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Abstract

We investigated seismicity preceding an M 6.6 earthquake that occurred west-off Noto
Peninsula on 26 November 2024 (Japan Standard Time), using a hypocenter catalog re-located
based on waveform correlation. The preceding seismicity was divided into four periods, Period 1:
(from the last 10 days of January until February), Period 2: (from March until late September),
Period 3: (from late September until late October), and Period 4: (from 1st November until the
occurrence of the M 6.6 earthquake). Short-term activities of several hours to half a day were
observed in Period 1, while comparatively long-lasting activities of about two weeks were observ-
ed in Periods 3 and 4. In each of these activities, diffusive hypocenter migration was observed.
Diffusivity was estimated at approximately 1 m”s for the activities in Period 1, and 0.1 m%/s, a
one-order smaller value, for the activities in Periods 3 and 4. Based on the value of diffusivity and
relatively short duration, we consider the diffusive activities observed in Period 1 to be linked to
a slow fault-slip, an assumption that is supported by a fractal dimension of the hypocenter dis-
tribution that is nearly 2. On the other hand, the diffusive activities in Periods 3 and 4 may have
been caused by the intrusion of fluids into the fracture zone because the diffusivity is almost
the same as that observed in the swarm activity preceding the 2024 Noto Peninsula earthquake
(M 17.6), which is considered to have originated by upward fluid migration. The b values in the
Gutenberg-Richter law for activities in Period 1 and in Periods 3 and 4 were 0.75 £+ 0.07 and
0.53 + 0.06, respectively. These low b values, especially in Periods 3 and 4, indicate that the area
was highly stressed. The seismograms of the M 6.6 west-off Noto Peninsula earthquake show
that amplitude of the P-wave was small initially and grew gradually. We postulate that the fault
motion first spread out in the area of the preceding seismic activity that was highly stressed and
whose overall fault strength had been weakened by the intrusion of fluids. Thereafter, the fault
motion extended along a pre-existing fault which finally resulted in the M 6.6 earthquake.
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I. Introduction

Notable seismic activities were observed
prior to a magnitude (M) 6.6 earthquake that
occurred west-off the Noto Peninsula, Japan
on 26 November 2024 (Japan Standard Time).
We investigated characteristics of the spatio-
temporal distribution of earthquakes in the pre-
ceding activities. Much effort has been exerted
to distinguish precursory seismicity, which
results in the occurrence of a large earthquake,
during which it has been reported that earth-
quake migration or diffusion are observed (Kato
et al., 2012; Chen and Shearer, 2013; Ruiz et al.,
2014; Sugan et al., 2014; Cabrera et al., 2022;
Yoshida et al., 2023), the b value of the Guten-
berg -Richter law is low (Schorlemmer et al.,
2004; Nanjo et al., 2012; Gulia and Wiemer,
2019; Nanjo and Yoshida, 2021; Shimbaru and
Yoshida, 2021), and foreshocks are likely to be
located in the proximity of the mainshock focus
(Hamada, 1987; Yoshida and Hamada, 1991;
Maeda, 1996). In this study, we report that
the activity preceding the M 6.6 earthquake
showed all these characteristics.

The fault of the M 7.6 Noto Peninsula earth-
quake on 1 January 2024, which consisted of
multiple segments, extended over 150 km over-
all. The hypocenter of the M 6.6 earthquake
was located 20 km west of the westernmost seg-
ment of the 2024 Noto Peninsula earthquake
(Fig. 1). Centroid moment tensor solution of the
M 6.6 earthquake indicated a reverse fault along
the east-west pressure axis (Japan Meteoro-
logical Agency, 2024). Toda and Stein (2024)
calculated change in the Coulomb Failure Func-
tion (ACFF) brought about by fault motion
in the 2024 Noto Peninsula earthquake, and
showed that the M 6.6 earthquake was located
in region where ACFF for reverse fault motion
increased along an east-west pressure axis.

