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A B S T R A C T

We collected and processed a total of 97,700 teleseismic receiver functions recorded by 580 broadband seismic
stations from 686 earthquakes to study the mantle transition zone beneath eastern North China. We employed a
recently developed 3-D P- and S-wave velocity model (the East Asia Radially Anisotropic Model, EARA2014) to
compute Pdsmoveouts to migrate receiver function data. Amplitudes of the stacked P660s and P410s using the 3-
D Pds moveout table are approximately 30% higher than those calculated from the 1-D iasp91 model. The 3-D
volume of CCP (common-conversion-point) stacked images that covers the area of 110–125°E and 36–43°N
revealed two remarkable mantle transition zone anomalies with significant depression of the 660-km dis-
continuity. Together with other seismic observations, we speculated that these two anomalies are resulted from
two different dynamic processes beneath eastern North China.

1. Introduction

The North China Craton (NCC) formed in the Archean is one of the
oldest continental cratons in the world. It is bound with the Xing-Meng
Block to the north by the Central Asian Orogenic Belt, and with the
Yangtze Block to the south by the Qinling-Dabie Belt (Fig. 1a). Tecto-
nically, the craton consists of an active eastern block (ENCC) and an
inactive western block (WNCC), which are separated by the Central
Orogenic Belt (Fig. 1a). Global tomography studies (e.g., Megnin and
Romanowicz, 2000; Grand, 2002) showed that the ENCC and the
Yangtze craton to the south are the only large ancient cratons on Earth
that do not have high shear velocity roots beneath them. Meanwhile,
geochemical studies of xenoliths in ENCC found that the kimberlite
pipes and basalts, which brought the xenoliths to the surface, erupted
during two distinct time periods, first during the Ordovician and then
later from the Mesozoic through the Tertiary (Menzies et al., 1993;
Griffin et al., 1998; Gao et al., 2002). The Ordovician garnet peridotite
xenoliths indicated that the craton had a typical depleted, cool Archean
root to a depth near 200 km at ~400 Ma (Griffin et al., 1998). In
contrast, abundant spinel lherzolite xenoliths brought up in Tertiary to
Quaternary basalts showed a hot and relatively undepleted mantle
across the ENCC (O’Reilly et al., 2001). These observations have led to
the hypothesis that the mantle cratonic root has been removed beneath

at least the ENCC (Menzies et al., 1993; Griffin et al., 1998; Gao et al.,
2002), which is consistent with the global tomographic images. The
xenolith sites are, however, spatially restricted; they could be special
places where the cratonic lithosphere was displaced. The lateral and
depth resolutions of the global tomographic models are also greatly
limited; therefore it is unclear on the lateral extent of the removal of the
cratonic lithosphere beneath ENCC.

Since the Mesozoic, the craton has undergone massive extension,
which is likely caused by its interaction with subduction to the east – a
situation similar to what has occurred in the western United States
during the Cenozoic. The subduction is also attributed to have caused
the removal of the cratonic keel beneath ENCC (Windley et al., 2010;
Wang et al., 2016), although details on the subduction-induced removal
are still debated (Zhu et al., 2012a), partly because there is a lack of
knowledge about the slab geometry beneath ENCC. Early studies of P-
wave traveltime tomography (Fukao et al., 1992, 2001; Huang and
Zhao, 2006) revealed a large-scale high-velocity anomaly in the mantle
transition zone beneath a large portion of the ENCC. This high-velocity
anomaly was interpreted as the stagnated Pacific slab that lies hor-
izontally after it enters into the transition zone. Recent finite-frequency
traveltime and waveform tomography studies (e.g., Obayashi et al.,
2013; Tang et al., 2014; Chen et al., 2015; Tao et al., 2018), however,
found that the geometry of the high-velocity anomalies inside the
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mantle transition zone beneath ENCC is rather complicated, suggesting
a complicated subduction history beneath the area.

