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Abstract 

We applied a novel method of passive seismic reflection imaging to actual local earthquake data collected by a dense 
seismic network in the Kanto region, Japan. This method, which implements reverse time migration (RTM), is based on 
the cross-correlation of wavefields that are extrapolated forward and backward in time from receiver locations using 
passively observed seismic records. Using multiple reflections between the Earth’s surface and subsurface boundaries, 
internal structures are imaged using many earthquakes without well-defined source information. The objective of this 
case study is to evaluate the possibility of acquiring seismic reflection images of the deep crustal structure by apply-
ing the RTM-based method using P-wave reflections in the earthquake data collected by a dense seismic network. 
The P-wave reflection profile along a 191-km-long pseudo-survey line down to a 100 km depth is obtained using the 
seismic records of hundreds of local earthquakes observed at 72 receiver stations. A P-wave velocity model for RTM 
imaging is extracted from an existing 3D model obtained by seismic tomography in a previous study. The resulting 
image shows several continuous reflectors at depths of 15–70 km. These reflectors correspond to the spatially variable 
velocity and suggest deep structures related to dual plate subduction in this region. Two eastward-dipping reflectors 
imaged at depths of 15–50 km are likely the top and bottom surfaces of the crust of the Philippine Sea slab, and the 
westward-dipping reflector at depths of 50–70 km implies the top surface of the Pacific slab. The en-échelon reflec-
tors at depths of 15–20 km may be reflective boundaries between the upper and lower crust in the overlying Okhotsk 
plate. Our case study results confirm the possibility of obtaining profiles at higher resolutions than are typically 
obtained by earthquake-based seismic tomography and of imaging at depths beyond the limits of artificially con-
trolled-source seismic surveys. Further implementation of the RTM-based imaging method will improve its potential 
use for subsurface imaging and monitoring from dense passive seismic data.
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Graphical Abstract

Introduction
Passively acquired seismic records, including those gen-
erated by earthquake events, have the potential to reveal 
deep crustal structures. Passive seismic tomography 
using earthquakes (e.g., Aki and Lee 1976; Dziewonski 
et al. 1977) is a major method for investigating the veloc-
ity structure of the Earth, and receiver function analysis 
(e.g., Langston 1979) is another popular method to image 
subsurface interfaces using multicomponent earthquake 
waveforms. While challenges remain in the use of reflec-
tion signals from seismic records for imaging deep sub-
surface structures, passive seismic reflection imaging is 
a promising technique for the acquisition of subsurface 
profiles with higher resolutions than other conventional 
earthquake-based methods. In addition, the large source 
energies released by earthquakes permit the imaging of 
structures that are deeper than those that can be imaged 
by artificial controlled sources, such as mechanical vibra-
tors, airguns, or the explosives used in seismic surveys.

In dealing with passive seismic data, seismic interfer-
ometry (Wapenaar 2003; Campillo and Paul 2003; Schus-
ter et al. 2004; Wapenaar and Fokkema 2006) is a useful 
method to reconstruct virtual source seismic survey data 
by correlating seismic records observed at different 
receivers. Then, subsequent processing techniques are 
applied for seismic reflection imaging. Successful appli-
cations of reflection imaging based on seismic interfer-
ometry using passive seismic data have been reported in 
previous studies using ambient seismic noise (e.g., Dra-
ganov et al. 2009, Poli et al. 2012), teleseismic data (Abe 
et  al. 2007; Tonegawa et  al. 2009; Ruigrok et  al. 2010), 
and local earthquakes (Minato et al. 2012; Shiraishi et al. 

2016; Maeda and Watanabe 2022). In the seismic inter-
ferometry approach, however, it is necessary to compute 
the cross-correlation of seismic records between all seis-
mic stations before reflection imaging, which increases 
computational costs due to the number of receivers that 
act as virtual sources in both the data reconstruction and 
subsequent imaging process.

