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Supplemental Material

We present the wave equation-based adjoint tomography of northeastern Japan using
common-source double-difference travel-time data. More than 30,000 high-quality first
P-wave arrivals from 117 local earthquakes recorded by 713 seismic stations are
included in the inversion, generating more than 350,000 double-difference travel times
of first P-wave arrivals. In comparison with commonly used travel-time data, the
common-source double-difference travel times are insensitive to source parameters
and source-side structures but place enhanced constraints on receiver-side structures.
As a result, these robust double-difference travel times generate a reliable VP model
down to a depth of 120 km. Our inversion results clearly show crustal low-velocity
anomalies beneath the volcanic arc. The subducting Pacific slab is illuminated as a
landward-dipping high-velocity anomaly, and the arc magmatism in the mantle wedge
is shown as low-velocity anomalies. Thanks to the newly operated Seafloor Observation
Network (S-net), prominent high-velocity bodies are detected in the fore-arc mantle
wedge at depths of 30–60 km. These abnormal high-VP bodies indicate a low degree
of serpentinization in the fore-arc mantle wedge at low temperatures, correlating well
with the previous finding that the uppermost mantle in the Kuril and Tohoku fore-arc is
cold and dry. Our inversion results reveal reliable tectonic features in the subduction zone
beneath northeastern Japan, suggesting that wave equation-based common-source dou-
ble-difference travel-time adjoint tomography is an effective and robust method to illu-
minate detailed structures of the crust and uppermost mantle.

Introduction
Seismic tomography is a powerful technique to illuminate the
Earth’s interior. In theory, approximate relationships between
the model parameterm and theoretical prediction G�m� can be
established based on reasonable physical–mathematical mod-
els (Rawlinson et al., 2010), for example, by assuming that seis-
mic-wave propagation satisfies eikonal equations or wave
equations. In general, the goal of seismic tomography is to
determine an appropriate model parameter m so that theoreti-
cal predictions G�m� can fit seismic observations dobs.

Seismic tomography involves two key ingredients: the for-
ward modeling of wave propagation, and the misfit between
observed and synthetic signals. First, most seismic tomography
methods in the early stage were based on ray theory because
of its simplicity and the limitation of computing power (e.g.,
Aki and Lee, 1976; Thurber, 1983; Kissling, 1988; van der
Hilst et al., 1997). This high-frequency assumption indeed
reduces the total computing cost, whereas it ignores finite-fre-
quency effects such as wavefront healing and scattering
(Marquering et al., 1999; Dahlen et al., 2000; Hung et al.,

2001). The ignorance of finite-frequency effects may lose res-
olution in resolving small-scale anomalies (Yoshizawa and
Kennett, 2004; Zhou et al., 2005). With the rapid development
of computing power and numerical algorithms in the past few
decades, it is becoming more popular to simulate wave propa-
gation by directly solving wave equations. This approach
avoids the infinite-frequency assumption of ray theory and
takes finite-frequency effects into account. Thus, it is possible
to obtain accurate and high-resolution inversion results, mak-
ing waveform inversion a promising method for seismic
tomography (e.g., Bamberger et al., 1982; Igel et al., 1996;
Pratt, 1999; Tromp et al., 2005; Fichtner et al., 2006; Chen et al.,
2007; Tape et al., 2009).
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Second, an appropriate misfit between observed and
synthetic signals sensitive to the model parameter m of
our interest but less affected by other factors should be
designed. Traditionally, the model parameter m is updated
by minimizing the mismatch between the observed data
dobs and theoretical prediction G�m�, which arises from not
only the inconsistency of the model parameter m, the noise
in the observed seismograms, but also uncertainties of the
source term, including the source time function, the source
mechanism, the earthquake location, and the origin time
(Tape et al., 2010). Thus, uncertainties of the source term
may introduce artificial anomalies to the final model, resulting
in inaccurate tomographic results. To mitigate this influence, a
new wave equation-based adjoint tomography method using
common-source double-difference travel-time data was pro-
posed (de Vos et al., 2013; Yuan et al., 2016), which measures
the discrepancy between observations and simulations in terms
of the cross-correlation travel-time difference made on station
pairs. This new measurement has been proved invariant to
seismic moment and the origin time shift and insensitive to
earthquake source wavelet, making this double-difference
travel-time tomography method a robust technique to
determine the Earth’s internal structure (Yuan et al., 2016;
Örsvuran et al., 2020). In addition, common-source double-
difference travel time is less affected by source-side structure,
because it efficiently suppresses the influence arising from the
anomaly surrounding the earthquake. Notably, even one earth-
quake could resolve significant structural details, making it
possible to obtain high-resolution results with a limited num-
ber of earthquakes (Yuan et al., 2016).

