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A B S T R A C T

Seismological heterogeneity in subduction zones provides insights into slow earthquakes and potential mega-
thrust earthquakes. Studies at the Kii Peninsula in the Nankai subduction zone suggest that there are high-density
and high-velocity plutonic bodies in the accretionary prism over the subducting slab, potentially influencing
megathrust earthquakes. The lateral variation of heterogeneity and the spatial extent of plutonic bodies remain
to be investigated well. Our passive-source imaging of receiver-side Green's functions, from widely distributed
campaign seismic observations, reveals a sharp negative S-wave velocity contrast on the top surface of the
subducting Philippine Sea plate common to all along-dip profiles and a positive phase tilted upward in the
forearc crust. The low permeability of the forearc crust prevents the infiltration of slab-dehydrated fluid further
into the upper crust. In the western area, we also found positive phases tilted upward in the forearc crust. The
negative phase extends towards the deeper extent of slow-earthquake sources. Meanwhile, the positive phase
likely represents the top surface of plutonic rocks of the Kumano and Ohmine plutons that span all the way down
to the plate interface. Together with observations of gravity anomaly, intraslab seismicity, and seismic tomog-
raphy, our interpretation supports the presence of plutonic bodies which extend deep beneath the forearc crust as
well as laterally over the subducting PHS slab, rather than a serpentinized mantle wedge. The upper plate is
generally low in permeability, but areas with localized high permeability may exist on the updip side of tremor
sources. This condition, wherein fluid can infiltrate upwards locally, may maintain the relatively less active slow
earthquakes in the western area. The lateral variation of the upper-plate lithology likely influences fluid pro-
cesses and slow earthquake activities.

1. Introduction

Seismic activity in subduction zones comprises megathrust earth-
quakes, slab seismicity, and slow earthquakes, which are affected by a
variety of factors which include fluid processes and the lithology of the
slab as well as upper plate. One of the key aspects is understanding how
the abundant fluid in a subducting slab contained within its crust,
mantle, and meta-sediment layers influences geophysical phenomena

such as volcanic activity and various modes of seismic slip in the plate
subduction system.

Over the past two decades, worldwide geophysical studies have
provided a new perspective on the subduction zone system. Slow
earthquakes, which have intermediate slip rates between fast earth-
quakes and fault creep, have now been common phenomena along the
subducting plate interface in subduction zones (Ide and Beroza, 2023;
Nishikawa et al., 2023; Obara and Kato, 2016; Shelly et al., 2006;
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Takemura et al., 2023). Slow earthquakes can be detected using seismic
and geodetic measurements. Tectonic tremor observed in seismic signals
is interpreted as the continuous occurrence of low-frequency earth-
quakes (LFEs) along the plate interface (Obara, 2002; Shelly et al., 2006,
2007). Geodetically observed slow earthquakes, known as slow slip
events (SSEs), frequently coincide with tectonic tremors (Obara et al.,
2004; Rogers and Dragert, 2003). Their slip behaviors potentially
impact megathrust earthquakes and the surrounding stress states around
the plate interface (Ito et al., 2013; Kato et al., 2012; Obara and Kato,
2016).

Seismological heterogeneity around a subduction zone offers a
notable perspective for elucidating the source processes of slow earth-
quakes and potential megathrust earthquakes. The presence of a pro-
nounced low-velocity zone above the subducting slab is a common
feature in most of the subduction zones globally (Audet and Kim, 2016).
Receiver function (RF) studies have demonstrated a strong negative
velocity contrast between the oceanic crust and the overriding forearc
plate at the Cascadia (e.g., Abers et al., 2009; Audet et al., 2009), Alaska
(e.g., Kim et al., 2014), Mexico (e.g., Pérez-Campos et al., 2008), and
Nankai (e.g., Akuhara et al., 2017; Sawaki et al., 2021; Shiomi et al.,
2008) subduction zones.

At the Nankai subduction zone in southwestern Japan, one of the
areas in which a low-velocity zone has previously been detected is the
Kii Peninsula (Fig. 1). Two oceanic plates, the Philippine Sea (PHS) plate
and the Pacific plate, are subducting beneath southwestern Japan
(Fig. 1b). The PHS plate subducts beneath the Amurian continental plate
in a northwest direction, while the Pacific slab subducts deeply beneath
the PHS slab toward the west, resulting in deep intraslab earthquakes
(Fig. 1a). The subduction of the PHS slab has contributed to huge
earthquakes historically and also various types of slow earthquake ac-
tivities. Deep tectonic tremor occurs at depths of 30–40 km, illuminating
a belt-like distribution (Fig. 1b) (Obara, 2002). Kato et al. (2014) con-
ducted tomographic and RF analyses at the western Kii Peninsula and
showed possible subsurface structures of the mantle wedge corner and a
forearc Mohorovičić discontinuity (Moho) slanted up to the seaward.
They implied that LFEs occurred at the serpentinized mantle wedge
(Kato et al., 2014).

Tectonic tremor exhibits an along-dip bimodal distribution: updip
episodic tremor accompanied by short-term SSEs and downdip continual

tremor (Obara et al., 2010). At the northeastern Kii Peninsula, a previous
study found that the RF phase for the top surface of the PHS crust clearly
exhibited depth-dependent variation: a sharp and notable negative ve-
locity contrast on episodic tremor sources and a broad and distinctive
phase around continual tremor sources (Sawaki et al., 2021). This result
provided new insight into the source environment of deep slow earth-
quakes: the episodic tremor and LFEs can also occur beneath the
impermeable forearc crust at the Nankai subduction zone (Sawaki et al.,
2021), and not only around the mantle wedge corner (Kato et al.,
2010a). The depth-dependent velocity contrast likely reflects the tran-
sition in upper-plate permeability and fluid processes (Abers et al., 2013;
Audet et al., 2009; Sawaki et al., 2021). Thus, upper-plate lithology can
also be a leading factor in illuminating multimodal slip behaviors and
fluid processes (e.g., Egbert et al., 2022).

