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Abstract 

Slow earthquakes occur at deep and shallow plate boundaries along the Nankai Trough. Deep slow earthquakes 
are continuously distributed along the 30–40 km depth contours of the upper surface of the subducted Philippine 
Sea Plate. In contrast, shallow slow earthquakes occur in limited regions: Hyuga-nada, off Cape Muroto, and south-
east off the Kii Peninsula. This review provides an overview of the up-to-date seismological, geodetic, geological, 
and experimental results in the shallow Nankai area for a unified understanding of the spot-like occurrence of shallow 
slow earthquakes. Shallow slow earthquakes tend to be distributed in transitional regions between the frictionally 
locked and stably sliding zones on the plate boundary. Based on geological and experimental studies, the lithology 
of incoming sediments and their friction coefficients can be variable along the Nankai Trough. Laboratory friction 
experiments revealed that sediments under shallow plate boundary conditions often exhibit positive (a − b) values, 
while negative (a − b) is possible via several processes. Subducted seamounts create complex fracture networks 
and stress shadows in their surrounding areas; however, not all subducted seamounts are related to shallow slow 
earthquake activities. This incomplete correlation suggests that alternative factors are required to explain the spot-
like distribution of shallow slow earthquakes in the Nankai subduction zone. High pore fluid pressure conditions 
around shallow slow earthquake zones were interpreted based on seismological structural studies. In addition, 
ambient noise monitoring revealed temporal changes in seismic velocity structures associated with shallow slow 
earthquake migrations. This result suggests a close link between pore fluid migration and shallow slow earthquake 
episodes. Because transient changes in pore fluid pressure can lead to various slip behaviors, the episodic migration 
of pore fluid around the plate boundary could promote shallow slow earthquake activity along the Nankai Trough.
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Introduction
Slow earthquakes exhibit intermediate faulting behaviors 
between ordinary earthquakes and stable sliding. After 
several pioneering discoveries of slow earthquake phe-
nomena (Hirose et  al. 1999; Dragert et  al. 2001; Obara 
2002; Rogers and Dragert 2003), slow earthquake phe-
nomena have been extensively studied worldwide, par-
ticularly in subduction zones (Obara and Kato 2016), to 
broaden our understanding of slip behaviors on the plate 
boundary and their effects on the preparation of megath-
rust earthquakes.

Seismometers can detect signals of low frequency 
earthquakes (LFEs) in the 1–10 Hz frequency band and 
very low frequency earthquakes (VLFEs) in the 0.01–
0.1  Hz band. Continuous tremor signals are considered 
successive occurrences of small LFEs (Shelly et al. 2007; 
Brown et  al. 2009; Ide 2021). Global Navigation Satel-
lite System (GNSS) and other geodetic instruments can 
detect small crustal deformations caused by slow slip 
events (SSEs; geodetic slow earthquakes) that have a 
duration of several days to several years. Spatiotempo-
ral correlations between seismic (LFEs, tremors, and 
VLFEs) and geodetic slow earthquakes (SSEs) are often 
observed; such events are called episodic tremor and 
slip (ETS) or slow slip and tremor (SST) (e.g., Rogers and 
Dragert 2003; Obara et al. 2004). The migration processes 
and swarms of seismic slow earthquakes during ETSs 
can be linked to the slip evolution of the accompanying 
SSEs (e.g., Bartlow et al. 2011; Hirose and Kimura 2020; 
Itoh et  al. 2022). Spatiotemporal correlations between 
individual tremor/LFE envelopes (i.e., the energy rate 
function) and VLFE moment rate functions also sug-
gest broadband characteristics of seismic slow earth-
quakes (Ide et  al. 2008). The hypothesis of “broadband 
slow earthquake” is that tremors/LFEs and VLFEs repre-
sent parts of common broadband phenomena, although 
these high- and low-frequency phenomena are separated 

by large microseism noises that are typically observed at 
seismometers. This hypothesis has been confirmed by 
recent advances in observation and analysis techniques, 
which enabled us to investigate signals in a microseism 
frequency band of 0.1–1 Hz (Ide and Yabe 2014; Kaneko 
et al. 2018; Masuda et al. 2020). The scaled energies and 
seismic productivities of slow earthquakes have been dis-
cussed to further understand their source physics in vari-
ous regions (e.g., Ito et al. 2009; Takeo et al. 2010; Daiku 
et al. 2018; Ide and Maury 2018; Frank and Brodsky 2019; 
Yabe et al. 2021; Passarelli et al. 2021; Baba et al. 2021). 
The scaled energy is the ratio of the seismic energy of a 
tremor divided by the seismic moment of the accompa-
nying VLFE. The seismic productivity is the ratio of the 
cumulative moment of seismic slow earthquakes to the 
moment of the corresponding geodetic slow earthquake. 
These values represent the characteristics of dynamics in 
the faulting processes. The scaled energies of slow earth-
quakes are almost constant (approximately  10–9–10–8) 
and 5–6 orders of magnitude smaller than those of ordi-
nary earthquakes (approximately 3 ×  10–5; e.g., Ide and 
Beroza 2001; Ide 2014). The seismic productivities of 
ETSs (the ratio of the cumulative moments of detectable 
seismic slow earthquakes to geodetic slow earthquakes) 
range from  10–4 to  10–1, which is smaller than those of 
ordinary thrust-type earthquake swarms (Fig.  1 of Pas-
sarelli et  al. 2021). Because scaled energy and seismic 
productivity characterize faulting dynamics, these obser-
vations suggest that the dynamics of slow and fast (ordi-
nary) earthquakes are qualitatively different. Other basic 
characteristics of slow earthquakes have been summa-
rized in previous reviews (Schwartz and Rokosky 2007; 
Beroza and Ide 2011; Ide 2014; Obara and Kato 2016; 
Obara 2020; Nishikawa et al. 2023).

Slow earthquakes in subduction zones are classi-
fied as deep or shallow slow earthquakes. In this review, 
we classified slow earthquake activity by depth rather 
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than by location relative to megathrust or locked zones. 
Deep slow earthquakes occur at depths of approxi-
mately 30–40  km, corresponding to lower brittle zones. 
Using the decadal scale (> 10–20 years) and dense inland 
observations, deep slow earthquakes have been reported 
in the subduction zones of Ryukyu, Nankai, Japan 
Trench, Alaska, Cascadia, Mexico, Costa Rica, Chile, 
and Hikurangi. The temperatures and lithostatic pres-
sures at these depths were approximately 150–500 °C and 
0.7–1.7 GPa, respectively (e.g., Peacock and Wang 1999; 
Syracuse et  al. 2010; Behr and Bürgmann 2021). Based 
on the spatial distributions of deep slow earthquakes and 
seismic velocity structures, slow earthquake sources are 
localized within the volume around the plate boundary, 
which are characterized by low velocity and high Vp/Vs 
(Vp: P-wave velocity, Vs: S-wave velocity). Because such 
seismic velocity characteristics are often associated with 
high pore fluid pressure conditions, the fluid drainage 
system due to plate subduction is considered one of the 
most important factors for the occurrence of deep slow 
earthquakes (e.g., Kato et al. 2010; Audet and Kim 2016; 
Nakajima and Hasegawa 2016; Chuang et al. 2017; Delph 
et  al. 2018). This was also proposed from a geological 
perspective based on inland geological structures. Folia-
tion-parallel mineral-filled shear veins were found within 
accretionary complexes that experienced conditions near 
the depth where deep slow earthquakes were observed 
in warm subduction zones, similar to the Nankai Trough 
(Fagereng et al. 2011; Ujiie et al. 2018). These crack-seal 
veins are produced by repeated brittle fractures under 
high fluid pressure conditions, and their formation rate 
and displacement are comparable to the interval and dis-
placement of the LFEs, which can be observed as a trace 
of previous tremors (Audet and Bürgmann 2014; Ujiie 
et  al. 2018). Kirkpatrick et  al. (2021) proposed that the 
complex shear-offset structures observed in metamor-
phic rocks that developed along subduction zones and 
were located in deep slow earthquake areas served as the 
source of slow earthquakes. This proposition implies the 
widespread occurrence of deep slow earthquakes in sub-
duction zones where the temperature–pressure condi-
tions match those of certain metamorphic environments.

In contrast to the widespread occurrence of deep 
slow earthquakes, observations of shallow (< 10  km) 
slow earthquakes have been limited to regions such 
as Ryukyu (e.g., Nakamura and Sunagawa 2015), Nan-
kai (e.g., Asano et al. 2008; Araki et al. 2017; Baba et al. 
2020a), Mexican (Plata-Martinez et al. 2021), Costa Rica 
(e.g., Dixon et al. 2014; Baba et al. 2021), and Hikurangi 
(e.g., Wallace et  al. 2016b; Todd et  al. 2018) subduction 
zones. Along the Japan Trench, slow earthquakes also 
occur in offshore regions, but their depths are slightly 
deeper (10–30 km) than other shallow slow earthquakes 

(e.g., Nishikawa et al. 2019; Tanaka et al. 2019; Baba et al. 
2020b; Nishimura 2021). Temperatures and lithostatic 
pressures at shallow depths are < 150  °C and < 0.2  GPa, 
respectively (e.g., Peacock and Wang 1999; Saffer and 
Wallace 2015). Shallow slow earthquakes have been only 
reported in offshore regions; consequently, the obser-
vation and analysis of shallow slow earthquakes remain 
challenging issues. Thus, our knowledge of shallow slow 
earthquakes is limited compared to that of deep slow 
earthquakes.

This review focuses on the Nankai subduction zone. 
Megathrust earthquakes have occurred repeatedly in 
this subduction zone at intervals of 100–150 years (Ando 
1975). Both shallow and deep slow earthquakes have 
occurred along the Nankai Trough. Because nationwide 
inland seismic and geodetic networks were developed 
after the 1995 Hyogo-ken Nanbu earthquake, deep slow 
earthquakes have been systematically monitored and 
studied (e.g., Maeda and Obara 2009; Nishimura et  al. 
2013; Nishimura 2014; Kobayashi 2017; Takagi et  al. 
2019; Kato and Nakagawa 2020; Yabe et al. 2023). These 
monitoring results indicate that deep slow earthquakes 
are widely distributed at depth contours of 30–40  km 
on the Philippine Sea Plate, from the Tokai to Kyushu 
regions (gray symbols in Fig. 2). From seismic structural 
studies, high Vp/Vs bodies have been confirmed around 
the plate boundary in regions where deep slow earth-
quakes actively occur (e.g., Kato et  al. 2010; Nakajima 
and Hasegawa 2016). The fluid supply around the plate 
boundary is associated with the dehydration of the sub-
ducted oceanic crust. Impermeable hanging walls trap 
pore fluid from the oceanic crust, causing deep slow 
earthquakes to become more active.

Studies of shallow slow earthquakes began in the 
early 2000s. Ishihara (2003) and Obara and Ito (2005) 
first recognized surface wave signals caused by shallow 
VLFE swarms in continuous records of inland broad-
band seismometers. Because shallow slow earthquakes, 
except for shallow VLFEs, cannot be sufficiently recog-
nized by inland instruments (Fig.  1a), the initial phase 
of studies focused on investigating the nature of shal-
low VLFEs (Ito and Obara 2006a; b; Asano et  al. 2008, 
2015). The development of permanent and campaign 
offshore observatories after 2010 enabled the investiga-
tion of shallow tremors, VLFEs (Fig. 1b), and SSEs (e.g., 
Obana and Kodaira 2009; Sugioka et  al. 2012; To et  al. 
2015; Araki et  al. 2017; Annoura et  al. 2017; Toh et  al. 
2018; Yokota and Ishikawa 2020). The development of 
permanent seismic networks in Japan is summarized in 
Aoi et al. (2020). Consequently, shallow slow earthquakes 
and tectonic environments along the Nankai Trough 
have been well studied compared to other subduction 
zones. Figure 2 shows the spatial distribution of shallow 
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slow earthquakes (shallow tremors, VLFEs, and SSEs) 
detected by offshore and inland observations from 2004 
to 2021. The spatial distributions of shallow VLFEs and 
SSEs from these observations do not completely coincide 
because of differences in their detectability (Agata et al. 
2019; Takemura et al. 2022a) and the accuracy of location 
analysis. Nevertheless, in contrast to the belt-like distri-
bution of deep slow earthquakes (gray symbols in Fig. 2), 
the source locations of the shallow slow earthquakes were 
concentrated within three specific spots: Hyuga-nada, off 
Cape Muroto, and southeast off the Kii Peninsula. Along-
strike variations in slow earthquake activity have been 
observed in other subduction zones as well (Nishikawa 
et al. 2019; Yabe et al. 2021; Baba et al. 2021; Plata-Mar-
tinez et al. 2021).

These spot-like occurrences suggest that shal-
low slow earthquakes cannot be explained simply by 
depth-dependent temperature and pressure conditions. 
Toward the understanding of their localized activi-
ties and slip behaviors at shallow plate boundaries, we 
briefly reviewed recent key studies on shallow slow 
earthquakes in the Nankai subduction zone. Shallow 
slow earthquakes, heterogeneous subsurface struc-
tures, and frictional conditions have been extensively 
studied. “Characteristics of shallow slow earthquakes 
along the Nankai Trough” section provides an overview 
of the observed features of shallow slow earthquakes 
along the Nankai Trough and their characteristic differ-
ences from typical deep slow earthquakes. To further 
understand which factors control the observed spot-like 
occurrences of shallow slow earthquakes, we discuss the 

tectonic environments of shallow slow earthquake zones, 
such as frictional properties inferred from geodetic and 
geological studies (“Frictional properties at the shallow 
plate boundary along the Nankai Trough” section), the 
topography of the subducted Philippine Sea Plate, and 
subsurface seismic structures around the plate boundary 
(“Structural and hydrological factors controlling the spot-
like distribution of shallow slow earthquakes” section). 
“Regional differences in shallow slow earthquake activ-
ity along the Nankai Trough” section discusses regional 
differences in shallow slow earthquake activity along the 
Nankai Trough. “Conclusions and future perspectives” 
section provides the conclusions and future perspectives 
for shallow slow earthquake studies along the Nankai 
Trough.

Characteristics of shallow slow earthquakes 
along the Nankai Trough
This section briefly summarizes the observed features of 
the shallow slow earthquakes along the Nankai Trough. 
As shown in Fig.  2, shallow tremors, VLFEs, and SSEs 
were detected using both inland and offshore obser-
vations. Figure  2d shows the distribution of interplate 
moderate-size ordinary earthquakes (Takemura et  al. 
2020a) and small repeating earthquakes (Igarashi 2020) 
on the plate boundary. Repeating earthquakes occur in 
approximately the same source location and nearly iden-
tical focal mechanisms. Thus, repeating earthquakes 
have been monitored as a slip meter on plate boundaries 
(summarized in Uchida and Bürgmann 2019). Ordinary 

Fig. 1 Example waveforms of a shallow slow earthquake at two stations: a inland F-net KMTF and b offshore DONET KMB07. Top, middle, 
and bottom traces are raw (non-filtered), tremor-, and VLFE-band vertical-component seismograms, respectively. Owing to characteristic noise 
at ocean bottom seismometers (Webb 1998), we selected the 0.03–0.06 Hz frequency band for a shallow VLFE at station KMB07. F-net KMTF, DONET 
KMB07, and the hypocenter of this event are illustrated by the black triangle, diamond, and yellow star, respectively. An example event occurred 
on 14:12 December 12, 2020 (JST)
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and slow earthquakes are separately distributed along the 
Nankai Trough.

Recently, shallow tremors with durations signifi-
cantly shorter than typical tremor durations have been 
observed at a DONET station close to a seismic source 
(Toh et  al. 2023); however, shallow LFEs have yet to be 
reported. This is because if an LFE occurs at the shal-
low plate boundary, the observed seismograms in the 
LFE band (1–10  Hz) are significantly broadened, simi-
lar to tremor (spindle-shape) envelopes due to thick 

low-velocity sediments beneath the ocean bottom seis-
mometers (OBSs) (Takemura et  al. 2020b, 2023) and 
resemble tremor signals such that we cannot distinguish 
between the two phenomena. The spatiotemporal corre-
lation between shallow seismic and geodetic slow earth-
quakes (e.g., Nakano et  al. 2018a; Ariyoshi et  al. 2021; 
Okada et  al. 2022) has been confirmed to be similar to 
that of deep ETSs, whereas several shallow SSEs occurred 
without accompanying tremors and VLFE swarms (Araki 
et al. 2017; Yokota and Ishikawa 2020).