The idea of differential measurement could date back to the
1960s (Brune and Dorman, 1963). Its extended concept, called
“double-difference,” was then introduced to locate earthquakes
(Poupinet et al., 1984; Fremont and Malone, 1987; Got et al.,
1994) and initiated the development of the software package
“hypoDD” for precisely locating earthquakes (Waldhauser
and Ellsworth, 2000). Furthermore, “tomoDD” was developed
to simultaneously obtain earthquake locations and velocity
structures (Zhang and Thurber, 2003). Afterward, accurate
earthquake locations and robust tomographic results were
obtained using double-difference travel-time measurements,
promoting our knowledge of the Earth’s internal structure
and its evolution (e.g., Zhang et al., 2004; Hirose et al.,
2008; Fang and Zhang, 2014; Sippl et al., 2018). However, most
studies are based on seismic ray theory but rarely perform dou-
ble-difference travel-time inversions by solving wave equa-
tions. de Vos et al. (2013) derive the finite-frequency
sensitivity kernel for two-station surface-wave measurements.
The properties of sensitivity kernels for the group velocity and
phase velocity are discussed in detail. Double-difference travel-
time measurements are then inverted to build subsurface
velocity models (Yuan et al., 2016; Örsvuran et al., 2020).
These studies exhibit complete theoretical analyses and ideal

numerical experiments, however, requiring real data inversion
to verify the effectiveness of this new method. In this article,
following the scheme proposed by Yuan et al. (2016), we per-
form the wave equation-based adjoint tomography by
inverting common-source double-difference travel-time data
in northeastern Japan.

Strong seismic and volcanic activities occur in Japan, where
four lithospheric plates exist with intense interactions (Fig. 1).
In our study region of northeastern Japan, the Pacific plate is
subducting northwestward from the Kuril–Japan trench and
beneath the Okhotsk plate at a rate of 7–10 cm/yr (Bird,
2003; Zhao, 2015). The water is dragged into the mantle by
the oceanic subducting slab and then released to the mantle
wedge, triggering arc magmatism and partial melting in the
mantle wedge. Unlike warm subduction zones such as
southwestern Japan, where the Philippine Sea plate is sub-
ducting northwestward from the Nankai trough at a rate of
4–5 cm/yr (Zhao, 2015), the subduction zone in northeast
Japan is relatively cold. It causes the hydrous minerals to break
down in the uppermost mantle at a deeper depth of ∼70 km
(Furukawa, 1993), leading to a dry fore-arc mantle wedge.
These features make northeast Japan a natural laboratory to
study the subduction process. Importantly, the dense seismic
stations deployed on the islands and recently on the adjacent
oceanic bottom provide abundant data to evaluate the effec-
tiveness of the wave equation-based adjoint tomography
method using common-source double-difference travel-
time data.

The rest of this article is organized as follows. We begin
with a brief introduction to the seismograms and the proce-
dures to obtain differential travel times via cross-correlation
techniques in the Data section. Then, we present the inver-
sion method in the Inversion method section. The Results
section illustrates the tomographic results derived from real
data, in which the resolution and the robustness of anomalies
are analyzed with the checkerboard and restoring resolution
tests. Following that, some discussions are presented in the
Discussion section to explain the anomalies revealed in the
tomographic images. Finally, we conclude this article in
the Conclusion.

Data
Our study region is composed of Honshu and Hokkaido islands
together with surrounding oceanic areas, ranging from 34° E to
46° E in latitude and 135° W to 146° W in longitude. Figure 2a
shows 713 permanent seismic stations distributed uniformly
and densely in the study region, among which 566 stations
belong to the Hi-net network (Okada et al., 2004)
and 147 stations belong to the S-net network (Kanazawa,
2013; Takagi et al., 2019). Hi-net is a high-sensitivity seismo-
graph network deployed on the Japan Islands (Fig. 2a, red
squares). It has a station interval of about 30 km in Honshu
and Hokkaido, providing sufficient constraints on the
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subsurface structure beneath the northeastern Japan Islands. In
addition to these land-based seismic stations, seismic data
recorded by S-net are also taken into account to enhance the
data coverage in the surrounding ocean (Fig. 2a, blue squares).
These permanent ocean-bottom seismometers have a station
interval of about 30 km in the east–west direction and about
50–60 km in the north–south direction, which are slightly
sparser than the Hi-net.

We carefully select earth-
quakes for the inversion to bal-
ance computational cost and
data coverage. The study region
is divided into many cubic
blocks with a size of
1° × 1° × 10 km in latitude,
longitude, and depth, within
which earthquakes are selected
depending on the number of
useful recordings and magni-
tude. Finally, 117 earthquakes
from 2004 to 2019 with magni-
tude ranging from 4.5 to 7.0
are included in the inversion
(Fig. 2b, colorful circles). The
final data set consists of
38,566 useful three-component
waveforms. These waveforms
have a dense data coverage in
the study region, providing suf-
ficient constraints on the crust
and the uppermost mantle in
the fore-arc and volcanic arc
region beneath northeast Japan.

