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Regional triplication waveforms of five intermediate-depth events are modeled to simultaneously obtain 
the compressional (P) and shear (SH) wave velocity structure beneath northwestern Pacific subduction 
zone. Both the P- and SH-wave velocity models for three different sub-regions show a low-velocity layer 
(LVL) with a thickness of ∼55-80 km lying above the 410-km discontinuity with a ∼900 km lateral extent 
from the Japan Sea to the northeastern Asian continental margin. With the dihedral angle approaching to 
zero around 400 km, a minute amount of melt atop the 410-km discontinuity caused by the hydrous slab 
might completely wet olivine grain boundaries and result in a low seismic velocity layer in this specific 
subduction zone. This mechanism suggests that the 410-LVL is a low viscosity zone that would partially 
decouple the upper mantle from the transition zone. We infer that the widespread 410-LVL provides 
evidence for a water-bearing mantle transition zone beneath the western Pacific subduction zone.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The mantle transition zone (MTZ), a layer between the upper 
and lower mantle, plays a crucial role in mantle convection and 
dynamic processes. The upper and lower interfaces of the MTZ, the 
‘410-’ and ‘660-’ km discontinuities (hereafter referred to as the 
410 and the 660, respectively), are due to phase changes within 
the olivine rich upper mantle (e.g. Ito and Takahashi, 1989).

The 410 is marked by a distinct velocity increase and has been 
reported to be overlain by a low velocity layer. However, the global 
distribution, seismic and physical characteristics, and mechanism 
of formation of the low velocity layer above the 410 (410-LVL 
hereafter) has been debated for years. An early investigation was 
reported by Revenaugh and Sipkin (1994), in which they stud-
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ied long period multiple-ScS reverberations and imaged a ∼5.8% 
impedance decrease at a depth of around 330 km beneath eastern-
most Asia, Sea of Japan and Yellow Sea. Since then, the presence 
of 410-LVL has been observed sporadically in some regions, such 
as subduction zones (Tauzin et al., 2017), ancient continental plat-
forms (Vinnik, 2002), or nearly globally (Tauzin et al., 2010). The 
410-LVL can be identified using different seismic phases, most im-
portantly PS and SP converted waves (also referred to as P and S 
receiver functions), body wave triplications, SS precursors and ScS 
reverberations, with the estimated thickness ranging from 20 to 90 
km (e.g. Jasbinsek and Dueker, 2007; Bagley et al., 2009; Wei and 
Shearer, 2017).

In addition to being the first study area of the 410-LVL, the 
northwest Pacific subduction zone is an ideal location to inves-
tigate the interaction between the subducting slab and the MTZ, 
as manifested by variations in the seismic structure around the 
mantle discontinuities (Fig. 1). The slab is imaged to be lying sub-
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Fig. 1. Location map of intermediate-depth events and dense regional seismic stations used in this study. Focal mechanisms for the five events used in triplication waveform 
modeling are shown with red beach balls. Permanent seismic stations are shown by black inverted triangles, and the temporary NECsaids array seismic stations are repre-
sented by pink solid triangle. The red triangle denotes the Changbaishan volcano. The purple, yellow and white lines represent rays traveling below the 410 for northern 
events (20130122 and 20160111), middle events (20080604 and 20090824) and southern events (20080416 and 20080604). Dark blue, red and green series dots are turn-
ing locations of CD phases calculated for the Iasp91 model. The lower-right inset shows ray paths along the red profile west of the northern Honshu arc with the P velocity 
from GAP_P4 as the background (Fukao and Obayashi, 2013). The color scale for the velocity perturbation is ±2%. The gray dashed lines in the inset indicate the top (410 
km) and the lower boundary of the transition zone(660 km). The black lines represent raypaths of the triplicated waves calculated via Tau-P using the Iasp91 model, and the 
white lines indicate the raypaths of AB, BC and CD phases. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
horizontally within the MTZ with a ∼1500 km westward extension 
(Fukao and Obayashi, 2013). A low-velocity big mantle wedge ex-
ists above the stagnated slab (Zhao and Ohtani, 2009). Corner flow 
in the big mantle wedge and the dehydration of the deep slab 
in the MTZ are proposed to account for asthenospheric upwelling 
and intraplate volcanism in eastern China (Zhao and Ohtani, 2009). 
Finite frequency tomography images show a slab “gap” in the stag-
nant Pacific slab above the 660, through which the subduction-
induced upwelling escapes and produces decompression melting 
to feed Changbaishan volcano and neighboring volcanoes (Tang et 
al., 2014). However, tomographic modeling has a limited ability 
to constrain the detailed structure of the MTZ due to the intrin-
sic problems of damping-associated inversion techniques and poor 
resolution at depth. These limitations are especially true for seis-
mic models of the 410-LVL which are critical for the discrimination 
of models for regional scales of convection and the mechanisms of 
the intraplate volcanoes.

Body wave caustic waveform modeling is an effective method 
for constraining the seismic velocity structure of mantle discon-
tinuities (Ye et al., 2011; Li et al., 2013; Wang et al., 2014). In 
contrast to receiver function analysis, waveform modeling provides 
information on both velocity variations and depths of interfaces 
when the geometry of dense seismic stations and source is op-
timal (Li et al., 2016a). In this study, our goal is to determine 
the detailed velocity structure around the 410-km discontinuity. 
We applied regional waveform modeling to high-quality broadband 
seismic data recorded by the Chinese Regional Seismic Network 
and a temporary seismic array to obtain P and SH velocity models 
for the 410-LVL. Our study covers a “gap and blank” region located 
across the western part of the Japan sea and the Northeast Asian 
continent. We discuss the robustness of the 410-LVL model and 
its possible origin. We propose that wetting of grain boundaries 
plays an important role in reducing seismic velocities in the cold 
subduction zone. Finally, we discuss the rheological and dynamical 
implication of a pervasive 410-LVL in a context of the subducting 
system in East Asia.
2