Direct imaging techniques using passive seismic data 
without prior cross-correlation in the data domain 
have been proposed that combine the concept of seis-
mic interferometry with wavefield extrapolation in the 
image domain (Artman 2006; Burdick et  al. 2014; Shi-
raishi 2015; Shiraishi and Watanabe 2022). Considering 
the fidelity of wavefield reconstruction by reverse time 
migration (RTM) (e.g., Chang and McMechan 1990), 
which is a powerful method for imaging complex sub-
surface structures in active-source seismic imaging (e.g., 
Etgen et al. 2009), Shiraishi and Watanabe (2022) devel-
oped an RTM-based direct imaging method for passive 
seismic records without earthquake source information. 
This method enables subsurface reflection imaging from 
earthquake records that contain multiple reflections 
between the Earth’s surface and subsurface boundaries. 
They validated the acoustic and elastic RTM techniques 
in several realistic situations using numerical simulation.

The objective of this study is to evaluate the possibil-
ity of acquiring seismic reflection images of the deep 
crustal structure by applying the RTM-based method to 
actual local earthquake data collected from a dense seis-
mic network. To this end, we apply the RTM-based imag-
ing method to local earthquakes recorded by the dense 
Metropolitan Seismic Observation network (MeSO-net, 
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Fig. 1 Seismic observations from the Metropolitan Seismic Observation network (MeSO-net) in the Kanto region, Japan. a Seismic stations and 
depth contours of subducting slabs. The magenta and yellow squares denote the locations of MeSO-net stations (NIED 2021). Seventy-two stations 
(magenta squares) in a region 10 km wide along the pseudo-survey line (black bold line) are used for seismic imaging in this case study. The red and 
blue lines denote the depth contours of the Philippine Sea (PHS) slab and the Pacific (PAC) slab, respectively (Nakajima and Hasegawa 2006; Hirose 
et al. 2008; Nakajima et al. 2009). b Example of the earthquake records at the selected stations along the pseudo-survey line. Several coherent 
phases are observed after the P wave arrival, which should contain available reflections between the free-surface and subsurface boundaries
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Fig. 1) with an average receiver spacing of 2–4 km (Sakai 
and Hirata 2009; Aoi et  al. 2021) to image deep crustal 
structures in the Kanto region of Japan. The Philippine 
Sea (PHS) plate and the Pacific (PAC) plate are subduct-
ing beneath the Okhotsk (OKH) plate (Fig.  1), and many 
earthquakes related to dual plate subduction occur. Vari-
ous subducting slab models have been developed by pre-
vious studies based on controlled-source seismic surveys 
(e.g., Sato et al. 2005; Kimura et al. 2010) and earthquake-
based analyses, such as seismic tomography, receiver func-
tions, and repeating earthquakes (e.g., Kimura et al. 2006; 
Nakajima and Hasegawa 2007; Hirose et  al. 2008; Toda 
et  al. 2008; Nakajima et  al. 2009; Igarashi 2009; Uchida 
et al. 2010; Ito et al. 2019; Ishise et al. 2021). Our reflection 
imaging results add geophysical constraints to the crustal 
structure models that are deeper than those obtained from 
controlled-source surveys while also providing higher reso-
lution profiles than those obtained by earthquake-based 
seismic tomography.

Methods
We apply an RTM-based method to local earthquake 
observations for passive seismic reflection imaging without 
source information (see Shiraishi and Watanabe 2022 for 
detailed descriptions with formulas). This technique allows 
imaging subsurface structures from passively observed 
earthquake records by receiver-side wavefield extrapola-
tion using multiple reflections between the Earth’s surface 
and subsurface boundaries. A reflection image at the sub-
surface point can be represented as a temporal integration 
of the product of two extrapolated wavefields at every time 
step. The forward wavefield and the backward wavefield 
are simulated with a velocity model using the observation 
record as the input waveform from each receiver location 
in the forward and reverse directions in time, respectively. 
Because superimposing the wavefields that are extrapo-
lated from different receivers is possible for simultaneous 
observations with many receivers, only one computation 
is necessary for both receiver-side extrapolations from all 
receiver locations when using the same records. By stack-
ing the integration results from many different earthquake 
records to illuminate the real reflectors and attenuate arti-
facts, we can obtain subsurface images directly from earth-
quake records without source information.