Fig. 2 Spatial distributions of shallow slow earthquakes in Nankai. a Shallow tremors (Yamashita et al. 2015, 2021; Tamaribuchi et al. 2022), b 
shallow VLFEs (Asano et al. 2015; Nakano et al. 2018a; Takemura et al. 2022b, c; Yamamoto et al. 2022a) and c shallow SSEs (Yokota and Ishikawa 
2020; Okada et al. 2022). In b and c, shallow VLFEs and SSEs detected by inland and offshore instruments are represented by orange and blue 
symbols, respectively. Gray dots, gray diamonds, and gray rectangles in a–c are deep tremors (Maeda and Obara 2009; Obara et al. 2010), VLFEs 
(Ito et al. 2009), and SSEs (Nishimura et al. 2013; Takagi et al. 2016, 2019). Deep SSEs in c include both long-term and short-term SSEs. d Spatial 
distribution of moderate-size ordinary interplate earthquakes (Takemura et al. 2020a) and small repeating earthquakes (Igarashi 2020). The catalog 
of Takemura et al. (2020a) contains ordinary earthquakes with Mw ≥ 4.3
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The observed moment rates of shallow VLFEs and 
the energy rates of shallow tremors range from  1012 
to  1015  Nm/s and  102–106  J/s, respectively (Yabe et  al. 
2019, 2021; Nakano et al. 2019; Tamaribuchi et al. 2019, 
2022; Baba et al. 2022; Takemura et al. 2022b, c), which 
are larger than those of typical deep slow earthquakes 
(Ide and Yabe 2014). The scaled energies of shallow slow 
earthquakes  (10–9–10–8), except those in Hyuga-nada, 
are 0–1 orders of magnitude larger than those of typical 
deep slow earthquakes (Yabe et al. 2019, 2021; Tamaribu-
chi et al. 2019). We note that results from high-frequency 
seismic waves at OBSs tend to contain larger uncertain-
ties due to strong structural heterogeneities within the 
accretionary prism (Takemura et  al. 2020b, 2023). The 
seismic productivity of shallow slow earthquakes ranges 
from 1 to 15% (Takemura et  al. 2022b), which is higher 
than that of deep slow earthquakes (Ito et al. 2009; Takeo 
et al. 2010). The scaled energies and seismic productivi-
ties in these studies suggest that the efficiency of the seis-
mic wave radiation from shallow slow earthquakes may 
be higher than that from deep slow earthquakes. A com-
bined analysis of shallow tremors and VLFEs revealed 
that the size distribution of shallow seismic slow earth-
quakes followed the tapered Gutenberg–Richter law, with 
a b-value of approximately 1 (Figs.  4 and S8 of Nakano 
et al. 2019). This implies that the expansion of the rupture 
patch sizes of the shallow tremors and VLFEs is limited. 
Temporal changes in size distribution during the episode 
were also observed (Nakano and Yabe 2021).

The observed characteristics of shallow slow earth-
quakes along the Nankai Trough are summarized in 
Table  1. The characteristics of typical deep slow earth-
quakes in this region were obtained from Obara (2011). 

The durations of shallow ETSs were obtained from the 
swarms of shallow VLFEs (Baba et al. 2020a; Baba 2022; 
Takemura et al. 2022b, c) because it is difficult to discuss 
the durations of shallow SSEs precisely due to their weak 
signals and the lack of dense offshore geodetic observa-
tions in space and time (Yokota and Ishikawa 2020). The 
variation of the migration speeds during shallow slow 
earthquake episodes was reported as wider (Yamashita 
et  al. 2015, 2021; Takemura et  al. 2022b; Tamaribuchi 
et  al. 2022), although those of typical deep slow earth-
quakes are approximately 10  km/day. Detailed regional 
differences in shallow slow earthquakes along the Nankai 
Trough are discussed later (“Regional differences in shal-
low slow earthquake activity along the Nankai Trough” 
section). Figure 3 shows the spatiotemporal distribution 
of shallow VLFEs and deep tremors around the Kii Penin-
sula. The duration and recurrence intervals of the shallow 
ETSs in Fig.  3 are 1–3  months and 3–10  years, respec-
tively. These values are significantly longer than those of 
the typical deep ETSs (middle column of Table 1). Inter-
estingly, the durations of the observed shallow ETSs (or 
episodes of seismic slow earthquakes) ranged between 
short- and long-term SSEs at deep depths.

Frictional properties at the shallow plate boundary 
along the Nankai Trough
According to local and global earthquake catalogs (e.g., 
Storchak et  al. 2013; Takemura et  al. 2020a), the seis-
micity of observable ordinary earthquakes in the Nan-
kai subduction zone is low. Repeating earthquakes, 
which are widely used as slip meters on plate boundaries 
(Nadeau and Johnson 1998; Uchida and Bürgmann 2019), 
are reported in limited regions, not the whole Nankai 

Table 1 Characteristics of deep and shallow slow earthquakes in Nankai (Maeda and Obara 2009; Ito et al. 2009; Takeo et al. 2010; 
Obara 2011; Ochi and Kato 2013; Ide and Yabe 2014; Yamashita et al. 2015, 2021, 2022; Takagi et al. 2019; Yabe et al. 2019; Baba et al. 
2020a; Takemura et al. 2022b, c; Yamamoto et al. 2022a)

L-SSE is long-term SSE, which is SSE with durations longer than approximately 0.5 years

Deep Shallow

Observed slow earthquake phenomena LFE, tremor, VLFE, short-term SSE, long-term SSE Tremor, VLFE, SSE

Segmentation in Nankai Tokai, Northern Kii, Mid. Kii, Southern Kii, Eastern Shikoku, Mid. Shikoku, 
Western Shikoku, Kyushu

Southeast off the Kii Peninsula, 
off Cape Muroto, Hyuga-nada

Episode duration ETS: 1–7 days
L-SSE: 0.4–6 years

ETS: 1–3 months

Recurrent interval ETS: 70–200 days
L-SSE: 2–7 years

Hyuga-nada: 2–5 years
Others: 3–9 years

Migration velocity Main front: 10 km/day
RTR: ~ 100 km/day
Streak: > 50 km/h

Main front: 1–20 km/day
RTR: 10–200 km/day
Streak: not observed

Scaled energy 10–10–10–9 Hyuga-nada:  10–11–10–8

Others:  10–9–10–8

Seismic productivity

(MoVLFE/MoSSE) 0.1–1% 1–15%
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subduction zone (Fig.  2d; Yamashita et  al. 2012; Igar-
ashi 2020). Direct estimations of the rupture patch sizes 
of shallow slow earthquakes remain difficult because of 
shallower heterogeneous seismic structures and sparse 
station coverage. Thus, frictional conditions around 
the plate boundary can be estimated from GNSS data 
and laboratory friction experiments using subducted 

materials. Based on GNSS and laboratory studies, we dis-
cuss frictional properties within the regions of shallow 
slow earthquakes.

Shear stress change rate inferred from GNSS observations
To construct possible scenarios for anticipated megath-
rust earthquakes in the Nankai subduction zone, the 
spatial distribution of the slip deficit rate or shear stress 
change rate on the plate boundary was evaluated using 
inland GNSS and offshore GNSS Acoustic (GNSS-
A) data (e.g., Yokota et al. 2016; Nishimura et al. 2018; 
Noda et  al. 2018, 2021; Agata 2020; Saito and Noda 
2022). The slip deficit rate, a kinematic manifestation 
of interplate locking, negatively correlates with shallow 
slow earthquake activity (Takemura et  al. 2019a; Baba 
et al. 2020a). However, the spatial distribution of the slip 
deficits does not strictly represent the mechanical prop-
erties of interplate locking because the zone of reduced 
slip rates (pseudo-coupling) appears in the region sur-
rounding frictionally locked zones (e.g., Herman et  al. 
2018; Lindsey et al. 2021). The shear stress change rate 
at the plate interface is directly related to the frictional 
instability because the shear stress increases (accu-
mulates) in frictionally locked zones and eventually 
is released by an earthquake or other event. The shear 
stress change rates can be calculated from the estimated 
slip deficit rates (Hok et al. 2011; Noda et al. 2018, 2021) 
or directly estimated from geodetic observation data 
(Xie et  al. 2019; Herman and Govers 2020; Saito and 

Fig. 3 Slow earthquake activities along the Nankai Trough. a Spatiotemporal activity patterns of shallow VLFEs (Takemura et al. 2022b, c) 
and tremors (Tamaribuchi et al. 2022) southeast off the Kii Peninsula. b Spatiotemporal activity patterns of deep tremors beneath the Kii Peninsula 
(Maeda and Obara 2009; Obara et al. 2010)

Fig. 4 Comparative plot of shear stress change rate due to the plate 
subduction (Noda et al. 2018) and shallow slow earthquake regions 
from Fig. 2. Blue solid ellipses are active shallow slow earthquake 
zones. The blue dashed ellipse is a region where shallow slow 
earthquakes were reported but less active (Fig. 3a). The open 
and filled stars represent the hypocenters of the 1944 Tonankai 
and 1946 Tokai earthquakes, respectively. The black circles are drilling 
site locations used in Fig. 5
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Noda 2022) assuming a continuous elastic medium. 
Thus, we focused on the spatial distribution of the shear 
stress change rate at the Philippine Sea Plate bound-
ary. Figure 4 shows the spatial distribution of the shear 
stress change rate on the Philippine Sea Plate estimated 
by Noda et  al. (2018). In Noda et  al. (2018), a spatial 
distribution of slip deficit rate was estimated assuming 
the elastic–viscoelastic layered structure model (Table 1 
of Noda et  al. (2018)), and then shear stress change 
rate was calculated by using a semi-analytical solution 
of Fukahata and Matsu’ura (2006). Because of the lack 
of GNSS-A stations around Hyuga-nada, we focused 
only on off Cape Muroto and the Kii Peninsula. Sev-
eral peaks of large shear stress change rates (> 10 kPa/y) 
were observed, and these regions matched the large 
slip areas of the 1944 and 1946 megathrust earthquakes 
(e.g., Sagiya and Thatcher 1999; Kikuchi et al. 2003; Ich-
inose et  al. 2003; Murotani et  al. 2015). The 1944 Mw 
8.2 Tonankai and 1946 Mw 8.4 Nankai earthquakes were 
initiated southeast off and south off the Kii Peninsula 
(open and filled stars in Fig. 4), respectively. Therefore, 
these regions with high shear stress change rates can be 
considered as frictionally locked zones where megath-
rust earthquakes will occur.

Shallow slow earthquakes (blue ellipses in Fig.  4) are 
distributed in regions with small-to-intermediate val-
ues of shear stress change rate (< 5 kPa/y) adjacent to the 
peaks (> 10 kPa/y) of shear stress change rates. This spatial 
relationship suggests that preferable frictional conditions 
for shallow slow earthquakes may appear in transitional 
regions between the frictionally locked and stable slid-
ing zones on the plate boundary (Takemura et al. 2019b; 
Tamaribuchi et  al. 2022). Although the occurrence of 
interplate microearthquakes (< M3) has recently been 
reported to be close to shallow slow earthquake regions 
(Yamamoto et al. 2022b), shallow slow earthquakes, mod-
erate (> M3) ordinary earthquakes, and large slip deficit 
regions are distributed separately (Takemura et al. 2020a). 
This separation has also been reported at the shallow plate 
boundaries of other subduction zones (Dixon et al. 2014; 
Nishikawa et  al. 2019; Baba et  al. 2021; Plata-Martinez 
et  al. 2021). Based on the above comparisons, the fric-
tional properties within shallow slow earthquake regions 
are expected to differ from those within zones with high 
shear stress change rates and ordinary earthquakes.

Geological and experimental observations
The lateral heterogeneity of the shear stress change rate 
and shallow slow earthquake activity could partially 
originate from heterogeneity in underthrust sediments. 
Offshore southwest Japan, sediments deposited on the 
Shikoku Basin accrete and form an accretionary prism 

or underthrust along the plate boundary. Figure 5 shows 
the lithostratigraphy of the frontal accretionary prism and 
incoming sediments sampled from the Nankai Trough off 
Shikoku Island and off the Kii Peninsula through deep-
sea scientific drilling projects (Mikada et  al. 2002; Saito 
et al. 2010; Henry et al. 2012). Although the sedimentary 
facies within shallow subduction zones comprised simi-
lar lithologies of hemipelagic mud, turbidity currents, and 
volcaniclastics (Kinoshita et al. 2009; Screaton et al. 2009; 
Tobin et al. 2020), those lithologies do not show perfectly 
uniform distribution. The heterogeneous distribution of 
turbidite along the Nankai Trough may be related to heter-
ogeneous interplate coupling conditions because turbiditic 
layers are relatively permeable compared to hemipelagic 
mud and eventually lead to spatial variations in pore pres-
sure and effective pressure conditions (Park and Jamali 
Hondori 2023). Contents of mineral species are also vari-
able among lithologies, especially for clay minerals, and it 
has an impact on the frictional strength of the sediment 
(Ikari et al. 2009, 2013, 2018). Differences in the frictional 
strength of décollement along the trough are also inferred 
from the difference in taper angles (Kimura et al. 2007).

Along with frictional strengths, the coefficient of 
(a − b) associated with the rate-and-state-dependent fric-
tion law (Dieterich 1979) is another key component as 
it indicates the stability of the slip (Ruina 1983; Ranjith 
and Rice 1999). If (a − b) is negative, i.e., velocity weaken-
ing, the fault slip has the potential to become unstable, 
which could cause ordinary earthquakes considering a 
balance of the stress state and the stiffness of the sur-
rounding medium (e.g., Rice 1993; Rubin and Ampuero 
2005), whereas the fault stably slips when (a − b) is posi-
tive, i.e., velocity strengthening. In early experimental 
studies using the remolded sediments from the Nankai 
Trough, velocity-strengthening behavior was observed 
in most cases (Ikari et  al. 2009; Ikari and Saffer 2011; 
Takahashi et al. 2013, 2014). Positive (a − b) values were 
continuously observed for the cutting samples from the 
drill hole in the inner accretionary prism (Bedford et al. 
2021; Fujioka et al. 2022). On the other hand, recent stud-
ies using intact core samples showed velocity weakening 
(Roesner et al. 2020; Okuda et al. 2021).

These (a − b) values can be influenced by pore pressure 
and effective normal stress. The shallow décollement, 
where shallow slow earthquakes occur, is under low 
effective normal stress and high pore pressure conditions 
(e.g., Kitajima and Saffer 2012; Tonegawa et  al. 2017; 
Akuhara et al. 2020). In such a situation, the (a − b) values 
shift to more positive values with increasing pore pres-
sure according to the experiments on the cuttings sample 
from the inner accretionary prism (Bedford et al. 2021).

Temperature is also an important factor that controls 
the (a − b) values. Experiments with powdered analog 
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materials simulating the décollement sediments under 
various temperature conditions showed that all materi-
als, except illite-rich sediment at over 170 ℃, exhibited 
positive (a − b) values (den Hartog et al. 2012b; Mizutani 
et  al. 2017; Okuda et  al. 2023b). Therefore, unlithified 
sediments within the region from the trough to approxi-
mately 30 km landward, where shallow slow earthquakes 
occur, are frictionally stable and cannot nucleate an 
earthquake (Fig.  6), irrespective of pore pressure, tem-
perature, and smectite–illite transition.

Still, lithification plays an important role in turning the 
sediments into velocity weakening, as already mentioned 
(Roesner et  al. 2020). Therefore, the frictional proper-
ties of lithified sediments under high temperature and 

high pore pressure conditions need to be understood. 
Furthermore, a heterogeneous mixture of materials can 
also induce velocity-weakening behavior (Bedford et  al. 
2022), and the velocity-strengthening system can appar-
ently become a velocity-weakening system via local pore 
pressure build-up (Faulkner et  al. 2018). Some stud-
ies on both sediment samples and analog samples show 
slip-weakening behavior that can overcome velocity-
strengthening behavior leading to unstable slip (Roesner 
et  al. 2022; Okuda et  al. 2023a). These factors may be 
able to form frictionally unstable patches that can nucle-
ate shallow slow earthquakes. Recent numerical stud-
ies reproduced slow earthquakes in shallow depths with 
velocity-strengthening system through pore pressure 

Fig. 5 Lithostratigraphy of the frontal accretionary prism and input sediments of the Nankai Trough off Shikoku Island and Kii Peninsula. The 
lithology and age are compiled from cruise reports of scientific drillings (Moore et al. 2001; Mikada et al. 2002; Kinoshita et al. 2009; Saito et al. 2010; 
Henry et al. 2012), and (Hüpers et al. 2015). Drilling site locations are shown in Fig. 4. TW trench wedge facies, HP hemipelagic pyroclastic facies, VT 
volcanic turbidite facies, H hemipelagic facies, T turbidite facies, Vf volcaniclastic turbidite facies



Page 10 of 22Takemura et al. Earth, Planets and Space          (2023) 75:164 

variations (Perez‐Silva et al. 2023), whereas most numeri-
cal models are constituted using velocity-weakening 
system as well as some mechanisms to suppress unsta-
ble slip (Shibazaki 2003; Liu and Rice 2007; Segall et al. 
2010). The abovementioned experimental results should 
be tested in numerical models to constrain the frictional 
property of the plate interface.

