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Abstract 

An earthquake swarm in the Wakayama prefecture, Japan, is known as the most active and persistent swarm, with 
> 95,000 earthquakes (M ≥ –1.3) occurring during the 2003–2020 period. However, no systematic studies have high-
lighted the source of this intriguing non-volcanic earthquake swarm to date. This study systematically investigates 
the temporal and spatial evolution of the Wakayama earthquake swarm and estimates the seismic velocity structure 
around the Kii peninsula, where we observe series of anomalous geophysical and geochemical signatures, such as 
high 3He/4He ratios, deep low-frequency earthquakes, and hot springs with high salinity and solute concentrations. 
We reveal that seismicity associated with the Wakayama earthquake swarm occurs almost evenly in both time and 
space, and that the majority of the earthquakes in the northern part of the swarm activity occur along well-defined 
planes that dip to the west at 30–45°. The seismic tomography results reveal that a northwestward-dipping low-
velocity zone exists beneath the Wakayama swarm and the low-velocity zone is sandwiched by high-velocity anoma-
lies in the continental crust interpreted as impermeable and rigid materials on both sides in the subduction direction. 
This unique tectonic setting controls a pathway of the upward migration of slab-derived fluids to the surface, with 
the high fluid concentration in the dipping low-velocity zone. Therefore, we infer that the location of the Wakayama 
swarm is controlled by deep crustal heterogeneities rather than by the major structures of geological accretionary 
complexes. This study suggests that the anomalous geophysical and geochemical signatures observed across the Kii 
peninsula are different manifestations of the frictional and hydrological processes during the upward migration of the 
slab-derived fluids. We further propose that the valley-shaped geometry of the Philippine Sea slab beneath the Kii 
peninsula is caused by the rigid materials in the continental crust.
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Graphical Abstract

Introduction
Earthquakes are often classified into two types: main-
shock–aftershock sequences and swarms. A mainshock–
aftershock sequence generally starts with the largest 
earthquake (mainshock) in the sequence (smaller pre-
shocks may sometimes precede the mainshock), followed 
by a series of smaller aftershocks that cease over time. 
The aftershock activity generally obeys the Omori law, 
whereby the decay in aftershock activity follows a power 
law. Conversely, an earthquake swarm occurs in a con-
fined area and consists of a number of successive simi-
lar-magnitude earthquakes, with no observations of clear 
mainshock. Swarm activity usually starts with no distinct 
seismic signals, lasts from months to years, and is often 
observed in volcanic and geothermal fields (e.g., Chen 
and Shearer 2011; Shelly et al. 2013) and near the vicinity 
of anthropogenic fluid injection wells (e.g., Keranen et al. 
2014). The most famous swarm in Japan is the Matsush-
iro earthquake swarm in a volcanic area of central Japan; 
it started in August 1965, with > 60,000 felt earthquakes 
during the ~ 5-year swarm period (e.g., Mogi 1988). 
However, there are earthquake swarms, or concentrated 
seismicity, in non-volcanic areas that are characterized 
by > 100 years of persistent seismicity (e.g., Yoshida and 
Takayama 1992).

An earthquake swarm in the Wakayama prefecture 
(hereafter called the Wakayama earthquake swarm) is 
the most active and persistent non-volcanic earthquake 

swarm in Japan (Fig.  1) (e.g., Mizoue et  al. 1983; Kato 
et  al. 2010; Yoshida et  al. 2011). The Wakayama swarm 
possesses a very high rate of background seismicity 
(e.g., Yoshida and Takayama 1992) and occurs over a 
30 km × 30 km area (e.g., Maeda et al. 2018). The swarm 
is located immediately south of the Median Tectonic Line 
(MTL), the largest active fault in Japan, which divides the 
southwestern Japan into the inner and outer arcs (Fig. 1). 
The spatial correlation between this swarm location and 
the local geological units has previously been investi-
gated, and geological faults that act as weak planes have 
been interpreted as a major cause of this earthquake 
swarm (Maeda et al. 2018, 2021). However, the MTL and 
other major geological units extend farther to the west 
and east of the Wakayama region (e.g., Isozaki et al. 1990; 
Geological Survey of Japan, AIST 2022), and the rea-
son for the confined location of this earthquake swarm 
remains elusive.

Here we systematically investigate the Wakayama 
earthquake swarm in the period of 2003–2020 using the 
unified earthquake catalog of the Japan Metrological 
Agency (JMA) (M ≥ 0; N = 81,875) to elucidate the cause 
of this intriguing swarm activity. This study first pro-
vides an overview of the tectonic framework of ongoing 
plate subduction, then investigates the temporal and spa-
tial characteristics of the earthquake swarm. The three-
dimensional (3D) seismic velocity structure to a depth of 
60  km is estimated to discuss the heterogeneous crustal 
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and uppermost mantle structure around the Wakayama 
swarm. We provide a comprehensive interpretation of 
the seismic observations and propose that the rigid crus-
tal materials above the Philippine Sea (PHS) plate serve 
as a structural control on the upward migration of slab-
derived fluids. The presence of the rigid materials is inter-
preted as an essential cause of the Wakayama earthquake 
swarm and other distinct geophysical and geochemical 
phenomena, such as deep low-frequency earthquakes 
(LFEs), emanation of high 3He/4He ratios, and the dis-
charge of the Arima-type brine across the Kii peninsula.

The Wakayama earthquake swarm
Tectonic framework of ongoing plate subduction
The Wakayama earthquake swarm (orange circle in 
Fig.  1) is located beneath the Kii peninsula, which is a 
non-volcanic area in southwestern Japan, and has had a 
high rate of persistent background seismicity for the past 
~ 100 years (e.g., Yoshida and Takayama 1992). The PHS 
plate is subducting northwestward beneath the Wakay-
ama swarm at a rate of 3–4  cm/year, and a valley-like 
shape of the PHS slab is formed beneath the Kii penin-
sula. The depth to the upper interface of the PHS slab 
beneath the swarm is ~ 40 km (Figs. 1 and 2).

