as the reference S-wave model. The corrections on the depth of the 
two discontinuities are ∼−15–6 km for the 410-km (Fig. 6e) and 
∼−13–15 km for the 660-km (Fig. 6f), respectively. The largest 
depth correction on the 410-km is observed beneath the Chang-
baishan volcanic complex, which is underlain by a substantial low 
velocity column extending from the surface to the transition zone, 
according to Tang et al. (2014). The corrections to the depth of 
the 660-km discontinuity are predominantly positive except for the 
Changbaishan area.

Figs. 5e and 5f show the topographic maps of the two discon-
tinuities with the NECESS 3D model. The 660-km discontinuity 
shows a similar narrow and prominent depression in the south 
as mentioned before. In the northern part, there is a broad but 
moderate depression (∼20 km) in the longitudinal range of ∼123◦
to ∼129◦E. On the other hand, the map shows an eminent to-
pographic high centered around 43◦N, 125◦E (the red ellipse in 
Fig. 5f) due to a negative depth correction, whereas the other up-
lifts, especially the one at around 45◦N, 125◦E (the blue circle 
shown in Figs. 5b and 5d) are absent here.

4. Discussion

In addition to the two upper mantle discontinuities, there are 
several intermittent negative pulses at depth between 300 and 
400 km (Fig. 4), which may represent true structures in the up-
per mantle. A low-velocity layer above the 410-km discontinu-
ity has been observed beneath many locations (e.g., Revenaugh 
and Sipkin, 1994; Song et al., 2004; Jasbinsek and Dueker, 2007;
Tauzin et al., 2010). However, many stations used in the stacking 
here are located inside the Songliao Basin. The underlying sedi-
ment beneath these stations can generate strong reverberations 
on receiver function that may extend to ∼30–35 s after the P 
wave. The potential interference between the reverberations and 
the deep Ps conversions makes it difficult to determine the nature 
of the observed negative pulses.

Between 42◦N to 45◦N latitudes, we also found other strong 
P-to-S conversions below the 660-km at the two sides of the de-
pression (pink ellipses in Figs. 4e and 4f). Observation of multiple 
velocity jumps at depths between 650 km and 750 km have been 
reported by many studies. Niu and Kawakatsu (1996) found a com-
plicated 660-km at the tip of the subducting Pacific plate beneath 
NE China, and suggested that the observed velocity jumps are 
likely caused by multiple phase transitions of olivine and garnet. 
The geographic locations of the multiple jumps are consistent with 
the one reported by Niu and Kawakatsu (1996). However, since 
the multiple conversions are observed around the two sides of the 
depression, and the CCP gathering assumes flat layers in locating 
P-to-S conversion sources, it is difficult to determine whether or 
not the multiple conversions are caused by diffractions at the cor-
ners of the depression. We also note that such multiples are not 
seen in the southern latitude, where the depression is also promi-
nent. Thus we felt that these multiples, together with the negative 
pulses above the 410-km, require further investigations in order to 
understand their nature, which is beyond the scope of this study. 
Here we focus our discussion on the 410-km and 660-km discon-
tinuities and their relationships with the Pacific subduction and 
mantle upwelling.

It is known that the estimates of the absolute depths of the two 
discontinuities depend highly on the assumed P- and S-wave ve-
locity (especially their ratio) in converting Ps traveltimes to depths. 
Since the uppermost 400 km of the mantle is well known for the 
presence of strong lateral heterogeneities, the estimated depths of 
the 410-km and 660-km discontinuities could have large uncer-
tainties due to unmodeled velocity structures above the 410-km 
discontinuity. Estimates on the transition zone thickness, on the 
other hand, are generally thought to be more or less correct, as lat-
eral heterogeneities inside the transition zone are relatively smaller 
than those of the upper mantle. We found that the corrections 
on transition zone thickness computed from the 3D global model 
range from −4 to 10 km (Fig. 7). Most of the large corrections are 
located at the southeastern edge of the study area due to slab-
related high-velocity anomalies within the transition zone. Also in 
the corners, the incoming rays are limited to certain directions, 
such that the time-to-depth migration can be easily affected by 
anomalous structures along the raypath (Fig. 7a). Overall, the cor-
rections are within ±5 km, therefore the thickness maps of the 
transition zone derived from the 1D iasp91 model (Fig. 7c) and 3D 
global model (Fig. 7d) are nearly identical.

