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Abstract

On January 1st, 2024, a moment magnitude (M,,) 7.5 earthquake occurred on an active reverse fault in the northern
part of Noto Peninsula, being one of the largest intraplate events recorded in Japan. In previous studies, the dynamic
triggering of seismicity in Japan following some large remote earthquakes has been well documented, such

as in the case of the 2011 M,,9.0 Tohoku-Oki earthquake, the 2016 M, 7.1 Kumamoto earthquake, and other large
teleseismic events. In this study, we investigate the remote triggering of microearthquakes by the 2024 Noto earth-
quake and their characteristics. We analyze waveform data recorded at high-sensitivity seismic stations in Japan,
before and after the occurrence of the Noto mainshock. Local earthquakes are detected on high-pass filtered
three-component seismograms. Low-pass filtered waveforms are used for visualizing the mainshock surface waves
and estimating dynamic stresses. Our results show a relatively widespread activation of small earthquakes—none

of them listed in the Japan Meteorological Agency (JMA) earthquake catalog—that were triggered by the passage
of the mainshock surface waves in many regions of Japan. These include Hokkaido and Tohoku in northeastern Japan,
Kanto in central Japan, and Kyushu in southern Japan. The triggering is mostly observed in volcanic regions, sup-
porting the hypothesis that such places are relatively easy to be activated dynamically, likely due to the excitation

of fluids by the passage of mainshock surface waves. The calculated dynamic stress changes estimated from peak
ground velocities, which triggered the earthquakes after the Noto mainshock, are in the range 12.8-102.6 kPa. We
also report potential, less well-constrained dynamic triggering by the M,,, 5.3 Noto foreshock, which occurred ~4 min
before the mainshock, at levels of stress about 100 times smaller. The analysis of a longer-term (1 month) seismicity
pattern, based on the JMA catalog, revealed a statistically significant increase of seismicity in the remote Akita—Yakey-
ama (Tohoku region) volcanic area, following the Noto earthquake.
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1 Introduction exceed the frictional strength of the remotely activated

After the occurrence of a large earthquake, many smaller  faults, which eventually causes local slip and earthquakes
events are reported to occur along the same fault as the  (Hill and Prejean 2015). According to the second model,
mainshock or along neighboring seismogenic areas. fluid transport and pore pressure changes caused by the
These events, usually known as aftershocks, are mostly  transient passage of surface waves decrease the effective
attributed to the triggering by static stress changes caused ~ normal stress, triggering seismicity (Beeler et al. 2000;
by slip on the mainshock fault (King et al. 1994), main- Cocco and Rice 2002; Hill and Prejean 2015). Sometimes
shock dynamic stress changes (Gomberg et al. 2001), or  the remotely triggered earthquakes occur hours to days
aseismic slip following the mainshock rupture (Perfettini ~ after the mainshock, rather than (only) immediately after
and Avouac 2004). In some cases, triggered earthquakes its occurrence (e.g., Pollitz et al. 2012). However, the
are reported at distances larger than a few fault-lengths  mechanisms behind such delayed triggering remain less