2. Method and data

When seismic waves encounter a sharp velocity discontinuity 
or a thin layer with a high velocity gradient, the ray paths will 
bend and produce caustic waveforms, also called triplicated phases. 
Fig. 2a illustrates the wave turning above the discontinuity (AB), 
the wide-angle reflection off the discontinuity (BC) and the wave 
diving below the discontinuity (CD). Because the pathways of trip-
licated phases lie very close to each other in the shallow earth, 
differences in the relative time interval and amplitude between 
different branches, and especially the location of the caustic points 
are highly sensitive to the velocity structure near the discontinuity 
(Fig. 2a). Taking the 410 as an example, the travel time difference 
between the phases AB and CD mainly reflects the velocity con-
trast above and below the 410. When a LVL with anomaly of −1.5% 
and thickness of 70 km lies just above the 410, the termination 
distance of phase AB (i.e. the location of cusp-B) will appear at 
the larger distance of ∼21.4◦ (∼18.3◦ for the Iasp91 model). For 
an earthquake with intermediate-depth of 220 km, the crossover 
point O of phases AB and CD (the location of cusp-O) will increase 
∼0.6◦ , and the travel-time difference between the two phases will 
be much larger (Fig. 2b). A densely-recorded seismic wavefield at 
the appropriate distance range is important to capture the entire 
set of caustic waveforms and thus to resolve the seismic structure 
details (e.g. Li et al., 2013).

2.1. Seismic data pre-processing

We mainly use seismic records from the permanent China Dig-
ital Seismograph Network (CDSN; Zheng et al., 2010), and we have 
carefully selected five events that occurred in Japan Sea between 
the years 2008 and 2016. To avoid effects due to the complexities 
of shallow structure, the depths of these events were restricted to 
between 150 and 300 km (Table 1). In addition, for two of these 
events we gathered the waveforms of four stations from a tempo-
rary broadband seismic array, NECsaids (NorthEast China Seismic 
Array to Investigate Deep Subduction; Wang et al., 2016), which 
recorded data intermittently from 2011 to 2016 (Fig. 1). All events 
display simple source time functions (STFs), and those recordings 
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Fig. 2. Diagrams of ray-paths of caustic waveforms and synthetic seismograms for two velocity models. The synthetics are made for event 20080604, and the hypocentral 
parameters are shown in Table 1. (a) The 3 branches of the triplicated phases AB phase (green solid line), BC phase (blue solid line) and the CD phase (red solid line). 
Theoretical vertical waveforms are calculated from Iasp91 model, with green, blue and red dashed lines representing travel times of the AB, BC and CD phases. (b) Comparison 
of synthetic waveforms calculated from Iasp91 and a model with a low velocity anomaly of −1.5% with thickness 70 km atop the 410. The black dashed and blue solid lines 
show the travel time curves; black and red lines are synthetic waveforms corresponding to the Iasp91 model and Model-LVL, respectively. The cusp-B, and -C indicate the 
termination distance of phase AB and the appearance of phase CD, respectively; the regions between AB and CD phases cut-crossed by the cusp-O are regarded as zones AOC 
and BOD, and a ‘broad BOD’ means an obvious larger travel time differences between AB and CD phases.

Table 1
Information of events used in triplication waveform modeling.

Event ID Origin time Location Mag. Depth Duration time
(Mw) (km) (s)

Lat Lon PDE CMT/Relocated Z T
(◦) (◦)

20080416 16/04/2008 19:19:38.5 39.08 140.18 5.8 166 169 4 –
20080604 04/06/2008 17:03:08.0 41.50 139.15 5.7 205 204/220∗ 3.5 4
20090824 24/08/2009 05:26:17.4 41.50 140.18 5.3 176 171 3 –
20130122 22/01/2013 13:29:25.6 44.45 140.83 5.4 235 248 3 –
20160111 11/01/2016 17:08:06.5 44.46 140.01 6.3 239 254 3 –

Z: Vertical component.
T: Transversal component.
-: This component hasn’t been used in the study due to low SNR.
∗: The CMT depth of event 20080604 is 204 km, and we relocated it as 220 km, which is used in all the synthetic waveform calculations. Depth for the other events are 
from CMT.
with a signal-to-noise ratio (SNR) greater than 6 on the vertical 
component were selected from a total of 177 stations. Waveforms 
for both P and S triplication were selected for analysis. The ray 
paths cover a region within 124-134◦E and 38-45◦N. Li et al. 
(2013) investigated the detailed P and SH-wave velocity structure 
in the deep MTZ beneath this region, providing us an opportu-
nity to account for the effects of the 660 and focus on the seismic 
structure around the 410.

Triplication waveforms might be distorted by the complex 3D 
structure in subduction region. Wang et al. (2014) conducted a se-
ries of synthetic tests for a model with a flat slab trapped in the 
MTZ, and concluded that when ray paths are perpendicular to the 
strike of the slab, the 1D waveforms are a good approximation to 
the synthetic waveforms generated by a 3D model. Therefore, we 
confined our study to a fan-shaped region defined by the ray paths 
roughly perpendicular to the strike of the Wadati-Benioff zone. To 
further reduce the effects of lateral velocity variations, we con-
fined the distribution of stations to a narrow azimuthal range for 
each event, with an average azimuthal range of ∼9◦ (Fig. 1). Fi-
nally, we divided these five events into three groups according to 
the sampling points: the northern region (events 20130122 and 
20160111), the middle region (events 20080604 and 20090824), 
and the southern region (events 20080604 and 20080416), respec-
tively. The records of the four stations of the temporary NECSaids 
3

array are available for events 20160111 and 20130122. We noted 
that using two independent events in one region provides redun-
dancy that helps verify the velocity structure. The turning points 
of the CD phase sample a broad region beneath Japan sea and the 
border of China (Fig. 1) with a lateral range of ∼900 km, and a 
north-south extent of ∼500 km. For those events with clear SH-
wave triplications, we use a nearly same station-event geometries 
for both P- and SH-waves.