To investigate the characteristics of the
precursory activity, we used relocated hypo-
centers based on seismic waveform correlation.
In the following section, we explain how we
constructed the hypocenter catalog, then briefly
point out some easily visible features of the

hypocenter distribution of precursory activities
and aftershocks of the M 6.6 earthquake. In the
latter half of section II, we assess the problem
of the re-located hypocenter of the M 6.6 earth-
quake, which was determined far west of the
area of the precursory activity. Seismograms
of the M 6.6 earthquake at each observation
site show that it was difficult to detect the first
arrival time of the S-wave due to overlapping
large-amplitude P-waves that appeared later.
This situation very likely affected the calculat-
ed location of the M 6.6 earthquake because,
during the re-locating procedure, hypocenters
were determined based on P- and S-wave arriv-
al times selected by the Japan Meteorological
Agency (JMA) staff. By comparing the arrival
times of P-waves at observation sites in and
around the Noto Peninsula for three earth-
quakes, the location of the hypocenter of the M
6.6 earthquake—relative to the hypocenters of
the other two earthquakes and to the area of
precursory activity—was estimated.

In section III, diffusion of earthquake hypo-
centers, as well as some notable features of their
spatial distribution, are described. In section
IV, the b values and fractal dimensions of the
precursory activities are calculated, accompa-
nied by a discussion of the results’ implications.
Then, combining that discussion with the dif-
fusive features of the earthquake hypocenters
and characteristics of their spatial distribution,
we postulate what may have occurred before
and at the beginning of the fault motion of the
M 6.6 earthquake in the area around the focus.
Results of these analyses and discussion are
summarized in section V.

II. Data and methods

In this study, we analyzed the spatio-temporal
distribution of earthquakes that occurred after
the M 7.3 2024 Noto Peninsula earthquake in
the area denoted by the green rectangle in Fig.
1. The JMA catalog contains 5,084 earthquakes
with M 1.0 or larger in the period from January
2024 until March 2025. First, we relocated the
hypocenters by using P- and S-wave arrival
times selected by the JMA at stations shown in
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Fig. 1 Epicenters of an M 6.6 earthquake on 26 November 2024 (green star) and the M 7.6 Noto Peninsula earthquake
on 1 January 2024 (black star). Small black circles show epicenters of earthquakes that occurred in the period
between the two earthquakes. Centroid moment tensor solutions of the M 7.6 and the M 6.6 earthquake on
26 November were taken from JMA (2024). The shaded rectangular area shows fault model of the M 7.6 Noto
Peninsula earthquake was taken from by Toda and Stein (2024). Red line indicates the western Hakui-oki fault.
Inset on the left top shows the location of the Noto region in Japan, and that on the right bottom shows location
points of seismographs whose seismic data were used in producing the relocated hypocenter catalog.

Fig. 1. Next, based on the relocated hypocen-
ters, we obtained corrections of arrival times
for each station. Then, taking the arrival-time
corrections into consideration, we relocated the
hypocenters. Finally, we calculated relative
location, using waveform cross correlation, by
adopting the GrowClust algorithm (Trugman
and Shearer, 2017), which is essentially based
on the event-pair double difference method
(Waldhauser and Ellsworth, 2000). In the
procedure, we used the xcorr pick correction
of ObsPy (Beyreuther et al., 2010), and after
applying Deep Denoiser (Zhu et al., 2019), we
pre-processed band-pass filters of 2-8 Hz. We
obtained time differences of the P-wave arrival
times from the vertical component and those of

the S-wave arrival times from the transverse
component. The numbers of P- and S-wave dif-
ferential times were 10,134,716 and 4,579,902,
respectively. We used 2,662,573 event pairs
with a correlation coefficient = 0.6, and the 1-D
velocity model JMA 2001 (Ueno et al., 2002) to
calculate hypocenter. We obtained a hypocenter
catalog of 4,867 earthquakes that were used
in our analysis. Horizontal and vertical error
distributions of the relocated hypocenters are
shown in Electronic Appendix 1.

Fig. 2 shows the seismicity before the M 6.6
earthquake on 26 November 2024. Seismicity
became active three times. We investigated the
spatio-temporal features of the preceding seis-
micity by dividing it into four periods, Period 1:
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Fig. 2

Epicentral distribution, cross section and space-time variation in the north-south direction (upper panel) and

those in the east-west direction (bottom left panel), and magnitude-time diagram, change in the depth, as well
as daily and cumulative number of earthquakes (bottom right panel) for the precursory activity. Earthquakes in
Periods 1, 2, 3, and 4 are shown in green, yellow, pink, and red, respectively. Blue star shows the hypocenter of
the M 6.6 earthquake. The area of the map of the epicentral distribution corresponds to the square delineated by
red lines in Fig. 3. The blue line in the map indicates the 200-meter seafloor contour.

