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Abstract

An intense earthquake swarm is occurring in the crust of the northeastern Noto Peninsula, Japan. Fluid movement related

to volcanic activity is often involved in earthquake swarms in the crust, but the last volcanic activity in this area occurred in

the middle Miocene (15.6 Ma), and no volcanic activity has occurred since then. In this study, we investigated the cause of

this earthquake swarm using spatiotemporal variation of earthquake hypocenters and seismic reflectors. Hypocenter relocation

revealed that earthquakes moved from deep to shallow areas via many planes, similar to earthquake swarms in volcanic regions.

The strongest M5.4 earthquake initiated near the migration front of the hypocenters. Moreover, it ruptured the seismic gap

between the two different clusters. The initiation of this earthquake swarm occurred at a locally deep depth (z = ˜17 km), and

we found a distinctive S-wave reflector, suggesting a fluid source in the immediate vicinity. The local hypocenter distribution

revealed a characteristic ring-like structure similar to the ring dike that forms just above the magma reservoir and is associated

with caldera collapse and/or magma intrusion. These observations suggest that the current seismic activity was impacted by

fluids related to ancient or present hidden magmatic activity, although no volcanic activity was reported. Significant crustal

deformation was observed during this earthquake swarm, which may also be related to fluid movement and contribute to

earthquake occurrences. A seismic gap zone in the center of the swarm region may represent an area with aseismic deformation.
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Key Points (<140 characters)

1. An intense seismic swarm occurs in a non-volcanic region with hypocenters
migrating from deep to shallow depths via many planes.

2. A deep S-wave reflector, suggesting a fluid source, is located near the
seismicity initiation point and above the low-velocity anomaly.

3. A ring-fault near the reflector represents part of a hidden, ancient, or new
magmatic system that caused the swarm by supplying fluids.

Abstract (243 words < 250)  

An intense earthquake swarm is occurring in the crust of the northeastern Noto
Peninsula, Japan. Fluid movement related to volcanic activity is often involved
in earthquake swarms in the crust, but the last volcanic activity in this area
occurred in the middle Miocene (15.6 Ma), and no volcanic activity has occurred
since then. In this study, we investigated the cause of this earthquake swarm
using spatiotemporal variation of earthquake hypocenters and seismic reflectors.
Hypocenter relocation revealed that earthquakes moved from deep to shallow
areas via many planes, similar to earthquake swarms in volcanic regions. The
strongest M5.4 earthquake initiated near the migration front of the hypocenters.
Moreover, it ruptured the seismic gap between the two different clusters. The
initiation of this earthquake swarm occurred at a locally deep depth (z = ~17
km), and we found a distinctive S-wave reflector, suggesting a fluid source in the
immediate vicinity. The local hypocenter distribution revealed a characteristic
ring-like structure similar to the ring dike that forms just above the magma
reservoir and is associated with caldera collapse and/or magma intrusion. These
observations suggest that the current seismic activity was impacted by fluids
related to ancient or present hidden magmatic activity, although no volcanic
activity was reported. Significant crustal deformation was observed during this
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earthquake swarm, which may also be related to fluid movement and contribute
to earthquake occurrences. A seismic gap zone in the center of the swarm region
may represent an area with aseismic deformation.

Plain language summary (199 words < 200)  

An intense earthquake swarm is currently occurring in the crust of the north-
eastern Noto Peninsula, Japan. Fluid movement related to volcanic activity is
often involved in earthquake swarms in the crust, but no volcanic activity has oc-
curred in this region since the middle Miocene (15.6 Ma). We here investigated
the cause of this earthquake swarm using the precisely-determined earthquake
locations and seismic reflectors. We found that the earthquakes moved from
deep to shallow areas via many planes, similar to seismicity induced by fluid-
injection. The strongest M5.4 earthquake initiated near the upward migration
front on the largest planar structure. Further earthquakes may be possible in the
shallow part of this fault. We found a distinctive S-wave reflector, suggesting a
fluid source, in the immediate vicinity of the initiation point of this swarm. The
local hypocenters show a characteristic ring-like structure similar to the ring
dike that forms above the magma reservoir. These observations suggest that
the current seismic activity is being impacted by fluids related to ancient or
new hidden magmatic activity. The present results suggest that hidden magma-
induced structures and fluids can generate earthquakes even in areas where no
volcanic activity has been observed for over 10 million years.

1. Introduction

In subduction zones, fluids ascending from subducting oceanic slabs play an
essential role in various tectonic processes, such as magmatic activity, formation
of volcanic and lithospheric structures, and generation of crustal earthquakes,
in the overriding plane (Hasegawa et al., 2005; Iwamori, 1998; Mcbirney, 1969;
Tatsumi et al., 1983). The magma that ascends from the depths does not
necessarily erupt but may remain underground and solidify gradually. During
the solidification process, magma chambers trapped within the crust provide
fluid to the interior of the crust, which may affect the occurrence of crustal
earthquakes (Hasegawa et al., 2005).