from the mainshock. At such remote distances, the static = known (Parsons 2005).
stress changes are too small to trigger seismicity, thus Harrington and Brodsky (2006) reported that the
another mechanism is required to explain the seismicity =~ occurrence of remote, dynamically triggered seismicity
activation. Many studies have confirmed that the passage  in Japan is relatively scarce compared to that in Califor-
of surface waves from relatively large earthquakes trigger ~ nia or Greece, which is often found in locally extensional
dynamically seismicity, at areas located as far as hundreds ~ environments, and proposed that the compressional
to thousands of kilometers away from the mainshock tectonics of Japan and the frequent occurrence of large
(e.g., Hill et al. 1993; Brodsky et al. 2000; Hough et al. mainshocks might inhibit the triggering. Van der Elst
2003; Gomberg et al. 2004; Velasco et al. 2008; Miyazawa  and Brodsky (2010) found that stress changes>~30 kPa
2011; Yukutake et al. 2013; Aiken and Peng 2014; Wang  are required to trigger earthquakes in Japan, while earth-
et al. 2015, 2018; Enescu et al. 2016; Opris et al. 2018; Fan  quakes are triggered by smaller transient stresses in
et al. 2020; Takeda et al. 2024; Yao et al. 2015, 2024). In  California (>~0.1 kPa) (see also Miyazawa et al. 2021).
few cases, body waves were also reported as being capa- However, there have been several more recent observa-
ble of triggering earthquakes (e.g., Gomberg et al. 2004;  tions of dynamic triggering in Japan which provided
Miyazawa 2012). new insights into the mechanism of triggering. Thus,
While the responsible physical mechanisms for the Miyazawa (2011) found widespread early post-main-
remotely triggered seismicity are still under debate, two  shock earthquakes triggered by the passage of the surface
sets of models are usually considered: (1) triggering by =~ wave front from the 2011 M, 9.0 Tohoku—-Oki earth-
frictional failure and (2) triggering through excitation of  quake. Enescu et al. (2016) reported a relatively wide-
crustal fluids (Hill and Prejean 2015). When the seismic-  spread activation of dynamically triggered seismicity in
ity is triggered by frictional failure, the dynamic stresses  Japan following the 2016 M, 7.1 Kumamoto earthquake.
In particular, triggered seismicity was found at or near
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volcanic/geothermal regions, suggesting that fluids may
have an important role in the triggering process. Takeda
et al. (2024) reported an increase in the triggering abil-
ity of earthquakes in the northern part of Japan, for tel-
eseismic events that occurred after the 2011 Tohoku—Oki
earthquake; the authors suggested that the megathrust
earthquake might have changed the triggering environ-
ment, in particular at volcanoes in northern Japan.

The 2024 M,, 7.5 Noto earthquake, which occurred
on a reverse fault in the northern part of Noto Penin-
sula, is one of the largest intraplate events recorded in
Japan. The mainshock initiated in a region with intense
earthquake swarms and ruptured bilaterally for a total
distance of up to 150 km (Okuwaki et al. 2024; Fujii and
Satake 2024; Ma et al. 2024; Peng et al. 2024). Ding et al.
(2024) reported possible evidence of remotely triggered
deep tectonic tremor along the southwest Japan subduc-
tion zone. The purpose of this study is to investigate the
remote triggering of seismicity (i.e., regular earthquakes)
in Japan, following this large event. By analyzing the con-
tinuous waveforms recorded at seismic stations that are
located at more than~2-3 fault-lengths away from the
mainshock epicenter, we find clearly triggered earth-
quakes in several seismically active regions. None of the
dynamically triggered earthquakes are recorded in the
Japan Meteorological Agency (JMA) earthquake catalog.
The triggered earthquakes are predominantly observed
during the passage of surface waves and located mainly in
volcanic areas. We also calculate dynamic stress changes
at locations where triggering has been observed and
compare our findings with previous results to discuss the
triggering mechanism.

2 Methods

Waveform data of the High Sensitivity Seismograph Net-
work (Hi-net), operated by the National Research Insti-
tute for Earth Science and Disaster Resilience (NIED),
were used to detect earthquakes triggered by the passage
of the surface waves from the 2024 Noto mainshock. The
Hi-net stations are typically installed in boreholes, at
depths > 100 m, which allows the detection of relatively
small events due to an increased signal-to-noise ratio.
The closest investigated station is located at a distance
of ~279 km from the Noto mainshock, where the static
stress change caused by the mainshock can be considered
relatively small compared to the dynamic ones since the
mainshock main slip ruptured bilaterally along a total
fault length of ~150 km (e.g., Okuwaki et al. 2024), with
the largest slip concentrated in a segment of~90 km
length. We used three-component continuous velocity
waveforms, from 647 Hi-net stations (National Research
Institute for Earth Science and Disaster Resilience 2019),
recorded from 1 h before to 1 h after the mainshock
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occurrence (January 1, 2024, 16:10:22 JST). To detect
local earthquakes, the waveforms were filtered with a
two-way Butterworth bandpass filter for a frequency
range of 10-30 Hz (e.g., Shimojo et al. 2014; Enescu et al.
2016). Such events were identified visually based on their
clear P and S wave arrivals and a “tg—t,” time < 5 s. Since
most of our detected earthquakes are small and observed
at just one seismic station, we have carefully checked that
these events are detected on all three components, verti-
cal, N=-S and E-W, and thus they are unlikely to represent
cultural or other types of seismic noise.