From lithological and experimental viewpoints, the 
heterogeneous distribution of slow earthquakes in 

shallow plate subduction zones can be partly governed 
by the distribution of sedimentary facies and their fric-
tional properties. Compared to geophysical observations, 
however, geological and experimental studies have not 
yet covered the entire area of the Nankai Trough due 
to limited coverage of sampling points on the seafloor. 
Therefore, analyses on materials sampled from various 
locations along the trough other than the three major 
transects (Kumano, Muroto, and Ashizuri) for deep-sea 
drilling projects will be necessary for further quantitative 
investigation on the linkage between the observed slip 
behavior and the incoming materials.

Structural and hydrological factors controlling 
the spot‑like distribution of shallow slow 
earthquakes
In addition to lithological variation and consequence 
variable frictional properties, other factors control the 
observed along-strike variations of shallow slow earth-
quake activity (Figs.  2, 4). Hereafter, we discuss the 
relationship between shallow slow earthquakes and seis-
mological structural characteristics around the shallow 
plate boundary along the Nankai Trough.

Subducted seamounts can form heterogeneous frac-
ture networks and stress conditions in their surround-
ing regions (e.g., Wang and Bilek 2011, 2014; Ruh et  al. 
2016; Sun et al. 2020; Chesley et al. 2021); consequently, 
they are considered to be a factor of heterogeneous seis-
micity, including slow earthquakes. Indeed, complicated 
distributions of small ordinary and slow earthquakes 
have been confirmed around subducted seamounts (e.g., 
Mochizuki et  al. 2008; Todd et  al. 2018; Shaddox and 
Schwartz 2019; Kubo and Nishikawa 2020; Yamaya et al. 
2022). Figure  7 shows the spatial distribution of shal-
low slow earthquakes and subducted seamounts along 
the Nankai Trough. Shallow slow earthquakes actively 
occurred around the paleo-Zenisu and Kyushu-Palau 
ridges (e.g., Yamashita et al. 2015, 2021; Toh et al. 2018, 
2020; Tonegawa et  al. 2020; Baba et  al. 2022; Takemura 
et  al. 2022c); shallow slow earthquakes also occurred in 
areas without these seamounts. Although detailed three-
dimensional configurations of the paleo-Zenisu and 
Kyushu-Palau ridges have not been sufficiently resolved, 
dense geophysical survey data have resolved the detailed 
configuration of the upper surface of the Philippine Sea 
plate off Cape Muroto (Nakamura et al. 2022). Individual 
small-scale subducted seamounts (blue enclosed regions 
in Fig. 7) were not spatially correlated with shallow slow 
earthquakes. Southeast off the Kii Peninsula, the spatial 
correlation between oceanic crust ridges and shallow 
VLFE swarms was confirmed in Shiraishi et al. (2020) and 
Hashimoto et  al. (2022); however, shallow slow earth-
quakes were also distributed in regions without oceanic 

Fig. 6 Laboratory friction experiments of sediments 
under the shallow plate boundary condition. a Temperature 
condition (black line) and illite content (gray line) along the bottom 
of underthrust sediment. b Variation in (a − b) values based 
on temperature conditions at various locations along the bottom 
of the accretionary prism. Circle dots; sediments off Kii peninsula 
(Okuda et al. 2023b); square and triangle: illite shale (den Hartog et al. 
2012a; Phillips et al. 2020); and diamond: pure smectite (Mizutani 
et al. 2017). c Locations of very low frequency earthquakes (VLFE), 
slow slip events (SSE) (Sugioka et al. 2012; Araki et al. 2017; Ariyoshi 
et al. 2021), and 2016 Off-Mie earthquake (Wallace et al. 2016a; 
Nakano et al. 2018b; Takemura et al. 2020a)



Page 11 of 22Takemura et al. Earth, Planets and Space          (2023) 75:164  

crust ridges. Because of the accuracy of source loca-
tions in the catalogs (Fig. 2a of Yamamoto et al. (2022a)) 
and the resolutions of the used structural models, the 

relationship between seamounts and slow earthquakes 
remains an open question for future research.

Another candidate for the spot-like shallow slow 
earthquake distribution is patchy high pore pressure 
areas. Based on the high-resolution two-dimensional 
P-wave structures southeast off the Kii Peninsula (e.g., 
Park et  al. 2010; Kamei et  al. 2012), shallow VLFE 
sources (Sugioka et  al. 2012) are typically located 
within low P-wave velocity bodies. Based on the empir-
ical relationships among the physical parameters from 
laboratory experiments, these low P-wave velocity 
bodies indicated the presence of high pore fluid pres-
sure zones (Kitajima and Saffer 2012; Tsuji et al. 2014). 
After 2011, continuous seismic records from the per-
manent OBS network of DONET enabled us to inves-
tigate the S-wave velocity structures around the plate 
boundary, which are more sensitive to pore fluids. Fig-
ure 8 shows comparative plots of the subsurface struc-
tures and shallow slow earthquakes off Cape Muroto 
and off the Kii Peninsula. Strong negative S-wave per-
turbations above the plate boundary (Tonegawa et  al. 
2017) appeared around the shallow slow earthquake 
active zones (Fig. 8a). Such low S-wave velocity condi-
tions suggest that pore fluid pressure is high around the 
active zones of shallow slow earthquakes. Using high-
frequency receiver functions southeast off the Kii Pen-
insula, Akuhara et  al. (2020) found a high-Vp/Vs body 

Fig. 7 Comparative plots of shallow slow earthquakes 
and subducted seamounts. Areas enclosed by light blue lines are 
locations of subducted seamounts (Kodaira et al. 2000; Park et al. 
2004; Yamamoto et al. 2013). Off Cape Muroto, the revisited analysis 
(solid blue lines) was conducted by Nakamura et al. (2022). Red dots 
are shallow tremors (Yamashita et al. 2015, 2021; Tamaribuchi et al. 
2022). KPR and PZR are abbreviations for the Kyushu-Palau Ridge 
and the Paleo-Zenisu Ridge, respectively

Fig. 8 Relationship between shallow slow earthquakes and subsurface seismic structures. a S-wave velocity perturbations 5–10 km below sea 
level beneath the DONET stations (Tonegawa et al. 2017). b Cross-section of reflection profile (Tsuji et al. 2014) and high-resolution receiver 
function image southeast off the Kii Peninsula (Akuhara et al. 2020). c Schematic figure from the interpretation of Akuhara et al. (2020). We modified 
Fig. 3 of Tonegawa et al. (2017) and Fig. 4 of Akuhara et al. (2020). Colored dots and stars in a and c are hypocenters of shallow VLFEs (Sugioka 
et al. 2012; Nakano et al. 2018a). Light blue, yellow, pink, orange, red, and light green layers in b represent seabed sediment, accreted sediment, 
upper underthrust sediment, lower underthrust sediment, incoming sediment, and oceanic crust, which are interpretations of velocity structures 
from receiver function images. Locations of KMC09 and KMD13 are shown in a 
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within the shallow VLFE source region just above the 
décollement (Fig.  8b). These high-resolution velocity 
structures are limited southeast off the Kii Peninsula. 
However, the clear correlation between slow earth-
quakes and high Vp/Vs bodies suggests the importance 
of pore fluids for slow earthquake occurrence at shal-
low plate boundaries.

Based on the framework by Rice (1992) and physical 
conditions at shallower parts of the Nankai subduction 
zone (Moore et al. 2009), Kaneki and Noda (2023) incor-
porated the effects of smectite dehydration and fluid leak-
age through the splay fault (a branching fault within the 
accretionary prism that is isolated from the plate bound-
ary) to quantitatively investigate the cause of the local 
reduction of effective normal stress on the shallow plate 
boundary. They concluded that neither smectite dehydra-
tion nor fluid leakage through the splay fault could cre-
ate a local reduction in the effective normal stress on the 
shallow plate boundary. However, if a local impermeable 
condition is introduced, a local reduction in the effec-
tive normal stress due to the trapped fluid can occur at 
the depths of shallow slow earthquakes (5–10 km). Simi-
larly, impermeable hanging wall conditions are consid-
ered important for deep slow earthquake activity in the 

Nankai subduction zone (e.g., Kato et al. 2010; Nakajima 
and Hasegawa 2016).

The fluid drainage associated with slow or repeating 
earthquakes has been observed in various subduction 
zones (e.g., Nakajima and Uchida 2018; Warren-Smith 
et al. 2019; Gosselin et al. 2020; Kita et al. 2021). Around 
the pathways of the pore fluid, the structural or stress 
conditions could temporarily change due to fluid migra-
tion. Such structural or stress condition changes can 
typically be monitored using the waveforms of ordinary 
earthquakes or ambient noise monitoring techniques 
(e.g., Nakata et  al. 2019). Unfortunately, the intraslab 
seismicity beneath shallow slow earthquake zones is not 
high. The spatiotemporal resolution of ambient noise 
monitoring using DONET is limited by noise proper-
ties and station coverage. In addition, owing to low-
velocity oceanic sediment, the sensitivities of ambient 
noise monitoring for structural or stress changes are 
restricted to shallower depths (< 1–2  km from the sea-
floor). However, Tonegawa et al. (2022) found spatiotem-
poral changes in seismological structures associated with 
shallow slow earthquakes beneath the DONET stations 
(Fig. 9). Figure 9a shows the spatiotemporal distributions 
of scattering coefficient changes (Δg) southeast off the Kii 
Peninsula, resolved by 1-month stacking of coda parts 

Fig. 9 Spatiotemporal change of subsurface structure associated with shallow slow earthquakes southeast off the Kii Peninsula (Tonegawa et al. 
2022). a Spatiotemporal variations of scattering coefficient change (Δg), which is related to subsurface structure changes beneath DONET stations. 
Dashed blue boxes represent the regions of shallow SSEs detected by Araki et al. (2017). Purple and light-brown circles during Events 3 and 6 are 
shallow VLFEs (Nakano et al. 2018a; Takemura et al. 2022c). b temporal change in cross-correlation coefficient (CC) for KMC-node. Black and gray 
arrows represent the CC reductions observed around KMC-node and other regions. Pink regions represent the periods of shallow SSEs (Araki et al. 
2017; Ariyoshi et al. 2021) and large shallow slow earthquake episode from December 2020. Gray regions are data gaps. The red star in b indicates 
the 2016 off Mie earthquake which was an Mw 6 interplate earthquake. Names of station-node are added in a 
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of cross-correlation functions (CCFs) (Obermann et  al. 
2013). The decorrelation of the CCF at each DONET sta-
tion pair were obtained by calculating the cross-correla-
tion coefficients between CCFs at a certain time and that 
at the reference time. Thus, the decorrelation represents 
a temporal change of subsurface structure around the 
propagation path between a certain station pair (Fig. 9b). 
The Δg in Fig. 9a represents the change in scattering coef-
ficient, which is typically considered as a result of tempo-
ral change in small-scale (a few kilometers) fluctuations 
of seismic velocity structure from those at the refer-
ence time. Tonegawa et  al. (2022) confirmed that based 
on numerical simulations of seismic wave propagation, 
localized small velocity reductions at shallower depth can 
be imaged as the spatial distribution of scattering coef-
ficient change and interpreted that such observed veloc-
ity fluctuations are induced by fluid migration. Structural 
changes (temporal changes in seismic velocity fluctua-
tions) were observed around the shallow SSE faults in 
SSEs during Event 1 (March 2014) and Event 4 (August 
2016) (Araki et  al. 2017). Shallow tremors and VLFEs 
were not detected during these SSEs. However, during 
the shallow ETSs (Events 3 and 6; April 2016 and Decem-
ber 2020), changes in seismic velocity structure appeared 
within the regions of shallow VLFEs (Nakano et al. 2018a; 
Takemura et al. 2022c). All changes (decorrelation/small 
velocity fluctuation) appeared 0–9  months before shal-
low slow earthquake activity (Fig. 9b). These observations 
also suggest that pore fluid migration and spatiotempo-
ral changes in pore fluid pressure around shallow plate 
boundaries are important for the occurrence and migra-
tion of shallow slow earthquakes.

Detailed mechanisms of high-fluid pressure conditions 
and shallow slow earthquakes are still an open question. 
Thus, continuous monitoring of fluid migration around 
plate boundaries is critical for a more quantitative under-
standing of shallow slow earthquake mechanisms in the 
future.

Regional differences in shallow slow earthquake 
activity along the Nankai Trough
Observed regional differences of shallow slow earthquake 
activity
Based on seismic, geodetic, geologic, and experimental 
results, localized pore fluids and their migration (tran-
sient changes in pore fluid pressure) can promote shal-
low slow earthquake activity along the Nankai Trough. 
There are regional differences in the migration patterns 
and recurrent intervals of ETSs along strike of the Nan-
kai Trough (Baba et  al. 2020a; Baba 2022; Takemura 
et  al. 2022b). Takemura et  al. (2022b) investigated the 
scaling law of shallow VLFE swarms in regions off Cape 
Muroto to southeast off the Kii Peninsula (Fig.  10). 

Detailed migration patterns are illustrated in previous 
studies (Figs.  2 and 3 of Takemura et  al. (2019b) and 
Fig. 6 of Takemura et al. (2022c)). Because seismic slow 
earthquake (i.e., LFE, tremor, and VLFE) swarms reflect 
the characteristics of the corresponding slips caused by 
SSEs (e.g., Bartlow et al. 2011; Itoh et al. 2022), the scal-
ing laws of seismic slow earthquake swarms are impor-
tant for understanding fault slips in slow earthquake 
regions (e.g., Frank and Brodsky 2019; Aiken and Obara 
2021; Passarelli et  al. 2021). The areas of shallow VLFE 
swarms (Fig.  10a) approximately follow a scaling law 
similar to that for ordinary earthquakes and deep SSEs 
(e.g., Kanamori and Brodsky 2004; Gao et  al. 2012) and 
exhibit no obvious regional differences. This observa-
tion suggests that the stress drops of the shallow VLFE 
swarms (slips due to background shallow SSEs) should 
be similar, irrespective of the region. Shorter-duration 
VLFE swarms migrate faster (Fig.  10d), as is commonly 
observed in other regions (Fig. 1b of Gombert and Haw-
thorne (2023)). However, slower and longer migration 
swarms occurred only off Cape Muroto (red symbols in 
Fig.  10b–d). The apparent spreading speed of the shal-
low VLFE migration (along-strike distance/duration) 
off Cape Muroto was one order of magnitude smaller 
than that southeast off the Kii Peninsula. Regional dif-
ferences were also found in the temporal changes in the 
seismic velocity structures associated with shallow slow 
earthquakes (Tonegawa et al. 2022) (Fig. 11). The struc-
tural changes associated with shallow slow earthquakes 
off Cape Muroto occurred during the ETSs. In contrast, 
those southeast off the Kii Peninsula started 2–9 months 
prior to the shallow slow earthquakes (SSEs).

Possible causes of observed along‑strike variations 
of shallow slow earthquake activity
These regional differences could be partially explained 
by lateral variations of lithology and frictional property 
(“Geological and experimental observations” section). 
Along-strike variations in pore fluid pressure (or effec-
tive normal stress) around the shallow plate boundary 
may have also caused these regional differences (Fig. 11a, 
b). Laboratory experiments revealed that a small change 
(~ 0.1) in the ratio of the pore fluid pressure to the nor-
mal stress on the fault can induce a large (1–2 orders of 
magnitude) change in the rupture velocity (Passelègue 
et  al. 2020). In practice, negative S-wave perturbations 
around the plate boundary were relatively strong off Cape 
Muroto (Fig. 8a), where high pore fluid pressure patches 
with radii of several hundred meters were found (Hirose 
et  al. 2021). The Vp/Vs ratio within the hanging wall 
(Audet and Bürgmann 2014) and effective normal stress 
(Liu and Rice 2007; Hirose et  al. 2022) can affect the 
recurrent intervals of the SSEs. Baba et  al. (2020a) and 
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Baba (2022) found regional differences in the recurrence 
intervals of shallow slow earthquake episodes throughout 
the Nankai subduction zone. They found that the recur-
rent intervals in Hyuga-nada were approximately four 
times shorter than those off Cape Muroto and southeast 
off the Kii Peninsula and could be explained by regional 
differences in Vp/Vs within the hanging wall or effective 
normal stress conditions around the plate boundary.