On the other hand, the corrections computed from the NECESS 
model vary from −5 to 17 km (Fig. 7b). The corrections are pre-
dominantly positive across the study area except for two spots. 
One of the spots is located at around 43◦N, 125◦E (red ellipse 
in Fig. 7b), and is caused primarily by a continuous low-velocity 
column extending across the transition zone (Fig. 7f) (Tang et al., 
2014). The S-wave velocity perturbations inside the column are 
much larger than those of P wave, resulting in a large anomaly in 
the Ps traveltime. Waveform modeling of the NECESSArray record-
ings of two earthquakes from southwest Pacific indicated that the 
S-wave velocity contrast between the low velocity column and its 
surrounding areas can reach as much as 8% (Tang et al., 2014). 
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Fig. 7. Corrections on transition zone thickness computed from the 3D global P and S-wave models (a) and the NECESSArray 3D P and S wave models (b). Red and blue 
represent negative and positive corrections, respectively. Note the large difference between (a) and (b). Transition zone thickness migrated with the 1D iasp91 model (c), the 
global 3D model (d) and NECESS 3D models (e). Red and blue indicate thin and thick transition zone, respectively. Transition zone thickness computed with the 1D iasp91 
model and the global 3D model roughly shows similar distribution due to the small correction shown in (a). Multiple Ps conversion events are observed in the area marked 
with the blue circle in (c) and (d), and the depths of the shallowest event are used in computing the transition zone thickness here, resulting in a relatively thin transition 
zone in this part of the study area. (f) S-wave velocity perturbations at 660 km depth from the NECESS S model (Tang et al., 2014). Red and blue indicate slow and fast 
velocity anomalies, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Thus it might not be always suitable to use a 1D model to 
estimate transition zone thickness in regions such as subduc-
tion zones where the transition zone could be strongly hetero-
geneous. The lateral distribution in transition zone thickness mi-
grated with the 3D NECESS model is shown in Fig. 7e, which 
correlates well with the depth of the 660-km discontinuity shown 
in Fig. 5f.

We checked the amplitude of the CCP stacks migrated with the 
iasp91, the global and NECESS models and found that the NECESS 
P660s generally has the highest average amplitude among the 
three migrations (average amplitude ratio AP660s_NECESS/AP660s_iasp91

= 1.10, AP660s_global/AP660s_iasp91 = 0.97). Thus it is reasonable to 
assume that the depths migrated from the NECESS model better 
reflect the true depths of the two discontinuities.
The depth of the 410-km discontinuity migrated from the 
NECESS model varies from 400 to 428 km with an average of 
414 km (Fig. 5e), while the 660 km is located in the depth range 
between 654 km and 700 km, with an average depth of 674 km 
(Fig. 5f). The transition zone thickness varies from 239 to 288 km, 
with an average of 261 km (Fig. 7e). In the southwestern (A in 
Figs. 5e and 5f) and northwestern (B in Figs. 5e and 5f) edges, 
the 410-km appears to be uplifted by a few kilometers while the 
660-km is depressed by the similar amount, resulting in a thick 
transition zone beneath the two areas (A and B in Fig. 7e). How-
ever, as shown in Fig. 4, the stacked amplitude of P410s in the 
region B is generally low, depth of the 410-km discontinuity thus 
might not be well constrained in this area. The anti-correlation be-
tween the depths of the two discontinuities indicates a cold tran-
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sition zone beneath southwestern part of the Great Xing’an Range. 
Tang et al. (2014) found a westward dipping fast-velocity anomaly 
beneath the same area. The anomaly runs across the 410-km and 
extends nearly to the 660-km discontinuity with a high dipping 
angle, which is consistent with what we observed here.