Crustal earthquakes in subduction zones often occur around volcanoes. Ex-
amples include the 2008 M7 Iwate–Miyagi Nairiku earthquake (Yoshida et al.,
2014), earthquake swarms in Hakone (Yukutake et al., 2010) and Moriyoshi
(Kosuga, 2014) in Japan, those in the Yellowstone (Shelly et al., 2013) and
Mammoth Mountain (Shelly & Hill, 2011) in the USA, and those in the West
Bohemia/Vogtland region (Fischer et al., 2014). Previous studies have suggested
that deep crustal fluids related to magmatic activity reduce the strength of the
fault and cause earthquakes. Earthquake swarms, in particular, often exhibit
migration behaviors of hypocenters similar to fluid-injection-induced seismicity
(Cox, 2016; Kosuga, 2014; Parotidis et al., 2003; Shelly et al., 2013; Yukutake et
al., 2010), supporting the contribution of fluid movement and possible aseismic
slips for their occurrence. Seismic low-velocity zones and seismic reflectors are
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often found beneath the seismogenic zone, suggesting that fluids are concen-
trated near the reflectors (Hori et al., 2004; Taira et al., 2007; Umino et al.,
2002).

Earthquakes also frequently occur near paleo-volcanoes and paleo-calderas
where volcanic activity has ceased in the past (more than a million years
ago). For example, in Japan, intense earthquake swarms recently occurred
near paleo-calderas at the Yamagata–Fukushima border area (Okada et al.,
2015; Yoshida et al., 2016), Sendai–Okura area (Yoshida & Hasegawa, 2018b),
and Kagoshima Bay area (Matsumoto et al., 2021). These earthquakes
show similar characteristics to earthquake swarms in active volcanic regions,
including hypocenter migration from deep to shallow areas and the presence of
low-velocity regions and seismic reflectors beneath the source region (Kosuga,
2014; Okada et al., 2015; Yoshida et al., 2016; Yoshida & Hasegawa, 2018a and
b; Matsumoto et al. 2021). These similarities suggest that the occurrence of
earthquake swarms around paleo-calderas is also related to fluid behavior. The
source of such fluid is considered to be an old (several Ma), almost solidified
magma chamber.

Crustal earthquakes in subduction zones, however, also occur in areas apart from
known volcanoes and paleo-calderas. Even in the case of these earthquakes,
crustal fluids of slab origin may be involved as such fluids do not necessarily
correlate with volcanic activity. In some fore-arc regions of the volcanic front
(such as the Kii Peninsula and the Arima Onsen area in Japan), fluids originat-
ing from the slab ascend directly near the surface without magma formation
(Kusuda et al., 2014; Morikawa et al., 2016). Deep low-frequency earthquakes,
a phenomenon related to fluids, are often observed near volcanoes in the plate
(Hasegawa & Yamamoto, 1994) and sometimes occur in areas far from the vol-
canoes (Aso et al., 2011), which is consistent with the idea that deep fluids
are distributed outside the immediate vicinity of the volcano or paleo-caldera.
However, the degree of fluid involvement in crustal earthquakes in subduction
zones is not well understood.

Since December 2020, an intense earthquake swarm has occurred in the north-
eastern Noto Peninsula (Fig. 1) in Japan, which is an example of crustal earth-
quakes far from volcanoes and paleo-calderas. The area is marked by thick
(2 km+) Oligocene to middle Miocene volcanic and volcaniclastic rocks that
erupted in the pre- to syn-opening stage of the Japan Sea (Yoshikawa et al.,
2002). Surface geological studies revealed that volcanic activity terminated at
ca. 14 Ma and the area is covered by marine sediments. Because of the shorten-
ing deformation since the latest Miocene, ENE–WSW trending folds and reverse
faults have developed in this area (Yoshikawa et al., 2002; Ozaki, 2010). Along
the northern coast of the Noto Peninsula, active marine faults run parallel to
the coastline (Inoue and Okamura, 2010).

The occurrence mechanism of the current earthquake swarm is essential for
evaluating the future development of seismicity. An active fault segment (Suzu-
oki segment) exists immediately north of this swarm area (black thick line in
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Fig. 1a; Inoue et al., 2010). This earthquake swarm continues to be active
as of October 2022, and the largest earthquake to date was the M5.4 earth-
quake that occurred on June 19, 2022. In the surrounding area, an M6.6 earth-
quake occurred in 1993, just north of the current earthquake swarm (Fig. 1a),
and an M6.6–7 earthquake occurred in 1729 (Usami, 2003). In 2007, an M6.9
earthquake and its aftershocks occurred in an area far-west (Kato et al., 2008).
Whether the present earthquake swarm will lead to a large earthquake is an
important question. In this study, we investigated the occurrence mechanism of
this earthquake swarm based on its commonalities with fluid-related earthquake
swarms. In particular, we examined earthquake migration and the presence of
deep seismic reflectors and low-velocity areas. Based on this, we suggested the
possibility that this current activity is caused by fluid movements related to a
hidden magmatic structure.

Figure 1. (a) Map showing the location of the study region. The rectangle
indicates the study area, and triangles indicate Quaternary volcanoes. The thick
black line represents the Suzu-oki active fault segment (Inoue et al., 2010). Gray
dots show the hypocenters of shallow earthquakes (z < 40 km) with the JMA
magnitude 𝑀JMA ≥ 2.0 for the period from January 1, 2003, to September 30,
2022. Yellow stars indicate earthquakes of �M6.5 that have occurred since 1919.
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Red star indicates the ~M7 earthquake in 1929 (Usami, 2003). Beach ball shows
the moment tensor solution by F-net. Green color is the maximum earthquake
of M5.4. Blue crosses indicate the distribution of stations in this analysis. (b)
Map showing the area of (a) by rectangle. (c) Magnitude–time diagrams of
events in the source region of the Northeast Noto swarm. Blue circles with gray
bars indicate the earthquake magnitudes in the JMA unified catalog. The black
line denotes the number of earthquakes M>2.