Other factors, such as geometry and convergence rate 
of the Philippine Sea Plate, may also affect shallow slow 
earthquake activity. Based on numerical simulations, the 
segmentation of shallow SSEs in the Hikurangi subduc-
tion zone can be explained by incorporating along-strike 

changes in the fault geometry and the convergence rate 
of the subducting oceanic plate (Perez‐Silva et al. 2022). 
The plate convergence rate is roughly correlated with the 
deep tremor activity rate along the Nankai Trough (Ann-
oura et  al. 2016). Because the plate configuration and 
convergence rate along the Nankai Trough also varies lat-
erally (Seno et al. 1993; Hirose et al. 2008), they may also 
explain the observed regional differences in the activity 
patterns of shallow slow earthquakes.

These regional differences provide clues for under-
standing the mechanisms of shallow slow earth-
quakes and slip behaviors on plate boundaries. More 

Fig. 10 Regional differences in shallow VLFE swarms in Nankai. We modified Fig. 4 of Takemura et al. (2022b). Blue circles, purple triangles, and red 
diamonds are the resultant values in regions southeast off the Kii Peninsula, south off the Kii Peninsula, and off Cape Muroto, respectively. The 
light blue square represents a shallow VLFE swarm that started on September 6, 2004, which can be considered a triggered VLFE swarm owing 
to the Mw 7.4 intraslab earthquake. Cumulative moments versus a swarm activity areas, b swarm durations, and c apparent spreading speeds. We 
added d apparent spreading speeds versus swarm durations. The apparent spreading speed was evaluated by dividing the along-strike distance 
by the duration of each shallow VLFE swarm. The data of shallow VLFE swarms can be downloaded from https:// doi. org/ 10. 5281/ zenodo. 58244 18

https://doi.org/10.5281/zenodo.5824418
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quantitative and physical approaches to shallow slow 
earthquakes will be required for a deeper understanding 
in future studies.

Conclusions and future perspectives
Conclusions
Obara and Kato (2016) mainly reviewed seismological 
findings of slow earthquakes in the world. They showed 
the spatial distribution of slow earthquakes in the Nan-
kai subduction zone, but for shallow slow earthquakes, 
shallow VLFEs based on inland observations were only 
illustrated. This is because catalogs of shallow slow 
earthquakes based on offshore observation were not suf-
ficiently developed in 2016. In our review, we reviewed 
characteristics of shallow slow earthquakes listed in the 
updated catalogs using both inland and offshore obser-
vations. In addition, for a unified understanding of shal-
low slow earthquakes, we also provided an overview of 
the up-to-date structural, geological, and experimental 

results at shallower depths of the Nankai Subduction 
zone.

In the Nankai subduction zone, in contrast to the 
continuous belt-like distributions of deep slow earth-
quakes, shallow slow earthquakes are concentrated in 
limited regions, such as Hyuga-nada, off Cape Muroto, 
and southeast off the Kii Peninsula. These regions cor-
respond to those surrounding the stress accumulation 
peaks expected from the geodetic observations. This 
spatial relationship suggests that the preferable frictional 
conditions for shallow slow earthquakes may be satisfied 
in the transitional regions between the frictionally locked 
and stably sliding zones on the plate boundary. However, 
laboratory friction experiments on sedimentary materials 
from various locations along the Nankai Trough under 
the temperature–pressure–mineral conditions of shallow 
slow earthquake zones revealed that the (a − b) values are 
positive in most cases, although there are some processes 
proposed to make the (a − b) negative.

Fig. 11 Spatiotemporal relationship between fluid pressure conditions and slow earthquakes, in which dark blue indicates relatively high pore 
pressure. a Slow earthquake generation and fluid conditions in the source region for low pore pressure (southeast off the Kii Peninsula). Beach balls 
and orange lines show VLFEs and SSEs. Magenta arrows indicate fluid flow. b Same as a, but for high pore pressure (off Cape Muroto). We modified 
Fig. 5 of Tonegawa et al. (2022)
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Previous studies have proposed a relationship 
between shallow slow earthquakes and subducted sea-
mounts. Although subducted seamounts create com-
plex fracture networks and stress shadows in their 
surrounding areas and may affect the activity of nearby 
shallow slow earthquakes, not all subducted seamounts 
on the Philippine Sea Plate are related to shallow slow 
earthquake activities. This incomplete correlation leads 
to alternative factors explaining the spot-like distri-
bution of shallow slow earthquakes along the Nankai 
Trough. According to seismic structural studies in the 
Nankai subduction zone, high pore-fluid pressure con-
ditions around shallow slow earthquake zones were 
inferred from low S-wave velocities or high Vp/Vs vol-
umes. In addition, ambient noise monitoring revealed a 
spatiotemporal correlation between changes in seismic 
velocity structures and shallow slow earthquake migra-
tions. This correlation suggests pore fluid migration 
during shallow slow earthquake episodes. Transient 
changes in the pore fluid pressure can lead to various 
slip behaviors, such as creep and unstable slip. The 
studies summarized in this paper suggest that spot-like 
high pore fluid pressure conditions and their drainage 
may explain preferable locations for shallow slow earth-
quakes. The episodic migration of pore fluid around 
the plate boundary may have promoted shallow slow 
earthquake activity along the Nankai Trough. The con-
clusions are summarized in Fig. 12. The areas with tem-
peratures greater than 150 °C are almost corresponding 
to the expected source regions of future Tonankai and 
Nankai earthquakes (available at http:// www. jishin. go. 
jp/ main/ chousa/ 01sep_ nankai/ index. htm).

Future perspectives
Along the Japan Trench (Nishikawa et  al. 2019, 2023), 
slow earthquakes and the large slip area of the 2011 
Tohoku earthquake are spatially separated within the 
same depth range (10–20  km). They interpreted that 
slow earthquake zones in the Japan Trench could be the 
barriers against the rupture of the 2011 Mw 9.0 Tohoku 
earthquake. On the other hand, recent microstructural 
investigations of drilling core samples near the Nan-
kai Trough (Kimura et al. 2022) have suggested that the 
plate boundary fault has experienced both fast ruptures 
and slow slips, implying that fast coseismic rupture can 
occur in the same regions as shallow slow earthquakes. 
Coseismic ruptures near trenches can cause large verti-
cal seafloor deformations and destructive tsunamis. For 
disaster mitigation of future megathrust earthquakes in 
the Nankai subduction zone, it is important to determine 
whether fast coseismic ruptures can propagate to shal-
low slow earthquake zones and generate large tsunamis. 
Another key problem is the interaction between slow and 
megathrust earthquakes. Although some observational 
and simulation studies tried to investigate the interaction 
between slow and megathrust earthquakes (e.g., Kato 
et al. 2012, 2016; Vaca et al. 2018; Voss et al. 2018; Luo 
and Liu 2019; Ohtani et  al. 2019), it is not fully under-
stood whether a slow earthquake can trigger a megath-
rust earthquake.

In the future, integration of greater numbers of seis-
mological, geodetic, geological, and experimental studies 
will be indispensable to address these issues.

Fig. 12 Schematic image of the shallow slow earthquake zone of the Nankai Trough off Shikoku Island and Kii Peninsula. Gray bars represent 
the drilling points used in Fig. 5. Thin open arrow indicates the convergence direction of the Philippine Sea Plate. The areas with temperatures 
greater than 150 °C are almost corresponding to the expected source regions of future Tonankai and Nankai earthquakes (available at http:// www. 
jishin. go. jp/ main/ chousa/ 01sep_ nankai/ index. htm)

http://www.jishin.go.jp/main/chousa/01sep_nankai/index.htm
http://www.jishin.go.jp/main/chousa/01sep_nankai/index.htm
http://www.jishin.go.jp/main/chousa/01sep_nankai/index.htm
http://www.jishin.go.jp/main/chousa/01sep_nankai/index.htm
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Vp  P-wave velocity
Vs  S-wave velocity

Acknowledgements
We would like to thank Editage (www. edita ge. com) for their help with the 
English language editing. Prof. T. Igarashi provided the list of repeating 
earthquake groups on the Philippine Sea Plate. Dr. S. Kaneki provided us 
with details of Kaneki and Noda (2023). We also acknowledge the Scientific 
Research Project [a Grant-in-Aid for Scientific Research on Transformative 
Research Areas (A)] “Science of Slow-to-Fast earthquakes” for triggering our 
study on shallow slow earthquakes. We also acknowledge two anonymous 
reviewers and the editor-in-chief Prof. T. Sagiya, for careful reviewing and 
constructive comments, which helped to improve the manuscript.

Author contributions
ST and YH conducted informal seminars on shallow slow earthquakes along 
the Nankai Trough. ST and YH drafted the first version of the manuscript. ST 
created Figs. 1, 2, 3, 4, 7, and 10. YH created Figs. 5 and 12. ST reviewed the 
seismological observations of shallow slow earthquakes. AN and YO reviewed 
geodetic views of plate motion and slow earthquakes on the Philippine Sea 
plate. TA and TT reviewed the seismological structures around fault zones of 
shallow slow earthquakes. TT created Figs. 8, 9, and 11. YH provided the geo-
logical features of the input to Nankai. HO and KO considered the observed 
slow earthquakes and frictional behaviors based on the results of laboratory 
experimental studies. All authors have drafted, read, and approved the final 
manuscript.

Funding
This study was supported by a Grant-in-Aid for Scientific Research on Trans-
formative Research Areas “Science of Slow-to-Fast earthquakes” (grant Nos. 
JP21H05200, JP21H05201, JP21H05202, JP21H05205, and JP21H05206).

 Availability of data and materials
We used F-net and DONET data from the NIED (National Research Institute for 
Earth Science and Disaster Resilience 2019a; b). The images were drawn using 
Generic Mapping Tools (Wessel et al. 2013). We downloaded the catalogs of 
slow earthquakes at the shallow plate boundary along the Nankai Trough and 
repeating earthquakes from the “Slow earthquake database” http:// www- solid. 
eps.s. u- tokyo. ac. jp/ ~sloweq/ (Kano et al. 2018) and the NIED website https:// 
hinet www11. bosai. go. jp/ auth/? LANG= en.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Earthquake Research Institute, The University of Tokyo, 1-1-1 Yayoi, 
Bunkyo-Ku, Tokyo 113-0032, Japan. 2 Japan Agency for Marine-Earth Science 
and Technology (JAMSTEC), 200 Monobe-otsu, Nankoku, Kochi 783-8502, 
Japan. 3 Graduate School of Science, Kyoto University, Gokasho, Uji, Kyoto 

611-0011, Japan. 4 Earthquake and Tsunami Research Division, National 
Research Institute for Earth Science and Disaster Resilience, 3-1 Tennodai, 
Tsukuba, Ibaraki 305-0006, Japan. 5 Meteorological Research Institute, 1-1 
Nagamine, Tsukuba, Ibaraki 305-0052, Japan. 6 Japan Agency for Marine-Earth 
Science and Technology (JAMSTEC), 3173-25, Showa-Machi, Kanazawa-Ku, 
Yokohama 236-0001, Japan. 

Received: 20 June 2023   Accepted: 10 October 2023

References
Agata R (2020) Introduction of covariance components in slip inversion of 

geodetic data following a non-uniform spatial distribution and applica-
tion to slip deficit rate estimation in the Nankai Trough subduction 
zone. Geophys J Int 221:1832–1844. https:// doi. org/ 10. 1093/ gji/ ggaa1 
16

Agata R, Hori T, Ariyoshi K, Ichimura T (2019) Detectability analysis of 
interplate fault slips in the Nankai subduction thrust using seafloor 
observation instruments. Mar Geophys Res. https:// doi. org/ 10. 1007/ 
s11001- 019- 09380-y

Aiken C, Obara K (2021) Data-driven clustering reveals more than 900 small 
magnitude slow earthquakes and their characteristics. Geophys Res 
Lett. https:// doi. org/ 10. 1029/ 2020G L0917 64

Akuhara T, Tsuji T, Tonegawa T (2020) Overpressured underthrust sediment in 
the Nankai Trough forearc inferred from transdimensional inversion of 
high-frequency teleseismic waveforms. Geophys Res Lett. https:// doi. 
org/ 10. 1029/ 2020G L0882 80

Ando M (1975) Source mechanisms and tectonic significance of histori-
cal earthquakes along the Nankai Trough, Japan. Tectonophysics 
27:119–140. https:// doi. org/ 10. 1016/ 0040- 1951(75) 90102-X

Annoura S, Obara K, Maeda T (2016) Total energy of deep low-frequency 
tremor in the Nankai subduction zone, southwest Japan. Geophys Res 
Lett 43:2562–2567. https:// doi. org/ 10. 1002/ 2016G L0677 80

Annoura S, Hashimoto T, Kamaya N, Katsumata A (2017) Shallow episodic 
tremor near the Nankai Trough axis off southeast Mie prefecture, Japan. 
Geophys Res Lett 44:3564–3571. https:// doi. org/ 10. 1002/ 2017G L0730 
06

Aoi S, Asano Y, Kunugi T et al (2020) MOWLAS: NIED observation network for 
earthquake, tsunami and volcano. Earth Planets Space. https:// doi. org/ 
10. 1186/ s40623- 020- 01250-x

Araki E, Saffer DM, Kopf AJ et al (2017) Recurring and triggered slow-slip 
events near the trench at the Nankai Trough subduction megathrust. 
Science (1979) 356:1157–1160. https:// doi. org/ 10. 1126/ scien ce. aan31 
20

Ariyoshi K, Iinuma T, Nakano M et al (2021) Characteristics of Slow slip event 
in March 2020 revealed from borehole and DONET observatories. Front 
Earth Sci (lausanne). https:// doi. org/ 10. 3389/ feart. 2020. 600793

Asano Y, Obara K, Ito Y (2008) Spatiotemporal distribution of very-low fre-
quency earthquakes in Tokachi-oki near the junction of the Kuril and 
Japan trenches revealed by using array signal processing. Earth Planets 
Space 60:871–875. https:// doi. org/ 10. 1186/ BF033 52839

Asano Y, Obara K, Matsuzawa T et al (2015) Possible shallow slow slip events in 
Hyuga-nada, Nankai subduction zone, inferred from migration of very 
low frequency earthquakes. Geophys Res Lett 42:331–338. https:// doi. 
org/ 10. 1002/ 2014G L0621 65

Audet P, Bürgmann R (2014) Possible control of subduction zone slow-earth-
quake periodicity by silica enrichment. Nature 510:389–392. https:// doi. 
org/ 10. 1038/ natur e13391

Audet P, Kim YH (2016) Teleseismic constraints on the geological environment 
of deep episodic slow earthquakes in subduction zone forearcs: a 
review. Tectonophysics 670:1–15. https:// doi. org/ 10. 1016/j. tecto. 2016. 
01. 005

Baba S (2022) Spatiotemporal characteristics of slow earthquakes in subduc-
tion zones around Japan. The University of Tokyo, Tokyo

Baba S, Takemura S, Obara K, Noda A (2020a) Slow earthquakes illuminating 
interplate coupling heterogeneities in subduction zones. Geophys Res 
Lett. https:// doi. org/ 10. 1029/ 2020g l0880 89

http://www.editage.com
http://www-solid.eps.s.u-tokyo.ac.jp/~sloweq/
http://www-solid.eps.s.u-tokyo.ac.jp/~sloweq/
https://hinetwww11.bosai.go.jp/auth/?LANG=en
https://hinetwww11.bosai.go.jp/auth/?LANG=en
https://doi.org/10.1093/gji/ggaa116
https://doi.org/10.1093/gji/ggaa116
https://doi.org/10.1007/s11001-019-09380-y
https://doi.org/10.1007/s11001-019-09380-y
https://doi.org/10.1029/2020GL091764
https://doi.org/10.1029/2020GL088280
https://doi.org/10.1029/2020GL088280
https://doi.org/10.1016/0040-1951(75)90102-X
https://doi.org/10.1002/2016GL067780
https://doi.org/10.1002/2017GL073006
https://doi.org/10.1002/2017GL073006
https://doi.org/10.1186/s40623-020-01250-x
https://doi.org/10.1186/s40623-020-01250-x
https://doi.org/10.1126/science.aan3120
https://doi.org/10.1126/science.aan3120
https://doi.org/10.3389/feart.2020.600793
https://doi.org/10.1186/BF03352839
https://doi.org/10.1002/2014GL062165
https://doi.org/10.1002/2014GL062165
https://doi.org/10.1038/nature13391
https://doi.org/10.1038/nature13391
https://doi.org/10.1016/j.tecto.2016.01.005
https://doi.org/10.1016/j.tecto.2016.01.005
https://doi.org/10.1029/2020gl088089


Page 18 of 22Takemura et al. Earth, Planets and Space          (2023) 75:164 

Baba S, Takeo A, Obara K et al (2020b) Comprehensive detection of very low 
frequency earthquakes off the Hokkaido and Tohoku Pacific Coasts, 
Northeastern Japan. J Geophys Res Solid Earth 125:2019JB017988. 
https:// doi. org/ 10. 1029/ 2019J B0179 88

