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In this paper, we collected the seismic phase arrival data of 14,033 local natural

earthquakes above magnitude 3.0 recorded by 435 seismograph stations in the

study area provided by the International Seismological Centre (ISC), covering

the period from January 2011 to April 2020. We selected the first arrival P- and

S-wave arrival time data and obtained 281,859 P- and 112,926 S-wave absolute

arrival times and 528,250 P-differential and 207,968 S-differential arrival times.

Then we determined 3-D P and S wave velocity structures from the Japan

Trench to the back arc area under the Japan Islands by using double-difference

tomography method. The results show strong lateral heterogeneities under the

forearc region. The subducting Pacific slab is imaged clearly as a high-velocity

(high-V) faster than the surrounding mantle. Low-velocity (low-V) zones are

imaged in the mantle wedge with significant along arc variations under the

volcanic front. The vertical section shows that the low velocity zone extends to

a depth of approximately 70–150 km below the arc. The crust and mantle

wedges beneath the front and back arcs of the volcanoes reveal a low-V

anomaly, the likely main source of which is the partial melting of plate and

mantle wedge material. Referring to the previous results of plate dehydration,

mineral composition and thermal state, it is found that fluids play a crucial role in

the arc magmatism and plate melting of mantle wedge behind Japan Trench.

The fluids brought down by the Pacific subducting plate are released into the

mantle wedge by dehydration and subsequently transported upward by the

upwelling flow in the mantle wedge. The present results obtained using new

and advanced imaging methods enrich the understanding of the velocity

structure beneath Japan Islands, which may improve the understanding of

the dynamic processes of subduction zones and mantle upwelling.
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1 Introduction

The Northwest Pacific subduction zone is located at the

eastern edge of the Eurasian continent, and is a product of

the mutual subduction and collision between the Eurasian

plate, the Pacific plate, the Philippine Sea (PHS) plate and the

Okhotsk plate (Bird, 2003; DeMets et al., 2010), as shown in

Figure 1. Strong interactions of the four lithospheric plates

control the geological structure and tectonic evolution of this

region, which are characterized by active subduction of oceanic

plates (i.e., the Pacific and PHS plates). The Pacific plate is

subducting under the Okhotsk and Philippine Sea plates at a

rate of 8~9 cm yr−1 from the Japan Trench (DeMets et al., 1994).

From the southeast the Philippine Sea plate is descending

beneath SW Japan at a rate of 4–5 cm yr−1 (Heki and

Miyazaki, 2001; Miyazaki and Heki, 2001; Huang et al., 2011).

Intensive seismicity, arc mechanisms, and volcanic activity are

caused by the subduction process. In the upper mantle, the

temperature varies laterally from several hundred to over

1,400°C due to the subduction processes and related magmatic

and volcanic activities (Honda, 1985; Wada et al., 2015; Wang

and Zhao, 2019). Abundant fluids released from the subducting

Pacific and PHS slabs participate in mantle convection, making

the dynamic processes beneath the Japan Islands even more

FIGURE 1
Seismicity in the study region (black pane) and surrounding regions. Major tectonic units are labeled, including the Pacific Plate, Philippine Sea
Plate, Eurasian Plate, Okhotsk Plate. The solid white arrow represents the subduction direction of plate. The red triangles denote the active arc
volcanoes. Plate boundary data are from Bird (2003). The white dotted line represents the depth of the subducting Pacific plate (Zhao et al., 2012).
The top left sub-map represents the location of the island of Japan in the world.
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vigorous and complicated (Zhao, 2017; Niu et al., 2018). These

features make the Japan Islands an ideal place to understand

subduction dynamics. Subduction zones are an important link in

understanding material circulation and energy exchange in the

Earth, continental lithosphere evolution, seismic and volcanic

activities, and distribution of mineral resources. Subduction

zones have become a research hotspot in the field of Earth

sciences (Zhang et al., 2019; Wang et al., 2020; Yang et al.,

2021). The high-resolution seismic tomography can provide an

effective technical way to understand and explore these scientific

issues. Since the end of the last century, with the continuous

advancement of Earth science theories, methods and computing

power, Earth scientists can not only observe the current surface

geological processes of the Pacific Northwest subduction zone,

but also explore its deep structural features and understand its

evolution process. Among them, seismic tomography methods

provide great constraints for identifying subducting plate

morphology, discussing the physicochemical properties of the

mantle wedge, and understanding the origin of island arc

volcanoes and related geodynamic processes (Zhao et al.,

1992; Zhao et al., 1994; Huang and Zhao, 2006; Wang and

Zhao, 2008; Wang and Zhao, 2009; Wang and Zhao, 2010;