The Wakayama earthquake swarm occurs in a limited 
30 km × 30 km area (Maeda et al. 2018) and is bounded by 
areas with limited shallow crustal seismicity (Fig. 2a). Here, 
we define the area of the Wakayama swarm by the rectan-
gle in Fig. 2a (33.85–34.35° N, 135–135.5° E, and 0–20 km 
depth). The focal depths of the eartqhuake  swarm are 
locally shallower than the earthquakes in the surrounding 
areas (Fig.  2b). Deep LFEs, whose signals are dominated 
by < 8 Hz energy, occur in the continental crust at ~ 30 km 
depth to the north of the Wakayama swarm (gray dots 
along profile B in Fig. 2). It is likely that fluids are distrib-
uted beneath the area of LFEs, as LFEs are interpreted as 
being facilitated by the accumulation of fluids or magma 
near the Moho (e.g., Aki and Koyanagi 1981; Hasegawa 
and Yamamoto 1994; Aso et al. 2013; Oikawa et al. 2021).

Earthquake depth distribution and b values
Figure  3a highlights the depth distributions for crus-
tal earthquakes (M ≥ 1) in the Wakayama swarm and 
the surrounding areas (areas outside of the rectangle in 
Fig. 2a). The depth distribution for the earthquake swarm 
is notably different from that for the earthquakes in the 
surrounding areas, with the focal depths of the earth-
quake swarm (6.9 ± 1.9 km) being ~ 5 km shallower than 

Fig. 1 Tectonic framework of western Japan. Blue solid denote the iso-depth contours of the Philippine Sea (PHS) slab at a 20-km interval (Hua 
et al. 2018, and references therein). Red triangles and orange stars represent active volcanoes and M ≥ 6.5 crustal earthquakes that occurred during 
the 2003–2020 period, respectively. Dots indicate the M ≥ 2 earthquakes that occurred at 0–20 km depth. The Median Tectonic Line (MTL), which 
divides southwestern Japan into the inner and outer arcs, is shown by the dashed red line. Blue dashed lines denote the location of the Nankai 
trough
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those for the other earthquakes (11.8 ± 2.8 km) on aver-
age. This suggests that the hypocenters of the swarm are 
exceptionally shallow, and that such shallow focal depths 
are probably related to the cause of this earthquake 
swarm.

We estimated the b values from the magnitude–fre-
quency distributions for the earthquakes at 0–20  km 
depth in the Wakayama swarm and the surrounding 
areas. To estimate the optimal cutoff magnitude, Mc, 
we first calculated R values, which represent the abso-
lute difference of the number of earthquakes in each 
magnitude bin between the observed and synthetic 
distributions (Wiemer and Wyss 2000), and confirmed 
that R values are higher than 95% for Mc ≥ 0.8 for both 
areas. We obtained stable b values of 0.95–0.96 for the 
Wakayama swarm and 0.93–0.94 for the surrounding 
areas with Mc = 0.8–1.0. The magnitude–frequency 
distributions and b values estimated with Mc = 1.0 are 
shown in Fig.  3b. The estimated b values are consist-
ent with those obtained for crustal earthquakes in the 
southwestern Japan (e.g., Oth 2013). The Wakayama 
swarm is, therefore, not distinct from other crustal 
earthquakes based on its magnitude–frequency distri-
bution, even though the focal depths are significantly 
shallower.

Spatial distribution of the Wakayama swarm
Detailed hypocenter maps of the Wakayama earthquake 
swarm are shown in Fig.  4. We observed an overall 
homogeneous epicentral distribution of the M ≥ 0 earth-
quakes, with the exception of a few spots and lineaments, 
where there are absence of seismicity (dashed circles 
and arrows, respectively, in Fig.  4a). The hypocenters 
are shallow (~ 4  km depth) in the northern part of the 
swarm area (at ~ 34.2°  N and ~ 135.2°  E) and deepen to 
~ 10 km depth to the west and south. The focal depths in 
the eastern part of the swarm, at ~ 135.4° E, are variable, 
ranging from 5 km at ~ 34.1° N to ~ 10 km at ~ 34.3° N. 
The M ≥ 1 and M ≥ 2 earthquake distributions are rather 
scattered compared with the M ≥ 0 distribution, but the 
overall pattern of seismicity is unchanged (Fig. 4b, and c). 
Marked NE–SW bands of seismicity are seen in the cen-
tral to southern parts of the swarm. We observed twelve 
M ≥ 4 earthquakes during the 2003–2020 analyzed 
period, with four concentrated in the area with the shal-
low focal depths (at ~ 34.2° N and ~ 135.2° E).

The focal mechanism solutions for the Wakayama 
swarm, which have been determined by the JMA for 
the M ≥ 3 earthquakes, show that reverse-type focal 
mechanisms with N–S striking nodal planes are pre-
dominantly observed, together with a small number of 

