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Linking the spatiotemporal distribution i

of static stress drops to source faults
in a fluid-driven earthquake swarm,
northeastern Noto Peninsula, central Japan
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Abstract

We investigated stress drops during an earthquake swarm in northeastern Noto Peninsula, central Japan, which

is characterized by ongoing seismic activity in four clusters. We focused on the spatiotemporal distribution

of the static stress drop and its relationship with the source faults of the earthquake swarm. Employing the empirical
Green'’s function method, we estimated static stress drops for 90 earthquakes of M, 3.0-5.4. We obtained loga-
rithmic mean stress drops of 13 MPa and 19 MPa from P-wave and S-wave analyses, respectively, which were typical
values for crustal earthquakes. We comprehensively analyzed the spatiotemporal distribution of static stress drops

in the northern cluster due to the abundance of available data and clarity of fault structures there. We observed
larger static stress drops for earthquakes along shallow portions of the source faults, as defined by the hypocentral
distribution during a given period. Conversely, we observed smaller static stress drops for earthquakes at medial

parts along the faults. These results suggest higher fault strength at shallower parts along the faults and reduced fault
strength at medial parts. We attribute the high fault strength at shallow parts to low pore fluid pressure after only lim-
ited fluid diffusion near the fault terminus. In contrast, we attribute the reduction in fault strength at medial parts

to high pore fluid pressure within the fault following penetration by migrating fluids.
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1 Introduction

The static stress drop during an earthquake represents
the difference between the initial and residual stresses
on a fault before and after a rupture, respectively. This
parameter is fundamental for elucidating the rupture
dynamics of an earthquake. Previous studies have dem-
onstrated that static stress drops are nearly constant over
a wide range of earthquake magnitudes (e.g., Abercrom-
bie 1995; Hiramatsu et al. 2002; Imanishi and Ellsworth
2006; Yoshimitsu et al. 2014). However, heterogenei-
ties in shear stress and fault strength along a single fault
have been reported (e.g., Allmann and Shearer 2007;
Oth 2013). The main rupture areas of large earthquakes
exhibit higher static stress drops than surrounding
regions, further suggesting variations in fault strength
and dynamic stress (Yamada et al. 2010; Urano et al.
2015). The high static stress drops observed around the
main rupture area of the 2011 Tohoku-Oki earthquake
may indicate the presence of a high-fault strength barrier
that suppressed seismic slip in surrounding areas (Uchide
et al. 2014; Yamada et al. 2021).

Seismicity during earthquake swarms is also influenced
by changes in stress and/or fault strength, which manifest
as hypocenter migrations and/or static stress drop varia-
tions. These changes are induced by perturbations of the
pore fluid pressure along a fault due to fluid diffusion and
intrusion (e.g., Shapiro et al. 1997; Goertz-Allmann et al.
2011; Shelly et al. 2013; Yamada et al. 2015; Hainzl et al.
2016; Yoshida et al. 2019; Ross and Cochran 2021), as well
as aseismic slip (e.g., Takada and Furuya 2010; Lengliné
et al. 2014; Himematsu and Furuya 2015; Ruhl et al. 2016;

Yamada et al. 2017; De Barros et al. 2020; Yukutake et al.
2022; Jeong et al. 2024). In addition, some swarms had
been triggered by the combination of the fluid diffusion
and aseismic slip (e.g., De Barros et al. 2020; Hatch et al.
2020).

Around mid-2018, the number of earthquakes in
and around the northeastern Noto Peninsula began to
increase, and from around December 2020, seismicity
intensified into an earthquake swarm. This swarm com-
prised four clusters of seismicity that occurred succes-
sively in the south, west, north, and east of the study area
(hereafter referred to as clusters S, W, N, and E, respec-
tively) (Fig. 1). A My, 6.5 earthquake occurred at the
northern tip of cluster E on 5 May 2023, and the hypo-
center of the My, 7.6 earthquake on 1 January 2024 was
located between clusters S and N.

Seismic, geodetic, and electromagnetic studies con-
ducted to elucidate the cause of this earthquake swarm
suggest that it was likely driven by fluid migration.
Amezawa et al. (2023) used precise hypocenter reloca-
tions to show that the hypocenter migrations followed
a fluid diffusion model (Shapiro et al. 1997). They sug-
gested that fluids rising from the deep part of cluster
S spread to clusters W, N, and E, leading to intensified
seismic activity. Yoshida et al. (2023) confirmed results
of Amezawa et al. (2023) by analyzing seismological
data. Nishimura et al. (2023) modeled crustal defor-
mation based on multiple GNSS datasets and precise
hypocenter distributions; the overall displacement pat-
tern from December 2020 to December 2022 showed
horizontal expansion and uplift centered around
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Fig. 1 aThe distribution of seismic stations (triangles) used in this study. The square indicates the area shown in b. The yellow star indicates

the epicenter of the 2007 Noto-Hanto earthquake. b The distribution of relocated earthquake hypocenters (circles colored according to source
depth) from January 2018 to November 2022 (M), > 1.2) (Nishimura et al. 2023). Red squares delineate the four clusters (S, W, N, and E). Squares
indicate earthquakes analyzed in this study. The open diamond is the epicenter of the event for which seismograms are shown in Fig. 2. The white
and black stars are the location of the 5 May 2023 M6.5 and 1 January 2024 M7.6 earthquakes reported by JMA, respectively. Red lines show active

faults in the area (Inoue and Okamura 2010; Ozaki 2010)

the epicentral region of the earthquake swarm. They
proposed that fluids ascending from the deep part of
cluster S spread through a southeast-dipping perme-
able fault zone, causing fault opening and aseismic
slip. They also showed that the Coulomb stress change
due to the fault opening and aseismic slip, as well as
up-dip diffusion of fluids, triggered seismic activity
on shallower faults in the area, namely in clusters W,
N, and E. A fluid-rich zone in the lower crust beneath
cluster S was identified based on the existence of a
low-resistivity zone (Yoshimura et al. 2023) and a low-
velocity zone there (Nakajima 2022; Matsubara et al.
2022; Okada et al. 2024). Moreover, Okada et al. (2024)
suggested the existence of a Tertiary magma reservoir
releasing fluids in the lower crust beneath cluster S
from high V}, and high V;/Vg anomalies.