The most prominent anomaly in the estimated depth of the 
660-km discontinuity as well as in the transition zone thickness 
lies at the extension of the deepest seismicity of the Wadati–
Benioff zone (region D in Figs. 5f and 7e). The 660-km disconti-
nuity is depressed by ∼40 km compared to the global average. 
If we use a Clapeyron slope of −2.0 MPa/K (Litasov et al., 2006)
for the ringwoodite-to-perovskite phase change, then the observed 
40 km depression corresponds to a 667 K temperature anomaly as 
compared to the global average. Kawakatsu and Yoshioka (2011)
calculated the temperature profile of the subducting slab beneath 
the Japan Trench and showed that the temperature difference be-
tween the slab and surrounding mantle in the transition zone is 
around 650 K, which is roughly consistent with the estimate here. 
The region with narrow and strong depression ends at around 
45.5◦N, where the 600 km contour line of the Wadati–Benioff zone 
terminates. We also noticed that the elongated region of depres-
sion has a slightly different orientation from the N–S strike of the 
deep Wadati–Benioff zone (Fig. 5f).

In the northern area (region C in Figs. 5f and 7e), we found that 
the 660-km is moderately depressed by ∼20 km in a broader area 
along the E–W direction, as compared to the south. This difference 
in the depression of the 660-km discontinuity is consistent with 
the lateral distribution of high-velocity anomalies at the base of 
the transition zone in the 3D NECESS model. Both tomography and 
receiver function images thus suggest that slab stagnation might 
not be a pervasive feature of deep subduction in the study area. In 
the southern part where the Wadati–Benioff zone seismicity can 
be traced down to 600 km deep, we found that slab stagnation in-
side the transition zone is rather limited, within 200–300 km in 
the E–W direction, due to either slab sinking into the lower man-
tle or a lateral tear-off of the slab. To the north, the slab seems to 
extend further west such that the subducted Pacific plate is stag-
nant in this part of the area. It is, however, difficult to determine 
whether the stagnant slab in this area is associated with the cur-
rent stage or a previous episode of subduction.

Another prominent anomaly of the 660-km discontinuity is the 
5–10 km uplift located at about 200 km west to the depression. It 
is an N–S elongated feature that centers at 43◦N and 125◦E with a 
lateral extension of ∼100 km by ∼200 km along the E–W and N–S 
directions, respectively. The uplift almost collocates with the strong 
S-wave velocity anomaly at the same depth. Tang et al. (2014) ar-
gued that the uplift of the 660-km and lower velocity were caused 
by a mid-mantle upwelling, which is a flow of hot sub-lithospheric 
mantle that has been carried down to the transition zone under-
neath the subducting slab. When a gap in the subducting slab is 
present, the buoyant sub-lithospheric mantle escapes from the slab 
sealing and rises up to form a mantle upwelling.

5. Conclusions

We investigated the mantle transition zone structure beneath 
the NE China with receiver function data recorded by the broad-
band NECESSArray. The 660-km discontinuity imaged by the re-
ceiver functions shows two important features: (1) a narrow and 
strong depression along the extension of the deep seismicity be-
tween ∼40◦N and ∼45.5◦N, and a broad but moderate depres-
sion in the north; (2) a moderate and localized uplift centered 
at ∼43◦N and 125◦E, about ∼200 km west to the Changbaishan 
volcanic complex. Areas with a depressed and an uplifted 660-km 
match well with high- and low-velocity regions, respectively, in the 
tomography maps. Our results suggest that slab geometry changes 
significantly along the strike of the subduction and there is a 
lack of a flat-lying slab at the base of the transition zone in the 
southern part of the study area where the Changbaishan volcanic 
complex is located. Our observations also suggest that the Chang-
baishan volcanism is unlikely originated from dehydration of the 
flat-lying Pacific slab, but agree with a scenario where magmatism 
is fed by a mantle upwelling from just below the 660-km discon-
tinuity.
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