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Key Points:

 Full waveform tomography based on the adjoint method is used to resolve the shear-
wave velocity structures of crust in central Japan.

¢ One of the most densely spaced seismic monitoring network of Japan, for first time,
is used for adjoint waveform tomography.

e Prominent anomalies of shear-wave velocity resolved by adjoint waveform tomog-
raphy reflect geological blocks of Japan and volcanic fluids.
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Abstract

Adjoint waveform tomography, which is an emerging seismic imaging method for the crust-
and global-scale problems, has gained popularity in the past and present decade. This
study, for first time, applies adjoint waveform tomography to the large volume of seis-

mic data recorded by the densely spaced, permanent monitoring network that covers the
entirety of Japan. We develop a heterogeneous shear-wave velocity model of central Japan
that agrees with the geology and lithology. The results reduce the time-frequency phase
misfit by 16.2% in the 0.033-0.1 Hz frequency band and 3.6% in the 0.033-0.125 Hz band,
respectively. We infer that some velocity anomalies resolved in this work reflect the vol-
canic fluids, thick sedimentary basins, and granitic rocks. The results of this study sug-
gest the possibility of imaging heterogeneous subsurface structures around Japan island
using waveform tomography with a densely distributed network of permanent seismome-
ters.

Plain Language Summary

The complex geological structures of central Japan due to the plate interactions
have gained many attentions and been subject of many previous geophysical studies. Stud-
ies of seismic structures have been mainly investigated using first-arrivals of earthquake
waveforms or ambient noise wavefield. However, different methods could yield different
seismic tomographic images. This is due to the differences of the limitations of meth-
ods and the data set. Therefore, estimating subsurface structures using different meth-
ods is important for better understanding of the earth’s structures. Here we build shear-
wave velocity model of central Japan by applying adjoint waveform tomography to the
large volume of seismic data recorded by the densely spaced, permanent seismic mon-
itoring network. The shear wave velocity model estimated by this study can yield the
similar simulated waveforms of earthquakes to observed waveforms and this means that
our velocity model has high accuracy. Some velocity anomalies resolved in this study are
different features from previous studies. The results of this study suggest the possibil-
ity of imaging heterogeneous subsurface structures around Japan island using waveform
tomography with a densely distributed network of permanent seismometers.

1 Introduction

The island nation of Japan is located on the convergent boundary where the Philip-
pine Sea plate and the Pacific plate are subducting beneath the Eurasian and the Okhotsk
plates. The interactions of these four plates are responsible for many of Japan’s unique
tectonic features. The boundary between the Pacific and Eurasian plates on land is the
Itoigawa—Shizuoka tectonic line (ISTL), which extends from Itoigawa city in Niigata pre-
fecture to Shizuoka city in Shizuoka prefecture. The subduction of the Philippine Sea
Plate created the Izu—Bonin (arc—arc) collision zone (IBCZ), where the Izu—Bonin arc
has collided with the Honshu arc. The area also includes two prominent structural fea-
tures: the Median tectonic line (MTL) and the Niigata—Kobe tectonic line (NKTL).

Central Japan contains many active volcanoes, sedimentary basins, the IBCZ, and
several major tectonic lines (ISTL, MTL, and NKTL). Therefore, the seismic structure
of the region is expected to contain substantial lateral heterogeneities. The complex ge-
ological structures of central Japan have been the subject of many previous geophysi-
cal studies, which have relied mainly on regional- and exploration-scale seismic tomog-
raphy (Arai et al., 2013; Arai & Iwasaki, 2014; J. Nakajima & Hasegawa, 2007a, 2007b;
Nishida et al., 2008; Nimiya et al., 2020). For example, a series of studies using first-arrival
tomography (J. Nakajima & Hasegawa, 2007a, 2007b; J. Nakajima et al., 2009) revealed
the slab geometry of the Philippine Sea Plate and investigated plausible relationships
between the arc magmatism and the subducting oceanic plates. Nishida et al. (2008) and
Nimiya et al. (2020) leveraged the ambient noise wavefield using seismic interference and



65 clearly imaged underground structures including magmatic fluids and thick sedimentary
66 successions.

67 Recently, the development of adjoint waveform tomography techniques has improved
68 our ability to resolve subsurface structures (Fichtner et al., 2010; Tape et al., 2010; Simuté
60 et al., 2016; Lei et al., 2020). In this method, three-dimensional (3D) sensitivity distri-

70 butions of seismic waves can be computed by full numerical seismic wave simulation in

n heterogeneous media using the adjoint method (Fichtner, 2010; Peter et al., 2011). Fur-
7 thermore, first-arrival tomography and ambient noise tomography use specific seismic

73 phases, whereas adjoint waveform tomography can use as much waveform information

7 as possible without requiring selections of seismic phases. Therefore, the application of

7 adjoint waveform tomography might improve tomographic imaging of heterogeneous seis-
76 mic velocity structures beneath central Japan.