2. Fault structure and earthquake migration

We relocated earthquake hypocenters around the source region of the earth-
quake swarm in the northeastern Noto Peninsula according to previous stud-
ies (Yoshida & Hasegawa, 2018a, 2018b). We used the 1-D velocity model
of Hasegawa et al. (1978) for relocation. The waveform cross-correlation-based
double-difference earthquake relocation method (Waldhauser & Ellsworth, 2000)
was applied to 10950 𝑀JMA ≥ 1 earthquakes from March 1, 2003 to September
30, 2022 in the Japan Meteorological Agency (JMA) unified catalog (Figs. 1a
and S1). This process was essentially the same as that described by Yoshida and
Hasegawa (2018a, 2018b). Waveform data were derived from the JMA and Hi-
net (NIED, 2019b) and F-net (NIED, 2019a) of the National Research Institute
for Earth Science and Disaster Resilience (NIED) (Fig. 1).

We used 280,915 P-wave and 282,817 S-wave differential arrival time data de-
rived from the arrival time data in the JMA unified catalog. We also used
26,545,802 P-waves and 19,922,017 S-wave differential arrival time data derived
from the waveform correlation analysis. Figure 2b shows the relocated locations
of the 10940 events. Almost all of the 10950 events were relocated with the DD
algorithm. The location data for ten earthquakes were removed because their
hypocenters were located above the ground surface or contained outliers in the
differential arrival time data. The uncertainty in earthquake locations was evalu-
ated via 100 bootstrap resamplings of the differential arrival time data. Median
lengths of the 95% confidence intervals were 0.0023° in longitude, 0.0021° in
latitude, and 0.37 km in depth.
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Figure 2. Hypocenter distributions. (a), (c): the original hypocenters listed in
the JMA unified catalog. (b), (d): the relocated hypocenters in this study. (a)
and (b) show the map view, and (c) and (d) show the cross-sectional view along
the longitude direction. The sizes of the circles correspond to the fault diameter,
assuming a stress drop of 10 MPa. The color scale shows the occurrence time
of each earthquake. Dotted squares represent four clusters.
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Figure 3. Cross-sectional view of the relocated hypocenters. The 12 figures
show across-fault vertical cross-sections along the lines shown in Figure 2. The
color scale denotes the occurrence time of each earthquake.

Comparison of Figures 2a and 2b shows that our relocation allowed a much finer
view of the fault structure. The source area can be roughly divided into four
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clusters, referred to as clusters S, W, N, and E, as shown in Figure 2. The effect
of hypocenter relocation was more pronounced in the depth direction than in the
horizontal direction as shown in Figures S1 and 3, which show a cross-section of
the entire area before and after relocation in the northwest–southeast direction,
which is normal to the predominant strike direction of the focal mechanisms (Fig.
1). The hypocenters that appeared cloud-like and scattered before relocation
(Fig. S1) were concentrated in many planar structures.

Most earthquakes occur at depths below 14 km. However, cluster S had a
significantly deeper depth limit for earthquakes, with earthquakes occurring as
deep as z = 18 km. In this cluster, earthquakes occurred at three depths of
approximately 17, 13, and 10 km (Figs. 3H and S2). Figures 4 and 5 show
the hypocenter locations in the map and cross-sectional views for 16 different
periods (measured from December 1, 2020). A cluster of earthquakes at a depth
of ~17 km occurred at the beginning of this earthquake sequence (Figs. 4a and
5a). Seismic activity started in Cluster S and became more active in the order
of Clusters W, N, and E.
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Figure 4. Earthquake locations in each time window. Time t is measured from
December 1, 2020. Blue circles indicate the earthquake hypocenters within the
time window, and gray circles indicate the locations of earlier earthquakes. The
lines and squares in (a) represent the locations of the cross sections in Figure 5.
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Figure 5. Cross-sectional view of the earthquake hypocenters in each time
window. Time t is measured from December 1, 2020. The orientation of the
cross sections is shown in Figure 4a. Blue circles indicate the locations of earth-
quakes within the time window, and gray circles indicate the locations of earlier
earthquakes.

Figure 5 shows that the depth of the earthquake gradually expanded in a shal-
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lower direction via many planes. Figure 6 directly compares the timings and
depths of the earthquakes for the entire source region and each cluster. The
depth of the earthquakes gradually expanded toward the shallow side in each
of the three clusters x (Figs. 6d–f). except for Cluster S (Fig. 6c), wherein the
earthquakes were intermittent and complex.

Figure 6. Temporal changes in earthquake depth. Four different colors rep-
resent the four clusters. (a) Map showing the earthquakes in the four clusters.
(b) Comparison of time and earthquake depth. (c)–(f) Comparisons of time and
earthquake depth for each cluster. The contours show the diffusion front for
diffusion coefficients of 𝐷 = 0.02, 0.1, 0.5, and 1.0 m2/𝑠.
Figure 7 shows a cross-section of earthquakes in the northern clusters (N, E) con-
centrated on well-defined fault structures (Figs. 3, S4, S5). The earthquakes
occurred on several parallel planes dipping in the east–southeast direction. The
largest M5.4 earthquake also occurred on one of the east–southeast dipping
planes in the region between Clusters N and E (Fig. 7e). A small number
of planes were nearly conjugated to the east–southeast dipping planes and ap-
peared to be connected to the east–southeast dipping planes (Fig. 7g, h). Figure
7 indicates the order of earthquake occurrence by color, showing that the move-
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ment of the earthquake hypocenters from shallow to deep occurred via multiple
planar structures. Video S1 shows the temporal variations in the hypocenters
of the entire source area. Some earthquakes moved from shallow to deep along
the planar structures, but overall, the earthquake locations moved from deep to
shallow, which is consistent with Figure 6.
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Figure 7. Distribution of the relocated hypocenters in the northern part. The
color scale shows the relative occurrence time of each earthquake.