Wang and Zhao, 2012; Wei et al., 2012; Zhao et al., 2012;

Zhao et al., 2013; Zhao et al., 2015; Tao et al., 2018; Wang

and Zhao, 2019; Zhao, 2021; Wang et al., 2022). It is of great

importance to investigate the detailed 3-D crustal and mantle

structure of this typical subduction zone so as to better

understand the seismotectonics, volcanism and subduction

dynamics.

In the last decades, many researchers have used seismic

tomography to investigate the 3-D seismic velocity structure

beneath Japan (Zhao et al., 2002; van Keken, 2003; Hasegawa

et al., 2005; Zhao et al., 2007; Zhao et al., 2009; Huang et al.,

2011). These tomographic studies have greatly improved the

understanding of arc magmatism, seismogenesis and plate

subductions in this region. Tomography was first proposed by

Aki et al. (1977). Following, natural seismic tomographymethods

have been gradually developed and perfected, and new

technologies such as travel-time tomography, finite frequency

tomography, seismic wave attenuation tomography, and

background noise layer imaging have emerged. Zhang and

Thurber developed a double-difference tomography method

(tomoDD) (Zhang, 2003; Zhang and Thurber, 2006), using

both absolute and differential arrival times in a joint solution

for event locations and velocity structure. Differential arrival

times is mainly used to determine the fine structure of the source

area, and arrival times are mainly used to determine the velocity

structure of the area outside the source area. With standard

absolute travel-time tomography, seismic event locations are

somewhat scattered due to errors such as inaccurate pickup of

the seismic phase, but in tomoDD, the use of the differential

arrival times removes most of these errors, which will in turn

remove some fuzziness from the velocity model. In addition,

Since the double-difference tomography method takes into

account the spatial variation of the velocity structure of the

medium, it overcomes the assumption that the path between

the station and the event pair is a constant velocity for the

double-difference positioning pair, the earthquake event location

results obtained are more accurate. The velocity model obtained

with double difference tomography should also be superior to

that from standard absolute travel-time tomography. The

tomoDD method can reveal the detailed seismic velocity

structure than standard absolute travel-time tomography

methods. The tomoDD has been widely used to study the fine

structure of basins, volcanoes and active fault areas (Zhang et al.,

2004; Statz-Boyer et al., 2009; Panayotopoulos et al., 2014; Wang

et al., 2018; Xin et al., 2019; Zhang et al., 2021).

In this work, we collected a large number of high-quality the

seismic phase data that covers the Japan Islands densely and

uniformly. we applied advanced double-difference tomography

method to the Japan subduction zone dataset to obtain a more

detailed model of the 3-D P- and S-wave velocity structure of the

subduction zone around and within the subducting slab.

Combined with previous analyses of mineralogical

composition, thermal structure and attenuation imaging, the

results of this paper provide further insight into the structure

and dynamics of the Japanese subduction zone.

2 Data and method

In this paper, we collected the seismic phase data of natural

earthquakes above 3.0 in the research region (130o-146oE,30o-

45oN) and covered the period from January 2011 to April

2020 provided by International Seismological Centre (ISC).

The distribution of earthquakes is shown in Figure 2A. In

order to improve the resolution of the lithospheric structure,

seismic phase data including Pg, Sg, Pn, Sn, P, and S were

collected. Firstly, since the raw data format is different from

the standard format followed by tomoDD, we wrote a program

script to convert it to the standard input format. Then, we extract

the first arrival seismic phases of different stations. Secondly, in

order to ensure the data quality, we preferentially selected the

travel time data according to the following principles: 1) the

original data with travel time residuals kept within ±5 s are

selected; 2) all selected events need to be recorded by at least

10 stations. After this selection, there are a total of

14,033 earthquake events, and then we used the ph2dt

executable program in the hypoDD software to construct

differential travel-times for event pairs that will be used for

double-difference tomography (Waldhauser, 2002). It is

required that the number of event pair links should be within

the range of 10–600 and the maximum hypocentral separation

should be no more than 10 km. Figures 3A,B show the

distribution of seismic rays in the longitudinal and latitudinal

planes for P- and S-waves, respectively. Seismic rays basically
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cover the Japan Islands from the Japan Trench to the back arc