Fig. 2 Seismicity around the Wakayama earthquake swarm. a Map showing the M ≥ 1 earthquake distribution, with the focal depths color-coded. 
Gray dots denote low-frequency earthquakes. Black contours denote the iso-depth contours of the PHS slab at a 10-km interval. The rectangle 
denotes the Wakayama swarm. b Vertical cross sections of the earthquakes within ± 10 km from the three profiles in (a). The Wakayama earthquake 
swarm is shown by an orange ellipse in profile B. The upper surface of the PHS slab is shown by the gray line in each cross section
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strike-slip-type focal mechanisms with the E–W-ori-
ented P-axes. These results suggest that the E–W-ori-
ented compressional stress regime is dominant in the 
earthquake swarm. However, the N–S striking nodal 
planes of the focal mechanisms are not consistent with 
the ENE–WSW strikes of the major geological faults in 
the region (e.g., Isozaki et al. 1990; Geological Survey of 
Japan 2022), suggesting that M ≥ 3 earthquakes occur 
along fault planes that have different orientations from 
the major geological faults. In contrast, Maeda et  al. 
(2018) investigated the focal mechanisms of the smaller 
earthquakes (M ≥ 1.1) and found that M < 2.5 earth-
quakes have variable focal mechanisms with 31% of the 
analyzed mechanisms being classified as strike-slip or 
normal faulting. Since smaller strike-slip earthquakes in 
the southern part of the earthquake swarm area have a 
nodal plane that is sub-parallel to the ENE–WSW strike 
of the major geological faults, Maeda et al. (2018) con-
cluded that these earthquakes occur along sub-vertical 
weak faults with the strike of the ENE–WSW direction.

Temporal distribution of the Wakayama swarm
We investigated the temporal characteristics of the 
swarm activity during the 2003–2020 period. A magni-
tude–time plot for the M ≥ 1 earthquakes demonstrates 
that the swarm consists of small- to moderate-size earth-
quakes, with twelve M ≥ 4 earthquakes (including one 
M ≥ 5 earthquake) occurring over the 18-year analysis 
period (Fig. 5a). The largest earthquake (M5.5) occurred 
on July 5, 2011, 4  months after the M9 Tohoku–oki 
earthquake. Figure  5b shows that the seismicity rate is 
semi-constant, with only minor fluctuations during the 
analysis period.

The average seismicity rate in the earthquake swarm 
was estimated to be 2.3 per day from 15,256 earthquakes 
(M ≥ 1) over the 18-year period (black dashed straight 
line in Fig. 5b). To better characterize the temporal vari-
ations in the seismicity rate of the earthquake swarm, 
we calculated the cumulative number of earthquakes 
that are deviated from the average seismicity rate as 
�N =

∑
i
(Ni − 2.3) , where Ni is the number of earth-

quakes in ith day. Figure 5c shows that ΔN slightly fluc-
tuates with time. The seismicity rate was higher than the 
average until ~ 2006, but then dropped below the aver-
age in 2007–2010. The seismicity rate increased again 
after the concentrated occurrences of three M ≥ 4 earth-
quakes in 2011 and then decreased almost monotonically 
until the end of 2020. The seismicity rate was sometimes 
enhanced after the occurrence of each M ≥ 4 earth-
quakes, which may correspond to the increased seismic-
ity associated with each mainshock–aftershock sequence 
in the swarm activity.

We plotted the hypocenter distributions for the Janu-
ary–February earthquakes for each year, as an exam-
ple, to show spatial variations in seismicity (Fig. 6). The 
earthquakes are distributed in very similar locations 
with almost an identical number of earthquakes for each 
2-month period. We confirmed that the hypocenter dis-
tributions in other 2-month or 1-month periods show 
almost identical patterns, thereby indicating that there 
were little regional variations in the observed seismicity 
over 18 years. These observations suggest that the earth-
quakes in the Wakayama swarm occur almost evenly in 
both time and space.

We found that the seismicity rate increased over a 
short time scale of less than 2 months in the beginning of 
2004, when no M ≥ 4 earthquakes occurred (Fig. 5c). This 
increase is associated with the initiation of an isolated 
seismicity in the southernmost part of the study area at 
~ 12  km depth (blue arrow in the 2004 panel in Fig.  6). 
This earthquake cluster was activated on December 10, 
2003 and had ceased by late February 2004. Although 
such an abrupt activation of a specific earthquake clus-
ter is interesting and warrants for further investigation, 

1

10

100

1000

10000

100000

1e+06

#N

6

Magnitude

1

10

100

1000

10000

100000

1e+06

#N

−1

Magnitude

0

5

10

15

10 15 200 5

Depth (km)

Wakayama 
swarm

F
re

qu
en

cy
 (

%
)

N =  32359

N =  15256 Earthquakes 
in other areas

(a)

(b)

6.9±1.9 km
11.8±2.8 km

2 3 40 1 5

b value = 0.94 ± 0.01

b value = 0.96 ± 0.01

Fig. 3 a Frequency distribution of the focal depths of earthquakes 
in the Wakayama swarm (red) and in the areas surrounding the 
Wakayama swarm (gray). The hypocenter distributions are shown in 
Fig. 2a. Average focal depths and their associated standard deviations 
are indicated by the circle and error bars, respectively. b Magnitude–
frequency distribution of the earthquakes in the Wakayama swarm 
(red) and in the surrounding areas of the Wakayama swarm (gray). 
Estimated b values for the M ≥ 1 earthquakes are shown



Page 6 of 18Nakajima  Earth, Planets and Space           (2023) 75:48 

135˚ 135.1˚ 135.2˚ 135.3˚ 135.4˚ 135.5˚

33.9˚

34˚

34.1˚

34.2˚

34.3˚
10 km

135˚ 135.1˚ 135.2˚ 135.3˚ 135.4˚ 135.5˚

10 km

10 km 10 km

N =  81,875 (M≥0) N =  15,256 (M≥1)(a) (b)

N =  1735 (M≥2) N =  85(c) (d)

33.9˚

34˚

34.1˚

34.2˚

34.3˚

10 12
Depth (km)

2 4 6 8

Fig. 4 Hypocenter distributions of the Wakayama swarm during the 2003–2020 period. a M ≥ 0 earthquakes. b M ≥ 1 earthquakes. c M ≥ 2 
earthquakes. Dashed ellipses and arrows in (a) denote areas and lineaments with limited seismicity, respectively. Stars in (a–c) denote M ≥ 4 
earthquakes. Focal depths are color-coded. d Focal mechanism solutions for the M ≥ 3 earthquakes that are reported in the JMA catalog



Page 7 of 18Nakajima  Earth, Planets and Space           (2023) 75:48  

the origin of this cluster is not discussed further here, as 
this cluster does not represent the main seismicity of the 
Wakayama swarm which is the focus of this study.