from 21 January until 29 February, Period 2:
from 1 March until 25 September, Period 3:
from 26 September until 31 October, and Period
4: from 1 November until the occurrence of the
M 6.6 earthquake. The epicentral distribution,
where events in each period are plotted by dif-
ferent colors, reveals that earthquakes in Period
1 occurred in the southern part of the area of

the preceding activity, while earthquakes in
Periods 3 and 4 occurred in its northern part.
The epicentral area of earthquakes in Period
4 appears to overlap with the northern part of
the area of activity in Period 1. However, the
depths of earthquakes in Periods 1 and 4 were
different. Seismicity in Period 2 was relatively
quiet. Features of the space-time distribution
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of earthquakes in each Period are described in
detail in section III.

Aftershocks of the M 6.6 earthquake were
distributed in a north-south direction and hypo-
central depths mostly ranged from 10 to 15
km, shallower in the northern part and slightly
deeper in the central part. A feature of the east-
west cross sections (A), (B), (C) is that the
depths of aftershocks tended to become shallow-
er in the east, although this tendency was not
clear in the southernmost section (D). From
the depth distribution of these aftershocks, the
fault plane of the M 6.6 earthquake is thought
to have declined to the west, which is consis-
tent from a macro perspective, with the reverse
fault mechanism of the earthquake having an
east-west pressure axis (JMA, 2024). Exten-
sion of the distribution of aftershocks to the
shallower direction crosses the seabed near the
western Hakui-oki active fault (cf. Fig. 1).

As shown in Figs. 3 and 4, the hypocenter of
the M 6.6 earthquake was determined in the
western end of the aftershock activity, away
from the area of the preceding activity. The
hypocenter of the M 6.6 earthquake in the JMA
catalog is located 1.52 km further west and the
depth (7.64 km) is 4.08 km shallower than the
relocated hypocenter. Next, we discuss some
problems related to the location of the hypocen-
ter of the M 6.6 earthquake.

As described in the first paragraph of this
section, in the procedure used to create the re-
located hypocenter catalog, we first calculated
provisional hypocenters by using the arrival
times of P- and S-waves detected by JMA staff
at observation sites shown in Fig. 1. Electronic
Appendix 2a shows seismograms of the M 6.6
earthquake at TOGI, HAKUI, SHIKA, and
NANADO stations in the Noto Peninsula that are
located to the east of the focus, and at KAGA
station, which is located to the south. The same
figure also indicates the appearance times of P-
and S-waves as detected by JMA staff. Electron-
ic Appendix 2b and c are the same as Electronic
Appendix 2a, but corresponding to an M 3.2
earthquake on 9 November, and an M 4.0 earth-
quake on 30 November, respectively. Note that

the amplitude of the P-wave of the M 6.6 earth-
quake was not large initially, but gradually en-
larged and the developing P-waves overlapped
with small-amplitude S-waves. This overlap
made it difficult to recognize the first arrival
of the S-wave. The difficulty in detecting the
start of the S-wave of the M 6.6 earthquake
is also suggested by the temporal order of the
arrival times selected for the S-waves at TOGI,
HAKUI, and SHIKA stations, which differ from
the order for the P-wave. Locations of the obser-
vation sites in the Noto Peninsula correspond
to the direction of the maximum pressure axis
in the fault motion for which amplitudes of the
S-wave tend to become relatively small. This
situation might be another explanation for the
difficulty reading the first S-wave. Horizontal
error of the hypocenter of the M 6.6 earthquake
relocated by GrowClust is 602 m, which is much
larger than 425 m, the median of the horizontal
errors for all the relocated hypocenters. This
also indicates that the relocated hypocenter of
the M 6.6 earthquake is suspect. When the start
of the S-waves is detected later than the true
arrival times, the reading makes the S-P times
larger, and the hypocenter is determined to
be further west from the stations in the Noto
Peninsula. We attempted to estimate the loca-
tion of the hypocenter of the M 6.6 earthquake
not using readings of the arrival times of the
S-wave in seismograms.