A series of procedures are
required to process the raw data
to obtain differential travel
times. A differential travel time
is the travel-time difference of
seismic waves originating from
the same earthquake but arriv-
ing at two separated stations.
First, we use the software
Seismic Analysis Code (SAC)
to remove the instrument
response and filter the observed
seismic signals, generating proc-
essed waveforms in the period
band of 5–10 s (Goldstein and
Snoke, 2005). Then, the theo-
retical first P-arrival times are
calculated based on the average
local 1D model from Simutė
et al. (2016) by software

SIMULPS12 (Thurber, 1983; Evans et al., 1994; Chen et al.,
2020), according to which adapted time windows are determined
to extract first P-wave arrivals (Fig. 3). The time windows rang-
ing from 20 s before to 15 s after the first P-arrival are initially
selected, and then manually checked and adjusted when needed.
Finally, the processed signals are used to calculate the differential
travel time Δtobsij;k from one common source (k) to a station pair
(i and j) via the cross-correlation technique, defined as:

Figure 1. Illustration of the Japan Islands. Our study region within the red box consists of Hokkaido,
Honshu, and adjacent oceanic regions. The red triangles denotemain volcanoes. Thewhite solid lines
(boundary of subduction zone) and dashed lines (continental or oceanic convergent boundary)
indicate the tectonic boundaries of labeled plates (Bird, 2003). In the northeast, the Pacific plate
is subducting northwestward beneath the Okhotsk plate from the Kuril–Japan trench at a rate of
7–10 cm/yr. In the southwest, the Philippine Sea plate is subducting northwestward from the Nankai
trough at a rate of 4–5 cm/yr. The box in the upper left inset map shows the location of the Japan
Islands. The color version of this figure is available only in the electronic edition.
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EQ-TARGET;temp:intralink-;df1;53;437Δtobsij;k � argmax
τ

Z
T

0
di;k�t � τ�dj;k�t�dt: �1�

Here di;k�t� and dj;k�t� indicate the processed signals
recorded at two separated stations. Figure 4 exhibits the cross
correlation of some processed observed signals used in the inver-
sion, illustrating a high level of similarity in paired signals and
robust cross-correlation travel-time differences. Two ingredients
guarantee the high quality of cross-correlation travel-time
differences. First, strict criteria are adopted to select appropriate
station pairs, which will be clarified in the Forward modeling
and double-difference travel time section. Second, cross corre-
lation is performed between observed signals instead of between
observed and synthetic signals, ensuring the consistency of the
source term between compared signals.

Inversion Method
We perform the wave equation-based adjoint tomography to
derive the 3D VP model beneath northeast Japan and adjacent
oceanic regions using the common-source double-difference
travel times extracted from first P-wave arrivals. Further details
regarding forward modeling, double-difference travel time,
sensitivity kernel, initial model, and optimization algorithm
are described in the following sections.

Forward modeling and double-difference travel
time
We apply the spectral element method to simulate seismic-wave
propagation to obtain synthetic signals. This method is not only
feasible in parallel computing and flexible in mesh design but

also accurate in forward modeling (Komatitsch and Vilotte,
1998; Fichtner, Igel, et al., 2009; Gokhberg and Fichtner,
2016). The spectral element method combines the advantages
of the pseudospectral method and the finite-element method,
making it a wildly used numerical algorithm in seismological
research (e.g., Fichtner, Kennett, et al., 2009; Tape et al.,
2010; Simutė et al., 2016). In this work, we employ the graphic
processing units accelerated SPECFEM3D globe program
package to calculate synthetic signals and sensitivity kernels
(Komatitsch and Tromp, 1999; Komatitsch, 2011). There are
127,100 spectral elements consisting of 8:4 × 107 Gauss-
Lobatto-Legendre (GLL) grid points in the study region, with
an average grid spacing of 4.5 km. The minimum P-wave wave-
length that can be resolved by SPECFEM3D is about 50 km,
corresponding to a period of about 7.8 s. The undulating topog-
raphy and the Moho interface from CRUST1.0 (Laske et al.,
2013) are taken into account in the meshing process. The
absolute VP and other model parameters are discretized on
these grid points, describing the subsurface structure beneath

Figure 2. Illustration of the earthquakes and stations included in
the data set. (a) About 713 seismic stations are included in the
inversion, among which 566 stations in red belong to High
Sensitivity Seismograph Network (Hi-net), and the rest in blue are
oceanic-bottom stations of Seafloor Observation Network (S-net).
(b) The inversion involves 117 earthquakes uniformly distributed in
the study region, which are denoted as circles. The size and color
indicate magnitude and depth, respectively. The color version of
this figure is available only in the electronic edition.
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Figure 3. Illustration of data preprocessing. The earthquake (red
star) and stations (green squares) are plotted in the upper left
figure. Raw data are aligned in the left column. After filtering and
selecting time windows from 20 s before to 15 s after theoretical

first P-wave arrival times (red dashed lines), we obtain the
processed signals (right column). The color version of this figure is
available only in the electronic edition.
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Figure 4. Illustration of cross correlations of recorded signals. The
earthquake (red star) and stations (squares) are plotted in the
upper left figure. The blue square indicates the reference station.
The green squares denote the stations that are cross correlated
with the reference station. Left column: the processed signals of

two separated stations. Right column: the processed signals with
the time shift calculated from the cross correlation. The cross-
correlation coefficient (Ceo) and the time shift (DT) are pre-
sented. The color version of this figure is available only in the
electronic edition.
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northeast Japan. We choose the Ricker wavelet with a dominant
frequency of 8 s as the source time function. Although there
exists inconsistency in the real source time function and the
Ricker wavelet, it has ignorable influence on the double-differ-
ence travel time and corresponding sensitivity kernels. The cross
correlation is performed between synthetic signals originating
from the same earthquake and arriving at two neighboring sta-
tions. Thus, the source wavelet information is eliminated, and
the differential travel time is preserved. It is also called the source
wavelet invariance (see section 4.3 in Yuan et al., 2016). In a
similar manner as processing the observed signals, adapted time
windows are applied to synthetic signals according to theoretical
first P-wave arrival times at each iterative step.