The observed earthquake migration was similar to that frequently observed
in fluid-injection-induced seismicity (Shapiro et al., 1997) and natural crustal
earthquake swarms (Yukutake et al., 2010; Shelly et al., 2013; Kosuga, 2014;
Amezawa et al., 2021). In Figure 6, we have also plotted the pore-pressure
front based on the fluid diffusion model 𝑟 =

√
4𝜋𝐷𝑡 using the equation pro-

posed by Shapiro et al. (1997), where 𝐷 is the hydraulic diffusivity. Here,
we only considered migration in the depth direction by assuming that fluid dif-
fusion begins near the initiation point of each cluster. The migration of this
earthquake can be roughly explained by a diffusion coefficient of approximately
𝐷 = 0.02 − 0.1 𝑚2/𝑠 in Clusters W, N, and E, which is similar to the values ob-
served for earthquake swarms near volcanoes and calderas in the crust of Japan
(Yukutake et al., 2010; Kosuga, 2014; Okada et al., 2015; Yoshida & Hasegawa,
2018a and b; Matsumoto et al. 2021; Amezawa et al. 2021). Only in Cluster
S, where the depth of earthquake occurrence was divided into several clusters,
the migration speed appeared to be fast and was consistent with the curve for
approximately 𝐷 = 0.5 − 1.0 𝑚2/𝑠. However, some shallow earthquakes oc-
curred in this cluster before the current activity (Fig. 6). The actual patterns
of hypocenter movement were complex (Fig. 7) compared to the simple model
with a constant diffusion coefficient.

The obtained features were remarkably similar to those observed in earthquake
swarms that became active near volcanoes or paleo-caldera in northeastern
Japan after the 2011 M9 Tohoku earthquake. Indeed, these earthquake swarms
share a marked tendency for earthquake locations to move from deep to shallow
using multiple planes, which can be explained by fluid migration (Kosuga, 2014;
Yoshida & Hasegawa, 2018a and b; Yoshida et al., 2019) and were inferred to
have been caused by fluid movement associated with the crustal deformation
of the Tohoku earthquake, despite the decreased shear stress caused by the To-
hoku earthquake (Terakawa et al., 2013; Yoshida et al., 2016). The similarity of
the migration characteristics of the earthquake swarm in the northeastern Noto
Peninsula and the above earthquake swarms suggests that the present activity
was also influenced by upward fluid movement.

3. Fault zone of the largest M5.4 earthquake

Figures 8 and 9 show the temporal variation in earthquake locations before and
after the largest M5.4 earthquake. Clusters N and E showed a trend of gradual
northward expansion of the source area (Figure 8b–c). Until the largest M5.4
earthquake, Clusters N and E were split into two, with only a few earthquakes
in the vicinity of the M5.4 hypocenter until approximately 100 days before the
earthquake. Many earthquakes occurred within 0.5 km from the planar struc-
ture corresponding to the fault plane of the M5.4 earthquake (dark color in Figs.
8a and e). This planar structure extends to the eastern edge of Cluster E, and
Cluster E gradually expands westward to the hypocenter of the M5.4 earthquake
before the M5.4 earthquake (Fig. 8d). Several M>3 earthquakes occurred in the
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vicinity approximately 100 days before the M5.4 earthquake on the same planar
structure (blue stars). The M5.4 earthquake finally occurred near the migration
front of the previous small earthquakes, and after this earthquake, earthquakes
began to occur at shallower depths. Overall, the earthquakes moved from deeper
to shallower levels in this planar structure (Fig. 9). This earthquake migration
may represent fluid diffusion through a fault zone or aseismic slip propagation.
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Figure 8. Spatiotemporal variation of the earthquake hypocenters in the north-
ern region where the largest earthquake occurred. (a) and (f) are map and
cross-sectional views, respectively, with blue circles indicating the earthquakes
before the M5.4 earthquake and red circles indicating the earthquakes after the
M5.4 earthquake. Green symbol represents the M5.4 earthquake. Darker colors
indicate earthquakes near the M5.4 fault zone (<0.5 km). Stars represent M>3
earthquakes in the area squared in (a). The yellow and pink beach balls in
(a) represent the focal mechanisms for the M5.4 and empirical Green’s function
(EGF) earthquakes. The location and range of the cross-section in (f) are rep-
resented by the black line with a dashed rectangle in (a). (b)–(d) represent the
relationship between the timings of earthquake occurrence and latitude (b, c)
and longitude (d). The green horizontal line indicates the rupture area of the
M5.4 earthquake in Figure 9. (e) shows the b-value and standard error (vertical
line). Horizontal lines indicate the range of data.
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Figure 9. Spatiotemporal variation of the earthquake hypocenters near the
fault zone of the M5.4 earthquake within 0.5 km. The color scale shows the
relative occurrence time of each earthquake. Gray indicates earthquakes outside
the fault zone (> 0.5 km).
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To estimate the rupture area of the largest M5.4 (Mw5.2) earthquake, we fol-
lowed the procedure used by Yoshida et al. (2020) and (2022). We first es-
timated the apparent moment rate functions (AMRFs) of the M5.4 event by
waveform deconvolution and then inverted the AMRFs to obtain the spatiotem-
poral distributions of the coseismic slips.