In addition to seismic tomography, receiver function imaging has
been used to identify cold slabs through mapping their induced topo-
graphy at the 410-km and 660-km seismic discontinuities, which define
the upper and lower boundaries of the mantle transition zone. The two
seismic discontinuities are associated with the olivine-to-wadsleyite
phase transition (Katsura and Ito, 1989) and the post-spinel transfor-
mation (Ito and Takahashi, 1989), respectively. Both phase transitions
are temperature sensitive, meaning that the two seismic discontinuities
are expected to occur at different depths within a cold descending slab.
Chen and Ai (2009) migrated a large amount of receiver function data
recorded in North China and found that the depth to the 660-km dis-
continuity changes rapidly across the North South Gravity Lineament
(NSGL, Fig. 1b), and the mantle transition zone located at the east side
of the NSGL is ~10–20 km thicker than it is in the west. They inter-
preted the thickened mantle transition zone beneath ENCC to be caused
by the stagnant Pacific slab that spread widely in the area, as shown in

the travel time tomographic models (Huang and Zhao, 2006). Wang
and Niu (2011) confirmed the broad depression of the 660-km beneath
eastern China. However, there are still significant differences in the
imaged depths of the two discontinuities between the two studies.

One potential source for the discrepancy is the reference velocity
model employed in the time-to-depth conversion (Guan and Niu, 2018).
Niu and Kawakatsu (1998) computed the time offsets of the P-to-S
converted waves at the 660-km discontinuity (P660s) using the iasp91
model (Kennett and Engdahl, 1991) and the 1-D model of the tectoni-
cally active North America (Grand and Helmberger, 1984; Walck,
1984). They found a traveltime difference of nearly 2 s, which converts
to 20 km in depth. In other words, the depth of the 660 km beneath the
tectonically active North America can be overestimated by ~20 km if
the iasp91 model is used as the reference model. Accurately computing
Pds time offsets requires 3-D reference velocity models that have similar
resolutions of both P and S waves, which are difficult to obtain from
traveltime tomography due to the differences in the quality and quan-
tity of P- and S-wave picks in earthquake catalogs. Recent success in full
waveform seismic tomography allows developing high-resolution S-
wave models by naturally integrating body and surface wave data (Zhu
et al., 2012b; Chen et al., 2015; Tao et al., 2018). In this study, we
employed the East Asia Radially Anisotropic Model (EARA2014, Chen
et al., 2015) to compute Pds time offsets and then applied a common-
conversion-point (CCP) stacking analysis to a large receiver function
dataset that samples the ENCC and its surrounding areas. We found that
the amplitude of P410s and P660s increases by approximately 30%
when the EARA2014 Pds time moveouts were employed in the stacking,
suggesting it is a better reference model than the 1-D iasp91 model.
There are also significant differences in the imaged depths with the two
models. The 3-D CCP stacked image of the mantle transition zone re-
vealed multiple downwellings beneath the study area that are likely
associated with different types of tectonic events.

2. Data and analysis

2.1. NCArray and CEArray

We used teleseismic waveform data recorded by the dense temporal
North China Array (blue triangles in Fig. 1b) and the permanent China
Digital Seismic Network (CDSN, black squares in Fig. 1b) operated by
the China Earthquake Administration (CEA). Hereafter we refer the
temporal array as the NCArray and the CEA permanent array as the
CEArray, respectively. The NCArray was deployed by the Institute of
Geophysics at CEA between October of 2006 and July of 2009 (e.g.,
Fang et al., 2009; Lu et al., 2009). The 580 stations of the two arrays
provided a good coverage of eastern North China, including a large part
of the Bohai Sea, the Taihang and Yanshan mountain ranges (Fig. 1b).
Station spacing varies from ~10 km along two dense survey lines of the
NCArray to 100 km among the CEArray stations. Most of the NCArray
stations are equipped with a Guralp CMG-3ESPC seismometer and a
Reftek 130 digital acquisition system, while the CEArray stations are
mixtures of seven types of sensors and digitizers (Zheng et al., 2009).