Several steps are involved in our data pre-processing. First, we 
removed the instrumental responses from all records. We then 
applied a Butterworth bandpass filter with frequency band 0.04-
1.0 Hz and 0.04-0.5 Hz to the vertical and transverse component 
seismograms, respectively (Li et al., 2013). We inspected both hor-
izontal components to verify the correct polarities of signals (Niu 
and Li, 2011; Wang et al., 2016). Second, we recalculated the 
source depth of the events. For event 20080604, we relocated the 
event at a depth of 220 km using teleseismic data available from 
the Incorporated Research Institutions for Seismology (IRIS). This 
depth is 10 km deeper than the depth reported in the ISC cata-
logue. Because the SNR in the teleseismic waveforms for the other 
four events are lower, we adopted the hypocentral depth from 
the Global CMT (Table 1). It should be noted that the uncertainty 
of hypocentral depth has little influence on relative travel times 
and amplitudes of the triplicated phases, which are the critical 
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factors in the waveform modeling. For example, a 10 km uncer-
tainty in the focal depth will only result in a difference of ∼ 0.1 s 
in the travel time difference between the AB and CD phases. For 
the generation of synthetic seismogram, we applied the reflectivity 
method developed by Wang (1999). The source mechanisms are 
from the Global CMT catalog, and a Gaussian wavelet is used to 
represent the source time function, with the source duration time 
listed in Table 1.

In the aligned records of vertical and transverse components 
of all events, we observed a ubiquitous delay of the P and S ar-
rivals even at shorter epicentral distance relative to the Iasp91 
reference model. To compensate the large P and S time residu-
als, we adopted a similar approach as Li et al. (2013) by adding a 
low velocity layer at a shallow depth of ∼165 km, which greatly 
improved the consistency in P and S absolute travel times. After 
making this correction, the velocity structure around the 410 are 
further constrained by triplication waveform modeling.

2.2. Grid search process

Each branch of the triplication constrains a specific part of the 
target seismic velocity structure (Fig. 2b). We emphasized two as-
pects of the data to constrain the best fitting models. The first 
key aspect of the data is the location of cusp-B. We calculated the 
residuals of the termination distance of the AB phase between the 
Fig. 3. Comparison of the observed (black solid line) and synthetic (red solid line) vertica
used (20080604 (a, b) and 20080416 (c)). Black lines and blue lines are theoretical tra
velocity models (red lines), and the yellow regions highlighting the location of the LVL
component of synthetic seismogram based on Iasp91 for event 20080604 is plotted in (f)
phases at distances larger than 18.5◦ cannot be matched.

4

synthetics and the observed values with ray tracing. The second 
key aspect of the data is the variation of waveforms, especially 
the change of the travel time difference between the AB and CD 
phases. We focused on the waveform features related to the 410, 
and calculated the correlation coefficients between the synthetic 
and observed triplications in a variable time window to effectively 
minimize the influence of noise. It should be noted that in order 
to avoid distortions of the waveforms due to the effects of tripli-
cation branches generated by the 660-km discontinuity, we mainly 
focused on the waveforms with distance smaller than ∼19◦ corre-
sponding to a ray turning depth of ∼470 km.

We applied the two aspects of the data mentioned above to de-
termine a pair of key features in the velocity structure around the 
410: (1) the magnitude of the velocity reduction of the LVL, (2) the 
depths of upper and lower interfaces of the 410-LVL. The veloc-
ity reduction can be varied from 0-4% with respect to the Iasp91 
model, and the depth of the lower and upper interfaces of the 
410-LVL is allowed to vary between 360-420 km and 310-360 km 
respectively, considering a subduction background; We then ex-
plored the whole parameter space, and looked for the maximum 
correlation coefficient value within a range of the minimum resid-
ual value for the location of cusp-B (Supplementary Material S1.1). 
We assessed the agreement between the theoretical and observed 
seismograms, and select the model with the highest correlation co-
l and transverse displacement waveforms for the southern region for the two events 
vel times based on the Iasp91 and preferred models, respectively. (d, e) Preferred 
. The black line marks the reference model Iasp91 for comparison. The transverse 
. The long extension of cusp-B and the enlarged time difference between AB and CD 
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Fig. 4. Grid search process for detecting the best fitting models of southern region as determined by the correlation coefficient and location of cusp-B. In the left column (a, 
c), gray circles are the grid points. The contour map shows the correlation coefficients calculated for a grid with varied depth of the upper interface and the velocity anomaly 
across the 410. The lines are the contours of the residual of the cusp-B. The red crosses represent the best fitting models. The right column shows the correlation coefficient 
calculated for the lower interface of the 410-LVL.
efficient as the best fitting model. In the grid search process, the 
depth step is 5 km and the velocity step is −0.5%.

3. Data analysis and triplication waveform modeling

3.1. Southern region

The southern region is roughly confined within the area be-
tween 39.5◦N and 41.5 ◦N. In the aligned vertical and transverse 
waveforms of events 20080416 and 20080604, we can see obvious 
triplicated phases for the 410 at regional distances of 10-23◦ . Tak-
ing event 20080604 as an example, the vertical waveforms show 
the following characteristics: the AB phase becomes indiscernible 
at a distance greater than ∼19.6◦; the most obvious feature is 
the travel time difference between the AB and CD phases, which 
is much larger than the value predicted from the Iasp91 model 
(Fig. 3a). The transverse component waveforms, with lower SNR, 
show similar features in the aligned seismogram: the AB phase 
extends to as far as ∼22.7◦ . In particular, we observed an obvious 
broadened BOD zone with significantly delayed AB phase (Fig. 3b), 
which is impossible to fit by using the Iasp91 model (Fig. 3f). 
The vertical component waveforms of event 20080416 share sim-
ilar features to event 20080604 (Fig. 3c), however, the SNR in the 
transverse component of this event is rather low, and no triplica-
tion can be clearly identified. The commonality of the key features 
in the seismic triplication waveforms for these two events imply 
that they are robust observations of the 410-LVL structure under 
this region.