We estimated AMRFs using the time–domain deconvolution method of Ligorria
& Ammon (1999), which employs the method of Kikuchi & Kanamori (1982),
with a non-negative constraint. We selected the waveforms (transverse compo-
nents of S-waves) of the April 2022 M4.1 earthquake (shown by the pink focal
mechanism in Fig. 8) as the empirical Green’s functions (EGFs) because it oc-
curred close to the target earthquakes and had a similar focal mechanism to the
target M5.4 event and sufficient signal-to-noise ratio. Because the magnitudes
of the target and EGF earthquakes are relatively similar, the frequency band
should be relatively narrow. We set the cutoff frequency of the low-pass (fourth-
order Butterworth-type) filter used in the deconvolution to 2.0 Hz. We used the
velocity waveform data from the NIED F-net (NIED, 2019b) and acceleration
waveform data from the NIED KiK-net (NIED, 2019c). We used AMRF in
further analysis only when a derived AMRF explained more than 80% of the
observed waveforms in variance reduction. We derived 17 AMRFs showing clear
directional dependence (Figs. 10 and S6); they had large amplitudes and short
durations at the western stations and small amplitudes and long durations at
the eastern stations. This directional dependence suggests that the M5.4 earth-
quake rupture propagated westward.
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Figure 10. Results of slip inversion of the M5.4 earthquake. (a) Map projec-
tion of slip distribution. Blue circles indicate earthquakes before the M5.4 earth-
quake, and red circles indicate earthquakes after the M5.4 earthquake. Darker
colors represent earthquakes on the M5.4 earthquake fault. (b) Source time
function. (c) AMRF fitting; red is observation and black is the model result.

We estimated the rupture process and slip distribution of the M5.4 earthquake
using the methods of Hartzell & Heaton (1983) and Ross et al. (2018). Because
we used relatively low-frequency waveforms (<2.0 Hz) in the inversion, we fo-
cused on the macroscopic characteristics (i.e., rupture propagation direction and
slip area) rather than the details of the rupture process. The assumptions are
as follows: (1) the rupture initiates at the center of a rectangular fault with a
strike of 61° and dip angle of 51°, which is consistent with the focal mechanism
(Fig. 8a); and (2) the rupture front propagates over the fault with a constant ve-
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locity 𝑉𝑟 = 0.8𝑉𝑠 = 2.9 𝑘𝑚/𝑠. We set the fault length and width to 9.6 km and
divided it into 25 × 25 subfaults. We computed the relative delay times between
each subfault and station using the 1-D model for hypocenter relocation. The
local moment–rate function at each subfault is represented by the superposition
of the four triangular submoment rate functions (sMRFs). We determined the
half-duration of sMRFs 𝑡ℎ = 0.25 𝑠, considering the cut-off filter of the low-pass
filter (2.0 Hz). At each subfault, the first sMRF was aligned when the rupture
front reaches the center, and the subsequent sMRFs followed at a regular time
interval of 𝑡ℎ. We used the non-negative least-squares algorithm of Lawson &
Hanson (1995) to obtain the amplitudes of the sMRFs with a damping factor
(𝜆) and a smoothing factor (𝑒𝑠). We assumed the same values for 𝜆 and 𝑒𝑠 and
determined the specific values of 𝜆 = 𝑒𝑠 =2 based on a trade-off curve. AMRFs
were downsampled at 0.05-s intervals.

The slip distribution obtained from the AMRF inversion reproduced the ob-
served AMRFs well (Fig. 10), with the variance reduction (VR) between the
observed and theoretical waveforms being approximately 90%. According to
hypocenter information, the rupture began at the western end of the eastern
region (Cluster E), where small earthquakes occurred in the deeper part of the
fault. Our slip inversion results indicated that the rupture propagated further
west, producing a large slip primarily in the gap between Clusters N and E
(Figure 8d). The size of the rupture area of the M5.4 earthquake was roughly
comparable to that of this gap along the longitudinal direction (Figs. 8d, 10).
The aftershocks occurred at the periphery of the rupture zone.

We computed the radiated energy using the source time function with the
method of Vassiliou & Kanamori (1982) and obtained the value of 𝐸𝑅 = 2.94 ×
1010 J, and the scaled energy was 𝑒𝑅 = 𝐸𝑅/𝑀0 = 3.7 × 10−5. Note that our
inversion used a triangular sMRF, which extrapolates the high frequencies re-
moved by a low-pass filter with an omega-square envelope (Haskell, 1964). The
value of 𝑒𝑅 was close to the typical value for earthquakes occurring in the crust
of the Japanese Islands (Kanamori et al., 2020).

A difference was noted in the style of earthquake occurrence in the longitudinal
direction (Fig. 8a). Figure 8e shows the b-values calculated by dividing the area
into longitudinal sections using earthquakes prior to the M5.4 earthquake. The
cutoff magnitude was set to 2, and the same number of earthquakes (n = 100)
were used for each longitude range. Standard errors were obtained according to
the method described by Shi & Bolt (1982). The b-value was slightly less than
1.0 but was in the typical range of values. The b-value was lower in the region
between Clusters N and E, where the M5.4 earthquake occurred later, although
the variation was approximately the same as the standard deviation and the
magnitude–frequency distribution presented a somewhat complex shape in the
central region. The unique interpretation of the b-value is difficult, but the
obtained result may mean that the differential stress was relatively high in this
region before the M5.4 earthquake (Scholz, 1968 and 2015). Alternatively, based
on the reported positive relationship between pore pressure (inversely correlated
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with fault strength) and b-value (Bachmann et al., 2012; Mukuhira et al., 2021;
Yoshida et al., 2017), the results may suggest that the effect of fluid on fault
strength reduction was more pronounced in the western and eastern segments
and less pronounced in the rupture area of the M5.4 earthquake between the
two segments.