area. Figures 3C,D show the distribution of rays in the depth

range for P- and S-wave, respectively. Due to the lack of the data

recorded by ocean bottom seismometers in the Sea of Japan,

there is a clear lack of ray coverage west of longitude 138° from

Figures 3C,D. Finally, we obtained a total of 281,859 absolute P-

and 112,926 absolute S-wave arrivals and 528,250 P- and

207,968 S-differential arrival times from 14,033 local

earthquakes were recorded by 435 seismograph stations.

Figure 3E shows the P- and S-wave travel-time distance

curves for all selected earthquakes.

The double-difference tomography is an efficient method for

charactering the local and regional velocity structures and

earthquake hypocenters. The double-difference tomography

algorithm uses the differential arrival times from event pairs

observed on common stations to simultaneously determine

seismic event locations and velocity structure. The theoretical

principle of tomoDD is that it is assumed that two seismic events

are similar in spatial distance, recorded by the same seismic station

and their seismic ray paths to the same station are similar. For a pair

of events i and j recorded by stations k, the misfit between the

observed and predicted arrival times is linearly related to the desired

perturbations to the hypocenter location, origin time and velocity

structure parameters, along with a station correction term, as follows

(Zhang and Thurber, 2006):

rik � ∑3

m�1
zTi

k

zxi
m

Δxi
m + Δτ i + ∫

k

i
δudl (1)

rjk � ∑3

m�1
zTj

k

zxj
m

Δxj
m + Δτj + ∫

k

j
δudl (2)

where rik and rjk are arrival time residuals from events i and j

recorded by stations k, Ti
k is the observed time of arrival of the

body wave from the earthquake source i to the seismic

observation station k. By subtracting Eq. 2 from Eq. 1, we obtain:

rik − rjk � ∑3

m�1
zTi

k

zxi
m

Δxi
m + Δτi + ∫k

i
δudl −∑3

m�1
zTj

k

zxj
m

Δxj
m − Δτj

− ∫k

j
δudl (3)

Assuming that two seismic events are near each other so that

the paths from the events to a common station are almost

identical and the velocity structure is known, then Equation 3

can be simplified as

drijk � rik − rjk � ∑3

m�1
zTi

k

zxi
m

Δxi
m + Δτ i −∑3

m�1
zTj

k

zxj
m

Δxj
m − Δτj

(4)
where drijk is called the double difference. In the double-

difference tomography method, the absolute travel-time is

FIGURE 2
(A) Spatial distribution of the data set and 8 profiles location shown on the inset map. (B) The One-dimensional initial velocity model.
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introduced to overcome the assumption that the velocity is

constant between the station and the seismic event. The

tomoDD avoiding the dispersion phenomenon in conventional

seismic positioning, therefore the earthquake relocation is more

accurate and imaging resolution is close to several hundred

meters. The tomoDD inverts iteratively for hypocenter

locations and velocity structure using LSQR (Least Square QR

factorization). It takes the second-order norm of the travel-time

FIGURE 3
Seismic ray paths of P-wave (A) and S-wave (B) in the studied. Red triangles indicate seismic stations, green solid dots indicate earthquake
locations, and blue crosses indicate inversion grid points. Seismic ray paths of P-wave (C) and S-wave (D) vertical projection; (E) Travel time distance
curves of P and S wave.
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residual as the objective function, and iterates many times until a

stable solution is obtained. The double-difference tomography

algorithm alternates between joint inversions for both

hypocentral parameters and velocity. Because in the joint

inversion, the convergence rate of the velocity structure is

faster than hypocenters, so we need to add a separate

positioning inversion after each joint inversion.

3 Inversion details and regularization
parameter

Double-difference tomography algorithm is essentially based

on linear inversion, so a reliable initial velocity model is necessary

(Comte et al., 2016). Here, we used an initial One-dimensional

velocity model considering both shallow and deep parts (Kubo

et al., 2002), and translated it to a three-dimensional velocity grid

model. The initial P and S velocity model is shown in Figure 2B.