To visualize the surface waves and estimate dynamic
stresses, the waveforms were first corrected for instru-
ment response using the method developed by Maeda
etal. (2011). We then validated the correction by compar-
ing the surface wave amplitude of the corrected Hi-net
recordings with those recorded at nearby F-net stations.
After instrument correction, we applied a two-way But-
terworth bandpass filter, in the frequency range of 0.01—
0.2 Hz. Then, the horizontal components were rotated to
obtain the transverse and radial component waveforms.
To calculate the peak dynamic stress changes at each Hi-
net station, we used an estimation based on the observed
peak ground velocity (PGV), which has been widely used
in previous analyses (e.g., Peng et al. 2009). According to
Jaeger and Cook (1979), the peak dynamic stress change
(d,) is proportional to Gu’/V,,,, where G is the shear mod-
ulus (30 GPa), u’ is the peak particle velocity that can be
measured directly from the waveforms, and V,, is the
phase velocity of the surface waves, considered here as
4.1 km/s for the Love waves and 3.5 km/s for the Rayleigh
waves.

3 Results
Figure 1 shows the location of the Hi-net stations where
triggered earthquakes are observed during the passage
of surface waves from the Noto earthquake. Among the
recordings at 647 Hi-net stations, triggered local earth-
quakes were identified with high confidence (Group A)
at ten stations (green circles in Fig. 1). At least one pair
of P-wave and S-wave arrivals from waveforms of these
stations were identified during or immediately after the
passage of surface waves from the Noto mainshock.
Examples of triggered earthquakes are shown in Fig. 2. At
other stations (blue circles in Fig. 1), the triggered earth-
quakes are more difficult to confirm (we refer to them as
Group B) due to either low signal-to-noise ratio of seis-
mograms, less clear observation of P-wave and S-wave
arrivals, or a relatively high background seismicity level
interfering with the correlation between the local earth-
quake and the surface waves (Figure S1).

Figure 3a shows the low-frequency (0.01-0.2 Hz) fil-
tered waveforms recorded at 10 representative stations
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Fig. 1 Map showing the Hi-net seismic stations where triggered earthquakes were detected after the 2024 Noto earthquake. Green and blue
circles show stations where clear triggered earthquakes (Group A) and less clear ones (Group B) were identified, respectively. Red triangles show
volcanoes. The inset map is the zoom-in of the northern Noto Peninsula, which shows the location of the mainshock, the M5.3 foreshock, spatial
distribution of the aftershocks in the first 24 h after the mainshock, and the mainshock'’s focal mechanism provided by the National Research

Institute for Earth Science and Disaster Resilience (NIED)

(green circles in Fig. 1), after removing the instrument
response. Figure 3b plots the envelope function of the
vertical component of waveforms, filtered between 10
and 30 Hz; the triggered earthquakes can be identified as
small, but relatively abrupt increases of the signal ampli-
tude. Local earthquakes occurred predominantly during
or after the arrival of the Noto earthquake’s surface waves
(Rayleigh waves, in particular) at the recording stations
(Fig. 3). This observation suggests that such earthquakes
are triggered dynamically by the Noto earthquake.