In this study, we investigated the spatiotempo-
ral distribution of static stress drops associated with
the northeastern Noto Peninsula earthquake swarm.
We focused on the relationship between hypocenter
migration on the source fault and the static stress
drop over a specified time in the earthquake swarm.
As this swarm was likely driven by fluid migration
(Amezawa et al. 2023; Yoshida et al. 2023), it provides
good opportunity for investigating the effect of pore
pressure increase on stress drop estimates of triggered
earthquakes. We elucidate the role of fluid on the het-
erogeneous distribution of static stress drops in this
earthquake swarm.

2 Data and method

For our analyses, we selected 90 target earthquakes
(3.0 < My 5 <5.4) that occurred in and around the north-
eastern Noto Peninsula between 1 January 2018 and 30
November 2022 and consisted of four clusters of the
earthquake swarm (Fig. 1b). In this period, as mentioned
below, a precise hypocenter dataset was provided by
Nishimura et al. (2023). The depth range of selected 90
earthquakes was between 9.9 and 13.34 km (Table 1). We
used P- and S-wave arrival times reported by the Japan
Meteorological Agency (JMA) and velocity waveform
data recorded at permanent seismic stations operated by
the JMA, the Hi-net of the National Research Institute
for Earth Science and Disaster Resilience (NIED), the
Earthquake Research Institute, the University of Tokyo,
and the Disaster Prevention Research Institute, Kyoto
University (Fig. 1a). The number of stations used in this
study is 29. Each seismometer had a natural frequency
of 1 Hz and a sampling frequency of 100 Hz. Epicentral
distances between target earthquakes (TEQs), of which
corner frequency is estimated as described below, and
stations ranged from 0.9 km to 113 km.

To estimate the corner frequencies of the target earth-
quakes by applying the empirical Green’s function (EGF)
method following Yamada et al. (2021), we selected
nearby hypocenters from the hypocenter dataset of
Nishimura et al. (2023), which they relocated using the
double-difference method (Waldhauser and Ellsworth
2000) and the JMA velocity structure model (Ueno et al.
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Table 1 Origin times, hypocentral locations, estimated corner frequencies, seismic moments, and static stress drops for the 90
earthquakes analyzed in this study. Values in parentheses indicate two standard deviations on the logarithmic means of the static
stress drops

Origin time Latitude  Longitude  Depth  M,,, f’ fS M, Acp? Acg?