The nodes of the velocity model grid are shown in Figure 3A, and

node spacing is 0.3°in the latitude and the longitude direction (as

shown in Figures 3A,B in the blue cross grid), and inversion nodes

in the vertical direction are located at 10, 30, 50,

80,120,150,200 and 250 km depth. In the current version of

tomoDD, we use the pseudo-bending ray-tracing algorithm

(Um and Thurber, 1987) to find the rays and calculate the

travel-times between events and stations. The model is

represented as a regular set of 3-D nodes, and the velocity

values are interpolated by using the trilinear interpolation

method. In the process of inversion, the velocity values on grid

nodes are updated, and the velocity values between grid nodes are

obtained by linear interpolation (Zhang, 2003). Two types of data,

the absolute arrival times, the catalog differential arrival times are

used in the inversion. To combine these two types of data into one

system, we apply a hierarchical weighting scheme during the

inversion, similar to the double-difference hypocenter locations

(hypoDD). We first give more weight to the absolute data to obtain

the large-scale velocity structure, and then gradually reduce the

weight of the absolute data while increase the weight of the

differential data. In this way, fine-scale velocity structures in the

source region can be obtained. A total of 10 iterations are carried

out in the whole inversion process, with two simultaneous seismic

relocation and velocity tomography and one seismic relocation

only performing alternately.

The complete system of linear Eqs 2, 3, along with the

smoothing constraint equations, is solved by means of the

LSQR algorithm (Paige and Saunders, 1982) for the damped

least-squares problem. The trade-off of damping and smoothing

weight parameters has a greater impact on the stability of the

inversion results (Eberhart-Philips, 1986; Eberhart-Phillips and

Michael, 1993; Lin et al., 2010). Therefore, in order to make the

inversion more stable, we tested the damping factor (from 10 to

1,500) and the smoothing weight factor (from 0.001 to 10,000),

and the equilibrium curve of the data variance and the model

variance is drawn (Figure 4). Since the optimal regularization

parameter corresponds to the point with the maximum curvature

of the L-curve, and the point is called the L-corner, so the use of

L-curve method to choose the optimal regularization parameter

is actually to find the L-corner. After trade-off analysis, we choose

the best smoothing factor 20 and damping factor 300 as the

control parameters in the inversion process.

4 Analysis and results

Double-difference tomography can simultaneously invert the

seismic position and 3-D P- and S-wave velocity structure.

Figure 5 shows the P- and S-wave travel-time residuals

histogram before and after earthquake relocation. Figure 5A

shows that the initial P-wave travel time residuals were

mainly distributed in the range of −4 to 4 s, and the average

travel time residuals were 0.87 s, while the P-wave travel time

residuals were mainly distributed in the range of 0.4 s after

relocation, and the average residuals were reduced to 0.26 s.

Figure 5B shows that the residuals of the initial S-wave travel time

were also significantly reduced from 1.19 s to 0.37 s. Figure 5C

shows that the residuals of the overall seismic travel time after

relocation are mainly distributed in the range of −2 to 2 s, over

75% of the data have misfits within ±0.4 s after the inversion. The

average residual error decreased from 0.89 s before relocation to

0.29 s after relocation, and the accuracy of seismic location was

significantly improved.

Conditions such as earthquake distribution, station

distribution, seismic ray density, and ray intersection will

affect the resolution of the inversion results. In order to

assess the ability of the inversions to recover known

structure throughout the model, we conducted the

checkerboard resolution tests (CRTs) to evaluate the

resolutions of the 3-D tomographic structures before

seismic tomography (Humphreys and Clayton, 1988). We

created synthetic data with a checkerboard model (a

pattern of alternate high and low attenuation elementary)

by assigning ±5% positive and negative velocity anomalies to

the grid nodes adjacent to P and S velocities. Secondly, use this

theoretical checkerboard model to obtain the theoretical

travel-time through forward calculation. Finally, according

to the theoretical travel-time and the initial velocity model,

each grid point velocity is inverted. It should be noted that the

control parameters used in the checkboard test are consistent

with the real data inversion. We made detailed resolution

analyses using our dataset. Figures 6, 7 show the results of the

resolution tests for P- and S-wave tomography with a grid

spacing of 0.3° × 0.3°. Both the checkerboard pattern and

amplitude of velocity anomalies are well reconstructed at

different depth, except for the very edges of the model.