Baba S, Obara K, Takemura S et al (2021) Shallow slow earthquake episodes 
near the trench axis off Costa Rica. J Geophys Res Solid Earth. https:// 
doi. org/ 10. 1029/ 2021J B0217 06

Baba S, Takemura S, Obara K et al (2022) Along-strike spatial variation in shal-
low slow earthquake activity in Hyuga-nada, southwest Japan. Earth. 
https:// doi. org/ 10. 31223/ X5SK9T

Bartlow NM, Miyazaki S, Bradley AM, Segall P (2011) Space-time correlation of 
slip and tremor during the 2009 Cascadia slow slip event. Geophys Res 
Lett 38:1–6. https:// doi. org/ 10. 1029/ 2011G L0487 14

Bedford JD, Faulkner DR, Allen MJ, Hirose T (2021) The stabilizing effect of 
high pore-fluid pressure along subduction megathrust faults: evidence 
from friction experiments on accretionary sediments from the Nankai 
Trough. Earth Planet Sci Lett 574:117161. https:// doi. org/ 10. 1016/j. epsl. 
2021. 117161

Bedford JD, Faulkner DR, Lapusta N (2022) Fault rock heterogeneity can 
produce fault weakness and reduce fault stability. Nat Commun 13:326. 
https:// doi. org/ 10. 1038/ s41467- 022- 27998-2

Behr WM, Bürgmann R (2021) What’s down there? The structures, materials 
and environment of deep-seated slow slip and tremor. Philos Trans R 
Soc A Math Phys Eng Sci 379:20200218. https:// doi. org/ 10. 1098/ rsta. 
2020. 0218

Beroza GC, Ide S (2011) Slow earthquakes and nonvolcanic tremor. Annu 
Rev Earth Planet Sci 39:271–296. https:// doi. org/ 10. 1146/ annur 
ev- earth- 040809- 152531

Brown JR, Beroza GC, Ide S et al (2009) Deep low-frequency earthquakes in 
tremor localize to the plate interface in multiple subduction zones. 
Geophys Res Lett 36:L19306. https:// doi. org/ 10. 1029/ 2009G L0400 27

Chesley C, Naif S, Key K, Bassett D (2021) Fluid-rich subducting topography 
generates anomalous forearc porosity. Nature 595:255–260. https:// doi. 
org/ 10. 1038/ s41586- 021- 03619-8

Chuang L, Bostock M, Wech A, Plourde A (2017) Plateau subduction, intraslab 
seismicity, and the Denali (Alaska) volcanic gap. Geology 45:647–650. 
https:// doi. org/ 10. 1130/ G38867.1

Daiku K, Hiramatsu Y, Matsuzawa T, Mizukami T (2018) Slow slip rate and excita-
tion efficiency of deep low-frequency tremors beneath southwest Japan. 
Tectonophysics 722:314–323. https:// doi. org/ 10. 1016/j. tecto. 2017. 11. 016

Delph JR, Levander A, Niu F (2018) Fluid controls on the heterogeneous seis-
mic characteristics of the Cascadia margin. Geophys Res Lett. https:// 
doi. org/ 10. 1029/ 2018G L0795 18

den Hartog SAM, Niemeijer AR, Spiers CJ (2012a) New constraints on megath-
rust slip stability under subduction zone P–T conditions. Earth Planet 
Sci Lett 353–354:240–252. https:// doi. org/ 10. 1016/j. epsl. 2012. 08. 022

den Hartog SAM, Peach CJ, de Winter DAM et al (2012b) Frictional proper-
ties of megathrust fault gouges at low sliding velocities: new data on 
effects of normal stress and temperature. J Struct Geol 38:156–171. 
https:// doi. org/ 10. 1016/j. jsg. 2011. 12. 001

Dieterich JH (1979) Modeling of rock friction: 1. Experimental results and 
constitutive equations. J Geophys Res 84:2161. https:// doi. org/ 10. 1029/ 
JB084 iB05p 02161

Dixon TH, Jiang Y, Malservisi R et al (2014) Earthquake and tsunami forecasts: 
relation of slow slip events to subsequent earthquake rupture. Proc Natl 
Acad Sci 111:17039–17044. https:// doi. org/ 10. 1073/ pnas. 14122 99111

Dragert H, Wang K, James TS (2001) A silent slip event on the deeper Cascadia 
subduction interface. Science (1979) 292:1525–1528. https:// doi. org/ 10. 
1126/ scien ce. 10601 52

Fagereng Å, Remitti F, Sibson RH (2011) Incrementally developed slickenfib-
ers—geological record of repeating low stress-drop seismic events? 
Tectonophysics 510:381–386. https:// doi. org/ 10. 1016/j. tecto. 2011. 08. 015

Faulkner DR, Sanchez-Roa C, Boulton C, den Hartog SAM (2018) Pore fluid 
pressure development in compacting fault gouge in theory, experi-
ments, and nature. J Geophys Res Solid Earth 123:226–241. https:// doi. 
org/ 10. 1002/ 2017J B0151 30

Frank WB, Brodsky EE (2019) Daily measurement of slow slip from low-fre-
quency earthquakes is consistent with ordinary earthquake scaling. Sci 
Adv 5:eaaw9386

Fujioka R, Katayama I, Kitamura M et al (2022) Depth profile of frictional 
properties in the inner Nankai accretionary prism using cuttings from 

IODP Site C0002. Prog Earth Planet Sci 9:31. https:// doi. org/ 10. 1186/ 
s40645- 022- 00488-1

Fukahata Y, Matsu’ura M (2006) Quasi-static internal deformation due to a 
dislocation source in a multilayered elastic/viscoelastic half-space and 
an equivalence theorem. Geophys J Int 166:418–434. https:// doi. org/ 10. 
1111/j. 1365- 246X. 2006. 02921.x

Gao H, Schmidt DA, Weldon RJ (2012) Scaling relationships of source param-
eters for slow slip events. Bull Seismol Soc Am 102:352–360. https:// doi. 
org/ 10. 1785/ 01201 10096

Gombert B, Hawthorne JC (2023) Rapid tremor migration during few minute-
long slow earthquakes in Cascadia. J Geophys Res Solid Earth. https:// 
doi. org/ 10. 1029/ 2022J B0250 34

Gosselin JM, Audet P, Estève C et al (2020) Seismic evidence for megath-
rust fault-valve behavior during episodic tremor and slip. Sci Adv 
6:eaay5174. https:// doi. org/ 10. 1126/ sciadv. aay51 74

Hashimoto Y, Sato S, Kimura G et al (2022) Décollement geometry controls on 
shallow very low frequency earthquakes. Sci Rep 12:2677. https:// doi. 
org/ 10. 1038/ s41598- 022- 06645-2

Henry P, Kanamatsu T, Moe K, the Expedition 333 Scientists (2012) NanTroSEIZE 
Stage 2: subduction inputs 2 and heat flow. Integrated Ocean Drilling 
Program

Herman MW, Govers R (2020) Locating fully locked asperities along the South 
America subduction megathrust: a new physical interseismic inversion 
approach in a Bayesian framework. Geochem Geophys Geosyst. https:// 
doi. org/ 10. 1029/ 2020G C0090 63

Herman MW, Furlong KP, Govers R (2018) The accumulation of slip deficit in 
subduction zones in the absence of mechanical coupling: implications 
for the behavior of megathrust earthquakes. J Geophys Res Solid Earth 
123:8260–8278. https:// doi. org/ 10. 1029/ 2018J B0163 36

Hirose H, Kimura T (2020) Slip distributions of short-term slow slip events in 
Shikoku, Southwest Japan, from 2001 to 2019 BASED ON TILT CHange 
measurements. J Geophys Res Solid Earth. https:// doi. org/ 10. 1029/ 
2020J B0196 01

Hirose H, Hirahara K, Kimata F et al (1999) A slow thrust slip event following 
the two 1996 Hyuganada Earthquakes beneath the Bungo Channel, 
southwest Japan. Geophys Res Lett 26:3237–3240. https:// doi. org/ 10. 
1029/ 1999G L0109 99

Hirose F, Nakajima J, Hasegawa A (2008) Three-dimensional seismic velocity 
structure and configuration of the Philippine Sea slab in southwestern 
Japan estimated by double-difference tomography. J Geophys Res 
Solid Earth 113:1–26. https:// doi. org/ 10. 1029/ 2007J B0052 74

Hirose T, Hamada Y, Tanikawa W et al (2021) High fluid-pressure patches 
beneath the décollement: a potential source of slow earthquakes in the 
Nankai Trough off Cape Muroto. J Geophys Res Solid Earth. https:// doi. 
org/ 10. 1029/ 2021J B0218 31

Hirose F, Maeda K, Fujita K, Kobayashi A (2022) Simulation of great earthquakes 
along the Nankai Trough: reproduction of event history, slip areas of the 
Showa Tonankai and Nankai earthquakes, heterogeneous slip-deficit 
rates, and long-term slow slip events. Earth Planets Space 74:131. 
https:// doi. org/ 10. 1186/ s40623- 022- 01689-0

Hok S, Fukuyama E, Hashimoto C (2011) Dynamic rupture scenarios of antici-
pated Nankai-Tonankai earthquakes, southwest Japan. J Geophys Res 
Solid Earth 116:1–22. https:// doi. org/ 10. 1029/ 2011J B0084 92

Hüpers A, Ikari MJ, Dugan B et al (2015) Origin of a zone of anomalously 
high porosity in the subduction inputs to Nankai Trough. Mar Geol 
361:147–162. https:// doi. org/ 10. 1016/j. margeo. 2015. 01. 004

Ichinose GA, Thio HK, Somerville PG et al (2003) Rupture process of the 1944 
Tonankai earthquake (Ms 8.1) from the inversion of teleseismic and 
regional seismograms. J Geophys Res Solid Earth. https:// doi. org/ 10. 
1029/ 2003J B0023 93

Ide S (2014) Modeling fast and slow earthquakes at various scales. Proc Jpn 
Acad Ser 90:259–277

Ide S (2021) Empirical low-frequency earthquakes synthesized from tectonic 
tremor records. J Geophys Res Solid Earth. https:// doi. org/ 10. 1029/ 
2021J B0224 98

Ide S, Beroza GC (2001) Does apparent stress vary with earthquake size? Geo-
phys Res Lett 28:3349–3352. https:// doi. org/ 10. 1029/ 2001G L0131 06

Ide S, Maury J (2018) Seismic moment, seismic energy, and source duration of 
slow earthquakes: application of Brownian slow earthquake model to 
three major subduction zones. Geophys Res Lett 45:3059–3067. https:// 
doi. org/ 10. 1002/ 2018G L0774 61

https://doi.org/10.1029/2019JB017988
https://doi.org/10.1029/2021JB021706
https://doi.org/10.1029/2021JB021706
https://doi.org/10.31223/X5SK9T
https://doi.org/10.1029/2011GL048714
https://doi.org/10.1016/j.epsl.2021.117161
https://doi.org/10.1016/j.epsl.2021.117161
https://doi.org/10.1038/s41467-022-27998-2
https://doi.org/10.1098/rsta.2020.0218
https://doi.org/10.1098/rsta.2020.0218
https://doi.org/10.1146/annurev-earth-040809-152531
https://doi.org/10.1146/annurev-earth-040809-152531
https://doi.org/10.1029/2009GL040027
https://doi.org/10.1038/s41586-021-03619-8
https://doi.org/10.1038/s41586-021-03619-8
https://doi.org/10.1130/G38867.1
https://doi.org/10.1016/j.tecto.2017.11.016
https://doi.org/10.1029/2018GL079518
https://doi.org/10.1029/2018GL079518
https://doi.org/10.1016/j.epsl.2012.08.022
https://doi.org/10.1016/j.jsg.2011.12.001
https://doi.org/10.1029/JB084iB05p02161
https://doi.org/10.1029/JB084iB05p02161
https://doi.org/10.1073/pnas.1412299111
https://doi.org/10.1126/science.1060152
https://doi.org/10.1126/science.1060152
https://doi.org/10.1016/j.tecto.2011.08.015
https://doi.org/10.1002/2017JB015130
https://doi.org/10.1002/2017JB015130
https://doi.org/10.1186/s40645-022-00488-1
https://doi.org/10.1186/s40645-022-00488-1
https://doi.org/10.1111/j.1365-246X.2006.02921.x
https://doi.org/10.1111/j.1365-246X.2006.02921.x
https://doi.org/10.1785/0120110096
https://doi.org/10.1785/0120110096
https://doi.org/10.1029/2022JB025034
https://doi.org/10.1029/2022JB025034
https://doi.org/10.1126/sciadv.aay5174
https://doi.org/10.1038/s41598-022-06645-2
https://doi.org/10.1038/s41598-022-06645-2
https://doi.org/10.1029/2020GC009063
https://doi.org/10.1029/2020GC009063
https://doi.org/10.1029/2018JB016336
https://doi.org/10.1029/2020JB019601
https://doi.org/10.1029/2020JB019601
https://doi.org/10.1029/1999GL010999
https://doi.org/10.1029/1999GL010999
https://doi.org/10.1029/2007JB005274
https://doi.org/10.1029/2021JB021831
https://doi.org/10.1029/2021JB021831
https://doi.org/10.1186/s40623-022-01689-0
https://doi.org/10.1029/2011JB008492
https://doi.org/10.1016/j.margeo.2015.01.004
https://doi.org/10.1029/2003JB002393
https://doi.org/10.1029/2003JB002393
https://doi.org/10.1029/2021JB022498
https://doi.org/10.1029/2021JB022498
https://doi.org/10.1029/2001GL013106
https://doi.org/10.1002/2018GL077461
https://doi.org/10.1002/2018GL077461


Page 19 of 22Takemura et al. Earth, Planets and Space          (2023) 75:164  

Ide S, Yabe S (2014) Universality of slow earthquakes in the very low frequency 
band. Geophys Res Lett 41:2786–2793. https:// doi. org/ 10. 1002/ 2014G 
L0597 12

Ide S, Imanishi K, Yoshida Y et al (2008) Bridging the gap between seismically 
and geodetically detected slow earthquakes. Geophys Res Lett 35:2–7. 
https:// doi. org/ 10. 1029/ 2008G L0340 14

Igarashi T (2020) Catalog of small repeating earthquakes for the 
Japanese Islands. Earth Planets Space. https:// doi. org/ 10. 1186/ 
s40623- 020- 01205-2

Ikari MJ, Saffer DM (2011) Comparison of frictional strength and velocity 
dependence between fault zones in the Nankai accretionary complex. 
Geochem Geophys Geosyst. https:// doi. org/ 10. 1029/ 2010G C0034 42

Ikari MJ, Saffer DM, Marone C (2009) Frictional and hydrologic properties of a 
major splay fault system, Nankai Subduction Zone. Geophys Res Lett 
36:L20313. https:// doi. org/ 10. 1029/ 2009G L0400 09

Ikari MJ, Hüpers A, Kopf AJ (2013) Shear strength of sediments approach-
ing subduction in the Nankai Trough, Japan as constraints on forearc 
mechanics. Geochem Geophys Geosyst 14:2716–2730. https:// doi. org/ 
10. 1002/ ggge. 20156

Ikari MJ, Kopf AJ, Hüpers A, Vogt C (2018) Lithologic control of frictional 
strength variations in subduction zone sediment inputs. Geosphere 
14:604–625. https:// doi. org/ 10. 1130/ GES01 546.1

Ishihara Y (2003) Major existence of very low frequency earthquakes in back-
ground seismicity along subduction zone of south-western Japan. In: 
American Geophysical Union, Fall Meeting 2003, abstract id. S41C-0107. 
American Geophysical Union

Ito Y, Obara K (2006a) Very low frequency earthquakes within accretion-
ary prisms are very low stress-drop earthquakes. Geophys Res Lett 
33:L09302. https:// doi. org/ 10. 1029/ 2006G L0258 83

Ito Y, Obara K (2006b) Dynamic deformation of the accretionary prism excites 
very low frequency earthquakes. Geophys Res Lett 33:L02311. https:// 
doi. org/ 10. 1029/ 2005G L0252 70

Ito Y, Obara K, Matsuzawa T, Maeda T (2009) Very low frequency earthquakes 
related to small asperities on the plate boundary interface at the locked 
to aseismic transition. J Geophys Res Solid Earth 114:1–16. https:// doi. 
org/ 10. 1029/ 2008J B0060 36

Itoh Y, Aoki Y, Fukuda J (2022) Imaging evolution of Cascadia slow-slip 
event using high-rate GPS. Sci Rep 12:7179. https:// doi. org/ 10. 1038/ 
s41598- 022- 10957-8

Kamei R, Pratt RG, Tsuji T (2012) Waveform tomography imaging of a megas-
play fault system in the seismogenic Nankai subduction zone. Earth 
Planet Sci Lett 317–318:343–353. https:// doi. org/ 10. 1016/j. epsl. 2011. 
10. 042