We then investigated the PGV for the mainshock
surface waves recorded at different Hi-net stations

(Fig. 4a, b). Among the ten stations (green circles in
Fig. 1), the closest station to the mainshock’s epicenter
is HOUH, about 279 km away. At this station, the Ray-
leigh wave PGV is ~0.51 cm/s, and the Love wave PGV
is~0.64 cm/s. At the station NRKH located at about
332 km from the mainshock epicenter, the Rayleigh
and Love waves PGVs are~0.57 cm/s and 0.71 cm/s,
respectively. The farthest station at which we observed
triggered earthquakes in Group A is OSUH (874 km
away from the mainshock). The surface wave PGVs
for all Group A earthquakes are provided in Table S1.
Overall, the peak surface wave PGV decreases expo-
nentially with distance from the mainshock and both
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Fig. 2 Example of dynamically triggered earthquakes during the passage of the surface waves. a and c are the waveforms at station KKEH. b
and d are the waveforms at station OHTH. In both a and b, from top to bottom, the top three seismograms are the radial, transverse, and vertical
components which are 0.01-0.2 Hz bandpass filtered. The lowest bottom seismograms are vertical components filtered from 10 to 30 Hz.

c Dynamically triggered earthquake in (a). d Dynamically triggered earthquake in (b). Central bottom shows the location of the mainshock

and the two stations, KKEH and OHTH

Rayleigh and Love waves have the same exponential
decay factor of — 0.002 (Fig. 4). The decay is consistent
with that of Miyazawa (2011).

The estimated maximum dynamic stress change is pro-
portional to the PGV (see Methods), which shows an
exponential decrease with distance to the mainshock epi-
center (Fig. 4a, b). Among the ten stations (green circles
in Fig. 1), the stress change calculated from Rayleigh wave
PGV varies from 16.1 kPa (OSUH) to 60.8 kPa (NDGH)
and the stress change calculated from the Love wave
PGV varies from 12.8 kPa (NFRH) to 52.7 kPa (NRKH).
Table S1 summarizes the calculated stress change at all
ten stations.

At the stations where Group B triggered earthquakes
were identified, the PGVs for the Rayleigh waves are in
the range of 0.20-1.20 cm/s and for the Love waves in
the range of 0.13-1.22 cm/s. The dynamic stress change
associated with the Rayleigh waves is in the range of
18-108 kPa and that associated with the Love waves is in
the range of 10—89 kPa (Table S2).

At station NRKH, a potentially triggered earthquake
is also observed during the passage of the surface waves
from the M, 5.3 foreshock. The surface wave PGV and
the stress change for the foreshock (Figure S2) resem-
bles the pattern in Fig. 4, but the values are ~100 times
smaller. The PGV for the Rayleigh waves associated with
the potentially triggered earthquake is ~0.0016 cm/s and
for the Love waves is~0.0019 cm/s. The corresponding
stress changes are 0.15 kPa and 0.16 kPa, for the Rayleigh
waves and Love waves, respectively.

4 Discussion

4.1 Characteristics of remotely triggered earthquakes
Remote triggering of microearthquakes following the
2024 Noto mainshock are mostly observed in volcanic
regions. For Group A (high confidence triggering), 11 of
14 earthquakes are observed near volcanoes. For Group
B (low confidence triggering), 10 of 14 earthquakes occur
near volcanoes. Among Group A earthquakes, the dis-
tances from the recording station to the nearest volcano
are mostly less than 25 km (Table S1). Such a distribution
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Fig. 3 Continuous waveform at Hi-net stations (Group A stations, green circles in Fig. 1), where remotely triggered earthquakes have been
observed due to the passage of the surface waves from the 2024 Noto earthquake (yellow star in Fig. 1). a Vertical component waveforms filtered
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Station names and the distance from the station to the mainshock are also indicated

of triggered earthquakes confirms previous research that
shows volcanic regions are easier to be activated dynami-
cally, likely due to the excitation of fluids by the passage of
the mainshock surface waves (Hill and Prejean 2015). In
non-volcanic areas, triggered earthquakes are observed
at stations TROH in northern Tohoku, HOUH in Chubu,
and NDGH in Kinki region. At both HOUH and NDGH
stations, triggered earthquakes were also observed dur-
ing the passage of surface waves from the Kumamoto
earthquake (Enescu et al. 2016). Such repeated activation
may indicate faults where the state-of-stress is close to
the threshold of earthquake nucleation.