Because of the use of more abundant P-wave arrival time

dataset, the P-wave checkerboard resolution tests can still be
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reconstructed at a depth of 200 km. Compared to P-wave

CRTs, S-wave CRTs shows good resolution mainly at

depths <120 km, since the S-wave arrival data is about one-

third the size of the P-wave. In terms of overall CRTs, main

features of our tomographic results are reliable. In the actual

analysis, Because the inversion uses natural seismic data, the

distribution of earthquakes and stations is uneven. It is

necessary to select a high-resolution region to analysis

imaging results.

Figures 8, 9 show map views of high-resolution 3-D

tomographic P and S wave velocity model of the crust and

mantle under the Japan subduction zone determined by this

study; also shown in the maps are background seismicity

distribution with in a layer of ≤30 km. Combined with the

checkerboard resolution tests, this paper mainly analyzes the

results of 3-D velocity structure imaging with the RES

(resolution) higher than 0.7 (the highest resolution is 1). From

the overall analysis, the crustal and mantle velocity structure in

FIGURE 4
Trade-off curves of smoothing (A) and damping (B) weight parameters. The horizontal axis represents the normalized norm of slowness
variation, the vertical axis represents the normalized norm of overall travel-time residual.

FIGURE 5
The colored filled histograms (blue filled, red filled, gray filled) represent the P-wave (A), S-wave (B) and Overall travel time (C) residuals after
relocate, respectively; The unfilled histograms represent the initial travel time residuals.
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the study area shows obvious unevenness in the vertical and

horizontal directions. This unevenness is not only manifested in

different blocks, but also in the interior of the block. The most

outstanding feature of Vp, Vs horizontal slice images is that two

belts of negative and positive anomalies are disclosed along the

volcanic front and the forearc region, respectively. As the

subduction zone continues to subduct westward, the positive

anomaly also expands westward. Figures 10, 11 show that the

subducting Pacific slab is revealed as a high-V zone down to

the mantle transition zone and Low-V exist in the mantle

wedge. These features are generally consistent with the

previous tomographic results in this region (Zhao et al.,

1992; Nakajima et al., 2001; Huang and Zhao, 2006;

Abdelwahed and Zhao, 2007; Hasegawa et al., 2009; Zhao

et al., 2009; Wang and Zhao, 2010). Because seismic stations

are located only on the land area, the results of this paper are

also in the range of the Japan Islands and the eastern trench, so

it is difficult to see the shape of the Pacific slab continuing to

subduct westward. Recent regional and global tomographic

models suggest that the Pacific plate has subducted to a depth

of about ~600 km below the eastern margin of the Asian

continent, and then the plate stalled in the mantle

transition zone in eastern China (Zhao, 2004; Huang and

Zhao, 2006). The vertical cross-sections indicate significant

low-V anomalies basically subparallel with the subducting

slab are visible in the crust and uppermost mantle beneath the

active arc volcanoes and in the middle of the mantle wedge

under the back-arc side. Zhao (2004) proposed that a big

mantle wedge (BMW) has formed above the stagnant slab, and

the BMW exhibits low velocities under the Japan Sea and East

China, which is consistent with the existence of active

intraplate volcanoes (such as Changbai Mountain and

Wudalianchi) and a thin lithosphere under Eastern China

(Menzies et al., 2007).

FIGURE 6
Results of a checkerboard resolution test for P-wave tomography. The velocity perturbation (in percent) scale is shown at the bottom. The
amplitude of velocity perturbations is 5 percent in the input model. The layer depth is shown at the lower-right corner of each map.
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5 Interpretation and discussion

5.1 Velocity structures of subducting slab
and the mantle wedge

P- and S-wave velocity images show a similar pattern of velocity

variation on horizontal slices (Figures 8, 9) and vertical cross-

sections (Figures 10, 11), suggesting that they are reliable

features. Oceanic crust subducted into the deep mantle is much

denser than the surrounding mantle, the imaging results also

confirm this phenomenon. The present results clearly image that

the Pacific plate is tilted at high speed below Japan and significant

low-V anomalies are visible in the crust and uppermost mantle

beneath the active arc volcanoes and in the central portion of the

mantle wedge. The subducted Pacific slab is clearly imaged as high-

V anomalies, 4%–6% higher than the normal mantle. Based on the

analysis of velocity structure imaging results (Zhao et al., 1992;