The Kii Peninsula is characterized by an ancient accretionary prism,
fundamentally classified as the Shimanto Belt. However, igneous com-
plexes are also exposed on the surface (Fig. 2b). The subduction of the
PHS plate, which began approximately 15 Ma, coincides with the
movement of the Izu–Bonin–Mariana Trench. This may have led to
significant volcanic activities, resulting in the production of extensive
amounts of magma (Kimura et al., 2014). Positive Bouguer gravity
anomalies suggest the existence of a substantial volume of plutonic rocks
within the forearc crust (accretionary prism) at the southern tip of the
Kii Peninsula (Honda and Kono, 2005). Those plutonic rocks are
partially exposed on the surface around the southern area as the Kumano
Igneous Complex (e.g., Kimura et al., 2022) (Fig. 2b) and are often
referred to as the Kumano pluton. Seismic refraction tomography also
revealed the presence of a high-velocity body representing the intruded
Kumano pluton (Kodaira et al., 2006). The spatial variation of seismic
anisotropy and local stress anomaly also indicates plutonic intrusions at
the southern tip of the Kii Peninsula (Saiga et al., 2011; Uchide, 2020;
Uchide et al., 2022).

Recent studies on residual free-air gravity anomaly and refraction
tomography showed that wider areas of the forearc crust from central to
southern Kii Peninsula are characterized by high-density and high P-
wave velocity zones, which can be interpreted as the Kumano pluton
(Arnulf et al., 2022; Bassett et al., 2022; Bassett and Watts, 2015). The
loading of the high-density Kumano pluton on the subducting PHS slab
resulted in the bending of the slab around the source area of the 1944

Fig. 1. Target area and seismic events for Green's function (GF) imaging at the Kii Peninsula in southwestern Japan. (a) Black and blue circles are teleseismic and
regional deep-focus earthquake events over 200 km depth that occurred in the Pacific slab, respectively. (b) Dashed and dotted lines denote depth contours of the
Pacific slab (Nakajima et al., 2009; Nakajima and Hasegawa, 2006) and the Philippine Sea plate, both of which were compiled by Hirose et al. (2008). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Tonankai Earthquake (Arnulf et al., 2022; Bassett et al., 2022). Naka-
jima (2023) carried out 3-D travel-time tomography analysis and
showed an inclined high-velocity anomaly above the PHS slab extending
toward the downdip of LFE sources. They also discussed that the rigid
and impermeable materials of the Kumano pluton widely overlay the
subducting PHS slab and that this leads to a steeper subduction of the
slab. However, the spatial extent of the Kumano pluton and its influence

on fluid transport processes related to slow and fast earthquakes have
not been well constrained.

Therefore, we investigate the seismological heterogeneity beneath
the Kii Peninsula from receiver-side Green's functions (Akuhara et al.,
2019). We use and analyze seismic waveforms recorded by campaign-
type linear-array observations at the Kii Peninsula, conducted by the
Disaster Prevention Research Institute (DPRI) at Kyoto University

Fig. 2. Tectonic setting and the campaign-type observation. (a) Campaign seismic stations and survey lines for GF imaging at the Kii Peninsula in southwestern
Japan. The area depicted is denoted by the red box in Fig. 1b. Dashed lines denote depth contours of the Philippine Sea plate compiled by Hirose et al. (2008). Colors
in squares indicate the observation phase. The white circle is the center of each profile and black circles are spaced every 20 km. (b) Geological setting around the Kii
Peninsula. The area colored in red represents igneous rocks, and the Kumano igneous complex is exposed at the ground surface around the coast of the southern area.
(c) Residual free-air gravity anomaly (Bassett and Watts, 2015). (d) The PHS slab Moho model (Shiomi et al., 2008). Mesh data in (e) and (f) are the total energy of
deep tectonic tremor from April 2004 to March 2015 (Annoura et al., 2016) and the cumulative slip of slow slip events from July 1996 to June 2020 (Okada et al.,
2022), respectively. The green area indicates the anticipated source regions of megathrust earthquakes. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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(Nishimura et al., 2005; Shibutani and Hirahara, 2017). We provide new
seismological insight into the Kumano pluton and structural conditions
of slow and fast earthquakes.

2. Data

2.1. Seismic network

DPRI conducted campaign-type linear-array observations in the Kii
Peninsula (Nishimura et al., 2005; Shibutani and Hirahara, 2017). Each
seismic station was operated for about one half to two years, from 2004
to 2013. We analyzed seismic waveforms recorded at these campaign
stations (Fig. 2). We divided observation periods into four phases
(Phases 1–4). The survey lines were named P2–1, P1–1, P2–2, and P3–1
fromwest to east based on the observation phase. Each campaign station
is equipped with a short-period (1 s) velocity sensor for three compo-
nents. We used three-component waveforms, and the radial component
was obtained by rotating two horizontal components from the back
azimuth of seismic events. Note that the original horizontal components
face towards the north and east components as the seismographs were
deployed on the surface.

2.2. Seismic events for waveform analysis

We selected teleseismic earthquake events with magnitudes greater
than 5.5 and epicentral distances between 30 and 90 degrees (Fig. 1a).
After the visual inspection of waveforms, we used 693 events in total.
Since the previous study by Sawaki et al. (2021) made use of seismic
waveforms generated by regional deep-focus earthquakes that occurred
in the Pacific slab, we also used the regional deep-focus earthquakes
with a magnitude of greater than 3.5 from the epicentral distance within
10 degrees (Fig. 1a). After the visual selection of waveforms, we chose
329 events in total.

3. Methods

3.1. Receiver-side Green's function

In this study, instead of the conventional RF, we computed receiver-
side Green's functions (GFs; Akuhara et al., 2019). Generally, a tele-
seismic waveform contains information about seismological heteroge-
neity beneath a receiver. In the conventional method of the P-wave RF, a
P-to-S phase in a teleseismic waveform, converted at a S-wave velocity
contrast, is extracted from horizontal component waveforms decon-
volved by the vertical component (Ammon, 1991). Deconvolution is
often performed either in the frequency domain (e.g., Langston, 1979;
Shibutani et al., 2008) or in the time domain (e.g., Ligorría and Ammon,
1999; Ökeler, 2021). However, deconvolution in the frequency domain
often suffers from computational instability because it involves dividing
the vertical-component spectrum which contains spectral holes. The
time-domain deconvolution still requires the use of thresholds or con-
trolling algorithms to manage the number of spikes in a resulting RF
trace (e.g., Ruan et al., 2023; Wang and Pavlis, 2016). Also, elimination
or adjustment of a spike is impossible once it is generated (Kolb and Leki,
2014).