We visually examined all the teleseismic data within the epicentral
distance range of 30°-90° from earthquakes with a magnitude ≥5.5
occurring between 10/2006 and 07/2010. We chose a total of 686
earthquakes that were well recorded by either the NCArray or CEArray,
or both. The coverage from these earthquakes was reasonably good in
both distance and azimuth (Fig. 2).

2.2. Receiver functions

Niu and Li (2011) found a significant portion of the CEArray sta-
tions had problems in orientation. Therefore we first applied their
method that employs the P-wave particle motion in the period band of
5–50 s to estimate the true orientations of all the stations. Next, based
on the estimated component azimuths we rotated the two horizontal

Fig. 1. Maps show the major tectonic setting of China and its surrounding areas
(a) and the topography of North China (b). Arrows in (a) indicate the subuction
of the Pacific and Philippine plates, and the collision of the Indian plate on the
east and southwest sides of China, respectively. The red rectangular region
shows the location of the study area. Green lines indicate the descending
Pacific, Philippine and Indian plates. Blue solid lines outline the Qinling-Dabie
orogenic belt, and the pink solid line represents the Solonker suture that se-
parates the Central Asian Orogenic Belt and the North China Craton. ENCC and
WNCC are the eastern and western North China Craton bounded by the Central
Orogenic Belt. (b) Blue triangles and black squares indicate broadband seismic
stations of the temporal NCArray and the permanent CEArray, respectively. The
grey, pink and red lines represent the North South Gravity Lineament (NSGL),
the Solonker suture and the Tanlu fault system, respectively. The two red stars
indicate the Honggeertu and Datong volcanic fields, respectively. The three
white circles labeled A, B and C show the locations whose depth P-to-S con-
version profiles are shown in Fig. 4c, d, and e, respectively. (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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components of the seismograms into the radial (R) and transverse (T)
components. For each teleseismic record, we then computed the 2-D
covariance matrix using the vertical (Z) and radial components of the
direct P waves, and further obtained the two eigenvectors of the 2-D
covariance matrix. The eigenvector with the larger eigenvalue is ex-
pected to be the P-wave particle motion, which is the longitudinal di-
rection and referred to as P direction hereafter. We further refer the
other eigenvector direction as the in-plane transverse direction, de-
noted as the SV-direction. The Z-R components were further rotated to
the P and SV directions, which correspond to the two principal direc-
tions of the 2-D covariance matrix. Lastly, we computed the receiver
functions by deconvolving the P-component records from SV-compo-
nent records (Vinnik, 1977; Niu and Kawakatsu, 1998; Niu et al., 2005).

We employed the “water level” technique (Clayton and Wiggins,
1976) to perform the deconvolution in the frequency domain:
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Here RF(ω) represents the receiver function in the frequency domain,
and ω is the angular frequency. k and a are two constants that define
“water level” and the corner frequency of the Gaussian low pass filter,
which were set to 0.01 and 1.5, respectively. a = 1.5 is roughly
equivalent to a corner frequency of 0.5 Hz. P(ω) and SV(ω) are the
spectra of the P and SV components, and |Pmax (ω)|2 refers to the
maximum amplitude of the P-component power spectrum. To satisfy
the causality of linear convolution, we employed two different time
windows in computing P(ω) and SV(ω). We used a 100-s time window
(5 s and 95 s before and after the P wave) and a 250-s time window
(50 s and 200 s before and after the P wave) to compute P(ω) and SV
(ω), respectively. We further screened receiver functions with various
methods (Chen et al., 2010) to eliminate noisy data. The total number
of receiver functions used in the CCP imaging is 97,700.