Considering P-wave reflection imaging based on acous-
tic assumptions, the receiver-side wavefields are computed 

by the finite difference method (FDM) (Mufti 1990) for the 
scalar wave equation using a P-wave velocity model. Shirai-
shi and Watanabe (2022) confirmed that the P-wave reflec-
tions are imaged at the correct depth for the subsurface 
boundaries even if the input data contain S-waves in the 
synthetic data tests, including P-to-S conversions, although 
they contain minor artifacts in the shallow portions due to 
source locations. The effects of S-waves and internal multi-
ple reflections are minor, because their reflections are not 
effectively focused using P-wave velocities. They also sug-
gested that using multi-component records with elastic 
RTM can eliminate artifacts due to S wave contamination. 
In current practical applications; however, it is still chal-
lenging to use elastic RTM with field data when dealing 
with actual three-component data. Here, we apply acoustic 
RTM using vertical component data for P-wave reflection 
imaging in the following case study.

Data
We use dense seismic data recorded by MeSO-net (Fig. 1) 
(National Research Institute for Earth Science and Dis-
aster Resilience 2021). In this study, we set a 191-km-
long pseudo-survey line in the SW‒NE direction across 
a region of densely deployed stations and gathered seis-
mic records from 72 stations that fell within a 10 km wide 
swath along that line (Fig. 1a). Due to the high density of 
the network, seismic records show that several coherent 
signals are clearly visible following the P-wave first arrival 
(Fig. 1b), especially on the vertical component. These sig-
nals should contain possible reflections between the free-
surface and subsurface boundaries, thus enabling passive 
seismic reflection imaging.

We use 3 years of local earthquake records col-
lected from April 2017 to March 2020 based on the 
Japan Meteorological Agency (JMA) unified earth-
quake catalog. First, we collect data for 722 earthquake 
events with 180 s long records and magnitudes over 2.5 
in an approximately 180  km × 110  km area, including 
the MeSO-net stations (Fig.  2a, b). Then, we select 200 
high-quality earthquake records from those 722 records 
according to the signal-to-noise ratio, as defined by the 
root-mean-square amplitude of the earthquake signals 
and background noises (Fig. 2c, d) once bad traces with 
abnormally high amplitude noise had been removed. 
After applying this selective filter, many of the 2.5–3.5 

Fig. 2 Data selection of the local earthquakes. a Epicenter distribution and b source depth distribution of the local earthquakes. The gray dots 
are all events listed on the unified catalog of the Japan Meteorological Agency (JMA) from April 1, 2017, to March 31, 2020. The black dots are 
772 earthquakes with magnitudes greater than 2.5, and the colored dots are the 200 high-quality events. c Four examples of vertical component 
records. The numbers in brackets correspond to the yellow dots with numbers in (d). d Signal-to-noise ratio (S/N) of the seismic records after being 
sorted in ascending order of S/N. Histograms of (e) magnitude and (f) depth distribution of all 722 events (gray bars) and the 200 high-quality 
events (red bars)

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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magnitude events are eliminated (Fig.  2e), and most 
of the selected earthquakes are shallower than 100  km 
(Fig.  2f ). We use 60-s-long vertical component records 
that contain earthquake signals (Fig. 2c).

We note that spatial bias exists in the source distribution 
(Fig. 2a, b). Through our previous 2D numerical simulation 
with realistic situations, we recognized that the occurrence 
of artifacts due to sparse receivers was more severe than 
that due to source distribution (Shiraishi and Watanabe 
2022). It is difficult to quantitatively clarify the effects from 
the biased source distribution, including the surrounding 
earthquakes in 3D. In this study, however, we expect bet-
ter reflection illumination and artifact attenuation using as 
many local earthquakes as possible both beneath and sur-
rounding the pseudo-survey line.