Hypocenter relocation
We relocated hypocenters with hypoDD (Waldhauser 
and Ellsworth 2000) to better delineate the hypocenter 
distributions. We first relocated hypocenters reported 
in the JMA catalog for the 2003–2020 period using the 
catalog-derived differential travel-time data to con-
strain the overall earthquake distribution of the Wakay-
ama swarm. This analysis considered all of the M ≥ 1 
earthquakes and calculated the earthquake pairs with 
inter-event distances of < 10 km at 58 stations that are 
located within epicentral distances of < 100  km. We 
obtained the total number of 3,346,861 P-wave and 
2,788,482 S-wave differential travel-time data from 
15,142 earthquakes.

The relocated hypocenters indicate that the earth-
quakes form a tighter distribution within the swarm 
compared with the JMA locations (Fig.  7); however, 
the overall pattern of seismicity is unchanged. The 
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earthquakes projected along the E–W cross sections 
form a convex distribution in the northern part of the 
swarm (profiles 2–4 in Fig. 7a), whereas the hypocent-
ers in the southern part are distributed sub-horizontally 
(profiles 5–8 in Fig.  7a). The thickness of the hypo-
center distribution is thin in the northern part com-
pared with that in the southern part. Although a convex 
hypocenter distribution is discernible along the N–S 
vertical cross sections (profiles C and D in Fig. 7b), this 
pattern is less clear compared with the hypocenter dis-
tribution along the E–W cross sections. It appears that 
some of the earthquakes in the southern part occurred 
in isolated clusters, as shown in the N–S vertical cross 
sections (horizontal distances of 0–20 km in Fig. 7b). In 
addition, the hypocenters in the southeastern part of 

the swarm are distributed along several distinct planes 
dipping northwestward (purple arrows in profiles 4, 
5, 7, C, and D in Fig. 7). These results suggest that the 
earthquake swarm consists of three segments, with 
highly concentrated, convex distribution of hypocent-
ers in the northwestern part, more isolated, tiny earth-
quake clusters in the southern part, and northwestward 
dipping earthquakes in the southeastern part.

We further relocated the hypocenters using wave-
form-derived differential travel-time data to character-
ize the hypocenter distributions at a much finer scale. 
The cross-spectral method was applied to both P and S 
waves to calculate arrival-time differences for the M ≥ 1 
earthquake pairs with inter-event distances of < 3  km. 
The arrival-time differences and coherence values of 

Fig. 7 Vertical cross sections of the (left) JMA hypocenters and (right) relocated hypocenters using the catalog-derived differential time data. a E–W 
vertical cross sections. b N–S vertical cross sections. Purple arrows denote distinct seismicity dipping northwestward. Profile locations are shown 
on the inset map. E–W profiles are spaced at a 0.05° (~ 5.5 km) interval, and N–S profiles are spaced at a 0.07° (~ 6.3 km) interval. The earthquakes in 
each profile do not appear in the adjacent profiles
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each earthquake pair were calculated from the vertical 
component for the P waves and the transverse compo-
nent for the S waves in the 2–12  Hz frequency band 
of a given 2-s time window that began 0.2 s before the 
onset of each phase. In the relocation, we included the 
arrival-time differences with a coherency of ≥ 0.8 at 28 

stations that are located within epicentral distances of 
< 50  km. The relocated hypocenters from the catalog-
based hypoDD results were used as the initial hypo-
centers for this waveform-based hypoDD approach. We 
obtained 9522 relocated hypocenters with the wave-
form-derived differential time data.
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Here we focus on the hypocenter distributions in the 
northwestern part of the swarm, where seismic activ-
ity is high and seismicity dips to the west (Fig.  7). Fig-
ure  8 shows the hypocenter relocation results along 
16 E–W trending profiles that are spaced at a 0.01° 
(~ 1.1  km) interval, which can highlight the westward 
dipping seismicity of the convex distribution. The relo-
cated hypocenters with waveform-based hypoDD reveal 
small-scale structures in the swarm activity. For example, 
a majority of the hypocenters along profile 9 align along 
well-defined, sub-parallel planes that dip to the west at 
30–45°, and the dip of the planes are consistent with one 
of the nodal planes of focal mechanism solutions. The 
characteristic lengths of these well-defined alignments 
of seismicity are 3–4 km with thickness of ≤ 1 km. Inter-
estingly, we observe a different orientation of the earth-
quake alignments along profile 7, which dip to the east at 
~ 30°. This suggests that a conjugate fault system is partly 
developed in the northern part of the Wakayama swarm, 
even though the overall trend of the fault structures is 
westward dipping. Our high-resolution hypocenter relo-
cations reveal that finer-scale, multi-layered seismic fault 
systems are well-developed within the earthquake swarm 
area, with each earthquake occurring along an individual 
fault plane within a complex fault system.

Three‑dimensional seismic velocity structures
Data and methods
We carried out a 3D travel-time tomography analy-
sis to elucidate the structural heterogeneity around 
the Wakayama earthquake swarm. We set the model 
space to span a volume of ~ 140 km × ~ 330 km × 80 km 
(33.2–35.5°  N, 134°–137°  E, and 0–80  km depth). We 
used the P- and S-wave arrival-time data for M ≥ 1 earth-
quakes (N = 62,333) that occurred during the 2003–2020 
period and were documented in the JMA catalog (Addi-
tional file  1: Figure S1a); this resulted in 1,321,037 and 
1,277,961 P- and S-wave phase data, respectively, which 
were recorded at 154 seismograph stations across the 
study area (squares in Additional file 1: Figure S1b). Most 
of the stations that were located above the Wakayama 
swarm possessed ~ 30,000 ray paths for the P-wave data 
(Additional file 1: Figure S1b).