It should be noted that triplication caused by the 660 is also ob-
served clearly in the waveforms at larger distances (> ∼19◦). When 
the structure of the lower part of the MTZ is taken from the Iasp91 
reference model, some major discrepancies between observed and 
synthetic waveforms apparently. Some previous researchers used 
triplication waveforms to model the detailed P and SH structure 
around the 660 beneath the study area and adjacent regions (e.g. 
Wang et al., 2006; Ye et al., 2011; Li et al., 2013). Considering the 
distribution of data, lateral variations of the MTZ, and the subtle 
effects of variations in physical properties on the P and S veloci-
ties, we thus referred to the model of Li et al. (2013) around the 
660 to account for the effect of “flat” slab (the slice of slab image 
5

in Fig. 1), which significantly improved the agreement between the 
synthetic seismograms and observed records.

Through a thorough grid search in the parameters space (Fig. 4), 
we obtained the best fitting compressional and shear velocity 
models (hereafter referred to as the P and SH models, respectively). 
Both models show that a LVL with a thickness of 75 ± 15 km ly-
ing above the 410, and the seismic velocity anomalies are −1.5 ±
0.4% and −2.5 ± 0.6% for P- and SH-waves respectively (Fig. 3d, 
e). Uncertainty estimation is presented in Supplementary Materi-
als S2.

3.2. Middle region

Two events (20080604 and 20090824) are used to detect the 
detailed structure around the 410 beneath the middle region. For 
the vertical component of event 20090824, the observed AB branch 
extends to as far as ∼20.6◦ , much further than the predicted dis-
tance of 19.2◦ as calculated from the Iasp91 model; an obvious 
‘broad’ BOD zone with delayed AB phase appears after a distance 
of ∼16.5◦ (Fig. 5c). The second event shares similar features as the 
first one. In Fig. 5d and e, we show our preferred models for the 
middle region.

A LVL above the 410 is required to account for the striking char-
acteristic of the long extension of the AB phase and the ‘broad’ 
BOD zone. The strength of the 410-LVL is −1.5 ± 0.4% and −2.5 ±
0.6% with thickness 80 ± 19 km (Fig. 5d, e) for the best fitting P 
and SH models, respectively.

3.3. Northern region

We have good evidence for the existence of the 410-LVL in 
the northern region. The long extension of the cusp-B and a clear 
‘broad’ BOD zone are observed in the aligned vertical seismograms 
for both events (20130122 and 20160111), which verifies that the 
410-LVL is an intrinsic feature of the deep structure (Fig. 5f, g). 
The transverse components for both events have relative low SNR 
and seem to show some distorted features related to the local 
slab structure, which will be left for further detailed investiga-
tions. Consistent with the other two regions, our preferred P model 
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Fig. 5. Comparison of the observed (black solid lines) and synthetic (red solid lines) vertical and transverse displacement waveforms for the middle (a, b, c) and northern 
regions (f, g). Black lines and blue lines are theoretical travel times based on Iasp91 and the preferred model calculated from Tau-P, respectively. (d, e) and (h) are preferred 
velocity models (red solid lines) around the 410-km discontinuity for the middle and northern regions. The black solid line marks the reference velocity model Iasp91 for 
comparison.
6
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shows a low velocity anomaly (-1.0 ± 0.5%) with thickness 55 ±17 
km just atop the 410 (Fig. 5h).

3.4. An integrated view

We have determined P- and SH-wave velocity models beneath 
the northwest Pacific subduction zone, and several consistent fea-
tures are observed in these models. The most important feature is 
the existence of a low velocity layer just above the 410 with thick-
ness varying from 55 to 80 km. From the distribution of reflection 
points of the CD phase, we can constrain the 410-LVL to be located 
beneath the northwest Japan Sea and northeast China (124-134◦E, 
38-45◦N). Moreover, it covers a region with a roughly east-west 
lateral range of nearly 900 km. It should be noted that, in each of 
the three sub-regions studied, we used two independent events to 
constrain the velocity structure around the 410, thereby confirm-
ing the consistency of the observed features and robustness of our 
P and SH velocity models.

We have carried out a quantitative analysis to verify the ro-
bustness of the 410-LVL structure derived here. We calculated the 
correlation coefficient of the observed and synthetic waveforms 
predicted for the Iasp91 model and our best fitting models, re-
spectively (cross correlations available in Supplementary Materi-
als S1.2). For all regions, the correlation coefficients of the best 
fitting models are significantly higher than those predicted by the 
Iasp91 model. The consistency of these observations and the agree-
Fig. 6. Synthetic waveform comparisons between different 1D and 2D models. The sour
All the models are based on the Iasp91 model. (a) 2DModel-I: a dipping portion of the
be 1.5%. (b) 1DModel-I: the 410 is set to be 15-km-uplifted and no slab is considered. 
∼140 km and the 410-LVL with P-wave velocity reduction of 1.5% are included based on 
lines) is 16◦ . (e) Synthetics for Iasp91 model (black lines) and 2DModel-I (red lines), wit
showing the influence from the ray traveling in the slab with high velocity. (f) Synthetics
feature to that of the model 2DModel-I, especially at distance smaller than 20◦ , indica
partly compensated by the uplift of the 410. (g) Synthetics for 1DModel-II (black lines) 
waveforms of two models show similar features in the location of cusp-B and the width
The long extension of cusp-B and the widening BOD zone show the influences from the 
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ment among the best fitting models indicates that the 410-LVL 
structure is a robust feature.

4. Discussion and interpretation

We simultaneously obtained P- and SH-wave velocities near the 
top of the 410 in northwestern Pacific subduction zone through 
triplication waveform modeling of five intermediate-depth earth-
quakes. Several consistent features are observed in both the P and 
SH velocity models, and the most prominent one is the existence 
of 410-LVL with a P-wave velocity reduction of about 1.0-1.5%, SH-
wave reduction of about 2.5%, and a thickness between 55-80 km, 
with the uncertainty estimate of 17 km.