The KAGA station is located due south of
the focal region of the west-off Noto Peninsula
earthquake (Fig. 4). As hypocenters of an M 3.2
event on 9 November 2024 and an M 4.0 event
on 30 November 2024 are located at nearly the
same latitude (Fig. 5), it is assumed that the
travel time of the P-wave to the KAGA station
is almost the same for the two earthquakes.
However, the travel time of the P-wave at each
station in the Noto Peninsula should be different
in these two events, i.e., the travel time should
be larger for the M 4.0 event whose hypocenter
is located further west. Table 1 shows differ-
ences of the P-wave arrival times (DPAT)
between KAGA and each station in the Noto
Peninsula for the above-mentioned M 3.2 and
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Fig. 3 Upper panel: Epicentral distribution, north-south cross section and space-time distribution of aftershocks in the
period from the occurrence of the M 6.6 earthquake on 26 November until 31 December. Lower panel: Cross sec-
tions of aftershocks in the east-west direction. Blue and green stars represent the hypocenter of the M 6.6 earth-
quake in the relocated catalog and in the JMA catalog, respectively. The squares delineated by red and black
lines indicate the area of the precursory activity shown in Fig. 2 and the area of the map of Fig. 5, respectively.
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Fig. 4 (a) Difference in DPAT between the M 4.0 event on 30 November and the M 3.2 event on 9 November, (b)
between the M 6.6 earthquake and the M 3.2 event, and (c) between the M 6.6 earthquake and the M 4.0 event,
at stations around the Noto Peninsula. DPAT represents Difference of P-wave Arrival Time between KAGA and
any other stations; i.e., P-wave Arrival Time at KAGA minus that at any other stations. Note that the difference
is a negative value for case (b), i.e., DPAT for the M 3.2 event is larger than that for the M 6.6 event at almost
all stations and a positive value at almost all stations for case (c), indicating that the hypocenter of the M 6.6
earthquake is located west of the M 3.2 event and east of the M 4.0 event.
37.04°N Fig. 5 Relative locations of the M 6.6 mainshock on 26 No-
. vember (blue star), an M 3.2 event on 9 November
(blue circle), and an M 4.0 event on 30 November (blue
triangle) based on the relocated catalog. The green star
shows the location of the M 6.6 mainshock based on
37.02°N the JMA catalog. The red star indicates the location of
the hypocenter of the M 6.6 earthquake inferred from
differences in DPAT between the M 6.6, M 3.2, and M
4.0 earthquakes at stations in and around the Noto
Peninsula (cf. Fig. 4). The map area corresponds to the
37.00°N black square in the epicentral map of Fig. 3.
M 4.0 events and the M 6.6 earthquake. Note
36.98°N that DPAT should become smaller for the event
1 with a more western hypocenter. Fig. 4a shows
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s i & % for the M 4.0 event. From Fig. 4a it is observed
. . . that the DPAT for the M 4.0 event on 30
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November is smaller than that for the M 3.2
event at almost all stations, coinciding with
their relative location of the hypocenter of the
M 4.0 event, which is located west of the hypo-
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Fig. 6 Same as Fig. 2, but for Period 1. Earthquakes in the former half period and those in the latter half period are

plotted in light green and deep green, respectively.

center of the M 3.2 event. Similarly, when
DPAT for the M 6.6 earthquake is compared to
DPAT for the M 3.2 event, the former is smaller
at almost all stations (Fig. 4b). However, it is
notable that DPAT for the M 6.6 earthquake is
larger than DPAT for the M 4.0 event at almost
all stations (Fig. 4c). Figs. 4b and 4c indicate
that the hypocenter of the M 6.6 earthquake
was located east of the M 4.0 event and west of
the M 3.2 event. The star in Fig. 5 shows the
location of the M 6.6 earthquake inferred from
the comparison of the DPAT values for the M

6.6 earthquake with those for the M 3.2 and M
4.0 earthquakes.

II1. Precursory activity in each Period

1) Activity in Period 1

As is shown in Fig. 6, earthquakes in Period
1 occurred overall in an elliptic area of about
3 km x 2 km with its major axis running in
a northwest-southeast direction. The activity
until 4 February occurred in the southeastern
part and that after 5 February occurred in the
northwestern part. Depths of the earthquakes