The tomographic method of Zhao et  al. (1992) was 
used to estimate the 3D seismic velocity structure. We 
set horizontal grid nodes with 0.15° (~ 15  km) spac-
ing around the Wakayama earthquake swarm and 0.2° 
(~ 20  km) spacing in the surrounding areas and vertical 
ones at 0, 5, 10, 15, 20, 25, 30, 40 60, and 80  km depth 
(Additional file 1: Figure S1b). We adopted the initial 1D 
P-wave velocity model that was constructed from the 
JMA 2001 velocity model (Ueno et  al. 2002) and calcu-
lated 1D S-wave velocity model using a constant Vp/Vs 

value of 1.73. We introduced a priori information for two 
crustal discontinuities: the Conrad and Moho disconti-
nuities (Katsumata 2010). The geometry of the PHS slab 
was not prescribed in the model space. The root mean 
squares of the P-wave and S-wave arrival-time residuals 
were reduced from 0.20 to 0.12 s and from 0.27 to 0.16 s, 
respectively, after five iterations.

We conducted two checkerboard resolution tests 
(CRTs) with different parameterizations to assess the 
reliability of the obtained velocity images. We assigned 
velocity perturbations of ± 10% either to alternate grid 
nodes or to every two grid nodes and calculated the 
travel times, respectively, for the two models to produce 
synthetic arrival-time data. We added random noise to 
the synthetic data with standard deviations of 0.05 and 
0.10 s for P waves and S waves, respectively, which corre-
spond to the phase-picking errors. We then inverted the 
synthetic arrival-time data using the same earthquake–
station geometry and model parameterizations as in the 
real inversion. The results of the two CRTs are shown 
Additional file  2: Figure S2. The checkerboard patterns 
of the alternate grid node are recovered considerably in 
the southern part of the Kii peninsula to 40  km depth, 
but they are not well-recovered beneath the earthquake 
swarm at 15 and 20  km depth (Additional file  2: Figure 
S2a). Conversely, the checkerboard patterns that were 
assigned to every two grid nodes show a better recovery 
beneath the earthquake swarm, even though the checker-
board patterns are smeared at 15 and 20 km depth (Addi-
tional file  2: Figure S2b). The CRTs results demonstrate 
that our data set can resolve the heterogeneous struc-
tures in the crust and the uppermost mantle over hori-
zontal scales of > 15–20  km in the southern part of the 
Kii peninsula and of > 20–30 km beneath the Wakayama 
earthquake swarm.

Results
The obtained P- and S-wave velocity perturbations and 
Vp/Vs ratios at 10, 15, 20, 30, 40, and 60  km depth are 
shown in Fig.  9 (see Additional file  3: Figure S3 for the 
absolute velocity images). The velocity perturbations (in 
%) are the deviations from the average P- and S-wave 
velocities at each depth. We observe an E–W trending 
low-velocity anomaly along the MTL at 10  km depth, 
which becomes more distinct at 15 and 20 km depth. The 
low-velocity anomaly associated with the MTL has been 
highlighted in previous studies (e.g., Omuralieva et  al. 
2012) and is interpreted as a fluid-rich area. The Vp/Vs 
values are overall low (< 1.70) at 10 and 15  km depth, 
whereas Vp/Vs values of > 1.8 are observed at 20–60 km 
depth around the Osaka Bay. A large, distinct high-veloc-
ity anomaly is distributed across the southern part of the 
Kii peninsula at 15 and 20 km depth (indicated by white 
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arrows in Fig. 9a). This high-velocity anomaly is located 
within the continental plate above the slab owing to its 
continent-ward position relative to the iso-depth contour 
of the PHS slab. The high-velocity anomaly persists at 
30–40 km depth, exhibits the same curvature as the iso-
depth contour of the PHS slab, and shifts northwestward 
with increasing depths. These features suggest that the 
high-velocity anomaly overlies the PHS slab at 15–40 km 

depth. The Vp/Vs values for the high-velocity anomaly are 
moderate (1.7–1.8) at each depth.

The observed velocity anomalies are further character-
ized along the vertical cross sections in Fig. 10, which are 
the profiles sub-parallel to the subduction of the PHS slab 
(see Additional file  4: Figure S4 for the absolute veloc-
ity images). The PHS slab is subducting beneath the Kii 
peninsula from the southeast, where we observe inclined 
seismicity that corresponds to intraslab earthquakes. A 
distinct, thin, low-velocity layer is distributed immedi-
ately below the upper surface of the PHS slab down to 
~ 40  km depth (profiles A–C) and is interpreted as the 
hydrated subducting crust (e.g., Hirose et al. 2008; Kato 
et al. 2014). We note that the PHS slab does not possess a 
continuous high-velocity anomaly (profiles A–E), which 
is atypical for the subducting slab mantle. The absence 
of a high-velocity anomaly that corresponds to the slab 
mantle has also been highlighted in previous studies (e.g., 
Seno et al. 2001; Nakajima and Hasegawa 2007a, b) and 
has been attributed to the high degree of hydration of the 
slab mantle.