To model P-wave reflections by the two-dimensional 
acoustic RTM method, we prepare a P-wave velocity model 
extracted along the pseudo-survey line from an exist-
ing three-dimensional velocity model developed through 
earthquake-based seismic tomography (Matsubara et  al. 
2019). The extracted velocity model is interpolated from 
the original grid spacing of 0.1° in the horizontal direction 
and 2.5–15  km in the depth direction to 100  m × 100  m 
on the 191 km × 100 km vertical section. The 72 selected 
stations are then perpendicularly projected to the vertical 
section beneath the survey line. We consider that subsur-
face structures within a few km widths along the vertical 
section can be imaged by 2D RTM. To precondition the 
data, we apply a bandpass filter of 0.5–3 Hz and an auto-
matic gain control with a 2-s gate to the 60-s vertical com-
ponent records based on a previous investigation using 2D 
numerical simulations with realistic observation settings 
(Shiraishi and Watanabe 2022). Although the image reso-
lution can be improved using higher frequencies, receiver-
related artifacts appear due to spatial intervals between 
seismic stations. The preconditioned records were input 
simultaneously at all receiver locations to the forward and 
backward wavefield extrapolation for every earthquake 
event. To eliminate artifacts shown in the RTM image, such 
as low-frequency artifacts and steep-dip coherent artifacts, 
two-dimensional wavenumber domain filters were applied 
to the stacked section from all selected local earthquakes 
(Shiraishi and Watanabe 2022).

Results and discussion
Reflection profile from local earthquakes
Several continuous reflectors are visible at depths of 
15–70  km on the final reflection profile (Fig.  3a); east-
ward-dipping reflectors at depths of 15–35  km and 
40–50  km (red arrows), westward-dipping reflectors at 
depths of 50–70 km (blue arrows), and en-échelon reflec-
tors at depths of 15–20  km in the eastern area (yellow 
arrows). The reflectors seem to correspond to the spatial 

variation of the velocity (Fig.  3b). The imaged reflec-
tors imply impedance boundaries that are unclear in the 
smooth velocity model obtained by seismic tomography. 
To confirm that the tomography model is reasonable for 
reflection imaging and to check the imaging dependency 
on the velocities, we compared different velocity models 
with ± 10% scaling from the original velocity model for 
RTM imaging (Fig. 4). Velocity scaling from a base model 
is a common method to validate migration velocity mod-
els in seismic reflection imaging (e.g., Jones 2018). The 
velocity difference affects the focusing of reflections by 
seismic migration (i.e., amplitude and spatial continuity 
of reflection boundaries) in addition to the imaging depth 
of reflections (i.e., faster velocities increase the depth, 
and slower velocities decrease the depth). The reflectors 
imaged at depths of 15–50  km with the original veloc-
ity model (Fig. 4b) are obscure in other sections with the 
scaled velocity models (Fig.  4a, c). These reflectors that 
correspond to the spatial variation of velocity at depths 
of approximately 15–60  km should be reliable with less 
than 10% velocity errors compared to the original model. 
The westward-dipping reflector is visible at a depth of 
50–80 km in the eastern part (Fig. 4c, light blue arrows), 
which may be deepened by increasing velocity compared 
to the original model (Fig.  4b, blue arrows). The east-
ward-dipping phases at depths of 50–80 km in the west-
ern part with decreased velocity (Fig.  4a, white arrows) 
could be reflectors or artifacts, and are not well-illumi-
nated with the original velocity model (Fig. 4b). Although 
it is difficult to define accurate velocities from this veloc-
ity scaling test alone, the results suggest the possibility 
of refining the velocity in the deep portion in terms of 
reflection imaging. Indeed, non-negligible discrepancy in 
velocity values exists between several tomography mod-
els (e.g., Nakajima and Hasegawa 2007; Matsubara et al. 
2019).