(JsT) (°N) (°E) (km) (Hz)  (Hz)  (x10"Nm)  (MPa) (MPa)
2019/08/27 23:58 374635 137.2453 10.01 3.8 29 24 3.06° 3.89(0.613-9.24) .7 (0.587-22.3)
2021/05/30 14:24 374658 1371911 12.02 3.1 44 45 0.562 3(0.823-10.9) 8 (0.649-26.6)
2021/06/26 12:24 375110 137.2345 12.74 4.1 4.1 3.0 3.64° 11.7 (4-27.5) .7 (4.2-33.6)
2021/07/11 09:16 37.5041 137.2685 12.27 39 4.7 3.1 407° 23.3(1.33-52.1) 17.3(143-22.1)
2021/07/11 16:24 375113 137.2388 13.01 33 6.5 3.8 1.12 15.1(2.71-29.1) 9(3.18-15.7)
2021/08/04 22:13 37.4598 137.1844 1244 3.6 3.8 3.6 1.81° 4.23(1.15-9.22) 12.5(8.55-22.2)
2021/08/11 17:43 37.4689 137.1903 12.16 3.0 6.4 56 0.398 5.02 (0.224-8.62) 16.7 (1.26-35.2)
2021/08/13 16:50 375156 137.2206 12.62 32 4.0 39 0.794 2.2 (0.964-3.36) 1(1.39-18)
2021/08/13 19:30 374679 137.1934 11.84 35 50 34 2.24 12.1 (6.76-23.9) 14.7 (6.35-48.1)
2021/08/13 20:46 37.4662 137.1898 11.93 3.1 4.5 48 0.562 2.14(0.503-5.2) 10.6 (2.19-20.3)
2021/08/14 22:38 37.5062 137.2231 12.87 42 39 22 251 69 (40.2-152) 437 (12.2-63.6)
2021/08/18 12:03 374628 137.1907 1241 32 4.7 44 0.794 54(0.789-12.6) 12.7 (1.06-26)
2021/08/21 16:40 37.5155 137.2364 12.68 37 3.0 2.0 2.9° 3.5(0.958-10.2) 3.85(1.16-5.86)
2021/08/21 16:48 375139 137.2348 12.68 3.1 6.5 7.1 0.562 12,6 (1.76-43.7) 34.3(5.59-63.1)
2021/08/21 16:57 37.5043 1372117 12.33 32 53 32 0.794 5.7 (1.64-12.1) .7 (0.668-30)
2021/09/07 14:07 375108 137.2281 12.81 4.2 2.7 25 641° 6.4(0.881-18) 7.1(7.39-30.3)
2021/09/16 18:42 37.5060 137.3061 11.98 5.1 18 1.0 301° 87 (21.2-216) 57 (3.95-253)
2021/09/16 19:01 37.5089 137.2949 1217 35 4.8 39 224 10.8 (2.22-17.8) 32(0.709-142)
2021/09/17 04:40 37.5047 137.2919 12.01 3.0 54 49 0.398 3.39(0.583-8) 8.6 (2.46-20.5)
2021/10/03 11:10 375110 1372323 12.62 43 26 1.8 452° 3.64(1.07-7.9) .8 (0.867-6.03)
2021/10/03 12:38 375153 137.2366 12.80 32 4.0 4.0 0.794 2.35(0.569-5.99) .7 (2.25-27.3)
2021/10/03 14:43 375158 137.2370 12.83 3.8 49 13 452° 24.8(7.24-48.3) 1.94 (0.652-4.47)
2021/10/03 21:31 375160 137.2416 1293 33 50 44 112 6.3 (0.804-13.1) 14.9 (5.3-25.5)
2021/10/05 21:09 37.5143 137.2391 12.94 35 47 3.7 2.24 11.5(2.99-26.2) 19 (7.09-40.3)
2021/10/26 23:48 375196 137.2384 12.64 3.0 50 29 0.398 3.1(0483-13.5) 1.82(0.426-5.59)
2021/11/02 06:17 375180 137.2300 12.38 36 6.4 17 2.29° 38 (0. 382—82.6) 1.92 (0.906-3.06)
2021/11/02 08:08 375194 137.2305 12.36 33 8.6 6.7 1.12 30.5(20.1-48.5) 0(19-71)
2021/11/02 19:06 375169 137.2295 1247 39 23 26 2.33° (O 32-2.83) 1(2.3-11)
2021/11/04 22:44 375147 137.2247 12.21 35 44 3.0 1.22° 4.83(1.34-8.73) 494 (1.63-7.54)
2021/11/05 00:21 375136 1372277 1249 4.0 3.8 1.7 493° .1(4.9-209) 3(0518-14)
2021/11/15 10:04 37.5231 137.2385 12.27 36 54 4.0 1.08° 79 (1.31—1 7.1) 2 (5.6-19.5)
2021/12/03 03:41 375202 137.2275 12.11 33 4.1 3.6 112 372 (1.5-7.61) 1(1.97-17.9)
2021/12/07 20:41 37.5209 137.2273 12.06 32 — 4.6 0.794 — 8(7.33-19.1)
2021/12/07 20:43 375192 137.2258 12.03 34 75 6.3 1.58 35.9(10.2-76.9) 56 (25.3-143)
2021/12/31 14:52 375146 137.2411 13.34 43 4.0 2.7 6.89° 204 (8.36-39.5) 20.8 (5.79-42.6)
2022/01/04 19:41 37.5108 137.2147 12.37 35 43 4.0 2.24 10.1 (5.84-25.1) 23.8 (4.46-40.3)
2022/01/1413:11 375122 1372183 12.66 3.6 44 3.1 3.16 1(254-44.2) 13.9(6.3-36.2)
2022/02/07 17:59 375113 137.2485 12.94 4.1 35 30 458° 84 (3.67—1 3.8) 1(6.11-36.2)
2022/02/22 19:55 37.4684 137.1919 1212 3.0 — 6.9 0.398 — 18.8 (17.3-21. )
2022/02/23 14:17 37.5017 137.2268 11.32 3.0 3.6 19 0.398 1.59 (0.054-7.5) 1(0.041-11.2)
2022/03/07 16:36 374610 137.2561 9.90 34 — 2.2 1.58 — 375 (O 936-9. 8)
2022/03/08 01:06 37.4599 137.2544 9.96 39 — 20 891° — .1(0.937-46.2)
2022/03/10 17:24 37.5029 137.2948 1244 36 4.0 43 1240 3.38(1.36-6.32) .1 (4.83-34.9)
2022/03/10 19:32 37.5049 137.2978 1248 3.7 4.2 2.3 1910 7.2 (1.22-19.5) 61(2.2-4.84)
2022/03/1103:13 37.5048 137.2935 1235 33 8.6 7.6 112 39(3.39-87.2) 74 (48.7— 107)
2022/03/12 19:00 375139 137.3004 13.06 33 — 6.2 1.12 — 57 (0.795-134)
2022/03/20 03:32 375164 137.2142 12.24 31 6.3 43 0.562 7.2 (2.09-22.9) 8.7 (0.863-24.4)
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Table 1 (continued)