2.3. CCP gathering with 1-D and 3-D Pds traveltimes

We applied the CCP stacking technique to the receiver-function data
to image the 410-km and 660-km discontinuities and their lateral var-
iations beneath eastern North China (e.g., Dueker and Sheehan, 1997;
Niu et al., 2005; Wang and Niu, 2011). The CCP stacking technique
assumes that the teleseismic P coda consists of P-to-S conversion (Pds)
waves and employs the Pds moveouts to convert coda time to conver-
sion depth. Hence it is not a true migration, and is expected to image
relatively flat structures, such as the 410-km and 660-km dis-
continuities. For each receiver function, we first constructed a table that
contains the 1-D relative travel times and geographic locations of the P-
to-S conversions at a set of grids (d) in the depth range of 300 to
800 km. This was done by raytracing the Pds and direct P waves using
the 1-D iasp91 velocity model (Kennett and Engdahl, 1991) and the
depth grid interval was set to 1 km.

To compute the 3-D Pds moveouts, we first projected the above 1-D
Pds raypaths into the 50 km × 50 km × 50 km blocks of the 3-D
EARA2014 (Chen et al., 2015) model and computed the segment tra-
veltimes in each block. We then calculated the segment traveltime
perturbations in each block along the 1-D ray paths using the 3-D P- and
S-wave velocities of the EARA2014 model. The traveltimes perturba-
tions were summed to obtain the 3-D Pds travel times, and the 3-D
moveouts were computed by subtracting them from the 3-D P wave
traveltimes, which were also computed by adding the 3-D corrections to
the 1-D iasp91 traveltimes. We also included a 3-D crustal correction
using the method of Liu et al. (2015) in the 3-D Pds moveout table.
More specifically, the crustal correction was scaled from the Moho Ps
time residual with respect to the iasp91 model:
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Here (αm, βm) and (αc, βc) are the P- and S-wave velocities of the up-
permost mantle and crust, respectively, and (θm, ϕm) and (θc, ϕc) are
their corresponding incident angles. Km and Kc are 0.103 and 0.122,
respectively, for a teleseismic event with an epicentral distance of 60°
and a focal depth of 0 km, resulting in a scaling factor of ~0.156 (Liu
et al., 2015). Since the Moho Ps time residuals are in the range of
−1.31 s to 1.99 s, the overall corrections from the 3-D crustal structure
including topography are insignificant.

We divided the study area (36°N to 43°N, 110°E to 125°E) into
meshed grids of 0.2° by 0.2°, and used a circular cap with a radius of 1
degree for gathering the receiver functions, resulting in a total of 2736
(36 × 76) caps. This parameterization led to large overlapping among
the caps, which served as lowpass filtering of the topographic relief on
the two discontinuities with a corner wavelength roughly equivalent to
the size of the caps, 200 km in diameter. In each cap, we summed the
receiver functions with their Pds conversion points located inside the
cap based on the 3-D Pds moveout. Instead of adding the single value
recorded at the closest sampling point to the Pds moveout, we took a
0.2-second long window centered on the moveout from each receiver
function, stacked them, and took the average value of the stacked re-
ceiver function as the Pds conversion coefficient.

We employed an Nth-root stacking technique (Muirhead, 1968) to
stack receiver functions. For the ith cap, let rk(t) represents the kth re-
ceiver function gathered in the cap, and tdk is the 1-D or 3-D Pds arrival
time for a hypothetic discontinuity at depth d, and an Nth-root stack, R
(d), is given by

= −R d y d y d( ) ( )| ( )|i i i
N 1 (3)

where

Fig. 2. An azimuthal map projection shows the 686 earthquakes (red stars)
used in this study. The blue triangle indicates the center of the study area, and
the three circles indicate angular distances of 30°, 60°, and 90°, respectively.
Note that although the earthquakes appear to be ~20–100° away from the
center, we only chose station-earthquake pairs 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 article.)
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Here K is the total number of receiver functions gathered at the ith cap.
wk is a Gaussian weight function
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Here xk is the distance between the cap center and the conversion point
of the kth event. The Gaussian width parameter, a, was set to be the
same as the cap radius. We chose N = 4 to reduce uncorrelated noise
relative to the usual linear stack (N = 1). Since the Nth-root stacking
took account of both amplitude and coherence of the conversional
signals, we expected it to be less sensitive to noise with anomalously
large amplitude that might be present in some receiver function data
than the linear stack. We also noticed that the Nth-root stacking could
introduce more suppression to conversions from structures that dip

significantly away from the horizontal. Fig. 3 showed five depth sec-
tions of stacked receiver functions using the 3-D Pds moveout table
along latitude 38°N, 39°N, 40°N, 41°N, and 42°N, respectively.