Kanamori H, Brodsky EE (2004) The physics of earthquakes. Rep Prog Phys 
67:1429–1496. https:// doi. org/ 10. 1088/ 0034- 4885/ 67/8/ R03

Kaneki S, Noda H (2023) Steady-state effective normal stress in subduction 
zones based on hydraulic models and implications for shallow slow 
earthquakes. J Geophys Res Solid Earth. https:// doi. org/ 10. 1029/ 2022J 
B0259 95

Kaneko L, Ide S, Nakano M (2018) Slow earthquakes in the microseism 
frequency band (0.1–1.0 Hz) off Kii Peninsula, Japan. Geophys Res Lett 
45:2618–2624. https:// doi. org/ 10. 1002/ 2017G L0767 73

Kano M, Aso N, Matsuzawa T et al (2018) Development of a slow earthquake 
database. Seismol Res Lett 89:1566–1575. https:// doi. org/ 10. 1785/ 
02201 80021

Kato A, Nakagawa S (2020) Detection of deep low-frequency earthquakes 
in the Nankai subduction zone over 11 years using a matched 
filter technique. Earth Planets Space. https:// doi. org/ 10. 1186/ 
s40623- 020- 01257-4

Kato A, Iidaka T, Ikuta R et al (2010) Variations of fluid pressure within the sub-
ducting oceanic crust and slow earthquakes. Geophys Res Lett 37:1–5. 
https:// doi. org/ 10. 1029/ 2010G L0437 23

Kato A, Obara K, Igarashi T et al (2012) Propagation of slow slip leading up to 
the 2011 Mw9.0 Tohoku-Oki earthquake. Science (1979) 335:705–708. 
https:// doi. org/ 10. 1126/ scien ce. 12151 41

Kato A, Fukuda J, Kumazawa T, Nakagawa S (2016) Accelerated nucleation of 
the 2014 Iquique, Chile Mw 8.2 Earthquake. Sci Rep 6:24792. https:// doi. 
org/ 10. 1038/ srep2 4792

Kikuchi M, Nakamura M, Yoshikawa K (2003) Source rupture processes of the 
1944 Tonankai earthquake and the 1945 Mikawa earthquake derived 

from low-gain seismograms. Earth Planets Space 55:159–172. https:// 
doi. org/ 10. 1186/ BF033 51745

Kimura G, Kitamura Y, Hashimoto Y et al (2007) Transition of accretionary 
wedge structures around the up-dip limit of the seismogenic subduc-
tion zone. Earth Planet Sci Lett 255:471–484. https:// doi. org/ 10. 1016/j. 
epsl. 2007. 01. 005

Kimura G, Hamada Y, Yabe S et al (2022) Deformation process and mechanism 
of the frontal megathrust at the Nankai Subduction Zone. Geochem 
Geophys Geosyst. https:// doi. org/ 10. 1029/ 2021G C0098 55

Kinoshita M, Tobin H, Ashi J et al (eds) (2009) NanTroSEIZE Stage 1. Interna-
tional Ocean Discovery Program

Kirkpatrick JD, Fagereng Å, Shelly DR (2021) Geological constraints on the 
mechanisms of slow earthquakes. Nat Rev Earth Environ 2:285–301. 
https:// doi. org/ 10. 1038/ s43017- 021- 00148-w

Kita S, Houston H, Yabe S et al (2021) Effects of episodic slow slip on seismicity 
and stress near a subduction-zone megathrust. Nat Commun 12:7253. 
https:// doi. org/ 10. 1038/ s41467- 021- 27453-8

Kitajima H, Saffer DM (2012) Elevated pore pressure and anomalously low 
stress in regions of low frequency earthquakes along the Nankai Trough 
subduction megathrust. Geophys Res Lett 39:1–5. https:// doi. org/ 10. 
1029/ 2012G L0537 93

Kobayashi A (2017) Objective detection of long-term slow slip events along 
the Nankai Trough using GNSS data (1996–2016). Earth Planets Space. 
https:// doi. org/ 10. 1186/ s40623- 017- 0755-7

Kodaira S, Takahashi N, Nakanishi A et al (2000) Subducted seamount imaged 
in the rupture zone of the 1946 Nankaido earthquake. Science (1979) 
289:104–106. https:// doi. org/ 10. 1126/ scien ce. 289. 5476. 104

Kubo H, Nishikawa T (2020) Relationship of preseismic, coseismic, and post-
seismic fault ruptures of two large interplate aftershocks of the 2011 
Tohoku earthquake with slow-earthquake activity. Sci Rep 10:12044. 
https:// doi. org/ 10. 1038/ s41598- 020- 68692-x

Lindsey EO, Mallick R, Hubbard JA et al (2021) Slip rate deficit and earthquake 
potential on shallow megathrusts. Nat Geosci 14:321–326. https:// doi. 
org/ 10. 1038/ s41561- 021- 00736-x

Liu Y, Rice JR (2007) Spontaneous and triggered aseismic deformation tran-
sients in a subduction fault model. J Geophys Res 112:B09404. https:// 
doi. org/ 10. 1029/ 2007J B0049 30

Luo Y, Liu Z (2019) Slow-Slip recurrent pattern changes: perturbation 
responding and possible scenarios of precursor towards a megathrust 
earthquake. Geochem Geophys Geosyst. https:// doi. org/ 10. 1029/ 
2018G C0080 21

Maeda T, Obara K (2009) Spatiotemporal distribution of seismic energy radia-
tion from low-frequency tremor in western Shikoku, Japan. J Geophys 
Res Solid Earth. https:// doi. org/ 10. 1029/ 2008J B0060 43

Masuda K, Ide S, Ohta K, Matsuzawa T (2020) Bridging the gap between low-
frequency and very-low-frequency earthquakes. Earth Planets Space. 
https:// doi. org/ 10. 1186/ s40623- 020- 01172-8

Mikada H, Becker K, Moore JC, Klaus A (eds) (2002) Proceedings of the ocean 
drilling program, 196 Initial Reports. Ocean Drilling Program

Mizutani T, Hirauchi K, Lin W, Sawai M (2017) Depth dependence of the 
frictional behavior of montmorillonite fault gouge: implications for 
seismicity along a décollement zone. Geophys Res Lett 44:5383–5390. 
https:// doi. org/ 10. 1002/ 2017G L0734 65

Mochizuki K, Yamada T, Shinohara M et al (2008) Weak interplate coupling 
by seamounts and repeating M ~ 7 earthquakes. Science (1979) 
321:1194–1197. https:// doi. org/ 10. 1126/ scien ce. 11602 50

Moore GF, Taira A, Bangs NL et al (2001) Data report: structural setting of the 
leg 190 Muroto Transect. In: Proceedings of the ocean drilling program, 
190 initial reports. Ocean drilling program

Moore GF, Park JO, Bangs NL et al (2009) Structural and seismic stratigraphic 
framework of the NanTroSEIZE Stage 1 transect

Murotani S, Shimazaki K, Koketsu K (2015) Rupture process of the 1946 Nankai 
earthquake estimated using seismic waveforms and geodetic data. J 
Geophys Res Solid Earth 120:5677–5692. https:// doi. org/ 10. 1002/ 2014J 
B0116 76

Nadeau RM, Johnson JR (1998) Seismological studies at Parkfield IV: moment 
release rates and estimates of source parameters for small repeating 
earthquakes. Bull Seismol Soc Am 88:790–814

Nakajima J, Hasegawa A (2016) Tremor activity inhibited by well-drained 
conditions above a megathrust. Nat Commun 7:13863

https://doi.org/10.1002/2014GL059712
https://doi.org/10.1002/2014GL059712
https://doi.org/10.1029/2008GL034014
https://doi.org/10.1186/s40623-020-01205-2
https://doi.org/10.1186/s40623-020-01205-2
https://doi.org/10.1029/2010GC003442
https://doi.org/10.1029/2009GL040009
https://doi.org/10.1002/ggge.20156
https://doi.org/10.1002/ggge.20156
https://doi.org/10.1130/GES01546.1
https://doi.org/10.1029/2006GL025883
https://doi.org/10.1029/2005GL025270
https://doi.org/10.1029/2005GL025270
https://doi.org/10.1029/2008JB006036
https://doi.org/10.1029/2008JB006036
https://doi.org/10.1038/s41598-022-10957-8
https://doi.org/10.1038/s41598-022-10957-8
https://doi.org/10.1016/j.epsl.2011.10.042
https://doi.org/10.1016/j.epsl.2011.10.042
https://doi.org/10.1088/0034-4885/67/8/R03
https://doi.org/10.1029/2022JB025995
https://doi.org/10.1029/2022JB025995
https://doi.org/10.1002/2017GL076773
https://doi.org/10.1785/0220180021
https://doi.org/10.1785/0220180021
https://doi.org/10.1186/s40623-020-01257-4
https://doi.org/10.1186/s40623-020-01257-4
https://doi.org/10.1029/2010GL043723
https://doi.org/10.1126/science.1215141
https://doi.org/10.1038/srep24792
https://doi.org/10.1038/srep24792
https://doi.org/10.1186/BF03351745
https://doi.org/10.1186/BF03351745
https://doi.org/10.1016/j.epsl.2007.01.005
https://doi.org/10.1016/j.epsl.2007.01.005
https://doi.org/10.1029/2021GC009855
https://doi.org/10.1038/s43017-021-00148-w
https://doi.org/10.1038/s41467-021-27453-8
https://doi.org/10.1029/2012GL053793
https://doi.org/10.1029/2012GL053793
https://doi.org/10.1186/s40623-017-0755-7
https://doi.org/10.1126/science.289.5476.104
https://doi.org/10.1038/s41598-020-68692-x
https://doi.org/10.1038/s41561-021-00736-x
https://doi.org/10.1038/s41561-021-00736-x
https://doi.org/10.1029/2007JB004930
https://doi.org/10.1029/2007JB004930
https://doi.org/10.1029/2018GC008021
https://doi.org/10.1029/2018GC008021
https://doi.org/10.1029/2008JB006043
https://doi.org/10.1186/s40623-020-01172-8
https://doi.org/10.1002/2017GL073465
https://doi.org/10.1126/science.1160250
https://doi.org/10.1002/2014JB011676
https://doi.org/10.1002/2014JB011676


Page 20 of 22Takemura et al. Earth, Planets and Space          (2023) 75:164 

Nakajima J, Uchida N (2018) Repeated drainage from megathrusts during epi-
sodic slow slip. Nat Geosci. https:// doi. org/ 10. 1038/ s41561- 018- 0090-z

Nakamura M, Sunagawa N (2015) Activation of very low frequency earth-
quakes by slow slip events in the Ryukyu Trench. Geophys Res Lett 
42:1076–1082. https:// doi. org/ 10. 1002/ 2014G L0629 29

Nakamura Y, Shiraishi K, Fujie G et al (2022) Structural anomaly at the boundary 
between strong and weak plate coupling in the Central-Western Nan-
kai Trough. Geophys Res Lett. https:// doi. org/ 10. 1029/ 2022G L0981 80

Nakano M, Yabe S (2021) Changes of event size distribution during episodes of 
shallow tectonic tremor, Nankai Trough. Geophys Res Lett. https:// doi. 
org/ 10. 1029/ 2020G L0920 11

Nakano M, Hori T, Araki E et al (2018a) Shallow very-low-frequency earth-
quakes accompany slow slip events in the Nankai subduction zone. Nat 
Commun 9:984. https:// doi. org/ 10. 1038/ s41467- 018- 03431-5

Nakano M, Hyodo M, Nakanishi A et al (2018b) The 2016 Mw 5.9 earthquake 
off the southeastern coast of Mie Prefecture as an indicator of prepara-
tory processes of the next Nankai Trough megathrust earthquake. Prog 
Earth Planet Sci 5:30. https:// doi. org/ 10. 1186/ s40645- 018- 0188-3

Nakano M, Yabe S, Sugioka H et al (2019) Event size distribution of shallow 
tectonic tremor in the Nankai Trough. Geophys Res Lett 46:5828–5836. 
https:// doi. org/ 10. 1029/ 2019G L0830 29

Nakata N, Gualtieri L, Fichtner A (eds) (2019) Seismic ambient noise. Cam-
bridge University Press, Cambridge

National Research Institute for Earth Science and Disaster Resilience (2019a) 
NIED DONET. National Research Institute for Earth Science and Disaster 
Resilience

National Research Institute for Earth Science and Disaster Resilience (2019b) 
NIED F-net. National Research Institute for Earth Science and Disaster 
Resilience. https:// doi. org/ 10. 17598/ NIED. 0005

Nishikawa T, Matsuzawa T, Ohta K et al (2019) The slow earthquake spectrum 
in the Japan Trench illuminated by the S-net seafloor observatories. Sci-
ence (1979) 365:808–813. https:// doi. org/ 10. 1126/ scien ce. aax56 18

Nishikawa T, Ide S, Nishimura T (2023) A review on slow earthquakes in the 
Japan Trench. Prog Earth Planet Sci 10:1. https:// doi. org/ 10. 1186/ 
s40645- 022- 00528-w

Nishimura T (2014) Short-term slow slip events along the Ryukyu Trench, 
southwestern Japan, observed by continuous GNSS. Prog Earth Planet 
Sci 1:1–13. https:// doi. org/ 10. 1186/ s40645- 014- 0022-5

Nishimura T (2021) Slow slip events in the Kanto and Tokai regions of Central 
Japan detected using global navigation satellite system data during 
1994–2020. Geochem Geophys Geosyst. https:// doi. org/ 10. 1029/ 2020G 
C0093 29

Nishimura T, Matsuzawa T, Obara K (2013) Detection of short-term slow slip 
events along the Nankai Trough, southwest Japan, using GNSS data. J 
Geophys Res Solid Earth 118:3112–3125. https:// doi. org/ 10. 1002/ jgrb. 
50222

Nishimura T, Yokota Y, Tadokoro K, Ochi T (2018) Strain partitioning and 
interplate coupling along the northern margin of the Philippine Sea 
plate, estimated from global navigation satellite system and global 
positioning system-acoustic data. Geosphere 14:1–17. https:// doi. org/ 
10. 1130/ GES01 529.1

Noda A, Saito T, Fukuyama E (2018) Slip-deficit rate distribution along the Nan-
kai Trough, Southwest Japan, with elastic lithosphere and viscoelastic 
asthenosphere. J Geophys Res Solid Earth 123:8125–8142. https:// doi. 
org/ 10. 1029/ 2018J B0155 15

Noda A, Saito T, Fukuyama E, Urata Y (2021) Energy-based scenarios for great 
thrust-type earthquakes in the Nankai Trough subduction zone, South-
west Japan, using an interseismic slip-deficit model. J Geophys Res 
Solid Earth. https:// doi. org/ 10. 1029/ 2020J B0204 17

Obana K, Kodaira S (2009) Low-frequency tremors associated with reverse 
faults in a shallow accretionary prism. Earth Planet Sci Lett 287:168–174. 
https:// doi. org/ 10. 1016/j. epsl. 2009. 08. 005

Obara K (2002) Nonvolcanic deep tremor associated with subduction in 
southwest Japan. Science (1979) 296:1679–1681. https:// doi. org/ 10. 
1126/ scien ce. 10703 78

Obara K (2011) Characteristics and interactions between non-volcanic tremor 
and related slow earthquakes in the Nankai subduction zone, southwest 
Japan. J Geodyn 52:229–248. https:// doi. org/ 10. 1016/j. jog. 2011. 04. 002

Obara K (2020) Characteristic activities of slow earthquakes in Japan. Proc 
Jpn Acad Ser B Phys Biol Sci 96:297–315. https:// doi. org/ 10. 2183/ 
PJAB. 96. 022

Obara K, Ito Y (2005) Very low frequency earthquakes excited by the 2004 
off the Kii peninsula earthquakes: a dynamic deformation process in 
the large accretionary prism. Earth Planets Space 57:321–326. https:// 
doi. org/ 10. 1186/ BF033 52570

Obara K, Hirose H, Yamamizu F, Kasahara K (2004) Episodic slow slip events 
accompanied by non-volcanic tremors in southwest Japan subduc-
tion zone. Geophys Res Lett. https:// doi. org/ 10. 1029/ 2004G L0208 48

Obara K, Tanaka S, Maeda T, Matsuzawa T (2010) Depth-dependent activity 
of non-volcanic tremor in southwest Japan. Geophys Res Lett 37:1–5. 
https:// doi. org/ 10. 1029/ 2010G L0436 79

ObaraKato KA (2016) Connecting slow earthquakes to huge earthquakes. 
Science (1979) 353:253–257. https:// doi. org/ 10. 1126/ scien ce. aaf15 12