— 367 —



202401260000—202401271159

136.40°E 136.42°F 136.44°F 136.46°F
37.04°N s s
km
—:—: ° M’I
0 1 2 o M2 01/26 01/27
o M3 00 06 12 18 00 06
o M4 e ' 0.0
e : 05
37.02°N N )
] L 1.0
] 15
€
=
1 . o 20 ot
o s
37.00°N 1 W 1 .. - ° |15 g
* °O(o> ° ’ o o Oooo
\ % ; ool 8 L 3.0
] L 35
1 L 4.0
36.98°N . ST— S :
00 b 15 e -
w E
06 1 . i
S ° —
=12 1 i ° F £ 10 . o
e o \G-; //\‘&\
18 1 R Z?é O- E )
00 8 2 05 Rt
5% t e % ' |
0.0

-1.5 -1.0 05 00 05 10 15

Distance (km)
Fig. 7

00 06 12 18 00 06
01/26 01/27

Epicentral distribution and space-time variation in the north-south direction and in the east-west direction for

the activity on 26-27 January. Bottom right panel is a graph where epicentral distances of earthquakes from
the cross mark on the epicenter map are plotted against their occurrence times. Curves represent an isotropic
pore-fluid pressure diffusion model proposed by Shapiro et al. (1997). The location of the cross mark was deter-
mined to be nearly the central point in the epicentral distribution of the first five earthquakes after 6 p.m. (plotted
as black stars), also referring to the north-south and east-west space-time distributions of the activity. The red

rectangle corresponds to that in Fig. 3.

were mostly in the range of 12-14 km. From
the space-time distribution and the magni-
tude-time diagram (M-T diagram), it can be
appreciated that swarm-like activity occurred
on 26-27 January, and on 5-6 February.

Fig. 7 shows an epicentral map of earthquakes
on 26-27 January, a space-time distribution in

the north-south and east-west directions, and
a diagram where epicentral distances of earth-
quakes from the cross mark on the map are
plotted against their occurrence times. Apply-
ing an isotropic pore-fluid pressure diffusion
model proposed by Shapiro et al. (1997), it was
estimated that the activity diffused at a diffu-
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Fig. 8 Same as Fig. 7, but for the activity on 5 February. Location of the starting point (red cross mark) was deter-
mined similarly to the activity on 26-27 January. The first five earthquakes after 9 a.m. are plotted as black stars

in the epicentral map.

sivity of ~1 m%s. We selected the starting point
of the diffusive activity at a nearly central
point in the epicentral distribution of the first
five earthquakes after 6 p.m., also referring
the north-south and east-west space-time dis-
tributions of the activity. From the space-time
distributions, it is reasonable to assume that
migration—but not diffusion—of earthquakes
occurred. However, as observed in Electronic
Appendix 3, where migration lines are depicted

in the distance—time diagram by considering
the M 1.2 earthquake at around 6 a.m. as the
starting point, the migration feature becomes
very obscure since earthquakes before 6 p.m. are
sparse and spread beyond the migration lines.
Fig. 8 is the same as Fig. 7, but for the activ-
ity on 5 February. In this case the diffusive fea-
ture is clearer. The diffusivity was estimated at
~3 m%s. where the starting point was selected
using the same procedure used to assess diffu-
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Same as Fig. 6, but for activities in Periods 3 and 4. Earthquakes in Periods 3 and 4 are plotted in pink and red,

respectively. The red star represents the hypocenter of the M 6.6 earthquake inferred from differences in DPAT
between the M 6.6 earthquake and the M 3.2 and M 4.0 events (cf. Fig. 5).

sive activity on 26-27 January. In Electronic
Appendix 4, diffusion curves are fitted when
different times are used as the starting point.

2) Activity in Period 2

In Period 2, earthquakes occurred rather
sparsely around the area of activity in Period 1.
No short-time swarm-like activity was observed.

3) Activity in Periods 3 and 4

Fig. 9 shows epicentral distribution, cross
sections and space-time distributions in the
north-south and east-west directions, and an

M-T diagram, change in depth and daily and
cumulative number of earthquakes in Periods 3
and 4. Activities in these periods occurred in an
elliptical area of around 3 km x 1.5 km with its
major axis running in an NNE-SSW direction.
The area of activity in Period 4, which was lo-
cated south of the activity in Period 3, overlaps
with the area of activity in the latter half of
Period 1. However, the depths of earthquakes in
the two periods differed: earthquakes in Period
4 occurred in a shallower layer than earth-
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Fig. 10 Same as Fig. 7, but for the activity in Period 3. The area of activity spread at a diffusivity of 0.005 m®s. Loca-
tion of the red cross mark was determined similarly to the activities in Period 1. The first five earthquakes that
occurred after 28 September are plotted as black stars in the epicentral map.

quakes in Period 1 (see Fig. 2). The star in Fig.
9 represents the estimated hypocenter of the M
6.6 earthquake (see Fig. 5). It is notable that
the hypocenter was located near the area of
activity in Period 4.