The predominant frequencies of the analyzed surface
waves that are responsible for triggering earthquakes in
this study are around 0.05-0.2 Hz (5-20 s), with a maxi-
mum spectral amplitude of around 10 m/s/Hz (Figure
S3). These predominant frequencies are consistent with
those reported in the case of the triggered earthquakes
following the 2016 Kumamoto earthquake (0.05-0.1 Hz;
Enescu et al. 2016).

As in other dynamic triggering cases (Miyazawa 2011;
Enescu et al. 2016), an earthquake triggering front is also
apparent in the case of the 2024 Noto earthquake, which
is consistent with the surface wave propagating front

(Fig. 3). The PGV values during the surface wave arriv-
als for the Group A events are equal to or larger than
0.17 cm/s, similar to those observed in the case of the
Kumamoto earthquake (Enescu et al.,, (2016), which were
typically above 0.20 cm/s.

Among the Group A and B earthquakes, the minimum
PGV and dynamic stress change responsible for trigger-
ing are 0.13 cm/s and 9.9 kPa (at station AYEH, Table S2),
respectively. These values are similar to those reported by
Enescu et al. (2016) and Takeda et al. (2024), but smaller
than the values found in several other studies of trig-
gering in Japan. For example, Harrington and Brodsky
(2006) report that for the case of the 2004 Sumatra earth-
quake, which produced peak shaking amplitudes in the
range 0.25-0.7 cm/s in Japan, only the largest PGVs were
associated with some remotely triggered events. Van
der Elst and Brodsky (2010) report significantly higher
dynamic stress change thresholds (>~30 kPa) for Japan.
The stress changes reported in this study may support the
findings of Takeda et al. (2024), who suggest that after the
2011 Tohoku—Oki earthquake the threshold of dynamic
triggering at volcanoes in NE Japan may have decreased.

It is also interesting to note that the PGVs caused by
the 2016 Kumamoto mainshock observed in the Noto
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from the mainshock, obtained at 647 Hi-net stations. a Dynamic
stress changes obtained for the Rayleigh waves (vertical component
seismograms) and b obtained for the Love waves (transverse
component seismograms). Color of dots indicates which area

the stations belong to (e.g., red dots indicate the dynamic stress
changes calculated from the waveforms recorded at the stations

in Kyushu). Dashed red lines show the trend of stress change/peak
ground velocity and the fitted equation, showing an exponential
decay, is given at the top right corner of each graph. The left y-axis
shows stresses (kPa), while the right y-axis represents the associated
PGVs (nm/s). The green dots indicate the stress change at the ten
stations where triggered earthquakes have been observed with good
confidence (Group A)

Peninsula, which triggered earthquakes, are in the range
of 0.34-0.72 cm/s (~24-56 kPa) (Enescu et al. 2016).
However, in the case of the larger 2024 Noto earthquake,
the observed PGV in the Kumamoto region, caused by
the Noto mainshock that triggered earthquakes is in
the range of 0.20-0.52 cm/s (15-38 kPa). One possible
explanation is that Kumamoto earthquake is a strike-slip
event, while Noto earthquake is a thrust event. Although
the surface waves from both earthquakes traveled about
the same distance, the 2016 Kumamoto earthquake was
characterized by relatively stronger Love waves (Enescu
et al. 2016), which is consistent with previous studies
reporting that strike-slip events might have more ener-
getic Love waves (Choy and Boatwright 1995; Fukao and
Abe 1971). We have checked the geologic structures at
the observed triggering locations and it seems that local
amplification factors are unlikely to explain the PGV
difference (Lopez and Ishiwatari 2002; Mukunoki et al.
2016). The relatively strong Love waves in the case of the
Kumamoto earthquakes might be also responsible for
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the widespread seismicity activation, at distances as large
as~ 1650 km (Enescu et al. 2016). Similarly, a global tran-
sient increase of M>5 events were found following the
2012 M8.6 and M8.2 Indian Ocean earthquakes, which
were also large strike-slip events, highlighting the impor-
tance of Love waves in triggering small to moderate-size
earthquakes (Pollitz et al. 2012).