We measure the double-difference travel time ΔΔtij;k calcu-
lated by further cross correlating the processed synthetic sig-
nals originating from the same earthquake (k) but arriving at
two separate stations (i and j), defined as

EQ-TARGET;temp:intralink-;df2;41;522ΔΔtij;k � Δtsynij;k − Δtobsij;k ; �2�

in which

EQ-TARGET;temp:intralink-;df3;41;469Δtsynij;k � argmax
τ

Z
T

0
si;k�t � τ�sj;k�t�dt: �3�

Here si;k�t� and sj;k�t� indicate the processed synthetic
signals recorded at a station pair (i and j). And Δtobsij;k is
the differential travel time of observed signals calculated in
equation (1). The primary goal is to obtain an appropriate
VP model to match the calculated differential travel time
Δtsynij;k with the observed differential travel time Δtobsij;k .
Accordingly, we can define the objective function as

EQ-TARGET;temp:intralink-;df4;41;326χ �
X
k∈E

�
X

�i;j�∈Sk
�ΔΔtij;k�2�; �4�

in which E is a set containing all used earthquakes, and Sk is the
corresponding set consisting of possible station pairs. At each
iteration step, the objective function χ is rebuilt by only involv-
ing carefully selected double-difference travel times. First of all,
we only include the station pairs with similar signals for which
cross-correlation coefficients are larger than 0.9 (e.g., VanDecar
and Crosson, 1990; Richards-Dinger and Shearer, 2000; Yuan
et al., 2016). The cross-correlation coefficient directly reflects
the similarity of compared signals that mainly influences the
accuracy and reliability of the calculated differential travel time.
Second, the epicenter distance should be comparable to the
width of the first Fresnel zone, limited within the range of
50–600 km (e.g., Woodward, 1992; Baig et al., 2003; Yuan et al.,
2016). To avoid the influence of source-side structure, the angle
from the earthquake to two separated stations is within 20°,
and the distance between the two stations should be smaller
than 300 km. Finally, the double-difference travel times larger

than 3 s are considered unreliable and thus abandoned. These
strategies guarantee the accuracy and reliability of the used
double-difference travel times.

Initial model
The wave equation-based inversion requires an appropriate
initial model to reduce the risk of being trapped in a local mini-
mum (Simutė et al., 2016; Tromp, 2020). Otherwise, an inac-
curate starting model might lead to more iteration steps or
even introduce artificial anomalies to the final imaging result
(Kissling et al., 1994). In our study, the undulating Conrad and
Moho discontinuities from CRUST1.0 (Laske et al., 2013) are
embedded in the 3D starting model, in which VP is 6.0 km/s in
the upper crust and 6.7 km/s in the lower crust (Zhao et al.,
1992). The layered ak135 model is adopted to represent the
mantle structure of the starting model without assigning
any perturbations to the slab (Kennett et al., 1995). Finally,
we smooth this 3D model to construct a smooth initial model
for the inversion. Its vertical and horizontal profiles are dis-
played in Figure 5. The absolute VP model is iteratively
updated during the inversion.

Sensitivity kernel and iterative optimization
The adjoint state method is an efficient approach for comput-
ing the Fréchet derivative of the objective function with respect
to the model parameter (e.g., Tarantola, 1984; Tromp et al.,
2005; Fichtner et al., 2006). Mathematically, the Fréchet
derivative can be expressed in a form of sensitivity kernel,

EQ-TARGET;temp:intralink-;df5;308;379δχ �
Z

Kdd
m �x�δ lnm�x�d3x; �5�

in which Kdd
m �x� is the sensitivity kernel associated with the

common-source double-difference travel time. Further, the
sensitivity kernel can be written as the convolution of the for-
ward wavefield with the adjoint wavefield. The adjoint wave-
field is generated by an adjoint source at one or multiple
seismic stations (Tromp et al., 2005; Fichtner et al., 2006).
According to Yuan et al. (2016) (also see de Vos et al.,
2013), the adjoint source for the common-source double-dif-
ference travel time in equation (4) writes

EQ-TARGET;temp:intralink-;df6;308;222f †ij;k�x; t� �
ΔΔtij;k
Nij;k

∂tsj;k�T − t � Δtsynij;k �δ�x − xi�

−
ΔΔtij;k
Nij;k

∂t si;k�T − t − Δtsynij;k �δ�x − xj�; �6�

in which

EQ-TARGET;temp:intralink-;df7;308;133Nij;k �
Z

T

0
∂2t si;k�t � Δtsynij;k �sj;k�t�dt: �7�

Both the forward field and the adjoint field can be calculated
using the SPECFEM3D software package (see details in
Tromp et al., 2005 and Liu and Tromp, 2006), allowing the
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construction of an approximate linear relationship between the
objective function χ and the model parameter m�x�, as shown
in equation (5).