From the velocity scaling test, we conclude that the 
reflection profile using the velocity model by seismic 
tomography (Matsubara et  al. 2019) is reasonable at 
depths from 15 km to 50–60 km. Further refinement of 
the migration velocity based on seismic tomography 
models will be helpful for improving reflection imaging 
of deep structures.

Structural interpretation in comparison with existing 
results
When comparing the reflection profile with the P-wave 
velocity (Matsubara et al. 2019) and the interpretation of 
the surfaces of the PHS and PAC slabs (Sato et al. 2005; 
Kimura et  al. 2006; Igarashi et  al. 2009, Nakajima et  al. 
2009), we see that some of the imaged reflectors are likely 
related to the PHS and PAC slabs (Fig.  5a, Additional 
file  1: Fig. S1). The upper eastward-dipping reflectors 
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(Fig. 5, red line) approximately correspond to the previ-
ous PHS surface models inferred from the controlled-
source reflection survey (Sato et al. 2005) and analysis of 

repeating earthquakes and receiver functions (Kimura 
et al. 2006; Igarashi 2009) (Fig. 5a). They also seem to cor-
respond to the top of the lower-velocity zone compared 

Fig. 3 Seismic reflection profile obtained by passive seismic reflection imaging with local earthquakes. a Final RTM section using 200 high-quality 
events and b final section overlaid with the P-wave velocity (Matsubara et al. 2019) used for RTM-based imaging. The red and blue arrows denote 
the eastward- and westward-dipping reflectors, respectively. The yellow arrows denote reflections with en-échelon pattern reflectors
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to the one-dimensional velocity model at depths of 
20–30  km in the middle part of the velocity perturba-
tion model (Additional file 1: Figures S1, S2). The upper 
reflector (red line) is located a few km shallower than the 
previously suggested PHS surface (Fig.  5, magenta line) 
in the western to middle part, and they converge on the 
eastern side, where most of the interpretations are simi-
lar around a 35 km depth. The possibility of a shallower 
depth of the PHS surface than that of Nakajima et  al. 
(2009) was also suggested by Ishise et al. (2021) based on 
their anisotropic seismic tomography model. The depth 
of the upper reflector is approximately consistent with 
those of the PHS surface around the intersecting points 
in previous studies that use complementary techniques 
and data sets (Sato et al. 2005; Ishise et al. 2021; Kimura 
et al. 2006) (Fig. 5b). Consequently, the upper eastward-
dipping reflector (red line) is likely the top of the PHS 
slab.

The lower eastward-dipping reflector at depths of 
40–50 km (Fig. 5, green line), which seems to correspond 
to inflection points of the vertical velocity profiles (Addi-
tional file  1: Figure S2), may indicate the bottom of the 
crust of the PHS slab, although different interpretations 
exist (e.g., Toda et  al. 2008; Nakajima et  al. 2009; Ishise 
et al. 2021). The thickness of the inferred PHS crust from 
30 km in the west to 20 km in the east (Fig. 5b) may cor-
respond to the northern part of the Izu-Bonin arc in the 

eaten side of the PHS plate (top-left panel in Fig. 1a) with 
a thickness of ~ 20  km to ~ 35  km that was revealed by 
marine wide-angle seismic surveys across and along the 
Izu-Bonin arc (Suyehiro et al. 1996; Kodaira et al. 2007; 
Tamura et al. 2016). The reflectors subparallel to the top 
of the PHS crust might be unit boundaries within the 
PHS crust due to the crustal structures in the northward 
extension of the Izu-Bonin arc (Fig.  5, orange dashed 
lines).