Fig. 3. Depth sections of the 3-D CCP gathered receiver functions along latitude
42°N (a), 41°N (b), 40°N (c), 39°N (d), and 38°N (e). The two horizontal black
lines indicate depths of 410 km and 660 km, respectively. The red dotted rec-
tangular shown in (a) and (b), the blue solid ellipse shown in (c) and (d), and
the pink solid rectangular shown in (d) and (e) denote the northern Yanshan
mountain range (NY) transition zone anomaly, the Datong volcanic region, and
the Bohai Sea (BS) transition zone anomaly, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. (a) Histogram showing the amplitude ratio of P410s migrated from 3-D
and 1-D reference models. The red vertical line indicates an amplitude ratio of
1. (b) The same as (a) except for P660s. The average values of the two ratios are
approximately 1.3. (c) Migrated P-to-S conversion amplitude at point A inside
the Datong volcanic field is shown as a function of depth. Red solid and blue
dotted lines represent the 3-D and 1-D migrations, respectively. The two ver-
tical lines show the depths of 410 km and 660 km, respectively. (d) and (e) are
similar to (c) except for grid points B and C inside the NY and BS transition zone
anomaly regions, respectively. Note that while P660s showed significant in-
crease in (c)-(e) with the 3-D Pds moveouts, the amplitude increase of P410s is
rather trivial in these three examples, which is not representative of all the
2736 grids. (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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3. Results and discussion

Fig. 3 shows that both the 410-km and 660-km discontinuities can
be clearly seen from the depth sections. We also stacked the receiver
functions with the 1-D Pds moveout table, and found that the ampli-
tudes of the P410s and P660s from the 3-D migration are approximately
30% higher than those of the 1-D stacks (Fig. 4a and 4b). This suggests
that the 3-D P- and S-wave velocities of the EARA2014 model better
represent the true velocity structures of the study area, leading to a
more in-phase stacking of the P-to-S conversion signals. To further
demonstrate the difference between the 1-D and 3-D migrations, we
showed depth migrated profiles at three different parts of the study area
in Fig. 4c–e. Amplitudes of the P410s and P660s from the 3-D migration
in all the three profiles are larger than those of the 1-D stacking.

We manually picked the peak depths of the P410s and P660s from
the caps that are sampled by more than 400 receiver functions. We also
calculated one standard deviation (1σ) of the CCP stacked depths based
on a bootstrap method (Efron and Tibshirani, 1986). The 3-D migration
results of the 410-km and 660-km discontinuities and the mantle
transition zone thickness are shown in Fig. 5a, 5b, and 5c, respectively.
For comparison, we also showed the depth variations of the two dis-
continuities based on the 1-D iasp91 model and the corresponding
transition zone thickness in Fig. 5d–f. We also computed 3-D Pds
moveouts using a more recent 3-D model, FWEA18 (Tao et al., 2018),
for part of the receiver function data and conducted 3-D CCP stacking at
3 points (white circles in Fig. 5c) located in the Datong, northern

Yanshan mountain range, and the Bohai Sea regions. We found that the
estimated depths of the two discontinuities based on the FWEA18
model are within the 1σ of the EARA2014 results. Thus in this paper we
focused our discussion based on the EARA2014 results.