Origin time Latitude  Longitude  Depth  M,,, f’ fS M, Ac,? Acg?®

(JsT) (°N) (°E) (km) (Hz2)  (Hz)  (x10"™Nm)  (MPa) (MPa)
2022/03/23 09:23 37.5107 137.2955 13.07 43 32 15 18.1° 34 (2.49-104) 3(61-27.8)
2022/03/27 16:15 375134 137.2175 12.58 3.0 10.0 85 0.398 18.5(3.5-43.6) 42 (8.07- 109)
2022/04/04 10:26 37.5149 137.2259 13.30 43 2.8 2.0 13.5° 19 (5.09-68.8) 184 (7.97-34.2)
2022/04/04 10:28 375186 1372127 12.20 4.0 39 35 407° 10.7 (5.96-23.3) 26.5(17.5-37.6)
2022/04/04 10:30 375139 137.2240 12.69 34 — 3.7 1.58 — 12.8 (6.17-26.9)
2022/04/04 11:18 37.5227 137.2067 11.67 37 3.1 4.1 233 12 (1.16-6.54) 7 (13.2-34.9)
2022/04/08 22:04 375117 137.2765 1232 42 25 16 1830 4.5 (3.66-37.8) 1 (4.56-28.1)
2022/04/08 22:29 375118 137.2757 12.14 33 5.1 4.0 1.12 13 (4.17-9.87) 10.6 (6.36-15.7)
2022/04/08 22:36 375132 137.2784 11.98 3.0 4.1 4.5 0.398 .18(0.483-1.91) 543 (3.15-6.35)
2022/05/25 21:51 375131 137.2050 12.11 34 — 49 1.58 — 47 (6.17-184)
2022/06/03 00:22 375172 137.2080 12.16 33 57 38 1.12 1.8 (1.36-27.1) 11.9(1.2-36.7)
2022/06/03 13:29 37.5246 137.2275 12.10 39 30 30 407° 95 (1.77-84) 18.9 (7.14-46.7)
2022/06/10 03:05 375218 137.2303 12.18 35 58 45 224 1.1 (2.46-50.3) 47 (2.58-147)
2022/06/12 18:14 375113 137.2288 12.96 3.0 3.6 26 0.398 0.87 (0.483-1.58) 1.06 (0.532-3.15)
2022/06/12 20:00 375115 137.2251 12.85 34 3.7 3.3 1.58 3.72(1.14-8. 07) 1 (243-26.9)
2022/06/16 02:27 37.5278 1372330 11.99 4.0 19 19 427° 76 (0.301-8.12) 55(1.69-12.1)
2022/06/19 15:08 37.5171 137.2756 12.68 54 13 09 612° 69 (8455—1 23) 94 (19.1-242)
2022/06/19 15:19 37.5064 137.2747 12.76 32 53 6.1 0.794 6.8 (1.22-12.1) 37 (1.39-105)
2022/06/19 16:38 375158 137.2593 11.21 33 4.6 4.1 112 4.96 (1.5-9.39) 14(5.81-15.7)
2022/06/19 19:22 37.5244 137.2726 10.90 32 3.7 34 0.794 2.01 (0.569-4.55) 7.3(0.785-36)
2022/06/20 10:41 375167 137.3127 12.74 30 4.6 52 0.398 1.8(0.757-3.33) 13.6 (0.099-55.7)
2022/06/20 14:50 37.5245 137.3110 13.52 43 43 2.6 5350 20.7 (4.79-59.9) 14.5 (6.17- 23)
2022/06/21 03:13 37.5083 137.2765 12.58 3.0 58 39 0.398 54(0.789-18.8) 4(0.611-104)
2022/06/21 10:42 375126 137.2587 11.54 4.1 3.1 26 8.50° 10.7 (4.79-20.5) 22.7 (6.02-40. 2)
2022/07/17 20:51 375167 137.2432 13.00 34 6.4 56 1.58 19.3(9.08-31.8) 496 (1.33-92.6)
2022/08/1419:14 375259 137.2162 11.86 4.1 32 20 4.84 7.6 (3.08-20.5) 2 (2.86-12.3)
2022/08/14 19:28 37.5273 137.2198 11.86 39 4.1 2.8 8.91 34.8 (5.02-90.8) 44 (2.82-133)
2022/08/16 17:55 37.5238 1372168 11.99 34 5.1 6.5 1.58 11.2(2.77-25.1) 79 (6.17-172)
2022/08/29 22:25 37.5193 137.2100 12.00 3.1 4.0 36 0.562 2.09(0.279-4.47) .7 (0473-12.8)
2022/09/14 08:54 37.5160 137.2142 12.29 35 46 45 1.13° 5.16 (2.73-9.95) 14.9 (7.6-22.9)
2022/09/20 15:05 37.5290 137.2950 11.69 3.1 72 45 0.562 9.8 (3.81-20. 9) 9(1.6-19.3)
2022/09/25 06:23 37.5270 137.2951 11.89 3.8 29 1.7 4.14° .1(0.569-11.6) 1(2.01-4.09)
2022/09/28 06:21 375052 137.2195 11.10 38 35 33 2.48° 8(1.58-8.61 ) 14.3(3.31-39.5)
2022/10/25 07:08 37.5212 137.2087 11.93 32 53 34 0.794 (1 92-11.6) 6(0.198-21.2)
2022/11/24 05:13 375178 1372109 12.72 39 4.7 3.0 4.19° 18.1 (13.6-26.9) .1(5.59-38.7)
2022/11/26 21:58 37.5347 137.2200 12.34 42 — 17 1340 — 2(0.989-26.7)
2022/11/27 15:36 375154 1372211 1261 32 58 53 0.794 11.4(0.789-36.4) 224 (1.06-54.3)

? Aop and Aos, respectively, indicate static stress drops determined by P-wave and S-wave analyses

b Value of the F-net CMT solution

2002). They used the arrival-time differences for event
pairs calculated from (i) JMA P- and S-wave arrivals as
the catalog data and (ii) cross-spectra of velocity wave-
forms with average squared coherency equal to or larger
than 0.8 in the 1-8 Hz frequency band as the correlation
data (Hayashi and Hiramatsu 2013). This dataset included
7,560 hypocenters with M, >1.2 that occurred during
January 2018 to November 2022.

For each target earthquake, we selected EGF earth-
quakes with hypocenters within a 1 km radius and lower in
magnitude by at least 0.5. It is appropriate for an EGF to
be located within approximately one source dimension of
a TEQ (Abercrombie 2015). The selection of EGFs within
a 1 km radius from a TEQ may be too large compared to
the source radius of a magnitude 3 event of about 150 m.
However, 90% and 67% of EGFs for P-waves, and 87% and
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64% for S-waves, were distributed within radii of 0.5 km
and 0.3 km, respectively (Additional file 1: Fig. S1). There-
fore, the majority of EGF events used in this study adhered
to the criterion of TEQ—-EGF distance proposed by Aber-
crombie (2015). The magnitudes (Mjy,) of the selected
EGF earthquakes ranged from 2.2 to 4.2.