Although ambiguity exists in the imaged depth as men-
tioned above, the westward-dipping reflector at depths of 
50–70 km (Fig. 5a, blue dashed line) can be interpreted 
as the surface of the PAC slab at approximately the same 
depth as in the previous models that were based on seis-
mic tomography (Nakajima et  al. 2009) (Fig.  5a, black 
dashed line) and on receiver functions and repeating 
earthquake data (Igarashi 2009) (Fig. 5a, blue squares).

The en-échelon reflectors at depths of 15–20  km in 
the eastern part above the PHS slab (Fig. 5, white lines) 
imply a reflective zone around the boundary between the 
upper and lower crusts, which can be identified in the 
controlled-source seismic survey results (Sato et al. 2005; 
Kimura et al. 2010). The en-échelon pattern of the reflec-
tors might represent the lower boundary of the basement 
terranes beneath Kanto (Wallis et al. 2020).

Some of the imaged reflection boundaries correspond 
well to previous studies, and they suggest the existence of 

Fig. 4 Comparison of the RTM images with different velocity models. The RTM results with the velocity models of (a) − 10% scaling, (b) original, 
and (c) + 10% scaling. The upper panels show RTM sections, and the lower panels show the same sections overlaid with the scaled velocity models. 
The red, blue and yellow arrows in (b) denote the eastward- and westward-dipping reflectors and en-échelon pattern reflectors, respectively, which 
are visible using the original velocity model. The light blue arrows in (c) indicate the west-dipping reflector that corresponds to that indicated by 
the blue arrows in (b) and is imaged deeper by higher velocity. The white arrows in (a) denote the eastward-dipping phases that do not clearly 
correspond to the reflection profile with the original velocity
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impedance contrasts that are not imaged in the regional 
smooth velocity models derived by seismic tomography. 
Our imaging results imply possible reflection boundaries 
that are deeper than those from controlled-source sur-
veys while also providing higher resolution profiles than 
those obtained by earthquake-based analyses, such as 
seismic tomography and receiver functions. The depths 
of interpreted boundaries are not always consistent with 
other imaging results and interpretations. Imaging depth 
and resolution are highly dependent on the sources, grid 
size, velocity, and other parameters for each method. A 
complementary investigation using different approaches 
with controlled-source and passive-source seismic data is 
important for better understanding deep structures.

Further application possibilities
The results of our case study confirm the possibility of 
obtaining reflection profiles of deep crustal structures 
from local earthquakes. When collecting earthquake 
records for passive source imaging, one should consider 
that local earthquake records are often widely available 
and have good quality and wider frequency components 
than teleseismic earthquakes. However, the effects of 
S-waves within local earthquake data are not negligible, 
even though P-waves are dominantly focused by acous-
tic RTM using a P-wave velocity model (Shiraishi and 
Watanabe 2022). To eliminate artifacts due to S waves 
in P-wave reflection imaging, the selective use of very 
deep local earthquakes or teleseismic events will be use-
ful due to the longer source-related lag time between the 
P-wave and S-wave arrivals than that of local earthquakes 
(Maeda and Watanabe 2022). On the other hand, the 
S-wave coda can be used to improve the spatial resolu-
tion of reflection profiles. Elastic RTM should be applied 
to multi-component passive seismic data to address 
both P- and S-waves (Shiraishi and Watanabe 2022) and 
eventually used for 3D models. We note that spatial bias 
exists in the source distribution due to the use of earth-
quakes and uneven spatial sampling in actual seismic 

observations in 3D (e.g., Figs.  1, 2a, b). The effects of a 
biased source distribution and uneven spatial sampling 
in complex geological structures should also be studied 
through 3D numerical simulation. Furthermore, the pos-
sibility of subsurface reflection imaging with continuous 
passive seismic records suggests the potential for time-
lapse surveys or continuous monitoring of subsurface 
structures and physical properties (Shiraishi 2015; Ton-
egawa et  al. 2021). Regular monitoring and profiling by 
quasi-real-time RTM-based processing could be imple-
mented by combining data preconditioning with auto-
matic event detection from continuous records from 
a seismic network (e.g., Mousavi et al. 2020) to assist in 
certain aspects of environmental and disaster mitigation. 
These implementations will improve the applicability of 
the proposed method in investigating subsurface struc-
tures and conditions with dense seismic observations.