The average depth of the 410-km discontinuity estimated from the
1-D and 3-D migrations is 416.6 and 416.9 km; both are very close to
the global average (418 km) obtained from global SS precursor studies
(Flanagan and Shearer, 1998; Gu and Dziewonski, 2002). On the other
hand, the average depth of the 660-km discontinuity from the 3-D
migration is 676.3 km, 3.5 km deeper than the average of the iasp91-
based stacking (672.8 km). This difference is caused by the high P- and
S-wave velocity anomalies of the EARA2014 model inside the transition
zone beneath the study area.

Both the 410-km and 660-km tomography showed significant dif-
ferences between the 3-D and the 1-D migrations, which are shown in
the left and right columns in Fig. 5, respectively. The region around the
Datong volcano (blue square A in Fig. 5) showed a deepened 410-km
with a maximum depth of 431 km in the 1-D image (Fig. 5d). This
depression is, however, less dominant in the 3-D image (Fig. 5a) as it is
largely caused by unmodeled low velocity anomalies of the 1-D model
in the upper mantle beneath the area. It is clear that the difference in
mantle transition zone thickness between the 1-D and 3-D models is
caused by the difference of the 410-km depth (Fig. 6a). There is an anti-
correlation between the changes of 410-km depth and transition zone
thickness (Fig. 6a), while the correlation between the changes of 660-
km depth and the transition zone thickness (Fig. 6b) is less obvious. The
1-D and 3-D migrated profiles at the Datong volcano (Fig. 4c) clearly
showed that the 3-D P410s and P660s are of greater amplitude and
narrower pulse width (red solid line), indicating better focusing in the
Pds migration based on more accurate movement corrections.

Fig. 5. Maps showing the lateral variations of depth to the 410-km (a), the 660-
km (b), and the transition zone thickness (c) migrated from the 3-D EARA2014
model (Chen et al., 2015). The red star indicates the Datong volcano. The blue
solid rectangle in (a), the red dotted rectangle in (c) and the pink solid rectangle
in (c) represent the Datong volcanic region, the NY and BS transition zone
anomalies, respectively. The pink solid line denotes the Solonker suture and the
yellow dashed line shows the part of the location of the velocity profile shown
in Fig. 7a. (d), (e) and (f) are the 1-D migration results, which are plotted si-
milarly to (a), (b), and (c), respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. (a) Differences in transition zone thickness between the 3-D and 1-D
migrations measured in the Datong volcanic region are shown as a function of
differences in the depth to the 410-km. Note that 1σ uncertainties are shown as
error bars. The dotted line with a slope of negative one represents a perfect
anticorrelation between the two datasets. (b) The same as (a) except for the
660-km, and the dotted line with a slope of positive one represents a perfect
correlation between the two datasets. (c) Differences in the depth to the 660-km
between the 3-D and 1-D migration are shown as a function of differences in the
depth to the 410-km. (d), (e), and (f) are similar to (a), (b), and (c), respectively,
except for the NY anomaly region. (g), (h), and (i) are similar to (a), (b), and (c),
respectively, except for the BS anomaly region.
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The average depth of the 410-km and 660-km discontinuities be-
neath the Datong volcanic region is 422.0 and 679.8 km, respectively.
Both are slightly deeper than their averages (416.9 and 676.3 km) of
the study area, but the transition zone thickness (257.8 km) is very
similar to the regional average (259.4 km), suggesting there is not
significant temperature anomaly in the transition zone beneath the
Datong volcanic region. Hence, it is likely that the depths of the both
discontinuities are overestimated as amplitude of the low velocity
anomaly in the upper mantle beneath the area might still be under-
estimated in the EARA2014 model. If this is the case, the source of the
Datong volcano is likely fed by decompression melting induced by a
lithospheric delamination process, as discussed in the next section.