The marked high-velocity zone immediately above 
the PHS slab is well-visualized at horizontal distances 
of 0–80 km along profiles A–E (Fig. 10) and possesses a 
thickness of ~ 20 km. This northwestward dipping high-
velocity zone was partly revealed by Salah and Zhao 
(2003), and its upper boundary has been imaged as a 
distinct velocity boundary via receiver function analyses 
(e.g., Yamauchi et al. 2003; Kato et al. 2014). Conversely, 
a distinct low-velocity anomaly exists at 10–40 km depth 
beneath the Wakayama swarm (profiles D–F in Fig. 10). 
This low-velocity zone dips northwestward and has been 
partly imaged in the previous studies as an area with high 
intrinsic and scattering attenuation (e.g., Matsunami and 
Nakamura 2004; Petukhin and Tagawa 2007; Kita and 
Matsubara 2016). The deep LFEs that occur in the lower 
crust beneath the Osaka Bay are located around this low-
velocity zone. Interestingly, another high-velocity zone 
appears to exist to the northwest of the inclined low-
velocity zone beneath or to the northwest of the Osaka 
Bay at 10–30  km depth (horizontal distances of 120–
170  km along profiles C–G). Therefore, the northwest-
ward-dipping low-velocity zone beneath the Wakayama 
swarm is sandwiched by the two high-velocity anoma-
lies along the direction of the PHS slab subduction. The 
Vp/Vs values of the low-velocity zone beneath the Wakay-
ama swarm are low (< 1.7) in the middle crust and are 
high (> 1.8) in the lower crust and the uppermost mantle.

Discussion
Structural controls on the earthquake swarm location
The most striking feature of the tomographic results is 
the presence of a northwestward-dipping, three-layered 
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structure above the PHS slab at least at 10–40 km depth, 
which consists of a distinct high-velocity anomaly 
immediately above the PHS slab, a low-velocity anom-
aly beneath the Wakayama swarm, and a high-velocity 
anomaly beneath the Osaka Bay (Fig.  10). Uehara et  al. 
(2005) revealed that a high-density and high-resistivity 
zone exists above the PHS slab down to at least ~ 30 km 
depth in the southwestern part of the Kii peninsula and 
interpreted the zone to be a pluton of acidic rocks. We 
infer that the inclined high-velocity anomaly imaged 
above the PHS slab corresponds to the high-density and 
high-resistivity zone and interpret the zone to be a body 

of impermeable and rigid materials. The inferred loca-
tions of the impermeable and rigid materials are enclosed 
by the green curves in Fig. 11a, and b, where the observed 
velocity anomalies are higher than ~ 5%.

The presence of the impermeable, rigid materials 
above the PHS slab is consistent with the interpretation 
of Nakajima and Hasegawa (2016), whereby imperme-
able materials act as a cap layer and prevent effective 
drainage from the subducting slab to the overlying 
plate. The tectonic LFEs along the megathrust bound-
ary are probably enhanced immediately below the 
impermeable materials (Figs.  10 and 11), where pore-
fluid pressures along the megathrust boundary can be 
elevated to near-lithostatic values. It is noted that the 
mantle-wedge corner beneath the Kii peninsula has 
been suggested to be serpentinized (e.g., Kato et  al. 
2014), but our tomographic results do not support a 
serpentinized mantle wedge, because the high-velocity 
anomaly (Vp of > 8  km/s and Vs of > 4.5  km/s; Addi-
tional file  4: Figure S4) and moderate Vp/Vs values 
(~ 1.75) in this area are not indicative of serpentiniza-
tion (Christensen 1996; Watanabe et al. 2007).

The high-velocity anomaly beneath the Osaka Bay has 
similar seismic characteristics (high velocity of > 5% and 
low to moderate Vp/Vs values) (profiles B–D in Fig.  10) 
to the northwestward-dipping high-velocity zone above 
the PHS slab that we interpreted to be the impermeable, 
rigid materials. Therefore, we infer that the high-velocity 
anomaly beneath the Osaka Bay also represents rigid 
materials that have been minimally influenced by fluids 
or thermal anomalies (areas enclosed by green dashed 
curves in Fig.  11a, b). Most importantly, the inferred 
locations of the two rigid materials are limited to the Kii 
peninsula and Osaka Bay and appear to bound both the 
Wakayama swarm and deep LFE areas (Fig.  11a). The 
two zones of rigid materials probably control the upward 
migration of slab-derived fluids to the surface, thereby 
forcing the fluids to localize along an inherent permeable 
zone that is sandwiched by the impermeable materials. 
We interpret that the permeable zone is imaged as a dis-
tinct, northwestward-dipping low-velocity zone and that 
large amounts of fluids can migrate toward the Wakay-
ama swarm through this permeable zone. This hypoth-
esis strongly suggests that the location of the Wakayama 
swarm is controlled by the structural heterogeneities in 
the crust.

Although the origin of the rigid and impermeable 
materials above the PHS slab remains elusive, we infer 
that the rigid materials correspond either to the root of 
acidic rocks known as the Kumano pluton (e.g., Arnulf 
et  al. 2022) or to old and stagnant rocks that have not 
been heavily metamorphosed by slab-derived fluids, 
despite the subduction of the PHS slab over the last 15 
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Myr. Notably, the lateral extent of the inferred rigid mate-
rials immediately above the PHS slab coincides with that 
of the steep, valley-shaped subduction of the PHS slab 
(Fig.  11a). We interpret that the existence of the rigid, 
stagnant materials in the continental crust may have 
blocked the gently dipping subduction of the PHS slab 
and forced the PHS slab to subduct at steeper angles, as 
suggested by Arnulf et  al. (2022). This hypothesis can 
explain the valley-shaped geometry of the PHS slab that 
is locally developed only beneath the Kii peninsula.