7 The goals of the present work are to resolve crustal S-wave velocity structures in

78 central Japan based on adjoint waveform tomography, and to investigate whether it is

79 possible to obtain detailed tomographic images comparable to those resolved by other

80 popular methods (e.g., first-arrival or ambient noise tomography). Our study differs from
81 previous applications of adjoint waveform tomography in Japan (Miyoshi et al., 2017),

8 in that our target is a larger area and we use many more seismic stations. Here, we ap-
8 ply adjoint waveform tomography to the large volume of seismic data collected by Hi-

84 net (Okada et al., 2004). The estimated crustal S-wave velocity model reaches a min-

& imum misfit after 12 iterations and shows strong lateral velocity variations. The veloc-

86 ity anomalies in the estimated model are in good agreement with the geology.

& 2 Data

88 Earthquake waveform data were collected from the Hi-net high-sensitivity seismo-

89 graph network, operated across Japan by the National Research Institute for Earth Sci-
% ence and Disaster Prevention (NIED) (Okada et al., 2004). There are 358 Hi-net per-

o1 manent stations in our study area (Figurel(a)), all have three-component velocity seis-

0 mometers and are deployed in boreholes. The seismometers are designed to have sen-

03 sitivities >1.0 Hz; however, our target frequency range is 0.033-0.125 Hz. Therefore, we

o applied the sensitivity corrections proposed by Maeda et al. (2011) to use low-frequency

o5 seismic waves. We collected data from 70 earthquakes that occurred between 2004 and

% 2019 with moment magnitudes 4.2< Mw <5.8 and depths shallower than 60 km (Figurel(c),(d)).
o7 Earthquake parameters for simulations were extracted from their Global CMT solutions

08 (Ekstrom et al., 2012); these values were fixed while updating our velocity models, be-

9 cause inversion for source parameter updates requires additional computation time. In

100 addition, we restricted the data to recordings at source-receiver distances of >80 km.
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Figure 1. (a)The distributions of seismometers of Hi-net and earthquakes. (b)The magnitude

of earthquakes used in this study. (c)The depths of earthquake used in this study.

3 Method
3.1 3D seismic wave simulation and initial model

Synthetic waveforms of 240 sec were calculated using the spectral element method,
which is widely used in seismology due to its accuracy and ease of code parallelisation
(Komatitsch & Tromp, 1999, 2002; Tape et al., 2010). We used the program SPECFEM3D
for forward and adjoint 3D isotropic seismic wave simulations (Peter et al., 2011). We
selected Lagrange polynomials of degree 5 to represent the seismic wavefield in our tar-
get region.

The laterally homogeneous seismic velocity model named JMA2001 was used as
the initial model (Ueno et al., 2002); this provides S- and P- wave velocity structures around
Japan. We obtained initial density structures using empirical relationship between P-
wave velocity and density (Brocher, 2005):

p = 1.6612V,, — 0.4721V;? 4 0.0671V,? — 0.0043V,} + 0.000106V,”, (1)
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where p is in g/ecm® and V,, is in km/sec.

3.2 Misfit of waveforms

Noisy observed data, which is dissimilar to synthetic data, could result in incor-
rect model parameters. In addition, cycle skipping can lead to a local minimum in the
waveform inversion’s solution space that does not correspond to true structure. The lat-
ter phenomenon can occur when observed waveforms are more than half a wavelength
out of phase from synthetic waveforms; therefore, data selection must be carried out as
carefully as possible to prevent this. In this study, we automatically determine the time
windows of pairs of synthetic and observed waveforms based on parameters such as time
lag, the cross-correlation coefficient between observed and synthetic waveforms, and the
signal-to-noise ratio, using the program FLEXWIN (Maggi et al., 2009). We optimized
the model parameters in two frequency ranges: 0.0333-0.1 and 0.0333-0.125 Hz. Thus,
time-window selection was carried out in the first iteration for each frequency range. As
a result, time windows were determined for 21,486 waveform pairs in the 0.033-0.1 Hz
range and 26,934 in the 0.033-0.125 Hz range. The quantification of the misfit between
synthetic and observed waveforms was based on phase misfit using the time-frequency
transform (Fichtner et al., 2008, 2009).

