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Using high-dense regional body waves for three deep earthquakes that occurred around Russia–China

border, we investigate both S and P wave velocity structures in the mantle transition zone beneath

Northeast China and northern part of North China Craton, where the northwestern Pacific plate is

imaged to subhorizontally lie above the 660-km discontinuity. We observe an increasing trend of S–P

a velocity anomaly in MTZ. We seek the simplest model that explains the observed broadband

waveforms and relative travel times of triplication for a confined azimuth sector. Both SH and P data

suggest a �140720 km high velocity layer lying above a slightly depressed and broad 660-km

discontinuity. Shear velocity reduction of �2.5% in the deeper part of the transition zone is required to

compensate for the significantly large relative time between AB and CD triplicate branches and the

increased trending of S–P travel time residuals as well. The MTZ, as a whole, is featured by low shear

velocity and high Vp/Vs ratio. A water-rich mantle transition zone with 0.2–0.4 wt% of H2O may account

for the discrepancy between the observed Vp and Vs velocity structures. Our result supports the scenario

of a viscosity-dominated stagnant slab with an increased thickness of �140 km, which was caused by

the large viscosity contrast between the lower and upper mantles. The addition of water and eastward

trench retreat might facilitate stagnation of the subducting Pacific slab beneath Northeast China.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Seismic structure of the mantle transition zone (MTZ), a region
connecting the upper and lower mantles, is important for better
understanding of how mantle works as a thermal–chemical engine.
The interaction between the upper mantle discontinuities and the
subducting lithosphere results in a heterogeneous MTZ. A depressed
660-km discontinuity (hereafter referred to as the 660) is generally
expected in the cold subduction regions due to the negative
Clapeyron slope of the postspinel transformation (e.g. Ito and
Takahashi, 1989). The undulation of the discontinuities can be
regarded as a sensitive thermometer in the Earth’s deep mantle.

One ideal place to study the interaction between a subducting
slab and the 660 is northeast China (Fig. 1), where the subducted
Pacific slab seems to be lying sub-horizontally in the MTZ (Li and
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in MTZ structure, yielding ambiguous interpretations about the
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trench, and the exact same station-event geometries for P and S
waves allow a tight constrain in both kinds of wave velocity near
the 660 beneath the northwestern Pacific subduction zone.
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Fig. 2. P and S travel-time residuals (a) and S–P travel-time residuals (b) relative

to the model iasp91 are shown with variation of epicentral distance. (a) Data for

events 20080519 and 20090716 are handpicked from regional seismic networks,

which are marked by solid and hollow symbols, respectively. Arrival times for two

GSN stations of other deep events are marked by gray symbols. (b) Solid, hollow

and gray dots indicate S–P travel-time residuals for events 20080519, 20090716,

and other events, respectively. An increasing trend of S–P residuals can be

obviously seen within the distance range of 11–16.5
3. Travel time anomalies associated with MTZ

Travel time of body waves along various paths offers the most
direct information for velocity variations in the mantle (e.g. Molnar
and Chen, 1984). We first applied an initial but direct travel time
analysis for both S and P waves to get the first-order impression of
existence of an anomaly structure associated with MTZ. We checked
both horizontal components to make sure the polarities of signals are
consistent with each other (Niu and Li, 2011; Li and Niu (2010)). We
then removed the instrumental response and applied band-pass
filters of 0.04–1 Hz and 0.04–0.5 Hz to vertical and transversal
displacements, respectively. We measured first arrivals of S and P
waves from vertical and transversal components for all available
records in the regional distance. To quantify the effect of upper
mantle anisotropy, we also handpicked first arrival time from radial
components, and the arrival time difference between SH and SV is
generally smaller than 0.2 s.

We noticed that two GSN stations – XAN (34.031N, 108.921E)
and BJT (40.021N, 116.171E) – are located within the constructed
fan-shape region. For a good calibration and comparison, we
downloaded seismic waveforms from IRIS and epicentral informa-
tion from EHB catalog for another three moderate deep earth-
quakes which occurred near the same region, and handpicked their
arrival times (Fig. 1).

Fig. 2a shows P and S wave time residuals relative to model
iasp91 for events 20080519, 20090716 and another three events.
The SNR of vertical component of event 20081022 is low, and no
first P arrivals can be clearly identified. A total of 95 and 88
records are retained for events 20080519 and 20090716, respec-
tively. We analyzed those arrivals before the CD branch cross-
overs AB for the reason that the first arrival of AB phase for P and
SH waves has almost identical ray paths through the MTZ. To
minimize possible scatter due to differences in velocities beneath
stations, we calculated S–P travel time residuals, which are
the differences between the observed and calculated intervals
between S wave and P wave arrival time (Fig. 2b).