For P-waves, we analyzed the vertical component of
each velocity waveform using three moving time windows
(Imanishi and Ellsworth 2006), each of 2.56 s length and
with time shifts of 0.16 s. For S-waves, we analyzed the hor-
izontal components of each velocity waveform using three
moving time windows, each of 5.12 s length and with time
shifts of 0.64 s (Fig. 2). For earthquakes of magnitude>5,
the S-wave time window length was extended to 10.23 s. To
obtain the noise spectrum, we set the end of the time win-
dow to 0.5 s prior to the arrival of the P-wave and its length
to be the same as the associated P- or S-wave time win-
dow. Shorter time windows, such as 1.28 s for P-waves and
1.28 s and 2.56 s for S-waves, revealed an apparent magni-
tude dependence on the estimated static stress drops. This
suggests inadequate estimates of the corner frequencies of
TEQ:s for larger events (Additional file 1: Fig. S2).

Of the 90 target earthquakes, 8 earthquakes could not be
used for P-wave analysis because of their short S—P times
and low signal-to-noise ratios (S/N). Of the remaining 82
target earthquakes suitable for P-wave analysis, multi-
ple EGF earthquakes were available, and thus used, for 46
events. All 90 target earthquakes were suitable for S-wave
analysis; of those, multiple EGF earthquakes were avail-
able, and thus used, for 27 events. Most target earthquakes
were analyzed with only a single EGF earthquake, although
2 to 5 EGF earthquakes were available for 46 target events
in P-wave analysis and 27 target events in S-wave analy-
sis (Additional file 1: Fig. S3). The average number of EGF
earthquakes used for a single target event was 1.8 in P-wave
analysis and 1.5 in S-wave analysis.

The deconvolved velocity amplitude spectrum, #,(f), is
approximated as (Boatwright 1978):

1+ (f /[fep)*
1+ (f /fer)*

where R, = Rt/Rg and My, = Mot /Mog are the ratios
of the radiation pattern coefficients and the seismic
moments of target and EGF earthquakes, respectively,
and fct and fcr are the corner frequencies of target and
EGF earthquakes, respectively.

Taking the logarithm of Eq. (1) provides the linear
relationship:

|”r(f)| ~ RrMor( )1/21 (1)
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+5In(1+ (F/fce)*)-

We searched for the optimum values of fcr, fcp, and
R My, that minimize the sum of squared residuals between
the observed spectral ratios from the three moving win-
dows and a spectral ratio calculated using a grid search
(Fig. 2). In the grid search, the search ranges and grid
intervals for fcT, fcp, and In (RrMo,r) were 0.1-20 Hz and
0.1 Hz, 0.2-26 Hz and 0.1 Hz, and 0.3—4 and 0.05, respec-
tively. However, reliable estimates for fcg was difficult
because of the 100 Hz sampling frequency of the seismom-
eters used, particularly for smaller earthquakes. Conse-
quently, in this study, we estimated the static stress drop for
the target earthquakes from fcr.

We visually inspected the fitting of the observed and
theoretical spectral ratios and excluded poorly fitting cases:
only target events with corner frequency estimates at five
or more stations, including cases with multiple EGF earth-
quakes, were used for the following further analyses.

The seismic moment (My) values for 37 target events
with available CMT solutions from the NIED-operated
F-net were adopted directly. For other earthquakes, we
used the equation log; Mo = 1.5M,, + 9.1 (Hanks and
Kanamori 1979) to estimate My, assuming M,, = Mjpa
(Urano et al. 2015). The static stress drops estimated from
P-waves (Aop) and S-waves (Aocg) were determined as

(Madariaga 1976):
7 3 7 3
Aoy = — My Jer , and Aos = — M) Jer ,
16 0.32Vs 16 0.2W;

3)
where we adopted an S-wave velocity Vs of 3.2 km/s, as
previously used to estimate the static stress drops of the
aftershocks of the 2007 Noto-Hanto earthquake in the
northwestern Noto Peninsula (Urano et al. 2015).

For each analyzed earthquake, we calculated the logarith-
mic mean of the estimated static stress drops from P-waves
and S-waves over all stations as the static stress drops from
P-waves and S-waves for that event.

3 Results and discussion
3.1 Overall characteristics of static stress drops
of the earthquake swarm in the northeastern Noto
Peninsula
The corner frequencies we obtained are consistent with
the scaling relationship between corner frequency and
seismic moment (Mo o fi7) (Additional file 1: Fig. S4)
reported in previous studies (e.g., Hiramatsu et al. 2002;
Imanishi and Ellsworth 2006; Yoshimitsu et al. 2014).
All estimated values are summarized in Table 1. The
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Fig. 2 a S-wave seismogram of a M3.7 target earthquake (TEQ, open diamond in Fig. 1b) recorded at station N.UOZH (Fig. 1a). Colored lines
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recorded at station N.UOZH (time windows marked as in a). d Displacement amplitude spectrum of the waveforms for the four time windows
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static stress drops estimated from P-waves ranged from
0.60 to 94 MPa (logarithmic mean of 13 MPa) and those
from S-waves ranged from 1.1 to 94 MPa (logarithmic
mean of 19 MPa), which are typical values for crus-
tal earthquakes. There are, however, slight differences

in the static stress drops estimated from P-waves and
S-waves. This is mainly because the assumed rupture
speed in this study (0.9 Vs) (Madariaga 1976) might be
faster than the real one (Yamada et al. 2017). The S/N
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for P-waves was generally lower than that for S-waves.
Additionally, the time window for P-waves was shorter
than that for S-waves. Therefore, we consider the static
stress drops estimated from S-waves to be more reliable
than those estimated from P-waves.