3.3 Model update

We compute sensitivity kernels with respect to model parameters using the adjoint
method (Fichtner, 2010), then use these in a conjugate-gradient optimization with step
lengths set so that the change from the previous model was always <6%. We use a mul-
tiscale strategy that first recovers the smooth Earth‘s structures, then resolve finer-scale
structures by broadening the frequency range (from 0.033-0.1 to 0.033-0.125 Hz). The
most energetic phase in our data is the surface wave; therefore, only the S-wave veloc-
ity was updated between iterations.

4 Results and Interpretations

After 9 iterations of the 0.033-0.1 Hz band and 3 iterations of the 0.033-0.125 Hz
band we obtained the S-wave velocity model shown in Figure 2. We stopped the inver-
sion in each frequency band when the misfit of the current iteration increased from the
model of the previous iteration. The results show strong horizontal velocity variations:
for example, at 10 km depth, low-velocity anomalies reach <3000 m/s, whereas high-velocity
anomalies are ~4000 m/s.

The misfit is reduced by 16.5% in the 0.033-0.1 Hz band after 9 iterations and 3.7%

in the 0.033-0.125 Hz band after 3 iterations (Figures 3). We confirmed that the mis-

fits between observed and synthetic waveforms were improved after 12 iterations; rep-
resentative examples are shown in figures 4 and 5. In figure 4, panel A shows that the
waveforms corresponding to the initial model are faster than the observed waveforms;
therefore, the perturbations from the initial model take negative values around the path
between the earthquake and seismometer A (figure 4). In contrast, the perturbation val-
ues are positive around the paths between the earthquake and other seismometers (B,

C, and D, in figure 4). This agrees with the observation that the waveforms correspond-
ing to the initial model in these panels arrive later than the observed waveforms.

The largest feature in the resultant S-wave velocity model is that the northern part
of the study area is characterized by low velocities, whereas high velocities dominate in
the south. This general finding agrees with previous studies (J. Nakajima & Hasegawa,
2007a; Nishida et al., 2008). In addition, many earthquakes are distributed at the low-
velocity anomalies (figure 2).
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At 5 km depth, there is a distinct low-velocity anomaly around region A. The Ni-
igata sedimentary basin, which formed during the opening of the Japan Sea (Takano,
2002), covers a portion of this low-velocity anomaly. As expected, the thick sedimentary
rocks of the Niigata basin yield lower seismic velocities. In addition, multiple active vol-
canoes, such as Asama mountain and Kusatsu—Shirane mountain, are in this region. There-
fore, the low-velocity anomaly could be due in part to the sedimentary basin as well as
magmatic fluids associated with back-arc volcanism.

The high-velocity anomaly trending from southwest to northeast is located around
the region B at all depth images (figures 2). This anomaly may be associated with the
granitic rocks in the Ryoke-belt. Cretaceous low-pressure metamorphic belt located along
the north side of the MTL (T. Nakajima, 1994). The anomaly coincides with the Ryoke
belt in the Chubu area, and with local granitoids emplaced into the metamorphic rocks
of the belt (T. Nakajima, 1994; Ishihara & Chappell, 2007). Thus, igneous rocks that
are harder than their surrounding rocks may be responsible for the high velocities in re-
gion B.

The distributions of velocity anomalies are consistent with the previous velocity
model using first-arrival tomography (J. Nakajima & Hasegawa, 2007a). However, for
example, the Kanto mountain can be seen clearly as high velocity block at 10 km depth
in our results (figure 2), and this feature is not present in the velocity model of J. Naka-
jima and Hasegawa (2007a). This could be derived from the larger number of ray paths
of J. Nakajima and Hasegawa (2007a) or incorporating surface wave of our inversion. In
fact, the high velocity block of Kanto mountain is present in the S-wave velocity model
derived from ambient noise tomography using surface wave (Nishida et al., 2008). How-
ever, the high velocity anomaly around the Ryoke-belt is more clear than Nishida et al.
(2008) and we infer that the result of our study has higher lateral resolution than the
velocity model derived only from surface wave.
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Figure 2. Horizontal slices of the S-wave tomographic model at depths of 5, 10, and 15 km.
The bottom-right figure shows the S-wave tomographic model at depth of 15 km with the distri-
butions of faults and earthquakes. We used JUICE catalog (Yano et al., 2017) for the lcoations of
hypocenters. We plotted hypocenters located between 5 and 15 km depth. Black triangles denote

volcanoes.
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Figure 4. The improvement of waveform fittings. The upper-left subfigure shows velocity
perturbations from the initial model at 10 km depth. The black star and circles indicate the
epicenters and seismometers, respectively. Panels A-D show observed waveforms (black lines),
waveforms of the initial model (blue lines), and waveforms of the final model (red lines), corre-
sponding to the seismometers in the top-left figure. In each panel, vertical (Z), eastward (E), and

northward (N) components are shown.
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Figure 5. This figure is the same as figure 4 but shows the results of different earthquake-

station pairs. The upper-left subfigure shows the velocity perturbation from the initial model at
10 km depth. The black star and circles indicate the epicenters and stations, respectively. Pan-

els A-D show observed waveforms (black lines), waveforms of the initial model (blue lines), and
waveforms of the final model (red lines), corresponding to seismometers in the top-left figure. In

each panel, vertical (Z), eastward (E), and northward (N) components are shown.