Conclusion
We applied the RTM-based reflection imaging method 
to actual local earthquake records observed by the dense 
seismic station network in the metropolitan area of 
Japan. We successfully obtained a reflection profile that 
showed continuous reflectors that corresponded to the 
spatial variation in the velocity model derived in previ-
ous studies. The reflection profile suggested some new 
insights into the investigation of deep crustal structures 
involving dual plate subduction. The eastward- and west-
ward-dipping reflectors imaged at depths of 15–70  km 
likely correspond to the PHS and PAC slabs, respectively. 
The thickness of 20–30  km between the possible upper 
and bottom surfaces of the crust of the PHS slab implies 
the northern extension of the thick crust of the Izu-Bonin 
arc. The en-échelon reflectors in the shallower part of the 
15–20 km depth interval may suggest reflective zones at 
the boundary between the upper and lower crust beneath 
the Kanto Basin. The results confirmed the possibil-
ity of obtaining profiles at higher resolutions than could 
be obtained by seismic tomography and imaging depths 

(See figure on next page.)
Fig. 5 Structural interpretation of the reflection profile. a Final RTM section overlaid with the P-wave velocity (Matsubara et al. 2019). b 
Three-dimensional view of the interpreted reflection profile with the topography map in the Kanto region. The red and green lines corresponding 
to the eastward-dipping reflectors are interpreted as the top and bottom surfaces of the PHS crust, respectively. The depth of the PHS top surface 
is approximately consistent with that at intersecting points in previous studies (Sato et al. 2005; Kimura et al. 2006; Ishise et al. 2021). The orange 
dotted lines subparallel to the upper eastward-dipping reflector may be some unit boundaries within the PHS crust due to the crustal structures 
in the northward extension of the Izu-Bonin arc. The blue dotted line for the westward-dipping reflector is interpreted as the top of the PAC slab. 
The white lines indicate the en-échelon reflectors interpreted as the boundary between the upper and lower crust in the inland crust beneath 
the Kanto region. The yellow dot in (a) shows the depth of the PHS surface inferred by the seismic reflection survey (Sato et al. 2005). The green 
dot in (a) indicates the depth of the PHS slab surface inferred from repeated earthquakes (Kimura et al. 2006). The red and blue rectangles in 
(a) denote the depths of the PHS and PAC slab surfaces, respectively, which are read from the interpretation of receiver function analysis and 
repeating earthquakes (Igarashi et al. 2009). The magenta and black dashed lines indicate the PHS and PAC slab surfaces, respectively, in (a), and the 
translucent blue surface with contours shows the PAC slab surface in (b) of the previous interpretation of earthquake-based seismic tomography 
(Nakajima and Hasegawa 2006; Hirose et al. 2008; Nakajima et al. 2009). The black dots in (b) denote the sources projected to the RTM section from 
all earthquakes from the JMA catalog in the range of 10 km wide along the pseudo-survey line



Page 10 of 12Shiraishi and Watanabe  Earth, Planets and Space           (2023) 75:14 

beyond the limits of controlled-source seismic surveys. 
To better investigate detailed geological structure fea-
tures, further implementations may improve image qual-
ity by refining the migration velocities and eventually 
dealing with elastic waves in three dimensions.

Abbreviations
FDM  Finite difference method
JMA  Japan Meteorological Agency
MeSO-net  Metropolitan Seismic Observation network
NIED  National Research Institute for Earth Science and Disaster 

Resilience
PAC  Pacific
PHS  Philippine Sea

Fig. 5 (See legend on previous page.)
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RMS  Root mean square
RTM  Reverse time migration
2D  Two-dimensions or two-dimensional
3D  Three-dimensions or three-dimensional
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