In this study, EGFs were selected within a 1 km radius
from a TEQ. EGFs located outside one source dimen-
sion of a TEQ might introduce a systematic difference in
static stress drops. To investigate this, we compared fcr
estimated from each EGF for a given TEQ (Additional
file 1: Fig. S1). The difference, Afcr, between the average
fer over all EGFs and fcr estimated from each EGF for a
given TEQ, indicates no systematic variation in fcr with
the distance between an EGF and a TEQ. However, the
distribution of Afcr for P-waves shows greater scatter
compared to that for S-waves, suggesting potentially less
reliable estimates from P-waves than from S-waves.

We used the Boatwright spectral model due to its
characteristic of sharp spectral ratio decay proportional
to 2. This property lowers the uncertainty in estimat-
ing the corner frequency, thereby reducing errors in
the stress drop analysis compared to the Brune spectral
model (Brune 1970). However, the selection of a spectral
model modifies results of EGF analysis. Previous studies
have highlighted differences in corner frequencies that
hinge on the choice of spectral models (Huang et al. 2016;
Yamada et al. 2021). As demonstrated in Huang et al.
(2016), estimates of fcr derived from the Boatwright
spectral model are smaller than those from the Brune
spectral model (Additional file 1: Fig. S5), resulting in
lower static stress drops calculated using the Boatwright
spectral model than the Brune spectral model. Moreover,
the disparity in fc7 is more pronounced for P-waves than
for S-waves, suggesting potentially greater variability in
estimates from P-waves than from S-waves.

3.2 Spatial heterogeneity of static stress drops
among clusters

The spatial distribution of static stress drops in each clus-
ter were heterogeneous, especially in clusters N and E
(Fig. 3). The logarithmic mean static stress drops we esti-
mated from P-waves and S-waves for each cluster were,
respectively, 7 MPa and 12 MPa in cluster N, 9 MPa and
14 MPa in cluster E, 5 MPa and 13 MPa in cluster W, and
4 MPa and 8 MPa in cluster S (Table 2). In clusters N and
E, earthquakes had larger static stress drops. However,
considering the limited number of estimated static stress
drops in clusters S and W, this might simply result from a
wide scatter among observed static stress drops. Conse-
quently, we cannot confirm distinct differences in static
stress drops among the individual clusters.
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3.3 Relationship between the distribution of static stress
drops and source faults
The static stress drop on a fault is crucial for monitor-
ing fault strength, which can be affected in space and
time by fluid diffusion (e.g., Yamada et al. 2015; Yoshida
et al. 2019). Generally, an earthquake occurs when stress
gradually increases over a long period and reaches the
shear strength of a fault. However, when fluid is involved,
the shear strength decreases rapidly as the pore pres-
sure increases. When shear strength equals the stress, an
earthquake occurs. Behind the fluid diffusion front, the
pore pressure has increased sufficiently, allowing earth-
quakes to occur at lower shear strengths. Therefore, the
static stress drop, approximately given by the difference
between shear strength and dynamic frictional stress, is
small (Yamada et al. 2015).

A clear migration of hypocenters, possibly driven by
fluid diffusion, has been observed for the earthquake
swarm in the northeastern Noto Peninsula (Amezawa
et al. 2023; Yoshida et al. 2023). Therefore, variations in
fault strength, likely influenced by pore fluid pressure,
can be assessed by examining changes in the static stress
drop along a fault over a given period.

If the source fault of the earthquake swarm comprises
a single fault plane, it is straightforward to discern such
variations in static stress drop by analyzing the depth
distribution and/or planar spatiotemporal distribution.
However, for earthquakes occurring on multiple faults,
such a straightforward investigation may not provide
reliable constraints. Thus, we scrutinized the spatiotem-
poral distribution along cross sections of the prominent
dip direction within cluster N, focusing on source faults
clearly delineated by the relocated hypocenter distribu-
tion. Clusters S, W, and E are omitted from further dis-
cussion owing to the limited number of earthquakes for
which we could estimate static stress drops and the rela-
tively low resolution of hypocenter alignments in cross
sections in those clusters.

The depth and magnitude dependence of static stress
drops may cause apparent spatiotemporal variations in
static stress drops if analyzed events accompanied by sys-
tematic variations in depth and magnitude. In cluster N,
most events are distributed at depths of approximately
12 to 13 km and no depth-dependent variation in static
stress drops is observed (Additional file 1: Fig. S6). Simi-
larly, no magnitude-dependent variation in static stress
drops is observed (Additional file 1: Fig. S7). Hence, we
infer that there is no variation in static stress drops due to
these two factors for events in cluster N.

Figure 4 illustrates the progression of the spatial dis-
tribution of static stress drops estimated from S-waves
for earthquakes along a single fault in profile L2 in the
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Fig. 3 Spatial distribution of static stress drops estimated from P-waves (left panels) and S-waves (right panels) for each cluster. Black lines are
profiles L1, L2, and L3, along which static stress drops are displayed in Figs. 4, S5, and S6
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Table 2 The logarithmic means of static stress drops for each
cluster (N, E, W, S)

Ao, [MPa]? Aog [MPa]? Number Number
P-wave S-wave
N 74 (0.5-93) 11 (1.0-78) 54 58
E 9.0(1.1-87) 14 (2.9-93) 21 22
W 45(2.1-12) 13(9.8-18) 6 7
S 38 8.1(3.7-15) 1 3

2 Aop and Aos, respectively, indicate static stress drops determined by P-wave
and S-wave analyses. Values in parentheses indicate the range of estimated
static stress drops in each cluster

period from April 2021, that is the beginning of the seis-
micity in cluster N, to the date cited in each panel. Here
we categorized earthquakes for which we calculated
static stress drops as those occurring at shallow, medial,
and deep parts along the source fault (<25%, 25-75%,
and >75%), respectively, of the fault length from its
shallowest terminus at that time. Because the length of
the source fault delineated in our data increased over
time, we visually and progressively defined the length
of the source fault, indicated by the colored bar, in each
panel of Fig. 4. This implies that the shallow, medial,
and deep parts along each source fault vary with time
on the same fault, ruling out depth dependence of rup-
ture speed as a cause of the difference in static stress
drops between the shallow and medial parts.