While the average transition zone thickness of the study area
(259.4 km) is approximately 17 km thicker than the global average
(~242 km) (Flanagan and Shearer, 1998; Gu and Dziewonski, 2002),
there are two distinct regions with anomalously thick transition zone
beneath the northern part of the Yanshan mountain range and the Bohai
Sea in the 3-D migration image (rectangles B and C in Fig. 5c). Here-
after we refer them as the NY and BS transition zone anomalies, re-
spectively. The 3-D Pds gather at point B inside the NY anomaly shows a
significantly better focused P660s and a slightly higher amplitude
P410s, suggesting that the seismic velocities inside the mantle transi-
tion zone beneath the northern Yanshan mountain range are higher
than the global average. Differences in the transition zone thickness
between the 3-D and 1-D migrations are caused by differences of the
depth to the 660-km discontinuity (Fig. 6e). The thickened transition
zone beneath the Bohai Sea in the 3-D migration (i.e., the BS anomaly)
is also caused by a more depressed 660-km discontinuity, as Fig. 5b and
5e as well as Fig. 6h show a clear positive correlation between the
changes in the transition zone thickness and the depth to the 660-km
discontinuity. The stacked amplitude of P410s in this area remained
almost the same while P660s showed a minor increase, suggesting high
velocity anomalies are mainly located inside the mantle transition zone
beneath the Bohai Sea.

The average depth of the 410-km and 660-km discontinuities is
412.2 and 678.7 km beneath the northern Yanshan mountain range,
and 415.0 and 680.3 km beneath the Bohai Sea. The transition zone
thickness beneath the two regions is 266.5 and 265.3 km, respectively,
which is 7.1 and 5.9 km thicker than the regional average value
(259.4 km). If the thicker transition zone beneath the two regions is
caused by temperature induced depression of the 660-km discontinuity,
then the estimated temperature at the base of the transition zone is
~220 K lower than the regional average assuming a Clapeyron slope of
−2.8 MPaK−1 (Ito and Takahashi, 1989). Meanwhile, the EARA2014
model shows that the S-wave velocity is ~2.2% and 2.7% higher than
the regional average beneath the northern Yanshan mountain range and
the Bohai Sea, respectively. If the temperature dependence of shear
velocity (dlnVs/dT) is −1.0 × 10−4 K−1 as suggested by Stixrude and
Lithgow-Bertelloni (2012), then temperature within the transition zone
beneath the two areas are expected to be 220 and 270 K lower than the
regional average, which is consistent with that (220 K) inferred from
the Clapeyron slope.

The NY anomaly was barely covered by the receiver function study
of Wang and Niu (2011), while the BS transition zone anomaly was not
resolved by their study, which we attributed to the large amount of
receiver function data as well as the high-resolution EARA2014 model
used in this study. The 3-D model has a very strong high S-wave ve-
locity anomaly in the lower part of the mantle transition zone beneath
eastern Bohai Sea, which was interpreted as the subducted Pacific slab
(Chen et al., 2015). More recently, Tao et al. (2018) found a double
high-velocity layer located above and below the 660-km under the
Bohai Sea, which overlaps the BS transition zone anomaly in this study.
The lower part of the layer is located just below the depth of 660 km
and has a higher S-wave but an almost normal P-wave velocity struc-
ture. Tao et al. (2018) suggested that the upper part of the double fast
layer could be the Pacific plate that has been subducted during the past

30 Ma. However, the lower mantle part of the double fast layer could
also be the delaminated cratonic lithosphere of the ENCC, as it is fea-
tured by fast P wavespeed, very fast S wavespeed, and therefore a low
Vp/Vs ratio. Since the delamination occurred between Late Jurassic and
Early Tertiary, therefore the thermal signature of the delaminated
cratonic lithosphere is likely faded out, resulting in a velocity structure
with normal P wavespeed and composition-related high S wavespeed,
which is consistent with observations on the lower-mantle part of the
double fast layer. Our observation of a 10–25 km depressed 660-km
discontinuity suggested that the uppermost lower mantle is likely cold,
therefore the double fast layer could simply have a thermal origin, and
the difference in the amplitude of the P- and S-wave velocity anomaly
might be due to their different sensitivity to temperature in the lower
mantle.