4. S-wave reflector and fluid source

Motivated by the deep-to-shallow migration of the earthquake hypocenters de-
scribed in Section 2, we attempted to detect S-wave reflectors in this region.
Previous studies have reported that S-wave reflectors in the crust often repre-
sent crustal fluids (Aoki et al., 2016; Doi & Nishigami, 2007; Inamori et al.,
2009; Kosuga, 2014; Matsumoto & Hasegawa, 1996).

Visual inspection of the seismic waveforms revealed that earthquakes occurring
in Cluster N often have a distinct reflection phase in the waveforms recorded at
station N.SUZH, which is located east of Cluster N. An example of this is shown
in Figure 11. The particle motion in this phase was dominated by horizontal
motion rather than particle motion upon direct arrival (Fig. S8), suggesting
that this phase is an S-wave reflected from deeper than a direct wave. Although
reflected phases were sometimes observed in other clusters and stations, they
were not as clear as those observed at the N.SUZH station. Therefore, in this
study, we estimated the reflection points using only the earthquakes in Cluster
N (1200 events of M>1.5) and the N.SUZH station.
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Figure 11. Example of reflected phases. The six figures on the left show
observed waveforms (8–16 Hz) for six earthquakes. The six figures on the right
show the logarithmic amplitudes of the two envelopes (black and gray) of the
waveform on the left and the difference between them (blue). Black and gray
lines are envelopes obtained based on short- and long-time averaged root mean
square (RMS), respectively. The red triangle represents the timing at which the
S×S wave would arrive when a reflection occurred at the best reflection point
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(star) shown in Figure 12.

We used a back-projection method to search for the S-wave reflector location as
described previously by Kosuga (2014). This method places grids around the
source area and evaluates how well the observed seismic waveform amplitude
can be explained when reflections occur in each grid. First, we squared the
amplitude of the observed seismic waveform (8–16 Hz) and computed the log
moving average over two different length time windows (0.33 s and 2.67 s) to
obtain the envelope ST𝐴𝑗(𝑡) for the short time window and LTA𝑗(𝑡) for the long
window (Fig. 11). Here, subscript 𝑗 denotes the 𝑗-th earthquake. The envelope
calculation method was as described by Hiramatsu et al. (2000). The envelope
ratio 𝑅𝑗(𝑡) = ST𝐴𝑗(𝑡)

LT𝐴𝑗(𝑡) was then calculated to emphasize the reflection phase, and
its logarithm 𝑟𝑗(𝑡) = log𝑅𝑗(𝑡) was used in subsequent analysis.

We calculated the time 𝑡𝑖 required for the reflected wave to reach the station
when a reflection occurred at each grid. In particular, we computed the time 𝑡𝑖_1
required for the S-wave to reach the i-th grid from the earthquake hypocenter
and the time 𝑡𝑖_2 required for the S-wave to reach the station from the grid, and
then obtained the sum 𝑡𝑖 = 𝑡𝑖_1 +𝑡𝑖_2. We used the same 1-D velocity structure
of Hasegawa et al. (1978) for hypocenter relocation. For each grid, we obtained
the stacked amplitudes 𝐴 (𝑥𝑖, 𝑦𝑖, 𝑧𝑖) = ∑𝑛eq

𝑗=1 𝑟𝑗 (𝑡𝑖) for different earthquakes,
where 𝑛eq = 1204 indicates the number of earthquakes. Grids with large values
of 𝐴(𝑥𝑖, 𝑦𝑖, 𝑧𝑖) were regarded as candidate reflector locations. Note that using
only a single earthquake and station does not provide a good constraint on the
reflection location; therefore, we used multiple (>1200) earthquakes to constrain
candidate reflection locations. The grid spacing was 0.001° horizontally and 0.2
km in depth, and data within 1.0 s of S-wave arrival were not used to prevent
contamination of the stacked amplitude by direct S-waves. This indicates that
we could not examine the grids near the earthquake hypocenters (Cluster N).

Figure 12 shows the distribution of the stacked amplitude 𝐴(𝑥𝑖, 𝑦𝑖, 𝑧𝑖) in the
area around the reflector location. 𝐴(𝑥𝑖, 𝑦𝑖, 𝑧𝑖) had the maximum value south
of the seismic Cluster N. A wide-area map for each depth is shown in Figure
S9. Although a reflector may have a spatial extent within the region of large
amplitude 𝐴, the present analysis method assumed that the reflection occurred
at the same point; therefore, we focused on the point with the largest amplitude
value. The reflector was located near the northern end of Cluster S near the
deepest point (17 km) of this earthquake swarm and coincided with the location
where this swarm began. This suggests that a fluid source exists near this point,
and that the released fluids contribute to swarm initiation. In Figure 11, the
arrival times of the reflected waves based on the best reflection point (𝑡𝑖) explain
the visible reflected phase well. The reflector location was estimated to be the
same, even when we performed the same analysis by dividing the entire period
into four parts (Fig. S10).
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Figure 12. Comparison of the hypocenter distribution of Cluster S and the
reflection point. (a)

The stacked envelope amplitude was calculated by back-projection. The color
indicates the envelope amplitude that can be accounted for when S×S reflec-
tions occur at that location. Star indicates the maximum location. The grids
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for which the number of available waveform data were less than half the total
are shown in gray. Blue circles represent hypocenters in Cluster S, black cir-
cles represent Cluster N, and gray circles represent all other hypocenters. (b)
Magnified view of the square area in (a) at a depth of 17.0 km. (c), (d) Two
cross-sections shown in (b).