Obermann A, Planès T, Larose E, Campillo M (2013) Imaging preeruptive 
and coeruptive structural and mechanical changes of a volcano with 
ambient seismic noise. J Geophys Res Solid Earth 118:6285–6294. 
https:// doi. org/ 10. 1002/ 2013J B0103 99

Ochi T, Kato T (2013) Depth extent of the long-term slow slip event in the 
Tokai district, central Japan: a new insight. J Geophys Res E Planets 
118:4847–4860. https:// doi. org/ 10. 1002/ jgrb. 50355

Ohtani M, Kame N, Nakatani M (2019) Synchronization of megathrust 
earthquakes to periodic slow slip events in a single-degree-of-
freedom spring-slider model. Sci Rep 9:8285. https:// doi. org/ 10. 1038/ 
s41598- 019- 44684-4

Okada Y, Nishimura T, Tabei T et al (2022) Development of a detection 
method for short-term slow slip events using GNSS data and its 
application to the Nankai subduction zone. Earth Planets Space 
74:18. https:// doi. org/ 10. 1186/ s40623- 022- 01576-8

Okuda H, Ikari MJ, Roesner A et al (2021) Spatial patterns in frictional behav-
ior of sediments along the Kumano transect in the Nankai Trough. J 
Geophys Res Solid Earth. https:// doi. org/ 10. 1029/ 2021J B0225 46

Okuda H, Hirose T, Yamaguchi A (2023a) Potential role of volcanic glass-
smectite mixtures in slow earthquakes in shallow subduction zones: 
insights from low- to high-velocity friction experiments. J Geophys 
Res Solid Earth. https:// doi. org/ 10. 1029/ 2022J B0261 56

Okuda H, Kitamura M, Takahashi M, Yamaguchi A (2023b) Frictional proper-
ties of the décollement in the shallow Nankai Trough: constraints 
from friction experiments simulating in-situ conditions and implica-
tions for the seismogenic zone. Earth Planet Sci Lett 621:118357. 
https:// doi. org/ 10. 1016/j. epsl. 2023. 118357

Park J-O, Jamali Hondori E (2023) Link between the Nankai underthrust 
turbidites and shallow slow earthquakes. Sci Rep 13:10333. https:// 
doi. org/ 10. 1038/ s41598- 023- 37474-6

Park J-O, Moore GF, Tsuru T et al (2004) A subducted oceanic ridge influenc-
ing the Nankai megathrust earthquake rupture. Earth Planet Sci Lett 
217:77–84. https:// doi. org/ 10. 1016/ S0012- 821X(03) 00553-3

Park J-O, Fujie G, Wijerathne L et al (2010) A low-velocity zone with weak 
reflectivity along the Nankai subduction zone. Geology 38:283–286. 
https:// doi. org/ 10. 1130/ G30205.1

Passarelli L, Selvadurai PA, Rivalta E, Jónsson S (2021) The source scaling and 
seismic productivity of slow slip transients. Sci Adv. https:// doi. org/ 
10. 1126/ sciadv. abg97 18

Passelègue FX, Almakari M, Dublanchet P et al (2020) Initial effective stress 
controls the nature of earthquakes. Nat Commun 11:1–8. https:// doi. 
org/ 10. 1038/ s41467- 020- 18937-0

Peacock SM, Wang K (1999) Seismic consequences of warm versus cool subduc-
tion metamorphism: examples from southwest and northeast Japan. Sci-
ence (1979) 286:937–939. https:// doi. org/ 10. 1126/ scien ce. 286. 5441. 937

Perez-Silva A, Kaneko Y, Savage M et al (2022) Segmentation of shallow 
slow slip events at the Hikurangi subduction zone explained by 
along-strike changes in fault geometry and plate convergence rates. 
J Geophys Res Solid Earth. https:// doi. org/ 10. 1029/ 2021J B0229 13

Perez-Silva A, Kaneko Y, Savage M et al (2023) Characteristics of slow slip 
events explained by rate-strengthening faults subject to periodic 
pore fluid pressure changes. J Geophys Res Solid Earth. https:// doi. 
org/ 10. 1029/ 2022J B0263 32

Phillips NJ, Belzer B, French ME et al (2020) Frictional strengths of subduction 
thrust rocks in the region of shallow slow earthquakes. J Geophys Res 
Solid Earth. https:// doi. org/ 10. 1029/ 2019J B0188 88

Plata-Martinez R, Ide S, Shinohara M et al (2021) Shallow slow earthquakes to 
decipher future catastrophic earthquakes in the Guerrero seismic gap. 
Nat Commun 12:3976. https:// doi. org/ 10. 1038/ s41467- 021- 24210-9

https://doi.org/10.1038/s41561-018-0090-z
https://doi.org/10.1002/2014GL062929
https://doi.org/10.1029/2022GL098180
https://doi.org/10.1029/2020GL092011
https://doi.org/10.1029/2020GL092011
https://doi.org/10.1038/s41467-018-03431-5
https://doi.org/10.1186/s40645-018-0188-3
https://doi.org/10.1029/2019GL083029
https://doi.org/10.17598/NIED.0005
https://doi.org/10.1126/science.aax5618
https://doi.org/10.1186/s40645-022-00528-w
https://doi.org/10.1186/s40645-022-00528-w
https://doi.org/10.1186/s40645-014-0022-5
https://doi.org/10.1029/2020GC009329
https://doi.org/10.1029/2020GC009329
https://doi.org/10.1002/jgrb.50222
https://doi.org/10.1002/jgrb.50222
https://doi.org/10.1130/GES01529.1
https://doi.org/10.1130/GES01529.1
https://doi.org/10.1029/2018JB015515
https://doi.org/10.1029/2018JB015515
https://doi.org/10.1029/2020JB020417
https://doi.org/10.1016/j.epsl.2009.08.005
https://doi.org/10.1126/science.1070378
https://doi.org/10.1126/science.1070378
https://doi.org/10.1016/j.jog.2011.04.002
https://doi.org/10.2183/PJAB.96.022
https://doi.org/10.2183/PJAB.96.022
https://doi.org/10.1186/BF03352570
https://doi.org/10.1186/BF03352570
https://doi.org/10.1029/2004GL020848
https://doi.org/10.1029/2010GL043679
https://doi.org/10.1126/science.aaf1512
https://doi.org/10.1002/2013JB010399
https://doi.org/10.1002/jgrb.50355
https://doi.org/10.1038/s41598-019-44684-4
https://doi.org/10.1038/s41598-019-44684-4
https://doi.org/10.1186/s40623-022-01576-8
https://doi.org/10.1029/2021JB022546
https://doi.org/10.1029/2022JB026156
https://doi.org/10.1016/j.epsl.2023.118357
https://doi.org/10.1038/s41598-023-37474-6
https://doi.org/10.1038/s41598-023-37474-6
https://doi.org/10.1016/S0012-821X(03)00553-3
https://doi.org/10.1130/G30205.1
https://doi.org/10.1126/sciadv.abg9718
https://doi.org/10.1126/sciadv.abg9718
https://doi.org/10.1038/s41467-020-18937-0
https://doi.org/10.1038/s41467-020-18937-0
https://doi.org/10.1126/science.286.5441.937
https://doi.org/10.1029/2021JB022913
https://doi.org/10.1029/2022JB026332
https://doi.org/10.1029/2022JB026332
https://doi.org/10.1029/2019JB018888
https://doi.org/10.1038/s41467-021-24210-9


Page 21 of 22Takemura et al. Earth, Planets and Space          (2023) 75:164  

Ranjith K, Rice J (1999) Stability of quasi-static slip in a single degree of free-
dom elastic system with rate and state dependent friction. J Mech Phys 
Solids 47:1207–1218. https:// doi. org/ 10. 1016/ S0022- 5096(98) 00113-6

Rice JR (1993) Spatio-temporal complexity of slip on a fault. J Geophys Res 
98:9885. https:// doi. org/ 10. 1029/ 93JB0 0191

Rice JR (1992) Fault stress states, pore pressure distributions, and the weakness 
of the San Andreas Fault. In: Evans B, Wong T (eds) Fault mechanics and 
transport properties of rocks. Elsevier, pp. 475–503. https:// doi. org/ 10. 
1016/ S0074- 6142(08) 62835-1

Roesner A, Ikari MJ, Saffer DM et al (2020) Friction experiments under in-situ 
stress reveal unexpected velocity-weakening in Nankai accretionary 
prism samples. Earth Planet Sci Lett 538:116180. https:// doi. org/ 10. 
1016/j. epsl. 2020. 116180

Roesner A, Ikari MJ, Hüpers A, Kopf AJ (2022) Weakening behavior of the 
shallow megasplay fault in the Nankai subduction zone. Earth Planets 
Space 74:162. https:// doi. org/ 10. 1186/ s40623- 022- 01728-w

Rogers G, Dragert H (2003) Episodic tremor and slip on the Cascadia subduc-
tion zone: the chatter of silent slip. Science (1979) 300:1942–1943. 
https:// doi. org/ 10. 1126/ scien ce. 10847 83

Rubin AM, Ampuero J-P (2005) Earthquake nucleation on (aging) rate and 
state faults. J Geophys Res Solid Earth. https:// doi. org/ 10. 1029/ 2005J 
B0036 86

Ruh JB, Sallarès V, Ranero CR, Gerya T (2016) Crustal deformation dynamics 
and stress evolution during seamount subduction: high-resolution 3-D 
numerical modeling. J Geophys Res Solid Earth 121:6880–6902. https:// 
doi. org/ 10. 1002/ 2016J B0132 50

Ruina A (1983) Slip instability and state variable friction laws. J Geophys Res 
Solid Earth 88:10359–10370. https:// doi. org/ 10. 1029/ JB088 iB12p 10359

Saffer DM, Wallace LM (2015) The frictional, hydrologic, metamorphic and ther-
mal habitat of shallow slow earthquakes. Nat Geosci 8:594–600. https:// 
doi. org/ 10. 1038/ ngeo2 490

Sagiya T, Thatcher W (1999) Coseismic slip resolution along a plate boundary 
megathrust: the Nankai Trough, southwest Japan. J Geophys Res Solid 
Earth 104:1111–1129. https:// doi. org/ 10. 1029/ 98jb0 2644

Saito S, Underwood MB, Kubo Y, the Expedition 322 Scientists (2010) NanTro-
SEIZE Stage 2: subduction inputs. integrated ocean drilling program

Saito T, Noda A (2022) Mechanically coupled areas on the plate interface in the 
Nankai Trough, Japan and a possible seismic and aseismic rupture sce-
nario for megathrust earthquakes. J Geophys Res Solid Earth. https:// 
doi. org/ 10. 1029/ 2022J B0239 92

Schwartz SY, Rokosky JM (2007) Slow slip events and seismic tremor at circum-
Pacific subduction zones. Rev Geophys. https:// doi. org/ 10. 1029/ 2006R 
G0002 08

Screaton E, Kimura G, Curewitz D et al (2009) Interactions between deforma-
tion and fluids in the frontal thrust region of the NanTroSEIZE transect 
offshore the Kii Peninsula, Japan: results from IODP Expedition 316 Sites 
C0006 and C0007. Geochem Geophys Geosyst. https:// doi. org/ 10. 1029/ 
2009G C0027 13

Segall P, Rubin AM, Bradley AM, Rice JR (2010) Dilatant strengthening as a 
mechanism for slow slip events. J Geophys Res 115:B12305. https:// doi. 
org/ 10. 1029/ 2010J B0074 49

Seno T, Stein S, Gripp AE (1993) A model for the motion of the Philippine Sea 
Plate consistent with NUVEL-1 and geological data. J Geophys Res Solid 
Earth 98:17941–17948. https:// doi. org/ 10. 1029/ 93JB0 0782

Shaddox HR, Schwartz SY (2019) Subducted seamount diverts shallow slow 
slip to the forearc of the northern Hikurangi subduction zone, New 
Zealand. Geology 47:415–418. https:// doi. org/ 10. 1130/ G45810.1

Shelly DR, Beroza GC, Ide S (2007) Non-volcanic tremor and low-frequency 
earthquake swarms. Nature 446:305–307. https:// doi. org/ 10. 1038/ natur 
e05666

Shibazaki B (2003) On the physical mechanism of silent slip events along 
the deeper part of the seismogenic zone. Geophys Res Lett 30:1489. 
https:// doi. org/ 10. 1029/ 2003G L0170 47

Shiraishi K, Yamada Y, Nakano M et al (2020) Three-dimensional topographic 
relief of the oceanic crust may control the occurrence of shallow very-
low-frequency earthquakes in the Nankai Trough off Kumano. Earth 
Planets Space. https:// doi. org/ 10. 1186/ s40623- 020- 01204-3

Storchak DA, Di Giacomo D, Bondár I et al (2013) Public release of the ISC–GEM 
global instrumental earthquake catalogue (1900–2009). Seismol Res 
Lett 84:810–815. https:// doi. org/ 10. 1785/ 02201 30034

Sugioka H, Okamoto T, Nakamura T et al (2012) Tsunamigenic potential of the 
shallow subduction plate boundary inferred from slow seismic slip. Nat 
Geosci 5:414–418. https:// doi. org/ 10. 1038/ ngeo1 466

Sun T, Saffer D, Ellis S (2020) Mechanical and hydrological effects of seamount 
subduction on megathrust stress and slip. Nat Geosci. https:// doi. org/ 
10. 1038/ s41561- 020- 0542-0

Syracuse EM, van Keken PE, Abers GA et al (2010) The global range of subduc-
tion zone thermal models. Phys Earth Planet Inter 183:73–90. https:// 
doi. org/ 10. 1016/j. pepi. 2010. 02. 004

Takagi R, Obara K, Maeda T (2016) Slow slip event within a gap between 
tremor and locked zones in the Nankai subduction zone. Geophys Res 
Lett 43:1066–1074. https:// doi. org/ 10. 1002/ 2015G L0669 87

Takagi R, Uchida N, Obara K (2019) Along-strike variation and migration of 
long-term slow slip events in the Western Nankai Subduction Zone, 
Japan. J Geophys Res Solid Earth 124:3853–3880. https:// doi. org/ 10. 
1029/ 2018J B0167 38

Takahashi M, Azuma S, Uehara S et al (2013) Contrasting hydrological and 
mechanical properties of clayey and silty muds cored from the shallow 
Nankai Trough accretionary prism. Tectonophysics 600:63–74. https:// 
doi. org/ 10. 1016/j. tecto. 2013. 01. 008

Takahashi M, Azuma S, Ito H et al (2014) Frictional properties of the shallow 
Nankai Trough accretionary sediments dependent on the content 
of clay minerals. Earth Planets Space 66:75. https:// doi. org/ 10. 1186/ 
1880- 5981- 66- 75

Takemura S, Matsuzawa T, Noda A et al (2019a) Structural characteristics of the 
Nankai Trough shallow plate boundary inferred from shallow very low 
frequency earthquakes. Geophys Res Lett 46:4192–4201. https:// doi. 
org/ 10. 1029/ 2019G L0824 48

Takemura S, Noda A, Kubota T et al (2019b) Migrations and clusters of shallow 
very low frequency earthquakes in the regions surrounding shear 
stress accumulation peaks along the Nankai Trough. Geophys Res Lett 
46:11830–11840. https:// doi. org/ 10. 1029/ 2019G L0846 66

Takemura S, Okuwaki R, Kubota T et al (2020a) Centroid moment tensor 
inversions of offshore earthquakes using a three-dimensional velocity 
structure model: slip distributions on the plate boundary along the 
Nankai Trough. Geophys J Int 222:1109–1125. https:// doi. org/ 10. 1093/ 
gji/ ggaa2 38

Takemura S, Yabe S, Emoto K (2020b) Modelling high-frequency seismograms 
at ocean bottom seismometers: effects of heterogeneous structures 
on source parameter estimation for small offshore earthquakes and 
shallow low-frequency tremors. Geophys J Int 223:1708–1723. https:// 
doi. org/ 10. 1093/ gji/ ggaa4 04

Takemura S, Baba S, Yabe S et al (2022b) Source characteristics and along-
strike variations of shallow very low frequency earthquake swarms 
on the Nankai Trough shallow plate boundary. Geophys Res Lett 
49:e2022GL097979. https:// doi. org/ 10. 1029/ 2022G L0979 79

Takemura S, Obara K, Shiomi K, Baba S (2022c) Spatiotemporal variations of 
shallow very low frequency earthquake activity southeast off the Kii 
Peninsula, along the Nankai Trough, Japan. J Geophys Res Solid Earth 
127:e2021JB023073. https:// doi. org/ 10. 1029/ 2021J B0230 73

Takemura S, Emoto K, Yamaya L (2023) High-frequency S and S-coda waves 
at ocean-bottom seismometers. Earth Planets Space 75:20. https:// doi. 
org/ 10. 1186/ s40623- 023- 01778-8