Recent waveform tomography (Chen et al., 2015; Tao et al., 2018)
and receiver function imaging (Liu et al., 2015) suggested that stagnant
subduction is not pervasively observed beneath northeast China. Our
migrated images also showed that transition zone thickening occurs
locally in the study area. The depression of the 660-km beneath the
northern Yanshan mountain range (Fig. 5b) and the NY transition zone
anomaly is difficult to be explained by the current Pacific plate sub-
duction. The area is located at the south side of the Solonker suture,
which is the location of collision between the North China Craton and
the Mongolian Terranes after the closure of the Paleo-Asian Ocean. In
the north side of the suture, Chen et al. (2017) proposed an ongoing
lithospheric delamination beneath the southern Great Xing’an Range
based on a variety of seismic observations. The NY transition zone
anomaly appears to be consistent with a lithospheric delamination that
is also occurring beneath the south side of the suture. Fig. 7a shows a
depth cross section of the 3-D P-wave velocity structure of the NECESS
P model (Obayashi et al., 2011; Tang et al., 2014) along the great circle
between (41°N, 110°E) and (41°N, 140°E). Location of the western half
of the section is shown in yellow dashed line in Fig. 5c.

There is a high velocity anomaly in the transition zone that collo-
cates well with the NY anomaly. This high velocity anomaly appears to
be a natural extension of a westward dipping high-velocity structure in
the upper mantle starting at a depth of ~200 km. The upward extension
is further supported by the measured depths of the 410-km within the
high-velocity anomaly (upper dashed red line in Fig. 7a), which is
412.2 km on average, ~5 km shallower than the regional average
(416.9 km) and ~6 km shallower than the global average (418 km,
Flanagan and Shearer, 1998). There is a gap between this high velocity
structure and the current subducting Pacific plate in the east (Fig. 7a).
Therefore, it is unlikely to be the western front of the subducting Pacific
plate. The uplifted 410-km results in negative buoyancy, which accel-
erates the sinking speed of the structure. Therefore the dipping high-
velocity anomaly is expected to be a relatively young structure. Hence it
is unlikely to represent an old slab of the ancient Pacific plate, which
tends to stagnant at the base of the transition zone, not above the 410-
km discontinuity based on its density profile. Thus we interpreted the
westward dipping high velocity structure as the mantle lithosphere
beneath the south side of the Solonker suture that has detached from
the Moho due to negative buoyancy and are sinking into the deep
mantle (Fig. 7b).

The dipping angle of the high velocity structure shown in Fig. 7a is
~35°, suggesting that lithosphere started peeling off from west. Since
the volcanism in the area began at Miocene (Zhang and Guo, 2016), we
speculated that the detached lithosphere is sinking with a speed of
2–3 cm/yr in order for it to reach the base the transition zone within 20
Myrs. On the other hand, we noticed that westward-dipping high-ve-
locity anomaly is not clearly shown in EARA2014 and FWEA18. We
attribute this difference largely to the relatively low lateral resolution of
the two models, as they were inverted from a long-wavelength dataset
that have far fewer raypaths than the traveltime dataset used in de-
riving the NECESS-P wave model.
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4. Conclusions

We investigated the mantle transition zone structure beneath
eastern North China by migrating a large amount of receiver function
data with a high-resolution 3-D P- and S-wave model. The 3-D migrated
CCP images showed two regions with remarkably thickened mantle
transition zone beneath the Bohai Sea and the northern Yanshan
mountain range. Our observations, together with 3-D seismic velocity
structure of recent tomography studies, suggest that the 660-km de-
pression beneath the Bohai Sea is likely caused by the cold Pacific plate
that has been subducted over the last 30 Ma. The thickened mantle
transition zone beneath the northern Yanshan mountain range near the
Solonker suture could be caused by delamination of the thickened li-
thosphere beneath the mountain range. The delamination also resulted
in a returning upwelling that is likely feeding to the Datong volcano
located slightly west to the range. Our study suggested that high-re-
solution 3-D velocity models are essential for imaging lateral variations
of the mantle transition zone structure and for understanding deep
mantle processes.
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