4.1. The robustness of obtained models

Our models inferred a 55-80 km thick LVL above the 410 in the 
Pacific subduction zone. A trade-off exists between the amplitude 
of the velocity anomaly and the thickness of the 410-LVL. Consid-
ering event 20080604 which samples the middle region, the best-
fitting P-wave velocity model shows a LVL with a 80 km thickness 
and a velocity reduction of ∼1.5% (Fig. 5d). We can also use a 
model with 65 km thickness and −3% velocity anomaly to match 
the width of BOD. The location of cusp-B according to this alterna-
tive model, however, is extended to 21.4◦ , much further than the 
observed distance of ∼19.6◦ (Fig. 5a). Thus, the thickness and the 
ce is placed at a depth of 220 km and 23 km from the upper interface of the slab. 
 slab with a dip angle of 30◦ is added, and the P-wave velocity anomaly is set to 
(c, d) 2DModel-II and 1DModel-II: the stagnant portion of the slab with thickness 
previous two models. The epicenter distance for the illustrated three raypaths (black 
h the cusp points marked for the red synthetic curves. The CD phase appears earlier 
 for Iasp91 (black lines) model and 1DModel-I (red lines). A similar and comparable 
tes the influences on the waveforms caused by the dipping portion of slab can be 
and 2DModel-II (red lines). Expect tiny differences of the amplitudes, the synthetic 
 of BOD zone. (h) Synthetics for 2DModel-I (black lines) and 2DModel-II (red lines). 
410-LVL.
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velocity anomaly of the LVL are well constrained by careful mod-
eling of different specific aspects of the triplication.

In our study region, seismic tomography images have revealed 
a prominent subducting slab (e.g. Fukao and Obayashi, 2013; Ma 
et al., 2018) that is stagnant atop the 660 for more than 1500 km. 
To address the effects of the slab on the detection of the 410-LVL, 
we conducted series of 2D waveform modeling tests. A finite dif-
ference scheme is applied in the calculation of seismograms (Li 
et al., 2014). First, we explored the influences on the waveform 
caused by the dipping portion of the slab (Fig. 6, 2DModel-I). The 
ray of the CD phase travels in the slab with high velocity, resulting 
in an earlier appearance of the phase and a widened of the BOD 
zone (e.g. ∼0.3 s in the distance range of 16-18◦ , Fig. 6e). How-
ever, the cusp-B shows no extension. Meanwhile, we compared 
another model with an elevated 410-km discontinuity (1DModel-I). 
A similar and comparable feature to 2DModel-I could be detected 
(Fig. 6f), which indicates that the elevation of the 410 can compen-
sate the variation of the waveform caused by the dipping portion 
of the slab. Thus it is evident that with an appropriate 1D station-
event geometry, e.g. one with a limited azimuthal range and ray-
paths perpendicular to the strike of the slab, we can extract the 
details related with the 410-LVL, even for such a complicated sub-
duction system.

We then took the stagnant portion of the slab and the 410-
LVL into consideration (2DModel-II and 1DModel-II) on the basis of 
previously published models. Despite small differences in the am-
plitude of the triplicated phases, both synthetic waveforms show 
similar features in the location of cusps-B and -C, and in the width 
of BOD zone (Fig. 6g). The influence on the 410 triplicated phases 
caused by the stagnant portion of the slab are almost the same for 
2DModel-II and 1DModel-II and is due to the presence of the high 
velocity layer atop the 660 in both models. Hence, these results 
confirm that the effects on the waveforms due to the 15-km-uplift 
of the 410 is analogous to that of the dipping slab. One major fea-
ture of the long extension of the cusp-B to ∼21◦ , however, can be 
clearly identified, and this is caused by the LVL above the 410. The 
distinct features of the long extension of cusp-B and the broad-
ened BOD zone due to the 410-LVL are compared and is illustrated 
in Fig. 6h and Fig. S5, which can be regarded as a resolvable fin-
Fig. 7. Integrated map of the distribution of the 410-LVL detected in previous studies an
amplitudes of seismic signals obtained by receiver function analysis (Tauzin et al., 2017)
is observed in four major zones (labeled I, II, III, IV). The large gray circles represent 
resolution of ∼500-750 km. The orange circles show results of ScS multiple reverberati
(2016), using the receiver function technique. The green circle shows result from Ma et a
of local and teleseismic events. The middle pink near-rectangle regions with dots in diffe
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gerprint of the low velocity layer. More detailed information can 
be found in Supplementary Material S3 & S4.

We have an elevated 410-km discontinuity with a depth that 
varies between 390 and 395 km beneath the three regions. How-
ever, investigations on the topography of the mantle discontinuities 
from receiver function analysis and ScS multiple waves indicate 
that our study region is located in a marginal zone with an in-
significant depth variation in the 410 (e.g. Tian et al., 2016; Wang 
et al., 2017). We thus argue that the 15-20 km uplift of the 410 in 
our models might be overestimated, and may compensate for the 
effects on the waveform caused by the dipping portion of the slab. 
The influences of the dipping portion of the slab can also explain 
some mismatches on the amplitude of phases BC and CD between 
the synthetic and observed waveforms, especially when the epi-
central distance is smaller than 16◦ (Fig. 5b).