Akuhara et al. (2019) developed a novel method to retrieve seismic
responses from S-wave velocity discontinuities, specifically the GF, from
teleseismic waveforms by implementing the reversible-jump Markov
chain Monte Carlo algorithm (RJMCMC; Green, 1995). The outcome of
the RJMCMC method is referred to as GF, not RF, because the decon-
volution of the vertical component from horizontal components is not
performed, meaning that the output is literally the Green's function. The
advantage of RJMCMC is that it can solve the number of model pa-
rameters, i.e., the number of spikes in a GF trace, using the trans-
dimensional Bayesian framework. The GF method includes proposals of
adding a new spike (birth), deleting an existing spike (death), moving

the time arrival of an existing spike (move), and perturbing a spike
amplitude (perturb). A proposal selected from among birth, death, move
or perturb ones is either accepted or rejected in each iteration, which
achieves the transdimensional Bayesian inference of GF (Akuhara et al.,
2019).

We employed their method and computed radial-component GFs.
Using the implemented parallel tempering algorithm, we performed
1,000,000 iterations using 10 chains, two of which were at the coolest
temperature (T = 1; see Akuhara et al., 2019), and sampling models
every 200 iterations. Samples from the first 200,000 iterations were
discarded to avoid the burn-in period. Since the resulting GF is given as
the posterior probability distribution of amplitude, we extracted the
model trace of expected values.

The GF method has proven successful for both offshore (e.g., Aku-
hara et al., 2020, 2023) and onshore data (Leah et al., 2022). Akuhara
et al. (2020) computed GF traces from teleseismic waveforms of ocean-
bottom seismographs deployed off Kii Peninsula and found a notable
low-velocity zone in the upper underthrust sediment that has shallow
slow earthquakes. Leah et al. (2022) performed the GF imaging at the
northern Hikurangi subduction zone using inland seismic stations and
estimated the slab geometry. We will compare the conventional RF and
GF in the Results section (Figs. 3 and 4).

3.2. Preprocessing

We estimated the arrival time of the first P-waves using the TauP
program (Crotwell et al., 1999). Event waveforms were band-passed
between 0.1 and 12.5 Hz, deconvolved by instrumental responses, and
cut 5 s before the estimated P arrival. When computing the GF, we
applied a Gaussian low-pass filter of 1.9 Hz at − 3 dB, which are given by
the Gaussian parameter of 10.0.

3.3. Green's function imaging: common-conversion-point stacking

To highlight the lateral variations in crustal structures, we performed
common-conversion-point stacking of radial GF traces, a technique often
used in RF imaging (Dueker and Sheehan, 1997). We extracted 1-D
velocity profiles varying only with depth beneath seismic stations
from the 3-D velocity model ALJ2023 (Matsubara et al., 2022) to
convert Ps time to depth and to perform the ray tracing. A 2-D transect
was meshed into a grid with a spacing of 0.5 km for both the length and
depth. H[l,m] represents the stacked GF amplitude for the grid point at
[l,m]. We selected the stations located within 10 km of the profile line.
The GF amplitude at each timing was then projected into a pixel along
the ray path. If the distance from the profile line to a pixel d is more than
5 km, the amplitude decays proportionally to the square root of the
scaled distance. We also used second-root stacking to enhance coherent
signals of the GF amplitude (e.g., Kanasewich et al., 1973; Muirhead,
1968). IfNlm rays of GF glmi (t) (i = 1,…,Nlm) propagate through the pixel
at t = ti, the second-root of the amplitude with its preserved polarity is
stacked as follows:

γlm =
1

∑Nlm
i=1max

(
di
5 , 1

)−
1
2

∑Nlm
i=1

⃒
⃒
⃒
⃒
⃒
⃒
⃒

glmi (ti)max
(
di
5
, 1

)−
1
2

⃒
⃒
⃒
⃒
⃒
⃒
⃒

1
2

sgn
{
glmi (ti)

}
. (1)

Using γlm, the stacked amplitude in the grid [l,m] can be represented
as

H[l,m] = |γlm|γlm (2)

If Nlm < 3, the amplitude value is ignored. After stacking for all the
grids, the amplitude was smoothed using a 2-D Gaussian filter.

To reduce the impact of outliers, we estimated the median and me-
dian absolute deviation (MAD) amplitudes for each grid from 200
bootstrap samples of GF traces for each profile line. After performing
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second-root stacking for each bootstrap sample, we obtained the
median-amplitude image. Any grid with MAD larger than 0.02 was
removed.

4. Results

We begin by presenting a set of RF and GF traces (Fig. 3). These RF
traces were computed using the iterative time-domain deconvolution
method, as improved by Ruan et al. (2023). Assuming that radial RF and
GF phases are attributed to Ps phases from significant velocity contrasts,
the positive and negative phases correspond to the top of high- and low-
velocity materials, respectively, although those phases can include
multiple reverberations from shallow interfaces such as PpPs. For low-

frequency traces (<0.6 Hz), the phase features of RF and GF are
nearly identical, with positive phases around 4 s representing the slab
Moho. For broader-band traces (<1.9 Hz), detected phases are almost
the same, but GF traces show sharp and clear phases compared to RF
traces. Arrival times of those phases are more consistent among sur-
rounding traces, suggesting that GF suffers less from high-frequency
noise or computational instability.

Having confirmed that GF traces can more efficiently retrieve sub-
surface responses, we performed GF imaging for the survey lines in
Fig. 2. Our GF images show clear structures of the upper plate and the
subducting PHS slab (Figs. 4–8, S1–S2). GF images are also overlaid with
the plate interface model (Hirose et al., 2008) and the oceanic Moho
model (Shiomi et al., 2008).