Nakajima et al., 2001; Wang and Zhao, 2005), many scholars

inferred the geometry of the upper boundary of the Pacific

subduction zone. As a result, some scholars introduced a Pacific

subduction plate with a thickness of 85–100 km into the initial

model for tomographic studies (Zhao et al., 1992; Zhao et al., 2009;

Zhao et al., 2012; Liu and Zhao, 2016). The one-dimensional velocity

model used in this paper does not impose geometric constraints on

the initial model shape, but the imaging results can clearly reflect the

morphological characteristics of the subduction zone, which can also

indicate that the imaging results are reliable.

Thermal structure and attenuation imaging can also provide

important additional information on slow thermal structure and

dynamics (Gung and Romanowicz, 2004). Wang et al (2019)

determine a model of P- and S-wave attenuation (Qp, Qs)

tomography of the Japan subduction zone using an improved

inversion scheme. Attenuation imaging also reveals strong lateral

heterogeneities at each depth beneath the Japan Islands. The high-V

FIGURE 7
The same as Figure 6 but for a checkerboard resolution test for S-wave tomography.

Frontiers in Earth Science frontiersin.org09

Zhang et al. 10.3389/feart.2022.1019408

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1019408


anomalies in this paper corresponds to the low-attenuation (high-Q)

subducting Pacific slab. Similarly, high-attenuation (low-Q) mantle

wedge beneath the volcanic front and back-arc areas corresponds to

the low-V in our results. In addition, through some thermal

structure studies, it was found that the heat flow near the trench

is very low, then increases sharply near the volcanic front, reaches a

maximum at the back of the arc, and then tapers off at the back of

the arc (Lu et al., 1981; Yamano et al., 1989; Furukawa, 1993; Wang

et al., 2022). Thermal structure imaging using two lithological

models of the upper mantle (a peridotite assemblage and a

pyrolite assemblage) revealed a low-temperature (low-T, ≤
~900°C) feature in the forearc region and a high-temperature

(high-T, ~1,400°C) anomaly in the back-arc region of the

volcanic forearc (Wang et al., 2022). The distribution of heat

flow values is also consistent with our imaging results: high-T

and low-V are under back-arc.

5.2 Slab dehydration and partial melt

One of the most important findings of subduction zone

tomography studies is that significant low-V anomalies are

visible in the crust and uppermost mantle beneath the active

arc volcanoes and in the middle of the mantle wedge. These low-

V anomalies may have provided the main source of material for

arc magmatism and volcanism. Such features have also been

found by using different seismic tomography methods, which are

also consistent with some petrological studies (Tatsumi, 1989;

Peacock, 1990; Iwamori and Zhao, 2000; Hacker et al., 2003). In

this paper, Figure 10 demonstrate the presence of low-V

anomalous velocities (white dashed areas) in the crust and

mantle wedge beneath the volcanic front, although the

extended depths of the low velocity anomalies are different

from one another. For example, in the AA′ profile in

northeastern Japan, the low-V anomaly extends to ~120 km.

The CC′ and DD ′ profiles in Honshu Island show that the low-V

anomalies extend to ~110 km, while the EE′ and FF′ profiles
show that the low-V anomaly extends to ~80 km depth. Figure 11

shows the vertical cross section of the S-wave velocity

tomography along the 8 profiles, with the extension of the

low-V anomalies generally consistent with Figure 10.

Unraveling the source of these low-V anomalies is key to

understanding arc magmatism. During the subduction of the

Pacific slab, higher temperature, fluid content, and melting

FIGURE 8
Map views of Vp structures. Black circles denote the background earthquakes that occurred within a layer of 30 km thickness bound to each
slice. The red triangles denote the active arc volcanoes.