Because of the limited resolving ability of seismic data, the
sensitivity kernel with respect to the P-wave velocity com-
puted on the GLL points of the spectral elements is further
projected on a coarse inversion grid with a horizontal grid
spacing of 50 km and a vertical spacing of 10 km (Fig. 5, black
crosses). This model parameterization has a smoothing effect
on the sensitivity kernel and decreases the number of
unknowns to improve the stability of the inversion. Then,
a modified gradient descent method with a controlled step
size is applied to update the P-wave velocity model (Tong,
2021). In the first few iterations, a limited step size of 1%
for the relative P-wave velocity perturbation is preferred.
With the iteration going, the step size is slightly adjusted
depending on the change of the objective function. If the
objective function decreases as compared to the previous step,
the step size increases by 1.25 times. Otherwise, it reduces to
its half. The step size is limited within 0.2%–1.5% to keep the
inversion stable.

Forty iterations were performed in this study, generating a
3D VP model beneath northeast Japan. The double-difference
travel-time objective function significantly decreases by 80%
(from 245,264 to 48; 889 s2). Though the number of station

pairs is slightly reduced from 425,277 to 368,381, implying that
some station pairs are excluded as the cross-correlation coeffi-
cients of synthetic signals in the updated models become smaller
than the threshold of 0.9. The mean value of the squared double-
difference travel times is reduced by 77%. Figure 6 shows the
histogram of the double-difference travel times computed in
the initial and final models. It is obvious that the distribution
of the double-difference travel times is more concentrated on
zero after the iterative inversion. Quantitatively, the mean value
of the double-difference travel times remains near zero (from
−0.0042 to −0.0011 s). Moreover, the standard variance
decreases from 0.7594 to 0.3643 s, implying a better fit between
the synthetic and observed signals.

Figure 5. Illustration of the initial model. (a) The horizontal
sections of the initial model at different depths. (b) The vertical
profiles of the initial model along the blue dashed lines in (a) at
different latitudes. The yellow and red dashed lines represent
the Conrad and Moho discontinuities, respectively. The red
triangles denote main volcanoes, and earthquakes used in the
inversion are black stars. The black crosses represent the coarse
mesh grid nodes for updating the model. The black dashed lines
indicate the upper boundary of the subducting Pacific slab. The
color version of this figure is available only in the electronic
edition.
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Results
Tomographic images
The common-source double-difference travel-time adjoint
tomography method generates a 3D VP model of the crust
and uppermost mantle down to a depth of 120 km beneath
northeast Japan and surrounding oceanic regions. Horizontal
sections of the absolute VP model and the VP perturbation
model are presented in Figure 7, and vertical profiles passing
through major velocity anomalies are included in Figure 8.
More profiles are illustrated in Figures S1 and S2, available
in the supplemental material to this article. It is noted that
the VP perturbation is calculated with respect to the 3D initial
model rather than a 1D reference velocity model, which
implies that the model update is purely contributed by the
chosen seismic data. Thus, the perturbation model may some-
times look contrary to the absolute VP model, especially at
shallow depths where strong lateral VP variations exist in
the 3D initial model (e.g., Fig. 7, 20 km).

The horizontal sections reveal prominent low-velocity
anomalies (Mb1 and Mb2) just beneath the volcanic arc
(Fig. 7, 20–100 km). The low-velocity bodies extend from
the crust to the uppermost mantle, sitting above the Pacific
subducting slab (Mb1 in Fig. 8, profile A; Mb2 in Fig. 8, profiles
B–E). In addition, the upper portion of the Pacific subducting
slab is represented by the high-velocity body PAC, which well
matches the upper boundary of the Pacific slab given by
Slab2.0 (Hayes et al., 2018) (Fig. 8, profiles B–E).

Thanks to the newly
deployed S-net, several strong
low- and high-velocity bodies
(Mw1–Mw3, Oc1 and Oc2)
are detected in the fore-arc
region. The high-velocity
anomaly Mw1 is located in
the northeast of the study
region down to a depth of
50 km (Fig. 7, 20–40 km;
Fig. 8, profile A). The high-
velocity bodies Mw2 and Mw3
are located east of Honshu.
They are connected at shallow
depths (above 20 km) but are
separated in the uppermost
mantle down to 50 km depth
(Fig. 7, 20 and 40 km; Fig. 8,
profiles B and D). By contrast,
the strip-like low-velocity body,
labeled by Oc1, is detected atop
the subducting slab, ranging
from 37° to 42° in latitude
(Fig. 7, 20 and 40 km; Fig. 8,
profiles B and C). In addition,
a similar low-velocity anomaly

Oc2 is observed in the southern termination of our study region,
which disappears at a depth of 70 km (Fig. 7, 20–60 km; Fig. 8,
profile E). Our tomographic result shows high consistency with
previous studies (e.g., Liu and Zhao, 2016; Yu and Zhao, 2020),
which supports the reliability of our result (see Figs. S3 and S4).