High 3He/4He ratios, LFEs, and Arima‑type hot springs
There are several anomalous geochemical and geophysi-
cal observations around the Kii peninsula. Sano and 
Wakita (1985) revealed that anomalously high 3He/4He 
ratios of up to 8 Ra (Ra, the atmospheric 3He/4He ratio) 
are observed across the Kii peninsula. Subsequently, 
it was confirmed that the observations of such high 
3He/4He ratios are not limited to the Kii peninsula but 
also extend along an NNW–SSE-oriented elongated area 
that extends from the southern part of the Kii peninsula 
to the north of the Osaka Bay (Fig. 11c) (e.g., Matsumoto 
et al. 2003; Umeda et al. 2007; Sano and Nakajima 2008; 
Sano et  al. 2009; Morikawa et  al. 2016). Another nota-
ble observation is an Arima-type brine, whose oxygen 
and hydrogen isotope compositions are similar to those 
of magmatic/metamorphic fluids (e.g., Matsubaya et  al. 
1973). The origin of this Arima hot spring has been long 
argued, since the Arima hot spring is far from any vol-
canic sources. Furthermore, the Osaka Bay is an excep-
tional area in Japan where isolated, deep LFEs occur in 
non-volcanic environment (Figs.  9 and 11). Aso et  al. 
(2011) showed that the overall pattern of LFE spectrum 
beneath Osaka Bay is similar to that of volcanic LFEs and 
suggested that the Osaka Bay LFEs are related to fluids 
accumulation near the Moho.

The anomalous geochemical and geophysical observa-
tions in this non-volcanic area have been interpreted as 
indicators of either the upward migration of PHS slab-
derived fluids (e.g., Matsumoto et al. 2003; Umeda et al. 
2007) or fluids expulsion from a shallow magma body 
or solidified magmas (e.g., Sano and Wakita 1985; Kato 
et  al. 2014). The results of this study suggest that aque-
ous fluids, rather than magma or partial melts, are likely 
to exist in the upper crust beneath the Wakayama swarm, 
because the observed low-velocity and low-Vp/Vs values 
(< 1.7) cannot be explained by the presence of magma 
or melts (e.g., Nakajima et  al. 2001; Takei 2002). Con-
versely, the low-velocity and high-Vp/Vs values (> 1.8) 
observed at 20–40  km depth can be attributed to either 
magma (partial melts) or aqueous fluids (e.g., Takei 2002). 
Although we cannot discriminate the cause of this low-
velocity anomaly from seismological observations alone, 

the Wakayama swarm and Arima hot spring are both in 
non-volcanic areas (100–150  km away from the nearest 
Quaternary volcano) and the terrestrial heat flow in this 
region is not extremely high as that in volcanic areas (Tan-
aka et al. 2004). Therefore, we infer that the low-velocity 
and high-Vp/Vs values in the lower crust represent the 
existence of fluids rather than magma or partial melts.

Kusuda et al. (2014) suggested that the high salinity and 
solute concentrations of the Arima-type hot springs can 
be explained by dehydration of the PHS slab, because the 
estimated 87Sr/86Sr ratio of the deep brine is closer to the 
estimated ratio of PHS slab-derived fluids rather than 
that of Pacific slab-derived fluids. Crustal dehydration 
reactions of the PHS slab have been inferred to occur at 
either 15–50 km (Yamasaki and Seno 2003), or 32–44 km 
(Yoshioka et al. 2008), or ~ 60 km (Peacock 2009) depth, 
whereas the mantle dehydration reactions are expected 
at 25–75 km depth (Yamasaki and Seno 2003). Although 
the inferred depth ranges of these dehydration reactions 
are less constrained due to large uncertainties in the 
thermal structure of the PHS slab, it is evident that PHS 
slab-derived fluids are potentially expelled to the overly-
ing plate over a broad depth range, where intraslab earth-
quakes occur (e.g., Hasegawa and Nakajima 2017).

We infer that PHS slab-derived fluids are supplied to 
the uppermost mantle beneath the Osaka Bay and are 
the primary origin of the anomalous geophysical and 
geochemical observations across the Kii peninsula. Our 
observations suggest that slab-derived fluids first trig-
ger deep LFEs beneath the Osaka Bay, then they migrate 
upward toward the Wakayama area along the permeable 
zone, eventually facilitating the Wakayama earthquake 
swarm in the seismogenic upper crust and producing 
the high 3He/4He ratios across the Kii peninsula. We 
speculate that the fluids migrating toward the Wakay-
ama swarm are being further supplied to the southern 
part of the peninsula through potential permeable path-
ways above the impermeable materials (small blue arrows 
in Fig. 11b), even though this study cannot resolve such 
fine-scale structures. In contrast, the location of Arima 
hot spring is consistent with the location of a branch of 
the permeable zone, which facilitates upward fluid migra-
tion toward Arima hot spring, as illustrated in Fig. 11b. 
The high salinity and solute concentrations and high 
3He/4He ratios observed around the Arima hot spring 
are likely a result of the supply of the slab-derived fluids. 
Therefore, we conclude that the anomalous geophysi-
cal and geochemical signatures that have been observed 
across the Kii peninsula arise from a common source, 
and the observed variations are caused by different mani-
festations of the frictional and hydrological processes of 
the concentrated supply of slab-derived fluids.
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Earthquake triggering along pre‑existing faults
Our observations have revealed that the hypocenters in 
the northern part of the Wakayama swarm are aligned 
along well-defined planes that dip to the west at 30–45° 
(Fig. 8), which demonstrates that the earthquakes occur 
along individual fault planes. The focal mechanisms of 
M ≥ 3 earthquakes are consistent with the occurrences 
of earthquakes along westward-dipping fault planes with 
the strike of the N–S direction. Since the strikes of the 
major geological faults around the Wakayama swarm 
are oriented almost in the ENE–WSW direction, we 
interpret that the earthquakes in the northern part of 
the Wakayama swarm are triggered not by the reactiva-
tion of the major geological units but by shear fault slip 
of westward-dipping faults that are preferably activated 
as reverse faulting under the regional E–W compres-
sional stress regime (e.g., Terakawa and Matsu’ura 2010; 
Uchide et al. 2022). It is noted, however, that small strike-
slip earthquakes in the southwestern part of the Wakay-
ama swarm that have ENE–WSW-oriented nodal planes 
(Maeda et al. 2018) may occur along the major geological 
faults or their branches striking the ENE–WSW direc-
tion. This study does not detail the genesis of isolated, 
tiny earthquake clusters observed in the southern part, 
and we would require additional studies to discuss their 
origin.