Fig. 3. Example of computed (a,c) receiver function (RF) and (b,d) GF traces at the KS15 station shown in Fig. 2a. Each RF and GF trace is vertically aligned and
sorted by the back azimuth shown in the top panels. The areas painted in dark and light gray correspond to the positive and negative amplitudes, respectively. Each
trace is amplified by a factor within the white box. Markers in dark and light gray in the top panels represent teleseismic and regional deep-focus earthquake events,
respectively. The Gaussian low-pass frequencies at − 3 dB are (a,b) ~0.6 Hz and (c,d) ~1.9 Hz, respectively.
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4.1. Western area (P2–1 and P1–1)

To observe the difference in the frequency range for RF and GF im-
ages, we compared the images of conventional low-frequency RFs and
broader-band GFs along the P2–1 line (Fig. 4). Several significant phases
are observed in both images. At a horizontal position of >15 (km), a
positive phase at depths 25–40 km is observed to dip in the northwest
direction. This phase is well represented in the depth section of the slab
Moho by Shiomi et al. (2008). However, the phase does not appear in the
deeper portion of the slab. Previous studies also implied a decrease in
the phase-amplitude for the slab Moho (Shiomi et al., 2008; Yamauchi
et al., 2003).

Above the positive phase of the slab Moho, we also observed a
negative phase that was significant only in the broader-band image. This
phase is explained by the depth section of the top of the slab (Hirose
et al., 2008). Negative velocity contrasts have been widely reported in
various subduction zones (Audet et al., 2009; Sawaki et al., 2021). As we
previously demonstrated, the broader-band RF can image the top of a
subducting slab more clearly than the low-frequency RF (Sawaki et al.,
2021). This result indicates that the velocity change around the plate
interface occurs within a narrow zone.

Around the horizontal position of > − 55 (km), we observed a

positive phase at approximately 30 km depth tilting toward the south-
east direction. Previous studies have interpreted the positive phase as
the forearc Moho (Kato et al., 2014; Shibutani et al., 2009). The positive
phase is sharper in the broader-band image in the horizontal range of
− 55 to 0 (km).

We also compared a P-wave velocity model (Arnulf et al., 2022) with
our broader-band GF image along the P2–1 line (Fig. 5). The notable
feature is the large volume of a high-velocity anomaly in the overriding
forearc crust. The positive phase, which is located around a depth of 20
km depth and spans from − 20 km to 40 km along the horizontal in the
forearc crust, is situated on or just above the high-velocity anomaly.
Nakajima (2023) also showed the broad distribution of the high-rigidity
and high-velocity materials in the forearc crust around the western Kii
Peninsula. It should be noted that the velocity model from Arnulf et al.
(2022) is not well resolved at depths greater than 30 km for lateral
positions around <0 (km); we neither observed any positive phase that
corresponds to the strong velocity gradient assumed as the forearc Moho
in the model from Arnulf et al. (2022). However, we observed the sharp
negative phase of the slab top around the horizontal position of > − 20
km, which is just beneath the high-velocity materials.

Updip seismicity around the slab is located on the positive phase for
the slab Moho (Fig. 5). As mentioned above, we did not observe a clear

Fig. 4. (a) Conventional RF image and (b) GF image along the cross-sectional profile P2–1 (westernmost profile). Solid and dotted lines show the Philippine Sea plate
models of the slab Moho (Shiomi et al., 2008) and the top of the slab (Hirose et al., 2008), respectively.
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slab Moho phase in the downdip portion. The downdip seismicity is also
located around 10 km below the negative slab-surface phase without
inter-plate earthquakes. Although the hypocenters were not relocated, it
is evident that the slab seismicity mostly accounts for the intra-slab
seismicity around the top of the slab mantle, not in the oceanic crust
(Abers et al., 2013).

Low-frequency earthquakes (LFEs) are situated on the negative slab-
top phase (Ohta and Ide, 2011). The cumulative seismic energy of tec-
tonic tremor, which is higher than 106 J, accumulates at the lateral
position around − 10–10 km. Given that deep tectonic tremor is a suc-
cessive occurrence of minor LFE events on the plate interface (Shelly

et al., 2006, 2007), it is likely that tectonic tremor occurs as well on the
plate interface that has a clear negative phase.

In the broader-band GF image along the P1–1 line, a clear negative
phase for the plate interface exists at the lateral position around − 10–40
km, and LFEs are located almost on the negative phase (Fig. 6). The slab
Moho with positive amplitudes was found at the position between
− 10–40 km, although amplitudes decrease as the slab deepens. The
positive phase for the slab Moho is not clear around where numerous
intra-slab earthquakes are located. We also observed positive phases at
the depth of 20–30 km in the forearc crust at the position between
− 50–30 (km) on or beneath where a high-velocity zone exists (Arnulf

Fig. 5. GF image and P-wave velocity model (Arnulf et al., 2022) in the along-dip profile P2–1 (most western profile). Solid and dashed lines on the top panel are the
total energy of tectonic tremor (Annoura et al., 2016) and the residual free-air gravity anomaly (Bassett and Watts, 2015), respectively. The free-air anomaly is
averaged over 10 km perpendicular to the survey line. The second panel from the top shows the P-wave velocity structure (Arnulf et al., 2022). Solid and dotted lines
show the Philippine Sea plate models of the slab Moho (Shiomi et al., 2008) and the top of the slab (Hirose et al., 2008), respectively. The third panel from the top
shows our GF image. The bottom panel includes seismic events. Small black dots are the ordinary earthquakes (Mj ≥1.0) in the Japan Meteorological Agency (JMA)
unified earthquake catalog from January 2003 to December 2022. The gray solid circles denote the source location of deep low-frequency earthquakes in 2002–2008
(Ohta and Ide, 2011). All plotted events are located within 10 km of the survey line.
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et al., 2022). The positive phase tilted upward is consistent with previ-
ous RF studies (Shibutani et al., 2009; Shiomi et al., 2008; Ueno et al.,
2008).

4.2. Central area (P2–2)

The broader-band GF image along the P2–2 line exhibits a clear and
sharp negative phase for the plate interface at the horizontal position
between − 20–10 km (Fig. 7). LFEs and tectonic tremor are located
almost on the negative phase. The slab Moho with positive amplitudes
was found at the position between 10 and 35 km. We were unable to
identify a significant positive phase for the slab Moho in the downdip
portion.