Checkerboard and restoring resolution tests
Even though we have carefully considered the robustness of the
waveform data used in the inversion, the resolving ability of the
seismic data and the reliability of the illuminated anomalies
require proper evaluations, because the uneven distribution
of events and stations may result in artificial anomalies in
the imaging result. In this section, two types of synthetic res-
olution tests are designed to evaluate the resolution of tomo-
graphic images and assess the robustness of inverted anomalies
for geological interpretations (e.g., Humphreys and Clayton,
1988; Zhao et al., 1992).

First, the checkerboard resolution test is performed to reveal
the well-resolved region. The target model is designed by alter-
natively assigning positive and negative VP perturbations to the
3D initial model. From the crust to the uppermost mantle down
to 200 km depth, the size of the cubic anomaly increases from
100 × 100 × 30 km3 to 300 × 300 × 60 km3, and the amplitude
decreases from ±10% to ±6%. Horizontal and vertical profiles of
the target VP model passing through the centers of the anomaly
blocks are illustrated in Figure 9. Besides, the output model is
illustrated along the same profiles for comparison. The geometry

Figure 6. The histogram of double-difference travel times. The blue and red bars mean the dis-
tributions of double-difference travel times in the initial and final model, respectively. The standard
variance decreases from 0.7594 to 0.3643 s, suggesting a better data fit for the output model.
Meanwhile, the mean value remains near zero (from −0.0042 to −0.0011 s), suggesting that the
initial and final models are reasonable. The color version of this figure is available only in the
electronic edition.
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of positive and negative anomalies is distinguishable in the fore-
arc and volcanic arc regions beneath the northeastern Japan
Islands, where dense stations are deployed and provide sufficient
data coverage. The amplitude of the recovered anomaly is
smaller than the target model, which is mainly caused by the
smoothing effect of the coarse inversion grid. As shown in
the vertical profiles along different latitudes, the anomalies that
sit above and surround the Pacific subducting slab are clearly
revealed, suggesting good resolution in the subducting zone
down to a depth of 120 km. This checkerboard resolution test
indicates that our VP model has a horizontal and vertical res-
olution of 100 and 30 km, respectively.

Second, after obtaining the tomographic result derived from
real data, the restoring resolution test is performed to evaluate
the robustness of illuminated structural anomalies. We design

a target model that resembles the final tomographic model and
execute the same procedure as the real-data inversion.
Figure 10 displays the comparison between the target model
and the output model, suggesting a high level of similarity

Figure 7. Horizontal profiles of the inversion result. The absolute VP

model and the VP perturbationmodel with respect to the 3D initial
model are presented. Prominent low- and high-velocity anomalies
are labeled in each profile (PAC: the Pacific Plate; Mb1 and Mb2:
magma body; Mw1–Mw3: mantle wedge; Oc1 and Oc2: oceanic
crust). The stars represent the earthquakes within 20 km around
the profile. The red triangles denote major volcanoes. The upper
boundary of the subducting Pacific slab is denoted by black
dashed lines obtained from Slab2.0 (Hayes et al., 2018). The color
version of this figure is available only in the electronic edition.
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between these models. Thus, we believe that the labeled veloc-
ity anomalies in the tomographic images are reliable features
rather than artifacts.

Discussion
Subducting slab
Northeastern Japan sits on a typical subduction zone, in which
the Pacific slab is subducting northwestward along the Kuril–
Japan trench. This subduction process dominates the geologi-
cal dynamics in this area, leading to intense volcanic and seis-
mic activities as well as mantle magmatism. As a significant
feature, the subducting Pacific slab is illuminated as a landward
dipping high-velocity body by many large-scale seismic studies
(e.g., Friederich, 2003; Gorbatov and Kennett, 2003; Huang
and Zhao, 2006; Koulakov, 2011; Obayashi et al., 2013;
Chen et al., 2015; Wei et al., 2015) and confirmed by regional
and local attenuation tomography (e.g., Liu et al., 2014; Wang
et al., 2017; Wang and Zhao, 2019; Yu and Zhao, 2020). The
Pacific slab is much colder than the surrounding mantle
(Honda, 1985; Ji et al., 2017) and exhibits as a high-V and

high-Q zone in tomographic images, similar to other sub-
ducting slabs, for example, the ones in the Sumatra subduction
zone (Liu et al., 2021) and the central Andes subduction zone
(Gao et al., 2021).