Fig. 10 is the same as Figs. 7 and 8, but for
Period 3. If we assume the zero hour of 28 Sep-
tember as the time of commencement of diffu-
sive migration of earthquakes and the cross on
the epicentral map as the starting point, it can

be observed that the seismicity area spread at
a diffusivity of 0.1 m%s, although earthquakes
occurred persistently around the starting point.
The diffusive feature of the seismicity when the
commencement was assumed on different days
is shown in Electronic Appendix 5.

In the activity of Period 4, seismicity diffused
also at a slightly smaller diffusivity (0.05 m®/s)
than that observed in Period 3 (Fig. 11). Elec-
tronic Appendix 6 shows the feature of migra-
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Fig. 11 Same as Fig. 10, but for the activity in Period 4. The area seems to have spread at about 0.005 m?/s, slightly less
than the diffusivity observed in the activity in Period 3. The location of the red cross mark was determined sim-
ilarly to the activity in Period 3. The first five earthquakes that occurred after 8 November are plotted as black

stars in the epicentral map.

tion with diffusion curves when the migration
starting time was assumed on different days.

4) Relationship among activities of
different periods and aftershock
activity

The diffusive migration of earthquakes ob-

served in Period 1 ceased within several hours
to half a day. On the other hand, expansion of
the seismicity area seen in Periods 3 and 4 con-

tinued for more than two weeks and diffusivity
was one-order smaller than that observed in
Period 1. The inverse relationship between
diffusivity and duration is in agreement with
the results of a previous study (Amezawa et al.,
2021).

We noted that the epicentral area of activity
in Period 4 overlaps with that in the latter half
of Period 1, however, depths of earthquakes
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and aftershocks occurred in the period from the mainshock until 31 December 2024. Note that earthquakes
in Period 1 occurred in the zone of aftershocks, while earthquakes in Periods 3 and 4 occurred near the upper
surface of the aftershock zone. The red star indicates the hypocenter of the M 6.6 earthquake inferred from a

comparison of DPAT values (see Figs. 4 and 5).

differed. From cross-sections where hypocenters
of precursory earthquakes and aftershocks are
superimposed (Fig. 12), it is clear that earth-
quakes in Period 1 occurred within the after-
shock zone, while earthquakes in Period 4 oc-
curred near the upper surface of the aftershock
zone.

Fig. 13 compares the epicentral distributions
of earthquakes in Periods 1 and 2, and after-
shocks of the M 6.6 earthquake. Of note, in the
area of activity in Period 1, there were very few
earthquakes in Period 2, and aftershocks were
also sparce there.

IV. Discussion

Fig. 14 shows magnitude-frequency relation-
ships (Gutenberg and Richter, 1944) for the
activities in the entire Periods, in Period 1, and

in Periods 3 and 4. The b value, calculated by
the formula proposed by Marzocchi and Sandri
(2003) using earthquakes with M 1.3 or larger
for which almost all earthquakes are considered
to be detected, was 0.75 + 0.07 for Period 1, and
0.53 =+ 0.06 for Periods 3 and 4. Scholz (2015)
indicated that the b value tends to decrease
linearly with an increase in differential stress
for both continental crust earthquakes and sub-
duction zone earthquakes. Schorlemmer et al.
(2005) found that normal faulting earthquakes
had the highest b values, thrust earthquakes
had the lowest, and strike earthquakes had
intermediate b values. Based on the idea that
thrust faults tend to be under higher stress
than normal faults, they proposed that the b
value acts as a stress meter that depends in-
versely on differential stress. Many laboratory
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Magnitude-frequency distributions with a b value (Gutenberg-Richter law) for the whole precursory activity

(left), for the activities in Period 1 (middle), and for the activities in Periods 3 and 4 (right). The red and blue
dots represent earthquake number in each bin of magnitude and cumulative number of earthquakes, respec-
tively. The b value is calculated by the formula proposed by Marzocchi and Sandri (2003) using number of
earthquakes with M 1.3 or larger depicted by red and blue dots with circles. Slope of the dashed regression line
corresponds to the b value calculated by the maximum likelihood method.