Similar to the results at the western survey lines (P2–1 and P1–1), we
also observed positive phases tilted upward in the forearc crust at the

lateral location along − 65–-10 km. Compared with the P-wave velocity
model (Arnulf et al., 2022), however, those positive phases do not
correspond to the top of significant high-velocity zones. Instead, the
high-velocity zone exists at the position around>0 km, and we observed
noisy positive phases that penetrate the high-velocity zone.

4.3. Eastern area (P3–1)

The broader-band GF image along the P3–1 line displays a sharp
negative phase for the plate interface at the horizontal position between
− 5–25 km (Fig. 8). LFEs are located almost on the negative phase. The
cumulative energy of tectonic tremor exhibits a bimodal distribution
(Obara et al., 2010), and downdip tremor is spatially isolated from LFE
events. Around the downdip end of tremor source area at 35 km depth,
the negative phase for the plate interface becomes broad between − 40

Fig. 6. GF image and P-wave velocity model (Arnulf et al., 2022) in the along-dip profile P1–1. All other details are the same as in Fig. 5.
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and 0 km along the horizontal. We observed a broad expansion of
negative phases as the slab deepens from the downdip tremor area.
Unlike the other along-dip profiles, the slab Moho with positive ampli-
tudes was found all throughout the position between − 50–30 km.
Additionally, the positive phases in the forearc crust are nearly flat at the
position between − 50–-10 km, but they suddenly rise upward around
− 10–25 km. These results suggest that the broad negative phases
sandwiched by the two positive phases represent the presence of the
mantle wedge (Sawaki et al., 2021). While the negative phase for the
slab surface does not exhibit a strong amplitude around LFE sources in
the P3–1 line compared to that along the updip portion of plate inter-
face, the presence of the continuously narrow phase around LFE sources
does not necessarily contradict the undrained condition for the

impermeable crustal seal. This is because a thickened negative phase
would appear under a permeable condition such as a serpentinized
mantle wedge corner (Sawaki et al., 2021).

4.4. Along-strike profiles (P3–2, P4–1)

We present along-strike images along the P3–2 (Fig. S1) and the P4–1
lines (Fig. S2). Note that those profiles are sub-perpendicular to the di-
rection of the slab dip, so GF phases are rather noisy compared to the
along-dip profiles. For the seaward profile P3–2 (Fig. S1), strong nega-
tive phases are observed at a depth of 25–30 km, but they are several
kilometers above the plate interface model (Hirose et al., 2008). Positive
phases for the slab Moho are slightly imaged. For the landward profile

Fig. 7. GF image and P-wave velocity model (Arnulf et al., 2022) in the along-dip profile P2–2. All other details are the same as in Fig. 5.
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P4–1 (Fig. S2), we observe positive phases in the forearc crust at a depth
of 20–30 km. We could not find any clear phase for the slab top and slab
Moho.

5. Discussion

5.1. Fluid supply from the subducting slab

The common feature is the presence of a clear and sharp negative
phase for the plate interface. This means that the top of the subducting
PHS slab is characterized as a significant low-velocity zone. The

existence of the low-velocity zone at the top of the slab has been
demonstrated at various subduction zones (Audet et al., 2009; Kato
et al., 2010a; Kim et al., 2014; Pérez-Campos et al., 2008; Sawaki et al.,
2021). The amplitude of the negative phases decreases as the slab
deepens, which has been modeled as the upper-plate permeability
increasing along the transition from the forearc crust to the mantle
wedge (Audet et al., 2009; Hansen et al., 2012; Sawaki et al., 2021).
Similar to what was shown previously that the updip episodic tremor
and LFEs occur around the sharp negative phase at the northeastern Kii
Peninsula (Sawaki et al., 2021), sharp negative phases are observed in
each along-dip survey line in our study area. This suggests that

Fig. 8. GF image and P-wave velocity model (Arnulf et al., 2022) in the along-dip profile P3–1. All other details are the same as in Fig. 5.
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impermeable material such as the gabbroic lower forearc crust or high-
rigidity rocks overrides the subducting slab where episodic tremor and
LFEs take place. The occurrence of short-term SSEs breaks the perme-
ability seal of the overriding forearc crust and allows fluid at near-
lithostatic pore pressure to be released toward the upper plate, trig-
gering episodic tremor (e.g., Kita et al., 2021; Nakajima and Uchida,
2018). Taking the cyclic evolution of upper-plate permeability
(Nakajima and Uchida, 2018) into consideration, our GF images may
show a long-term averaged snapshot of a low-permeability overriding
material during inter-SSE periods.

We observed a decrease in the GF amplitude for the slab surface and
slab Moho at the downdip portion in the western area (Figs. 5–7),
whereas in the eastern area, those phases remain clear even at depth
(Fig. 8). The slab dip angle is also steeper in the western section
compared with that in the eastern section, which will be discussed in
Section 5.3. We attribute this decrease in amplitude to intense eclogi-
tization of the subducting oceanic crust. Eclogitization of oceanic crust
releases a lot of fluid (Hacker et al., 2003). Abers et al. (2013) estimated
the evolution of lithostatic pressure and slab-released fluid for the
western Kii Peninsula, demonstrating a gradual release of fluid from the
slab at depths from less than 20 km to 60 km. Significant fluid release
occurs at depths of 40–60 km by eclogitization via zoisite and amphibole
(Abers et al., 2013). Eclogitization also causes the seismic velocity to
gradually increase in the oceanic crust (e.g., Abers, 2005) and makes RF
amplitudes decrease (e.g., Abers et al., 2009; Sawaki et al., 2021; Shiomi
et al., 2020). An RF image from Kato et al. (2014) also suggested that
eclogitization of the oceanic crust results in the disappearance of the slab
structure. They explained that eclogitization inverts the polarity of the
plate interface phase from negative to positive by increasing the velocity
of the oceanic crust. In our study, we observed the decreasing GF
amplitude for the slab surface but were unable to trace the slab Moho
even at the downdip portion in the western area. The difference in the
seismograph distribution and the computation method of RF and GF
may differentiate the images of Kato et al. (2014) and ours. However, in
both cases, the clear change in the slab structure demonstrates that
eclogitization takes place.