Takemura S, Baba S, Yabe S et al (2022a) Detectability analysis of very low 
frequency earthquakes: methods and application in Nankai using F-net 
and DONET broadband seismometers. PREPRINT (Version 1) available at 
Research Square https:// doi. org/ 10. 21203/ rs.3. rs- 23518 14/ v1

Takeo A, Idehara K, Iritani R et al (2010) Very broadband analysis of a swarm 
of very low frequency earthquakes and tremors beneath Kii Peninsula, 
SW Japan. Geophys Res Lett 37:L06311. https:// doi. org/ 10. 1029/ 2010G 
L0425 86

Tamaribuchi K, Kobayashi A, Nishimiya T et al (2019) Characteristics of shal-
low low-frequency earthquakes off the Kii Peninsula, Japan, in 2004 
revealed by ocean bottom seismometers. Geophys Res Lett. https:// doi. 
org/ 10. 1029/ 2019G L0851 58

Tamaribuchi K, Ogiso M, Noda A (2022) Spatiotemporal Distribution of shallow 
tremors along the Nankai Trough, Southwest Japan, as determined 
from waveform amplitudes and cross-correlations. J Geophys Res Solid 
Earth. https:// doi. org/ 10. 1029/ 2022J B0244 03

https://doi.org/10.1016/S0022-5096(98)00113-6
https://doi.org/10.1029/93JB00191
https://doi.org/10.1016/S0074-6142(08)62835-1
https://doi.org/10.1016/S0074-6142(08)62835-1
https://doi.org/10.1016/j.epsl.2020.116180
https://doi.org/10.1016/j.epsl.2020.116180
https://doi.org/10.1186/s40623-022-01728-w
https://doi.org/10.1126/science.1084783
https://doi.org/10.1029/2005JB003686
https://doi.org/10.1029/2005JB003686
https://doi.org/10.1002/2016JB013250
https://doi.org/10.1002/2016JB013250
https://doi.org/10.1029/JB088iB12p10359
https://doi.org/10.1038/ngeo2490
https://doi.org/10.1038/ngeo2490
https://doi.org/10.1029/98jb02644
https://doi.org/10.1029/2022JB023992
https://doi.org/10.1029/2022JB023992
https://doi.org/10.1029/2006RG000208
https://doi.org/10.1029/2006RG000208
https://doi.org/10.1029/2009GC002713
https://doi.org/10.1029/2009GC002713
https://doi.org/10.1029/2010JB007449
https://doi.org/10.1029/2010JB007449
https://doi.org/10.1029/93JB00782
https://doi.org/10.1130/G45810.1
https://doi.org/10.1038/nature05666
https://doi.org/10.1038/nature05666
https://doi.org/10.1029/2003GL017047
https://doi.org/10.1186/s40623-020-01204-3
https://doi.org/10.1785/0220130034
https://doi.org/10.1038/ngeo1466
https://doi.org/10.1038/s41561-020-0542-0
https://doi.org/10.1038/s41561-020-0542-0
https://doi.org/10.1016/j.pepi.2010.02.004
https://doi.org/10.1016/j.pepi.2010.02.004
https://doi.org/10.1002/2015GL066987
https://doi.org/10.1029/2018JB016738
https://doi.org/10.1029/2018JB016738
https://doi.org/10.1016/j.tecto.2013.01.008
https://doi.org/10.1016/j.tecto.2013.01.008
https://doi.org/10.1186/1880-5981-66-75
https://doi.org/10.1186/1880-5981-66-75
https://doi.org/10.1029/2019GL082448
https://doi.org/10.1029/2019GL082448
https://doi.org/10.1029/2019GL084666
https://doi.org/10.1093/gji/ggaa238
https://doi.org/10.1093/gji/ggaa238
https://doi.org/10.1093/gji/ggaa404
https://doi.org/10.1093/gji/ggaa404
https://doi.org/10.1029/2022GL097979
https://doi.org/10.1029/2021JB023073
https://doi.org/10.1186/s40623-023-01778-8
https://doi.org/10.1186/s40623-023-01778-8
https://doi.org/10.21203/rs.3.rs-2351814/v1
https://doi.org/10.1029/2010GL042586
https://doi.org/10.1029/2010GL042586
https://doi.org/10.1029/2019GL085158
https://doi.org/10.1029/2019GL085158
https://doi.org/10.1029/2022JB024403


Page 22 of 22Takemura et al. Earth, Planets and Space          (2023) 75:164 

Tanaka S, Matsuzawa T, Asano Y (2019) Shallow low-frequency tremor in the 
Northern Japan Trench Subduction Zone. Geophys Res Lett 46:5217–
5224. https:// doi. org/ 10. 1029/ 2019G L0828 17

To A, Obana K, Sugioka H et al (2015) Small size very low frequency earth-
quakes in the Nankai accretionary prism, following the 2011 Tohoku-
Oki earthquake. Phys Earth Planet Inter 245:40–51. https:// doi. org/ 10. 
1016/j. pepi. 2015. 04. 007

Tobin H, Hirose T, Ikari M et al (2020) Volume 358: NanTroSEIZE plate boundary 
deep riser 4: Nankai seismogenic/slow slip megathrust. International 
Ocean Discovery Program

Todd EK, Schwartz SY, Mochizuki K et al (2018) Earthquakes and tremor linked 
to seamount subduction during shallow slow slip at the Hikurangi 
Margin, New Zealand. J Geophys Res Solid Earth. https:// doi. org/ 10. 
1029/ 2018J B0161 36

Toh A, Obana K, Araki E (2018) Distribution of very low frequency earthquakes 
in the Nankai accretionary prism influenced by a subducting-ridge. 
Earth Planet Sci Lett 482:342–356. https:// doi. org/ 10. 1016/j. epsl. 2017. 
10. 062

Toh A, Chen WJ, Takeuchi N et al (2020) Influence of a subducted oceanic 
ridge on the distribution of shallow VLFEs in the Nankai Trough as 
revealed by moment tensor inversion and cluster analysis. Geophys Res 
Lett. https:// doi. org/ 10. 1029/ 2020G L0872 44

Toh A, Capdeville Y, Chi W-C, Ide S (2023) Strongly scattering medium along 
slow earthquake fault zones based on new observations of short-dura-
tion tremors. Geophys Res Lett. https:// doi. org/ 10. 1029/ 2022G L1018 51

Tonegawa T, Araki E, Kimura T et al (2017) Sporadic low-velocity volumes spa-
tially correlate with shallow very low frequency earthquake clusters. Nat 
Commun 8:2048. https:// doi. org/ 10. 1038/ s41467- 017- 02276-8

Tonegawa T, Yamashita Y, Takahashi T et al (2020) Spatial relationship between 
shallow very low frequency earthquakes and the subducted Kyushu-
Palau Ridge in the Hyuga-nada region of the Nankai subduction zone. 
Geophys J Int 222:1542–1554. https:// doi. org/ 10. 1093/ gji/ ggaa2 64

Tonegawa T, Takemura S, Yabe S, Yomogida K (2022) Fluid migration before 
and during slow earthquakes in the shallow Nankai subduction zone. J 
Geophys Res Solid Earth. https:// doi. org/ 10. 1029/ 2021J B0235 83

Tsuji T, Kamei R, Pratt RG (2014) Pore pressure distribution of a mega-splay 
fault system in the Nankai Trough subduction zone: insight into up-dip 
extent of the seismogenic zone. Earth Planet Sci Lett 396:165–178. 
https:// doi. org/ 10. 1016/j. epsl. 2014. 04. 011

Uchida N, Bürgmann R (2019) Repeating earthquakes. Annu Rev Earth Planet 
Sci 47:305–332. https:// doi. org/ 10. 1146/ annur ev- earth- 053018- 060119

Ujiie K, Saishu H, Fagereng Å et al (2018) An explanation of episodic tremor 
and slow slip constrained by crack-seal veins and viscous shear in 
subduction mélange. Geophys Res Lett 45:5371–5379. https:// doi. org/ 
10. 1029/ 2018G L0783 74

Vaca S, Vallée M, Nocquet JM et al (2018) Recurrent slow slip events as a 
barrier to the northward rupture propagation of the 2016 Pedernales 
earthquake (Central Ecuador). Tectonophysics 724–725:80–92. https:// 
doi. org/ 10. 1016/j. tecto. 2017. 12. 012

Voss N, Dixon TH, Liu Z et al (2018) Do slow slip events trigger large and great 
megathrust earthquakes? Sci Adv 4:eaat8472

Wallace LM, Araki E, Saffer D et al (2016a) Near-field observations of an off-
shore Mw 6.0 earthquake from an integrated seafloor and subseafloor 
monitoring network at the Nankai Trough, southwest Japan. J Geophys 
Res Solid Earth 121:8338–8351. https:// doi. org/ 10. 1002/ 2016J B0134 17

Wallace LM, Webb SC, Ito Y et al (2016b) Slow slip near the trench at the 
Hikurangi subduction zone, New Zealand. Science (1979) 352:701–704. 
https:// doi. org/ 10. 1126/ scien ce. aaf23 49

Wang K, Bilek SL (2011) Do subducting seamounts generate or stop large 
earthquakes? Geology 39:819–822. https:// doi. org/ 10. 1130/ G31856.1

Wang K, Bilek SL (2014) Invited review paper: fault creep caused by subduc-
tion of rough seafloor relief. Tectonophysics 610:1–24. https:// doi. org/ 
10. 1016/j. tecto. 2013. 11. 024

Warren-Smith E, Fry B, Wallace L et al (2019) Episodic stress and fluid pres-
sure cycling in subducting oceanic crust during slow slip. Nat Geosci 
12:475–481. https:// doi. org/ 10. 1038/ s41561- 019- 0367-x

Webb SC (1998) Broadband seismology and noise under the ocean. Rev 
Geophys 36:105–142. https:// doi. org/ 10. 1029/ 97RG0 2287

Wessel P, Smith WHF, Scharroo R et al (2013) Generic mapping tools: improved 
version released. Eos (washington, DC) 94:409–410. https:// doi. org/ 10. 
1002/ 2013E O4500 01

Xie Z, Cai Y, Wang C et al (2019) Fault stress inversion reveals seismogenic 
asperity of the 2011 Mw 9.0 Tohoku-Oki earthquake. Sci Rep 9:11987. 
https:// doi. org/ 10. 1038/ s41598- 019- 47992-x

Yabe S, Tonegawa T, Nakano M (2019) Scaled energy estimation for shallow 
slow earthquakes. J Geophys Res Solid Earth 124:1507–1519. https:// 
doi. org/ 10. 1029/ 2018J B0168 15

Yabe S, Baba S, Tonegawa T et al (2021) Seismic energy radiation and along-
strike heterogeneities of shallow tectonic tremors at the Nankai Trough 
and Japan Trench. Tectonophysics 800:228714. https:// doi. org/ 10. 
1016/j. tecto. 2020. 228714

Yabe S, Ochi T, Matsumoto N et al (2023) Eight-year catalog of deep short-term 
slow slip events at the Nankai Trough based on objective detection 
algorithm using strain and tilt records. Earth Planets Space 75:13. 
https:// doi. org/ 10. 1186/ s40623- 023- 01769-9

Yamamoto Y, Obana K, Takahashi T et al (2013) Imaging of the subducted 
Kyushu-Palau Ridge in the Hyuga-nada region, western Nankai Trough 
subduction zone. Tectonophysics 589:90–102. https:// doi. org/ 10. 1016/j. 
tecto. 2012. 12. 028

Yamamoto Y, Ariyoshi K, Yada S et al (2022a) Spatio-temporal distribution of 
shallow very-low-frequency earthquakes between December 2020 and 
January 2021 in Kumano-nada, Nankai subduction zone, detected by a 
permanent seafloor seismic network. Earth Planets Space 74:14. https:// 
doi. org/ 10. 1186/ s40623- 022- 01573-x

Yamamoto Y, Yada S, Ariyoshi K et al (2022b) Seismicity distribution in the 
Tonankai and Nankai seismogenic zones and its spatiotemporal 
relationship with interplate coupling and slow earthquakes. Prog Earth 
Planet Sci 9:32. https:// doi. org/ 10. 1186/ s40645- 022- 00493-4

Yamashita Y, Shimizu H, Goto K (2012) Small repeating earthquake activity, 
interplate quasistatic slip, and interplate coupling in the Hyuga-nada, 
southwestern Japan subduction zone. Geophys Res Lett 39:L08304. 
https:// doi. org/ 10. 1029/ 2012G L0514 76

Yamashita Y, Yakiwara H, Asano Y et al (2015) Migrating tremor off southern 
Kyushu as evidence for slow slip of a shallow subduction interface. Sci-
ence (1979) 348:676–679. https:// doi. org/ 10. 1126/ scien ce. aaa42 42

Yamashita Y, Shinohara M, Yamada T (2021) Shallow tectonic tremor activities 
in Hyuga-nada, Nankai subduction zone, based on long-term broad-
band ocean bottom seismic observations. Earth Planets Space 73:196. 
https:// doi. org/ 10. 1186/ s40623- 021- 01533-x

Yamaya L, Mochizuki K, Akuhara T et al (2022) CMT inversion for small-to-
moderate earthquakes applying to dense short-period OBS array at 
off Ibaraki region. Earth Planets Space 74:164. https:// doi. org/ 10. 1186/ 
s40623- 022- 01721-3

Yokota Y, Ishikawa T (2020) Shallow slow slip events along the Nankai Trough 
detected by GNSS-A. Sci Adv 6:eaay5786. https:// doi. org/ 10. 1126/ 
sciadv. aay57 86

Yokota Y, Ishikawa T, Watanabe S et al (2016) Seafloor geodetic constraints 
on interplate coupling of the Nankai Trough megathrust zone. Nature 
534:374–377. https:// doi. org/ 10. 1038/ natur e17632

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1029/2019GL082817
https://doi.org/10.1016/j.pepi.2015.04.007
https://doi.org/10.1016/j.pepi.2015.04.007
https://doi.org/10.1029/2018JB016136
https://doi.org/10.1029/2018JB016136
https://doi.org/10.1016/j.epsl.2017.10.062
https://doi.org/10.1016/j.epsl.2017.10.062
https://doi.org/10.1029/2020GL087244
https://doi.org/10.1029/2022GL101851
https://doi.org/10.1038/s41467-017-02276-8
https://doi.org/10.1093/gji/ggaa264
https://doi.org/10.1029/2021JB023583
https://doi.org/10.1016/j.epsl.2014.04.011
https://doi.org/10.1146/annurev-earth-053018-060119
https://doi.org/10.1029/2018GL078374
https://doi.org/10.1029/2018GL078374
https://doi.org/10.1016/j.tecto.2017.12.012
https://doi.org/10.1016/j.tecto.2017.12.012
https://doi.org/10.1002/2016JB013417
https://doi.org/10.1126/science.aaf2349
https://doi.org/10.1130/G31856.1
https://doi.org/10.1016/j.tecto.2013.11.024
https://doi.org/10.1016/j.tecto.2013.11.024
https://doi.org/10.1038/s41561-019-0367-x
https://doi.org/10.1029/97RG02287
https://doi.org/10.1002/2013EO450001
https://doi.org/10.1002/2013EO450001
https://doi.org/10.1038/s41598-019-47992-x
https://doi.org/10.1029/2018JB016815
https://doi.org/10.1029/2018JB016815
https://doi.org/10.1016/j.tecto.2020.228714
https://doi.org/10.1016/j.tecto.2020.228714
https://doi.org/10.1186/s40623-023-01769-9
https://doi.org/10.1016/j.tecto.2012.12.028
https://doi.org/10.1016/j.tecto.2012.12.028
https://doi.org/10.1186/s40623-022-01573-x
https://doi.org/10.1186/s40623-022-01573-x
https://doi.org/10.1186/s40645-022-00493-4
https://doi.org/10.1029/2012GL051476
https://doi.org/10.1126/science.aaa4242
https://doi.org/10.1186/s40623-021-01533-x
https://doi.org/10.1186/s40623-022-01721-3
https://doi.org/10.1186/s40623-022-01721-3
https://doi.org/10.1126/sciadv.aay5786
https://doi.org/10.1126/sciadv.aay5786
https://doi.org/10.1038/nature17632

	A review of shallow slow earthquakes along the Nankai Trough
	Abstract 
	Introduction
	Characteristics of shallow slow earthquakes along the Nankai Trough
	Frictional properties at the shallow plate boundary along the Nankai Trough
	Shear stress change rate inferred from GNSS observations
	Geological and experimental observations

	Structural and hydrological factors controlling the spot-like distribution of shallow slow earthquakes
	Regional differences in shallow slow earthquake activity along the Nankai Trough
	Observed regional differences of shallow slow earthquake activity
	Possible causes of observed along-strike variations of shallow slow earthquake activity

	Conclusions and future perspectives
	Conclusions
	Future perspectives

	Acknowledgements
	References