Frontiers in Earth Science frontiersin.org10

Zhang et al. 10.3389/feart.2022.1019408

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1019408


fraction can all contribute to anomalous velocity structures

(Nakajima et al., 2001). In the subduction zone, the fluid

content is considered to be an important factor contributing

to the low V in the forearc zone. The black dashed ellipses in

Figures 10, 11 show the low-Vp and low-Vs at the shallow

subducting slab in the forearc region. At shallow depths, free

water is released from oceanic crust, unconsolidated sediments

and fluid-filled accretionary complexes after being affected by the

high temperature of the surrounding mantle material (Mishra

et al., 2003; Wang et al., 2012; Wang et al., 2019; Wang et al.,

2022; Wang and Lin, 2022). This may reduce seismic velocity in

the forearc region. The hydrated rocks continue to subduct into

the deep mantle wedge and experiences a series of progressive

geochemical reactions under the influence of high pressure and

temperature (Kita et al., 2012; Wang et al., 2022). In this study, at

a depth of about 70–150 km, there is a relatively low-V along the

upper boundary of the slab (red dashed rectangle, Figures 10, 11).

The imaged seismic models infer that the low-Vp and Vs bodies

anomalies in the crust and mantle wedge are closely linked to the

Pacific slab subduction.

We hypothesize that there are three possible sources of

magma for arc magmatism: direct melting of subducting

oceanic crust; melting of subducting plate upper mantle

peridotite associated with plate dehydration; or both.

According to the calculation of peridotite assemblage (Wada

et al., 2015), the temperature at a depth of 60–120 km at the

upper boundary of the slab is about 1,000–1,200°C. This

temperature is sufficient to melt or partially melt the hydrated

peridotite of the subducting plate. The low V anomaly in the red

dashed rectangle above the plate at depths of 70–150 km shown

in Figure 10 may indirectly reflect the state of partial melting of

the slab. It should be noted that this low-V anomaly is not

continuous above the plate. This spatial feature may indicate that

partial melting occurs only locally, or the imaging resolution of

this study is not sufficient to fully describe the spatial distribution

of moltenmaterial. It is generally accepted that the mainminerals

in the upper mantle (≤400 km depth) are olivine, orthopyroxene,

clinopyroxene, and garnet with minor chromite and ilmenite

(Ringwood, 1975; Anderson and Bass, 1984; Anderson, 1989;

Duffy and Anderson, 1989). However, adding water to a mantle

wedge composed of olivine and orthopyroxene may form a

variety of hydrous minerals (e.g., anti-olivine, chrysotile,

lizardite, talc, and brucite). Therefore, the supply of H2O from

the slab is believed to play an important role in the formation of

FIGURE 9
Map views of Vs structures. Black circles denote the background earthquakes that occurred within a layer of 30 km thickness bound to each
slice. The red triangles denote the active arc volcanoes.
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arc magma in the mantle wedge. In the mantle wedge, hydrous

fluids are primarily released from extensive metamorphic

reactions in the subducted Pacific slab crust. The temperature

of the mantle wedge in the subduction zone is greater than 900°C

at depths above 60 km (Abers et al., 2017). Upwelling fluids from

the subducting plates may have caused partial melting in the

overlying mantle wedge due to the high temperatures there,

reducing seismic wave velocities (Low-V anomalies in the

mantle in Figures 10, 11). In conclusion, the possible

magmatic sources of arc magmatism mainly include partial

melting of subducting plates at depths of 70–150 km and

melting of mantle material with the participation of water fluids.

5.3 Subduction dynamics and arc
magmatism

Section 5.2 focuses on the analysis of the main sources of

these low-V anomalies, but the dynamical mechanisms of low-

V anomalies are still under investigation. In this section, we

FIGURE 10
Vertical cross-sections of P-wave velocity (Vp) tomography along the 8 profiles shown on the Figure 2A. The red and blue colors denote low
and high Vp perturbations (in %). The scales of Vp perturbation are exhibited at the right. Two black dash lines show the discontinuities of the Moho
and the upper interface of the subducting Pacific plate along each section, respectively. The red triangles denote the active arc volcanoes. The gray
arrowmark indicates the direction of subduction of the Pacific plate. The white dashed area represents the low-velocity anomaly in the mantle
wedge. The white dots represent the relocated earthquakes within ~35 km near the profile.
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try to analyze subduction dynamics and arc magmatism by

combining the previous studies and the results of this paper.