Also, the increasing occurrence of intraslab earthquakes is related to
the dehydration of the slab (Kita et al., 2006). At the Cascadia subduc-
tion zone, the dehydration of the uppermost oceanic mantle triggers
intraslab earthquakes, although high pore-fluid pressures alone do not
regulate faulting in a slab (Abers et al., 2009). Thus, our GF images
imply that eclogitization of oceanic crust taking place beneath the Kii
Peninsula leads to the decreasing GF amplitude of the slab around the
western to the central area. The increasing number of intraslab earth-
quakes at the western side may be a proxy of stronger eclogitization of
oceanic crust or could be related to serpentinization of oceanic mantle.

Dehydrated fluid would either serpentinize the mantle wedge corner
(Kato et al., 2014) or stagnate at the plate interface under high pore-fluid
pressure beneath impermeable plutonic bodies, causing LFE and tec-
tonic tremor. Compared to the eastern section, the intense dehydration
of the slab could supply an excess of fluid into the tremor zone, poten-
tially resulting in the occurrence of smaller-scale SSEs or aseismic creep.
Serpentinite, which is altered from mantle peridotite, has a higher
permeability by two orders compared with lower crust gabbro
(Katayama et al., 2012). So, fluid will eventually infiltrate into the upper
plate if the mantle wedge overlies the slab. Alternatively, if impermeable
plutonic bodies overlay the slab, fluid will migrate upward along the
plate interface. We discuss the overriding lithology in Section 5.2.

Note that our GF images did not exhibit any upwelling structure
within the slab mantle. Nakajima and Hasegawa (2007) proposed, based
on seismic traveltime tomography, that upwelling mantle fluid from the
Pacific slab infiltrates and hydrates the PHS slab in the western Kii re-
gion. The presence of deep mantle fluid was supported by the observa-
tion of high 3He/4He fluid originating from the deep mantle (Umeda
et al., 2006) and might be associated with the generation of LFEs and
micro-seismicity. Unfortunately, RF and GF might lack sufficient

sensitivity to a huge structure without a significant velocity contrast if
such types of fluid behavior were realistic. Further investigation,
involving combined analyses of geology, geochemistry, and seismology,
is needed to determine whether the deep mantle fluid is truly upwelling
and, if so, what factors significantly contribute to the fluid infiltration
into the shallow crust.

5.2. Plutonic bodies and fluid process on subducting PHS slab

In all the along-dip images, the positive phases were also observed in
the forearc crust. In the eastern area, the positive phase is almost flat and
probably represents the forearc Moho (Sawaki et al., 2021). In contrast,
for the central to western areas, the positive velocity contrast rises in the
seaward direction (Figs. 5–7). Previous studies with seismic tomography
demonstrated notable shallowing of the forearc Moho beneath the
southern Kii Peninsula (Katsumata, 2010; Matsubara et al., 2017).
However, the positive phases slanted upward do not necessarily indicate
the forearc Moho but rather the top interface of some high-velocity
body.

Recent tomographic studies demonstrated the presence of a high-
velocity body called the Kumano pluton (Arnulf et al., 2022; Naka-
jima, 2023), based on the high residual free-air gravity anomaly around
the southern Kii Peninsula (Bassett and Watts, 2015). The area of high
residual free-air gravity anomaly exists beneath the western to central
survey lines of P2–1, P1–1, and P2–2 along with the upward-slanting
features of positive phases (Figs. 2, 5–8). Considering the residual
free-air anomaly in which long-wavelength components have been
removed, a high residual free-air gravity anomaly indicates the presence
of high-density rock underground. The area of high residual free-air
anomaly (> 60–70 mGal) is located around the southern and middle
Kii Peninsula in Fig. 2c (Bassett and Watts, 2015). Especially in the
southern area, the residual free-air gravity anomaly of the large block
exceeds 150 mGal. The high values of Bouguer gravity anomaly extend
toward the northern area (Kimura et al., 2014). Those gravity anomalies
can be interpreted to indicate that plutonic rocks lie in the noisy positive
phases in the forearc crust at the updip of the tectonic tremor band.

Therefore, the observed upward-slanting positive phases lead to two
possible interpretations: (a) plutonic bodies are deeply intruded beneath
the positive phase; (b) alternatively, the Kumano pluton is confined to a
zone near the trench and above the updip portion of the megathrust
(Fig. 9). The positive phase in the forearc crust would be the forearc
Moho for case (b) but would not be the Moho if the Kumano pluton is
deeply intruded for case (a). Specifically, case (b) necessarily implies the
existence of the mantle wedge between the forearc Moho and the plate
interface. In case (b), the forearc Moho is tilted upward, which could be
attributed to regional tectonic forces deforming the accretionary com-
plexes (forearc crust) landward. Kato et al. (2014) suggested the mantle
wedge corner would be serpentinized due to fluid leakage by eclogiti-
zation of the oceanic crust. Saiga et al. (2013) also suggested that the
delay time of trench-parallel S-wave splitting might reflect a 1–15 km
thick serpentinite layer with a fully serpentinized mantle wedge. In
contrast, Nakajima (2023) disputed the existence of the serpentinized
mantle wedge corner because their tomographic results showed a high-
velocity anomaly that does not indicate serpentinization. Thus, we
interpreted the GF image for the spatial extent of plutonic bodies in two
ways (Fig. 9), taking into account that cases (a) and (b) follow in-
terpretations by Nakajima (2023) and Kato et al. (2014), respectively.