1. Discussion

The intense earthquake swarm in the northeastern Noto Peninsula became ac-
tive on approximately December 1, 2020. Although earthquakes had occurred
before this date, the seismicity increased sharply after this date (Fig. 1c). The
earthquake swarm started in the deepest part of Cluster S and expanded in the
order of Clusters W, N, and E. The details of the phenomenon in the interclus-
ter region are not obvious. However, in Clusters W, N, and E, the earthquakes
started at the deeper part and migrated to a shallower level (Fig. 6). This
earthquake migration occurred via multiple plane structures (Fig. 7), suggest-
ing that the current earthquake swarm occurred during the migration of crustal
fluids from deep to shallow areas via multiple existing planes.

One essential question is where the fluids that generated the present earthquake
swarm originated. Focusing on the area around the starting point of this swarm
activity (Fig. 12b), we found that these locally deep earthquakes formed a
characteristic ring-like distribution. An S-wave reflector was located in the
immediate vicinity. This characteristic ring-like distribution was similar to the
ring dike structure formed just above the magma chambers associated with
caldera collapse (Johnson et al., 2002; Tomek et al., n.d.; T. Yoshida, 1984)
and/or with magmatic intrusion in the middle crust (Johnson et al., 2002).
Previous studies have reported the occurrence of earthquakes on such ring faults
near known caldera structures (Mori & McKee, 1987; Sandanbata et al., 2021;
Wilcock et al., 2016). The existence of a ring-like distribution of the hypocenters
at 15–17-km depth indicates that the pre-existing ring dike was re-activated by
fluids and/or that the ring dike was being formed or extended by an active
intrusion of magma. In either case, the S-wave reflector may represent the
upper edge of a magma reservoir, or a fluid concentration area released during
magma solidification, and the released fluid may generate an earthquake swarm
and migration. The solidified magma chamber could also be reactivated by a
new intrusion.

Figures 13d and e show the S-wave structure from the seismic tomography by
Nakajima & Hasegawa (2007). A low-velocity region of the S-wave was found in
the lower part of the reflector and ring fault. Deep S-wave low-velocity regions
similar to the present one are known in the lower crust beneath other calderas
formed in the late Miocene, and many recent earthquake swarms have occurred
there in Japan (Nakajima et al., 2006; Yoshida & Hasegawa, 2018; T. Yoshida
et al., 2014). The S-wave low-velocity zone extending from the lower to middle
crust of the deep Miocene caldera suggests the presence of a solidified deep
magma reservoir and may indicate a deep-to-shallow upward pathway of fluids
(Hasegawa et al., 2005). This supports the hypothesis that a fluid source exists
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near the deepest part of Cluster S and that fluid movement from this source
caused an intense earthquake swarm. Similarly, the resistivity structure suggests
the existence of fluids deep in the crust in the western part of the region where
the 2007 M6.9 earthquake occurred (Yoshimura et al., 2008). Hot springs are
still distributed in the vicinity, and high helium isotope ratios (3He/4He) have
also been observed in this area (Umeda et al., 2009).

Figure 13. Comparison with crustal deformation, gravity anomalies, and seis-
mic tomography results. (a) and (b) the Bouguer anomaly estimated by GSJ
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(2013) are shown in color. The thick black line represents the Suzu-oki active
fault segment (Inoue et al., 2010). The square in (a) represents the range in
(b). (c) Crustal deformation. The black arrows represent displacement fields
obtained by GEONET, and red ones represent the synthetic displacement fields
based on the point source shown by the gray beach ball in (c) and (e). (d)
and (e) Map (z = 25 km) and a cross-sectional view showing S-wave velocity
estimated by Nakajima & Hasegawa (2007). Black star represents the locations
of the seismic reflector detected in this study.

Currently, this area has no volcanic activity, with strata from the Oligocene to
the Late Miocene distributed on the surface (Ozaki, 2010). However, during the
Early to Middle Miocene (ca. 15–20 Ma) opening of the Sea of Japan, active
felsic volcanism occurred in this area (Ozaki, 2010; Shimazu et al., 1993). The
most recent volcanic activity in this area was rhyolitic volcanism in the middle
Miocene (15.6 Ma) Awagura Formation. After that volcanic activity, oceanic
sediments [Iida Formation (15.4–13.0 Ma) and Iizuka Formation (13–6.5 Ma)]
overlie the Awagura Formation with glauconite sandstone in between and are
thickly accumulated over the Cluster S area (Ozaki, 2010). It is possible that
volcanic activity related to the Awagura Formation caused the Cluster S area
to collapse rapidly during caldera formation, and thick marine strata were de-
posited there. Figures 13a and b show the Bouguer anomaly estimated by the
Geological Survey of Japan (GSJ), AIST (National Institute of Advanced Indus-
trial Science and Technology) assuming a crustal density of 2670 𝑘𝑔/𝑚3 (GSJ,
2013). A relatively high Bouguer anomaly characterizes the northeastern Noto
Peninsula region. However, there was a locally pronounced low-gravity anomaly
directly above Cluster S (green circles in Fig. 13b). This low-gravity anomaly
may reflect a hidden caldera (Awagura Buried Caldera), which was previously
unrecognized because it is covered by thick Middle-to-Late Miocene marine
strata at the surface. This coincidence is consistent with the idea that a solidi-
fied magma chamber generated during volcanic activity in the Middle Miocene
Awagura Formation exists deep in the vicinity of Cluster S while maintaining a
high water content. Clusters other than Cluster S appear to be located in the
periphery of the high-gravity anomalies surrounding the low-gravity anomaly
area. These may have occurred using structures related to caldera formation,
such as cone sheets (Phillips, 1974).