Yoshida et  al. (2011) found that the vertical uplift of 
up to 10 mm/year has occurred immediately to the east 
of the Wakayama swarm and suggested that the uplift 
is caused by the intrusion of volcanic rocks beneath the 
eastern part of the swarm region (a purple ellipse in 
Fig. 11c). Maeda et al. (2018) proposed the existence of a 
heat source beneath the Wakayama swarm to explain the 
depth-dependent stress regime of the observed for small 
earthquakes in Wakayama. However, our tomographic 
results show that a specific heat source, such as magmatic 
body or solidified magma, with a dimension larger than 
~ 15 km is unlikely to be present beneath the Wakayama 
swarm. Therefore, we infer that the migration of a large 
amount of the slab-derived fluids to near the surface is 
related to the observed vertical uplift of ~ 10  mm/year, 
even though the horizontal offset between swarm activity 
and the area of uplift remains unsolved.

We propose, based on recent experiments and obser-
vations, and that three essential processes must occur 
to generate the earthquake swarm (Danré et  al. 2022; 
Nakajima and Hasegawa 2023). First, a large volume of 
overpressurized fluids originating from slab-derived flu-
ids migrate upward, and infiltrate into individual faults 
in the upper crust (Fig.  12). High pore-fluid pressures 
can then stabilize shear slip along the rate-strengthening 
part (creep areas) of each fault by increasing the friction 
parameter (a–b) and reducing the critical stiffness (kc) 

(e.g., Scholz 1998; Cappa et al. 2019; Bedford et al. 2021), 
which may trigger aseismic slip along pre-existing faults. 
These high pore-fluid pressures can simultaneously 
cause a reduction in the shear strength of the friction-
ally locked asperity patches on each fault. The combina-
tion of enhanced aseismic slip and the weakened strength 
of asperity patches may have triggered the persistent 
seismicity that is recognized as an earthquake swarm. 
We consider that earthquake swarm is not district from 
regular earthquakes in terms of their triggering process 
(Nakajima and Hasegawa 2023).

The Wakayama earthquake swarm is limited to a nar-
row (and shallow) depth range (5–10  km depth; Figs.  3 
and 9), even though there is a continuous supply of slab-
derived fluids throughout the seismogenic upper crust. 
Brittle deformation is required for the generation of 
earthquakes (e.g., Albaric et al. 2009); however, the fric-
tional properties of rocks are also an important factor 
for seismogenesis (e.g., Scholz 1998). Maeda et al. (2021) 
estimated that the thickness of the seismogenic layer is 
4–6 km for pelitic and mafic rocks beneath the Wakay-
ama swarm and concluded that earthquakes occur in a 
limited depth range, where the friction parameter is neg-
ative, such that velocity-weakening behavior is expected. 
The observed depth range of the Wakayama swarm is 
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slightly deeper than the Matsushiro volcanic swarm 
(2–8 km depth) (Mogi 1988) but it is similar to the Yama-
gata–Fukushima earthquake swarm (6–10 km depth) in a 
volcanic area (Yoshida and Hasegawa 2018). Conversely, 
the depth range of the Wakayama swarm is shallower 
than the Noto earthquake swarm (10–15 km depth) in a 
non-volcanic area (Nakajima 2022). These observations 
suggest that heat flux beneath the Wakayama swarm is 
relatively high, despite a non-volcanic location, probably 
due to the concentrated upward migration of fluids from 
the uppermost mantle.

Conclusions
We systematically investigated the Wakayama earth-
quake swarm beneath the Kii peninsula in a non-volcanic 
area of Japan using the JMA earthquake catalog in the 
2003–2020 period. The main conclusions of this study 
are as follows:

1. The average focal depth is 6.9 ± 1.9  km, and the b 
value is 0.96 ± 0.01 for the M ≥ 1 earthquakes.

2. The swarm consists of small- to moderate-sized 
earthquakes with twelve M ≥ 4 earthquakes, and the 
seismic activity occurs largely evenly in both time 
and space.

3. Most of the hypocenters in the northern part of the 
swarm activity occur along well-defined planes that 
dip to the west at 30°–45°, and a number of earth-
quakes are also distributed along conjugate, east-
ward-dipping fault planes.

4. Slab-derived fluids migrate to the Wakayama area 
through a northwestward-dipping permeable zone 
sandwiched by two impermeable bodies in the sub-
duction direction of the PHS slab. The location of the 
Wakayama swarm is regulated by structural hetero-
geneities in the crust.

5. The  persistent infiltration of huge amounts of fluid 
into individual crustal faults intermittently triggers 
aseismic slip, subsequently facilitating a cluster of 
earthquakes recognized as an earthquake swarm.

6. Observations of high 3He/4He ratios beneath the Kii 
peninsula, deep LFEs in the Osaka Bay, and Arima-
type hot springs all point to the same origin, with the 
variations in these observations being manifested by 
different processes caused during the upward migra-
tion of slab-derived fluids.

This study has elucidated the important seismologi-
cal features of the Wakayama swarm, thereby provid-
ing the opportunity to obtain a better understanding of 
this intriguing seismic activity, which occurs in a lim-
ited geographical area. Although this study can provide 

insights into the long-term earthquake activity across 
the Kii peninsula, the seismological analyses presented 
in this study only provide a present-day snapshot of 
subsurface structure, and they do not provide any infor-
mation on the temporal evolution of slab-derived fluid 
migration to the Wakayama swarm. Petrological and 
geochemical observations and numerical simulations 
of fluid flow will resolve the time-dependent processes 
associated with this seismic activity.
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