The most obvious feature in these data is the enormous scatter
in S time residuals, which characterizes almost all studies of S
wave residuals. For distance shorter than 101, the P time residuals
are around 1.5 s, while the values of S wave are �2–3 s, indicating
contribution from the heterogeneity in the crust or shallow upper
mantle. A systematical larger time residuals are observed for
event 20090716 at shorter epicentral distances, which might be
caused partly by the uncertainty of focal depth. Within distance
range of 10–171, the P travel time residuals range generally from
�0.5 to 2 s with an average value of �1 s. The residuals of S wave
are much larger, ranging between 0.5 and 3.8 s (Fig. 2a). It has
been shown that even for the Pn and Sn waves, which travel
thoroughly through the shallow upper mantle, the observed
residual time beneath east China can be several seconds, and
the station correction can be as large as �2–3 s (Pei et al., 2007).
Despite the large scattered data, however, there is an obvious
increasing trend of S–P residuals (Fig. 2b) within epicentral
distance of 11–16.51. For event 20080519, the average value of
S–P differential time residuals at distances o111 is 0.7 s, and then
it increases from �0.3 s to a peak value of �2.8 s at distance
�16.51. Despite relatively low SNR, the S–P travel time residual of



event 20090716 shows the same increasing trend within epicen-
tral distance of 11–171.

In general, S–P travel time residuals are caused by the inte-
grated velocity anomalies along ray paths from the source to the
receiver. We notice that values of S–P residuals are closely related
to the turning depth of rays. The deeper the turning depth is, the
longer the ray travels through the MTZ. All S–P residuals larger
than 2 s are from rays turning in the deeper MTZ. We thus infer
that the increasing trend of S–P residual beyond 111 is caused by
the anomaly structure in the MTZ: either the shear velocity is
relatively low, or the P wave velocity is relatively faster, which will
be further explored in regional triplication waveform modeling.
Around epicentral distance �16.51, CD branch of triplication phase,
which dives in the upper lower mantle, becomes the first arrival
and terminates the increasing trend of S–P time residuals (Fig. 2b).
We emphasize that in our study, the absolute travel time is not
used to constrain the deep MTZ structure; however, the S–P
residual analysis gives us a simple and effective way to detect
seismic velocity structure anomaly associated with the deep upper
mantle to the first order.
4. Triplication waveform modeling

Triplication waveform modeling has been widely applied to
constrain mantle structure (e.g. Grand and Helmberger, 1984;
Wang and Yao, 1991; Tajima and Grand 1995, 1998; Brudzinski
and Chen, 2000, 2003; Song et al., 2004). Due to sporadic distribu-
tion of seismic instrumentations, most previous studies were based
on individual seismogram analysis, which is hard to resolve the
trade-off between the interface depth and velocity variation. With
the rapidly increasing installation of broadband seismic stations,
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travel time fitting, but not the triplication waveform modeling,
and thus is less well constrained.

Consistent with P velocity structure, our preferred shear velocity
model also shows the presence of a high velocity (�2%) anomaly
with thickness �140720 km lying above the little depressed 660
(Fig. 4b). A broad 660-km discontinuity with thickness �4476 km
is required to explain the later appearance of CD phase. The most
intriguing feature is that, in contrast to the ‘‘normal’’ P velocity in
the MTZ, the S velocity in the MTZ is rather low relative to iasp91 as
a whole. Such feature casts significant constraint on the composi-
tion and thermal anomaly in the deeper MTZ which will be
discussed in the following sections.
5. Discussion and interpretations

We simultaneously investigated P and S wave velocities in the
deep MTZ beneath northeast China and northern North China
Craton by triplication waveform modeling from three deep earth-
quakes. Several consistent prominent features have been detected
in both P and S wave velocity structures. Uncertainty estimation
of the key values associated with the structure, e.g. thickness of
the high velocity layer, thickness of the broad 660, and velocity
variation can be found in Section 2 of Supplementary material.

We see some mismatch between the synthetic and observed
waveforms. Due to the nonuniqueness of the inversion problem,
we could not rule out possibility of a better resolved model;
however, the striking features in the records, like extended AB
branch, shortened CD branch and ‘‘broad BOD’’, are well captured
by the preferred models. We argue that lateral velocity hetero-
geneity might contribute to this inconsistency of the waveforms.

We further estimated effects of 3D velocity structure as imaged
by seismic tomography on the relative travel time between the
triplicate phases. We assumed a 2D raypath and counted the cumu-
lative travel time anomalies caused by the structure (Li et al., 2008).
We used P wave velocity model of Fukao et al. (2001) and an
S wave velocity model converted from the P model with a scaling
relationship of d ln Vs/d ln Vp¼1.6 (Karato and Karki, 2001). The
absolute travel time correction for triplicate P wave is generally
��1 s. For example, the AB and CD phase travel time corrections
between event 20080519 and station BU.LAY (lon: 114.981, lat:
39.511) are �0.9 s and �1.1 s, respectively. The time correction for
S phase is a little larger with values ��1.6 s and �1.9 s. The
correction for different travel time between AB and CD phases for P
and S type waves, however, is generally trivial, usually o0.3 s,
which is smaller than the assumed misfit threshold in uncert6(n)



be constrained well. This may also explain why their synthetic
waveforms match the observed vertical wiggles at further distance
much better than at shorter distance.