According to the research of scholars, the Pacific plate

becomes stagnant in the mantle transition zone and

eventually collapses into the lower mantle due to the huge

gravitational instability generated by the phase transition,

which will cause turbulence and thermal instability in the

mantle transition zone and the lower mantle. Perhaps it is the

thermal instability of the thermal boundary layer that creates

the upward thermal buoyancy (Maruyama et al., 2007; Zhao

et al., 2012). We represent this buoyancy in the schematic

structure model in Figure 12 with three upward white arrows.

In addition, many studies have shown that mantle upwelling

and downwelling (mantle corner flow, schematic arrows as

shown in Figure 12) are prevalent in the mantle above

subducting oceanic plates (Martinez and Taylor, 2002;

Kelemen et al., 2003; Currie and Hyndman, 2006). As the

mantle molten material migrates to the shallow part, the

pressure and temperature decrease, and the viscous

coupling between the mantle wedge and the subducting

plate further promotes the circulation of the mantle to the

deep part together with the overlying subducting plate.

Although the phenomenon of mantle corner flow has been

widely recognized, it is established through indirect

observations such as seismic imaging and thermal structure

simulation. The mantle corner flow processes on subducting

oceanic plates have not been confirmed by direct petrological

studies.

FIGURE 11
The same as Figure 10, but indicates S-wave velocity (Vs).

Frontiers in Earth Science frontiersin.org13

Zhang et al. 10.3389/feart.2022.1019408

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1019408


Water fluids play an irreplaceable role in subduction

dynamics and arc magmatism. During the subduction

process of the cold Pacific plate, surface water and

sediments are carried into the interior of the Earth, which

not only affects the physical and chemical properties of mantle

materials (such as density, seismic wave velocity and elasticity,

etc.), but also significantly changes the melting temperature

and rheological properties. Firstly, significant dewatering of

the oceanic plate occurs in the forearc region (released fluid as

shown in Figure 12), which may reduce the seismic velocity at

shallow depths within the forearc region. As subduction

proceeds, the pressure and temperature increase and water

is further released from the oceanic crust. Then, these released

waters enters the mantle wedge, lowering the melting point of

the mantle material and undergoing partial melting, forming a

low-V anomaly. Moreover, Rayleigh-Taylor instability that

can arise during melting, which may propel higher-velocity

anomalies (“cold plumes”) within the mantle wedge (Gerya

and Yuen, 2003; Gorczyk et al., 2006). As the plate continues

to subduct, the garnet-peridotite slab may undergo direct

partial melting along its upper boundary (as shown in the

pink thin layer in Figure 12). The molten material migrates

upward into the overlying mantle wedge and merges with

fluid-dependent melting, where it forms magma. Low-

frequency volcanic earthquakes (LFEs) studies show that

many low-frequency micro seismic events occur in and

around the low-V zone in the lower crust and top of the

upper mantle (Hasegawa et al., 2005; Wang et al., 2019), which

may represent the subduction of island arc magma from the

mantle wedge to the surface. Therefore, we suggest that fluids

associated with plate dehydration, mineral composition and

thermal state play a fundamental role in arc magmatism and

plate melting in the mantle wedge behind the Japan Trench.

The repeated supply of magma from these molten low-V body

in the mantle wedge into the overlying arc crust cause uplift

and volcano formation.

6 Conclusion

We used advanced double-difference tomography to

determine the 3-D velocity structure of the P- and S-waves

under Japan Islands from the Japan Trench to the back-arc.

We use the initial one-dimensional velocity model without

geometric constraints on the subduction plate shape, and the

imaging results can clearly reflect the morphological features

of the subduction zone and the low-V anomalies in the mantle

wedge, which can also illustrate the advanced imaging method

and the reliability of the inversion results. The results well

reveal the morphological and high-velocity characteristics of

the subduction of the Pacific subducting plate and low-V

anomalies in the surrounding mantle beneath the Japan

Islands. The possible source of the significant low-V

anomaly are partial melting of the mantle material and

direct melting of the subducting oceanic crust itself, in

which fluids released from extensive dehydration of the

subducting oceanic crust are presumed to play a key role.

These molten low-V bodies in the mantle wedge are upwelling

into the overlying arc crust under the action of corner flow,

leading to uplift and volcano formation.

FIGURE 12
Schematic structure model of Japan subduction zone built on the calculated seismic velocity structures. Temperature contours are referenced
from (Wada et al., 2015).
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