experiments also showed a decrease in b value
with increasing differential stress (e.g., Scholz,
1968; Amitrano, 2003). Considering that b
values are supposed to also depend on hetero-
geneity of the media and confining pressure
besides the differential stress (Mogi, 1962;
Amitrano, 2003), and that the b value tends to

approach the constant 1 when large volumes
are sampled (Frohlich and Davis, 1993), a cer-
tain b value cannot be correlated with a specific
value of differential stress. However, the low
b values obtained for the precursory activities
indicate that the area was highly stressed,
especially in Periods 3 and 4, if these values
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Fig. 15 Top panel: Frequency distribution of hypo-central distances for all pairs of earthquakes with M 1.3 or larger in
Period 1 (left) and in Periods 3 and 4 (right). The cumulative number of the hypo-central distances is repre-
sented by a red curve with a scale on the right side. Bottom panel: The relation between cumulative number of
hypo-central distances for all pairs of earthquakes with M 1.3 or larger and the distance in Period 1 (left), and
in Periods 3 and 4 (right). The ordinate represents the logarithm of cumulative number. The broken line is a
least square regression line obtained by using points with a distance less than 1.1 km.

are superimposed on a diagram exhibiting an
inverse relationship between b values and dif-
ferential stress (see Fig. 1 in Scholz, 2015).
Fig. 15 shows the relationship between the
cumulative number of hypo- central distances
for every pair of earthquakes in Period 1 (left
panel) and Periods 3 and 4 (right panel). The
ordinate of the bottom graphs is the logarithm
of the cumulative number of distances for all
pairs of earthquakes with M 1.3 or larger, and
the abscissa is the distance. Note that the loga-
rithm of the cumulative number increases lin-
early with distance in the range less than 1 km.
The slope of the line is considered to represent
the fractal dimension of the spatial distribution
of earthquakes (Takayasu, 2010). The fractal
dimension obtained for the activities in Period

1 is 2.05, while that for the activities in Periods
3 and 4 is 2.21. Considering the relationship
between the complexity of the rupture of fault
motion (fractal dimension) and the b value, Aki
(1981) argued that the fractal dimension and b
value are linearly related. If one considers that
the fractal dimension obtained for the spatial
distribution of earthquakes reflects complexity
of the generation area of earthquakes, then
the result, which the fractal dimension for the
activities in Period 1 is smaller than that for
the activities in Periods 3 and 4, indicates that
such a relationship, as suggested by Aki (1981),
was not observed in the precursory activity of
the M 6.6 west-off Noto Peninsula earthquake,
because a smaller fractal dimension was ob-
tained for the activities of a larger b value. On
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the other hand, while conducting numerical
simulations of the brittle-ductile transition,
Amitrano (2003) found that the spatial cor-
relation dimension of damage distribution, D,
was negatively correlated with b value. Based
on that simulation, Amitrano (2003) suggested
that the spatial distribution of localized damage
that is related to brittleness is associated with
a high b value while the spatial distribution of
diffused damage that is related to ductility is
associated with a low b value. It may be nec-
essary to reflect further on what the fractal di-
mension calculated by the spatial correlation of
earthquake distribution physically represents.

As depicted in the previous section, each no-
table seismic activity prior to the M 6.6 earth-
quake exhibited a diffusive feature. Diffusivity
for the activities in Period 1 was estimated at
~1 m%s, while that in the Periods 3 and 4 was
estimated at ~0.1 m?%s, i.e., one order smaller.
Besides the difference in diffusivity between
activities in Period 1 and Periods 3 and 4, dif-
ferences in their durations were also observed:
whereas the activities in Period 1 ceased within
several hours to half a day, those of Periods
3 and 4 continued for over two weeks. These
differences in diffusivity and duration between
the activities in Period 1 and Periods 3 and 4
suggest that the diffusive migration of earth-
quakes in Period 1 and that in Periods 3 and 4
originated from different causes.