4.2 Magnitude estimations for the triggered earthquakes
So far, we did not explicitly discuss the magnitudes of the
triggered earthquakes in this paper, since, in general, they
are recorded by a small number of stations and overlap
on seismograms with the arrival of the mainshock sur-
face waves. Thus, magnitude estimations may have a large
degree of uncertainty and tend to be overestimated (e.g.,
Takeda et al. 2024). To get some rough estimates for the
magnitudes, we used the earthquakes that are recorded
in the JMA catalog as reference. When a triggered earth-
quake has the same “tg—t;” and same S-wave amplitude
as a JMA-catalog earthquake, at a recording station, we
assign the triggered earthquake the same magnitude as
that of the JMA-catalog event. Most of the dynamically
triggered earthquakes have magnitudes around M1.0-
M1.7, with one exception of the mainshock-triggered
earthquake at station NRKH, which has a magnitude of
around M2.3. Since these dynamically triggered earth-
quakes are only recorded at a single station, the magni-
tude estimations should be regarded with caution. Note
that none of the triggered earthquakes we detected are
recorded in the JMA catalog, highlighting the importance
of examining high-frequency radiations of continuous
waveforms for identifying those triggered earthquakes.

4.3 Probability estimates for the triggered
versus background earthquakes

We calculated an approximate probability of Group A
earthquakes to be background earthquakes, using the
method proposed by Stein and Wysession (2009). To
define a short-term background window, we identified
events on the continuous waveform recordings in a 24 h
period before the occurrence of the Noto mainshock,
having “tg—tp” times smaller than or equal to 5 s. For
observations at three stations (NFRH, NDGH, KACH),
for which no event was detected on the continuous wave-
forms on the 24 h window, we used all the events in the
JMA catalog for a period of 1 month prior to the main-
shock, in a 20 kmx20 kmXx20 km spatial window, to
define the background. At stations NFRH and KACH,
since there is no earthquake recorded neither within the
24 h time window nor in the 1-month JMA catalog, we
assume, for the sake of the statistical test, that there is
one earthquake that occurred during the 1-month period
(Table S3). We used the same approach to estimate



An et al. Earth, Planets and Space (2024) 76:181

probabilities for Group B earthquakes and present the
results in the same table (Table S3). In general, we notice
the small probabilities (e.g., mostly less than 2% for a
10-min window) of these earthquakes to be background
events (Table S3), thus confirming their likely triggered
nature. Note that the probability of observing by chance
(i.e., as background events), in the triggering window, all
the earthquakes reported in this study would equal the
product of all the individual probabilities, which leads to
a much smaller value (essentially 0).

4.4 Possible triggering by the M,,5.3 Noto foreshock

Four minutes before the Noto mainshock, an M,, 5.3
foreshock occurred 3 km northwest of the mainshock’s
epicenter. During the passage of both the foreshock and
mainshock surface waves, triggered earthquakes are
observed at station NRKH in the Tohoku region (Figs. 3
and S4). The PGV of the foreshock-triggered earthquake
is around 300 nm/s, while for the mainshock-triggered
earthquake is around 3000 nm/s (Fig. S4c, d). The cal-
culated stress change caused by the passage of the main-
shock’s surface wave is around 49-53 kPa, while for the
foreshock’s surface wave is around 0.15-0.16 kPa (Fig-
ure S2). Because the potential foreshock-triggered event
is observed at a single station, it is difficult to carry out
comprehensive statistical tests to validate its identity.
Simple calculations show that the probability that this
earthquake is a background event, calculated using the
same procedure as that explained in the previous section,
for a 24 h-window before the foreshock occurrence, is
very small (less than 5%).

We investigated around 90 M, 5.2+0.2 earthquakes
that occurred in Japan after 2011 and are approximately
at the same distance from the station NRKH as the
events within the Noto sequence, and found few possible
triggering cases. However, due to low signal-noise ratio,
only one triggered earthquake shows clear P and S arriv-
als (Figure S5).