We investigated the spatiotemporal distribution
of static stress drops on two source faults along pro-
file L2 (Fig. 4). Notably, earthquakes with larger static
stress drops (e.g., events on 21 August 2021, 7 Decem-
ber 2021, and 14 and 16 August 2022) tended to occur
at the shallow, northwest end of the fault plane (red
triangles in Fig. 4). In contrast, smaller static stress
drops occurred along the medial part of each source
fault (e.g., the events on 3 October 2021, 5 November
2021, and 4 April 2022; light red to light blue squares
in Fig. 4). Similar trends are observed on source faults
in cross sections along profiles L1 and L3 (Additional
file 1; Fig. S8), albeit less clearly. To emphasize the dis-
parity between static stress drops in shallow and medial
parts of the source faults, we compared the static stress
drops of all earthquakes on source faults intersecting
the L1, L2, and L3 profiles with those of only shallow
(Fig. 5a) and medial earthquakes (Fig. 5b) defined by
each time range. We excluded 10 earthquakes with-
out associated source faults from this comparison.
Shallower earthquakes had static stress drops skewed
towards the higher side of the overall distribution,
whereas those of medial earthquakes were skewed
towards the lower side of the overall distribution. We
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also examined temporal variations in static stress drops
for events on source faults in the L1, L2, and L3 pro-
files (Additional file 1: Fig. S9). We found no systematic
temporal variation in static stress drops, indicating that
the occurrence of events over the entire source faults
shows no time dependence. This also implies that our
spatiotemporal approach is effective in identifying dif-
ferences in static stress drops between the temporally
varying shallow and medial parts.

Considering the fluctuations among the estimated
static stress drops, it is plausible that the observed dif-
ference may be a consequence only of the wide scat-
ter among static stress drops. To evaluate the statistical
significance of the disparity between the mean static
stress drops of earthquakes at shallow and medial depths
along the source faults, we conducted a test with the
null hypothesis that these means are equal. We applied a
non-parametric bootstrap method at a significance level
of 5% to the estimated static stress drops of earthquakes
on source faults in profiles L1, L2, and L3 combined.
Two bootstrap sample sizes were used, set equivalent to
the number of earthquakes with observed stress drops
on shallow and medial portions of the source faults. The
difference between the mean values of the two sampled
populations of static stress drops was then calculated.
This process was repeated 2,000 times. We estimated the
bootstrap p-value for the observed difference in the mean
static stress drop values between the shallow and medial
fault portions to be 0.0205 (Fig. 5¢), which is below 0.05
and leads us to reject the null hypothesis. Therefore, we
concluded that the difference in mean static stress drop
estimated from S-waves between shallow and medial
fault depths is statistically significant.

We also observed larger static stress drops along shal-
low fault portions and smaller static stress drops along
medial portions when we estimated them from P-waves
(Additional file 1: Fig. S10), although the differences were
smaller than when estimated from S-waves (Additional
file 1: Fig. S11). However, the bootstrap p-value was
0.133, indicating that the difference between the mean
static stress drops along different fault depths determined
from P-waves was not statistically significant (Additional
file 1: Fig. S11c). As mentioned in Sect. 3.1, the estimated
static stress drops from S-waves were indeed more reli-
able than those estimated from P-waves. Therefore, we
rely solely on the results of our S-wave analysis.

We further examine the choices of EGF on the observed
differences between the shallow and medial parts. A 1 km
radius for EGF selection is larger than the source dimen-
sion of a magnitude 3 event. Selecting EGFs within a
0.5 km radius and a 0.3 km radius provided larger static
stress drops in the shallow part than in the medial part
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Fig. 4 Spatial distribution of static stress drops from S-wave analysis projected onto vertical cross sections along the L2 profile (within 0.5 km

on each side from the line shown in Fig. 3) of cluster N (Figs. 1b, 3). Small gray circles indicate relocated earthquakes that occurred prior

to the analyzed earthquake. Bold orange, yellow, and green lines indicate the shallow (within 25% of the overall fault length from the shallowest
fault extent up to that date), and medial parts (25-75% of the fault length from the shallowest extent), and the other part, respectively, on source
faults of the analyzed earthquakes in each cross section as delineated based on seismicity up to that date. Triangles indicate shallow earthquakes,
squares indicate earthquakes at medial parts, and circles indicate deeper earthquakes as determined for the time period from 2018 to the date cited

in each panel

with statistical significance in the S-waves analysis as well

(Additional

file 1: Fig. S12).

A small magnitude difference between EGFs and a
TEQ may introduce a bias in the estimates of a corner

frequency because a small magnitude difference results
in close fcr and fcg, potentially increasing uncertainty
in estimating fcr. However, static stress drops obtained
from EGFs with a magnitude difference of 1.0 and greater
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Fig. 5 Comparison of the frequency distributions of static stress drops estimated from S-waves a between the earthquakes at shallow parts

(red bars) and all earthquakes on the source faults (white bars; see yellow lines in Fig. 4), and b between earthquakes at medial parts (blue bars)
and all earthquakes on the source faults (white bars). ¢ The distribution of the difference between the logarithmic means of the static stress
drops of shallow and medial earthquakes obtained by a bootstrap test based on S-wave estimates. The red line indicates the observed difference

in the logarithmic mean of the static stress drops

showed similar trends, with larger static stress drops in
the shallow parts for both P- and S-waves, and statisti-
cally significant results for S-waves (Additional file 1:
Fig. S13). Therefore, the criteria for the magnitude differ-
ence in the selection of EGFs do not affect the following
discussion.