Earthquake migration or diffusion are ubig-
uitously observed in swarm activities and are
generally categorized into two groups: one is
linked to aseismic slow slips while the other is
related to the diffusion of fluids. In both groups,
migration velocity is inversely related to dura-
tion, i.e., a shorter duration is associated with a
larger velocity, although velocity of the former
group is one or two orders larger than that
of the latter group (Danré et al., 2024). We
consider the earthquake diffusion observed in
Period 1 with relatively large diffusive velocity
and short durations might be caused by slow
slips. Our finding that the fractal dimension for
spatial distribution of hypocenters is very close
to 2 supports the supposition that earthquake

diffusion observed in Period 1was linked to an
aseismic slow slip. The sparse aftershocks in
the area of activities in Period 1 (Fig. 13) sug-
gest that the mainshock fault in the area had
slipped somewhat beforehand.

On the other hand, it is noteworthy that the
diffusivity of ~0.1 m®s is similar to the value
of diffusive hypocenter migrations observed in
the swarm activity occurring before the 2024
Noto Peninsula earthquake (Amezawa et al.,
2023). Yoshida et al. (2023) proposed that the
migration of the earthquakes was caused by
the upward intrusion of fluids. The similarity in
their diffusivity as well as their comparatively
long durations suggest that the seismic activity
in Periods 3 and 4 were caused by the percola-
tion of fluids into that area.

Although seismic activity preceding a large
earthquake manifests diversity according to
the tectonic and seismogenic state of the area
around its focus (e.g., Chen and Shearer, 2013;
Ruiz et al., 2014; Cabrera et al., 20221), a low
b value is a commonly observed feature in fore-
shock activities (e.g., Shimbaru and Yoshida,
2021), indicating that the area around the focus
of a large earthquake is highly stressed (Scholz,
2015). Another feature of foreshock activities is
that they occur in proximity of the hypocenter
of a mainshock (Hamada, 1987; Yoshida and
Hamada, 1991; Maeda, 1996). We note that the
b value of the activity in Period 4 was especially
low (Fig. 14) and the activity area was located
in the vicinity of the hypocenter of the M 6.6
earthquake. These findings imply that earth-
quakes in Period 4 were “foreshocks”. It is to be
noted that the “foreshocks” occurred near the
upper surface of the aftershock zone (Fig. 13).

The seismograms of the M 6.6 west-off Noto
Peninsula earthquake show that amplitude of
the P-wave was initially small for an earthquake
of this magnitude. This feature seems to suggest
that fault motion first spread rather slowly
over a highly stressed area where fluids had
percolated and fault strength as a whole had
weakened, i.e., over the area of the preceding
seismic activity; then, after having fractured
the area, the fault motion extended along a pre-
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existing fault, which finally resulted in the M
6.6 earthquake.

V. Summary

The space-time distribution of seismicity
preceding an M 6.6 earthquake that occurred
west-off the Noto Peninsula on 26 November
2024 was investigated using a hypocenter cata-
logue relocated based on waveform correlation.
Short-term activities of several hours to half
a day were observed in the period from late
January until mid-February (Period 1), while
relatively long-term activities of about two
weeks were observed in the periods from late
September until October (Period 3) and from
the beginning of November until the occurrence
of the M 6.6 earthquake (Period 4). Over about
half a year, between early March until late
September (Period 2), seismicity was inactive.
In each of the active Periods diffusive earth-
quake migration was observed. Diffusivity was
estimated at about 1 m®s for the activities in
Period 1, and about 0.1 m?/s, one-order smaller,
for the activities in Periods 3 and 4. The value
of diffusivity and their short duration suggest
that the migration phenomena in Period 1
were linked with slow slips. This supposition is
supported by the fractal dimension of the hypo-
center distribution in Period 1, which is nearly
2.0. On the other hand, diffusivity in Periods
3 and 4 is almost the same as that observed in
swarm activity before the M 7.6 Noto Peninsula
earthquake. Based on similar diffusivity, and
by their relatively long duration, the diffusive
migration of earthquakes in Periods 3 and 4
may have been caused by the intrusion of fluids.

The b value of precursory activity—especially
of the activity in Period 4 which occurred in
the proximity of the hypocenter of the M 6.6
earthquake—was very low, indicating that the
area was highly stressed. The amplitude of the
P-wave of the M 6.6 west-off Noto Peninsula
earthquake was rather small initially and grad-
ually grew. The fault motion may have begun
to spread rather slowly over an area where
fluids had percolated and fault strength overall
had weakened, i.e., over the area of the preced-

ing seismic activity. Thereafter, having frac-
tured the area, the fault motion extended along
a pre-existing fault, which finally resulted in
the M 6.6 earthquake.
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