We now discuss the possibility of the presence of the serpentinized
mantle wedge. We already discussed the dehydration of the subducting
slab in Section 5.1. If the mantle wedge corner is serpentinized, the
velocity contrast between the slab top and the mantle wedge decreases,
and the negative phase of the slab top would be noisy and unclear (e.g.,
Audet et al., 2009; Sawaki et al., 2021; Shiomi et al., 2020). If the
impermeable plutonic body lies on the slab, the negative velocity
contrast from the high pore-fluid pressure oceanic crust to the over-
riding high-velocity Kumano pluton remains large in a narrow area
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around the plate interface. The negative phase in GF images is rather
sharp at the downdip side of LFE sources. Also, we did not confirm the
presence of an inverted Moho or unclear Moho, which have been
observed at Cascadia (Bostock et al., 2002), Tokai (Kato et al., 2010a),
and western Shikoku (Shiomi et al., 2020). As an inverted Moho often
represents a highly serpentinized mantle wedge (Bostock et al., 2002),
the positive phase tilted upward in the forearc side does not necessarily
indicate the existence of the serpentinized mantle wedge corner. Taking
into account the observations of gravity anomaly, intraslab seismicity,
and RF/GF phases, our interpretation leans towards the idea that
plutonic bodies extend deep beneath the forearc crust as well as laterally
over the subducting PHS slab at the western Kii Peninsula (Fig. 9a).

Within the context of the deeply intruded plutonic bodies, the posi-
tive phase tilted upward accounts for the upper surface of the pluton
(Fig. 9a). Despite diminishing clarity due to a decrease in ray hit counts,
the positive phase on the forearc side continues to show the slanted-up
feature. The phase is likely linked to the forearc Moho, estimated by
previous observations (e.g., Katsumata, 2010; Matsubara et al., 2017).

Consequently, we infer that the positive phase tilted upward represents
the forearc Moho on the forearc side and the upper surface of the
plutonic bodies on the shallower side of the plate subduction.

A segment of a strong negative phase was seen in the GF image
around the shallower edge of the arched shape at 20 km depth at the
horizontal location of 20 km (Fig. 5). This negative phase is generally
considered to represent the slab surface but extends shallower toward
the forearc crust, located beneath a relatively higher P-wave velocity
area (Arnulf et al., 2022). Additionally, the crustal seismicity at the
updip side of LFE sources is noteworthy. An arched distribution of
micro-seismicity is evident at the depth between 20 and 30 km around
the horizontal location between 0 and 30 km (Fig. 5). A similar feature
was observed in tomographic studies. Kato et al. (2014) showed a
negative P- and S-wave velocity anomaly around this region, suggesting
fluid leakage from the oceanic crust to the forearc crust. Nakajima
(2023) interpreted this portion as the bottom at the northern end of the
high-velocity Kumano pluton. Also, P-wave attenuation structure sug-
gests that the overriding material in the western side is rather permeable

Fig. 9. Schematic illustrations over the GF image in the along-dip profile P2–1. (a) Model for deeply-intruded plutonic bodies, based on Kimura et al. (2014) and
Nakajima (2023). (b) Model for serpentinized mantle wedge based on Kato et al. (2014) and Kumano pluton confined updip.
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compared to the eastern side (Kita and Matsubara, 2016). The trench-
parallel fast axis and the delay time of S-wave splitting are also domi-
nant compared to the eastern area (Imanishi et al., 2016; Nakajima and
Hasegawa, 2016; Saiga et al., 2013). Provided that the low-velocity
anomaly reflects a locally permeable condition over the slab, micro-
seismicity might occur due to fluid diffusion under well-drained condi-
tions (Nakajima and Hasegawa, 2016).

Furthermore, around the middle of the Kii Peninsula, intrusions of
Ohmine rocks in the middle Miocene have been found (Shinjoe et al.,
2005). Considering that the positive Bouguer gravity anomaly extends
north of the tectonic tremor band (Kimura et al., 2014), deeper intrusion
of Ohmine granitic rocks is also a possible scenario (Fig. 9a). Magne-
totelluric analysis inferred that the Kumano pluton and Ohmine pluton
adjoin at depth (Umeda et al., 2003). However, the extent to which the
Kumano pluton and Ohmine pluton are interconnected remains uncer-
tain. If the Ohmine pluton lies over the deeper slab instead of the
Kumano pluton and those two bodies are partially separated (Kimura
et al., 2014), the space between those plutonic bodies would result in a
small-scale increase in permeability (Fig. 9a). We speculate that the fluid
along the plate interface could potentially infiltrate the overriding
Kumano pluton through zones of fracturing with locally high perme-
ability. Another possible explanation is that fluid might be trapped
within an unreported subducted seamount, though we do not have clear
evidence.

To summarize the discussion, case (a) with deeply intruded plutonic
bodies is the most suitable explanation for seismotectonics in the
western and central Kii Peninsula (Fig. 9a). Broader aspects of
geophysical and geological studies are necessary for further discussion.

5.3. Complex slab geometry around the western area

The stress state and slab geometry in the western area are complex.
Otsubo et al. (2019) estimated the spatial variation of intraslab stress
around the Kii and Shikoku regions and suggested that triaxial normal
faulting stress may control the tendency of fluid release and migration in
the slab. Uchide et al. (2022) showed that the horizontal maximum
compressional axis is oriented along the E–W direction, consistent with
the S-wave fast axis estimated by Saiga et al. (2013). In contrast, the
compressional azimuth in the central area faces the NE–SW direction
(Uchide et al., 2022), so the stress state undergoes significant spatial
changes. Also, the PHS slab shows a valley-like shape around the
western area (Hirose et al., 2008; Shiomi et al., 2008), and the sub-
duction azimuth of NW–SE may not be perpendicular to the strike of the
subducted slab (Shiomi and Park, 2008). Furthermore, intraslab earth-
quakes show a steeper alignment as the slab deepens (Fig. 9). These
observations suggest that the slab geometry gets steeper and that the
survey line P2–1 might not partially be the along-dip cross-section. Also,
imaging a high-angle structure is not straightforward using RF or GF.
Because the existence of the overriding plutonic bodies at least affects
the slab curvature (Arnulf et al., 2022), it is possible that the change in
slab bending or the complicated slab geometry would make GF phases
vague or complex.