4.2. Comparison with previous 410-LVL investigations

Multiple methods have been applied to detect the velocity 
structure around the 410 beneath northwest Pacific subduction 
zone and the 410-LVL has been reported sporadically with vari-
able resolution. Tauzin et al. (2017) applied P-S receiver function 
analysis to teleseismic waveforms recorded beneath the mainland 
of Northeast China, the Japan Islands and the Korean Peninsula. 
The seismic amplitudes provide an indication as the existence of 
negative SH-wave velocity zone atop the 410 in the following four 
zones: I. the Korean Peninsula and Kyushu; II. the Songliao sedi-
mentary basin in northeast China; III. Hokkaido; and IV. Honshu 
(Fig. 7). The estimated shear wave velocity reduction in their re-
sults is about 2-4%. Because the CCP stacked amplitudes do not 
exceed the 68% confidence level in some regions, the 410-LVLs 
report by Tauzin et al. (2017) don’t seem to be continuous. Our 
study region is mainly located in the gap between zones I and II of 
Tauzin et al. (2017), and the northern part is slightly overlapping 
with zone II. Significantly, our study region covers an important 
“gap and blank” region beneath the western part of the Japan Sea, 
where the distribution of seismic stations is limited, and the tradi-
tional receiver function technique cannot be applied.
d our observations for the northwestern Pacific subduction zone. Squares represent 
; zones in blue indicate regions with obvious negative amplitudes, and the 410-LVL 
results from SS precursor studies (Wei and Shearer, 2017), with an average lateral 
ons (Bagley et al., 2009). The yellow rectangles represent results given by Liu et al. 
l. (2018), with about −1.5% P-wave velocity anomaly, by performing joint inversions 
rent colors show the distribution of 410-LVL in our study.
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Liu et al. (2016) applied the receiver function technique to 
northeast China and observed the 410-LVL as indicated by high-
negative amplitude pulses in the region east of Changbaishan 
volcano (128-132◦E between 41◦N and 43◦N). Wei and Shearer 
(2017) used long-period SS precursors and detected sporadically 
distributed 410-LVLs worldwide, including in East Asia. However, 
the lateral resolution of their long-period measurements is ∼500-
750 km. Ma et al. (2018) obtained the 3D P-wave velocity structure 
beneath Northeast Asia and adjacent regions by performing joint 
inversions of local earthquakes and teleseismic events. The verti-
cal cross-sections of P-wave velocity tomography show a ∼-1.5% 
low velocity structure at depth ∼300-400 km southeast of the 
Changbaishan volcano. Bagley et al. (2009) applied the multiple 
ScS reverberation method and interpret the presence of a 410-LVL 
oceanward of the subducting Honshu slab at an average depth of 
356 km with a thickness of 50-75 km (Fig. 7). Here we use trip-
lication waveform modeling with relatively high frequency signal 
up to 1-2 s and report a continuously 410-LVL that extends from 
the western edge of Japan Sea to the northeast China mainland 
(Fig. 7), covering the gap between the previously identified 410-
LVL locations. Our results indicate that the velocity anomalies of 
the 410-LVL are about −1.5% and −2.5% for P and S, and the thick-
ness varies between 55-80 km.

4.3. The influence of temperature on the 410-LVL

The observation of a 410-LVL has important implications for 
dynamic models of global mantle convection and the recycling 
of geochemical heterogeneities. The thermal structure of mantle 
is usually considered to be the first order controlling factor for 
anomalous mantle seismic wave speeds, such as high wave speeds 
associated with the subduction of cold oceanic lithosphere. Mineral 
physics experiments show that the variation of P-wave velocity 
with temperature is about −4 to −5 ×10−5 %/K (Cammarano et al., 
2003). Assuming the observed 410-LVL is entirely produced by a 
thermal anomaly, a temperature increase of 300-375 K is required 
to generate a P velocity reduction of ∼1.5%. This kind of temper-
ature anomaly will inevitably lead to the obvious depression of 
the 410 by 27-34 km assuming a Clapeyron slope for olivine to 
wadsleyite of 3 MPa/K (Ito and Takahashi, 1989). However, this 
predicted depression is inconsistent with our velocity models that 
Fig. 8. (a) The Vp/Vs ratios of Iasp91 reference model (black hollow dots) and our stud
410-km discontinuity. (b) Illustration of the formation of partial melting in a peridotit
mantle, and the temperature can reach ∼2223 K at 350 km depth. Thin lines represen
melting (100-1000 ppm water content; Hirschmann et al., 2009). The adiabatic geothe
the dry solidus (Katsura et al., 2004). The dark gray area represents the seismic geothe
2006). The light gray area represents water saturation of the upper mantle, and the wat
Bolfan-Casanova, 2012). While only ∼900-1000 ppm water can lower the dehydration m
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have a small (∼15-20 km) positive elevation in the 410 depth. 
Likewise, receiver function analysis to the west of our study re-
gion reveals a 50 km thick 410-LVL but the 410 topography shows 
no obvious depression (Tauzin et al., 2017; Wang et al., 2017). Seis-
mic tomography images near our study region reveal a low velocity 
anomaly at the depth of ∼300 km (Fukao and Obayashi, 2013), 
however, the lateral extension of this low velocity anomaly is very 
limited, and mostly located to the west of Changbaishan volcano, 
which could not account for our observed LVL. We thus conclude 
that purely thermal origin cannot explain the observed LVL atop 
the 410.

4.4. Origin of the 410-LVL: complete wetting of grain boundaries by 
melts

A small amount of water can affect the mineral physical prop-
erties of rocks, such as density and seismic velocity. However, even 
under water-saturated conditions, water can only lower the Vp and 
Vs up to 0.7% at ∼400 km depth (Mao and Li, 2016), which cannot 
explain the observed velocity anomalies of 410-LVL. Partial melting 
is another possibility. However, in most cases, melts do not com-
pletely wet olivine grain-boundaries (e.g., Cooper and Kohlstedt, 
1982; Toramaru and Fujii, 1986) and for these data a very large 
amount of melt (a few %) is needed to explain a substantial (∼2% 
or more) velocity drop. Such a large amount of melt cannot exist in 
layers thicker than the compaction length (∼1 km). Consequently, 
partial melt is not a viable model to explain the low velocity in 
most cases (e.g., Karato, 2014).