Figure 8. Vertical profiles of the inversion result for which the
locations are denoted by blue lines in the right bottom figure. The
absolute VP model and the VP perturbation model with respect
to the 3D initial model are aligned. Prominent low- and high-
velocity anomalies are labeled in each profile (PAC: the Pacific
Plate; Mb1 and Mb2: magma body; Mw1–Mw3: mantle wedge;
Oc1 and Oc2: oceanic crust). The stars represent the earthquakes
used in the inversion within 50 km along the profile. And small
black dots are the earthquakes with magnitudes larger than 1.5
since 2004. The topography is plotted on the top coupled with
major volcanoes represented by red triangles. The yellow and red
dashed lines are Conrad and Moho discontinuities from
CRUST1.0 (Laske et al., 2013). The upper boundary of the
subducting Pacific slab is denoted by black dashed lines obtained
from Slab2.0 (Hayes et al., 2018). The color version of this figure
is available only in the electronic edition.
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Figure 9. The VP perturbation of the checkerboard target model
and the output model. (a) Top: horizontal profiles of the
checkerboard target model at different depths; bottom: hori-
zontal profiles of the output model at different depths. (b) Top:
vertical profiles of the checkerboard target model for which the
locations are indicated as green dashed lines in horizontal

profiles; bottom: vertical profiles of the output model. The yel-
low, red, and black dashed lines represent the Conrad, Moho
discontinuity interface and the upper boundary of the Pacific
plate, respectively. Earthquakes are denoted by black stars. The
color version of this figure is available only in the electronic
edition.
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In our study region down to 120 km depth, the Pacific sub-
ducting slab is imaged as a landward dipping high-velocity zone
(Fig. 7, PAC). As shown in the horizontal profiles in Figure 7,
the high-VP body PAC fits well with the upper boundary of the
Pacific subducting slab from Slab2.0 (Hayes et al., 2018) and also
coincides with the Benioff seismicity (Fig. 8, small black dots).
Both the checkerboard and restoring resolution tests verify the
robustness and reliability of the high-VP anomaly PAC. Because
of the lack of data coverage, the region deeper than 90 km
beneath Hokkaido is not well resolved, where the high VP

anomaly PAC terminates (Fig. 8, profile A). It is also reflected
by the checkerboard test, which shows a smearing at 100 km
depth in the northeast (Fig. 9a).

Some previous studies that focus on the subducting zone
beneath Japan assign a dipping high-velocity anomaly to the
initial model (e.g., Zhao et al., 2012; Simutė et al., 2016; Yu
and Zhao, 2020). The reason is that the geometry of the sub-
ducting slab is well determined, for example, by Slab2.0 (Hayes

et al., 2018). This prior information sometimes is helpful to
constrain the subsurface structure atop the slab. However,
we choose to perform the inversion from a carefully con-
structed 3D initial model with no prior information about
the subducting slab. Nonetheless, an apparent dipping high-
VP anomaly PAC is illuminated as the Pacific subducting
slab, and its upper boundary is consistent with the findings
of other studies. This feature indicates that the subduction slab
is resolvable using the common-source double-difference
travel-time adjoint tomography method, even only with about
100 earthquakes.

Figure 10. The VP perturbation of the output model for the
restoring resolution test. Both the output model and target
model at vertical profiles are aligned for comparison. All symbols
are the same as in Figure 8. The color version of this figure is
available only in the electronic edition.
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Low-VP body beneath the volcanic arc
Our tomographic result contains low-velocity zones (Mb1 and
Mb2) beneath the volcanic arc and back-arc in Hokkaido and
Tohoku, which exist in the crust and mantle wedge above the
subducting slab (see Figs. 7 and 8). However, there are positive
VP perturbations from the 3D initial model above Mb1 and
Mb2 at 10 km depth (Fig. 8, profiles A–E; Fig. S1, 10 km).
Actually, the absolute VP value beneath the volcanic arc is still
lower than the surrounding. The reliability of these low-VP

bodies is also verified by both the checkerboard and restoring
resolution tests. These low-VP bodies may reflect the arc
magmatism triggered by the subduction process beneath
northeastern Japan. Abundant water content in the Pacific oce-
anic crust is dragged down by subduction. With the temperature
and pressure increase, fluids are released from the subducting
slab due to the breaking down of hydrous minerals. Then,
the addition of water lowers the solidus temperature of perido-
tites and induces hydrous melting in the overlying mantle
(Tatsumi, 1986), resulting in low-VP zones in the mantle wedge.

Recent studies focusing on the Japan Islands have presented
similar tomographic results, showing low-V and low-Q zones
in the mantle wedge beneath the volcanic arc (e.g., Zhao et al.,
2012; Liu et al., 2014; Liu and Zhao, 2016; Simutė et al., 2016;
Wang et al., 2017; Wang and Zhao, 2019; Yu and Zhao, 2020).
As a typical characteristic in the subduction zone, this low-V
and low-Q body in the mantle wedge beneath the back-arc and
volcano arc is not only detected in northeastern Japan, but also
illuminated in other subduction zones all over the world, such
as Tonga (Wei et al., 2016), western central Andes (Gao et al.,
2021), New Zealand (Eberhart-Phillips et al., 2008), and Alaska
(Martin-Short et al., 2018). Our inversion result shows high
consistency with the tomographic images mentioned earlier,
verifying the effectiveness and robustness of the wave equa-
tion-based common-source double-difference travel-time
adjoint tomography method to image subduction zones.