To further investigate the probability of triggering by
smaller earthquakes (6 >M,,>5) at locations around sta-
tion NRKH, we have visually inspected the seismograms
during the passage of surface waves from 17 M, >5 Noto
aftershocks, occurred within 1 month from the main-
shock, following the same procedure described at Meth-
ods. The first seven M,,>5 aftershocks occurred within
a short time after the mainshock; therefore, their surface
waves overlap with the mainshock’s surface waves, so it
is difficult to identify potential triggering on such rather
complex waveforms. For the other ten aftershocks, four
potential triggered earthquakes (occurred at 2024.01.02,
10:17:32; 2024.01.03, 10:54:35; 2024.01.03, 12:54:15 and

Page 8 of 12

2024.01.09, 17:59:11) were observed; however, only one
such event has clear P and S arrivals (Figure S6).

Cases of dynamically triggered seismicity with low
stress thresholds have been previously documented (e.g.,
Gonzalez-Huizar et al. 2012; Takeda et al. 2024). How-
ever, these cases are rare, and therefore, further system-
atic analysis is needed to draw definite conclusions.

4.5 Seismicity changes according to the Japan
Meteorological Agency (JMA) catalog

We have also visually inspected the JMA earthquake
catalog to check for any significant changes in seismic-
ity 1 day (Figure S7a) and 1 h (Figure S7b) before and
after the 2024 Noto earthquake. A clear increase in seis-
micity occurred around 100 km southeast of the main-
shock close to the Midagahara volcano in Chubu (Figure
S7a). Within 24 h after the Noto earthquake, 22 earth-
quakes occurred in this region, while within 24 h before
the mainshock there were no earthquakes in this area.
Among the 22 earthquakes, the earliest and largest earth-
quake is an M4.0 event that occurred around 30 min
after the mainshock (Figure S7c). We calculated the static
stress change in this area on specific receiver faults using
the slip model estimated by Okuwaki et al. (2024) and
the algorithm of Wang et al. (2021). The receiver fault is
chosen based on the location of the observed seismicity
increase, with fault information (strike, dip, rake) pro-
vided by the National Institute of Advanced Industrial
Science and Technology of Japan (https://gbank.gsj.jp/
activefault/search). In the Midagahara volcanic area, the
static stress change has values from~40 to 70 kPa (as
estimated for various depths from 8 to 18 km), which
is smaller than the dynamic stress change (more than
100 kPa) estimated for this area. Nevertheless, since we
did not observe any instantaneous triggering following
the mainshock for this area we hypothesized that the
triggering is more likely static (Belardinelli et al. 2003).
However, secondary processes, including fluid excita-
tion or damages in the fault zone frictional contact, may
cause delayed dynamic triggering (e.g., Parsons 2005; Pol-
litz et al. 2012; Shelly et al. 2011), which, therefore, may
not be ruled out. Farther from the epicentral region, no
other obvious increase is found. In the Tohoku and Hok-
kaido volcanic areas (Figure S7a), the earthquakes that
occurred after the Noto mainshock are more numerous
than before the mainshock. However, the trend is less
significant compared with the increase in the Midagahara
volcanic area.