We also examined the frequency distributions of static
stress drops of P- and S-waves estimated from fcr of
the Brune spectral model (Additional file 1: Fig. S14).
We found no difference in static stress drops between
the shallow and medial parts for P-waves. For S-waves,
we observed larger static stress drops in the shallow part
compared to the medial part. A bootstrap test showed a
p-value close to the significance level of 0.05. Therefore,
we consider that larger static stress drops in the shallow
part compared to the medial part could not be rejected,
even when using the Brune spectral model.

3.4 The control of fluids on the heterogeneous distribution
of static stress drops along source faults
In the northeastern Noto Peninsula earthquake swarm,
fluids ascending from the deeper crust (cluster S) pri-
marily diffused towards the southeast-dipping faults in
clusters W, N, and E, thereby intensifying seismic activ-
ity (Amezawa et al. 2023; Yoshida et al. 2023; Nishimura
et al. 2023). The propagation of aseismic slip due to an
increase in pore fluid pressure may also contribute to
hypocenter migration (Eyre et al. 2019; De Barros et al.
2020). It is true that aseismic slip can lead to smaller val-
ues of stress drop as found on fluid-induced earthquakes
(e.g., Huang et al. 2019; Jeong et al. 2024). However,
Nishimura et al. (2023) demonstrated that the observed
crustal deformation during our study period is best mod-
eled by a tensile fault and a shear-tensile fault located in
an aseismic area between cluster S and the other clusters.
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They suggested that overpressurized fluid ruptured an
impermeable seal at a depth of ~16 km beneath cluster
S, causing aseismic fault movements, and it spread in
the permeable shallow-dipping fault zone. Therefore, the
northern Noto Peninsula earthquake swarm, especially in
clusters W, N, and E, could not have been caused solely
by the propagation of aseismic slip to the source areas
of these clusters. We, thus, consider that smaller stress
drops in the medial part in this study are likely to be
caused by the decrease of shear strength associated with
the increase of pore pressure, rather than effects of aseis-
mic slip.

As suggested by Yamada et al. (2015), we infer that
near the front of hypocenter migration (i.e., in the vicin-
ity of the fluid migration front) the strengths of the
source faults decreased only slightly. In contrast, within
the faults, where fluids had already penetrated, pore
fluid pressure should have already risen, reducing fault
strength. As a result, earthquakes with small static stress
drops were more likely to occur at medial depths along
the source faults, whereas earthquakes with large static
stress drops tended to occur at shallow depths along the
source faults.

On the other hand, Huang et al. (2017) analyzed
induced earthquakes in Oklahoma (USA) and found that
the static stress drops of the induced earthquakes were
much larger than the pore pressure changes, which were
on the order of 107! MPa (Keranen et al. 2014). Accord-
ing to the slip-weakening friction law, the stress drop is
given by Ao = (us — tg) X (o, — P), where us is the
static friction coefficient, p, is the dynamic friction coef-
ficient, o, is the normal stress, and P is the pore fluid
pressure. For the source area of the earthquake swarm in
the northeastern Noto Peninsula, the pore fluid pressure
at depths of 11-13 km is estimated to be 250-300 MPa
(Ameazawa et al., 2023). Given us = 0.6 and uy; = 0.1,
the observed difference in static stress drops, reaching up
to tens of MPa, between the shallow and medial parts is
likely attributable to an approximately 10% difference in
pore fluid pressure between the two parts.

3.5 A brief discussion of the temporal variation of static
stress drops

Previous research on static stress drops in earthquake
swarm have reported smaller static stress drops during
the early stages of earthquake swarm activity. For exam-
ple, Yoshida et al. (2019) observed a decrease in static
stress drop during the initial stage of earthquake swarm
activity due to fluid diffusion along multiple fault planes,
enhanced by the east—west extension resulting from the
2011 Tohoku-Oki earthquake. The rise in pore fluid pres-
sure, induced by fluid intrusion into the faults, accounted

Page 13 of 15

for the occurrence of earthquakes with smaller static
stress drops. However, owing to the absence of earth-
quakes of magnitude >3 in the early stages of earthquake
swarm activity, we were unable to observe such distinc-
tive temporal variations, whether for the entire swarm or
for each cluster (Additional file 1; Figs. S15 and S16).

4 Conclusions

We estimated the corner frequencies of 90 My, 3.0-5.4
earthquakes of the northern Noto Peninsula earthquake
swarm by using the empirical Green’s function method
and determined the static stress drop associated with
each event. This swarm is known to have been driven by
fluid migration. The static stress drops we obtained are
consistent with the widely accepted proportional rela-
tionship between seismic moment and the inverse of the
cube of the corner frequency. We obtained logarithmic
mean static stress drops of 13 MPa and 19 MPa based
on P-wave and S-wave analyses, respectively, which are
typical values for crustal earthquakes. Owing to the rela-
tively small magnitudes of earthquakes in the early stages
of the swarm, systematic temporal variations of static
stress drops were not readily discernible. Although the
spatial distribution of the static stress drops was het-
erogeneous, clear differences between clusters could not
be conclusively identified. In cluster N, however, where
more earthquakes occurred and complex fault structures
are distinctly observable, we investigated the relation-
ship between hypocenter locations and static stress drops
for source faults in different time windows. Our results
revealed a tendency for shallow earthquakes along the
source faults to have larger static stress drops, whereas
earthquakes at medial parts along the source faults had
smaller static stress drops. We attribute the large static
stress drops at shallow parts to locally high fault strength
due to limited fluid diffusion and relatively low pore
fluid pressure. Conversely, the small static stress drops at
medial parts reflect locally low fault strengths due to high
pore fluid pressure after the faults had been penetrated
by migrating fluids.
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