5 Discussion

We conducted a checkerboard test to assess the resolution and reliability of the S-
wave velocity model. In this test, cube-shaped anomalies with velocity perturbations of
+18% relative to the background were inserted into the JMA2001 model (figure 6). The
area of each anomaly was 35km x 35 km, which is suitable for evaluating the reliabil-
ity of the high- and low-velocity anomalies resolved in Figure 2. Because our goal was
to construct an S-wave velocity model, anomalies were only introduced into S-wave ve-
locity, not P-wave velocity or density. When sensitivity kernels were calculated for the
checkerboard test, we used the same time windows for seismogram pairs as those in the

—10—
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model estimation. We then tried to invert the checkerboard model using the JMA2001
model without anomalies.

Figure 6 shows the results of the checkerboard test sliced at 5, 10, 15, and 20 km
depths. We confirm that high-velocity anomalies are less recoverable than low-velocity
anomalies at all depths, which was also confirmed in a previous study (Fichtner et al.,
2009). At 10 and 15 km depths, the checkerboard pattern is clearer than at other depths.
Therefore, our data set (earthquakes and stations) and frequency ranges (0.033-0.1 and
0.033-0.125 Hz) seem to be most sensitive to structures at depths of 10-15 km. At 20
km depth, sensitivity is lower than at shallower depths. In addition, we confirmed that
the checkerboard pattern could not be resolved at depths below 25 km. Therefore, based
on our sensitivity test, we conclude that the S-wave velocity structure in figure 2 is re-
liable at depths up to 15 km.
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Figure 6. Checkerboard test. The left subfigure shows the checkerboard model used in the
resolution test. The remaining four subfigures show the results of the checkerboard test at depth

slices of 5, 10, 15, and 20 km, respectively.

We estimated 3D S-wave velocity structure in central Japan by exploiting the ad-
vantages of adjoint waveform tomography, such as full numerical calculation of seismic
wave propagation, 3D sensitivity distributions of seismic waves, and incorporating as many
seismic phases as possible. As discussed in section 4, the resultant S-wave velocity model
was consistent with the geology and produced waveforms that fit the observed data (fig-
ure 4 and 5). Therefore, the new velocity model will increase the accuracy of earthquake
source parameter estimates. Previous study confirmed that using a 3D rather than 1D

—11-




215 velocity model improves the estimation of earthquake source parameters, owing to the

216 incorporation of the effects of structural inhomogeneities (Hejrani et al., 2007).

217 6 Conclusions

218 From seismic waveforms from 70 earthquakes recorded by 358 Hi-net seismic sta-
219 tions we built a 3D S-wave velocity model using adjoint waveform tomography. The model
220 estimation procedure was designed to minimize the time-frequency phase misfit between
21 observed and synthetic seismic waveforms in the frequency bands 0.033-0.1 and 0.033—
22 0.125 Hz. We used conjugate-gradient optimization and obtained a final S-wave veloc-

223 ity model after 12 iterations. The final model resolves strong horizontal heterogeneities,
24 with velocity values in the range 28004000 m/s. The low-velocity anomalies resolved

25 in the present work appear to correspond to a thick sedimentary basin and volcanic flu-
226 ids. Granitic rocks of the Ryoke belt are plausible causes of the high-velocity anomalies.
207 Based on a checkerboard test, our data set and frequency ranges are sensitive to depths
28 of 15 km in the continental region of central Japan. Therefore, we expect that our model
229 has high accuracy for that region. In addition, the improved fit between observed and

230 calculated waveforms obtained with our final model supports the accuracy of the results.
231 This study confirms that adjoint waveform tomography and densely distributed Hi-
232 net stations in Japan can resolve S-wave velocity structure and explain known geology,
233 yielding results comparable to other velocity models and seismic waveforms similar to

23 observed data. Although we have not yet confirmed that earthquake data recorded by

235 Hi-net stations have sufficient resolution for other regions characterized by complex ge-
236 ologic features, such as Kyushu and Hokkaido, the combination of adjoint waveform to-
237 mography and Hi-net station data will lead to accurate velocity models throughout the
238 Japanese islands.
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