We calculate the Vp/Vs ratio within the 410-LVL for the middle 
and southern regions, and compare them with those of the Iasp91 
model (Fig. 8a). In the global Iasp91 model, the Vp/Vs ratio is high 
within the depth range of 350-400 km, but our regional study 
shows still higher values. We not only notice a significant veloc-
ity reduction atop the 410, but also a high Vp/Vs ratio, indicating 
a greater velocity reduction for Vs than Vp. Yoshino et al. (2007)
report that hydrous melts completely wet olivine grain-boundaries 
under deep upper mantle conditions. If grain-boundaries are com-
plete wetted by a melt, grain-boundaries have no resistance for 
shear and grain-boundary sliding will reduce the seismic wave ve-
locities substantially (e.g., Karato, 2012), resulting a large Vp/Vs 
ratio.
y (gray solid diamonds). Our results clearly show high Vp/Vs ratio trend atop the 
e dominated system. Thick line represents the dry peridotite solidus in the upper 
t the influence of a small amount of water on the solidus of peridotite to partial 
rm in the upper mantle with potential temperatures of 1530-1620 K, is far below 
rms deduced from P-wave velocity structures above the stagnant slab (Ichiki et al., 
er storage capacity is between 750 to 1150 ppm water at 350 km depth (Férot and 
elting temperature below geotherm (see discussion in section 4.4).
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Fig. 9. Schematic map showing the 410-LVL related processes beneath northwest Pacific subduction zone. The light gray zone represents the water-bearing MTZ with 2000-
4000 ppm water. The geographic map is added on the top with red symbol represents the Changbaishan volcano, and dots in different color represent the turning points of 
CD phase, indicating the location of the 410-LVL on earth surface. The orange irregular symbols in the middle roughly correspond to the location of 410-LVL we observed, 
where the grain boundaries are completely melt-wetting. This LVL might also corresponds to a low viscosity layer. The red arrows mark the buoyant material hydrated by 
the slab across the 410. The light pink shadow regions on the left above the 410 are the possible location of the LVL to the west. The right panel shows the morphology 
of liquid at the grain-boundary of crystals. If dihedral angle <60◦, liquid forms an interconnected network along the grain edge and corner, and significantly reduce seismic 
wave velocity (Yoshino et al., 2007; Matsukage et al., 2017). Due to the limitation of seismic stations and the method itself, we cannot resolve the west frontier point of 
410-LVL. However, we expect the LVL could extend to westward further.
Beneath the northwestern Pacific subduction zone, geochem-
ical analysis of Cenozoic intraplate basalts around Changbaishan 
volcano suggests intensive hydration of the MTZ which might be 
caused by the stagnation of the Cenozoic slab (Kuritani et al., 
2011). Seismic waveform modeling shows a different P and SH ve-
locity structure in the MTZ, which implies an estimated 2000 to 
4000 ppm water there (Li et al., 2013). Recent 2D numerical sim-
ulations argue that the interaction of the hydrous MTZ and the 
subducting slab is responsible for the widespread intraplate vol-
canism and the low velocity around the subduction zone (Yang 
and Faccenda, 2020). All these geophysical observations and cal-
culations indicate that the MTZ beneath east Asia is water-rich 
and any upwelling of material from the MTZ to the overlying up-
per mantle will likely promote partial melting, thereby providing 
a mechanism for the 410-LVL. Based on this assumption, we can 
estimate the lower limit of the water content required to produce 
partial melting at the depth of the 410. The water content needed 
for partial melting above the 410-km was estimated to be ∼500 
ppm for a typical geotherm, and a temperature of ∼1800 K (Karato 
et al., 2006; Hirschmann et al., 2009). Ichiki et al. (2006) used the 
P-wave velocity model to calculate seismic geotherms in the up-
per mantle above the stagnant slab beneath northeast China, and 
the corresponding temperature at 350 km is ∼1573 K (Fig. 8b). For 
this temperature, the necessary water content is somewhat higher, 
∼900-1000 ppm.

Presently there is no clear consensus regarding the forma-
tion of the 410-LVL. One model is the transition zone water fil-
ter (TZWF) hypothesis (Bercovici and Karato, 2003). Bercovici and 
Karato (2003) proposed that the global flow pattern in Earth’s 
mantle is dominated by the slab-related localized downwelling 
current, and in most regions (except near subduction zones) a dif-
fuse upwelling flow will occur due to the global down-going slab 
flux. If there is enough water in the MTZ, dehydration-induced par-
tial melting will occur, resulting in a near global LVLs above the 
410. However, the flow regime in the Pacific subduction zone is a 
different and the down-going convection current is dominated in 
this region.

In the northwest Pacific subduction zone, the horizontal deflec-
tion of the slab in the MTZ is well imaged from seismic tomog-
raphy (Zhao et al., 2009; Fukao and Obayashi, 2013). The over-
lying mantle is relatively warmer and drier, while the stagnant 
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slab is colder and hydrated. Warm mantle material overlying the 
stagnant slab would become buoyant when hydrated by the slab, 
and thus would likely become unstable. Eventually, the wadsleyite-
dominated buoyant material in the upper MTZ will transform to an 
olivine-dominated assembly while crossing the 410 (Karato et al., 
2006). If the water content of the ascending material exceeds the 
weaker water storage capacity of the upper mantle minerals, the 
hydrated MTZ minerals will become saturated or super-saturated. 
The high-water content rocks would significantly reduce the wet 
solidus temperature, and thus undergo partial melting at the up-
per boundary of the MTZ (Fig. 9). With the dihedral angle ap-
proaching to zero, the melt completely wets grain-boundaries; the 
grain-boundaries will lose the strength and result in the substan-
tial reduction of seismic wave velocities.

The water content in the MTZ may be relatively high in Pa-
cific subduction zone, and mineralogically bound water can pass 
efficiently through old and fast down-going subducting slabs (van 
Keken et al., 2011). For the northwest Pacific slab with a relatively 
high thermal parameter of ∼5600 km, water can be brought down 
to at least 240 km depth due to the considerable storage of water 
in gabbro and peridotite lithosphere. A high-pressure experimen-
tal study on the morphology of hydrous liquid in eclogites showed 
that hydrous melts in eclogites are isolated and do not migrate 
up or down and therefore may carry water to the lowermost up-
per mantle and the MTZ when the slab is cold (Matsukage et al., 
2017). Although quantitative dynamic and petrological models to 
estimate water flux in the MTZ is limited, high-temperature and 
high-pressure experiments showed that in the deep mantle, wa-
ter can be stored in phase A, E and other nominally anhydrous 
minerals. The recent finding of Ice-VII inclusions in natural dia-
monds revealed that water-rich fluid occurs within the MTZ be-
neath Shandong Province, China (Tschauner et al., 2018). It is thus 
possible that the seismic waves sample a relatively thick part of a 
regional water-induced partial melting layer caused by the trans-
port of water-rich materials (Fig. 9).