Cold and dry fore-arc mantle wedge
We observe strong lateral velocity variations in the mantle
wedge at 30–60 km depths. Along the subduction direction from
east to west, high-velocity anomalies Mw1–Mw3 in the fore-arc
mantle wedge transform to low-velocity bodies Mb1 and Mb2
beneath the volcanic arc and back-arc (Fig. 8). There might be
two reasons accounting for the velocity-unreduced fore-arc
mantle wedge: the low temperature and few water content.
First, compared to the high-heat flows (>80 mW=m2) at the
volcanic arc, the heat flows in the fore-arc region steeply
decrease to 30–40 mW=m2 (Furukawa, 1993; Tanaka et al.,
2004), which may contribute to the lateral VP variation in the
mantle wedge. Besides, the surface heat flow of 30–40 mW=m2

in the fore-arc region implies a temperature of less than 400°C
and a VP greater than 8.2 km/s (Hyndman and Peacock, 2003),
which is well consistent with the high-velocity anomalies
(Mw1–Mw3) imaged in this study. Second, the low degree of

serpentinization is another factor causing the high-VP anomaly
in the fore-arc mantle wedge, which is closely connected to the
water content. According to the low 3He=4He ratio from the gas
sample observed in the fore-arc region of Hokkaido and Tohoku
(Sano andWakita, 1988), a low degree of serpentinization in the
fore-arc mantle wedge is inferred (Umeda et al., 2007). It may
arise from the insufficient water content interacting with the
mantle rocks. In northeast Japan, a relatively cold subduction
zone, the decoupling plate interface terminates at about
70 km depth (Furukawa, 1993). It means that the dehydration
process is too slow to hydrate the entire fore-arc mantle above
80 km (Abers et al., 2017), and thus, a small amount of water is
released to the fore-arc mantle wedge. As a result, rocks in the
fore-arc mantle wedge with a low degree of serpentinization are
imaged as high-velocity anomalies Mw1–Mw3. Besides, low-
velocity zones Oc1 and Oc2 are interpreted as the hydrous oce-
anic crust on the upper boundary of the Pacific subducting slab.
These features have been confirmed by the restoring resolution
test, which also show high consistency with previous tomo-
graphic results (Matsubara et al., 2005; Yu and Zhao, 2020).
Thus, we believe the fore-arc mantle wedge in northeast
Japan is cold and dry.

In many previous studies focusing on northeast Japan, the
high-velocity anomaly in the fore-arc mantle wedge is not evi-
dent due to the lack of data coverage (e.g., Huang et al., 2011;
Laske et al., 2013). Thanks to the waveform data recorded by
the newly operated S-net, the dry and cold fore-arc mantle
wedge is clearly revealed as high-velocity anomalies in our
inversion result and some recent tomographic images (e.g.,
Yu and Zhao, 2020), which coincides with the high-Q anomaly
in the attenuation tomography (e.g., Tsumura et al., 2000; Liu
et al., 2014; Wang et al., 2017; Wang and Zhao, 2019). Cold
and dry fore-arc mantle wedges may also exist in other sub-
duction zones, for example, the central Andes subduction zone
(Gao et al., 2021) and the Hikurangi subduction zone
(Eberhart-Phillips et al., 2008). These tomographic images
show similar tectonic features as our inversion result.

Conclusion
We have performed the wave equation-based adjoint tomogra-
phy to image the crust and uppermost mantle beneath northeast
Japan using the P-wave common-source double-difference travel
times. Compared to traditional methods, this new double-differ-
ence travel-time approach is insensitive to the uncertainties of
the source-term and source-side structure, which is more likely
to reveal robust tectonic features in subduction zones.

According to the tomographic images, the landward-dip-
ping Pacific subducting slab is revealed as a high-VP anomaly,
and its geometry fits well with Slab2.0 and the Benioff seismic-
ity. In the volcanic arc region, low-velocity anomalies are
observed in the crust and uppermost mantle above the sub-
ducting slab. This anomaly is closely related to the arc magma-
tism that triggers volcanism in northeast Japan. Thanks to the
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newly deployed S-net, high-velocity bodies and low-velocity
layers atop the subducting slab in the fore-arc region are clearly
imaged. These features may reflect the cold and dry fore-arc
mantle wedge and hydrous oceanic crust, resulting from the
low temperature and the deeper termination depth of the
decoupling plate interface in this cold subduction zone.
These features are consistent with the previous studies, and
their reliability is also confirmed by the checkerboard and
restoring resolution tests. Thus, we conclude that the wave
equation-based common-source double-difference travel-time
adjoint tomography method is an effective and robust tech-
nique to image crust and uppermost mantle structures.

Data and Resources
Earthquake information can be accessed from https://www.globalcmt
.org/CMTsearch.html. Continuous waveform data of High Sensitivity
Seismograph Network (Hi-net) and Seafloor Observation Network (S-
net) are available from https://www.hinet.bosai.go.jp and https://
www.seafloor.bosai.go.jp, respectively. All the websites were last
accessed in March 2022. The supplemental material includes four
additional figures.
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