We were also interested in the longer-term activation
pattern following the 2024 Noto earthquake. To check
the activation (or relative quiescence) of seismicity, we
adopted a more elaborate statistics and calculated the
fB-values following the same approach as Reasenberg
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and Simpson (1992). The S-values were computed for
whole Japan, at the nodes of a grid with a spacing of 0.05
degrees, for a period of 30 days before and after the Noto
mainshock. Earthquakes used are shallow (depth <20)
inland earthquakes and offshore earthquakes on the SE
side of Japan Sea, with magnitudes M >1.0. For each grid
node, we searched for the 50 closest nearby events and
computed the S-value statistics. The maximum radius at
each grid point is limited to 10 km. We considered the
B-values to be statistically significant if they are larger
or equal than a threshold, chosen here as a rather con-
servative value of 3.0, to eliminate spurious detections
(e.g., Pankow and Kilb 2020). Figure 5a, b presents maps
with the earthquake epicentral distribution and S-value,
respectively. The 5-value statistics should be interpreted
cautiously when comparing non-Poisson sequences
(Reasenberg and Simpson 1992); however, it does cor-
rectly identify two areas of clear seismicity change
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(Fig. 5b). Noto Peninsula is obviously activated, since it is
the aftershock area of the 2024 Noto earthquake (Fig. 5¢).
The Akita—Yakeyama volcanic area in Tohoku region also
has a clear seismicity increase starting about 1 week after
the Noto mainshock. In addition, there is a subtle seis-
micity increase in this region immediately following the
mainshock (Fig. 5d).

4.6 Limitations of current research and improvements
to be considered

In this study we have used visual inspection to identify
triggered earthquakes. Recent studies (Wang et al. 2015,
2018; Yao et al. 2015, 2024) have applied machine-learn-
ing methods (e.g., Zhu and Beroza 2019) or matched-
filter techniques (e.g., Peng and Zhao 2009) to produce
more uniform, enhanced and objective earthquake detec-
tions. While such methods may have advantages com-
pared to simpler visual inspection, they also have
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Fig. 5 a Epicentral distribution of inland earthquakes that occurred 30 days before and after the 2024 Noto earthquake. b $-value calculated using
the same earthquakes shown in (a). Gray areas represent regions where the 3-value cannot be calculated, using the conditions indicated in the text.
¢ Cumulative number of earthquakes that occurred 30 days before and after the 2024 Noto mainshock in region A, Noto peninsula. d Cumulative
number of earthquakes that occurred 30 days before and after the 2024 Noto earthquake mainshock in region B, northern Tohoku
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requirements that might be sometimes difficult to ful-
fill, like proper training using local data for the machine
learning algorithms and availability of events that can
be used as templates for the matched-filter techniques.
Improvements of using latest techniques to quantify
dynamic triggering (e.g., Wang et al. 2018; Miyazawa
et al. 2021; DeSalvio and Fan 2023) and estimate the
dynamic stress changes (e.g., Yoshida et al. 2020) should
also be considered.

5 Conclusions

We report remote triggering of seismicity following the
M,, 7.5 Noto earthquake occurred on January 1st, 2024,
in Noto Peninsula. Our analysis shows a clear correla-
tion between the passage of the surface wave from the
Noto mainshock and remotely activated seismicity, thus
mostly reflecting their instantaneous triggering behav-
ior. Most triggered earthquakes occur at or near volcanic
areas, suggesting that fluids may have promoted trigger-
ing by lowering normal stresses and facilitating fault slip.
Some of the volcanic regions, such as Akita—Komagatake
(northern Tohoku), have also experienced triggering fol-
lowing the 2016 M,, 7.1 Kumamoto earthquake and/or
other large teleseismic events (Enescu et al. 2016; Takeda
et al. 2024). The PGVs at the triggered earthquake sites
are in the range of 0.15 to 1.41 cm/s and the calculated
dynamic stress change is in the range of 12.8 to 102.6 kPa.
The minimum PGVs and dynamic stress changes sup-
port previous findings reported for Japan. We also found
potential dynamic triggering by the Noto foreshock (M,,
5.3), at levels of stress about 100 times smaller; how-
ever, it is difficult to rigorously confirm it statistically.
The analysis of a longer-term (1 month) seismicity pat-
tern, based on the JMA earthquake catalog, revealed one
remote volcanic area (Akita—Yakeyama), located about
419 km from the Noto mainshock that showed a statis-
tically significant increase in seismicity. We hypothesize
that this activation may relate to the Noto earthquake,
since immediate dynamic triggering is also observed in
the same region. Such possible long-term activations
should be further studied and the areas involved carefully
monitored, as they may help understand the underlying
physical mechanisms and the seismic hazard in the acti-
vated areas.
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