Alternatively, we cannot rule out the possibility of carbonate-
induced melting within the 410-LVL. Thomson et al. (2016) found 
there is difficulty for deep recycling of carbonate and the resul-
tant formation of carbonatitic melt above the MTZ. In contrast, Li 
et al. (2016b) found the undissolved Mg-rich carbonates can be 
carried into the MTZ, then rise up and begin to melt at a depth 
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of 300-330 km. Due to the limited available studies on carbon-
ate melts under high-temperature and high-pressure conditions, 
there is a great uncertainty in the estimation of the total carbon 
flux (Dasgupta, 2013). In combination with previous geophysical 
investigations of seismic wave velocity, electrical conductivity and 
geodynamical simulation, we favor the model for water-induced 
silicate melts above the 410 beneath the northwest Pacific subduc-
tion zone.

4.5. Implication in the context of subducting Pacific slab

We have demonstrated the existence of a LVL above the 410 km 
boundary of the MTZ beneath the northwest Pacific subduction 
zone (Fig. 7), and more specifically, beneath the northwestern 
Japan Sea region and the eastern Eurasian continental margin, a 
prominent “gap and blank” region where seismic instruments are 
very limited. The integrated picture of the distribution of the 410-
LVL revealed by receiver function analysis and our regional seismic 
waveform modeling shows that the LVL is pervasively distributed 
beneath the western Pacific subduction region, covering a broad 
zone from ∼134◦E to at least ∼ 121-123◦E in lateral extent.

The estimated thickness of the 410-LVL in our study varies from 
55 to 80 km, well within the previous studies that report thickness 
ranging from 20 to 90 km (e.g. Jasbinsek and Dueker, 2007; Tauzin 
et al., 2017). Given the available experimental data on melting, par-
tial melting likely occurs in the deep upper mantle as far as the 
water content exceeds a critical value, for example, ∼500 ppm as 
suggested in previous studies (e.g., Karato et al., 2006; Hirschmann 
et al., 2009) or ∼900-1000 ppm as estimated for the cold regions 
such as the western Pacific. The compaction length in these re-
gions, however, is very thin with a value of ∼1 km or less, and the 
compaction time is ∼0.01 to 1 Ma (Richter and Mckenzie, 1984; 
Karato, 2014); this means that after a time interval exceeding the 
compaction time, a large portion of melt will be accumulated in a 
thin layer with typical thickness of the compaction length (∼1 km 
or less; Karato et al., 2006). Therefore, the observed thickness of 
the LVL is not due to the presence of a large fraction of melt, but 
should be due to the complete wetting by a small amount of melt.

We infer that the 410-LVL caused by the wetting of melt would 
create a low viscosity layer (Fig. 9) that would mechanically de-
couple the upper mantle and the MTZ. A weak layer just beneath 
the MTZ has been proposed to play a key role in producing slab 
stagnation in Northern Honshu (Mao and Zhong, 2018). However, 
a low-viscosity-layer above the MTZ, at least locally, hasn’t been 
invoked in previous studies. We argue that this layer might have 
important role in modifying the behavior of subducting slab, which 
need further exploration of numerical simulation.

The nature and underlying process of the observed 410-LVL is 
still under debate. If the mechanism related to the subducting and 
stagnant slab is correct, we expect that the LVL can keep stable 
for a long time, however, it must be formed no more than 40-
60 Myr considering the age of the thickened slab trapped in the 
MTZ (Li et al., 2016a). The 410-LVL might be even younger than 
30 Ma, as recent 3D geodynamic simulations have shown that the 
fast retreat of slab accompanying the open of Japan Sea play an im-
portant role in the formation of a stagnant slab (Mao and Zhong, 
2018). Due to the limitation in the distribution of seismic stations, 
the 410-LVL reported here is confined to a near-rectangular region 
with a lateral range of ∼900 km, and ∼500 km in latitude, and the 
westernmost edge is located ∼200 km west of Changbaishan vol-
cano. The 410-LVL may extend further westward, corresponding to 
the westernmost frontier point ever reached in the Cenozoic era by 
the subducting Pacific slab (Fig. 9), as suggested in numerical mod-
els by using high-resolution boundary element methods by Morra 
et al. (2016), which reveal in detail the close relationship with the 
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clustering of diapiric upwellings with the widespread Cenozoic vol-
canism in east Asia.

5. Conclusion

We applied both P and S triplication waveform modeling for 
5 intermediate depth earthquakes and detected a widespread low 
velocity layer atop the 410-km discontinuity beneath the Japan 
Sea, the east Eurasian continental margin and northeast China. 
The velocity reduction is ∼1.5% for P-waves, and ∼2.5% for SH-
waves, and the thickness of the 410-LVL varies between 55-80 km. 
The 900 km lateral extension of the 410-LVL indicates that it is 
a widespread low velocity layer related to the subducting Pacific 
slab. We favor the interpretation that the MTZ beneath east Asia 
is water-rich. The buoyant and water-rich materials in the MTZ 
undergo partial melting while crossing the 410, completely wet 
grain-boundaries at the top of the MTZ, and then generate the 
widely distributed low velocity layer. The thickness shows that the 
LVL could be related to complete wetting by a small amount of 
melt, rather than a large fraction of melt. The LVL is inferred to 
also have a low viscosity, which would decouple the upper man-
tle and the MTZ, and thus affects the geodynamic behavior of the 
mantle circulation caused by the subducting slab.
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