Wang et al. (2006) applied SH waveform modeling to northeast
Asia and obtained shear velocity structure ‘‘Asia’’ from two deep
earthquakes using a large-aperture seismic array. One of the most
important inferences of their results is that a lateral variation of
shear velocity is not significant throughout eastern Asia. A signifi-
cant depression of the 660 to 730 km was introduced, resulting in a
further terminal distance of AB phase at 321 as shown in Fig. 6b.
The location of O point is shifted 31 further also. Especially, the
large value of relative time difference between AB and CD phases
after distance �181 could not be matched well. Recent waveform
modeling has discovered that lateral velocity variation beneath
northeast China and east China is significant as seen from tomo-
graphic images (Wang and Niu, 2010; Huang and Zhao, 2006; Li and
van der Hilst, 2010). We argue that limitation of earlier data, lateral
variation of the MTZ, and subtle effect of variation in physical
properties on P and S velocities might contribute to the discrepancy.

5.2. Subduction related high velocity layer

Generally, seismic wave speed in the MTZ mainly reflects
variation in thermal or compositional anomaly. P velocity models
from Tajima and Grand (1998), Wang and Niu (2010) and Wang
and Chen (2009) showed a low gradient high velocity layer at the
base of the upper mantle, but with varied thickness. Both P and S
wave velocity structures in our study, for the first time, show a
quite consistent feature of a high velocity layer with thickness
�140720 km just atop the 660. The velocity gradient increases
at depth �525 km with values of 5.2�10�3 km s�1 km�1 and
4.2�10�3 km s�1 km�1 for P and S waves, respectively. The
gradient decreased to a very low value at depth around 600 km,
constituting the lower part of the high velocity layer. This feature
is robust since triplication for all the three events with different
epicentral depths and focal mechanisms shows a consistent
feature of a long extension of cusp-B in both P and SH waveforms.
We regard that the overall feature of the high velocity layer is in
agreement with the tomographic image (e.g. Van der hilst et al.,
1991; Huang and Zhao, 2006) in which a stagnant slab lying
horizontally in the MTZ, and the thickness of slab trapped in the
MTZ is estimated to be �140 km, which could not be constrained
from seismic tomographic images.

The observed P and S velocity anomalies can be converted to a
temperature deficit if assuming that the velocity variations are
purely of thermal origin. The average P and S velocity anomalies
relative to the linear trend of the velocity throughout the MTZ are
�0.8% and 1.1%, respectively, with the maximum value of 1.5%
and 2.2% at depth �600 km. Taking the temperature derivative of
�6.0 to �7.8�10�5 K�1 and �4.1 to �4.5�10�5 K�1 for S and P
velocities (Cammarano et al., 2003) respectively, we can estimate
that the observed velocity anomaly corresponds to a �140–200 K
temperature variation.

5.3. A velocity transitional 660-km discontinuity

The velocity transitional 660-km discontinuity, or a ‘‘broad
660’’ beneath northeast China, is first examined in Wang and
Niu’s work (2010) through a set of regional P waveform investi-
gations. Here both P and SH waveform modeling show a con-
sistent feature of a transitional 660 with thickness �4476 km,
which is 6 km thinner than that of Wang and Niu (2010). This
feature is mainly constrained by the emerging distance of cusp-C,
which is most sensitive to velocity gradient at the top of the lower
mantle. As shown by synthetic waveform modeling, the CD phase
will appear at a shorter distance for a sharp discontinuity due to
the effective wave refraction (Fig. S1).

The observed velocity transitional 660, which extends from 665 to
709 km is hard to be explained by a solely postspinel transformation.
The decomposition of ringwoodite occurs at �23 GPa in a very
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geochemical deduction. It might extend as far as 1181E, roughly
corresponding to the steepest topographic gradient belt in China.
6. Conclusions

We have shown that fine-scale seismic structure in the
heterogeneous MTZ can be obtained effectively from triplication
waveform modeling for a set of densely distributed stations.
Simultaneous modeling of S and P waveforms provides a useful
way for identifying thermal or compositional anomalies asso-
ciated with subduction process. A high velocity layer with thick-
ness �140 km is detected lying in the MTZ which corresponds
to the deflected and stagnant Pacific slab. The high Vp/Vs ratio
in the MTZ indicates a water-bearing MTZ, which might extend
900–1100 km westward of Changbai volcano. Our results support
the scenario that due to the large resistance exerted by the lower
mantle, the rheology weakened slab bends easily while encoun-
tering the 660 and then lies subhorizontally in the water-rich
MTZ. Nevertheless, finite difference waveform synthetic for a 3D
velocity structure should be applied to account for the lateral
velocity variation, and simulation on the interaction between the
660 and the subducting slab is required for a full understanding of
the geodynamic mechanism and composition of the upper mantle
beneath the northwestern Pacific subduction zone.
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