The along-strike variation in the background seismicity or the slip
characteristics may reflect the complexity of the slab geometry
regarding the plutonic bodies. The background seismicity rate is high at
the westernmost Kii Peninsula, where less tectonic tremor energy is
released (Mitsui et al., 2022). Large long-term SSEs have been detected
in this region (e.g., Kobayashi, 2017), although no significant events
occur in the Kii Peninsula except in the shallower portion of the
northeastern area (Kobayashi and Tsuyuki, 2019). The cumulative slip
of short-term SSEs also exhibits notable spatial variation, and a smaller
number of events have occurred in the western area (Fig. 2f) (Okada
et al., 2022). A steeper dip angle of the slab and its complex geometry
could increase the supply into the plate interface of the dehydrated fluid
per unit of the along-dip distance. Such an excess of fluid into the tremor
zone might result in the occurrence of smaller-scale SSEs or aseismic

creep. The plutonic bodies, also revealed by the spatial variation of GF
phases, could dominate slip behavior around the plate interface.

5.4. Other seismic structures potentially linked to slow and fast
earthquakes

The source environment of LFEs at the northeastern Kii Peninsula is
under debate. Kurashimo et al. (2021) performed a seismic reflection
analysis of crustal earthquakes around our P3–1 line. Their result clearly
showed the reflection from the plate interface, and the depth of the main
reflection was consistent with our GF negative phase for the plate
interface, while we did not observe any significant southward-dipping
velocity contrast that they observed as the strong reflector (Fig. S3).
Relocated LFEs by Kurashimo et al. (2021) are mainly located around
the positive phase for the slab Moho and are on the slab Moho model by
Shiomi et al. (2008). Kurashimo et al. (2021) claimed that intraslab LFEs
are located beneath the oceanic Moho and are controlled by fluid
migration due to the serpentinization of the slab mantle. Their
assumption that the oceanic Moho is located 7.5 km beneath the plate
interface does not properly reflect the spatial geometry of the subducting
slab, and our result does not support the presence of intraslab LFEs
beneath the slab Moho. In contrast, LFEs relocated by the network
correlation coefficient method are mostly several kilometers beneath the
plate interface but are significantly above the slab Moho (Ohta and Ide,
2011). The inconsistency probably comes from the difference in the
relocation method and the velocity model. Another possible theory is
that intraslab LFEs occur beneath a thickened and detached reflective
slab (Bloch et al., 2023). Regardless, determining the exact location of
LFEs is not a straightforward task, given that LFEs were not relocated
using the velocity model by Matsubara et al. (2022). However, it is an
important future task to constrain the source environment of slow
earthquakes through various geophysical analyses.

In the P3–1 line, successive positive and negative phases were
observed tilting upward in the forearc crust, which could be related to
the deep extension of theMedian Tectonic Line dipping toward the north
(Kurashimo et al., 2021) (Fig. S3). The Sanbagawa metamorphic belt is
located at the northern edge of the Outer Zone in Southwestern Japan
and is formed from high-pressure crystalline schist. While passive
seismic sources have poor resolution for highly dipping structures, a
related feature of successive RF phases was also observed beneath the
Tokai area (Kato et al., 2010a). Although no clear velocity gradient was
observed from the P-wave tomography (Arnulf et al., 2022), the tran-
sition of geological structure might contribute to such a shallow velocity
contrast.

In the northwestern area, prominent non-volcanic earthquake
swarms, known collectively as the Wakayama swarm, have been
observed (e.g., Kato et al., 2010b; Mizoue et al., 1983). We did not
observe a clear feature in the GF image along the P2–1 line around 10
km depth (Fig. 5), as passive sources may not provide high-frequency
signals sufficient to resolve such a shallow structure. Kato et al.
(2010b) imaged a high-velocity body just beneath the swarm activities
around 6–9 km depth and inferred that fluid processes induced by the
thermal effect of solidified intruded magma may trigger the swarms.
Other tomographic studies found a low-velocity anomaly below the
swarm at 10–20 km (Kato et al., 2014; Nakajima, 2023). Also, later
phases in earthquake coda waves may contain information to constrain
the crustal structure (Shiina et al., 2024). Velocity discontinuities have
been estimated by extracting reflected waves (Mizoue, 1971) and Sp
phases (Doi and Kawakata, 2013). Doi and Kawakata (2013) observed
subsurface velocity contrasts such as the Conrad discontinuity and
forearc Moho. They also found another Sp conversion at depths of 8–13
km above the Conrad, just beneath the Wakayama swarm. Combining
seismic tomography, later phases in earthquake coda waves, and
broader-band GF analysis will help to better constrain spatial features
such as igneous intrusions from shallow to deep areas and elucidate the
geophysical model of related subduction zone seismicity.
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6. Conclusions

Images of receiver-side Green's functions up to 2 Hz at the Kii
Peninsula revealed a sharp negative S-wave velocity contrast on the top
surface of the subducting Philippine Sea plate and a positive phase tilted
upward in the forearc crust. In the eastern area, we observe a sharp
negative phase on the top surface of the subducting slab. This suggests
that the forearc crust is on the top of the slab and above the zone of low
frequency earthquakes and tectonic tremors. The noisy negative phase
in the downdip portion indicates the presence of the serpentinized
mantle wedge corner. The low-permeability of the forearc crust prevents
the slab-dehydrated fluid from infiltrating into the upper plate. In the
western area, we noted sharp negative phases for the slab surface and
positive phases slanted upward in the forearc crust. Studies of gravity
anomaly and seismic tomography have demonstrated the broad pres-
ence of high-density and high-velocity igneous bodies of the Kumano
pluton broadly in the forearc crust. The upward-slanting positive phase
likely represents the top surface of plutonic bodies that span all the way
down to the plate interface. The sharp negative phase extends towards
the deeper extent of slow-earthquake sources. Together with the ob-
servations of gravity anomaly, intraslab seismicity, and seismic tomog-
raphy, the interpretation of our results supports the presence of plutonic
bodies which extend deep beneath the forearc crust as well as laterally
over the subducting PHS slab, rather than a serpentinized mantle wedge
at the western Kii Peninsula. The upper plate is generally low in
permeability. However, as confirmed by the partial presence of low
seismic wave velocities, a segment of negative phases and the arch-like
pattern of crustal seismicity may suggest areas of high permeability on
the updip side of the sources of low-frequency earthquakes and tectonic
tremors. The condition in which fluid can locally infiltrate upwards is
speculated to maintain the relatively less active slow earthquakes in the
western area. The lateral variation of the upper-plate lithology likely
influences fluid processes and slow earthquake activities.
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