On the shallow side of Cluster S, a small number of earthquakes occurred before
the activation of the present cluster of earthquakes. The seismic activity was
also burst-like (Fig. 6), as is often observed in hydro-fracturing cases (Shapiro
et al., 2006), suggesting the existence of extremely high pore pressure. It is
possible that the fluid movement was not a one-time event and that other fluid
sources may exist in the surrounding area. Even during the activation around
2018 at a depth of about 13 km, the earthquakes appear to be gradually moving
shallower (t=-1300 to 0 days in Fig. S11).

Based on the proximity of the activated timing and the common characteristics
of earthquake migration, it is likely that the same factors also contributed to
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earthquake clusters other than Cluster S. However, there is a seismogenic gap
between Cluster S and other clusters. The earthquakes in Clusters S, W, and
N appear as a whole to be distributed near a single zone dipping approximately
southeastward (Fig. 5). This may indicate that a southeast-dipping, highly
permeable zone exists between Clusters S, W, and N, and fluid originating from
the depth of cluster S may have used this zone to reach the other clusters.
Cluster E was located shallower than this planar structure and may have been
caused by fluid ascent using a different path.

In the northern clusters, most of the earthquakes occurred along ENE–WSW to
NE–SW trending structures (Fig. 7), which is parallel to the trend of geological
reverse faults and fold axes. Reactivation of normal faults as reverse or oblique
slip faults is a common feature in the western part of the Noto Peninsula (Sato
et al., 2007), which may indicate that the present reverse-fault earthquakes
occurred at the deeper part of the Miocene listric normal fault. The length of
the fault that caused the largest M5.4 earthquake appears to be 2- or 3-times
larger than the rupture area, and the M5.4 and smaller earthquakes probably
ruptured only a portion of this fault. There may be another large earthquake
on the shallower high-dipping side of this fault. It is difficult for reverse fault
earthquakes to occur on a high-angle fault plane, but they may be possible
under extremely high pore pressures (Sibson, 1985).

Significant crustal deformation was observed during this earthquake swarm
(Nishimura 2022); Figure 13c shows the displacement from December 1, 2020, to
June 1, 2022, based on the GEONET F5 solutions with a distant station consid-
ered as the reference point (station ID:1158). Displacements of over 1 cm were
observed near the source area, which was not explained solely by seismic activ-
ity. Significant crustal deformation was also observed during a large earthquake
swarm in Matsushiro, Japan, in the 1960s and was thought to be the result of
water eruption processes (Kisslinger, 1975; Sibson, 1996). Recent observational
studies have suggested that fluid injection causes aseismic slip (Guglielmi et al.,
2015) or fault opening based on geodetic data (Rossi et al., 2016; Yukutake et
al., 2022) and seismicity (Barros et al., 2020; Hatch et al., 2020; Yoshida &
Hasegawa, 2018). From realistic frictional properties, it is natural that pore
pressure changes promote not only seismic but also aseismic slip (e.g., Yoshida
et al., 2021). It is possible that aseismic deformation, such as an aseismic slip
or fault opening, occurred in this seismic gap area.

We cannot constrain the origin of this aseismic deformation using the present
data alone, as only three stations observed significant displacements. We
checked whether the present idea of aseismic deformation in the seismic
gap was consistent with the available data. We computed the synthetic
displacements caused by an aseismic slip at the center of the seismic gap using
the reflectivity code of Zhu & Rivera (2002). We assumed a point source of
Mw 6.2 with a pure reverse fault consistent with the overall planar structure
(strike and dip angles of 45°) at a depth of approximately 14.5 km. The results
showed that this very simple source explained the observed displacements well
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(Fig. 13c). To examine aseismic deformation during this earthquake swarm in
detail, an analysis with more robust data is necessary (Nishimura et al., 2022).

Deep-source fluids play an essential role in the generation of crustal earthquakes
in subduction zones. In particular, earthquakes occurring in volcanic regions are
likely to be influenced by fluids related to magmatic activity that have dehy-
drated and ascended from the slab. Past or new magmatic activity may also
supply fluid to the crust and generate earthquakes; however, it is not easy to
find traces of magmatic activity from surface observations. The present re-
sults suggested that deep-source fluids originating from hidden magma-induced
structures can generate earthquakes, even in areas where no volcanic activity
has been observed at the surface for over 10 million years.

5. Conclusion

Intense earthquake swarms are occurring in the non-volcanic area northeast of
the Noto Peninsula. This sequence exhibits a characteristic behavior similar to
that of earthquake swarms in volcanic regions. The observed upward migration
of earthquake hypocenters via multiple planes probably reflects fluid movement
from deep to shallow depths. The S-wave reflectors near the swarm initiation
point likely represent a fluid source. The deep ring-like distribution of hypocen-
ters near the reflector suggests that the earthquake swarm was initiated by fluid
outflow from a ring dike formed over a magma reservoir associated with past
caldera collapse and/or current magma intrusion. The remarkable crustal de-
formation observed during this earthquake swarm is likely related to the fluid
supply that contributed to the intense earthquake swarm. The present results
suggest that hidden magma-induced structures and fluids can generate earth-
quakes even in areas where no volcanic activity has been observed for over 10
million years.
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